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Abstract Deep-rooted mantle plumes are thought to originate from the margins of the Large Low
Shear Velocity Provinces (LLSVPs) at the base of the mantle. Visible in seismic tomography, the LLSVPs
are usually interpreted to be intrinsically dense thermochemical piles in numerical models. Although piles
deflect lateral mantle flow upward at their edges, the mechanism for localized plume formation is still not
well understood. In this study, we develop numerical models that show plumes rising from the margin of a
dense thermochemical pile, temporarily increasing its local thickness until material at the pile top cools
and the pile starts to collapse back toward the core-mantle boundary (CMB). This causes dense pile
material to spread laterally along the CMB, locally thickening the lower thermal boundary layer on the
CMB next to the pile, and initiating a new plume. The resulting plume cycle is reflected in both the
thickness and lateral motion of the local pile margin within a few hundred km of the pile edge, while the
overall thickness of the pile is not affected. The period of plume generation is mainly controlled by the rate
at which slab material is transported to the CMB, and thus depends on the plate velocity and the sinking
rate of slabs in the lower mantle. A pile collapse, with plumes forming along the edges of the pile's radially
extending corner, may, for example, explain the observed clustering of Large Igneous Provinces (LIPs) in
the southeastern corner of the African LLSVP around 95-155 Ma.

Plain Language Summary Deep-rooted upwellings in the Earth’'s mantle, so-called “plumes”,
are responsible for volcanism such as Hawaii and seem to cluster around two continent-sized regions at the
core-mantle boundary that show anomalously low seismic velocities. These regions have been suggested
to have a different composition than the surrounding mantle, causing them to be denser and stiffer which
allows them to survive billions of years at the base of the mantle without being completely eroded. In

this study, we use numerical simulations to show that mantle plumes and dense piles at the core-mantle
boundary interact with each other, potentially resulting in a periodic plume initiation. A starting upwelling
increases the pile thickness locally by pulling dense pile material upward. It then cools down, causing

a density increase that results in gravitational collapse of the dense material toward the core-mantle
boundary. As a result, this material spreads along the boundary and pushes hot ambient mantle in front of
it, thereby triggering a new upwelling, and the cycle starts from the beginning. The main control on how
often upwellings are generated is the rate at which material from subduction zones at the Earth's surface
reaches the core-mantle boundary, which relates to the velocity of tectonic plates.

1. Introduction

All seismic tomography models throughout the last decades show a similar degree-2 pattern for the Earth's
lowermost mantle (e.g., Dziewonski et al., 2010; Garnero et al., 2016; Hager et al., 1985), dominated by the
presence of two so-called Large Low Shear Velocity Provinces (LLSVPs) (Dziewonski et al., 2010; Garnero
& McNamara, 2008; Garnero et al., 2016) centered beneath Africa and the Pacific (Cottaar & Lekic, 2016;
Garnero & McNamara, 2008; Lekic et al., 2012). Although the various tomographic models suggest slightly
different shapes and thicknesses of these structures, there is in general good agreement about the positions
of their outlines (Cottaar & Lekic, 2016). Hotspots related to deep-rooted plumes seem to be located at the
LLSVP margins (French & Romanowicz, 2015; Torsvik et al., 2016), even though the statistical correlation
is still under discussion (Austermann et al., 2014; Davies et al., 2015; Doubrovine et al., 2016). Although
some studies suggest that they may be simple accumulations of thermal plumes swept together by man-
tle flow (e.g., Davies et al., 2012; Schuberth, Bunge, & Ritsema, 2009; Schuberth, Bunge, Steinle-Neumann,
et al., 2009; Schuberth et al., 2012), most studies assume and favor a thermochemical origin of the LLSVP
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structures, in which they represent piles of hot and dense material (e.g., Li et al., 2014, 2015; McNamara &
Zhong, 2004, 2005; Mulyukova et al., 2015; Nakagawa & Tackley, 2011; Tackley, 2012). If the LLSVPs (mostly)
consist of intrinsically denser material, they are hypothesized to be composed of either recycled oceanic
crust, including mid-ocean ridge basalt (Christensen & Hofmann, 1994; Hirose et al., 2005; Li & McNamara,
2013; Li et al., 2014; Mulyukova et al., 2015) or iron-rich cumulates (Li et al., 2014, 2015; McNamara
& Zhong, 2004, 2005; Nakagawa & Tackley, 2011) that crystallized at a relatively late stage from the basal
magma ocean (BMO, Labrosse et al., 2007). Such thermochemical piles may be largely confined to the low-
ermost 300 km above the core-mantle boundary (CMB), where most S wave tomography models show large
amplitudes of velocity variation (Lay, 2015; Romanowicz, 2003). Constraints on the total excess density of
thermochemical LLSVPs (including both thermal and chemical effects) have been obtained through the
analysis of normal modes (Koelemeijer et al., 2017), Earth's solid tides (Lau et al., 2017), and other seismic
data sets (Moulik & Ekstrom, 2016), but some of the methods average over the lowermost few hundred to
1,000 km (Lau et al., 2017) and results vary from slightly positively buoyant LLSVP areas to an excess den-
sity of 0.5-1.0% in the lowermost 300-400 km. An intrinsic density excess for pile materials would be mainly
linked to the Fe/Mg ratio of the ferromagnesian minerals, whereas the pile viscosity is highly dependent
on the mineral assemblage. Bridgmanitic pile material with about 16 mol% FeAlO, component would agree
with the seismologically inferred density excess, and is a likely outcome of BMO crystallization during a
period of core-BMO exchange (Trennes et al., 2019). Transfer of FeO from the BMO to the core and SiO,
in the opposite direction would suppress the (Fe+Mg)/Si and Fe/Mg ratios in the solidifying BMO, greatly
reducing the propoertion of ferropericlase in the crystallizing assemblage. Bridgmanite has a considerably
higher viscosity than ferropericlase, and especially post-bridgmanite (Ammann et al., 2010).

Due to its high bulk modulus, the density excess of recycled basaltic material relative to peridotite will
decrease with increasing depth through the lower mantle, likely approaching neutral buoyancy in the D"
zone when including both intrinsic excess density and thermal effects (Ballmer et al., 2015; Torsvik et al.,
2016, and references therein). Thermochemical piles may thus comprise highly viscous and stable lower
bridgmanitic layers, maybe 100-300 km thick, overlain by less stable basaltic crust accumulations that can
be more easily entrained into rising plumes (Ballmer et al., 2016; Torsvik et al., 2016). Basaltic material is
likely to have low viscosity due to the presence of post-bridgmanite with more than 20 mol% FeSiO; com-
ponent, even in the upper parts of hot thermochemical piles (e.g., Koelemeijer et al., 2018; Trennes et al.,
2019). This is because FeSiO, depresses the bridgmanite to post-bridgmanite phase transition to consider-
ably lower pressures than the FeAlO, component can do. A pile structure with an upper part of less stable
recycled oceanic crust may also be supported by the geochemistry of plume-related oceanic islands, record-
ing variable U/Th ratios and U-Pb model ages ranging from 2.7 to 1.5 Ga (Andersen et al., 2015; Torsvik et
al., 2016). Geodynamic models also indicate th\at the accumulation of basaltic material to form stable ther-
mochemical piles may be inhibited under certain conditions (Ballmer et al., 2016; Li & McNamara, 2013;
Mulyukova et al., 2015), possibly resulting in variable stability in space and time.

It has been shown, both numerically and in laboratory experiments, that a certain excess density is required
to avoid extensive entrainment of pile material within mantle plumes (e.g., Davaille et al., 2002; Heyn et al.,
2018; Tackley, 2012). A high temperature dependence of viscosity (Li et al., 2014) or an increase in viscosity
due to composition (Davaille et al., 2002; Heyn et al., 2018) can help to increase the amount of LLSVP mate-
rial that survives ongoing convection. With respect to spatial stability, Conrad et al. (2013) show that the
positions of net divergence in plate motion are stably located above the current positions of the LLSVPs, and
that these positions have remained stable for at least 250 Myr. Furthermore, reconstructed eruption sites of
Large Igneous Provinces (LIPs, Figure 1) and kimberlites have been used to argue that the degree-2 struc-
ture of the lowermost mantle has been stable for at least the last 300 Myr, assuming that they are related to
plumes rising almost vertically (French & Romanowicz, 2015) from the edges of the LLSVPs where they are
generated (Steinberger & Torsvik, 2012; Torsvik et al., 2006, 2010, 2016). Although the correlation between
projected pile margins and the locations of eruption locations has been questioned (Austermann et al., 2014;
Davies et al., 2015), geodynamic models show both plumes rising at the edges and/or the centers of ther-
mochemical piles (e.g., Dannberg & Gassmoller, 2018; Heyn et al., 2018; Li & Zhong, 2017; McNamara &
Zhong, 2004, 2005; Tan et al., 2011; Steinberger & Torsvik, 2012).

So far, interactions between plumes and pile margins have mostly been investigated with respect to forma-
tion of zoned plumes and the behavior of rheologic and compositional heterogeneities within the plume
conduit (e.g., Dannberg & Sobolev, 2015; Dannberg & Gassmoller, 2018; Farnetani et al., 2018; Jones et al.,
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Figure 1. Distribution of reconstructed eruption sites of LIPs (Torsvik, 2019) around the two Large Low Shear Velocity
Provinces (LLSVPs) indicated by velocity anomalies of the S10mean shear wave tomography model of Doubrovine et al.
(2016). Contour lines are drawn for 0.0% (black) and —1.0% (red) velocity anomalies. Reconstructed eruption sites of
LIPs are marked by circles, with color corresponding to age. There is a cluster of 9 LIPs around the southeastern corner
of the African LLSVP (marked by black circle), of which 8 erupted between 155 and 95 Ma (red and yellow circles) and
one at 285 Ma (purple circle). Thick arrows indicate the inferred steady flow from the circumpolar belt of subducted
material toward the LLSVPs.

2016). Yet these models do not consider the long-term evolution of plume-pile interaction, nor do they inves-
tigate the mechanism for how plumes form at the edges of the piles. One idea is that the flow along the CMB,
induced by the slabs sinking between the LLSVPs, is forced upward at the pile edges and thereby results
in plumes (Dannberg & Gassmoller, 2018; Li & Zhong, 2017; Steinberger & Torsvik, 2012; Tan et al., 2011).
However, none of these studies explore in more detail how plumes are generated at the CMB, that is, how
the lower thermal boundary layer becomes thickened sufficiently to become unstable and form a plume. Li
and Zhong (2017) discuss the growth of the thermal boundary layer and conditions for forming instabilities,
but do not specifically investigate the influence of a dense thermochemical pile in that process. However,
they do show that either decreasing thermal expansivity or increasing conductivity with depth reduces the
number of plumes forming from a thermal boundary layer outside dense piles.

Although the use of plate motion history has proven to play a crucial role in focusing mantle upwellings onto
specific areas of the CMB (e.g., Davies et al., 2012; Li & Zhong, 2017), some plumes are always randomly
initiated from the thermal boundary layer, and do not end up in locations close to present-day hotspots
(French & Romanowicz, 2015). Thus, plate history alone cannot fully explain the distribution of present-day
hotspots around the LLSVP margins (French & Romanowicz, 2015). Going back in time, eruption sites of
LIPs indicate the persistence of an uneven plume distribution for the last 300 Myr, even though the record
of LIPs is most likely incomplete due to subducted oceanic LIPs (Torsvik et al., 2016, 2019). Nevertheless, a
concentration of eight LIPs erupted between 95 and 155 Ma in the southeastern corner of the African LLSVP
(Figure 1) presents an example of plume initiation in close proximity both in space and time (Torsvik et al.,
2016, 2019). This proximity is difficult to explain by random plume initiation.

Consequently, a mechanism for plume initiation directly at the pile margin may be better suited to explain
the observed correlation between LIPs and the LLSVP margins. This may be especially relevant since the
presence of weak post-bridgmanite is likely to aid transforming subducted slabs into a broad and spread-out
downwelling of cold material in the lowermost mantle, potentially erasing any “memory” of distinct slabs.
In this case, lateral flow along the CMB will be steady and directed almost radially toward the piles (see
Figure 1), with only the magnitude of flow varying in time and space. A first step was done by Li et al.
(2018), who showed that pile motion in response to rising plumes can affect the generation of new thermal
instabilities, resulting in an almost periodic behavior. Yet in most of their models, plumes rise from the
center of tent-shaped piles that move up and down, and it remains unclear what controls the periodicity of
plumes and how plume formation relates to the large-scale mantle flow. In this study, we use 2-D numerical
simulations in which we track the formation and motion of plumes, as well as their interaction with dense
thermochemical piles, and in particular their effect on the lateral and vertical motion of the pile edge. In
contrast to Li et al. (2018), our study focuses on the formation of plumes at pile margins and their interaction
with lower mantle flow and dense piles, including the changing morphology of these piles. Furthermore,
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Table 1
Characteristic Parameters for Thermochemical Calculations
Parameter Symbol Value [Unit]
Gravitational acceleration g 9.81 [m/s?]
Mantle thickness d 2,890 [km]
Reference density p 3,340 [kg/m?3]
Reference viscosity n 7.83-10%1 [Pa:s]
Thermal conductivity k 4.01 [W/K-m]
Specific heat cp 1,200 [kg-m?/(K-s?)]
Thermal expansivity a 3.0-107° [1/K]
Chemical excess density Apc 198.396 — 330.66 [kg/m?]
Activation energy E, 27,436.2 —32,923.44 [J/mol]|
Buoyancy ratio (equation (3)) B 0.6-1.0[ |
Rayleigh number Ra 107 []
Internal heating rate H 9.46 - 10713 [W/kg]
Imposed surface velocity Vsurf 0.74-2.96 [cm/year]
Compositional viscosity contrast ne 1-20[ ]
Thermal viscosity contrast naT 2.3-55000 [ ]
Temperature drop across mantle AT 2300 [K]

Note. For the conversion of dimensional excess densities, given in the input parameters of
the simulations, into B (equation (3)), we assume a temperature drop across the mantle
of 3300 K, which includes both the 2300 K superadiabatic temperature drop that we have
used in our models with Boussinesq approximation, and an adiabatic temperature increase
of 1000 K. Furthermore, although our model has a constant value of « = 3.0 - 10~ for
the whole mantle, we use a thermal expansivity of @ = 1.0 - 107> at the CMB (Tackley,
2012) for conversion to B. Buoyancy ratios obtained with these parameters are more easily
comparable to previous studies (e.g., Heyn et al., 2018; McNamara & Zhong, 2004;
Mulyukova et al., 2015) and applicable to Earth. Ra is also calculated using the full
temperature drop of 3300 K to make it comparable to previous studies and has a value of 107
from the parameters below. ASPECT uses thermal conductivity k and specific heat capacity
cp instead of thermal diffusivity «, but the latter can be calculated via k = % and equals

1.0 - 1076 [m?2/s].

we investigate controls on the periodicity of this process and discuss how we may use plume observations
to develop new constraints on the viscosity structure of the lower mantle and the LLSVPs.

2. Model Setup
2.1. Model Parameters and Initial Condition

Our numerical models are run in 2-D spherical geometry using the finite element code ASPECT (Bangerth
et al., 2018, 2019; Heister et al., 2017; He et al., 2017; Kronbichler et al., 2012). Conservation equations
for mass, energy, and momentum are solved using the Boussinesq approximation. Our setup is similar to
Heyn et al. (2018), and we choose parameters so that the reference Rayleigh number for the mantle, which
describes the vigor of convection and is defined as

. apgATd3’ )

kn

is set to 107. Parameters are the thermal expansivity «, the density p, the temperature drop across the man-
tle AT, the gravitational acceleration g, the mantle thickness d, the reference viscosity #, and the thermal
diffusivity k. We use a quarter of an annulus along the equator as a domain, with a grid that is adaptively
refined every 10 time steps based on composition and viscosity gradients. The effective resolution (lateral x
radial) thus varies between about 7 x 11 km and 80 x 90 km. All parameters characterizing the general setup
are given in Table 1.

Following Heyn et al. (2018), we impose a constant uniform velocity boundary condition of 1.48 cm/year on
the surface to force a single-plate degree-2 flow structure (Figure 2), while all other boundaries are free slip.
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Figure 2. Initial condition for (a) composition field and (b) temperature field, with radii of 4,000 km, 4,200 km, and
4,500 km marked as white lines. Profiles along these radii are used to identify and investigate plumes. White arrows in
(a) indicate the imposed plate velocity, while the yellow line in (b) marks the outline of the dense pile for a contour line
of composition at C = 0.8. (c) An example of a temperature profile along the radius of 4000 km for the initial condition
shown in (b). Identified plumes are marked with black arrows. The width and the excess temperature we obtain are
marked with red lines for one of the plumes. The black horizontal line indicates the part of the CMB that is covered by
the pile. Panel (d) shows a snapshot of the temperature field for our isochemical test case with 7,7 = 330. Even though
thermal instabilities become visible at approximately the same longitude as the edge of piles in thermochemical models
(indicated by the yellow line), plumes only finally start to rise closer to the domain boundary.

However, in order to test the influence of the velocity boundary condition on our results, we also perform
tests in which we vary the velocity between 0.74 and 2.96 cm/year or apply a time-varying periodic plate
velocity. For the latter, the velocity is given as

2
Vplate = Vo <1.2 + cos (Tlﬁ (- to))) s )
Plate

where the reference velocity is v, = 1.25cm/year, ¢ is time in years, the start time of the model is ¢, =
6.5-10° years, and the plate velocity period is Ty, Which is varied between 125 and 1000 Myr. The effective
velocity always oscillates between 0.296 and 3.256 cm/year. This setup ensures that the degree-2 structure
is never destroyed and that subduction never ceases completely.

Heat is introduced into the system by basal and internal heating (Table 1). Dense piles are simplified by
assuming only bridgmanitic material and are represented by a compositional field that is advected using the
discontinuous Galerkin method (He et al., 2017), which gives similar pile masses and volumes after 4.5 Gyr
as the tracer approach used by Heyn et al. (2018). The density contrast between enriched and regular mantle
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Table 2
Parameters Defining the Viscosity Profiles According to the Thermal Viscosity Contrast
AT
HAT Mo En Tr[
2.3 5/05/25/5 1/1/1/1 0.02/0.4/0.6/0.7
65 5/05/25/5 1/1/1/1 0.02/0.2/0.2/0.2
330 5/05/25/5 1/1/1/1 0.02/0.15/0.15/0.15
1700 5/05/25/5 1/1/1/1 0.02/0.12/0.12/0.12
7500 5/05/25/5 12/12/12/1.2 0.02/0.12/0.12/0.12
55000 5/05/25/5 1.2/12/12/1.2 0.02/0.1/0.1/0.1

Note. Steps for the nondimensional activation energy E, (converted via E, = }i“T,
with the gas constant R and the temperature drop as described in Table 1), the
temperature offset T, and the viscosity prefactor 5, are set at depths of 299 km
(lithosphere-asthenosphere boundary), 410km (upper mantle—transition zone)
and 660 km (transition zone—lower mantle). Values are sorted by increasing depth.

is defined via the buoyancy ratio

A
B=—t¢ 3)
apAT

where Ap,. is the density difference due to composition (see also Table 1).
As in Heyn et al. (2018), viscosity depends on temperature, depth, and composition, given by

1z, T, C) = ny(@)nar&, T) exp [Clnpg]
E,(2) E,(2) @
T T, 1+T,m M

= 1y(2) exp

where the nondimensionalized temperature T" is restricted to values between 0 and 1. Nondimensionaliza-
tion is achieved using the surface and the CMB temperatures as references for T" = 0and T" = 1, respectively.
The depth-dependence is implemented as stepwise adjustments of the viscosity prefactor #,, the nondimen-
sional activation energy E, and the nondimensional temperature offset T, (see Table 2). C is the composition
value between 0 and 1, and 7 is the intrinsic viscosity contrast assigned to a composition value of C = 1.
The thermal viscosity contrast #,  describes the maximum potential viscosity variations due to temperature
in the lower mantle and is varied in the range 2.3 to 55000, while we vary 7 between 1 and 100. In addition,
we conducted a few tests with isochemical models to investigate the importance of thermochemical piles
for plume generation (see Figure 2d).

All models are initiated from the same reference state of a fully developed system with an existing degree-2
structure (see Figures 2a and 2b). This is obtained by running a model with the reference values of B = 0.8,
a7 = 330, and 5, = 10 for 6.5 Gyr (corresponding to t, in equation (2)) starting at ¢ = 0 with a 125 km thick
dense basal layer (as described in Heyn et al., 2018). This setup results in a broad thermal downwelling that
accumulates slab material in the lowermost mantle (Figure 2b), comparable to what is observed by seismic
tomography (Figure 1), and a pile with a volume equal to about 1.75% of the mantle at t = ,. Approximately
77% of the original material remains in the pile of the reference state. Although such a setup means that
models can take some time to adjust to changes in parameters (especially a change in the velocity boundary
condition as shown below), it enables us to directly compare results and analyze dependences on various
parameters without having to worry about variations in pile mass retained after 4.5 Gyr of convection (see
Heyn et al., 2018 for more details about how much mass changes with 5, and 5.). Moreover, it allows us to
estimate the time that the system takes to adjust to new conditions, such as changes in plate velocity during
a supercontinent cycle (e.g., Matthews et al., 2016). To overcome the limitation of adjustment time and to
get better constraints on plume properties, we run the models for 2.5 Gyr in order to examine several plumes
rising from the same location.

2.2. Detection of Plumes

We detect plumes by calculating profiles of temperature and radial velocity versus longitude at a specific
radius and tracking their maxima. An example of such a profile for temperature is shown in Figure 2c.
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Figure 3. Snapshots of the temperature field around the pile edge during the plume cycle for our reference model
(B=0.8, nc = 10, and 5 = 330). Yellow lines show the outline of the dense material (C = 0.8) at the current time
step, while gray lines indicate the shape of the pile in the previous snapshot for comparison. As can be seen, the plume
increases local pile thickness and drives a pileward motion of the pile edge (Stages 1 and 2) until the plume can no
longer support the thicker pile, which starts to collapse back toward the CMB, where it spreads against the push of the
slab (Stages 3 and 4). This results in a local thickening of the thermal boundary layer outside the pile, which triggers
the next plume (Stage 5). In some cases, the next thermal instability may already be identified as thickened boundary
layer before arrival at the pile margin (b and c), although the TBL directly next to the pile has been emptied by the
previous active plume and therefore thinned. The pile collapse finally increases the TBL thickness sufficiently to
actually trigger the plume at the pile margin. The plume cycle is also shown in Movie S1 in the supporting information
for the same model. Plume rise times are discussed in more detail in section 6.1.

The innermost white circle segment across the temperature field (Figure 2b) indicates the profile radius of
4,000 km (519 km above the CMB), along which the temperature shown in Figure 2c is projected. As can
be seen in Figure 2a, a radius of 4,000 km is just above the top of the thermochemical pile for this set of
parameters. A profile closer to the CMB would partly cut through the pile, which makes the detection and
interpretation of plumes significantly less reliable. However, actual pile thickness varies with parameters,
especially the density contrast (e.g., Heyn et al., 2018; McNamara & Zhong, 2004). Consequently, we choose
radii of 4,000, 4,200, or 4,500 km (corresponding to 519, 719, and 1,019 km above the CMB, respectively) for
our analysis, depending on the thickness of the pile. In most cases, a radius of 4,200 km is used. The excess
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temperature (or radial velocity) for each time step is then obtained by calculating the difference between
the maximum and the highest local minimum next to this maximum (as indicated by the vertical red line
in Figure 2¢). The width of the plume is defined as the width of the peak taken at the value of the minimum
used to obtain the amplitude (see red horizontal line in Figure 2c).

We are mostly interested in plumes around the pile edges, and in fact all plumes in our models are either
generated there or on the CMB outside the piles and then pushed toward the pile edge. Thus, in this study,
we only track the maxima of temperature and radial velocity within a range of 10° from the edge outside
of the pile and 15° from the edge toward the pile center. This choice usually avoids complexities in plume
detection associated with the general upwelling above the pile center. The maxima are tracked over time
from their appearance (either marked by the beginning of the thermal instability or by the motion of the
pile into the respective lateral range around the pile edge) until they disappear (plume fades or moves out
of range toward the pile center). For each plume, we calculate the maximum excess temperature and excess
velocity, which usually marks the passing of the plume head through the respective radius. To even out
natural variations in plume properties that are not related to changes in parameters, we calculate averages
of plume characteristics such as the plume periodicity.

3. Mechanism of Plume Generation

As pointed out by Li et al. (2018), a thermochemical pile can respond to a rising plume by being uplifted.
However, most of their models feature plumes rising from the center of tent-shaped piles, with only a few
of them showing plumes rising at the pile margins. In contrast, our models predict plumes rising solely
from pile margins, with a more localized interaction between plume and pile. Figure 3 shows the temporal
evolution of this interplay as a zoom-in on the pile edge. As can be seen in the temperature field, the plume
that is visible in the first stage (Figure 3) is slowly pushed further toward the center of the pile by the general
flow along the CMB (Figure 3b). During this process, hot pile material is lifted up by the plume via viscous
drag (later named plume pull), which increases the local pile thickness and reduces the CMB area that is
covered by the pile (indicated by pile outlines), resulting in a steepening of the pile margin. When the plume
moves further toward the pile center (Figure 3c), the position of the maximum thickness moves along with
the upward pull of the plume. When the plume is pushed onto the top of the pile and loses its connection to
the lower thermal boundary layer, it weakens, thereby reducing the plume pull. Moreover, the plume heat
extracted from the pile causes the top of the pile to cool down and increase its density. As a consequence,
the pile top becomes gravitationally unstable, eventually resulting in a collapse of the thickened pile edge
(Figure 3d). Subsequently, the pile material spreads along the CMB, pushing the hot thermal boundary layer
next to it against the dominant flow direction resulting from subduction (Figure 3e). The subsequent local
thickening of the hot thermal boundary layer outside the thermochemical pile marks the beginning of a new
plume (Figure 3f), which then repeats the process.

The motion of the pile edge, and thus the cyclicity of plume generation, can be seen in more detail in Figure 4
and the Movie S1 in the supporting information. The thickness at 5° into the pile shows a periodicity of about
350-400 Myr (Figure 4a), reflecting the plumes recorded at 719 km above the CMB about 70-120 Myr later
(Figure 4c). The same periodicity, delayed by approximately 30-40 Myr, is also visible in the lateral motion
of the pile edge (Figure 4b). This delay shows that the pile collapse starts within the pile and is not initiated
by a motion of the pile edge itself. Notice that the amplitudes of pile motion and thickness variations are not
constant, but reflect among other aspects the strength of the individual plumes. Further into the pile, the
variations in thickness become less representative of the plume cycle, with the similarity almost lost by 15°
away from the edge. The thickness close to the pile center (Figure 4d) does not resemble the plume cycle,
indicating that pile thickening and collapse during the plume cycle are only localized within about 5-10°
from the pile edge. The rapid changes in pile thickness observed for positions close to the pile center or more
than about 10° from the pile edge are related to the fact that the pile top is usually rather jagged due to pile
filaments advected with and folded by mantle flow (see Figure 2a and Movie S1).

The results shown in this section are obtained for the reference parameters B = 0.8, 1, = 330, and 7 = 10,
but we find no major change in behavior when altering any of the three parameters B, 5, , or 5. (Figures
4e-4g). Decreasing or increasing the buoyancy ratio B affects the temporal stability of the pile (e.g., Heyn
et al., 2018) and can add complexities in case the low density results in unstable piles. Moreover, increased
density results in flatter piles, and thus also reduces pile edge motion and thickness variations (see Figure
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Figure 4. The plume cycle for our reference model with B = 0.8, n- = 10 and 5, = 330 and a constant plate velocity
of 1.48 cm/year can be identified in variations of pile thickness inward from the pile edge, especially at 5° inward (a),
the lateral motion of the pile edge (b) and the excess temperature of upwellings at a radius of 4,200 km (c). As can be
seen by the black dotted lines, every minimum in pile thickness and edge longitude corresponds to a plume in (c),
although there is a small time difference between the three graphs that represents a delay in reaction between pile and
plume. In contrast, the plume cycle is not represented in pile thickness close to the pile center (d). Sharp changes in
pile thickness (especially observed for the pile center) are related to the ragged top of the pile (see Figure 2). Panels
(e)—(g) show the motions of the pile edge for models with increased compositional viscosity contrast (e), increased
thermal viscosity contrast (f), and increased density (g), but otherwise the same parameters as the, reference model.
Note the change in the longitude range of lateral pile edge motion associated with the changed parameters.
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4g). Increasing the compositional viscosity contrast 5 also reduces pile motion (Figure 4e), with both lateral
motions of the pile edge and thickness variations diminished. Even for cases with 5. = 2,000 or 7. = le4,
the pile edge motion is visible, although resulting plumes are weaker since the lateral motion of pile material
provides less additional thickening of the TBL. In contrast, increasing 7, has little effect and only slightly
increases pile motion (Figure 4f). However, the mechanism for plume-pile interaction and the correlation
between the plume cycle and pile motion are not affected by the choice of these parameters. Test runs for
which the surface velocity boundary condition has been replaced by a free-slip boundary show a similar
behavior of plume initiation due to a collapsing and expanding pile, but the regime changes shortly after
subduction because the lateral flow along the CMB stops. In this case, plumes are no longer pushed toward
the pile interior, and plumes start forming randomly from a growing thermal boundary layer.

4. Plume Periodicity

The plume period observed in the models above evolves naturally from the given set of parameters. Yet the
actual period with which plumes form at the pile edge varies significantly for different choices of parameters.
While most plumes in our models form at pile margins due to pile collapse, some models exhibit plumes
that form at a distance from the pile without responding to pile edge motion. In the following section, we
will explore the controls on the “natural” period of plume formation, and how it can be overprinted by the
influence of mantle convection.

4.1. The Two “Natural” Plume Periods

4.1.1. Thermal Boundary Layer Period 715

Plumes in a basally heated convection model without a dense component form as thermal instabilities of
the lower thermal boundary layer (TBL). When the TBL grows in thickness due to heat conduction, it can
reach a thickness for which the local Rayleigh number Ra, is above a critical value, and an instability forms
(Howard, 1966). How often such instabilities form, that is, the “natural” plume period of the lower TBL
(T1gL), is determined by the parameters that affect Ra;. Due to their respective uncertainties within Earth,
the most important parameters are the thermal expansivity a, the thermal diffusivity «, and the viscosity #
(Li & Zhong, 2017), of which the viscosity is the most poorly constrained (Tackley, 2012). A lower value of
Ray, for example, due to higher viscosity or thermal diffusivity or a lower thermal expansivity, reduces the
number of plumes forming in time (Li & Zhong, 2017). Thus, 715, is fundamental to Ra; and independent
of the pile properties.

The plume initiation process outlined above is restricted to the TBL outside the thermochemical pile areas,
because conductive growth of a TBL on top of a thermochemical pile is slow, and because this thin layer is
repeatedly emptied by plumes being pushed on top of piles and by the broad-scale upwelling above piles.
Since the TBL at the CMB grows everywhere, with additional thickening caused by lateral flow along the
CMB, plume generation is not necessarily limited to the pile margins. Thus, depending on the plate velocity
and thermal viscosity contrast, we might expect to see a certain percentage of plumes forming (far) away
from the pile (Li & Zhong, 2017). In fact, some of our models, especially those with reduced plate velocity
and therefore reduced lateral TBL flow, show plumes forming away from the pile edge as discussed below.
Li and Zhong (2017) have shown that a reduction of the local Rayleigh number Ra, reduces the number of
plumes forming (far) away from the pile, yet neither thermal expansivity a nor diffusivity x are changed
within our models, and our viscosity law (equation (4)) does not change the viscosity of the hot lower TBL
significantly with #,,. Viscosity above the TBL is affected by #,, but does not impact plume initiation.
Consequently, Ra; within the TBL remains almost the same for all models and minor variations in Ra,; alone
can only explain small changes in the number of initiated plumes in our models. Moreover, plumes forming
at random locations and times from a lower TBL are not necessarily expected to cause a periodic signal at the
pile edges, and tests with isochemical models with the same parameters as our reference case (but without
thermochemical piles) indicate that plumes will form closer to the domain edge when no piles are present
(see Figure 2d). Such plumes form less frequently and more aperiodically than we find for plumes rising
from the edges of our thermochemical piles.

4.1.2. Slab-Pile Period Tp;,

As pointed out above, plumes at the pile margin can be initiated by a periodic pile collapse with period 7.
In order for the pile collapse to trigger a plume, the TBL has to be close enough to its critical thickness such
that the spreading pile material provides sufficient additional local thickening to form an instability. The
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Figure 5. The period of the plume cycle for a plate velocity of vy, s = 1.48 cm/year as a function of (a) the
compositional viscosity contrast n. for B = 0.8, (b) the density contrast B for - = 10, and (c) the plate velocity for

B = 0.8 and 5¢ = 10. Models with different thermal viscosity contrasts #, are marked by the color of the line. Outliers
in (b) and (c) for n, = 55000 and the lowest density or velocity, respectively, fall outside the plotted area. As can be
seen, neither 5 nor B have a strong effect on the period, while models with different #,7 are clearly separated from
each other. The period of plumes increases significantly with increasing 5, 7. In addition, the period is strongly affected
by the plate velocity. Especially for low velocities, plumes may also form independently of the the pile collapse, for
example, as in (d) with B = 0.8, ¢ = 10, 7,7 = 55000, and a velocity of 0.74 cm/year. In this case, plumes initiated
away from the pile tend to merge with those starting at the pile, making it difficult to determine plume characteristics
such as the period shown in (c).

pile collapse is to first order independent of Ra;, since it responds to how fast plumes lose their ability to
support a thicker pile. This occurs when the upward-directed viscous drag of the plume becomes smaller
than the downward-directed gravitational force on the uplifted dense pile. In contrast, Ra; only affects the
initial plume strength, reflecting how often and how effectively plumes reduce the TBL thickness (see also
section 5), and thus determines how much pile material can be pulled upward during plume initiation.
However, the plume period 75, depends on the lateral motion of the plume, which is controlled by the plate
velocity (see next section) and the sinking velocity of slabs in the lower mantle (controlled by #,). Figure
5a shows the period of plumes versus the compositional viscosity contrast 7. for all tested values of the
temperature dependence of viscosity 7, 7. As can be seen, each value of 4, has its own characteristic period
with considerably larger differences than we would expect from variations in the local Rayleigh number,
while intrinsic pile viscosity contrast 5. (Figure 5a) or the excess density of the pile (B) play minor roles
(Figure 5b).

The reason that none of the actual pile properties (B or #.) affect the plume period relates to the connec-
tion between the plume and the TBL. As long as growing plumes are located directly above the pile margin
and are fed by a continuous supply of hot TBL material, their lower parts are able to maintain high temper-
atures, while the plume buoyancy provides upward pull on the pile margin. When the lateral flow (mantle
wind) pushes the plume roots toward the pile center, the supply of hot TBL material declines and plumes
begin to weaken at their base since the pile material itself is too dense to provide sufficient influx. As a
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consequence, and due to the fact that the plume continues to move above the pile, the thickened pile edge
contacts directly with the colder ambient mantle and cools down more efficiently by conduction. Pile col-
lapse is then triggered by the combination of reduced plume pull (“plume weakening”), the lateral motion of
the plume, and pile cooling. Therefore, the strength of the mantle wind close to the CMB, which is the same
as the velocity of the slab material spreading along the CMB (v¢p), controls the period of pile collapse. This
spreading velocity is related to the rate at which cold material is supplied to the lowermost mantle and thus
to the sinking velocity of slabs in the lower mantle. Since increasing 7, increases the effective viscosity of
the slab in our models, both sinking and CMB spreading velocity are reduced and plumes are generated less
frequently. The plate velocity has an even stronger effect on slab sinking velocity, as will be discussed in the
next section, but the results shown in Figures 5a and 5b are obtained for the same plate velocity. Thus, veyg
determines the plume period of the slab-pile system 7.

4.1.3. Observed Period

The effective period of plume initiation at the CMB is a combination of the two processes described above,
that is, thermal instabilities rising randomly from the lower TBL and pile collapse. If the “natural” plume
period of the lower TBL is longer than the period given by the slab-pile system, that is, 775, > Ty, plumes
will be predominantly initiated near an outward extending pile edge associated with pile collapse. Otherwise
(T < Tpie), most of the plumes will be generated away from the pile (see Figure 5d), and subsequently
pushed toward the pile where they may interact and merge with other plumes.

Independent of plume initiation away from the pile, the pile collapse caused by fading of the previous plume
creates a thermal instability, which starts to rise at the pile margin. In most cases, for example, for low plate
velocities or some metastable piles (Heyn et al., 2018), plumes forming outside the pile and at the pile margin
will simultaneously coexist only for a short while before they merge. A similar process of plume merging
can be observed if the temporal spacing between plumes gets small, for example, for some models with
large plate velocities. In these cases, our plume detection algorithm may identify them as a single plume
with pulsating flux, making the determination of plume properties (e.g. period, lifetime) more difficult. For
this reason, we calculated the standard deviation of our averages and excluded data points with a standard
deviation higher than 50% of the mean value (see, e.g., missing points for B = 0.6 in Figure 5b and the lowest
velocity in Figure 5c). Most of the standard deviations are in the range of 10-20% of the mean value.

4.2. The Effect of Plate Velocity on Plume Period

4.2.1. Constant Plate Velocity

The observed plume period is furthermore altered by the plate velocity (Figure 5c), which affects the slab
sinking rate in the lower mantle and the lateral TBL flow (mantle wind). A higher plate velocity therefore
results in more slab material at the CMB and more frequent plume generation at the pile margin. A reduced
plate velocity has the opposite effect, creating less frequent plumes, most of which initiate away from the
pile (Figure 5d). In both cases, the lower mantle reacts rapidly (within a few tens of Myr) to the modified
plate velocity, although the change in plume excess temperature and plume period gets more pronounced
after ~50-100 Myr. Changes in plate velocity have a stronger effect on slab sinking velocity, and thus plume
period, than changes in the thermal viscosity contrast #, . The excess temperature of plumes in models with
a high plate velocity is significantly smaller since the lower TBL has less time to heat up and grow between
plumes.

4.2.2. Periodic Plate Velocity

More interesting than the effect of a constant velocity is the impact of time-variable plate motion. To test this,
we have prescribed velocity vy, as cosine function in time (equation (2)) with different periods, ranging
from Tpj,e =125Myr to Ty, =1 Gyr. This simulates changes in plate velocities as they may occur during a
supercontinent cycle (Matthews et al., 2016), although neglecting lateral motions of the subduction zones
(as discussed later). As can be seen in Figure 6, the plume cycle can adjust to 7, Within a certain resonance
range around 7., that is, values of 7y, that are close enough to 7p;,.. While an imposed plate velocity with
a period of 250 Myr (as may be expected for Earth's supercontinents) for our model with B = 0.8, 1, = 330
and 5 = 10 forces the plume cycle to follow a similar period after an adjustment time of about 1 Gyr (Figures
6a-6d), a higher 7p,, of 125 Myr cannot be enforced for the plume cycle (Figures 6e-6h). The reason for
this can be seen from the motion of the pile edges (Figures 6¢ and 6g) and the variation of pile thickness at
5° from the pile edge (Figures 6d and 6h). While the pile edge motion in both cases reflects the plate velocity
cycle and thus the strength of lateral TBL flow (Figures 6¢ and 6g), the thickness of the pile as the driving
mechanism for plume generation only reflects the plume cycle (cf. Figures 6b and 6f with Figures 6d and
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Figure 6. Representative characteristics of the plume cycle for models with B = 0.8, 5 = 10, and 51 = 330 and a
periodic velocity boundary condition of 7py,e = 250 Myr (left) and Ty, = 125 Myr (right). The top panels (a) and (e)
indicate the plate velocity as reference, while panels (b) and (f) in the second row show the excess temperature of
identified plumes at 4,200 km radius. The third row with panels (c) and (g) and the lower panels (d) and (h) illustrate
the motion of the pile edge and the variation in pile thickness at a distance of 5° inward from the pile edge,
respectively. As can be seen, both lateral pile edge motion and pile thickness reflect the plume cycle for

Tplate = 250 Myr plate velocity period after an adjustment time of about 1 Gyr, while the plume period cannot adjust to
a period of 7Tpj,e = 125 Myr. Neither the plumes in (f) nor the pile thickness in (h) follow a 125 Myr cycle, which is
represented in the short-wavelength variations of the pile edge position (g). In contrast, the plume cycle has about the
same period of 370 Myr as for a constant velocity of 1.48 cm/year (Figure 4b).

6h). In fact, for plate velocity periods below the lower limit of a certain resonance range, in this case between
250 and 125 Myr, plume motion and the pile react as if the velocity were constant (cf. Figures 6h and 4a).
In these cases, the lateral motion of the pile edge is the superposition of the motion caused by the variable
plate velocity and pile collapse (Figure 6g).

A similar observation can be made for very long cycles of 1 Gyr (not shown), although more plumes start

away from the pile during times of low plate velocity and the plume cycle becomes aperiodic to a certain
extent. Thus, plate velocity cycles are only reflected in plume periods if they are within the resonance range
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of the slab-pile system, which depends on 7p;.. Within that range, the system adjusts such that every plate
cycle corresponds to a plume (75, = Tppe)- For shorter plate velocity periods, the observed plume period
Tpie reflects the constant average of velocity. For longer plate periods, the observed plume period becomes
more chaotic due to plumes forming far away from the pile. Yet the push from lateral TBL flow on the pile
margin still reflects plate velocity cycles, even for long or short periods. As a consequence, the lateral motion
of the pile edge in these cases reflects both 7, and the plume cycle as a superposition of the two periods,
while the pile thickness only captures the plume cycle. In case of our reference model, the reference period
of the slab-pile system 7y is about 370 Myr, and the lower and upper limits of the resonance range are
somewhere between 125 and 250 Myr and between 500 and 1000 Myr, respectively, since neither 125 Myr
nor 1 Gyr periods can be stimulated while plume periods at 250 and 500 Myr can be. A higher value of 71, ,
or a lower average velocity, should move the resonance range toward longer plume periods (Figure 5).

5. Plume Buoyancy Flux and Lifetime

A change in plume period is reflected in other properties of the plumes, for example, their excess tempera-
ture. While a system with 77y, < 7Tpy is characterized by a large number of plumes forming independently
of pile collapse, we expect the case Trp; > Ty to be reflected in lower plume strength as the TBL has insuf-
ficient time to grow thick enough to form instabilities naturally. Figure 7a shows the excess temperature of
detected plumes for a model with the same parameters as our reference model, except that the velocity has
been increased to 2.96 cm/year. The radius at which these temperatures are taken is lower (519 km above
the CMB instead of 719 km), since weaker plumes are more difficult to detect and fade away more easily.
This precludes a direct comparison to Figure 4c, but the first plume in Figure 7a has not been affected sig-
nificantly by the increased velocity because it falls within the adjustment time of the model after modifying
the velocity. As a consequence, it can be used as a reference to which later plumes can be compared.

In order to compare plumes between the different models, we calculate the averages of buoyancy flux
(Figures 7b and 7d) and lifetime (Figure 7c) for all plumes detected during the simulation time. Our defi-
nition of lifetime reflects the time that each plume stays within the given lateral distance range around the
pile edge. The buoyancy flux, neglecting small amounts of dense material entrained in the plume, is calcu-
lated according to the formula B = f v paATpdS with the plume excess temperature AT}, and radial velocity
v, (e.g., Dannberg & Sobolev, 2015; Farnetani et al., 2018), assuming a rotational symmetry around the cen-
tral plume axis to obtain 3-D buoyancy fluxes. Buoyancy flux is a good measure of plume strength since it
combines both excess temperature and radial (vertical) velocity and integrates over the width of the plume
(Dannberg & Sobolev, 2015; Farnetani et al., 2018). However, determinations of lifetime and buoyancy flux
get more complicated for plumes that merge together. Although plume buoyancy fluxes depend on the vis-
cosity and may be strongly time dependent, our estimated values are in a similar range as those obtained
by analysis of hotspot swells (King & Adam, 2014). Note, however, that our definition marks the maximum
buoyancy flux for each plume, which usually corresponds to the plume head.

5.1. Effect of Plate Velocity

As can be expected, the lifetime of plumes decreases with increasing plate velocity (see Figure 7c). The
reason is that plumes are more easily pushed out of the range around the pile margin (and thus out of the
area where we track them), but they also lose their connection to the hot TBL and therefore fade away more
quickly. Moreover, plumes created under high plate velocities are weaker (low buoyancy flux at their onset,
Figure 7b), because the thermal boundary layer has less time to grow and plumes contain less material.
Thus, forcing plumes to adopt to a shorter period than the “natural” period results in overall weaker plumes
that are less enduring. A similar observation can also be made for periodic plate velocities. The shortest plate
velocity period Ty, Within the resonance range forces the highest number of plumes, and thus the weakest
plumes (compare Figure 6 second row panels), although the difference in plume excess temperature is only
about 200 K. Shorter or longer plate velocity periods result in less frequent but stronger plumes since the
TBL has more time to grow. Plume lifetimes are more complicated to interpret, since the mantle wind vqyp
changes significantly with time. Within the resonance range, lifetimes increase with longer 75, as maxima
inveyp are less frequent. Outside the resonance range, lifetimes either adjust to the constant average velocity
(Tpiae < resonance range), or become more chaotic and less reliable due to plume formation away from the

pile (Tpj,e > T€SONANCe range).
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Figure 7. (a) Excess temperature of identified plumes at radius 4,000 km for a model with B = 0.8, n- = 10 and

nar = 330 and a constant plate velocity of 2.96 cm/year (increased compared to our reference model). Increased plate
velocity not only reduces the excess temperature of plumes (compare (a) and Figure 4c), but also reduces plume
lifetime (c) and buoyancy flux (b). Since the thermal boundary layer has less time to grow for a stronger TBL flow,
plumes are weaker. This effect is independent of other parameters such as the temperature dependence 5, 7. Panel (d)
shows the buoyancy flux as a function of compositional viscosity contrast 5 for different values of thermal viscosity
contrasts 57, 7. While there is no consistent variation of buoyancy flux with #,r, entrained dense material with higher
nc reduces the buoyancy flux by increasing the average plume viscosity. A similar reduction in buoyancy flux can also
be observed for increased pile density B (not shown here).

5.2. Effect of Viscosity and Pile Density

In contrast to changing the plate velocity, a change in the temperature dependence 7, alters the plume
period (Figure 5a), but the effect on plume lifetime or buoyancy flux is negligible (see different colors in
Figures 7b-7d). A higher value of 7, slightly reduces the lateral CMB flow vz, Which decreases lateral
plume motion and TBL thickening due to TBL flow. Yet the system stays relatively close to the natural plume
period of the lower TBL (715, & Tpy), causing only minor variations in plume strength. Since plumes stay
longer around the pile margin, they can increase pile edge thickness more, which also increases the lateral
mobility of the pile edge during plume cycles (cf. Figures 4b and 4f). Thus, during a pile collapse, the pile
margin moves faster and further, locally increasing the TBL thickness within a short time. Consequently,
plumes, triggered either by the pile collapse or initiated away from the pile, abruptly enter or leave the range
around the pile margin, reducing their detected lifetimes around the pile margin. Increasing the density or
the compositional viscosity contrast tends to decrease plume buoyancy flux (cf. Figure 7d). This reflects two
aspects: (1) the effect of reduced lateral and vertical motion of the pile edge, resulting in a slightly smaller
thermal instability; and (2) a reduction of plume ascent velocity related to the higher density or viscosity of
entrained material, increasing the average density or viscosity of the rising plume. Yet in contrast to the effect
of plate velocity, a reduction in plume flux is not related to a significant decrease in the excess temperature of
plumes. Consequently, the reduction in plume buoyancy flux is more or less independent of the temperature
dependence of the viscosity.
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In summary, both buoyancy flux and lifetime (or residence time around the pile edge) of plumes are mostly
affected by plate velocity, while other parameters play minor roles. In particular, if plate velocity forces
plumes at considerably shorter period than 775 (the natural period of the lower thermal boundary layer),
this is reflected in significant reduction in buoyancy flux and lifetime. Consequently, buoyancy flux and
the number of plumes away from the pile give indications how close the system is to 75, . A large number
of plumes forming (far) away from the pile edges indicate 715 < Tpj, While a low buoyancy flux means
Trer > Tpie-

6. Discussion

As shown above, plumes are initiated at the CMB when the thickness of the lower thermal boundary
layer reaches a critical value, which is defined by the local Rayleigh number Ra; (Deschamps & Tackley,
2008; Li & Zhong, 2017). The boundary layer grows conductively over time, with additional thickening due
slab-induced lateral flow along the CMB, causing spontaneous thermal instabilities. This plume genera-
tion mechanism is independent of the presence or properties of a thermochemical pile and does not predict
where the plume will be initiated. Plume generation is generally suppressed by a decrease in thermal expan-
sivity or an increase in conductivity toward the CMB, which are both expected for Earth (Tackley, 2012)
and would reduce Ra,; (Li & Zhong, 2017). A decrease in viscosity, for example, due to the presence of weak
post-bridgmanite (Ammann et al., 2010; Koelemeijer et al., 2018) as discussed below, may offset this effect.
Yet a pile may trigger “early” plume formation by providing a localized thickening of the TBL due to an
expanding pile margin associated with a pile collapse, with “early” being relative to the time frame set by
conductive growth of the TBL, Tpg; (cf. Figure 3). This “early” plume initiation always results in plumes
forming at the pile margin and, depending on parameters such as viscosity or plate velocity, may be the
dominant mechanism.

6.1. Model Limitations

In our 2-D models, both “regular” and “early” plumes mentioned above may eventually end up rising at
the same location, the pile margin, resulting in a periodic behavior of plume generation. In 3-D, however,
this does not necessarily hold true any longer. We cannot expect “early” plumes to rise at exactly the same
location along the pile margin since a collapsing pile edge would increase the thickness of the lower TBL
in an area around it, and plumes would draw in material from within a certain radius. These 3-D effects
may cause plume initiation to be less periodic in global models as plumes may rise from several different
locations around the piles. On the other hand, 3-D plumes may be stronger since they can draw material
from a radius and focus it into a columnar upwelling (instead of rising sheets as in 2-D models), locally
resulting in a higher positive buoyancy flux. Therefore, they may rise faster than they do in our 2-D models,
which tend to overestimate plume rise times. Plume rise velocities may also be affected by depth-dependent
values for viscosity, thermal diffusivity and thermal expansivity throughout the entire mantle range. Due to
these simplifications in our model setup, we cannot investigate the fate of plumes more than a few hundred
km above the piles. However, since we are only interested in plume initiation, details of plume rise times
are not relevant for the purpose of this study, but should be addressed in future work.

Apart from being 2-D, our models are simplified with respect to subduction processes. As we have no weak-
ening due to yield stress, plates and subduction zones are not forming self-consistently, but are forced by
an imposed velocity boundary condition. Furthermore, our models feature neither phase transitions in the
mantle transition zone (although we do impose a viscosity jump at 410 and 660 km) potentially causing slab
stagnation, nor subduction zone retreat or advance. As a consequence, we obtain a stable degree-2 convec-
tion pattern and a coherent broad downwelling into the lowermost mantle, where it forms a long-wavelength
thermal structure (Figure 2b) comparable to what is shown in seismic tomography (see Figure 1). While
these simplifications allow us to have more direct control over the lateral velocities within the lower TBL,
we do not expect them to have a significant impact on plume initiation dynamics as this process is localized
in the lowermost mantle and is not affected by the details of subduction dynamics in the upper mantle. The
only way that slabs play a significant role for plume-pile dynamics is via their impact on the lateral TBL flow
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along the CMB (vy), Which may be strongly dependent on 3-D effects. The effect of changes in subduction
velocity are simulated by modifying the imposed velocity boundary condition, while changes in TBL flow
direction would require a 3-D geometry. The viscosity structure of the lowermost mantle might be further
modified by the presence of weak post-bridgmanite (or post-perovskite) (Ammann et al., 2010), although it
is not clear whether this phase is present only in cold slabs (Torsvik et al., 2016) or also in hotter areas of the
CMB as indicated by Koelemeijer et al. (2018). In the first case, the reduced viscosity of the slab decreases
the viscosity contrast between cold material and ambient mantle. This may result in a similar lowermost
mantle viscosity structure to what we obtain for small values of #,;, where piles can be more viscous than
slabs. As a consequence, we would expect a comparable behavior of the plume cycle, that is, a decrease in
plume period and more plumes starting at a distance from the pile edge, in agreement with an increased
local Rayleigh number Ra; (Li & Zhong, 2017). In contrast, if weak post-bridgmanite is present (almost)
everywhere, except for the hottest part of the lower TBL, both slab and pile viscosity would be reduced. Since
the viscosity contrast between pile and slab would be maintained and the TBL's local Rayleigh number is
not altered, we would expect a similar behavior as in our models, although potentially with a slightly shorter
plume period due to a general decrease in viscosity. However, the influence of post-bridgmanite may be
more complex than our speculation, and further work would be required to understand the detailed impact
of weak post-bridgmanite on plume generation.

Finally, our models simplify the potential composite pile structure, and only consider the relatively stable
(bridgmanitic) base layer (Ballmer et al., 2016; Trennes et al., 2019). Inclusion of recycled oceanic crust
would require us to add further complexities to the model, both in the upper and the lower mantle. On the
other hand, basaltic material on top of the LLSVPs is expected to have very minor density excess, and thus
may play a rather passive role in the initiation of plumes, as long as it does not prohibit interaction between
the dense basal layer of piles and the rising flow of plumes. Since it seems unlikely that the (potentially
low-viscosity) basaltic material completely covers the LLSVP margins, where it would be easily eroded by ris-
ing plumes, we would expect that our proposed plume initiation mechanism is also applicable to composite
pile structures.

6.2. Comparison to Other Geodynamic Models

As mentioned before, Li et al. (2018) also show a vertical motion of piles in response to plume initiation,
featuring a quasiperiodic behavior of plume initiation and related pulses in CMB heat flux. However, they
do not investigate the controls on this periodicity, for example, how the plume period relates to large-scale
mantle flow and pile dynamics. Moreover, piles in their models are mostly tent-shaped, with plumes rising
at the pile center, and the whole pile moves up and down. In contrast, our models feature plumes rising pre-
dominantly at the pile edges, similar to what as been observed for Earth, while plumes fade quickly as soon
as they are pushed on top the thermochemical piles. This difference in behavior may be explained by the
geometry (Cartesian in Li et al. (2018) and spherical in this study), and the difference in lowermost-mantle
structure. While we model a degree-2 structure, Li et al. (2018) have approximately a degree-5 pattern. Their
models thus have much stronger TBL flow, comparable to our cases with increased velocity, and therefore
more compressed piles. In this case, small thermal instabilities may form at the pile margins but are rapidly
pushed toward the pile center (Li et al., 2018). This could also explains why Li et al. (2018) report a vertical
motion of the whole pile structure, while this plume-related motion is locally confined to the edges in our
models. Apart from the collapse of the pile edge, the presence of a physical barrier, that is, the steep pile mar-
gin, may play arole in initiation of plumes. As has been previously suggested, lateral flow of hot TBL material
along the core-mantle boundary is forced upward along a (stationary) pile margin, potentially resulting in
plumes (Dannberg & Gassmdller, 2018; Steinberger & Torsvik, 2012; Torsvik et al., 2016). Although we can-
not rule out the effects of such a barrier on our flow field, a barrier does not provide an explanation for the
dynamic behavior of our models: (1) As TBL flow for a time-invariant plate velocity is constant and the sup-
ply of plume material at the pile margin is uniform, the thickness of the TBL has usually not reached its
critical thickness for instabilities to form. Therefore, we would not expect plume initiation at a stable phys-
ical barrier to be periodic; (2) As can be seen in Figure 4, each plume initiation starts with a pile collapse
and subsequent lateral motion of the pile edge, which provides additional thickening of the lower TBL and
can explain the periodicity. As a consequence, our results indicate the predominant impact of local pile edge
collapse on plume initiation.
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Finally, our observation that plume period increases with thermal viscosity contrast 5, (Figure 5a) may
explain why a stronger temperature dependence increases the temporal stability of dense thermochemical
piles (e.g., Heyn et al., 2018; Li et al., 2014; McNamara & Zhong, 2004). While plumes in our models become
less frequent with increasing #, 1, their buoyancy flux, and thus their potential to entrain dense pile material,
remains almost constant (Figures 7b and 7d). In this case, the effective amount of pile material per plume is
controlled by the pile density B and the compositional viscosity contrast 5 (Davaille et al., 2002; Heyn et al.,
2018; Li et al., 2014; McNamara & Zhong, 2004). Thus, for constant pile properties, longer plume periods, a
consequence of increased temperature dependence of viscosity, result in less entrainment over time (Heyn
et al., 2018).

6.3. Implications for Earth

Values of pile densities and compositional viscosity contrasts (Table 1) used in our models are within the
range typically applied for primordial material in geodynamic studies (e.g., Heyn et al., 2018; Li et al., 2014;
McNamara & Zhong, 2004). Mineralogical data supports both increased density and viscosity for bridg-
manitic piles, indicating that the viscosity increase may even be greater than set in this work (Trennes et
al., 2019). Yet the mechanism of plume initiation by pile collapse is not directly dependent on pile proper-
ties, and thus would not be altered by slightly higher pile viscosities or the incorporation of recycled oceanic
crust as an (upper) part of the pile (Ballmer et al., 2016; Torsvik et al., 2016; Tronnes et al., 2019). Although
our models cannot investigate spatial stability of thermochemical piles, we have shown that pile edges can
move within a certain range in response to interactions between pile and plumes. This motion is determined
by the viscosity of the pile itself (or more precisely the viscosity contrast between pile and ambient mantle)
and the lateral TBL flow, which is controlled by the subduction velocity and the temperature dependence of
viscosity. The general pile thickness is in balance with the average strength of the TBL flow, such that the
forces of lateral flow (directed toward the pile center) and gravitational forces within the pile interior, which
tend to spread the dense material away from the pile center, have the same magnitude. While the local pile
thickness within about 5°| (~ 300 km) of the pile margin varies in response to rising plumes, the thickness
close to the pile center does not. Consequently, we can assume that the plume-induced lateral motion of the
pile material will not result in significant lateral motion of the pile itself. Thus, as long as the distribution
of lateral TBL flow around the pile does not change significantly, we do not expect the pile to move. Con-
sequently, the plume cycle and its associated pile edge motion can explain a scattering of (reconstructed)
plume positions within a few degrees around the margin observed today (e.g., Torsvik et al., 2016, 2019)
without contradicting the stability of a degree-2 structure. Moreover, the mechanism of plume initiation by
a local pile edge collapse would predict that the different margins of the LLSVPs may be at very different
stages of the plume cycle, thus giving an alternative to plate history as an explanation (Davies et al., 2012; Li
& Zhong, 2017) for the distributions of plumes around the LLSVP margins (French & Romanowicz, 2015).

Even though our models predict a periodic generation of plumes, no such cyclicity for plumes has yet been
observed in Earth. This may partially be explained by the limited observations of plumes and LIPs that are
available for the last 300 Myr (Figure 1), with an unknown number of LIPs lost due subduction of oceanic
crust (e.g., Torsvik et al., 2016; Torsvik, 2019), and the poor accuracy of plate reconstructions going back
more than a few hundred million years (see, e.g., Matthews et al., 2016; Torsvik, 2019). Although several LIPs
erupted sequentially during the 155-95Ma period around the southeastern corner of the African LLSVP
(Torsvik et al., 2016, 2019), their lateral spread and close proximity in time do not provide constraints on
plume periodicity in Earth. Based on currently available data, it is therefore difficult to infer potential plume
periodicity of 300-500 Myr as observed in our 2-D models. A further explanation for the absence of a clear
plume periodicity might be given by the subduction velocity and the configuration of plates, which are both
very simplified in our models. As we showed with periodic plate velocities or increased/decreased plate
speeds, subduction velocities have a significant effect on the initiation of plumes. For Earth, they are likely
to change considerably and consistently on a global scale, both in time and space (Matthews et al., 2016).
Consequently, neither coherent slabs nor a constant lateral TBL flow (magnitude and direction) are likely
to occur in Earth over long periods of time. Thus, we may expect the Earth's lower mantle to be in a kind
of adjustment stage for most of Earth's history, making it difficult to reach a state of globally long-term
periodic plume generation as we observe it for constant or periodic plate velocities and fixed subduction
zones. On the other hand, subducted slabs will be transformed into a broad belt of downwelling in the low-
ermost mantle (compare seismic tomography, for example, in Figure 1), partially aided by the low viscosity
of post-bridgmanite (Ammann et al., 2010) that is expected to be present in subducted slabs. Consequently,

HEYN ET AL.

18 of 21



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2019JB018726

changes in plate configuration at the surface will most likely be significantly damped for the lowermost
mantle, only resulting in comparably small changes in the strength of lateral flow along the CMB. There-
fore, long-term stability of a degree-2 structure for flow in the lowermost mantle (Conrad et al., 2013; Torsvik
et al., 2016) may locally allow for periodic plume initiation.

In either case, our proposed mechanism of plume initiation due to pile collapse may still be dominant for
the initiation of individual plumes at various parts of the LLSVP margins. One example where this process
may be especially relevant is the clustering of LIPs in the southeastern corner of the African LLSVP men-
tioned above (Figure 1), where at least eight plumes erupted within about 60 Myr (Torsvik et al., 2016, 2019).
Such a sequence might be explained by a large-scale collapse of a pile corner, which would lead to material
spreading radially away from the pile interior. In this case, several plumes would be triggered in close spatial
proximity around the collapsing and extending pile corner at approximately the same time, although small
time delays and differences in rise time are very likely to occur. The collapse could be related to a significant
reduction in the CMB flow, for example, a reduction in plate velocity or change in TBL flow direction due to
a modified configuration for the respective subduction zone(s) at the surface. If a subduction zone above an
area of persistent downwelling changes its configuration (geometry, subduction velocity), this may cause a
change in sinking velocity of the whole column and thus modify lateral TBL flow on shorter time scales than
it takes slabs to sink through the whole mantle. In fact, plate reconstructions show a subduction zone clos-
ing in around the southern margin of Gondwana during the breakup of Pangaea between 250 and 200 Ma,
which then retreats between 200 and 100 Ma (Matthews et al., 2016). The first stage would potentially result
in increased TBL flow and pile thickness, while the retreating subduction zones would reduce TBL flow and
may trigger a gravitational collapse of the southeastern LLSVP egde. The delay between retreating subduc-
tion zones and the emplacement of LIPs at the surface (about 50-100 Myr together) can be explained by the
reaction time of the deep mantle and the rise time of plumes.

7. Conclusions

In this study, we have shown that plumes at the CMB can be triggered by two ways of increasing the thickness
of the lower TBL. One is the conductive growth of the boundary layer, resulting in plumes appearing at
random locations once the local Rayleigh number has exceeded a critical value (Deschamps & Tackley, 2008;
Li & Zhong, 2017). This sets a minimum “natural” period 775, at which plumes are generated from the
CMB, but does not necessarily represent the observed period in the presence of a thermochemical pile.

The other mechanism is a periodic gravitational collapse of the edge of a thermochemical pile on the CMB.
This collapse occurs as plumes locally thicken the pile when they interact with the pile margin and resembles
the vertical motion of tent-shaped piles observed by Li et al. (2018). When the increased pile thickness is
no longer supported due to cooling of the pile top and reduced dynamic uplift from the rising plume, the
pile margin collapses back toward the CMB and spreads laterally. This process pushes TBL material against
the dominant flow direction and causes local thickening of the TBL just outside the thermochemical pile,
triggering a new “early” plume.

The period of this pile collapse, 7p;., depends on the mantle wind along the CMB, which is controlled
by the temperature dependence of viscosity (which affects the sinking velocity of slabs) and velocity with
which plates are subducted. The latter can modify the observed plume period, but shorter periods resulting
from faster plate velocities reduce plume strength. For periodic plate velocities, plume periods can adjust to
imposed plate cycles within a certain resonance range around the characteristic period 7p;.. For g1 > Tpie,
plumes are predominantly initiated at the pile margin and their effectively observed period is 7y, with
potentially weak plumes for T > Tpje. In contrast 7o < 7pye causes plume initiation both at the pile

margins and away from them, resulting in aperiodic behavior.

ile

Although there is currently insufficient data from LIPs or hotspots to infer a cyclicity in plume initiation
within Earth's mantle, we would estimate the Earth to be in the regime of 715 2 7pye Since most LIPs/
hotspots are clustered around the LLSVP margins. Yet plumes must be strong enough to reach the surface,
presumably excluding “very early” plume initiation (775 > Tp;.)- Finally, the mechanism for plume gen-
eration at the edges of thermochemical piles may explain the observed clustering of LIPs between 95 and
155Ma at the southeastern corner of the African LLSVP.
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