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With changing pressure and temperature conditions, downwelling and upwelling crustal andmantle rocks expe-
rience several solid–solid phase transitions that affect themineral physical properties owing to structural chang-
es in the crystal lattice and to the absorption or release of latent heat. Variations in density, together with phase
boundary deflections related to the non-null reaction slope, generate important buoyancy forces that add to
those induced by thermal perturbations. These buoyancy forces are proportional to the density contrast between
reactant and product phases, their volume fraction, the slope and the sharpness of the reaction, and affect the
style ofmantle convection depending on the system composition. In a homogeneous pyrolitic mantle there is lit-
tle tendency for layered convection, with slabs that may stagnate in the transition zone because of the positive
buoyancy caused by post-spinel and post-ilmenite reactions, and hot plumes that are accelerated by phase trans-
formations in the 600–800 km depth range. By adding chemical and mineralogical heterogeneities as on Earth,
phase transitions introduce bulk rock and volatiles filtering effects that generate a compositional gradient
throughout the entire mantle, with levels that are enriched or depleted in one or more of these components.
Phase transitions often lead to mechanical softening or hardening that can be related to a different intrinsic
mechanical behaviour and volatile solubility of the product phases, the heating or cooling associated with latent
heat, and the transient grain size reduction in downwelling cold material. Strong variations in viscosity would
enhance layered mantle convection, causing slab stagnation and plume ponding.
At low temperatures and relatively dry conditions, reactions are delayed due to the sluggish kinetics, so that non-
equilibrium phase aggregates can persist metastably beyond the equilibrium phase boundary. Survival of low-
density metastable olivine, Ringwoodite, pyroxene and pyrope garnet in the transition zone and uppermost
lower mantle produces positive buoyancy forces that decrease the subduction velocity and may lead to slab
stagnation in the transition zone. The presence of deep metastable portions is still debated, and should not be
associated a-priori with a completely dry slab as field observations suggest that heterogeneously hydrated
oceanic plates could contain metastable dry portions surrounded by transformed wet rocks.
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1. Introduction

Mantle convection is the main process by which excess heat is ex-
tracted from the Earth's interior. One of themost important characteris-
tics of mantle convection is the establishment of ascending hot and
descending cold currents that in an ideal viscous fluid layerwill encoun-
ter no impediment to vertical flow. Seismic tomographies suggest, how-
ever, that on Earth the vertical motion of the convective currents is
hampered at transition zone and mid-mantle depths, where some
slabs and plumes appear to be deflected horizontally (e.g., French and
Romanowicz, 2015; Fukao and Obayashi, 2013; Rickers et al., 2013).
The nature of these obstacles to vertical flow is debated, although it is
commonly related to important variations in the physical properties of
mantle minerals (King, 2016) or to the presence of chemically distinct
reservoirs (Ballmer et al., 2015).

Over the last few decades, several laboratory and theoretical studies
have robustly documented that, as oceanic plates are recycled in the
mantle, mafic and ultramafic rocks experience a series of solid–solid
phase transformations that tend to thermodynamically re-equilibrate
the system with the new pressure and temperature conditions. A re-
versed series of reactions is expected to occur in upwelling plumes, al-
though with non-negligible dissimilarities due to the different plume
temperature (and possibly composition) relative to cold subducting
slabs. Solid–solid phase transitions are often accompanied by significant
variations in themineral physical properties such as density and viscous
mechanical behaviour. As a result, these phase transformations intro-
duce first-order thermomechanical effects in the convectivemantle sys-
tem that can fundamentally affect the patterns of (layered, intermittent
or whole) mantle convection and, consequently, the degree of chemical
mixing of the Earth's interior.

Complementing laboratory experiments, numerical simulations have
provided a unique tool to explore the thermomechanical and chemical
consequences of equilibrium and disequilibrium phase transitions. Sever-
al authors have critically assessed the results of both laboratory and nu-
merical studies. For instance, phase equilibria of oceanic crustal and
mantle rocks in dry or wet conditions have been reviewed by (Akaogi,
2007; Irifune and Tsuchiya, 2015; Litasov and Ohtani, 2007; Ringwood,
1991; Stixrude and Lithgow-Bertelloni, 2011). A review of numerical
experiments that have evaluated the role of olivine phase transitions
at transition zone depths can be found in (Christensen, 1995). More re-
cently, (Tackley, 2012) and (Hirose et al., 2015) focused on the effects of
phase transformations occurring in the deep lower mantle, while
(Tackley, 2015) discussed the chemical layering induced by phase transi-
tions in a compositionally differentiated mantle. (Kirby et al., 1996) have
summarized the effects of olivine and pyroxene disequilibrium transfor-
mationswithin the cold lithosphericmantle, althoughwithparticular em-
phasis on deep earthquakes and strain localization.

The aim of this review paper is to provide a comprehensive and up-
dated description of solid–solid phase transformations at equilibrium
and disequilibrium conditions and of their effects on mantle convection.
In the first part of the review we introduce equilibrium phase transitions
in mafic and ultramafic rocks that participate actively to mantle convec-
tion (in this respect, solid–solid phase transitions in the continental
crust and sediments will be only marginally considered). The second
part deals with disequilibrium transformations that are relevant in cold
and dry lithospheric environmentswheremetastable phasesmay survive
beyond the equilibrium boundary due to the sluggish reaction kinetics.
Here, an additional section regarding the thermokinetic modelling per-
spective and seismological evidence for the presence of deep metastable
regions is provided. For both equilibrium and disequilibrium reactions
we discuss the thermomechanical and chemical implications, together
with a brief description of the numerical methods commonly employed
in mantle convection simulations to account for phase transitions.

2. Equilibrium phase transitions

2.1. Phase equilibria and major solid–solid phase transitions in the oceanic
crust and mantle

A widely accepted petrological model for the upper mantle that is
used to explain formation by decompressionalmelting of a petrological-
ly and chemically stratified oceanic plate is pyrolite (Ringwood, 1991).
Oceanic plates formed at oceanic ridges withmedium to high spreading
rates are composed of a 6–7 km thick crustwith enrichedMORB compo-
sition, overlying a 5–20 km thick depleted harzburgitic layer and deeper
lherzolitic/pyrolitic layers that have experienced successively smaller
degrees of partialmelting (Ringwood, 1982). In the followingdiscussion
wewill review the phase equilibria and themost important phase tran-
sitions obtained in laboratory experiments at different mantle depths
and for the different oceanic plate bulk rock compositions. We should
bear in mind, however, that several discrepancies exist among experi-
mentally determined phase boundaries, since they are affected by the
experimental procedure, the kinetics of transformation, pressure stan-
dards and equations of state used for pressure calibration (with increas-
ing depth, the predicted pressures can differ by several GPa, yielding
different depths and Clapeyron slopes), difficulties in estimating the
correction for measured temperatures at high pressure, and different
sample composition (Ohtani and Sakai, 2008).
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The phase proportions for pyrolite, harzburgite andMORB composi-
tions computed at equilibrium conditions with HeFESTo (Stixrude and
Lithgow-Bertelloni, 2011) along the reference 1600 K adiabat are re-
ported in Fig. 1. Density for the different bulk rock compositions and
their relative density contrasts are shown in, respectively, Figs. 2 and 3
as a function of P–T conditions of the uppermost 1000 km of themantle.
The reaction slopes for the most important phase transitions are listed
in Table 1.

Phase transitions within the thin sedimentary cover atop the
subducting oceanic plates will not be discussed in this review article.
In brief, they are characterized by a series of devolatilization reactions
and solid–solid phase transformations that lead to dry aggregates of
clinopyroxene, garnet and high-pressure carbonate phases (Kerrick
and Connolly, 2001).

2.1.1. Pyrolitic mantle
At shallow depths, the fertile pyrolitic mantle consists of olivine, di-

opside, enstatite and pyrope-rich garnet (Fig. 1B).With increasing pres-
sure, the Ca-rich clinopyroxene and the Ca-poor orthopyroxene are
Fig. 1. Phase proportions (atomic fraction) of A) harzburgite, B) pyrolite, C) basalt, and D) a m
pyrolite. Superimposed are the shear-wave velocities of pyrolite (dotted blue line), harzbur
line). Curves are repeated in multiple panels to permit direct comparison. Phase proportions
and a mechanical mixture of the end-member compositions (solid grey line). Computed with
(Xu et al., 2008). From (Stixrude and Lithgow-Bertelloni, 2012).
gradually dissolved into pyrope-rich garnet to form Al-poor majoritic
garnet, which is the most abundant mineral next to Wadsleyite or
Ringwoodite in the transition zone (Akaogi, 2007). The incorporation
of enstatite and of its high-pressure polymorph (clinoenstatite) in garnet
occurs in the upper mantle, while that of diopside in the uppermost
transition zone, resulting in a marked density increase of the pyrolitic
aggregate (+120 kg/m3). On the other hand, olivine transforms to
Wadsleyite at ~13.5 GPa and further to spinel-structured Ringwoodite
at ~18 GPa, causing, respectively, the 410 km and 520 km seismic discon-
tinuities, respectively. Both polymorphic reactions have a positive
Clapeyron slope, with the former transformation having a gentler slope
(+1–4 MPa/K) but a larger density contrast (+206 kg/m3) than the
Wadsleyite ⇔ Ringwoodite transformation (3–7 MPa/K, +102 kg/m3)
(Table 1). The presence of water decreases the depth of the olivine ⇔
Wadsleyite transformation, modifies its sharpness and increases the
Clapeyron slope (Chen et al., 2002a; Litasov and Ohtani, 2003; Smyth
and Frost, 2002).

Toward the lower part of the transition zone, the Ringwoodite-
majoritic garnet assemblage transforms to a perovskitic assemblage
echanical mixture of 18% basalt and 82% harzburgite equal in overall bulk composition to
gite (solid green line), basalt (dashed red line), and the mechanical mixture (solid grey
and velocity vary with composition in an equilibrium assemblage (solid light blue line)
HeFESTo (Stixrude and Lithgow-Bertelloni, 2011). All bulk compositions are taken from

Image of Fig. 1


Fig. 2.Density of A)harzburgite, B) pyrolite andC)MORB in theuppermost ~1000 kmof the Earth at equilibrium. Theblue, black andmagenta lines are the 1000, 1600 and 1800K adiabats,
corresponding to approximately the slab interior, ambientmantle andhot plume.Dashed lines indicatemajor phase transitions associatedwith large density variations. D)Density profiles
along the reference 1600 K adiabat. Computed with HeFESTo (Stixrude and Lithgow-Bertelloni, 2011) for the bulk compositions as in Fig. 1.
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(~76% Al-bearing Bridgmanite (Mg-perovksite), ~17% ferropericlase
and ~7% Ca-perovskite) via the post-spinel decomposition reaction
(Ringwoodite ⇔ Bridgmanite + ferropericlase; +322 kg/m3) and the
gradual disappearance of garnet that culminates with the post-garnet
reaction (+480 kg/m3) (Hirose, 2002; Irifune, 1994; Nishiyama et al.,
2004; Stixrude and Lithgow-Bertelloni, 2011). More precisely,
Ringwoodite decomposes at about 23–25 GPa either to (i) Akimotoite
with ilmenite-type structure and ferropericlase at T b 1100–1400 °C,
(ii) Bridgmanite and ferropericlase at T b 1800 °C or (iii) majoritic gar-
net and ferropericlase for higher temperatures (Hirose, 2002; Ishii
et al., 2011; Nishiyama et al., 2004; Yu et al., 2011). In the ambientman-
tle, the multicomponent majoritic garnet progressively decomposes
into Ca-perovskite and Al-bearing Bridgmanite. Ca-perovskite exsolves
from majorite in the 20–25 GPa pressure range (Akaogi, 2007), while
formation of Al-bearing Bridgmanite from majoritic garnet starts at
about 22.5–23 GPa and is smeared out over a pressure interval (1–
3 GPa) that increases with temperature (due to the positive slope of
the post-garnet reaction) and the Al content (Hirose, 2002; Irifune and
Ringwood, 1987; Ishii et al., 2011). At temperatures below 1400–
1600 °C, instead, majoritic garnet decomposes into Ca-perovskite and
its high-pressure polymorph Akimotoite (+5 MPa/K), which further
transforms to Bridgmanite through the post-ilmenite reaction (from
−2 to −6 MPa/K) (Hirose, 2002; Ishii et al., 2011; Yu et al., 2011).
The relatively sharp post-spinel transition (b1 GPa) is believed to be
the main cause of the 660 km seismic discontinuity, while the smeared
out transition majorite ⇔ Bridgmanite should produce more gradual
density and velocity variations at normal mantle conditions (Hirose,
2002; Ishii et al., 2011; Stixrude and Lithgow-Bertelloni, 2011).

As the negative Clapeyron slope of the post-spinel transformation has
important implications for mantle convection, several groups have
attempted to investigate its nature by means of laboratory experiments
or molecular ab-initio models over the last decades. There are significant
discrepancies among different estimates of the negative reaction slope
(from −0.5 to −4 MPa/K) and of the depth of the transformation (21–
24 GPa). While earlier laboratory studies found a steep negative slope
(−2 to −4 MPa/K; Hirose, 2002; Irifune et al., 1998; Ito and Takahashi,
1989; see Table 1), more recent estimates have progressively reduced
the slope of the post-spinel transition (−0.5 to −1.3 MPa/K; Fei et al.,
2004; Ishii et al., 2011; Katsura et al., 2003; Litasov et al., 2005a, 2005b).
(Ohtani and Sakai, 2008) explained this discrepancy by arguing that,

Image of Fig. 2


Fig. 3.Density contrasts in the uppermost ~1000 km of the Earth at equilibrium betweenA) pyrolite and pyrolite along the reference 1600 K adiabat representative of the ambientmantle,
B) harzburgite and pyrolite, C)MORB and pyrolite, D)MORB and harzburgite. Density contrasts in A) arise from temperature variations with respect to the reference ambientmantle and
phase transitions, while those in B), C) and D) from the difference in composition between the two rock types and phase transitions. The blue, black andmagenta lines are the 1000, 1600
and 1800 K adiabats, corresponding to approximately the slab interior, ambient mantle and hot plume. Dashed lines indicate major phase transitions associated with large density
variations. Computed with HeFESTo (Stixrude and Lithgow-Bertelloni, 2011) for the bulk compositions as in Fig. 1.
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besides the difficulties in determining the correct in-situ P–T conditions,
old data might have over-estimated the pressure of the phase transition
due to slow transformation kinetics at low temperatures. On the other
hand, (Ishii et al., 2011) pointed out that experiments on the olivine
Mg2SiO4 system yield higher slopes than in themore appropriate pyrolite
composition.

Because a small Clapeyron slope cannot account for the observed
depth variations of the 660 km discontinuity (+20 to−50 km, requir-
ing a−2.5 or−3MPa/K slope; Fukao et al., 2009; Lebedev et al., 2002)
with a reasonable temperature change at the bottom of the transition
zone, (Litasov et al., 2005a) and (Ghosh et al., 2013) suggested that
the topography of the 660 km discontinuity can be partly explained by
the presence of water yielding more negative Clapeyron slopes (−2 to
−3.2 MPa/K). Conversely, recent molecular ab-initio models (Yu et al.,
2007) and laser-heated diamond anvil cell experiments (LHDAC) on
dry MAS and CFMAS systems (Ye et al., 2014) yielded more negative
slopes (−2.5 to −3 MPa/K) for the post-spinel transition that, differ-
ently from the results obtained by quench and in-situ multianvil press
experiments (Fei et al., 2004; Hirose, 2002; Ishii et al., 2011; Katsura
et al., 2003; Litasov et al., 2005b), could explain the observed 660 km to-
pography by temperature variations alone.

(Hirose, 2002) and (Ishii et al., 2011) found that the Clapeyron slope
of the transition to the lowermantle perovskitic phase aggregate is tem-
perature dependent. At temperatures below 1800 °C, it is defined by the
post-ilmenite and post-spinel reactionswith negative Clapeyron slopes.
At higher temperatures, however, a substantial fraction of Ringwoodite
decomposes intomajoritic garnet and ferropericlasewith a small densi-
ty variation and either a slightly negative or, with increasing tempera-
ture, positive Clapeyron slope. With increasing pressure, garnet
transforms to Bridgmanite with a positive reaction slope (+1.3–
4 MPa/K) and a much larger density variation. Thus, at temperatures
above 1800 °C typical of upwelling hot plumes, the transition from the

Image of Fig. 3


Table 1
Major phase transitions in MORB and pyrolitic/harzburgitic mantle compositions which posses a meaningful Clapeyron slope.

Phase transition γ (MPa/K) Composition Reference

Amphibolite ⇔ Eclogite
P = 1–2 GPa (30–60 km)
T N 800 K
Δρ = 200–300 kg/m3 (6–9%)

1–1.5 MORB + H2O Hacker et al. (2003)

Bluescist ⇔ Eclogite
P = 1–3 GPa (30–90 km)
T = 740–800 K
Δρ = 200–300 kg/m3 (6–9%)

−30 MORB + H2O Hacker et al. (2003)

Coesite ⇔ Stishovite
P = 9–10 GPa (270–300 km)
T = 1760 K
Δρ = 1165 (32%)

3.1 SiO2 Liu et al. (1996)
2.6 SiO2 Zhang et al. (1996)

Olivine ⇔ Wadsleyite
P = 13.5 GPa (410 km)
T = 1810 K
Δρ = 206 (5.9%)

1.5 ± 0.5 Fo89Fa11 Akaogi et al. (1989)
2.5 Fo89Fa11 Katsura and Ito (1989)
4 Fo89Fa11 Katsura et al. (2004)
2.95 ± 0.05 Fo100 Bina and Helffrich (1994)
3.6 ± 0.2 Fo100 Morishima et al. (1994)
2.1–2.4 Fo100 (theory) Yu et al. (2008)
2.8 Fo100 (theory) Hernandez et al. (2015)
~5 Pyrolite + H2O Litasov and Ohtani (2003)

Wadsleyite ⇔ Ringwoodite
P = 18 GPa (520 km)
T = 1870 K
Δρ = 102 kg/m3 (2.8%)

5 Fo89Fa11 Katsura and Ito (1989)
3 Fo100 Kuroda et al. (2000)
7 Fo100 Suzuki et al. (2000)
4.1 Fo100 Inoue et al. (2006)
2.8–3.0 Fo100 Yu et al. (2008)
3.5 Fo100 (theory) Hernandez et al. (2015)

Post-spinel
(Ringwoodite ⇔ Bridgmanite + ferropericlase)
P = 23–24 GPa (650–670 km)
T = 1940 K
Δρ = 322 kg/m3 (8%)

−2 Fo100 Ito and Yamada (1982)
−2.8 Fo100 Ito and Takahashi (1989)
−4 ± 2 Fo100 Ito et al. (1990)
−3 ± 1 Fo100 Akaogi and Ito (1993)
−2.3 ± 0.8 Fo100 Bina and Helffrich (1994)
−2.5 Fo100 Chopelas et al. (1994)
−2.9 Fo100 Irifune et al. (1998)
−1.2 ± 0.8 Fo100 Katsura et al. (2003)
−1.3 Fo100 Fei et al. (2004)
−2 Fo100 Ishii et al. (2011)
−0.55 ± 0.15 Fo100 Ghosh et al. (2013)
−2.75 ± 0.15 Fo100 (theory) Yu et al. (2007)
−3.6 Fo100 (theory) Belmonte (2013)
−3.9 ± 1.3 Fo100 (theory) Hernandez et al. (2015)
−3.1 Fo100 + 2% H2O Ghosh et al. (2013)
−2.5 ± 0.4 Fo100 + 5% Al Ye et al. (2014)
−2.8 Pyrolite Hirose (2002)
−0.5 Pyrolite Litasov et al. (2005b)
−2 Pyrolite + H2O Litasov et al. (2005a)
−1 Pyrolite Ishii et al. (2011)
−2.5 ± 0.4 Pyrolite Ye et al. (2014)

Majorite ⇔ Akimotoite
P = 15–22.5 GPa (450–640 km)
T b 1800 K
Δρ = 216–230 kg/m3 (5–6%)

7.4 ± 0.5 Maj100 (theory) Yu et al. (2011)
7.2 Maj100 (theory) Hernandez et al. (2015)
~10 Pyrolite Hirose (2002)
~5 Pyrolite Ishii et al. (2011)

Post-ilmenite
(Akimotoite ⇔ Bridgmanite)
P = 23 GPa (640 km)
T = 1200 K
Δρ = 275 kg/m3 (6.5%)

−2 En100 Ito and Yamada (1982)
−5 ± 2 En100 Ito et al. (1990)
−3.4 ± 2 En100 Akaogi and Ito (1993)
−4.6 En100 Chopelas (1999)
−3.2 ± 2 En100 Ono et al. (2001)
−4 ± 2 En100 Chudinovskikh and Boehler (2004)
−3.1 En100 Fei et al. (2004)
−2 En100 Ishii et al. (2011)
−6 ± 1 En100 (theory) Yu et al. (2011)
−3.5 ± 0.8 En100 (theory) Hernandez et al. (2015)

Post-garnet
(Garnet ⇔ Bridgmanite)
P = 21–30 GPa (600–810 km)
T N 1800 K
Δρ = 470–486 kg/m3 (11–12%)

6.4 Natural pyrope Oguri et al. (2000)
2.6 Maj100 Chopelas (1999)
1.2 ± 0.3 Maj100 (theory) Yu et al. (2011)
1.1 Maj100 (theory) Hernandez et al. (2015)
0.8 MORB Hirose et al. (1999)

(continued on next page)
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Table 1 (continued)

Phase transition γ (MPa/K) Composition Reference

4.1 MORB Litasov et al. (2004)
4.9 MORB + H2O Litasov and Ohtani (2005)
1.3 Pyrolite Hirose (2002)
0.8 Pyrolite Hirose and Fei (2002)
4 Pyrolite Ishii et al. (2011)

Post-perovskite
(Bridgmanite ⇔ Mg-post-perovskite)
P = 112–122 GPa
(2480–2650 km)
T = 2500 K
Δρ = 66 kg/m3 (1%)

7.5 MgSiO3 (theory) Tsuchiya et al. (2004)
9.85 MgSiO3 (theory) Oganov and Ono (2004)
7 ± 3 MgSiO3 Ono and Oganov (2005)
5–11.5 MgSiO3 Hirose et al. (2006)
13.3 ± 1 MgSiO3 Tateno et al. (2009)
8 ± 5 Pyrolite Ono and Oganov (2005)
8 ± 4 Pyrolite Ohta et al. (2008)
5.6 ± 0.8 Pyrolite Grocholski et al. (2012)

Transition to eclogitic aggregates involves a series of devolatilization and solid–solid phase transitions. Theory refers tomolecular dynamic simulations. Clapeyron slope values preceded by
the “~” symbol were visually calculated from the published phase diagrams, while those with the “±” symbol contain the reported uncertainty. A range of Clapeyron slopes indicates es-
timates from different pressure calibrations.
Density contrasts of all reactions - except for eclogitization (Hacker et al., 2003) and the post-perovskite reaction (Vilella et al., 2015) — have been estimated with EosFit7 (Angel et al.,
2014) by using the THERMOCALC database and a modified Tait EoS (Holland et al., 2013) for Mg-end member phases.
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Ringwoodite-majoritic garnet assemblage to the perovskitic assem-
blage can be assumed to have a positive slope.

Toward the bottom of the lower mantle, Bridgmanite transforms to
the high-pressure polymorph Mg-post-perovskite (post-perovskite
transition) with a strongly positive Clapeyron slope – estimates vary
from +5 to +13 MPa/K depending mostly on the pressure scale – but
a small density contrast (+66 kg/m3) (Murakami et al., 2004; Oganov
and Ono, 2004; Tsuchiya et al., 2004). In a pyrolitic mantle, the post-
perovskite transformation occurs between 116 and 121 GPa (2550–
2640 km) at 2500 K (Hirose et al., 2006; Ohta et al., 2008), although
much higher pressures (140–168 GPa at 2500 K) have been reported
(Grocholski et al., 2012), implying that Mg-post-perovskite might not
exist at all atmantle P–T conditions. The stability field of Bridmanite ex-
pands with increasing Al content, while the effect of iron is uncertain
(Hirose et al., 2015). If the core-mantle boundary (CMB) temperature
is in the post-perovskite stability field, then this phase will exist every-
where in the lowermost mantle. If, however, the CMB temperature is in
the Bridgmanite stability field, then the post-perovskite will only exist
in colder regions, with a double-crossing of the phase boundarywith in-
creasing depth, while in hot areas it would not occur at all (Hernlund
et al., 2005). The post-perovskite transition in the lowermost 300–
500 km of the mantle is frequently invoked to explain several seismo-
logical observations beneath regions of past subduction (e.g., abrupt in-
creases and decreases in velocity, topography of the seismic
discontinuity above the “D”, increase in seismic anisotropy), which
would support the presence of Mg-post-perovskite within colder,
deep mantle portions (Hutko et al., 2009; Lay and Garnero, 2013;
Sidorin et al., 1999; Wookey et al., 2005).

Twomore phase transformations causing, respectively, valence state
and spin transitions in iron have been recently proposed to occur in the
lower mantle. Upon transition to perovskitic phase aggregate, ferrous
iron (Fe2+) in Al-bearing Bridgmanite disproportionates to ferric iron
(Fe3+) and iron metal (Fe) (Frost et al., 2004). As a result, the bulk
lower mantle could potentially have a Fe3+/total Fe ratio up to 0.4,
which is over ten times that of the uppermantle and requires the forma-
tion of approximately 1 wt.% of metallic iron-rich alloy. Ferrous iron is
likely stabilized in the Bridgmanite structure by energetically favourable
coupled substitution with Al (Frost and Myhill, 2016) and can occupy
both the large A (Mg2+) and small B (Si4+) cation sites. (Xu et al.,
2015) argued, however, that in the uppermost lower mantle, where
most Al remains in majoritic garnet, the concentration of Fe3+ in Al-
poor Bridgmanite and the content of metallic iron are expected to be
very low till completion of the post-garnet reaction. The physical conse-
quences of the disproportionation reaction are still poorly understood,
and are likely related to the increase in ferric iron content rather than
to the formation of minor iron metal.
With increasing pressure, atomic orbitals of iron collapse from the
high-spin to the low-spin state, causing a significant ionic volume re-
duction (up to 52% for Fe2+ in ferropericlase) and important changes
in the bonding character of one of the Earth's most important elements
(Lin et al., 2013; Speziale et al., 2005). As the concentration of iron is ap-
proximately 20mol% in ferropericlase (mostly Fe2+) and about 10mol%
(both Fe2+ and Fe3+) in Bridgmanite andMg-post-perovskite (Lin et al.,
2013), this transformation has been the subject of much interest in the
last decade since it could have important implications for the seismic
and transport properties of mantle silicates. The transition from high
spin state to low spin state of the B-site Fe3+ in Bridgmanite and Mg-
post-perovskite likely occurs in the 15–50GPa (440–1300 km) pressure
interval, while that of Fe2+ in ferropericlase between 70 and 125 GPa
(1700–2700 km) (Lin et al., 2013). Thus, iron spin transitions in lower
mantle minerals appear to take place over a wide depth interval, with
physical properties varying smoothly across the transition. The high
and low spin states of ferropericlase should exist in the uppermost
and lowermost mantle, while low spin state of the B-site Fe3+ should
be present in the mid and lowermost mantle in Bridgmanite and in
the stability field of Mg-post-perovskite. Both Fe2+ and Fe3+ in the A-
site of Bridgmanite and Mg-post-perovskite likely remain in the high
spin state through the entire mantle (Lin et al., 2013).

2.1.2. Harzburgitic mantle
Harzburgitic uppermantle is made of ~75–80% olivine and ~20–25%

of orthopyroxene, plus a minor amount of clinopyroxene and Cr-spinel
(Fig. 1A). Because of the low contents in Al, Ca, and to a less amount in
Fe, the phase transitions in the Mg–Fe–O system are thought to be rep-
resentative of the depleted harzburgitic composition (Irifune and
Tsuchiya, 2015). Olivine is subjected to the same polymorphic transfor-
mations described for the pyrolitic mantle composition. However, ac-
cording to (Ishii et al., 2011), the post-spinel reaction has a steeper
Clapeyron slope and occurs at shallower depths in comparison to an
Al-rich pyrolitic mantle (Table 1). The enstatite dissolution in garnet-
poor harzburgite is expected to beminimal, which could lead to the sur-
vival of the pyroxene phase down to the transition zone (Ringwood,
1991). Above 8 GPa (about 250 km depth), enstatite transforms to
high-pressure clinoenstatite, which has a higher density and seismic ve-
locity of the low-pressure polymorph (Angel et al., 1992; Kung et al.,
2005). At about 17 GPa, the high-pressure polymorph of clinoenstatite
either dissolves into garnet (T N 1900 K) or decomposes intoWadsleyite
and sthishovite (post-pyroxene transformation; Hogrefe et al., 1994).
Akimotoite appears at about 19–20 GPa (Chopelas, 1999), although
(Irifune and Ringwood, 1987) found that Akimotoite is stable between
22 and 24 GPa in the harzburgite minus olivine system. Decomposition
of Ringwoodite and polymorphic transformations of Al-poor garnet and
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Akimotoite occur at depths b700 km, and lead to a perovskitic assem-
blage with Al-poor Bridgmanite (~73%), ferropericlase (~25%) and a
minor amount of Ca-perovskite (~2%) that toward the bottom of the
lower mantle should transform to a post-perovskitic aggregate. Hence,
at lower mantle depths harzburgite contains more ferropericlase than
pyrolite. The low Al content in Bridgmanite implies that harzburgite
should contain low amounts of ferric iron (Fe3+)(Xu et al., 2015).

2.1.3. Oceanic crust: MORB
With increasing pressure, several phase transformations occurwith-

in MOR basalts, leading to eclogitic, garnetitic, perovskitic, and post-
perovskitic assemblages (Fig. 1C).

Metasomatized basalts and gabbros of the oceanic crust progressively
transform to eclogitic phase aggregates via intermediate blueschist
(low T), greenschist and amphibolitic (medium to high T) metamorphic
facies. Eclogitization of MORB is characterized by the progressive disap-
pearance of plagioclase, substitution of magmatic pyroxene, significant
devolatilization of the wet crust related to the decomposition of hydrous
phases such as amphibole and lawsonite, and amarked increase in densi-
ty (+450 kg/m3) above that of the mantle (Green and Ringwood, 1967;
Hacker et al., 2003; Schmidt and Poli, 1998). The set of phase transforma-
tions which yield to the eclogitization (and thus to the density crossover)
of dry/wet MOR basalts in blueschist or amphibolitic facies occurs
between 1 and 3 GPa and above 450 °C at equilibrium. Although not
strictly univariant due to solid-solution effects, the transformation from
amphibolitic to eclogitic metamorphic facies can be represented by a
gentle Clapeyron slope of about 1–1.5 MPa/C for T N 500 °C, while transi-
tion from bluescist to eclogitic phase aggregate has a strongly negative
Clapeyron slope (Hacker et al., 2003; Schmidt and Poli, 1998) (Table 1).

Eclogites under uppermantle conditionsmainly consist of omphacitic
pyroxene, pyrope garnet, and ~10% of coesite/stishovite (e.g., Aoki and
Takahashi, 2004; Irifune et al., 1986; Okamoto and Maruyama, 2004).
Coesite transforms to stishovite at about 9–10GPa,with a tremendous in-
crease in density (+1165kg/m3). The pyroxene components are gradual-
ly absorbed into the garnet structure with increasing pressure, forming
majoritic garnet. The proportion of garnet increases rapidly above
10GPa andpyroxene-freemajoritic garnetites (+stihovite) are produced
at 14–15 GPa (Irifune et al., 1986). The density of subducting MORB con-
taining 80–90% volume fraction of majoritic garnet (which is denser than
the high-pressure olivine polymorphs) increases greatly due to the trans-
formation of eclogite to garnetite, so that at transition zone depths the
crust remains negatively buoyantwith respect to the surroundingmantle
(e.g., Aoki and Takahashi, 2004; Ganguly et al., 2009).

At 600–800 km depth (~21–29 GPa), majoritic garnet progressively
decomposes into Ca-perovskite, Bridgmanite and an aluminous phase
with CaFe2O4-type structure (Hirose et al., 1999; Irifune and Ringwood,
1993; Ono et al., 2001). The disappearance of garnet and appearance of
Bridgmanite (post-garnet transformation) in MORB occurs within 1 GPa
and is characterized by a positive Clapeyron slope, which has been esti-
mated to be either gentle (+0.8 MPa/K; (Hirose et al., 1999) or steep
(4.1 MPa/K in dry conditions, (Litasov et al., 2004); 4.0–5.0 MPa/K in
wet conditions, but at 1–2 GPa lower pressure, (Sano et al., 2006)).
There is also quite a bit of uncertainty in terms of the depth of the post-
garnet transformation, with estimates varying from 720 to 800 km in
the hot mantle, depending on the Al content and, mostly, on the experi-
mental pressure scale.

Below 720–800 km, MORB composition consists of 35% Bridgmanite,
25%CaFe2O4-type aluminous phase, 23%Ca-perovskite and 17% stishovite
(Hirose et al., 2005; Ono et al., 2001). Stishovite transforms to CaCl2-type
SiO2 above 62 GPa and 2000 K and further to α-PbO2-type in the 112–
118 GPa pressure range at 2500 K. Bridgmanite transform to Mg-post-
perovskite in the same pressure range at 2500 K, with the transformation
having a strongly positive Clapeyron slope and occurring at 4 GPa lower
pressure than that in pyrolitic composition (Grocholski et al., 2012;
Ohta et al., 2008). The aluminous phase and Ca-perovskite are stable to
the bottom of the mantle.
2.2. Thermomechanical effects and chemical implications

2.2.1. Buoyancy and thermal effects
In the presence of a thermal perturbation, the equilibrium phase

boundary of reactions with a positive/negative Clapeyron slope is
deflected to different depthswith respect to the ambientmantle. For re-
actions with a positive Clapeyron slope (as the higher density phase is
formed, these reactions are exothermic), such as the olivine polymor-
phic transformations, the garnet ⇔ Akimotoite, the post-garnet and
post-perovskite reactions, the high-pressure and denser phase forms
at lower depths in cold subducting slabs and deeper in hot upwelling
plumes. These transformations provide additional buoyancy forces
that favour mantle convection and that are comparable to those arising
from thermal contraction or expansion (1012–1013 N/m; Billen, 2010;
Schubert et al., 1975). The latent heat released during subduction or
absorbed during upwelling diminishes the exothermic phase boundary
distortion and induces density variations, both partly counteracting the
effect due to the positive slope of the phase boundary. On the other
hand, phase transformations with a negative Clapeyron slope (as the
higher density phase is formed, these reactions are endothermic), ham-
per mantle convection because of the induced positive and negative
buoyancy forces in, respectively, subducting cold slabs (where the
post-spinel and the post-ilmenite reactions are effective) and upwelling
hot material. Latent heat absorbed during subduction and released dur-
ing upwelling further distorts the endothermic phase boundary away
from their normal depths, and at the same time produces density varia-
tions that favour the flow instability (Schubert et al., 1975).

The buoyancy force and latent heat generated by the non-null slope
of phase transformations are proportional to the density contrast be-
tween the reactant and product phases, their volume fraction and to
the steepness of the reaction slope. Buoyancy and thermal effects on
mantle convection are maximal for univariant, single-component reac-
tions and progressively diminish with increasing depth interval needed
to bring a multicomponent reaction to completion. Phase transitions in
the natural rocks are not strictly univariant because minerals are solid
solutions. However, many reactions such as the olivine polymorphic
transformations and the post-spinel reactions can be approximated as
univariant because they occur over a narrow pressure range (b1 GPa).
On the other hand, the progressive disappearance of pyroxene and
majoritic garnet should be broader in depth-extent by about an order
of magnitude than the transitions in olivine and their contributions to
local density anomalies and hence buoyancy forces should be consider-
ably more diffuse (Bina et al., 2001). Indeed, the breadth of transitions
involving garnet-bearing assemblages reflects their highly multivariant
nature, so that in a natural multicomponent system they may not pos-
sess meaningful Clapeyron slopes (which are strictly defined only for
univariant reactions). Similar arguments can be applied to the iron
spin transition occurring over a wide pressure interval. For these rea-
sons, numerical studies of mantle convection have primarily addressed
the role of phase transformations that are associated with abundant
mineral phases, significant volume changes, and that occur over a nar-
row pressure interval, such as the early recognized olivine polymorphic
and post-spinel reactions. As a result, it was found that the additional
buoyancy induced by these phase transformations strongly affectsman-
tle convection. However, recent laboratory and numerical experiments
demonstrated that the number and efficiency of the buoyancy perturba-
tions varies considerably with the chosen system composition, as sche-
matically depicted in Fig. 4.

Olivine system (Fig. 4A). The buoyancy and thermal effects of the
post-spinel endothermic phase transition has been investigated with
2D and 3D numerical models at the global and regional scale. Isoviscous
global convection models with a strongly negative Clapeyron slope of
−3 or−4MPa/K for the post-spinel reaction are characterized by accu-
mulation of downwelling cold material in the transition zone, which
eventually sinks rapidly into the lower mantle during episodic ava-
lanche events (Fig. 5). This process generates long-wavelength lateral



Fig. 4. Schematic representation of the buoyancy effects due to major phase transformations occurring at equilibrium around the transition zone in a subducting cold slab (left) and an
upwelling hot plume (right) for different compositional systems. Density contrasts with the ambient mantle are given indicatively by the red-blue colour bar. Buoyancy effects due to
thermal contraction or expansion are ignored. Buoyancy force (FB, kg/m3) profiles induced by phase transitions and compositional heterogeneities (in panel C) are schematically
drawn in the right column. (A) Homogeneous dry olivine system. (B) Homogeneous dry pyrolite system. The brownish arrows indicate the pyroxene to garnet and garnet to
perovskite transformations that occur over a broad depth range. The post-garnet reaction is set to occur at 720 km in the ambient mantle. At high temperatures, the post-spinel
transition is indicated with a thin dashed line because of the small Clapeyron slope and density contrast (Hirose, 2002). (C) Heterogeneous dry harzburgite–MORB system. Density
contrast and buoyancy forces are drawn with respect to a pyrolitic ambient mantle. The upwelling hot plume is pyrolitic in composition and contains a volume fraction of MORB
heterogeneities (yellow blobs) smaller than that present in the subducting slab, resulting in smaller compositional buoyancy effects. The post-ilmenite reaction in the cold slab is
indicated with a dashed line due to experimental uncertainties.
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heterogeneities (reddening effect of the heterogeneity spectrum), inter-
mittent layered convection with reduced mantle mixing efficiency and
superadiabatic gradients near the 660 km discontinuity (Bunge et al.,
1997; Christensen and Yuen, 1985; Honda et al., 1993; Machetel and
Weber, 1991; Peltier and Solheim, 1992; Tackley et al., 1993; van
Keken and Ballentine, 1999; Yanagisawa et al., 2011). The intermittent
or layered mantle convection behaviour appears to increase with the
vigour of convection (thus requiring smaller Clapeyron slopes of the
post-spinel reaction for geodynamically relevant Rayleigh numbers;
Tackley, 1996, Yanagisawa et al., 2011), while adding the 410 km exo-
thermic phase transition diminishes the propensity to layering bymak-
ing avalanches smaller and more frequent (Tackley et al., 1994). In
simulations with a strongly temperature-dependent viscosity and
plate-like behaviour, rigid cold downwellings penetrate more readily
in the lower mantle than in isoviscous models, although the overall
mass flux between upper and lower mantle does not increase signifi-
cantly (Zhong and Gurnis, 1994, 1995).

The negative and positive buoyancy forces associated with phase
transition in the abundant olivine component could have a first order
control on the dynamics of subducting rigid slabs, affecting their sinking
rates or promoting stagnation and subsequent rollback. From the anal-
ysis of these buoyancy forces and kinematic parameters from the Earth's
subduction zones, (Billen, 2010) concluded that the negative buoyancy
due to the olivine polymorphic transformations could temporarily
double the descent rate of slabs, while the positive buoyancy associated
with post-spinel reaction is likely not a good candidate for slab stagnation,
although it may cause a slowing of the descent rate. Regional 2D models
of subduction show that the post-spinel reaction can promote slab stag-
nationwithin the transition zone only for extreme deflections of the reac-
tion boundary and fast trench retreat rates (e.g., Christensen, 1996;

Image of Fig. 4


Fig. 5. Cross-sectional slices of the superabiabatic temperature field predicted by one of the earliest 3D global-scale, isoviscous mantle convection simulations. (A) Whole-mantle
convection obtained without phase changes switches to (B) intermittent layered convection when adding the post-spinel transition with a strongly negative Clapeyron slope
(−4 MPa/K). Scale range from −780 K to +220 K and from −1050 K to +350 K in panels A and B, respectively. From (Tackley et al., 1993).
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Davies, 1995; Torii and Yoshioka, 2007). Slab stagnation depends also on
trench kinematics because higher rates of trench retreat result in gentler
slab dips and a slab negative buoyancy force that is distributed over a larg-
er surface, yielding smaller stresses acting upon themineralogical discon-
tinuity (Christensen, 1996). When the 410 km discontinuity is included,
the slab pull increases,whichdecreases the rate of trench retreatwhile in-
creasing the slab dip and the tendency to penetrate into the lowermantle
(Čížková and Bina, 2013). Conversely, (VanHunen et al., 2001) found that
the latent heat released during the olivine ⇔Wadsleyite transformation
increases the slab buoyancy and decreases the dip angle. TheWadsleiyte
⇔ Ringwoodite transformation has been traditionally ignored in this type
of regional (but also global) numerical simulations because it was as-
sumed that its effect on mantle convection patterns would be minor
given the relatively low density contrast between the two phases. It is
worth to note, however, that the negative buoyancy associated with this
phase transition could be as large as that of the olivine⇔Wadsleyite tran-
sition due to the strongly positive reaction slope (3–7 MPa/K) (Billen,
2010).

Regional 2D models of plume upwelling suggest that the post-
spinel reaction with moderate negative Clapeyron slopes can partial-
ly or completely hamper the penetration of low-viscosity plumes
with relatively small sizes and large excess temperatures (Davies,
1995; Marquart and Schmeling, 2000; Tosi and Yuen, 2011). The
penetration of very hot plumes could be hampered also by the
Wadsleyite ⇔ majorite + ferropericlase transformation (Ichikawa
et al., 2014), which, according to first principle calculations (Yu
et al., 2011), should occur in a pure fosteritic system at T N 2200 K
and 500–600 km depth with a small density contrast (1.6%) but a
very large negative Clapeyron slope (−22 MPa/K).

Pyrolite system (Fig. 4B). The majority of numerical studies includ-
ing mantle phase transformations (like those discussed so far) have as-
sumed a 100% olivine composition of the mantle, and often extremely
negative Clapeyron slopes for the post-spinel reaction, which causes
strongly layered or intermittent convection and slab/plume stagnation.
In a pyrolitic system (pyr: pyroxene; ol: olivine), however, the flow in-
hibition at the base of the transition zone decreases considerably be-
cause the exothermic majorite ⇔ Bridgmanite transition largely
compensates the effect of the endothermic post-spinel transition
(Tackley et al., 2005). More in detail, the buoyancy induced by phase
transitions around 660 km depth appears to be very sensitive to tem-
perature (Hirose, 2002) (Fig. 3A). In a cold downwelling mantle, the
formation of Bridgmanite is dominated by the post-spinel and post-
ilmenite endothermic phase transitions, both of which resist convec-
tion. At these cold temperatures, the positive buoyancy generated by
the endothermic reactions is only partly compensated by the negative
buoyancy associated with the majorite ⇔ Bridgmanite transformation
that takes place at similar depths (Hirose, 2002; Hirose et al., 1999).
Fig. 6 display results of 3D regional subduction models in a pyrolitc
mantle, showing that, similarly to models assuming 100% olivine
composition, the endothermic phase transitions can lead to slab stagna-
tion in the transition zone for sufficiently fast rates of trench retreat
(e.g., Christensen, 1996).

On the other hand, at high temperatures typical of upwelling hot
plumes (T N 1800 °C), Ringwoodite decomposes to majorite and
ferropericlase and the formation of Bridgmanite is related mostly to
the majorite ⇔ Bridgmanite transition with a positive Clapeyron slope
and a large density difference (Hirose, 2002; Ishii et al., 2011). In other
words, in upwelling hot material the majorite ⇔ Bridgmanite reaction
occurs well below the 660 km discontinuity, generating strong positive
buoyancy that favours plume penetration in the transition zone. This is
shown in Fig. 7, where the oblique trajectory of the sheared plume be-
comes vertical and its upwelling velocity increases when the hot mate-
rial crosses the post-garnet boundary.

Thus, in a pyroliticmantle phase transformations around the 660 km
discontinuity should work as an accelerator rather than a barrier for
hot upwelling plumes, while some moderate impediment to penetra-
tion in the lower mantle should be effective for subducting slabs. At
the larger scale, this would enhance vertical flow with convective pat-
terns characterized by reduced wavelengths (Dal Zilio et al., submitted
for publication), which become larger when incorporating self-
consistent plate tectonics and depth-dependent viscosity (Nakagawa
et al., 2009).

Harzburgite–MORB system (Fig. 4C). Partial melting of the source
pyrolitic mantle and subsequent fractional crystallization introduce
compositional and mineralogical heterogeneities in the convective sys-
tem that further complicates the buoyancy effects due to phase trans-
formations. The entire set of compositional flavours arising from
magmatic differentiation of pyrolite can be described by a chemical or
mechanical mixture of the enriched MORB and depleted harzburgitic
end-members.

The enrichedMORB is unaffected by the phase transformation in the
olivine system and after eclogitization becomes denser than themantle
at any depth, except around the 660 km discontinuity where a density
crossover exists due to stability of the Al-rich garnet at depths below
the post-spinel reaction (Ganguly et al., 2009; Hirose et al., 1999;
Irifune and Ringwood, 1993; Ono et al., 2001; Richard et al., 2005)
(Figs. 2D, 3C, D). In the ambient mantle, the density crossover likely ex-
ists in the 660–720 km depth interval (Hirose et al., 1999; Ono et al.,
2001). However, because of the negative and positive slopes of the
post-spinel and post-garnet transformations, respectively, the depth

Image of Fig. 5


Fig. 6. Snapshots of dynamic thermomechanical models of subduction in a pyrolitic mantle. Phase transitions are includedwith the self-consistent approach as explained in Section 2.3.3.
Subduction initiates spontaneously driven by a 200 km long slab. Thewhite and purple surfaces indicate, respectively, the initial and final positions of the oceanic plate. The initial setup of
the twomodels is similar, except that in (A) the age of the overridingmantle is much younger than in B) (1Ma vs. 20Ma). Theweak overriding mantle in (A) opposes small resistance to
subduction, yielding fast rates of trench retreat and, together with the positive buoyancy generated by the post-spinel and post-ilmenite reactions, slab stagnation (as in (Christensen,
1996)). Cooling of the entrained mantle due to the endothermic post-spinel reaction can be observed in the vertical cross-section of the temperature field at Z = 500 km. Mantle
creep is calculated considering the diffusion and dislocation creep flow laws of olivine and activation volume of 12 cm3, while pseudo-plasticity is defined by the Drucker–Prager yield
criterion (as in Faccenda, 2014a). The employed visco-plastic rheological model is characterized by a smooth increase of viscosity with depth that culminates at the cut-off value of
5⋅1022 Pa s in the lower mantle. Boundary conditions are free slip for all boundaries.

208 M. Faccenda, L. Dal Zilio / Lithos 268–271 (2017) 198–224
interval of the density crossover becomes small at low temperatures,
while it increases at high temperatures. (Litasov et al., 2004) found a
strongly positive Clapeyron slope (+4.1 MPa/K) for the post-garnet
transformation in dry MORB composition, which would imply that in
the cold subducting slab the basaltic component transforms to perov-
skite at lower pressures than the surroundingmantle. Thus, the positive
buoyancy generated by the MORB component around the 660 km dis-
continuity could be small in subducting plates, while it is likely signifi-
cant in heterogenous upwelling material.

On the other hand, the depleted harzburgitic mantle is slightly more
buoyant than pyrolite andmuch less dense thanMORBdue to the small-
er amount of garnet and Bridgmanite, and at low temperatures provides
only small negative buoyancy (Ganguly et al., 2009) (Figs. 2D, 3B, D).
However, when compared to a pyrolitic mantle, the harzburgitic layer
of the slab with ~75–80% of olivine component is more affected by the
deflections of the olivine polymorphic transformations and post-spinel
reaction, and less by those involving pyroxene and garnet. Furthermore,
the post-spinel reaction occurs at higher pressures and has a more neg-
ative slope in a pure fosteritic component - which is representative of
harzburgite - compared to a pyrolitic mantle, even when using the
same experimental procedure (Ishii et al., 2011; Litasov et al., 2005a).
Also, it is important to note that at low temperatures the presence of
Akimotoite in both the olivine and pyroxene-garnet components
would generate even larger positive buoyancy forces around 660 km
depth due the post-ilmenite polymorphic reaction with a strongly neg-
ative Clapeyron slope.

In a hot and chemically heterogeneous upwelling material, enrich-
ment in the MORB component relative to the surrounding mantle
decreases the chemical buoyancy through the whole mantle, except
within the uppermost lower mantle where strong positive buoyancy
is produced in between the post-spinel and post-garnet reactions
(Fig. 4C). (Ballmer et al., 2013) and (Dannberg and Sobolev, 2015)
showed that by including 15–20% of eclogite decreases the buoyancy of
chemically heterogeneous plumes, which, if not sufficiently hot or
voluminous, may pond between 300 and 410 km depth. This is because
over this depth range the denser majoritic garnet-stishovite aggregate
gradually transforms to the lighter pyrope garnet-pyroxene-coesite ag-
gregate in the MORB component, while in the mantle the transformation
of Wadsleyite to lighter olivine takes place at about 410 km depth. As a
result, a large density contrast exists between MORB and ultramafic
rocks at the base of the upper mantle (Figs. 2D, 3C, D, 4C). Enrichment
in harzburgitic component would have basically opposite effects, thus in-
creasing the plume chemical buoyancy throughout most of the mantle
except in between the post-spinel and the pyrolite post-garnet reaction
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Fig. 7. Snapshots of a thermomechanical model where a thermal plume upwells in a pyrolitic mantle. Phase transitions are included with the self-consistent approach as explained in
Section 2.3.3. The initial position of the symmetric plume (orange) is centred with respect to the horizontal coordinates (A) and its initial temperature is set equal to that of the bottom

boundary (2555 K). The plume is sheared (ε�xy ¼ 8 � 10�16 s�1) by a hypothetical mantle wind with surface velocity of 5 cm/yr that linearly decreases to zero toward the bottom of the
model. As the plume penetrates through the post-garnet phase boundary (C), its upwelling velocity increases and its trajectory is deflected toward the vertical due to the increased positive
buoyancy. Same rheological model as in Fig. 6. Boundary conditions are free slip for the top, front and back boundaries, no slip at the bottom, while the left and right boundaries are periodic.
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boundaries. This is because the transformation of garnet in harzburgite
composition completes at shallower depths (b700 km) than in pyrolitic
composition (b800 km). As a consequence, harzburgite may pond near
the post-garnet phase transition (Figs. 8B, C).

Image of Fig. 7


Fig. 8. Compositional mantle layering predicted by global-scale thermochemical mantle-convection model after ~4.6 Gy model time (after Ballmer et al., 2015). (A) Composition in the
harzburgite–MORB system. (B) Initial (red dashed line) and final (green line) compositional profiles. (C) Average density contrast profile (green line) between the final and initial
(pyrolitic) compositions. Density contrasts generated by enrichments in harzburgite or basalt are indicated.
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Global-scale simulations predict that phase transformations in the
harzburgitic–MORB system generate a distinct compositional layering
in the Earth's mantle, with levels that in average are eithermore deplet-
ed or enriched in the MORB component with respect to the starting
pyrolitic composition (Ballmer et al., 2015; Nakagawa and Buffett,
2005) (Fig. 8; see Section 2.2.3 for more details). These results suggest
that the ambient mantle is highly heterogeneous and the density con-
trasts of downwelling and upwelling materials are more complicated
than when estimated against a homogeneous pyrolitic mantle (Fig. 8C).

Aside from the phase transitions taking place in the 300–800 km
depth interval, phase transformations at mid and lower mantle depths
could also affect the Earth's internal dynamics. The post-perovskite trans-
formation has a strongly positive Clapeyron slope, which destabilizes the
chemically-dense material piling within the lower thermal boundary,
slightly increases the heat flow and the interior mantle temperature,
and increases the number and upwelling velocities of plumes (Matyska
and Yuen, 2007; Nakagawa and Tackley, 2004, 2005; Tackley et al.,
2007; Yuen et al., 2007). However, because of the small density difference
(1%), the destabilizing effect is relatively small despite the large Clapeyron
slope, so that the post-perovskite transformation has likely less influence
than other uncertainties in deep mantle parameters, such as the density
of MORB (Tackley, 2012). If the post-perovskite transition indeed occurs
at lower pressure in basalts relative to pyrolite (Grocholski et al., 2012;
Ohta et al., 2008), the post-perovskite phase may be present everywhere
over the CMB, such that the destabilization effect of chemically dense
MORB material is eliminated (Tackley et al., 2007). Buoyancy effects of
the iron spin transition in ferropericlase add on those due to the post-
perovskite transition, enhancing vertical flow and affecting mantle
temperatures by more than 10% for relatively large density contrasts
(2–4%) and relatively sharp transitions (Bower et al., 2009; Shahnas
et al., 2011). When using smaller density variations (b1%) and smoother
transitions that are appropriate for, respectively, Al-bearing ferropericlase
together withmore realistic mantle potential temperatures, the iron spin
transition in ferropericlase has a minor impact on mantle dynamics
(Vilella et al., 2015).

Eclogitization of the continental mafic crust can also have major
effects on the evolution of continental plates. With the progression of
the reaction, the eclogitized continental root becomes denser than the
surrounding mantle and thus it is prone to foundering (Kay and Kay,
1993). Numerical models predict that high-density eclogite accelerates
the development of Rayleigh–Taylor instabilities (Jull and Kelemen,
2001), affects the orogeny evolution (Doin and Henry, 2001;
Krystopowicz and Currie, 2013) and, if sufficiently weak, can lead to de-
lamination of the continental plate (Krystopowicz and Currie, 2013).
2.2.2. Rheological effects
The newly formedmineral assemblage often possesses differentme-

chanical properties with respect to the parental phase aggregate, which
produces a variation in the rheological behaviour of the transformed
material (Karato, 1989b).

Within the oceanic crust, field observations suggest that dry gabbro-
ic rocks are stiffer thanwet eclogitized rockswhere theweak omphacite
accommodates most of the deformation (Bjørnerud et al., 2002). On the
other hand, the progressive dehydration of hydrothermally altered gab-
broic and eclogitic aggregates should lead to an increase in viscous
strength. As garnet is stronger than omphacite (Jin et al., 2001), a further
strengthening of the crust is expected with its gradual garnetization in
the 300–450 kmdepth range. It is worth to note that omphacitic pyrox-
ene has a very low thermal conductivity, so that the eclogitic crust could
thermally insulate to some extent the underlying harzburgitic layer,
which could be about 50 °C colder (and thus stiffer) than previously
modelled (Wang et al., 2014). It is unclear to what extent the transition
to a perovskitic assemblage affects the rheological behaviour of the
MORB aggregate, as the strength of its fourmain phases at lowermantle
conditions is poorly understood.

In the mantle, the abundant olivine and its high-pressure poly-
morphs control the rheological behaviour of mantle down to the base
of the transition zone, while the role of garnet is predominant within
the garnetitic crust and becomes progressively important in the mantle
as its volume fraction increases with depth. Laboratory experiments indi-
cate that olivine is slightly weaker than its high-pressure polymorphs
(Chen et al., 1998; Karato et al., 2001;Nishihara et al., 2008). Furthermore,
waterweakens olivine dramatically but only slightlyweakensWadsleyite
and Ringwoodite (Chen et al., 1998). In dry conditions, garnet appears to
be harder than any other abundant mineral phases of the upper mantle
and transition zone (Jin et al., 2001; Karato et al., 1995). Inwet conditions,
however, garnet becomesprogressivelyweaker thanolivinewith increas-
ing water content (Katayama and Karato, 2008). Thus, in dry conditions
transition from upper mantle to transition zone aggregates in the mantle
and progressive garnetization of the crust should result in a viscosity in-
crease. This type of radial viscosity structure of the Earth's mantle has
been obtained by several studies (e.g., Hager and Richards, 1989; Ricard
and Wuming, 1991; Steinberger and Calderwood, 2006), while others
predict low viscosity within the whole or part of the transition zone
(e.g., King and Masters, 1992; Liu and Zhong, 2016; Mitrovica and Forte,
2004; Rudolph et al., 2015) (Fig. 9). A low viscosity transition zone
might be related to the presence of water which would enhance the
creep mechanisms of all mantle and crust silicates.

A more consistent result across different radial viscosity profiles is
the increase in viscosity by 1 or 2 orders of magnitude at lower mantle
depths, which often culminates in correspondence of a viscosity hill
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Fig. 9. Patterns of radial viscosity profiles with superimposed major mantle phase
transitions. HR1989: (Hager and Richards, 1989); KM1992: (King and Masters, 1992);
RW1991: (Ricard and Wuming, 1991); MF2004: (Mitrovica and Forte, 2004); RLLB2015:
(Rudolph et al., 2015). The reference viscosity for HR1989, KM1992 and RLLB2015
profiles is taken as 1021 Pa·s. The pale yellow areas indicate the inferred regions of
Bridgmanite and ferropericlase iron spin transition (Lin et al., 2013). Post-perovskite
refers to the transformation of Bridgmanite into post-perovskite.
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in the 1000–1500 km depth range (Rudolph et al., 2015) or at about
2000 km depth (Mitrovica and Forte, 2004; Ricard and Wuming,
1991). The viscosity jump at the 660 km discontinuity indicated by
some inversions (Hager and Richards, 1989; King and Masters, 1992;
Liu and Zhong, 2016; Mitrovica and Forte, 2004) could be attributed to
a higher resistance to creep of lower mantle aggregates than that of
transition zone aggregates - for example, (Chen et al., 2002b) found
that the viscosity of Bridgmanite is one order of magnitude higher
than that of Ringwoodite at 1073 K and 20 GPa in relaxation stress
experiments. However, because no major phase transitions have been
experimentally found at mid-lower mantle conditions, alternative
rheological mechanisms are required in order to explain the existence
of a viscosity hill (i.e., hardening of both Bridgmanite and ferropericlase
with increasing pressure (Ammann et al., 2010; Ito and Toriumi, 2007;
Marquardt andMiyagi, 2015); increase in volume fraction of Bridgmanite
relative to that of theweaker ferropericlase (Girard et al., 2016) as shown
by (Ballmer et al., 2015); decrease in water solubility of nominally anhy-
drous minerals as proposed by (Rudolph et al. 2015)).

The reduction in viscosity toward the bottom of themantle could be
attributed to the iron spin transition in ferropericlase (Marquardt and
Miyagi, 2015), which may lead to an increase in atoms diffusivity
(Wentzcovitch et al., 2009) and/or to the appearance of potentially
weak post-perovskitic aggregates, together with strong temperature
gradients toward the core-mantle boundary. Indeed, from the theoreti-
cal point of view, post-perovskite is weaker than Bridgmanite during
diffusion and dislocation creep (Ammann et al., 2010; Carrez et al.,
2007), and a reduction in viscosity has been observed in analoguemate-
rial CaIrO3 after the post-perovskite transformation (Hunt et al., 2009).
Thus, the post-perovskite transformation might be accompanied by
rheological weakening of the lower mantle aggregate. Although the
iron spin transition induces a weakening of the bulk modulus in
Bridgmanite (Hsu et al., 2011), it is unclear whether it would affect
also creep mechanisms in the lower mantle.

From the numerical perspective, a viscosity contrast of 1 to 2 orders of
magnitude has frequently been assumed in order to model the transition
from the mantle transition zone to the lower mantle (e.g., Hager and
Richards, 1989). In global convection models, such viscosity stratification
increases the wavelength of the convective flow patterns (the reddening
effect of the convective spectrum; Bunge et al., 1996; Tackley, 1996),
decreases the lateral motion of hotspots (Bunge et al., 1996) and en-
hances mantle degassing rates (van Keken and Ballentine, 1998). Two-
dimensional simulations of dynamic subduction indicate that, with in-
creasing viscosity contrast between the upper and lower mantle, the
slab retreat increases and sinking rates decrease - because of the decrease
of effectiveRayleighnumber -,with slabs that tend to stagnate in the tran-
sition zone and eventually penetrate in the lower mantle (Čížková and
Bina, 2013; Garel et al., 2014; Torii and Yoshioka, 2007).

The effects of a weak post-perovskitic mantle assemblage have been
investigated both in 2D Cartesian and 3D spherical calculations. A low-
viscosity post-perovskite in subducting cold material enhances defor-
mation and mechanical unmixing of the compositionally stratified slab
above the CMB,with slabmaterial that is able to spreadmore effectively
and larger amounts of MORB settling at the CMB (Čížková et al., 2010;
Nakagawa and Tackley, 2011; van den Berg et al., 2010). Furthermore,
such local rheological weakening can substantially increase the convec-
tive vigour, yielding faster secular core cooling rates, higher global heat
fluxes, higher mantle temperatures and a smaller CMB topography
(Benesova and Čı ́žková, 2013; Li et al., 2014; Nakagawa and Tackley,
2011; Samuel and Tosi, 2012; Tosi et al., 2010).

(Matyska et al., 2011) explored the rheological effects due to the
softening of the bulk modulus and activation energy during the iron
spin transition set to occur around 1600 km depth in both Bridgmanite
and ferropericlase, and found that a low-viscosity channel in the mid-
mantle enhances horizontal flow.

2.2.3. Chemical implications
The density crossover between the crust and themantle in the 660–

720 km depth interval – at ambient mantle conditions – caused by dif-
ferent depths of the post-spinel and post-garnet transitions can gener-
ate a chemical stratification across the 660 km boundary (Tackley,
2015; Tackley et al., 2005). It has been originally proposed that this den-
sity crossover would cause the separation of the different slab compo-
nents and the accumulation of the positively buoyant crust around the
660 km discontinuity to form garnetite megaliths (Ringwood, 1991).
However, (van Keken et al., 1996) demonstrated that this mechanism
can operate only when the strong garnetitic crust and the underlying
lithospheric mantle are separated by a soft layer, whose origin is doubt-
ful (but see Section 3.2.3). Furthermore, it should be considered that the
depth interval of the density crossover progressively reduces with de-
creasing temperatures (e.g., Litasov et al., 2004), implying that crust de-
lamination from the slab likely does not take place at the base of the
transition zone during slab penetration in the lower mantle.

Separation of the crust and of the underlying depleted components
can occurwhen the density contrasts are non-zero and the slab viscosity
is sufficiently low. This situation could establish, for example, in the
transition zone due to both thermal relaxation and superplastic behav-
iour of stagnating slabs (Motoki and Ballmer, 2015). In this case, the
lighter harzburgitic component rises toward the upper mantle, while
the heavier MORB component sinks into the lower mantle. Unmixing
of the slab components may occur also in the deep mantle owing to
the progressive conductive warming of the slab material and/or its
transformation into weak post-perovskite (Ammann et al., 2010). The
separated components can be subsequently entrained in upwelling
hot material and entrapped around the 660 km discontinuity, where
the density crossover exists over a sufficiently wide depth interval. As
a result, a strong compositional gradient is formed around the 660 km
discontinuity, with MORB material accumulating at the bottom of the
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transition zone, the depleted harzburgitic component accumulating in
the uppermost lower mantle, and a chemical gradient present through-
out the entiremantle (Fig. 8) (Armann and Tackley, 2012; Ballmer et al.,
2015; Davies, 2008; Nakagawa et al., 2009; Tackley et al., 2005). It is
worth noting that small variations in MORB composition strongly affect
the degree of layering due to such a basalt filter effect (Nakagawa et al.,
2010). (Ballmer et al., 2015) have shown that the presence of a strong
compositional gradient within the mantle introduces additional buoy-
ancy forces able to neutralize the negative buoyancy of subducting
slabs, which may then stagnate at about 1000 km depth.

A similar filtering mechanism could lead to the accumulation of the
continental crust and terrigenous sediments at the base of the transition
zone. Felsic material can be transported at mantle depths by crustal de-
lamination, continental collision, or subduction of sediments, volcanic
arcs/ridges and upper plate material tectonically eroded by the de-
scending slab along ocean-continent convergent plate boundaries
(Clift et al., 2009; Ichikawa et al., 2016; Stern and Scholl, 2010). Upon
deep subduction, granitic rocks experience several phase transitions,
becoming denser than the mantle below 270 km depth, where coesite
transforms to stishovite (Irifune et al., 1994). As no furthermajor densi-
fication reactions occur, the continental crust density becomes lower
than that of the mantle at 660 km depth. Based on these two density
crossovers and on published global rates of sediments subduction and
continental crust material eroded by the underlying oceanic plate,
(Kawai et al., 2013) proposed that up to six times the volume of surface
continental crust could be present in the transition zone, which they
refer to as “the second continent”.

Intrinsic structural changes of the mineral phases are associated
with variations on volatiles solubility, with some volatile species being
more prone to be incorporated into certainminerals than others. For ex-
ample, it iswell established that solubility ofwater (as hydrogen) varies
considerably in mantle minerals, with transition zone olivine poly-
morphs capable of storing 1–3 wt.% H2O in contrast to mineral phases
of the upper and lowermantle where less than 1wt.% H2O can be incor-
porated (Karato, 2015). Such differences in water and other volatiles
solubility in nominally anhydrous minerals of the mantle can lead to
the formation of chemically distinct reservoirs, deep partial melting
and further chemical differentiation. (Bercovici and Karato, 2003)
have proposed that slowly upwelling mantle in response to the cold
slab downwellings may be wetted through a water-rich transition
zone by chemical diffusion.When such an upwellingwetmantle subse-
quently transforms to upper mantle mineral aggregates, exsolution of
water will generate partial melting and sequestration of incompatible
elements that will then accumulate at the bottom of the upper mantle
due to the negative melt buoyancy. This enriched molten layer could
be subsequently dragged downward by subducting slabs and incorpo-
rated in the mantle transition zone. As a result, the transition zone
could be enriched inwater and incompatible elements that are progres-
sively filtered out from the slowly upwelling and progressively depleted
mantle material. Similar arguments could be applied in the future to
other volatile species. For instance, (Roberge et al., 2015) have found ex-
perimentally that a large fraction of the Earth's fluorine could be hosted
in the transition zone minerals. They have also suggested that other
heavy halogens elements (chlorine, bromine and iodine) would also
likely be stored in the mineral assemblage of the transition zone, al-
though their real contents in deep mantle minerals remain poorly
constrained.

2.3. Numerical implementation

The effects of phase transformations can be investigated with com-
pressible mantle convection simulations that incorporate energetic ef-
fects due to released or absorbed latent heat and progressive
variations in physical properties of the transformingmineral aggregate.
Two different approaches have been traditionally employed to incorpo-
rate equilibrium phase transitions in mantle convection simulations:
1) via parameterization of phase boundaries, and 2) through
internally-consistent thermodynamic datasets that allow to calculate
the physical properties of the equilibrium phase assemblages at differ-
ent pressure and temperature conditions and for a given bulk chemical
composition.

2.3.1. Governing equations of compressible mantle convection
The equations of conservation of mass, momentum and energy

which govern convection in a compressible fluid with infinite Prandtl
number are (Gerya, 2010; Ita and King, 1994; Jarvis and McKenzie,
1980):

∇∙ v
*¼ −

Dln ρð Þ
Dt

ð1Þ

∇∙τij−∇P ¼ −ρ g
* ð2Þ

ρCP
DT
Dt

¼ ∇∙ K∇Tð Þ þ HR þ HS þ HA ð3Þ

whereD/Dt is material time derivative andHR is the internal heat source
due to radiogenic elements. The frictional and adiabatic heat source
terms are:

HS ¼ τij
∂vi
∂xj

ð4Þ

HA ¼ αT
DP
Dt

ð5Þ

In these equations, ρ is density, v
*

is the velocity vector, τ is the

deviatoric stress tensor, P is pressure,g
*
is the gravity acceleration vector,

CP is the isobaric specific heat capacity,K is thermal conductivity andα is
thermal expansivity.

This set of base equations for compressible mantle convection is
thenmodified to incorporate phase transformations as discussed below.

2.3.2. Parameterized phase boundaries
Phase transitions can be parameterized as a function of thermody-

namic state variables (P, T, V) and composition by using polynomials
to interpolate the reaction boundary. For instance, the olivine polymor-
phic transformations and the post-spinel reaction are frequently param-
eterized with the linear P–T relationship:

P ¼ P0 þ ∂P
∂T

ΔT ¼ P0 þ γΔT ð6aÞ

where γ is the Clapeyron slope of the reaction, P0 is the pressure at ref-
erence temperature T0, and ΔT=T−T0. As an example, substituting
data derived by (Fei et al., 2004) for the post-spinel reaction in the
Mg2SiO4 system, Eq. (6a) becomes:

P GPað Þ ¼ 25:12−0:0013T Cð Þ ð6bÞ

Reactions involving production or consumption of a fluid phase are
more commonly characterized by non-linear reaction boundaries due to
the P–T dependency of the fluid phase compressibility, and thus their
parameterization requires higher order polynomials (e.g., Faccenda
et al., 2012; Gerya and Yuen, 2003). One of most sophisticated reaction
parameterizations is the one presented by (Katz et al. 2003), which
allows to calculate the melt fraction during hydrous melting of peri-
dotites as a function of pressure, temperature, water content and
modal clinopyroxene.

The progress of the reaction Γ –which varies from 0 to 1 and indicates
the volume fraction of the product phase(s) –has been typicallymodelled
with either a step function when considering the phase transition as
univariant (Bunge et al., 1997; Christensen, 1984; Krystopowicz and



Fig. 10. Schematicfigure showing three types of high-pressure transformation expected in
subducting slabs with an equilibrium phase boundary with zero Clapeyron slope. Dotted
lines show isotherms. Untransformed regions are formed due to slow growth kinetics at
low temperature conditions (G type, growth-controlled transformation) and due to slow
nucleation kinetics at small overpressure conditions (N type, nucleation controlled
transformation). At higher temperatures the transformation front can ascend against the
downgoing current to the equilibrium boundary where the nucleation does not occur,
because of the fast growth kinetics (E type, equilibrium transformation). From (Kubo
et al., 2009).
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Currie, 2013; Tackley et al., 1993), or by means of a hyperbolic tangent
function to simulate the range of P–T conditions throughwhich divariant
phase transitions take place (Christensen and Yuen, 1985; Nakagawa
et al., 2009; Peltier and Solheim, 1992; Richter, 1973; Zhong and Gurnis,
1994).

Latent heat released or absorbed during the transformation can be
included explicitly in the right term of the heat conservation equation
(Eq. (3); by adding HL=ρDQL/Dt or HL=ρQLDΓ/Dt for univariant and
divariant transformations, respectively. QL is the latent heat per unit
mass of the total transformation) or implicitly by calculating the effec-
tive thermal expansivity and heat capacity as (Gerya, 2010; Schubert
et al., 1975):

CPeff ¼ CP þ QL
∂Γ
∂T

� �
P

ð7Þ

αeff ¼ α þ ρRP
QL

T
∂Γ
∂P

� �
T

ð8Þ

where ρRP is the average density of the reactant and product phases.
Variations in bulk rock physical properties q (i.e., density, thermal con-
ductivity, isobaric heat capacity) in the two-phasemixture aremodelled
with the weighted arithmetic average:

q ¼ qR 1−Γð Þ þ qPΓ ð9Þ

where qR and qP are the given physical property of the reactant and prod-
uct phases. Variations in viscosity are better modelled with the weighted
harmonic average that emphasizes the contribution of the weaker phase.
The non-dimensional formulations of the equations of conservation of
mass,momentumand energy accounting for parameterized phase transi-
tions are reported in several articles (e.g., Christensen and Yuen, 1985; Ita
and King, 1994; Nakagawa et al., 2009).

This approach has the advantage of being computationally efficient
and easy to implement, but it becomes inconvenient in multi-variant
systems where several reactions take place over finite P–T ranges. As a
matter of fact, reaction parameterization has been widely used to
study the effects of only few phase transitions which havemajor effects
on specific geological processes, such as solid–solid (see references
above), melting/crystallization (Ballmer et al., 2013; Faccenda et al.,
2009b; Gerya and Yuen, 2003; Gerya et al., 2008) and hydrothermal
metamorphic reactions (e.g., Faccenda et al., 2012).

2.3.3. Self-consistent approach: Isochemical pseudo-sections
An alternative approach is to use internally-consistent thermody-

namic dataset for mineral end-members and activity composition
models for assembling endmembers into solid-solutions in order to cal-
culate the stable mineral assemblage as a function of pressure, temper-
ature, and composition via Gibbs free-energy minimization (Holland
et al., 2013). This approach has been recently used by several groups
(Gerya et al., 2006; Kerrick and Connolly, 2001; Mishin et al., 2008;
Nakagawa et al., 2009, 2010; Piazzoni et al., 2007; Ricard et al., 2005;
Stixrude and Lithgow-Bertelloni, 2011) to calculate gradual variations in
bulk rock properties such as density, enthalpy, elastic moduli, and free
fluid components (for example, free water or melt). As an example, the
stable phase equilibria and density as a function of pressure and temper-
ature calculated with HeFESto (Stixrude and Lithgow-Bertelloni, 2011)
for pyrolite, harzburgite and MORB compositions are shown in Figs. 1–3.
Other widely used and publicly available software are THERMOCALC
(Powell et al., 1998) and Perple_X (Connolly, 2005). To incorporate
phase transitions in mantle convection simulations, density and enthalpy
(H) maps are then used to compute density, effective heat capacity and
energetic (both adiabatic and latent heating) effects for adiabatic (de)-
compression (Gerya, 2010):

CPeff ¼
∂H
∂T

� �
P

ð10Þ
HA ¼ 1−ρ
∂H
∂P

� �
T

DP
Dt

ð11Þ

The numerical models in Figs. 6 and 7 account for phase transitions
in a pyrolitic mantle using this approach.

3. Disequilibrium phase transitions

3.1. Low temperature reaction kinetics of major solid–solid phase
transitions in the oceanic crust and mantle

The phase diagrams discussed in Section 2 illustrate the mineral
phases coexisting at different P–T conditions at equilibrium for a given
composition. This is equivalent assuming that reactions across phase
boundaries are instantaneous or that the mineral phases had time to
completely re-equilibrate with the changing P–T conditions. However,
if the rate of material advection through the P–T space is faster than
the reaction rate, non-equilibrium phase aggregates can persist beyond
the equilibrium phase boundaries. Reaction rates can be particularly
sluggish when temperatures are insufficient to overcome the activation
energy barrier to transformation and catalytic fluids are absent. These
conditions are simultaneously met in the cold and dry portions of
slabs, where, for current subduction rates, the high-pressure transfor-
mations of crust and mantle minerals can be kinetically hindered.

More in detail, because temperature and pressure dependencies are
different between nucleation and growth kinetics, three types of high-
pressure transformations are expected in the subducting slabs (Kubo
et al., 2009) (Fig. 10). In the cold centre of slabs untransformed regions
are formed due to slow growth kinetics at low temperatures (G type:
growth-controlled transformation). Untransformed regions are also
formed under relatively warmer and smaller overpressure conditions
where the growth rate is fast enough but nucleation cannot occur (N
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type: nucleation-controlled transformation). When the growth rate is
faster than the subduction rate at higher temperatures, the transforma-
tion front can ascend against the downgoing current to the equilibrium
boundary where nucleation does not occur, because of the fast growth
kinetics (E type: equilibrium transformation).

The nucleation and growth kinetics of high-pressure phase transi-
tions vary with the changing P–T conditions of the subducting slab, in-
creasing exponentially with temperature (T) and overpressure or
pressure beyond equilibrium (ΔP). They are also promoted by introduc-
ing shear stresses, diminishing grain-size, and adding water or other
catalysts to the reactants. On the other hand, the elastic strain due to
the large volume reduction (for example, 16% in the post-pyroxene
transformation; Hogrefe et al., 1994), if not relaxed plastically in the ag-
gregate at low-T, results in a decrease of the growth rate.

Besides thermodynamic ambient conditions, reaction rates depend
also on the type of transformation: polymorphic reactions are relatively
fast because of the short range atomic diffusion at the scale of the crystal
interface (2–3 nm). In contrast, decompositional reactions with 2 or
more product phases require long-range diffusion of atoms that de-
creases the rate of transformation. Because of the smaller growth dis-
tance, intra-granular nucleation of the product phases considerably
speeds up reaction rates in comparison to cases where nucleation oc-
curs along grain-boundaries. Kinetics studies of high-pressure mineral
transformations in multiphase aggregates have shown that the pres-
ence of secondary phases can influence reaction rates (e.g., Hogrefe
et al., 1994).

Below we report a compilation of reaction kinetics experiments for
the major phase transformations occurring within the slab, and that
are frequently employed in numerical models to predict the extent of
metastable portions in subducting oceanic plates (Fig. 11).

3.1.1. Olivine polymorphic transformations
Olivine may persist at transition zone depths in the cold interior of

the slab forming a metastable wedge that progressively transforms to
either Wadsleyite or Ringwoodite. At low temperatures and low differ-
ential stresses, the most likely growth mechanism of the olivine poly-
morphic transformation is grain boundary nucleation, in which grains
of the product phase nucleate along pre-existing olivine grain
Fig. 11. Schematic representation of potential metastable fields for the olivine (purple)
and non-olivine (blue) components within a compositionally stratified cold slab. The
olivine ⇔ Wadsleyite, post-spinel and post-garnet reactions (continuous horizontal
lines) are drawn at equilibrium, while the post-pyroxene reaction (dashed horizontal
line) is effective in both equilibrium and metastable aggregates.
boundaries and grow afterwards at the expense of the host olivine
(Rubie and Ross, 1994). (Sharp and Rubie, 1995) demonstrated that
high-pressure clinoenstatite (cEns) can catalyse the olivine polymor-
phic transformation by enhancing nucleation kinetics. (Kerschhofer
et al., 1996, 2000) found that the olivine polymorphic transformation
can occur also by intra-granular nucleation at low tomoderate differen-
tial stresses and pressures greater than 17 GPa (about 520 km), which
significantly speeds up the reaction.

(Hosoya et al., 2005) measured growth rates of the olivine ⇔
Wadsleyite transformation in experiments with relatively high concen-
trations of water (660–5000wt. ppm), and found that the reaction kinet-
ics is proportional to the amount of dissolved OH to the power of ~3.
Subsequently, (Diedrich et al., 2009) and (Du Frane et al., 2013) found
low activation enthalpies in hydrous conditions for the olivine ⇔
Ringwoodite transformation, yielding fast reaction rates for relatively
low amounts of water. Furthermore, as the growth rates appear to be in-
dependent to the concentration of OH at lowwater contents, they argued
that the growth-controlled reaction rate with water dependence from
(Hosoya et al., 2005) (Eq. (15)) cannot be extrapolated to water contents
less than 300 wt. ppm. According to (Du Frane et al., 2013), the metasta-
ble wedge of olivine could exist only in a lithospheric mantle with less
than 75 wt. ppm H2O.

3.1.2. Ringwoodite transformation
The reaction kinetics of (Mg,Fe)2SiO4 Ringwoodite dissociation into

(Mg,Fe)SiO3 perovskite and (Mg,Fe)O ferropericlase have been poorly
constrained. The post-spinel transformation is a eutectoid-type trans-
formation that is characterized by the formation at low T of alternating
lamellae of Bridgmanite and ferropericlase, which display topotactic re-
lations with the reactant Ringwoodite (Kubo et al., 2002a; Poirier et al.,
1986; Wang et al., 1997). For longer duration and higher temperature,
the texture becomes more uniform and most of the grains are
equigranular (Poirier et al., 1986; Yamazaki et al., 1996).

The lamellar growth kineticswas examined at low temperatures and
relatively wet conditions (1000–2000 wt. ppm H2O) by (Kubo et al.,
2002a, 2008). In these experiments the lamellar spacing decreases
with increasing overpressure, promoting higher reaction rates and
smaller grain-sizes, which in turn induce rheological weakening.

(Wang et al., 1997) qualitatively suggested a kinetic blocking tem-
perature of about 700 °C for the reaction, while (Kubo et al., 2002a) es-
timated that at that temperature an overpressure greater than 1 GPa is
needed to complete the reaction in the cold slab.

3.1.3. Pyroxene dissolution in garnet
The kinetics of pyroxene dissolution into pyrope-rich garnet to form

Al-poor majoritic garnet is controlled by the rate of diffusion of the
majoritic component (Mg4Si4O12, same stoichiometry as MgSiO3 cEns)
in pyrope garnet (Mg3Al2Si3O12) (van Mierlo et al., 2013). Diffusion ex-
periments on majorite-natural pyrope garnet diffusion couples indicate
that the majoritic component in garnet is one of the slowest diffusing
components in the Earth's mantle and that, for realistic subduction
rates, a temperature of at least 1500 °C is needed to complete the disso-
lution of pyroxene into garnet (Nishi et al., 2008, 2013; vanMierlo et al.,
2013). This temperature is much higher than the temperature needed
for olivine transformation (about 600–700 °C), implying that pyroxene
and pyrope garnet could survive metastably at higher P–T conditions
than olivine.

A sluggish diffusion of pyroxene into garnet has beenmeasured also
inwet pyrolitic compositions (CMAS system+700–4000wt. ppmH2O)
with two pyroxenes (diopside + enstatite) and pyrope garnet (Nishi
et al., 2008). Despite the relatively high water content, the measured
rate of dissolution of pyroxenes into garnet ismuch slower on experimen-
tal timescales than that of the dry olivine⇔Wadsleyite and post-garnet
transformations at the same P–T conditions. In the basaltic crust, where
Ca–Fe–Na-rich clinopyroxene coexist with pyrope garnet and minor
coesite/stishovite at upper mantle conditions, pyroxene transformation
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proceeds by an early exsolution of majoritic garnet along clinopyroxene
grain boundaries at about 14–15 GPa, and a subsequent slow diffusion
of pyroxene into garnet, which impedes the complete pyroxene transfor-
mation (Nishi et al., 2009, 2011). At T b 800 °Cmajoritic garnet exsolution
is kinetically hindered for geological timescales, even with 1000 wt. ppm
H2O. It is worth nothing, however, that intracrystalline nucleation of
majoritic garnet in clinopyroxene could occur in the subducting plate as
observed in natural samples, where the actual grain-size of clinopyroxene
ismuch larger. Intracrystalline nucleationwould reduce the exsolution la-
mellae distance and diffusion length, so that the reaction could proceed
even if the temperature is 800 °C (Nishi et al., 2011).

The remnant pyroxene phases, which kinetically failed to be ac-
commodated in the garnet, eventually transform to their own high-
pressure phases while keeping their original chemical compositions
at about 18–20 GPa (post-pyroxene transformations). For instance,
Ca-rich metastable clinopyroxene dissociates into Ca-perovskite,
Wadsleyite and stishovite at about 18 GPa (Nishi et al., 2008). In
the sub-Moho harzburgitic mantle high-P cEns transform directly
to its high-pressure polymorphs Akimotoite or majorite, because de-
composition of pyroxene to Wadsleyite and stishovite requires
higher long-range diffusion and higher temperatures (Bina, 2013;
Hogrefe et al., 1994).
3.1.4. Pyrope garnet transformation
The post-garnet transformation in pyrope garnet proceeds by nucle-

ation on grain boundaries followed by sluggish growth of decomposed
phases (Kubo et al., 2002b, 2008). Because the decomposition kinetics
of pyrope garnet is significantly slower than for the post-spinel transfor-
mation, a significantly large amount ofmetastable garnet is predicted to
exist in the cold crust of the subducting plate (Kubo et al., 2002b; Nishi
et al., 2012). (Kubo et al., 2008) reported that the post-garnet transfor-
mation cannot complete at less than 1730 K with 400 wt. ppm H2O for
geological timescales, which is much higher than the approximate
900 K for the olivine ⇔ Wadsleyite transformation with a higher
water content (Hosoya et al., 2005). Reaction kinetics experiments on
decomposition of majoritic garnet have not been carried out, probably
because it is assumed that pyroxene dissolution in pyrope garnet is
very slowunder lowT conditions. However, (Litasov et al., 2004) argued
that the kinetics of pyrope is not applicable for the transformation of the
basaltic crust component, since metastable CaMg-perovskite (which
forms around 22–23GPa and 1300 K in dry conditions) enhances the ki-
netics of the post-garnet transformation. Under large overpressure con-
ditions (31–38 GPa), metastable post-garnet transformation would
eventually proceed by intracrystalline nucleation (Nishi et al., 2012).
Fig. 12. Differential bulk sound velocity anomalies (top) and buoyancy anomalies
(bottom) between disequilibrium and equilibrium cases, showing predicted effect of
metastable olivine wedge. The slab boundary is also shown. From (Bina et al., 2001).
3.1.5. Eclogitization
(Ahrens and Schubert, 1975) showed experimentally that for

T b 600–800 °C the gabbro to eclogite transformation in the upperman-
tle cannot occur for geological timescales of subduction due to the slow
diffusion of ions, and thatwater is needed to catalyse the reaction. There
is indeed widespread field evidence for disequilibrium textures of in-
complete reactions, and metastabilities due to sluggish nucleation or
slow diffusion rate and kinetics of reactions in mafic rocks from low-T/
high-P environments (Austrheim, 1987; Bjørnerud et al., 2002; John
and Schenk, 2003; Pennacchioni, 1996). Interestingly, in these units
eclogitization is observed only along those portionswhere fluid infiltra-
tion in previously dry and unusually strong mafic complexes has
catalysed the reaction. Hence, differently from the deep phase transfor-
mations previously discussed, the occurrence of dry metastable rock
units within both the continental and oceanic mafic crust at shallow
uppermantle depths is supported by several field observations suggest-
ing that the process of eclogitization is limited by reaction kinetics and
dissolution–precipitation rates rather than by the metamorphic P–T
conditions (John and Schenk, 2003).
3.2. Thermomechanical effects and chemical implications

3.2.1. Buoyancy and thermal effects
Metastable persistence of low-pressure phases, and the resulting

spatial variations in mineralogy produce petrological buoyancy forces
that affect the net buoyancy of slabs (Bina et al., 2001) (Fig. 12,
Table 2). Spatial and temporal variations in the net buoyancies of slabs
may be reflected in varying subduction rates and may affect slab
morphology. Faster and older slabs with larger metastable wedges are
decelerated more efficiently, and tend to be deflected toward the
horizontal due to a parachute effect (Kirby et al., 1996; Marton et al.,
1999; Schmeling et al., 1999). For sufficiently large metastable wedges
of low-pressure phases, slab material may stagnate in the transition
zone until thermal erosion of the positively buoyant metastable
wedge allows the slab to resume sinking under the influence of its resid-
ual negative thermal buoyancy (Agrusta et al., 2014; Bina et al., 2001;
King et al., 2015; Tetzlaff and Schmeling, 2000).

On the other hand, smaller sinking rates expose slabs to greater
conductive warming, which thermally erodes their metastable wedges
and damps the parachute effect. Although such feedback damping may
act to narrow the range of feasible subduction rates, the net effect of the
metastable wedge is to retard the penetration into the lower mantle
(Bina et al., 2001; Tetzlaff and Schmeling, 2009). In the long-term,
subduction velocities and the size of the metastable wedge should
approach – paradoxically – an equilibrium state, with small cyclic
variation (Tetzlaff and Schmeling, 2009).

Although the largest thermomechanical effects are often considered
as related to the survival of olivine, other sluggish reactions can signifi-
cantly influence the dynamic of subducting plates (Fig. 11). For instance,
(Kubo et al., 2009) argued that the ~1 GPa overpressure needed for the
post-spinel transformation at relatively low T would affect, together
with the negative Clapeyron slope of the equilibrium boundary, the de-
pression of 660 km seismic discontinuity, thus increasing the positive
buoyancy forces within the peridotitic layer of the slab.

(Agrusta et al., 2014) and (King et al., 2015) have demonstrated that
the extremely slow dissolution rate of pyroxene into garnet could lead
to the formation of a buoyant metastable wedge of pyroxene in the
cold slab and surrounding entrained mantle that is much broader than
the one with metastable olivine, causing slab stagnation in the transi-
tion zone. Although both studies have likely overestimated the
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Table 2
Density and bulk sound velocity anomalies of majormetastable phaseswith respect to the
ambient mantle.

Low-P phase
(High-P phase)

P (GPa) T (K) Δρ (kg/m3) ΔVϕ (km/s)

Ol (Wd) 13.5 1000 (1810) −202 (−125) −0.63 (−0.42)
18 1000 (1870) −188 (−110) −0.60 (−0.40)

Ol (Rw) 23 1000 (1934) −262 (−195) −0.76 (−0.55)
Rw (Bdg + Fp) 23.5 1000 (1940) −344 (−255) −0.16 (0.08)
Hcen (Maj) 13.5 1000 (1810) −226 (−169) 0.20 (0.39)

18 1000 (1870) −230 (−174) 0.28 (0.47)
Pyr (Bdg) 28 1300 (1990) −465 (−408) −0.62 (−0.46)

The densities and bulk sound velocities (Vϕ2 = Vp2–4/3Vs2) have been calculated with
EosFit7 (Angel et al., 2014) by using the THERMOCALC database and a modified Tait EoS
(Holland et al., 2013) for Mg-end member phases (except for pyrope: Mg3Al2Si3O12).
The anomalies associatedwith themetastable phase in the cold slab interior are computed
as differences relative to the high-P phase at both the slab and the ambient mantle (in
brackets) temperatures. Abbreviations: Ol = Olivine; Wd = Wadsleyite; Rw =
Ringwoodite; Bdg = Bridgmanite; Fp = Ferropericlase; Hcen = High-P clinoenstatite;
Maj = Majorite; Pyr: Pyrope.
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buoyancy induced by the metastable pyroxene ((King et al., 2015) as-
sumed 50% average volume fraction of pyroxene for the slab instead of
a more appropriate 30–40%, while (Agrusta et al., 2014) set the depth
of post-pyroxene transformation to 670 km, instead of ~550 km
(Hogrefe et al., 1994)), these results suggest that the presence of meta-
stable pyroxene in the transition zone could be as important as that
of metastable olivine. As the harzburgitic mantle contains only up to
20–25% of pyroxene, the positive buoyancy due tometastable pyroxene
is larger in the oceanic crust, which could be slightly buoyant with re-
spect to the ambient mantle in the transition zone (Nishi et al., 2011).
Transformation of relict pyroxene via post-pyroxene reactions at P =
18–20 GPa (Hogrefe et al., 1994; Nishi et al., 2008) would then switch
again the buoyancy to negative within both the crust and underlying
harzburgitic mantle.

Metastable pyrope garnet at lower mantle depths also causes
positive buoyancy forces within the basaltic crust at less than about
1730 K and the underlying peridotitic layer at about 1400–1600 K
(Nishi et al., 2008).

While latent heats of phase transitions in subducting slabs under
equilibrium conditions are simply manifested by refraction of adiabats
along phase boundaries, latent heat release from exothermic phase
transformations under disequilibrium conditions results in isobaric
superheating above the equilibrium adiabat. The additional energy
(converted into heat or dissipated bymechanical deformation or recrys-
tallization processes) is given by the difference in Gibbs free energy that
is zero at equilibrium conditions, and negative (energy is released) for
transformations of metastable rock assemblages (Kirby et al., 1996).
Indeed, even nominally endothermic transitions can yield heating
under sufficient metastable overpressure (Bina, 1998). Thus, eventual
transformation of any pods of metastable material should lead to local
superheating which can increase the reaction rate.

3.2.2. Rheological effects
An important phenomenon associated with sluggish phase transi-

tions is the grain-size reduction of the newly formed aggregate, which
can lead to the activation of grain-size sensitive creep and to a transient
rheological weakening of the transformed material. The initial grain-
size of the product phase depends on the competition between the
rate of nucleation and that of growth (Riedel and Karato, 1997). In the
hotmantle, growth of the new crystals is fast, and thusminor variations
in grain-size are expected after a phase transformation. In growth-
controlled reactions such as the olivine polymorphic transformations
occurring in cold core of old and fast slabs, instead, nucleation is very
fast and therefore the size of the new grains tends to be small (Karato
et al., 2001; Rubie, 1984; Vaughan and Coe, 1981). For instance, the
grain-size of Ringwoodite in the cold subducting slab could be less
than 100 μm according to the grain growth rates measured by
(Yamazaki et al., 2005). Significant grain-size reduction is expected also
in nucleation-controlled eutectoid (decomposition) reactions such as
the post-spinel, the post-(Ca–Na-rich)-pyroxene and post-(pyrope)-gar-
net transformations, because of the formation of two or more product
phases (Zener pinning effect) (Kubo et al., 2000, 2008; Kubo et al.,
2009). A sluggish grain growth at relatively low temperature (≤1773 K)
has been observed also in CaIrO3 post-perovskite due to its strong aniso-
tropic shape (Yoshino and Yamazaki, 2007), which may suggest that
small grain-size and transient rheological weakening could occur after
the material analogue post-pervoskite transition in the lowermost
mantle.

The initial grain-size tends to decrease with the pressure overstep of
metastable reactions (Kubo et al., 2000; Riedel and Karato, 1997). The
subsequent crystal growth, which progressively erases such a rheologi-
cal weakening effect, increases exponentially with temperature (and
thus the rate of thermal relaxation of the slab) and the presence of
water (Nishihara et al., 2006). Conversely, the presence of a secondary
phases in decomposition reactions retards grain growth by the Zener
pinning effect so that grain-sizes of multiphase rocks are several orders
of magnitude smaller than those of monophase rocks in the geological
time scale (Kubo et al., 2000; Yamazaki et al., 2010) (Fig. 13A). Hence,
the product aggregates of the olivine polymorphic transformations
and of the post-spinel, post-pyroxene and post-garnet reactions should
be characterized by small grain-sizes in a cold and dry slab. For suffi-
ciently small crystals, such grain-size reduction mechanism occurring
below the tip ofmetastable portions can significantly affect themechan-
ical strength of cold rigid slabs, which paradoxically could be weaker
than hotter and/or wet oceanic plates.

The mechanical effects induced by grain-size reduction in subducting
slabs have been addressed by few studies. (Karato et al., 2001) estimated
1 to 2 orders ofmagnitude decrease of the flexural rigidity in cold slabs by
this mechanism after the olivine polymorphic transformations, and pro-
posed that such rheological weakening could promote slab stagnation
(Fig. 13B). (Čížková et al., 2002) and (Tagawa et al., 2007) tested different
amounts of grain-size reduction and subsequent temperature-dependent
growth associated with the olivine polymorphic transformations in 2D
dynamic models of subduction, and concluded that four to six orders of
magnitude grain-size reduction in the central portion of the slab can in-
duce significant slab weakening, favouring stagnation in the transition
zone. (Kubo et al., 2009) predicted the amount of rheological weakening
in the Mariana slab after the olivine polymorphic and post-spinel reac-
tions, suggesting that the observed deformation and thickening at the
top of the lowermantle could be related to the strong grain-size reduction
associated with the post-spinel reaction.

3.2.3. Chemical implications
The buoyancy forces and rheological weakening associated with

metastable phases and their subsequent transformation may lead to
crustal delamination from the compositionally stratified slab. (Kubo et
al., 2008) and (Nishi et al., 2012) suggested that either a buoyant
garnetitic basaltic crust or a weak oceanic crust resulting from the de-
composition of metastable post-garnet assemblages under large over-
pressure conditions could separate from the slab and accumulate at
the top of the lower mantle, explaining the seismic discontinuities at
depths of 900–1080 km observed beneath subduction zones
(Kawakatsu and Niu, 1994; Niu and Kawakatsu, 1997; Vanacore et al.,
2006).

Another important implication of metastability concerns the slab
volatile content. Because water greatly enhances the reaction kinetics,
(e.g., Hosoya et al., 2005; Kubo et al., 1998), the existence of metastable
phases is often taken as evidence for a dry slab environment with less
than 75wt. ppmH2O (Du Frane et al., 2013; Green et al., 2010). Howev-
er, we should bear in mind that hydration of oceanic plates is highly
heterogeneous, occurring principally along normal faults activated dur-
ing bending-related deformation at the trench outer-rise system
(Faccenda, 2014b; Faccenda et al., 2009a). Thus, similarly to what is



Fig. 13. (A) Comparison of experimental data of grain growth for various mantle materials for geological time scales at 1673 K and with initial grain size, G0 = 0. Ol: olivine at 300 MPa
(Karato, 1989a), MgO at ambient pressure (Kapadia and Leopold, 1974), Fp: ferropericlase at 18 GPa (Tsujino andNishihara, 2009),Wd:Wadsleyite at 15 GPa (Nishihara et al., 2006), Rw:
Ringwoodite at 21 GPa (Yamazaki et al., 2005), Pc: periclase and Pv: MgSiO3 perovskite at 25 GPa (Yamazaki et al., 1996), Mj: majorite and St: stishovite at 18 GPa (Yamazaki et al., 2010).
Dotted lines indicate the grain growth in the single phase, whereas solid lines indicate the grain growth in the multiphase. Meshed time range corresponds to the timescales of the
transition zone residence of subducting slab for subduction velocity of 1–10 cm/y. Uncertainties of grain size of majorite and stishovite are shown as dark meshed areas indicated by
“Mj+”, “Mj−”, “St+” and “St−” for the upper and lower bounds, respectively. From (Yamazaki et al., 2010). (B) Dominant deformation mechanism (top) and effective viscosity
(bottom) in a subducting slab with initial temperature distribution corresponding to that for a 100 Myr oceanic lithosphere of 85 km thickness. X and Y coordinates indicate distance
along and across the slab, respectively, with Y = 0 being the slab centre. Subduction velocity is 10 cm/yr. In high stress, low temperature regions, the Peierls mechanism dominates. In
moderate stress, moderate to large grain-size regions, power-law creep dominates. Diffusion creep plays an important role in cold, fine-grain regions in the centre of slabs after a
phase transformation, resulting in a low viscosity. This low viscosity region recovers its strength due to progressive grain-growth of spinel at greater depths. Modified after (Karato
et al., 2001).
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observed in exhumed low-T/high-Pmafic complexes (Austrheim, 1987;
Bjørnerud et al., 2002; John and Schenk, 2003; Pennacchioni, 1996), an
alternation of wet transformed and dry metastable regions could exist
in the cold portion of old and fast subducting oceanic plates at transition
zone depths, provided that water released during decomposition of hy-
drous phase is not homogeneously redistributed within the slab.

3.3. Do deep metastable regions exist in subducting slabs?

3.3.1. Thermo-kinetic modelling perspective
Thermo-kinetic numerical models have been extensively used to pre-

dict the presence ofmetastable untransformed regionswithin subducting
slabs with different ages and subduction rates. (Sung and Burns, 1976)
were the first to argue that metastable olivine could persist into the
Wadsleyite or Ringwoodite stability field based on results from a kinetic
model which employs a standard Avrami equation at isothermal and iso-
baric conditions. Although no reaction kinetic data for olivine polymor-
phic transformations were available, they proposed a characteristic
temperature of 700 °C belowwhich these reactions are virtually blocked.

About two decades later, (Rubie and Ross, 1994) and (Kirby et al.,
1996) employed a kinetic rate equation for phase interface-controlled
growth occurring under non-isothermal, non-isobaric conditions,
together with kinetic data of the olivine polymorphic transformations
estimated empirically from reactions ofminerals with analogue compo-
sitions. They predicted a wedge of metastable olivine extending to
700 km depth where slab temperatures remains below 600 °C. These
predictions were used to infer a widespread presence of metastable
wedges of olivine in old and fast subducting slabs, and, through the
transformational faulting mechanism occurring during metastable
phase transformations, provided a common explanation for the whole
set of deep seismicity.

After these preliminary studies, however, which used simplified
rock parameters and ignored intra-crystalline nucleation and other im-
portant thermo-kinetic effects, successive thermo-kinetic models have
progressively reduced the extent of the metastable wedge of olivine.
(Devaux et al., 1997) showed that by including thermal feedbacks,
due to heat conduction and thermokinetic coupling (latent heat release
and adiabatic heating effects), themetastable olivinewedge is consider-
ably reduced.

(Mosenfelder et al., 2001) improved on previous work of (Rubie and
Ross, 1994) and (Kirby et al., 1996) by incorporating experimental ki-
netic data of the olivine ⇔ Wadsleyite transformation from realistic
mantle compositions (Mg,Fe)2SiO4 rather than analogue systems
(which are 5 times slower), by accounting for intra-crystalline nucle-
ation (together with grain boundary nucleation) and for latent heat ef-
fects in both the transformation kinetics (as (Kirby et al., 1996)) and the
conservation of energy equation. Themodels predict significantly small-
er wedges of metastable olivine than those from (Kirby et al., 1996) and
a maximum depth extent of 500–550 km for the coldest slab.

(Marton et al., 2005) solved the conservation of energy equation by
using realistic thermal conductivities, densities and isobaric heat capac-
ities function of pressure, temperature and mineralogy. When radiative
heat transfer is included, thermal conductivities are considerably higher
and the slab interior is 50–100 °C warmer. The metastable wedge is re-
duced by 30–50 km, with a maximum depth of 550 km for the coldest
Pacific slab subducting beneath Tonga.

The quotations of themetastable wedgemodel have recently surged
following the quantification of the extremely slow dissolution of pyrox-
ene into garnet by (Nishi et al., 2013) and (van Mierlo et al., 2013). For
instance, (King et al., 2015) have used a simplified kinetic growthmodel
in which the pyroxene tomajoritic garnet transformation is set to occur
rapidly across a transition temperature of 1000–1200 °C and at a maxi-
mumpressure of 18 GPa (post-pyroxene transformation) to show that a
largemetastable wedge of pyroxene formswithin old slabs in the upper
transition zone. Analogous results were found by (Agrusta et al., 2014)
that modelled the pyroxene to majorite garnet transformation using
the diffusion model and kinetic data from (van Mierlo et al., 2013). Al-
though (Bina, 2013) pointed out that complex natural pyroxenes may
be more reactive than themagnesium-rich variety used in the diffusion
experiments, several experiments demonstrated that dissolution of py-
roxene in garnet is much slower than the olivine polymorphic transfor-
mations (e.g., Nishi et al., 2008), suggesting that the presence of
metastable wedges of pyroxene is more likely than that of any other
mineral phase.
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3.3.2. Seismological evidence
Low-pressuremetastable phases can be detected by seismic surveys,

as their seismic velocities are usually lower than those of the equilibri-
um aggregates at the same P–T conditions (but see (Koper et al.,
1998)). Consequently, an untransformed region within the slab should
be associated with low seismic velocities and depressed seismic discon-
tinuities (Fig. 12). For example, metastable gabbros in the 60–150 km
depth range displays 7–8% lower Vp than the equilibrium eclogitic as-
semblage (Hacker et al., 2003). At lower mantle depths, metastable
pyrope has significantly lower seismic velocities than, for example,
Bridgmanite (Table 2). In the cold slab mantle, metastable olivine
at transition zone depths would be associated with lower seismic
velocities only partly compensated by the less abundant metastable
clinoenstatite that is characterized by faster seismic wave propagation.
Indeed, in contrast to other metastable phases, a metastable wedge of
high-P clinoenstatite would increase the seismic velocities while de-
creasing the slab density.

Accordingly, several seismic observations have been attributed to
the existence of metastable phases in some subduction zones. Metasta-
ble dry gabbros have been proposed to explain the low velocity zones in
the 50–150 km depth range (Abers, 2005). Seismic low-velocity zones
and depressed 410 km discontinuities in the Pacific, Mariana, and
Kuril slabs have been interpreted as metastable olivine (Jiang et al.,
2015; Kaneshima et al., 2007; Kawakatsu and Yoshioka, 2011; Pankow
et al., 2002). Seismic anisotropy in the subducting Tonga–Fiji slab and
below Northeast Asia has been interpreted as resulting from lattice pre-
ferred orientation ofmetastable olivine (Chen and Brudzinski, 2003; Liu
et al., 2008). The presence of metastable Ringwoodite could explain the
strong depression of the 660 km discontinuity in correspondence of the
slabs ponding beneathMariana (Kubo et al., 2009) and southern Europe
(Cottaar and Deuss, 2016).

Because the transformation of metastable phases normally occurs
with large reduction in volume, causing large stresses, and release of la-
tent heat, deep earthquakes triggered by the transformational faulting
mechanism is often taken as a further evidence for the presence of meta-
stable regions (Kirby et al., 1996). Indeed, deep focus earthquake
hypocentres (300–700 km depth) occur most frequently in the coldest,
oldest slabs with high subduction rates, which suggests a possible link
to the presence of metastable olivine (Kirby et al., 1996). This hypothesis
appears to be confirmed by deep double seismic zones found in the
Tonga, Izu–Bonin, and Pacific slabs that have been attributed to delayed,
seismogenic transformation at the boundaries of a metastable olivine
wedge (Guest et al., 2004; Iidaka and Furukawa, 1994;Wiens et al., 1993).

These sets of observations are contrasting with other regional seis-
mic surveys that have failed to detect the presence of metastable
wedges in other segments of the Western Pacific subduction zones.
For example, an elevated 410 km discontinuity has been observed in
the cold slab at the Izu-Bonin and Japan trenches (Collier and
Helffrich, 1997; Gao et al., 2010). At the global scale, several studies
show a thickened transition zone in and around subduction systems, in-
cluding those on the Western Pacific (Deuss, 2009; Gu et al., 2003;
Houser et al., 2008; Lawrence and Shearer, 2008). Furthermore, an
anomalously depressed 660 km discontinuity around subducting slabs
could be explained without invoking the presence of metastable
Ringwoodite given (i) the large experimental range of equilibrium
Clapeyron slopes for the post-spinel phase transition and (ii) the
strongly negative slope of the post-ilmenite transition (Cottaar and
Deuss, 2016) (Table 1). The low velocity layer atop the subducting
slabs in the 50–150 km depth range can also be interpreted as due to
the presence of hydrous phase (Abers, 2005). Finally, alternative trig-
gering mechanisms that do not require metastability have been pro-
posed to explain deep seismicity, such as adiabatic shear instabilities
(Karato et al., 2001) and dehydration embrittlement caused by decom-
position of deep hydrous phases (Omori et al., 2004).

In summary, although some convincing seismological evidence has
been provided for the presence of relatively small, deep metastable
portions within cold slabs (e.g., Jiang et al., 2015; Kawakatsu and
Yoshioka, 2011), more geophysical observations are needed to better
constrain the extent of untransformed regions that, at present, appear
to be not as widespread as initially proposed.

3.4. Numerical implementation

The effects of metastable phase transitions can be investigated by
simulating the reaction kinetics, the initial grain size of the product
phase and its subsequent growth. Below we provide a concise descrip-
tion of the relevant equations andmethods that have been traditionally
employed to model these processes.

3.4.1. Reaction kinetics
The transformation kinetics at constant P–T conditions is described

by the Avrami equation:

ξ ¼ 1− exp −k∙tnð Þ ð12aÞ

k ¼ π _N _G
3

3
ð12bÞ

where ξ is the volume fraction of the product phase, _N and _G are the nu-
cleation and growth rates, while k and n are assumed to be constants.

However, because the P–T conditions are continuously changing
within the subducting slab, the nucleation and growth rates, together
with k and n, are also changing during the transformation (Rubie and
Ross, 1994). A better growth rate model that takes into account the
time-dependent P–T conditions of the metastable reaction front is
(Cahn, 1956; Rubie and Ross, 1994):

ξ ¼ 1− exp −2S∫t0 _x θð Þdθ
� �

ð13Þ

where S=3.35/d, d is the grain diameter of the reactant phase and _xðθÞis
the growth rate at timestep θ. Assuming nucleation site saturation (no
nucleation), Eq. (5) becomes (Hosoya et al., 2005):

ξ ¼ 1− exp −
6:7
d

_xt
� �

ð14Þ

with

_x ¼ kgTC
r
OH exp −

H þ PV
RT

� �
1− exp

ΔG
RT

� �� �
ð15Þ

where kg is a constant, COH is the concentration of hydroxils to the
power r, H and V are the activation enthalpy and the activation volume
for growth, R is the gas constant, andΔG is the Gibbs free energy change
of reaction. This equation is normally used tomodel interface-controlled
reactions, such as polymorphic olivine transformations. Intracrystalline
nucleation can be modelled by taking small grain-sizes (Nishi et al.,
2009).

The lamellar, diffusion-controlled growth rate in decomposition
reaction such the post-spinel transformation is (Nishi et al., 2009):

_x ¼ B
1
l
exp −

ΔE�

RT

� �
ΔGv−2

γ
l

� �
¼ B0ΔP2 exp −

ΔE�

RT

� �
ð16Þ

where B and B′ are constants, ΔE⁎ is the activation energy, ΔGv is the free
energy change of reaction per unit volume, γ is interfacial energy per unit
area, l is the lamellae spacing, andΔP is the overstep in pressure towhich
ΔGv and 1/l are proportional, yielding the rightmost formulation.

The diffusion of pyroxene components into pyrope garnet is (Nishi
et al., 2013; van Mierlo et al., 2013):

D ¼ D0 exp −
ΔHpx−grt

RT

� �
ð17Þ
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where D0 is a pre-exponential constant and ΔHpx−grt is the activation
enthalpy of the reaction. The volume fraction of dissolved pyroxene
can be calculated assuming a spherically symmetric grain, whose size
decreases as a function of time (Nishi et al., 2013):

d tð Þ ¼ d0−
kdDt
2d0

−kd

ffiffiffiffiffiffi
Dt
π

r
ð18Þ

where d0 is the initial grain-size and kd is approximately 2 in themantle
transition zone. Alternatively, the volume fraction of dissolved pyrox-
ene as proposed by (van Mierlo et al., 2013) is:

ξ ¼ t
tdiff

; ð19aÞ

tdiff ¼
1
4
d2

D
ð19bÞ

where tdiff is the time necessary to diffuse the pyroxene component at a
distance of a half the grain size d.

3.4.2. Grain size reduction and subsequent growth
(Riedel and Karato, 1997) developed a theory for estimating the

grain-size of the product phases, taking into account thermal feedbacks.
The initial grain-size d0 of the product phase depends on the competi-
tion between the rate of nucleation and that of growth:

d0≅
_G0
_N0

" #1=3

exp
c1

TΔμ2

� �
ð20Þ

where c1 is a constant and Δμ is the thermodynamic driving force pro-
portional to the overstep pressure. In growth-controlled reactions as
those occurring at T b 900 K, nucleation is very fast and therefore d0 is
very small. Also, the higher the pressure overstep, the smaller the
grain-size. Eq. (20) does not contemplate the presence of secondary
phases that retard grain growth by the Zener pinning effect (Yamazaki
et al., 2010). As it is difficult to estimate d0, numerical studies have sys-
tematically tested different amounts of grain size reduction (Čížková
et al., 2002; Tagawa et al., 2007). Subsequent grain growth can be esti-
mated as (Nishihara et al., 2006):

dn−dn0 ¼ knt; kn ¼ kn0 exp −
H�

RT

� �
Cr
OH ð21Þ

where kn0 is a pre-exponential factor, H⁎is the activation enthalpy for
grain growth and the last term on the right-hand side describes the en-
hanced growth rates in presence of water.

4. Conclusions and perspectives

Solid–solid phase transitions play a fundamental role in the Earth's
internal dynamic, with the main implications that can be summarized
as follows:

• Phase transitions directly affect mantle convection by generating buoy-
ancy forces that arise from deflections of the phase boundary from its
normal depth and, to a minor extent, from the release or absorption
of latent heat (Christensen, 1995; Schubert et al., 1975). The buoyancy
forces increase with the density contrast between the reactant and
product phases, their volume fraction, the steepness of the reaction
slope, and are progressively mitigated with increasing finite width of
multivariant phase transition fields due to solid-solution effects.

• In a homogeneous pyrolitic mantle, the buoyancy effects due to the en-
dothermic post-spinel transformation depend on temperature and can
largely be compensated by the exothermic garnet-to-perovskite reac-
tion (Figs. 3A, 4B). At low temperatures where both the endothermic
post-spinel and post-ilmenite reactions take place, slabs may stagnate
at the 660 km discontinuity for sufficiently fast trench retreat rates
(Fig. 6). At high temperatures, instead, upwelling plumes are accelerat-
ed by the set of transformations occurring in the 600–800 km depth
range (Fig. 7).

• In a compositionally heterogeneous system, additional buoyancy forces
are generated by the vertical shift of phase transformations that affect
distinct petrological components at different mantle depths and to dif-
ferent extents – given the varying abundances in the olivine and pyrox-
ene components – (Figs. 3B, C, D, 4C). As a consequence, phase
transitions enhance density differences between different lithological
components and promote their mechanical separation (unmixing).
This results in a chemical stratification of the Earth's interior character-
ized by an enrichment of the MORB component toward the bottom of
the transition zone and of the lower mantle (e.g., Ballmer et al., 2015)
(Fig. 8). In this system, large positive buoyancy forces are generated
within cold slabs with an olivine-rich harzburgitic mantle around the
660 km discontinuity, while MORB-rich plumes may pond in the 300–
410 km depth range due to their higher density with respect to a
pyrolitic ambient mantle.

• Several metastable phases can potentially survive beyond the equilibri-
um reaction boundarywithin cold and dry slabs (Fig. 11), providing ad-
ditional and positive buoyancy forces that resist subduction. Among
these, a metastable wedge of abundant olivine would produce the larg-
est positive buoyancy within the harzburigitic slab mantle at transition
zone depths. However, increasingly sophisticated thermo-kinetic
models have progressively reduced the size of the olivine metastable
field. On the other hand, it has been recently found that the rate of
high-pressure transformations of the less abundant non-olivine compo-
nent such as garnet and pyroxenes ismuch slower than that of the oliv-
ine component, yielding much broader metastable portions. This
suggests that, despite their smaller volume fraction, the buoyancy ef-
fects induced by the metastable non-olivine component might be as
large as those due to metastable olivine.

• The presence of low-density, low-seismic velocitymetastablewedges is
still debated, as contrasting seismological observations are frequently
reported from the same subduction systems. Field observations
(e.g., Bjørnerud et al., 2002) and numerical modelling results
(Faccenda et al., 2009a) suggest that heterogeneously hydrated slabs
could contain metastable dry portions surrounded by transformed
wet rocks. Hence, the paradigm according to which presence of meta-
stable portions is indicative of a completely dry slab (b75 wt. ppm
H2O; Du Frane et al., 2013; Green et al., 2010) might not be valid.

• Another important effect associatedwith phase transformations is the
change in transport properties (e.g., viscosity, thermal conductivity,
electrical conductivity) of the transformed material. Of particular in-
terest is the change in rheological properties that can be related to
the different intrinsicmechanical behaviour of the newly formedmin-
eralogical assemblage, the heating or cooling associated with latent
heat and the transient grain size reduction in downwelling coldmate-
rial (e.g., Karato et al., 2001). Strong gradients in radial viscosity pro-
files induced by phase transformations, including low-viscosity
channels and viscosity hills, would enhance horizontal flow, causing
slab stagnation and plume ponding.

• Tendency to layered mantle convection is likely ascribable to varia-
tions in viscous mechanical behaviour of the minerals, as buoyancy
forces due to changes in density appear to be insufficient to promote
layering for realistic mantle compositions.

• Phase transformations in minerals are frequently associated with a
change in solubility of volatiles (water — as hydrogen, halogens, sul-
phur, noble gases), a process that can lead to the formation of deep
reservoirs, partial melting and additional variations in the rock me-
chanical behaviour (e.g., Bercovici and Karato, 2003).

Beside these general and often widely accepted conclusions, there
are several issues and open questions that should be further addressed
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in the future in order to improve our capability to reproduce and under-
stand mantle convection patterns in our planet:

• There is still no broad consensus on the nature and geodynamic signif-
icance of several important phase transformations occurring at transi-
tion zone and lowermantle P–T conditions (e.g., the post-spinel, post-
garnet, post-perovskite and iron spin transitions), with estimated
Clapeyron slopes and depths that vary substantially as a function of
the used sample composition, pressure standards and experimental
apparatus (Table 1). Large experimental uncertainties exist also
about the variation in physical properties and volatile solubility of
mineral phases across and away from phase transitions, and about re-
action kinetics and subsequent grain growth at low temperatures.
These experimental uncertainties cause substantially different nu-
merical model predictions of mantle convection, which, together
with conflicting seismological observations, lead to a non-unique
and at times biased interpretation of Earth's internal dynamics and
evolution.

• Discrepancies amongmantle convection predictions often depend ex-
clusively on model assumptions. Ignoring phase transitions in the
pyroxene-garnet component of the mantle would represent a major
pitfall of any mantle convection numerical simulation, which would
likely overestimate the layered or intermittent convective behaviour
of the Earth's mantle. Hence, we encourage future numerical studies
of global mantle convection to take into account these important
phase transformations together with magmatic differentiation pro-
cesses that allow reproducing compositional heterogeneities charac-
teristic of the Earth's interior. Likewise, metastability is often not
contemplated in most numerical simulations, despite the fact it
could play an important role in the dynamics of subducting slabs.

• Recent global seismological models indicate that several structures
interpreted as ascending plumes and descending slabs appear to
be deflected or stagnate around 1000 km depth and away from
major phase transitions (French and Romanowicz, 2015; Fukao and
Obayashi, 2013; Rickers et al., 2013). These observations have been
the subject of great attention over the last few years, as they appear
to indicate that other mechanisms different from those related to
phase transitions should be considered (intrinsic variation with
depth of the lower mantle minerals mechanical behaviour, yielding
a mid-mantle viscosity hill (Ammann et al., 2010; Ito and Toriumi,
2007;Marquardt andMiyagi, 2015; Rudolph et al., 2015); gradual en-
richment in the heavier and harder MORB component in the lower
mantle that would decelerate subducting slabs (Ballmer et al.,
2015)). The role of the iron disproportionation reaction and of the
iron spin transition in Bridgmanite occurring around these depths is
still uncertain, and it is unclear whether they could affect significantly
mantle dynamics. More in general, the set physical and chemical pro-
cesses taking place in the uppermost lower mantle is still not well
constrained, and a thorough experimental and numerical investiga-
tion could provide the key to the interpretation of these enigmatic
observations.
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