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results suggest both LLSVPs have steep sharp side boundaries, which imply that they probably are
compositionally heterogeneous from the ambient mantle. When applying the surface plate motion
history in the last a few hundred million years (Ma) as the driving mechanism, numerical modeling
has successfully reproduced the geographical distribution of the two LLSVPs in thermochemical mantle

Keywords: convection. However, two prominent seismic features of the LLSVPs, the steep side boundaries and
LLSVPs the high elevation, can hardly be obtained in previous geodynamic models. Here, we include in our
lower mantle mantle convection model the effects of iron-spin transition of ferropericlase which substantially change
spin transition physical properties of the mantle. Our results show that iron-spin transition plays a dominant role in
ferropericlase controlling the structure and stability of LLSVPs. Large chemical blocks with steep side boundaries and

high elevations up to ~1200 km above core-mantle boundary (CMB) emerge in our models with the
volume content of ferropericlase ~20%. Such blocks cause a shear wave velocity decrease of ~3.5%
which is consistent with the seismic observations. Our results also show that these LLSVPs are transient
structures in the lower mantle, which can typically last for a few hundred million years before destroyed
by large-scale mantle motion.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction have steep and sharp side boundaries (He and Wen, 2009). Be-
sides the decreased shear wave velocity, the two LLSVPs also show
Two large low shear velocity provinces (LLSVPs) in the Earth’s anti-correlations between shear velocity and bulk sound velocity
lower mantle have been identified from seismic tomography stud- near the CMB (Ishii and Tromp, 2004). These seismic observations
ies for their rapidly decreased shear wave velocity compared with ~ together suggest a chemical origin for the LLSVPs, possibly from
the ambient mantle (Grand et al., 1997; Ritsema et al., 1999). The  the accumulation of recycled slabs or from the remnant mate-
two LLSVPs are located nearly antipodal beneath Africa and the rial Qf dense melt formed in early evolution history of the Earth
central Pacific Ocean, both with high elevations and steep side (Christensen and Hofmann, 1994; Labrosse et al., 2007).

boundaries based on seismic waveform modeling studies (Ni et al., Studying the formation and stability of these two LLSVPs is
2002; Ni and Helmberger, 2003; He and Wen, 2009). The African one of the key issues in understanding the evolutionary history of

one extends 1200-1500 km upward from the core-mantle bound- the Earth’s lower manFle. Thermochemical ge"dyﬂamic modeling
ary (CMB) with steep and sharp side boundaries (Ni et al., 2002: has been employed to investigate the evolution of the two LLSVPs

Wang and Wen, 2007). The structure of LLSVP beneath the Pacific IZI;] large-scalle 21182111(;tlleT convect;onz (()l;/[]cNaVI:/]g ;a ind . Zhong,d 20105;
Ocean is less clear. It has been suggested that there exist two sep- ang et b, 2010, dan et al, . ,)' ith the imposed plate
arated parts with ~700 km and ~300 km in height respectively motion history in the last 120 million years (Ma) as the sur-

(He and Wen, 2009). Similar to the Africa block, both Pacific parts face boundary condition, McNamara and Zhong (2005) success-
' ’ ’ fully reproduced the antipodal geographical distribution of the

two LLSVPs beneath Africa and the Pacific Ocean. However, it is
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ambient mantle (Ni et al., 2002; McNamara and Zhong, 2005;
Tan and Gurnis, 2007). A small density contrast leads to quick
mixture of the chemical composition with the ambient mantle. On
the other hand, a large density contrast forms a flat layer without
large topography at the base of the mantle (e.g. Tan and Gurnis,
2007). One possible way to form a stable chemical structure with
high elevation and steep side boundaries is by assigning a different
compressibility for the chemical composition compared with the
ambient mantle (Tan and Gurnis, 2005). This setting leads to two
distinct density profiles for the chemical material and the ambient
mantle. The elevation of the chemical block is then controlled by a
“height of neutral buoyancy” where two density profiles intersect
each other (Tan and Gurnis, 2005, 2007). However, how to deter-
mine the neutral buoyancy height remains a difficult question.

The geographical stability of the two LLSVPs is another issue
under great debate. Based on the reconstruction of large igneous
provinces (LIPs), some studies propose that these two LLSVPs have
been geographically stable since 300 Ma (Torsvik et al., 2008) or
existed even much longer as an old isolated reservoir (Burke et al.,
2008). But geodynamic modeling results indicate that these two
LLSVPs may be transient structures which can only last for several
hundred million years in large-scale mantle convection (Zhang et
al,, 2010; Tan et al.,, 2011).

In previous thermochemical mantle convection models, they
did not consider an electronic reconfiguration of iron under
temperature-pressure conditions of the lower mantle: spin tran-
sition. Spin transition of iron has been observed in both fer-
ropericlase [(Mg,Fe)O] and bridgmanite (Tschauner et al., 2014)
[(Mg, Fe)(Si, Al,Fe)O3] which volumetrically take up ~17% and
~79% of the lower mantle, respectively (Badro et al., 2003;
Lin et al, 2013). Iron in bridgmanite is more complex than
iron in Fp: it can exist in Fe?t and Fe3T states and can oc-
cupy the A site and B site. First-principles calculations show
that the extremely high quadruple splitting value of Fe?t in
bridgmanite above ~30 GPa, which has been interpreted as the
high-spin to the intermediate-spin transition (Lin et al., 2008;
McCammon et al., 2008), results from the change of local struc-
ture of A site Fe2™ (Bengtson et al, 2009; Hsu et al, 2011),
whose effect on density and bulk modulus are much smaller than
the effect of spin transition on density and bulk modulus of fer-
ropericlase (Lundin et al., 2008). The experimental and theoretical
studies show that only B site Fe3t experiences high spin to low
spin transition at lower mantle pressure (Stackhouse et al., 2007;
Hsu et al., 2011; Fujino et al., 2012). The abundance of B site Fe3*,
however, is still under debate. Some experiments show that (B site
Fe3T)/(total Fe) is negligible at lower mantle pressure (e.g. Glazyrin
et al., 2014). For this reason, we only focus on the effects of iron-
spin transition in ferropericlase.

When the transition in ferropericlase occurs, the number of
unpaired d electrons of Fe?* decreases from four to zero, lead-
ing to the reduction of volume of iron atom, which significantly
changes the physical properties of ferropericlase (e.g. Lin et al.,
2013). The spin transition of iron causes anomalous softening
of the bulk modulus of ferropericlase (Marquardt et al., 2009;
Wentzcovitch et al., 2009; Wu et al., 2013) which produces an
unusual effect: P wave of pyrolitic lower mantle becomes tempera-
ture insensitive at the depth of ~1750 km (Wu and Wentzcovitch,
2014). This effect provides reasonable explanations to most of the
unusual results disclosed by seismic tomography at middle lower
mantle such as the disruption of P wave image below some hot
spots (Zhao, 2007) and the global disruption of P wave struc-
ture (van der Hilst and Karason, 1999), which suggest that spin
transition of iron in ferropericlase indeed occurs at lower man-
tle, although the spin transition is not visible in one-dimensional
seismic velocity profile (Masters, 2008). The anomalous thermody-
namics properties of ferropericlase caused by spin transition (Wu

et al., 2009) inspire investigations of their effects on mantle con-
vection. It has been shown that iron-spin transition enhances the
vigor of plumes in numerical simulations of purely thermal man-
tle convection (Bower et al., 2009; Shahnas et al., 2011). However,
the influence of iron-spin transition on thermochemical convection
has not been discussed yet.

The purpose of this work is to investigate the influence of the
iron-spin transition of ferropericlase on thermochemical mantle
convection, particularly on the formation and stability of LLSVPs in
the lower mantle. We first provide the governing equations and pa-
rameterization of iron-spin transition in our model. Then we show
that iron-spin transition may significantly influence the structure
and stability of LLSVPs.

2. Methods

We construct our model in a spherically axisymmetric geome-
try with a modified extended Boussinesq approximation (King et
al., 2010). The non-dimensional conservation equations of mass,
momentum and energy for thermochemical convection are as be-
low,

V.-u=0, (1)
~Vp+V-[n(Vu+vu')]

— [Rapa(T — T;) — Ra.Clg =0, (2)
DT . Di
— — Diagu(T+Ts) =V - (kVT)+ — O + H. (3)
Dt Ra

Here, the variables are the velocity vector u, dynamic pres-
sure p, viscosity 7, density p, thermal expansivity ¢, temperature
T, horizontally averaged temperature T, chemical composition C
(varying between 0 and 1), gravitational acceleration vector g,
surface temperature T, thermal diffusivity «, viscous diffusivity
® and heat production rate H. Each of these variables is non-
dimensional. Rayleigh number Ra and chemical Rayleigh number
Rac in Eq. (2) are defined as:

ATR3?
Ra— P00 8o ’ (4)
KonNo
A /
Ra :Raﬁ, (5)
,OoOloAT

where pg is surface density; «g is surface thermal expansivity; go
is surface gravitational acceleration; AT is temperature contrast
between surface and CMB; R is radius of the Earth; g is surface
thermal diffusivity; no is reference viscosity and Ap/ is chemical
density anomaly. They are all dimensional variables. The physical
constants used in our models can be found in Table 1. In all of our
models, Ra is fixed at 108 (except for Cases 14-20, see Table S1
in supplementary materials), corresponding to a reference lower
mantle viscosity of ~9 x 102! Pas. Di is the dissipation number
which can be expressed as:

pi = 2080k 6)

Cp_o

where Cp_o is the dimensional surface specific heat (Table 1).
We add a depth-dependent density profile in the buoyancy
term. The non-dimensional density profile can be expressed as

0(2) = exp(x2). (7)

Here, x is the mantle compressibility and z is the non-
dimensional depth normalized by the Earth’s radius (Table 1). The
parameters used lead to a factor of ~1.65 increase in density from
surface to CMB, similar to the Earth’s mantle density distribution.
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Table 1

Physical parameters and constant variables.
Parameters Value
Earth radius R 6371 km
Mantle thickness d 2870 km
Surface thermal expansivity op 3x107° /K
Surface thermal diffusivity «o 1x 1078 m?/s
Surface density pg 3400 kg/m3
Surface specific heat Cp_o 1200 J/(kgK)
Surface gravitational acceleration gg 10.0 m/s?
Mantle compressibility x 111
Dissipation number D; 1.6
Surface temperature Ts o 273 K
Temperature contrast between surface and bottom AT 3500 K

From surface to CMB, the thermal expansivity « decreases linearly
by a factor of 2.0 and the thermal diffusivity « increases linearly
by a factor of 2.18. The thermal expansivity is a parameter affect-
ing the stability of mantle plumes (Hansen and Yuen, 2000). We
will later discuss the effect of different depth-dependent profiles
of thermal expansivity on our results.

The viscosity used in our model is dependent on both depth
and temperature. The non-dimensional form of viscosity can be
expressed as:

n(T,2) = nr(2) exp[A(0.5 — T)]. ®)

Here, 1:(z) is 1/30 in upper mantle except for lithosphere (depth
<100 km) where 7,(z) is 1/3; For the lower mantle, n,(z) = 1.
This formulation gives us a weaker upper mantle and a viscous
jump of 30 times at the upper-lower mantle boundary. The acti-
vation energy A is set to 6.908, leading to a viscous drop of 1000
times when non-dimensional temperature changes from 0.0 to 1.0.

In our model, the effects of the iron-spin transition are consid-
ered only in the buoyancy term. The dimensional density variation
in mantle convection model can be expressed as (modified after
Jarvis and Mckenzie, 1980):

Ap'=p' (=’ AT + p'/K}) + ApL, 9)
where p’ and «’ are depth-dependent density and thermal expan-
sivity respectively. AT’ is temperature perturbation; p’ is dynamic
pressure; K’ is isothermal bulk modulus. When iron-spin transi-

tion occurs, the new Ap’ can be written in the form that is similar
to Shahnas et al. (2011):

Ap'=p' (=’ AT" +p'/KT) + APy + Apy. (10)

;. . . P
Here, Apspin is the total density change due to spin transition, it
contains three parts:

A/Os/pin = Aps/_rho + Aps/_alpha + Ap;_bulk’ (11)

where Aps’ 1ho 1S the density change directly due to iron-spin tran-
sition (we further denote it as Ap;); A,o;_alpha and Aps’_bulk are
also density changes, but they are relate to the variations of ther-
mal expansivity and bulk modulus respectively, i.e.

Apg_giphg = —P'AagAT', (12)
P’ p'

Apg 1k::0,(7——>, (13)
s-bu Ki+AK, K}

where A« and AK] are the variations in thermal expansivity and
bulk modulus (we assume it is isothermal bulk modulus) caused
by iron-spin transition. We need to note that parameters Ap;, Ao,
and AK] are the physical property changes for the whole lower
mantle. If we assume ferropericlase takes up 20% of the lower
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Fig. 1. Spin-induced property anomalies of ferropericlase (Mgji_xFexO where x =
0.1875) relative to temperature and pressure. (a), (b) and (c) are variations of den-
sity, thermal expansivity and bulk modulus, respectively. The white lines in left
column of (a)-(c) are a typical geothermal profile. The corresponding values along
the profile are plotted in the right column of (a)-(c).

mantle by volume, then the relations between the mantle and fer-
ropericlase for these three properties can be easily obtained from
relations of Maxwell (Poirier, 2000) in the following format:

1
Apg= gA,o;_Fp (14)
1
A= gAO‘;_Fp (15)
1 1 1 1 1
o one w e\ A . wr (16)
Ky +AK;  K;  5\Kj+AK[ . Kj

where Aps/_Fp, Aa;_Fp and AK; Fp are the spin-induced variations

of density, thermal expansivity and bulk modulus for ferroperi-
clase, respectively. These three values change dramatically with
pressure and temperature at spin crossover region based on the
first-principles calculation (Fig. 1) (Wu et al., 2009). We will later
discuss the effect of different volume content of ferropericlase on
our results.

We use a modified version of 2-D finite element code, Citcom,
(Moresi and Solomatov, 1995) to perform the numerical simula-
tions in the spherically axisymmetric geometry. The calculation of
Aps/pin is included in the modified program. At each time step, the

program searches the values of A,o;_Fp, Aa;_Fp, AK; p, from Fig. 1
based on the temperature and pressure at each node, then adds
them to Ap’ as described in Eq. (10). The grid resolution is 385 by
129 nodes in 6 and r directions respectively, where 6 is from 0° to
90° and r is from CMB to surface. § = 0° corresponds to the north

pole. The left and right boundaries are reflective. The surface and
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Fig. 2. Compositional fields of Case 1 (left column) and Case 2 (right column) at 244,
311 and 364 Myr of evolutionary history, respectively. The left boundary is aligned
with the pole and the volume of chemical material in the plot needs to be scaled
with 27rsiné (r and 6 are respectively the radius and co-latitude of an element).

bottom boundaries are free-slip with fixed non-dimensional tem-
perature at 0 and 1, respectively. Our models are initiated with a
temperature field which is obtained by running the purely thermal
convection to a statistically steady state. A flat chemical layer of
200 km thick is then added above the CMB as the starting point.
Chemical composition is tracked with the tracer ratio method (e.g.
Tackley and King, 2003) and each element initially contains 16
tracers. We will later discuss the effect of different initial thick-
ness of the chemical layer on our results.

We also calculate the perturbation of shear wave velocity in our
model by using the method provided by Deschamps and Trampert
(2003), in which the lateral heterogeneity of velocity is induced
by the variations in temperature and composition. The variation
in composition can further be simplified as the chemical density
anomaly in our model (assuming this anomaly is totally due to
the change of iron content in bridgmanite). Note that this method
only works well for the mixture of bridgmanite and ferropericlase.
Therefore we only compute the velocity perturbation in the lower
mantle.

3. Results

Fig. 1 shows the change of density, thermal expansivity and
bulk modulus induced by iron-spin transition of ferropericlase.
These data are modified from the results of Wu et al. (2009) with
a constant shift in Gibbs free energy of high spin state of fer-
ropericlase, which moves the spin-transition pressure to the exper-
imental result at room temperature (Wu and Wentzcovitch, 2014).
Different from a phase transition, the iron-spin transition is a pro-
cess of gradual change (Fig. 1). For a typical geothermal profile, the
transition starts from the depth of ~1400 km and becomes notice-
able at the depth of ~1700 km.

Case 1 is a representative model which shows the influence
of iron-spin transition on thermochemical mantle convection (Ta-
ble S1). It starts with a 200 km chemical layer which is 2.2%
denser than the surrounding mantle and the thermal expansivity
decreases by a factor of 2 from surface to the CMB (Table S1).
The left column of Fig. 2 shows the compositional fields of Case 1
at three snapshots of different time. It can be observed that the
transition in spin state has significant effect on shaping the struc-
ture of chemical piles in the lower mantle. With the influence of
spin transition, chemical layer forms a huge block at the left mar-
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ol 30° 60°
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-1.5%
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Fig. 3. (a) Non-dimensional temperature fields (the value 0 and 1 correspond to 273
and 3773 K, respectively) of Case 1 at 203, 244, 311, 364, 417, 489 Myr. The black
lines in plots are contour lines where C = 0.8 (it also applies to Figs. 6-9). (b) Cal-
culated shear velocity perturbations in the lower mantle for Case 1 at 311 Myr.

gin of the model with steep side boundaries and high elevation to
~1200 km above CMB. These features make the block quite sim-
ilar to the LLSVP beneath Africa in morphology (Ni et al., 2002).
Case 2 is identical to Case 1 except that it ignores the influence of
iron-spin transition. The evolutionary results of Case 2 are shown
in the right column of Fig. 2. In this case, the chemical layer just
forms a flat and broad layer at the bottom of the mantle.

We estimate the formation and destruction time of the chem-
ical blocks with an empirical way: when the size of a chemical
block reaches more than 700 km in both r and # directions, and
the slope angle of the side boundary is larger than 50°, we take
the time as the formation time; when the chemical block is sig-
nificantly altered by the large-scale mantle convection (usually by
cold downwellings) to lose its block shape, we take the time as the
destruction time. The time interval between the formation and de-
struction time is defined as the lifespan of a chemical block. The
huge chemical block structure in Case 1 forms at ~203 million
year (Myr) and survives for ~300 million years. After ~489 Myr,
the structure begins to be destroyed by large-scale mantle motion
(Fig. 3a). The survival period of this huge chemical block can be di-
vided into 3 stages: formation (203 and 244 Myr in Fig. 3a), stable
(311 and 364 Myr in Fig. 3a) and destruction (417 and 489 Myr
in Fig. 3a). Two major factors contribute to the destroying of the
chemical structure: the entrainment of chemical material by large-
scale upwellings and the strong push from downwelling slabs right
above the chemical pile.

The corresponding variations of shear velocity in the lower
mantle for Case 1 at 311 Myr are presented in Fig. 3b. The cal-
culated shear velocities decrease by 3%-4% in the chemical block,
which is consistent with seismic observations (Wang and Wen,
2007; He and Wen, 2009).

We then extract each part of density perturbation A,os/pm in
Case 1 at 311 Myr, including Ap; . A,o;_alpha and Ap; ;e
and present them in Fig. 4a-c. It can be observed that in the
lower mantle, Aps/_rho and Aps/_alpha are smaller in the chemical
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block which has a higher temperature. Compared with Aps/ tho
and Apéialpha, Apéibulk is negligible in magnitude because the
dynamic pressure is only ~1/1000 of bulk modulus. The density
contrast between the chemical block region and the ambient man-
tle induced by the iron-spin transition appears at the depth of
~1400 km and is ~0.3% at the depth of 1700 km (Fig. 4d-e). Be-
tween 1700 km depth and CMB, the density contrast first increases
to ~1% then decreases to 0 (Fig. 4d-e). Such a density contrast
is the critical factor in promoting the formation of huge chemical
blocks with steep side boundaries and high elevations. The LLSVP
beneath Africa rise to ~1700 km depth, which is consistent with
the depth in our numerical model where the iron-spin transition
causes significant density contrasts between the chemical block re-
gion and the ambient mantle (Fig. 4d-e).

The density perturbation shown in Eq. (10) is caused by three
factors: temperature, composition and iron-spin transition. We de-
note the corresponding density variations due to these three fac-
tors as Apg, Apl and Apgp,.n respectively. Their percentages rel-
ative to reference density o’ for Case 1 at 311 Myr are shown in
Fig. 5. It can be observed that the total density perturbation in
the chemical block region (Ap; + Apg + A,o;pm) nearly equals to
the density perturbation in the ambient mantle. The density bal-
ance between the chemical block and the ambient mantle keeps

the chemical structure stable until it is destroyed by large scale
mantle motion, such as strong upwellings or downwellings.

The formation of the meta-stable chemical block is sensitive to
its intrinsic chemical density contrast. We test the effect of this
contrast by defining y = Ap(/p}, where p; is the reference density
at the upper boundary of the chemical layer at the initial time. We
run a series of cases in which y increases from 1.0% to 3.5% with a
step of 0.1%. The typical models with their results are presented in
Table S1 (Case 1, and Cases 3-7) and Fig. 6. We can note that, when
y is small (1.0% for Case 3), chemical composition quickly mixes
with surroundings; for intermediate y values (2.0%, 2.2%, 2.4% and
2.6% for Cases 4, 1 and 5-6), huge chemical blocks emerge with a
survival time of 200 ~ 300 Myr; when y becomes too large (3.5%
for Case 7), chemical material evolves as a nearly flat layer without
large topography above the CMB.

The thickness of initial chemical layer (Cy) and the decreasing
factor of thermal expansivity from surface to the CMB (@fycror) are
two other important parameters which may affect the formation
of huge chemical blocks. In Cases 8-10 (Table S1), all the param-
eters are the same as Case 1 except for Cy and afycror- When Cy
changes from 200 km to 300 km (Fig. 7, Case 8), the shape of
chemical structure does not change much except that it gets a
larger dimension in 6 direction. We then test the effect of o/cror
from 3.0 to 5.0. We find that if ogyceor = 3.0, large chemical blocks
can still emerge (Fig. 7, Case 9), but the range of valid y changes
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Fig. 6. Evolutionary fields of temperature for Cases 1 and 3-7. Parameters for Cases
3-7 are identical to Case 1 except for their different intrinsic chemical density con-
trasts.

from 2.0-2.6% to 2.0-2.2%. Once otfycor is larger than 4.0, which is
far larger than oo of MgO and MgSiOs (~2) (Wentzcovitch et
al.,, 2010), the chemical block structures with high elevations and
steep side boundaries cannot form any more.

All the above cases assumed that the volume content of fer-
ropericlase in the chemical layer (Cgp) is the same as in the ambi-
ent mantle (i.e. 20%), but this assumption may not be appropriate
due to the compositional change in the chemical layer. Therefore
it is necessary to investigate whether the variable content of fer-
ropericlase in the chemical layer can significantly influence our
results. Based on Case 1, we run several cases by changing Cgp
from 0.0% to 40.0% with a step of 5.0%. The results show that when
Crp equals to 15.0%, 25.0%, and 30.0% the expected chemical block
structures still form (Cases 11-13 in Table S1, Fig. 8), verifying the
robustness of our results.

Thus far, all these cases ignored the term of internal heating for
simplification (i.e. H in Eq. (3) equals to 0.0). To make the model
more realistic, we construct a group of new cases in which inter-
nal heating contributes to ~60% of the total heating of the mantle
(Zhong, 2006; Leng and Zhong, 2008). The import of internal heat-
ing increases the average temperature of the mantle, leading to
the decrease of viscosity and the increase of average velocity of
convection. So we decrease the Rayleigh number from 1e8 to 2e7
to make the new viscosity profile and root-mean-square velocity

Cn

Temperature fields
& Oltactor p

311 Myr

364 Myr

(Case 10)

Temperature

EEE—— 1 r
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 7. Evolutionary fields of temperature for Case 1 and Cases 8-10. We use Case 1
as the reference model and then adjust initial chemical layer thickness to 300 km
(Case 8) or increase the decreasing factor of thermal expansivity to 3 (Case 9), or
both (Case 10).
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Fig. 8. Evolutionary fields of temperature for Case 1 and Cases 11-13. These cases
are the same as Case 1 except for their different volume content of ferropericlase in
the chemical material.

of the mantle comparable to the previous cases. The increased
average temperature of the mantle also changes the density con-
trast of Apgpm between the hot chemical block and surroundings.
We present the typical results of internal heating cases in Fig. 9
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Fig. 9. Evolutionary fields of temperature for Cases 14-19 which considered the ef-
fects of internal heating. The initial temperature field is obtained by running the
purely thermal convection with internal heating which takes up ~60% of the to-
tal heating to a statistically steady state. The Rayleigh number for these cases is
adjusted to 2 x 107.

(Cases 14-19 in Table S1). It can be observed that the effect of
internal heating does not significantly influences the shape and
the survival time of the chemical block structures. However, the
proper range of y for generating large chemical blocks changes
to be 0.8-1.8%. We also find an interesting point for the internal
heating cases: The average height of the chemical block (Ay) is re-
lated to the value of y. When y equals to 0.8 and 1.0, Ay is larger
than 950 km (Cases 14, 15); when y equals to 1.2 and 14, Ay is
~850 km (Cases 16, 17); and when y equals to 1.6 and 1.8, Ay is
~700 km (Cases 18, 19). These results suggest that with the inter-
nal heating effect, the height of the chemical blocks is dependent
on their intrinsic chemical density contrast (which is no obvious in
previous density ratio tests, i.e. Cases 1 and 3-7).

For all the above cases, the chemical blocks with steep side
boundaries and high elevations, once formed, typically survive for
200-300 Myr, no matter how we change the model parameters
(i.e. Afactors CH, Crp, H). It suggests that the LLSVPs are probably
transient structures in the lower mantle which can emerge and
disappear as large scale mantle motion evolves.

Finally, we construct an additional model case (Case 20, Ta-
ble S1) which is identical to Case 1 except that its Rayleigh number
is 107, corresponding to a 10 times larger mantle reference viscos-
ity (i.e. ~9 x 10?2 Pas). The formation and destruction processes

of the chemical block for this case are similar to Case 1 (see sup-
plementary materials for the animation of Case 20. Note that the
survival time becomes longer due to the increased mantle viscos-
ity), showing that our results are not sensitive to a larger mantle
viscosity.

4. Discussions and conclusions

The density contrast of Aps/pin between the chemical block and
the ambient mantle (Fig. 4d, e) is the key point in promoting the
formation of large chemical blocks with steep side boundaries and
high elevations. When the iron-spin transition is not included, the
chemical layer is either entirely entrained by the upwelling plumes
(for a small intrinsic chemical density contrast) or remains a nearly
flat layer (for a large intrinsic chemical density contrast). But when
the iron-spin transition is included, A,o;pin is smaller in the hot
chemical block region compared with the ambient mantle (Fig. 4d
and e). This density contrast of Aps’pm provides an extra lifting
force for the chemical layer which can raise the chemical mate-
rial to the depth of ~1700 km with a flat top. This mechanism
well explains the steep side boundaries and high elevations up to
1700 km depth for the Africa LLSVP. Our model results show that
the height of the LLSVPs is dependent on their intrinsic chemical
density contrasts in the internal heating cases. Though the height
of LLSVP beneath the Pacific Ocean is still controversial (He and
Wen, 2009; Tanaka et al., 2009), our results suggest that the in-
trinsic density contrast of the LLSVPs beneath Africa and the Pacific
Ocean may be different from each other.

Iron-spin transition of ferropericlase has been observed experi-
mentally at lower mantle pressure since 2003 (Badro et al., 2003)
and confirmed by succeeding high-pressure experimental and the-
oretical investigations (e.g. Lin et al., 2013). Because of smooth
feature of the transition, the spin transition seems invisible at one-
dimensional sound velocity profile (Masters, 2008), which raises
the question whether spin transition can be observed on Earth. Wu
and Wentzcovitch (2014) found that spin transition of ferroper-
iclase will produce observable signatures at seismic tomography
because the P wave of pyrolitic lower mantle under spin transition
becomes temperature insensitive around the depth of ~1750 km.
These signatures have been widely reported in previous seismic
tomography studies such as the disruption of P wave image be-
low some hot spots (Zhao, 2007), the global disruption of P wave
structure (van der Hilst and Karason, 1999) at ~1700 km depth,
anti-correlation between shear velocity and bulk sound velocity
around middle lower mantle (Simmons et al., 2010), and discrep-
ancy between P and S wave model at the origin depth of thermal
plumes (Boschi et al., 2007). Here we further found that iron-spin
transition may control the formation of LLSVPs, a signature of the
spin transition from geodynamic aspect.

Most of the chemical blocks in our model last for about
200-300 Myr which is different from the studies of Burke et al.
(2008) who suggested that the LLSVPs can survive beyond 300 Myr
or much longer. In our model, the chemical materials mix with the
ambient mantle after being stable for 200-300 Myr, suggesting
that the LLSVPs can only survive in certain era of the evolution of
the Earth. The chemical layer in the lower mantle may be formed
from remnant of original chemical composition or the subduct-
ing slabs or the differentiation of materials at CMB. If they are
made of recycled slabs, when new chemical materials are sup-
plied from subduction, the LLSVPs may emerge periodically in the
lower mantle. This process deserves more detailed studies in fu-
ture work. We ignore the possible variation of viscosity caused by
iron-spin transition because the experimental results are still ob-
scure (Wentzcovitch et al., 2009). The effects of spin transition on
viscosity may not be as significant as density distribution in shap-
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ing the morphology of chemical blocks. Nevertheless, it may play
an important role in the surviving time of blocks.

In summary, we include the effects of iron-spin transition of
ferropericlase in thermochemical mantle convection model. This
transition in spin state of iron helps the formation of large chem-
ical blocks with steep side boundaries and high elevations to
~1200 km above the CMB. The similarity in geometry and shear
velocity perturbation between the modeled chemical structures
and the observed LLSVPs supports that iron-spin transition controls
the formation of LLSVPs. The signatures of the iron-spin transi-
tion have also been shown widely at seismic tomography studies
as suggested by Wu and Wentzcovitch (2014). The typical survival
time of these blocks is 200-300 Myr, suggesting that the LLSVPs
may be transient structures which can form in the lower mantle
and can be destroyed by large scale mantle motion.
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