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Abstract. The long-term evolution of the mantle is simulated using 2D spherical annulus geometry to examine the effect of
heterogeneous thermal conductivity on the stability of reservoirs of primordial material. In numerical models, mantle conduc-
tivity is often emulated using purely depth-dependent profiles (taking on values between 3 and 9 Wm~*K~1). This approach
is meant to synthesize the mean conductivities of mantle materials at their respective conditions in-situ. However, because con-
ductivity depends also on temperature and composition, the effects of these dependencies in mantle conductivity is masked.
This issue is significant because dynamically evolving temperature and composition introduce lateral variations in conductiv-
ity, especially in the deep-mantle. Minimum and maximum variations in conductivity are due to the temperatures of plumes
and slabs, respectively, and depth-dependence directly controls the amplitude of the conductivity (and its variations) across
the mantle depth. Our simulations allow assessing the consequences of these variations on mantle dynamics, in combination
with the reduction of thermochemical pile conductivity with iron composition, which has so far not been well examined. We
find that the temperature- and depth- variations combined characterize the mean conductivity ratio from top-to-bottom. For
the mean conductivity profile to be comparable to the conductivity often assumed in numerical models, the depth- dependent
ratio must be at least 9 times the surface conductivity. When the conductivity profile is underestimated, the imparted thermal
buoyancy (from heat-producing element (HPE) enrichment) destabilizes the reservoirs and influences core-mantle boundary
(CMB) coverage configuration and the onset of entrainment. The compositional correction for conductivity only plays a minor
role that behaves similarly to conductivity reduction due to temperature. Nevertheless, this effect may be amplified when depth-
dependence is increased. For the cases we examine, when the lowermost mantle’s mean conductivity is greater than the surface

conductivity, reservoirs can remain stable for periods exceeding the age of the solar system.

1 Introduction

Tomographic studies of Earth’s lower mantle revealed the presence of two large low velocity provinces (LLVPs) that overlie
the core-mantle boundary (CMB). They are located below the Pacific ocean and Africa with a combined coverage of up to 30%

of the CMB and vertical extents as high as 1200 km (Garnero et al., 2016). These anomalous regions have been characterized
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by either purely thermal (Davies et al., 2012) or combined thermal and chemical (e.g., Trampert et al., 2004) effects (the latter
case being aptly referred to as thermochemical piles). Piles may further affect plume generation (e.g., Tan et al., 2011; Heyn
et al., 2020) and core-to-mantle heat flow (e.g., Deschamps & Hsieh, 2019). Furthermore, plumes sourced from deep mantle
reservoirs may provide a mechanism to explain the diverse chemistry observed in ocean island basalts (Deschamps et al.,
2011). In light of this fact, while there are two end-member views on their origin (and chemical composition), a primordial
layer (composed of anomalously dense material) or a growing layer (composed of mid-ocean ridge basalt), in this study we
adopt the former.

Piles’ unique chemical composition determines physical properties such as density, viscosity, thermal conductivity, and
enrichment in HPEs that affect their long-term stability (e.g., Li et al., 2014, 2018, 2019; Giilcher et al., 2020; Citron et a.,
2020). In numerical simulations, underestimating their density and viscosity contrasts with respect to the ambient mantle can
result in overestimating the entrainment of dense material. In these studies, radially defined conductivity profiles synthesized
and emulated the mean contributions from either (or all of) temperature, pressure (and hence, depth), and chemical composition.
Until very recently, the effect of thermal conductivity had not been well examined in simulations featuring a compressible fluid
and thermochemical piles. Li et al. (2022) showed that compositional corrections to conductivity can raise the topography of
thermochemical piles.

Temperature and depth variations in conductivity had been considered previously for Boussinesq or extended Boussinesq
fluid simulations. Utilizing Hofmeister (1999)’s lattice conductivity formulation in an isoviscous Boussinesq fluid, several
effects were observed: temperature increases in the lower mantle (Dubuffet et al., 1999), a stabilizing effect on mantle flow,
which manifests in thick and stable plumes (Dubuffet & Yuen, 2000), and the rapid thermal assimilation of cold downwelling
slabs (Dubuffet et al., 2000). Yanagawa et al. (2005) examined the effects of a purely temperature dependent conductivity
in conjunction with a strongly temperature dependent viscosity and observed a cooler, thinner, upper thermal boundary layer
when compared to a constant conductivity. More recently, Tosi et al. (2013) parametrized a temperature and pressure dependent
thermal conductivity (and thermal expansivity) derived from mineral physics data. They observed a strong increase in bulk
mantle temperature, which suppresses bottom thermal boundary layer instabilities and causes mantle flow to be driven by
instabilities at the upper thermal boundary.

In this study, we examine the effect of temperature-, depth-, and compositional- dependent conductivity on the stability of

thermochemical piles.
2 Methods

2.1 General physical properties

We model compressible thermochemical mantle convection using the finite volume code StagY'Y (Tackley, 2008). Each cal-
culation is performed in a 2D spherical annulus domain, which emulates convection in a variable-thickness slice of a spherical
shell centred at the equator (Hernlund & Tackley, 2008). The reference state characterizing compressible convection is based

on the calculations presented in Tackley (1998). The parameters defining this reference state are listed in the Table S1 and
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illustrated in Figure S1 of the Supplement. We model a phase change between upper and lower mantle materials but neglect
the phase change from perovskite to post-perovskite at the bottom of the mantle. Thermochemical reservoirs are modelled with
a dense primordial material origin. An initial dense layer occupies the bottom 160 km of the lower mantle, corresponding to
a volume fraction of approximately 3%. The buoyancy ratio, B, defines the density contrast between regular and primordial

3 near the surface and 152 kgm =3

materials. We prescribe a value of 0.23, which corresponds to a density contrast of 95 kgm™
near the CMB. The mantle is basally heated and is also internally heated by heat-producing elements (HPEs) and we prescribe
a non-dimensional heating rate, H = 20, which corresponds to a dimensional heating rate of 5.44 x 10712 Wkg 1. We assume
primordial material is enriched in HPEs and has a rate up to an order of magnitude greater than regular mantle material. The
initial temperature field is based on an adiabatic temperature profile of 2000 K with surface and core-mantle boundary layer
thicknesses of approximately 30 km. Random temperature perturbations with an amplitude of 125 K are uniformly distributed
throughout the domain. The surface and core-mantle boundary temperatures are defined at 300 K and 3440 K, respectively.
Mantle viscosity featuring depth-, temperature-, and composition- dependence is modelled using an Arrhenius formulation. A

yield stress of 290 MPa is imposed at the surface so that the development of a stagnant-lid is avoided. Viscosity is truncated so

that nondimensional viscosity values do not exceed 10° or fall below 103 of the reference viscosity.
2.2 Thermal conductivity

Heterogeneous conductivity is emulated using a non-dimensional parametrized model that characterizes variations result-
ing from non-dimensional depth, d= d/D, where the depth, d, has length scale defined by the mantle thickness, D; non-
dimensional temperature, T = T/ATgs, where the temperature, 7', 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 Wm~'K~!. The total conductivity is a product of each individual functional dependence. In this study,

we first consider a linear depth- dependence given by

kp(d) =1+ (Kp—1)d ()
to explicitly examine the effect of top-to-bottom conductivity ratio. This conductivity ratio is controlled by the parameter, K p,
so that the non-dimensional depth- dependent conductivity takes on values between 1 and K p.

Next, we consider depth- dependence based on conductivity measurements of minerals in the upper and lower mantles.
Conductivity values in the lower mantle were based on a parametrization of conductivity profiles (defined in Deschamps
& Hsieh (2019)) for a 20%-bridgmanite (Bm) and 80%-ferropericlase (Fp) mixture. Measurements for bridgmanite were
presented by Hsieh et al. (2017) and for ferropericlase by Hsieh et al. (2018). The conductivity profile in the upper mantle
is defined by a quadratic that smoothly connects the surface conductivity to the conductivity profile of Bm-Fp at the 660-km
transition. We find that there is good agreement between the modelled conductivity profile and the measurements of dry and

wet olivine presented by Chang et al. (2017). The total conductivity profile is defined piecewise and continuous at the 660-km
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The top-to-bottom conductivity ratio is 9.185 and this depth- dependence is referred to as K p = 9.185 in this study. Compared
90 with the linear K p = 10 depth- profile, the quadratic depth- dependence is slightly raised near the transition zone and slightly

lowered near the CMB. Depth- dependent conductivity profiles are illustrated in Figure 1.
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Figure 1. (a) Radial profiles for different depth- dependent conductivity functions characterized by different K'p values. (b) Conductivity
measurements for upper and lower mantle materials. Olivine data points are from Chang et al. (2017) and the modelled Bm+Fp conductivity

profile is based on data presented in Hsieh et al. (2017) and Hsieh et al. (2018). (c) Magnification of conductivity profile in the upper mantle.

Temperature- dependence is given by

o () = (W) , 3)
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which always results in lower thermal conductivity. The super-adiabatic temperature difference, ATg, is set to 2500 K. Higher
values of n indicate higher sensitivity to (and greater 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 that are enriched in iron, and a value of 0.8 is representative
of oxides (e.g., Klemens, 1960; Xu et al., 2004). When n is 0.0, temperature- dependence is neglected and only the remaining
dependences are considered.

Composition- dependence is given by
ko(C) =1+ (Ke-1)C @)
where K¢ is the factor for compositional correction. For the primordial material considered in this study we consider cor-
rections of 0.8 and 0.5 (corresponding to 20% and 50% conductivity reduction, respectively). When K¢ is 1.0, compositional

correction is neglected. Finally, the total conductivity is given by
k(d,T,C) = kg x kp(d) X kp(T) x kc(C). (5)

Simulations are computed over a non-dimensional diffusion time of 0.0318, corresponding to 11.2 Gyr in dimensional units.
Note that because they do not include mantle initial conditions, which are not known, and time-decreasing radioactive heating,
our simulations are not meant to model the mantle evolution, and duration should not be used to interpret specific sequences
of events. The longer simulation time is necessary to allow the simulations’ heat flows to achieve a quasi-steady state. Using
this setup, we run 19 simulations exploring the impact of conductivity variations (Table 1). All observable and derived physical
properties are averaged over a 2 Gyr window centred about ¢ = 4.5 Gyr (illustrated in Figure 2) and are presented in Table 1.

Complete details of the methods are included in the Supplement.

3 Results

To measure the evolution of the thermochemical structure, we examined quasi-stationary periods determined by the systems’
mean heat flows. The stability of thermochemical reservoirs was assessed by their mean temperature, T},,.;,; average height,
hc; and coverage of the CMB, Ac g (Figure 2). The onset of instability, ¢;,,s;., is calculated by examining time derivatives

of average heights of primordial material (see the Supplement for details).
3.1 Effect of heterogeneous conductivity featuring reference depth-dependence

We first defined a purely depth- dependent reference case characterized by depth- dependence, K p = 2.5, with lower mantle
conductivities comparable to current estimates (e.g., Deschamps & Hsieh, 2019; Geballe et al., 2020). Heat flows for our mod-
els reached a quasi-steady state by approximately 4 Gyr. We found that temperature- dependent conductivity greatly reduced
both CMB and surface heat flows (by approximately 75% and 20%, respectively), as less heat can be extracted from the base.
Furthermore, we find that compositional correction is of secondary importance, in agreement with Li et al. (2022) findings.

Despite a 20% reduction in the conductivity of primordial material (green), Qs p is marginally greater. Similarly, Qo p 18
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Figure 2. Evolution of cases featuring K p = 2.5. The quasi-stationary period centred about 4.5 Gyr is shaded in gray.

greater when temperature- dependent conductivity included compositional correction. This behaviour is likely owing to less
CMB coverage in composition corrected cases. Differing conductivity conditions can result in many thermochemical reser-
voir evolution and cooling histories. For example, with long-standing CMB coverage (red curve), extended periods of mean
negative heat flux were possible, and positive heat flux occurs once the piles become unstable and the CMB is liberated of
primordial material. Determining the mechanisms that trigger these different outcomes will provide constraints for plausible
mantle conductivity models.

For the cases presented, T),,.;,;, increased marginally due to compositional correction and increased significantly with tem-
perature dependence. In general, T}, increases when thermochemical reservoir conductivity is reduced. Only until hc had
increased (i.e., piles became unstable and started eroding) 7,,;,,, decreased. Temperature- dependence greatly amplifies Tjripm,
and is the dominant effect over composition. The long-term evolution of reservoirs characterized by a marginal temperature
increase may result in a stable arrangement of piles with increased topography with respect to the initial layering (see Figure

S2, #07), whereas, a substantial increase in temperature (i.e., exceeding approximately 500 K) may result in the entrainment
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of piles (see Figure S2, #08). Between these two cases, the onset of instability differs by approximately 2 Gyr. Examining the

differences in system’s conductivity fields (profiles and top-to-bottom conductivity ratios) clarify these observations.
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3.2 Effect of temperature- and depth- dependent conductivity
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Figure 3. Temperature fields (relative to the CMB temperature) at 4.5 Gyr are shown for cases as a function of K p and n. Averaged properties

and case number are inset. (Primordial material fields are illustrated in Figure S3.)

First, we isolated the combined effect of temperature- and depth- dependent conductivities. Relative temperature fields are
presented in Figure 3 to illustrate the pile temperature excess with respect to the CMB temperature. Purely depth- dependent
conductivity cases show that, a modest conductivity gradient (K p = 2.5) was sufficient to stabilize the thermochemical reser-
voirs into a 2-pile configuration (by 4.5 Gyrs) (compare plots (a) and (b)). As Kp is further increased, reservoirs progress
toward an antipodal arrangement. In addition, the increased conductivity in the lower mantle resulted in higher heat flows and
cooler piles.

Figure 4 shows the thermal conductivity fields corresponding to cases presented in Figure 3. As n, and thus the temperature-
dependence, was increased, a mean top-to-bottom conductivity ratio (> 1) may be established depending on K (e.g., Figure

4 plots (g) and (1), resulting in a 2-pile arrangement). When K is sufficient to produce a mean conductivity ratio > 2, the hor-
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izontally averaged conductivities near the CMB is much lower (~ 8 Wm™1K~! (#15)) compared to purely depth-dependent
cases (30 Wm 'K ™! (#14), for Kp = 10; Figure S4).

We observed that T, increased with greater temperature dependence (top-to-bottom rows in Figure 3). In addition, tem-

perature still decreased with an increased depth-dependent gradient, K p (e.g., Figure 4 plots (e) - (h), from <1 to > 1 mean

conductivity ratio), but was not as reduced as in the purely depth- dependent cases. For cases with a mean conductivity ratio

<1, Tyrim is in excess of 500 K of the Tcarp (e.g., (a),(e),(),(1),(j), and (k)) resulting, again, in locally negative bottom heat

flux within piles. The evolution of the reservoirs in these cases tends to eventual entrainment. The timing for the onset of insta-

bility, ¢;,,s¢., is listed for each case in Table 1. A pile’s stability depends on how efficiently it can rid itself of heat. Therefore,

the compositional correction to piles’ conductivity must be examined in conjunction with the mantle’s mean conductivity ratio.
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Figure 4. Conductivity fields corresponding to cases in Figure 3. The colour bar saturates at 9 Wm™"K~" so that the values in (c), (d), and

(h) may be larger.
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3.3 Including the effect of composition- dependent conductivity
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Figure 5. Temperature (relative to the CMB temperature) (top row), primordial material (middle row), and conductivity (bottom row) fields
at 4.5 Gyr are shown for cases featuring decreasing K¢ with Kp =5 and n = 0.5. K¢ is increases from right to left. Field values are

indicated on the colour bars. Contours and inset values are defined similarly as in Figure 3.

The effect of compositional correction is highlighted for the case Kp = 5 and n = 0.5 (Figure 5). For this depth- dependence,
160 the mean lowermost mantle conductivity is greater than the surface conductivity and does not vary significantly when the
conductivity of primordial material is reduced (i.e., less than 1 Wm =K~ in the lowermost mantle; Figure S5). The maximum

conductivity, characterized by the remnant downwelling material localized within the bottom 300 km, is approximately 2
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Wm 'K~ higher than the mean conductivity profile. The minimum conductivity, characterized by the hottest regions of the
reservoirs, is approximately 2 Wm~'K~! lower than the mean, and is localized near the tops of the piles, where the hottest
and most buoyant primordial material accumulates (approximately 500 — 800 km above the CMB).

Pile temperature marginally increased when K was reduced. The additional thermal buoyancy imparted into the piles
quickened the onset of instability. For this K value, the erosion of piles is initiated approximately 0.4 Gyr and 0.8 Gyr earlier
from 6 Gyr when K¢ = 0.8 and K¢ = 0.5, respectively. Furthermore, pile configuration may change. When K¢ < 1, single

pile configuration can be attained as early as 8 Gyr (Figure S6).
3.4 Long-term stability of thermochemical reservoirs featuring mineral physics derived conductivities

We now examine departures from moderate temperature- dependences (n = 0.5) and compositional corrections (K¢ = 0.8) in
conjunction with a depth- dependent profile derived from mineral conductivity measurements (Figure 6) and is equivalent to
Kp =9.185 (#17). In this case, thermochemical convection exhibits a stable 2-pile configuration during the entire simulation.
When only K¢ is reduced, from 0.8 to 0.5 (#19), the 2-pile configuration is also maintained throughout the simulation, but
episodes of bulk erosion in thin plume conduits are possible e.g., around 9 Gyr. Interestingly, the radial conductivity profile
obtained by models #17 and #19 lead to average CMB conductivity close to the values estimated from mineral physics (Hsieh
et al., 2018; Deschamps & Hsieh, 2019; Geballe et al., 2020). When only n is increased from 0.5 to 0.8 (#18), the onset of
instability occurs approximately 5 Gyr sooner. The largest reservoir rapidly ejects dense material and by 11 Gyr the piles
coalesce.

The distribution of light material (C' < 0.02) is scattered about the lower mantle and may be ejected in small amounts
into the upper mantle. An initial negative density anomaly is established compared with the mean mantle density (which is
dominated by cold downwelling structures). When the thermochemical reservoirs finally become unstable, material with C'
between 0.02 and 0.90 is rapidly lifted away from the piles. This material dominates the mean density profile and produces a
positive anomaly. The onset of light erosion precedes the onset of instability and the period between light and heavy erosion is

reduced when the mean conductivity gradient is reduced (e.g., dotted and dot-dashed curves in Figure 6, and Figure S7).
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Figure 6. Evolution of the horizontally averaged primordial material density anomalies is illustrated for cases featuring Kp = 9.185. Pri-
mordial field snapshots are sampled at 2 Gyr intervals starting at 3 Gyr above the timeseries (dashed-black vertical line indicates the time).
Mean heights of primordial material are plotted on top of the density anomaly timeseries. The dashed-magenta vertical line indicates the

onset of instability in thermochemical reservoirs. Piles are indicated similarly as in Figure 3.
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4 Discussion

The evolution of thermochemical reservoirs depends on their temperature and on the mean bottom conductivity. The value of
bottom conductivity results mainly from the competing thermal and pressure effects. That is, stronger temperature- dependence
(larger n) reduces conductivity, which may or may not compensate (or be exceeded) by depth- dependence (larger Kp).
Considering the purely depth- dependent conductivity scenario, heat flow between reservoirs and the surrounding mantle may
attain a rate that inhibits reservoir temperature increases due to enrichment in HPEs. That is, a greater lower mantle conductivity
stabilizes thermochemical reservoirs by mitigating any (additional) thermal buoyancy imparted by internal heat sources and by
increasing heat diffusion in regions where hot instabilities grow. When temperature- dependence (and compositional correction)
is considered, the conductivity of reservoirs is reduced with respect to the surrounding mantle. If the depth- conductivity ratio
is insufficient to compensate for this conductivity reduction, a negative feedback loop forms whereby a poorly conducting pile
cannot rid itself of heat, becomes hotter, and further reduces its conductivity. The imparted thermal buoyancy destabilizes the
reservoirs and influences CMB coverage configuration, erosion rate, and the onset of entrainment.

The effect of compositional correction on the stability of thermochemical reservoirs is secondary to the thermal effect.
For conductivity models with near-unity top-to-bottom conductivity ratio (when thermal and depth- dependent effects are
balanced), greater compositional correction may quicken the onset of instability (e.g., by less than 1 Gyr, comparing cases #12
and #13; Figure S6). When depth- dependence is greater, a greater top-to-bottom conductivity ratio is implied which acts to
stabilize the piles. However, the amplitude of conductivity variations is also increased. Thus, a greater compositional correction
may quicken the onset of instability (e.g., by approximately 2 Gyr, comparing cases #17 and #19; Figure 6) but take a longer
period of time to manifest (e.g., by approximately 4 Gyr, comparing cases #13 and #19).

Variations in the physical properties of thermochemical reservoirs, most notably the buoyancy ratio and enrichment in
HPEs, have an influence on their long-term evolution. Constraints on these properties are still being determined and subjects
of ongoing research. Given the scope of this study, isolating the effect of conductivity on stability may be masked by their
first order influences. For example, greater compositional correction for conductivity is related to pile’s enrichment in iron and
thus implies density increase requiring an increase in buoyancy ratio. In contrast, amount of enrichment in HPEs will directly
influence the thermal buoyancy and destabilize piles in the long-term. Furthermore, we do not consider a decaying rate of
internal heating. Assuming a mean 3 Gyr half life, internal heating rate should be reduced by almost an order of magnitude
by the end of the simulation period we consider. It may be possible that the stronger influence of thermal buoyancy is limited
to earlier periods of maximum heat input. The influence of these parameters in conjunction with the moderate heterogeneous
conductivity profile we propose (i.e., #17) should be examined in further detail.

The core-mantle boundary temperature may also be an important factor in the stability and evolution of thermochemical
reservoirs when a heterogeneous conductivity is considered. In our study, the reference state imposes a CMB temperature
(Ton s = 3440 K) that is on the lower end of the estimates (e.g., Lay et al., 2008; Mosca et al., 2012; Nomura et al., 2014).
Boehler (2000); Price et al. (2004) and Kawai & Tsuchiya (2009) suggest greater temperatures in excess of 3750 K and up

to 4000 K are possible. For the constant system heating conditions we consider, a greater CMB temperature implies that the
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mean temperatures in the lowermost mantle will also be increased, resulting in a lower thermal conductivity in that region and
within the piles. In addition, higher thermal gradients at the base of the mantle will result in an increase in mean CMB heat
flow. Thus, at very high CMB temperatures piles may become unstable. However, stable piles (under hotter conditions) can
be accommodated by considering a lower n or a greater depth- dependent conductivity, or by other physical parameters (e.g.,
temperature- dependence of viscosity, or buoyancy ratio). Therefore, conclusions drawn from our results should be unchanged.
Because a cooling bottom boundary is not considered, it is possible that piles evolving with our CMB temperature (or in hotter
systems) could become more stable as the mantle cools and the mean lowermost mantle conductivity (and potentially the CMB
heat flow) rises. However, examining evolving system heating conditions is out of the scope of our study.

Alternative formulations of the lattice conductivity exist in the literature featuring temperature and density dependences
(e.g., Manthilake et al., 2011; Okuda et al., 2017). Furthermore, measurements of the temperature dependent exponent for
lower mantle materials may take on values that are less than 0.5 (i.e., between 0.2 and 0.47). For the lattice conductivity we
consider, a lower exponent (lesser temperature dependence) will promote stability in piles. In addition, the radiative component
of conductivity is much less than the lattice component for temperatures less than the CMB temperature (e.g., Dubuffet et al.,
1999). It may be possible that the piles’ temperature increases we observe could curb the conductivity reduction due to the
lattice component. We do not rule out these possibilities but propose that different conductivity formulations are subjects for

future studies.

5 Conclusions

In this study, we investigate the influence of variations in thermal conductivity on thermochemical convection, and find that
a heterogeneous conductivity strongly influences the long-term evolution of thermochemical reservoirs. The combined influ-
ences of temperature- and depth- variations determines the mean conductivity ratio from top-to-bottom. In the calculations we
present, for the mean conductivity profile to be comparable to the conductivity often assumed in numerical models, the depth-
dependent ratio must be at least 9 times the surface conductivity. The compositional correction for conductivity only plays a
minor role that augments and behaves similarly to conductivity reduction due to temperature. Nevertheless, this effect may
be amplified when depth- dependence is increased. For the cases we examine, when the mean conductivity in the lowermost

mantle is much greater than the surface conductivity, large reservoirs can be maintained until the end of the simulation.

Code and data availability. The numerical code is available by reasonable request to Paul James Tackley. The data corresponding to the
numerical simulations are too large to be stored online, but they can be requested from the corresponding authors as well as the input files

used to run the simulations.
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