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[1] Using a combined finite difference and marker-in-cell technique, we performed two-dimensional
coupled petrological-thermomechanical numerical simulations of intraoceanic subduction. The simulations
indicate that parts of the mantle wedge can become trapped between rheologically weak, hydrated, and
partially molten upwellings (cold plumes) and the subducting slab. The structures form at various depths
and develop circular, elliptic, or irregular shapes. The combined effect of the tractions caused by upwelling
and subduction causes these regions to rotate. Our simulations investigate the parameters controlling the
occurrence and long-term stability of such rigid, rotating structures. Circular rotating structures like
“subduction wheels” are characteristic of models with relatively young (20—-30 Myr) slabs and
intermediate (2—5 cm/yr) subduction rates. We propose that the development of such circular features may
explain some of the isolated seismic velocity anomalies in the mantle wedge.
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1. Introduction

[2] Understanding the dynamic mechanisms driv-
ing various processes within subduction zones has
been the focus of many recent seismic tomography
studies [e.g., Deal and Nolet, 1999; Wortel and
Spakman, 2000], and geodynamic modeling efforts
[e.g., Ponko and Peacock, 1995; van Hunen et al.,
2000; Regenauer-Lieb et al., 2001; Honda et al.,
2002; Honda and Saito, 2003; Billen and Gurnis,
2001; Gerya and Yuen, 2003a; Manea et al., 2005].
Seismic structures with both positive and negative
velocity anomalies are found beneath volcanic arcs
near trenches [e.g., Zhao, 2004; Zhang et al., 2004;
van der Meijde et al., 2005]. Additionally, strong
isometric isolated positive V, attenuation anomalies
enveloped within a region characterized by a nega-
tive V, attenuation anomaly have been observed
above the descending slab [e.g., Schurret al., 2003].
These structures are interpreted as thermal [7amura
et al., 2002] or chemical [Gerya and Yuen, 2003a]
anomalies, but the distribution and evolution of
these anomalies is not fully understood.

[3] Gerya and Yuen [2003a] investigated the propa-
gation of partially molten diapiric structures (“cold
plumes”) into the mantle wedge above a slab. They
concluded that cold plumes are driven by Rayleigh-
Taylor instabilities that develop at the top of subduct-
ing slab. Diapirs rise through the mantle wedge along
trajectories determined by the balance between buoy-
ancy forces and mantle flow [Stern, 2002; Manea et
al., 2005]. It was determined that both positive and
negative seismic velocity anomalies are associated
with the plumes [Gerya et al., 2006]. Positive
anomalies are prevalent close to the slab due to the
lowered temperatures associated with regions of cold
plume initiation. Strong negative seismic anomalies
develop at shallower depth due to the partially molten
rocks that form plume heads. However, existence of
isolated isometric positive tomographic anomalies
surrounded by negative anomalies was not explained.
Therefore we explore Gerya and Yuen’s [2003a]
model extended by accounting for the dynamic
behavior of slab dehydration and variation in density
of subducted rocks [Gerya et al., 2006]. We calculate
phase changes and rock properties for the model
lithologies by Gibbs energy minimization [Connolly,
2005]. Calculated rock properties, such as density,
heat capacity, thermal expansivity and water content
feed back [Gerya et al., 2004b; Vasilyev et al., 2004]
on the geodynamic evolution of the subduction zone.
With this approach we investigate development of
hydrated mantle and partially molten cold plumes
above the slab at multiple scales (Appendix A). The

models show that generation of rigid, rotating bodies
within the mantle wedge is a natural consequence of
plume formation. We hypothesize that such bodies
may explain the existence of the aforementioned
isolated positive tomographic anomalies in upper
mantle wedges.

2. Petrological and Thermomechanical

Model

[4] We use the modified thermomechanical 12VIS
code, which uses a nondiffusive marker-in-cell
technique [Gerya and Yuen, 2003b; Gerya et al.,
2004a]. The initial thermomechanical setup is
based on a 2-D subduction model (Figure B1 in
Appendix B). The rate of subduction is prescribed
along whole length of bending subducting slab with
the variable angle of subduction changing from 0 to
45 degrees. The boundary conditions account for
horizontal flow in the asthenosphere under the over-
riding plate. The code has been modified [Gerya et
al., 2004b; Vasiliev et al., 2004] to incorporate a
coupled petrological and seismic velocity model
[Gerya et al., 2006]. The lithological configuration
is described in Table B1 in Appendix B. In this
approach, we calculate the stable mineralogy and
thermodynamic properties for each lithology as a
function of pressure and temperature by Gibbs ener-
gy minimization [Connolly, 2005]. The phase rela-
tions obtained by such calculations for lithologies
relevant here have been presented elsewhere [Kerrick
and Connolly, 1998, 2001a, 2001b]. Seismic veloc-
ities were computed as described by Connolly and
Kerrick [2002] with shear moduli as summarized by
Connolly [2005]. All rock properties, including ef-
fective density, isobaric heat capacity, thermal ex-
pansion, latent heating and water content are
calculated for each marker at every time step. We
solved the momentum, continuity, and temperature
equations for the two-dimensional creeping-flow
approximation by using finite difference method.
We account for thermal and chemical buoyancy
along with radioactive, shear, adiabatic and latent
heating. The model has been validated through a
series of test cases [Gerya and Yuen, 2003b] and its
results are consistent with a variety of geological data
[e.g., Gerya et al., 2002; Willner et al., 2002, 2004].
Detailed description of the model is available in
Appendix B.

[s] We have gathered results from 103 numerical
experiments (see Table 1 for selected runs; a remain-
ing runs description is available in Table 2). These
simulations have been calculated over a finite dif-
ference grid with 201 x 101 to 201 x 401 regularly
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Table 1. Grid Step: 2 km-201 x 101 Nodes, ~0.5 Million Markers®

Slab Slab . Plumes Initiation Rigid Body Rotation
a al 10S.,
Rate, Age, My, Sedim. Rate, Time, Depth, Fore-Arc Subduction Wedge
Model cm/yr Myr Pas mm/yr Myr km Rocks Spins Wheel  Pinball
1. (02_18 02)° 2 20 10% 0.3 10-45 62 150 pec <K p,cp X
2.(02 18 02H) 2 20 10'® 0.3 11-81 62-194 p,c K p,c+p,c~p X
3.(02_18 03)° 320 10% 0.3 5-45  63-160 pcLpc+p
4.(02.18 03H) 3 20 10'® 0.3 9-85 80—190 pc<Kp,crp X
5.(02_18 04)° 4 20 10" 0.3 4-34  65-70 p,cXp X
6.(02 18 04H) 4 20 10'® 0.3 5-47 65-278 pc<Kp,crp X
7.(02_18 05)° 5 20 10" 0.3 3-27  69-90 ppcLpcrp X
8.(02 18 05SH) 5 20 10" 0.3 4-27 50-122 pcLpcrp X
9.(02 18 06H) 6 20 10 0.3 2-15  52-70 p,c<Kp
10.(02.19 01> 1 20 10" 0.3 33 70 ¢
11.(02 19 01H) 1 20 10" 0.3 3-11  48-87 cAp,c
12.(02.19 02> 2 20 10" 0.3 11-97 67-112 p,c <K p,c~p,c > p X
13.(02 19 02H) 2 20 10" 0.3 6-93  52-200 pcKLpcrp X
14.(02.19 03)° 3 20 10Y 0.3 5-64 65-119 p,c << p,c+p,cp X
15.(02 19 03H) 3 20 10" 0.3 4-94  50-200 pcLpcxp
16. (0219 04° 4 20 10Y 0.3 4-47 76-130 pcLpcrp X
17.(02 19 04H) 4 20 10" 0.3 3-53  50-170 pcLpcx~p X
18.(02 19 05° 5 20 10" 0.3 3-21  70-90 pc<Kp,cxp X
19.(02.19 05H) 5 20 10" 0.3 24—131 70-149 cap,C
20. (0219 06H) 6 20 10" 0.3 2-8 60124 p
21.(03 18 OIH) 1 30 10'® 0.3 21-110 92-180 pcKp
22.(03 18 02H) 2 30 10'® 0.3 6-89 62—185 pc<Kp,crp X
23.(03_18 03H) 3 30 10'® 0.3 6-52 58-200 p,cKp
24.(03 19 02H) 2 30 10" 0.3 9-136 65-193 pcKpcap X
25. HIGH® 240 107 0.3 4-48  58-90 p.c+p X
26.(06 19 02> 2 60 10" 0306 9-50 87-110 p,c+pp,c <K p,c+p
9-52 80—194
27.(08 19 02 2 80 10 0306 9-32  92-160 pcApp c+p
8-31 82-185
28.(10.19 02> 2 100 10% 0.3 9-35 92-195 p
29.(10_18 04H) 4 100 10'® 0.3 59-63 81-97 c+p X
30. (10 18 05)° 5 100 10'® 0.3 2 80 p
31.(10_18 05H) 5 100 10' 0.3 30-50 60-200 p X
32.(10_19 04° 4 100 10% 0.3 3-8 85-197 p
33.(10_19 04H) 4 100 10" 0.3 50-73 60—155 pc+p X
34.(10_19 05 5 100 10" 0.3 2 82 p X
35.(10_ 19 05H) 5 100 10" 0.3 25-63 50-190 p X

#Rock abbreviations: P, peridotite; ¢, subducted crustal rocks (sediments, oceanic crust).

Simplified hydration model [Gerya and Yuen, 2003a]: subducted oceanic crust dehydration — vy = 0.05vg,,q When 0 < x < x4; serpentine
dehydration in the slab vy = Kvgpa, When x5 < x < xg; no deep dehydration of the slab — v ) = 0 when x > xg, where vy, is the substantive
hydration rate along the hydration front (equation (B3)) as the function of horizontal distance x, x5 and xpg are imposed limits for the interval of
serpentine dehydration in the slab (Table B3), K is mantle hydration constant (K = 0.5 for the mantle below wet solidus, K = 0.15 for the mantle

above wet solidus).
€Grid step: 1 km—401 x 201 nodes, ~10 million markers.

spaced Eulerian points, using 0.5 million to 10
billion markers (Appendix A). In the course of
monitoring so many runs and studying the various
effects, the importance of visualization became
quite obvious and we had to develop some new
techniques of looking at large data sets, these are
described in the Appendix A.

3. Results of Simulations

[¢] Cold plume development is enhanced by the
dehydration of the subducting slab. As a result of

dehydration of descending slab, aqueous fluids
migrate and hydrate the mantle wedge near the
slab [e.g., Gerya et al., 2002]. Due to dynamics of
the hydration front, Rayleigh-Taylor instabilities
can develop above the subducting slab. These insta-
bilities develop at the depth range of 60—100 km and
trigger the upward migration of partially molten
upwellings that are 300—400 degrees colder than
surrounding mantle [Tamura, 1994; Gerya and
Yuen, 2003a]. The evolution of cold plumes varies
with different sets of initial conditions such as
subduction rate, slab age, mantle viscosity, and
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Table 2. Results of Simulations That Were Not Included in Table 1*

Slab Slab Eros., Plumes Initiation
Rate, Age, Nserps Sedim. Rate,
Model am/yr Myr Pas mm/yr Time, Myr Depth, km Rocks

(02_18 01)° 1 20 10'8 0.3 27 80 c

(02_18_01H) 1 20 10'® 0.3 42 65 c>p

(03_18_04H) 4 30 10'8 0.3 3-51 71-167 pc<Kp

(03_18_05H) 5 30 10'® 0.3 4-61 52-83 P

(03 19 01H) 1 30 10" 0.3 38-227 110-150 cLpcrp

(03_19 03H) 3 30 10" 0.3 4-63 83178 p,c K p

(03_19_04H) 4 30 10" 0.3 2-33 6785 P

(03_19_05H) 5 30 10" 0.3 3-19 65-93 P

(04 18 01)° 1 40 1018 0.3 34-94 92-200 p.cAp

(04 18 01H) 1 40 10'8 0.3 18-100 65-188 pcEp,c+p

(04 18 02)° 2 40 10'® 0.3 9-44 77-195 peLpcLp crp

(04_18_02H) 2 40 10'8 0.3 9-45 78178 pc<Lp,c+p

(04 18 03)° 3 40 10'® 0.3 5-39 81-100 peLpctp cr~p

(04_18_03H) 3 40 10'8 0.3 5-37 70190 pctpcrp

(04 18 04)° 4 40 10'8 0.3 4-15 81-180 peLpcrp cS>p

(04_18_04H) 4 40 10'® 0.3 3-13 58190 pc+p

(04 18 05)° 5 40 10'® 0.3 3-20 79-122 P

04 18 05H 5 40 10'® 0.3 2-14 59119 e p,cHp, cr

(04_18_ p p p p

(04_19 01H) 1 40 10" 0.3 19-100 80—198 pctp crD

(04 19 02H) 2 40 10" 0.3 0.6 9-52 77-192 peLpcrpp cKp
9-146 59-200

(04_19 03H) 3 40 10" 031 5-36 92180 ppceLpcrpp
8—52 57-197

(04_19_04H) 4 40 10" 0313 3-27 55-178 peLpecrpp cKp
2-50 57-198

(04_19_05H) 5 40 10" 03 1.6 2-12 57-116 pcLpp,cLpe+p
2-27 49-140

(06_18 01)° 1 60 10'® 0.3 26101 107-180 pcLp crp ¢S p

06 18 01H 1 60 10'® 0.3 20108 81-180 ,cLp,cr

(06_18_ p p P

(06_18 02)° 2 60 10'8 0.3 9-30 87-102 peLp ctp, cap

(06_18_02H) 2 60 10'® 0.3 10-119 82-200 cLpc+p

(06_18 03)° 3 60 10" 0.3 5-9 83175 p

(06718703%) 3 60 1012 0.3 5-65 100—-200 P

(06_18_04) 4 60 10 0.3 4-7 78-172 pc<Kp

(06_18_04H) 4 60 10'8 0.3 3-7 95-194 pc<Kp

(06_18 05)° 5 60 10'® 0.3 3 80 p,c K p

(06_18_05H) 5 60 10'8 0.3 3-6 107-196 poc<Kp

(06_19 01)° 1 60 10" 0.3 35-84 117-175 pc<Kp,c>p,c

(06_19 01H) 1 60 10" 0.3 20-135 76-200 p.c<<p

(06_19_02H) 2 60 10" 0.3 11-112 57-200 pc<<p

(06_19_03)° 3 60 10" 0.31 9-25 90112 ppcKp,ctp
9-25 87-183

(06_19_03H) 3 60 10" 0.3 5-9 63—193 p

(06_19_04)° 4 60 10" 0313 3-24 80176 pp,ctp
9-25 87-189

(06_19_04H) 4 60 10" 0.3 3-15 84-175 p

(06_19 05)° 5 60 10" 0.3 1.6 3-82 78—112 pecLpp ctp c>p
9-63 81-179

(06_19 05H) 5 60 10" 0.3 62 100 P

(08 18 01)° 1 80 10'8 0.3 35-73 118-200 P

(08 18 01H) 1 80 10'® 0.3 2084 78194 pc<p

(08_18 02)° 2 80 10'8 0.3 8—15 88180 pcLpctp

(08 18 _02H) 2 80 10'® 0.3 30-70 91183 pc<Kp

(08 18 03)° 3 80 10'® 0.3 5-10 83-162 p

(08 18 03H) 3 80 10'8 0.3 1 85 4—15 120 95160 pp

(08 18 04)° 4 80 10'8 0.3 3-8 78-192 P

(08 18 _04H) 4 80 10" 0.3 5 117 P

(08 18 05)° 5 80 10'8 0.3 3-7 78-197 p

(08 18 _05H) 5 80 10'® 0.3 4 119 P

(08 19 01)° 1 80 10" 0.3 4074 98-200 pcrp,cS>Dp
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Table 2. (continued)

Slab Slab Eros., Plumes Initiation
Rate, Age, Nserps Sedim. Rate,
Model am/yr Myr Pas mm/yr Time, Myr Depth, km Rocks
(08 19 04)° 4 80 10" 0313 3-94-7 81-157 PP
81-197
(08 19 05)° 5 80 10" 03 1.6 33 79 78 PP
88_12_81)") } %88 %8:: 8.; 40—-60 118-182 pc<Lp
18 01H , - - )

(10_18 02)° 2 100 1012 0.3 8-30 90-100 pcKLp,ctp
(10_18_02H) 2 100 10! 0.3 - - -
(10_18 03)° 3 100 10'® 0.3 5-9 85-137 P
(10_18_03H) 3 100 1012 0.3 101-108 117-140 pctp
(10_18 04) 4 100 10 0.3 3-7 82180 P
(10_19 01)° 1 100 10" 0.3 9-57 100-120 perRp,cSpc
(10_19_01H) 1 100 10" 0.3 - - -
(10_19_02H) 2 100 10" 0.3 - - -
(10 19 03)° 3 100 10" 0.3 5 92 P
(10_19 03H) 3 100 10" 0.3 - - -

# All runs with rigid body rotation are shown within Table 1. Grid step: 2 km — 201 x 101 nodes, ~0.5 million markers. Rock abbreviations: p,

peridotite; ¢, subducted crustal rocks (sediments, oceanic crust).

Simplified hydration model [Gerya and Yuen, 2003a]: subducted oceanic crust dehydration — vy = 0.05vg,q When 0 < x < x,; serpentine
dehydration in the slab vix) = Kvgupa, When x4 < x < xg; no deep dehydration of the slab — v,y = 0 when x > xp, Where vy, is the substantive
hydration rate along the hydration front (equation (B3)) as the function of horizontal distance x, x, and xp are imposed limits for the interval of
serpentine dehydration in the slab (Figure B1, Table B3), K is mantle hydration constant (K = 0.5 for the mantle below wet solidus, K = 0.15 for the

mantle above wet solidus).

intensity of the erosion/sedimentation process. Yet
the evolution of rigid body rotation is controlled
mostly by the subduction rate and slab age, and is
strongly associated with cold plume development.
Systematic study [Gerya et al., 2006] shows that two
distinct types of plumes form in the mantle wedge
(Table 1): (1) mixed, which consist of both
crustal and mantle rocks, and (2) unmixed,
composed of partially molten hydrated peridotite.
Propagation of plumes introduces strong rheolog-
ical non-homogeneity into the mantle wedge
since hydrated partially molten rocks composing
plumes are characterized by much lower viscos-
ity (<10'7 Pa - s) than the surrounding dry
mantle (10'*-10%" Pa - s). Under conditions of
intense mantle flow in the wedge its rheological
non-homogeneity results in spontaneous isolation
of various rigid objects described in the follow-
ing sections. Such phenomena only appear in
numerical experiments accounting for the hydra-
tion and melting above slabs [Gerya and Yuen,
2003b] and they cannot be observed within the
models which have far less physical and chem-
ical complexities [Peacock et al., 2005].

3.1. Subduction Wheel

[7] For experiments with relatively warm slabs,
corresponding to slab ages of ~20—30 Myr, intense
slab dehydration occurs at depths of 60—70 km.
Therefore plume initiation for these slabs occurs at

shallow depth. Plume development may lead to the
isolation of non-hydrated mantle fragments of 35—
50 km in diameter between the plume root, plume
head, and descending slab. At the time of isolation
the body has the same viscosity and temperature as
the ambient mantle. If the plume root remains stable
for sufficient time (~20 Myr), strong vorticity
develops in the displacement field within the corner
of the asthenospheric portion of the mantle wedge
close to the slab (Figure 2). The isolated area begins
to rotate and becomes rounded due to the moment
between subducting slab and rising plume. The
body is enveloped by 5—8 km of plume material,
which separates it from the mantle wedge. The
plume material is less viscous (<10'" Pa - s) than
its surroundings due to hydration and the presence
of melts. This phenomenon, designated a ““subduc-
tion wheel,” is depicted in Figures 1, 2, 3 and 4.
With time the body cools (by 200-300°C) and
consequently its viscosity becomes much higher,
up to 102-10°* Pa - s (Figure 3). The seismic
velocity anomaly within this body notably (by
2%) increases (Figure 2). After the increase in
viscosity, the rigid object becomes unstable and
detaches from the root. Then, the wheel migrates
by either descending with the slab (Figures 1 and 2)
or moves near-horizontally into the hotter portion of
the mantle wedge (Figures 3 and 4) where it subse-
quently vanishes. Migration of the wheel is caused
by episodic subduction of large amounts of material
from the serpentinized channel pushing the wheel
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] 50

Figure 1.

BOUNDARY
CONDITION

REGION
10.0 Myr

Development of subduction wheel phenomenon (Model 5, Table 1). (left) Evolution of the distribution of

different rock types. (right) Distribution of viscosity field (Pa-s). Color code: 1, seawater; 2, sediments; 3, basaltic and
gabbroic crust; 4, dry mantle; 5, serpentinized wedge mantle; 6, hydrated wedge mantle; 7, hydrated (quenched)
wedge mantle; 8, molten sediments; 9, molten basaltic and gabbroic crust; 10, molten wedge mantle. The main
feature of the figure is the rigid wheel: 40 km in diameter, viscosity: 10'* to 10** Pa - s as the body descends with
subducting slab; it is composed of dry mantle wedge. The body is enveloped by ~6 km thick cold plume material
composed of hydrated wedge mantle and molten sediments. Viscosity of plume material is ~10'”. The wheel forms
within ~25 Myr. The timescale in all figures corresponds to relative time for the subduction.

downward. If the plume root is not stable and the
initiation depth is relatively shallow, the isolation of
a fragment of mantle wedge still occurs, but rotation
ofisolated body quickly becomes unstable and it has
no time to cool down and become more rigid and
coherent before it vanishes.

[s] The stability of plume initiation is controlled
by slab age and rate of subduction (Figure 5). Slow

(<2 cm/yr) as well as high (>5 cm/yr) subduction
rate prevent isolated body from achieving stable
rotational motion.

3.2. Fore-Arc Spin

[s] Due to decoupling of the subducting and over-
riding plates [e.g., Hawkins et al., 1984], the arc
system may be dominated by extension rather than
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BOUNDARY
CONDITION
REGION

10.0 Myr

clockwise

Figure 2. Development of subduction wheel phenomenon (as in Figure 3, Model 5, Table 1). (left) Variations in

seismic velocity (AVp%) are computed relative to vertical profile in the mantle wedge at x = 350 km. (right) Relative
o
intensity of rotation / = 3”3%—;“2), where €/, is the second invariant of strain rate tensor. The main feature of the figure is

rigid wheel: the seismic velocity anomaly increases by 2% due to dry, cold wedge mantle. The rotation of the body is

counterclockwise.

compression. In our experiments, the extension
occurs due to the tectonic erosion of weak serpenti-
nized mantle above the slab. Intraarc extension
(Figure 6) allows dragging of the for-arc lithosphere
down to a depth of 10—20 km with the subducting
slab. In our simulation the burial process is accom-
panied by the rotational motion of the cold litho-
spheric fragment of irregular shape trapped between
rising hydrated mantle and the subducting slab.

This phenomenon occurs for the subduction rate
of 3 cm/yr for a relatively old (80 Myr) subducting
slab (Figure 5, Table 1). After ~30 Myr, the fore-arc
lithosphere is gradually hydrated and dragged
downward by subduction erosion within the serpen-
tinized subduction channel.

[10] In our experiments we also observe fore-arc
compression, which is a result of plate coupling
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BOUNDARY
CONDITION
REGION

4.2 Myr

12.2 Myr

15.4 Myr

Figure 3. Development of subduction wheel phenomenon (Model 18, Table 1). (left) Evolution of the distribution
of different rock types. (right) Distribution of viscosity ﬁeld (Pa- s) Color code as in Figure 1. The main feature of the

ﬁgure is the rigid wheel: 45 km in diameter, v1scosr[y 10"

to 10%° Pa-s as the body vanishes in the mantle wedge; it

is composed of dry wedge mantle. The body is enveloped ~5 km thick cold }i)lume material composed of hydrated
wedge mantle and molten wedge mantle. Viscosity of plume material is ~10"7

forces. When the subducting slab is ~100 Myr old
(Table 1), the compressional forces may lead to
deep bending of oceanic crust within the fore-arc
region and formation of a deep basin (Figures 7
and 8). The oceanic crust may reach depths of 60 km.
As hydrated basaltic crust reaches such a depth it is
exposed to high pressure-medium temperature
(HP-MP) metamorphism. Over time, there is a
transition from a compressional to an extensional
regime. This transition forces the fore-arc litho-
sphere to be dragged to the surface with the

restoring force of subduction channel material.
The burial of the fore-arc basin traps the frontal
part of the overriding plate wedge between the
subduction channel and the buried oceanic crust.
The extensional processes coupled with the motion
of the rising plume lead to counter-clockwise rota-
tion of this lithospheric fragment.

3.3. Wedge Pinballs

[11] One additional type of spinning structure
(wedge “pinballs”) sporadically registered in our
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Figure 4. Development of subduction wheel phenomenon (as in Figure 3). (left) Variations in seismic velocity
(AVp%) are computed relative to vertical profile in the mantle wedge at x = 350 km. (right) Relative intensity of

vz _ Ovx
rotation / = "}”"T[‘;’VZ, where €, is the second invariant of strain rate tensor. The main feature of the figure is the rigid

wheel: the seismic velocity anomaly increases by 2% due to dry wedge mantle. The rotation of the body is

counterclockwise.

numerical experiments is a small fragment (10—
15 km in diameter) of oceanic crust ripped from
the overriding plate and caused to rotate within
the serpentine channel at a depth of 20—60 km
(Figure 7). These rotating bodies are more viscous
(10"°-10%' Pa-s) than the subduction channel
material (10'%-10'? Pa-s), but have the same tem-

perature. The temperature of subduction channel is
from 100 to 600°C depending on the depth.

4. Discussion and Conclusions

[12] The results presented in this paper are the
products of a series of two-dimensional simula-
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Figure 5. Simplified area diagram for conducted 2-D numerical runs. Cross, runs without rigid body rotation
phenomenon; circle, subduction wheel; diamond, fore-arc spin; square, fore-arc spin accompanied by deep basin
exhumation; triangle, wedge pinball. Relationship between different physical parameters and rigid body rotation
described in Table 1. All remaining runs are listed in Table 2.

tions, which were made calculated with modified
12VIS code of Gerya and Yuen [2003b]. Most of
the simulations were done with a grid step of 2 km
using 101 x 201 and 0.5 million markers With this
approach we investigated the changes in processes
above the subducting slab due to different subduc-
tion rate, initial age of subducting slab, viscosity of
serpentine and sedimentation/erosion rate, and their
dependence on these parameters.

[13] An important aspect is to relate results of our
study to subduction processes in three-dimensions.
The rigid body phenomenon corresponds to prop-
agation of upwellings released from the slab.
Hydration and partial melting along the slab enable
development of Rayleigh-Taylor instabilities
[Gerya and Yuen, 2003a]. This is the leading force
for the development of both cold plumes and
diapirs. According to 3-D numerical studies of
diapirism by Kaus and Podladchikov [2001],
sheet-like diapiric walls are stable in three dimen-
sions and can propagate rapidly from initial elon-
gated perturbations. We assume therefore that
similar wall-like patterns of cold plumes parallel
to the trench can develop isolating elliptic and
cylindrical spinning rigid bodies in the mantle
wedge (Figure 9).

[14] From the predicted seismic velocity anoma-
lies, we can anticipate the tomographic images
associated with rigid body rotation. An area of
high Qp (P wave attenuation) surrounded by low
Qp has been observed in the upper mantle below
the Salar de Atacama basin [Schurr et al., 2003]

(Figure 10). Schurr et al. [2003] suggest that this
observation can be explained by the presence of a
relatively cold and rigid block surrounded by
lighter material. Water in the mantle wedge causes
partial melting in regions where temperature
exceeds the wet solidus of peridotite, and in the
sub-solidus region water raises the homologous
temperature of the mantle. Both effects lower
seismic Qp; therefore low Q areas are interpreted
as fluid or melt pathways in the mantle [Schurr et
al., 2003]. As low Qp regions correlate well with
low Vp and high Qp regions correlate to high Vp
[Schurr, 2001], we suggest that anomalies ob-
served below Salar de Atacama basic are consistent
with the subduction wheel model predicted by our
simulation (Figures 2, 4, and 10). We speculate that
the rigid body phenomena documented in our
numerical experiments above subducting slab
may play a role in the development of observed
isolated positive tomographic anomalies sur-
rounded by negative anomalies.

[15s] Fore-arc spin may play a role for the intraarc
extension process documented in several subduc-
tion zones, as in the Mediterranean region [e.g.,
Jolivet and Faccenna, 2000; Faccenna et al.,
2003], or northern Chile [e.g., Buddin et al.,
1993]. The deep fore-arc basin model may
explain the occurrence of two different types
(high pressure-low temperature (HP-LT) and high
pressure-medium temperature (HP-MT) among
contemporaneous metamorphic complexes in the
same province. HP-LT and HP-MT metamorphic
rocks were observed within the Aegean basin
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Figure 6. Development of fore-arc spin phenomenon (Model 29, Table 1). (left) Evolution of the distribution of
different rock types. (right) Distribution of viscosity field (Pa s). Color code is the same as in Figure 1. The main
feature of the figure is the rigid part of the overriding palate isolated by hydrated wedge mantle from dry
asthenospheric wedge. Viscosity of the rigid body varies form 10%° to 10%.
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Figure 7. Evolution of burial and exhumation of fore-arc basin (Model 31, Table 1). (left) Evolution of the
distribution of different rock types. (Right) Variations in seismic velocity (AVp%) are computed relative to vertical
profile in the mantle wedge at x = 350 km. Color code is the same as in Figure 1. The main feature of the figure is
buried fore-arc basin that is isolating part of the overriding late. The rotation of the body is counterclockwise during
the exhumation of the body.
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types. (right) Distribution of viscosity field (Pa-s). Color code is the same as in Figure 1. The main feature of the
figure is the rigid body of higher viscosity (10°° Pa-s) than the channel’s material rotating within the subduction
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Figure 9. Conceptional development of rigid body rotation in three dimensions.

[Lister et al., 1984]. The HP-LT blueschist formed
within this subduction/accretionary complex
[Faccenna et al., 2003]. We propose that HP-
MT metamorphism occurs in deep fore-arc basins
[Lister et al., 1984; Jolivet and Patriat, 1999;
Gautier et al., 1999; Faccenna et al., 2003].
Evidence for the transition from compressional
to extensional tensional regimes has been
observed in the geologic record [Uyeda and
Kanamori, 1979]. Our simulation’s prediction of
deep burial of the fore-arc basin provides an
explanation for this geological setting.

strong forearc/ P o o
- foreland crust AR

1@
A, L:-o"-ﬁe

[16] Within Champtoceaux metamorphic complex,
which is a part of Armorican Massif few metamor-
phic bodies with accretion mélange were observed
[e.g., Ballevre et al., 2002; Martelet et al., 2004]
(Figure 11). These bodies are characterized by
coherent chemical and textural structures, which is
unusual within material exhumed from subduction
channels. The geological setting and size (a dozen or
so km in diameter) of these blocks supports the
hypothesis that they are pieces of crust ripped from
an overriding plate and included as individual com-
ponents (wedge pinballs, Figures 9 and 11) of a
subduction channel.

softer Andean

| crust

i Atacama — 50
block =
cold, hydrated
411anﬂt.!|I = 100
continental =
lithosphere a 150

U

Nazca

B e ere © 200
astenosphere 250

hot, hydrated mantle
partial melts

R NI T

- [2aZ]e v v v

L 1
latitute [°]

S —
80 87 95105 117 133 154 182 222 286 400667 20¢

Q

Figure 10. Possible natural example of subduction wheel phenomenon. (left) Interpretations of the cross sections
for Q, at 22.2°S. (right) Cross section for Q at 22.2°S for the central Andean subduction zone. The thick white
contour indicates regions of good resolution as measured by the spread value. Regions of poor resolution are drawn in

a slightly faded color (modified after Schurr et al. [2003]).
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Possible natural example of wedge pinballs. (top left, top right, and bottom left) Cross sections of

Champtoceaux area. Within the outlined boxes, metamorphic blocks of coherent chemical and textural structures can
be observed (modified after Martelet et al. [2004]). (bottom right) A wedge pinball.

[17] On the basis of the results of our numerical
study, we conclude that rigid-body motion phe-
nomena are consequences of the hydration and
melting above slabs and thus can be considered
as features of the subduction process.

Appendix A: Visualization and
Computational Challenges

[18] Our highest-resolution simulations to date use
10 billion markers. This extremely high resolution
results in uncompressed output file sizes of 210 GB
or more for each time step. Similar amounts of
memory are required during runs as well, but
the latest shared-memory supercomputers such as
COBALT at NCSA have ample memory for these
large runs. We have implemented a parallel com-
puting with Open MP and a compressed file format
for output that is capable of reducing file sizes by
at least three orders of magnitude indeed allowing
rerunning from the compressed output. Output file
compression also allows us to save output to disk
more frequently, allowing us to create animations

with higher frame rates than was previously possi-
ble. While visualizing the data from this simulation
is trivial for low-resolution runs (0.5—2 million
markers) where the number of markers is on the
same order as the number of pixels on a typical
computer screen, the visualization problem
becomes much more challenging at higher resolu-
tions, where the number of markers dwarfs the
number of pixels on any display device. High-
resolution runs are necessary to explore stirring
structures at spatial scales on the order of 100 m to
1 m (Figures A1 and A2) [Rudolph et al., 2005]. In
order to permit long-distance collaboration without
transferring massive amounts of data, we have
developed a Web-based visualization solution,
WEB-IS4, that is part of our WEB-IS family of
Web-based solutions. WEB-IS4 uses an HTML
and Javascript front-end coupled with a PHP and
C backend to retrieve regions of interest from high-
resolution 2-D data sets in real time. Any reglon of
interest can be retrieved from a n x 10'° element
data set, converted into an image, and sent over the
Web in under 0.25s. The fast response when
querying a large data set is achieved by means of
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Figure Al. High-resolution multiple scale visualiza-
tion of mechanical stirring structures related to develop-
ment of a “wedge pinball.”” Compressed output from the
numerical experiment with 10 million markers. Color
code: 1, seawater; 2, sediments; 3, basaltic and gabbroic
crust; 4, dry mantle; 5, serpentinized wedge mantle; 6,
hydrated wedge mantle; 7, hydrated (quenched) wedge

mantle; 8, molten sediments; 9, molten basaltic and
gabbroic crust; 10, molten wedge mantle.

e

a hierarchical data format. In a hierarchically
structured file, the topmost member of the hierar-
chy is a downsampled version of the original data
set whose size is approximately the same as the

desired display size. This member of the hierarchy
is used only for regions of interest with low
magnification. If a higher magnification is desired,
a lower member of the hierarchy is accessed. The
backend chooses a member of the hierarchy in such
a way that the region of interest image is never
upsampled. This permits us to view extremely fine-
scale features in the composition field while main-
taining a sense of the big picture by zooming into
the data set in real time. This hierarchical data
retrieval scheme will also allow us to explore large
2-D data sets interactively on display walls by
parallelizing the image retrieval process.

B1. Model Design and
Numerical Technique

[19] In this appendix we give description of
numerical model, initial configuration and thermo-
mechanical and petrological technique used.

B2. Initial Configuration

[20] For this set of simulations on an island arc
subduction we used 2-D numerical model
(Figure B1) with kinematically prescribed subduct-
ing plate and with either static [Gerya et al., 2002;
Gerya and Yuen, 2003b] or dynamic [Gerya et al.,
2006] hydration of the mantle wedge as described
below. In this model oceanic crust consists of a
relatively thin (1000 m) heterogeneous layer of
marine sediments, an upper 2 km thick sequence of
hydrothermally altered basalts (metabasalts), and a
lower 5 km section composed largely of gabbroic
rocks (Table B1). The subjacent mantle is consid-
ered to be anhydrous peridotite, whereas the over-
lying mantle is either anhydrous or hydrated
(<2 wt% water) peridotite depending on the kine-
matic model for the propagation of slab fluids
discussed below. Although mantle wedge rocks
have the capacity to absorb up to 8 wt% water
during serpentinization [Connolly, 2005], we adopt
2 wt% water as an upper limit to account for
heterogeneous hydration resulting from channeli-
zation of slab-derived fluids [Davies, 1999] as
consistent with observed mantle wedge seismic
velocities [Carlson and Miller, 2003]. The bound-
ary conditions account for incoming and outgoing
asthenospheric flow under the overriding plate.
The top surface of the oceanic crust is calculated
dynamically as a free surface by using an 8-km-
thick hydrosphere with low viscosity (10'® Pa - s)
and density (1 kg/m® for the atmosphere, 1000 kg/
m® for seawater). The interface between this weak
layer and the top of the oceanic crust deforms
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Figure A2. High-resolution multiple scale visualization of mechanical stirring structures related to development of
a “cold plume.” Forty billion element (pixel) data set with spatial resolution of ~2 m is based on compressed output
from the numerical experiment with 10 billion markers. Color code is the same as in Figure Al.

spontaneously and is treated as an erosion/sedi-
mentation surface which evolves according to
transport equation (in Eulerian coordinates) solved
at each time-step [Gerya and Yuen, 2003b].

OZes | O = v; — v OZgs [OX — Vs + Ve (BI1)

where z, is a vertical position of the surface as a
function of the horizontal distance x; v, and v, are
the vertical and horizontal components of material
velocity vector at the surface v, and v, are
sedimentation and erosion rates, respectively,
which correspond to the relation:

vy =0 mm/a,v, = v, whenz <4 km,

vy = vy mm/a, v, =0 when z < 4 km,

where v, and vy are imposed erosion and
sedimentation rates, respectively. Erosion and
sedimentation processes are implemented via
marker transmutation. The viscosity of the hydro-
sphere (10'® Pa - s) creates a high viscosity contrast
(>10%) and causes minimal shear stresses (<10* Pa)
along the erosion/sedimentation surface. As fol-
lows from our test experiments further lowering of
hydrosphere viscosity does not affect dynamics of
this surface. Accounting for the thermal and
density effects of phase transformations poses a
significant challenge [Bittner and Schmeling, 1995;
Barboza and Bergantz, 1997, Vasilyev et al., 2004]
because abrupt changes associated with the
appearance of a phase are difficult to handle
numerically, particularly in the continuity condi-
tion. To overcome these difficulties, we employ the
incompressible fluid approximation for the con-
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Figure B1.

Numerical upper-mantle model designed for our two-dimensional numerical experiments. (a) Initial

conditions for calculation are taken as follows: the initial position of the subduction zone is prescribed by a weak,
6-km-thick, hydrated peridotite layer; initial temperature field in subducting plate is defined by an oceanic geotherm
To(z) with a specified age; initial temperature distribution in overriding plate 7;(z) corresponds to equilibrium thermal
profile with 0°C at surface and 1350°C at 32 km depth; initial structure of 8-km-thick oceanic crust is taken as
follows (from top to bottom): sedimentary rocks = 1 km, basaltic layer = 2 km, gabbroic layer = 5 km. (b) Boundary
conditions and hydration model are shown for the intermediate stage of calculation with well-developed hydrated
mantle zone. A and B are intersection points of serpentine stability field with the upper and lower surfaces,
respectively, of the oceanic crust. Further details of model design and limitations are given by Gerya and Yuen

[2003a].

tinuity equation and numerical smoothing of
thermal and density effects due to phase changes
for the momentum and temperature equation
[Gerya et al., 2004c]. Transport and physical
properties are then computed by finite differences
and a marker-in-cell technique [Gerya et al., 2000;
Gerya and Yuen, 2003b].

B3. Numerical Approach

[21] The momentum, continuity, and thermal equa-
tions for the two-dimensional creeping-flow, ac-
counting for both thermal and chemical buoyancy,
are solved using the 12VIS code [Gerya and Yuen,
2003b] based on conservative finite differences and
a nondiffusive-marker-in-cell technique. The ther-

mal equation is formulated as [Gerya and Yuen,
2003b]

(B2)

DT\ g 0qg:
q - H,+ H, + Hs + H,
p p(Dt> o oz +H.+H, +Hs + Hp

oT oT
— k(1,0)% .= —k(T,0) %,
qx (T, )8)( q ( )8
DP
H, = TOLE Hg = Gxxéxx + o0 + zoxzéxzv

where D/Dt is the substantive time derivative; x
and z denote, respectively, the horizontal and
vertical coordinates; o, 0., 0., are components
of the deviatoric stress tensor; €., €., .. are

18 of 23



" Geochemistry

_ Geosystems

I

Geophysics (‘Ij GORCZYK ET AL.: ROTATION IN THE MANTLE WEDGE

10.1029/2005GC001075

Table B1. Model Rock Compositions®

Upper Lower

Oceanic Oceanic

Crust Crust Mantle

Sediment (Altered Basalt) (Gabbro) (Peridotite)

SiO, 61.10 47.62 53.49 45.55
Al,O3 12.43 14.48 14.07 4.03
FeO 5.43 10.41 6.86 7.47
MgO 2.59 6.92 12.07 37.42
CaO 6.21 13.39 10.73 3.18
Na,O 2.54 2.15 1.22 0.33
K,O 2.13 0.58 0.09 0.03
H,0" 7.60 2.78 1.47 1.98

#Rock compositions are in weight%. Sediment is the GLOSS
average [Plank and Langmuir, 1998]; basalt is an average for the upper
500 m of the igneous section of the oceanic crust [Staudigel et al.,
1989]; gabbro is a synthetic composition for the gabbroic section of the
oceanic crust [Behn and Kelemen, 2003], modified to contain up to
1.5 wt% water to represent the effects of lower crustal hydrothermal
alteration [Carlson, 2003], and peridotite is the LOSIMAG composi-
tion [Hart and Zindler, 1986] chosen to represent mantle peridotite.
The compositions have been simplified by the omission of minor
elements such as Mn, P, Ti, and Cr and the assumption that all Fe is
ferrous; additionally, CO, has been removed from the GLOSS
sediment composition.

Maximal H,O content in the rocks (see text for details of water
balance at elevated P and T).

components of the strain rate tensor in; P is
pressure; 7 is temperature; ¢, and ¢, are heat
fluxes; p is density; g is gravitational acceleration;
KT, C) is the thermal conductivity, a function of
composition and temperature (Table B2 [e.g.,
Thompson and Connolly, 1995]; C, is the isobaric

Table B2. Phases and Thermodynamic Data Sources®

heat capacity; H,, H,, H;, and H; denote,
respectively, radioactive, adiabatic, shear and latent
heat production.

[22] The effective creep viscosities of solid rocks
are represented as a function of temperature and
stress by experimentally determined flow laws
(Table B3). Partially molten rocks are assigned a
reduced effective viscosity [e.g., Pinkerton and
Stevenson, 1992] of 10'7 Pa - s.

B4. Obtaining Mineralogy

[23] The stable mineralogy for each lithology are
obtained by free energy minimization [Connolly
and Petrini, 2002] as a function of pressure and
temperature from thermodynamic data (Table B2).
For this purpose, phase relations were resolved on
a grid with a resolution of 5 K and 25 MPa. The
range of physicochemical conditions considered
here requires extrapolation of the silicate melt
model [Ghiorso et al., 2002]. Therefore, to ensure
consistency with experimentally constrained melt-
ing boundaries employed in our earlier work
[Gerya and Yuen, 2003a], calculations were done
for each lithology both with and without the
silicate melt model. Physical properties were then
computed from the appropriate results depending
upon whether melt was predicted to be stable from
the experimentally constrained phase relations
(Table B3). Examples of phase diagrams computed
for different lithologies are discussed by [Connolly

Phase Formula Source
Antigorite Mg48xFe4g(|,X)Si34085(OH)62 Rupke et al. [2004]
Clinoamphibole Cay 5, Na. 5, Mg3iap i FeGinyimanAls_ Wei and Powell [2003];

wi741p4,022(OH)p, w + y + 2 < 1 White et al. [2003]
Biotite KMg(:;,W)XFeG,W) (1,X)All+2wSi3,W010(OH)2, x+ty < 1 Powell and Holland [1999]
Chlorite Mg(s,yﬁ)xFe@,yﬂ) (1,X)Alz(l+y,z)Si3,}+zOm(OH)g Holland et al. [1998]
Coesite Si0,
Clinopyroxene Na,,Ca,Mg, Fe(_)AlSi,0¢ Holland and Powell [1996]
Fluid H,O Connolly and Trommsdorff [1991]
Garnet Fe;,Caz,Mgs(1_x)AlLSi305, x +y < 1 Holland and Powell [1998]
Kyanite Al,SiOs5
Lawsonite CaAl,Si,0,(OH),-(H,0)
Mica K.Na; Mg, Fe.Al;_5(4Si34,4-010(OH), Holland and Powell [1998]
Melt Na-Mg-Al-Si-K-Ca-Fe hydrous silicate melt Ghiorso et al. [2002]
Olivine Mg, Fesi—SiO4 Holland and Powell [1998]
Oﬁhopyroxene ng(z,y)Fe(l,x)(z,y)Alz},Siz,yO(, Holland and Powell [1996]
Plagioclase Na,Ca,,Al,,Siy+,Og Newton et al. [1980]
Sanidine Na K, _,AlSi;Og Thompson and Hovis [1979]
Stishovite SiO,
Talc Mg(_g,y)xFe@,y) (|,X)A12ysi4y0|0(OH)2 Holland and Powell [1998]

#Unless indicated otherwise, thermodynamic data were taken from Holland and Powell [1998] (revised 2002). The compositional variables w, x,
», and z may vary between zero and unity and are determined as a function of pressure and temperature by free-energy minimization.
Thermodynamic data for the iron end-member for antigorite solution were estimated as described by Rupke et al. [2004].
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Table B3. Material Properties Used in 2-D Numerical Experiments

Rheology

P-T Conditions of Wet Solidus

Material Thermal Conductivity, W/(m K)
Sedimentary rocks ~ 0.64 + %
Upper oceanic crust 1.18 + %

(altered basalt)

Lower oceanic crust -//-

wet quartzite
flow law

wet quartzite
flow law

889 + plrsd + (pogyp & P < 1200 MPa,

831 + 0.06P at P > 1200 MPa

7040 7780
97 — pi3sa T+ Pr354)° at P < 1600 MPa,

935 + 0.0035P + 0.0000062P at P > 1600 MPa

plagioclase (An75)  -//-

(gabbro) flow law
serpentinized mantle 0.73 + % constant viscosity -
10'%-10" Pa's
Hydrated -1/- wet olivine 1240 + 250X at P < 2400 MPa,
unserpentinized flow law 1266—0.0118P + 0.0000035P> at P > 2400 MPa
mantle®
Dry mantle -//- dry olivine -
flow law
References Clauser and Huenges [1995] Gerya et al. [2002]; Schmidt and Poli [1998],

Ranalli [1995]

Poli and Schmidt [2002]

 Hydrated mantle beyond the serpentine stability field [Schmidt and Poli, 1998], T> 751 + 0.18 P — 0.000031 P* at P < 2100 MPa, T'> 1013 —

0.0018 P — 0.0000039P° at P > 2100 Mpa.

and Kerrick, 2002; Kerrick and Connolly, 2001a,
2001b].

B5. Seismic Velocity Calculation

[24] Seismic velocities were calculated as outlined
by Connolly and Kerrick [2002], with shear moduli
as summarized by Connolly [2005]. In the absence
of textural information, aggregate seismic veloci-
ties are typically computed as an equally weighted
combination of the geometric and arithmetic means
of the velocities of the constituent minerals, i.e.,
Voigt-Reuss-Hill averaging [Bina and Helffrich,
1992]. Because the geometric mean vanishes if a
constituent velocity approaches zero, as is the case
for the shear wave velocity in melt, the Voigt-
Reuss-Hill scheme leads to profound shear wave
velocity anomalies even if the amount of melt is
negligible. As we are concerned with the prediction
of such anomalies, we have computed aggregate
velocities from volumetrically weighted arithmetic
mean velocity. This approach assures a conserva-
tive model in that it minimizes the effect we are
attempting to simulate. The aggregate velocities
include the effects of silicate melt but do not
account for the presence of free water, the amount
of which is assumed to be negligible. Examples of
computed seismic velocities are discussed by
Connolly and Kerrick [2002] and Connolly [2005].

B6. Hydration of the Mantle Wedge

[2s] At the onset of subduction the lithologies in
the oceanic crust are assigned the water contents
indicated in Table 1 and the surrounding mantle is

anhydrous. To simulate the migration of water
released by dehydration reactions, if water is found
to be a stable phase at a particular depth the water
is propagated instantaneously upward, until it rea-
ches a rock which contains amount of water which
is less than: upper limit of water content adopted
for this specific rock type (Table 1) and maximal
amount of water that can be consumed by all
water-bearing minerals of equilibrium mineral as-
semblage stable in the rock. Although the limits of
water content are to some degree arbitrary, this
approach provides a rough estimate for the position
of the hydration front that develops in the mantle
wedge as a result of slab devolatilization. To
formulate this method analytically we compute
the vertical velocity of the hydration front from
the transport equation [Gerya et al., 2002]
8zh(x>/8z =V, — v,ﬁzhm/@x — Vh(x)s (B3)
where zpy is the depth of the hydration front at the
horizontal coordinate x; v, is the substantive
hydration rate along the hydration front; and vz and
vx are the vertical and horizontal components of the
material velocity vector at the hydration front. To
obtain vy, the mass balance equation for water as

7 D(Xi,0(x2)) o

D (292 = X0 (20 )P (v ) (BY)

Z=Zp(x)

where: z is depth (z,.x corresponds to the lower
boundary of the model); Xi>0(x-) and p, ) are the
local water content (weight fraction) and density
(kg/m?) of the rocks beneath the hydration front;
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XH2O(x,zh(X)) and Pz, ATC, respectively water
contents and density of hydrated mantle on the
hydration front; D/Dt represents the substantive
time derivative computed for moving rocks by
using a marker method. Equations (B3) and (B4)
are solved after each time step of the thermo-
mechanical model, using the densities and water
contents determined by free energy minimization
for the relevant lithologies and pressure-tempera-
ture conditions.. In addition to water-bearing
minerals at low temperature (7' < 573 K) and
pressure (P < 1 GPa), free water is present in
sediments and basaltic crust. Pore water content
(Xt20(p)) is assumed to decrease linearly with both
P and T as

573 — Ty

Xin,0(p) = Xi0(p0) (T) x (1= Pra). (BS)

where Xi0(,0) 1 the water content at 7= 273 K
and P = 0.1 MPa. Here we take Xi0(,0) = 2 Wt%
as a conservative estimate of the water content for
both sediments and basaltic crust.
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