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Mantle flow is a key feature that can affect melt production and composition in and around subduction
zones. In this study, I use three-dimensional numerical models to investigate the role of mantle flow on
subduction-related volcanism during back-arc extension. Results show that for a time interval of about
10-15 Myr during back-arc basin formation and spreading a wide convection cell brings mantle that has
already partially depleted at the back-arc to the mantle wedge. Before and after this phase, the mantle

reaching the sub-arc melting region is fertile. Thus, changes in back-arc activity and mantle flow pattern
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can be responsible for changes in magmatic composition and the amount of magmatism at the arc. These
results are consistent with many examples of present-day subduction zones, in which phases of actively
spreading back-arc correspond to a gap or a decrease of the arc volcanic activity.

© 2019 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Magmatism associated with subduction zones takes place not
only at arcs but also at back-arcs and along transform faults at the
edges of retreating trenches. Arcs are arguably the most studied
for various reasons; they are a feature of every oceanic subduction
setting, they are often characterized by highly hazardous explo-
sive volcanoes due to the high volatile contents of their magmas,
and they are the places where most of the continental crust is
generated (e.g., Ringwood, 1974). On the other hand, magmatism
at the back-arc and at the Subduction-Transform Edge Propaga-
tor (STEP) faults (Govers and Wortel, 2005) is not always present
in subduction settings and differs from the arc-type in terms of
composition and physical properties. Although distinct, these three
types of magmatism belong to the same regional tectonic setting
and they all respond and evolve accordingly to the dynamics of
subduction. To fully understand them, it is therefore important to
take into account the large spatial and temporal scales in which
they operate. It is also crucial to investigate if and how they in-
teract with each other and how they are affected by changes in
subduction dynamics and associated mantle flow.

Magmatic activity at the back-arc can occur in oceanic subduc-
tion settings when the overriding plate is under extension (Uyeda
and Kanamori, 1979). The thinning of the lithosphere due to ex-
tensional stresses allows the mantle to rise to shallow depths
and melt through adiabatic decompression, creating new oceanic
crust in a process similar to spreading at mid-ocean ridges. If
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the spreading centre is close to the arc, fluids released from the
downgoing slab can reach the melting zone beneath the ridge
(Hawkins and Melchior, 1985). Indeed, geochemical studies show
that back-arc magmas have a subduction signature in their trace
elements and water content, which is stronger with the proxim-
ity to the arc (Pearce and Stern, 2006). This is also in agreement
with geophysical studies that find distinct types of oceanic crust
formed at different distances between the arc and the spread-
ing centre; a thicker and more differentiated crust forming close
to the arc is interpreted to be a consequence of higher water
content (Arai and Dunn, 2014). Many studies have shown the ef-
fect of slab fluids on back-arc magmatism (Arai and Dunn, 2014;
Hawkins and Melchior, 1985; Harmon and Blackman, 2010); how-
ever, there has been less focus on the effect of an actively spread-
ing back-arc on the volcanic activity at the arc. The composi-
tion and amount of arc magmatism depends on several factors,
such as the slab dehydration pattern, composition of the sub-
ducting plate, thermal structure of the subduction zone, mantle
wedge dynamics, mantle source and melt migration, thickness and
composition of the overriding plate, fractional crystallization pro-
cesses, and overriding plate stresses (Arculus and Powell, 1986;
Ducea et al., 2015; Magni et al., 2014a; Pearce and Peate, 1995).
Woodhead et al. (1993) suggested that the magmatic activity of
the back-arc basin affects that at the arc because mantle flow can
bring mantle that has experienced melting at the back-arc to the
sub-arc region. Cooper et al. (2010) interpreted the presence of
high-Ca boninites in the Tonga arc as the result of melting of an
already depleted mantle source coming from the actively spread-
ing Lau Basin. Numerical models by Hall et al. (2012) predict an
increasingly depleted mantle source beneath the arc following the
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onset of spreading. However, these are kinematic models that do
not take into account the changes in subduction dynamics, such as
changes in plates and trench velocity, and the complexity derived
from the three-dimensionality of the system.

Back-arc basins formation is a particularly 3D process as it often
happens adjacent to collision of a buoyant feature (e.g., continent,
oceanic plateau, and seamount chain), which locally slows down
or ceases subduction and triggers fast trench retreat and rotation
next to it (Magni et al, 2014b; Wallace et al., 2009). In some
scenarios, back-arc extension occurs without rotation simply due
to the fast retreating velocity of the narrow slab (e.g., East Sco-
tia Basin), or because the overriding plate moves away from the
trench (e.g., Marianas). In any case, the dynamics of the neigh-
bouring plates and the 3D geometry of the subduction zone have
a significant control on the formation of back-arc basins. More-
over, slab break-off and tearing can occur adjacent to the ongo-
ing oceanic subduction where the back-arc is rifting or spread-
ing, forming slab windows that allow the mantle to flow in a
toroidal fashion (Magni et al., 2014b). In the Tyrrhenian basin, it
has been suggested that the mantle flowing through the slab win-
dow beneath the African margin has affected the back-arc mag-
matism, changing its composition from calc-alkaline to alkaline
(Faccenna et al., 2005). Mantle flow is, thus, a key feature that
influences volcanism in subduction zones. Importantly, previous
numerical models that studied the link between arc and back-arc
are mostly two-dimensional and kinematic (e.g., Hall et al., 2012;
Harmon and Blackman, 2010), whereas those that looked at back-
arc basins formation in 3D did not focus on the mantle flow and
source of magmatism (Hashima et al., 2008; Moresi et al., 2014).
Here I use 3D fully dynamic models of subduction to study the
mantle source of arc and back-arc melts during the evolution of
back-arc spreading and trench retreat.

2. Methods

The main aim of this study is to investigate the time-depen-
dence of mantle flow and melt production in a subduction setting
in which the overriding plate is under extension and spreading oc-
curs at the back-arc. Wallace et al. (2009) showed that rifting in
most back-arcs is associated with rapid rotation of the fore-arcs,
which is caused by adjacent collision of buoyant indentors. There-
fore, here I use similar models to those developed in Magni et
al. (2014b), in which the formation of back-arc basins is a conse-
quence of nearby continental collision. Subduction of oceanic and
continental lithosphere in the upper mantle is modelled using the
finite element code CITCOM (Moresi and Gurnis, 1996). The code
solves for conservation of mass, momentum, energy, and compo-
sition in a Cartesian geometry, assuming incompressible flow and
adopting the Boussinesq approximations (symbols in Table 1):

V.u=0

~VP + V- (n(Vu+V'u)) + (Rar +Rac)e; =0
oT ,

— 4+ u-VT=V-T

ot

aC

—4+u-VC=0
8t+

Where Rar is the thermal Rayleigh number:
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And Rac is the compositional Rayleigh number that takes into ac-
count the different buoyancy of the continental crust:

Rart

Table 1
Symbols and units of the used parameters.

Parameters Symbols Value and unit
Rheological pre-exponent A 6.52 x 106 [Pa—"s~1]
Activation energy E 360 [kJ/mol]
Vertical unit vector e, [-]
Gravitational acceleration g 9.8 [m/s?]
Box height h 660 x 10° [m]
Rheological power law exponent n 1 (diff. c.), 3.5 (disl. c.) [-]
Lithostatic pressure Po [Pa]
Deviatoric pressure P [Pa]
Gas constant R 8.3 [J/K/mol]
Absolute temperature Tabs K]
Reference temperature Tm 1350 [°C]
Time t [s]
Velocity u [m/s]
Thermal expansion coefficient o 3.5x 1077 [K']
Compositional density contrast Ape 600 [kg/m?3]
Second invariant of the strain rate én [s71]
Effective viscosity n [Pas]
Reference viscosity no 1020 [Pas]
Maximum lithosphere viscosity Nimax 102 [Pas]
Friction coefficient w 0.1 [-]
Thermal diffusivity k 1076 [m?/s]
Reference density Lo 3300 [kg/m?]
Yield stress Ty [MPa]
Surface yield stress T0 40 [MPa]
Maximum yield stress Tmax 400 [MPa]
Continental crust thickness Hc 40 [km]
Apcgh?
Rac = ——
kno

Passive tracers are used to track the compositional information
(continental crust material, water content, and depletion) and are
advected with the velocity field.

The size of the computational domain is 3300 x 3960 x 660 km
and the finite mesh size varies from 20 x 20 x 20 km to 8 x 8 x 8
km, with the smallest elements located in the trench region where
the highest resolution is required due to large viscosity contrasts.
The initial geometry includes a slab down to 250 km depth in or-
der to initiate subduction (Fig. 1). The slab sinks into the mantle
due solely to its negative buoyancy; no other forces are applied
to the plates. The subducting plate is comprised of a central do-
main of oceanic lithosphere with two continental blocks at the
side, whereas the overriding plate is fully continental (Fig. 1a). Ini-
tially, subduction of oceanic lithosphere takes place everywhere
along the trench, then, continental collision occurs at the sides
and oceanic subduction continues in the middle. I run an addi-
tional model with the opposite geometry of the subducting plate
(i.e., continental lithosphere in the middle and oceanic lithosphere
at the sides) to investigate different types of toroidal mantle flow
(Fig. 1b). These types of setup produce localised fast trench re-
treat, which results in back-arc basins formation. Although this is
not the only way to produce back-arc spreading, it is a common
one (Wallace et al., 2009) and these model setups allow to focus
on the study of the mantle flow during trench retreat and back-arc
extension, regardless of what the causes of trench retreat are.

For the oceanic lithosphere, the initial temperature field follows
the half-space cooling model for an 80 Myr old plate (Turcotte
and Schubert, 2002). In the continental parts, temperature linearly
increases from 0°C at the surface to 1350 °C, which is the man-
tle reference temperature, at a depth of 150 km. The temperature
boundary conditions are the following: fixed values at the surface
(0°C), at the bottom and on the left hand-side (1350 °C), and zero
heat flux in all the other boundaries. Velocity boundary conditions
are no slip at the bottom to simulate the high viscosity contrast
between upper and lower mantle, and free slip everywhere else.

To allow the mantle to flow around the edges of the slab, the
width of the subducting and overriding plates is smaller than the
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Fig. 1. Initial model setup, thermal structure, and boundary conditions. Continental
and oceanic lithosphere are showed in grey and blue, respectively. The light blue
area above the slab shows the hydrated region as defined in Methods. Trench po-
sition is marked by the red line with triangles on the overriding plate. The orange
line shows the position of one of the transform faults (at y = 660 and 3300 km)
that decouple the plates from the rest of the lithosphere. (For interpretation of the
colours in the figure(s), the reader is referred to the web version of this article.)

width of the computational domain. This is modelled by imposing
two narrow (20 km) low viscosity (102° Pas) zones that simu-
late transform faults and decouple the plates from the rest of the
lithosphere. Subduction is enabled by a 20 km wide low viscosity
zone (1020 Pas) between the plates to a depth of 50 km. Be-
low this depth, above the slab, the mantle wedge has also the
reference mantle viscosity to simulate the weakening effects of
fluids and melt present in the wedge. In the rest of the domain,
mantle and lithosphere have a stress and temperature dependent
viscosity, following the power law (Hirth and Kohlstedt, 2003;
Korenaga and Karato, 2008):

1-n E
=Ag," exp| ——

L f P ( NRTgps )
Where n =1 for diffusion creep and n = 3.5 for dislocation creep.
Additionally, the viscosity due to yielding is computed as follows
(Byerlee, 1978):

Ty .
n=z- Ty =min(To+ iLPo. Tmax)

1l

At each node of the finite grid, viscosity values of the above mech-
anisms are computed and the effective viscosity is the lowest value
among them.

2.1. Mantle wedge hydration and melting

To compute the melt fraction as a function of pressure, tem-
perature, and water content I use the parameterization of hydrous
mantle melting of Katz et al. (2003). The mantle wedge above the
slab is continuously hydrated up to 200 km depth to simulate the
dehydration of the subducting plate. The wedge water content is
varied in different models from 0 to 1 wt% to explore the effect of
water on flux melting and arc magmatism. The amount of deple-
tion is stored in the passive tracers and this information is utilized

to discern if a tracer is able to melt further. For example, if a
tracer is already 10% depleted and reaches PT conditions in which
the melt at equilibrium is <10%, then no additional melt will be
produced. Moreover, if melting occurs, water content is updated
accordingly, following the parameterization of Katz et al. (2003).
Finally, I use the tracer position and depletion amount to analyse
the mantle flow and investigate where the mantle that experiences
melting comes from, and whether it is already partially depleted or
is still fertile when it reaches the melting regions at the arc and/or
at the back-arc.

3. Results

In this study, I perform a series of 3D models aimed at investi-
gating the role of the mantle flow on arc and back-arc magmatism.
[ first describe the results of the reference model that has the
initial setup showed in Fig. 1a and the models with the same ge-
ometry but with different water contents in the mantle wedge.
Next, I compare these results with a model that has a narrower
(700 km instead of 1000 km) central oceanic region and in which
the dynamics changes because slab tear does not occur (Magni et
al., 2014b). Finally, I show results of the model with the opposite
geometry of the subducting plate compared to the reference model
(Fig. 1b).

3.1. Reference model

3.1.1. Subduction dynamics

In all models presented in this study subduction starts with an
oceanic lithosphere entering the trench and, only after the slab has
reached the bottom of the box (660 km), the continental part of
the subducting plate enters the trench and collides with the over-
riding plate. In the reference model, collision occurs at the sides
of the plate, whereas the subducting plate is still oceanic in the
middle (Fig. 2; Supplementary Material A1). This along-trench vari-
ation in thickness, composition and buoyancy of the subducting
plate causes the trench to migrate in different ways. At the sides,
where continental collision occurs, subduction drastically slows
down and the trench slightly advances until the slab breaks off
due to the positive buoyancy of the continental crust that opposes
subduction. In the middle, however, oceanic subduction is ongoing
and the retreat of the slab accelerates, going from 2 cm/yr to 5.5
cm/yr in only a few Myrs (Fig. S1a). This causes extension in the
overriding plate and leads to the formation of a back-arc basin. At
its peak velocity, right after the formation of the back-arc basin,
a full spreading rate of ~6 cm/yr is observed. The spreading rate
is approximately uniform along the y-direction, with only slightly
smaller values at the side of the basin. The oceanic slab continues
to retreat, tearing at depth along the ocean-continent boundaries
and forming two slab windows (Fig. 2d-e).

3.1.2. Melting at the arc and back-arc

During oceanic subduction, the mantle wedge above the slab
is hydrated with 1% water leading to melt production. With the
thinning of the overriding plate due to extension, temperatures
in the mantle wedge increase, causing higher melt production. In-
deed, the degree of depletion in the mantle wedge reaches a peak
of 28% (Fig. 3). Before the back-arc basin forms, at about 18 Myr
since the beginning of the model (i.e., since its initial setup), the
mantle melts only above the slab, in the sub-arc region (Fig. 3a).
However, when the back-arc basin forms, the overriding plate gets
thin enough that adiabatic decompression melting occurs. At the
initial stage, back-arc spreading commences only 50 km away from
the arc and the two melting regions, at the arc and back-arc, are
connected to each other (Fig. 3b). Therefore, melts at the back-arc
might be affected by fluids released from the slab, and thus be
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Fig. 2. Reference model dynamics: after collision at the sides of the central oceanic domain occurs (a), the trench starts to rapidly retreat in the middle triggering back-arc
spreading (b-e) and eventually slab windows formation at depths (d-e). The contour in the red-to-white colour map indicates the regions of melt at equilibrium and the
amount of melt fraction. Continental crust is showed in grey. The isosurface of T = 1080 °C shows the subducting lithosphere. Passive tracers colour-coded by depth show the
toroidal mantle flow. Trench position is marked by the red line with triangles on the overriding plate. Orange lines show the position of the transform faults. Full dynamics
in Supplementary Material animation Al.
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the source of melting is fertile mantle. Isotherms, in grey, are shown every 200°C. Perceptually uniform colour maps from www.fabiocrameri.ch are used to prevent visual

distortion of data.

a combination of subduction-related melts and adiabatic decom-
pression melting. As the trench keeps retreating, the arc and the
back-arc melting regions become further apart until they are not
connected any longer and the back-arc melts are not affected any-
more by subduction fluids (Fig. 3d). A second pulse of higher melt
production at the back-arc is observed during the second pulse of
fast trench retreat, when the slab windows form.

3.1.3. Mantle flow and melting

Firstly, I describe the mantle flow in a 2D vertical section in
the middle of the subducting plate, which represents a symme-
try plane and therefore it is not directly affected by the 3D flow
and, secondly, the 3D toroidal flow. During the initial stages, the
subducting plate is driving the corner flow in the mantle wedge:
fertile mantle material flows below the arc and is then dragged
down by the subducting slab (Fig. 3a). When the back-arc basin
forms, this ‘corner flow’ cell widens; the mantle first ascends to
the back-arc region and then reaches the mantle wedge (Fig. 3b-e).
Therefore, although the melting regions at this point are only
slightly connected or not connected at all, they still interact with
each other because of the mantle flow pattern. Indeed, the mantle
that flows beneath the arc comes from the back-arc region where
it has been partially depleted. This can be observed even better by
tracking passive tracers in this vertical section during the model
evolution. Fig. 4a shows where these tracers are when they reach
the peak of depletion. In this way, I can distinguish among trac-

ers that melt only at the back-arc, only at the arc, and, in the
case of two peaks of melting, tracers that melt first at the back-
arc and then again at the arc. From the moment spreading starts
at the back-arc and until ~15 Myr some tracers melt first below
the back-arc and then, a few million years after, they reach the arc
region. Especially in the first 5 Myr, 30-50% of the mantle source of
arc magmatism is already partially depleted (up to 20% depletion)
as it comes from the back-arc melting region (Fig. 4).

Looking at the 3D mantle flow, it is interesting to see if the
mantle that flows through the slab windows is involved in any
type of melting. In this model, this is not the case. The slab breaks
off at a depth of ~200 km and the toroidal flow is happening at
deeper depths (Fig. 3; Supplementary Material A1). Although there
is an upwelling component in the toroidal flow, it is insufficient to
bring this mantle material into the melting regions of the back-arc
or the arc. In fact, when this mantle material arrives in front of the
slab, it is dragged downwards by the corner flow produced by the
descending slab.

3.2. Effect of water content

To investigate the effect of water released from the slab on
melt production during subduction two additional models are pre-
sented; in the first, the amount of water in the mantle wedge is
one order of magnitude less than in the reference model (0.1 wt%
instead of 1 wt%) and in the second, there is no water released
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into the mantle wedge (Fig. 5). Mantle melting in the model with
0.1 wt% of water is similar to that of the reference model, with
a first stage in which the arc and back-arc melting regions are
close and interact to each other and a later stage when the trench
and the spreading region are far away and not connected anymore
(Fig. 5b). As expected, however, a smaller amount of water pro-
duces less amount of melt in the mantle wedge (only up to 12%
melting, as opposed to a maximum of almost 30% in the reference
model). The amount of melt produced at the back-arc is similar to
the reference model, whereas melt at the arc is consistently less
throughout the entire model. If no water is released from the slab,
melting does not occur in the mantle wedge and no arc volcanism
would form (Fig. 5c). This is an end-member case to emphasize
the importance of slab dehydration on subduction-related volcan-
ism. Slightly more melt is initially produced beneath the back-arc
region because there is no distinction between arc and back-arc
melts. Afterwards, melt production at the back-arc has a similar
pattern and amount than the reference model.

3.3. Effect of retreating trench velocity decrease

The dynamics of the model with a narrower oceanic subducting
plate is similar to the reference model, with fast trench retreat at
the centre after collision at the sides, and the consequent opening
of the back-arc basin (see Supplementary Material A2). However,
the main difference from the reference model is that slab win-
dows at the ocean-continent boundaries do not form. Because the
total slab pull is less than that of the reference model, the trench
retreats less and the slab does not deform enough to tear at depth.
Therefore, in this case the trench retreating velocity gradually de-
creases (from 4 cm/yr to <1 cm/yr) and no second pulse of higher
melt production is observed at the back-arc. Instead, the overrid-
ing plate thickens as it cools, thus the amount of mantle material
that reaches the conditions for adiabatic decompression melting
progressively decreases until no melt is produced at the back-arc
(Fig. 5d).

3.4. Rotation induced back-arc spreading
Fig. 6 shows the numerical results of a model with the opposite

geometry of the previous experiments, with a continental inden-
ter in the middle of the subducting plate and oceanic lithosphere

at its sides (Fig. 1b). This is to explore the effect of a toroidal
flow that does not go through slab windows, but instead goes
around the edges of the slab. In this case, the cessation of sub-
duction and slab break-off occurs in the middle of the plate. At
the sides, oceanic lithosphere continues to subduct and the trench
retreats much faster on the slab edge side than closer to the con-
tinent (Fig. 6; Supplementary Material A3). Thus, the slab rotates
with the corners of the indenter at the trench working as pivot
points. Extension at the back-arc is therefore larger the further
away from the continent and it progressively decreases towards
the pivot point of rotation. The full spreading rate at the back-arc
spreading centre reaches peaks of almost 7 cm/yr where the larger
rotation occurs and gradually decreases, up to 2.5 cm/yr, closer to
the continental block (Fig. S1b). Consequently, melt production is
also higher close to the slab edge and it decreases until only rifting
is observed close to the continent.

During rotation and retreat of the oceanic slab, the mantle flows
from behind to the front of the slab in a toroidal fashion around
the slab edge. Interestingly, this flow has a strong upwelling com-
ponent that brings the mantle towards the surface, at the back-arc
and arc regions. Moreover, part of the upwelling mantle flows into
the transform fault, which is modelled as a narrow strip that de-
couples the subducting and overriding plates from the rest of the
lithosphere allowing them to move freely (see Methods). Therefore,
adiabatic decompression melting not only occurs at the spreading
centre of the back-arc basin, but also along the transform fault.
Although the mantle flow pattern is different from that of the ref-
erence model, there is an important similarity between the two
models; a phase of ~10 Myr in which the mantle that melts be-
low the back-arc flows into the mantle wedge region and is part of
the mantle source of arc magmatism.

4. Discussion

The mantle flow pattern and melt production during the for-
mation and spreading of a back-arc basin are not steady-state,
changing through time as subduction evolves. In this study, I anal-
yse scenarios in which the overriding plate is under extension due
to trench retreat. The evolution of this type of system is schemat-
ically summarized in Fig. 7. During subduction, the sinking of the
slab creates a corner flow that brings fertile mantle into the mantle
wedge (McKenzie, 1969) (Fig. 7a). This mantle is the source of arc
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which the trench velocity decreases after the back-arc basin formation and, thus, the trench retreats less compared to the reference model (full dynamics of this model in

Supplementary Material animation A2). [sotherms, in grey, are shown every 200°C.

magmas, as the fluids released from the slab lower its solidus and
trigger melting (Ringwood, 1974; Sobolev and Chaussidon, 1996).
Before the back-arc basin forms, this is the only type of melt gen-
erated in the system. However, when the trench retreat accelerates,
the overriding plate thins and the back-arc basin starts to spread.
The melt produced at the back-arc is generated by adiabatic de-
compression melting of fertile mantle that is upwelling beneath
it, similar to mid-ocean ridges (e.g., Kelemen et al., 1997). How-
ever, in the initial stage of its formation, the back-arc basin is
close to the arc and the two melting regions are connected to
each other (Fig. 7b). Therefore, it is reasonable to expect that slab
dehydration affects both the arc and the back-arc melts. This is
in agreement with many geochemical studies that found signa-
tures of subduction fluids in back-arc lavas (Kelley et al., 2006;
Langmuir et al., 2006; Pearce and Stern, 2006). As the trench keeps
retreating, the arc and the back-arc spreading centre get further
apart (Fig. 7c). Although fluid migration is not explicitly modelled
here, it is likely that at this point slab fluids would not affect

the melts produced at the back-arc any longer. Geophysical stud-
ies in the Lau basin suggest that this happens when the distance
between arc and back-arc spreading centre is >70 km (Arai and
Dunn, 2014), which is in agreement with the presented models.
Interestingly, at this stage, the mantle flow driven by the down-
going slab is no longer the classic corner flow that brings fertile
mantle directly in the wedge, but rather is a wider convection cell
that brings mantle first below the back-arc region and then below
the arc. This type of behaviour has important consequences on the
amount and style of arc magmatism because its source changes
drastically. Indeed, the mantle that flows into the mantle wedge is
already depleted because it has previously melted at the back-arc.
My results show that the amount of depleted mantle reaching the
mantle wedge during this phase can be up to almost 50% of the
total material in equilibrium with the melt below the arc. If such
a large amount of mantle above the slab is already depleted by
5-20%, a decrease in the amount of melt generated in the mantle
wedge and/or a change in melt composition is expected to occur,
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Fig. 7. Schematic cartoon showing the evolution of mantle flow during back-arc
spreading and the consequent evolution of the mantle source at the arc (on the
left). First, corner flow created by the downgoing slab brings fertile mantle to the
mantle wedge (a). Then, back-arc spreading starts close to the arc (b) and as the
trench retreats the convection cell of the mantle flow gets wider, bringing depleted
mantle from the back-arc to the mantle wedge beneath the arc (c). Finally, the back-
arc spreading centre is too far away from the arc to affect its mantle source, which
is again fertile mantle brought by the corner flow (d).

since the source of melt is not as fertile as before. This would likely
be reflected in the arc volcanic activity and composition (a compar-
ison with natural cases is discussed in 4.2). This type of convection
cell lasts ~10-15 Myrs, until the back-arc spreading centre is far
away from the trench and the classic corner flow that brings fer-
tile mantle to the wedge below the arc is restored (Fig. 7d).

The transport of depleted mantle from the back-arc to the arc
is consistent with previous studies that used geochemical data to
investigate the source of melting in arc lavas. Woodhead et al.
(1993), for instance, found that melt extraction prior to arc magma
genesis explains the trace element pattern observed in island arc
basalts and suggested that this extraction might happen at the
back-arc. This is also in agreement with the conceptual model

used by Cooper et al. (2010) that explains the presence of high-Ca
boninites in the Tonga arc with residual peridotite being brought
by the mantle flow from the back-arc to the arc mantle wedge.
Moreover, Pearce and Peate (1995) showed that the volcanic arc
magmas with no back-arc basins exhibit MORB-like or enriched
sources.

This study demonstrates that a spreading back-arc during
trench retreat can have a key role in arc volcanism because it can
affect the type of mantle source of arc melts. The temporary in-
flow of depleted mantle coming from the back-arc into the mantle
wedge has to be taken into account when studying temporal vari-
ations in arc magmas. In the presented models, spreading at the
back-arc can occur with pulses of higher melt production, but it is
continuous. Overall, there is only one phase of mantle wedge melts
with a depleted source coming from the back-arc. However, in a
more complex system, with alternating episodes of spreading and
rifting, the mantle source of arc melts will vary. If derived from
the back-arc region, the melt might be depleted if ‘sampled’ dur-
ing a spreading phase. Alternatively, the source of arc melts may
be fertile if the mantle flows beneath the back-arc during a period
of rifting, in which melt is not produced. In this scenario, the sig-
nature in arc magmatism would also be more complex and might
present alternating phases of depleted and fertile mantle source
within only a few millions of years. Moreover, lateral variations
within the back-arc basin can add further complexities because
spreading and rifting can occur at the same time in different areas.
Therefore, the geometry of active spreading centres in a back-arc
basin can produce along-trench variations of the amount and com-
position of arc volcanism.

4.1. Model limitations

Melt at the arc is produced in very little amount in the ini-
tial stages of the model as compared to the total melt amount
produced later on. This is an artefact of the models due to
the initial temperature field, in which the overriding plate has
the same thickness everywhere. As the slab subducts, the corner
flow brings hot mantle material at shallower depths, increasing
the temperatures in the mantle wedge and enabling melt pro-
duction. A uniformly hydrated mantle wedge and batch melting
are assumed in these models, which is a simplification of the
much more heterogeneous natural system. For instance, slab de-
hydration can occur at different depths and rates depending on
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many factors, such as, but not only, mantle potential tempera-
ture, slab velocity, age, dip, and composition (Magni et al., 2014a;
Van Keken et al., 2002). Fluids released from the slab can po-
tentially focus into preferential channels and trigger mantle melt-
ing that would be heterogeneously distributed within the mantle
wedge (Wilson et al., 2014). Moreover, when the mantle partially
melts, fluids preferentially go into the melt and they are no longer
available to hydrate the shallower part of the mantle wedge. There-
fore, the estimates of wet melting production at the arc are likely
overestimated in these models. This explains why no significant
decrease of the amount of melt occurs when partially depleted
mantle from the back-arc arrives at the mantle wedge.

By keeping track of the amount of depletion in the mantle and
computing the melt accordingly, I take into account the compo-
sition of the residue and its potential to melt further. However,
the fate of melt/fluids and the way they migrate are not explicitly
modelled, as it goes beyond the scope of this work. Although this
might affect the location and amount of melt at the small scale of
the mantle wedge, it would likely not affect the large scale mantle
flow and, thus, the results of this study.

4.2. Application to natural cases

The inflow of highly depleted material to the mantle wedge
during slab retreat and back-arc spreading would most likely af-
fect arc volcanism, both in terms of volcanic activity and magmatic
composition. Indeed, there are many examples in present-day sub-
duction zones where a gap in the volcanic activity at the arc cor-
responds to a period of active spreading in the back-arc region.

In the Izu-Bonin-Mariana (IBM) subduction zone, the exten-
sion in the overriding plate caused by slab roll-back produced
two back-arc basins; the Shikoku Basin in the north (in the Izu-
Bonin segment) and the Parece Vela Basin in the south (in the
Mariana segment) (Lallemand, 2016). In both basins, spreading
started at ~29 Ma and ceased at ~15 Ma (Takahashi et al., 2008;
Taylor, 1992). Interestingly, this overlaps with a decrease in the
volcanic activity at the arc started at 27 Ma and with a gap ob-
served from the geologic record between 23-17 Ma in the Shikoku
basin (Taylor, 1992). Similarly, in the Parece Vela Basin arc activ-
ity decreased at ~30 Ma, ceased at ~28 Ma, and resumed at 20
Ma (Taylor, 1992). These are in good agreement with my numerical
models and with previous studies that also noticed that the period
of less volcanic activity in the IBM subduction zone corresponds to
the time of spreading in the Shikoku and Parece Vela Basins (e.g.,
Okino et al., 1998; Takahashi et al., 2008). Today the back-arc is
not spreading in Izu-Bonin and the arc has been active for the past
17 Myr (Taylor, 1992). In the Mariana, the arc decreased its activ-
ity again at 9-5 Ma, but since then it has been active at the same
time of the Mariana ridge spreading (<6 Ma) (Lallemand, 2016;
Takahashi et al., 2008). However, at present, the Mariana slab is ad-
vancing (Heuret and Lallemand, 2005) and the mantle might flow
differently than what described in the results of this study.

Between South of Japan and Taiwan, the Ryukyu Island arc and
the Okinawa Trough in the back-arc are associated to the sub-
duction of the Philippine Sea plate. The arc is mostly active in
the northern part, where the back-arc is rifting and not spreading
(e.g., Yan and Shi, 2014). In the south, instead, geochemical and
petrological studies suggest that the back-arc might have started
spreading <2 Ma (Yan and Shi, 2014). Interestingly, this seems
to correspond to a relative minimum in the activity of the vol-
canic arc (Letouzey and Kimura, 1986). However, spreading of the
southern part of the Okinawa Trough is still subject of debate, as
some recent geophysical studies seem to suggest that the back-
arc is now at a transitional phase between rifting and spreading
(Arai et al.,, 2017). Other examples of phases of back-arc spread-
ing associated with little or no volcanic activity are observed in

the South Sandwich subduction zone (East Scotia Sea spreading
<15 Ma, arc <8 Ma) (Leat et al., 2003), the Andaman Sea (spread-
ing <5 Ma, arc <1 Ma) (Chakraborty and Khan, 2009), and the
Tyrrhenian Sea (spreading 5-1 Ma, arc <1.5 Ma) (Rosenbaum et
al., 2008). Uncertainties in the ages of arc activity and back-arc
spreading can be quite large, especially considering that subma-
rine arc remnants are not easy to find and identify as such, and
they might be partially destroyed due to tectonic erosion pro-
cesses at the trench (Lallemand, 2016). Therefore, important data
that would give a more comprehensive view of the back-arc - arc
magmatic evolution are currently lacking. Nonetheless, the tempo-
spatial relationships between magmatism, mantle flow and trench
behaviour described here may provide constraints for poorly un-
derstood paleo-subduction events deeper in the geological record,
as well as improve regional plate tectonic models.

Other regions of the world do not conform to these temporal
observations; for instance, the Lau Basin has been actively spread-
ing since 4 Ma in the north and progressively opening southward
(Bevis et al., 1995), and the arc does not reveal the expected gap
in magmatic production. Rather, the volcanic arc has been active
since at least 3 Ma (Turner and Hawkesworth, 1997). However, the
composition of arc lavas show a very depleted source, especially in
the north where slab retreat and spreading are faster (Turner and
Hawkesworth, 1997). This depleted source could potentially come
from the back-arc region, as suggested by Cooper et al. (2010). In
the central and southern Lau Basin, things may be complicated by
the fact that arc and back-arc are fairly close to each other and the
anomalously high water content in the mantle wedge is thought
to facilitate porous flow that connects the two plumbing systems,
which are mixed in the upper mantle (Wei et al., 2015).

Even though the geometries of the presented models are clearly
not representative of all subduction zones, the obtained tectonic
evolution can be, at first order, used to better understand the many
natural cases in which back-arc rifting or spreading are associ-
ated to trench retreat and increasing curvature, and/or slab rota-
tion. Back-arc spreading rates obtained in this study (1-7 cm/yr)
are within the range of those observed in present-day back-arcs
that are actively spreading (0-13 cm/yr; Lallemand et al., 2005).
Alternating phases of fast and slow spreading associated to slab
windows formation, similar to the reference model (Section 3.1),
are characteristic for example of the Tyrrhenian basin, in the Cen-
tral Mediterranean (Magni et al., 2014b). The model presented in
Section 3.4, in which extension of the overriding plate is larger to-
wards the slab edge due to the strong rotation of the subducting
plate, resembles the case of the Tonga subduction zone with the
formation of the Lau basin. Although there is no large continen-
tal block entering the Tonga-Kermadec trench, the subduction of
the Louisville seamount chain has been suggested to cause a simi-
lar style of rotation of the trench north of it (Wallace et al., 2009).
Indeed, the Lau basin is spreading progressively faster northward,
away from the pivot point of rotation (from 3 to 15 cm/yr (Bevis
et al,, 1995)) (Wallace et al., 2009), similar to the spreading rate
pattern observed in my model (Fig. 6 and Fig. S1).

4.3. Toroidal flow

Results from this study show that different subducting plate
geometries produce different mantle flow patterns. In particular,
when toroidal mantle flow occurs around the slab edge, it has a
much larger upwelling component than when the mantle flows
through a slab window. In models in which the oceanic slab re-
treats faster in the middle of the subducting plate and slab win-
dows form at the ocean-continent boundaries, the toroidal flow
through these windows occurs at depths >200 km (Fig. 2). Pas-
sive tracers used to track the mantle flow stay at a similar depth
throughout their entire journey from behind to the front of the
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slab. Therefore, the mantle involved in the toroidal flow does not
reach the arc and back-arc melting regions and does not affect
their respective volcanism. On the other hand, when the oceanic
slab is retreating faster at the side of the subducting plate, the
mantle flows around the slab edge and it rises towards the sur-
face (Fig. 6). In this case, the mantle that takes part in the toroidal
flow reaches the surface and melts at the back-arc and/or at the
arc. Part of the mantle also migrates into the narrow weak region
that simulates a transform fault and melts through adiabatic de-
compression melting. This model prediction is in agreement with
previous studies that found a similar pattern of toroidal mantle
flow with a vertical component around slab edges (Crameri and
Tackley, 2014; Kiraly et al., 2017; Strak and Schellart, 2016). How-
ever, I do not observe the same upwelling component when the
toroidal flow occurs through the slab window.

The reason for this difference is possibly two-fold. Firstly, the
slab breaks off at about 200 km and although the tear propa-
gates producing a larger window, the remnants of the detached
slab prevent the mantle to flow at shallower depths. Therefore, the
vertical extent of the toroidal flow cell is smaller than when the
flow is around the slab edge and does not influence the corner
flow produced by the ongoing subduction. Secondly, the rotation
of the subducting plate is much larger in the case of the oceanic
slab retreating at the side of the plate. This rotation creates a
low pressure area in the arc and back-arc regions, enabling the
upwelling component of the toroidal flow. Instead, in the slab win-
dow models, this upwelling does not occur, as the slab retreat at
the centre of the plate is always trench perpendicular, which is a
consequence of the symmetry of the model. If the formation of
a slab window would occur only on one side or if slab windows
would form at different times, it is reasonable to expect this asym-
metry to produce some rotation of the oceanic subducting plate,
thus, a change in the mantle flow. The investigation of the differ-
ent types of toroidal mantle flow is not the main scope of this
work and a more detailed study should be undertaken to explore
this interesting mantle flow pattern variations and their tectonic
and magmatic consequences.

5. Conclusions

In this study, I used 3D numerical models to investigate the
interaction between arc and back-arc melts and the effects of man-
tle flow changes during subduction. The models show that as the
back-arc is actively spreading and the slab is retreating a wide con-
vection cell brings mantle from the back-arc to the sub-arc melting
regions. Consequently, for ~10-15 million years the source of arc
melts is highly depleted mantle derived from the back-arc. A de-
crease or a break in the arc volcanic activity can therefore occur
during back-arc spreading. After this phase, the classic corner flow
driven by the downgoing slab is restored and fertile mantle is
again the main source of melting in the mantle wedge above the
slab. This is consistent with gaps in arc volcanism or with depleted
mantle source of arc lavas in many present-day subduction zones
with an actively spreading back-arc. Moreover, the toroidal mantle
flow around the slab does not always rise towards the surface, but
is likely to stay sub-horizontal at >200 km depth when it occurs
through a newly formed slab window. Instead, when toroidal flow
happens around the edge of a slab that is retreating and rotating,
then this flow has a strong upwelling component that brings fertile
mantle to the back-arc and sub-arc melting regions.
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