
794 | Nature | Vol 620 | 24 August 2023

Article

Variation in bridgmanite grain size accounts 
for the mid-mantle viscosity jump

Hongzhan Fei1,2 ✉, Maxim D. Ballmer3, Ulrich Faul4, Nicolas Walte5, Weiwei Cao6 & 
Tomoo Katsura1,7

A viscosity jump of one to two orders of magnitude in the lower mantle of Earth at 
800–1,200-km depth is inferred from geoid inversions and slab-subducting speeds. 
This jump is known as the mid-mantle viscosity jump1,2. The mid-mantle viscosity 
jump is a key component of lower-mantle dynamics and evolution because it 
decelerates slab subduction3, accelerates plume ascent4 and inhibits chemical mixing5. 
However, because phase transitions of the main lower-mantle minerals do not occur 
at this depth, the origin of the viscosity jump remains unknown. Here we show that 
bridgmanite-enriched rocks in the deep lower mantle have a grain size that is more than 
one order of magnitude larger and a viscosity that is at least one order of magnitude 
higher than those of the overlying pyrolitic rocks. This contrast is sufficient to explain 
the mid-mantle viscosity jump1,2. The rapid growth in bridgmanite-enriched rocks at 
the early stage of the history of Earth and the resulting high viscosity account for their 
preservation against mantle convection5–7. The high Mg:Si ratio of the upper mantle 
relative to chondrites8, the anomalous 142Nd:144Nd, 182W:184W and 3He:4He isotopic 
ratios in hot-spot magmas9,10, the plume deflection4 and slab stagnation in the mid- 
mantle3 as well as the sparse observations of seismic anisotropy11,12 can be explained 
by the long-term preservation of bridgmanite-enriched rocks in the deep lower mantle 
as promoted by their fast grain growth.

The lower mantle of Earth consists of bridgmanite as the most abun-
dant mineral phase, followed by ferropericlase and davemaoite as the 
second and third phases, respectively. Silicate melting and solidifica-
tion experiments13,14 demonstrate that bridgmanite is the first phase 
to crystallize from a magma ocean in the early stages of the history of 
Earth. Owing to fractional crystallization15, bridgmanite-enriched rocks 
with low ferropericlase proportion (Xfpc <5–10%) were formed at more 
than about 1,000-km depth, evolving into pyrolitic (or peridotitic) 
rocks with relatively high Xfpc (≈20%) at shallower depths, whereas 
the davemaoite content is lower than that of ferropericlase or even 
absent in the deep lower mantle16. The bridgmanite-enriched rocks 
could be preserved until the present day without mixing by mantle 
convection5–7,17 as demonstrated by the current mantle seismic and 
density profiles, both of which agree well with pyrolitic compositions 
in the shallow lower mantle and bridgmanite-enriched rocks in the 
deeper regions18–21. A bridgmanite-enriched deep lower mantle is also 
supported by the density crossover between bridgmanite and ferrop-
ericlase—that is, bridgmanite-enriched rocks are denser than pyrolitic 
rocks in the mid-mantle20.

It was previously considered that bridgmanite is rheologically 
stronger than ferropericlase22–24. Thus, bridgmanite-enriched rocks 
may have a higher viscosity than those of pyrolitic rocks, which may 
lead to an increase in viscosity with depth. The increase in strength of 
ferropericlase with pressure23,25 and the iron spin transition26 may also 

cause an increase in viscosity. However, using these scenarios to explain 
an increase in viscosity of one to two orders of magnitude requires an 
interconnected framework of ferropericlase (ferropericlase-controlled 
lower mantle rheology)5,22, which is unlikely because the electrical con-
ductivity of the lower mantle is comparable to that of bridgmanite27,28, 
but three orders of magnitude smaller than that of ferropericlase27. In 
particular, recent atomic modelling29 shows periclase has a slower creep 
rate than that of bridgmanite under mantle conditions, whereas defor-
mation experiments30 suggest that bridgmanite has an identical creep 
rate to that of post-spinel (70% bridgmanite + 30% ferropericlase); both 
of these findings indicate a bridgmanite-controlled lower-mantle rhe-
ology. Moreover, the oxygen vacancies in bridgmanite formed by the 
substitutions of Si4+ with Al3+ and Fe3+ have been proposed to cause an 
increase in bridgmanite strength with depth31–33. However, Al3+ and Fe3+ 
are more likely to form FeAlO3 in bridgmanite34. Furthermore, the con-
tribution of davemaoite to lower-mantle rheology should be limited as 
well because of its low volume fraction (and thus no interconnection)16, 
although davemaoite is rheologically weaker than bridgmanite35.

Because the viscosity (η) of polycrystalline aggregates has a strong 
grain-size (d) dependence (η ∝ d2 ~ d3) in the diffusion creep regime, 
which may play an essential part in lower-mantle rheology11, constraints 
on grain size and grain-growth rate of bridgmanite are crucial for under-
standing the viscosity of the lower mantle36. However, the grain size and 
grain-growth rate have so far only been experimentally investigated 
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at a fixed Xfpc of 30% (refs. 37,38). As the lower mantle consists of both 
pyrolitic rocks with high Xfpc and bridgmanite-enriched rocks with 
low Xfpc as discussed above5–7,17–19, the influence of the proportion of 
ferropericlase on bridgmanite growth rate needs to be investigated.

Here we investigated the grain-growth kinetics of bridgman-
ite as a function of Xfpc by multi-anvil high-pressure experiments. 
Aggregates of bridgmanite with different Xfpc (about 0–60%) were 
pre-synthesized from San Carlos olivine, orthopyroxene (opx), solu-
tion–gelation-derived silicates (sol–gel) and melt-quenched silicate 
glasses (Extended Data Table 1) and annealed at 27 GPa and 2,200 K for 
1.5–1,000 min for grain growth (Extended Data Table 2). The grain sizes 
were obtained from backscattered electron images of the recovered 
samples (Fig. 1), from which the growth-rate constant was calculated. 
Details of the experiment are provided in the Methods.

Evolution of grain size over time
The recovered samples show that the grain-size distribution in log 
units (log(d)) follows a Gaussian distribution (Fig. 1). As expected, the 

mean grain size increases with an increase in annealing duration for 
both single-phase (Xfpc = 0%) and two-phase aggregates (Fig. 2). After 
annealing at 2,200 K for 1.5–1,000 min, the grain size of samples with 
Xfpc = 0% is 0.7–1.0 orders of magnitude larger than those with Xfpc = 30% 
(Fig. 2). Samples pre-synthesized from different starting materials 
(olivine, opx, sol–gel and glasses) show consistent results (Fig. 3a–c).

Grain growth of polycrystalline aggregates follows a power law that 
can be approximated by

d d kt− = , (1)n n
0

where d denotes grain size after a growth experiment of duration  
t, d0 is the initial grain size, k is the growth-rate constant and n is the 
grain-size exponent (coarsening exponent). For our annealing dura-
tions, d exceeds d0 by more than a factor of three (Extended Data Fig. 1); 
therefore, d0 can be neglected in equation (1). Hence, log(d) increases 
approximately linearly with increasing log(t) (Fig. 2). The slopes of the 
fitting lines represent 1/n in equation (1).

Least-squares fitting of our data yields n = 2.9 ± 0.2 and 5.2 ± 0.3 for 
Xfpc = 0% and 30%, respectively37 (Fig. 2). These two values of n agree 
well with those obtained from theoretical models—that is, n = 2–3 for 
grain growth controlled by grain-boundary diffusion in a single-phase 
system and n = 4–5 for a two-phase system39,40, and are comparable 
to those reported for other minerals such as olivine, wadsleyite and 
ringwoodite (single phase)41–43 as well as olivine–pyroxene and for-
sterite–nickel aggregates (two phases)44,45. For intermediate Xfpc, the 
grain size also increases with increasing duration (Fig. 3a–c). However, 
n ranges from 3.1 to 6.2 because of the scatter of data points (Fig. 3d).

Effects of Xfpc on the rate of grain growth
The growth rate of bridgmanite is found to be significantly reduced 
by the presence of ferropericlase. After annealing for 1.5–100 min, 
the grain size of samples with Xfpc ≈ 10% is smaller by 0.5–0.8 orders of 
magnitude than for Xfpc = 0%, but at higher Xfpc (up to about 60%) the 
ferropericlase proportion has a minor effect (Fig. 3a–c). This decrease 
in grain size with increasing Xfpc cannot be ascribed to differences in 
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Fig. 1 | Bridgmanite grain sizes after annealing at 27 GPa and 2,200 K  
for 100 min. a–d, Backscattered electron images (dark, bridgmanite; bright, 
ferropericlase) and grain-size distribution. n, number of analysed grains;  
d , average grain size obtained from mean log(d), which decreases with increase 
in Xfpc. Scale bars, 10 μm (a), 5 μm (b) and 2 μm (c and d).
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Fe content for two reasons. First, our samples did not show a large 
variation in Fe contents (Extended Data Table 3). Second, bridgmanite 
synthesized from olivine (Fe/(Mg + Fe) ≈ 10%) and from Fe-free forst-
erite show only a difference in grain size of 0.1 log units37.

As shown above, although the exponents n for Xfpc = 0% and 30% are 
well constrained (Fig. 2), the n–Xfpc relation is unknown because of the 
scatter of data points for intermediate Xfpc (Fig. 3d). The exponent n may 
change with Xfpc either continuously or discontinuously. We therefore 
fit the data points to both continuous and discontinuous n–Xfpc models 
in Fig. 3d. In either case, the growth-rate constant k = dn/t (k in units of 
μmn s−1) decreases with increasing Xfpc. The fitting curves of k–Xfpc based 
on the two n–Xfpc models are essentially the same (Fig. 3e).

Grain growth in a two-phase system is controlled by growth of the 
matrix (bridgmanite) and coarsening of the second phase (ferroperi-
clase) by Ostwald ripening. If ferropericlase coarsening does not occur, 
the grain size of bridgmanite should be limited by a constant value of 
the interparticle spacing of ferropericlase (r , the average distance 
between adjacent ferropericlase grains). To understand whether fer-
ropericlase coarsening occurs or not, the changes in r  and dfpc (grain 
size of ferropericlase) over time are examined. It is found that dfpc 
increases with time in both low-Xfpc (approximately 3–3.5%) and high-Xfpc 
(approximately 18.5%) samples with similar rates as bridgmanite, 
whereas r  increases with time systematically and is linearly propor-

tional to the grain size of bridgmanite (Extended Data Figs. 2 and 3). 
Therefore, both dfpc and r  indicate simultaneous ferropericlase coars-
ening and bridgmanite growth. The growth rate of bridgmanite is 
affected by ferropericlase even at low Xfpc (for example, about 3%) 
(Fig. 3), which is characteristic of two-phase systems in general44,46.

Variation in viscosity with Xfpc

Our experimental results indicate that the grain growth rate of 
bridgmanite-enriched rocks should be much faster (two to three orders 
of magnitude larger in k as shown in Fig. 3d) than that of pyrolitic rocks. 
The growth-rate contrast should readily cause a grain-size contrast 
and this grain-size contrast increases further with geological time 
(Fig. 2). Over a short timescale of 10 Myr (that is, shortly after magma 
ocean crystallization) at a temperature of 2,200 K (typical mid-mantle 
temperatures47), the grain size of bridgmanite-enriched rocks already 
exceeds that of pyrolitic rocks by about two orders of magnitude. Over 
a timescale of 4.5 Gyr (that is, the whole history of Earth), the grain-size 
difference reaches around 2.5 orders of magnitude (Fig. 4a).

To infer the viscosity contrast of rocks with variable Xfpc, the diffusion- 
and dislocation-creep rates are calculated as a function of Xfpc based on 
the growth rate of bridgmanite determined in this study and the Si dif-
fusivity determined in previous studies given in Extended Data Table 4  
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(for calculation details and uncertainty analysis, see Methods and 
Extended Data Figs. 4 and 5). Because of the inverse power rela-
tion, a grain-size contrast of two orders of magnitude causes the 
diffusion-creep rate of pyrolitic rocks that is more than four orders of 
magnitude higher than that of bridgmanite-enriched rocks (Fig. 4b). 
By contrast, the dislocation-creep rate is independent of grain size. 
As a result, the total creep rate of pyrolitic rocks remains one to two 
orders of magnitude higher (Fig. 4b) and, therefore, the viscosity is 
accordingly lower than that of bridgmanite-enriched rocks (Fig. 4c). 
Although the magnitude of the viscosity contrast depends on the 
stress conditions because of the contribution of dislocation creep 
(Fig. 4c), the non-hydrostatic stress in most of the mantle of Earth is 
estimated to be ≤1.0 MPa (ref. 48) or even ≤0.3 MPa (ref. 24). In this case, 
the grain-size contrast always causes a significant viscosity contrast 
even if dislocation creep dominates in the bridgmanite-enriched rocks 
(Fig. 4c and  Methods).

Viscosity jump in the mid-mantle
Our results provide an explanation for the long-term preservation of 
bridgmanite-enriched rocks in the deep lower mantle as indicated by 

geophysical and geodynamical constraints5–7,18–20. Bridgmanite-enriched 
rocks formed in the deep lower mantle at the early stage of the history 
of Earth because of magma ocean crystallization13–15 are expected to 
have developed grain sizes that are more than two orders of magnitude 
larger, and therefore have a much higher viscosity, than the overlying 
pyrolitic rocks in around 100 Myr or less (Fig. 4a,c). The high viscosity 
of these early-developed bridgmanite-enriched rocks should prevent 
them from being mixed with pyrolitic rocks over the age of Earth, lead-
ing to their preservation over geological timescales5–7. By contrast, 
pyrolitic rocks are gravitationally stable at the topmost and bottom lay-
ers of the lower mantle20. Therefore, these rocks may circulate around 
the bridgmanite-enriched rocks through narrow and rheologically 
weak channels5,7.

The mid-mantle viscosity jump1 can thus be explained by the 
grain-size contrast between bridgmanite-enriched rocks and the 
overlying pyrolite. Along a typical geotherm47, the grain size of bridg-
manite in each rock continuously increases with depth as temperature 
increases, and a grain-size increase of about one order of magnitude 
(based on the continuous n in Fig. 3d) occurs at 800–1,200-km depth 
owing to the transition from pyrolitic-to-bridgmanite-enriched rocks 
with depth (Fig. 4d). Accordingly, a viscosity increase by about one 
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order of magnitude is sustained (for a stress of 1.0 MPa), which agrees 
with the geophysically constrained viscosity jump in the mid-mantle 
(Fig. 4e). For lower stresses, the viscosity increase would be even 
larger—that is, about 1.3 orders of magnitude for a stress of 0.5 MPa 
(Fig. 4e). Although the viscosity increase at 800–1,200-km depth is 
smaller using the discontinuous n model (Fig. 3d), it is still about one 
order of magnitude for a stress of about 0.5 MPa (Fig. 4e). Note that 
the experimental pressure conditions in this study were limited to 
27 GPa, corresponding to a depth of 800 km. Considering a negative 
pressure dependence of grain growth43, the grain size as well as the vis-
cosity of pyrolitic rocks decreases with depth. By contrast, the viscosity 
of bridgmanite-enriched rocks is independent of grain size because 
of the dominance of dislocation creep. Thus, the viscosity contrast 
between pyrolitic and bridgmanite-enriched rocks is expected to  
be even larger.

Our main finding that the grain-growth rate increases sharply with 
bridgmanite enrichment thus provides a unified explanation for the 
preservation of ancient bridgmanite-enriched rocks over geological 
timescales5,7 and the present-day viscosity jump in the mid-mantle1 
(Fig. 4e). Although the grain-size increase with depth may not occur 
globally at 800–1,200-km depth, it should be sufficient to affect a wide 
range of geophysical and geochemical processes. For example, the sink-
ing of slabs may be slowed down in the regions in which they encounter 
high-viscosity bridgmanite-enriched rocks, leading to slab stagnation 
at about 1,000-km depth as indicated by seismic observations3. The 
plumes ascend vertically through the bridgmanite-enriched deep lower 
mantle4, but they may be deflected at about 1,000-km depth because 
of the horizontal flow promoted in the pyrolitic rocks just above the 
viscosity jump as shown by full-waveform seismic tomography4.  
Furthermore, the bridgmanite-enriched rocks may sustain widespread 
seismic reflectors49, host primordial geochemical anomalies (for example,  
142Nd, 182W and 3He) in the deep mantle9,10 and balance the discrepancy in 
Mg:Si ratio between upper-mantle rocks (Mg:Si ≈ 1.3) and the building 
blocks of Earth8 (chondrites, Mg:Si ≈ 1.05).

The lower-mantle rheological structure as predicted by our grain-size 
model may further explain the lack of observed seismic anisotropy. In 
the pyrolitic shallow lower mantle, diffusion creep dominates because 
of the small grain sizes (Fig. 4b), leading to the absence of seismic anisot-
ropy11. In turn, because of the high viscosity, the bridgmanite-enriched 
deep lower mantle may accumulate little strain and thus no anisotropy 
owing to the high viscosity5–7, despite the dominance of dislocation 
creep (Fig. 4b). Anisotropy in the lower mantle is therefore restricted 
to regions with high stress and significantly accumulated strains 
such as near subducting slabs, leading to locally enhanced seismic  
anisotropy12.
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Methods

Starting materials
Four types of starting material were used in this study: (1) olivine powder 
with a composition of (Mg,Fe)2SiO4; (2) opx powder with a composition 
of (Mg,Fe)SiO3; (3) sol–gel-derived silicate powders with bulk com-
positions of (Mg,Fe)1.5SiO3.5, (Mg,Fe)1.25SiO3.25 and (Mg,Fe)1.125SiO3.125; 
(4) silicate glass powders with bulk compositions of (Mg,Fe)xSiO2+x 
(x = 1.5, 1.4, 1.3, 1.2, 1.1, 1.05 and 1.02). The Mg:Fe atomic ratios in all of 
the powders were about 9:1.

Material 1 was prepared by grinding hand-picked single crystals of 
San Carlos olivine. Material 2 was prepared from MgO, FeO and SiO2 
oxides. Both materials 1 and 2 were used in a previous study50. Mate-
rial 3 was prepared from tetraethyl orthosilicate and metallic Mg and 
Fe dissolved in dilute nitric acid following the procedure reported in 
ref. 51. The powders have compositions between those of materials 1 
and 2 to trace the grain-growth kinetics as a function of Xfpc. However, 
the products of material 3 after high-pressure synthesis were found 
to have inhomogeneous ferropericlase distributions as described 
in the section below (Extended Data Fig. 1). Therefore, the silicate 
glasses (material 4) were prepared by quenching the oxide melts with 
(Mg,Fe)xSiO2+x bulk compositions (x as described above) from about 
2,500 K (estimated with an optical pyrometer) to room temperature 
in an aerodynamic levitator equipped with a two-CO2-laser heating 
system52. The products of material 4 after high-pressure synthesis 
have uniform ferropericlase distributions (Extended Data Fig. 1). The 
powders of materials 3 and 4 were annealed at 1,100 K for 24 h in an 
ambient-pressure CO–CO2 gas-mixing furnace with oxygen partial pres-
sure controlled at approximately 0.5 log units above the iron–wüstite 
buffer to reduce the ferric iron to a ferrous state. All the powders were 
stored in a vacuum furnace at 400 K before use.

Synthesis of bridgmanite–ferropericlase aggregates
Bridgmanite with various fractions of ferropericlase was synthesized 
from the above-mentioned starting materials using a multi-anvil 
press. The detailed synthesis procedures have been described previ-
ously37. In brief, multiple layers of starting materials separated by Fe 
foils were loaded into Pt capsules with outer and inner diameters of 
1.0 and 0.8 mm, respectively. The thickness of each layer was about 
0.15 mm. Small amounts of Fe–FeO powder were loaded next to the 
Fe foils to buffer the oxygen fugacity. High-pressure experiments were 
performed by the multi-anvil technique using a Cr2O3-doped MgO 
octahedral pressure medium with a 7-mm edge length with a LaCrO3 
furnace and tungsten carbide anvils with a 3-mm truncation edge length 
(7/3 assembly). The pressure and temperature conditions were 27 GPa 
and 1,700 K, respectively. The heating duration was 5 min. The run 
conditions and products are summarized in Extended Data Table 1.

Homogeneously distributed bridgmanite–ferropericlase mix-
tures with a grain size much less than 0.1 μm (post-spinel) and single- 
phase bridgmanite with a grain size of approximately 0.42 μm (opx– 
bridgmanite) were synthesized from materials 1 and 2, respectively 
(Extended Data Fig. 1a,b). The samples synthesized from material 3 
have an inhomogeneous distribution (locally homogeneous) of bridg-
manite and ferropericlase grains (Extended Data Fig. 1c), probably  
because of an inhomogeneous Si distribution during gelation. The 
grain size is approximately 0.15 μm. The samples synthesized from 
material 4 seemed to be homogenous, with a grain size of about 0.2 μm 
(Extended Data Fig. 1d).

Grain-growth experiments
All the synthesized aggregates were mechanically broken into small 
pieces (each 100–200 μm in size). Multiple pieces were embedded in 
pre-dried CsCl powder in Pt capsules, which provided quasi-hydrostatic 
conditions50,53. An Fe–FeO powder was loaded at the two ends of the Pt 
capsules to buffer the oxygen fugacity ( fO2

). The capsules were loaded 

into the 7/3 multi-anvil cell assemblies and compressed to 27 GPa, fol-
lowed by heating at 2,200 K for 1.5–1,000 min (Extended Data Table 2). 
Because of the relatively fast heating and cooling speeds (2–3 min for 
heating from 1,700 to 2,200 K and less than 1 s for cooling from 2,200 K 
to below 1,700 K), the growth during heating and cooling is negligible.

Sample analysis
The recovered samples were separated from CsCl by dissolution in 
water, polished and observed using a scanning electron microscope 
with acceleration voltages of 5–20 kV. Bridgmanite and ferropericlase 
grains were distinguished by the brightness contrast in backscattered 
electron (BSE) images (Fig. 1). The volume fraction of ferropericlase 
was obtained from the BSE images. The area of each bridgmanite grain 
was determined using an image processing software (ImageJ). The 
grain size (d) of each grain was obtained from the diameter of the 
area-equivalent circle. The grain size in log units (log(d)) showed a 
Gaussian distribution (Fig. 1); therefore, the mean grain sizes (d ) were 
calculated from the mean log(d) based on the Gaussian distribution37.

The bridgmanite and ferropericlase grains were homogeneously 
distributed in the post-spinel, opx-bridgmanite and glass samples. More 
than 130 bridgmanite grains were analysed for each sample (Extended 
Data Table 2). In the sol–gel samples, BSE images were taken on locally 
homogenous areas. Each data point of the sol–gel samples (Fig. 3a) rep-
resents the grain size and Xfpc in an individual BSE image. As mentioned 
above, the heterogeneity had occurred during the sample synthesis 
procedure, after which the grains already reached an equilibrated 
texture (120° triple junction, Extended Data Fig. 1c). Therefore, the 
grain growth in each locally homogenous area during the annealing 
experiment should not be affected. This is confirmed by the consistent 
results obtained in the sol–gel, glass, opx-bridgmanite and post-spinel 
samples. Some metallic iron particles that locally appeared in the sol–
gel samples (Supplementary Figs. 49–53) are also expected to have a 
negligible effect on the log(d)–Xfpc relation because of its small volume 
fraction in comparison with ferropericlase.

The mean interparticle spacing (r ρ= 1/ 1/2) was calculated from the 
two-dimensional density of ferropericlase (where ρ is the number of 
ferropericlase particles per μm2). Note that r  becomes invalid for 
Xfpc = 0% and becomes inappropriate for the high-Xfpc samples (greater 
than about 30%) in which ferropericlase grains are significantly or 
completely interconnected (Extended Data Table 2).

The chemical compositions of bridgmanite after grain growth were 
analysed using an electron probe microanalyser (EPMA). An accelera-
tion voltage of 15 kV and a beam current of 5 nA were used. The counting 
time was 20 s for each point analysis. An enstatite crystal and metallic 
iron were used as standards for Mg, Si and for Fe, respectively. The 
results of the EPMA analysis are listed in Extended Data Table 3.

Calculation of creep rates and viscosity
Flow laws of dislocation creep and diffusion creep. The diffusion- 
creep (εdifḟ ) and dislocation-creep (εdiṡ ) rates are calculated using flow 
laws of Coble and Nabarro–Herring diffusion creep54,55 and of pure- 
climb controlled dislocation creep56,57, respectively, based on the grain 
size of bridgmanite determined in this study and Si diffusion coeffi-
cients from previous studies58–60:
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where A is a constant (A = 16/3); G is the shear modulus (about 210 GPa); 
Vm is the molar volume (25.5 cm3 mol−1); b is the Burgers vector (0.5 nm); 
Dlat and Dgb are the lattice and grain-boundary diffusion coefficients of 



the slowest species (Si), respectively; δ is the grain boundary width; σ 
is the stress; R is the gas constant; and T is the temperature55. The total 
creep rate is obtained by ε ε ε= +total diff diṡ ̇ ̇ , whereas η is calculated from 

̇η σ ε= / total. The temperature dependences of Dlat and δDgb in bridgman-
ite are taken from ref. 58 (the Dlat obtained in refs. 59,60 is essentially 
the same as those of ref. 58, whereas the δDgb is systematically measured 
as only a function of temperature in ref. 58; detailed parameters are 
given in Extended Data Table 4). Their pressure dependences are 
unknown and are therefore assumed to be the same as those of olivine 
(1.7 and 4.0 cm3 mol−1, respectively)61,62.

Uncertainty analysis. Equations (2) and (3) are well-established princi-
ples for diffusion creep and dislocation creep, respectively, in ceramic 
materials and are commonly used to simulate the creep rates in miner-
als, especially for bridgmanite24,56,57,59. The validity of equation (3) is 
demonstrated by recent deformation experiments on bridgmanite 
in the dislocation-creep regime—that is, the dislocation-creep rate 
simulated by equation (3) is within uncertainty, which is consistent with 
those obtained in deformation experiments24 (Extended Data Fig. 4a). 
Moreover, although deformation experiments on bridgmanite in the 
diffusion creep regime are impractical at present, the validity of equa-
tion (2) for diffusion creep is experimentally tested by other minerals 
such as olivine (figure 14 of ref. 63 and figure 9 of ref. 51) and pyroxene 
(Extended Data Fig. 4b).

Here we evaluate the uncertainty of the viscosity contrast between 
bridgmanite-enriched and pyrolitic rocks by the above calculations. 
The viscosity contrast is the ratio of creep rates between pyrolitic and 
bridgmanite-enriched rocks. Equations (2) and (3) suggest that the 
main uncertainties in the calculation come from the uncertainties of 
Dlat and δDgb. Because Dlat ≫ δDgb/d, in which d ≫ about 1 μm (ref. 58), 
both ̇εdiff and ̇εdis become linearly proportional to Dlat as shown in equa-
tions (2) and (3). The deformation of pyrolitic rocks is dominated by 
diffusion creep, whereas that of bridgmanite-enriched rocks is domi-
nated by either diffusion or dislocation creep (depending on Xfpc and 
σ) (Fig. 4b). If dislocation creep dominates in the bridgmanite-enriched 
rocks, the ratio of creep rates between pyrolitic and bridgmanite-

enriched rocks becomes ( )dσ
σ1 2 πAG ln (4G / π )

b

2
. If diffusion creep domi-

nates, the ratio is (1/d)2. Therefore, in both cases the ratios of creep 
rates are independent of Dlat and δDgb. The uncertainties of Dlat and δDgb 
(as well as their pressure and temperature dependences) thus affect 
only the absolute values of the simulated creep rate and viscosity, but 
do not affect the viscosity contrast between bridgmanite-enriched 
and pyrolitic rocks. As the uncertainties of the Burgers vector b and 
shear modulus G are negligible compared with the uncertainty of the 
viscosity contrast, the ratio of creep rates is only significantly controlled 
by d and σ. The σ in the general area of the mantle of Earth is small— 
that is, 0.1–1.0 MPa estimated from the velocities of upwelling and 
downwelling flows48 and 0.02–0.3 MPa based on the deformation 
experiments of bridgmanite24. With σ ≤ 1.0 MPa and Xfpc ≤ 5% in 
bridgmanite-enriched rocks, the grain-size contrast always results  
in a viscosity contrast by more than one order of magnitude (Fig. 4c).

The pressure dependences of Dlat and δDgb, which are unknown, may 
affect the variation of η with depth. Therefore, in addition to the calcula-
tions in Fig. 4e in which the activation volume for Dlat (ΔV) is assumed 
to be the same as that of olivine, η is also calculated by assuming dif-
ferent ΔV values for Dlat (ΔV for δDgb has a negligible effect because 
Dlat ≪ δDgb/d). As shown in Extended Data Fig. 5, ΔV affects the slope 
of the η–depth profile—that is, η slightly decreases with increasing 
depth when ΔV is 0–1 cm3 mol−1 and increases with depth when ΔV 
is 1–3 cm3 mol−1. However, it does not affect the viscosity jump at 
around 1,000-km depth, which is reasonable because in the case of 

either large or small ΔV, Dlat varies continuously with depth because 
the pressure and temperature increase continuously with depth. By 
contrast, ΔV > 3 cm3 mol−1 is unlikely because η would increase by more 
than three orders of magnitude with depth from 660 to 2,000 km, 
which disagrees with the mantle viscosity profile estimated from geoid 
observations (Extended Data Fig. 5d).

Data availability
The data of this manuscript are available at https://doi.org/10.5281/
zenodo.7804779. Source data are provided with this paper.
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Extended Data Fig. 1 | SEM images taken from the synthesized samples.  
(a) Post-spinel synthesized from olivine. The average grain size is <<0.1 μm.  
(b) Single phase of bridgmanite from orthopyroxene. The average grain size is  
0.42 μm. (c) Bridgmanite + ferropericlase from sol-gel powder. The average 
grain size is approximately 0.15 μm. Insert: the whole view of this sample. The 
distribution of ferropericlase is inhomogeneous in the sol-gel sample. The 
sample consists of different domains with various Xfpc, but the Xfpc in each 

domain is homogenous. (d) Bridgmanite + ferropericlase synthesized from 
glass with grain size of about 0.2 μm. Because of bridgmanite amorphization,  
it is not possible to take high-magnification and high-resolution images for (a), 
but the grain sizes are clearly much smaller (more than three times) than those 
after the grain growth runs (Extended Data Table 1) and d0 is therefore negligible 
in Eq. (1).



Extended Data Fig. 2 | The grain size of ferropericlase increases with 
increasing experimental duration for both low Xfpc (~ 3 – 3.5%) and relatively- 
high Xfpc (~18.5%) samples. With increasing duration from 1.5 to 100 min, the 
grain size of ferropericlase increases by a factor of ~1.6 (from 0.38 to 0.60 μm) 

and 1.8 (from 0.46 to 0.85 μm), respectively, for the Xfpc = 3 – 3.5% and Xfpc = ~18.5% 
samples. These rates are slightly lower but within error comparable with that of 
bridgmanite, which increases by a factor of ~1.9 (from 1.55 to 2.98 μm and from 
0.67 to 1.30 μm as given in Extended Data Table 2).
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Extended Data Fig. 3 | The grain size of bridgmanite (log d), interparticle 
spacing of ferropericlase (r ), and ferropericlase volume fraction (Xfpc).  
(a) The log d increases with increasing r . (b) the r  is inversely proportional to 
Xfpc. The increase of r  with duration indicates the coarsening of ferropericlase, 

while the correlation between logd and r  indicates the simultaneous Ostwald 
ripening of ferropericlase and growth of bridgmanite. All the data with 
meaningful r  from Extended Data Table 2 are plotted.



Extended Data Fig. 4 | Consistency of creep rates simulated by Eqs. (2, 3) 
(solid lines) and measured by deformation experiments (dash lines).  
(a) Dislocation creep rate in bridgmanite from Eq. (3) and from experiments by 
Tsujino et al. 24 (b) Diffusion creep in pyroxene from Eq. (2) and from experiments 
by Ghosh et al. (diopside)64 and Tasaka et al. (enstatite)65 adjusted to a stress of 
30 MPa and grain size of 1 μm (equivalent to the experimental conditions in 
refs. 64,65). The Si diffusion data for the calculations are from Xu et al. (DSi

lat in 

bridgmanite)59, Fisler et al. (DSi
gb in enstatite)66, and Bejina and Jaoul (DSi

lat in 
diopside)67. Note that Ghosh et al. 64. concluded the inconsistency of diffusion 
creep rates between calculations and experiments in diopside, however, they 
did not consider the Coble creep regime, which is not negligible in their small- 
grain-size samples (~1 μm). Additionally, the consistency in olivine is already 
demonstrated previously (Fig. 14 in ref. 63. and Fig. 9 in ref. 51).
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Extended Data Fig. 5 | Calculated relative viscosity as a function of  
depth in the lower mantle by assuming different activation volumes  
(ΔV = 0 – 3 cm3/mol) for DSi

lat. The red and blue curves represent the viscosity 
from calculations and from geoid analysis1, respectively. The calculated 

viscosity is based on Eq. 2 and Eq. 3 with grain size variation with depth along  
a lower-mantle geotherm47 after 4.5 Gyr and stress condition of 1.0 MPa. Note 
that the viscosity profiles in the figure only represent the relative changes of 
viscosity with depth, but not the absolute value of viscosity in the lower mantle.



Extended Data Table 1 | Sample synthesis runs of high-pressure phase assemblages

All runs were performed at a pressure of 27 GPa, temperature of 1700 K, with a duration of 5 min.
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Extended Data Table 2 | Run conditions, Xfpc, grain sizes (d) of bridgmanite in the run products, growth rates (k), and 
interparticle spacing (rr)

The d was obtained from two-dimensional BSE-images without 3D correction. All experiments were performed at 27 GPa and 2200 K.



Extended Data Table 3 | Composition of bridgmanite analyzed by EPMA

Note that not all the samples in Extended Data Table 2 are analyzed because the analysis of bridgmanite is significantly affected by the neighboring ferropericlase grains when the grain size is 
small and Xfpc is high. The data in parentheses are one standard deviation of the N analyzed points. The atomic number is normalized to O = 3.
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Extended Data Table 4 | The parameters for calculation of Dlat and δDgb based on ref. 58

The Dlat and δDgb were measured in ref. 58. at a pressure of 25 GPa and temperatures of 1673 – 2073 K. They were corrected to various pressure and temperature conditions using the Arrhenius 
equations:  D D H P V RTexp( ( ( 25) )/ )lat

0
lat lat= − + − , δD δD H P V RTexp( ( ( 25) )/ )gb

0
gb gb= − + −  , where ΔHlat and ΔHgb are the activation enthalpies at 25 GPa, ΔVlat and ΔVgb are the activation 

volumes, and D0
lat, δD0

gb are pre-exponential factors for Dlat and δDgb, respectively, P is the pressure, R is the ideal gas constant, and T is the temperature.
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