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ARTICLE INFO ABSTRACT

Editor: J. Badro Earth’s deep mantle hosts continental-scale enigmatic structures whose origin, characteristics, and fate are
uncovered by advances in tomographic modeling, geochemical analysis, measurements of mantle mineral
properties under extreme conditions, and novel methods in mantle convection modeling. Probabilistic
tomography revealed that these deep mantle structures, dubbed large low shear velocity provinces (LLSVPs),
primordial reservoir are likely enriched in iron-bearing bridgmanite, making them denser than the surrounding ambient mantle
heat-producing element (establishing a stabilizing negative buoyancy). A distinct geochemical signature observed in ocean-island basalts
buoyancy ratio is thought to be sourced from the deep mantle, which indicates that LLSVPs may be candidates for a primordial
reservoir enriched in heat-producing elements (promoting a destabilizing positive buoyancy). Using conductivity
measurements from upper and lower mantle minerals, we derived a novel parametrized depth-, temperature-,
and composition-dependent thermal conductivity model. With thermochemical mantle convection models, we
demonstrated how the thermal state and total buoyancy of primordial reservoirs (as an analogue for LLSVPs)
are influenced by a dynamically responsive and (spatially, thermally, and compositionally) heterogeneous
thermal conductivity field. We examined the influence of moderate to high temperature-dependent conductivity
models on the evolution of primordial reservoirs characterized by intrinsic chemical density contrast between
1.5 and 5% and heat-producing element (HPE) enrichment factors between 1 and 20. The lowermost mantle
attains mean conductivities of ~ 6 W/m/K within reservoirs and ~ 9 W/m/K outside for moderate temperature
dependence. For a high temperature dependence, mean conductivities are reduced to ~2 W/m/K and ~ 5
W/m/K, respectively. We found that heterogeneous thermal conductivity exacerbates the thermally driven
effect of HPE enrichment, and the strength of the thermal contribution to the total conductivity is decisive
in determining the long-term stability (> 10 Gyr of simulation time) of primordial reservoirs. For the parameter
space we consider, the stability of primordial reservoirs with a particular HPE factor improves with greater
density contrast. However, with a particular density contrast, stability decreases with a greater HPE factor.
Thus, pile instability occurs for a combination of parameters that promote the domination of thermal buoyancy
over chemical buoyancy. For a moderate HPE enrichment (factor of 10) and a highly temperature-dependent
conductivity, reservoirs characterized by a density contrast ~ 4% attain a mean density ~ 1.4% and achieve
long-term stability. For a moderately temperature-dependent conductivity, reservoirs characterized by a density
contrast ~ 3% attain a mean density ~ 1.0%, consistent with tomographic estimates of LLSVP density and
achieving long-term stability. When HPE enrichment is present, we found that a greater thermal buoyancy is
more likely when temperature dependence is stronger due to the piles’ larger temperature. Thus, a greater
intrinsic chemical density contrast is required to maintain stable and long-lived primordial reservoirs.
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1. Introduction

The large low shear velocity provinces (LLSVPs) mapped by seis-
mic tomography at the base of the Earth’s mantle are likely hotter
than and chemically differentiated from the regular mantle (see Gar-
nero et al. (2016) for a review). The fate of these regions depends
on the competition between their intrinsic chemical density anomaly
(negative buoyancy) and thermal density anomaly (positive buoyancy).
When the dynamics of these regions are negative-buoyancy dominated,
the hot but chemically dense material forms relatively flat structures
on the core-mantle boundary (CMB), and the pattern of downwelling
currents originating at the Earth’s surface influences lateral motion and
organizes dense material into piles. When the dynamics are positive-
buoyancy dominated, the hot and less dense thermal anomalies can
generate thermochemical plumes within piles, and downwelling flow
generates thermochemical plumes at the top and edges of chemically
dense piles. Specifically, from finer resolution tomographic modeling,
our interpretation of pile-like structures could be interpreted as poorly
resolved plume-bundles (e.g., Davaille and Romanowicz, 2020) and
from mantle flow reconstruction, the lateral evolution of basal mantle
structures is similar to continents on the Earth’s surface (e.g., Flament
et al., 2022). The buoyancy of LLSVPs depends on their exact chemi-
cal compositions and heat-producing element (HPE) enrichment, both
of which are not well known. While many combinations of composition
and enrichment are plausible, the mechanisms defining positive and
negative buoyancy sources differ; thus, even for differing combinations
of physical parameters for which the total buoyancy is identical, the re-
sulting evolution and overall distribution of thermochemical material
determined by their competing dynamics will be unique.

The physical properties of LLSVPs depend on their composition and,
hence, their origin and formation. The two end-member hypotheses
include recycled crustal material (MORB) and remnant primordial ma-
terial from the crystallization of a basal magma ocean (Tackley, 2012).
In numerical modeling, while both origin treatments are geodynam-
ically able to produce long-lived piles, a primordial composition fits
the seismic signature of Earth’s large low-shear wave velocity provinces
(Deschamps et al., 2012). However, we do not rule out the possibility
of MORB in LLSVPs (e.g., Li and McNamara, 2013, 2022). Enrichment
in iron and bridgmanite contributes to piles’ higher density and lower
conductivity relative to the ambient mantle (Deschamps and Hsieh,
2019). A buoyancy ratio, B, which is the ratio of the chemical den-
sity difference between primordial and ambient mantle minerals versus
the thermal density difference (defined in Equation (5)), is often used
to characterize compositional density contrasts in numerical or experi-
mental models. For Earth’s lower mantle, a 3% iron and 18% (Mg,Fe)-
perovskite composition results in an approximate chemical density con-
trast of 152 kg/m> (corresponding to B = 0.23). This chemical density
contrast directly controls the basal mantle structure, and values smaller
or larger than this reference value can result in entrainment or stable
layering of primordial material, respectively.

The net (i.e., thermal and chemical) density estimates of LLSVPs
(combining both compositional and thermal contributions) depend on
the method of estimation or observation. From probabilistic tomogra-
phy and normal-mode studies, first-order estimates place the chemical
density contrast between 0.5 and 1% (e.g., Resovsky and Trampert,
2003; Trampert et al., 2004; Mosca et al., 2012). From the analysis of
high-resolution tomographic images, Davaille and Romanowicz (2020)
propose that bundles of low shear-wave velocity plumes are consistent
with the dome-like structure of LLSVPs inferred from low-resolution
tomographic images. Across the bottom two-thirds of LLSVPs, tidal to-
mography places the mean density 0.5% higher than the average mantle
density at the same depth range (Lau et al., 2017). In contrast, based on
Stoneley mode splitting measurements, Koelemeijer et al. (2017) report
an overall density reduction of 0.88% but do not rule out the possibil-
ity of a denser basal mantle structure in the lowermost 100 km. Despite
the disagreement between Stoneley mode studies and other methods for
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estimating the LLSVPs’ density, the consensus is that density variations
relative to the ambient mantle are about 2% or less.

Experimental or numerical models help constrain the density of
LLSVPs by trying to reproduce their observed characteristics. Early geo-
dynamics studies show that a stable deep thermochemical layer (with
significant topography) is long-lived over the age of the Earth when
the density contrast is 4% or more (van der Hilst and Kérason, 1999;
Kellogg et al., 1999). Later studies showed that a chemical density con-
trast of 2.4% is sufficient to produce a deep stable layer (Samuel and
Farnetani, 2003). In addition to maintaining a deep stable layer, the
morphology of this dense material depends on the density contrast. For
low density contrasts (< 1%), the thermochemical structure takes on a
dome or superplume morphology (Davaille, 1999) and for greater den-
sity contrasts (1 - 2%), a pile-like morphology is observed (Tackley,
1998).

Furthermore, the long-term stability of piles has routinely been ex-
amined for thermochemical piles as a function of their composition,
viscosity, internal heating, and other physical parameters in combina-
tion with chemical density contrast (e.g., Li et al., 2014; Limare et al.,
2019; Citron et al., 2020; Huang et al., 2022). In general, the chem-
ical density contrast is the primary parameter governing the stability
of thermochemical piles. For a wide range of additional physical pa-
rameters, density contrasts between 1 and 3% result in long-lived ther-
mochemical piles. Below this range of densities, thermochemical piles
become entrained. Greater than this range, thermochemical piles can
maintain a wide and flat topography, and thermochemical convection
can be considered layered.

Similar to the density distribution in the mantle, the amount and
distribution of HPEs are uncertain and depend on the composition of
the mantle. A deep mantle reservoir is supported by geochemical ob-
servations of ocean island basalts (OIBs), which exhibit high He3/He*
ratio signatures suggesting that this source has not mixed with regu-
lar mantle-sourced material. Arevalo et al. (2013) estimate that the
OIB source is 19% of the mantle by mass. Based on the approach of
Sramek et al. (2013) and assuming that LLSVPs occupy 9% of the
mantle by mass (Cottaar and Lekic, 2016), Citron et al. (2020) esti-
mate that the present-day heat production within the reservoir could
be approximately 10 to 100 times higher than the ambient mantle.
Heat-producing element enrichment directly controls the basal man-
tle structures’ temperature (and hence, thermal buoyancy) and, thus,
their long-term stability. Citron et al. (2020) found that a stable pile-
like morphology is possible for a dense layer with HPE enrichment.
In addition, for given B and d H,,;,, accounting for decaying internal
heat sources slightly modifies the pile morphology regimes compared
to constant heating cases. Huang et al. (2022) recently found that dif-
ferences in pile stability regimes are marginally affected by considering
time-dependent decaying heat sources. Depending on the decay rate or
the aggregate composition of HPEs in mantle material, models consid-
ering decaying heat sources imply an initial internal heating rate of
approximately 3 to 5 times the present-day value. Naturally, a greater
radiogenic heat production at the start of a mantle convection simu-
lation, in combination with heat-producing element enrichment, will
make piles more thermally buoyant and further expose the CMB sur-
face area. However, these studies had not considered variable thermal
conductivity that may act to exacerbate the destabilizing thermal effect
brought on by HPE enrichment. Here, we reevaluate these findings in a
new context of heterogeneous thermal conductivity.

Experimental studies on mantle minerals show that their thermal
conductivities are sensitive to variations in pressure (depth), temper-
ature, and composition. At a fixed temperature, thermal conductivi-
ties increase with increasing pressure, with typical lowermost man-
tle conductivities exceeding five times the surface conductivity value
(e.g., Dalton et al., 2013; Hsieh et al., 2017, 2018). At a fixed pres-
sure, thermal conductivities decrease with increasing temperature (e.g.,
Hofmeister, 1999; Manthilake et al., 2011; Zhang et al., 2019). For ex-
ample, assuming a moderate temperature dependence, a temperature



J.M. Guerrero, F. Deschamps, W.-P. Hsieh et al.

of 3000 K, typical of the lowermost mantle, results in a ~70% reduc-
tion in conductivity relative to material with a temperature of 300 K at
lowermost mantle pressure. Including iron or aluminum in mantle min-
erals substantially reduces thermal conductivity relative to their purely
magnesium compositions (e.g., Ohta et al., 2012; Hsieh et al., 2017,
2018). Not only does this curb the thermal conductivity of the mantle
at higher pressures, but the thermal conductivity of lowermost man-
tle structures enriched in iron or aluminum-bearing bridgmanite (i.e.,
LLSVPs) may be significantly reduced relative to the ambient mantle
at the same pressure. Measurements of thermal conductivities at lower
mantle conditions are few, and the conductivity of piles is even less
well-constrained. Because thermal conductivity regulates heat flow, it
partially controls the temperature and, hence, thermal buoyancy and
stability of the anomalously dense regions at the base of the mantle. Al-
though thermal conductivity’s precise temperature dependence in the
lower mantle remains uncertain, for piles with an intrinsic chemical
density contrast characteristic of LLSVPs, even a weak temperature de-
pendence combined with heat-producing element enrichment can pro-
mote entrainment.

Recently, Guerrero et al. (2023) showed that the ratio between the
bottom and top conductivities implied by the system’s combined con-
ductivity dependencies controls the growth of temperature anomalies
within thermochemical piles and determines the onset of thermal insta-
bility. If the system can establish a higher conductivity in the lowermost
mantle (e.g., if the depth-dependent increase exceeds the temperature-
dependent decrease in conductivity), a moderately conductive thermo-
chemical pile can rid itself of excess heat, be cooled by the ambient
mantle surrounding it and remain stable. If not, a poorly conducting
thermochemical pile cannot easily rid itself of its excess heat, be-
come even more poorly conducting (establishing a positive feedback
loop), and hence thermally unstable. The depth-dependent conductiv-
ity deduced from upper and lower mantle conductivity measurements
(Deschamps and Hsieh, 2019), in conjunction with moderate temper-
ature and compositional dependences, produces an antipodal two-pile
configuration consistent with observations. Simulations showed that a
sub-unity bottom-to-top conductivity ratio results in the growth of in-
stability within piles. However, our examination of the stability of lower
mantle thermochemical structure was limited to a single buoyancy ratio
and HPE enrichment factor. This study investigates the combined ef-
fects of heterogeneous thermal conductivity, buoyancy ratio, and HPE
enrichment on the dynamics and evolution of dense thermochemical
anomalies of primordial origin.

2. Method

2.1. Numerical approach

We solve the non-dimensional forms of the conservation equations
of momentum, mass, energy and composition for a compressible, infi-
nite Prandtl number fluid using the finite volume code StagYY (Tackley,
2008). The numerical setup is similar to that in Guerrero et al. (2023)
and is summarized in the appendix and supplemental material, includ-
ing details regarding the governing equations, governing parameters,
system variables, and material properties. Given that the evolution of
primordial reservoirs is the focus of our study, the governing parameters
examined include the buoyancy ratio B and the internal heating rate
enrichment factor dH,,;,, (emulating HPE enrichment within piles).
Variations in the mantle’s thermal conductivity, k, are examined to
systematically investigate the evolution of thermochemical primordial
reservoirs in combination with B and dH ;. Fig. 1 shows radial pro-
files for the temperature field and primordial field initial conditions and
for the thermal conductivity model employed in this study. Again, we
model heterogeneous conductivity following the approach of Guerrero

et al. (2023), which we summarize in the next paragraph.
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2.2. Thermal conductivity

We use a non-dimensional parametrized model that characterizes
variations resulting from non-dimensional depth, d = d /D, where the
depth, d, has a length scale defined by the mantle thickness, D;
non-dimensional temperature, T = T /AT, where the temperature,
T, is scaled by the super-adiabatic temperature difference, ATg; and
composition, C; as separate functions. Thermal conductivity is non-
dimensionalized with its surface value kg, ,, which is here fixed to
3 W/m/K. The total conductivity is a product of each functional depen-
dence.

First we consider a conductivity parametrization purely based on a
linear depth-dependent profile. The conductivity profile is defined by
a linear function, k D(J )=1+4+(Kp — 1)d, where K p controls the con-
ductivity value at the core-mantle boundary. Because this function is
defined non-dimensionally, the ratio of the bottom and top conductiv-
ity is simply determined by K value. Fig. 1(b) shows radial profiles
for cases featuring K = 2.5, 5.0, and 10.0. By considering this simple
conductivity model, we can isolate the combined effect of buoyancy ra-
tio and bottom-to-top conductivity ratio, on the evolution of primordial
reservoirs.

Next, we consider a heterogeneous thermal conductivity parametriza-
tion where the depth-dependence is based on conductivity measure-
ments of upper and lower mantle minerals (Chang et al., 2017; Hsieh
et al., 2017, 2018; Deschamps and Hsieh, 2019). The conductivity pro-
file in the upper mantle is defined by a quadratic curve that smoothly
connects the surface conductivity to the conductivity profile of Bm-Fp
at the 660-km transition. The total conductivity profile, denoted by the
symbol Ky (Fig. 1(b), blue curve), is defined piecewise and continu-
ous at the 660-km transition (d, ; 5, = 0.22837) and is given by

I (1+15.66J—16.3852>; d<dy,y
kD(d)Z Surf

< (Upper mantle)
533 (1 +4.984 — 0.8152>; d>dy,y

(Lower mantle).

ksurf
@
Temperature-dependence is given by
- @ /AT)
Jer (T) = <+ : @

where the surface temperature, T, /, is set to 300 K, and the super-
adiabatic temperature difference, ATy, is set to 2500 K. Temperature-
dependence always results in lower conductivity. Higher values of n
indicate higher sensitivity to (and thus more significant reduction with)
increasing temperature. In this study, we consider n values of 0.5 and
0.8. The theoretical lower limit for n is 0.5 for materials enriched in
iron, and 0.8 is representative of oxide-bearing minerals (e.g., Kle-
mens, 1960; Xu et al., 2004). When n = 0.0, temperature-dependence
is switched off, and only the remaining dependencies are considered.
Composition-dependence is given by

kc(C)=1+ (K¢ - DC 3

where K is the reduction factor for composition-dependence. In this
study, we consider K- = 0.8 (corresponding to a 20% conductivity re-
duction), which is consistent with the inferred conductivity of LLSVP
regions modeled by Deschamps and Hsieh (2019). Finally, the total con-
ductivity is given by

k(d,T,C) = kg, p X kp(d) x kg (T) X kc(C). @

Fig. 1(c) demonstrates the effect of temperature- and composition-
dependence for simulations featuring a depth-dependence defined by
Equation (1). According to our temperature field, a temperature depen-
dence featuring n = 0.5 results in a 70% reduction and »n = 0.8 results
in a 86% reduction at the core-mantle boundary. The absolute value
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Fig. 1. (a) Non-dimensional radial profiles for the initial temperature field (brown) and primordial material field (green). Temperature is dimensionalized by multi-
plying with the super-adiabatic temperature difference, AT. (b) Radial profiles for depth-dependent conductivity functions defined linearly with slope characterized
by K, and by a parameterization derived from conductivity measurements in the upper and lower mantle by Deschamps and Hsieh (2019) (denoted by Kp ). (c)
Initial radial profiles for conductivity models featuring different temperature- and composition-dependencies.

of conductivity reduction due to the composition dependence decreases
when the slope of the total conductivity profile is smaller.

2.3. Buoyancy ratio

Because primordial material is enriched in heavier minerals, it is as-
sumed to be denser than regular (pyrolytic) mantle material. In our
model, the chemical density contrast between both materials is de-
fined with respect to the reference density profile, p(z), and is given
by Bag,,sATsp(z) (e.g., Deschamps et al., 2018). Thus, the buoyancy
ratio defined by

Apc(2)

__ Bc@ ®)
A5y f Pref(2)AT g

is fixed at a constant value. Compared with models with B defined with
respect to the surface density, the buoyancy ratios required for stable
chemical stratification will be smaller. More generally, whatever the
definition of the buoyancy ratio, thermo-chemical structures obtained
with equivalent chemical density contrast at the bottom of the system
are very similar. Nevertheless, our buoyancy ratio definition produces
density differences that are consistent with estimates of the intrinsic
density of contrast between primordial and ambient mantle material
(e.g., 2 - 2.8%). Here, we prescribed values of B between 0.15 and 0.40,
which encompass the range of density contrasts that are characteristic
of LLSVPs and correspond to values in the range 90-250 kg/m?.

2.4. Model setup

We perform each simulation in a 2D spherical annulus domain,
which emulates convection in a variable-thickness slice of a spherical
shell centered at the equator (Hernlund and Tackley, 2008). All param-
eters and dimensional scales for our thermochemical mantle convection
model are listed in Table 1. A curvature factor f = 0.55 (calculated from
the ratio of CMB radius to surface radius) characterizes an Earth-like
mantle geometry, and we subdivide the domain into 128-node radial
and 2048-node lateral resolution. We specify additional grid refinement
at the surface and core-mantle boundaries and the 660-km transition
to ensure the flow is resolved well in those regions. The annulus do-
main features free-slip surface and core-mantle boundaries. Relative to
a surface temperature of 300 K, the reference state (see Figure S1)
determines a CMB temperature of 3440 K. The initial condition for

the temperature field is radially symmetric and based on an adiabatic
temperature of 2000 K with surface and core-mantle boundary layer
thicknesses of approximately 30 km. Random temperature perturba-
tions with an amplitude of 125 K are uniformly distributed throughout
the domain. The initial condition for the primordial field is also ra-
dially symmetric and defined by a uniform dense layer on top of the
core-mantle boundary with a thickness of 160 km. Under this setup, an
initial transient phase lasting approximately 1.0 to 2.0 Gyr (depending
on the conductivity model employed) is observed during which the bot-
tom of the mantle heats up and the first downwellings impinge on the
initial dense layer.

We run simulations over a non-dimensional diffusion time of 0.0318,
corresponding to 11.2 Gyr in dimensional units. Note that because they
do not include Earth’s mantle initial conditions, which are anyway not
well constrained, and time-decreasing radioactive heating, our simula-
tions are not designed to model the Earth’s evolution. Therefore, dura-
tions should not be used to interpret specific sequences of events. The
longer simulation time is necessary to allow the simulations to achieve
a quasi-steady state, during which the surface and CMB heat flow os-
cillate around nearly constant values. The appendix and supplemental
material contain the complete details of the methods.

3. Results

Using the setup defined in the methods section, we run 52 cases
sampling B and dH,,, in the range of 0.15-0.40 and 1-20, respec-
tively and for temperature-dependent conductivity with n = 0.5 and 0.8
(Table 2). Output observable and derived properties are averaged over
a 1 Gyr window about t = 4.5 Gyr. These simulations highlight trade-
offs between conductivity changes and physical parameters, leading to
constructive or complementary effects on pile properties.

3.1. Buoyancy ratio versus depth-dependence of conductivity

We first examine the effect of the bottom-to-top conductivity ratio
(Kp) and buoyancy ratio (B). Conductivity values at the CMB corre-
spond to 7.5, 15, and 30 W/m/K for K, =2.5,5, and 10, respectively.
By comparison, the predicted pyrolite conductivities near the CMB (in-
cluding thermal effects) are around 8-10 W/m/K. Considering an adia-
batic and super-adiabatic temperature increase leads to a 7o), 5 = 3440
K and would reduce conductivities to 2.2, 4.4 and 8.9 W/m/K.
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Table 1
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Parameters and dimensional scales for our thermochemical mantle convection model.

Parameter Symbol Value Units Non-dimensional
Governing parameters

Reference Rayleigh number Ra 3.0x 108
Surface dissipation number Dig, s 1.2

Total internal heating H 5.44 x 10712 Wkg™") 20
Compositional heating ratio dH,;, 1-20
Compositional parameters

Buoyancy ratio B 0.15-04
Volume fraction of dense material (%) X prim 3%
Thickness of initial dense layer hpyp 0.05514
Physical & thermodynamical parameters

Acceleration of gravity g 9.81 (ms~2) 1

Mantle thickness D 2891 (km) 1
Reference adiabat Tys 1600 X) 0.64
Super-adiabatic temperature difference ATy 2500 (K) 1

Surface density Psurf 3300 (kg m™3) 1

Surface thermal expansion Asyrs 5.0x107° ™" 1

Surface thermal diffusivity KSurf 7.5% 1077 m?s™) 1

Heat capacity Cp 1200 Ukg'KH 1

Surface conductivity K Surs 3 Wm' KD 1

Surface Griineisen parameter Ysurf 1.091
Density jump at z = 660 km Apeso 400 (kg m™) 0.1212
Clapeyron slope at z = 660 km Tee0 -2.5 (MPa K1) -0.0668
Surface temperature Tsury 300 X) 0.12

CMB temperature Tems 3440 X) 1.376
Density jump at CMB Apenn 5280 (kg m™3) 1.6
Conductivity Parameters

Depth- dependence contrast K 2.5-10.0
Temperature- dependence exponent n 0.0, 0.5, 0.8
Compositional correction K¢ 0.8
Viscosity Law

Reference viscosity Mot 4346x10*°  Pa-s 1
Viscosity ratio at z = 660 km Afgso 30
Logarithmic thermal viscosity ratio E,(=log(Any)) 16.118
Logarithmic vertical viscosity ratio V,(=log(Anp)) 2.3026
Compositional viscosity ratio Ane 30
Surface yield stress o, 290 (MPa) 7.5x10°
Yield stress gradient G, 0.01 (PaPal) 0.01

Fig. 2 summarizes primordial reservoir evolution for a few cases.
The value for (dp/p) ., is calculated only for the primordial material
field. The density of the primordial material field is compared with the
mean density profile for the entire mantle layer. Thus, for the first 1 Gyr
of evolution, when the primordial material is undisturbed, (dp/p) i,
= 0 because the mean density profile is identical to the density of
the initial layer; absence of an anomaly is indicated by a soft white.
Above this initial layer thickness, there is no primordial material and
hence blank. For systems evolving with a canonical conductivity profile
(Kp =2.5), panels (a)-(c) highlight that a decreasing B is a first-order
effect that destabilizes primordial reservoirs. For B = (.23, a two-pile
configuration for primordial reservoirs can remain stable over long ge-
ologic timescales (Figure S3, case #3). Because the initial temperature
field is radially symmetric with random perturbations, pile configura-
tion is dynamically generated and simulations do not impose a forcing
towards a two-pile configuration. Jarvis et al. (1995) show that, in 2D
spherical annulus geometry, the downwelling flow geometry can tend
towards a degree-2 planform when the core-to-surface radii ratio (i.e.,
the curvature factor of the sphere) is Earth-like (~ 0.5). Thus, a two-pile
configuration may be easier to establish in a 2D geometry. The density
anomaly timeseries show that piles attain a mean anomaly of 1%, while
the lighter material above has a negative anomaly relative to the adja-
cent, much denser, downwelling structures. Field snapshots show piles
envelop a region with a positive RMS temperature anomaly of ~ 300 K
and density anomaly < 1%. Furthermore, we observe a thin, dense layer
with a density anomaly > 1% at the base and margins of the piles, con-

sistent with tomographic models. In general, the average temperature
increases by approximately 1000 K but remains under 4000 K (Figure
S2, panels (a)-(c)).

By contrast, for B = (.15, piles attain a mean density anomaly <
1%. Field snapshots show that a thin, dense anomaly > 1% may be
present at the base of the piles (Figure S3, case #1). However, the pri-
mordial reservoirs are lighter and cannot overcome thermal buoyancy.
Rapid entrainment of primordial reservoirs occurs as early as t = 3.5
Gyr, and piles become fully entrained by the end of the simulation. Due
to entrainment, buoyant primordial material cools and spreads below
the upper mantle, resulting in medium-sized suspended chemical het-
erogeneities above the piles. By the end of the simulation, the system
attains a homogeneous distribution, and the horizontal average of den-
sity anomalies shrinks to zero.

Panels (c)-(e), with B = 0.15, highlight the stabilizing effect of an
increasing bottom-to-top conductivity ratio on primordial reservoirs’
evolution. Greater lower mantle thermal conductivity promotes cooler
piles that are sufficiently dense to overcome thermal buoyancy. Even
for buoyancy ratios that guarantee complete entrainment, greater low-
ermost mantle conductivity stabilizes piles and can preserve primordial
reservoirs over large geologic timescales. This stabilizing effect is con-
sistent with the findings of Guerrero et al. (2023). Because the onset of
thermal instability is delayed only marginally compared to an increas-
ing buoyancy ratio with a fixed conductivity profile, we argue that the
bottom-to-top conductivity ratio is a secondary controlling parameter
on the stability of primordial reservoirs.



Table 2
Averaged properties for all cases presented. Except for ¢,,, , all values are averaged out over the time range 4-5 Gyr.
Case B dH,, Kp Ko n (T) (T,m)  global negative positive he Osurs Ocus  Qui/Qswy (He)  (Apimcms)  dPpin/p  min max global -rms +rms 7,
(K) (K) rms dT,,;, tmsdT,,;, rmsdT,,, (TW) (TW) %)
(K) (K) (K)
1 0.15 10 2.5 1 0 2210 3470 680 1020 430 940 324 8.4 0.662 880 23 0.59 -2.04 412 044 0.43 0.45 3.6
2 0.19 10 2.5 1 0 2210 3830 380 290 480 1040 31.2 6.3 0.687 270 36 0.80 -0.21 143 0.35 0.39 0.32 5.1
3 0.23 10 2.5 1 0 2200 3690 290 240 340 780 30.2 4.7 0.711 190 52 1.15 0.38 1.76  0.22 0.23 0.20 9.2
4 0.15 10 5 1 0 2260 3640 220 190 250 600 33.4 10.6 0.641 260 35 0.66 0.14 1.14  0.24 0.23 0.24 4.3
5 0.15 10 10 1 0 2310 3470 120 120 120 270 37.6 15.3 0.571 240 37 0.84 0.44 1.14 0.14 0.14 0.14 5.6
6 015 1 9.185 0.8 0.5 2420 3300 110 140 90 140 26.9 5.3 0.796 180 60 0.83 0.36 1.35 0.16 0.14 0.19 12.0
7 015 1 9.185 0.8 0.8 2510 3340 110 130 80 160 23.2 2.6 0.925 140 73 0.67 0.19 1.36 0.19 0.16 0.25 12.0
8 015 5 9.185 0.8 0.5 2420 3550 200 170 230 510 26.8 4.3 0.800 180 59 0.69 0.29 1.19 0.16 0.16 0.17 8.8
9 015 5 9.185 0.8 0.8 2490 3730 330 260 420 810 22.4 2.1 0.956 180 62 0.56 0.02 1.15  0.22 0.25 0.20 6.9
10 0.15 10 9.185 0.8 0.5 2400 3860 440 420 450 900 27.6 6.6 0.777 740 26 0.52 -1.54 1.74 041 0.37 0.44 3.9
11 0.15 10 9.185 0.8 0.8 2500 3700 490 420 570 1240 23.0 3.4 0.931 1180 39 0.64 -2.71 222 047 0.60 0.37 3.4
12 019 1 9.185 0.8 0.5 2420 3300 110 130 90 130 26.3 5.7 0.817 160 57 1.06 0.60 1.84 0.19 0.14 0.29 12.0
13 019 1 9.185 0.8 0.8 2500 3360 90 120 70 120 23.5 3.1 0.912 160 62 1.00 0.54 1.80 0.21 0.17 0.29 12.0
14 019 5 9.185 0.8 0.5 2400 3490 170 160 180 450 26.0 3.8 0.825 150 62 0.90 0.52 1.64 0.20 0.16 0.27 12.0
15 019 5 9.185 0.8 0.8 2480 3610 230 200 260 570 22.9 1.2 0.935 140 81 0.75 0.12 1.59 0.27 0.24 0.30 9.7
16 0.19 10 9.185 0.8 0.5 2380 3830 340 270 420 920 25.8 4.6 0.831 210 43 0.87 0.16 1.48 0.27 0.32 0.24 6.7
17 0.19 10 9.185 0.8 0.8 2480 4190 540 480 610 1200 223 3.2 0.962 510 39 0.50 -1.50 1.50 0.61 0.74 0.55 4.7
18 0.19 15 9.185 0.8 0.5 2370 3910 480 380 590 1290 28.1 5.2 0.764 560 36 0.85 -1.70 219  0.39 0.47 0.34 3.7
19 0.19 15 9.185 0.8 0.8 2480 4060 670 580 760 1500 23.8 4.1 0.900 1210 26 0.76 -1.92 291 0.55 0.56 0.53 3.4
20 023 1 9.185 08 0.5 2410 3280 120 140 100 160 26.3 4.4 0.816 130 82 1.15 0.13 229 045 0.43 0.48 12.0
21 023 1 9.185 0.8 0.8 2490 3330 110 130 80 140 23.8 3.1 0.901 140 64 1.19 0.67 227 0.29 0.21 0.42 12.0
22 023 5 9.185 0.8 0.5 2410 3540 150 140 160 370 26.5 4.5 0.810 160 51 1.21 0.80 2.07 0.22 0.18 0.26 12.0
23 023 5 9.185 0.8 0.8 2470 3630 240 190 290 630 22.9 1.7 0.938 140 72 0.97 0.40 2.01 0.32 0.26 0.42 12.0
24 0.23 10 9.185 0.8 0.5 2370 3690 270 210 330 780 26.5 4.1 0.810 170 59 1.13 0.54 1.94 0.23 0.22 0.26 11.1
25 0.23 10 9.185 0.8 0.8 2470 4190 520 470 570 1130 235 1.9 0.912 210 46 0.97 0.22 1.74 0.34 0.36 0.33 6.6
26 023 15 9.185 0.8 0.5 2360 3950 500 390 630 1480 26.6 3.0 0.805 190 54 1.02 0.23 1.79 0.32 0.35 0.28 5.8
27 023 15 9.185 0.8 0.8 2450 4380 760 660 860 1690 21.4 1.6 1.003 500 50 0.70 -1.67 1.86 0.63 0.74 0.57 4.3
28 0.23 20 9.185 0.8 0.5 2350 4160 650 480 850 1790  26.7 4.5 0.804 350 39 0.96 -0.51 1.87 0.48 0.58 0.42 4.3
29 0.23 20 9.185 0.8 0.8 2440 4480 780 740 810 1570 21.3 2.1 1.007 580 49 0.72 -1.61 216 0.59 0.63 0.56 3.9
30 027 5 9.185 0.8 0.8 2460 3590 220 190 260 590 23.2 0.8 0.925 130 89 1.13 -0.05 248 0.51 0.51 0.52 12.0
31 0.27 10 9.185 0.8 0.5 2370 3620 230 190 280 660 25.0 2.6 0.857 140 63 1.28 0.69 238 0.33 0.26 0.46 12.0
32 0.27 10 9.185 0.8 0.8 2470 4090 480 430 530 1070 22.8 0.8 0.939 170 55 1.24 0.56 218 031 0.32 0.31 7.3
33 027 15 9.185 0.8 0.5 2360 3940 420 340 500 1050 26.4 3.6 0.812 180 49 1.32 0.52 216 0.31 0.35 0.28 8.8
34 0.27 15 9.185 0.8 0.8 2440 4380 640 560 730 1720 225 1.1 0.952 190 50 1.12 0.09 2.10 0.40 0.45 0.37 5.4
35 0.27 20 9.185 0.8 0.5 2350 4180 580 470 700 1450 26.7 3.3 0.804 190 46 1.22 0.28 2.05 0.39 0.46 0.34 6.7
36 0.27 20 9.185 0.8 0.8 2420 4390 750 650 860 2070 222 0.8 0.966 240 61 1.02 -0.89 213 0.45 0.48 0.43 4.7
37 0.31 10 9.185 0.8 0.5 2360 3570 190 160 230 550 24.9 2.3 0.863 130 70 1.41 0.69 294 0.45 0.34 0.64 12.0
38 0.31 10 9.185 0.8 0.8 2460 3980 420 370 480 940 21.8 0.0 0.984 140 67 1.38 0.70 2,69  0.40 0.33 0.52 9.7
39 031 15 9.185 08 0.5 2350 3860 340 300 390 820 26.0 3.0 0.825 160 54 1.57 0.89 265 0.31 0.29 0.34 12.0
40 031 15 9.185 0.8 0.8 2440 4430 620 610 630 1360 21.9 0.3 0.980 170 54 1.33 0.44 2,53 0.39 0.39 0.39 8.2
41 031 20 9.185 0.8 0.5 2330 3980 440 360 540 1140 26.8 2.6 0.799 160 54 1.50 0.68 254 035 0.36 0.34 9.6
42 0.31 20 9.185 0.8 0.8 2420 4350 720 630 820 1910 21.7 -0.3 0.988 160 68 1.23 0.27 248 0.43 0.40 0.47 5.6
43 0.35 10 9.185 0.8 0.8 2450 3860 370 330 410 860 21.9 -0.1 0.981 120 75 1.43 0.57 3.17 0.50 0.41 0.65 12.0
44 035 15 9.185 0.8 0.8 2430 4260 620 590 640 1360 225 -0.1 0.952 160 67 1.59 0.72 298 041 0.35 0.49 7.5
45 0.35 20 9.185 0.8 0.5 2330 3870 360 300 420 930 25.5 2.0 0.842 140 60 1.66 0.91 3.12  0.40 0.31 0.55 12.0
46 0.35 20 9.185 0.8 0.8 2410 4260 670 570 770 1810 20.8 -1.5 1.032 140 78 1.36 0.30 2.87 0.51 0.45 0.60 6.7
47 0.4 10 9.185 0.8 0.8 2440 3850 360 330 390 810 21.9 -0.1 0.980 120 77 1.70 0.61 3.75 0.59 0.50 0.74 12.0
48 0.4 15 9.185 0.8 0.8 2420 4130 560 510 600 1210 224 -0.4 0.956 140 73 1.78 0.67 3.47 0.55 0.49 0.63 9.7
49 0.4 20 9.185 0.8 0.5 2320 3800 320 280 360 890 249 0.3 0.861 130 74 1.89 0.85 3.70 0.54 0.45 0.67 12.0
50 0.4 20 9.185 0.8 0.8 2390 4060 570 460 710 1480 21.8 -2.2 0.983 120 88 1.43 -0.03 3.58 0.77 0.70 0.88 8.4
51 0.23 10 9.185 0.8 0.5 2630 4590 710 690 740 1300 40.1 4.7 0.744 410 32 0.79 -0.69 3.20 0.63 0.62 0.64 4.87
52 0.23 10 9.185 0.8 0.8 2830 4450 760 640 890 1940 34.0 2.8 0.868 1110 25 1.19 -1.79 498 0.59 0.64 0.55 2,92
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Fig. 2. Evolution of the horizontally averaged primordial material density anomalies is illustrated for cases featuring a decreasing B for K, =2.5 ((a) - (c)) and
an increasing K, for B =0.15 ((c) - (e)). Mean height of primordial material is plotted on top of the density anomaly time series. The dashed-green vertical line
indicates the onset of instability in thermochemical reservoirs. Temperature timeseries of primordial material is shown in Figure S2. The field snapshots for density

anomalies are shown in Figure S3.

Prior to the onset of thermal instability, the difference between
mean and maximum pile temperatures steadily increased. Additionally,
the maximum temperature of upwelling primordial material is greater
for a larger buoyancy ratio. This finding is consistent with the fact
that hotter internal temperatures are required to overcome downward
chemical buoyancy. The minimum pile temperature drops significantly
because the primordial material from upwellings rapidly cools below

the upper mantle. The piles maintain a smaller temperature variation
for simulations with a greater conductivity (Figure S2). Thus, greater
conductivity regulates pile temperatures and ensures that thermal buoy-
ancy does not overcome chemical buoyancy.

The mineral physics-derived depth-dependent profile takes on val-
ues upwards of 30 W/m/K towards the CMB (e.g., Deschamps and Hsieh
(2019)), consistent with K, around 10. The depth-dependence of lower
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Fig. 3. Temperature fields relative to CMB temperature (T — T, z) at t = 4.5 Gyr are illustrated for cases featuring » = 0.5 and 0.8 and B = 0.15 (left column), 0.23

(center column), and 0.31 (right column). Heat-producing element enrichment is fixed at d H,

prim = 10 for all cases presented. Plumes are indicated by a solid black

contour, slabs are indicated by a dashed black contour, and piles are indicated by a solid green contour. Relative temperature corresponds to the values indicated
on the colorbar. The corresponding thermal conductivity and primordial density anomaly fields are shown in Figures S4 and S5.

mantle mineral conductivity has a stabilizing effect on piles, allowing
them to be composed of material with relatively low chemical density
contrast. For the remainder of this study, the mineral physics-derived
depth-dependence (given in Equation (1)), with bottom-to-top conduc-
tivity ratio equivalent to a linear increase K ~ 9, is employed.

3.2. Buoyancy ratio and temperature-dependent conductivity

Fig. 3 shows the relative temperature field at t = 4.5 Gyr for cases
featuring variable temperature-dependent conductivity with n = 0.5 or
0.8 and different buoyancy ratios. For our reference buoyancy ratio B =
0.23, the piles’ mean temperature and topography increase for greater
n. Consequently, piles’ CMB coverage decreases. Approximately half of
the CMB surface is covered, which is greater than the observed CMB
coverage by LLSVPs on the Earth, and hotter pile temperatures result
in negative density anomalies. Our modeled piles are characterized by
a core of material with dp/p < 1% and surrounded by a thick, dense
exterior with dp/p > 1% (Figure S5). For n = 0.8, the less dense regions
within the piles take on a more bumpy topography consistent with the
plume structures surrounding them.

The lighter reservoirs (lower B) are more susceptible to being
pooled by denser downwelling currents. Pile topography is taller than
cases with higher B, and the CMB coverage is comparable to observa-
tions of LLSVPs in the Earth’s mantle. Bulk entrained material in plume
conduits attains a negative density anomaly resulting from their low
intrinsic density contrast in combination with high temperature rela-
tive to the ambient mantle. The remaining material in a pile attains
dp/p < 1%, which overlies a thin, dense layer with dp/p > 1% atop the
CMB (Figure S5).

The heavier reservoirs (higher B) are less susceptible to lateral ad-
vection by downwelling currents. The piles now take on a much flatter
morphology, and their lateral extent tapers off slowly, resulting in a
CMB coverage exceeding that observed for Earth’s LLSVPs. At the top
of the piles, dp/p is larger because the primordial material is denser
than the adjacent cold downwelling material (Figure S5). Piles’ interi-
ors are less dense, and the density reduction and volume depend on the
piles’ conductivity and temperature. Because of these dependencies, the

volume of this region marginally increases with time due to the constant
internal heating conditions we adopt.

Due to the constant internal heating, the bulk core of the piles at-
tains greater mean and maximum temperatures, and the pile height is
increased (consistent with the findings of Li et al. (2022) and Guerrero
et al. (2023)). Furthermore, because the piles are poorly conducting
compared to the ambient mantle (Figure S4), the positive temperature
anomaly grows and contributes to their thermal buoyancy. The degree
to which this temperature anomaly influences reservoir stability de-
pends primarily on chemical buoyancy and secondarily on the piles’
ability to evacuate heat.

For moderate temperature-dependence (n =0.5) and B = 0.15, the
onset of thermal instability occurs by approximately 4 Gyr and the
piles are effectively entrained by the end of the simulation, leaving
only two tiny remnant piles (Figures S6 and S8, #10). For B = 0.23,
thermal instability only occurs after 11 Gyr and primordial reservoirs
attain an antipodal two-pile configuration (Figures S6 and S8, #24). For
B =0.31, primordial reservoirs remain stable and accumulate into one
large pile (Figures S6 and S8, #37).

For stronger temperature-dependent conductivity (n = 0.8), HPE-
enriched piles’ conductivity decreases further so that excess heat easily
accumulates and pile topography increases. For B = (.15, the onset of
thermal instability occurs by approximately 3.5 Gyr and piles are effec-
tively entrained by the end of the simulation (Figures S7 and S9, #11).
For B =0.23, thermal instability occurs at approximately 6.5 Gyr, and
primordial reservoirs attain a single pile configuration towards the end
of the simulation (Figures S7 and S9, #25). For B = 0.31, primordial
reservoirs accumulate into one large pile by 9 Gyr, and the thermal
instability occurs at approximately 10 Gyr (Figures S7 and S9, #38)
In summary, greater n decreases stability, meaning that for conductiv-
ity values found in experiments, relatively heavy material (with ~ 4%
iron excess and ~140-150 kg/m?> density excess) may lead to structures
resembling a bundle-like structure (Davaille and Romanowicz, 2020),
rather than homogeneous piles.
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3.3. Heat-producing element enrichment and temperature-dependent
conductivity

Fig. 4 shows snapshots of the conductivity field at ¢ = 4.5 Gyr
for cases featuring variable temperature-dependent conductivity, B =
0.23, and different HPE enrichment (d H, prim)- Without HPE enrichment
(dH,;, = 1), piles remain relatively flat and cover a significant fraction
of the CMB. The piles’ conductivity is comparable to the adjacent am-
bient mantle, which helps regulate their temperature. The topography
of piles then increases with increasing d H,,;,,. However, it is less pro-
nounced than the increase obtained by a decrease in B. Outside piles,
the conductivity and temperature fields remain relatively unchanged
with increasing d H ,,;,, (regardless of n). Because of the greater rate of
heat production, piles accumulate heat rapidly, leading to larger tem-
perature excess (Figure S10). Consequently, the conductivity reduction
is also larger, reducing heat transfer towards the regular mantle and
helping piles remain hot.

For cases with n = 0.5, the conductivity field in the lower mantle out-
side piles is comparable to that obtained for K ~ 2.5. The conductivity
field within piles is lower than in the surrounding ambient mantle, and
the conductivity within the region of the positive temperature anomaly
maintains values > 3 W/m/K (the surface conductivity value, kg, ).
For cases with n = 0.8, the lower mantle conductivity field is compa-
rable to kg, (i.e., Kp ~ 1), and conductivity takes on values < kg,,
within piles.

Interestingly, for either conductivity model, the part of the CMB
covered with piles attains a thin layer of marginally more conductive
material because the bottom of the piles remains cooler compared with
the temperature anomaly above it. Due to large temperature anomalies
caused by HPE enrichment, the thermal gradient at the base becomes
locally or regionally negative. When the temperature-dependent con-
ductivity is stronger, the magnitude of negative heat flux is smaller for
a similar temperature anomaly within the pile. When HPE enrichment
is absent, heat flow remains positive due to the marginally cooler base
of the pile relative to the core-mantle boundary. However, the magni-
tude is so low that it effectively insulates the core-mantle boundary.

Thus, piles enriched in HPEs may lose heat more efficiently to the core
at the CMB than to the ambient mantle at their top side.

Regardless of the temperature dependence, for d H,,;,, = 1, piles re-
main stable throughout the simulation and maintain a relatively flat
morphology with high core-mantle boundary coverage. The pile tops
attain a greater dp/p than their base for the buoyancy ratio tested.
The pile lower layer remains denser than its surroundings, but dp/p is
now < 1%. Piles’ temperature is greater for greater d H,,;,,, and their
interiors have lower dp/p and may even be less dense than the ambi-
ent mantle. For d H,,;,, = 20, a thin, dense layer partially covering the
core-mantle boundary is still possible. Pile instability occurs at approxi-
mately =4 Gyr for both conductivity models as primordial material is
ejected or lifted away in a thin plume conduit (Figure S12). When pile
conductivity is more sensitive to temperature, the density anomaly may
take on a more plume-like morphology, consistent with tomographic
models reported by (French and Romanowicz, 2014).

4. Discussion

4.1. Chemical density contrast and enrichment in heat-producing element:
general trends

Fig. 5(a) plots the time for the onset of thermal instability, 7, ,
corresponding to the instance at which primordial material with con-
centration < 90% achieves rapid uplift relative to material with concen-
tration > 90%, in the B-d H ,,;,, parameter space. We consider a case as
fully stable if #;,,, > 10 Gyr. Overall, B and d H ,,;,, influence primordial
reservoir evolution more strongly for greater n. For n = 0.5, the bound-
ary for fully stable cases follows a linearly increasing monotonic trend
in B and dH,,;,,. For n=0.8 and dH,,,;,, < 10, the instability bound-
ary coincides with the n=0.5 cases. However, when dH,;, = 10, B
needs to be > 0.27 (corresponding to (dp/p) ~ 3.44%) to maintain sta-
bility during the entire simulation. For greater d H,,,,,, even cases with
B=0.4 (i.e., (dp/p) ~ 5%) become unstable within the run duration.

Figs. 5(b) and 5(c), plotting the mean density anomalies and the
mean height of piles at t =4.5 Gyr for each case presented in Fig. 5(a),

show that given B and dH,,;,, density anomalies are smaller when
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Fig. 5. Primordial reservoir stability regime diagram indicating the onset of
thermal instability, 7, , mean density anomaly ((dp/p),;,,), and mean height
of piles (hc) in B — dH,,;, parameter space for all cases featuring Kp; and
K =0.8 with constant heating conditions.

thermal conductivity has a greater temperature dependence. This find-
ing is consistent with poorly conducting piles becoming hotter (and
therefore less dense and taller) compared to more conductive piles.
Combined with the effect of temperature on density, piles attain
a much smaller effective density contrast relative to their intrinsic
chemical density contrast. Nevertheless, the effective density contrast
(dp/ p)p,,-m) is greater with greater intrinsic (or chemical) density con-
trast. The density anomalies for unstable cases are S 1% when n=0.5,
but are between 1 and 2% when n = 0.8. Overall, the density anoma-
lies of piles remain positive and are limited to a few percent rela-
tive to the ambient mantle. Density anomalies 2 1% characterize sta-
ble piles for all examined heating conditions. However, considering
stronger temperature-dependent thermal conductivity, a greater den-
sity anomaly does not necessarily guarantee pile stability. Interestingly,
density anomalies for stable piles are consistent with the range of values
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inferred from various tomographic models (e.g., Trampert et al., 2004;
Lau et al., 2017; Davaille and Romanowicz, 2020).

4.2. Perspectives on lower mantle conductivities

From the regime plot (Fig. 5), it is clear that temperature-dependent
conductivity plays a decisive factor in the fate of primordial reservoirs
when HPE enrichment is present. If piles cannot evacuate this internal
heat efficiently (e.g. because their conductivity is poor), the growing
temperature anomaly results in an ejection of hot and highly concen-
trated primordial material. Thus, measurements of mantle materials and
their respective parametrized conductivity models can significantly af-
fect the evolution of the lowermost mantle thermochemical structure.

Currently, conductivity measurements for pyrolite at both high tem-
peratures and pressures sparsely sample the lower mantle (Geballe
et al., 2020). Moreover, constraints on the various dependencies of
thermal conductivity (i.e., pressure, temperature, and composition)
are based on parametrizations of measurements made with non-
simultaneous high temperature and pressure conditions (e.g., Hsieh et
al., 2017, 2018; Zhang et al., 2023). As such, consensus on the strength
of the mantle conductivity’s temperature-dependence has not yet been
reached. In our calculations, we used two temperature-dependent ther-
mal conductivity strengths that result in pyrolytic lower mantle con-
ductivities that overlap the upper and lower bounds of measurements
reported by Geballe et al. (2020). The mean pyrolytic lowermost man-
tle conductivity is ~ 9 and ~ 5 W/m/K for n = 0.5 and 0.8, respectively.
The corresponding conductivities for piles are sensitive to temperature
(and hence HPE enrichment). In general, piles in the lowermost mantle
attain mean values of ~ 6 and ~ 2.5 W/m/K for n = 0.5 and 0.8, re-
spectively. The differing evolution of primordial reservoirs revealed by
this study suggests that new measurement efforts should focus on deriv-
ing the temperature dependences of lowermost mantle minerals at high
pressure and a more detailed exploration of lower mantle conductivities
at both high temperature and high pressure.

For mantle materials (non-metallic minerals), total thermal conduc-
tivity is the sum of lattice (k;,,) and radiative (k,,;,) components.
However, while temperature dependence in k;,, decreases its mag-
nitude with increasing temperature, k,,; increases. Estimates of k..,
based on samples of bridgmanite ranged from below ~ 0.5 (Goncharov
et al.,, 2008) up to ~ 5 W/m/K (Keppler et al., 2008; Goncharov et
al., 2015). Current estimates based on single crystal bridgmanite place
k,.q between 2 and 5 W/m/K, corresponding to temperatures between
3000 and 4500 K at CMB pressures (Murakami et al., 2022). Based
on measurements by Murakami et al. (2022) and a T, p of 3500 K,
we estimate a total conductivity of 9.7 W/m/K for k,,, withn = 0.5
and 6.3 W/m/K with n = 0.8. A system evolving solely with k;,,, pro-
motes significant temperature anomalies (and lower k,,,,) within piles,
so including k,. ., will mitigate the positive feedback loop, and the piles’
mean temperature can settle at a different value. Because the temper-
ature effect in k;,, is dominant and the total conductivity (including
k,.q.q) is comparable to the values we obtain in our calculations, we
chose to neglect this effect. Nevertheless, the effect of radiative ther-
mal conductivity on the stability of primordial reservoirs is not trivial,
and the interplay with different heating enrichment scenarios requires
further examination.

4.3. Perspectives on the density of LLSVPs

In order to keep with traditional views of LLSVPs, primordial reser-
voirs need to be characterized by high chemical density contrasts.
Specifically, higher density contrasts prevent the entrainment and allow
for dome-like piles to form, consistent with classic tomographic images.
The piles’ evolution is controlled by their effective density, which inte-
grates both compositional and thermal effects. Because piles are hotter
than the surrounding mantle, their effective density contrast is lower.
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Fig. 6. Density anomalies for the primordial field are sampled at 2 Gyr intervals starting at 1 Gyr. These snapshots correspond to cases featuring constant and
time-dependent internal heating for cases with n = 0.5 (#24 (first row) and #51 (second row)) and with n = 0.8 (#25 (third row) and #52 (fourth row)). In the
snapshots, solid red contours indicate upwelling regions, solid blue contours indicate downwelling regions, solid green contours indicate primordial material with
C > 0.90, dashed black contours enclose regions with density anomalies lesser than 1%, and dashed cyan contours enclose regions with density anomalies lesser

than 0%.

The effective density contrast is thus sensitive to parameters control-
ling the piles’ temperature. Therefore, the density excess that piles can
attain is strongly affected by heat input from HPEs and piles’ affinity
for conducting this heat to the ambient mantle, which is controlled by
thermal conductivity. Since conductivity decreases with increasing tem-
perature, enrichment in HPE will likely have a durable impact on piles’
evolution.

The range of B we employed implies an intrinsic chemical density
contrast between 1.8 and 5.0% with respect to the reference den-
sity profile. Within the piles, the density structure varies for differ-
ent intrinsic density contrasts, heat-producing element enrichment, and
temperature-dependent conductivity. For cases featuring d H,,;,, = 10,
the (dp/p),.i,, that the piles attain is between 0.5 and 2.0%, which en-
compasses the range of densities determined by seismology. For B =
0.15, the minimum chemical density contrast is ~ —1.5% and ~ —-2.7%
for moderate and strong n, and the fate of these piles tends to bulk
entrainment of material. For larger B, the difference between the mini-
mum density contrasts for weak and strong thermal conductivity models
shrinks. For B = 0.23, the minimum density becomes strictly posi-
tive with values ~ 0.5% (n=0.5) and ~ 0.2% (n = 0.8). However, the
piles evolving with moderate temperature-dependence remain stable,
whereas those with stronger temperature-dependence attain rapid ma-
terial erosion by approximately 6 Gyr.

While chemical density contrast is the dominant controlling param-
eter on piles’ evolution, thermal conductivity and heat input by HPEs
strongly affect the overall density and, thus, piles’ stability in the lower
mantle. There is no agreement on the density of LLSVPs, but normal-
mode and tidal tomography studies point to LLSVPs ~ 1% denser than
the ambient mantle (e.g., Trampert et al., 2004; Lau et al., 2017). Our
calculations reveal that if thermal conductivity strongly depends on
temperature, even relatively high chemical density contrast may not
lead to a dome-like structure but a less stable structure, analogous to
the bundle-like morphology observed by (Davaille and Romanowicz,
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2020). Conversely, to compensate for the high thermal contribution,
the chemical contribution to density could also be larger than expected.
Assuming that LLSVPs are enriched in iron, this would require iron con-
tent in excess of 4% relative to the ambient mantle, which is supported
by joint inversion for seismic velocity and attenuation (Deschamps et
al., 2019).

4.4. Perspectives on internal heating and heat-producing element
enrichment in LLSVPs

Internal heating is a strong factor in the evolution of thermochemi-
cal piles. We applied constant heating conditions to examine the effects
of heterogeneous thermal conductivity. For the cases presented, the
base heating rate H = 5.44 x 10~!2 W/kg is representative of present-
day internal heating. For some cases with large buoyancy ratios, ¢,,,, is
often much longer than the typical aggregate half-life of heat-producing
elements (i.e., ~ 3.0 Gyr). Thus, a much greater initial internal heating
rate is required to attain the present-day heating rate.

For cases with large d H ,,,, earlier episodes of greater heat input
could result in unstable piles. Fig. 6 illustrates the evolution of ther-
mochemical piles with time-dependent heating conditions and physical
parameters corresponding to cases #24 and #25. Time-dependent heat-
ing cases have an initial heating rate of H = 15.4 X 10~'2 W/kg and a
decay rate of 3.0 Gyr. Regardless of n, the dense material pools into a
single pile by 5 Gyr. The thermal buoyancy effect dominates within the
first 5 Gyr, and erosion is rapid. Internal heating wanes significantly
after 5 Gyr, and its impact on pile configuration weakens. The precise
effect of time-dependent heating is non-trivial and may alter conclu-
sions made regarding combinations of B and d H,,,;, pairs for cases in
the stable regime. The 7;,, associated with each case may shift to ear-
lier periods; however, the general conclusions regarding stability and
heterogeneous thermal conductivity should still hold.
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In numerical modeling, d H ., is often an assigned value that falls
within the range of possible heating scenarios. For instance, based on
the volume and mass estimates of LLSVPs by Cottaar and Lekic (2016),
Citron et al. (2020) place the potential range of d H ,,;,, between 10 and
100. In practice, these model setups allow for systematically exploring
trends and determining regime changes in dynamics. One caveat re-
garding an assigned enrichment value is that the total internal heating
budget may exceed the values constrained by geodynamic, geochem-
ical, or cosmochemical studies (Korenaga, 2008; Arevalo et al., 2009;
Javoy et al., 2010; Gale et al., 2013; Turcotte and Schubert, 2014).
Given a specific total heating rate and dH,,,,, an appropriate pro-
portion of internal heating for the ambient mantle can be derived.
However, the enrichment in each radiogenic isotope in the aggregate
material assumed by different models of internal heating budget varies
significantly (Sramek et al., 2013). Furthermore, enrichment factors are
sensitive to the mass fraction of the LLSVPs relative to the entire man-
tle. Thus, a thin layer of LLSVPs material supports more HPEs than a
thicker layer to maintain the mantle’s internal heating rate heat bud-
get. For example, layers with initial thicknesses of 150 and 300 km may
attain a heating rate of approximately 70 and 30 times that of the am-
bient mantle, respectively. These heating rates are within the range of
estimates for deep mantle reservoirs but are much larger than those im-
plemented in simulations.

Given the work presented in this study, we should expect that pri-
mordial reservoirs that support higher heating enrichment should be
more unstable and thus attain a smaller bulk mass and volume at
present compared to their initial state. We conjecture that it may be
possible for the LLSVPs region to have been larger in their early his-
tory (supporting a lower enrichment factor) and erode down to the size
estimated by Cottaar and Lekic (2016). Studies on magma ocean crys-
tallization may help constrain this layer’s initial mass and volume and
place limits on the enrichment factor. Studies, including radioactive de-
cay and core cooling, may be required to assess whether these estimates
can result in the piles we observe today.

5. Conclusions

We explored the dynamics and stability of thermochemical piles
and discovered that their fate is determined by heterogeneous thermal
conductivity, specifically by the strength of thermal conductivity’s tem-
perature dependence. First, we found that a purely depth-dependent
bottom-to-top thermal conductivity contrast can stabilize thermochem-
ical piles with a small density contrast and moderate enrichment in
heat-producing elements. Next, for a fully heterogeneous thermal con-
ductivity, we showed that for moderate HPE enrichment (d H ,;,, =
10), piles remain stable for B > 0.23 and moderate temperature de-
pendence n = 0.5. Pile instability is initiated earlier for a stronger
temperature-dependence (n = 0.8), but piles can remain stable for a suf-
ficiently high B. Furthermore, for variable d H,,;,, and moderate buoy-
ancy (B = 0.23), pile stability occurs for der,.m < 10 with moderate
temperature dependence (n = (.5). A stronger temperature-dependent
conductivity (n = 0.8) becomes unstable for d H,,;,, > 10. Piles remain
stable for the entire simulation when HPE enrichment is absent. Overall,
for both temperature-dependent conductivities considered, pile instabil-
ity occurs for a combination of low B and high dH,,;,, that promotes
the domination of thermal buoyancy over chemical buoyancy. When
temperature-dependent conductivity is stronger, thermal buoyancy is
intrinsically stronger. Thus, a greater chemical density contrast is re-
quired to maintain stable and long-lived piles. Given the dominant
influence of HPE enrichment on piles’ thermal conductivity, the fate
of thermochemical piles and their retained present-day volume should
also be re-examined in the context of time-dependent internal heating
and estimated enrichment factor.
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Appendix A. Thermochemical mantle convection

The non-dimensional governing equations for compressible thermo-
chemical mantle convection with infinite Prandtl number are solved
using the finite volume code StagYY (Tackley, 2008). The governing
equations are summarized below: conservation of mass

V. (pv) =0, (A1)
conservation of momentum
V.06 —-VP=Ra(paT — BO)t, (A.2)
conservation of energy
Di

pcp%’f = —Dig,, ;apTv, + V- (KVT) + pH + ——L g : ¢ (A.3)
and conservation of composition

DC

== =0 A4
D (A4

The governing parameters include the Rayleigh number Ra, the
dissipation number Dig,, r, the buoyancy ratio B, and the internal heat-
ing rate H. A detailed description of the buoyancy ratio and internal
heating rate are discussed below. The variables include the velocity v
(where v, is the radial component), pressure P, composition C, and
temperature 7. The material properties include the density p, thermal
expansivity a, heat capacity Cp, dynamic viscosity #, and the thermal
conductivity k. The radial profiles for the reference state are included in
Figure S1 of the supplemental material. The viscosity and thermal con-
ductivity are dependent on depth, temperature, and composition and
their variations are discussed in the supplemental material. The radial
coordinate is given by r and the corresponding unit vector is given by f.

o is the deviatoric stress tensor (evaluated by n(Vv + vl — %(V . v)I)

where I is the identity matrix) and ¢ is the strain rate tensor and the
viscous dissipation of heat is given by their double-dot product o : €.
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Appendix B. Mantle internal heating and heat-producing element
enrichment

In our simulations, the mantle is heated internally by the decay of
heat-producing elements and at the bottom by the core. We consider
constant heating conditions so that the effect of heterogeneous con-
ductivity may be isolated under variable governing parameters. The
total internal heating rate is controlled by a reference value, H, and
accounts for the internal heating rates representative of regular mantle
material and primordial material. We consider H = 5.44 x 10~12 W/kg,
which represents a present-day internal heating rate for an aggregate
of heat-producing elements. To account for the possible enrichment of
heat-producing elements (HPEs) in primordial material (e.g., Richter,
1985; Kellogg et al., 1999), we adopt a compositional heating ratio (or
enrichment factor), d H,,;,,, that expresses the internal heating rate of
thermochemical piles relative to regular mantle material. The internal
heating rate of regular mantle material, H,,, (outside of primordial ma-
terial) is adjusted so that the average internal heating rate of the mantle
remains equal to the specified reference value. This internal heating rate
is given by

Hy =Hx <
where C,,,,, and C are the total amount and the average value of pri-
mordial material, respectively. When time-dependent heating is consid-

(B.1)

I+ Clotal(derim - 1)
1+ C(dH,y — 1)

145~
712

ered, we multiply Equation (B.1) by exp ! log2 ) where t, 5 =4.5

Gyr is time at present and 7y, is the half-life of radioactive decay. For
time-dependent cases #51 and #52, we assume a decay rate with a half-
life of 7, =3 Gyr and the heating rate at the start of the simulation is
approximately three times larger than in constant-heating cases.

Appendix C. Dynamic core-mantle boundary temperature

The heat flow from the core to the mantle is attributed to the ther-
mal gradient at the bottom boundary determined by the core-mantle
boundary temperature (i.e., T, p = 3440 K). When constant heating
is considered, T, is held fixed throughout the simulation. For time-
dependent cases #51 and #52, T(-),p dynamically evolves according to
the energy equation given by

4

?ﬂRaC Cpe dt
where R, p is the core-mantle boundary radius, p, is the liquid outer-
core density, C, . is the liquid outer-core heat capacity and F¢,p is the
mean core-mantle boundary heat flux. We adopt a p, value of 11000
kg/m? and C,. value of 800 J/kg/K. Because the core temperature
evolves due to the heat extracted at the core-mantle boundary, it is pos-
sible that beneath the hottest regions of the lowermost mantle heat may
flow from the mantle to the core and thus raise the CMB temperature.

dTcyp 2
= _4”RCMBFCMB‘

MBPe (Cc.1)

Appendix D. Thermochemical field

The thermochemical field distinguishes between regular mantle ma-
terial and a chemically distinct, primordial, material. The primordial
material we consider in our models characterizes chemically distinct
heterogeneities at the base of the Earth’s mantle as a result of early
differentiation. The evolution of thermochemical reservoirs is modeled
using the tracer ratio method (Tackley and King, 2003). The number
of tracers per cell is 40 so that there are just over 10 million tracers in
the spherical annulus domain. Tracers are associated with both regular
mantle and primordial material and are advected following a 4th or-
der Runge-Kutta method. The compositional field is inferred from the
concentration, C, of particles of primordial material in each cell. This
field takes on values between O for a cell filled with regular material
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only and 1 for a cell filled with primordial material only. Specifying the
exact composition of regular mantle material and primordial material
is not needed to calculate the evolution of dense material. Neverthe-
less, we assume that regular mantle material is pyrolytic and that the
primordial material is enriched in iron oxide and bridgmanite.

In our models, the initial distribution of primordial material is con-
tained within a uniform layer on top of the CMB with thickness, i p;,

which corresponds to a volume fraction, X,,;,, given by

XL =+ 1P~ f
DL~ -7 .
Using f = 0.55, the non-dimensional thickness of the dense layer in our

model is 0.05514, which corresponds to the bottom 160 km of the lower
mantle and a volume fraction of 3%.

(D.1)

Appendix E. Derived quantities

In this study, all observable physical parameters are averaged over
a 1 Gyr window centered about t = 4.5 Gyr (presented in Table 2). We
derive some additional physical parameters such as average height and
the mean density anomalies of primordial material below.

The average height of primordial material, A, is considered as an
indication of efficient mixing of primordial material in the mantle. This
height is calculated using a volumetric integral weighted by the con-
centration of primordial material,

hc=/(r—rCMB)C(r,¢)dV//C(r,d))dV.
v v

Average height of primordial material is bound from below by a min-
imum value, Ac ,,;, = hpr /2, where hp is the initial thickness of the
thermochemical reservoir, and bound from above by a maximum value
(when primordial material is completely mixed) given by

L3173
)
1-f
Here, Ac ,;, = 80 km and Ac ,,, = 1830 km. We also consider other
mean heights of primordial material for C(r, ¢p) within specific ranges.
Minor enrichment of dense material with C(r,¢) < 0.02 is useful for
monitoring the onset of slow mixing of primordial material into reg-
ular mantle material. A moderate enrichment of dense material with
C(r,¢) <0.90 and > 0.02 is useful for monitoring the rapid entrainment
of primordial material. This value range characterizes a thin veneer
of primordial material with C(r,¢) < 0.90 that surrounds the thermo-
chemical reservoirs. The rapid uplift of this material typically precedes
the onset of entrainment. Finally, dense material with C(r,¢) > 0.90
characterizes the thermochemical piles. While some of this material can
be rapidly entrained, the bulk concentration will be localized near the
CMB. The timing of the onset of the entrainment of dense material,
tinst.» can be computed from the timing of the maximum of the sec-
ond derivative of -9 and is confirmed by observing the deviation of

he<oo from hesgg or Ac from heyg -

The density anomalies of primordial material, (dp/p); ., are cal-
culated relative to the horizontally averaged density. At each depth in
the mantle, the density difference of the primordial field is calculated
(dp = pyim — P)- The average density anomaly is then calculated with
respect to the density value of each point at a given depth so that

Pprim = P
s, /dSz
ppr[m K

where d.S, is an infinitesimal spherical surface element of a spherical
shell at height z above the CMB. Monitoring the density profile of pri-
mordial material clarifies its distribution throughout the mantle depth.

(E.1)

e ax = D X (E.2)

(dp/p)z,prim = / (E3)

Sz
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Appendix F. Supplementary material

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.epsl.2024.118699.
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