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a b s t r a c t

29Recent high-pressure and high-temperature experiments indicate that metastable olivine might persist
30in the cold core of a slab due to the low reaction rate of the olivine–wadsleyite phase transformation.
31Recent seismological observations detected a metastable olivine wedge that survives to a depth of
32630 km in the Mariana slab. To consider the problem of non-equilibrium phase transformation, we devel-
33oped a two-dimensional (2-D) Cartesian numerical code that incorporates the effects of kinetics into a
34thermal convection model. We consider the kinetics of the 410-km olivine–wadsleyite and the 660-km
35ringwoodite–Pv + Mw phase transformations, including the effects of water content at the 410-km phase
36boundary. The latent heat release of the 410-km non-equilibrium phase transformations inside the slab is
37also considered. The results show positive correlations between some of the controlling parameters and
38the length of the metastable olivine wedge: the faster the subducting velocity, and the lower the water
39content, the deeper is the metastable olivine wedge. With increasing depth of phase transformation, the
40effect of latent heat release is enhanced: heating of, at most, 100 !C occurs if olivine transforms into
41wadsleyite at depths greater than 570 km. Temperature increase due to the latent heat released stimu-
42lates further phase transformation, resulting in further temperature increase, acting as a positive feed-
43back effect. We also attempt to explain the seismological observations by calculating the temperature
44and phase structures in the Mariana slab. If we assume that the age of the Mariana slab is 150 Myr,
45the subduction velocity is 9.5 cm/yr, phase transformation occurs from the grain boundary of the parental
46phase, and the water content is 250 wt. ppm for a grain size of 1 mm, 300 wt. ppm for one of 5 mm, and
47100 wt. ppm for intracrystalline transformation, then the metastable olivine wedge survives to a depth of
48630 km, which is in good agreement with the seismological observations. This suggests that the deeper
49portion of the Mariana slab is relatively dry. Assuming that the depression of the 660-km discontinuity by
50!20–30 km within the Mariana slab, as is indicated by seismological observation, is explained by a com-
51bination of the depression caused by a negative Clapeyron slope in the cold slab and that due to the kinet-
52ics of the 660-km phase transformation, we obtain a gentle Clapeyron slope of "0.9 MPa/K for the phase
53transformation from ringwoodite to Pv + Mw.
54" 2014 Elsevier B.V. All rights reserved.
55

56

57

58 1. Introduction

59 Phase transformation boundaries exist at depths of 410 and
60 660 km in the mantle between olivine, which is one of the major
61 mineral constituents of the Earth’s mantle, and its high-pressure
62 polymorphs. Because the olivine–wadsleyite phase transformation
63 at a depth of 410 km has a positive Clapeyron slope (e.g., Katsura
64 and Ito, 1989), it is considered that the phase boundary is uplifted
65 inside a low-temperature subducting oceanic plate.

66However, according to high-pressure and high-temperature
67experiments (e.g., Sung and Burns, 1976; Rubie et al., 1990) and
68numerical modeling based on such experiments (Rubie and Ross,
691994; Däßler and Yuen, 1996; Däßler et al., 1996; Riedel and
70Karato, 1996, 1997; Kirby et al., 1996; Yoshioka et al., 1997;
71Devaux et al., 1997, 2000; Guest et al., 2004), because the phase
72transformation reaction is slow, and phase transformation is
73delayed in a low-temperature slab, a metastable olivine wedge
74may exist in the deeper parts of slabs. Mosenfelder et al. (2001)
75calculated the metastable area of olivine using experimentally
76determined kinetic data. They concluded that a metastable wedge
77could not persist to a depth of 600 km even in the coldest slabs,
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78 such as the Tonga slab, and the area of the metastable wedge
79 would decrease if the intracrystalline transformation of the higher
80 pressure phase was taken into account. Marton et al. (2005) calcu-
81 lated the phase distributions inside a slab, taking account of tem-
82 perature–pressure-dependent thermal conductivity and radiation,
83 and suggested that a metastable olivine wedge could reach a depth
84 of at most 550 km. However, these numerical models are therm-
85 okinetic coupling models, and the momentum equation, which
86 seriously affects the temperature field, is not solved. Numerical
87 models to deal with the kinetics that solve the momentum and
88 energy equations simultaneously have been proposed (e.g.,
89 Schmeling et al., 1999; Tetzlaff and Schmeling, 2000). However,
90 olivine metastability was introduced by constant temperature in
91 a P–T diagram. As a result, depth-dependent temperature and
92 latent heat release related to the olivine–wadsleyite phase trans-
93 formation are not properly incorporated into their model without
94 solving the kinetic equation.
95 On the other hand, because the phase transformation associated
96 with ringwoodite to perovskite (Pv) + magnesiowüstite (Mw) has a
97 negative Clapeyron slope (e.g., Ito and Takahashi, 1989), the 660-
98 km phase boundary is considered depressed inside the slab. To
99 understand the dynamics of the upper and lower mantle interac-

100 tion, it is essential to estimate the value of the Clapeyron slope
101 correctly, although values are still controversial. High P–T experi-
102 ments (Katsura et al., 2003; Fei et al., 2004; Litasov et al., 2005)
103 have suggested that the phase transformation at the 660-km phase
104 boundary has a gentle Clapeyron slope (!"1.0 MPa/K). On the
105 other hand, values of "2.6 MPa/K and "2.9 to "2.6 MPa/K have
106 been suggested based on calorimetric (Akaogi et al., 2007) and
107 first-principle calculations (Yu et al., 2007), respectively. Based
108 on the seismologically obtained depression of the 660-km bound-
109 ary and numerical calculations of the thermal structures of slabs,
110 values of "0.7, "1.3 MPa/K, and a significantly larger absolute
111 value have been indicated by studies of the deeper portions of
112 the Mariana (Kubo et al., 2009), Pacific (Kawakatsu and Yoshioka,
113 2011), and Tonga (Kaneshima et al., 2012) slabs, respectively.
114 In this study, we incorporate the effects of the kinetics associ-
115 ated with non-equilibrium phase transformation of olivine to
116 wadsleyite (or ringwoodite) into a conventional numerical model
117 for thermal convection. In other words, we present a numerical
118 model of subduction of an oceanic plate with an arbitrary shape,
119 in which temperature, flow velocity, and degree of phase transfor-
120 mation can be obtained as a time-marching problem, by solving
121 the coupled momentum, energy, and kinetics equations simulta-
122 neously. We also incorporate the kinetics associated with ringwoo-
123 dite to perovskite + magnesiowüstite at the 660-km boundary,
124 using the equation for its reaction rate obtained in a high P–T
125 experiment (Kubo et al., 2002). Therefore, all of the problems,
126 including the effect of the 410-km latent heat release, are solved
127 in a self-consistent manner. Although a similar approach was pub-
128 lished by Tetzlaff and Schmeling (2009), we present a formula to
129 address the effects of water content in the kinetic equation. Recent
130 high P–T experiments clearly indicate that phase reaction rate
131 changes dramatically depending on the water content of the min-
132 erals (Kubo et al., 2004; Hosoya et al., 2005; Diedrich et al., 2007).
133 Therefore, it is thought that the length of a metastable olivine
134 wedge is strongly dependent on the water content of the slab.
135 The focus of this paper is a more detailed treatment of the phase
136 transformation kinetics, taking into account the effects of water
137 content and its feedback effects in a subduction zone environment.
138 We applied our numerical model to the Mariana slab, and com-
139 pared calculated phase structures in the Mariana slab with those
140 obtained from seismological analyses, as has been done for the
141 deeper portion of the Pacific slab (Kawakatsu and Yoshioka,
142 2011). Based on these experiments and the deepest possible
143 position of a metastable olivine wedge inside the Mariana slab,

144Kubo et al. (2009) suggested the existence of an insignificant
145amount of water (150 wt. ppm) for intracrystalline transformation.
146Based on the notion that the depression of the 660-km phase
147boundary inside the Mariana slab consists of a thermal anomaly
148and overpressure needed for nucleation of the high-pressure
149phase, they also suggested a gentle value for the Clapeyron slope
150("0.7 MPa/K) for the 660-km boundary. This paper is a follow up
151to the study of Kubo et al. (2009). The major difference is that
152the slab temperature is calculated based on the so-called plate
153cooling model, and that the water content and the value of the Cla-
154peyron slope are obtained in a self-consistent manner without
155assuming latent heat release values associated with non-equilib-
156rium phase transformation from metastable olivine to wadsleyite
157(or ringwoodite) and the overpressure for nucleation associated
158with the phase transformation from ringwoodite to Pv + Mw.

1592. Method and model to calculate temperature inside a deep
160slab incorporating the kinetics of phase transformations

1612.1. Momentum and energy equations

162In this study, we assumed an incompressible fluid and disre-
163garded an inertia term, considering the high viscosity of the mantle
164material. The momentum equation for a two-dimensional (2-D)
165Cartesian box model (Christensen and Yuen, 1985) is given by:
166
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169where x and z are horizontal and vertical coordinates, respec-
170tively, w is stream function, q0 is the standard density for the
171upper mantle, g is the acceleration of gravity, a is thermal expan-
172sivity with a constant value, and T is temperature. Viscosity g is
173dependent on temperature and depth (Christensen, 1996), which
174is given by:
175
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178where g0 is the coefficient of viscosity, T0 is the potential tempera-
179ture for the mantle, and a; b; and c are constants. Using the horizon-
180tal and vertical velocities u and v , respectively, w is defined by:
181

u ¼ @w
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@x

ð3Þ 183183

184Using the extended Boussinesq approximation, the dimension-
185less energy equation can be represented by:
186
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193where Ts is the temperature at the model surface, t is time, Di is the
194dissipation number, v is the flow velocity vector, Ra is the Rayleigh
195number, rij is the stress tensor, ui is the flow velocity component,
196and xj is the coordinate component. In this study, constant thermal
197conductivity is assumed. The first, second, third, and fourth terms
198on the right-hand side of Eq. (4) represent the thermal conduction,
199adiabatic compression, viscous dissipation, and latent heat release
200associated with phase transformation, respectively. Because the
201temperature inside the slab is low, taking into account non-equilib-
202rium olivine–wadsleyite phase transformation, the latent heat term
203Q can be represented by:

Q2
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204

Q ¼ Fol
DQ

qCpDT
Dn
Dt

; ð6Þ
206206

207 where Fol is the volume fraction of olivine, q is the density, Cp is the
208 specific heat at constant pressure, DT is the temperature difference
209 between the top and bottom boundaries of the model, and n is the
210 degree of phase transformation. The latent heat release DQ associ-
211 ated with a non-equilibrium phase transformation (Däßler et al.,
212 1996) is represented by:
213

DQ ¼ DHT;equ þ
Z P

Pequ
DVðP0; TÞdP0 ð7Þ

215215

216 For simplicity, the volume change DVðP0; TÞ associated with
217 phase transformation is assumed constant irrespective of pressure
218 and temperature. DHT;equ is the latent heat for equilibrium phase
219 transformations, which is given by:
220

DHT;equ ¼ TDS; ð8Þ222222

223 where DS is the entropy change. The degree of phase transformation
224 n will be explained in detail in the next section.
225 The momentum Eq. (1) and the energy Eq. (4) are solved simul-
226 taneously as a coupled problem, using the finite difference method
227 (Andrews, 1972; Takami and Kawamura, 1994).

228 2.2. Kinetic equation

229 This section describes the method used to calculate the degree
230 of phase transformation n. In the initial stage, phase transformation
231 is dominated by the nucleation and growth of the grains of the
232 lower-pressure mineral. The grains of the new, higher-pressure
233 phase are produced along the grain boundaries of the parental
234 phase. This process is described by the nucleation rate IðP; TÞ. Then,
235 the size of each of these new grains increases. This process is
236 described by the growth rate YðP; TÞ. Once site saturation is
237 reached at the grain boundaries of the parental phase, nucleation
238 ceases, and the phase transformation proceeds only by the growth
239 process. The dimensionless time ss to reach site saturation (Cahn,
240 1956) is given by:
241

ss ¼
j
D2

IðP; TÞYðP; TÞ2d0

6:7

 !"1
3

; ð9Þ
243243

244 where j is the thermal diffusivity, D is the thickness of the slab, and
245 d0 is the grain size of olivine.
246 The grain boundary nucleation rate IðP; TÞ (Christian, 1975) is
247 represented by the following equation:
248
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"/DG(

hom
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254254

255 and
256

Qa ¼ DHa þ PV(; ð12Þ258258

259 where K0 is a constant, / is the shape factor, DG(
hom is the activation

260 energy for homogeneous nucleation, k is the Boltzmann constant, Qa

261 is the activation energy for growth, R is the gas constant, c is the
262 surface energy, DGv is the free energy change per volume, e is the
263 strain energy, which is assumed to be 0, and V( is the activation
264 volume.
265 On the other hand, the water-content-dependent growth rate
266 YðP; TÞ for the olivine–wadsleyite transformation (Hosoya et al.,
267 2005) is given by:

268

YðP; TÞ ¼ ATCn
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271with
272

DGr ¼ DP ) DV : ð14Þ 274274

275For the growth rate in the phase transformation associated with
276ringwoodite to perovskite + magnesiowüstite, we used the follow-
277ing equation by Kubo et al. (2002):
278

YðP; TÞ ¼ K 0DG2
v expð"Q=RTÞ; ð15Þ 280280

281where A and K 0 are constants, COH is the water content, n is the
282exponent of COH , DHa is the activation enthalpy, DGr is the free
283energy change per mol associated with the phase transformation,
284and DP is the excess pressure from an equilibrium phase transfor-
285mation. The numerical values used for each parameter are given
286in Table 1. It should be noted that in this study we assume that
287the kinetics of olivine to ringwoodite is the same as that of olivine
288to wadsleyite, and that the nucleation kinetics of Pv + Mw is identi-
289cal to that of olivine to wadsleyite because such kinetics are still
290unknown.
291Before reaching the state of site saturation (s * ss), phase trans-
292formation proceeds with homogeneous nucleation. The degree of
293phase transformation n (Däßler et al., 1996) can be calculated
294from:
295

n ¼ 1" expð"X3ðsÞÞ; ð16Þ 297297

298with
299

s ¼ t
D2

j

! " ; ð17Þ
301301

302where s is the dimensionless time. X3ðsÞ can be obtained by solving
303the following four coupled ordinary differential equations:
304

d
ds

X3ðsÞ
X2ðsÞ
X1ðsÞ
X0ðsÞ

2

6664

3

7775 ¼
ffiffiffiffiffiffiffi
Av4

p
0 4pY(ðsÞ 0 0
0 0 2Y(ðsÞ 0
0 0 0 Y(ðsÞ
0 0 0 0

2

6664

3

7775

X3ðsÞ
X2ðsÞ
X1ðsÞ
X0ðsÞ

2

6664

3

7775

þ
ffiffiffiffiffiffiffi
Av4

p
0
0
0

I(ðsÞ

2

6664

3

7775;

ð18Þ 306306

307where X3ðsÞ, X2ðsÞ, X1ðsÞ, and X0ðsÞ are the total grain volume, total
308grain area, total grain diameter, and number of grains, respectively
309(Avrami, 1941). I(ðsÞ and Y(ðsÞ are the dimensionless nucleation
310and growth rates, respectively. The Avrami number Av is a dimen-
311sionless number indicating the ratio between the timescale of ther-
312mal diffusion and that of kinetics during the transformation
313processes (Spohn et al., 1988), which is defined by:
314

Av ¼ D2

j

 !4

ImaxðP; TÞYmaxðP; TÞ3; ð19Þ
316316

317where ImaxðP; TÞ and YmaxðP; TÞ are the maximum nucleation and
318growth rates, respectively. The ranges of Av for the olivine–wads-
319leyite and the ringwoodite–Pv + Mw phase transformations esti-
320mated in this study are too large. This indicates that the heat-
321diffusion timescale is much larger than the kinetic timescale.
322After reaching the state of site saturation (s + ss), nucleation
323ceases, and the growth process becomes dominant. In this case,
324the degree of phase transformation n is dependent only on the
325growth rate, not the nucleation rate. Following Cahn (1956) and
326Yoshioka et al. (1997), n is expressed as:
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327

n ¼ 1" exp "6:7D2

d0j
YðP; TÞs

 !
: ð20Þ

329329

330 2.3. Model

331 In this study, based on the studies by Yoshioka and
332 Sanshadokoro (2002) and Torii and Yoshioka (2007), we
333 constructed a 2-D Cartesian box thermal convection model with
334 horizontal and vertical lengths of 1200 and 1000 km, respectively
335 (Fig. 1). A prescribed guide corresponding to a subducting oceanic
336 plate was set, and constant subduction velocity was given in the
337 domain occupied by the oceanic plate elongating progressively
338 with time. We solved the temperature fields for the whole model
339 domain and the mantle flow for the domain except for the litho-
340 sphere on the back-arc side of a trench and the slab at each time

341step alternatively, using the finite difference method. On the
342back-arc side of the trench, we set a conductive layer with a thick-
343ness of 50 km from the Earth’s surface, corresponding to the litho-
344sphere. The thickness of the subducting plate was estimated from
345the age of the oceanic plate at the trench using the equation of
346Yoshii (1975). Because the oceanic plate is forced to subduct with
347constant velocity along the prescribed guide to depths in the lower
348mantle, the differences in calculated temperatures and phase dis-
349tributions inside the slab caused by using different forms of tem-
350perature- and depth-dependent equations of viscosity is
351negligible. In addition, because our model is not fully dynamic,
352the possible formation of a stagnant slab owing to the buoyancy
353of an untransformed, light metastable olivine wedge inside the slab
354(e.g., Tetzlaff and Schmeling, 2000) cannot be discussed.
355An initial temperature distribution was given based on the so-
356called plate cooling model (Carslaw and Jaeger, 1959; Turcotte
357and Schubert, 2002) at depths shallower than the base of a hori-

Table 1
Model parameters given in this study.

Parameter related to model Symbol Value Unit

Standard density for the mantle q0 3300a kg/m3

Acceleration of gravity g 9.8 m/s2

Potential temperature T0 1350b !C
Thermal expansivity a 2.0 ) 10"5c K"1

Thermal conductivity k 4.184d J/(m K s)
Specific heat at constant pressure Cp 1046d kJ/(kg K)
Temperature difference between top and bottom of the model DT 1624 K
Volume fraction of olivine Fol 0.6e

Parameter related to viscosityf

g0 1 ) 1021 Pa s
a 131.3f K
b 165 ) 103 km
c 1086 ) 103f km

Parameter related to the olivine to wadsleyite phase transformationg

Clapeyron slope 3h MPa/K
Entropy difference DS 5.97 J/(mol K)
Volume change DV 2.1 ) 10"6 m3/mol
Phase transformation pressure at 0 K p0 8.69 GPa
Grain size of parental olivine d0 1, 5 mm
Parameter related to the ringwoodite to Pv + Mw phase transformationg

Clapeyron slope "1i, "0.9 MPa/K
Volume change DV 1.08 ) 10"6 m3/mol
Phase transformation pressure at 0 K p0 27.77 GPa
Grain size of parental ringwoodite d0 1 mm
Parameter related to nucleation ratej

Pre-exponential factor K0 3.54 ) 1038 s"1 m"2 K"1

Shape factor and interfacial energy f1/3g 0.0506 J/m2

Activation volume V⁄ 4 ) 10"6 cm3/mol
Activation enthalpy DHa 344 ) 103 J/mol
Parameter related to growth rate for the olivine–wadsleyite transformationk

Pre-exponential factor ln A –18 m/s
Water-content exponent n 3.2 ± 0.6
Activation volume Vn 3.3 ± 3.8 ) 10"6 cm3/mol
Activation enthalpy DHa 274 ± 87 kJ/mol
Parameter related to growth rate for the ringwoodite–Pv + Mw transformationl

Pre-exponential factor K0 8.11 s"1 m"2 K"1

Activation energy Q 355 kJ/mol

a Wang et al. (1995).
b Takenaka et al. (1999).
c Honda (1997).
d Yoshioka and Sanshadokoro (2002).
e Riedel and Karato (1997).
f Christensen (1996).
g Yoshioka et al. (1997).
h Katsura and Ito (1989).
i Katsura et al. (2003), Fei et al. (2004).
j Rubie et al. (1990), Rubie and Ross (1994).
k Hosoya et al. (2005).
l Kubo et al. (2002).
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358 zontal oceanic plate of 134.9 km, at which the mantle temperature
359 is 1402 !C, using Model RT1 by Grose (2012). Adiabatic heating was
360 considered at depths below 134.9 km (Griggs, 1972). As boundary
361 conditions, we assumed fixed temperatures at the top and on the
362 right boundary, taking into account subduction of the oceanic
363 plate, and adiabatic conditions for the left and bottom boundaries.
364 For flow conditions, normal stress was assumed to be zero for the
365 left, right, and bottom boundaries, except for the oceanic plate on
366 the right boundary.

367 3. Results and discussion

368 3.1. Kinetics for the olivine–wadsleyite and ringwoodite–Pv + Mw
369 phase transformations

370 The phase diagram of the olivine–wadsleyite phase transforma-
371 tion is obtained by solving the equations described in Section 2.2
372 Fig. 2 shows an example of the phase diagram obtained by assum-
373 ing a water content of 200 wt. ppm. In the low-temperature
374 domain at less than about 630 !C in the phase diagram, metastable
375 olivine is expected to exist due to the low rate of reaction of the
376 phase transformation. It should be noted that the kinetic curves
377 shift to the higher-temperature side with decreasing water con-
378 tent. So, a metastable olivine wedge inside a slab is expected to
379 be produced more easily with decreasing water content.
380 We also modeled the kinetics of the ringwoodite–Pv + Mw
381 phase transformation. Because no equation has yet been proposed
382 for the nucleation rate of this phase transformation, we used the
383 equation for the olivine–wadsleyite phase transformation (Rubie
384 et al., 1990; Rubie and Ross, 1994). From the phase diagram, we
385 found that the metastable area for the phase transformation of
386 ringwoodite to Pv + Mw is shifted to a lower-temperature than in
387 the olivine–wadsleyite phase transformation. Therefore, unlike
388 the case of the 410-km phase transformation, metastable ringwoo-
389 dite would not survive below the 660-km phase boundary, even
390 considering the typical pressure–temperature path for the cold
391 core of a slab. However, it should be noted that the 660-km phase
392 boundary is expected to be depressed due to the effect of kinetics
393 in addition to the effect of a thermal anomaly because overpres-
394 sure is to some extent required to initiate phase transformation
395 (Kubo et al., 2009). In addition, the growth kinetics for this trans-

396formation was examined under relatively wet conditions
397(!1000–2000 wt. ppm) (Kubo et al., 2008), which affects the phase
398diagram. The nucleation kinetics and the effects of water on the
399growth rate in this phase transformation need to be clarified in
400the future.

4013.2. Temperature and phase distributions associated with subduction
402of an oceanic plate

4033.2.1. Equilibrium and non-equilibrium phase transformations from
404olivine to wadsleyite
405In this section, we discuss the calculated temperature and phase
406structures in and around the slab associated with subduction of the
407oceanic plate. Fig. 3a shows an example of the calculated temper-
408ature field for an equilibrium phase transformation, assuming a
409subduction velocity of 8 cm/yr, an age for the oceanic plate at the
410trench and the initial age of the back-arc side of 130 Myr, and a
411dip angle of 45!. The values of the Clapeyron slope for the 410-
412km and 660-km phase transformations are assumed to be 3 and
413"1 MPa/K, respectively. The effect of latent heat release associated
414with the 410-km phase transformations is not included. The calcu-
415lated results show that, as expected, the 410- and 660-km phase
416boundaries are uplifted and depressed, respectively, inside the
417slab.
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Fig. 2. Calculated phase diagrams for the olivine–wadsleyite and ringwoodite–
Pv + Mw phase transformations. The red and blue dash-dotted lines denote the
Clapeyron curves for the equilibrium phase transformations from olivine to
wadsleyite and ringwoodite to Pv + Mw, respectively. The lines are drawn assuming
Clapeyron slopes of 3 and "1.0 MPa/K, respectively. The two red and two blue lines
represent degrees of phase transformation of 10% and 90% from olivine to
wadsleyite and ringwoodite to Pv + Mw, respectively. The case if the water content
associated with the phase transformation from olivine to wadsleyite is 200 wt. ppm
is shown. It should be noted that the water content of phase transformation from
ringwoodite to Pv + Mw ranges from 1000 to 2000 wt. ppm, resulting in phase
transformation at a lower temperature than that from olivine to wadsleyite. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 1. Two-dimensional Cartesian box thermal convection model used in our
numerical simulations to obtain temperature and flow fields and degree of phase
transformation. For boundary conditions, see text.
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418 If non-equilibrium phase transformation is taken into account,
419 the phase distribution changes dramatically. Fig. 3b is the calcu-
420 lated temperature and phase distributions for the non-equilib-
421 rium phase transformation from olivine to wadsleyite. Although
422 the parameter values are the same as in Fig. 3a, the water content
423 is assumed to be 50 wt. ppm, and latent heat release associated

424with the phase transformation is not incorporated into the model.
425When the slab is old and the subduction velocity is fast, the tem-
426perature inside the slab decreases, tending to produce a metasta-
427ble olivine wedge in the central part of the deep slab. In Fig. 3b,
428the metastable olivine wedge survives to a depth of 770 km,
429which is unrealistic.
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Fig. 3. Calculated temperature and phase distributions associated with subduction of the oceanic plate at 14 Myr after its initiation. The age of the oceanic plate at the trench
is 130 Myr, subduction velocity is 8 cm/yr, and the dip angle is 45!. The pink and blue lines represent the calculated 410-km and the 660-km phase boundaries, respectively.
The two lines for the respective colors denote degrees of phase transformation of 10% and 90%. (a) Equilibrium phase transformation for the 410-km phase transformation.
Latent heat release associated with the equilibrium phase transformation is not included. There is no water content. Equilibrium phase transformation is assumed for the
660-km phase transformation, and latent heat absorption is not included. (b) Non-equilibrium phase transformation for the 410-km phase transformation. Latent heat release
associated with the non-equilibrium phase transformation is not included. Water content is 50 wt. ppm. Non-equilibrium phase transformation is assumed for the 660-km
phase transformation, and latent heat absorption is not included. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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430 3.2.2. The effect of latent heat release associated with phase
431 transformation on phase distribution
432 Fig. 4 shows a model in which the effect of latent heat release is
433 added to the model shown in Fig. 3b. In Fig. 3b, the two lines of the
434 degree of the 410-km phase transformation (n = 10% and n = 90%)
435 depict large depth difference inside the slab, indicating that phase
436 transformation takes place gradually from initiation to completion.
437 On the other hand, if the latent heat release associated with the
438 410-km phase transformation is taken into account, the depth of
439 completion of the olivine–wadsleyite phase transformation
440 becomes much shallower (!570 km) (Fig. 4). The temperature in
441 the cold core of the slab below 570 km is higher in Fig. 4 than in
442 Fig. 3b by at most 100 !C due to the effect of latent heat release.
443 The distance between the two lines of the degree of phase transfor-
444 mation in Fig. 4 is less than that in Fig. 3b, indicating that phase
445 transformation is completed within a relatively short time. This
446 is because, in Fig. 4, once phase transformation is initiated, further
447 phase transformation is promoted by the temperature increase
448 associated with the latent heat released by the phase transforma-
449 tion. This results in further latent heat release. Therefore, the latent
450 heat release causes a positive feedback effect.

451 3.2.3. The effect of subduction velocity on phase distribution
452 A model in which the subduction velocity is reduced to 4 cm/yr
453 for the Fig. 4 model is shown in Fig. 5a. In this case, because the
454 temperature inside the slab is sufficiently high, at !700 !C at a
455 depth of 410 km, the appearance of only a slight metastable olivine
456 wedge can be identified in the central part of the slab below the
457 uplifted equilibrium phase boundary.

458 3.2.4. The effects of water content on phase distribution
459 The kinetics of the olivine–wadsleyite phase transformation is
460 also affected by water content. Fig. 5b shows the case when the
461 water content is assumed to be 200 wt. ppm in the Fig. 4 model.
462 A metastable olivine wedge persists to a depth of 570 km for a
463 water content of 50 wt. ppm (Fig. 4), whereas it barely survives

464when the water content is 200 wt. ppm (Fig. 5b). Therefore, the
465lower the water content, the greater the depth to which a metasta-
466ble olivine wedge survives. Comparing the temperature distribu-
467tion inside the slab for a water content of 50 wt. ppm with that
468for 200 wt. ppm, we found that in the central part of the slab below
469570 km, the temperature is higher for the former than for the lat-
470ter. This is because the temperature increase due to latent heat
471release associated with the 410-km non-equilibrium phase trans-
472formation is larger at greater depths than at shallower depths. This
473is also because the pressure dependence of latent heat release is
474incorporated into the model, as shown in Eq. (7) (Däßler et al.,
4751996).

4763.3. Application to the Mariana slab

4773.3.1. Water content of the Mariana slab
478Based on seismological analysis, Kaneshima et al. (2007)
479detected a metastable olivine wedge that persisted to a depth of
480!630 km in the Mariana slab. To explain the seismological obser-
481vation, we applied the newly developed temperature and phase
482calculation code to the Mariana slab. We assumed an age of the
483Mariana slab at the trench and an initial age of the back-arc side
484of the plate of 150 Myr, a subduction velocity of 9.5 cm/yr, and
485the shape of the Mariana slab to be as delineated by seismic
486tomography (Fukao et al., 2001). As a result, if we assume a water
487content of 250 wt. ppm for a grain size of 1 mm, and 300 wt. ppm
488for one of 5 mm, the seismological observation indicating that a
489metastable olivine wedge exists to a depth of 630 km is well
490explained (Fig. 6).
491High-pressure and high-temperature experiments (Kerschhofer
492et al., 1996, 2000) and theoretical calculations (Liu and Yund, 1995)
493suggest that if the olivine–ringwoodite transformation takes place
494at higher than 18 GPa, then nucleation takes place not only along
495the grain boundaries of the parental olivine, but also from within.
496Here, we performed a numerical simulation of this intracrystalline
497nucleation by incorporating this effect into our model in a simple

0

100

200

300

400

500

600

700

800

900

1000

D
ep

th
(k

m
)

0001 009 008 007 006 005 004 003 002 001 011001200
Non−equilibrium model with latent heat release 14Myr

0 250 500 750 1000 1250 1500 1750 (oC)

Fig. 4. The same as Fig. 3b, except that the latent heat release associated with the 410-km non-equilibrium phase transformation is included.

Q3

S. Yoshioka et al. / Physics of the Earth and Planetary Interiors xxx (2014) xxx–xxx 7

PEPI 5800 No. of Pages 13, Model 5G

11 December 2014

Please cite this article in press as: Yoshioka, S., et al. Impact of phase change kinetics on the Mariana slab within the framework of 2-D mantle convection.
Phys. Earth Planet. In. (2014), http://dx.doi.org/10.1016/j.pepi.2014.12.001

http://dx.doi.org/10.1016/j.pepi.2014.12.001


498 manner. Following Mosenfelder et al. (2001), we assumed that
499 intracrystalline nucleation takes place at 18 GPa (approximately
500 520 km in depth), and the grain size d0 of the parental olivine
501 was set to be 50 lm in Eqs. (9) and (20). We found that phase
502 transformation completes faster than that in Fig. 6 at depths
503 greater than 520 km. In this case, the water content necessary to
504 explain the observed depth of the metastable olivine wedge was
505 estimated to be 100 wt. ppm.
506 Kubo et al. (2009) estimated the water content of the Mariana
507 slab to be 500 wt. ppm for a grain size of 5 mm for the grain bound-
508 ary nucleation model and 150 wt. ppm for intracrystalline trans-
509 formation, assuming a simplified thermal structure. Therefore,
510 the water contents estimated in this study are lower than those

511of Kubo et al. (2009). The differences in water contents between
512our work and that of Kubo et al. (2009) originate from differences
513in slab geometry and thermal structure. In contrast to the vertical
514subduction of the oceanic plate of Kubo et al. (2009), the deeper
515portion of our oceanic plate is subducting toward the oceanic side
516(Fig. 6), which is more realistic. In this study, to provide a temper-
517ature profile of the oceanic plate at the trench, we applied the so-
518called plate cooling model using the model parameter values given
519by Grose (2012), whereas a half-space cooling model was used by
520Kubo et al. (2009). In the case of oceanic plates over 80 Myr old, the
521seafloor depths and heat flows calculated using a half-space cool-
522ing model do not fit observations well. This is because an old oce-
523anic plate is heated from the bottom and the temperature of an
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524 actual plate is not low compared with the temperature calculated
525 by the half-space cooling model (Stein and Stein, 1992). Therefore,
526 for an old oceanic plate such as the Mariana slab, the plate cooling
527 model is preferable to the half-space cooling model. As a result, the
528 thermal gradient of the oceanic plate at the trench in this study,
529 and hence the slab temperature, is greater than that reported by
530 Kubo et al. (2009), resulting in a lower water content, as obtained
531 in this study. In addition, in this study, temperature was obtained
532 in a self-consistent manner, by solving the momentum, energy and
533 kinetics equations simultaneously. The temperature increase from
534 a depth of 600 to 660 km in the central part of the slab is !155 !C
535 in the model of Kubo et al. (2009), whereas it is at most 100 !C in
536 our model. This indicates that the difference in the effective latent
537 heat release associated with the phase transformation from olivine
538 to wadsleyite between the two models is greater than 55 !C. In the
539 model of Kubo et al. (2009), because of the large latent heat release,
540 which was overestimated, a sharp phase transformation takes
541 place at a depth of 630 km. On the other hand, some amount of
542 depth range is needed to complete phase transformation in our
543 model (Fig. 6).
544 Based on numerical modeling results for the Mariana slab,
545 Quinteros and Sobolev (2012) suggested a blocking temperature
546 for the olivine–wadsleyite phase transformation of !725 !C. We
547 do not include the concept of a constant blocking temperature,
548 but a depth-dependent temperature for the phase transformation
549 is adopted because we solved the realistic kinetic equation. The
550 temperatures obtained for the phase transformation of 10% and
551 90% were 550–650 !C and 650–700 !C, respectively (Fig. 6).

5523.3.2. Effect of uncertain model parameters on estimates of water
553content
554Based on our numerical modeling, we estimated the water con-
555tent of the Mariana slab to be 250 wt. ppm for a grain size of 1 mm.
556However, a result may depend on the given parameter values. In
557this section, we discuss the effects of the uncertainty of parameter
558values on the calculated results by carrying out some sensitivity
559tests, assuming that water content is a free parameter.
560One of the uncertain parameters in this study is the thermal
561structure of the subducting oceanic plate. In this study, we used
562the plate cooling model of Grose (2012). Because the age of the
563Mariana slab is 150 Myr at the trench, which is sufficiently old,
564the thermal gradient there changes little in the plate cooling model
565even if the apparent age is changed to 130 or 170 Myr. Therefore,
566the age does not affect the obtained results. However, using the
567plate cooling model by Stein and Stein (1992) with an age of 150
568Myr at the trench, the water content of the Mariana slab is esti-
569mated to be 30 wt. ppm. Because the thermal gradient of the oce-
570anic plate at the trench is much larger in this plate cooling model
571(15.3 !C/km) than in Grose (2012) (10.4 !C/km), the slab tempera-
572ture is higher. This results in a much smaller water content to pro-
573duce a metastable olivine wedge to a depth of 630 km. In other
574words, the higher the temperature of the Mariana slab, the drier
575it is. We considered the Grose (2012) model is more preferable
576because formalisms were developed for the evaluation of the effec-
577tive properties of the oceanic lithosphere and the treatment of
578temperature-dependent thermal conductivity and thermal expan-
579sivity as both variables and freely adjustable parameters in fitting
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Fig. 6. Calculated temperature and phase distributions associated with the subduction of the Mariana slab at 10 Myr after its initiation. The model explains the depth of the
seismologically detected metastable olivine wedge and the amount of depression of the 660-km phase boundary in the Mariana slab. The age of the oceanic plate at the trench
is 150 Myr, and the subduction velocity is 9.5 cm/yr. The shape of the slab is delineated based on the results of seismic tomography (Fukao et al., 2001). The pink and blue
lines represent the 410- and 660-km phase boundaries, respectively. The two lines for the respective colors denote degrees of phase transformation of 10% and 90%. Non-
equilibrium phase transformations are assumed for the 410- and 660-km phase transformations. Latent heat release is included for the 410-km phase transformation,
whereas latent heat absorption is not included for the 660-km phase transformation. This is the model in which nucleation takes place only along grain boundaries for a grain
size of 1 mm. The estimated water content is 250 wt. ppm. The estimated value of the Clapeyron slope for the ringwoodite–Pv + Mw phase transformation is "0.9 MPa/K. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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580 analysis, and excellent fits to seafloor depth and marine heat flow
581 were resolved for a wide range of models.
582 On the other hand, using a half-space cooling model with an age
583 of 150 Myr, the thermal gradient (!9.0 !C/km) is smaller than that
584 of Grose (2013). In this case, a larger water content of 700 wt. ppm
585 is necessary to explain the depth of the observed metastable oliv-
586 ine wedge. This is because the slab is colder; accordingly the water
587 content must be higher to produce the same depth for a metastable
588 olivine wedge.
589 Some of the values of the physical properties used in the kinetic
590 equation have some uncertainties; among them, the activation vol-
591 ume V⁄ and activation enthalpy DHa values are the most uncertain.
592 Here, we carried out sensitivity tests, assuming 10% errors in these
593 experimentally determined values (Hosoya et al., 2005). If the
594 value of the activation volume is 3.0 cm3/mol, instead of using
595 the experimentally determined value of 3.3 cm3/mol, the water
596 content must then be 200 wt. ppm to produce a metastable olivine
597 wedge to a depth of 630 km in the Mariana slab. If an activation
598 enthalpy of 247 kJ/mol is given, instead of 274 kJ/mol, then the
599 probable water content becomes 75 wt. ppm.
600 It should be noted that these sensitivity tests for water content
601 are based on a grain size of 1 mm (250 wt. ppm). Sensitivity tests
602 for a grain size of 5 mm (300 wt. ppm) and intracrystalline trans-
603 formation (100 wt. ppm) showed higher and lower water contents,
604 respectively. The results of these sensitivity tests indicate that the
605 water content is low, suggesting that the deeper portion of the
606 Mariana slab is relatively dry.

607 3.3.3. Possible water contents of slabs
608 In this study, we estimated the water content of the Mariana
609 slab based on the experimentally obtained Eq. (13) by Hosoya
610 et al. (2005). They measured the rate of the olivine–wadsleyite
611 phase transformation in pure forsterite Mg2SiO4 at high P–T under
612 hydrous conditions at 660–5000 wt. ppm, and demonstrated that
613 the growth rate in the phase transformation is proportional to
614 water content to the power of !3.2. They suggested that the depth
615 at which olivine transformation occurs changes with the water
616 content of the cold slabs, and this must be considered to estimate
617 the fields of metastable olivine. However, it should be noted that
618 the rate of phase transformation at a water content of less than
619 660 wt. ppm estimated in that study was extrapolated, not mea-
620 sured directly. Recently, Perrillat et al. (2013) experimentally
621 investigated the mechanism and kinetics of olivine–wadsleyite
622 phase transformation in San Carlos olivine Mg1.8Fe0.2SiO4 with an
623 approximate water content of 526 wt. ppm under high P–T condi-
624 tions. Comparing their results with previous studies performed on
625 Mg2SiO4, they reported that transformation rates increase with
626 increasing iron content. They also suggested that persistence of a
627 metastable olivine wedge to depths >660 km might be restricted
628 to even colder and/or drier subduction zones than previously esti-
629 mated. Their results are consistent with those of Hosoya et al.
630 (2005) in that the water contents of the deeper parts of cold slabs
631 were of the order of hundreds of wt. ppm.
632 On the other hand, using experimental data from Diedrich et al.
633 (2009), Green et al. (2010) concluded that subducting oceanic
634 plates harbor water contents of less than 100 wt. ppm. However,
635 Diedrich et al. (2009) did not present data on compositions with
636 water content of <300 wt. ppm. Therefore, the discussion in Green
637 et al. (2010) pertains only to water contents +300 wt. ppm (Du
638 Frane et al., 2013). Du Frane et al. (2013) presented ringwoodite
639 growth rate measurements from olivine with a water content of
640 !75 wt. ppm under high P–T conditions. They found growth rates
641 to be almost identical to those of olivine with a water content of
642 !300 wt. ppm, and significantly higher than those of nominally
643 anhydrous olivine. They addressed the importance of enhancement

644by hydrolytic weakening of reaction rims, which reduces the elastic
645strain energy barrier to growth. They insisted that metastable per-
646sistence of olivine into the mantle transition zone would require a
647water content of <75 wt. ppm, indicating a considerably lower
648water content in slabs. However, this effect occurs easily in labora-
649tory experiments using single crystal olivine. This is also a difficult
650problem because the rheology of a high-pressure phase rim and
651kinetics are coupled, both are time dependent, and the timescale
652differs between laboratory experiments and slab kinematics. There-
653fore, the water contents of slabs remain controversial. The P–T con-
654ditions of the water-content dependency of the rate for olivine–
655ringwoodite phase transformation with iron must be determined
656experimentally to discuss the water contents of the deeper portions
657of slabs more precisely (Kubo, personal communication).

6583.3.4. Depression of the 660-km boundary
659Investigating S to P converted waves, Kaneshima (2003)
660detected depression of the 660-km seismic discontinuity to depths
661of 680–690 km inside the Mariana slab, which was considered the
662phase boundary from ringwoodite to Pv + Mw. Here we attempt to
663explain this depression as a combination of depression due to the
664Clapeyron slope within the cold slab and that due to the kinetics
665associated with the ringwoodite–Pv + Mw phase transformation
666(Kubo et al., 2009). We calculated the depths of the 660-km phase
667transformation from the temperature distribution within the Mari-
668ana slab. The results show that the phase boundary is depressed to
669a depth of 685 km inside the slab provided that the value of the
670Clapeyron slope is "0.9 MPa/K, which is consistent with the seis-
671mological observations (Fig. 6). This is because in addition to the
672contribution from the negative Clapeyron slope whereby the tem-
673perature inside the slab is lower than that of the ambient mantle
674(!12 km), the effect of the kinetics that originate from the over-
675pressure needed for phase transformation (!13 km) is added.
676The obtained absolute value of the Clapeyron slope is slightly lar-
677ger than that reported by Kubo et al. (2009) ("0.7 MPa/K) for the
678Mariana slab. This is due to the temperature difference between
679the two models. The temperature obtained in the cold core of the
680Mariana slab at a depth of nearly 660 km by our model is approx-
681imately 750 !C, whereas that by Kubo et al. (2009) is 700 !C. In our
682model, the slab temperature was obtained using the plate cooling
683model, and latent heat release was calculated properly in a self-
684consistent manner. The slab temperature obtained using the half-
685space cooling model of Kubo et al. (2009) was lower than ours,
686and the temperature increase due to latent heat release of Kubo
687et al. (2009) was larger than ours, as described in Section 3.3.1.
688The difference in slab temperature between our model and that
689of Kubo et al. (2009) is greater than the temperature difference
690in the latent heat release between ours and that of Kubo et al.
691(2009), yielding a slightly larger temperature field in our study
692than in that of Kubo et al. (2009) in the cold core of the slab at a
693depth of nearly 660 km. As a result, the temperature difference
694between the cold core of the slab and the ambient mantle around
695the depth in our model is smaller than that of Kubo et al. (2009).
696Therefore, a larger absolute value of the Clapeyron slope is needed
697in our model compared to that of Kubo et al. (2009) to explain the
698same amount of depression of the 660-km boundary inside the
699Mariana slab.
700The effect of latent heat absorption associated with the 660-km
701phase transformation, which is not included in our model, on tem-
702perature decrease and the amount of depression of the phase
703boundary is negligible when such a gentle Clapeyron slope is
704adopted. There is also a possibility that the water content anomaly
705between the slab and the surrounding mantle yields a depression
706of the 660-km phase boundary (Suetsugu et al., 2006). However,
707depression due to water content anomaly h can be given by:
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708

h ¼ @h
@w

# $
Dw; ð21Þ

710710

711 where @h
@w is 2.7 km/wt.% (Higo et al., 2001). This indicates that even

712 for a water content Dw of 1 wt.%, the amount of depression is
713 2.7 km. From this result, we conclude that the effect of the water
714 content anomaly on depression is negligible for a water content
715 of 250 wt. ppm for a grain size of 1 mm, as was obtained in this
716 study.

717 4. Conclusions

718 In this study, we developed a 2-D temperature and phase calcu-
719 lation model associated with the subduction of an oceanic plate, by
720 solving coupled equations for the momentum, energy, and kinetics.
721 As a result, we obtained temperature, flow velocity, and degree of
722 phase transformation simultaneously in a self-consistent manner
723 as a time-marching problem. When a slab is old and subduction
724 velocity is fast, slab temperature tends to become low, resulting
725 in a delay of the olivine–wadsleyite phase transformation in the
726 central part of the deep slab, producing a metastable olivine
727 wedge. The effect of water content is included in the equation of
728 growth rate for the olivine–wadsleyite phase transformation. The
729 lower the water content, the deeper is the metastable olivine
730 wedge in the cold core of the slab. The deeper the phase transfor-
731 mation takes place inside the slab, the larger is the latent heat
732 release. When the phase transformation takes place at depths
733 greater than 570 km, a temperature rise of at most 100 !C takes
734 place in the central part of the slab due to the latent heat released.
735 The temperature increase due to latent heat release promotes fur-
736 ther phase transformation, causing a positive feedback effect,
737 resulting in faster completion of phase transformation.
738 We applied the newly developed numerical model to the Mari-
739 ana slab. Assuming that the age of the Mariana slab at the trench is
740 150 Myr and the subduction velocity is 9.5 cm/yr, the seismologi-
741 cal observation that a metastable olivine wedge exists to a depth of
742 630 km can be well explained by water contents of 250 and
743 300 wt. ppm, at which nucleation takes place only along grain
744 boundaries for grain sizes of 1 and 5 mm, respectively. If intracrys-
745 talline nucleation is considered at depths greater than 520 km, the
746 Mariana slab needs to be drier (100 wt. ppm).
747 We also modeled the kinetics of the 660-km phase transforma-
748 tion, using the equation of the growth rate for ringwoodite to
749 Pv + Mw. Unlike the case of the metastable olivine wedge, a meta-
750 stable ringwoodite wedge cannot exist below a depth of 660 km
751 because the temperature of the metastable domain in the phase
752 diagram is very low (<!250 !C) (Fig. 2). We attempted to explain
753 the seismologically determined depression of the 660-km phase
754 boundary by 20–30 km inside the Mariana slab, using a combina-
755 tion of the negative Clapeyron slope under the condition of a slab
756 temperature lower than that of the ambient mantle and the kinet-
757 ics for the ringwoodite–Pv + Mw phase transformation. As a result,
758 the amount of depression was well explained by a gentle Clapey-
759 ron slope of "0.9 MPa/K by adding the effect of kinetics resulting
760 from the overpressure necessary for phase transformation.
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