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[1] Statistical analysis of modern oceanic subduction zone parameters, such as the age of a downgoing
plate or the absolute plate motions, is performed in order to investigate which parameter controls the dip of
a slab and, conversely, what the influence of slab geometry is on upper plate behavior. For that purpose,
parameters have been determined from global databases along 159 transects from all subduction zones that
are not perturbed by nearby collision or ridge/plateau/seamount subduction. On the basis of tomographic
images, slabs that penetrate through, or lie on, the 670 km discontinuity are also identified. The results of
the statistical analysis are as follows: (1) Back-arc stress correlates with slab dip, i.e., back-arc spreading is
observed for deep dips (deeper than 125 km) larger than 50°, whereas back-arc shortening occurs only for
deep dips less than 30°. (2) Slab dip correlates with absolute motion of the overriding plate. The correlation
is even better when the slab lies on, or even more penetrates through, the 670 km discontinuity. (3) Slabs
dip more steeply, by about 20° on average, beneath oceanic overriding plates than beneath continental
ones. (4) Slabs dip more steeply on average by about 10° near edges. (5) Slab dip does not correlate with
the magnitude of slab pull, the age of subducting lithosphere at the trench, the thermal regime of the
subducting lithosphere, the convergence rate, or the subduction polarity (east versus west). The present
study provides evidence that the upper plate absolute motion plays an important role on slab dip, as well as
on upper plate strain. Retreating overriding plates are often oceanic ones and thus may partially explain the
steeper slab dips beneath oceanic upper plates. One can infer that low slab dips correlate well with
compression in continental advancing upper plates, whereas steep dips are often associated with extension
in oceanic retreating upper plates. Excess weight of old slabs is often counterbalanced by other forces,
probably asthenospheric in origin, such as lateral mantle flow near slab edges or anchor forces, to
determine slab dip.
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1. Introduction

[2] Upper plate strain is known to have some
relation with slab dip. Low-angle subduction is
thought to greatly facilitate the transmission of
compressive stress to the overriding plate through
increased contact area between the plates [e.g.,
Barazangi and Isacks, 1976; Jordan et al., 1983].
Ruff and Kanamori [1980] noticed that strain
regime is positively correlated with shallow dip
and inversely correlated with deep dip. On the
other hand, Jarrard [1986] concluded from a
statistical analysis of data available at that time
that strain class was probably determined by a
linear combination of convergence rate, slab age
and shallow slab dip. Regarding the control of slab
dips, Hager and O Connell [1978] suggested that
mantle flow can explain most slab dip angles by
lateral pressure on the slab.

[3] A preliminary study performed 5 years ago by
one of the coauthors, David Boutelier, revealed that
any active back-arc shortening was associated with
slab dips at depths of more than 100 km, shallower
than 50°, and conversely, any active back-arc
spreading was associated with deep slab dips
steeper than 50° (Figure 1). This work was done
using a limited but representative set of transects.
Such first-order observations apparently ques-
tioned some of the former conclusions. We thus
suspect some relation between slab dip and upper
plate strain regime, but (1) is the relation simply
linear between the two characteristics, or does it
involve other parameters? (2) If such a relation
exists between slab geometry and upper plate
strain, which one is the controlling parameter?

[4] On the other hand, many authors consider that
the slab dip is mainly influenced by the slab pull,
e.g., Chilean-type versus Mariana-type [Uyeda and
Kanamori, 1979]. Such a correlation is indeed
verified along some subduction zones like South
Chile or Nankai (young subducting plates and low-
angle subduction) or Mariana (old subducting litho-
sphere and steep-angle subduction). Furthermore,
on the basis of the observation of a westward drift
of the lithosphere with respect to the underlying
asthenosphere, Doglioni et al. [1999] have sug-
gested that W-dipping slabs should be steeper than
E-dipping ones, because of the pressure exerted by
mantle flow on the slabs. Unfortunately, both the-
ories suffer from well-known counterexamples like
the old Pacific plate subducting at a very-low angle
beneath Northeast Japan or the young Atlantic
lithosphere subducting at a very steep angle beneath

Sandwich Islands. Conrad et al. [2004] concluded
that subduction zone tectonics do affect plate-
driving forces, such as slab pull. In this paper,
we reassess the relation between slab dip, slab
pull, plate velocities and the tectonic regime of
the subduction, and challenge previous models.

[s] Our approach may be biased by the fact that we
only examine present-day observations of subduc-
tion zones, which is obviously a limitation. Unfor-
tunately, we cannot avoid this limitation as any
reconstruction of slab dip through time is very
speculative and cannot be used for robust conclu-
sions. On the basis of numerical and analogical
experiments, we are fully aware that slab dips
evolve through time at rates comparable to, or
even larger than, those of plates motions. Bearing
this limitation in mind, we explore the spectrum of
present-day subduction zones and try to better
constrain the processes in action.

2. General Context

[¢] Regarding the main forces that influence both
the plates kinematics and deformation in a sub-
duction zone (Figure 2), we identify the slab pull
force, defined as the mass excess of the slab
relative to the surrounding mantle, the viscous
resistance of the mantle during the sinking of the
slab as well as the forward or rearward motion of
the slab (anchor force), the viscous shear force
during slab penetration, the coupling between the
plates along the interplate zone, which includes
both the interplate friction and pressure and the
bending/unbending of the slab. Other sources of
stress (difficult to estimate) are also acting, such
as the regional mantle flow or the corner flow.
The combination of these forces generates stresses
in both the subducting and the overriding plates.
In this paper, we will focus on those expressed in
the upper plate because we have direct access to
the deformation rates, through GPS measure-
ments. This does not mean that the deformation
within the subducting plate can be neglected. For
example, regarding the poor correlation between
estimated slab pull and plate kinematics [Conrad
and Lithgow-Bertollini, 2002], Conrad et al.
[2004] concluded that a number of slabs may be
considered as detached from the subducting plate,
due to strong intraplate deformation.

3. Data Set

[7] Jarrard’s [1986] statistical analysis of sub-
duction zones was based on 26 parameters
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Figure 1. Major Pacific slab geometries classified by groups of deep slab dips except the first group, which

concerns flat subductions with variable deep slab dips: 30° to 50°, 50° to 60°, 60° to 70°, steeper than 70°. Active arc/
back-arc compression is observed for slab dips lower than 50°, whereas active arc/back-arc extension occurs only for

slabs dips steeper than 50°.

averaged over 39 segments of roughly constant
subduction conditions. Since this earlier exhaus-
tive study, there has been a general improve-
ment of available data, both in accuracy and in
the homogeneity of sources, with the advent of
global data sets like the Engdahl et al. [1998]
relocated hypocenter catalogue (EHB98) or the

Interplate
friction

digital ocean floor age grid of Miiller et al
[1997]. Moreover, new constraints on slabs
geometries, especially in their deeper parts,
are provided by the recent development of
seismic tomography. All of these improvements
allow a new examination of slab dips statistical
features.

Interplate 51‘r'¢'.lil'|I in
pressure upper plate
-

=) ¢=

Mantle
resistance
\to penetration
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Figure 2. Major forces acting in a subduction zone.
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Figure 3. Location of the 245 transects over all subduction zones. Those in orange are not used in the present study
because they are close to collision zones or ridge or plateau subduction. The remaining 159 transects are divided into
114 regular ones in green and 45 near-slab edge transects in pink. Thick black lines outline regions where slabs

penetrate into the lower mantle based on tomography.

[8] The present statistical study is based on a
selection of 159 “nonperturbed oceanic subduc-
tion” transects among the 245 we have com-
piled checking about 50 parameters. We define
“nonperturbed oceanic subduction” as any sub-
duction of an oceanic plate beneath another
plate (continental or oceanic) far from any
collision zone, ridge or plateau subduction (in
green and pink in Figure 3). A collision zone
means that a continental plate subducts beneath
another plate. Such a geodynamic setting as well
as ridge or plateau subduction is often accom-
panied by upper plate compression in the vicin-
ity of the collision and extension or extrusion
on the sides. The study of such regional effects
needs special attention and are clearly beyond
the scope of the present paper. We have used a
sampling step of about 220 km of trench to
extract the transects which represent nearly
36,000 kilometers of trenches. This uniform
and systematic sampling has been chosen to
better account for the lateral variations along
apparent homogeneous subduction segments.

[s] We then identified three groups within this set
(groups that could overlap; see Figure 3): (1) 114
“regular” in green; (2) 45 “near-edge” in pink
when a transect is located within 400 km from the
termination of a slab; and (3) 39 transects for

which the slab penetrates into the lower mantle
according to available tomographic images (here-
after called “lower mantle slabs’’). These 39 tran-
sects include all continuous slabs with maximum
depths exceeding 670 km, whether these are
straight or curved near the mantle discontinuity.

[10] In this study, we will discuss ten basic param-
eters and six combinations of parameters which
appear to be relevant to slab dip (Figure 4;
Table 1).

[11]] The geometry of the subducting plate is
parameterized according to slab dip, maximum
depth and length. Typically, slab dip increases
gradually from the trench to a depth of 80—
150 km. Beneath this depth, it remains almost
constant down to the limit between upper and
lower mantle where it may be deflected. After a
careful examination of slab geometries, we have
observed that the major change in dip occurs
around 125 km depth. In order to minimize the
subjective bias induced by the changes in slab
dip, we have defined a mean shallow dip between
0 and 125 km called o and a mean deep dip for
depths greater than 125 km called o4. For most
subduction zones, a ‘“‘best fit” of the upper
surface of the slabs can be made using the
distribution of earthquakes’ hypocenters. Trench-
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Figure 4. Schematic representation of the parameters used in this study. Absolute velocities of the subducting plate
Vb, of the trench/arc system V, and of the upper plate V,,, are positive trenchward. The deformation rate in the
back-arc region Vyq is positive for spreading and negative for shortening. Maximum depth of the slab D,,,, is based on
tomography and not seismicity. L is the slab length estimated from its maximum depth and mean dip. UPS, upper
plate strain; UPN, upper plate nature. The gray pattern within the overriding plate is the sampling area for earthquakes
which focal mechanisms are used for determining UPS class from E3 (active extension) to C3 (active compression).

normal cross sections of the seismicity were
plotted for each 220 km of trench, using the
EHBY98 catalogue. Dips were measured using
Benioff zones only for the ones (85%) that exhibit
a sufficiently well defined upper boundary. Uncer-
tainties have been estimated to about +2.5° for 2/3
of the cross sections, and +5° for the others.
Concerning the remaining 15% of poorly defined
slab geometries, we have used local seismicity
studies in order to estimate o. This concerns low
seismicity subduction zones like Manila [Bautista
et al., 2001], Nankai [Xu and Kono, 2002], Yap
[Fujiwara et al., 2000], Cascades [Parsons et al.,
1998], Mexico [Pardo and Suarez, 1995], and
Puysegur [Eberhart-Phillips and Reyners, 2001].
Tomographic data (see Table 1 for references)
were used to estimate oy when deep parts of
slabs are aseismic. In this case, the uncertainty
is about +5°.

[12] Maximum slab depths D,,,, have also been
measured on the basis of published tomographic
profiles. It is clear that the degree of confi-
dence varies from one study to another. For
each subduction zone, we have thus chosen the

most recent references and interpretations (listed
in Table 1). A majority of profiles and inter-
pretations come from Fukao et al. [2001], in
which different wave models are objectively
compared for each profile, and from Bijwaard
[1999], which covers a wide range of subduction
zones.

[13] Slab length L is calculated from o, oy and
Dmax (see Figure 4). The length does not com-
prise the slab segments that lie on top of, or pass
through, the 670 km discontinuity.

[14] We have estimated the age of slab A from the
digital grid of Miiller et al. [1997] averaging the
subducting plate age on the first 10 km normal
from trench (see Heuret and Lallemand [2005] for
details). We consider that the error obtained for the
slab age, using the approximation of age at trench
is not worse than estimating the age of slab from
reconstructions, because we were often confronted
with various paleoreconstructions depending on
authors.

[1s] The upper plate strain (UPS) is determined
from focal mechanisms of earthquakes occurring at
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Figure 5. Cross correlation between absolute and relative velocities and slab dips with correlation coefficient R for
each group of transects defined by the maximum depth reached by the thermal slab and/or the proximity of a slab

edge. Correlation coefficients larger than 0.5 are shaded.

depths less than 40 km within the upper plate
far from the subduction interface (gray area in
Figure 4; see also Heuret and Lallemand [2005]
for details). Like Jarrard [1986], we distinguish
seven strain classes from highly extensional (E3,
active back-arc spreading) to highly compressional
(C3, active back-arc thrusting).

[16] We distinguish two groups of overriding plates
depending on their crustal nature (upper plate
nature (UPN)), either continental or oceanic and
two groups of slabs, as said above, depending
whether we are far from slab edges or not (see
above). We also used tomographic images (see
Figure 5) to determine that 25% of slabs penetrate
into the lower mantle (>670), 27% lie on top of the
670 km discontinuity (=670) and 48% do not reach
the discontinuity (<670).

[17] We also cross-correlate slab dip and plates
motions. We distinguish 3 absolute velocities using
HS3-NUVELI1A kinematic model of Gripp and
Gordon [2002]: Vg, for the subducting plate, V,
for the main upper plate and V, for the trench/arc,
making the assumption that growth or consumption
of the active margin front is negligible. By using
this hot spot reference frame, we assume that

there is no net drift of the hot spots during the
last 5.7 Ma. We also consider that the motions of
the lower mantle are far less than those of the
upper mantle because of the higher viscosity.
All absolute velocities are defined as positive
trenchward. We call V. the relative convergence
between plates by summing Vg, and V.. and those
between the major plates V¢, by summing Vg,
and V,, (see Figure 4). We thus calculate the
effective convergence V. at trench as well as the
convergence between major plates Vy,,. In this
study, we only use the normal component of the
velocities: Vgubn, Vupns Vins Ven and Veppn.

4. Cross Correlations Between
Parameters

[18] Our slab dip data set covers 159 ‘“‘nonper-
turbed oceanic subduction transects” with a mean
value of shallow dip o which equals 32° + 11°, a
minimum of 10° beneath Peru and a maximum of
75° at Yap (Figure 6). The mean value of deep dip
o is 58° £ 14° with a minimum of 25° beneath
Japan and a maximum of 90° beneath Mariana
islands. Because of the limited length of some
slabs, we sample only 117 transects to get values
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Figure 6. Distribution of (a) shallow and (b) deep slab
dips o4 and oy among the 159 “nonperturbed oceanic
subduction transects.” Near-edge transects systemati-
cally exhibit steeper dips.

of ag. We observe a good correlation between oy
and og, with a coefficient R = 0,7.

[19] We observe steeper slabs near edges, i.e., og =
38° + 13° (based on 45 transects) and oy = 66° £
12° (based on 28 transects). When removing ““near-
edge” transects, we observe lower values of oy =
29° + 9° (based on 114 transects) and oy = 56° +
14° (based on 89 transects). It thus appears that
slabs are about 10° steeper in average near edges.

4.1. Slab Dip and Plate Kinematics V

[20] Following the earlier conclusions reached by
Luyendyk [1970] (slab dip « is inversely related to
V.) or Furlong et al. [1982] (« is inversely related
to Vyp), we have examined the quality of the
correlation between the slab dip and plates motions
both relative and absolute. At first glance, we can
conclude that the correlation coefficient is poor
between any absolute or relative plate velocity and

the slab dip (|[R| < 0.5; see Figure 5). However,
because we know that slabs geometries can be
affected by edge effects, as well as slab penetration
into the less mobile lower mantle, we have tested
the same cross correlation within a set of 114
“oceanic transects far from slabs edges,” which
include 39 transects for which the slabs pass
through the 670 km unconformity and 26 for which
the slabs lie on top of the discontinuity.

[21] The result offers the best correlations for the
absolute upper plate velocity V,, (Figure 7). We
always observe a tendency for the slab dip to
decrease with increasing upper plate velocity from
negative to positive values. The correlation is
better with o than oy, and much better when the
slab penetrates into the lower mantle: correlation
coefficient |R| for linear regression equals 0.75 for
agq and 0.88 for «; it falls to 0.41 and 0.70,
respectively, if we include slabs lying on the
discontinuity and 0.39 and 0.61 for all slabs (see
Figure 5).

[22] The best correlations are observed between
slab dip and arc/trench absolute motion Vi, espe-
cially for “lower mantle” slabs (|R| = 0.69 for oy
and 0.93 for ay), but the correlation rapidly dete-
riorates for other transects.

[23] A good correlation is still obtained for
“lower mantle” slabs when comparing slab dip
and subducting plate absolute motion Vg, and,
like V it becomes worse for other transects.
Slabs tend to dip more steeply for rapidly sub-
ducting plates.

[24] The correlation is poor between slab dip and
V.. The correlation improves when examining the
convergence between major plates V., rather than
the effective convergence between the subducting
plate and the arc V..

4.2. Slab Dip and Upper Plate Strain (UPS)

[25s] As presented in the introduction, several
authors infer that slab dip controls strain regime
in the overriding plate (UPS). Jarrard [1986]
treated that relation with caution and finally pro-
posed that dip alone was an inadequate predictor of
strain regime. We have used the same approach as
Jarrard classifying all our 159 transects by strain
characteristics within the upper plate from signif-
icant active extension (class E3) to significant
active compression (class C3). Except for a few
exceptions (Manila, Puysegur and Yap), the trend
is clear both for oy and oy (Figure 8). For extreme
classes, compression within the upper plate is
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near-edge transects (triangles generally showing steeper dips), we observe an inverse correlation between parameters,
i.e., steeper dips for retreating upper plates. The best clustering is obtained for “lower mantle” slabs that penetrate
into the lower mantle (>670 in black). See the text and Figure 5 for more details.

associated with low slab dips, whereas extension is
always observed for steep slab dips. The threshold
value is 31° + 3° and 51.5° £ 0.5° for oy and oy,
respectively. This is certainly the best correlation
we have obtained that applies to almost all non-
perturbed oceanic subduction transects. In order to
illustrate the lateral variations of o along all
subduction zones, we have used a color chart in
Figure 9 to plot the shallow dips along trenches
and located areas of active back-arc extension and
compression.

4.3. Slab Dip and Slab Pull Force F,p,
Slab Age A, and Thermal Parameter ¢

[26] It is widely accepted that the slab pull force
acts on slab dip [Viaar and Wortel, 1976; Molnar
and Atwater, 1978]. We have tested this assump-
tion using several methods. First, we have simply
tested the relation between oy and the age at trench
A for all 117 nonperturbed oceanic subduction
transects (Figure 10). One may think that deep
slab dip oy is appropriate to reflect slab pull effect,
but we observe simply no relation at all between

these two parameters even if we remove slab edges
(28 transects) and/or “lower mantle” slabs (26
transects).

[27] Secondly, we have plotted the slab dip versus
the slab pull force Fg, (Figure 11). We have used
the definition of Carilson et al. [1983]: Fy, =
K.Ap.L.\/A. We set the constant K to 4.2 times g
(gravitational acceleration = 9.81 m.s?) according
to McNutt [1984], Ap = 80 kg.m is the mean
density difference between the slab and the sur-
rounding asthenosphere, L is the slab length cal-
culated only for the part above 670 km, and A
being the slab age in Ma at trench. Again, we
observe no relation at all between these two
parameters, even when removing near-edge tran-
sects that generally exhibit larger dips. Looking
carefully at various maximum slab depths, we
observe a poor positive correlation with “upper
mantle” slabs (<670), a good negative correlation
with slabs that lies on top of the discontinuity
(=670), and no correlation at all for “lower man-
tle” slabs that exhibit a wide range of dips for the
same value of Fy, around 2.7 £ 0.5 10 3 N.m L
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the 159 “nonperturbed oceanic subduction transects.”

The apparent negative trend in the right part of the
diagram (Figure 11) for slabs lying on the discon-
tinuity (|R| = 0.33 for o and 0.77 for ag) exclu-
sively concerns Japan and Kuril slabs. It shows that
the dip shallows for higher values of slab pull (in
fact when the length increases).

[28] Considering that mean slab density and rheol-
ogy is controlled by its thermal state, we have
finally tested the relation between o4 and the
thermal parameter ¢ as defined by Kirby et al.
[1996], as the product of A in Ma and the descent
rate V, in km.Ma '. Low ¢ characterizes warm
slabs, whereas high ¢ corresponds to cold slabs.
Again, it can be seen clearly that there is no
relation between these parameters.

4.4. Slab Dip and Upper Plate Nature
(UPN)

[29] Furlong et al. [1982], on the basis of 12
samples of subduction zones, noticed that the mean
oy is larger beneath oceanic (65°) than beneath
continental (53°) overriding plates. Later, Jarrard
[1986] improved the test using 29 transects and
confirmed this tendency. He obtained 66° and
40.5°, respectively, as median «g. In the present
study, we have performed the same test with all
159 “nonperturbed oceanic subduction transects”
(Figure 12). We definitely confirm that slabs dip
more steeply beneath oceanic upper plates. The
median oy we obtained are 70 + 10.5° (38 tran-
sects) for oceanic and 52.5 + 11.5° (79 transects)
for continental upper plates. o reach 42.5 + 9.5°
(42 transects) and 27.5 + 8.5° (117 transects),

respectively. Slabs dips are slightly lower when
removing near-edge transects from the samples.

4.5. Slab Dip and Polarity of Subduction

[30] Doglioni et al. [1999], on the basis of the
westward drift of the lithosphere relative to the
mantle at the scale of the Earth, consider that
the polarity of subduction is a major control
parameter for subduction zones. In particular,
one of the consequences is that W-directed slabs
are thought to be steeper than E-directed ones.

[31] Our study shows that among the 159 “non-
perturbed oceanic subduction transects,” 47% of
slabs dip eastward and 53% westward. Mean « is
28 + 11° for eastward dipping slabs (74 transects)
and 34 + 10° for westward ones (85 transects). The
difference is even less for og with 57 £ 12° versus
59 + 16° respectively. Looking at this small
difference in slab dips, we have then excluded
from our statistics all trench segments with azi-
muths between N45° and N135° as well as those
between N225° and N315°. By doing this, we
focus on slabs that should be affected at first by
the eastward mantle wind. Finally, the dips are not
much affected by this selection, i.e., 8 £ 11° of
difference for oy instead of 6 £ 11° and 5 £ 17° of
difference instead of 2 £ 17° for ag.

5. Discussion

5.1. Relation Between o and V,,, and V,

[32] Slab dip appears roughly correlated to both
upper plate absolute motion V,, and trench abso-
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(a) Schematic end-members of subduction zones with parameter associations satisfied by more than

60% of “nonperturbed oceanic” subduction zones. (b) Real percentages of satisfaction between three parameters:
UPN, UPS, and Vy,,, and slab dips less or larger than a mean value. The choice of this mean value is discussed in the
main text: for all slabs in black and for transects far from slab edges in red.

lute motion V;, especially for transects far from
slabs edges. Advancing upper plates are associated
with low slab dips, whereas retreating ones corre-
late with larger dips, and conversely for trench
motions (Figure 13).

[33] By definition, the absolute trench motion V;
should be well-correlated with V,,,, except when
the upper plate significantly deforms (high V)
because V; = V,, + V; As the highest V; occur
near slab edges (e.g., Tonga, Sandwich, New
Hebrides), trench motions more or less follow
upper plates motions (V, ~ V,,) for most tran-
sects located far from those edges [Heuret and
Lallemand, 2005]. It is thus not surprising that
Vi, and V,, both correlate with slab dip when
removing transects near slab edges.

[34] The mechanism which may explain such a
correlation implies an almost “stationary” slab root
at the deepest level, acting as a pivot with respect to
subduction hinges which display motions con-
trolled by V,,,. The anchor force (viscous resistance
to trench-normal slab migrations) may be respon-
sible for this deep slab anchoring. Nevertheless, one
must be cautious with this concept because Heuret
and Lallemand [2005] had shown that the anchor

force is inefficient to prevent trench migrations up
to +50 mm.y . Figure 5 indicates that the statisti-
cal relation improves as the slab lies on, or even
more penetrates through, the 670 km discontinuity.
All these slabs are deflected, in a forward or in a
backward direction [Fukao et al., 2001] and may
rest on the highly viscous lower mantle to accom-
modate trench migration thanks to changes in dip.
Even if the exact mechanism is not clear according
to these simple statistical observations and need to
be tested by numerical and analogue modeling, we
conclude that the upper plate motion might contrib-
ute to steepen the slab when the plate is retreating or
flatten it when the plate is advancing.

[35] The apparent correlation between slab dip and
Vsup> especially for “lower mantle slabs,” is also
observed by Schellart [2005] from a set of fluid
dynamical experiments. He observes that hinge-
retreat decreases with increasing subducting plate
velocity under the conditions of the experiments
(i.e., without overriding plate).

5.2. Relation Between o and UPS

[36] We have obtained one of our best correlations
between UPS and both «y and oy (Figure 8).
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Unlike Jarrard’s conclusions, such a relation suffers
from only a few exceptions for short slabs like Yap
or Puysegur but no exceptions at all for extreme
upper plate deformations, i.e., active back-arc
spreading or active back-arc shortening.

[37] Let us first examine the case where the slab
dip controls the UPS. Such a relation can be readily
understood since we know that oy has an effect on
the degree of interplate coupling [Cross and Pilger,
1982; Jarrard, 1984; Gutscher and Peacock, 2003 ]
through the area of friction between converging
plates that increases when o, decreases. Because
aq is generally well correlated with oy, it is not
surprising that the relation is satisfied for both slab
dips. Another consideration pointed out by Ranero
et al. [2003] is that oceanic faulting, when the slab
bends prior to enter the subduction zone, may
weaken it through mantle serpentinization and thus
decrease its elastic behavior. In other words, steep
shallow dips, by increasing the bending at outer
rise, generates dense oceanic faulting that will
reduce the unbending of the plate at depth and
therefore contribute to steepen the slab.

[38] Strictly speaking, we should also examine the
possibility of an opposite control, i.e., does UPS
control the slab dip? It is quite difficult to evoke a
causal and direct effect from UPS on the slab dip,
but one can consider that upper plate compression
is generally associated with strong plate coupling
that generates a shear in a sense opposite to slab
bending. Such opposite torque acting within the
subducting plate below the frictional interface
might diminish the slab bending. Another possibil-
ity comes from a recent numerical approach by
Conrad et al. [2004], who suggested that strong
plate coupling at subduction zones, that cause great
earthquakes, weakens the slab and thus diminishes
the slab pull effect. Such a weakened slab is then
more susceptible to be deformed by the mantle
wind, but in this case it can either increase or
decrease the dip as a function of the direction of the
mantle flow.

[39] Finally, we should remember that the correla-
tion is rather good between « and V,,, (see Figure 7
and section 5.1) and that V,, is generally well-
correlated with UPS, i.e., compression for advanc-
ing upper plates and extension for retreating ones,
except a few cases like Japan, Kuriles and New-
Hebrides [Heuret and Lallemand, 2005]. Back-arc
spreading is often associated with retreating upper
plates (V,, < 0) and steep slab dips (high values of
o). Thus we cannot exclude that V;, acts on both
UPS and o

5.3. Relation Between o and F;,

[40] It has been shown that the absolute motion of
the major plates is positively correlated with the
donwndip length of subduction zones [Forsyth
and Uyeda, 1975]. It is also accepted that the
absolute motion of the subducting oceanic plates
Vb 18 positively correlated with the age of the
lithosphere A [Carlson, 1995]. Gravity anomalies
associated with subduction zones also indicate
that slab pull must be a first-order force that
drives the plates [e.g., Ricard et al., 1991]. The
relative speeds of subducting and nonsubducting
plates is another piece of evidence supporting the
slab pull force [Conrad and Lithgow-Bertelloni,
2002]. However, we have seen that neither A nor
Fy, correlates with the slab dip, even when we
test only slabs far from slab edges that do not
reach the 670 km discontinuity. Does this mean
that the excess mass of the slab, is not significant
in the balance of forces that produce the observed

geometry?

[41] In fact, slab pull predominance on subduction
zone geometry is not so obvious. By definition, Fy,
increases with L, but, at the same time, the viscous
resistance of the upper mantle to slab penetration
increases as well. This resistance to the slab sink-
ing under its excess mass could prevent steep dip
for long slabs. Bending force may also explain the
lack of relation between slab dip and both A and
Fgp. In fact, this resistive force is a function of the
flexural rigidity of the subducting oceanic plate and
increases as A*?, because it is proportional to the
cube of the elastic thickness and the elastic thick-
ness is often considered as proportional to the
square root of the plate age [Turcotte and Schubert,
1982]. Conrad and Hager [1999] noticed that the
viscous resistance to slab bending is also propor-
tional to the cube of the slab thickness. As the
excess mass increases with A, the bending force
also increases making flexure of the plate more
difficult. Bellahsen et al. [2005] have shown from
experimental modeling that bending force could
dominate on slab pull in the control of slab
geometry (steepest slabs for thickest slabs). In
natural subduction zones, the competition between
bending and slab pull may partly explain the weak
correlation observed between slab dip and subduct-
ing plate age. Another reason that tends to disrupt
the correlation is suggested by Conrad et al. [2004]
when they suggest that slab pull force for some
slabs, associated with strong seismic coupling,
might not be well transmitted to the surface plate
anyway.
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[42] In any case, we reach the conclusion that the
slab pull force is counterbalanced by other forces
originating from plate-motion-derived forces (influ-
ence of Vg, or V,, through viscous drag or
resistance), mantle-flow forces (push), and/or age-
dependent bending forces, to control the slab dip. It
is also possible that the stress originated from slab
pull is not fully transmitted to the surface plate.

5.4. Relation Between Slab Dip and UPN

[43] We confirm the result of previous studies
revealing that slabs dip more steeply beneath
oceanic plates and can quantify the mean differ-
ence to be about 20°. Jarrard [1986] proposed that
the difference could be explained by a difference in
duration of subduction between continental and
oceanic overriding plates. To support his theory,
he argued that slab dip correlated with the duration
of subduction and that duration was greater for
nearly all continental overriding plates than for
oceanic ones. In this study, we did not compile
the duration of subduction because we considered
that there are great uncertainties regarding this
parameter in many areas. Subduction erosion pro-
cesses, for example, may consume remnants of
volcanic arcs, or even that some earlier arc vol-
canics may be buried beneath younger rocks or
water [e.g., Lallemand, 1998]. The question of the
relation between duration of subduction and slab
dip is less clear. Jarrard [1986] suggested some
gradual heating of the overriding plate causing
shallowing of dip with time, but such process has
not been confirmed, at our knowledge, by any
modeling. Among possible explanations for such
an observation, we can evoke some variation in
mantle viscosity [Furlong et al., 1982; Cadek and
Fleitout, 2003] or the fact that continental plates
are thicker than oceanic ones. One may imagine
that increasing the contact area between plates,
promotes shallow dipping slabs by acting against
the effects of slab bending through an opposite
shear along the plates interface as suggested in
section 5.2.

[44] We must also keep in mind that V,,, which is
often positive for continental upper plates, is cor-
related with o. Mean V,,,, for subduction beneath
oceanic plates is —19 + 56 mm/yr, whereas it is 6 +
26 mm/yr for continental upper plates. Despite the
scattering of the data, we observe that most oceanic
upper plates retreat except in the New Hebrides or
north of Luzon, but these two regions are probably
affected by regional forces (collision, plume) that
make them exceptions.

[4s] Such complicated settings need to be tested
through modeling before reaching any definitive
conclusion.

5.5. Relation Between Slab Dip and
Subduction Polarity

[46] We have seen that the concept for which
W-directed slabs (like Mariana) dip steeper than
E-directed ones (like Andes) is not supported by
our data. This lack of correlation can be illustrated
for example by the shallow dipping W-directed
Pacific slab under Japan and the steeply dipping
E-directed Cocos slab under Middle America.
The difference in deep dip, i.e., 2 + 14°, is not
significant and those for shallow dip are only
6 + 10°, which is also not significant. It appears
that the difference in the nature of the upper
plate, i.e., 15 = 9° for o and 18 + 11° for ayg, is
more significant. We observe that more than 80%
of E-directed slabs underthrust continental upper
plates and, as mentioned above, most of them
advance toward the trench. We thus think that the
small difference in dip between E- and W-directed
slabs is more likely due to either the nature or the
absolute motion of the upper plate rather than the
polarity of subduction.

5.6. Relation Between Slab Dip and Edge
Proximity

[47] We have observed that slabs are 10° steeper on
average near their edges. It is quite difficult to
analyze this tendency since slab edges are not
systematically steeper. Many slabs abut against
collision zones or pass laterally either to highly
oblique convergence or transform faults, prevent us
from any global or definite conclusion. Those
which significantly steeper dip edges are Andaman
(north), Ryukyu (south), Izu-Bonin (south),
Kamtchatka (north), Colombia (north) and Hikur-
angi (south). We also note that some of them dip
more shallowly like Nankai (north), Mariana (north
and south), Alaska (east).

[48] Slab edges are warmer than slab cores, gener-
ating adakitic arc magmas by melting of the sub-
ducting oceanic crust in some cases [ Yogodzinski et
al., 2001]. Such local heating is susceptible to
weaken the lithosphere and thus facilitate its bend-
ing. We can also attribute this observation to the
effect of mantle flow-passing from one side of the
slab to the other as indicated by mantle flow
anisotropy in the northern Tonga or Kamtchatka
for example [e.g., Smith et al., 2001; Yogodzinski et
al., 2001], but in this case it can either produce a
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shallowing or a deepening depending on the direc-
tion of flow motion.

5.7. General Tendencies

[49] We have tried to summarize in Figure 13 the
general characteristics of the studied transects that
exhibit either low or steep dips. To simplify, we
only discuss slab dips deeper than 125 km: oy.
By doing so, we face a problem because we
must choose arbitrarily a common “cutoff angle”
between low and steep dips and we have seen
above that this “divide angle” varies depending
on the parameters studied. This angle is 50° for
UPS, 55° for Vyp,, and 62° for UPN. We have
thus chosen the mean o4 = 58° for all slabs, or
=56° if we remove “near-edge” transects. This
choice slightly deteriorates the correlations but
has the merit of using the same “cutoff angle”
for several parameters.

[s0] We can thus confirm that low slab dips better
correlate with compressional continental advancing
upper plates, whereas steep dips are often associ-
ated with extensional oceanic retreating upper
plates (Figure 13a). When examining this correla-
tion more closely, we notice that some correlations
are better verified in one sense than in the opposite
sense. If we try to quantify these general correla-
tions (Figure 13b), we can say, for example, that
88% of the low dips characterize continental upper
plates (93% if far from slab edges) and conversely,
66% of continental upper plates are characterized
by low dips (58% if far from slab edges). Choosing
the best sense for correlations, we can say that 81%
of the steep dips characterize oceanic upper plates
(90% if far from slab edges). Back-arc compression
is observed for 88% of low dips transects, whereas
back-arc extension is observed for 75% of steep
dip transects. This last percentage would have
increased up to 96% if we have used the limit of
50.5° rather than 58° described in section 4.2.
Another reason why the correlation is not as good
as described in section 4.2 is that neutral regime
transects are taken into account in these percen-
tages. 68% of advancing upper plates are associ-
ated with low slab dips (77% if far from slab
edges), and 79% of the steep dips correspond to
retreating upper plates (89% if far from slab edges).

[s1] It often appears in our tests that some subduc-
tion zones systematically violate these general
tendencies. These are New Hebrides, North Luzon,
Yap, Puysegur, Andaman. All these subduction
zones occur within specific geodynamic contexts
that can, at least partially, explain their particular

behavior. New Hebrides belong to a young arc that
has rapidly rotated clockwise during the last 12 Ma
as the result of the opening of the North Fiji basin
above a regional mantle plume [Lagabrielle et al.,
1997]. The North Luzon arc is dual above a
contorted slab that probably results from a complex
recent history [e.g., Yang et al., 1996]. Yap, Puy-
segur and Andaman are, all three, characterized by
short slabs that deepen in a context of extremely
oblique subduction. Given the specific context of
these subduction zones, we had the choice of
omitting them from our study or simply to include
them. We chose to keep them because we did not
want to add regional specificities to global ones
such as the proximity of collision, slab edge or the
maximum depth of slab penetration. It is clear that
our results would make a compelling case if we
had removed these transects.

6. Conclusions

[s2] We were able in this study to confirm some
concepts and question some others:

[53] 1. Mean shallow slab dip is 32° (between 0
and 125 km) and mean deep slab dip is 58° (deeper
than 125 km), with positive variations near edges
of the order of 10°.

[s4] 2. There is an excellent correlation between
slab dip and upper plate strain. Back-arc spreading
is observed for deep dips larger than 51°, whereas
back-arc shortening occurs only for deep dips less
than 31°.

[ss] 3. Slabs are steeper beneath oceanic upper
plates (70 + 20°) than beneath continental ones
(50 + 20°).

[s6] 4. There is a good correlation between slab dip
and absolute motion of overriding plate, as well
as (in a least measure) absolute motion of the
arc/trench. The correlation is even better when the
slab lies on, or furthermore penetrates through,
the 670 km discontinuity.

[57] 5. Slab dip correlates neither with the slab pull
force, nor the age or the thermal parameter of the
subducting plate.

[ss] These observations suggest that forces origi-
nating from mantle flow, mantle viscosity contrast,
bending forces or plate-motion-derived forces may
prevail to counterbalance the slab pull force in the
control of the slab dip. The manner in which the
nature, strain or absolute motion of the upper plate
interacts with the slab dip is still a matter of debate
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and needs to be tested through experimental mod-
eling. Nevertheless, we must admit that upper plate
absolute motion correlates with slab dip, upper
plate strain or nature, so that we can infer some
primary control from this factor.
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