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ABSTRACT

The solid-state mantle flow is an important factor that controls the mass and heat transfer in the solid Earth. This
study aims to provide a simple picture of three-dimensional (3-D) mantle flow patterns in the sub-arc region of
subduction zones based on the results of 3-D steady-state numerical models with varying subduction parameters.
Here, the mantle wedge flow pattern is evaluated based on the azimuthal directions of the mantle inflow from the
back-arc and the down-dip outflow. The outflow direction generally parallels the subduction direction, but the
inflow direction relative to the outflow direction depends on the local subduction obliquity — the angle between
the subduction direction and the strike-normal axis of the subducting slab. A change in the strike of the slab leads
to a change in the obliquity and thus the inflow direction. Such change is common along curved margins as the
strike of the slab tends to follow that of the margin, or vice versa. Along convex-arc-ward margins, the mantle
inflow is deflected towards the region of lowest obliquity but with reduced vigor due to lower dynamic pressure
gradients that partly drive the flow, resulting in a cooler mantle wedge. Along concave-arc-ward margins, the
mantle inflow is deflected away from the region of lowest obliquity but with increased vigor, resulting in a hotter
mantle wedge. These effects increase with decreasing radius of curvature. Along-margin change in the dip of the
subducting slab also affects the inflow direction through its impact on the strike of the slab, but its effect is
relatively small. We express the azimuthal inner angle between the inflow and outflow directions as a function of
obliquity and apply the function to predict sub-arc mantle inflow directions in the circum-Pacific and neigh-
boring regions. Within and among these margins, the inner angle varies over its full range of 0-180°. Most of the
margins that are 1000s of kilometers in length are either straight or curved concave-arc-ward with large radii of
curvature, for which small or gradual along-margin changes in the mantle inflow direction and the mantle wedge
temperature are predicted. A large drop in the mantle wedge temperature by up to a couple of hundred degrees is
predicted at short convex-arc-ward segments, such as at the Kuril-Japan and Bonin-Mariana junctions. The
fringes of flat slab segments are curved with small radii of curvature, likely resulting in sharp lateral changes in
the inflow direction and the mantle wedge temperature.

1. Introduction

Keken, 2008; Jadamec and Billen, 2010; Honda et al., 2010; Faccenda
and Capitanio, 2012, 2013; Ji and Yoshioka, 2015; Plunder et al., 2018).

The solid-state creeping flow of the mantle is a critical factor in the
thermal, chemical, and mechanical evolution of the Earth. Mantle flow
patterns at both global and regional scales are complex as they depend
on a number of factors, such as driving forces, temperature, density,
composition, and rheology, in a non-linear fashion (e.g., Conrad et al.,
2007; Alisic et al., 2012; Menant et al., 2016; Schellart, 2017; Stadler
et al., 2010). Mantle flow patterns in subduction zones are particularly
of significant interest as they affect many important physical processes,
including devolatilization of the subducting lithosphere, earthquakes,
magma migration and arc volcanism (e.g., Cerpa et al., 2017; Hacker
et al., 2003; van Keken et al., 2011; Wilson et al., 2014), but involve
added complexity of the subducting lithosphere (e.g., Kneller and van

E-mail address: iwada@umn.edu.

hitps://doi.org/10.1016/j.jog.2021.101848

Against this backdrop, this study aims to provide a simple picture of
mantle flow patterns in the sub-arc region of the overriding mantle
wedge and their effects on the mantle wedge temperature.

One of the pieces of evidence that the sub-arc mantle participates in
the solid-state mantle flow is the occurrence of volcanism, which re-
quires a hot condition for melt generation. However, geophysical ob-
servations, such as low surface heat flow in the forearc (e.g., Honda,
1985; Furukawa, 1993; Currie et al., 2004) and low seismic attenuation
in the overriding mantle wedge corner (e.g., Stachnik et al., 2004;
Rychert et al., 2008; Eberhart-Phillips et al., 2008), indicate that the
shallow part of the mantle wedge is cold, which has been largely
interpreted to indicate that the mantle is stagnant and decoupled from
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the subducting slab. The shallow slab-mantle decoupling is generally
attributed to the presence of weak hydrous minerals, such as talc, and
high pore fluid pressure (e.g., Abers et al., 2006; Hilairet et al., 2007;
Hirauchi et al., 2013). Global studies of subduction zone thermal
structures indicate that the maximum depth of slab-mantle decoupling
(MDD) is 70-80 km for most subduction zones (Wada and Wang, 2009;
Syracuse et al., 2010; Abers et al., 2017). Down-dip of the MDD, me-
chanical coupling between the subducting slab and the overlying mantle
largely drives the solid-state flow in the sub-arc region; the mantle
immediately above the slab is dragged down-dip, and hot mantle from
the back-arc region flows in to replenish the sub-arc region.

Here, we use the mantle wedge inflow and outflow directions to
describe the flow pattern. The outflow direction generally parallels the
subduction direction regardless of subduction parameters as the outflow
is coupled with the subducting slab. As will be shown below, the main
factor that determines the inflow direction is the local subduction
obliquity, which we define as the angle between the subduction direc-
tion and the strike-normal axis of the subducting slab at the MDD
(Fig. 1). If the subduction direction parallels the strike-normal axis of the
slab, the obliquity is zero (i.e., normal subduction), and the mantle flows
in and out parallel to the subduction direction, resulting in a two-
dimensional flow pattern (Fig. 1a). However, in most subduction sys-
tems, the subduction direction is oblique to the strike-normal axis of the
slab (e.g., DeMets et al., 2010; Philippon and Corti, 2016), resulting in
three-dimensional flow patterns and along-margin mass and heart
transfer (e.g., Kneller and van Keken, 2008; Jadamec and Billen, 2010;
Bengtson and van Keken, 2012; Ji and Yoshioka, 2015; Wada et al.,
2015; Plunder et al., 2018) (Fig. 1b).

We quantify the change in the mantle wedge flow pattern with sub-
duction obliquity, using a series of generic 3-D subduction models, and
provide a simple approach to predicting approximate mantle wedge flow
patterns where the subduction obliquity is known. We show that along-
margin change in the mantle flow pattern occurs where the margin is
curved because of the accompanied changes in the strike of the slab and
the obliquity. The rate of subduction and the dip angle of the subducting
slab are critical parameters that control the kinematics and the vigor of
mantle wedge flow and therefore the temperature in the mantle wedge,
but their effects on the mantle wedge flow pattern are relatively small.

2. Method
Following Wada et al. (2015), we model steady-state mantle wedge

flow in a generic subduction system over a range of subduction oblig-
uity, margin shape, and slab geometry, using the finite-element code

(a) “Normal” subduction

Crust
S )
<~ ~ \
z\ 2
2\ -
© \
[e]
% Maximum depth of
) «506 slab-mantle decoupling
(MDD)

LN
\

\

Journal of Geodynamics 146 (2021) 101848

PGCtherm3D. All models consist of four components: a subducting slab
with kinematically prescribed motion, a non-deforming overriding
crust, a non-deforming corner of the overriding mantle wedge, and the
rest of the mantle wedge that is viscous (Fig. 2). The transition from a
non-deforming wedge corner to viscous mantle is set to occur where the
slab surface is at 75-km depth, corresponding to the MDD (Wada and
Wang, 2009; Syracuse et al., 2010). Mantle flow velocities in the viscous
mantle wedge are computed by solving the equations of conservation of
mass and momentum for an incompressible Boussinesq fluid,

Vev=0 M

V-¢' — VP=0 2
where v is the flow velocity, ¢ is the deviatoric stress tensor and P is
dynamic pressure generated by mantle flow. Temperature within the
entire model domain is computed by solving the equation of conserva-

tion of energy

V+(kVT) = pc,(v+VT)+Qu =0 3)
where k is thermal conductivity, p is density, and ¢, is specific heat, and
Qg is the volumetric heat production. A uniform thermal conductivity of
3.1 Wm ! K ' is used, and the effects of radiogenic heat production and
frictional heating are excluded (i.e., Qg = 0). The geotherm for the
subducting plate at the trench-side vertical is calculated by using the
GDH1 plate cooling model (Stein and Stein, 1992) for an intermediate
plate age of 30 Myr unless otherwise stated. The geotherm on the
back-arc side vertical boundary is calculated based on back-arc surface
heat flow of 80 mW m™ (Currie and Hyndman, 2006), mantle potential
temperature of 1350°C, and adiabatic temperature gradient of 0.3°C
km™!, following the approach of Currie et al. (2004).

For the mantle wedge, we apply the dislocation-creep rheology for
wet olivine that is reported by Hirth and Kohlstedt (2003), for which the
effective viscosity is defined as

n= (ACzH)"éE( " ) @

" E+PV
xp ( nRT )
where A and n are constants, ¢ is the second invariant of strain rate
tensor, Coy represents water content, r is water exponent, E is activation
energy, V is activation volume, and R is the universal gas constant
(8.3145 J mol ! K’l). The effect of pressure is small for the sub-arc
region and is neglected in this study. We use the following rheological
parameter values in all models: A = 3.0 x 102°Pa™ s, n=3.5, Coy =

(b) “Oblique” subduction
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Fig. 1. Schematic diagram illustrating the directions of mantle wedge inflow (red arrows) and outflow (blue arrows) when the subduction direction is (a) normal and
(b) oblique to the margin. Red translucent plane represents a surface that is defined by streamlines that pass close to the maximum depth of decoupling (MDD). The
local subduction obliquity (¢) at the MDD is identical to that at the surface if the strike of the margin is the same as that of the slab at MDD as in the case here.
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Models A15, A30, A45, A60, A45_30, A45_60
A45_old, A15’, A30’, A45’°, and A60’
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Fig. 2. Model geometry for (a) normal subduction, (b) oblique subduction, and (c) subduction zones with carved margin or along-margin variation in slab dip.
Boundary conditions are indicated in (a) and (b). All models with 45° slab dip share the same margin-normal vertical cross-sectional geometry at x = ' x4 (blue
shaded area). Oblique subduction models in (b) are constructed by rotating the strike of the margin by the specified subduction obliquity (¢) and adjusting the model
width (yq) and the apparent slab dip (9") to achieve the common cross-sectional geometry at the center. Model IDs without the prime symbol (e.g., A15) indicates
subduction rate of v = vo = 5 cm/yr, and those with the prime symbol (e.g., A15’) indicate a modified subduction rate of v = v’ = (vo / cos ¢) cm/yr. In (c), red line
indicates the tip of the flowing part of the mantle wedge that is used to define the local strike of the slab, and Ryargin and Ryqp indicate the radius of curvature that is
used to define the shapes of the margin and the slab at the back-arc-side boundary, respectively.

1000 H/10°Si, and E = 4.80 x 10° J mol ..

To quantify the effect of oblique subduction, we use simple models
with a straight margin and a straight slab with a uniform dip angle of 45°
and vary the obliquity from 0° to 60° at an increment of 15° (Models AO,
A15, A30, A45, and A60) (Fig. 2a, b; Table 1). The trench-side vertical
boundary is placed where the incoming plate intersects with the over-
lying plate (i.e., the margin) and is parallel to the x axis for normal
subduction models (Fig. 2a). For oblique subduction models, the margin
is rotated by the specified subduction obliquity (¢) about the z axis
(Fig. 2b). The location of the back-arc-side vertical boundary depends on
the slab dip and is placed at a 150-km margin-normal horizontal dis-
tance (yy,) from the location of the MDD on the slab surface. Zero-shear
and zero-normal stress boundary conditions are applied to the back-arc-
side boundary, and the mantle flows in and out across it. The two side-
boundaries are placed parallel to the subduction direction (y axis), and
no flow is allowed across these boundaries (i.e., free slip condition). The
apparent slab dip (¢”) measured along the side boundaries is tan™! (tan ¢
cos ¢) where 0 is the true dip angle measured normal to the margin. To
test the effects of slab dip, we include two pairs of models: one with 30°
dip (Models A0_30 and A45_30) and the other with 60° dip (Models
A0_60 and A45_60). To test the effects of slab age, we apply a geotherm
calculated for a 130 Myr plate age to the trench-side vertical boundary in
two additional models (Models A0_old and A45_old).

In one set of models, we apply a subduction velocity (v) of vo = 5 cm/yr
to the slab. In the case of oblique subduction, the convergence direction
should be rotated from the horizon to the down-dip direction about the
strike of the slab to obtain the precise subduction direction (Ji and
Yoshioka, 2015). However, for easier comparison of the modeling results,

we define the subduction direction to be parallel to the y-axis in all
models. With a common subduction rate vy, the margin-normal compo-
nent of the subduction velocity (i.e., v cos ¢) and the sinking rate of the
subducting slab (i.e., the vertical component of the subduction velocity; v
cos ¢ sin #) decrease with subduction obliquity, resulting in a decrease in
the down-dip advective heat transfer by the subducting slab. To better
understand the effect of subduction velocity, we develop another set of
oblique subduction models with a modified subduction rate of v’ = v, / cos
¢, which allows a common margin-normal component of the subduction
velocity of 5 cm/yr regardless of subduction obliquity, resulting in a
common sinking rate of the slab for models with the same slab dip. These
models are indicated by the prime symbol on the model ID (i.e., A15’,
A30’, A45’, and A60’). The common sinking rate minimizes the variation
in the down-dip advective heat transport by the subducting slab among
the models although it results in an increase in the magnitude of the ve-
locity of the mantle wedge flow with subduction obliquity. The additional
velocity magnitude contributes to the along-margin component of mantle
wedge flow and thus along-margin transport of heat, which, however,
does not impact the mantle wedge temperature as much as the
margin-normal component of mantle wedge flow, as shown in Section 3.3.

We develop two models with a convex-arc-ward margin with rela-
tively large and small radii of curvature (Models B1 and B2, respectively;
Fig. 2c). Model B1 is constructed such that the margin has a 100°
opening over the 600-km model length along the x axis, resulting in a
radius of curvature (Rmgargin) of 392 km. The strike of the margin or the
subduction obliquity changes from 0° at the center of the model (i.e., x =
300 km) to +£50° at the side boundaries. In Model B2, the margin cur-
vature has an 80° opening over a 200-km distance between x = 200 km



1. Wada

Table 1
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Model input parameters (¢, v, 6, 0, and slab age), model-predicted inflow-outflow inner angle (y), and sub-arc temperature for the normal and oblique subduction
models (Model A) and models with a curved margin (Models B and C) or along-margin variation in slab dip (Model D).

Inner angle (y, °) Sub-arc temperature (°C)°

Model Obliquity (¢,  Subduction rate (v, True slab Apparent slab dip* Slab age
D °) cm/yr) dip (6, ©) ©,°) (Myr) Stream-line Stream-line 80-km 90-km 100-km
99 90 depth depth depth
A0 0 5 45 45 30 0 0 1307.63 1204.98 812.39
A0_30 0 5 30 30 30 0 0 1333.49 1209.85 835.86
A0_60 0 5 60 60 30 0 0 1279.59 1146.76 797.48
A0_old 0 5 45 45 130 0 0 1308.74 1189.53 723.15
A15 15 5 45 40.89 30 18.48 19.93 1306.78 1202.07 813.22
A30 30 5 45 40.89 30 37.75 41.05 1303.83 1191.93 815.35
A45 45 5 45 35.26 30 57.36 63.03 1296.72 1170.54 820.03
A45_30 45 5 30 22.21 30 55.23 65.63 1314.79 1161.90 844.81
A45 60 45 5 60 50.77 30 52.62 57.81 1272.82 1128.78 803.46
A45_old 45 5 45 35.26 130 54.25 61.69 1298.48 1149.66 725.38
A60 60 5 45 26.57 30 77.83 86.77 1276.79 1126.84 829.02
Al15’ 15 5.18 45 40.89 30 18.52 19.97 1308.53 1208.04 812.12
A30’ 30 5.77 45 40.89 30 38.14 41.42 1311.12 1216.67 810.79
A45 45 7.07 45 35.26 30 58.81 64.57 1314.97 1230.07 809.06
A60’ 60 10 45 26.57 30 82.48 91.80 1318.40 1244.90 807.13
Bl 14.79' 5 45° 45 30 26.62 1290.62 1190.04 805.91
B2 16” 5 45° 45 30 39.34 1320.22 1217.59 818.74
C1 14.79" 5 45° 45 30 12.10 1235.83 1136.82 780.99
Cc2 16> 5 45° 45 30 7.25 1333.47 1230.90 824.34
D1 5.01° 5 45° 32.60-53.68 30 3.19 1308.24 1205.28 813.11
D2 4.55" 5 45° 45-56.13 30 2.22 1303.03 1202.41 811.71
D3 5.02! 5 45° 27.04-45 30 3.22 1311.84 1210.94 816.43
! The obliquity is evaluated at x =400 km.
2 The obliquity is evaluated at x =347 km.
% The obliquity or the slab dip is evaluated at x =300 km.
4 The apparent slab dip is measured parallel to the y-axis.
5

models with a curved margin or along-margin variation in slab dip.

and 400 km, with Rygrgin = 156 km. For 0 < x < 200 km and 400 km < x
< 600 km, the margin has a uniform strike of 40° and -40°, respectively.
In Models C1 and C2, the margins are curved concave-arc-ward and are
mirror-images of the margins in Models B1 and B2 about the x-axis,
respectively. A constant apparent slab dip of 45° is used in these four
models. In another model, a slab is tilted by 15° along the back-arc-side
boundary (Model D1). In two models, the slab is either up-warped

x = 300 km for normal subduction
x = 375 km for oblique subduction

Convergence-parallel
a’ffn profile
b Ormey

pl'o ﬁ/e

Inflow direction
evaluated at 50-km
from the back-arc

boundary

(a) Streamlines 99 and 90
and sampling locations

Outflow direction
evaluated at 50-km
from the back-arc boundary

The sub-arc temperature is measured on a vertical cross-section at x =375 km for the oblique subduction models and x =300 km for normal subduction models and

(Model D2) or down-warped (Model D3), and the vertical opening
angle of the slab at the back-arc-side boundary is 80° in both cases,
resulting in Rgep = 467 km. In Models B-D, the back-arc-side vertical
boundary is placed parallel to the margin.

All models in this study are 600-km long in the x-direction, and the
overriding crust is 35-km thick. The apparent thickness of the slab (H)
measured vertically is 95 km for the slab dip of 45° and is adjusted in
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Fig. 3. Schematic diagrams, illustrating the streamlines (red lines) that are used to quantify the azimuthal directions of mantle inflow and outflow and their depths
beneath the idealized arc location (blue circles) for oblique subduction models: (a) 3-D view and (b) 2-D projection on the margin-normal vertical cross-section.
Translucent blue arrows indicate the inflow and the outflow vectors that are used to represent the inflow and the outflow directions for the streamlines. Sam-
pling points for the sub-arc mantle temperature at the depths of 80, 90, and 100 km are also indicated in (b).
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models with a slab dip of 30° and 60° (i.e., Models A0_30, A0_60,
A45_30, and A45_60) such that it shares the same slab-normal temper-
ature profile with the model with 45° dip. The model parameters are
summarized in Table 1.

To quantitatively assess how the inflow and the outflow azimuthal
directions vary spatially and with subduction obliquity, we use two
streamlines from each model calculation: one is located near the
outermost part of the flowing mantle wedge, and the other is located
further into the interior of the mantle wedge (Fig. 3a). These streamlines
pass through 99-km and 90-km depths, respectively, within a relatively
thin outflow region (~85-100 km depths) beneath an idealized arc
location in each model and are referred to as Streamlines 99 and 90,
respectively. The idealized arc location is defined as the point below
which the subducting slab surface lies at 100-km depth, which is
approximately the global average location of volcanic arcs (England
et al., 2004; Syracuse and Abers, 2006). Along each of these streamlines,
we calculate the inflow and outflow azimuthal directions at 50-km away
from the back-arc-side vertical boundary to minimize the effect of the
boundary condition (Fig. 3). To quantify the effects of subduction

Model A0

Temperature (°C)

MHHHH‘\IHIHI\"\'HM

0 350 700 1050 1400
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obliquity on mantle wedge temperature, we compare the sub-arc mantle
temperature at depths of 80, 90, and 100 km (Fig. 3b).

3. Modeling results
3.1. Subduction obliquity

In the normal subduction model, the mantle flows in and out parallel
to the subduction direction, resulting in a two-dimensional flow pattern,
for which the inflow and outflow parts of streamlines overlap in a map
view (e.g., Model AQ; Fig. 4a—c). In the oblique subduction models, the
horizontal projections of the inflow and outflow streamlines are not
parallel to each other, indicating a three-dimensional flow pattern (e.g.,
Model A30’; Fig. 4d—f). The inflow direction varies along the margin in
the oblique models despite the uniform subduction parameters. This
occurs due to the effect of the free slip boundary condition on the side
vertical boundaries (i.e., at x = 0 and 600 km), which forces the inflow
to be parallel to the boundary. This artificial flow along the side
boundaries induces dynamic pressure gradients that causes the vigor of

Fig. 4. (a—c) Normal subduction model (Mod-
elA0) and (d-f) oblique subduction model with
¢ = 30°, 0 = 45°, and the modified subduction
rate v’ (Model A30’), showing (a, d) the tem-
perature (color) on the outer surfaces of the
model, (b, e) the slab surface temperature
(color) and Streamlines 99 and 90 (black and
grey lines, respectively; Fig. 3), and (c, f) the
map view of (b, e), and (g) sub-arc mantle
temperature at 80-km depth in Models AO (solid
grey), A30° (solid orange), A45  (solid red),
A45’ (dashed red), and A60° (solid purple). Red
lines in (c, f) indicate the idealized arc location.
White lines indicate temperature contours at
every 200 °C in (a, b) and every 100 °C in (c—f).
Models with v’ are used in (g) as they provide a
common sinking rate, which minimizes varia-
tion in the thermal state of the slab (see Sec-
tions 2 and 3.3).
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Accute corner
1 X

Model A30’
u 400
Models A45’
and A45 o
Model A60’ =
x
———————— 200

Model AO

0 200 400 600

y (km)

1200 1400
Temperature (°C)



1. Wada

180 . . ' T '

70 T T o Q

™ © /

5150 | 87189 /4N
2 BiC g << /,
© 60k 7 | 5 7
S 120 | / 7 ]
g ] “
S 2z
2 90, ] L 5 )
£ 44 46 260
g 60} i
) A45
3 Z v v
i 3sof A15 2 A30 O O Streamline 90
% A0 ® @ Streamline 99
- 9 30 60 90

Subduction obliquity (¢, °)

Fig. 5. Change in the inflow-outflow inner angle (y) with subduction obliquity
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inner angle predicted by models with § = 30° and 60° (Models A45_30 and
A45_60), respectively. Solid and open symbols are inner angles for Streamlines
99 and 90, respectively. Vertical solid and dashed lines indicate the range of
inner angle for 30° < 6 < 60° for Streamlines 99 and 90, respectively. Models
IDs are indicated in grey.

the inflow to increase in the acute wedge corner and decrease in the
obtuse wedge corner, leading to a hotter and a cooler condition,
respectively (Fig. 4f), as reported by Wada et al. (2015). This boundary
effect, however, diminishes within a 200-km distance from the acute
corner and a 50-km distance from the obtuse corner for a range of
subduction obliquity as indicated by a relatively uniform mantle wedge
temperature for 200 km < x < 550 km in Fig. 4g. For the following, we
report the results from the central part of the model domain where the
effect of boundary effect is negligible.

In contrast to the inflow direction, the outflow direction does not vary
significantly with the choice of the streamline or the sampling location
along the streamline, and it is nearly identical to the subduction direction
with a difference that is generally much smaller than a fraction of a de-

a) Model B1

200
OLM 200

e
y (km) 200 “&46/ x (km)

c) Model C1

b) Model B2
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gree. Below, we use the azimuthal inner angle (y) between the inflow
direction and the subduction direction (i.e., parallel to the y-axis) as the
inflow-outflow inner angle and quantify its variation with subduction
obliquity and other factors, such as the choice of streamlines and slab dip
(Fig. 5; Table 1). For a given streamline and subduction rate, the increase
in the inner angle with subduction obliquity appears roughly linear for ¢
< 60°, but there is a small uptick in the slope with subduction obliquity,
indicating slight nonlinearity. Here, we include a theoretical inner angle
of 180° for 90° obliquity, where the subducted part of the plate no longer
sinks but moves laterally with respect to the overriding plate. Such sce-
nario is likely applicable near the western end of the Aleutians and the
northern end of Sumatra. This theoretically expected inner angle indicates
that the increase in the inner angle is strongly nonlinearly at high sub-
duction obliquities although the details of the nonlinearity is difficult to
verify due to the extremely high resolution that is required to overcome
numerical instabilities that are associated with high subduction obliquity.
Polynomials of degree 5 are fitted to the five model-predicted inner angles
for Streamlines 99 and 90 and the additional theoretical inner angle of
180° at 90° obliquity, exactly satisfying all inner angles. The relations for
Streamlines 99 and 90 for the models with the common subduction rate (v
=vp = 5 cm/yr) (red solid and dashed lines in Fig. 5) are

() =9.46722 x 108" — 1.34065 x 10°¢* ,

+6.52016 x 1074¢* — 1.12708 x 1072¢* + 1.29495¢ O
and
() = 5.60525 x 1078¢° —7.39103 x 10 %¢* , )

+3.33759 x 1074¢® — 3.58643 x 1073¢? + 1.32979¢

respectively. The relations for Streamlines 99 and 90 for the models with
the common sinking rate (i.e., subduction rate of v’ = vy /cos ¢) (blue
solid and dashed lines in Fig. 5) are

() = 430633 x 107%¢° — 4.82986 x 107°¢* ,

7
+ 1.90349 x 1074¢* — 6.95597 x 107*¢* + 1.21637¢ 2
and
() =2.87201 x 107°¢° + 1.31071 x 10~%¢" , ®

—1.22396 x 107%¢°> + 6.57411 x 1073¢* + 1.25580¢
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Fig. 6. (a—d) 3-D view (on the left column) and the map view (on the right column) of the slab surface temperature (color) and Streamlines 99 (black lines) in models

with a curved margin (Models B-C).
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tion geometry.

respectively. Given that the inflow direction is spatially variable even
along a given streamline and that the above relations are specific to the
prescribed subduction geometry, kinematic forcing, and thermal pa-
rameters, these relations are not intended to provide precise mantle flow
directions but to help understand the general pattern of the inflow di-
rection relative to the outflow direction.

In the case of uniform subduction obliquity, the inner angle is always
greater than the obliquity but no greater than twice the obliquity. For a
given model, the inner angle is larger by several degrees along the
streamline that is further into the interior of the mantle wedge, peaking at
70-75° obliquity (e.g., peak difference of 10.49° between red solid and
dashed lines at 71.6° obliquity in Fig. 5). The effect of slab dip is rela-
tively small; the inner angle increases by a few degrees for Streamline 99
and several degrees for Streamline 90 as slab dip increases from 30° to
60° for models with 45° obliquity (insert in Fig. 5). The inner angle also
increases with subduction rate, but the difference of ~5° between Models
A60 and A60’ for both streamlines, despite the difference in the sub-
duction rate by a factor of 2, indicates that the impact of subduction rate
is also relatively small. The modeling results indicate that the effect of the
slab age is also small; the difference in the inner angle between Models
A45 and A45_old is only a few degrees for both streamlines (Table 1).

3.2. Margin curvature and slab geometry

The subduction obliquity that affects the mantle wedge flow pattern
is measured relative to the strike-normal axis of the subducting slab and
not to the strike-normal axis of the margin. However, because the strike
of the margin often, although not always, follows the strike of the slab,
or vice versa, the shape of the margin relates to the mantle wedge flow
pattern indirectly through its relation to the geometry of the slab.
Models B-C mimic this situation; the margin is curved either convex arc-
ward or concave arc-ward, and the strike of the slab follows that of the
margin at all depths (Fig. 6). In Models B1 and B2 with a convex-arc-
ward margin, the mantle inflow from the side flanks of the slab is
deflected towards the center of the model (i.e., x =300 km) where the
obliquity is lowest (Fig. 6a,b). In Models C1 and C2 with a concave-arc-
ward margin, the inflow is deflected away from the center of the model
(Fig. 6¢,d). Due to the deflection of the mantle inflow, the inflow-
outflow inner angle for a given local obliquity is greater at convex
margins and smaller at concave margins, compared to the straight
margin with a constant obliquity (Fig. 7). For example, at x =400 km
where the obliquity is 14.79° in Models B1 and C1, the inner angle is
26.62° and 12.10°, respectively, for Streamline 99. These values are
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under- and over-predicted by Eq. 5, respectively. The deviation of the
inner angle from Eq. 5 increases with decreasing radius of curvature.

In Models D1-D3, the along-margin change in the slab geometry is
represented by a change in the slab dip without a change in the margin
strike (Fig. 8). However, such geometry results in variations in the strike
of the slab and subduction obliquity at depth (Figs. 2c and 7). In Model
D1, the down-dip end of the slab is tilted by 15°, which results in ~5°
obliquity and an inflow-outflow inner angle of ~3° along the mid-
section of the model (i.e., x =300 km). In Models D2 and D3, the up-
warped and down-warped slab geometries result in convex-arc-ward
and concave-arc-ward shapes of the slab, respectively. The resulting
mantle flow patterns are similar to models with margin curvature, but
the inner angles are smaller than the straight margin with a constant
obliquity (Fig. 7), indicating that the lateral variation in the slab dip
reduces the impact of subduction obliquity on the inner angle and that
the effect of along-margin variation in the slab dip on the mantle wedge
flow pattern is small (Table 1).
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Fig. 8. (a-c) 3-D view (on the left column) and the map view (on the right
column) of the slab surface temperature (color) and Streamlines 99 (black lines)
in models with along-margin variation in slab dip (Models D1-D3,
respectively).
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Egs. 5-8 are meant to provide a first-order approximation to the
mantle inflow direction. The approximation degrades with increasing
curvature of the margin or the slab, but the comparison of the equations
with the results for curved margins and slabs provides the sense of the
impact of margin/slab curvature on the inner angle. A parametrization
for the inner angle as a function of the curvature would be useful, but the
inflow direction at a curved margin depends not only on the curvature
but also subduction obliquity, which varies along the margin. Parame-
terizing the inner angle as a function of margin curvature, subduction
obliquity, and distance along the margin, would require substantially
greater effort. Thus, when one is required to predict the mantle wedge
flow pattern along a curved margin with higher accuracy, it is more
practical to simply develop a 3-D model for the margin.

3.3. Mantle temperature

Subduction velocity is a critical parameter that controls the mantle
wedge temperature as it controls the rate of advective heat transfer. For
a given subduction rate and slab dip, a higher subduction obliquity re-
sults in a smaller margin-normal component and a larger margin-
parallel component of the slab motion. The margin-normal component
of the velocity brings in hot mantle from the back-arc region, which
largely accounts for the advective heat transfer into the sub-arc region,
whereas the margin-parallel component is less efficient in bringing in
heat. Thus, a higher subduction obliquity results in a cooler mantle
wedge for a given subduction rate (i.e., models with v = vy; thin red line
in Fig. 9a,b). An increase in obliquity from 0 to 60° results in a decrease
in the sub-arc mantle temperature by 30.84 °C at 80-km depth and 78.14
°C at 90-km depth. At the surface of the subducting slab, however,
temperature increases with subduction obliquity despite the cooler
overriding mantle wedge (Fig. 9¢). This occurs because the smaller
margin-normal component of the slab motion results in slower sinking of
the slab, allowing more diffusive heat transfer from the surrounding hot
mantle to the slab, as reported also by Ji and Yoshioka (2015) and
Plunder et al. (2018).

The magnitude of the impact of subduction obliquity on mantle
wedge temperature is comparable to the effects of slab dip and sub-
duction velocity. For a constant subduction rate, an increase in slab dip
tends to decrease the mantle wedge temperature; for example, an in-
crease from 30° to 60° dip causes a decrease in the mantle wedge tem-
perature by a few to several tens of degrees (vertical red dashed lines in
Fig. 9a, b). A higher slab dip also causes faster downward advective heat
transfer by the slab, resulting in lower slab surface temperature at a
given depth (Fig. 9c¢).

The use of a common sinking rate of the slab (i.e., using the modified
subduction velocity of v = v’ = vy /cos ¢) reduces the variation in the
thermal state of the slab with subduction obliquity and thus its impact
on the mantle wedge temperature (thin blue line in Fig. 9c). For a
constant sinking rate, the temperature in the mantle wedge increases
with subduction obliquity. The temperature increase is attributed to the
increased margin-parallel component of the advective heat transport
within the mantle wedge (red circles in Fig. 9a,b). For a given obliquity,
an increase in subduction rate results in a hotter mantle wedge and a
cooler slab surface. For example, the sub-arc mantle temperature in
Model A60’ is higher by 41.61° at 80-km depth and 118.06° at 90-km
depth than that in Model A60 (Fig. 9c). Therefore, the subduction rate
has a relatively large impact on the mantle wedge temperature unlike its
small effect on the inflow-outflow inner angle.

The mantle flow patterns at convex- and concave-arc-ward margins
result in a cooler and a warmer mantle wedge, respectively (Figs. 9 and
10). Along convex margins (Models B1 and B2), the deflection of inflow
towards the region of lowest obliquity elevates the dynamic pressure,
reducing the pressure gradients that partly drive the flow. This results in
slower mantle inflow at the center and a cooler condition in the mantle
wedge and along the slab surface, as reported by Wada et al. (2015). The
deflection of inflow away from the region of lowest obliquity along
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Fig. 9. Sub-arc temperature (red solid and open circles) at the depths of (a) 80
km, (b) 90 km, and (c) 100 km (slab surface) at x =300 km (along the mid-
section) in the oblique models with obliquity (¢) of 0°, 15°, 30°, 45°, and
60° (Models A0-A60, respectively) and models with a curved margin or along-
margin variation in slab dip (Models B-D). Blue solid circles indicate sub-arc
temperature in the oblique models with a uniform sinking rate (i.e., with a
modified subduction rate v’). Light and dark red circles indicate sub-arc tem-
perature in models with slab dip (6) of 30° and 60°, respectively (Models A0_30,
A0_60, A45_30, and A45_60). Vertical dashed line indicates the temperature
variation due to slab dip. Grey numerals indicate model IDs. Grey dashed line
indicates the sub-arc mantle temperature at the respective depth in the normal
model with 6 of 45° (Model A0O). The vertical axis in each panel spans 150 °C.

concave margins lowers the dynamic pressure, increasing pressure
gradients and the vigor of the mantle inflow. This results in a hotter
condition in the mantle wedge and along the slab surface. At both
convex and concave margins, their effects are greater for a smaller
radius of curvature. In contrast to the effects of margin and slab cur-
vature, along-margin variation in the slab dip alone has a small effect on
the mantle wedge temperature (Fig. 9).

4. Global distribution of inflow directions

With the relations between subduction obliquity and the inflow-
outflow inner angle in Egs. 5-8 and the knowledge of how the inflow
direction varies along curved margins (Figs. 5 and 7), one can predict the
approximate mantle inflow direction and along-margin variation in
mantle wedge temperature where the obliquity is known (Fig. 11). We
calculate subduction obliquity at selected points that are approximately
500-km distance apart along the circum-Pacific margin, the Ryukyu-
Manila-Philippine margin, the Sunda-Java margin, and the Lesser
Antilles margins, based on the local subduction direction and strike of
the subducting slab at 80-km depth. The subduction directions are based
on the relative plate motion model MORVEL (DeMets et al., 2010), and
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with temperature anomalies. The relative vigor of the inflow is indicated by the lengths of the red arrows; the variation in their lengths among different margin
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Fig. 11. Sub-arc mantle inflow directions (solid red arrows) in the sub-arc region based on Eq. 5. The obliquity is calculated based on the convergence velocity
relative to the overriding plate (dotted thin blue arrows) from MORVEL (DeMets et al., 2010) and the local strike of the subducting slab (thick green line) at 80-km
depth from Slab2.0 (thin grey contours) (Hayes et al., 2018). The inflow direction around the Pampean, Peruvian, and Bucaramanga flat-slab segments (F1-F3,
respectively; Ramos and Folguera, 2009) are evaluated at 120-km depth (thick dashed red arrows); dark red arrows are used for the inflow directions that are
overlapping between the Peruvian and Bucaramnga segments. The convergence direction is used to indicate the approximate mantle outflow direction (thick solid
and dashed blue arrows). The magnitudes of the inflow and outflow velocities cannot be determined and are approximated by that of the convergence velocity. The
mantle flow pattern around slab edges likely differ significantly from the prediction, and the inflow and outflow directions within a ~200-km distance from a slab
edge are indicated by translucent red and blue arrows for reference only (see text for discussion).
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the local strike of the slab is based on the slab geometry model Slab2.0
(Hayes et al., 2018). The inflow directions along these margins are
calculated by using the local subduction obliquity and Eq. 5, which is for
Streamline 99 in models with a subduction rate of 5 cm/yr (v = vp) and a
dip angle of 45°. Here, we use Eq. 5 with a constant subduction rate
rather than Eq. 7 with a constant sinking rate to illustrate the variation
in the mantle flow directions along individual margin segments, within
which the subduction rate often does not vary significantly. Deviations
of the actual subduction rate and dip angle from the values that are
assumed result in uncertainties of up to several degrees in the inflow
direction; a faster subduction results in a slightly larger inner angle, and
a deeper dip results in a slightly smaller inner angle (Fig. 5). A greater
uncertainty in the predicted inflow direction is expected near the edges
of the subducting slabs where analog models (e.g., Funiciello et al.,
2006; Strak and Schellart, 2014) and numerical models (e.g., Jadamec
and Billen, 2010, 2012; Stegman et al., 2010; Kiraly et al., 2017) both
predict toroidal flow around the edges, such as beneath Alaska and at
the northern end of the Kamchatka margin. The models of Jadamec and
Billen (2010) and Faccenda and Capitanio (2012, 2013) that simulate
toroidal mantle flow around a slab edge, for example, indicate that the
effect of toroidal flow is dominant only within ~100-200 km from the
slab edge. In Fig. 11, we indicate the inflow and outflow directions that
are within 200 km of a slab edge, using translucent red and light blue
arrows, respectively, for future comparison with model predictions that
incorporate the effect of a slab edge.

Most of the subduction margins whose lengths are on the order of
1000s of kilometers are either relatively straight (Chile, central America,
Kuril, Izu-Bonin, and Tonga-Kermadec margins) or curved concave-arc-
ward with large radii of curvature (Columbia-Ecuador-Peru, Aleutian,
Marianas, Ryukyu, Vanuatu and Sumatra-Java margins). Along the
straight margins, uncertainties in the predicted inflow direction are
attributed largely to deviations of the assumed subduction rate and slab
dip from the actual but are expected to be relatively small (up to several
degrees) based on the small variation in the inner angle with subduction
rate and slab dip (Figs. 5). The inner angles at the large-scale concave-
arc-ward margins in Fig. 11 are likely over-predicted by Eq. 5 (Fig. 7),
but the overprediction is expected to be very minor, by a few degrees,
given the large radii. The diverging mantle inflow directions results in
very slightly higher mantle wedge temperature (Figs. 9 and 10)
compared to neighboring straight segments if present. Within the
margin, the warmest region is where the obliquity is at the lowest.
However, along-margin changes in the mantle inflow direction and
mantle wedge temperature should be small and gradual, given the large
radii of curvature.

Between the straight and gently curved long margins, there is often a
short segment that is curved convex-arc-ward with small radii of cur-
vature (e.g., between Kuril and Japan in NE Japan, between Marianas
and Bonin islands, between Solomon and Vanuatu; those with discon-
tinuous slabs, such as at the Kamchatka-Aleutian junction, should be
excluded). At these short convex-arc-ward margin segments, the inflow-
outflow inner angles are likely significantly under-predicted given the
small radii of curvature, and the rapid along-margin change in the
inflow direction, greater than depicted in Fig. 11, is expected. A nu-
merical model for the Kuril-Japan trench junction with a sharp convex
arc-ward curvature predicts a converging pattern of the inflow direction
and mantle wedge temperatures that are lower by as much as ~200°C
than the surrounding gently curved segments (Wada et al., 2015).

Along some margins, the strike of the slab does not follow that of the
margin. Among those, sharp curvatures in the slab, both convex and
concave, are observed at the fringes of flat-slab segments, such as in
Mexico and Pampean, Peruvian, and Bucaramanga segments in South
America (e.g., Manea et al., 2017; Ramos and Folguera, 2009) (Fig. 11).
The results of this study indicate that the sharp changes in subduction
obliquity around the fringes of flat segments result in relatively large
along-margin changes in the inflow direction and thus the mantle wedge
temperature.

10

Journal of Geodynamics 146 (2021) 101848

The predicted inflow patterns are generally consistent with those
predicted by available 3-D numerical models that are specifically con-
structed for some parts of subduction zones, including Marianas
(Bengtson and van Keken, 2012), NE Japan (Wada et al., 2015; Mor-
ishige and van Keken, 2014), Costa Rica and Nicaragua (Rosas et al.,
2016), and Nankai (Ji and Yoshioka, 2015). The consistency indicates
that along-margin changes in the mantle inflow direction can largely be
explained by changes in the subduction obliquity without taking other
factors, such as subduction rate and slab dip, into consideration.

Predicting detailed mantle wedge flow patterns, particularly their
variations at smaller scale than discussed above, and quantifying their
effects on the thermal structures of subduction zones require 3-D nu-
merical models with subduction parameters that are specific to the re-
gion of interest. Further, although the assumption of a common MDD
seems reasonable at large scale for most subduction zones, some varia-
tion in the MDD at local to regional scales may exist, affecting the mantle
wedge flow pattern. Similarly, the thermal structure of the back-arc
likely varies within and among subduction systems, affecting the tem-
perature and the rheology of the mantle that flows into the sub-arc re-
gion, but it is assumed to be uniform in this study. Small-scale
convection in the back-arc, for example, result in a laterally heteroge-
neous thermal structure (Honda and Yoshida, 2005; Honda et al., 2010),
which can cause a complex mantle flow patterns that are characterized
by alternating vigorous inflow of hot mantle and subdued inflow of cold
mantle (Lee and Wada, 2017, 2021). The large-scale concave-arc-ward
margin shape has been linked to the lateral variation in the rates of
back-arc spreading and slab rollback and also to the interaction of the
slab edges with the upward component of the toroidal mantle flow
around the slab edges that causes the edges to curl up and the margin
edges to move inward (e.g., Morra et al., 2006; Stegman et al., 2010;
Schellart, 2017). The effects of these processes on the sub-arc mantle
wedge flow pattern at regional scale further add uncertainties to the
inflow direction. Hydration and partial melting in the mantle wedge
reduce the viscosity of the mantle, also affecting the flow pattern (e.g.,
Gerya and Yuen, 2003; Arcay et al., 2005; Hebert et al., 2009; Gerya and
Meilick, 2011). In particular, higher mantle wedge temperatures at
concave-arc-ward margins can lead to a higher degree of melting and
lower mantle viscosity, which further focuses the mantle flow and causes
even higher temperature than predicted in this study. The effect works in
the opposite direction at convex-arc-ward margins, increasing the tem-
perature contrast between concave-arc-ward and convex-arc-ward
margins. With a number of factors at play and a lack of direct con-
straints, predicting detailed mantle wedge flow patterns continues to be
a challenge. The result presented here is a simplified view of the mantle
wedge flow pattern and temperature variation based on the premise that
the slab-mantle coupling is the primary driving mechanism of the
mantle wedge flow.

Surface heat flow generally decreases from the trench towards the
arc due to the cooling effect of the subducting plate, but it starts to in-
crease near the arc, indicating the presence of the hot asthenospheric
mantle that is brought in by the mantle wedge flow (e.g., Furukawa,
1993; Currie et al., 2004; Wada and Wang, 2009). The location of the
arc-ward increase in the surface heat flow is strongly dependent on the
trench-ward extent of the mantle wedge flow whereas the arc-ward
gradient of the increasing surface heat flow depends on the thermal
contrast between the cold, stagnant mantle wedge corner and the hot,
flowing mantle. Thus, along-margin variation in the mantle wedge
temperature due to curvature of the margin or the slab can manifest in
the arc-ward gradient in surface heat flow (e.g., Wada et al., 2015).
However, in many subduction zones, surface heat flow data are scarce,
and even in those with sufficient heat flow data, they are generally
highly scattered in the arc region due to hydrothermal activities and
magmatic processes, making it difficult to relate the lateral gradient in
surface heat flow to relatively small changes in the mantle wedge tem-
perature at present.

The distribution of arc volcanism depends on the production of melts
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at depths, which in turn depends on the temperature condition and the
availability of aqueous fluids. For a given supply of slab-derived fluids,
variation in the mantle wedge temperature can affect the degree of
melting (e.g., Gaetani and Grove, 1998; Grove et al., 2006; Till et al.,
2012). However, if there are sufficient slab-derived fluids, a reduction in
the mantle wedge temperature by ~200 °C due to margin or slab cur-
vature is unlikely to prevent partial melting completely (e.g., Grove
et al., 2006). In fact, over the short convex-arc-ward segment in NE
Japan, for which ~200 °C drop in the mantle wedge temperature is
predicted, arc volcanism is active (Wada et al., 2015). As discussed
above, other factors, such as along-margin variation in MDD and the
dynamics and the thermal structure of the back-arc, impact mantle
wedge flow patterns, affecting the distribution of arc volcanoes as well
as surface heat flow.

The fringes of flat-slab segments are commonly associated with sharp
changes in surface heat flow and spatial gaps or lack of arc volcanoes, all
of which are attributed largely to the presence of shallow flat slabs
(Manea et al., 2017), and the impact of subduction obliquity at the
fringes on lateral changes in heat flow and arc volcanism is yet to be
investigated. The quantifying the mantle wedge flow pattern and tem-
perature distribution at the fringes of flat-slab segments, however, can
be further complicated by the presence of a tear in the slab, as proposed
for the southern end of the Peruvian segment based on seismological
observations (e.g., Antonijevic et al., 2016; Wagner et al., 2017). The
pressure gradient across a tear is likely to strongly impact the mantle
inflow direction.

Model predictions of mantle flow patterns in the upper mantle are
often used to explain the fast polarization directions of shear waves by
assuming that the mantle flow results in the development of crystal
preferred orientation (CPO) of the elastically anisotropic mineral olivine
(e.g., Jung and Karato, 2001; Katayama and Karato, 2006; Skemer and
Hansen, 2016). With the conventional interpretation of splitting obser-
vations that invokes A-type (or D or E-type) olivine CPO, whose fast axis
tend to align with the mantle flow direction, model-predicted mantle
flow directions are generally consistent with the splitting observations
over the ocean basins (e.g., Conrad et al., 2007; Karato et al., 2008; Long
and Becker, 2010). However, the fast directions in subduction zones are
spatially variable; in many subduction zones, they are margin-parallel in
the forearc and arc regions and margin-normal in the back-arc (e.g.,
Nakajima et al., 2006; Long and Silver, 2008; Long and Wirth, 2013).
The model-predicted mantle wedge inflow direction (Fig. 11; Kneller
and van Keken, 2008) is generally consistent with the margin-normal
fast direction in the back-arc when the conventional interpretation is
used. However, the margin-parallel fast direction in the forearc and arc
regions is difficult to be explained by the same conventional interpre-
tation. As a consequence, a range of mechanisms have been invoked to
explain the fast directions in the forearc and arc regions of subduction
zones, including B-type olivine CPO (e.g., Kneller et al., 2005,2008;
Katayama and Karato, 2006), CPOs of other upper mantle minerals, such
as antigorite (e.g., Katayama et al., 2009), trench-parallel flow associ-
ated with a slab edge, a slab tear, and trench motion (e.g., Long and
Silver, 2008; Hoernle et al., 2008), the shape preferred orientation of
melt lenses (e.g., Holtzman et al., 2003), small-scale convection (e.g.,
Ishise et al., 2018), and anisotropy in the overriding crust (e.g., Uchida
et al., 2020). Even for oblique subduction zones, the model-predicted
mantle inflow directions are closer to margin-normal than
margin-parallel (Fig. 11), and the margin-parallel fast direction cannot
be explained using the conventional interpretation, requiring further
investigation on the source of seismic anisotropy in the forearc and arc
regions through coordinated efforts on seismic experiments and nu-
merical simulations.

5. Conclusions

In this study, the mantle wedge flow pattern is characterized by an
increase in the inflow-outflow inner angle with subduction obliquity
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based on the results of 3-D numerical models. For a given obliquity, the
inner angle tends to be slightly larger for steeply dipping slab, faster
subduction rate, and streamlines that are further into the interior of the
mantle wedge. Along-margin change in the inner angle occurs along
curved margins, and the mantle inflow tends to converge towards or
diverge away from the region with lowest obliquity at convex- and
concave-arc-ward margins, respectively. This effect increases with
decreasing radius of curvature. Along-margin change in slab dip also
affects the inner angle, but its effect is relatively small.

The relations between the inner angle and obliquity are expressed
quantitatively, allowing the prediction of the mantle inflow direction for
a given subduction obliquity. The relations, however, under-predict the
inner angle at convex-arc-ward margins and over-predict the angle at
concave-arc-ward margins, and the deviation of the inner angle from the
predicted increases with decreasing radius of curvature. Further, sub-
duction obliquity due solely to along-margin change in slab dip results in
inner angles that are smaller than the predicted.

Most of the subduction margins that are 1000s of kilometers in
length are either relatively straight or gently curved concave-arc-ward.
Along such margins, the lateral variations in the mantle flow pattern and
the mantle wedge temperature are expected to be small. These long
margins are often bounded by short margin segments that are curved
convex arc-ward with small radii of curvature, where the inflow direc-
tion and the mantle wedge temperature likely change significantly.
Further, sharp changes in the strike of the slab at the local scale, such as
at the fringes of flat slab segments, can result in rapid along-margin
changes in the inflow direction and mantle wedge temperature. Large
uncertainties remain in the mantle wedge flow patterns as they are
influenced by a number of factors, such as the effects of slab edges, slab
rollback, and the dynamics and the thermal structure of the back-arc
mantle. However, quantifying the variation in the inflow direction
with subduction obliquity helps to provide a better understanding of
mantle wedge flow patterns.
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