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Abstract

The dynamics of Earth’s lowermost mantle exerts significant control on the formation of
mantle plumes and the core-mantle boundary (CMB) heat flux. However, it is not clearif and
how the variation of CMB heat flux and mantle plume activity are related. Here, we perform
geodynamic model experiments that show how temporal variations in CMB heat flux and pulses
of mantle thermal plumes are related to morphologic changes of the thermochemical piles of
large-scale compositional heterogeneities in Earth’s lowermost mantle, represented by the large
low shear velocity provinces (LLSVPs). We find good correlation between the morphologic
changes of the thermochemical piles and the time variation of CMB heat flux. The morphology
of the thermochemical piles is significantly altered during the initiation and ascent of strong
mantle thermal plumes, and the changes in pile morphology cause variations in the local and the
total CMB heat flux. Our modeling results indicate that plume-induced episodic variations of
CMB heat flux link geomagnetic superchrons to pulses of surface volcanism, although the
relative timing of these two phenomena remains problematic. We also find that the density
distribution in thermochemical piles is heterogeneous, and that the piles are denser on average
than the surrounding mantle when both thermal and chemical effects are included.
1 Introduction

The solid Earth evolves as an integrated system, in which the various dynamical elements
are coupled. In particular, the formation of mantle plumes, the variation of core-mantle boundary
(CMB) heat flux and the changes of lowermost mantle structure significantly influence each
other. Resolving the interplay between these elements is critical for a more comprehensive

understanding of whole Earth dynamics.



It is widely accepted that mantle plumes develop from instability of thermal boundary
layers, with the thermal boundary layer above the CMB being the most often assumed source.
Typically, a mantle plume is thought to initiate with a big plume head (Whitehead and Luther,
1975; Olson and Nam, 1986). Large igneous provinces (LIPs), extremely large, rapid
accumulations of volcanic crust are thought to result from plume heads impinging on the
lithosphere from below (Richards et al., 1989; Campbell and Griffiths, 1992; Campbell, 2005).
Some LIP events are found to coincide in time with episodic mass extinctions (Courtillot and
Renne, 2003; Courtillot and Olson, 2007) and some LIPs have been implicated in the breakup of
supercontinents (Courtillot et al., 1999; Ernst and Bleeker, 2010). Geochronology studies also
show that there is correlation between clustered LIP events and peaks in the frequency of zircon
ages (Condie et al., 2014; Condie et al., 2017). The episodic nature of the LIP emplacement
implies that strong mantle plumes form episodically and have finite lifetimes, rather than being
permanent dynamical structures. For example, the LIP population and the total volume of
intraplate igneous rocks produced reached maxima during the mid-Cretaceous, with a rapid
increase at around 125" Ma (Larson, 1991; Olson and Amit, 2015), which indicates an increase in
the rate of plume formation during the mid-Cretaceous or earlier.

Mantle plume activity is supposed to be linked to the CMB heat flux (Davies, 1988;
Zhong, 2006; Leng and Zhong, 2008). The episodic formation of mantle plumes as suggested by
the LIP events indicates significant time variations in the CMB heat flux, which may alter the
frequency of the geomagnetic polarity reversals (Olson et al., 2014). Throughout the lifetime of
the Earth’s geomagnetic field, the time duration of polarity chrons, that is, the time between

geomagnetic polarity reversals, varies significantly (Cande and Kent, 1995). Geomagnetic
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superchrons (long time intervals without polarity reversals) repeat every ~150-200 Myrs during
the Phanerozoic with each superchron lasting for about 40 Myrs. Between superchrons are still
longer intervals characterized by frequent polarity reversals with reversal rates sometimes
exceeding one reversal per 40 kyrs (Cande and Kent, 1995; Courtillot and Olson, 2007; Olson et
al., 2014). Numerical dynamo simulations show that magnetic polarity reversals are significantly
controlled by the CMB heat flux, with less frequent reversals when the CMB heat flux is low
(Olson et al., 2014). This is because polarity reversal rates in numerical dynamos are sensitive to
the vigor of outer core convection. When the vigor of outer core convection decreases (because
the CMB heat flux is low) the time variability of the magnetic field in the core also decreases,
resulting in less frequent reversals. The repetitive occurrence of geomagnetic superchrons during
the Phanerozoic thus suggests that the CMB. heat flux varies quasi-periodically during this time.
Interestingly, the occurrence of the latest superchron (the Cretaceous Normal Polarity
Superchron, or CNS) between ~120 and ~83 Ma is concurrent with the peaks of LIP events
during this time (Olson and Amit, 2015), which again suggests that the formation of mantle
plumes and variation-of CMB heat flux are related. The real question is then: how are they
related?

The CMB heat flux and the formation of mantle plumes are both significantly controlled
by the structure and dynamics of Earth’s lowermost mantle. Seismically prominent features in
the lowermost mantle include the two large low shear velocity provinces (LLSVPs) beneath
Africa and Pacific, which are surrounded by regions with higher than average seismic velocities
(e.g., Li and Romanowicz, 1996; Masters et al., 2000; Gu et al., 2001; Grand, 2002; Dziewonski

et al., 2010; Ritsema et al., 2011; Garnero et al., 2016). The two LLSVPs are not identical; they

4



exhibit different lateral geometry, height and internal structure (Su et al, 1994; Ni and
Helmberger, 2003; He and Wen, 2012; French and Romanowicz, 2015; Cottaar and Lekic,
2016). Their slope and height above the CMB are locally variable and are different for each
LLSVP (e.g., Cottaar and Lekic, 2016). Seismic observations indicate that the LLSVPs are
probably compositionally distinct with respect to the surrounding mantle (e.g., Masters et al.,
2000; Wen et al., 2001; Ni et al., 2002; Trampert et al., 2004; He and Wen, 2012).

As suggested by geodynamic experiments, compositionally distinct and intrinsically
denser materials can be pushed by convection into thermochemical piles that resemble the
LLSVPs (McNamara and Zhong, 2005; Zhang et al.,2010; Bower et al., 2013; Zhong and
Rudolph, 2015), with strong thermal plumes preferentially forming at the edges of the
thermochemical piles (Tan et al., 2011; Li and Zhong, 2017). Like CMB heat flux and plume
initiation, most numerical simulations show that the morphology of thermochemical piles also
changes significantly with time (Zhang et al., 2010; Li et al., 2014a; Zhong and Rudolph, 2015).
Laboratory experiments show a particular form of pile variability: for certain ranges of their
intrinsic density anomaly, the thermochemical piles oscillate, alternating between phases of
growth (that is, greater elevation and smaller lateral footprint on the CMB) and collapse (that is,
less elevation and larger lateral footprint on the CMB) (Davaille, 1999; Le Bars and Davaille,
2004).

However, questions remain as to (1) how the changes of the morphology of
thermochemical piles (e.g., LLSVPs), the variation of CMB heat flux and the episodic formation
of mantle plumes are related, and (2) why mantle dynamics supports this style of time

dependence? An answer to the first question is suggested by the inference that the
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thermochemical piles are hotter than their surroundings, and the CMB heat flux is dominated by
the relatively cold regions outside of piles (Zhang and Zhong, 2011), so that the size of the
footprint of the thermochemical piles controls the CMB heat flux. One possible scenario
proposed by Olson and Amit (2015) is that, during the growth phase of thermochemical piles,
their lateral footprints decrease, leading to an increase of CMB heat flux. Conversely, collapse of
thermochemical piles increases their footprints, reduces the CMB heat flux, and at the same time,
generates thermal plumes near the pile edges. It is thus interesting to test this hypothesis with
self-consistent geodynamic models, to better understand what causes the growth and collapse of
the intrinsically dense thermochemical piles, and how they are related to the formation of plumes
and changes of CMB heat flux. In addition, these same geodynamic models offer the means to
quantify how varying physical parameters of the lowermost mantle affect the correlation among
changing morphology of thermochemical piles, formation of mantle plumes and variation of
CMB heat flux.

In this study, we perform thermochemical convection calculations to study the interaction
between mantle plumes and thermochemical piles in the lowermost mantle, and its effects on
CMB heat flux. We focus on identifying the mechanism that leads to simultaneous formation of
mantle plumes, variation of CMB heat flux and change of thermochemical pile morphology in

the lowermost mantle.

2 Method
We model thermochemical convection in a 2D Cartesian box by numerically solving the
following conservation equations of mass, momentum and energy under the Boussinesq

approximation:



V-u=0, (1)
—VP +V-(0¢) =Ra(T —BC)2, (2)
oT

E+(ﬁ.v)T:V~(VT)+H, (3)

where U is the velocity, P is the dynamic pressure, 7 is the viscosity, € is the strain rate, Ra is
the Rayleigh number, T is the temperature, B and C are the buoyancy number and the
composition, respectively. The unit vector in the vertical direction is Z, t is the time, and H is the
internal heating rate. The equations are non-dimensionalized through introduction of the
following characteristic scales (primed variables are dimensionless):

x; = Dox;"su; = Ugw;'s T = ATT'; t = t'Dy/Uy; P = nUy/DoP’; Uy = ko/Dy, (4)
where D, and k, are the thickness of the Earth’s mantle and the reference diffusivity,

respectively and AT is the reference temperature. The Rayleigh number is defined as:

— Pog®oATD§

Koo
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where p,, ay and 1, are the reference density (e.g., the density for the background mantle),
reference thermal expansivity, and reference viscosity, respectively. Reference values are listed
in Table 1. We use our modified 2D Citcom code (Moresi and Solomatov, 1995) that includes
multiple compositional components to solve these equations.

All boundaries are free-slip. The top and bottom boundaries are isothermal with T=0 and
T=1 (non-dimensional), respectively, and the side boundaries are insulating. The models are
entirely basal heated, an approximation that yields realistic average mantle temperatures in 2D
Cartesian geometry (O'Farrell and Lowman, 2010). The 2D box in our models has an aspect ratio

of 3, and the computational domain is divided into 384128 (horizontal x vertical) elements.



All models start with an initial temperature of T=0.5 plus thermal perturbations (Figure
la). A layer of uniformly dense material initially occupies the lowermost 300 km for most cases
(Figure 1b). The intrinsically dense material is characterized by a buoyancy number B =
Ap/poaoAT, where Ap is the compositional density anomaly between the intrinsically dense
material and the background mantle.

It has been suggested that the phase transition from Perovskite (pv) to post-Perovskite
(ppv) in the lowermost mantle can increase the CMB heat flux (Nakagawa and Tackley, 2011)
and decrease the stability of thermochemical piles (Li et al.; 2014b). We therefore explore the
effects of the ppv phase in cases 5-8 (Table 2). The approach to model the phase transition is
similar to previous studies (e.g., Christensen and Yuen, 1985; Zhong and Gurnis, 1994;
Nakagawa and Tackley, 2005). The phase function is defined as:

I () = 0.5+ 0.5tanh (), (6)

where 1 is the dimensionless excess pressure and w is the width of the phase transition. The
excess pressure 7 is defined as:

7T =D = Dppy = ¥ (T = Typy), ()
where, D is the depth, and y,,,,=0.385 is the Clapeyron slope, both dimensionless. Using values
of the parameters in the Table 1, the dimensionalized Clapeyron slope (which is scaled by the

term pgD/AT) is 12 MPa/K. Dy, is the depth for the phase transition at temperature T, We

ppv:

use D,,,,,=0.9343, which is dimensionalized to a depth of 2700 km. We use T,,,=0.473 or a

ppv ppv
dimensional temperature of 1420 K in cases 5 and 6. Note that this is the potential temperature
since the adiabatic temperature increase with depth is removed in our models under the

Boussinesq approximation. The adiabatic temperature at 2700 km depth is ~1218 K (e.g.,
8



calculated by increasing the temperature from the surface of 273 K to 2700 km depth with a
temperature gradient of 0.35 K/km). Thus, T,,,,=0.473 in our models additional to the adiabatic

temperature increase at 2700 km depth is equivalent to a temperature of ~2640 K for the true

Earth. In cases 7 and 8, we use T,

ppy=0.39, which is equivalent to a decrease of the threshold

temperature for the phase transition, or alternatively, an increase of mantle temperature with the
increase of the reference temperature and/or adiabatic temperature gradient. We assume a 1%
density increase for the phase transition, and the width of the phase transition is 30 km. These
parameters for the ppv phase transition are consistent with mineral physics results (e.g.,
Murakami et al., 2004) and are similar to that used in previous numerical modeling studies
(Nakagawa and Tackley, 2011; Li et al., 2014b). We do not consider the effects of latent heating
of this phase transition under the Boussinesq approximation, which were found to be small on
the large-scale convection (Nakagawa and Tackley, 2004).

The viscosity is expressed as 1 = ngexp [’ ln(nppv) + A(0.5—T)], where A is the
activation coefficient. Below 100 km depth, we use A=9.21, which results in 4 orders of
viscosity change due to changes of temperature. To produce plate-like lithosphere, we use
A=11.51 for the uppermost 100 km, which leads to 5 orders of maximum changes in the near-
surface viscosity. We introduce weak zones near the surface at the left and right side boundaries
and in the middle of the model box (King et al., 1992). The width and depth of the weak zones
are both 200 km, and the viscosity in the weak zones is reduced by 100 times compared to the
rest of the surface. We employ a 30x viscosity increase across the 670-km depth from the upper
mantle to lower mantle, by increasing 1, from 1 to 30 (Hager, 1984). We also investigate the

effects of weak ppv (Hunt et al., 2009; Ammann et al., 2010) in some models, by changing the
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viscosity prefactor 7,,,,,, and I' is the phase function as defined in equation (6). Table 2 lists all
cases used in this study.
We use a method similar to that in (Zhong, 2006) to identify and quantify mantle plumes.

At each depth, we find the maximum temperature T,,,,, the horizontally averaged temperature
Tave and the background temperature Ty, which is similar to Ty, but excludes cold
downwellings with T < T,,.. The mantle plumes are defined as regions where the vertical
velocity is positive and the temperature satisfies:

T > Tpg + f(Tax — Tog), (8)
where f = 0.2 sets the threshold for plume temperature. The plume heat flux is given by:

Qpuume = J 8T xu,ds.  (9)
where 8T = T — Ty, is the plume temperature anomaly, u, is the vertical velocity of the mantle
plume, and the integral is for all plume regions at the same depth. The total dimensionless plume
heat flux and CMB heat flux can be scaled to that of the 3D Earth by Q, = p,C,ATU,Q'¢, with

Q' is dimensionless heat flux in our models, C

p» is the heat capacity. ¢ = A/L is a correction

factor for geometry difference, where 4 is the area for the Earth’s surface or CMB, and L=3.0 is
the total lateral length of the 2D models.
3 Results

All our models start with a uniform layer of intrinsically dense material at the base of the
box. Figure 1 shows a series of snapshots in time for the temperature field (left column) and the
composition field (right column) for case 1. Shortly after initiation, the intrinsically dense

material is pushed to the middle of the box by cold downwellings, and forms a thermochemical
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pile above the CMB (i.e., Figure 1d, f, h, j). For each case, the morphology of the
thermochemical pile is quantified by calculating the areal fraction of CMB without pile material
and the height of the pile. We define the height of the pile as the distance from the CMB where
the lateral extent of the pile falls below 10% of the width of the box. The CMB heat flux and the
plume heat flux at 300 km depth are also quantified for each case. Below, we first show the
results for the reference case (case 1), and we then show how changes of model parameters affect
the results.

3.1 Reference case

Case 1 uses a Rayleigh number of Ra=10" and a buoyancy number of B=0.6 (Table 2).
Figure 2a shows the time evolution of the height of the thermochemical pile and the areal
fraction of CMB without pile material for this case. From t=0 to t~0.01, the height of the pile
increases from 300 km to ~800 km. The evolution of the convection during this period, including
pile formation, is significantly -influenced by the initial conditions, but at later times the
influences of initial conditions are lost and the intrinsic dynamics of the system take over.

After t~0.01, the height of the pile begins to oscillate with time. The oscillation is mostly
irregular, with both the magnitude and the period of the oscillation changing with time.
However, we find that during t~0.04-0.05, the height of the pile changes periodically. After
t~0.05, the oscillation of the pile height attenuates with time and after t~0.06, the dynamics
becomes more steady, without significant variation of the height of the pile. The long-term
increase of areal fraction of CMB without pile material is due to the slow entrainment of pile
material into the background mantle, which reduces the size of the pile. The evolution of the

areal fraction of CMB without pile material correlates well with the evolution of the pile height
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during the period of t~0.01-0.06, with correlation coefficients (denoted as r;) of 0.61 and 0.78
during the time ranges of 0.01-0.04 and 0.04-0.06, respectively (Figure 2a). A time evolution of
the temperature and composition fields of case 1 is shown in Movie S1.

Figure 2b shows that, after t~0.01, the evolution of the areal fraction of CMB without pile
material also correlates well with the variation of the CMB heat flux, with correlation
coefficients (denoted as r,) of 0.80 and 0.95 during the time ranges of 0.01-0.04 and 0.04-0.06,
respectively. These high correlations arise because the CMB heat flux is mainly released beneath
the relatively cold regions outside of the pile (Zhang and. Zhong, 2011). The average areal
fraction of CMB without pile material increases from ~0.4-at t=0.01 to ~0.6 at t=0.07. However,
the magnitude of variation of CMB heat flux within each cycle is not coupled to the average
areal fraction of CMB without pile material, but is instead controlled by the short-term variation
of the areal fraction. The magnitude of CMB heat flux variation is generally small during time
period of t~0.01-0.04, but increases during time period of t~0.04-0.05 with an increase of the
variation of the areal fraction in CMB without pile material. After t~0.06, there is little variation
of CMB heat flux and little noticeable change of the pile morphology, although the average areal
fraction of CMB without pile material is highest.

As shown in Figure 2c, the plume heat flux at 300 km depth exhibits large amplitude
pulses of activity, in contrast to the relatively smooth variations of CMB heat flux. Some of the
plume pulses occur during CMB heat flux maxima. However, the plume heat flux pulses often
occur during the decrease phase of the CMB heat flux, especially during time period of t~0.04-
0.05, when the pulses of plume heat flux are regularly spaced in time and the variations of CMB

heat flux are nearly periodic. Similar to the variation of CMB heat flux, measures of plume

12



activities (e.g., the occurrence and the magnitude of the pulse of plume heat flux) are not coupled
with the long-term increase of the areal fraction of CMB without pile material.

Why are the changes in pile morphology, CMB heat flux and pulses of plume heat flux
regular and periodic at some times, and irregular at others? To answer this question, we examine
the interactions between the plumes and the thermochemical pile that lead to variations of CMB
heat flux and plume heat flux. Figure 3 shows a series of snapshots in time of the temperature
field (left column) and the residual buoyancy field (right column) for case 1 from t=0.0415 to
0.0437, illustrating the dynamics during one periodic cycle. At t=0.0415, a weak thermal plume
conduit extends from the top of the pile to near the surface. Thermal anomalies form on both
sides of the pile and lead to large positive buoyancy in the regions indicated by black arrows in
Figure 3b. From t=0.0415 to t=0.0425, the thermal anomalies on each side of the pile migrate
simultaneously towards the crest of the pile, while at the same time, the temperature of the plume
decreases. At t=0.0429, the thermal anomalies merge at the crest of the pile and the plume
strengthens. At t=0.0432, the strengthened plume rises rapidly to near the surface through the
pre-existing plume conduit (Figure 3g) and the large positive residual buoyancy at the crest of
the pile is reduced (Figure 3h).

The height of the pile increases during the plume strengthening between t=0.0415 and
t=0.0425, and at t=0.0432 it reaches its maximum. After that, the pile collapses and the height of
the pile decreases. At t=0.0437, the height of the pile is reduced to its minimum and the
morphology of the pile returns to its shape at t=0.0415, with formation of thermal anomalies
resulting in large positive residual buoyancy on each side of the pile (indicated by black arrows

in Figure 3j), thus renewing the cycle.
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In summary, we show in Figure 3 that the thermal anomalies at both edges of the pile
merge at the crest of the pile, and form a strong plume there. The pile is significantly elevated
during the formation of the plume. As the plume rises toward the surface, the pile starts to
collapse. As shown in Figure 4a, during t~0.04-0.05, the CMB heat flux decreases by ~10-15%
between the maximum and the minimum of each cycle, whereas the peaks of the plume heat flux
are about 5 times larger than the background value. In addition, it takes more time for the CMB
area without pile material and the CMB heat flux to increase to peaks than to decrease to troughs,
indicating that the pile grows more slowly than it collapses.

We now focus on the dynamics with irregular, aperiodic variations of pile morphology
and CMB heat flux, and irregular pulses of plume heat flux. As an example of this behavior,
Figure 5 shows a series of snapshots in time of the temperature field (left column) and the
residual buoyancy field (right column) for case 1 from t=0.0221 to 0.0244, including irregular,
aperiodic variations. At t=0.0221, a weak thermal plume rises from the crest of the
thermochemical pile to beneath the upper surface. The pile has an asymmetric shape, with the
left side of the pile less elevated than the right side. Hot thermal anomalies are found on both
sides of the pile, which cause large positive residual buoyancy on the pile edges (again indicated
by black arrows in Figure 5b). At t=0.0228, the thermal anomaly on the right side of the pile
forms a strong thermal plume at the crest of the pile, and the pile is slightly elevated beneath the
plume: As this plume continues to rise toward the upper surface at t=0.0231, the elevated part of
the pile collapses.

The thermal anomaly on the left side of the pile migrates towards the crest of the pile

from t=0.0221 to t=0.0240. By t=0.0240, the thermal anomaly has evolved into a strong thermal
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plume at the top of the pile with large positive residual buoyancy in the plume region, and the
pile is slightly elevated beneath the plume. The plume rises to near the upper surface by
t=0.0244, while the positive residual buoyancy at the crest of the pile decreases, and by t=0.0244
the elevated part of the pile has collapsed.

In summary, Figure 5 shows the formation of two successive strong thermal plumes from
thermal anomalies on the pile edges. Although we do not observe significant global change of
the pile morphology, our results show that the formation of each thermal plume locally elevates
the pile, and as the plume rises towards the surface, the elevated part of the pile collapses.

The processes involving interaction between thermal plumes and the thermochemical pile
occur, and are most clearly illustrated, during times with periodic behavior (Figure 3). Even so,
the periodic behavior and aperiodic behavior represent different expressions of the same basic
physical processes. During aperiodic behavior, the two sides of the pile are typically in different
phases of the growth/collapse cycle, due to the formation of separate plumes on each side of the
pile at different times, whereas during periodic behavior, simultaneous plume development
causes the left and right sides of the pile to grow and collapse simultaneously, enhancing the
time variations of pile morphology and global CMB heat flux.

3.2 Influence of model parameters

The influences of physical parameters of the mantle on the CMB heat flux, pile
morphology and plume formation have been widely explored in previous studies (e.g.,
Deschamps and Tackley, 2008, 2009; Nakagawa and Tackley, 2011; Li et al., 2014b). It is well
established that the morphology of thermochemical piles, the formation of mantle plumes and the

magnitude of CMB heat flux are sensitive to the intrinsic density and volume of the pile material
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(e.g., the buoyancy number), the Rayleigh number and the ppv phase transition (Deschamps and
Tackley, 2009; Nakagawa and Tackley, 2011; Li et al., 2014b). In this section, we focus on
understanding how variations of these parameters affect our results.

In case 2, the buoyancy number of the intrinsic dense material is increased to B=0.8.
Because of increased density of the thermochemical pile, the morphology of the pile does not
change as much as that in case 1, and the magnitudes of the height of pile, the areal fraction and
the CMB heat flux are all lower than in case 1 (Figure 4b). The dynamics (shown in Movie S2) is
generally similar to that in case 1, with the formation of thermal plumes leading to morphologic
changes of the thermochemical pile, which in turn causes variation of CMB area covered by pile
material and variation of CMB heat flux. As an example, Figure 6 shows a series of snapshots in
time of the temperature field for case 2 from t=0.0810 to 0.0832, illustrating that the height of the
pile and the lateral extent of the pile are significantly affected by the formation of a strong
mantle plume, which is similar to that shown in Figure 3 for case 1.

In case 3, the initial thickness of the global layer of intrinsically dense material is reduced
to 150 km, while other parameters are the same as case 1. Compared to case 1, the pile in case 3
has smaller size and lower height, and the areal fraction of CMB without pile material is
correspondingly larger (Figure 4c). The pile stays on the CMB for less amount of time before
being completely stirred into the background mantle (Movie S3). Figure 4c shows the evolution
of the CMB heat flux, areal fraction of CMB without pile material and pulses of plume heat flux
from t=0.014 to 0.024, when all are changing periodically. Within each periodic cycle, several
pulses of plume heat flux occur during the decrease phase of the CMB heat flux. Between

t=0.018 and 0.019, the pulses of plume heat flux occur close to the time when the CMB heat flux
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reaches a minimum value, in contrast to cases 1 and 2 in which the pulses of plume heat flux
occur shortly after the CMB heat flux reaches a maximum value, and long before the CMB heat
flux reaches minimum.

We further show in Figure 7 a series of snapshots of the temperature field for case 3 from
t=0.0172 to 0.0192, illustrating the origin of three pulses of plume heat flux during this period.
We find that the morphologic change of the pile is caused by the formation and rise of multiple
plumes. Compared to cases 1 and 2, plumes in case 3 travel for longer distance from the top of
the pile to near the surface since the height of the pile is lower in case 3. In addition, plumes in
Figure 7 rise through the viscous background mantle to near the surface, different from plumes
that rise through the pre-existing hot plume conduits (e.g., Figure 3, 5) and avoiding the viscous
background mantle.

In case 4, we increase the Rayleigh number to Ra=3x10" (3x of that in case 1) while
keeping other parameters the same as in case 1. As expected, the convection is more chaotic than
case 1 (Movie S4). The CMB heat flux is higher than in case 1 (Figure 4d), as expected for
convection with a higher Rayleigh number, but the magnitude of its oscillation is not very
different from case 1. As shown in Movie S4 and Figure 8, there are often more than two plumes
on top of the thermochemical pile. The formation of multiple plumes leads to localized
morphologic change of the pile, which is similar to that shown in Figure 5 for case 1.

In cases 5, 6, 7 and 8, we explore the effects of the ppv phase transition. The model
parameters for case 5 are the same as case 1 except that case 5 includes a 1% density increase for
the ppv phase. The changes of CMB heat flux, height of pile and areal fraction of pile are less

regular as that in case 1 (Figure 4e), which may be because the additional negative buoyancy in
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the ppv phase slightly changes the convection pattern. The CMB heat flux is slightly higher than
case 1, but the magnitude of CMB heat flux oscillation is similar for both cases (Figure 4e). As
shown in Figure 9 and Movie S5, the morphology of the pile is significantly affected during the
formation and rise of thermal plumes.

In addition to the density increase, the viscosity of the ppv phase in case 6 is decreased by
100 times. Accordingly, the convection becomes more chaotic, and the pile morphology, CMB
heat flux and plume heat flux vary more rapidly than in previous cases (Figure 4f). The CMB
heat flux is higher than previous cases (Figure 4f), which leads to higher mantle temperatures
(Movie S6). The pulses of plume heat flux during the time period of t=0.014-0.024 are frequent
and nearly evenly-spaced, but they are not accompanied by significant changes of the height of
the pile (Figure 4f). This is because the pile remains in an ‘elevated’ phase due to the frequent
formation of strong plumes from both sides of the pile, such as that shown in Figure 10.

To further investigate how the changes of ppv volume affect the CMB heat flux, we

decrease T,

ppv 10 0.39 in case 7 while keeping the other parameters the same as case 6. Since the

temperature required for the ppv phase transition in case 7 is lower than that in case 6, the
volume of ppv phase in case 7 is, in general, smaller than that in case 6 (Movie S7). We find that
the CMB heat flux in ppv regions is much higher than other regions, because the low viscosity of
ppv regions thins the basal thermal boundary layer there. Compared to case 6, the CMB heat flux
in case 7 is generally lower due to small volume of the less viscous ppv phase, but the fluctuation
of CMB heat flux is higher (Figure 4g), due to the larger variation of ppv volume with time
(Figure 11). Again, we find that the morphology of the pile is significantly altered during the
formation and the ascent of thermal plumes (Movie S7), and an example is shown in Figure 11.
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We further reduce the viscosity of ppv in case 8 such that the ppv phase is 1,000 times
less viscous than the pv phase. With this reduction of ppv viscosity, the CMB heat flux in case 8
is generally higher than in case 7 (Figure 4h). In addition, plumes form more frequently than in
case 7 (Figure 4h). From t~0.025 to ~0.035, the CMB heat flux changes quasi-periodically and
multiple pulses of plume heat flux clustered around the peaks of CMB heat flux (Figure 4h).
Although the change of areal fraction of CMB without pile is relatively small, the CMB heat flux
exhibits significant oscillations during this period. This is because the CMB heat flux is very
sensitive to the amount of ppv phase present, and small changes of ppv volume due to changes of
pile morphology lead to large variations of CMB heat flux. Nevertheless, the morphology of the
pile is significantly affected during the formation of mantle plumes, as shown in Figure 12 and
Movie S8.

For better comparison, we summarize the evolution of CMB heat flux for cases 1, 2, 3, 4,
and 8 in Figure 13. Compared to case 1 (black curve), as we increase the buoyancy number of
the intrinsically dense material in case 2, the CMB heat flux decreases (red curve) because the
thermochemical pile covers larger areal fraction of CMB. We reduce the initial volume of the
intrinsically dense material by two times in case 3. As a result, the size of pile is smaller and
covers less CMB area in case 3 than case 1, which is consistent with that the CMB heat flux in
case 3 (blue curve) is higher than case 1. The CMB heat flux also increases as we increase the
Rayleigh number in case 4 (green curve). The CMB heat flux is significantly increased by the
presence of weak ppv phase in the lowermost mantle, and it varies in time by up to ~50% for

case 8 (purple curve) in which the viscosity in regions with ppv phase is reduced by 1,000 times.
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In all cases, the magnitude of CMB heat flux variation is time-dependent due to changes of
convection pattern.

In summary, we find that in all cases, the formation of thermal plumes typically leads to
increases in height of the pile, and the pile collapses as the plumes rise toward the surface. The
morphologic change of the pile causes variation of CMB heat flux. A strong correlation between
the areal fraction of CMB without pile and the CMB heat flux is observed in all calculations
(Figure 2 and Figures S1-S7, with the correlation coefficients shown in each figure). It needs to
be emphasized that the convection pattern changes significantly throughout the calculation for
each case (Figures 3, 5), and varies case by case (Figures 6-12). We observe temporarily periodic
variations of pile morphology, CMB heat flux and plume heat flux in some cases (e.g., cases 1,
2, 3 and 8, Figure 4), but these periodic behaviors are not guaranteed and they could disappear
due to a relatively small change of convection pattern. Nevertheless, the basic physical process
for the interaction between piles and plumes occurs universally in our models.

4 Discussion
4.1 Linking the morphology of thermochemical piles to mantle plume formation and CMB
heat flux

Our numerical models focus on the interaction between mantle plumes and
thermochemical piles of large-scale compositional heterogeneities in the lowermost mantle, and
its consequences for the pile morphology and CMB heat flux. We find good correlations among
the height of thermochemical pile, the areal fraction of CMB without pile material and the CMB

heat flux in all cases. The heat flux delivered by mantle plumes can change significantly and
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episodically with time (e.g., Figure 2c, 4), consistent with previous studies (Lin and van Keken,
2005).

Our models indicate that the morphology of thermochemical piles in the lower mantle
can significantly change during the formation and the ascent of mantle plumes, which in turn
causes time variation of CMB heat flux. This process is best illustrated by the periodic and
concurrent variations of pile morphology, CMB heat flux and plume heat flux in some cases. The
mechanism that causes these variations is similar to that proposed by Olson and Amit (2015).
The formation of a strong mantle plume from thermal anomalies on the margins of the
thermochemical pile provides large positive residual buoyancy, elevating the pile. As the strong
plume rises towards the surface, the large positive residual buoyancy on the pile edges decreases
and the pile collapses. The collapse of the pile on the CMB results in thermal insulation of the
core and with that, a reduction of CMB heat flux. In this scenario, the CMB heat flux changes as
a result of morphologic change of the thermochemical pile, and the pile changes morphology
because of the formation of mantle plumes. Thus, repeated formation of mantle thermal plumes
on pile flanks seems to be the driving force for these time variations.

During times of periodic behavior, the CMB heat flux, plume heat flux, and both sides of
the thermochemical pile change coherently (e.g., Figure 3). Thermal anomalies forming on both
sides of the pile merge to form a strong plume at the crest of the pile. The pulses of plume heat
flux near the surface occur slightly after the peaks of CMB heat flux, but well before the next
CMB heat flux minimum (e.g., Figure 4a). However, during times of aperiodic behavior, plumes

form at different times on the pile sides, and the individual plumes only change the pile
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morphology locally (e.g., Figure 5). In that situation, there is no clear link between the pulses of
plume heat flux and the variation of the global CMB heat flux (e.g., Figure 2c).

Mineral physics studies suggest that the ppv phase could be 5-1000 times less viscous
than the pv phase (Hunt et al., 2009; Ammann et al., 2010), although a higher viscosity of the
ppv phase than the pv phase has also been proposed (Karato, 2010). Here, we explored the
effects of weak (low viscosity) ppv phase transition on our result. We find that the frequency of
mantle plume formation, the CMB heat flux and its magnitude of oscillation are all significantly
increased by the presence of weak ppv phase in cold regions of the lowermost mantle. The
presence of weak ppv phase also leads to increase of the entrainment rate of the thermochemical
piles, similar to that found by (Li et al.,, 2014b). However, it needs to be emphasized that the
long-term stability of thermochemical piles is also controlled by other factors such as the
intrinsic dense of the pile material. The effects of weak ppv on increasing the instability of piles
could be compensated by increasing the intrinsic density of the pile.

Our models include numerous simplifications. For example, there is only one
thermochemical pile in our models, and we assume 2D geometry. It is expected that the 3D
mantle dynamics is more complex, and accordingly our models should also become more
complex if we were to increase the aspect ratio or adopt 3D spherical geometry. However, our
purpose here is not to model all of Earth’s complexity, but rather to illustrate basic interactions
between mantle plumes and thermochemical piles and the influence of these interactions on the
CMB heat flux. Consequently, we have focused on models with minimum complexity.

Nevertheless, we can speculate on how these additions might affect our results. For

example, were we to increase the aspect ratio of these models, two or more isolated piles are
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expected to form along the bottom boundary, and in that situation, changes in the piles would
need to be in phase to optimally affect the CMB heat flux. Plumes often form on top of the crest
of the middle of thermochemical piles in our 2D models which is due to the small lateral extent
of the piles. In contrast, previous 3D geodynamic modeling results show that thermal plumes
form preferentially near the edges of the thermochemical piles (Tan et al., 2011; L.i and Zhong,
2017). We can apply our 2D modeling results to understand the interaction between plumes and
the edges of piles in 3D models. Plumes in 3D models also have smaller size compared to the
whole mantle than that in 2D models. Therefore, our 2D models suggest that several strong
mantle plumes need to form in unison in order to elevate an entire pile and to substantially
change the CMB heat flux, particularly when 3D effects are factored in.
4.2 Implications on the connection between superchrons and LIP events

The repetitive occurrence of geomagnetic superchrons during the Phanerozoic, and the
concurrence of the latest superchron (e.g., the CNS) and the peak of pulses of LIP events in the
mid-Cretaceous have generated much speculation on possible links between the lowermost
mantle structure, the formation of mantle plumes, the CMB heat flux, and the frequency of
geomagnetic polarity reversals (Larson and Olson, 1991; Haggerty, 1994; Larson and Kincaid,
1996; Courtillot and Olson, 2007; Zhang and Zhong, 2011; Biggin et al., 2012; Olson and Amit,
2015). Some early studies proposed that the formation of mantle plumes from the D” layer
increases the CMB heat flux and the outer core activity which stabilize non-reversing magnetic
fields and result in superchrons (Larson and Olson, 1991; Haggerty, 1994). However, this
hypothesis is in contradiction with numerical dynamo modeling results which show that non-

reversing magnetic field behavior is more preferable when the CMB heat flux is low (Olson et
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al., 2010; Olson and Amit, 2014). Global mantle convection models with imposed surface plate
motion history predicted an increase in global CMB heat flux during the mid-Cretaceous, which
is difficult to explain the occurrence of the CNS (Zhang and Zhong, 2011).

Seismic observations have revealed two LLSVPs in the lowermost mantle, and the
LLSVPs have been hypothesized to be caused by intrinsically dense and compositionally-distinct
material. Recently, there have been efforts on understanding how the morphology of the LLSVPs
links to the variation of CMB heat flux and formation of mantle plumes (Amit and Olson, 2015;
Olson and Amit, 2015). One hypothesis as proposed by (Olson and Amit, 2015) is that the
compositionally-distinct and intrinsically dense LLSVPs can be temporally elevated by the
formation of mantle plumes. Whereas the later collapse of the LLSVPs on the CMB reduces the
CMB heat flux and induces superchrons, the rise of mantle plumes to beneath the surface causes
LIPs.

Numerical dynamo models suggest that, in addition to the global average of CMB heat
flux, the spatial variation of CMB heat flux also affects the magnetic reversal frequency. In
particular, the reversal frequency is more sensitive to changes of CMB heat flux at equatorial
regions than other regions (Pétrélis et al., 2011; Heimpel and Evans, 2013). Our 2D models do
not provide information about CMB heat flux at specific locations for the true Earth. In addition,
we do not aim to study the spatial distribution of mantle plumes and LIPs with 2D models, which
have been explored before (e.g., Li and Zhong, 2017). Our main goal here is to understand the
basic physics process for the interaction between plumes and thermochemical piles and its
effects on the CMB heat flux. We find that the basic physical process for the interaction between

plumes and piles is generally consistent with the conceptual model by (Olson and Amit, 2015),
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although the relationship between plume pulses and CMB heat flux is different in most cases, as
discussed below.

In some of our models, we find nearly periodic changes of the pile morphology and CMB
heat flux. The periodic variations of CMB heat flux in some of our models is suggestive of the
repetitive occurrence of geomagnetic superchrons during the Phanerozoic. The time interval
between superchrons is ~150-200 Myr. To make a comparison with this information, we must
convert the non-dimensional time used in our models to geological time: However, it needs to be
pointed out that the geological time is not independently constrained by our non-dimensionalized
models. The dimensional diffusion time varies significantly with the effective Rayleigh number
of the mantle, and would be significantly over-estimated if the mantle viscosity used in a
geodynamic model is lower than the viscosity of the true Earth which is not well constrained. A
better approach is to scale model processes in terms of transit time (Zhong and Gurnis, 1993;

Christensen and Hofmann, 1994):

teransit = J, W(tdt’, (10)
where t is the non-dimensional time, and #(t") is the average absolute velocity on the surface at
non-dimensional time- t'. Thus, the transit time is scaled by, and is very sensitive to, the
magnitude of surface velocity. By definition, one transit time equals to the time takes for slabs to
sink from the surface to the CMB, and in this study, we make the assumption that one mantle
transit time equals to 60 Myr, following previous studies (Christensen and Hofmann, 1994; Li
and McNamara, 2013). The dimensional-time scaled with the transit time is plotted on the top

axes in Figure 4 for each panel. As shown in Figure 4, the CMB heat flux changes with a typical
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period of ~100 Myr for cases 1, 2 and 3, and ~220 Myr for cases 7 and 8. These values are
comparable with the observed time interval between Phanerozoic superchrons of ~150-200 Myr.

We find that it takes more time for the pile to grow than to collapse, and more time is
required for the CMB heat flux to increase than to decrease (e.g., Figure 4a, b). This asymmetry
may explain why it takes a long time for the reversal rate to recover from a superchron, whereas
superchron onset is more sudden (Olson and Amit, 2015). The CMB heat flux changes about 10-
15% during each cycle for our reference case (e.g., Figure 4a). This number sometimes increases
up to ~50% when less viscous ppv phase is included in the cold regimes of the lowermost mantle
(Figure 4h). Numerical dynamo models suggest that superchron may occur by a small reduction
of CMB heat flux (e.g., ~20% or smaller) when the geomagnetic field is close to the transition
for the dynamo from hyperactivity to low activity (Driscoll and Olson, 2009; Olson et al., 2010).
Thus, the reduction of CMB heat flux caused by the collapse of thermochemical piles in our
models could be sufficient to induce superchrons.

Our results show good  correlation between the evolution of morphology of
thermochemical piles and global CMB heat flux. The large and periodic variation of CMB heat
flux as inferred from the repetitive occurrence of superchrons during the Phanerozoic suggests
that the two seismically observed LLSVPs in the lowermost mantle, if they are caused by
thermochemical piles, may have switched coherently between phases of growth and collapse
several times during this time, that are caused by the formation and rise of mantle plumes as
suggested in our models. However, we show that when there are several mantle plumes with

each plume interacting with only part of a large thermochemical pile, these plumes need to form
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in unison in order to have the largest effects on changing the height and the footprint of the
LLSVPs and the CMB heat flux.

During the Cretaceous, the major phase of the LIP activity started slightly before and
continued during the CNS, just when the CMB heat flux is supposed to be minimum (Olson and
Amit, 2015). In contrast, the pulses of plume heat flux in our models typically occur near the
peaks of CMB heat flux, in most cases well before the next CMB heat flux minimum (e.g.,
Figure 4a, b). This happens for two main reasons. Firstly, the thermochemical piles start to
collapse (and the CMB heat flux starts to decrease) typically after the thermal plumes detach
from the top of the piles. If the top of the piles is high, the plumes need only to rise a relatively
short distance before reaching the near-surface. Secondly, the hot and buoyant plume materials
tend to rise through pre-existing plume conduits in our models (e.g., Figure 3, 5, 6). Since the
plume conduits have higher temperature and lower viscosity than the background mantle, plumes
ascend much faster through pre-existing plume conduits than through the colder and more
viscous background mantle. Accordingly, it takes little time for conduit plumes in our models to
rises from the top of the pile to near the surface, so naturally the pulses of plume heat flux
typically occur around the time when the piles start to collapse and the CMB heat flux is near
maximum. However, as the pile shape becomes more complex, we find that it takes more time
for the plumes to rise, particularly if the plumes bifurcate as illustrated in Figure 7 or form on the
pile margins and ascend through the viscous background mantle as illustrated in Figure 8. In
these situations, we find the pulses of plume heat flux occur later than the maxima in CMB heat
flux (e.g., Figures 4c, d), although in nearly every case, prior to the CMB heat flux minima.

Therefore, in order for the pulses of plume flux to coincide with CMB heat flux minima (which
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would reconcile the LIP and geomagnetic observations) the rise time of LIP-forming mantle
plumes would have to be even longer than in our models, or the LLSVPs collapse faster than the
thermochemical piles in our models.
4.3 The role of slab subduction

Another possible influence on the links between the variations of CMB heat flux and
plume heat flux that our models may fail to properly capture involves time variations in the
subduction of cold slabs. The impinging of slabs on the CMB may horizontally push the pile
edges to elevate the pile or to impede the collapse of the pile. The spreading of slabs on the CMB
affects the lateral mantle flow velocity in the basal thermal boundary layer, which influences the
location where mantle plumes form (Li and Zhong, 2017). Furthermore, the CMB heat flux is
highest beneath regions with active subduction and the global mean CMB heat flux is largely
controlled by the subduction process (Zhang and Zhong, 2011). If the pulses of subduction and
plume formation are in phase, the variations of CMB heat flux and plume heat flux would be
nearly in phase. However, if the two pulsations get out of phase for any reason, the links between
the variations of CMB heat flux and plume heat flux may break. In our simplified 2D models,
there is limited room for plumes and slabs to slip out of phase. In the Earth’s mantle, the volume
of cold slabs impinging the CMB and the temperature of their slabs are controlled by many
factors, such as the surface processes, the effects of mantle transition zone and the viscosity
structure of the mantle, but the formation of mantle plumes, which is the result of thermal
boundary layer instability, is more controlled by the properties of the mantle near the CMB.
Thus, the pulses of subduction to the lowermost mantle and the pulses of plume formation are

possible to get out of phase in more complex models, particularly in the 3D mantle.
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4.4 On the density and stability of thermochemical piles and LLSVPs

Our results show that the residual buoyancy (or the density anomaly) is not homogeneous
within a thermochemical pile, similar to that found by Lassak et al. (2007) and Tan and Gurnis
(2005). In particular, the major part of the pile in case 1 is nearly neutrally buoyant or slightly
positively buoyant, and the pile is strongly negatively buoyant at the bottom and near the top of
the pile (Figures 3, 5, 14a). However, the residual buoyancy of a thermochemical pile strongly
depends on factors such as the buoyancy number (or the intrinsic density) of the pile material and
the density and volume of cold downwelling material surrounding the pile. For example, by
increasing the buoyancy number to B=0.8 in case 2, the thermochemical pile becomes largely
negatively buoyant (Figure 14b). In case 6, the volume of the cold downwellings decreases
relative to case 1 and the residual buoyancy of the thermochemical pile is also largely negatively
(Figure 14c).

Figure 14d shows the time evolution of the averaged residual buoyancy within the
thermochemical pile for cases 1, 2 and 6. The pile has negative buoyancy respected to the
background mantle in all three cases. The residual buoyancy of the pile is more negative in case
2 than case 1, which results in slower entrainment of pile material into the background mantle.
However, although the pile is more negatively buoyant with respect to the surrounding mantle in
case 0, it is less stable than in case 1. This is because the weak ppv phase in case 6 increases the
entrainment rate of pile material into the background mantle.

The relative density of the LLSVPs with respect to the surrounding mantle, which has
implications for the geoid (Liu and Zhong, 2016) as well as mantle convection, has proven

difficult to constrain seismologically and remains a matter of debate (Ishii and Tromp, 1999;
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Resovsky and Ritzwoller, 1999; Koelemeijer et al., 2017; Lau et al., 2017). Our results indicate
that, assuming the LLSVPs represent thermochemical piles, the density anomalies within the
LLSVPs are not uniform, but instead vary from place to place, possibly negative in some regions
and positive in others. Furthermore, the density of the LLSVPs is not the only factor that controls
their stability. If one part of the LLSVPs is slightly less dense than the surrounding mantle, it
does not necessarily indicate that the LLSVP structures themselves are unstable, because other
parts of the same structure could have compensating excess density. Alternatively, the existence
of ppv phase in the lowermost mantle tends to lower the viscosity adjacent to the LLSVPs, which
may promote their instability, even if they are overall denser than the surrounding mantle.

S Conclusion

Our calculations show that the formation of mantle plumes, the variation of CMB heat
flux, and the morphologic changes to the thermochemical piles of large-scale compositional
heterogeneity in the lowermost mantle are likely to be dynamically coupled. We find good
correlation between the time variation of CMB heat flux and the changes of pile morphology.
The interaction between mantle plumes and the thermochemical piles sometimes leads to
periodic changes of CMB heat flux and regular pulses of plume heat flux.

We find that the morphology of a thermochemical pile fluctuates during the formation
and ascent of mantle plumes. Piles can be significantly elevated by the initiation of strong mantle
plumes, but after the plumes rise towards the surface and begin to stagnate at shallow depths, the
piles start to collapse. While the arrival of plumes beneath the surface is expected to initiate
enhanced surface volcanism, the collapse of the pile decreases the CMB heat flux. The timing

between the variation of CMB heat flux and pulses of plume heat flux is largely controlled by
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how fast the plumes rise from the top of piles to near the surface, which in turn depends on
whether the plumes access pre-existing conduits.

Repeated geomagnetic superchrons during the Phanerozoic may be the result of a.quasi-
periodic CMB heat flux variations, induced by the quasi-periodic formation of strong mantle
plumes and quasi-periodic morphologic changes to the LLSVPs. The morphologic changes of
the thermochemical piles induced by the formation of plumes cause up to ~20% CMB heat flux
variations (higher in some models with weak ppv phase). The estimated periodicities of CMB
heat flux variations in our models are ~100-200 Myr, in fundamental agreement with the spacing
of Phanerozoic superchrons. One remaining problem .is-the time lag of the plume heat flux
variations relative to the CMB heat flux variations, which is probably too short in our models.

Lastly, we find that the density anomaly within the thermochemical piles is
heterogeneous, varying from place to place, although the average density anomaly for each pile
is slightly higher than the surrounding mantle. This suggests that mantle LLSVPs also have
heterogeneous distributions of density anomaly with respect to their surroundings, with the
LLSVPs being slightly denser than the background mantle.
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Figure 1. Snapshots of temperature field (left) and the corresponding composition field (right)

for case 1 at t=0.0 (a, b), 0.1 (c, d), 0.3 (e, 1), 0.5 (g, h), and 0.7 (i, j).

Figure 2. Time evolution of height of thermochemical pile, areal fraction of the CMB.without

pile material, global CMB heat flux (Qcmp), and plume heat flux at 300 km depth (Qpjyme) for

case 1. r; and 7, are the correlation efficiencies for the correlations between the height of the pile
and the areal fraction of CMB without pile material, and between the areal fraction of CMB
without pile material and the CMB heat flux, respectively. We _compute separate values for ry;

and 7, during each time interval defined by the dotted short lines.

Figure 3. Snapshots of temperature field (left) and the corresponding residual buoyancy field
(right) for case 1 at t=0.0415 (a, b), 0.0425 (¢, d), 0.0429 (e, f), 0.0432 (g, h), and 0.0437 (i, j).
The green lines mark the edges of the thermochemical pile. Arrows in the left panels show

mantle flow velocity.

Figure 4. Time evolution of global CMB heat flux (Q.mp), plume heat flux at 300 km depth
(@plume» normalized with a non-dimensional reference value of 180), areal fraction of the CMB
without pile material and the height of the pile for case 1 (a), case 2 (b), case 3 (c), case 4 (d),
case 5 (e), case 6 (f), case 7 (g) and case 8 (h). r; and r, are the correlation efficiencies for the
correlations between the height of the pile and the areal fraction of CMB without pile material,
and between the areal fraction of CMB without pile material and the CMB heat flux,

respectively.



Figure 5. Snapshots of temperature field (left) and the corresponding residual buoyancy field
(right) for case 1 at t=0.0221 (a, b), 0.0228 (c, d), 0.0231 (e, f), 0.0240 (g, h), and 0.0244 (i, j).
The green lines mark the edges of the thermochemical pile. Arrows in the left panels show

mantle flow velocity.

Figure 6. Snapshots of temperature field for case 2 at t=0.0810 (a), 0.0821 (b), 0.0823 (c) and
0.0832 (d). The green lines mark the edges of the thermochemical pile. The global CMB heat
flux, plume heat flux at 300 km depth, areal fraction of the CMB without pile material and the
height of the pile at each time are shown in Figure 4b with the vertical dotted lines in Figure 4b
marking the time for each selected snapshot. The buoyancy number for the intrinsic dense

material is increased to B=0.8 in case 2.

Figure 7. Snapshots of temperature field for case 3 at t=0.0172 (a), 0.0178 (b), 0.0183 (c¢),
0.0185 (d), 0.0186 (e), and 0.0192 (f). The green lines mark the edges of the thermochemical
pile. The global CMB heat flux, plume heat flux at 300 km depth, areal fraction of the CMB
without pile material and the height of the pile at each time are shown in Figure 4c with the
vertical dotted lines in Figure 4c marking the time for each selected snapshot. The initial

thickness of the global layer of intrinsically dense material is 150 km for case 3.



Figure 8. Snapshots of temperature field for case 4 at t=0.0219 (a), 0.0225 (b), 0.0227 (c¢),
0.0230 (d), 0.0233 (e), and 0.0236 (f). The green lines mark the edges of the thermochemical
pile. The global CMB heat flux, plume heat flux at 300 km depth, areal fraction of the CMB
without pile material and the height of the pile at each time are shown in Figure 4d with the
vertical dotted lines in Figure 4d marking the time for each selected snapshot. The Rayleigh

number is Ra=3e7 for case 4.

Figure 9. Snapshots of temperature field for case 5 at t=0.0262 (a), 0.0271 (b), 0.0272 (c), and
0.0280 (d). The green lines mark the edges of the thermochemical pile. The black lines mark the
boundary of the ppv phase. The global CMB heat flux, plume heat flux at 300 km depth, areal
fraction of the CMB without pile material and the height of the pile at each time are shown in
Figure 4e with the vertical dotted lines in Figure 4e marking the time for each selected snapshot.
We introduce ppv phase transition in case 5. In this case, the ppv is 1% denser than the pv phase,

but both phases have the same viscosity.

Figure 10. Snapshots of temperature field for case 6 at t=0.0165 (a), 0.0167 (b), and 0.0171 (c).
The green lines mark the edges of the thermochemical pile. The black lines mark the boundary of
the ppv phase. The global CMB heat flux, plume heat flux at 300 km depth, areal fraction of the
CMB without pile material and the height of the pile at each time are shown in Figure 4f with the
vertical dotted lines in Figure 4f marking the time for each selected snapshot. The ppv phase is

100 times less viscous than the pv phase in case 6.



Figure 11. Snapshots of temperature field for case 7 at t=0.0218 (a), 0.0222 (b), 0.0224 (c),
0.0227 (d) and 0.0235 (e). The green lines mark the edges of the thermochemical pile. The black
lines mark the boundary of the ppv phase. The global CMB heat flux, plume heat flux at 300 km
depth, areal fraction of the CMB without pile material and the height of the pile at each time are
shown in Figure 4g with the vertical dotted lines in Figure 4g marking the time for €ach selected
snapshot. In case 7, we use T,,,=0.39 for the ppv phase transition, and the ppv phase is 100

times less viscous than the pv phase.

Figure 12. Snapshots of temperature field for case 8 at t=0.0330 (a), 0.0336 (b), 0.0339 (c),
0.0341 (d) and 0.0344 (e). The green lines mark the edges of the thermochemical pile. The black
lines mark the boundary of the ppv phase. The global CMB heat flux, plume heat flux at 300 km
depth, areal fraction of the CMB without pile material and the height of the pile at each time are
shown in Figure 4h with the vertical dotted lines in Figure 4h marking the time for each selected
snapshot. In case 8, we use Tpy,=0.39 for the ppv phase transition, and the ppv phase is 1,000

times less viscous than the pv phase.

Figure 13. The time evolution of global CMB heat flux for case 1 (black curve), case 2 (red

curve), case 3 (blue curve), case 4 (green curve) and case 8 (purple curve).

Figure 14. a-c, residual buoyancy field for case 1 at t=0.0429 (a), case 2 at t=0.0441 (b), and
case 6 at t=0.0167 (c). d, time evolution of averaged residual buoyancy within the

thermochemical pile for cases 1 (black line), 2 (red line) and 6 (blue line).
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Table 1. Parameters used in this study

Parameters Reference value
Mantle thickness D, 2890 km
Mantle density pg 3300 kg/m’
Thermal expansivity a, 1x10° K
Thermal diffusivity &, 1x10° m*/s
Gravitational acceleration g 9.8 m/s’
Temperature change across the mantle AT 3000 K
Reference viscosity 7 2.3x10°", 7.8x10% Pa s




Table 2. All cases used in this study

Case

Ra

B

h (km)

nppv

T,

ppv
1 |1e7]06] 300 | NA | N/A
2 |1e7]08] 300 | NJA | N/A
3 |1e7]06| 150 | N/A | N/A
4 13¢7]0.6| 300 | N/A | N/A
5 [1e7]0.6] 300 1.0 10473
6 |[1e7]06] 300 | 0.01 |0.473
7 |1e7]10.6| 300 | 0.01 | 0.39
8 11e710.6] 300 ]0.001] 0.39

Ra=Rayleigh number; B=Buoyancy number; h=initial thickness of the intrinsically dense layer;

Nppy=Viscosity reduction of post-Perovskite;

depth of Dy,

TPPU

=temperature for the ppv phase transition at



