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The dynamics of the Earth’s mantle is still poorly constrained due to the lack of understanding the 
transfer of matter between the upper and the lower mantle and their convective vigor. The transition 
zone (TZ) might play a crucial role as the interface connecting the upper to the lower mantle. Here, 
we examine the rheology of the main TZ minerals, wadsleyite, ringwoodite and majorite garnet based 
on a mineral physics approach. Using the results of lattice friction modeling and dislocation glide 
mobilities together with the available data on self-diffusion in the TZ minerals, we quantify their plastic 
deformation by diffusion and dislocation creep from theoretical plasticity models. We show that pure 
climb creep is expected to contribute to the plasticity of the TZ without the need of significant diffusion-
related hydrolytic weakening, matching well the geophysical observations. Our model results predict 
that crystallographic preferred orientations (CPO) might only develop along with stress concentrations 
as present around cold subducting slabs which can be locally weaker than the surrounding TZ despite 
their lower temperatures.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The mantle transition zone (TZ), extending between 410 and 
660 km depth, influences the dynamics of the Earth’s interior as 
it accommodates the transfer of matter between the upper and 
the lower mantle by subducting slabs and upwelling plumes. Seis-
mic tomography reveals that some slabs penetrate through the TZ 
while others stagnate either within or just below at a depth of 
∼1000 km (van der Hilst et al., 1991; Fukao et al., 2001; Grand, 
2002; Zhao, 2004; Fukao and Obayashi, 2013). Likewise, plumes 
imaged in the lower mantle appear as large columnar structures 
with diameters up to ∼1000 km, while their signature changes 
drastically across the TZ into the upper mantle (French and Ro-
manowicz, 2015). These tomographic features provide evidence for 
whole mantle convection, but they also suggest a change in the 
dynamics of the mantle to occur across the TZ, implying different 
styles of convection between the upper and lower mantle. More-
over, while the first ∼300 km of the upper mantle exhibit strong 
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seismic anisotropy (e.g. Fischer and Wiens, 1996; Long and van der 
Hilst, 2006), it remains comparably small throughout most of the 
transition zone, and is particularly localized in the vicinity of sub-
ducting slabs with fast SV anomalies up to ∼3% (Drilleau et al., 
2013; Moulik and Ekström, 2014; Lynner and Long, 2015; Huang 
et al., 2019; Ferreira et al., 2019; Chang and Ferreira, 2019). This 
supports the idea that the dynamics across the TZ might be driven 
by a different rheology than that of the upper mantle, since the 
presence or absence of global seismic anisotropy might be related 
to the active creep mechanisms governing solid-state flow in the 
mantle (Mainprice, 2007; Karato et al., 2008; Boioli et al., 2017). 
Therefore, understanding the differences in the mechanical proper-
ties between the upper and lower mantle across the TZ is needed 
to put better constraints on the dynamics of the Earth’s interior. 
However, the rheology of the TZ remains poorly understood.

The TZ is characterized by a number of pressure-induced phase 
transitions, from olivine to wadsleyite at ∼410 km depth, wads-
leyite to ringwoodite at ∼520 km depth, and ringwoodite and ma-
jorite garnet to bridgmanite and ferropericlase at ∼660 km depth 
(Ringwood, 1975). Wadsleyite and ringwoodite constitute the main 
volumetric fraction (up to ∼60%) of the TZ, while the remaining 
∼40% consists of majorite garnet (Ita and Stixrude, 1992). Most 
recent high pressure (P ) and temperature (T ) deformation experi-
le under the CC BY-NC-ND license 
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ments of the high-P polymorphs of olivine (Nishihara et al., 2008; 
Farla et al., 2015; Hustoft et al., 2013; Kawazoe et al., 2010, 2013; 
Meade and Jeanloz, 1990; Kavner and Duffy, 2001; Nishiyama et 
al., 2005; Miyagi et al., 2014) reveal high flow stresses during 
quasi steady state deformation at typical laboratory strain rates 
of ∼10−5 s−1. It was demonstrated that the flow stress under 
quasi steady state conditions for both wadsleyite and ringwood-
ite remains generally ∼2-4 GPa at the appropriate P , T conditions 
of the TZ. Recent theoretical modeling of the lattice friction of 
slip systems and high-P and high-T dislocation glide in Mg2SiO4
wadsleyite (Ritterbex et al., 2016) and ringwoodite (Ritterbex et 
al., 2015) confirmed these experimental results and showed that 
dislocation glide is expected to control their mechanical behavior 
at laboratory conditions. These theoretical studies are based on a 
non-empirical approach to derive the glide velocity of dislocations 
in the high-P polymorphs of olivine at the relevant P , T condi-
tions of the TZ and provide evidence of substantial lattice friction, 
inhibiting dislocation glide if deformation occurs at very low strain 
rates of the mantle. Although dislocation mobilities in majorite 
garnet have not been modeled yet, non-hydrostatic compression 
experiments reveal a significant mechanical strength of majorite 
(Kavner et al., 2000), comparable to that of wadsleyite and ring-
woodite, in fair agreement with previous predictions of Karato et 
al. (1995). Despite substantial lattice resistance of TZ minerals at 
laboratory conditions, their plasticity can be promoted by atomic 
diffusion at mantle temperatures and low strain rates allowing dis-
locations (Martin and Caillard, 2003). Besides dislocation creep, the 
TZ constituents might as well deform efficiently by grain size sen-
sitive diffusion creep, particularly if grains are small. Deformation 
within the diffusion creep regime is thus important to consider in 
the TZ where many phase transitions occur and heterogeneities as 
slabs and plumes are present. Therefore, atomic diffusivities of the 
TZ constituents play a key role in modeling their plastic deforma-
tion. Here, we use the available data of diffusion and dislocation 
glide in the high-P polymorphs of olivine and majorite garnet and 
quantify the plastic contributions of both diffusion and disloca-
tion creep based on theoretical plasticity models. The results put 
constraints on the rheology of the TZ and its implications to the 
dynamics of the mantle will be briefly discussed.

2. Modeling the mechanisms of plastic deformation

2.1. Atomic diffusivity

Point defect diffusion is one of the rate-limiting steps con-
trolling deformation mechanisms of minerals at high homologous 
temperature in the Earth’s mantle (Poirier, 1985). Plastic deforma-
tion in the mantle TZ is thus expected to be strongly constrained 
by the diffusivity of its main constituents. Fig. 1 presents all self-
diffusion data available from high-P , T experiments on wadsleyite, 
ringwoodite and majorite garnet (Shimojuku et al., 2004, 2009, 
2010; Zhang et al., 2011; Holzapfel et al., 2009; van Mierlo et al., 
2013). The Fe-Mg interdiffusion data from these studies are not 
shown as they are much larger than the Si and O self-diffusion 
coefficients. These experimental data (Fig. 1) suggest that Si is 
the slowest diffusing species in wadsleyite and ringwoodite and 
is therefore expected to control the overall rate of atomic diffu-
sion. Moreover, these experiments (Fig. 1) show a striking simi-
larity (within one order of magnitude) between the Si diffusivities 
in wadsleyite and ringwoodite and the self-diffusion coefficient of 
MgSiO3 majorite garnet between ∼1600-2000 K, despite the vari-
ations in starting materials between experiments. Being the result 
of different experimental conditions (e.g. oxygen fugacity, impurity 
content, etc.), potentially influencing the point defect concentra-
tions and mobilities, these data provide strong evidence that the 
rate limiting diffusivity of wadsleyite, ringwoodite and majorite are 
Fig. 1. Arrhenius plot of the self-diffusion coefficients Dsd in wadsleyite, ring-
woodite and majorite garnet. Colors indicate different minerals. Different atomic 
diffusion species are indicated by different line characters. (For interpretation of the 
references to color in this figure, the reader is referred to the web version of this 
article.)

comparable without much variation under the appropriate P , T
conditions of the TZ.

2.2. Diffusion creep

The deformation mechanisms responsible for plastic strain re-
sulting from pure atomic diffusion are commonly referred to as dif-
fusion creep (Poirier, 1985). Diffusion creep is a grain size sensitive 
deformation mechanism which is particularly activated when grain 
boundaries are the main sources and sinks of point defect (e.g. 
in fine grained materials). Diffusion creep corresponding to diffu-
sional transport through the bulk of grains is commonly known as 
Nabarro-Herring creep (NHC) and is described as (Nabarro, 1948; 
Herring, 1950)

ε̇NH = ANH
Dsdσ�

d2kb T
, (1)

where d is the mean grain size, ε̇ the strain rate, σ the flow stress, 
Dsd the bulk diffusion coefficient, � the activation volume for 
diffusion, kb the Boltzmann constant, and ANH a shape factor fre-
quently considered as 16/3, corresponding to a spherical geometry 
of grains and the impossibility of grain boundary sliding (Poirier, 
1985). Another variant of diffusion creep is Coble creep (CC), a 
mechanism where plastic deformation is due to diffusional trans-
port along grain boundaries, which is described as (Coble, 1963)

ε̇NH = AC
Dgbδσ�

d3kb T
, (2)

where Dgb is the grain boundary diffusion coefficient and δ the 
grain boundary thickness. From Eqs. (1) and (2), it can be seen 
that the diffusion creep mechanisms become particularly efficient 
in fine grained materials. A transition from NHC to CC can be ex-
pected with decreasing grain size.

2.3. Dislocation creep

Dislocation creep is a grain size insensitive intracrystalline 
deformation mechanism responsible for the transport of shear 
through the crystalline lattice, mediated by linear crystal defects 
called dislocations, along some specific directions and planes. Dis-
location creep is a composite deformation mechanism that may 
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involve both glide and climb processes. Based on the plasticity of 
metals, Weertman (1957) proposed a theoretical dislocation creep 
model relying on the ratio of the glide (v g ) and climb (vc) ve-
locities of dislocations. In most metals at T > 0.4Tm , the ratio 
v g/vc � 1 so that plastic strain is efficiently produced by dis-
location glide, whereas the climb velocity controls the rate of 
deformation. Indeed, dislocation dynamics simulations (DD) of Al 
have shown that the activation of climb allows to bypass obstacles 
and to recover dislocation junctions efficiently allowing strain to 
be produced by dislocation glide (Keralavarma et al., 2012; Danas 
and Deshpande, 2013; Huang et al., 2014). More recently, DD sim-
ulations of Boioli et al. (2015a) on Mg2SiO4 olivine, for which 
v g/vc � 1 at P , T and low stress conditions of the upper man-
tle, predicted that its plasticity is governed by Weertman creep, 
described by a usual power-law equation with a stress exponent 
n = 3 in analogy with the empirically deduced equation for high-T
creep of olivine (Hirth and Kohlstedt, 2003).

In contrast to olivine, Boioli et al. (2017) predicted that 
v g/vc � 1 in Mg2SiO4 ringwoodite at TZ P , T and low mantle 
stresses. These results were obtained in the framework of DD, 
where the climb velocities of dislocations with a cylindrical ge-
ometry are solved under steady state conditions from the diffusion 
equation as (Boioli et al., 2015b)

vc = 2π

ln(1/2
√

ρt )

Dsd

b

[
exp

(
σ�

kb T

)
− 1

]
(3)

where b is the magnitude of the Burgers vector, and ρt = (σ /μb)2

the total dislocation density at low stress σ , based on the line 
tension, and μ the shear modulus. On the other hand, theoretical 
modeling of thermally activated processes responsible for dislo-
cation glide have predicted dislocation glide velocities in Mg2SiO4

wadsleyite (Ritterbex et al., 2016) and ringwoodite (Ritterbex et al., 
2015). These theoretical results were previously compared with 
the available data from deformation experiments of wadsleyite 
and ringwoodite, demonstrating that the contribution of disloca-
tion glide during plastic deformation is able to reproduce the high 
stress levels required to deform wadsleyite and ringwoodite at 
high-P and high-T of the transition zone and experimental defor-
mation rates. Even though other elementary creep processes might 
contribute to the overall plasticity of wadsleyite and ringwoodite, 
this remarkable agreement suggests that dislocation glide is ex-
pected to be a controlling factor in the mechanical behavior of the 
high-P polymorphs of olivine at laboratory conditions, supported 
by TEM observations of deformed samples (Ritterbex et al., 2016; 
Nzogang et al., 2018). These previous results show that high lattice 
friction opposing to dislocation glide in wadsleyite and ringwood-
ite is responsible for the high stress levels observed during exper-
imental deformation which are predicted to remain substantially 
high even at the very low strain rates corresponding to the defor-
mation conditions of the Earth’s mantle. In these previous studies, 
the average glide velocity v g is determined as a function of P , T
via the stress dependence of the nucleation rate of kink-pairs as

v g = b
L

lc
νD

b

lc
exp

(−	Hc(σ )/kb T
)

(4)

where 	Hc is the enthalpy associated with kink-pair nucleation 
at the dislocation line, L = 1/

√
ρt the line length of dislocations, 

νD the Debye frequency and lc the critical kink-pair length. Us-
ing Eqs. (3) and (4), we revisit and extend the previous work 
of Boioli et al. (2017) and determine the ratio v g/vc of disloca-
tions belonging to the easiest slip systems in both high-P poly-
morphs of Mg2SiO4 olivine. The parameters b, μ, lc and 	Hc

are taken from previous theoretical work (Ritterbex et al., 2015, 
Fig. 2. Ratio of the glide (v g ) versus climb velocities (v g ) of dislocations as a func-
tion of the flow stress σ and temperature T . a) The easiest 1/2<111>{101} slip 
system in wadsleyite at 15 GPa. b) The easiest 1/2<110>{110} slip system in ring-
woodite at 20 GPa.

2016). The self-diffusion coefficients of wadsleyite and ringwood-
ite are parameterized by the diffusivity of Si as the slowest dif-
fusing species (Fig. 1) from experimental results (Shimojuku et 
al., 2010, 2009). We further assume a ρt cutoff of 1014 m−2

since ρt becomes stress independent at high values (Boioli et 
al., 2015b). Results of v g/vc as a function of P , T and stress 
are presented in Fig. 2. Below stresses of ∼0.5 GPa and ∼1.2 
GPa, v g < vc for wadsleyite and ringwoodite, respectively. Partic-
ularly at mantle stresses (∼1 MPa) Weertman creep appears to 
become impossible and dislocation climb turns into a potential 
strain-producing mechanism, in contrast to olivine at upper man-
tle conditions (Boioli et al., 2015a). This provides evidence that 
a transition in deformation mechanism in the dislocation creep 
regime can be expected at low stresses (Fig. 2). Below this tran-
sition stress, the strain producing climb process is expected to 
control the rate of deformation. The latter is similar to the situ-
ation of bridgmanite (Boioli et al., 2017; Reali et al., 2019), where 
DD simulations demonstrated that steady state creep could be 
achieved through plastic shear by the exchange of point defects 
between dislocations, a deformation mechanism known as pure 
climb creep (PCC) which was first predicted by Nabarro (1967). 
It can thus be expected that dislocation creep in wadsleyite and 
ringwoodite at TZ conditions is promoted by PCC, where disloca-
tions are the sources and sinks of point defects. The strain rate 
produced by this mechanism is analytically derived as (Nabarro, 
1967)

ε̇n = 1

π ln(
4μ

)

Dsdμb

kb T

(
σ

μ

)3

(5)

πσ
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Table 1
Experimental data of bulk self-diffusion coefficients Dsd = D0 exp(−E/RT ) of wadsleyite, ringwoodite and ma-
jorite garnet.

Phase P
(GPa)

T
(K)

Diffusing specie D0

(m2 s−1)
E 
(kJ/mol)

Wadsleyite (Shimojuku et 
al., 2004)

18 1703-1903 Si 2.00 · 10−12 261

Wadsleyite (Shimojuku et 
al., 2009)

16 1673-1873 Si 2.51 · 10−8 409

Wadsleyite (Shimojuku et 
al., 2010)

18 1673-1873 Si 1.26 · 10−10 342

Ringwoodite (Shimojuku et 
al., 2009)

22 1673-1873 Si 3.16 · 10−6 483

Majorite garnet (van Mierlo 
et al., 2013)

18 1673-2073 MgSiO3 1.4 · 10−11 295

Table 2
Experimental data of grain boundary self-diffusion coefficients δDgb = δD0 exp(−E/RT ) of wadsleyite and ring-
woodite.

Phase P
(GPa)

T
(K)

Atomic specie δD0

(m3 s−1)
E 
(kJ/mol)

Wadsleyite (Shimojuku et 
al., 2004)

18 1703-1903 Si 1.58 · 10−17 257

Wadsleyite (Shimojuku et 
al., 2009)

16 1673-1873 Si 1.26 · 10−15 327

Wadsleyite (Shimojuku et 
al., 2010)

18 1673-1873 Si 1.00 · 10−20 159

Ringwoodite (Shimojuku et 
al., 2009)

22 1673-1873 Si 6.31 · 10−14 402
where the dislocation microstructure results from the balance 
between dislocation multiplication by the activation of Bardeen-
Herring sources (Bardeen and Herring, 1952) and dipole anni-
hilation. This implies that the PCC regime is limited to operate 
in grains with a minimum size for a given stress σ , since the 
opening of a Bardeen-Herring source from line tension requires 
that σ = μb/ls , where ls is the critical source length which has 
to be smaller than the size of the crystal (Knight and Burton, 
1989; Mordehai et al., 2008). It is worth to mention that in ab-
sence of the glide process, this mechanism which does not in-
volve simple shear, is unable to induce lattice rotation and no 
CPO can be formed during plasticity, in contrast to Weertman 
creep.

3. Results: deformation mechanisms maps

3.1. Wadsleyite and ringwoodite

The available data of bulk (Table 1) and grain boundary (Ta-
ble 2) self-diffusion in wadsleyite and ringwoodite are used to 
construct deformation mechanism maps including NHC (Eq. (1)), 
CC (Eq. (2)) and PCC (Eq. (5)). These maps allow to compare 
the relative efficiency through which plastic strain is produced by 
these mechanisms. The activation volumes for diffusion �, equal 
to the unit cell volume per number of formula units, are taken 
from first-principles quasi-harmonic calculations at the P , T con-
ditions of the TZ (Wentzcovitch et al., 2010; Yu et al., 2011). The 
shear moduli μ of wadsleyite and ringwoodite at TZ P , T condi-
tions are estimated as a function of depth from the Preliminary 
Reference Earth Model (PREM) (Dziewonski and Anderson, 1981). 
The magnitudes of the Burgers vectors b have been considered for 
dislocations belonging to the easiest slip systems: 1/2<111>{101} 
in wadsleyite (Ritterbex et al., 2016) and 1/2<110>{110} in ring-
woodite (Ritterbex et al., 2015). Deformation mechanism maps are 
built by solving Eq. (1), (2) and (5) for a fixed steady state strain 
rate and T . Both variations in strain rate and T are considered. 
The dominant deformation mechanism is defined as the lowest 
flow stress required at a fixed steady-state strain rate. Figs. 3 and 
4 represent the deformation mechanism maps for wadsleyite at 15 
GPa and ringwoodite at 20 GPa, respectively. Black points mark the 
transition between the deformation mechanisms. CC dominates for 
a grain size interval in the red area, NHC in the blue area and 
PCC in the grey area. Different curves per deformation mechanism 
correspond to the different Si bulk and grain boundary diffusivi-
ties available from previous studies, summarized in Tables 1 and 
2. PCC is represented as a horizontal line since this mechanism is 
grain size independent, but is only allowed to operate in grains 
larger than a critical length ls which ensures the opening of a 
Bardeen-Herring source. For strain rates between 10−14 and 10−17

s−1 and T between 1500-1800 K in wadsleyite and 1700-2000 K in 
ringwoodite, PCC becomes dominant when grains are larger than 
∼0.2-4 mm. At the same time, the results for PCC represent an 
upper bound for the viscosity, varying between ∼1020 Pa.s and 
a maximum of ∼1022 Pa.s. If grains are smaller than ∼1 mm, 
diffusion creep becomes increasingly more dominant, leading to 
substantially lower viscosities. A strong similarity is found between 
the deformation mechanism maps of wadsleyite and ringwoodite, 
in particular in the pure climb creep regime, since creep is mainly 
rate-controlled by comparable Si diffusivities (Fig. 1).

3.2. The case of majorite garnet

Dislocation glide in MgSiO3 majorite garnet has not been the-
oretically investigated, and the glide versus climb mobilities can-
not be determined. Nevertheless, ex-situ transmission electron mi-
croscopy (TEM) characterization of dislocation microstructures in 
majorite garnet during high-P , T deformation in the multi-anvil 
apparatus provides evidence of substantial lattice friction (Couvy 
et al., 2011). This study suggests the activation of 1/2<111> and 
<100> dislocations and the importance of dislocation climb at P , 
T conditions of the TZ because of the lack of slip planes and the 
development of sub-grain boundaries. Other experimental work on 
silicate garnet (Cordier et al., 1996; Voegelé et al., 1998a,b) and 
shock veins (Voegelé et al., 2000) supports the main conclusions of 
Couvy et al. (2011) through observations of the formation of large-
scale dislocation junctions and sub-grain boundaries as typical in-
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Fig. 3. Deformation mechanism maps of wadsleyite at 15 GPa, comparing Coble creep (CC), Nabarro-Herring creep (NH) and pure climb creep (PCC). a) Corresponds to a 
strain rate ε̇ of 10−16 s−1 with T between 1500 K and b) 1800 K, respectively. c) Corresponds to T = 1700 K with ε̇ between 10−17 s−1 and d) 10−14 s−1, respectively.
dications for enhanced dislocation climb. All these studies support 
the inefficiency of dislocation glide as a result of high lattice fric-
tion opposed to dislocation glide in majorite garnet. Moreover, not 
only lattice friction appears to be comparably large in majorite 
garnet and the high-P polymorphs of olivine, but also their self-
diffusivities are found to be similar (Fig. 1). This agrees well with 
a high viscous strength of majorite, equal to that of wadsleyite and 
ringwoodite under experimental conditions, as suggested by previ-
ous studies (Karato et al., 1995; Kavner et al., 2000), in contrast to 
the results of Hunt et al. (2010) arguing that majorite might be the 
weakest phase in the TZ, relying on stress relaxation experiments. 
Most previous studies however provide evidence that the plasticity 
of majorite garnet at TZ conditions is similar to that of wads-
leyite and ringwoodite where dislocation creep operates in the PCC 
regime. Based on this hypothesis, we construct deformation mech-
anism maps of majorite garnet, including NHC and PCC based on 
self-diffusion experiments (van Mierlo et al., 2013), in analogy to 
wadsleyite and ringwoodite. Coble creep is not considered because 
of the lack of data. The � at TZ P , T conditions is taken from 
Wentzcovitch et al. (2010), μ is estimated as the depth-weighted 
average from PREM (Dziewonski and Anderson, 1981) and b of the 
1/2<111> dislocation (Couvy et al., 2011) is considered. The defor-
mation mechanism maps of majorite garnet at 18 GPa are shown 
in Fig. 5 for strain rates between 10−14 and 10−17 s−1 and T be-
tween 1600-2000 K. PCC is dominant when grains are larger than 
∼0.3-3 mm, below which diffusion creep becomes more efficient. 
A maximum viscosity of 1022 Pa.s is found in agreement with de-
formation mechanism maps of wadsleyite and ringwoodite.

4. Discussion

The theoretical predictions of the viscosity of wadsleyite, ring-
woodite and majorite garnet (Figs. 3, 4 and 5) deforming by PCC 
are shown to be very similar with values of 1021±1 Pa.s corre-
sponding to grains larger than ∼0.1-1 mm at stresses of ∼0.1-10 
MPa and TZ P , T and ε̇ conditions. This agrees remarkably well 
with the relatively constant viscosity of ∼1021 Pa.s predicted for 
the bulk TZ from global inversion of geodetic observations (Mitro-
vica and Forte, 2004). This supports that PCC is able to govern 
the deformation of polycrystalline wadsleyite, ringwoodite and ma-
jorite garnet with grains of at least ∼0.1-1 mm or larger. Currently, 
deformation experiments (e.g. Nishihara et al., 2008; Farla et al., 
2015; Hustoft et al., 2013; Kawazoe et al., 2010; Nishiyama et al., 
2005; Miyagi et al., 2014) are not yet able to handle sufficiently 
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Fig. 4. Deformation mechanism maps of ringwoodite at 20 GPa, comparing Coble creep (CC), Nabarro-Herring creep (NH) and pure climb creep (PCC). a) Corresponds to a 
strain rate ε̇ of 10−16 s−1 with T between 1700 K and b) 2000 K, respectively. c) Correspond to T = 1800 K with ε̇ between 10−17 s−1 and d) 10−14 s−1, respectively.
low stresses and strain rates (Fig. 2) to evidence the transition 
from the Weertman type of dislocation creep to pure climb creep. 
At the appropriate stress and strain rate conditions expected in 
the mantle, our modeling approach predicts that the pure climb 
creep mechanism might play an important role in the intracrys-
talline plasticity of the TZ. Glišović et al. (2015) inferred the grain 
size distribution across the Earth’s mantle from inversion of geode-
tic observations in conjunction with considerations of grain growth 
and under the assumption that the mantle deforms by bulk dif-
fusion creep. Their results show a grain size variation across the 
TZ between ∼0.4-2.4 mm. On the contrary, our modeling results 
provide evidence that wadsleyite, ringwoodite and majorite garnet 
grains of ∼0.4-2.4 mm are able to deform by PCC under the P, 
T conditions of the TZ (Figs. 3–5). This inconsistency suggests that 
the grain size distribution across the TZ might not be appropriately 
predicted based on the approach of Glišović et al. (2015). However, 
deformation of grains smaller than ∼0.1 mm would shift the dom-
inant deformation mechanism to the pure diffusion creep regime 
leading to underestimated values of the viscosity with respect to 
geophysical observations. Some of the geodetic inversion profiles 
(Mitrovica and Forte, 2004; Rudolph et al., 2015) although, predict 
a local decrease in viscosity to ∼10−19 Pa.s at the base of TZ, start-
ing just above ∼670 km. This region is characterized by the de-
composition of ringwoodite and majorite garnet into bridgmanite 
and ferropericlase where grain size reduction might be expected. 
It can be seen in Figs. 4 and 5 that grains of ∼0.01-0.1 mm have 
a viscosity ∼10−19 Pa.s where deformation of ringwoodite and 
majorite garnet would be predominantly governed by NHC. This 
implies that a potential weak interface between the TZ and lower 
mantle does not require the presence of melt nor hydrolytic weak-
ening. Indeed, experimental results suggested that grain size re-
duction might accompany phase transformations in the TZ (Rosa et 
al., 2016), providing evidence for small grains in both downwelling 
slabs (Kerschhofer et al., 1996) and upwelling plumes (Dobson and 
Mariani, 2014) across the 410 and 660 km discontinuity, respec-
tively. Other experimental results however suggest grain growth 
to occur during the olivine to wadsleyite phase transition under 
shear stress across the 410 km discontinuity (Demouchy et al., 
2011). Generally, the present deformation mechanism maps pre-
dict that diffusion creep becomes dominant in grains smaller than 
∼0.1 mm, where a viscosity reduction with respect to PCC can be 
expected.

Not only phase transitions but also temperature variations 
might affect grain size in the TZ because of the presence of cold 
slabs and hot plumes. Although it is the interplay between many 
parameters (e.g. presence of trace elements, impurities and defor-
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Fig. 5. Deformation mechanism maps for majorite garnet at 18 GPa, comparing Nabarro-Herring creep (NH) and pure climb creep (PCC). a) Corresponds to a strain rate ε̇
of 10−16 s−1 with T between 1600 K and b) 2000 K, respectively. c) Correspond to T = 1800 K with ε̇ between 10−17 s−1 and d) 10−14 s−1, respectively.
mation history) which determines the average grain size, increas-
ing temperature is generally expected to promote grain growth, 
suggesting that grains in plumes may tend to be larger than in the 
rest of the mantle, whereas they might be smaller in subducting 
slabs (e.g. Solomatov, 1996; Karato et al., 2001; Solomatov et al., 
2002). Under this assumption, plumes are expected to deform by 
the same mechanism when PCC controls deformation of the sur-
rounding bulk TZ. Cold slabs with smaller grains however might 
induce a change in deformation mechanism. Our results predict 
that diffusion creep becomes dominant in the TZ minerals when 
grain size drops below 0.1-1 mm accompanied by a decreasing vis-
cosity. These results are in good agreement with Shimojuku et al. 
(2004), showing that the viscosity of wadsleyite can be explained 
by diffusion creep of grains of ∼0.5-5 mm. Previous experiments 
(Yamazaki et al., 2005) estimated that ringwoodite grains in sub-
ducting slabs might be even less than ∼0.1 mm. This implies that 
ringwoodite would deform by NHC (Fig. 4 a and b), leading to a re-
duction of ∼3 orders of magnitude in viscous strength (∼1018 Pa.s) 
compared to the surrounding TZ deforming by PCC (∼1021 Pa.s) at 
2000 K (Fig. 4b). However, subducting slabs are typically colder 
than the surrounding TZ. The deformation of ringwoodite grains 
(0.1 mm) by NHC at 1700 K (Fig. 4a) still result in a viscosity 
reduction of 1 order of magnitude (∼1020 Pa.s) compared to a sur-
rounding TZ (∼1021 Pa.s) deforming by PCC at 2000 K (Fig. 4b). 
This suggests that colder subducting slabs are able to become less 
viscous than the hotter surrounding TZ, particularly when grains 
are smaller than 0.1 mm. It should be mentioned that a decrease 
in T leads to a reduction in the transition grain size from NHC 
to PCC and favors the activation of pure climb creep in smaller 
grains (Fig. 4). This tends to decrease the viscous contrast between 
cold slabs and the surrounding TZ. Nevertheless, our results pre-
dict that cold slabs (	T ∼ 300 K) might be locally weaker than 
the surrounding TZ and might be well able to accommodate slab 
deflection (Fukao and Obayashi, 2013) in the TZ. The latter agrees 
well with recent deformation experiments suggesting that signifi-
cant weakening of slabs is possible when fine ringwoodite grains 
are deformed by diffusion creep (Mohiuddin et al., 2020).

Apart from subducting slabs, our study predicts that the bulk 
TZ should be approximately equiviscous if deformation occurs pre-
dominantly by PCC. Since PCC is grain size independent, this mech-
anism provides an upper viscosity limit, which is not expected to 
exceed 1022 Pa.s in the TZ. This value falls in the range of the 
theoretically predicted viscosity of bridgmanite (Reali et al., 2019). 
Therefore, no global viscosity jump across the TZ into the lower 
mantle can be expected if PCC contributes the overall plasticity of 
the TZ. Nevertheless, the TZ rheology is ultimately constrained by 
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self-diffusion in the framework of PCC accommodated deformation. 
Experimental data on self-diffusion in wadsleyite, ringwoodite and 
majorite garnet (Fig. 1 and Tables 1 and 2) do not show large vari-
ations. These data should however be treated with caution since 
diffusion experiments at high-P , T remain a challenging task. In-
deed, the TZ might be chemically heterogeneous, particularly since 
wadsleyite and ringwoodite are capable in bearing a significant 
amount of H+ (Smyth, 1987; Inoue et al., 1995; Smyth et al., 2003; 
Pearson et al., 2014), but also Fe3+ (McCammon et al., 2004). The 
latter might strongly depend on the local oxygen fugacity, affect-
ing point defect concentrations and mobilities which control the 
PCC mechanism. Shimojuku et al. (2010) determined the effect of 
hydrogen and iron on the Si diffusivity in wadsleyite. Based on 
the analysis of point defect chemistry, they found a positive de-
pendence of the Si diffusion coefficient and water concentration, 
suggesting self-diffusion in hydrous wadsleyite to occur by the va-
cancy mechanism. This is in agreement with previous theoretical 
studies suggesting that incorporation of H+ in mantle silicates as 
forsterite (Brodholt, 1997) and bridgmanite (Ammann et al., 2010) 
tends to increase the concentration of Si vacancies and enhance 
self-diffusion. Nevertheless, Shimojuku et al. (2010) show that the 
Si diffusivity in wadsleyite with up to 507 wt. ppm H2O is only 
half an order of magnitude faster than those with only up to 60 wt. 
ppm H2O (Fig. 1). Indeed, experimental data of Si self-diffusivities 
in wadsleyite are very similar and do not show large variations 
(less than one order of magnitude) at P , T conditions of the TZ 
despite the variation in starting materials (Fig. 1). The associated 
variation in creep behavior is shown to be small in wadsleyite 
(Fig. 3). Moreover, a TZ deforming predominantly by PCC based 
on Si diffusion data agrees well with the predicted TZ viscosity 
from geodetic inversion studies. Therefore, no significant diffusion-
related hydrolytic weakening is expected in the TZ since the Si 
diffusivities are not found to decrease by more than a factor ∼5 
due the presence of hydrogen (Shimojuku et al., 2010), in contrast 
to what has been previously suggested based on dislocation creep 
in ringwoodite (Fei et al., 2017).

A TZ where both PCC and diffusion creep dominate its overall 
plasticity is expected to be rheologically distinct from the upper 
mantle where Weertman creep is expected to operate (Hirth and 
Kohlstedt, 2003; Demouchy et al., 2012; Boioli et al., 2015a,b). 
Whereas Weertman creep of elastically anisotropic minerals as 
olivine develops CPO, PCC does not. This is consistent with ob-
servations of a strong seismic anisotropy in the first ∼300 km of 
the upper mantle (e.g. Fischer and Wiens, 1996; Long and van der 
Hilst, 2006), decreasing with increasing depth and becoming com-
parably small throughout most of the TZ, except in the vicinity of 
subduction zones (Drilleau et al., 2013; Moulik and Ekström, 2014; 
Lynner and Long, 2015; Huang et al., 2019; Ferreira et al., 2019). 
Fig. 2 shows that increasing the mantle flow stress to ∼500 MPa 
and ∼1200 MPa in wadsleyite and ringwoodite respectively, causes 
the glide velocity of dislocations to become similar to that of 
climb, allowing the activation of Weertman creep. Mantle stresses 
are commonly considered to be ∼1-10 MPa on average. Increas-
ing the mantle flow stress by ∼1-2 orders of magnitude would 
be sufficient to activate dislocation creep in wadsleyite, whereas a 
slightly larger increase by ∼2-3 orders of magnitude would be re-
quired for ringwoodite. Activation of dislocation creep in the elas-
tically anisotropic wadsleyite and ringwoodite is expected to pro-
duce CPO (Mainprice, 2007). Because stress concentrations might 
be particularly induced around subduction zones, such as in corner 
flows around stagnating slabs, CPO might develop around subduc-
tion zones by the activation of Weertman creep, particularly in 
wadsleyite (Kawazoe et al., 2013; Chang and Ferreira, 2019). On 
the contrary, our results predict that mantle stresses of ∼1 MPa in 
the TZ would favor the activation of PCC in the dislocation creep 
regime, consistent with the relative seismic isotropy of the bulk TZ.
5. Conclusion

We derived deformation mechanism maps of wadsleyite, ring-
woodite and majorite garnet at the P , T conditions of the TZ and 
mantle strain rates based on theoretical plasticity models with-
out the need of extrapolation. In the dislocation creep regime, we 
demonstrate that strain is more efficiently produced by dislocation 
climb than by glide, activating the deformation mechanism of PCC. 
Plastic deformation of the TZ minerals by PCC with a grain size 
of ∼0.1-1 mm or larger leads to an equiviscous TZ of 1021±1 Pa.s, 
in good agreement with viscosity profiles from geodetic observa-
tions. Our results suggest no global viscosity jump across the TZ 
into the lower mantle. Moreover, pure climb creep does not pro-
duce CPO which can explain the relatively small degree of seismic 
anisotropy observed in the TZ compared to the upper mantle. Nev-
ertheless, our model results also predict that increasing the mantle 
flow stress by ∼1-3 orders of magnitude promotes deformation 
of the high-P polymorphs of olivine, in particular wadsleyite, by 
Weertman creep, which is able to produce CPO. Because stress 
concentrations occur most likely along subducting slabs, CPO in 
the TZ is expected to develop particularly in the vicinity of sub-
duction zones, in agreement with seismic observations. On the 
other hand, viscosity reductions can be expected if grains become 
smaller than ∼0.1 mm, such as in cold subducting slabs or across 
phase transitions, by the activation of diffusion creep mechanisms. 
This provides evidence that cold subducting slabs might be locally 
weaker than the hotter surrounding TZ.
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