A revieyv of the rQIe of subduction straints on slab rheology. Importantly, circulation madel

dynamlcs for reglonal and gIobaI with an improved representation of convergent margins

plate motions will help to close the gap between regional and global ap-
proaches to subduction, and to better understand the po-
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In press atSubduction Zone Geodynamics special Models of Earth’s mantle dynamics can be tested with
volume,Frontiersin Earth Sciences, Lallemand, S. and  he surface observables that are provided by plate tectonic
Funiciello, ., Eds.Int. J. Earth Sci,, revised version as  motions. Such analysis can address questions including
of December 14, 2007; in original form on August 2,  hose about the nature of the plate driving forces, the

2007. magnitude of plate-mantle coupling, and the strength of
the lithosphere and asthenospheric mantle. Several lines
Abstract of evidence point toward the importance of the subduc-

tion process for all of these issues, implying that models
of slab dynamics may provide important clues for under-
Subduction of oceanic lithosphere and deep slabs cstanding the workings of plate tectonics. Sinking of dense

trol several aspects of plate tectonics. We review matkaterial in a Stokes fluid captures a range of subduction
els of subduction dynamics that have been studied ozene observations, but trench kinematics are complicated
the last decade by means of numerical and analog exgmr-significant dissipation in the bending oceanic litho-
iments. Regional models indicate that trench rollbackphere, moving trenches, and lateral viscosity variations
trench curvature, and back-arc deformation may be €kVVs). While a comprehensive, theoretical description
plained by fluid slabs that are 250 to 500 times stiffer of such effects is, notably, still missing, this paper &siv
than the upper mantle. Slab width and, more importantty, summarize the state of knowledge and may so provide
rheology determine the role of viscous bending, poloidal-basis for future analysis.
sinking flow and toroidal-rollback stirring, and interac- Models of subduction have so far concentrated on
tions of the slab with the higher viscosity lower mantléwo, complementary aspects: The first approach is global
Several of these contributions can be represented by adoe focused on reproducing first-order observations, in-
cal sinking velocity. Back-arc deformation may then resluding force-balanced plate motions, the geoid, and
sult from an imbalance if larger-scale plate forcing leadsmographically-mapped, deep slab anomalies. Long-
to deviations of the convergence rate from the local equiinge forces due to global mantle circulation can be ac-
librium. Lateral viscosity variations (LVVs) are also kegounted for, but numerical modeling has not quite ad-
for understanding plate driving forces. The realism @Bnced enough to fully include regional plate-boundary
global circulation computations has advanced and sutynamics at the required level of detail. It is therefore
models with weak zones and other LVVs have lead to aseful to pursue the second, “regional”, approach to study
improved match to observed plate tectonic scores. Thésev an isolated slab enters into the mantle and, by do-
include the correlation with plate motions, the magnirg so, directly or indirectly exerts forces on the attached
tude of intra-plate deformation, and oceanic to contingplates. Given the ease of analyzing the detailed processes
tal plate velocity ratios. Net rotation of the lithospherimside a subduction zone, the regional approach is still
with respect to the lower mantle may be caused jointhgost suitable for analysis of a specific geological setting.
by regional slab forcing and the stirring effect of cratonic Here, we wish to provide an overview of what has
keels. However, slab models have so far only produceeen learned about subduction dynamics from both ap-
net rotations that are small compared to recent hotspobaches. We start with a review of observations of sur-
reference-frame models. Progress in the next years Malte velocities and the implications of their vectorialicha
likely come from a better understanding of slab strengticter and spatial gradients (sec. 2). If relative motions
which is still uncertain since large-scale subduction zoaad regional plate boundary and slab geometries are con-
observables and laboratory results do not put strong csidered in isolation, Earth may be considered as provid-



ing “natural laboratories”. The degree to which individi978). There, volatile depletion due to melting in the past
ual subduction zones represent different realizationsef tmay be even more important in increasing plate strength
same general subduction experiment for different parathan within oceanic plate.¢. Lee et al., 2005).
eter values such as plate age is, however, debatable. It ifhe long-term cooling of the Earth is mainly through
not always clear if global or regional dynamics leads the oceanic plate system, which is in turn dominated by
local deviations from general trends. the subduction process. However, oceanic plate convec-
Section 3 reviews results from global models for th#on is likely co-determined by continental formation and
role of slabs in driving plate motions. Important issuesotion cycles €.g. Lenardic et al., 2005; Zhong et al.,
are the role of LVVs, such as due to continental root8007). An example of such interactions highlighted be-
for affecting relative plate speeds and absolute refereho@ are the lateral viscosity variations between stiff keel
frames; both are relevant if regional plate boundary dgtnd weak sub-oceanic asthenosphere. Those affect rela-
namics are to be inferred from kinematic parameters. Stibe plate speeds, observations of which have been used
sequently, we discuss regional modeling (sec. 4), includ-infer slab force transmission. Moreover, LVVs due to
ing some of the current technical limitations, and then tieels also induce net rotations of the lithosphere with re-
those results back into the global plate tectonic picture.spect to the lower mantle. Such global, absolute reference
Given the subject matter, we have to be subjective firame motions are, in turn, important when regional sub-
the choice of material but refer the reader to subductidnction kinematics are to be extracted.
reviews on different aspects of the problem in the text.
“Lithosphere” will be used synonymously with “plate” for
simplicity, and contrasted to the weaker *mantle” inclu®.1 ~ Global plate motions

ing the asthenosphere; abbreviations and symbols used )
are given in Tables 1 and 2. We wish to distinguish pElgure 1 shows two endmember representations of global

tween relatively high and low viscosity (and density) ﬂd;rustal velocities _at presen_t. Model HS-3 by _G_ripp and
ids, glossing over complications such as thermo-chemi&i'don (2002d) (lF_lgurhe 1a)is an efxample ofa ”g'(?’ platke-
effects. Those are often neglected in the experiments,tgfzton'Cs model in the sense o McKenZ|§a an '.D"’.‘r er
ther by necessity in the lab, or for simplicity in the nu,(1967) a”‘?‘ Morgan (,1968)' .The surface is ;ubdmded
merics. The hope is that more realistic systems will oba}o 15 major plates W't_h relatively well co_nstrf':uned Eu_le_r
the same rules as long as their averaged properties malfeHors- When velocities are plotted as in Figure 1, it is
the continuum, effective behavior. We refer to both n@PParent that the plates that have slabs attached to them

merical computations and laboratory analog work as “éX°Ve faster than those without. Moreover, the correlg—
" as they ideally follow the same, basic lation between speed and length of attached trench, relative

periments”, ; . .
Ip plate circumference, is stronger than the inverse rela-

of physics {.e. conservation of mass, momentum, and e iR _
ergy), and both can be used to discover new (“emergerﬂ nship with continental area (Forsyth and Uyeda, 1975).

phenomena, or higher-level rules on system behavior This is still one of the strongest indications for the impor-
' " tance of subduction for driving plates.

Relative motions in HS-3 are representative of the last
2  Kinematic constraints from plate 5.8 Ma anq are from _NUVE_L—lA (_DeMets et a_I., 1994).
. When continental regions with active deformation are ex-
tectonics cluded, satellite geodetic measurements, available éor th
last~ 25 years, typically yield similar Euler vectorad.
From a dynamical point of view, the motions of the lithoSella et al., 2002). However, any such geologic and
spheric plates are part of the mantle convection systegepodetic data can only constrain relative motions, and fur-
namely that of the upper boundary layer. However, thiser assumptions are required to define an absolute ref-
boundary layer is not only cold, but also stiff, and wealerence frame. For HS-3, it is of the hotspot kind, and
ened at the plate boundaries. Plate tectonics is themas inferred from ten Pacific ocean island age progres-
fore unlike iso-chemical and isoviscous convectieny.( sions (Gripp and Gordon, 2002). The idea behind hotspot
Bercovici et al., 2000; Tackley, 2000a). A simplifiedeference-frames is that oceanic islands may be caused by
view of plates as a thermal boundary layer is probtiiermal plumes which rise from the deep mantle (Mor-
bly closest to the truth within the oceanic plates. Platgan, 1971; Wilson, 1973). In the most common approach,
with large continental areas behave differently, partly bstrictly stationary hotspots then define a reference frame
cause of their thicker, positively buoyant crustal paclsageith respect to the lower mantle.§. Minster and Jor-
and partly because of the underlying tectosphere (Jorddan, 1978). Relative motions between hotspots are in



(a) HS-3, hotspot reference frame

Table 1: Symbols used
parameter symbol

slab dip angle o
radius of Stokes’ sphere a
bending radius R
slab/plate width W
along-slab length in mantle L
plate extent at surface I
convective scale H
(mantle thickness)

area factor A= M

velocity vector v

trench normal velocities V7, Vb, Vop,
defined in Figure 3 Ve, Vg, andVs

Stokes velocity Vstokes

modified Stokes (bending) !

velocity (eq. 7)
slope of the/r /Vp anti-correlation o
Stokeslet slowing factor S
0

gradient operator
pressure p
ﬁﬂ M femiyr] deviatoric stress tensor T
gravitational acceleration g
Figure 1: Crustal velocity amplitudes (background shading) anddensity p
directions (vectors). (a) From the rigid-plate, hotspderence  density anomaly A
frame model HS-3 by Gripp and Gordon (2002) (expanded ORjscosity n
n
n
n
n
n
l

a 025° x 0.25° grid). (b) From the deforming, no-net-rotation gntle viscosity

reference frame model GSRM by Kreemer et al. (2003) (on RJab/Stokes sphere viscosity
1° x 1° grid). Green contour lines indicate slab seismicity from
Gudmundsson and Sambridge (1998) (See online publication f
color versions of Figures.) lower/upper mantle viscosity ratio

=
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slab/mantle viscosity ratio
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effective visco-plastic viscosity

spherical harmonic degree
fact ~one order of magnitude smaller than plate motions

(Molnar and Stock, 1987; Tarduno et al., 2003). Such mo-

tions are quantitatively consistent with plumes if the lowgions (comparee.g., SE Asia in Figures 1a and b), and
mantle convects more sluggishly than the upper manitderred from geodetic measurements and geologic fault
because of its higher viscosity (Steinberger et al., 20@ffset rates. Treated as a medium with viscous, continu-
Boschi et al., 2007). ous deformation, the crustal strain-rates can then be used

Spatio-temporal deviations from the assumption & infer lithospheric and mantle rheologg.d. England
constant motion of rigid platesg. intraplate deformation @hd Molnar, 1997).
(e.g. Gordon, 2000), can be most easily constrained with
satellite geodetic measurements. If one chooses to re@re?  Poloidal and toroidal velocities and ref-
sent the veIociti_es by supdivision of.the large plgtes into arence frames
micro-plates, this often yields a regionally sufficient de-
scription €.g. McClusky et al., 2000), but many micro-ltis instructive to decompose velocity fields into poloidal
plate Euler vectors are still not well constrained (Bird/p, and toroidal,v;, components. Poloidal flow corre-
2003). Figure 1b displays an example of an alternatiegonds to pure sources and sinks in the horizontal plane
approach, the GSRM model by Kreemer et al. (2003} x V, = 0), and is associated with vertical mass trans-
Intra-plate deformation is allowed in certain, data-rieh rport. Toroidal motion corresponds to vortex-like flow



lon lat rate
model PE] [°N] [°/Ma]
HS3 70 -56 044
HS2 65 —-49 033
SB04 38 40 017
GJ86 37 —-40 012
R91h 84 -56 015
R91m 93 —-47 015
Z01 103 —-42 009
BO6a 71 —-46 008
BO6b 94 —-45 013
BSK 76 —63 006

Figure 2: NR Euler poles, circle radius scales with magnitude. Regh{Jisymbols are from plate reconstructions with the sta-
tionary hotspot assumption (GJ: Gordon and Jurdy (1986)LhR®icard et al. (1991) using NUVEL, HS-2: Gripp and Gordon
(1990), and HS-3: Gripp and Gordon (2002)), and allowingffow-advected plume conduits (SB04: Steinberger et al. 4200
and pers. comm., B. Steinberger). The blue (dark) symbelsram the simplified continent/ocean shell model of Ricardle
(1991) (R91m), and from full circulation models; Z01: glblsiab model with deep cratonic keels by Zhong (2001), BOGh an
BO6b: using shallower keels, tomographic anomalies, aethpérature-dependent, power-law (a) and lab-deriveectfée diffu-
sion/dislocation creep rheology (heff), respectively (from Becker, 2006), and BSK: a computatiaat has no keels and whole
mantle slabsdf. Figure 6). For the B models, NR components were scaled sathttt NNR velocities match NUVEL-1 RMS

values (see Becker, 2006, for details and unscaled repetisan).

and rigid body rotations[{-V; = 0). The types of plate
boundaries where poloidal and toroidal velocity ampli-
tudes are largest are spreading centers and subduction
zones, and transform faults, respectivatfy (O’Connell
et al., 1991; Dumoulin et al., 1998; Tackley, 2000b). In

abbreviation

Table 2: Abbreviations used.

meaning

a minimum viscous-dissipation configuration, CartesiwA

isoviscous convection will only contain poloidal flow. PM
However, both spherical geometry and lateral viscosit':E
variations will make a substantial toroidal flow compo-
nent energetically favorable (O’'Connell et al., 1991; OI-

son and Bercovici, 1991; Bercovici et al., 2000). HS-3

If plate velocities are expressed with spherical harmon-
ics in terms of poloidal and toroidal fields, the degree one
toroidal harmonic represents an average, rigid-body md-vVVs
tion of the entire lithospheric shell (net rotation, NR, com NR
ponent). In Figure 1b, velocities from GSRM are in the
no-net-rotation (NNR) reference-frame, defined by the reNNR
quirement that the NR is zero. Hotspot reference-framebPR
often show non-zero NR, and the relatively strong net-
rotation component of HS-3 is apparent for Figures 1a and
b. The NR corresponds to a mean velocity of 3.8 cm/yr,
with maximum values reaching 4.9 cm/yr, enhances NW-

4

GSRM

absolute plate motions

finite elements

global strain rate model of
Kreemer et al. (2003), NNR
surface velocities used here
hotspot reference frame velocities
in the rigid-plate model of
Gripp and Gordon (2002)
lateral viscosity variations

net rotation component

of surface velocities

no net rotation reference-frame
toroidal to poloidal velocity field
component RMS ratio fof > 2



ward velocities in the Pacific, and reduces the motion of VC — VP _|_VOP

Africa.
Vo Vi
NR components for several hotspot reference-fran >

are shown in Figure 2. The sense of motion is similar f{  plate i '3%\
all models, but amplitudes depend on parameters such as N
the Euler poles for slow-moving platead. Africa) and,
importantly, the geographic selection of hotspetg.(Ri-

card et al., 1991; O'Neill et al., 2005). HS-3 shows the
strongest NR of the models in Figure 2, and we consider
it as an endmember case that, by focusing on the Pacific
hotspots, might overestimate NR motion. Model SB{gure 3: Regional subduction zone kinematics and slab geom-
(Steinberger et al., 2004) allows for motions of hotspoddy parameters. We assume that all intra-plate deformasio
with respect to each other; this reduces the amount of [f§@lized in the back-arc deformation rat, (positive for ex-
rotation compared to HS-3. The NR is then slightly larg gnsion), and all velocities are trench-normal componepiete

for SBO4 than for GJ86 (Gordon and Jurdy, 1986) and f)' trench Yr, positive for rollback) and overriding plateédp,
. ! positive toward the trench) velocities are all computednirab-
the same order as RO1h (Ricard et al., 1991).

solute reference frame. The convergence rate at the tréfgeh,
is given byVp +Vop with this sign convention, and the sinking

The excitation mechanism(s) for net rotations are Stl@l:ucr?é\?f Tf/s'ai)\//s' Izgsmt,lo\?eisetwf\e/m:) a\r/]\?evglisé\/\i/r?
not universally agreed upor.§. Doglioni et al., 2007), T top T e, Smus— Ah o fop T TB:

. . icate the width of the slab and plate, and the approximate
but LVVs are a necessary condition (Ricard et al., 19 nding radius at the trencR, as well as the slab dip angle,

O'Connell et al., 1991). The most likely explanation i§ ror more elaborate dip angle descriptions, see JarraB6{19
that a combination of weak zone geometry (Bercoviging Lallemand et al. (2005).

2003) and strength contrasts between sub-continental and

sub-oceanic asthenosphere (Ricard et al., 1991; Ribe,

1992) contributes to NR. Global convection computations 3 Regional subduction kinematics and
by Zhong (2001) and Becker (2006) show that the right : :

sense of motions is predicted (blue symbols in Figure 2) trench migration
if LVVs and stiff cratonic keels are accounted for. We wil
return to net rotation excitation in sec. 3.5.

overriding
plate

Modeling subduction requires a choice of absolute refer-
ence frame because a layered mantle may produce slab
anchoring at depth. Typically, absolute plate velocities
From a kinematic point of view, it is apparent that seyelative to a hypothetical stagnant lower mantle are con-
eral plate motion characteristics are affected by the reféidered, for which hotspot reference-frames may be used.
ence frame. The overall toroidal-poloidal partitioning ihe kinematic parameters necessary to describe subduc-
a trivial case with the = 1 NR component (O’Connell tion also need to take into account the motion of the fore-
etal., 1991). Fof > 2, the ratio between global toroidaRrc sliver, which yields information on the kinematics of
and poloidal RMS power (TPRe.g. Tackley, 2000b) the trench. There is a long tradition of analyzing the de-
is ~0.53 for all NUVEL-type models such as HS-3 angendence of the various kinemateegd. Vp) and geomet-
~ 0.57 for GSRM as in Figure 1. TPR has been sical (e.g. ) quantities for different subduction zones to
comparable levels (between 0.49 and 0.64) since 120 k@t how those are affected by parameters such as slab pull,
(Lithgow-Bertelloni et al., 1993). Further, the ratio otth Parametrized by subducting plate age (see Figure 3 for the
mean velocities within oceanic or continental regions déefinitions).
pends somewhat on the net rotation component. For HS-2A recent review of the role of the overriding plate,
(Gripp and Gordon, 1990), HS-3 and GSRM-NNR, fahe subducting plate, and mantle flow in controlling sub-
example, the values are2.55, 2.05, and 1.55, respeceduction is given by Heuret and Lallemand (2005). It is
tively. This ratio, or that of the plates with predominantipow clear that strong correlations between dynamic and
oceanic or continental area, is of interest, as it has bdémematic, or geometrical, quantities only exist for a few
used to infer the strength of slab pull and plate drivintases€.g. Carlson and Melia, 1984; Jarrard, 1986; Cru-
forces (Forsyth and Uyeda, 1975; Conrad and Lithgowiani et al., 2005; Heuret and Lallemand, 2005; Lalle-
Bertelloni, 2002; Becker, 2006). mand et al., 2005; Sdrolias and Miiller, 2006). An extreme



view is to take such complications as sufficient evidentected by the NR component, as expected from Figure 2.
to abandon slab pull as a plate driving force (Doglioeneralizations on subduction zone behavior in terms of
et al., 2007). Alternatively, we think that the complicavt trends should thus be treated with caution. A lower
tions in deriving simple rules for slab behavior indicatemantle reference-frame, presumably approximated by the
that real subduction zones are more complicated than shotspot models with significant NR components, is prob-
plified considerationselg. McKenzie, 1969; Stevensonably the most appropriate choice for subduction rollback
and Turner, 1972; Forsyth and Uyeda, 1975), and assursfadies, and the NNR reference-frame provides an end-
tions about steady-state subduction rates, would leadnusmber description for reduced NR.

to expect. As we show below, more realistic models of Global Vr mean and standard deviation vary between
subduction provide physical explanations for many of thg2-40 mm/yr for HS-3 and 130 mm/yr for NNR (Fig-
general trends. ure 4b, predominantly rollback). It is apparent, however,

Trenches are not stationary features, but are often fodRat the distributions are spread out, and the value of the
to retreat toward the subducting plate with respect to tAtan might not be significant (note the bi-modality/skew-
lower mantle Y+ > 0; Spence, 1977; Chase, 1978; GaRess in Figure 4b). The geometric mean of the ratio of
funkel et al., 1986). However, it has been recogniz&@nch motion to subducting plate velocity is 0.48 for HS-
that in several region®,g. Marianas-lzu Bonin, trenches3 and 0.3 for NNR (using data from Heuret and Lalle-
also appear to advance toward the subducting plated1and, 2005)j.e. trench migration rates are typically not
all reference framesvg < 0; Carlson and Melia, 1984;more thar~ 50% of the convergence rates.

Jarrard, 1986; Heuret and Lallemand, 2005; Faccenna

et al., 2007). Any trench migration has important con-

sequences for tectonics such as back-arc spreading, 3ut Global mantle flow and subduc-
also for large-scale upper mantle dynamics. Modifica- . .

tions in the oceanic plate areas and trench locations will tion dynamlcs

affect long-term heat transport and mixing efficiency of . .
mantle convection. Regionally, the motion of trenches Y¥hat are the physical models of mantle convection that
also of importance since the details of mantle flow wiffan explain the kinematic surface observations? Even
be affected. The migration of the slab inside the mantfgPlates and subduction are simply aspects of the man-
induces a toroidal component of flow, with significant efle system, there are still important lessons to be learned
fects on back-arc temperatures, volcanism, and the infé@m subdividing the forces driving the plates into dif-

pretations of seismic anisotropy observations (sec. 4.4ferent components (“force models2,g. Solomon and

As illustrated in Figure 3yt can be estimated by sub-Sleep’ 1974; Forsyth and Uyeda, 1975; Chapple and

tracting the back-arc deformation raiés, from the ve- -(I;u(llllznizﬁgo?)i)h ortreview may be found in Becker and
locity of the upper plateyop (Carlson and Melia, 1984; '

Heuret and Lallemand, 2005), assuming that erosion ané\nother apﬁJroacfh IS bottltorpl up (“velocﬂy .;.n(zjd(ejl”)
accretion at trenches are negligible (Lallemand, 199 ere one solves for mantie Tlow given speciled den-

Errors inVr may then result if this assumption is notjus§ ty distributions and mantle rheology, and then evalu-

tified (Clift and Vannucchi, 2004), or from uncertaig ates _the tractio_ns that appl_y at the base of the pIat_es.
which is only straightforward to determine for spreadin ensity anomalies may be mferre(_j for_ Slabs. from seis-
oceanic seafloor (Sdrolias and Miiller, 2006). The A nicity (Hager, 1984), subduction histories (Ricard et al.,

des are a classical example where shortening rates ? 3; Lithgow-Bertelloni and Richards, 1995; Stein-

dramatically as a function of balancing technique Kle?,e ger, 2000), or seismig tomography (Hager .and Clay-
1999). Givgn such geological complicgtiolvg,cgn al(so on, 1989; Forte and PeIt|_er, 1987)1 We start W'.th a short
be approximated by geodetic studies (Heuret and Lall troduction of mantle fluid dynamics before discussing
mand, 2005; Doglioni et al., 2007) although the releva obal flow models and their implications for the role of

time interval (compared to the seismic cycle) is not t

i abs and subduction for plate tectonics.
same, and/r might fluctuate over several Ma (Sdrolias

and Muller, 2006; Schellart et al., 2007). - 3.1 Stokes flow and circulation models
The most straightforward effect on trench motions,

however, is that of the reference frame (Figure 4). Flnertial forces are negligible for the mantle (infinite
niciello et al. (2008) present an analysis of trench motioRsandtl number limit), and continuity of momentum sim-
and find that almost all Pacific trenches are strongly aflifies to the Stokes equation. For an incompressible fluid,
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Figure 4: (a) Map of trench migrationyy, for the present-day in the HS-3 (filled) and NNR (open vextoeference frame
(averaged on.B x 7.5° blocks) and, (b), histograms &f. We show meag- one standard deviation on top of the histograms. Both
figures are based on the even-length trench sampling by Hanld allemand (2005){. Funiciello et al., 2008).

force balance can be written as plus density distributions uniquely determine an instan-
- . taneous velocity solution ("circulation model”). Without
Op—0-1=glp. (1) Lvvs, the Stokes flow problem is linear and this allows

. . . . the superposition of solutions for the flow field of point-
An important laminar flow problem with an analytical so- PeTp P

lution is that of a viscous sphere withh embedded in an llke buoyancy ggurceseg _Batchelor, 1967). .
P . L . : o For super-critical Rayleigh numbers, subduction veloc-
infinite medium with viscosity)m, For which the sinking,

Stokes velocity is given b ities can also be estimated from a fluid loop analysis of
yisg y sinking plumes in an isoviscous convective cell (Turcotte
Apga? and Oxburgh, 1967; Turcotte and Schubert, 2002). En-

Vstokes= C (2) ergetically, any convective system will maintain a bal-
ance between the rates of potential energy change and the
with a viscosity-ratio dependent viscous dissipation (stress times strain-rates) in thd.flui
, How the latter partitions between the mantle and the plate
_ 242 here = s (3) may affect plate velocities (sec. 4.3.3).
6+9n’ Nm

For arigid sphererl’ — ), C=2/9 and for a weak bub-3.1.1 Numerical solution methods

ble (0" — 0), C = 1/3, indicating thaVggkesiS mostly N ) ) .
sensitive tonm and notr)’. Different orientations of an If surface velocities and internal density anomalies are

elongated sinker also do not affe@by more than a fac- prescribed, velocities and tractions can be computed eas-
tor of ~ 2 (Batchelor, 1967). Th@m/(Apga) term in ily in spherical_ geome_try if mantle viscosity i:s assumed
VstokesSets a timescale for any buoyancy-dominated sup-be only radially variablegg. Hager and O’Connell,
duction problem, and scalings W0 Apa?/nm, andt O 1981; Fort_e and Relt|er, 1987; Hager and Clgyton, 1989).
Apa are expected. For typical values &b — 50 kg/n®, Such semi-analytical models can be solved in seconds on
a— 100 km, andm = 102! Pas .g. Turcotte and Schu- & modern computer, and their spatial resolution is lim-
bert, 2002)Vsokes~ 4 CM/YT. ited mostly by the input densﬁ_y mpdel, at present well re-

For a Newtonian fluid with constamg, eq. (1) further solved ”ptfj ~ 20 for global seismic tomography (Becker
simplifies to and Boschi, 2002).

Earlier attempts to evaluate the role of LVVs in mantle
. flow were affected by modeling Iimitationéedek et al.,
where it can be seen that pressure gradiémps,and vis- 1993; Zhang and Christensen, 1993; Wen and Anderson,
cous drag,n0%v are balanced by the buoyancy force4,997). Iterative schemes such as that of Zhang and Chris-
gAp. Without inertia, the mechanical boundary conditiortensen (1993) are usually restricted to smglltfiree or-

Op—n0% = gAp. (4)



ders of magnitude) LVVs, and the resolution of early déhoices when inferred from tomography. Another is-
rect solution methods was limited by available computsue with velocity models is that the magnitude of force
memory (Forte and Peltier, 1994). However, the ongoitrginsmission from mantle flow to the lithospheric layer
increase in computational resources has brought parfialate coupling”) depends somewhat on the radial vis-
remedy. Parallelization and improved algorithms have absity structure. A moderate reduction in sub-lithospheri
lowed computations of more realistic global models witviscosity in the transition zoneay(~ 10'°...10?° Pas for
spectral (Moucha et al., 2007) and finite volume or eldepths 100< z < 410 km compared te- 10°! Pas for
ment (FE) methods(g. Tackley etal., 1994; Zhong etal. 410 < z < 660 km) is indeed preferred by inversions of
2000). FE methods such as CitcomS (Moresi and Solonggopotential and post-glacial rebound data (Hager and
tov, 1995; Zhong et al., 2000) are well benchmarked a@dayton, 1989; Mitrovica and Forte, 2004), and also ex-
now jointly developed through CIG (geodynamics.org).pected given laboratory constraints on upper mantle rhe-

Spatial resolution of global models is now routinely alogy (Hirth and Kohlstedt, 2004). However, Lithgow-
the ~ 25 km element size level and using CitcomS, fd#ertelloni and Richards (1998) and Becker and O’Connell
example, initial velocity solutions can be obtained withi(2001) showed that even for low transition zone viscosi-
minutes to hours depending on the resolution, numbé&es of order 168...10'° Pas, a large fraction of the forces
of CPUs, the magnitude of LVVs, and the solution algakiving the plates originates in the mantle. Put differgntl
rithms used. However, strong LVVs, such as for thin weakmantle contribution is required and lithospheric, grav-
zones, can cause slow convergence of iterative solutidiagional potential energy variations alone cannot drive
for V. In such cases, care has to be taken to avoid inttire plates. Becker et al. (2003) further explored the role
mediate and erroneous, but not obviously wrong-lookingf, an asthenospheric low viscosity channel and found
solutions. Such issues should be solvable using improvbdt seismic anisotropy prefers relatively strong couplin
multi-grid schemes and variable mesh refinement in tiéh global asthenospheric viscosities being no less than
future. ~ 103 of the upper mantle reference viscosity.

3.2 Role of slabs for plate motions 3.3 Edge forcesrs. mantle drag

An important advance in our modeling capabilities to te€tan we use velocity models to make refined assessments
the consistency of tractions from circulation models wittor plate-boundary dynamics? Becker and O’Connell
observed plate velocities was provided by Ricard and (R001) combined the force model approach of prescrib-
gny (1989). In their formulation, plates are assumed rigithg shear and normal forces along the plate boundaries
thin shells with no applied forces along their boundari@gth the velocity model of computing mantle tractions.
whose geometry is prescribed. One may then first coifhhiese authors explored various combinations of forces
pute the interaction of unit motions of one plate via visnd showed that velocity correlations were not very sen-
cous drag on another (Gable et al., 1991), and then saditive to edge forces. In the absence of LVVs, adding
for “free” plate motions so that the torques due to the bodgymmetric pull by slabs on plates did not improve the
force loading are balanced. model fit much over models where tractions due to sink-
Several workers have applied such velocity models ittg slabs apply symmetrically at both overriding and sub-
test force partitioning (Deparis et al., 1995; Lithgowducting plate (“slab suction” in the terminology of Conrad
Bertelloni and Richards, 1998izkova et al., 1998), andand Lithgow-Bertelloni, 2002).
plate motions can be fit well (linear correlation coeffi- Figure 5 shows the reason for this force ambiguity: sev-
cients between observed and predicted Euler veetorseral of the plate driving and resisting forces are highly
0.9). Typically, ~ 70% of the driving forces are found(anti-)correlated (Forsyth and Uyeda, 1975). This is be-
to be caused by slabs, and the rest is mainly duedause of plate geometry and motions from spreading cen-
gravitational sliding (ridge push) (Lithgow-Bertelloma@ ters to subduction zones: any edge-force derived torque
Richards, 1998). Becker and O’Connell (2001) found thttat is based on plate boundary segments which are
~40% of the total slab contribution originates in the lowapughly perpendicular to plate motion will then yield sim-
mantle for typical viscosity profiles such as those froitar forcing vectors. An exception is a plate-motion drag
Hager and Clayton (1989). that applies underneath cratonic roots only (“plate mo-
Traction scale with the density anomalies, which mdipns at cratons” in Figure 5).
be affected by both chemical and thermal effeeg.( Conrad and Lithgow-Bertelloni (2002) presented a sim-
Forte and Mitrovica, 2001) and depend on inversidlar, joint force analysis and focused on the partitioning
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Figure 5: Correlation of torque vectors for all major lithospheriatgls and several driving and resisting forces, modified from
Becker and O’Connell (2001). We show edge forces in bluekjdatlowing the classification of Forsyth and Uyeda (197&)d
forces computed from global circulation models in red (lighay; “slab suction” refers to the slab-density inducedeelling
tractions, “mantle drag” to a tomography-inferred modelicihincludes upwellings). “Gravitational sliding” is a gitational
potential energy model for the lithosphere that includesdistributed half-space cooling force, as opposed to &ripigsh” which
just applies at the spreading centers (lighter gray). Altelelocities were computed in the NNR reference-franreddtails see
Becker and O’Connell (2001).

between slab suction and slab pull. In contrast to Beck®&4 Lateral viscosity variations and vari-

and O’Connell (2001), these authors found that incorpo-  gble plate coupling

rating slab pull did improve plate motions significantly.

Conrad and Lithgow-Bertelloni inferred a yield stress dfateral variations in the plate-mantle coupling may be im-
~500 MPa via the slab’s stress-guide behavior, and éertant for such velocity ratios, particularly if one con-
panded their analysis to past convective settings (Conféders the relatively stiff cratonic keel regions compared
and Lithgow-Bertelloni, 2004) and thrust interface cowith the hotter and compositionally distinct sub-oceanic
pling (Conrad et al., 2004). It is likely that differen@sthenosphere at200 km depth (Ricard et al., 1991;
assumptions about the details of plate boundary geordéong, 2001,Cadek and Fleitout, 2003). We can infer
try and the resulting force integration may be responsiitate motions for LVV models by prescribing weak zones
for the diverging conclusions. More importantly, Conraglong plate boundaries (Zhong and Davies, 1999). Such
and Lithgow-Bertelloni (2002) chose to not only considéomputations are conceptually similar to the approach of
correlations of plate motions, but also the ratio betwe&icard and Vigny (1989), and have some limitatioas(
oceanic and continental plate velocities, which is inde&ffect of weak zone viscosity on plate speeds). Those are,

increased if one-sided slab pull is added to the oceahiwever, fairly well understood (King and Hager, 1990;
plates. King et al., 1992; Han and Gurnis, 1999; Yoshida et al.,

2001).

Following the work by Zhong and Davies (1999) sev-
eral recent computations have advanced our understand-
ing of global plate dynamics. Conrad and Lithgow-
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Figure 6: Surface velocities in the NNR reference-frame as predibtedn example computation following Zhong (2001). The
rheology and model setup is similar to thgs model of Becker (2006) (BO6b in Figure 2) but does not consitiéf cratonic
keels, and only density anomalies from the slab model oihBezger (2000) are used to drive flow. We show plate motions as
vectors (fixed length, shading indicating amplitude) atitopheric viscosity (weak zone geometry prescribed, mésosity,

(n), is ~ 280 times the reference, 40Pas). The flow computation predicts only a small amount of R {~ 10% of HS-3 when
corrected for RMS velocities, BSK in Figure 2). Velocitiegielate with NUVEL-1 at th€ = 0.85 (0.95 velocity weighted) level.
The RMS ratio between oceanic and continental plaies@.1) is very similar to observations, while the overall RMSogties

(1.8 cml/yr) are too low; this could be adjusted by tuning tleakvzone formulation or the density model.

Bertelloni (2006) evaluated the role of 3-D LVVs includeourse, not answer the question why the plate boundaries
ing continental roots on coupling and found that traéermed, but they can be used to explore how LVVs in-
tion amplitudes are strongly affected by LVVs wheredsract with plate tectonics. It is in fact possible to match
directions are not. Becker (2006) computed global floseveral global plate tectonic scores (velocity ratios; cor
using a “realistic” rheology as expected for joint diffurelations, plateness, TPR ratios) better with LVV mod-
sion/dislocation creep for dry olivine in the upper mantiels than with purely radially varying viscosity (Zhong,
(Karato, 1998; Hirth and Kohlstedt, 2004). Becker fourn2D01; Becker, 2006). The lower viscosity asthenosphere
that mantle flow directions for models with LVVs werdacilitates oceanic plate motions and the temperature-
roughly similar to estimates with only radially varyinglependent rheology reduces the intra-plate deformation
rheology on global scales, but deviations exist regionalguch that it is similar to that found in GSRM as shown in
especially underneath the oceanic plates. Importanfijgure 1b ¢f. Moresi and Solomatov, 1998). Even simple
the low viscosity asthenosphere underneath the oceansidels such as those of Becker (2006), which were not
creases the plate velocities there, and so affects strongyimized to fit plate motions, are able to match both di-
the oceanic/continental velocity ratio (Figure 6). rections (weighted correlations 6f 0.9), and amplitudes

. . ) : -+ Oof relative plate motions in continental and oceanic re-
Ricard and Vigny (1989)-type models with prescrlbe?ig?nsy without the addition of edge forces (Figure 6).

plate boundaries and plates that move freely as drivend
density anomalies explain the observed plate motions wellThese conflicting findings as to the role of slabs for

(Lithgow-Bertelloni and Richards, 1998). This meanglate driving forces imply that global plate motions may

that computations where surface motions are prescrilimd only moderately sensitive to the variation in plate

at the surface and density anomalies drive additional fltmeundary strength, though this clearly needs to be ex-
(Hager and O’Connell, 1981) are dynamically consistepliored further with models of higher regional realisoh (

for adequate parameters. Such forward models can,Bifen and Gurnis, 2003). Other global datasets such
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as the crustal stress field show similar non-uniquenessplitudes generated by slabs alone are relatively small
with regard to the role of deep slabs (Steinberger et §BSK in Figure 2), but the Euler pole location of HS-3 is
2001; Lithgow-Bertelloni and Guynn, 2004), while rematched well. (All NR amplitudes were normalized by
gional models provide a clearer detection of slab-inducttte predicted NNR velocity RMS because other param-
flow for seismic anisotropy and stress (Becker et al., 20@8ers were not optimized for these tests.) The induced
Humphreys and Coblentz, 2007). NR roughly doubles if the additional effect of continen-
tal keels is considered, and different whole mantle slab
models (Lithgow-Bertelloni and Richards, 1998) lead to
3.5 Net rotations caused by keels and slabs similar results, confirming Zhong's (2001) conclusions.
) o ) . We also conducted preliminary tests where we replaced
Another subduction-related prediction of LVV C|rculat|orﬁIpper mantle tomography by slab anomalies as inferred
models are net rotations which are relevant to determf;, seismicity ¢f. Becker and O’Connell, 2001). For
ing regional kinematics (Figures 2 and 4). Toroidal flow,.p upper mantle slab models, the role of keels was re-
can be excited by LVVs within the lithosphered. Tack- \grseqi.e flow without keels yielded higher NR com-
ley, 2000D,c), and = 1 NR motion by continent-0cean,snents than those which included keels. However, the
asthenosphe_re viscosity d_n‘ferencgs (R!card etal., 19 component for any of these slab circulation mod-
The role of stiff keels was first studied with full flow solug is < 40% of the original models by Becker (2006)

tions by Zhong (2001)._The net rotations that are eXCitﬂ§06a and BO6b in Figure 2) which include upwellings
for power-law rheologies and large-scale tomographiay gownwellings as inferred from seismic tomography.
anomalies as used by Becker (2006) are somewhat highgEse findings may imply that keel-deflected upwellings
than those found by Zhong, even for shallower continentgl, more efficient than downwellings in NR excitation, but

roots (Figure 2), and the sense of motion (pole locatiof)s needs to be confirmed with different slab and weak
is close to that of the hotspot reference-frames. Howevgg,, representations.

the amplitude of the NR is always under-predicted for any
of the published geodynamic models compared to HS-3.

Given the uncertainties in establishing hotspot refe3:6 Flow confinement and geopotential
ence frames, the NR component of HS-3 may be an over-  fie|ds
estimate. Moreover, geodynamic forward modeling of
flow and azimuthal seismic anisotropy indicates that orllateral viscosity variations also need to be explored fur-
a moderate amount of NR shear flow (as in GJ86 or SBter in terms of the match of slab- and plate-induced
of Figure 2) is consistent with seismology (Becker, 2008)ow to geopotential observations (Moresi and Gurnis,
However, accepting an under-prediction of NR from keel996; Chen and King, 1998; Zhong and Davies, 1999;
based flow models for sake of argument, Becker (20(8iJlen and Gurnis, 2001). Most global flow models
suggested that it might be the joint effect of regional slataithout LVVs that employ a free-slip (zero shear stress)
dynamics, buoyant upwellings, and continental keels ttetrface boundary condition (without weak zones along
leads to higher NR motion than in the simplified floyplate boundaries) match the geoid well, and plate mo-
models. Slab-induced NR flow was studied first ont@ns poorly (because there is no toroidal flow). Alter-
global scale by Zhong (2001), with relatively low resnatively, if plate motions are prescribed (“no slip” bound-
olution computations. Slab interaction with the viscosry condition with all velocity components fixed), these
ity contrast at 660 km as a source for NR was discusseddels lead to poor geoid fits (Thoraval and Richards,
by Enns et al. (2005) for regional, two-dimensional (2-0)997). Studying slab-induced flow with LVVs, Zhong and
models, and is also implicit in the success of the Facceriavies (1999) found that the fit to the geoid actually de-
et al. (2007) predictions we discuss in sec. 4.4.2. We thasiorated when slabs were made stiffer than the mantle,
conducted further tests of this suggestion by computingd Cadek and Fleitout (2003) argued that impedance to
LVV power-law flow for models that include slab strucflow at 660 km may be required by LVV flow models. Yet,
tures. Moucha et al. (2007) conclude that LVVs have a minor ef-

Figure 6 shows velocities from an example circulatidect for geoid modeling based on tomography compared
model that is based on converting the advected sladletincertainties in the seismological models.
model of Steinberger (2000) to temperature anomaliesSuch disagreement points to the requirement to incor-
(cf. Zhong and Davies, 1999). We use thgg power- porate diverse data into our geodynamical inversions, as
law rheology as in Becker (2006) (BO6b in Figure 2)elocity-related quantities are more sensitive to LVVs
but did not prescribe any continental keels. The NfRan stress-related measures, and the need to improve the
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implementation of plate boundaries in spherical flow corgoes both ways (Tan et al., 2006). (While the NR mo-
putations. Improved models would also allow better evadlens are not completely understood (sec. 3.5), such large-
uation of suggestions of dynamic topography and presale flow that is unique to LVVs should be accounted for
sure gradients (Phipps Morgan et al., 1995; Husson @ndested modeling approaches but has been neglected so
Ricard, 2004) that may be induced by closing off parts &r.)
the mantle by “slab curtains”, such as around the PacificFor the example of Figure 7b, the subduction vortices
at present. Husson et al. (2007), in particular, explorace suppressed and the flow much simplified compared to
the influence of the Americas motion on the asymmetfgure 7a. (This is not to say that actual mantle currents
of plate velocities in the Pacific. Such slab-imposed barneed to be simple; smaller-scale effects may be averaged
ers to flow may also temporarily degrade thermal mixingut in global computations.) Moreover, the dip from seis-
with consequences for the coupling between oceanic platiity matches with the flow lines, as was shown glob-
convection and sub-continental heat budgéftsl(enardic ally without LVVs by Hager et al. (1983). The compu-
et al., 2005). tation of Figure 7b is not suited for quantitative compar-
The next few years will likely bring new insights intaisons strictly speaking, as a global subduction model with
how a consistent description of geopotential, anisotrofi§ge surface conditions and weak zones should be used for
and plate motion data may be achieved with weak spreadnsistency. However, since plate velocities of such mod-
ing centers and thermo-chemically strong, but plasticallys match the observed ones well, results would be very
yielding, convergent margins in a global model. It isimilar.
also desirable to understand regional dynamics fully be-Subduction is likely a highly time-dependent process
fore models are made more comprehensive. However, (@g. Ita and King, 1998; Becker et al., 1999; Faccenna
start with a cautionary note for the interpretation of globat al., 2001a; Billen and Hirth, 2007), and one may thus
guantities based on regional models. rightly argue that slab dips should not necessarily line up
with instantaneous flow at all timesf( Garfunkel et al.,
1986; Lallemand et al., 2005). However, as earlier work
3.7 Large-scale mantle wind and regional on global flow and Figure 7 illustrate, it is important to
slab circulation at least evaluate the role of large-scale currents if intsigh
from regional models are transferred to global observables

Figure 7 shows two numerically computed subductich as slab dip. With this caveat, we turn to the modeling
zone “streamlines” ¢f. Hager and O’Connell, 1978).qf isolated slabs.

Those examples are meant for illustration only and are
not supposed to be particularly realistic. Figure 7a is for
a regional box with a free-slip surface boundary condi} Regional slab dynamics
tion; it shows typical, small-scale circular motion that
is induced by the slab buoyancy and similar to a StokRegional models of subduction, implemented mostly in
sinker. Moreover, it is evident that the box is not large-D, have been reviewed elsewhere with focus on deep
enough to exclude the effect of the side boundaries. laynamics and slab ponding at 660 km (King, 2001; Chris-
portantly, the streamlines indicate that the slab dip thatténsen, 2001), thermal structure (van Keken, 2003; King,
input (inferred from seismicity) has substantially differ2007), and rheology (Billen, 2008). Recent advances in-
ent alignment. Clearly, the reference frame of the overtude the incorporation of laboratory-derived rheologies
riding plate and trench motions needs to be considetectest how temperature-dependent viscosities plus plas-
for proper comparisong(@. Olbertz et al., 1997) but thetic yielding may explain slab morphologg.g. Cizkova
mismatch between slab structure and flow in Figure 7agisal., 2002; Billen and Hirth, 2007), and what processes
typical even for more careful regional models. might assist subduction initiation (Toth and Gurnis, 1998;
If we prescribe plate motions on the surface in a globagaccenna et al., 1999; Regenauer-Lieb et al., 2001; Hall
circulation model as in Figure 6, the regional circulatioet al., 2003). However, as for the plate generation prob-
patterns are considerably simpler. Figure 7b shows a & (Tackley, 2000a), questions remain about the appro-
out of a global computation, but using an embedded, @riate weakening mechanism, the degree of strain history-
gional, high-resolution model yields similar results. Buaependencee(g. Gurnis et al., 2000), and the effect of
nested models have recently been used in a unidirectiodrd) plate reorganizations and continental cover.
mode, where the large-scale flow determines the veloci\We proceed to comment on slab rheology, discuss some
ties on the sides of a smaller box (Mihalffy et al., 2007pf the common assumptions inherent in regional, isolated
and in a more sophisticated fashion where communicatglab models, and how assumptions are sometimes inter-
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Figure 7: lllustration of the potential importance of large-scalenflfor subduction zone observables. Circulation models in-
clude upper mantle slabs as inferred from seismicity (frondi@undsson and Sambridge, 1998) within the Japan-Kurgdtesy
(blue/dark surfaces) which are converted to temperatuwmalies, and are also stiffer than the mantle by a factgf ef 200. Flow

is visualized by assuming velocities are steady-state alfmirving tracers forward and backward in time (coloringrigegration
time). Part (a) is from a regional computation with freggdloundary conditions. Part (b) is a cut out of a global corafon that
has the same regional density contribution as (a) but pbegtplate motions everywhere on the surface.

twined with numerical issues by necessity. We will focubat premise, several recent studies consider the trench
on fluid subduction models that are concerned with emotion as a proxy to infer subduction dynamics (Bel-
ploring the question of what actually controls the plate at@hsen et al., 2005; Enns et al., 2005; Royden and Hus-
plate boundary motions. In particular, we discuss thosen, 2006), rather than prescribiwg. Such free trench
models that allow the trench to move self-consistenttygodels, wheré/ evolves dynamically, were pioneered
(“free trench”) and strive to understand the causes ratlefaboratory analog modeling by Jacoby and Schmeling
than the effects of trench motion. (1981). Kincaid and Olson (1987) focused on an iso-
lated subducting slab and showed that rates of subduction
and rollback could be strongly affected by the interaction
of the slab with a viscosity or density contrast at depth.
It was seismic tomography that renewed interest in tiéemenda (1994) presented a wide range of laboratory
role of trench migration in modifying the shape of sukexperiments for a elasto-plastic slab in an inviscid (wa-
ducting slabs, and several workers showed how variak#) mantle, with particular focus on lithospheric defor-
motion of the trench can explain the observed “pondingtation and back-arc spreading. Zhong and Gurnis (1995)
of fluid-like slabs at the 660 km phase transition (Grifliscussed 2-D cylindrical numerical experiments that in-
fiths et al., 1995; Gouillou-Frottier et al., 1995; Chriscluded a mobile, faulted margin implemented using FE
tensen, 1996). There, a negative Clapeyron slope of Wigh slippery-nodes (Melosh and Williams, 1989). The
olivine-perovskite/magnesiowiistite transition may ke enumerical results confirmed that plate kinematics may de-
pected to inhibit subduction temporarily (Christensen ap@nd strongly on deep slab dynamics. Faccenna et al.
Yuen, 1984; Kincaid and Olson, 1987), though the likekl996) introduced a different kind of laboratory analog
viscosity increase between upper and lower mantle algnedel to the subduction research community. Silicone
will also lead to changes in slab dip, flattening, or folgputty and glucose syrup (both viscous at the strain-rates
ing (eg. Gurnis and Hager, 1988; Zhong and Gurnisonsidered) fill the role of the lithosphere and mantle, re-
1995; Enns et al., 2005). Weaker slabs and large rollbzectively.
will promote ponding, whereas stationary, strong slabs are
more likely to penetrate into the lower mantle (Davie : :
1005: Chrictensen, 1906) %.2 Impact of modeling assumptions

The migration of the slab inside the mantle also has Bocks deform elasto-visco-plastically, depending on the
important impact on return mantle circulation and the waiynescales of loading and ambient conditions, and both
the resisting forces are partitioned between slab and maamerical and laboratory subduction experiments have
tle (Garfunkel et al., 1986; Conrad and Hager, 1999a). ®aen performed with elasto-plastic, visco-elasto-ptasti

4.1 Free and prescribed trench motions
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visco-plastic, and purely viscous rheologies. We will hed®91) and tomographg. van der Hilst and Seno, 1993;

focus on the latter two, but why would we expect that vi$¥idiyantoro and van der Hilst, 1997) show strong slab

cous slabs provide a sufficient description? contortions reminiscent of fluid behaviaf( Christensen,
1996; Tan et al., 2002; Ribe et al., 2007).

4.2.1 Rheology and viscous slabs

S . 4.2.2 Numerical models and analog experiments
The role of elasticity in controlling slab-related deforma 9 exp

tion is in fact still somewhat controversial. Several largdo study fluid slabs, regional, 3-D numerical computa-
scale features of subduction zones can be explainedtiops can now routinely be performed at relatively high
elasto- or visco-plastic behavior, including the forelaulgesolution é.g. Billen and Gurnis, 2003; Piromallo et al.,
(Melosh and Raefsky, 1980; McAdoo et al., 1985; Zhor#006; Stegman et al., 2006). Figure 8 shows snapshots
and Gurnis, 1994; Hall and Gurnis, 2005), the trench gieem typical visco-plastic, numerical models. Using Cit-
ometry (Morra et al., 2006; Schellart et al., 2007), and tkemCU (Zhong et al., 1998) with a standard resolution of
shape of the slab (Hassani et al., 1997; Funiciello et ak 20 km (~ 4,000,000 elements) and80 advected ma-
2003b). These results indicate that macroscopic obseneaial tracers per element, such computations take a few
tions, e.g. trench geometry, alone cannot be used to infeours (using 54 CPUSs) for a typical model evolving over
slab rheology. Large-scale kinematics such as rollbateks of Myrs with thousands of time steps. However, the
trade-off with intrinsic parameters such as slab stiffnelssge LVVs that are inferred from laboratory creep laws
(cf. Billen and Hirth, 2007). still pose some problems numerically, particularly in the
In terms of subduction dynamics, elasticity may playlobal, spherical case where thermo-chemical problems
an important role in initiation of subduction (Kemp anduch as entrainment remain challenging. It is therefore
Stevenson, 1996), forming instabilities or shear localizeery useful to also consider laboratory models.
tion (Muhlhaus and Regenauer-Lieb, 2005; Kaus and PodNumerous tectonic processes may be studied with ana-
ladchikov, 2006), and might lead to enhanced slab rdibg experiments, provided that adequate scaling of ma-
back (Moresi et al., 2002). However, often different rhederial parameters to nature is ensuredy.( Weijermars
logical laws are active in such models at the same timrad Schmeling, 1986). One of the motivations for mod-
and the specific role of elasticity is unclear. Kaus araling subduction with both analog and numerical mod-
Becker (2007) therefore evaluated an idealized problegts is to complement each method’'s weaknesses and
the development of Rayleigh-Taylor instabilities for visstrengths. For the lab approach, pressure and temperature-
cous and visco-elastic rheologies. These authors foudgpendence of rheology, reproducibility, and extraction o
that the instability is sped up by the inclusion of elasticquantitative information are challenges, while physieal r
ity, though only for parameter values that are likely natlism and resolution can be strengths. The advantage of
applicable to the Earth. For typical elasticity values amimerics is that all relevant quantitative measures can be
in PREM (Dziewohski and Anderson, 1981), stress fielésisily extracted, and computer experiments can explore
are predicted to be different, but the temporal behaviparameter space with perfect reproducibility.
of lithospheric instabilities is very similar for viscousé&  The joint study of laboratory experiments and analyt-
visco-elastic cases. While the effect of a supposed eladtial or numerical methods has a long history in fluid dy-
core may need to be further explored, results by Schme&mics €.g. Ribe, 2003, for a related study). Applications
ing et al. (2007) also indicate that elasticity does not sitp the subduction problem include the work of Kincaid
nificantly affect subduction dynamics. and Olson (1987) who compared lab results on slab pond-
Here, we shall therefore make the common assumptiog with computer experiments by Christensen and Yuen
that the overall slab behavior over long time-scales cél984). Hassani et al. (1997) evaluated numerical mod-
be well described by a visco-plastic fluid. Such an apis of elasto-plastic slabs following Shemenda (1994), and
proach is supported by several lines of evidence: inferrBdcker et al. (1999) compared the analog models of Fac-
intra-slab deformation from seismicity in Wadati-Beniof€enna et al. (1999) with numerics. In an effort to further
zones are on the same order of those expected for thduce the complexities and to understand the role of the
fluid mantle (Bevis, 1986, 1988; Holt, 1995), the transsubducting lithosphere in isolation (Christensen, 1996),
tion between in-slab extension and compression (Isackany subsequent analog experiments focused on a sin-
and Molnar, 1971) can be explained by a fluid slab egle (stiff, dense, fluid) plate and got rid of the overriding
countering a viscosity jump (Vassiliou and Hager, 198Blate €.g. Funiciello et al., 2003a, 2004, 2006; Schellart,
Tao and O’Connell, 1993), and both seismicigg( Gi- 2004a,b).
ardini and Woodhouse, 1984, 1986; Fischer and JordanAssuming Moore’s (1965) law continues to hold, one
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Figure 8: Example of regional, free trench computations focusingmatenstanding trench kinematics. A visco-plastic slabdgre
compositional iso-surface) sinks into a mantle with vistyostratification (see shading for lggof viscosityr]eﬁ); black vectors
denote flow velocity. Slab stiffness ig = 500, lower/upper mantle viscosity ratip = 100, and the subducting plate is attached
to the side of the box on the left (“fixed ridgedf. Enns et al., 2005). Bottom figure is for the minimum implenagion of visco-
plasticity (eq. 6), top is for the same model setup and tirap btit using the average viscosity formulation, eq. (5). Sgere 10a
for temporal evolution.

may expect that increased computing power may so®2.3 The surface boundary condition and visco-
render analog experiments obsolete. However, the lab has  plasticity
been catching up with improved analysis techniqueas (
particle velocimetry, temperature visualization via polyMost computations are conducted in an Eulerian frame-
mers). Besides methodological issues, there are also oft@nk with free-slip top surface boundary conditions. If an
implicit assumptionse.g. with respect to boundary condi-isolated, dense body is introduced on the top of the fluid
tions, whose relevance may only become evident whaemain, it is hard to detach the dense fluid from the top
different approaches are compared. This is further mdieundary in a slab-like shape, as opposed to a drip-like
vation to use different tools to tackle the same probleaigwnwelling. This is because only horizontal motions are
and we next discuss an example of such issues whialipwed at the top, and the corner flow geometry leads
ironically, stem from trying to reproduce the simplifiedio a stress singularity in the wedge regiaih (Batche-
single-slab experiments. lor, 1967; Budiansky and Carrier, 1973). For kinematic
subduction models, a similar wedge issue exists, and tem-
perature solutions depend sensitively on discretizatioh a
choices on slab coupling (van Keken, 2003).

Several tricks are used to circumvent complications due
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to the wedge, including the addition of a soft, buoyant swentirely clear, and we are testing truly viscous and visco-
face layer. Artifacts due to soft layer entrainment may rplastic slab behavior for free-slip and free-surface beund
sult, however, and different methods yield convergent sary conditions at present. These problems are emphasized
lutions only under relatively high resolution (Schmelingy Stegman et al.’s (2006) visco-plastic models where the
et al., 2007). Schmeling et al. also show that the aventire trench region of the subducting plate is weakened
aging method for the effective rheology close to materislich that no in-slab forces are transmitted; bending dissi-
interfaces leads to extremely different results. Eulerigation is, consequentially, not important. Schellart et al
codes only match results from Lagrangian, free-surfa@007) approach limits yielding to a crustal layer, which
numerics, or laboratory results, if the (weakest) harmorninproves slab coherence.
averaging is chosen. Such averaging of two fluid viscosi-In nature, a reduction of shallow lithospheric strength
ties corresponds to two dashpots in series, as wouldkyebrittle and ductile failure is expected from rock rhe-
appropriate for simple shear; for pure shear, the dashpaitsgy (€.9. Brace and Kohlstedt, 1980; Burov and Dia-
would act in parallel (arithmetic mean). Which averagnent, 1995). Moreover, an increase in shallow weakening
ing scheme applies to subduction in general is uncleard faulting within the plate toward the trench is observed
(Schmeling et al., 2007). in plate flexure (McAdoo et al., 1985; Billen and Gur-
Another way to detach the slab in free-slip computais, 2005) and seismic (Ranero et al., 2003) studies, and
tions is the use of “Byerlee (1978)" type plasticity taleep slab deformation also requires departure from pure
locally yield a strong slab (as in Figure 8). Takingemperature-dependent viscositgifkova et al., 2002).
this (pseudo-)plastic implementation as an example, Erii@wever, we need to understand the rheological controls
et al. (2005) argued that the introduction of a plastic visef the numerical and laboratory results better before con-
cosity, np, which is computed by dividing an approprifidently translating model results to nature. The impor-
ately adjusted, depth-dependent yield stress by the lo@alce of the trench formulation is also emphasized by the
strain-rates, allows detaching the slab without affedtisig work of Royden and Husson (2006). These authors use
fluid behavior strongly. Such an approximate plastic ba-semi-analytical formulation to treat the effect of large-
havior had been used before for subduction (Christensecale mantle flow and find that trench migration is less
1996; Tetzlaff and Schmeling, 2000), and is often also agffected by deep dynamics, such as mantle flow, but more
plied in plate generation studiesd. Moresi and Soloma- sensitive to the overriding plate density structwuafe She-
tov, 1998). This leads to another, secondary, issue: If anenda, 1994).
should treat plastic “viscosity” and the regular, creeping

viscosity,n¢, as an effective viscosity (harmonic mean) 4.3 Dynamic inferences from regional
neff — _Mefle 5) trench kinematics

Np—+Nc )
(eg. Tetzlaff and Schmeling, 2000; Stein et al 200£(Iost of the previous caveats on methodology apply to
" 2 T N inter-model comparisons. If parameters are varied within
Enns et al., 2005), or by using the minimum of the two_~ _ S .
viscosities one fixed setup, useful insights on the overall dynamics
can still be gained. We proceed to discuss explanations

eff _
Nz = min(Np,Ne) (6) for the regional kinematics derived from fluid slab exper-

(eg. Moresi and Solomatov, 1998; Tackley, 2000kiments and return to slab strength in sec. 4.3.3.
Stegman et al., 2006). On the one hand, material should

mic_roscopically either behave plastically or ViS.COUSIXJ.B.l Back arc deformation and sinking velocities
which favors eq. (6). On the other hand, numerical res-
olution will typically be coarser than plastic shear zone§Jose to the trench, the overriding plate often deforms ei-
which favors eq. (5). Figure 8 shows two subduction mother in a strongly extensional sense (accommodated by
els which only differ by the way this visco-plasticity is im-back-arc spreading, “Marianas typ¥ > 0) or in a com-
plemented. Differences are noticeable, but not large, fmessional fashion (sometimes associated with orogeny,
short time-histories, if sufficient resolution is used. HowChilean type” Vg < 0) (Uyeda and Kanamori, 1979). An
ever, subtleties such as different choices aqug might overview of back-arc behavior and correlations of kine-
partly explain, for example, why Stegman et al. (200&)atic parameters with the style of deformation can be
were not able to closely reproduce Enns et al.’s (200Bund in Lallemand et al. (2005).
results. Chase (1978) had argued that most slabs are either sta-
The extent to which viscous behavior dominates ovionary or roll back in a hotspot reference-frame. The ab-
plastic yielding in the models of Enns et al. (2005) is nablute overriding-plate motion would then control the type
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of back-arc deformation, and we would expect a strotpls back-arc deformation. However, slabs are found to
correlation between rollback/f) and back-arc extensionadvance as well as retreat (Figure 4b), and such, more
(V). While multi-parametric descriptions can be foundomplex, behavior is expected for stiff slabs (Bellahsen
(Jarrard, 1986), real subduction zones appear to be metral., 2005). Sdrolias and Muller (2006) analyze the
complicated é.g. Carlson and Melia, 1984), and bothliemporal evolution of back-arc spreading using O’Neill
trench motion and back-arc deformation are observedetoal.’s (2005) hotspot reference-frame and age recon-
vary in time g.g. Sdrolias and Muller, 2006; Doglionistructions. These authors find that back-arc extension is
et al., 2007). Discrepancies between datasets built lonited to old oceanic lithosphere, and always preceded
geologic or geodetic observations may thus be expected.overriding plate retreat away from the trench. After
Newer data confirm the existence of correlation betweertension is initiated, rollback and regional slab dynam-
Vs and overriding plate motion using back-arc deformés appear to play a role, consistent with the arguments by
tion inferred from GPS geodesy (Heuret and Lallemanideuret et al. (2007) based on laboratory experiments.
2005), although with large scatter. As for the causes of
back-arc deformation, several processes are candidajes.o  siokes sinkers and tomography
Large scale mantle currents that couple differently toslab
and via the thrust interface to the plate are among théfrback-arc deformation is controlled by a sinking ve-
(e.g. Dvorkin et al., 1993; Russo and Silver, 1994; lafocity V', what controls this preferred subduction speed
faldano et al., 2006; Schellart et al., 2007), though it {8at would lead to deformation-neutral behavior? The
unlikely that the diversity of deformation patterns can st candidate for any velocity scaleVigokeg [ 4p/Nm
explained by the effects of a single NR flow component 9. 2) and this is reflected in the findings of Capitanio
suggested by Doglioni (1990). et al. (2007) for density- or age-dependent slab veloci-
s. However, disagreements arise over the origin and
degree of variations from such general Stokes-scaling.
jocesses such as thrust interface coupling at the margin,

shapes from tomography and seismicity (Heuret a ; ! )
Lallemand, 2005). In a plot of subductings) to over- arge-scale mantle flow, and lithospheric bending may ad-
! ditionally affect the actual subduction velocigd. Con-

riding plate Yop) velocities, all of the Earth’s subduction 1 and Hager, 1999a; Becker et al., 1999; Buffett and

zones fall along a negative trend that corresponds to o . .
all convergence rates of roughlig ~5 cm/yr (with large owley, 2006), and deep slab interactions, such as at the
: - 0 km phase transition will lead to further complications
~ £50% fluctuations). Back-arc spreading and steep d @ .
6 fluctuations) P ng P &.g. Zhong and Gurnis, 1996; Faccenna et al., 2001b).

are found toward largep > 0 andVop < 0, while short- Y ina that He drag is the | ant
ening and shallow dips are observed for Y¢r> 0 and owe\//er, assuming that mantie drag 1s the important con-
trol (V' = Vgiokeg and that slabs are weak, it is instruc-

Vop > 0. . . .
oP S ] tive to explore which other aspects of global subduction
Choices in the reference frame will affect the exact V"’H‘ynamics may be explained with Stokes behavior.
ues of these kinematic parameters on Earth (Figure@), - geismic tomography images fast anomalies in the lower
if less NR than the HS-3 frame used in Heuret and Lallgjantje which can be interpreted as continuous, cold slabs

mand (2005) is applied. It is therefore more useful fgf |east down to~ 1200 km eg. Grand et al., 1997:
broader conclusions to consider the overall slop®®f Karason and van der Hilst, 2000), and relative trench

A general interpretation then emerges: if plates subdghtion has a strong control on slab morphologies. Ri-
with Ve 2 5 cm/yr, the overriding plate is shortened; i¢arg et al. (1993) and Lithgow-Bertelloni and Richards
is extended for convergence rafgs cm/yr. It therefore (199g) therefore constructed a forward model of mantle
appears that there is a preferred,. local subductlonyatestructure by dropping “slablets” (superpositions of nu-
which may be determined by regional slab dynamics apghous Stokes sinkers) into the mantle at the locations
sinking into the mantle. If large-scale plate motions legghere trenches are reconstructed to have been within the
to values ofVop andVp that add up to deviations fromjast 120 Ma. Lithgow-Bertelloni and Richards found that
V', then back-arc deformation results. This “anChO”n%rge-scale patterns in tomography can be matched well

effect of the slab is confirmed in laboratory experimengih sych a model if the sinking velocity of the slablets
with piston-driven plates and stiff slabg (~ 1000) where 5 reduced in the lower mantle by a factorof 4. We

Vop andVp can be varied at will (Heuret et al., 2007). expects~ In (1), wheren, is the viscosity ratio between

If slabs were to consistently roll back, Heuret et al.lewer and upper mantle, because reduced sinking veloc-
(2007) observation would be in line with Chase’s (1978)es (due ton, > 1 and eq. 2) are accompanied by slab
original argument that the overriding plate motion corhickening in the lower mantle (Gurnis and Davies, 1986;

Heuret et al. (2007) provide a new analysis of glob F
plate kinematics, back-arc deformation and deep sl
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Richards, 1991). The best-fit slowing factor 4 is com-
patible with estimates ofj, ~ 50 from geoid modeling
(e.g. Hager and Clayton, 1989).

The correlations between slablet model and tomogra-
phy are mostly limited to the longest spatial wavelengths
and only~ 0.4 when computed up to= 8, but the match
holds up for comparisons with more recent tomograprca)

maps (Becker and Boschi, 2002). Using the same sub- & 2
duction history as Ricard et al. (1993) but allowing for £ e - o
lateral advection of slablets by mantle flow as induced « n‘~\\ plate ©o .
by changing plate motions and density anomalies (Stein- o; 1 = ~o o
berger, 2000) has so far not led to a significantly bet- § =) \*~\~
ter match with tomography (Becker and Boschi, 2002). ° ~\\\
This implies that more realistic global, forward subduc- o oog Y ':'F
tion models may be needed which include LVVs such as 3 ® trench ‘
weakening in the mantle wedge. S o o o

Regionally, the match of mapped slab structure and pre- <:CJ © ®
dictions from slablets can be improved by more realis- § -1 ‘ ‘ ‘ ‘
. . . . 1.10 1.20 1.30
tic solutions for the slab sinkers, or by using more d , )
tailed plate reconstructions (Bunge and Grand, 2000; &b) 120- Velocity number [10°]
et al., 2002). Karason (2002) showed that complex slab | gﬁ gavance-ratie
images as imaged in several subduction zones, such as 5 %

) L ; ) < 80 S S plate

the along-strike variations in the Sunda arc (Karason and E Sanin
van der Hilst, 2000), may be explained by slablet model- = 1 O? H—cy
ing and prescribed trench motions. In such models, the g 40| Nfgj'g PP
slab is assumed to have the same viscosity as the mantle, ' ’,r’%
for simplicity, n’ = 1. If a dense downwelling encoun- o 0+ o ’,a/ ‘
ters a viscosity increase, such as at 660 km, an inverted & J 6 g0 =0 NG).S(1) Chio
mushroom-like shape and broadening results. However, E 40. -~ trench ggggggg;{g%)
relatively large viscosity jumps of, = 200 were required g | @% DON(3), 5(5) Kurles Eg?ggaﬁt;e; ®
to reproduce the imaged broadening of the slab anomaly £ =R BIOCLELED) Aeutians,
in the lower mantle for the Sunda arc (Karason, 2002). '80] BON(), 5(2) Marianas B9 Kermadec 8

An alternative explanation for the tomographically 0 2 4 6
mapped structure at reducggd viscosity contrasts is the Velocity number [102]

folding instability of a relatively stiff slab (Ribe et al.,

2007). In this case, the mantle is treated as inviscid

(N’ — ), and only the fluid deformation of the slab igigure 9: (a) Dependence of subducting plate velociy
considered €g. Houseman and Gubbins, 1997; RibdSauares) and trench motidf (circles, cf. Figure 3) on “sub-
2003). Reality is somewhere between the/seheological dUCt"?n velocity number’).e. S9 (7) normalized by a Stokes
endmembers, and the joint approach of Morra et al. (ZO(Z@(JC'ty (eq. 2 withC =1 anda” = Lh) for the stiff (' ~ 1,000)

o . . b laboratory experiments of Bellahsen et al. (2005) S(i)-
and Capitanio et al. (2007), where the subducting lith uction zone parameters for different trenches in natuman(f

sphere is modeled numerically by FE, and the manl@ et and Lallemand, 2005). Legend lists color-codedctren

component is dealt with semi-analytically, may lead {Qgions with geographic subdivisions, error bars indidhes

improvements in regional models that account for tR@andard deviation of the mean velocities for each trenéhy- (

global flow contributions. ure modified from Faccenna et al., 2007, see this paper for de-
tails.)

4.3.3 Lithospheric bending and partitioning of vis-
cous dissipation

Conrad and Hager (1999a) improved on previous fluid
loop analysis for subduction velocities by taking the de-
tailed partitioning of viscous dissipation between fadilte
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margin, bending lithosphere, and mantle into account améched the 660 km discontinuity. However, Bellahsen
tested their scaling relationships with FE computatiores. al. (2005) were able to fit approximate steady-state be-
Such models allow exploration of the parameter space bevior for fluid slabs once they have reached the pond-
tween weak and strong slab dynamics. For experimeintg stage after interactions with 660 km (stage Il in
with fixed slab bending geometry, Conrad and HagEigure 10a). These authors used a simplified force bal-
found that a large fraction of viscous dissipation was aance based on Conrad and Hager (1999a), neglecting any
commodated by the bending of a viscous slab, and thaierriding-plate or fault zone terms. If parameters are
scaling relationship could be derived to predict plate verxeasured for a certain stage of subduction, the subduc-
locities as a function ofi, R, andn’. Becker et al. (1999) tion velocity

were able to fit the (exponential) rate of subduction devel-

opment for different slab strengths in their dynamically Nas ApghL @
evolving models as a function gf assuming that all vis- (2n'(h/R)2+ 3A)Nm

cous dissipation took place in the slab. However, these

authors also pointed out that this only worked if the timés found to scale linearly witNc measured from exper-
dependence d? was accounted for. iments (Table 1 for symbols). It is clear that the strong

(h/R)3 dependence will complicate application of eq. (7)

: Also, the type of trench motion (advancimg: retreat- to nature, and the bending geometry may be expected to
ing) was shown to be affected by the buoyancy numbgﬁry in time and along strike

which measures the magnitude of slab pull relative to sla By comparingVsiokes(€d. 2) and the subduction ve-

strength (Housema_n and GUbt.)mS’ 1997). Becker et I%|Cityv’ (eq. 7), it can be seen that the role of lithospheric
found that subducting slabs failed to develop for a sys-. = .. * . . g . .
. : . viscosity f1) is modified, and typically much increased
tem V\.”.th two plates and pres_cnbed, far-ﬂeld CONVETgeNLs i the minor effec’ has on the Stokes velocity. In
yelocmes _forr]' 2> 750, consistent with the plate Velocfact V' may be normalized by a typical Stokes velocity
ity a.nalyss of Conrad anq Hager.(1999a). A tecton{g evaluate the role of bending and induced shear by the
application of the subdycnon veloqty rules from BeckerIate at the surface (Faccenna et al., 2007), as opposed to
.it ag g[:rL(gr?cgr: fo;scigglecn?er:jd-ﬁogggsgﬁlam;t:'aéz%rg I[f? vertical sinking of an isolated slab sinker. We will call
ng was p ' : from eq. (7) a “modified Stokes” velocity to emphasize

The authors argue that the subduction rates at differgnt role of the (age-dependent) slab pabtype terms).

trench segments in the central Mediterranean can be % .
with a single, simple scaling law if buoyancy variations ellahsen et al. (2005) and Funiciello et al. (2008) an-

in subducting lithosphere due to a mix of continental a alyze how forces are partitioned between the lithospheric

n i 3n/
oceanic lithosphere are accounted fof. (Royden and bend|r!g and mantle ﬂOV\.' components(R) n and A .
Husson, 2006). terms in eq. (7), respectively). In accord with the earlier

o work, they find that the dominant control is the bending of
Bellahsen et al. (2005) tested the applicability of benghe |ithosphere for most settings. This view of subduction

ing scaling laws further, and presented a comprehensigamics where relatively strong slabs are an important
analysis of rollback and subduction velocities for laborgagntrol on plate velocities also finds support in the anal-
tory experiments with a single,.isolated.slab and stiﬁne§§s of Buffett and Rowley (2006) who show that the di-
ratios ofn’ 2 1000. The dynamic behavior of such strongsction of certain plate motions may be a consequence of
slabs when sinking into a layered mantle can be dividgg pending force balance. However, the Bellahsen et al.
into three types: Type one always shows rollback, typeoos) results are different from the analysis by Stegman
two shows alternating episodes of trench rollback and gg-4|. (2006), and at odds with conclusions by Schellart
vance ¢f. Enns et al.,, 2005), and type three always agr004b). Most of the discrepancies of published studies
vances (Funiciello et al., 2004). Especially the type tWge |ikely due to different parameter choices with respect
behavior is controlled by the interaction of the slab witf, sjap stifiness. The division of viscous dissipation is ex
the 660 km equivalent; this stage is associated with iSacted to depend strongly on the rheology of the slab at
bendinvg’ of th,e lithosphere at depttf.( Hassani e_t al., the trench, which is poorly known in nature.

1997; Cizkova et al., 2002). Such deep dynamics maypynamically evolving slabs may adjust into a mini-
be recorded geologically by means of episodic back-gfim viscous dissipation configuration by modifying the

basin opening, possibly associated with different amoupsy ging geometry and the relative rate of trench motion
of lateral flow confinement (Faccennaetal., 2001b, 200@@.nns et al., 2005). Recent work on the partitioning of

Subduction is time-dependent, especially in the tramiscous dissipation in dynamically evolving subduction
sient phase where the initial downwelling has not yetodels based on 3-D modeling as in Figure 8 indicates
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that between 40 and 50% (retreating or advancing slab,
respectively) may be due to bending (Di Giuseppe et al.,
2008). We conclude that bending may not be the sole,
dominant source of dissipation, but it is likely of great im-
portance. The broader implication is that plate tectoni

may be more strongly affected by lithospheric strength (a) 5
would be expected from an isoviscous convecting systerr .=
However, the heat flow scalings suggested by Conrad a
Hager (1999b) and Korenaga (2003) may overestimate t
role of the lithosphere, as they are based on constant ben
ing geometries.

4.4 Different modes of trench migration: 0.2 ]
retreat and advance
A RMS

i o

Il
The other component of viscous dissipation, due to the= /—\poi 0.5
induced flow in the mantle, is divided into a poloidal part oc 01 7/ i =
- —

similar to that of a Stokes sinker, and toroidal flow as-
sociated with trench migration (Garfunkel et al., 1986) - 0.2
and vortex-like motion around the slab (Buttles and OI-
son, 1998; Kincaid and Griffith, 2003; Funiciello et al., 0.0 0 _ 1 2,
2004, 2006; Schellart, 2004a; Piromallo et al., 2006).

(b) ‘time‘

Like lithospheric bending, toroidal flow depends on rheol- (A
ogy, and the toroidal to poloidal flow ratio may be used to =
judge the character of theoretical convection models com-oc
pared to observed surface velocities. For regional sub-
duction models, the decomposition of the velocity fields
can be useful to understand the temporal evolution of
slab sinking into the upper mantle. While large values of
toroidal flow are reported (“95-100% of the mantle flux”;
Schellart et al., 2007), such statements apply only to re
stricted layers of the upper mantle during strong rollback. -
It is also best to distinguish between amplitudes of diver
gence and vorticity, as opposed to poloidal and toroida
velocity decompositionse(g. Tackley, 2000b). The latter
are preferred, and reported here.

From analysis of subduction models such as those

shown in Figure 8, we find that TPRs are highly time=igyre 10: Temporal evolution of poloidal (dark gray) and
dependent, particularly for “free ridge” models that laciroidal (light gray) velocity RMS, and TPR ratio (heavy ¢ha

a pronounced, steady-state rollback phase (Figure 1@}) for the whole domain (solid) and the upper mantle only
Mean TPR ratios are of the order of 0.5-0.9f6r= 500 (dashed lines). We show results for a “fixed ridge” model (a,
when spatially averaged over the model domain, whexin Figure 8) and for a “free ridge” where the plate can ad-
the high values result from fixed ridge setups where royance freely (b, as in Figure 12f. Enns et al., 2005). Non-
back is requireddf. Enns et al., 2005). Such overall TPRlimensional units, unity time corresponds<d 5 Ma, and small
values can be compared with detailed tests for single sPfS Show snapshots at the indicated times as in Figure 8.
shapshots by Piromallo et al. (2006). For their example

geometry (similar to phase Il of Figure 10a), Piromallo

et al. showed that toroidal flow itself increases with slab

width W. However the TPR does not depend strongly on

4.4.1 Toroidal flow and the role of slab width
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W, but increases witl’, from 0 atn’ = 1 to ~ 0.5 for (sec. 4.3.1). Expressed as a function of predicted sub-
n’ = 100, saturating at 0.7 for n’ > 1000. If mantle duction velocityV’, trench motionVr, is found to in-
circulation could be constrained for subduction settingsease, and plate velocityp to decrease, with increas-
independentlye.g. from seismic anisotropy, this relationing V' in the laboratory experiments (Figure 9a). Thus,
ship may be used to arrive at an indirect constraintifor an increased subduction tendency as measurad Kgr
While TPR ratios are a kinematic construct, the toroidi$ normalized version, the subduction velocity number
flow component does allow evaluating the dynamic presf Figure 9) is converted into increased rollba¢k be-
sure components induced by rollback, and Royden acalise of anchoring. Interestingly, similar scalings\fer
Husson (2006) present an analytical estimate of this fléy, andV’ are also found for subduction zones in na-
component. Rollback pressure is expected to incredisee (Figure 9b). While there is large scatter, Faccenna
OW. This would imply that rollback ratesyr, may et al. (2007) show that regional subduction zone parame-
scale inversely withV, as suggested by Dvorkin et alters (from Heuret and Lallemand, 2005, based on HS-3)
(1993) and found in the laboratory experiments of Bellahnd the empirical relationships of Figure 9 can adequately
sen et al. (2005). Consistently, Stegman et al. (2006) weredict the trench-normal componentsffandVy.
able to parametriz&t in their numerical models with a
completely yielded trench region by poloidal and toroidal
viscous dissipation in the mantle as a functiomafand  Issues with applying the simplified Faccenna et al.
also found thavr 00 1/W. In an application of their ex- (2007) results to nature were discussed extensively in
periments, Schellart et al. (2007) point out that both rotheir paper. For example, we would expect regions with-
back velocities and trench curvature in nature may be c@t complications from mantle wind, and those without
trolled by slab width. Narrow slabs such as the Scotia arentinental material entering the trench, to behave most
show fast rollback and convex trench shapes. Wide slathssely to what is expected based on models with a single
such as in the Chilean roll back slowly or are stationappbducting plate. The Sunda arc, and as a consequence
(Figure 4), while their trenches form concave geometritfe Australian plate, are accordingly not matched well,
with a possible stagnation point in the centeft (Russo while other subduction zones are matched better. How-
and Silver, 1994). However, both Stegman et al.’s (2008Yer, Figure 11 provides a global test of the regional dy-
and Schellart et al.'s (2007) results are out of scale feamics analysis of Faccenna et al. We computed rigid
Vp, which is~ one order of magnitude lower than the obplate motions for the Australian, Pacific, and Nazca plate
served plate velocities. This may overestimate the rolelefsed on least-squares estimates of the Euler vector that
Vr for subduction zone dynamics. best matches the trench-normal, local velocities from Fac-
cenna et al. (2007). It is apparent that the overall motions
d- of the major oceanic plates that have subduction zones at-
tached can be fit by the scaling relations that were derived
fromisolated, highly idealized subduction models without
The work by Bellahsen et al. (2005) shows that certadim overriding plate.
parameters can be used to roughly predict overall con-
vergenceV/c based oV’ (eg. 7), while the partitioning
into Vr andVp remains somewhat elusive. It is possible Part of this perhaps surprising result is due to the pre-
that rollback settings follow a minimum viscous dissipacribed plate geometries and the correspondingly highly
tion principle where a balance between the Stokes-sinkerrelated driving torques (Figure 5). While global mod-
flow, the shear of the plate at the surface, and the rollbaeks with viscous coupling at the base can predict plate mo-
induced shear is found (Enns et al., 2005). While sevetiains well (Figure 6), pulling at the right plate boundaries
groups are working on tests of this suggestion at presaz@n also, expectedly, provide a good match. However, it
a consensus or comprehensive theoretical description isdaatriguing that roughly the right amplitudes of HS/3
yet to emerge. values are predicted, given that this plate model includes
However, from an empirical point of view, Faccennget rotations. This implies that regional slab dynamics
et al. (2007) showed that trends exist in the subductioray indeed be invoked to excite net rotations. At first this
velocity scaling of Bellahsen et al. (2005). Trench migramnay seem counter intuitive, but given the possible strong
tion, Vi, scales inversely with plate velocityp. Since effect of the slabs that are attached to the plates forming
Vs = Vr +Vp (Figure 3), this implies that there is an anthe Pacific basin, this finding deserves further study be-
choring effect with externally controlléds, similar to the yond the preliminary global tests that were discussed in
results by Heuret et al. (2007) for back-arc deformatiaec. 3.5.

4.4.2 Regional subduction dynamics and plate a
vance
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Figure 11: Best-fit plate motions (solid colored vectors) for rigicii@ Euler vectors based on matching the trench-normalitgloc
predictions of Faccenna et al. (2007) (open solid vectaaypared with HS-3 NUVEL (gray vectors, in the hotspot refee-
frame). We allow for an azimuth error of the estimated tresepment normals of 3thefore computing Euler poles (star: Aus-
tralian plate; circle: Pacific; diamond: Nazca). Numbertweplot indicatex? misfit, normalized correlation of Euler vectors
((Qm-Qn) / (|1Qml|Qnl|)) and amplitude ratio|Qm|/|Qn|, values larger than unity meaning over-prediction of atagks).

4.4.3 Roll of slab strength for roll back creasing subduction velocity decreaSgsand increases

Ti it is the highn’ end of this range that was used by

. . I Y%
We had _emphaS|_zed earlier that slab behavior in regiopdiccenna et al. (2007) and discussed for Figure 9. Only
subduction exper_|ments glepends strongl_y on the VISCOSHY 1his intermediatey’ field are models with larger sub-
of the slaln’, particularly in the trench region. The strong, | ~tion velocity observed to be retreating, and models

and weak slab experiments by Bellahsen etal. (2005) "Wﬁ% smaller subduction velocity are found to be advanc-
Stegman et_ "’!'- (2006), respectively, are two endmem (Figure 11). While the intermediatg regime might
cases. Funiciello et al. (2008) therefore conducted ad.gé' interesting, it is not clear if it is relevant for nature.

Eorrw]al _expenmefnts ?nd we/re a(ljal\?/ to F”_‘ap Olfzsugduc“ﬂgwever, the)’ ratios appear reasonable given other con-
he awo; ?s_a hunc lon Gﬂl ‘En L 'gf(;eooo ShOWS straints on effective slab viscosity. Moreover, both ad-
that models in the strong slab regimg £ 10, » Phase, ncing and retreating slabs are observed in nature (Fig-

space “C”,)’ on the one hand,. are observgd K.) alway_s 'Q 4b), and back-arc deformation (Heuret et al., 2007) as
back. This is because the viscous bending is domma\%"

very little in-slab deformation and stretching occurs,

subduction prefers to minimize the deformation at tngted slab experiments in this stiffness regime. The joint

trench. In the C regime, dynamics are plate, or “th?ﬁatch of back-arc deformation and is encouragi

. - ging
fpﬂhere, dominated. Wea_k slabﬁ_ £ 100, phase. Spacegiven that plate velocitied/p) with moderate NR can be
‘A", on the other hand, display little trench motion, de

explained with global flow models (Figures 2 and 6) with-

form mter_nall_y, and form a Raylel_gh-Taonr like VISCOUBt a refined representation of regional slab dynamics.
downwelling instead. In this regime, the dynamics are

strongly mantle controlled. We therefore assume that viscous slab models are a
In between the two extreme cases A and C is the margeful means to understand global subduction kinematics,
varied subduction behavior of phase space “B” where iand thatvr is mainly controlled by deep slab dynamics.
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Figure 12: Laboratory model behavior for free ridge models with diffierslab/mantle ratiag’ and normalized subduction veloc-
ities (V/ of eq. 7, divided by a normalized Stokes velocity to remoedfiect of buoyancy changes at constant mantle viscosity).
Models are from Bellahsen et al. (2005), Funiciello et aQ0@) (diamonds), and Schellart (2004b) (circles). Daslmesslare
approximate divisions of model behavior; figure is modifiezhi Funiciello et al. (2008).

One can then turn the argument around and explore #re closer to the’ values that are implied by Funiciello
inverse correlation betwed# andVp as a function ofy’ et al.'s study, but on the low end. The experiments of
and reference frames. Funiciello et al. (2008) summari3ehellart et al. (2007) are, however, inconsistent in that
existing, and conduct new, free trailing-edge subductitimeir a ratios are significantly higher than those observed
models with an isolated viscous slab (Figure 12). Théaynature.
show that the correlation between the two kinematic pa-viscosity ratiosn’ of the order of 100, as expected
rameters holds for experiments with a rangejbivithin - given the arguments above, are also consistent with
the intermediate field of Figure 12. The best-fit slopgrguments about subductability of fluid slabs (Conrad
o = V7 /Vp is found to increase from ~ 0.5 atn’ ~ 100 and Hager, 1999a; Becker et al., 1999), the geopoten-
to a ~ 1.75 atn’ ~ 15,000. In nature, the strength ofjal and in-slab force transmission (Moresi and Gurnis,
the anti-correlation betweerp andVr and the amplitude 1996; Zhong and Davies, 1999), as well as the flexure
of a depend on the reference frame (Figuree)varies study of Billen and Gurnis (2005). A range of obser-
from~ 0.25 for NNR to~ 0.75 for HS-3 (Funiciello et al., vations therefore indicate that subducting oceanic litho-
2008). sphere behaves as a viscous fluid that is effectivebp0
Therefore, none of tha slopes for largesty’ are ob- times stiffer than the upper mantle. Is an effective vis-
served in nature, as trench motion is usually smaller themsity a meaningful concept? In reality, temperature-
plate velocities. Instead, the obsenedialues may in- and pressure-dependent diffusion and dislocation creep
dicate that slabs are relatively weak, with compatityle mechanisms control slab deformation, along with plastic
values between 150 and~ 350 (Funiciello et al., 2008). yielding mechanisms that will limit maximum deviatoric
Using this line of reasoning, the experiments by Bellahsstresses (Kirby and Kronenberg, 1987; Riedel and Karato,
et al. (2005) were probably conductediavalues that are 1997; Hirth and Kohlstedt, 2004). Even for olivine, sev-
too high, and the inviscid fluid models afg., Shemenda eral creep law parameters are not well measuseddcti-
(1994) and Houseman and Gubbins (1997) wjth— « vation volume), constraine@.@. volatile content), or may
might make too drastic an assumption with regard to tdgnamically evolve 9. grain size) in nature. However,
neglect of mantle flow. Schellart's (2004a) experimenseveral authors have studied which visco-plastic olivine-
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type rheologies lead to “slab-like” subduction in the ugative comparisons between laboratory analog models and

per mantle. Geodynamic models for the present-day pamerics.

tential temperaturee. Tetzlaff and Schmeling, 2000; Most of the results discussed in this review indicate that

van Hunen et al., 2000; Billen and Hirth, 2007), and thée role of the overriding plate may be small for control-

Earth’s past (van Hunen and van den Berg, 2007) hdirgy subduction dynamics. However, this also needs to be

been explored. From these experiments, it is apparent thadluated with joint lithospheric-mantle models, particu

both slab shapes and average viscosities are dynamiclallly in the context of a thick, continental overriding @at

evolving. Howevery)’ values of~ 10*...10° for the slab

outside the trench are plausible, along with significa

weakening toward the trench, down o ~ 10%...10°. ﬂCknOWIGdgmentS

Lab-derived rheologies in thermo-mechanical models are

thus consistent with the range gfused in the simplified ~ Discussions during the SUBCO meeting in Montpellier

models here. in June 2007 helped to distill some of the ideas summa-
rized here. We thank our reviewers Saskia Goes and Car-

) olina Lithgow-Bertelloni as well as F. Funiciello, M. 1.

5 Conclusions Billen, B. J. P. Kaus, and S. D. King for comments on an
earlier version of this manuscript. In addition, we thank

Plate kinematics may be understood by the dynamigalHeuret and F. Funiciello for sharing their data, and S.

behavior of fluid slabs sinking into a mantle that is vizhong and L. Moresi for their computer software. Com-

cously stratified. Regional modeling indicates that rolputations were conducted at the University of Southern

back, trench curvature, and back-arc deformation are c@=lifornia Center for High Performance Computing and

sistent with slabs that are 250 to 500 times stiffer than Communications (www.usc.edu/hpcc), and we used soft-

the mantle, in terms of the effective viscosity in the trenahare from CIG (geoydnamics.org). Most figures were

region. The dynamics are controlled by bending, maproduced with the GMT software by Wessel and Smith

tle drag, and interactions with the higher viscosity lowg1991). This research was supported by NSF grants EAR-
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