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Abstract We perform numerical experiments of thermochemical mantle convection in 2-D spherical
annulus geometry to investigate the distribution of post-perovskite (pPv) with respect to the location of
primordial reservoirs of dense material in the lowermost mantle. High core-mantle boundary temperatures
lead to strong anticorrelation between the locations of pPv and large primordial reservoirs, while low values
lead to a pPv layer fully covering the outer core. Intermediate values avoid a full pPv layer but allow pPv
phase change to occur within the primordial reservoirs. Through interactions between cold downwellings
and primordial reservoirs, low viscosity (weak) pPv leads to the formation of long-lived, thin tails of
primordial materials extending laterally at the edges of these reservoirs. Small patches of pPv also form
within the primordial reservoir but are short-lived. If primordial reservoirs are enriched in iron, these patches
may provide an explanation for the ultralow-velocity zones.

1. Introduction

The present-day Earth’s mantle appears to be heterogeneous, the strongest heterogeneities being found at its
top (<400 km) and at its bottom, from∼2500 km down to core-mantle boundary (CMB). Seismological studies
suggest that different scales of heterogeneities coexist, with small scale (10–100 km) heterogeneities induc-
ing substantial scattering visible in coda waves [e.g., Rost et al., 2015]. In the lowermost mantle (>2500 km),
the seismic large-scale structure is dominated by two antipodal large low shear velocity provinces (LLSVPs)
beneath Africa and the Pacific [e.g., Ishii and Tromp, 1999; Masters et al., 2000; Ni et al., 2002; Wang and Wen,
2007; He and Wen, 2012], where the shear wave velocity decreases by a few percent compared to its hori-
zontally averaged value. The exact nature of LLSVPs is still not well known, but several hints from seismic
observations and geodynamics modeling, e.g., sharp edges and the anticorrelations between shear velocity
and bulk sound velocity, suggest that LLSVPs are more likely related to thermochemical structures [e.g., van
der Hilst and Kárason, 1999; Masters et al., 2000; Ni et al., 2002; Trampert et al., 2004] than to purely thermal
variations [Davies et al., 2012]. Much smaller heterogeneities have been observed, mainly in the lowermost
100 km of the mantle. These include the low-velocity zones (LVZs) [Sun et al., 2013], which are several hundred
kilometers in length and 80-100 km in height with less than 10% velocity drops, and the ultralow-velocity
zones (ULVZs), which are usually several tens of kilometers in height, and where seismic velocities drop by
10 to 30% [e.g., Wen and Helmberger, 1998; Helmberger et al., 2000; Rost and Revenaugh, 2003; Thorne and
Garnero, 2004]. So far, ULVZs have been detected locally in various places, in particular, within or at the margins
of LLSVPs [McNamara et al., 2010]. Several possible origins have been advocated to explain ULVZs, including
partial melting due to different processes [e.g., Williams and Garnero, 1996], ponds of partially melted sub-
ducted slab basalt, which has a lower melting temperature than pyrolite [Andrault et al., 2014], iron-enriched
post-perovskite (pPv) [e.g., Mao et al., 2006], and chemically denser material or mixture. For details on
ULVZs’ distribution and properties, we refer to reviews by Garnero [2000], Thorne and Garnero [2004], and
Tackley [2012].

Another seismic structure that is locally observed in the lowermost 200–300 km above core-mantle bound-
ary is the D′′ discontinuity. This discontinuity is characterized by an increase in shear wave velocity by a few
percent [Lay and Helmberger, 1983] and was proposed to result from an exothermic phase change [Sidorin
et al., 1999]. In the meantime, mineral physics studies have shown that under the pressure and temperature
conditions of the deep mantle, perovskite may transform to post-perovskite [Murakami et al., 2004; Oganov
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and Ono, 2004; Tsuchiya et al., 2004]. Due to the strongly exothermic nature of this phase transition, it is usually
assumed that post-perovskite is not stable within LLSVPs, which are assumed to be hotter than surrounding
mantle [e.g., Nakagawa and Tackley, 2005]. The presence of pPv, however, also depends on the temperature at
the CMB (TCMB). If this temperature is low enough, pPv may be locally stable at the base of LLSVPs. Interestingly,
a recent study [Nomura et al., 2014] suggests a CMB temperature of 3570K ± 200K, significantly lower than
previous estimates. This would favor pPv being widespread above the CMB, including within LLSVPs. In
contrast, according to previous numerical experiments [Li et al., 2015] similar to those we performed here, for
high CMB temperature (around 4200 K) pPv is unstable throughout the CMB. Furthermore, the stability field
of pPv is sensitive to the composition, with iron perovskite transforming at shallower depth, and being stable
up to larger temperature at CMB pressure [Mao et al., 2006]. This would favor the formation of pPv patches
within LLSVPs, if these structures are enriched in iron, as suggested by compositional models [e.g., Trampert
et al., 2004; Mosca et al., 2012]. The presence of pPv within the large primordial reservoirs may have some
important implications on the dynamics of the lowermost mantle.

In this study, we investigate the relative distribution of the post-perovskite phase and reservoirs of dense,
primordial material (modeling the LLSVPs), and its dependence on the properties of the pPv phase change
and on the CMB temperature. We focus mainly on the parameters that from previous work [Li et al., 2015] are
known to play an important role on the occurrence and structure of pPv: CMB temperature, viscosity contrast
between pv and pPv, and the Clapeyron slope of pPv phase change. We observe that under certain conditions,
pPv patches may be maintained at the edge and within reservoirs of dense, primordial material.

2. Model Setup

To perform our numerical experiments, we use the code StagYY [Tackley, 2008], which solves the conserva-
tion equations of mass, momentum, energy, and composition for an anelastic compressible fluid with infinite
Prandtl number. All calculations are performed in 2-D spherical annulus geometry. The grid has radial and
lateral resolutions of 256 and 512 cells, respectively, and is refined in the top and bottom 150 km, with best
refined steps of 2 km. The composition field is tracked by about 2 million tracers and varies between 0 for
regular mantle material and 1 for primordial dense material.

The viscosity is assumed to depend on temperature, depth, phase, and yield stress, and we further imposed
a viscosity jump of 30 between upper and lower mantles. The viscosity is therefore given by

𝜂 = 1(
1

𝜂b(z,T ,ΓpPv) +
1
𝜂Y

)

with

𝜂b(z, T ,ΓpPv) = 𝜂0[1 + 29H(z − 660)]exp

[
ΓpPvln(Δ𝜂pPv) + Va

z
D

+ Ea

ΔTS

(T + Toff)

]

and

𝜂Y =
𝜎0 + 𝜎iP

2ė
(1)

where 𝜂0 is the reference viscosity (taken at temperature T=1600 K and depth z = 0 km), H the Heaviside step
function, and Δ𝜂pPv the viscosity jump between perovskite and post-perovskite. Va and Ea are the nondimen-
sional activation volume and activation energy, controlling viscosity variations with depth and temperature,
respectively, and Toff is the offset temperature, which reduces the viscosity jump through the top thermal
boundary layer. In all our calculations, the value of this parameter is set to 0.88ΔTS. The yield stress helps to
build plate-like behavior at the top of the domain. Here we defined the yield stress by imposing its surface
value 𝜎0 and its pressure gradient 𝜎i. The yield viscosity, 𝜂Y , is defined as the ratio between the yield stress
and the second invariant of the strain rate tensor ė. To avoid numerical difficulties, the viscosity is truncated
between 10−3 and 105 of the reference viscosity.

The phase boundary from perovskite to post-perovskite is fixed at a reference point of 2700 K and 2700 km
depth [e.g., Murakami et al., 2004], from where lateral deviations in the depth are determined by using the
phase function approach of Christensen and Yuen [1985] defined by

ΓpPv(T , z) = 0.5 + 0.5tanh
z − zpPv − 𝛾pPv(T − TpPv)

w
(2)
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Table 1. Parameters of the Numerical Models

Parameter Symbol Value

Acceleration of gravity g 9.81 m s−2

Mantle thickness D 2891 km

Superadiabatic temperature difference ΔTS 2500 K

Reference adiabatic temperature Tas 1600 K

Surface density 𝜌S 3300 kg/m3

CMB density 𝜌b 5500 kg/m3

Surface thermal expansion 𝛼S 5.0 × 10−5 K−1

CMB thermal expansion 𝛼b 1.0 × 10−5 K−1

Surface thermal diffusivity 𝜅S 6.24 × 10−7 m2s−1

CMB thermal diffusivity 𝜅b 8.74 × 10−7 m2s−1

Clapeyron slope at z = 660 km Γ660 −2.5 MPa/K

Reference thermal viscosity 𝜂0 1.6 × 1021 Pa s

Viscosity ratio at z = 660 km 𝜂660 30

Thermal viscosity ratio Δ𝜂T 109

Vertical viscosity ratio Δ𝜂Z 102

Width of pv to pPv phase transition w 10 km

where ΓpPv is the phase function for post-perovskite, varying from 0 for perovskite to 1 for post-perovskite,
T and z temperature and depth, respectively, (TpPv, zpPv) a point on the phase boundary, 𝛾pPv the Clapeyron
slope, and w the width of the phase transition.

The reference Rayleigh number is defined as

Raref =
𝛼sg𝜌sΔTsD3

𝜂0𝜅s
(3)

where 𝛼s is the surface thermal expansivity, g the acceleration of gravity, ΔTs the superadiabatic temperature
difference, D the mantle thickness, 𝜂0 the reference viscosity obtained using the potential temperature at the
surface (here 1600 K), and 𝜅s the surface thermal diffusivity. This reference Rayleigh number is fixed at 108 in
all experiments.

The primordial material is set to be denser than the regular mantle material, and the density contrast between
primordial and regular mantle material is controlled by buoyancy ratio (B), which is defined as

B =
Δ𝜌C

𝛼s𝜌sΔTs
(4)

where Δ𝜌C is the density difference between the dense and regular material. The buoyancy ratio is fixed at
0.32 in all our experiments, which allows large primordial reservoirs to be stable at the bottom of the system
[e.g., Li et al., 2014a]. For a superadiabatic temperature difference ΔTS = 2500 K and thermal expansion
𝛼s = 5.0 × 10−5 (taken at z = 0 and T = 1600 K), this value of B leads to a density contrast of 130 kg/m3, corre-
sponding to a relative density anomaly of about 2.4% at the bottom of the mantle. This value is in agreement
with estimates of density anomalies in the lowermost mantle from probabilistic tomography [e.g., Trampert
et al., 2004; Mosca et al., 2012]. The initial thickness of the primordial layer is 0.07, i.e., 5% in total mantle volume.
The values of other physical parameters are listed in Table 1.

3. Results
3.1. Influence of pPv Phase Transition Properties
We first conducted a series of experiments in which we vary the CMB temperature, TCMB. We considered three
values of TCMB, 3350 K, 3475 K, and 3750 K, covering the range of values suggested by Nomura et al. [2014].
In this series of experiments, the viscosity of pPv is smaller than that of perovskite by 3 orders of magnitude
(weak pPv) [Ammann et al., 2010], and we set the Clapeyron slope to 13 MPa/K. We observe three main dis-
tribution patterns of pPv depending on TCMB. For TCMB = 3350 K, the outer core is fully covered by a layer of
pPv, including within the reservoir of dense material (Figures 1a–1c). The thickness of the pPv layer varies
with local pressure-temperature (P-T) conditions, with the pPv layer being thinner within the large primordial
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Figure 1. Snapshots of superadiabatic (a, d, and g) temperature, (b, e, and h) composition, and (c, f, and i) phase fields
for experiments with different CMB temperature at t = 5 Gyr. The viscosity contrast between pPv and pv is 1/1000 in all
three experiments. For the phase field, the colour code ranges from 0 to 3 for olivine, spinel, perovskite, and
post-perovskite, respectively. The boundary of pv and pPv is contoured in black. Note that the magenta and yellow
regions denote regions where two phases are present, due to the fact that in our model phase change is not
discontinuous, but varies smoothly with temperature and pressure.

reservoirs, which are hotter than surrounding mantle material, and thicker in the regions where cold slab
reaches the lowermost mantle. In contrast, for TCMB=3750 K, we observe double crossing of the pPv phase
change at the edge of the pPv piles and a strong anticorrelation between the location of pPv and that of large
primordial reservoirs. For an intermediate CMB temperature, TCMB = 3475 K, the primordial reservoirs are peri-
odically pushed aside as cold downwellings reach the CMB, leading to the formation of a horizontal thin, long
tail of primordial material at the margins of these reservoirs. The local P-T conditions at these margins are such
that the phase change from pv to pPv can occur temporarily, i.e., the thin horizontal tail of primordial material
is within the stability field of pPv. The thickness of the margins is typically of several tens of kilometers, and
their length varies with time up to several hundred kilometers.

We then conducted a series of experiments to investigate the effects of the pPv viscosity, with the CMB tem-
perature and pPv Clapeyron slope kept fixed and equal to 3475K and 13 MPa/K, respectively. It has been
suggested that pPv may be less viscous than perovskite by at least 3 orders of magnitude [Ammann et al.,
2010], with possible implications for the mantle dynamics [Nakagawa and Tackley, 2011; Samuel and Tosi, 2012;
Li et al., 2014b]. We considered two cases: regular pPv (Δ𝜂pPv = 1) and weak pPv (Δ𝜂pPv=1/1000). In both cases,
radial 1-D profiles of primordial dense material (Figure 2g) clearly show that most of the material is maintained
in the lower mantle. However, primordial reservoirs in the experiment with weak pPv are overall less stable
than those in the experiment with regular pPv. Comparison between Figures 2a–2c and Figures 2d–2f shows
that there is more primordial material in the middle and upper mantle (above 2000 km) and slightly less pri-
mordial material in the lower mantle in the experiment with weak pPv than in the experiment with regular
pPv. Figure 2g further indicates that in the depth range 700–1500 km the volume fraction of dense material
remains around 3% for the weak pPv case and only 1% in the regular pPv case. A notable exception is the
lowermost several tens of kilometers, where a thin long pPv primordial layer spread along the CMB. Again,
in the experiment with weak pPv, sharp horizontal tails of dense material, in which pPv is stable, form at the
margin of primordial reservoir, as cold slabs reach the deep mantle and push the primordial material aside
(Figure 2e). Due to the viscosity contrast between pv and pPv, the low viscosity part in the deepest man-
tle is in the cold region where the pPv phase change occurs (Figure 2f ), in agreement with previous studies
[Nakagawa and Tackley, 2011; Samuel and Tosi, 2012; Li et al., 2014b]. In the experiment with regular pPv, on
the contrary, we do not observe horizontal tails (Figure 2b), and the pPv stability field is strongly anticorrelated
with the primordial reservoirs.
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Figure 2. (a–f ) Snapshots of superadiabatic temperature (Figures 2a and 2b), composition (Figures 2c and 2d), and
viscosity (Figures 2e and 2f) fields for experiments with regular pPv (Δ𝜂pPv = 1, Figures 2a, 2c, and 2e) and weak pPv
(Δ𝜂pPv = 0.001, Figures 2b, 2d, and 2f ) at t = 5 Gyr. The CMB temperature is fixed at 3475 K. The boundary of pv and pPv
is contoured in black. (g) One-dimensional profile of the average volume percentage of primordial material as a function
of depth for these two experiments in the last 2 Gyr.

The Clapeyron slope is another important parameter that affects the presence of the pPv phase transition.
Small Clapeyron slopes favor the occurrence of pPv, while large values prevent the presence of pPv above
the CMB. The value of the Clapeyron slope may, in particular, control the presence of pPv patches within
reservoirs of primordial material. The Clapeyron slope of the pPv phase transition is still uncertain, with early
estimates in the range 4–8 MPa/K [Oganov and Ono, 2004] but more recent studies pointing to larger values
of around 13 MPa/K and up to 17 MPa/K [e.g., Tateno et al., 2009; Dobson et al., 2011]. Previous calculations with
setup similar to that of our experiments [Li et al., 2015] have shown that values of the Clapeyron slope smaller
than 10 MPa/K lead to pPv layering around the CMB, provided that the CMB temperature is not too high.
Discontinuous pPv patches appear only for higher values of the Clapeyron slope, around 12 MPa/K and more.
Here we only focus on this higher end of the range of Clapeyron slope. Figure 3 shows snapshots of experi-
ments with low CMB temperature (3350 K), weak pPv, and different Clapeyron slopes at t = 5 Gyr. Figures 3a–3c
show the experiment with a Clapeyron slope of 13 MPa/K. In this case, a pPv layer of different thickness cov-
ers the whole CMB region. This layer is thicker in cold regions, where cold slabs spread along the CMB, and
thinner in hot regions such as the interior of large primordial reservoirs. As the Clapeyron slope increases to
15 MPa/K, the whole CMB region is still covered by a pPv layer, but the thickness of this layer strongly varies.
In particular, it is very thin within the large primordial reservoirs (Figures 3d–3f ). With an extreme value of
17 MPa/K, the phase change from pv to pPv hardly occurs within the large primordial reservoirs and even out-
side (Figures 3g–3i). Still in this case, we observe a strong anticorrelation between the locations of the pPv
phase and large primordial reservoirs. “Double crossings” of the pPv phase change [Hernlund et al., 2005] are
also present.

3.2. Temporary pPv Patches Within Primordial Reservoirs
The three experiments shown in Figure 3 illustrate two main types of interface between pPv stability regions
and large primordial reservoirs, namely, pPv fully covering the CMB and strong anticorrelation between pPv
regions and primordial reservoirs. It further shows that pPv phase change may occur locally and temporarily
within large primordial reservoirs, generating small discontinuous pPv patches. Figure 4 shows a sequence of
snapshots of the thermal and compositional field for a similar experiment, in which small discontinuous pPv
patches are generated. The CMB temperature is 3350 K, as in the experiments shown in Figure 3, the viscosity
of pPv is 1/1000 that of perovskite (weak pPv), and the Clapeyron slope is 15.5 MPa/K, which is intermediate
between the values leading to a full pPv layer and a strong anticorrelation between pPv and large primordial
reservoirs. In Figures 4a and 4b, showing the temperature and compositional fields at t = 3.753 Gyr, small pPv
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Figure 3. Snapshots of superadiabatic (a, d, and g) temperature, (b, e, and h) composition, and (c, f, and i) phase fields
for experiments with low CMB temperature (TCMB = 3350 K), weak pPv (Δ𝜂pPv = 0.001), and different Clapeyron slope
(𝛾pPv = 13, 15, and 17 MPa/K) at t = 5 Gyr. For the phase field, the colour code ranges from 0 to 3 for olivine, spinel,
perovskite, and post-perovskite, respectively. The boundary of pv and pPv is contoured in black.

piles clearly appear at the base of large primordial reservoirs (see zoom in Figures 4j and 4t). We more pre-
cisely observe two types of pPv patches: small lenses located well within the reservoirs of primordial material
and elongated patches at the thinned edges of the reservoirs, similar to those observed in our other exper-
iments with weak pPv and an intermediate CMB temperature (Figures 1d–1f ). As they reach the CMB, cold
slabs push the large reservoirs aside, creating thin horizontal tails of primordial material. Due to interaction
with cold slab, the tails of primordial materials become colder, allowing the pPv phase change to occur. These
elongated pPv patches are typically a few tens of kilometers in height. Due to the downwellings waxing and
waning, their length strongly varies with time, typically reaching a few hundreds of kilometers at a maximum.
Importantly, while their size strongly varies with time, these tails are maintained for a long period of time even
comparable to that of the large primordial reservoirs. In contrast, the pPv patches observed inside large pri-
mordial reservoirs are short-lived. The pPv patches are approximately 70 km in height and 350 km in length
at a maximum in the primordial reservoir on the left half of the box (which is ∼2000 km long) and 20 km in
height and 170 km in length in the primordial reservoir on the right half (which is ∼3000 km long)(Figure 4b).
Figures 4c–4g show the time evolution of temperature and composition fields of the area in the left white
box in Figure 4b. At the beginning of this sequence (t = 3.645 Gyr), the pPv phase is found only at the margin
of large primordial reservoirs in the reservoir’s thin horizontal tail. Then, starting at about t = 3.681 Gyr, the
isotherms within the reservoir are locally depressed toward the CMB, due to the entrainment of regular, colder
material within the dense reservoirs. This local decrease in temperature allows the phase change from pv to
pPv to occur at the base of the primordial reservoir, leading to the formation of a pPv patch. This patch grows,
reaches its largest size at about t = 3.753 Gyr and starts decreasing again after that time. At t = 3.942 Gyr and
later times, the local P-T condition does not allow for maintaining pPv patches. In contrast, in the thin elon-
gated edge of the reservoir, pPv can be maintained during the entire sequence. In this region, temperature
varies less and remains low enough to allow the presence of pPv during the entire sequence. In addition,
because the thickness of dense primordial material is much reduced in this region, the dynamic pressure is
slightly smaller than in the reservoir interior, which contributes to the stability of pPv at this location. A similar
evolution is observed in the primordial reservoir on the right half of the box (Figures 4m–4q), except that the
pPv patch located in the interior of this reservoir is smaller and remains stable during a shorter period of time.
Again, a thin tail of primordial material, in which pPv is stable, extends laterally at the margin of the reservoir.

To summarize, our experiment shows that if the CMB temperature is low enough, pPv patches can be tem-
porarily maintained within the reservoirs of dense, primitive material, and at its edges. The small pPv patches

LI ET AL. SMALL PPV PATCHES WITHIN LLSVPS 3220



Geophysical Research Letters 10.1002/2016GL067803

Figure 4. Snapshots of evolution of small discontinuous pPv piles within the large primordial reservoirs in the experiment with TCMB = 3350 K and
ΓpPv = 15.5 MPa/K. The boundary of pv and pPv is contoured in black. Isosurfaces of superadiabatic temperature of 0.70,0.72,0.74, and 0.76 are contoured in
white from top to bottom. All small pPv piles at the base of interior of large primordial reservoirs are indicated by small arrows. (a) Superadiabatic temperature
field at t = 3.753 Gyr; (b) composition field at t = 3.753 Gyr. Evolution of (c–g) temperature and (h–l) composition fields of the left reservoir. Evolution of (m–q)
temperature and (r–v) composition fields of the right reservoir.

in the interior of large primordial reservoirs are related to variations in the local P-T conditions at short time
scale and are thus maintained for short periods of time, typically ∼100 s Myr, whereas the pPv patches at the
edge of the reservoirs are stable for longer period of time due to the fact that these regions are colder than
the reservoirs’ interiors.

4. Discussion and Conclusions

In this study, we investigate the distribution of the pPv phase relative to that of large reservoirs of primordial
dense material as a function of the properties of the pPv phase change. We observe three cases within the
possible value range of these properties: (1) for low values of the CMB temperature and of the Clapeyron
slope, a full pPv layer covers the Earth’s core, with lateral variations in thickness due to the local temperature
and pressure conditions; (2) for large CMB temperature and Clapeyron slope, the stability region of pPv is
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strongly anticorrelated with the location of large primordial reservoirs; and (3) for low CMB temperature and
Clapeyron slope around 15.5 MPa/K, small pPv patches are temporarily stable within the primordial reservoirs
and at their margins. In this later case, two sorts of pPv patches are generated: patches at the thin, elongated
margins of the reservoirs, in which pPv is stable for relatively long periods of time (comparable to that of
primordial reservoirs themselves) and internal patches, which are short-lived (∼100 s Myr). Weak pPv, defined
as pPv with a viscosity smaller than that of perovskite by 3 orders of magnitude, facilitates the phase change
at the margins of large primordial reservoirs, while increasing Clapeyron slope plays an opposite role.

In our experiments, we focus on moderate to low (<3750 K) CMB temperature and high (>10 MPa/K)
Clapeyron slope of pPv, which favors the generation of discontinuous pPv patches. Previous calculations
[Li et al., 2015] indicate that for higher CMB temperatures (around 4200 K and higher) pPv is unstable through-
out the primordial reservoirs and that low (<10 MPa/K) Clapeyron slope lead to smoother variations of the
pPv stability field, including full pPv layering around the CMB. Our conclusions are therefore not valid for high
CMB temperatures and/or small values of the Clapeyron slope. It is important to note, however, that models of
mantle dynamics that best explain available geophysical observations, including constraints on the D′′ layer,
tomographic models, and plume distribution, should include a moderate CMB temperature (around 3750 K)
and a large Clapeyron slope (>13 MPa/K) [Li et al., 2015].

In our experiments, small pPv patches within large primordial reservoirs appear preferentially at the margins
of these reservoirs rather than in their interiors. In most of our experiments, weak pPv favors the formation at
the margin of reservoirs of thin horizontal tails of primordial material, where pPv is stable. The detailed size and
shape of these structures are affected by the cold slab and are therefore time dependent. Their height typically
varies from a few tens of kilometers up to 100 km, and their length is up to several hundreds of kilometers. The
presence of pPv patches within the interiors of large primordial reservoirs requires more specific and restricted
ranges of pPv properties. For example, in experiments with low CMB temperature (3350 K), a Clapeyron slope
smaller than 15 MPa/K leads to a full pPv layer above the CMB (Figures 3c and 3f), while a Clapeyron slope
of 17 MPa/K leads to pPv phase change occurring only outside large primordial reservoirs. Only in a narrow
range of the values of the Clapeyron slope may pPv occur locally within the large primordial reservoirs, as
shown in Figure 4.

Our results have some interesting implications for the ultralow-velocity zones (ULVZs), supporting the hypoth-
esis that these zones consist of iron pPv lenses. Shear wave velocity propagates faster in magnesium pPv
than in perovskite. Therefore, if Mg-pPv patches are present within LLSVPs, they should locally induce fast
shear wave velocity anomalies compared to the rest of the LLSVPs. No such observation has been reported
so far, suggesting that if present, pPv patches within LLSVPs should be strongly enriched in iron, in which
case they would be slower than average and may explain ULVZs. The large low shear wave velocity provinces
(LLSVPs) may be explained by an enrichment in iron compared to surrounding mantle [e.g., Trampert et al.,
2004; Mosca et al., 2012]. Following this hypothesis, post-perovskite patches forming within the LLSVPs would
be also enriched in iron. Furthermore, iron-rich pPv transforms at lower pressure than pure magnesium pPv
and, at a given pressure, remains stable up to higher temperature [e.g., Stackhouse and Brodholt, 2008]. This
implies that pPv patches may be present within LLSVPs even for CMB temperatures higher than those we
considered in our experiments and that these patches would be strongly enriched in iron. Based on min-
eral physics experiments, Mao et al. [2006] showed that the post-perovskite silicate phase containing up to
40% FeSiO3 can result in reductions of P and S wave velocities of up to 13% and 44% at 130 GPa and 3000 K,
somewhat larger than the decrease observed in ULVZs. These experiments further indicated that an iron con-
tent lower than 40% or an additional solid phase such as magnesiwüstite would bring the values into agree-
ment with those observed in ULVZs [Lay et al., 1998; Wen and Helmberger, 1998; Thorne and Garnero, 2004]. In
addition, recent measurements [Dorfman and Duffy, 2014] suggested that the increase in density in ULVZs may
be explained by a local iron enrichment about 40% in pPv. Therefore, pPv lenses within iron-rich reservoirs,
e.g., LLSVPs, may have a seismic signature comparable to that of ULVZs. It should further be noted that our
experiments exclude the possibility that ULVZs are related to the presence of partial melt, since the CMB tem-
peratures we used [Nomura et al., 2014] are much lower than those required to maintain partial melt [Williams
and Garnero, 1996; Berryman, 2000].

Further comparisons between our results and observations of ULVZs [Garnero, 2000; Thorne and Garnero,
2004; McNamara et al., 2010] can be made. First, the height of pPv patches at margins and interiors of large
primordial reservoirs are comparable to the observed thickness of ULVZs. The height of pPv patches within
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the large primordial reservoirs observed in our models are typically up to several tens of kilometers and down
to below our highest resolution (<2 km). The patches at the margins of the reservoirs are slightly thinner than
the internal patches, but their thickness is still around a few tens of kilometers. Second, while their size is time
dependent, the pPv patches do not exceed a few hundreds of kilometers in length. Again, this fits well the
observed lengths of ULVZs. It is also interesting to point out that internal pPv patches are usually smaller than
those at the margins. Finally, in our experiments, pPv patches are present both at the margins and within inte-
riors of large primordial reservoirs. This is consistent with the observed distribution of ULVZs, showing that
most of the ULVZs are located within or at the margins of LLSVPs [McNamara et al., 2010]. It is interesting to
note that as shown in Figure 4, the locations of the small pPv piles within the interior of large primordial reser-
voirs are under or close to the roots of plumes above, which is again consistent with available observation
of ULVZs [e.g., Williams et al., 1998]. In addition, the extension of the thin elongated pPv primordial layers at
the margins of primordial reservoirs are similar to the structures and size recently observed by high- resolu-
tion P wave tomography [e.g., Frost and Rost, 2014]. It should be noted, however, that ULVZs are also observed
outside LLSVPs, which our experiments do not explain. ULVZs may thus have different origins depending on
their location. Alternatively, small piles of primordial material, unresolved by current tomographic models,
may exist locally in the lowermost mantle with P-T conditions allowing the presence of pPv. Such small piles
are generated episodically in our models.

Another possible explanation for ULVZs is that they consist of lenses of dense, chemically distinct material
within LLSVPs, which are themselves chemically distinct from the ambient mantle [e.g., McNamara et al., 2010;
Thorne et al., 2013]. Like pPv patches, this hypothesis explains well the size and distribution of ULVZs, but it
predicts a different time evolution of these structures, both in size and location. The numerical models of
McNamara et al. [2010], which include large reservoirs of primordial material (modeling LLSVPs) and small
patches of high-density material (modeling the ULVZs), indicate that the patches of high-density material
are entrained by the internal flow of the primordial reservoir toward the margins of these reservoirs, where
they tend to merge. In contrast, if ULVZs observed in LLSVPs are pPv patches enriched in iron, their locations
should be relatively unchanged during their whole life time. Instead of moving to margins, the ULVZs located
in the interiors of LLSVPs would appear or disappear depending on the P-T conditions in this region. The
experiments of McNamara et al. [2010] further suggest that small amounts of high-density material may be
entrained upward by thermal plumes generated at the edges of primordial reservoirs, thus inducing small
changes in the size of ULVZs. The pPv patches hypothesis implies a more substantial time variation of the
size of ULVZ. While the total volume of ULVZs may overall increase with time, due to core cooling, the size
of the ULVZs may strongly vary with time at short (∼100 Myr) time scales, following the evolution of local
P-T conditions within the LLSVPs. At the current stage of our knowledge of the lower mantle, it is difficult
to discriminate between the chemically distinct material and pPv patches hypotheses. This would require
tracking the evolution of ULVZs over time scale of at least ∼100 Myr. Seismic anisotropy in the lowermost
mantle may provide additional information. In particular, strong anisotropy within or at the top of ULVZs may
indicate that these regions experience strong shear stress, which might be related to strong horizontal flow
due to their migration, thus supporting a chemically different origin for ULVZs [McNamara et al., 2010]. Such
observations are however currently not available.

Future works may focus on several directions. First, we treated the phase change from pv to pPv only as
temperature and pressure dependent. However, as noted above, this phase change may also depend on com-
position, especially the iron component [e.g., Stackhouse and Brodholt, 2008]. The phase boundary may thus
vary due to the composition, and a composition-dependent pPv phase change needs to be included into our
model to fully investigate this effect. Second, because the pPv phase change is very sensitive to the change
of P-T conditions in the lowermost mantle, accurate estimates of the size and duration of small pPv patches
within the interior of large primordial reservoirs require an accurate description of mantle convection. Most of
the parameters, including the density contrast between primordial and regular materials and the volume of
LLSVPs, are poorly constrained. Previous studies [e.g., Li et al., 2014a, 2015] have, however, identified ranges
of likely values for these parameters (i.e., explaining several geophysical constraints observations), which we
use in this study. While using these ranges of parameters, which ensures the presence of stable reservoirs of
primordial material, it is important to check their influence on the distribution of pPv above the CMB. Third,
high-resolution calculations in full 3-D spherical geometry are needed to investigate the detailed shape and
distribution of these pPv patches at the margins and within the interiors of the large primordial reservoirs.
These may further be used for quantitative comparisons with available seismological observations.
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