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Abstract Experimental and theoretical studies have shown that the iron spin transition alters the
properties of lower mantle minerals. This may have important implications for mantle dynamics.

In particular, the vigor of convection is enhanced, which in turn may impact the stability of large primordial
reservoirs at the base of the lower mantle. Here we performed numerical experiments of thermochemical
convection in 2-D annulus geometry including the change of density induced by iron spin transition.

Our results show that this density change only slightly affects mantle dynamics by increasing the convection
vigor. This, in turn, slightly increases the entrainment of primordial dense materials by plumes and leads

to smaller reservoirs with sharper edges. However, this effect is small compared to those of the intrinsic
density contrast between the dense primordial and regular mantle materials, which is the dominant
parameter controlling the long-term stability of the large primordial reservoirs.

Plain Language Summary Experimental and theoretical studies suggested that transition in
the spin state of iron occur in the lower mantle minerals at lower mantle pressure and that it may have
important implications for mantle dynamics. In this study, we performed 2-D numerical experiments

of thermochemical mantle convection implemented with a recent mineral data set as density input.

We find that the dynamic effects of the iron spin transition on the lower mantle’s thermochemical
structures are small. The main parameter controlling the long-term stability of large primordial reservoirs
in the lower mantle remains the chemical density contrasts between the primordial material and
ambient mantle material that controls.

1. Introduction

Seismological studies suggest the presence in the deep Earth’s mantle of two antipodal large low shear
velocity provinces (LLSVPs) beneath Africa and the Pacific (e.g., He & Wen, 2012; Masters et al., 2000; Ni et al.,
2002; Wang & Wen, 2007). These LLSVPs cover up to 30% of the core-mantle boundary (CMB) region and are
characterized by a reduction of shear velocity (see review by Garnero et al., 2016, for more details). Although
the nature of LLSVPs, purely thermal or chemically distinct structures, is still under debate (e.g., Garnero et al.,
2016), several evidences including deep mantle density variations inferred from seismic normal modes data
(Ishii & Tromp, 1999; Mosca et al., 2012; Trampert et al., 2004), and solid tides (Lau et al., 2017) indicate that
LLSVPs are denser than average mantle and may thus have a distinct composition. By contrast, Kuo and
Romanowicz (2002) pointed out that normal modes may not be able to resolve the lower mantle density struc-
ture, and a recent study based on Stoneley modes, which are mostly sensitive to the bottom of the mantle and
the top of the core, concluded that LLSVPs are less dense than surrounding mantle (Koelemeijer et al., 2017).
Assuming that LLSVPs are chemically distinct reservoirs raises important questions concerning their origin. To
solve this issue, it has been suggested that they have formed early in Earth’s history (Torsvik et al., 2014), i.e.,
resulting from mantle partial differentiation (e.g., Labrosse et al., 2007; Solomatov & Stevenson, 1993), in which
case they may consist of reservoirs of primitive undegassed materials. This hypothesis is further supported by
geochemical observations, in particular the high '*2Nd/ '#4Nd ratios (Boyet & Carlson, 2006; Hofmann, 1997)
and the dispersion of helium isotopic ratio, 3He/*He, in oceanic island basalts (Farley et al., 1992; Lupton &
Craig, 1975). Assuming that LLSVPs have formed early in Earth’s history implies that they remained mostly

LIET AL.

EFFECTS OF IRON SPIN TRANSITION 1


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://orcid.org/0000-0001-9088-0467
http://orcid.org/0000-0001-5110-2320
http://orcid.org/0000-0002-0219-8722
http://orcid.org/0000-0003-4878-621X
http://dx.doi.org/10.1029/2018GL078125
http://dx.doi.org/10.1029/2018GL078125
https://doi.org/10.1029/2018GL078125
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2018GL078125&domain=pdf&date_stamp=2018-06-20

~1
AGU

100

AND SPACE S

Geophysical Research Letters 10.1029/2018GL078125

stable throughout the whole Earth’s evolution, i.e., their properties prevented significant entrainment by
mantle convection although they may have experienced migration or change in shape.

Importantly, the dynamics of the mantle, and therefore the evolution of the LLSVPs, is strongly influenced by
the physical properties of the minerals of the mantle, including their density. The main parameters affecting
density are temperature and composition, but other effects, especially an iron spin transition, may also alter
its value. A theoretical study by Fyfe (1960) predicted that the electronic structure of Fe?* in the octahedral
coordination can change at high pressure, and that this transition may occur under the pressure-temperature
conditions of the Earth’s lower mantle (e.g., Cohen et al.,, 1997). Experimental studies confirmed this phe-
nomenon, referred to as the iron spin transition, and observed it in both ferropericlase (Fp; Badro et al., 2003)
and bridgmanite (Bm; Badro et al., 2004; Jackson et al., 2005) the two major minerals of the lower mantle. In
Fp, Fe?* is located in octahedral sites such that its 3d orbital is split in two energy levels. At ambient condition,
the high spin state is stable with electrons present in both energy levels. With increasing pressure, the energy
gap between the two levels increases, potentially inducing a transition to the low spin state with electrons
only present in the lower energy level (e.g., Badro et al., 2003; Lin et al., 2007; Speziale et al., 2005; Tsuchiya
et al,, 2006; Wu & Wentzcovitch, 2014). At deep mantle temperatures, this transition is characterized by an
increase in density of ~2-3% in Fp (Komabayashi et al., 2010; Mao et al., 2011). The iron spin transition in Bmis
more complex due to two different crystallographic sites, an octahedral and a dodecahedral, and two different
oxidation states of iron, Fe?* and Fe3* (see review by Lin et al., 2013, and references therein). Its detailed con-
sequences on Bm thermodynamical and thermoelastic properties are still under debate (e.g., Glazyrin et al.,
2014). Again, this iron spin transition may change physical properties such as density and elastic parameters
(e.g., Badro et al., 2003; Lin et al., 2013; Wu & Wentzcovitch, 2014) and may further affect the dynamics of the
Earth’s mantle.

Previous models of thermal convection (e.g., Bower et al., 2009; Shahnas et al., 2011; Vilella et al., 2015) found
that the presence of the iron spin transition increased mantle temperature and enhanced flow velocity. As the
iron spin transition in Fp mainly occurs in the lower mantle, its dynamical effects on the long-term evolution of
large thermochemical structures, such as LLSVPs, should be fully examined with thermochemical convection
models. Huang etal. (2015) investigated the effects of the iron spin transition on the dynamics and topography
of chemically distinct LLSVPs and suggested that LLSVPs are transient structures that last for 200 to 300 Myr,
which is incompatible with a primordial origin of LLSVPs (i.e., early mantle differentiation). In this study, we
follow the approach of Vilella et al. (2015) and extend it to thermochemical convection, to explore the effects
of the iron spin transition on the long-term evolution of large primordial reservoirs in the lower mantle
of the Earth.

2. Model Setup

2.1. Spin State Transition Model

To calculate the density of the lower mantle including the effect of the iron spin transition occurring in fer-
ropericlase, we follow the model developed by Vilella et al. (2015), which is briefly presented below. The lower
mantle is assumed to be pyrolitic with 18 vol% of ferropericlase, 75 vol% of Al-bearing Mg-bridgmanite, and
7 vol% of Ca-silicate bridgmanite, with 4.7 wt% of Al,O; and 8 wt% of FeO, where 50% of iron is Fe** and 50%
is Fe3*. The average Fe?* spin configuration in ferropericlase is calculated by minimizing the Helmholtz free
energy following Sturhahn et al. (2005). We then combined the resulting average Fe* spin configuration with
the Mie-Griineisen-Debye equation of state (Jackson & Rigden, 1996) to obtain the density of the lower man-
tle as a function of pressure and temperature. It is important to note that the density change with iron spin
transition obtained with this method is based on experimental data, and that these data implicitly account
for the change in thermal expansion associated with this transition. Furthermore, the pressure and temper-
ature dependencies of this density change are modeled using parameters (in particular, the bulk modulus,
Debye temperature, and Griineisen parameter at ambient conditions) deduced from experimental data and
provide a good fit of these experimental results. Vilella et al. (2015) further assumed that the iron partitioning
coefficient (K,) between ferropericlase and bridgmanite changes with pressure following Irifune et al. (2010),
with values around 0.8 and 0.4 at the top and bottom of the lower mantle, respectively. However, recent
laboratory experiments (Piet et al., 2016; Prescher et al., 2014) found that K, is constant with pressure. Follow-
ing these latter experiments, we here assumed that Kj, is constant throughout the mantle and equal to 0.5
(Piet et al., 2016). Figure 1a shows the relative density difference (Ap = 100(psgi, — Pref )/ Pspin ) bEIWEEN
the model with spin state transition and the reference model (without spin state transition). As found by
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Figure 1. (a) Relative density difference (%) between the model with the iron spin transition and the reference model
(without the iron spin transition), as a function of pressure and temperature. (b) Relative density difference (%) between
the calculated density profile and PREM density.

theoretical and experimental studies, the spin state transition is sharp at low temperature and broad at high
temperature. The amplitude of the density change is small, ~0.4%, and the calculated density profile agrees
well with PREM density (Dziewonski & Anderson, 1981) (Figure 1b), and laboratory experiments conducted at
high temperatures (Komabayashi et al., 2010; Mao et al., 2011).

2.2. Mantle Convection Model

We conducted numerical simulations of thermochemical convection using the code StagYY (Tackley, 2008)
and modified it to include the density tables calculated following the method developed by Vilella et al., 2015
(section 2.1). StagYY solves the conservation equations of mass, momentum, energy, and composition for an
anelastic compressible fluid with infinite Prandtl number. The numerical model is similar to that in Li et al.
(2015), and only the key details are described here (see supporting information Text S1 for more details).

Our numerical experiments are performed in 2-D spherical annulus geometry with a grid of 129 radial nodes
and 1,025 lateral nodes. Four million tracers are used to track the composition field, varying between 0 for
ambient mantle material and 1 for primordial dense material. The density difference between primordial and
ambient mantle materials is controlled by the buoyancy ratio (B) defined as
A
B= 2 (M
ap, AT

where Ap. is the density difference between the dense (primordial) and regular (ambient) mantle materials.
To explore the influence of B on the stability of primordial reservoirs, we varied this parameter between 0.18
and 0.26, corresponding to density differences between 72 kg/m?* and 104 kg/m3.

3. Results

In order to identify and quantify the effects of iron spin transition, we have conducted two series of numerical
experiments, one with the iron spin transition and one without. To estimate the relative influence of iron spin
transition compared to other controlling parameters, we further varied the buoyancy ratio, which has been
found to be the main parameter controlling the stability of reservoirs of dense material (e.g., Deschamps &
Tackley, 2009; Li et al., 2014a; McNamara & Zhong, 2004).

Figure 2a shows the snapshots at t = 4.5 Gyr of composition and temperature fields for reference cases
(B = 0.26) with and without the iron spin transition. In the case without the iron spin transition, two
antipodal large reservoirs of primordial dense material are observed at the bottom of the mantle. In the
case with the iron spin transition, we again observe two antipodal reservoirs, but with slightly smaller sizes
and sharper edges compared to the case without the iron spin transition. In addition, a third, much smaller
reservoir is present. Snapshots of temperature fields indicate that plumes form at the top of primordial reser-
voirs and at their margins. In the case with the iron spin transition, convection is more vigorous. Plumes
are therefore stronger (in particular, wider and hotter) and can even form outside the primordial reservoirs.
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Figure 2. Reference cases (B = 0.26). (a) Snapshots of composition (top) and temperature (bottom) fields at t = 4.5 Gyr without (left) and with (right) the iron
spin transition. (b) The 1-D profiles of horizontally averaged mantle temperature (top) and viscosity (bottom) without (blue curves) and with (red curves) the iron

spin transition.

This makes the convective system more realistic when compared to Earth’s mantle, where a few plumes
(e.g., southeastern Australia and Yellowstone plumes) can be found outside LLSVPs (French & Romanowicz,
2015). The 1-D profiles of horizontally averaged temperature and viscosity for cases with and without the
iron spin transition are very close to each other (Figure 2b). At depths ranging from the top of the lower
mantle (700 km) down to 2,600 km (300 km above the CMB), the case with the iron spin transition has
a slightly higher average temperature, in agreement with previous studies (e.g., Bower et al., 2009; Vilella
et al,, 2015). In the lowermost 300 km, horizontally averaged temperatures for cases with and without the
iron spin transition are very similar, due to the fact that hot primordial reservoirs are slightly larger in the
case without the iron spin transition, thus compensating the slightly higher temperature caused by the iron
spin transition.

Figure 3a shows the snapshots of composition and temperature fields for small buoyancy ratio cases (B =
0.18) with and without the iron spin transition at t = 4.5 Gyr. Large reservoirs are now absent in both cases,
and only one small, unstable, reservoir of primordial material can be found in the case without the iron spin
transition. Again, 1-D profiles of horizontally averaged temperature and viscosity for cases with and without
the iron spin transition are similar to each other. We note, however, that the average temperature in the low-
ermost mantle is slightly higher when the iron spin transition is not included, which can be explained by the
larger amount of primordial material maintained in the lowermost mantle. Comparing cases with B = 0.18
and B = 0.26 suggests that the buoyancy ratio is the dominant parameter controlling the stability of the
large primordial reservoirs of dense material, in agreement with previous studies (e.g., Deschamps & Tackley,
2009; Li et al., 2014a; McNamara & Zhong, 2004), while the iron spin transition only slightly promotes their
destabilization.

In order to confirm these observations, we now try to quantify the stability of reservoirs of dense material.
For this, we use different criteria. First, we plotted the evolution of the average altitude of primordial material
(Figure 4), defined as

<H>=1 / (r, yrdv, P)
Vv
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Figure 3. Small buoyancy ratio cases (B = 0.18). (a) Snapshots of composition (top) and temperature (bottom) fields at t = 4.5 Gyr without (left) and with (right)
the iron spin transition. (b) The 1-D profiles of horizontally averaged mantle temperature (top) and viscosity (bottom) without (blue curves) and with (red curves)
the iron spin transition.

which is an appropriate parameter to assess the mixing efficiency (e.g., Deschamps & Tackley, 2009; Li et al.,
2014a). Small values of < H, >, ~0.04, correspond to stable layering, while large values, ~0.6, indicate efficient
mixing. We then calculated the fraction of primordial material remaining in the lowermost 300 km of the
mantle, again as a function of time (Figure 5a), and the radial profile of the horizontally averaged fraction of
primordial material at t = 4.5 Gyr (Figure 5b). These two parameters provide additional information on the
distribution of primordial material throughout the system, and on the vertical extension of the reservoirs of
dense material.

0.6 2 2 L ! L B=0.18 w/o spin B=0.18 w/spin
—— B=0.18 w/o spin
05
——B=0.18 w/spin
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\
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B=0.26 w/o spin B20.26 w/spin
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Figure 4. Average altitude of primordial materials (< H. >, equation (2)) as a function of time for cases of B = 0.18, 0.22,
0.26 with (red curves) and without (blue curves) the iron spin transition. Right panel shows snapshots of composition
fields at t = 4.5 Gyr for each case.
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Figure 5. (a) Percentage of primordial material maintained in the lowermost 300 km of the mantle as a function of time and (b) 1-D profiles of distribution of
primordial material in the mantle at t = 4.5 Gyr for B = 0.18 (top), 0.22 (middle), and 0.26 (bottom).

For B = 0.18, high values of < H_> (Figure 4) indicate that reservoirs of primordial material are unstable
whether the iron spin transition is present or not. Instead, primordial materials are entrained by plumes into
the upper mantle and are continuously mixed with ambient mantle material. For B = 0.22 and B = 0.26, in
contrast, reservoirs of primordial material remain stable for cases with and without the iron spin transition, as
shown by the moderate values of < H, >. Interestingly, regardless of the values of the buoyancy ratio, < H, >
is systematically higher when the iron spin transition is included. This confirms that the iron spin transition
tends to produce less stable reservoirs. However, varying the buoyancy ratio impacts more importantly the
time evolution of < H_ >. Furthermore, as the buoyancy ratio increases, the differences in < H, > between
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cases with and without the iron spin transition decrease, suggesting that the relative influence of iron spin
transition decreases as the buoyancy ratio increases.

Figure 5b shows radial profiles of primordial material at 4.5 Gyr for all six experiments. In the cases with
B = 0.26, radial distributions of primordial material are similar, and only small amount of primordial mate-
rial can be observed in the upper mantle due to the phase change at 660 km, which prevents most of the
dense primordial material from being entrained to the upper mantle (e.g., Deschamps & Tackley, 2009; Li et al.,
2014a). Between 660-km depth and the top of large primordial reservoirs, more primordial material is present
in the case accounting for the iron spin transition than in the case without this transition, which again indi-
cates that the large primordial reservoirs are slightly less stable. Note that although the amount of primordial
material is larger in the cases including the iron spin transition, the total amount of primordial material in these
regions is very small, indicating that the large scale stability is not substantially altered by the iron spin transi-
tion. Figure 5a shows the fraction of primordial material in the lowermost 300 km as a function of time for all
six experiments. As one would expect, the amount of primordial material in the lowermost mantle increases
as the buoyancy ratio increases. For B = 0.18, the amount of primordial material in the lowermost 300 km
sharply decreases with time. By the end of the experiment, it reaches 20% for the case without the iron spin
transition, and only ~10% in the case with the iron spin transition. Again, for this value of B, the presence of
the iron spin transition further decreases the stability of the reservoirs of dense material. For B = 0.22, the
difference between cases with and without the iron spin transition is much smaller, and most importantly,
more than 40% of the primordial material remains in the lowermost 300 km at the end of the calculations in
both cases. For B = 0.26, the evolution of the amount of primordial material in the lowermost mantle is nearly
independent of the presence of the iron spin transition and slowly decreases down to 60% at the end of the
experiments. Together with the evolution of < H. >, this shows that large primordial reservoirs can be main-
tained in the lowermost 300 km whether the iron spin transition is present or not. For B = 0.26, the fraction of
the core-mantle boundary (CMB) covered by primordial reservoirs is 33% in the case with the iron spin transi-
tion, which is nearly the same as in the case without the iron spin transition (34%; Figure 5b). Note that these
values are in reasonable agreement with the estimated surface covered by LLSVPs (e.g., Garnero et al., 2016).
The fraction of the CMB region covered by primordial reservoirs decreases with decreasing buoyancy ratio.
Interestingly, at B = 0.22, the dense material covers a much smaller area if the iron spin transition is present
(around 22%) than if it is not (around 31%). When the buoyancy ratio is reduced to 0.18, although neither case
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can maintain large primordial reservoirs, the fraction of the CMB covered by primordial material in the case
with the iron spin transition is, again, significantly smaller than in the case without the iron spin transition.
Therefore, if primordial reservoirs are not dense enough compared to the surrounding mantle, their stability
may be strongly affected by the iron spin transition, in which case they become transient structures.

Overall, our experiments indicate that the density change triggered by the iron spin transition plays a minor
role compared to the effect of the buoyancy ratio, and that its influence is more important in cases with a
small buoyancy ratio (<0.2) than in cases with a higher buoyancy ratio. This may provide useful hints to infer
the nature of LLSVPs, as discussed in the next section.

4, Discussion and Conclusions

In this study, we investigated the effects of the iron spin transition on the stability and structure of large
primordial reservoirs in the Earth’s lower mantle. Similarly to previous studies (Bower et al., 2009; Shahnas et al.,
2011; Vilella et al., 2015), we found that the iron spin transition enhances the convective vigor and increases
mantle temperatures except in the lowermost several hundred kilometers, where the hot primordial reser-
voirs are larger in the cases without the iron spin transition, leading to higher average temperatures. Because
large primordial reservoirs are hotter than ambient mantle material, the density increase due to the iron spin
transition is larger in cold regions (see Figure 1a), thus reducing the density contrast between primordial and
ambient mantle materials. The effect of iron spin transition is therefore similar to lowering the buoyancy ratio,
i.e., a decrease in stability of the reservoirs of dense material.

In order to further quantify the relative importance of buoyancy ratio and iron spin transition on the stability
of large primordial reservoirs, we plotted the density fields obtained for B = 0.26 (Figure 6). These distribu-
tions do not show significant differences depending on the presence or absence of the iron spin transition, in
agreement with previous studies suggesting that the broad and smooth iron spin transition might not pro-
duce obvious signatures in the radial velocity or density profile (Cammarano et al., 2010; Wu & Wentzcovitch,
2014; Wu et al,, 2013). We then extracted the residual density in the lower 1,400 km. Interestingly, we observed
that when the iron spin transition is not included, the lighter regions (blue regions in Figure 6a) surround-
ing the large primordial reservoirs are larger than when the iron spin transition is included. This favors the
spreading of large primordial reservoirs along the CMB and the formation of smooth edges. Meanwhile, in the
case with the iron spin transition, smaller and lighter regions lead to reservoirs with sharper edges. Figure 6b
compares radial density profiles drawn either inside or outside the large primordial reservoirs (white lines on
density maps), for cases with and without the iron spin transition. At depths shallower than 2,000 km, radial
density profiles are very similar in all cases. Differences appear in the lowermost mantle. First, the profiles sam-
pling the reservoirs of dense material (red curves) are denser than the profiles sampling the regular mantle
(blue curves) by about 100 kg/m?3, as one would expect for B = 0.26. Second, for similar locations, the profiles
obtained with iron spin transition are slightly denser than those obtained without. Importantly, this difference
is only about ~10 kg/m3, that is, 1 order of magnitude smaller than the difference between dense material
and regular mantle. Again, this demonstrates that the buoyancy ratio is the dominant parameter controlling
the properties of the large primordial reservoirs. One may point out that the increase in density due to the
iron spin transition is larger outside the primordial reservoir. This is related to thermal effects (Figure 1), which
tend to decrease the density contrast between primordial and ambient materials. This small decrease in den-
sity contrast reduces, in principle, the stability of the primordial reservoirs. Practically, however, it is again too
small, compared to the density contrast between dense and regular material, to have significant effects on
the stability of the primordial reservoirs.

While the iron spin transition in the lower mantle does not alter the long-term stability of large primordial
reservoirs, it triggers other effects that are worth mentioning. As pointed out by previous studies (Bower et al.,
2009; Vilella et al., 2015), enhanced convection allows cold downwellings to reach and spread along the CMB
more easily in cases including the iron spin transition. These cold downwellings push aside the primordial
reservoirs, and promote the development of plumes from the edges. They further help to sharpen the edges
of primordial reservoirs, as observed in seismological studies (e.g., Ni et al., 2002). These effects are similar to
those caused by postperovskite, which also causes a density increase due to the phase change (e.g., Li et al.,
2014b; Nakagawa & Tackley, 2005).

Our results contrast with the previous work of Huang et al. (2015), which suggests that iron spin transition
induces unstable piles. This disagreement may be related to differences in the modeling of the iron spin
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transition, which we now briefly discuss. A first possible source of discrepancy lies in the data used to model
the density jump induced by the iron spin transition. Huang et al., 2015’s simulations mainly used data from
first principle calculations of Wu et al. (2009). Based on these data, and for a mantle composed of 20% fer-
ropericlase, they assume a density jump up to ~1%. Following this estimate, the density increase induced
by iron spin transition in ferropericlase alone would be ~5%. By contrast, experimental results conducting
at high pressure and temperature suggest a density difference of only 1.8%-2.4% (see Lin et al., 2013, for a
review), the exact value depending on the iron content in ferropericlase. In this study, we followed the study
by Vilella et al. (2015) and assumed a density difference of ~0.4% in total density induced by iron spin tran-
sition for a mantle composed of 18% ferropericlase, which is equivalent to a density increase of ~2.2% in
ferropericlase, thus in good agreement with the experimental results (e.g., Lin et al., 2013; Mao et al., 2011).
Since theiron spin transition favors lower temperature condition (Figure 1a), the increasing density change by
the iron spin transition decreases the density contrast between the hot, dense LLSVP and the ambient man-
tle. The different data used in our study and Huang et al. (2015) may partly explain the different patterns of
LLSVPs' stability observed in these two studies. In addition, the numerical treatment of the density changes
may introduce further discrepancies. To model these changes, Huang et al. (2015) uses the extended Boussi-
nesq approximation, while in our study they are directly calculated from density tables based on experimental
data, which implicitly include the effects of the iron spin transition on thermal expansion and bulk modulus,
and thermodynamical modeling. Besides the differences in density models, differences in the parameters of
the simulations may partly explain the disagreement between our results and those of Huang et al. (2015). In
particular, Huang et al. (2015) used a smaller thermal viscosity contrast than in our simulations. This leads to
a more vigorous convection and increases the entrainment of dense material by increasing the viscous cou-
pling. This, in turn, promotes the transient nature of the reservoirs of dense material, independently of the
presence of the iron spin transition.

Overall, by considering a low thermal viscosity contrast and, most importantly, low density contrast between
the ambient material and dense material. Huang et al. (2015) simulations favor a transient nature for reservoirs
of dense material. In contrast, our simulations indicate that the stability of piles are mainly controlled by the
buoyancy ratio, as pointed out in previous studies (e.g., Deschamps & Tackley, 2009; Li et al., 2014a; McNamara
& Zhong, 2004). In particular, for buoyancy ratios corresponding to chemical density contrasts of ~100 kg/m3
and larger, as it is expected for the LLSVPs (e.g., Trampert et al., 2004), the alteration caused by the iron spin
transition is not strong enough to modify the long-term stability of large primordial reservoirs. For smaller
buoyancy ratios, corresponding to density contrast ~70 kg/m? or less, reservoirs are unstable independently
of the presence of the iron spin transition.

An important approximation of our current models is that the iron spin transition was assumed to have the
same effects on the primordial material and the ambient mantle material. However, if LLSVPs are enriched in
iron (e.g., Deschamps et al., 2012; Trampert et al., 2004), the effect of the iron spin transition should be stronger
in LLSVPs. This may not substantially modify the stability of LLSVPs since, as shown by our simulations, the
buoyancy ratio remains the controlling parameter. It could, however, strongly impact the interpretation of
seismic observations in term of iron. Accounting for different compositions for the primordial reservoirs is
therefore needed to improve our modeling. This approach may in turn provide additional constraints on the
possible compositions of LLSVPs. Furthermore, the thermal conductivity of LLSVPs may be strongly affected
since this property is impacted by the iron content (Hsieh et al., 2017) and to a lesser extent by the iron spin
transition (Hsieh et al., 2018). This need to be investigated in future work.
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