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Abstract. Subduction modelling in regional model domains, free-slip boundaries. We conclude that open boundaries in
in 2-D or 3-D, is commonly performed using closed (imper- combination with intraplate stress conditions are to be pre-
meable) vertical boundaries. Here we investigate the merit§erred for modelling subduction evolution (rollback, station-
of using open boundaries for 2-D modelling of lithosphere ary or advancing) using regional model domains.
subduction. Our experiments are focused on using open and
closed (free slip) sidewalls while comparing results for two
model aspect ratios of 3:1 and 6:1. Slab buoyancy driven

subduction with open boundaries and free plates immedil Introduction

ately develops into strong rollback with high trench retreat

velocities and predominantly laminar asthenospheric flow. Inln the past decades, numerical modelling of lithosphere sub-
contrast, free-slip sidewalls prove highly restrictive on sub-duction has advanced considerably by incorporating cou-
duction rollback evolution, unless the lithosphere plates arePling between plates, between plates and mantle, and by in-
allowed to move away from the sidewalls. This initiates re- Corporating the complexity of detailed subduction zone pro-
turn flows pushing both plates toward the subduction zone€sses (see Gerya, 2011, for a review and references therein).
speeding up subduction. Increasing the aspect ratio to 6:1P to now modelling of regional subduction evolution is
does not change the overall flow pattern when using oper$till being performed within spatially bound modelling do-
sidewalls but only the flow magnitude. In contrast, for free- Mains in 2-D or 3-D (e.g. Quinquis et al., 2011; Jadamec
slip boundaries, the slab evolution does change with respec'imd Billen, 2012). The limited spatial domain particularly re-
to the 3:1 aspect ratio model and slab evolution does not requires prescribing boundary conditions on the vertical side-
semble the evolution obtained with open boundaries usingValls of the domain. These conditions are an important in-
6:1 aspect ratio. For models with open side boundaries, wéluence on the development of the model interior (Quinquis
could develop a flow-speed scaling based on energy dissiet al., 2011; Duretz et al., 2011, 2012; Ueda et al., 2012).
pation arguments to convert between flow fields of different The _usual attempt to reduce possible sidewall influence is by
model aspect ratios. We have also investigated incorporatingoving these far away from where subduction occurs by us-
the effect of far-field generated lithosphere stress in our oped @ sufficiently large aspect ratio of model length to depth
boundary models. By applying realistic normal stress condi-(€-9- Cizkova et al., 2012). Boundary conditions on the ver-
tions to the strong part of the overriding plate at the sidewalls fical sidewalls can be no-slip (no flow at the boundary), free
we can transfer intraplate stress to influence subduction dyS!iP (impermeable; no flow through the boundary and zero
namics varying from slab roll-back, stationary subduction, totraction in tangential direction), or open to some particular
advancing subduction. The relative independence of the floworm of through-flow.

field on model aspect ratio allows for a smaller modelling do- ~ Free slip is the most commonly used boundary condition
main. Open boundaries allow for subduction to evolve freelyWhile open boundaries have been mostly limited to com-

and avoid the adverse effects (e.g. forced return flows) of?letely prescribed in- and outflow (e.g. van Hunen et al.,
2000; Baes et al., 2010; Quinquis et al., 2011), or periodic
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314 M. V. Chertova et al.: Modelling self-consistent lithosphere subduction dynamics

conditions requiring that the through-flow at one side is thewill partly compensate for the impermeability condition by

mirror image of through-flow on the other (e.g. Enns et al., allowing for lithosphere bending prior to subduction. For the

2004; Capitanio et al., 2010). right and left sides, different types of boundary conditions
Open boundaries for which the horizontal in- and outflow were implemented: open boundaries or free-slip boundaries.

are defined by a fully internally developed flow, have hardly Open boundaries are implemented by constraining zero tan-

been used and are the main topic of the present paper. Sudential velocity on the boundary and by imposing a litho-

open boundaries basically prescribe a hydrostatic pressurstatic pressure condition for the normal stress on the bound-

condition on the boundary preventing the model to collapseary: o, = Piith.

while horizontal in and outflow is free, in the sense thatitis This allows for horizontal in- and outflow purely driven

driven by the internal dynamics and the usual condition of in-by the internal dynamics of the model. The pressure condi-

compressible flow. Among the range of boundary conditionstion prevents that the model collapses. As discussed in the

used, open boundaries may fit best to real-mantle flow conintroduction, open boundaries are hardly used in subduction

ditions surrounding subduction zones. We know of only onemodelling, but provide a more natural simulation of the man-

example (Quinteros et al., 2010) of Eulerian modelling with tle outside the model domain than the more common free

non-periodic open boundaries. slip, impermeable boundary conditions. The free-slip con-
Our aim in this paper is to investigate the benefits of usingdition prevents material transport through the boundary and

open boundaries as compared to using closed (free slip) corferces the flow parallel to the boundary.

ditions at the sidewalls of a two-dimensional (2-D) model

domain. We focus on modelling self-consistent subduction2.2 Governing equations

driven by internal buoyancy and boundary stress conditions

only, i.e. no kinematics are prescribed, in the presence of aNVe adopt the Boussinesq approximation comprising three

overriding (oceanic) plate. Our focus will be on the effects of coupled equations, namely mass conservation of an incom-

boundary conditions and model aspect ratios on subductioRressible viscous fluid,

and mantle evolution. As our results show strong differences

between using free slip and open boundaries, we are conV -u =0 (1)

sidering first order aspects only. Our results also show that

with open sidewalls increasing the model aspect ratio doe$he Stokes equation describing force balance,

not change the overall evolution of subduction and mantle

flow. In contrast, closed boundaries keep influencing the evo—VP +V -7 = f(p) (2

lution of the model even for large model size of 6000 km by

1000 km. The primary reason is that closed sidewalls basiand the heat equation, which here only takes into acount heat

cally cause return flows from both sides towards the centreliffusion and heat advection:

of the model, which feeds back artificially into the evolving T

subduction process. We expect this also to hold for 3-D mod-pcp_ —V-(«VT)=0 ()

els despite the larger degree of freedom to develop lateral

flow. (for explanation of symbols see Table 1). This system of

equations is solved numerically using the finite element mod-
elling package SEPRAN (Segal and Praagman, 2005). The

2 Model description mesh element size varies from 1.5km in the trench region
to 20km at the bottom of the model. Advection of the low
2.1 Model setup viscosity material defining the crust and wedge is performed

Wi del self . . v dri lithosph b with a Lagrangian tracer technigue where material properties
e model selt-consistent, internally driven, lithosphere Sub-, o jefined on tracers that are advected with the flow. Tracers

ggctlon_ n lthc? presence of an ooverrldlngfplate_ n ah2— are distributed initially only over the top 200 km of our do-
d!m_ensllogif arte:an gjeometr()j/: our ma|E ocus !Z on Howmain where we use them to define rheological properties for
istinctly different boundary conditions on the two sidewalls, _ | viscosity top layer and wedge.

open versus impermeable boundaries, affect subduction evo-
lution. We will also investigate whether increasing the aspect, 5 Rheological model
ratio of the model domain from 3:1 (3000 kmn1000 km) to

6:1 (6000 kmx 1000 km) is of influence, particularly, in re- A composite rheology is used, which comprises dislocation

ducing any observed adverse effect of boundary conditions. ang diffusion creep and a viscosity maximugiax (Fig. 1).
The boundary condition for the top and the bottom of the The effective viscosityer is determined as

box is free slip (impermeable). The surface condition will

not allow for modelling topography but, as discussed later in 1 1 1 1

Sect. 2.3, we impose a low-viscosity top layer of crust, which

Neft B ndiff Ndisl Tmax
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Table 1. Parameters of the model.
Symbol  Meaning Value Dimension
cp Specific heat 1250 Jkg K1
k Thermal conductivity 4.27 wmlk—1
R Gas constant 8.31 Jém=3
Ra Thermal Rayleigh number Ax 107 -
t Time:
slab initialisation 35 My
slab retreating 10-30 My
Age of the lithosphere 100 My
T Temperature - K
To Surface temperature 273 K
8T Vertical temperature contrast 1700 K
Vsubd Initial subduction velocity 10 cmyr!
u Velocity - ms1
o Thermal expansion coefficient 810> K1
00 Reference density 3413 kg
h Height of the model domain 1000 km
Width of the domain 3000-6000 km
Reference strain rate 188 s1
n Reference viscosity 78 Pas
K Thermal diffusivity 106 m?s-1
Phase transition at 410 km:
clapeyron slope 4.1 MPa
density contrast 273 kgme
Phase transition at 660 km:
clapeyron slope -1.9 MPa i
density contrast 342 kg™
Viscosity of LVZ 1019 Pas
T Phase function fokth phase - -
g Gravitational acceleration 9.8 mé
P Hydrostatic pressure - Pa
Rheological parameters, wet olivine:
Agif diffusion prefactor Bx 105 1
Adis dislocation prefactor Dx10t8 1
b Burgers vector %1010 m
d grain size x1073  mm
m grain size exponent 25 -
n stress exponent dislocation creep 3 -
1% activation volume, diffusion creep 5 &mol~1
% activation volume, dislocation creep 10 tmol~1
E activation energy, diffusion creep 240 KJ mdl
E activation energy, dislocation creep 423 KJ mbl
Tjj ijth component of the stress tensor - -
€j ijth component of the strain rate - -
u; ith component of the velocity - -
with nmax= 107 Pas limiting the effective viscosity in the and dislocation(power law) creep
coldest parts of the lithosphere, with the viscosity due to dif- )
fusion creep, naisl = Al Ln exp( Ed.san;inusl)’ ®)

whereé is the second invariant of the strain-rate tengdqy,
_ b, Edqitt + P Vit Ad_is are diffusion and d|sl_ocat|on creep V|sco_5|ty prefa(_:tors,
ndift = ,uAdif-f(E) eXP(T) (4) wu is the shear modulug, is Burgers vectord is the grain
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2.5 The starting configuration leading to the initial
buoyancy field

To enable internally-driven subduction, first an initial buoy-
ancy distribution is created by kinematically forced subduc-
tion (10cmyr?t) along an arc-shaped fault extending from
0 to 300km depth. The lithosphere temperature distribu-
tion prior to subduction is determined from the equation of
cooling of a semi-infinite half-space (Turcotte and Schubert,
2002) for a lithosphere age of 100 My. Boundary tempera-
ture conditions ar§ = 273K at the surfacel’ = 2000K at
the bottom. On the side boundaries we prescribe a stationary
temperature profile during the subduction process. This also
defines the thermal structure of the overriding plate.
10" Pas We implemented a 10 km thick weak layer {2®as) on
U R LR the top of the subducted plate (Han and Gurnis, 1999; Manea
< Velocity, 10 cmiyr and Gurnis, 2007; Cizkova et al., 2007; Behounkova and
Cizkova, 2008; Babeyko and Sobolev, 2008; Quinteros et
Fig..l.The rheology and.flow fielq after the initial 3.5 My of kine- al., 2010). This mimics a subduction channel and proves
matically forced subduction consistent with) — open sidewalls, g fficient for initiating and maintaining subduction in our
(B) — closed sidewalls. The colour scale shows 10-logarithm of ef.'modelling. An accretionary wedge of weak crust is formed
fective viscosity. White lines corresponds to the approximate posi- .
tion of phase transition zones at 410 km and 660 km. abpyg the sude!cnon zone and has the advantage _to prevent
artificial rheological coupling between the subducting and
overriding plates. The presence/absence of the accretionary
wedge only leads to small differences in dip angle and stress
field of the trench zone and does not affect the overall sub-
ducting slab evolution for the boundary conditions we con-
§ider in our models, we conclude from various tests. The fo-
olivine (Karato et al., 2001), values are given in Table 1. Ac- cus in our paper is on th? large-scale evoluti(_)p of the subduc-
fion system linked to various boundary conditions and aspect

tivation volumes, energy and grain size were chosen to fi i tth del d in rather th the detailed I
seismic studies and postglacial rebound estimations of up[_al 105 of the model domauin ratherthan on the detaied evolu-
jon of the plate boundary region.

er mantle and astenosphere viscosities (Kaufmann, 2006, . 7 .
i P ( Figure la shows the initial rheology field for the model

Burgmann and Dresen, 2008; Simmons et al., 2006). . .

g ) with open boundaries. In the oldest part of the slab, both
dislocation and diffusion creep give high viscosity values,
which are limited here bymax= 10?*Pas. In the astheno-
Our models include the two major phase transitions at ap_sphere viscosity decreases to values dPBas, below which
proximately 410km and 660km depth. The values of theit increases to G x 10?1 Pas in the transition zone and to

- ) . . 2 ;

Clapeyron slope and density contrast are given in Table 110°”Pas at the top of the lower mantle. The tip of the slab
These parameters are chosen following Billen (2010). The this initial configuration shows thickening due to mantle
410 km phase change contributes to the buoyancy force antfsistance, which is also visible in thg; component of the

increases slab pull. The phase change at 660 km has a positress distribution (Fig. 2). The starting configuration, rhe-
tive buoyancy effect on cool material resisting slab penetra-2l0gy and flow field, using free-slip sidewalls is illustrated
tion to the deeper mantle. We ignore thermal effects associln Fig- 1b. The two types of boundary conditions, closed or
ated with the phase changes. Phase transitions are paramet@Ren, lead to a different internal flow field and velocity gradi-

21 23
HHH) "} \HHH‘

size, m is the grain size exponemir dis and Egjtf,dis are
activation volume and activation energy for diffusion and
dislocation creep, respectivel®, is the lithostatic pressure
and T-temperature (Table 1). Parameters are taken for we

2.4 First order phase changes

ized in the model with the phase-transition function: ent field on which viscosity depends. Therefore, the starting
configuration, particularly the viscosity field, depends on the
1 T diff boundary conditions used and is different when using open

[y = > <1+ 5'”( w )) (6)  sidewalls or free-slip sidewalls.

The dominant deformation mechanisms acting in the ini-
wherezgit =z — zir — v« - (T — Tyr), w is the half-width of  tial model are shown in Fig. 3. Diffusion creep(red) is domi-
kth transition zonezy and Ty are the reference depth and nant below the asthenosphere and away from the slab, where
temperature of the phase transition, respectivglyis the  dislocation creep is active. Small red regions beneath the
Clapeyrone slopd; is the temperature (Cristensen and Yuen, overriding plate correspond to low strain rate regions. In the
1985; van Hunen, 2001). core of the slab and overriding plate, the viscosity is limited
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-6e8 6e8 Pa
| g .

Fig. 2. Stress componenp» for the initial model with open bound-
aries after 3.5 My of kinematically forced evolution (Fig. 1a). Note
the down-dip compression in the slab. MDiffusion creep Il Dislocation creep

101% Neff < lO24

t0 nmax= 10?4 Pas. The low viscosity crustal layer and ac- Fig. 3. Dominant deformation mechanism in the initial model with
cretionary wedge are shown in yellow. open side boundaries of Fig. 1a. Different colours correspond to
regions where the individual deformation mechanism are dominant.

Low-viscosity zone(LVZ) [l maximum viscosity, neff:lo24

3 Results of numerical modelling

We first focus on models with open versus closed boundanf! the upper mantle and further subduction meets resistance
conditions and on model domains with different aspect ra_due to slab interaction with the 660 km phase transition and
tios. This concerns end-member models driven by slab buoy‘-"’it_h 'Fhe increased mantle visco_sities of the lower mantle.
ancy only. Subsequently, we incorporate far-field effects ad-1"iS is followed by the onset of increased slab retreat. The
ditionally constraining the motion of the upper plate. These©Verriding plate attains velocities of 10-15 cmyr while
are imposed by means of a normal-stress boundary conditiof'® @dvance velocity of the subducting plate drops down
(r11) acting on the strong lithosphere at the sidewall. Thist0 Small values (2-3cm yr). During the subsequent sub-
condition allows investigating stationary or advancing Sub_duc_tlon evolution, we observe strong horizontal left-directed
duction using open boundaries of which we will show severall@minar flow concentrated in the asthenosphere and charac-
results. terized by low viscosity (red colours) in Fig. 4a. This de-
After the initial 3.5 My of kinematically forced subduction Velopment proves to be characteristic for models with open
has provided an initial buoyancy configuration as discussed®undaries and driven by slab buoyancy only.
in Sect.2.5, the forcing is removed and the internal dynam- Figure 4b |Ilustrate_s the evolution of a model with a closed
ics take over in driving subduction. We label the models us-/€ft and an open right boundary (G The closed left
ing “O” to denote open, “C” for closed, “R” for “spreading _boundary effectively _f|xes the upper plgte to the side. Dur-
ridge”, and “3” and “6” to denote aspect ratios 3:1, and 6:1, N9 the whole evo_Iutlon of_the subduction process, we ob-
respectively. serve a low velocity magnitude (more than 10 times lower
than for model O0O3). As a result also the viscosity struc-
3.1 Open versus closed vertical boundaries and aspect  ture is different from model OO3. The minimum viscosities
ratio of 3:1 for the asthenosphere, corresponding to lower strain rate, are
higher (around 1 order of magnitude), and the rheological
For the models with aspect ratio 3:1, Fig. 4 shows the velocwidth of the asthenosphere is reduced considerably. After
ity field and rheology structure of four models (columns) at the slab reaches the top of the lower mantle, we observe no
2 My intervals (rows) and with different boundary conditions more trench retreat and the velocity magnitude drops to al-
on the left and right sidewalls. most zero. This occurs because the left part of the domain
Figure 4a depicts the evolution of the model OO3 with two effectively forms a closed volume at this stage in which the
open side boundaries. During the initial stage, about 3.5-slab is blocking flow to the right part of the domain. This
4 My from the beginning of the subduction, we observe ais a pure 2-D effect. In 3-D modelling flow is developing at
strong horizontal flow associated with the subducting plate the (open) lateral edge of the slab, which allows material to
This flow pattern bends into the subduction zone following move away sideways from below the slab (e.g. OzBench et
the slab. During this early stage, the upper plate does noal., 2008; Stegman et al., 2010; Funiciello et al., 2003; Piro-
move appreciably. However, in the next 2 My slab rollback mallo et al., 2006).
starts and forces an overall left directed horizontal flow of the  Figure 4c shows the evolution of a model with closed
upper plate and its underlying asthenosphere. The subductingoundaries on both the left and right sides. The closed left
plate is still being pulled into the subduction zone, but with boundary again fixes the upper plate, but at the closed right
decreasing speed. Around 5.5 My the slab reaches the basmundary a spreading ridge is allowed to develop in the upper
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Fig. 4. Evolution of the subduction process for model OO3 with open boundaries, modgetiosed left and open right boundary, model
CCR3 with closed right and left boundaries with spreading centre on the right boundary and model CRCR3 with closed boundaries. Arrows
show the direction and magnitude of flow field. Identical scaling of the velocity vectors applies to all cases.

right corner of the model (CCR3) (e.g. Enns et al., 2004). Thewide enough to enable the development of large horizontal
spreading ridge enables the lithosphere plate to separate froffow in the model with open boundaries OO3, this proves
the vertical boundary by allowing hot asthenosphere to flowmore complicated for model CRCR3 with closed boundaries
upward. This facilitates more free lateral movement of thein combination with free plates. We observe strong bound-
upper plate and is initiated by defining a warm weak zone afary influence on the motion of the plates and the flow field
the boundary in the initial temperature field. For this model around the slab. This flow is directed upward close to the
we also observe much lower flow magnitudes (1 crhaf- vertical boundaries and pushes both plates toward the sub-
ter arriving of the slab at the 660 km boundary) compared toduction zone. For this model with closed boundaries and
003 and, correspondingly, a different evolution of the vis- free plates, we observe a lower velocity for the overriding
cosity structure. The slab behaviour and trench rollback areplate (5-6 cm yr! on average) compared to OO3 model and
similar to the model C@ except one difference: in model higher viscosities for the asthenosphere. The rollback pro-
CCR3 a gap between the subducted slab and the overridingess develops slower than in model OO3, but the evolution
plate forms. This gap is filled with asthenosphere material a®f the slab and the overriding plate, as well as the evolu-
can be seen from Fig. 4c mimicking the formation of a back-tion of rollback, are more similar to the model OO3 than to
arc basin. While in model C§)the open right boundary al- models CQ and CCR3. No back-arc basin evolves in model
lows for modest inflow of asthenosphere material with flow CRCR3. The reason is that, while rolling back, the subduct-
speeds comparable to the overlying upper plate, this does naihg plate is still advancing as can be inferred from the slab
happen in model CCR3. When the slab reaches the bottomeaching larger depths, which reduces the sinking velocity
of the upper mantle material exchange with the left part ofand no gap appears between upper and lower plate.

the model is mostly blocked as in model g&®lowever, the

closed right boundary now forces an asthenospheric returi3.2 Comparison of the end-member (OO3 and CRCR3)

flow in response to slab rollback with larger magnitude than models
the free upper plate can attain. As a consequence back-arc
basin opening develops. From the velocity vector plots, Fig. 4a and d, a clear dif-

Lastly, Fig. 4d illustrates the evolution of a model with ference in the magnitude of flow between the models OO3
closed boundaries but with spreading ridges in both uppeBnd CRCR3 is observed, illustrating the strong impact of the
corners (CRCR3) allowing both lithosphere plates to sep-choice of boundary conditions. Despite the smaller rollback

arate from the sidewall. Although the 3:1 aspect ratio wasrate, we observe higher horizontal velocities of the subduct-
ing plate for the closed boundary case CRCR3, as a result
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Fig. 5. Snapshots of the effective viscosity and flow pattern for 2 subduction models, on the right-model domain with ratio 6:1, closed
boundaries (CRCR®6), on the left-model domain with ratio 6:1, open boundaries (O06).

of the ridge push from the spreading centres at both sides gbfrocess as a result of a smaller rate of trench retreat creating
the subduction zone. The flow patterns in both models area steeper average subduction angle.
distinctly different: in model OO3 a strong lateral flow is
created by slab rollback pushing material out of the model3.3 Comparison of models with different aspect ratios
domain. This sets up a high-magnitude channel flow in the
low-viscous asthenosphere (peak velocity 16.5cniyiFor ~ One possible way to reduce the influence of the sidewalls
the model with closed boundaries, the flow aligns with the conditions on the evolution of lithosphere subduction is to
slab and splits up into two cells with upward limbs near theincrease the width of the domain, but at increased cost of
side boundaries. computations. To investigate this we increased the domain
Besides the differences in magnitude of the velocity field, width to 6000 km doubling the aspect ratio to 6:1. Figure 5
we notice also a difference in rheological structure. Forshows results for models with open and closed sidewalls with
model 003, at the start of the subduction process, the minspreading ridges, labelled OO6 and CRCR6, respectively.
imum viscosities in the asthenosphere are arouddRa&s.  The flow fields are illustrated here by plotting the instanta-
For model CRCR3 these are by one order of magnitudeneous streamlines, which show again significant differences
larger. These viscosity values decrease with time, but the agsetween both models.
thenosphere in model CRCR3 stays narrower than in model For model CRCRG, the velocity magnitude is smaller (af-
003. This feature is related to the dominant deformationter 14 My of subduction maximum velocities are 6.5 and
mechanism in the asthenosphere, which is strain-rate depei®.5 cmyr-* for 006 and CRCR6 respectively) and the low-
dent dislocation creep (Fig. 2). Overall, viscosity values in est viscosities beneath the slab are at least 10 times higher
model CRCR3 are larger during the entire subduction pro-than in model OO6. Similar observations were made for
cess. model OO3 and CRCRS3. Figure 6 shows vertical profiles
The evolution of the subduction angle is also different be-of horizontal velocity computed at different distances from
tween the two end member models OO3 and CRCR3: forthe left side of the models OO6 and CRCR6 after 14 My
model OO3 it gradually decreases while for model CRCR3from the beginning of the subduction process. These pro-
it increases with time. This is related to the large differencefiles clearly illustrate the difference between the flow regimes
in the speed of trench retreat while the deep part of the slab ifor these two models. Particularly for model OO®6, it illus-
not moving backward. In OO3 this changes the average slatrates the channel flow regime of the asthenosphere as well as
dip and subduction angle. In model CRCR3, the slab penplate-like behaviour (van den Berg et al., 1991; Turcotte and
etrates deeper into the lower mantle during the subductiorSchubert, 2002). Flow velocities in the asthenosphere chan-
nel are much higher for the open boundary case, while plate
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320 M. V. Chertova et al.: Modelling self-consistent lithosphere subduction dynamics

- 25
lithosphere J J \\.,_
.o
-7 B 1

N
=

= - Y. open boundaries, 3:1
___________ v
/z” ________________ E‘ v
o7 et P
200 "4)‘5_. E 151 .
T : v
4’ o «
F L i free-slip BC 2 19 | v
- ‘\ = -

I I‘. / é closed boundaries, 3:1
)

A !

open boundaries, 6:1

4007 open I‘.l“, 5
E boundaries ™ “‘.III
f ",I'I ° closed boundaries, 6:1
2 A 35 75 15__ 155 195 235 275
[1] \‘: Time, Ma
o 600 A )z
u 300 k . . .
| " Fig. 7. Speed of rollback for the model with open boundaries and
/600 km model with closed boundaries: model OO3 (yellow line), model
900 km CRCR3 (green line), model OO6 (blue line) and model CRCR®6 (red
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»*° 900 km 3.4 Rollback velocity and the overall magnitude of flow
100055 -338 -1.9 0 1.9 338 5.5 speed

Velocity, cmlyr
The almost uniform velocities within the subducting and
Fig. 6. Velocity profiles for the model with open boundaries, OO6 overriding plates allow us to focus on the speed of slab roll-
(.solid Iines) and model with closed boundaries, CR_CR_G (dashedhack measured from the trench position through time. Fig-
lines). Profiles were taken after 14 My from the beginning of the re 7 shows the speed of rollback for the models with as-
subduction process, distances from the left side of the model domai'ﬂ)ect ratio 3:1 and 6:1 and different side boundary conditions.
indicated in the legend. For the models 003 and CRCR3, yellow and green curves
respectively, Fig. 7 shows the difference between rollback

velocities are higher for the closed boundary case with freespee(\j/vam%unt|ng to afactor of n dear Iyiaf(tjer 8|My of sub?urc]—
plates. Apparently the slab rollback process produces a sigt—'olpb' ke 0 seéye 1com|t”r|1czﬂ treln bs in the ?r\]le Zpl)g]im oht €
nificant pressure gradient that drives laminar flow in the as-'2back speea: (1) until the s'ab reaches the “Kmp .ase
tenosphere. change, the speed of rollback increases with a factor of 2; (2)
In contrast. model CRCR3 shows weaker slab rollback as_next subduction rollback slows down until the slab reaches
sociated with only little asthenosphere return flow from thethe 660-km phase change gnd the tgp of the lower manftle;
far-field. Flow patterns around the slab in model CRCR6 are(3) L"?‘Stl){’ slab ro_IIback.contmues while the tp of the slab is
different from those in OOG6 due to the different retreat veloc- _hangmg n tue highly w;cogs Ior\]/vefr rr:]anltleb, I-e. without an
ity and the return flow resulting from the closed sidewalls. In mcFrease 'g tI Sopgnetratlgn ept 0 the sla ; lIback d
model O06 with open boundaries streamlines cross the slaa or Tr? el A t, we Of seQée atr_l mcrera]\_serz]ln rl(') kag tslfiﬁe
and leave the domain, illustrating that the boundary does no uring this 1ast stage of subduction, which 1S linked fo the
obstruct the slab migration. For the closed boundary modefrenCh coming clpser to the open boupdary. This latter gﬁect
CRCRE6 the flow tends to follow the slab then deflects down-'sI not observ§d n thde llgggpteh(:t ratlllg mlt()del Og)Gt(IE_?. I
ward and forms closed streamlines. In this model the returrp ue curve). or mode o, e rofiback speed Stabllises
flow in the upwelling limbs of the convective cells at both after the slab tip QEtS_StUCk in the high \_/ISCOSIty lower man-
sides contributes to the convergence of the two plates, whicﬁle' Model CRCR6 (Fig. 7 .r?d curve) with free plates h_as a
puts the subduction channel under lateral compression. Fo?aru;ular evolution frqm initially no rollbaqk N strqngly n-
models with a thin crustal weak layer this lateral compressioncreas'ng speeds pegkmg around 8 My This evolution is qom—
may lead to locking between the subducting and overridingInated by the Qetach|ng of the overriding pIaFe from thg r'|ght
plates. We conclude that using a larger aspect ratio does n(%oundary \_Nh”e low-viscosity ma_ntle n_1ater|al starts filling
reduce the differences in subduction evolution and overalltffe gtap. fF;)gured7 demorclftt_rates in a different v:/ay t:e 'ifgﬁ‘
flow field between models with open and closed boundaries €' cCtS Of boundary conditions, open Versus closed, whic

cannot be reduced using larger aspect ratio.

Another large difference between the results obtained for
different aspect ratios of the modelling domain concerns the
overall magnitude of flow speed of the lithosphere plates,
subduction speed and mantle flow. Figure 7 shows that for the
3:1 model with open boundaries the average rollback speed is
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roughly 15 cmyr?, whereas for the model with aspect ratio %
6:1 it is around 5 cmyrL. A similar reduction in flow speed
characterizes the mantle flow. In all aspect-ratio cases the ini _
tial driving slab buoyancy is the same. These flow speed re €
ductions can be tied to the longer length of the lithosphere$
plates in the 6:1 models causing a longer sublithospheric fric-5 10
tional shear zone where a significant part of the mechanica”

20 003

003-scaled

/‘/'\\-/"\
006 V/-\ Q

energy of the system is dissipated. 8
For models with open boundaries, we can, in an approx-
imate way, compensate for the reduced (increased) effect ¢ %5 75 15 155

Time, Ma

viscous dissipation in the 3:1 (6:1) models by a scaling rela-
tion applied to the velocity field and which accounts for the Fig. 8. Evolution of the speed of rollback for two models: model
effect of additional viscous dissipation in an extended com-003 with aspect ratio 3:1 (blue line), and model OO6 with aspect
putational domain. To determine this velocity scaling, we in- ratio 6:1 (red line) and scaled speed of rollback for the model OO3
vestigated aspect ratios of 3:1, 4:1, 5:1 and 6:1, where aiith aspect ratio 3:1 (green line)
aspect ratio of 6:1 would correspond to the ocean halfwidth
of 3000 km of the subducting plate. The scaling procedure is
explained in more details in Appendix A. The scaling proce- ing various boundary conditions in combination with open
dure compensates the overall velocity field for the effect ofboundaries.
bottom-side traction of that part of the plate located outside As a first open-boundary experiment, we impose far-field
the model domain, which allows to account for bottom-side control by just fixing (F) the upper plate to the right bound-
traction of the whole plate from the spreading ridge to theary (model OOF3). We compare this to a model in which
trench. In combination with intraplate stress imposed at thethe left boundary is open while the right boundary is entirely
sidewalls, it facilitates modelling of a natural subduction pro- closed (model OC3). The latter experiment is similar to that
cess with correct plate length and ridge push within a smalleiof Quinteros et al. (2010) who also use a single open verti-
model domain. cal boundary in their numerical modelling of free slab move-
This scaling procedure has been applied during the compument.
tation of the OO3 model to approximate flow speed results as Results are presented in Fig. 9 showing snhapshots of the
observed for the 6:1 aspect ratio. Figure 8 shows scaled rolleffective viscosity field at 5 My intervals. The initial models
back velocities of the OO3 model together with original (un- at 3.5 My are similar apart from the fact that model OOF3 al-
scaled) velocities for both the OO3 and O0O6 models. Thesaeady shows clear laminar flow field in the asthenosphere un-
results illustrate the feasibility of approximate upscaling theder the overriding plate as facilitated by the open boundaries.
numerical results for a larger domain. For the models withDuring the next 5 My the flow fields are of comparable mag-
closed boundaries, we cannot apply velocity scaling due tanitude and differ mostly in the flow near the tip of the slab.
lateral variations of the flow close to the side boundaries. ForThe average slab dip develops different between the models
models with closed boundaries not only the velocity mag-and particularly when the slab reaches the transition zone the
nitude but also the flow pattern is changing with decreas-evolution of these models starts to diverge. For model OOF3,
ing/increasing domain size. In this case comparison of theactive subduction continues and the slab penetrates deeper
subduction dynamics in models with different aspect ratio isunder the overriding plate, although with a decreasing speed

not meaningful. and with overall shape deformation (along dip buckling) as a
result of the interaction with increased viscosities at depth.
3.5 Constraining the motion of the lithosphere plates In the second model (OC3), the slab starts hanging in the

transition zone after 8 My of evolution, the dip angle in-
In the open boundary models OO3 and OO6, the motion ofcreases and the slab tends to overturn. The position of the
the subducting and overriding plate are entirely controlledtrench does not change with time. The flow field pattern to
by the buoyancy of the subducting slab. We invariably ob-the right of the slab is completely different from that of model
serve (relatively fast) slab rollback in these models, wherea®DOF3 with an open right boundary, which allows flow to
on Earth not all subduction zones show strong rollback andeave the domain. In the second model OC3, the closed right
advancing trenches are also proposed (e.g. Funiciello et alhoundary creates a circulation beneath the upper plate, which
2008; Schellart et al., 2008). O0O3 and 006 are in fact end-in combination with increasing viscosity below 660 km depth
member models as on Earth the global coupling betweenesults in slab bending and folding.
plates may impose far-field control on the velocity of both  To avoid prescribing plate velocities, we can devise a more
overriding and subducting plate. We devised a number of exgeneral implementation of the far-field control by imposing
periments to investigate the combination of far-field control an intraplate stress as a normal traction on the open bound-
and local slab buoyancy on the evolution of subduction us-ary from the surface down to the base of the lithosphere. We
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Fig. 9. Evolution of the subduction process for model OOF3 with open boundaries and fixed overriding plate (on the left) and model OC3
with closed right boundary (on the right). Arrows show the direction and magnitude of flow field.

applied this to the upper plate only. Some examples are prea few My trench retreat develops in the model (Funiciello
sented here demonstrating that open boundaries in combgt al., 2003). These results demonstrate that open boundaries
nation with intraplate stress constraints can lead to stronglyare not restrictive on modelling rollback, stationary subduc-
reduced slab rollback, (temporary) stationary subduction, otion or trench advance. In addition they again demonstrate
even advancing trenches as compared to the end-membéne strong dependence of the evolution of trench motion and
“free” in/outflow models OO3 or O06. slab morphology on boundary conditions.

We varied the applied intraplate stress within reason-
able limits for subduction zones (up to 52 MPa, Lithgow-
Bertelloni and Guynn, 2004). The results of the subductions piscussion and conclusions
models with different intraplate stress values applied to the
upper plate are presented in Fig. 10 where a pull is exertegh this paper we set out to investigate the merits of using open
of 18 MPa (10A), 36 MPa (10B), and 52 MPa (10C) on the sjdewalls in 2-D modelling of subduction evolution as op-
upper plate. With increasing value of the intraplate stressposed to the more common impermeable free-slip condition.
we generally observe decreasing trench retreat. In more defhe particular implemented condition is to maintain litho-
tail Fig. 10b shows an initial stage of stationary subduction,static pressure at the boundaries while flow perpendicular
while Flg 10c exhibits an initial phase of trench advance (tOtO the boundary is free. The internal buoyancy in combina-
the right). These initial stages differ when as aresult of arelation with normal stress conditions (pull/push) on the cross
tively short slab, the slab pull is still small and the pull on the sectional area of the two lithosphere plates, is driving the
upper plate is able to force stationary subduction or even slalyow, The absence of kinematic boundary conditions leads to
advance. When the slab touches the 660-km boundary, therg fully dynamic, self-consistent evolution of the internal dy-
is a short episode of trench-stationary subduction, and aftehamics of the model. Simulating a weak upper crust (10 km
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__36MPa__

Logarthm of effective viscosity
< Velocity, 10 cm/yr

Fig. 10.The evolution of the models with open boundary conditions with different intraplate stress values on the overridifg)phatetel
with intraplate stress 18 MP&B) model with intraplate stress 36 MR&;) model with intraplate stress 52 MPa. Vertical black lines represent
the initial trench position.

thick, 10'° Pas) allowed for modelling continuous subduc- ~ While the width of the model domain was varied we kept
tion without prescribing a particularly subduction channel the depth of the model constant. In our rollback models,
geometry. We observed that changing the aspect ratio fothe slab is draping on the 660-boundary as a result of in-
models with open boundaries did not change the general flovereasing viscosity in combination with a decrease in nega-
patterns and subduction evolution, except for a general dropive buoyancy resulting from the 660 km phase transition. In
in flow speed amplitude for which we derived an approxi- this model scenario, the effect of the bottom boundary will
mate scaling procedure based on energy dissipation. not be very strong. For the investigation of slab behaviour
The modelling results obtained with the usual free-slipin the lower mantle a model with much larger depth is re-
condition (no horizontal flow) at the sidewalls are in strong quired. But, for such models we still expect that the open
contrast with the results obtained for open boundaries. Weboundaries would allow using a smaller lateral extent of the
observed in all experiments a strongly deviating subductiondomain (2000—3000 km) in comparison to free-slip models
evolution due to the unavoidable influence of return flows in-to reduce the effect of the sidewall boundary conditions.
duced by the free-slip boundaries and an order of magnitude Although our experiments are in 2-D, we do expect that
difference in flow-dependent effective viscosity. If the litho- using open boundaries in 3-D modelling of subduction evo-
sphere plates are allowed to move away from the boundanyution (e.g. Jadamec and Billen, 2010; Piromallo et al., 2006;
which we implemented to relax the free-slip condition on the van Hunen et al., 2011) may proof beneficial. In 3-D, flow
motion of the plates, upward return flows at either boundarypatterns have larger degrees of freedom as toroidal flow can
have an important adverse effect on subduction evolution, bybe excited, e.g. around slab edges, and perhaps remote free-
forcing additional convergence, and model evolution in gen-slip boundaries may suffice, but as no material is allowed
eral. These effects could not be sufficiently reduced by takingo leave or enter the model unfavourable effects of free-slip
a larger 6:1 aspect ratio (simulating the half-size of modernsidewalls cannot be excluded.
oceans), whereas for open boundaries it was found that the Our primary conclusion is that open boundaries lead to the
flow pattern and subduction evolution was basically indepen-most natural boundary conditions for modelling realistic sub-
dent of the aspect ratio. Also for closed sidewalls a generabuction evolution in 2-D and, we expect, 3-D as they avoid
drop in flow speed was observed for larger aspect ratio modadverse effects of impenetrable walls, which are not present
els. However, the free- slip boundaries prevented applicationin Earth’s mantle either. Open boundaries can be combined
of a useful scaling procedure. with plate push or pull conditions, or kinematic conditions
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Model 1

Model 2

Fig. Al. Energy dissipation for the model with open boundaries and Fig. A2. Schematic representation of the subduction model. See text
aspect ratio 3:1 at time = 3.5 My. for the explanation.

on the plates at the sidewalls, to simulate the far-field con-

trol of global plate tectonics. As also noted by Capitanio et .-

al. (2010), and van Dinther et al. (2010), the tectonic style

of subduction can be strongly controlled by far-field effects &

on both upper and lower plate. We notice a strong interac-

tion between boundary conditions, internal flow field, and .

the viscosity field when using non-linear strain-rate depen-

dent rheology. For closed boundaries this feeds back into ai. ** " e a1

effective viscosity of one order of magnitude larger in the as-r;, as (A) Maximum velocities for model with aspect ratio 6:1,

thenosphere, as compared to the asthenosphere viscosity jig scaled maximum velocities for models with 3:1, 4:1 and 5:1 as-

open-boundary models. pect ratios(B) Comparison of maximum velocities for two models
Open boundary flow, if any, is restricted to be perpendic-without applying the velocity scaling procedure.

ular to the sidewall. This condition, as any type of boundary

condition, poses constraints on the internal flow. But the ad-

vantage we experience from using open boundaries is that wef the small aspect ratio domain such that it is in agreement

can deal with lateral in- and outflow of the lithosphere in a with larger aspect ratio models.

more general way (in 2-D and current 3-D models), e.g. by Figure Al shows a snapshot of the dissipated power distri-

prescribing intraplate stress, or even just by imposing kine-bution:

matic constraints on the side walls, while lateral flow below

the lithosphere can fully develop, in the sense that it is notp = ST (A1)

influenced by (possibly remote) impermeable vertical bound-

aries. _ where, é;; = d;u; 4+ d;u; and t;; = né;. This figure illus-

~ Other advantages are the independence of the aspect rgytes that the dissipative power is concentrated within the

tio of the model domain, which allows for smaller models gjap and its surrounding in the central region of the domain.

with increased resolution for modelling detail. An approxi- other areas of significant dissipative power are located in the

mate scaling procedure can be used to tune the overall flowsthenosphere directly below the lithospheric plates towards

speed amplitude to levels consistent with the mantle outsidgne |eft and right hand boundary of the domain. The astheno-

the model domain as far as buoyancy inside the model wouldyyheric contribution to the dissipative power scales with the
drive motions outside the model. width of the domain.

Based on this configuration of the dissipative power, we
have applied an approximate scheme to scale the velocity for

Appendix A the effect of power dissipated in a virtual lateral extension of
the domain, schematically illustrated in Fig. A2.

Scaling of the velocity for models with contrasting aspect This way a uniform velocity scale factor is determined it-

ratios eratively in the following steps:

We have shown that for models with open boundaries, the 1- Compute the volume integrated dissipative power for
convective flow pattern is unaffected by the aspectratio ofthe (€ interior domain labelled model 1 in Fig. A2,
domain. However, due to the fact that the amount of viscous _ _

dissipation in the model interior decreases with decreasing P}, = / oVav, (A2)
aspect ratio, we observe an increase in the magnitude of the

flow velocity with decreasing aspect ratio of the model. We

present an iterative method that allows us to scale the velocity ~ wherej is the iteration number,

Vin
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