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[1] Convergent plate boundaries accommodate intraplate displacement within a ~100—-1000 m thick shear
zone. Marine geophysicists typically define this zone, the subduction channel (SC), as the sedimentary layer
between the downgoing oceanic crust and the base of the upper plate. Geologists and modelers, instead, per-
ceive the SC as a specific type of shear zone. The original theory of SCs was developed when the net accre-
tion of marine sediments to the forearc was thought to typify a convergent margin. While erosive margins
were briefly mentioned, their mechanics were not discussed in any detail. We now realize that subduction
erosion is taking place at roughly half of the modern subduction margins. Here we review and revise the
theory of erosive SCs (1) to unify this concept across disciplines, focusing on the meaning of the channel’s
boundaries; (2) to redefine the portions of the forearc included in the SC concept; and (3) to better idealize
this dynamic system where material supply to the channel, fluid content, and the heterogeneity of deforma-
tion all influence the SC’s upper and lower boundaries. Migration of the channel boundaries controls the
downdip variation of tectonic mechanisms that shape the margin. Within the shallow, <15 km deep part
of the SC, a gradual change of physical properties defines three zones; zone 1 of rapid fluid dewatering,
zone 2 of overpressure, and zone 3 with metamorphic fluid release. A SC is a dynamic feature with
along-strike and downdip variations caused by changes in channel material, in trapped fluid contents,
and in interplate boundary geometry.
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1. Introduction

[2] The overall mechanics of subduction zones have
mainly been explored by two types of geodynamical
models, the Coulomb wedge theory [Davis et al.,
1983; Dahlen et al., 1984] and its modified dynamic
version [Wang and Hu, 2006] and the SC model
[Shreve and Cloos, 1986] (Figure 1).

[3] Coulomb wedge models are based entirely on
brittle fracturing (Figure 1a). They are particularly
useful because they consider the role of changing
fluid pressure and strength coupled, by Wang and
Hu [2006], with the subduction earthquake cycle.
However, these models do not consider the role of
temperature and the resulting oversimplified rheol-
ogy limits their applicability at depths <15 km.
Coulomb wedge theories typically idealize the
décollement to be a single fault — although recent
developments clearly recognize the limitations of
this approximation for study of seismogenesis and
plate interface dynamics [Wang, 2010].

[4] Geophysical and geological data have shown the
décollement to be a special type of fault zone, char-
acterized by a deformation zone of finite width. The
subduction channel (SC) framework [Shreve and
Cloos, 1986; Cloos and Shreve, 1988a, 1988b] bet-
ter describes processes focused near and along the
plate boundary (Figure 1b). The initial SC model
envisioned shear deformation to be focused within a
layer of poorly consolidated sediments sandwiched
between two rigid plates [Cloos and Shreve, 1988a].
As incoming plate sediments approach the “strong”
roof of the overriding plate, they undergo longitudi-
nal compression. Material supply and the pattern of
flow of this material is controlled by the ‘inlet’, or
opening of the SC, which would control its capacity.
The inlet was located at the foremost edge of the
overriding plate basement at a distance of 10-20 km
to ~50 km from the trench [Cloos and Shreve,
1988a] (Figure 1b). Physically, the Shreve and

Cloos inlet represents the leading edge of either
forearc basement or the well-lithified inner portion of
an accretionary prism. More recent observations have
shown the roof of the ‘inlet’ is a dynamic edge that
evolves with time. Furthermore, observations show
the SC in the inlet region is much thinner, e.g., at
most km-scale, than originally proposed.

[5] Either incoming plate or trench-fill sediment is
the initial input into the SC. As material enters the
channel, it flows downward (Figure 1b). If material
supply exceeds channel removal, then the excess is
offscraped, dewatered and transferred to the upper
plate to form an accretionary prism. In the channel,
sediments also dewater; those that consolidate near
the roof can underplate to the forearc.

[6] The principal variables governing the flow in
the channel are the pressure exerted by the hanging
wall, the sediment’s relative buoyancy, sediment
viscosity, and the shear rate across the channel.
Material within the SC is usually modeled with a
viscous rheology.

[71 The SC model has been extended to describe
deeper geodynamic environments of subduction
zones, and to explore the exhumation of ultra-high
pressure rocks [England and Holland, 1979; Chopin,
1984, 2003; Ernst, 2006]. For example, Mancktelow
[1995] and more recently Raimbourg and Kimura
[2008] used a SC analytical solution to estimate
high, non-lithostatic pressures (i.e., pressure devia-
tions from mantle lithostatic pressure) in subduction
zones.

[8] Although physically plausible, the original SC
model has clear limitations and biases. For example,
in Shreve and Cloos’s [1986] frontmost ‘zone of
compression’, no SC was assumed to have yet
formed (Figure 1). In contrast, geophysical investi-
gations [Bangs et al., 2004a; Sage et al., 2006] and
field studies [Vannucchi et al., 2008] show that
forearcs can develop a finite thickness SC directly at

2 of 24



&k Geochemistry _ 7
*  Geophysics (|
: | Geosystems 0

VANNUCCHI ET AL.. DYNAMIC SUBDUCTION CHANNEL

10.1029/2011GC003846

A) COULOMB WEDGE and DYNAMIC COULOMB WEDGE

(Davis et al., 1983; Dahlen et al., 1984; Wang and Hu, 2006)

If wedge is in critical state, everywhere at Coulomb failure, its taper angle is
determined by relative strengths of wedge material (') and basal fault (u’,)

Sea level not to scale!

Assumed at yield
throughout
critical wedge

L coefficient of
internal friction

A pore fluid pressure
ratio within wedge

w=p(1-1)

L, coefficient of basal friction

~15 km depth
from seafloor

Basa| décollement —
Tn

7\,3 pore fluid pressure
ratio along basal décollement

My =p(1-4,)

B) SUBDUCTION CHANNEL

(Shreve and Cloos, 1986, Gerya and Stockhert, 2002)

The subducting sediments deform as a viscous material once they are
dragged down into a relatively thin shear zone.

Volcanic arc
Sea level

—— Trench axis

Zone of compression

(10-20 km to 50 km)
—— Inlet

not to scale!

Overriding plate
assumed rigid

Streamlines or
flow patterns

~100 km depth
from seafloor

CP= Control Point
where the channel
capacity decreases as a
result of a sharp increase in
density of the overriding block,
change in topography or dip of slab

Figure 1.
model and (b) the Subduction Channel model.

the frontal thrust, without a wide zone of near-trench
compression in the forearc.

[9] The original SC model also assumed that sedi-
ment input into the channel would vary only when
the trench sediment thickness and/or the conver-
gence rate changed. Although subduction erosion
was briefly mentioned, it was not actually modeled
since the incoming plate was assumed to supply all
channel material, while tectonically eroded material
need not be incorporated at the channel inlet.
Instead, an erosive plate boundary can incorporate
either parts of the frontal prism or parts of the base
of the upper plate or a mixture of both (Figure 2a)
[Vannucchi et al., 2008; Wang et al., 2010]. Fur-
thermore, oceanic and trench sediments vary in
sedimentation rate and composition, which affects
the accretionary or erosive nature, the compaction
rate, and the width of the channel, in particular at
accretionary systems (Figure 2b). Figure 2 shows
geological material paths in two end-member —
erosive and accretionary — SCs. This material can
include (1) the sedimentary blanket on the incom-
ing plate (for example, Figure 2b), (2) portions of
seamounts/high relief structures on the incoming
plate, (3) water-rich trench sediment supplied by
along-slope mass-wasting and turbidites, (4) pro-
ducts of frontal and basal erosion that are gradually
incorporated along the plate boundary (for exam-
ple, Figure 2a).

[10] The assumed viscous rheology for channel
material in the original SC model [Shreve and
Cloos, 1986] implies a zero yield strength, while

Cartoons summarizing the main characteristics of (a) the Coulomb wedge and Dynamic Coulomb wedge

plate boundary seismic events indicate there is a
finite yield strength even at shallow (10-50 km)
depths. Likewise, a viscous channel rheology would
preclude localized shear zones with fault-like slip at
both top and bottom boundaries, yet field studies on
exhumed analogues of SCs [Kitamura et al., 2005;
Vannucchi et al., 2008; Bachmann et al., 2009a,
2009b] and fine scale seismic interpretation of an
active SC [Collot et al., 2011] show that both a basal
shear zone and a principal roof shear zone coexist.

[11] Here we will focus in particular on the devel-
opment of a SC at erosive margins, and will present
a revised conceptual model for SCs consistent with
these observations. We will introduce the concept
of a dynamic SC that is active from the frontal
thrust where the upper plate material and/or the
incoming sediment pile starts to be affected by
penetrative deformation. We also introduce a con-
ceptual model that allows SC boundaries to migrate
with time, implying its evolution in time and space.
The model is inspired by field and seismic obser-
vations that directly provide constraints on the
thickness of the interplate layer and the localization
of shear deformation. Where appropriate we will
use information obtained at accretionary margins to
better constrain links between local fluid flow and
local deformation processes. After discussing the
observational foundation, we will reassess the key
role played by the rate of sediment supply, the
temporal and spatial variability of deformation
mechanisms, and the depth and nature of subducted
material. Our model most directly addresses the
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a) Erosive Margin

Frontal
thrust
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erosion

—> Material flow path

Slope sediments

Basal erosion

b) Accretionary Margin

Frontal
thrust
Frontal
accretion
—_—> N
’:///

Underplating
~
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— Material flow path

Slope sediments

Figure 2. Cartoons showing the material flow paths for (a) an erosive and (b) an accretionary margin.

shallow portion of erosive subduction zones, i.e.,
<15 km depth, where geological and geophysical
data are most abundant.

2. What Is a Subduction Channel?
Seismic and the Field Study-Based

Perspectives

[12] The SC has been perceived quite differently by
geophysical, geological, and modeling communi-
ties. Geophysicists concentrate on discriminating
the interplate layer from the surrounding upper and
lower plate basements. Geologists and modelers
focus on the zone where the shear deformation
occurs, and the variability of deformation mecha-
nism. These two approaches would be equivalent
for Shreve and Cloos’s [1986] SC where shear defor-
mation is presumed to occur within unconsolidated,

high pore fluid pressure, viscous material sand-
wiched between stronger upper and lower plates.
They may still match if we consider the subduction
zone at a large scale as modelers do, especially in its
deeper regions (depths >50 km). However, for
shallower parts of the subduction zone (<~20 km
depth), numerous recent geological and geophysical
studies suggest that the relationships between the
shear deformation zone and the interplate under-
consolidated layer are more complex.

[13] Seismic images are interpreted to show the
interplate sedimentary layer, which usually has
remarkable density and seismic velocity contrasts
with its surrounding upper and lower plate basement.
This was originally inferred from low-resolution
geophysical data [Eberhart-Phillips and Reyners,
1999]. In modern seismic images, this channel-like
layer appears as a clearly defined low velocity zone
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bounded at its top and bottom by bright reflectors;
this zone can often be followed for several tens of
kilometers landward of the trench [ Tsuru et al., 2002;
Bangs et al., 2004a; Calahorrano et al., 2008; Bangs
et al., 2009; Tobin and Saffer, 2009]. Geophysicists
often regard this interplate low-velocity layer as the
SC [von Huene et al., 2004; Calahorrano et al.,
2008; Collot et al., 2008a; Ranero et al., 2008;
Scherwath et al., 2010].

[14] However, seismic images support the idea that
the shear deformation zone does not necessarily
coincide with this interplate, low velocity, sedi-
mentary layer. At the frontmost part of the subduc-
tion zone, incoming sediment remains undeformed
below a weak décollement within its top section
[von Huene and Scholl, 1991; Morgan and Karig,
1994; Housen et al., 1996]. Downdip, relation-
ships between the shear deformation zone and the
interplate sedimentary layer become more compli-
cated, especially where the accretionary or erosive
nature and/or geometry of the plate boundary is
complex. Local tectonic erosion and accretion
probably contribute to the variability of the seismic
images. Note that these two mechanisms can alter-
nate both in time and space along a subduction zone.
In accretionary SCs, material progressively lithifies,
which at depth progressively minimizes the differ-
ences between overriding and subducting plates. In
an erosive channel the material comes from the
upper plate. In this case, the channel’s top may have
too small a velocity/impedance/density contrast to
be resolved seismically. Ecuador provides a good
example of the variability at erosive margins in the
location of shear deformation with respect to the
low-velocity interplate layer (Figure 3). Here, var-
iations in thickness of the low velocity sedimentary
interplate layer were explained to be due to episodic
underthrusting of fluid-rich sediment supplied to the

trench by slope mass-wasting, and to subducting
seamounts [Sage et al., 2006]. This leads to strong
patchiness within the interplate boundary, along
which thick lenses of water-rich sediments alternate
with thin drier segments (Figure 3). Above the
interplate sedimentary lenses, the frontal part of the
margin is uplifted, and normal faults cutting through
the upper plate are rooted at the top of the interplate
sediment layer (line SIS-12, Figure 3a). These
geometries suggest that shear is not uniformly dis-
tributed across the low velocity interplate sedimen-
tary layer, but instead is focused along its top. The
shear zone is interpreted to be a weakly coupled
décollement associated with overpressured fluids
within the underthrust sediment (Figure 3a) [Sage
et al., 2006]. In contrast, where the SC is thin
and dry (line SIS-64, Figure 3b), the presence of
seaward-vergent thrusts at the margin basement’s
front implies higher interplate coupling. Landward
of the thrusts, shear may distribute within a reflec-
tive zone where upper plate normal faults appear to
root (Figure 3b). This reflective zone is interpreted
as a damage zone at the base of the upper plate
[Sage et al., 2006]. The weakness of this damage
zone, roughness at the top of the lower plate base-
ment, and lack of a thick interplate sedimentary layer
together suggest there may be distributed deforma-
tion over a thickness of ~800 m (Figure 3b). The
thickness and geometry of the deformation zone
vary considerably between these two Ecuadorian
seismic lines which are separated by only a few
kilometers (Figure 3c). This supports the idea that
interplate heterogeneities control the location of
zones of weakness along the plate interface.

[15] A hundred kilometers south of the seismic lines
shown in Figure 3, the interpretation of recent high
resolution seismic images shows that, in the sub-
duction zone’s shallowest 25 km, shear deformation

Figure 3. Pre-stack depth migrated multichannel seismic lines across the Ecuadorian subduction margin (modified
from Sage et al. [2006]). (a) On line SIS-64, the interplate boundary is almost devoid of incoming sediment suggesting
relatively high fault friction. Therefore, interplate deformation may be distributed over a few-hundreds-meters thick
damage zone at the base of the upper plate. The damage zone is topped by a poorly defined roof thrust zone, and
bounded at bottom by a clear undulating reflector interpreted to be the basal décollement. (b) On line SIS-12, a similar
damage zone is observed along the base of the upper plate but is not considered to accommodate most present-day
shortening. There, the interplate boundary shows an underthrusting low-velocity, fluid-rich lens of sediment. The root-
ing of basement normal faults at the top of the lens suggests that shear motion is mostly localized along the lens top.
(c) Location of the seismic lines. (d) Schematic cartoon of the interplate boundary zone based on the above seismic
images. The black lines at top delineate the low velocity interplate sedimentary layer interpreted as the subduction
channel by seismologists. The black dash-dotted line at bottom follows the present interplate shear zone that would
be interpreted as the subduction channel by geologists and modelers. Depending on local conditions such as the inter-
plate geometry, fluid content, or the nature of the interplate sediment layer, shear deformation can either focus at the
top of the interplate sedimentary layer (1), be distributed over the interplate sedimentary layer (2), or can involve part
of the upper plate and/or lower plate basement (3). In these images, it is clear that the shear zone does not always coin-
cide with the low velocity, interplate sedimentary layer.
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localizes along faults within the interplate sediment
layer [Collot et al., 2011]. Here, the low velocity
interplate layer is cut by oblique faults that we
interpret as Riedel faults within a wider shear zone.
The interplate layer is bounded by roof and basal
thrusts [Collot et al., 2011].

[16] Seismic images also provide strong arguments
for the vertical migration of the interplate boundary

through time. Complex reflector patterns within the
interplate layer indicate the downward migration of
the plate boundary due to underplating of under-
thrust sediments [Gutscher et al., 1998; Park et al.,
2002; Collot et al., 2008a, 2011]. Upward migra-
tion related to long-term basal erosion is demon-
strated by truncation of reflectors of the upper plate
at the top of the shear zone, and by normal faults
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within the upper plate that accommodate subsidence
above the removed material [von Huene and
Lallemand, 1990; Mclntosh et al., 1993; Klaeschen
et al,, 1994; Ranero and von Huene, 2000; Clift
et al., 2003; Vannucchi et al., 2003]. Seismic data
also show that basal erosion is enhanced where
morphological asperities, like seamounts [von Huene
et al., 2000], oceanic ridges [Hampel et al., 2004], or
horst and graben systems [von Huene and Ranero,
2003] are observed at the top of the downgoing
plate. The eroded fragments detached from the upper
plate are subsequently incorporated to the interplate
sedimentary layer [Ranero and von Huene, 2000].

[17] At accretionary margins, the locus of interplate
shear deformation can vary through time, depend-
ing on the local dynamics of subduction. For
example, along the Nankai accretionary prism, the
interplate deformation zone shallows when defor-
mation is transferred to a splay fault within the
upper plate. This is associated with underthrusting
at the décollement-splay fault junction of a thick
section of material that was previously above the
downgoing plate [Bangs et al., 2009].

[18] Seismic images also help in demonstrating the
presence of fluids along the plate boundary. In
particular, geophysicists interpret high reflectivity,
especially when associated with negative polarity,
as layers containing high-pressure fluids with large
pore-volume fractions along the décollement
[Collot et al., 2008b; Ranero et al., 2008; Ribodetti
et al., 2011]. Reflectivity patterns indicate that fluid
content decreases considerably at the updip limit of
the seismogenic zone [Bangs et al., 2004b; Ranero
et al., 2008]. Overpressured layers may be thin
(<100 m, too thin for seismic resolution), and
irregularly distributed along the plate boundary
interface [Bangs et al., 2004a, 2009; Ribodetti et al.,
2011]. Furthermore, porosity values calculated from
seismic velocities indicates that the underthrust
sediment contains a large volume fraction of over-
pressured fluids [Sage et al., 2006; Calahorrano
et al., 2008].

[19] Seismic methods have their limits. If the
material in the channel does not have a significant
difference in physical properties with respect to the
upper and lower plate, then seismic imaging will
not resolve it. Due to the low spatial resolution of
seismic images at even a few kilometers depth, SCs
thinner than ~200 m will not be properly resolved,
even if they contain fluid-rich sediments thick
enough to influence interplate deformation pro-
cesses. Moreover, the low velocity inferred for the
SC is an average value that does not account for

heterogeneities in smaller-scale fluid distribution.
Overall, multichannel seismic imaging gives an
instantaneous image of average fluid contents, and
does not directly image variations in fluid distri-
bution during a seismic cycle. Seismic imaging
does not constrain the origin of the fluids. In con-
clusion, the low-velocity, seismically defined SC is
too restrictive to embrace the whole range of pro-
cesses affecting the interplate deformation zone.

[20] Field geologists take a different approach to
SCs, focusing on deformation patterns as their
defining characteristic. This definition requires that
the overall motion of material in the interplate
deformation zone is distinctive from the downgoing
and overriding plates, regardless of the material’s
nature and origin. Study of fossil, now exhumed,
subduction systems shows that the plate boundary
is a fault zone of variable thickness where sediment
subduction, mélange formation, and exhumation
occur [Fisher and Byrne, 1987; Moore and Byrne,
1987; Hashimoto and Kimura, 1999; Ilkesawa
et al., 2005; Kitamura et al., 2005; Kondo et al.,
2005; Federico et al., 2007, Vannucchi et al.,
2008; Bachmann et al., 2009a, 2009b; Fagereng
and Sibson, 2010]. The fossil SC outcropping in
the Central Alps, for example, is represented by a
mélange incorporating material either from the
crystalline upper plate, or from the meta-ophiolites
of the lower plate [Bachmann et al., 2009a, 2009b].
In the Shimanto belt in Japan, the fossil plate
boundary zone consists of mélange packages
incorporating shale-dominated and sandstone-
dominated units that were underthrust beneath the
offscraped accretionary prism to which they even-
tually underplated [Kitamura et al., 2005]. At the
fossil erosive plate boundary in the Northern
Apennines of Italy, the material incorporated in the
SC all comes from the upper plate, none from the
incoming plate sediments which remain unde-
formed beneath the basal décollement [Vannucchi
et al., 2008]. The Apennine SC consists of blocks
of (1) the overlying no-longer-active accretionary
prism, (2) prism slope deposits, and (3) debris flows
forming the frontal sedimentary prism [Vannucchi
et al., 2008] (Figure 4). Here seismic images
could probably not distinguish the active SC from
underlying sediments, unless overpressured fluids
generated a clear signal. The Apennine outcrops,
moreover, show that deformation was both con-
centrated along the SC boundaries and distributed
within the channel, as shear evolved along multiple
surfaces parallel to those boundaries [Vannucchi
et al., 2008, 2010].
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Figure 4. (a) Geological cross-section of the Northern Apennines subduction channel. Key: 1. Quaternary deposits;
2. Late Miocene-Pleistocene marine deposits; 3. Forearc slope deposits; 4. Oceanic units of the Late Cretaceous-early
Eocene accretionary prism - European plate; 5. Sestola-Vidiciatico tectonic unit — Subduction channel; 6. Mesozoic
carbonate units of the Adria plate; 7. late Oligocene- early Miocene (Aquitanian) trench turbitites of the Adria plate;
8. early Miocene (Aquitalian-Burdigalian) foredeep turbidites of the Adria plate; 9. middle Miocene-late Miocene
(Langhian-Messinian) foredeep turbidites of the Adria plate; 10. Faults; 11. Subduction Channel boundary décolle-
ments. The thickness of the SVU is about 500 m slightly decreasing toward the NE. (b) Photograph of the basal decol-

lement at Riolunato (Reggio Emilia).

[21] Field outcrops provide the opportunity to look
at deformation structures and their evolution, for
example, the stress transients recorded by some
veins. Their mineral compositions also let us eval-
uate the nature of paleo-fluids. Drawbacks to field-
based methods are that geologists look at patchy
outcrops, and study material that may have changed
its physical properties since it was deactivated and
exhumed. Exhumation also allows surface pro-
cesses to modify the upper plate topographic profile,
create new sediment dispersal patterns, and super-
impose new structures onto those present when the
SC was active.

[22] Like field geologists, modelers use the SC to
define the interplate boundary deformation zone
with no intrinsic assumptions about the material’s
nature and origin [e.g., Gerya and Stockhert, 2002].
Although the physical properties (pore fluid,
porosity, permeability) and rheology of the channel
are difficult to estimate a priori, the concentration
of deformation requires that the channel be weaker
than its surrounding plates.

[23] From the geological and geophysical studies
mentioned above, it is clear that in the shallower
parts of the subduction system, shear deformation
can localize anywhere within a broader megashear
zone that potentially includes the low velocity
layer, the base of the upper plate basement, and/or
the top of the lower plate basement. This broad
mega-shear zone may be viewed as the longterm
SC, even if, at the scale of a seismic cycle, shear

further localizes depending on shorter-term physi-
cal and mechanical conditions. The mechanics and
the deformation processes related to subduction
zones cannot neglect the nature and rate(s) of sed-
iment delivered to the SC, the heterogeneity of
deformation along and within the plate boundary,
and the downdip variation of tectonic mechanisms
under conditions ranging from sediment dragdown
to underplating. Nonetheless, the space-time vari-
ability in thickness and location of the shear zone
relative to the soft layer is recognized by all three
sub-disciplines.

[24] A key insight from these multiple observational
approaches is that the SC can be described as a
dynamic feature that varies in space and time along
the same plate boundary. SC variation depends on
local strength conditions that reflect the nature of the
channel material, the amount of fluids present, and
the interplate boundary geometry. This dynamic
definition will be useful for illustrating and better
understanding processes like basal erosion and
underplating, earthquake nucleation, and slow and
fast rupture propagation during seismogenesis.

3. Structure and Fluid State in the
Shallow 0-15 km Section of Erosive
Subduction Channels

[2s] Data along modern and ancient subduction
margins clearly shows a high fluid content at the
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Figure 5. Cartoon showing the combined geophysical/geological characteristics of three different regimes (zones 1-3)
of the subduction channel as the updip limit of megathrust seismogenesis is approached. Note that Zone 1 contains a
strong change in thickness of the SC and evidence of reverse (Poisieulle-like) shear sense near the base of the SC.

interplate boundary. Fluids have effects on the
mechanical and chemical disaggregation of the upper
plate [von Huene et al., 2004; Collot et al., 2008a;
Ranero et al., 2008], on the frictional behavior of
faults, and on rupture nucleation and propagation
along the plate boundary [Mishra and Zhao, 2003;
Moore and Lockner, 2004; Bangs et al., 2009;
Fagereng and Ellis, 2009; Wallace et al., 2009]. The
two main sources of fluid are (1) compaction of pore
fluid-rich sediments and (2) metamorphic dehydra-
tion reactions in downgoing sediments and crust, and
eventually in serpentinized lithospheric mantle at
deeper sections of the plate boundary [Moore and
Saffer, 2001; Rupke et al., 2004; Vannucchi et al.,
2010]. Isotope analysis of carbonate veins in ero-
sive SCs has also revealed the input of mineralizing
fluids in equilibrium with eroded upper plate material
[Vannucchi et al., 2010].

[26] The fluid pressure regime and the fluid path-
ways in an erosive SC are key factors in controlling

material flow and the migration of SC boundaries.
Data collected along ancient and modern subduc-
tion zones let us differentiate three main sub-
sections of the SC above the updip limit of the
‘megathrust’ seismogenic zone (Figure 5).

[27] Zone 1: a shallow, fluid rich zone characterized
by rapid dewatering at the front (from 0 to ~1-3 km
of vertical burial). Here, fluid-rich/unlithified sedi-
ments are rapidly consolidating. There is diffuse
extensional deformation of weak material and
associated fluid migration — here fluid rapidly drains
by both frontal and upward migration (Figure 5).

[28] The updip physical boundary of zone 1 is
defined by the frontal thrust. The downdip limit of
zone 1 is a diffuse boundary difficult to precisely
characterize. Zone 1 extends downdip until the sedi-
ments in the channel are fairly well lithified. As
channel sediments lithify, their deformation goes
from diffuse to more localized, and they are able to
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support episodic pressure buildups and drops
[Calahorrano et al., 2008; Vannucchi et al., 2008].

[29] Seismic images of zone 1 show that Vp (seismic
P-velocity) increases downdip, which is interpreted
as a rapid reduction in porosity [Calahorrano et al.,
2008; Tsuji et al., 2008]. This interpretation is based
on the empirical Vp — porosity relationship
[Erickson and Jarrard, 1998; Hoffman and Tobin,
2004; Raimbourg et al, 2011] assuming that
porosity exceeds the critical porosity f. (~30%),
defined as the transition between the suspension
domain to the consolidated rock domain [Nur et al.,
1998]. At the Ecuadorian subduction zone, the
porespace in zone 1 is calculated to decrease from
50% to 25% [Calahorrano et al., 2008], which
should lead to a major transition in the mechanical
behavior of underthrust material. This seismic
interpretation is supported by direct sampling of
modern subduction zones drilled by the Ocean
Drilling Program (ODP) and observations with
submersible dives [Chamot-Rooke et al., 1992,
Collot et al., 1992; Le Pichon et al., 1992, 1994;
Moore et al., 1995; Kawamura et al., 2009]. 50%
porosity would imply that the medium is fluid sup-
ported at the margin front, and deformation is
mainly dominated by grain rotation and frictional
slip at grain contacts [Karner et al., 2003]. The
high porosity and high compactibility of incoming
sediments promote fluid expulsion in response to
the increasing load from overburden [Bolton et al.,
2000]. The calculated fluid overpressure ratio
)\*[: (Pf — Phyd)/(Plit — Phyd)] is about 0.5 in
zone 1 [Saffer and Bekins, 1998; Calahorrano
et al., 2008; Tsuji et al., 2008]. Considering that
A*¥ = 0 corresponds to perfectly drained conditions
and \* = 1 to full fluid retention, the calculated
values suggest the presence of conduits that effi-
ciently drain zone 1 so that fluid pressure remains
sub-lithostatic. As the fluids are expelled, a sig-
nificant part of the overburden load is transferred
to the solid fraction of the underthrust material, and
the mechanical behavior gradually changes to that
of a consolidated media with a continuous solid
matrix [Calahorrano et al., 2008]. This mechanical
change should significantly influence dewatering
and deformation processes.

[30] Although incoming oceanic and trench sedi-
ments have >50% porosity, the SC contains a record
of disaggregation features resulting from liquefac-
tion and early onset of cementation and fracturing
events [Vannucchi and Leoni, 2007] (Figure 5).
Laboratory tests on the relationship between per-
meability and effective stress in Costa Rican fault
zone samples show that shearing induces an

increase in bulk permeability that leads to rapid
drainage and a consequent drop in fluid pressure
[Bolton et al., 2000], and also show that a small
increase in effective stress can result in a significant
volume of fluid expulsion [Saffer, 2003].

[31] Drillcores from Nankai Trough, Costa Rica,
and Barbados indicate that the plate boundary is a
brecciated horizon with a surface of concentrated
slip usually located at the lower boundary or within
this horizon [Maltman and Vannucchi, 2004;
Vannucchi and Leoni, 2007]. The plate boundary is
always a few tens of meters thick, even when it is
<1 km from the trench [Maltman and Vannucchi,
2004]. Lithology and porosity seem to play a
leading role in focusing shear, e.g., the region of
shear is more concentrated in clayey layers than
sandy layers. In general, brittle deformation, con-
sisting of extensional and shear fractures, co-
evolves with the fluid system (Figure 5). Feeble
mineralization is observed along the fractures
[Labaume et al., 1997, Vannucchi and Leoni,
2007]. Geochemical data illustrate that the actual
surface of concentrated slip is a somewhat perme-
able barrier to upward fluid flow with very little
fluid passing across this zone; in contrast the adja-
cent brecciated part of the SC is a preferred conduit
for fluid flow [Kimura et al., 1997; Morris et al.,
2003; Screaton and Saffer, 2005]. In Costa Rica,
the upper part of the décollement zone is charac-
terized by diffuse fracturing associated with dewa-
tering and upward migration of fluids [Vannucchi
and Leoni, 2007]. In these poorly consolidated
sediments, only a small and localized overpressure
is needed to trigger hydrofracturing. Hydrofractur-
ing related to upward fluid migration may also lead
to shallow and localized tectonic erosion [von
Huene et al., 2004].

[32] In the field, zone 1 (the zone of diffuse exten-
sion in the work of Vannucchi et al. [2008]) already
shows well developed boundaries with basal and a
roof surfaces of concentrated slip. These basal and
roof décollements are easily detected in the field
[Vannucchi et al., 2008]. The roof décollement can
migrate either by incorporating basal material from
the forearc upper plate, or by incorporating frontal
material from the toe of the forearc [von Huene
et al., 2004; Vannucchi et al., 2008]. The basal
décollement, instead, tends to focus shear defor-
mation. It persists in a location where its shear
strength is already minimized.

[33] Deformation is highly heterogeneous in zone
1. This is particularly visible in erosive SCs since
they incorporate blocks of differently lithified
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upper plate material. Here, episodes of typical per-
vasive extensional deformation do not cut through
the rocks that already had been involved in previ-
ous upper plate deformation (Figure 5) — in the
Apennine case a previous accretionary prism — and
that were incorporated as well lithified, “rigid”
blocks [Vannucchi et al., 2008]. Instead, pervasive
extensional deformation concentrates within sedi-
ments that were incorporated in the channel while
still unlithified and weak. The Apennine pervasive
extensional deformation indicates both failure and
compaction in a fluid-rich environment [ Vannucchi
et al., 2008]. The occurrence of a scale-independent
network of very closely spaced fractures implies
repeated failure. The fracture network has a high
connectivity, implying an associated high perme-
ability. Field exposures indicate a heterogeneous
distribution of permeability and the occurrence of
strong, undeformed blocks that, with less permeable
layers, effectively work as local fluid barriers caus-
ing strong local variations in drainage. Fractures
form without the intense calcite veining present in
the deeper zones [ Vannucchi et al., 2008]. This lack
of calcite vein mineralization can be related to the
presence of low cohesion faults and shear fractures
well oriented for frictional reactivation and pre-
venting the formation of extensional or hybrid
fractures where mineralization can occur [Sibson,
2001].

[34] The weakness of the deformed material that is
undergoing continuous dewatering also implies the
absence of a significant fluid pressure cycle — drainage
occurred under quasi-stationary fluid pressure.

[35] Pervasive extensional deformation is recorded
by a thomb-shaped network of fractures that show a
dominant tensional stress regime with a sub-vertical
0. Extensional strain in the channel implies that the
roof décollement behaved as a weak fault able to
slip under a very misoriented (quasi-perpendicular)
o1, and able to transmit the lithostatic load to the
channel. Recent interpretation of high-resolution
multichannel seismic profiles in Ecuador indicates
some high-angle, small throw normal faults/fracture
(at a scale of ~100 m) [Collot et al., 2010].

[36] In summary, the different data sets concur that
the main deformation process in the frontal part of
the SC is compaction that by itself could lead to
high Py, except that the porosity is so high and
strength so low that high fluid overpressures cannot
be maintained. A diffuse extensional fracture net-
work efficiently moves fluids upward. This leads to
progressive brecciation of the base of the upper
plate for a few tens of meters as seen in Nankai and

Costa Rica [Maltman and Vannucchi, 2004]. The
brecciated material forms the plate interface where
it deforms, along with surfaces of localized slip, to
accommodate plate convergence. The surfaces of
localized slip seem to evolve from a system where
only one surface is well developed — as in modern
drilled margins — to a system where two slip sur-
faces form the boundaries of a SC.

[37] Zone 2: intermediate zone of overpressure
(from ~1-3 km to ~3-5 km of vertical burial).
This region is characterized by better consolidated
sediments, discrete extensional deformation, the
existence of high fluid pressures that rise well
above hydrostatic pressure with the development of
Ps cycles and associated vein precipitation, and
preferential lateral migration of fluids within the
higher permeability SC (Figure 5).

[33] Heat flow modeling along the erosive plate
boundary offshore Costa Rica implies an ambient
temperature of ~60°C to ~80°/100°C for zone 2
[Grevemeyer et al., 2004; Harris et al., 2010a,
2010b]. Multichannel seismic reflection studies
show high-amplitude reflectivity along the plate
boundary fault, sometimes coupled with a negative
polarity reflection [Ranero et al., 2008]. This is also
seen at accretionary margins [Bangs et al., 2009].
High reflectivity can be associated with a large
amount of fluids along the plate boundary [Ranero
et al., 2008; Bangs et al, 2009]. However, in
Ecuador the Vp along the “soft” interplate layer
remains uniform [Sage et al., 2006; Calahorrano
et al., 2008], with a porosity of 27 + 1%. This
porosity value is high and surprisingly uniform over
zone 2, in spite of increasing lithostatic pressure
[Sage et al., 2006; Calahorrano et al., 2008]. The
calculated fluid overpressure A* is ~0.8 [Saffer and
Bekins, 1998; Calahorrano et al., 2008]. Increasing
forearc overburden is, therefore, in part compen-
sated by an increasing fluid pressure within a SC
[Calahorrano et al., 2008]. These conditions favor
hydrofracturing as a mechanism for fluid drainage.

[39] The interpretation of high-resolution multi-
channel seismic profiles in Ecuador suggests that in
zone 2 there is a rhomb-shape fracture network very
similar to the geometry described for zone 1 in the
Apennines [Collot et al., 2010]. Apennine outcrops
of zone 2 show that normal faults and extensional
fractures are still present, and that they cut through
all components of the channel (Figure 5). Defor-
mation occurred in more homogeneous and well
lithified material in comparison to zone 1. Normal
faults and extensional fractures occur here as fre-
quently as do shear zones that parallel the channel’s
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boundaries. Faults, fractures, and shear zones
mutually crosscut, implying that during the opening
of the extensional veins the shear surfaces were
extremely weak [Vannucchi et al., 2008; Fagereng
et al., 2010; Vannucchi et al., 2010]. Many frac-
tures also show characteristics of extensional, mode 1
failure. Macroscopic extensional veins, usually inter-
preted as the product of natural hydraulic fracturing,
have special significance in that they require fluid
pressure to have exceeded the least compressive
stress (Pr> o3) with differential stress less than four
times the tensile strength of the rock [(o1—03) <4T]
at the time of their formation [Secor, 1965].

[4] Zone 2 in the Apennine SC also shows wide-
spread mineralization of faults and fractures by
calcite veins. The mesh of mineralized fault and
fractures can develop only in absence of well ori-
ented, throughgoing cohesionless faults. Moreover
the formation of extensional or shear-extensional
fractures is favored by the presence of material
characterized by high tensile strength [Sibson,
2000]. Therefore, not only the sediments in Zone 2
need to be lithified, but also fracture sealing by
precipitation is necessary to build up transient high
fluid pressure. The crack-seal structure of the calcite
veins [Vannucchi et al., 2010] suggests, following
Ramsay [1980], that the mechanism responsible of
the tensile fractures is hydraulic fracturing. During
crack-seal a fluid filled open microfracture is
formed which is later sealed through precipitation of
crystalline material, calcite in this case. Calcium
carbonate is coming from dissolution of the rock
matrix through pressure solution and chemical
transfer of this material in the low pressure, fluid
filled space. Zone 2 also displays a few dilational
jogs. These grow more abundant downdip to
become a typical structure approaching the deeper
zone 3.

[41] Hydrofracturing increases secondary porosity
and possibly permeability, both competing with
sealing by mineralization. The many preserved
repeat episodes of hydrofracture suggests that this
competition caused relatively ineffective drainage
with persistent fluid overpressure in this portion of
the channel. We interpret these observations to
mean that, at the lengthscale of geophysical imag-
ing, there is a net fluid overpressure, while smaller-
scale outcrop observations show evidence of local
hydrofracturing within this overpressured region.
Such high fluid pressures have been suggested to
weaken the base of the overriding plate, which
would promote upward migration of the roof
décollement and subduction erosion [von Huene
et al., 2004; Wang et al., 2010].

[42] Stable isotope analyses of CaCOs; in the veins
of the Apennine SC show that mineralizing fluids
come from three sources: downgoing sediment
compaction, wallrock, and clay-mineral dehydra-
tion [Vannucchi et al., 2010]. The partial overlap of
vein isotope compositions with those of the wall-
rock implies the occurrence of pressure-solution in
the components of the SC that were eroded from
the upper plate. The highest isotopic anomaly is
recorded along the basal décollement. Here, 5180
anomalies typical for clay mineral dehydration are
present [Vannucchi et al., 2010]. This dehydration
process starts at temperature of 60°—120°C [Pytte
and Reynolds, 1989; Moore and Vrolijk, 1992].
The basal décollement is a continuous shear zone
that provided an effective pathway for transport of
metamorphic fluids from depth [Vannucchi et al.,
2010]. This isotopic data indicates that zone 2 is
primarily fed by fluids migrating updip from deeper
portions of the channel.

[43] Fluids also migrate upwards toward the sea-
floor. In this case, thermal and geochemical char-
acteristics of fluids sampled along vents of modern
forearcs suggest that diagenetic reactions of clay
minerals are the main fluid sources [Chan and
Kastner, 2000; Moore and Saffer, 2001; Hensen
et al., 2004; Ranero et al., 2008].

[44] The different data sets imply that zone 2 is
characterized by a high fluid content and inefficient
drainage that promotes fluid overpressure and per-
sistent hydrofracturing. Compaction/lithification
and overpressure appear to be linked to instability
of the SC boundaries.

[4s] Zone 3: deeper zone of fluid release (from ~3—
5 to ~5-15 km of vertical burial). This region is
characterized by complete consolidation and dia-
genesis of sediment, and the presence of over-
pressured fluids that effectively drain (Figure 5).

[46] Surface heat flow inferences indicate that
zone 3 corresponds to a temperature range from
80°/100°C to ~150°C [Calahorrano et al., 2008;
Ranero et al., 2008]. These temperatures are near
a threshold considered critical to trigger several
processes more characteristic of the deeper seis-
mogenic zone of the plate boundary. These pro-
cesses are (1) the release of chemically bound water
through metamorphic reactions, (2) the activation
of pressure-solution diagenetic processes, and
(3) the switch from aseismic to seismic strain
release [Moore and Vrolijk, 1992; Moore and
Saffer, 2001; Kitamura et al., 2005; Bachmann
et al., 2009b; Kawabata et al., 2009]. Thermal
modeling of modern subduction zones suggests
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that the updip limit of the seismogenic plate inter-
face corresponds to temperatures around 100°C
to 150°C [Hyndman et al., 1997; Oleskevich et al.,
1999; Moore and Saffer, 2001; Newman et al.,
2002; Obana et al., 2003; Currie et al., 2004;
Ranero et al., 2008]. Recently Marcaillou et al.
[2008] proposed an even lower temperature, 60°C,
for the updip seismogenic limit of the Colombian
margin.

[47] Multichannel seismic data image the updip
limit of the seismogenic zone to be the transition
from a strongly reflective to a weakly reflective
plate boundary [Ranero et al., 2008]. Geophysical
modeling indicates that in this transition zone the
porosity drops to ~10%, while the fluid overpres-
sure ratio decreases to values of \* < 0.6, which
leads to an increase in effective stress [Calahorrano
et al., 2008]. These observations suggest that pore
fluids are being more effectively expelled so that
the system is relatively well drained. Geochemical
evidence from both pore water collected on the
shallow, zone 1 of modern subduction zones, and
veins collected along fossil plate boundaries indi-
cates that there is lateral migration of these fluids
along the SC [Silver et al., 2000; Vannucchi et al.,
2010]. Drainage along the SC is possible because
it is controlled by the fluid pressure gradient, rather
than the relative fluid overpressure, so deeper fluids
will tend to migrate into zone 2 as long as their Py is
higher than that in zone 2. These deep fluids also
feed surface seeps, especially when splay faults
serve as conduits through the forearc [Henry et al.,
2002]. This implies partial migration of fluid
through the upper plate to the seafloor [Hensen
et al., 2004].

[48] In Apennine outcrops, slip planes cut through all
lithological components in zone 3, indicating the
frictional properties of this material are relatively
homogeneous, consistent with a region of now-
complete lithification of the slope sediment compo-
nent of the SC. Like zone 2, the field expression of
zone 3 shows evidence for hydrofracturing and Py
cycles. If the mineralized faults and fractures are
geometrically arranged as in zones 1-2, the spacing
of structures increases from ~1 m in zone 1 to >10 m
here. Hence, the distribution of hydrofracturing-
induced permeability is more localized and focused.
We infer that drainage was efficient enough to relax
fluid overpressures over this lengthscale.

[49] In the Apennines record, dilational jogs are key
features of this portion of the SC. Jogs are charac-
terized by the occurrence of implosion breccias

[Vannucchi et al., 2010]. Dilational jogs filled by
implosion breccias have been related to rupture
associated with slip along a fault [Okamoto et al.,
2006]. Moreover, preserved dilational jogs have
been related to seismogenic behavior of fault sys-
tems under conditions of high fluid pressure
[Micklethwaite and Cox, 2006].

[s0] In summary, zone 3 of erosive SCs contains
abundant fluids that trigger hydrofractures able to
efficiently drain the system. Structures are present
which indicate there is a well developed Py cycle
associated with episodic slip along weak planes —
e.g., this region contains the onset of the seismic
behavior of the SC. Moreover, porosity reduction
by compaction has reduced the volume of the
material reaching this portion of the channel by
~50%; the fluids released by this compaction try to
exit the channel. As discussed below, this effect can
lead to a non-simple shear component of flow
(dynamic flow) within this weak SC, which here
could be the main cause of instability of the chan-
nel’s upper and lower boundaries.

[511 Zone 4: updip limit of the seismogenic zone
(between 5 and 15 km of burial). This region is
characterized by seismic stress release, increasing
metamorphism, and relative high fluid pressure
(Figure 5).

[52]1 The updip limit of the seismogenic zone is not
a sharp boundary, and the seismogenic zone forms
a large portion of the plate boundary between the
overriding crust and downgoing slab. Here the
mechanisms of deformation change with increasing
pressure and temperature conditions. We will focus
only on the upper part of the seismogenic portion of
the SC, i.e., regions with T < 200°C [Hyndman
et al., 1997; Moore and Saffer, 2001; Obana
et al., 2003; Ranero et al., 2008]. Multichannel
seismic data do not document a standard pattern of
reflectivity variations for ~100°-150°C plate
interfaces. In South Colombia-North Ecuador as
well as in Cascadia the plate interface becomes
reflective at depths greater than ~10 km where the
subduction thrust is inferred to be locked
[Nedimovié et al., 2003; Collot et al., 2008a]. In
Costa Rica and Nankai, at these depths the reflec-
tivity abruptly decreases, which is interpreted to
reflect a change to a drier fault [Bangs et al., 2004a;
Ranero et al., 2008]. Following this idea, grain-to-
grain contact should increase with depth as water
escapes, causing the effective normal stress across
the plate-boundary fault and seismic coupling to
increase [Scholz, 1998]. Calahorrano et al. [2008]
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proposed a scenario where the supercritical com-
paction of sediment [Karner et al., 2003] could lead
to a macroscopic yield stage where cataclasis
induces an acceleration of compaction and a gen-
eral collapse of the system [Wong et al., 1997].

[s3] However, this appealing idea of a dry fault is
disproved by field data that show that seismic SCs
were fluid rich. The Apennine field example only
touches the conditions described for the seismogenic
SC, being associated with a maximum temperature of
about 120-150°C. Here mineralization is always well
developed along all exposures [Vannucchi et al.,
2010]. Evidence for elevated fluid pressure around
the roof décollement has been reported from several
outcropping SCs [Kitamura et al., 2005; Bachmann
et al., 2009b]. In the Shimanto Belt, mineralized
veins and cementation are associated with pseudo-
tachylytes along the roof décollement of a sediment-
dominated SC in a temperature range around 180°C
to 200°C [lkesawa et al., 2005; Kitamura et al.,
2005]. This indicates fault zone fluid-saturation dur-
ing repeated deformation, likely between seismic
events, and maybe even during a seismic event
[Okamoto et al., 2006; Ujiie et al., 2007]. In the
Central Alps, a SC ranging from 150°C to 350°C is
also characterized by extensional fractures and shear
zones that evolve into mylonites at depth, with
abundant evidence for pressure-solution [Bachmann
et al., 2009a, 2009b]. There, in an interval corre-
sponding to temperatures between 200°C-300°C,
pseudotachylytes are found. They are restricted to the
upper plate crystalline rocks in mutual association
with vein systems, indicating that rapid failure
occurred in the SC. Both these examples reveal that
(1) key mechanical and kinematic role for the roof
décollement as the predominant shear zone, (2) fluid
flow supports apparently mutually exclusive pro-
cesses such as long-term interseismic deformation
(solution-precipitation creep, mylonitization of
pseudotachylytes) and short-term coseismic defor-
mation (fracturing) and pseudotachylytes, (3) the
presence of sealed compartments of the SC that
develop transient lithostatic fluid pressures in asso-
ciation with cyclic deformation (the seismic cycle),
and (4) that the seismogenic zone of SCs sustains
seismic rupture regardless of its hydraulic state.

[s4] Both modern and fossil SCs have features
indicating that their seismogenic zone has a het-
erogeneous pressure distribution. Compartments of
high fluid pressure can be areas of hydrofracturing
at the base of the upper plate in which basal tectonic
erosion is concentrated [von Huene et al., 2004;
Calahorrano et al., 2008]. Upward migration,

though, seems to be more limited than it is in zone
1, because in general there is a high permeability
contrast across the roof décollement. Fluid drainage
can locally increase frictional strength, which could
induce downstepping of the roof décollement, and
hence underplating. At the Ecuador-Colombia
margin, for example, the locked zone, at a depth of
~14-15 km and T of ~120°-140°C, becomes the
locus of underplating, likely in a close geometric
relation with an overlying forearc splay fault sys-
tem [Collot et al., 2008a].

[5s] In moving from the toe to the seismogenic
zone, the focus of deformation seems to migrate
from the basal décollement in zone 1 to the roof
décollement in zones 3 and 4. In zone 1, differences
in the original compositions and porosity of sedi-
ments can control the localization of shear. Shear
would focus toward the base of the channel while
fluids tend to migrate upward, and successfully
drain. As the deeper parts of the channel are
approached, fluid concentration appears to become
the main cause of low strength along the basal
décollement.

4. The Dynamic Subduction Channel

[ss] SC sediments were initially idealized to be
constant density, uniform viscosity, and with a
permeability depending only on porosity [Shreve
and Cloos, 1986]. From the geological data sum-
marized above we know that the viscosity, density
and permeability of channel sediments vary not
only along strike and downdip, but also throughout
the channel itself. Viscosity, for example, varies as
a function of both lithology and the degree of lith-
ification. Bedding anisotropy, large unconformities,
lithification and variable pore fluid pressure pro-
duce heterogeneities that can strongly influence
flow in the channel. For example, sediments entering
the SC have different degrees of lithification, and
deformation tends to concentrate in poorly lithified,
weaker horizons. These horizons can be alternating
depositional layers, or chaotically arranged blocks,
either as mélanges or as hard rock blocks dislodged
from the upper or lower plate and incorporated in
the channel [Fagereng and Sibson, 2010]. In these
cases, while some components have a brittle behav-
ior, others deform viscoplastically [Vannucchi et al.,
2010]. Since the degree of lithification depends
strongly on depth, fluid pressure, and rock type, this
parameter most likely differs between margins, and
within each margin it can vary downdip, along strike
and throughout the channel.
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[s7] Heterogeneous material properties implies a
flow pattern where different components travel at
different velocities within the channel (Figure 6a).
In a uniform viscous rheology, shear is partitioned
uniformly across the channel and material pathways
are represented as flow lines that parallel the
channel boundaries [Shreve and Cloos, 1986]
(Figure 6b). However, field observations show that
shear can be localized on multiple simultaneously
active adjacent fault zones, implying non-viscous
rheology at a local scale (Figure 6¢) [Vannucchi
et al., 2008; Fagereng and Sibson, 2010]. Rheo-
logical effects from the progressive dewatering and
consolidation of channel material (Figure 6d) will
be discussed in the next paragraph. Although the
velocity cross-section (the velocity profile across
any given section of the channel) can be smooth or
inhomogeneous, material is typically envisioned as
flowing in smoothly varying layers (Figure 6a).
Nonetheless, material heterogeneity, as well as
geometric variations along the channel, can induce
velocity changes that can result in flow break-up
into a more complex pattern of larger layer struc-
ture “currents” mixed with short order “chaos.” In
the rock record, examples of these various kinds of
flow are represented by ‘“mesoscopic” tectonic
melanges [Fisher and Byrne, 1987; Moore and
Byrne, 1987; Meneghini et al., 2010], “map-scale”
tectonic mélanges, [Vannucchi et al., 2008] and
SCs formed by “coherent” units detached along
tabular fault zones [Remitti et al., 2011]. The vari-
ation from smooth to chaotic flow can produce
morphologies ranging from anastomosing and
bifurcating shear zones to the chaotic deformation
typical of mélanges. Flow variations are also asso-
ciated with local variations in channel thickness.

[ss] Material flow in the channel occurs by both
discrete transient slip surfaces and distributed creep
[Vannucchi et al., 2009]. Considering that different
strain mechanisms like viscous creep, tremor, and
slow slip events all occur in forearcs; material flow
occurs though these combined processes repeated
thousands of times.

[s9] Geological observations also imply that sedi-
ments have a strong fracture permeability, even at
shallow depths, in addition to their pore-permeability.
Ocean drilling at Costa Rica and Nankai, for example,
revealed that the décollement is represented by a tens
of meters thick brecciated horizon [Maltman and
Vannucchi, 2004] (Figure 5). Geochemical studies
of modern décollements and fossil exhumed exam-
ples show that fluids mostly circulating through
fractures [Morris et al., 2003; Vannucchi et al., 2010].

Transient fluid overpressures and hydrofracturing
seem to commonly occur in the shallower parts of
SCs [Vannucchi and Leoni, 2007].

[60] The following dynamic model of the SC con-
siders the frontal thrust, a m-scale-thick fault at
ODP site 170—1043, as the leading edge, or top to
the seafloor inlet of the SC. The migration of the
channel boundaries, or roof and basal décollements,
are key factors shaping input and output to the
channel. There are eight basic geometries for the
migration of the décollements (Figure 7).

[611 An example dynamic SC is represented by the
Ecuadorian margin (Figure 3). Line SIS-64 is
interpreted to show a zone of distributed shear
within the upper plate damage zone, considered to
be the weakest region along the plate boundary
[Sage et al., 2006]. The damage zone is inferred to
be bounded at top by a poorly defined roof thrust
zone and at bottom by the top of the downgoing
plate. Here the weaker region of the plate boundary
is the basal décollement at the base of the damage
zone (Figure 3). On line SIS-12 a similar damage
zone is observed at the bottom of the upper plate,
but above a low-velocity fluid-rich sediment lens.
Here, the geometric characteristics imply that shear
focuses along a décollement at the base of the
damage zone. In this case, the more highly pres-
surized décollement would be weaker than the less
pressurized damage zone [Sage et al., 2006].

[62] Vertical migration of the SC boundaries could
also control the rheology of the channel. Upward
migration of the roof décollement at the front, or
downward migration of the basal décollement in
the incoming and lower plate would result in
incorporation of weak, yet to be lithified material
into the channel. The subducting plate’s drainage
conditions, and its capability to release fluids, also
depends strongly on the nature of the underthrust
sediments [Townend, 1997; Sibson and Rowland,
2003]. A stiffer channel rheology would result
from the incorporation of upper plate material by
basal tectonic erosion or by removal of material
from the lower plate at considerable depth. This
heterogeneous material would have variable
mechanical characteristics (e.g., porosity, Young
modulus, etc.), and a variable response to in situ
stress and fluid pressure changes, with con-
sequences for fluid connectivity and drainage.

[63] Décollement migration determines the occur-
rence of subduction accretion and/or erosion.
Accretion and erosion, in fact, are processes that
do not mutually exclude each other in time and
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Subduction erosion and accretion add an extra component.
Another way to distribute mass is to add new material to/from the walls:
subduction erosion the «preferred» process in subduction zones?

Figure 6. Illustration of the deformation patterns that occur within the subduction channel. (a) Potential large-scale
patterns of material flow within the upper regions of the subduction channel. At the toe the subduction channel has a
relatively small thickness that rapidly increases (see text). This is consistent with the toe having rapid flow of
extremely fluid and poorly consolidated material (see text). Further downdip, compaction of material in the channel
can induce both channel shrinkage (Figure 6€) and a component of dynamic flow (Figure 6f). (b) Sketch of the distrib-
uted shear occurring within a purely viscous channel rheology. (¢) Sketch of deformation pattern when multiple local
shear surfaces remain active within the subduction channel. (d) Sketch of potential viscous deformation component
associated with a non-lithostatic pressure gradient within the channel. Note that this component of deformation
requires a finite-width channel (as opposed to a thin fault zone) in order to become a significant component of material
transport. (¢) Channel shrinkage can compensate volume loss due to fluid escape. (f) In addition, dynamic flow within
the channel can compensate volume loss due to fluid escape. If the channel remains quasi-uniform in thickness while
undergoing a significant loss of pore fluid, then this mode of deformation must be happening within the channel.
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Migration of roof décollement:
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new material would be added to the upper plate
through frontal accretion

2) Landward=Frontal erosion

Landward migration
of roof décollement

upper plate material would enter the subduction channel
from the front resulting in frontal tectonic erosion

3) Upward=Basal erosion

Upward migration
of roof décollement

new material is added to the subduction channel with the
result being tectonic erosion of the upper plate, and addition
of new material to the channel.

4) Downward=Underplating

Downward migration
of roof décollement

material is removed from the channel and accreted to the
upper plate through underplating.

Migration of basal décollement:
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new material would be offscraped and added to the
subduction channel

6) Landward
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subducting plate
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——

material of the subduction channel is added to the
subducting plate. In this case there is erosion of the
subduction channel.

8) Downward=Accretion to the SC

Downward migration
of basal décollement

—

new material would be added to the subduction channel:

at the front this would result in offscraping.

Figure 7. Cartoons of the possible migrations of the roof and basal décollements and associated effects on the

tectonic processes shaping the margin.
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Figure 8. Examples of possible migration patterns of the subduction channel boundaries in response to some com-
mon events that occur at subduction zones: (a) a subducting seamount, (b) slab rollback, (c) development or reactiva-
tion of inherited structures cutting through the upper plate, and (d) rapid change of sedimentation rate in the trench (for

example, mass wasting).

space — i.e., they simultaneously occur along dif-
ferent downdip and along-strike portions of the
Ecuadoran plate margin [Collot et al., 2008b].

[64] Décollement migration can be controlled by a
number of factors, including the following:

[6s] 1. The morphology of the incoming plate
(Figure 8a). Structural highs such as seamounts and
ridges, and related lows on the incoming plate can
deflect the roof and basal décollements [Cloos and
Shreve, 1996; Dominguez et al., 1998, 2000]. Even
if highly localized, it will still contribute to along-
strike variations in deformation mechanism and SC
geometry. A well-lithified subducting seamount,
for example, has been found to cause landward and
upward migration of the basal décollement
[Dominguez et al., 1998]. If the height of the sea-
mount is greater than the thickness of the channel,
then locally the roof décollement must migrate
upwards. This could result in large tectonic erosion
of the frontal margin, as at the Bougainville Sea-
mount in the New Hebrides [Collot et al., 1992] or
the Cocos plate seamounts in Costa Rica [von
Huene et al., 2004]. In the wake of the subducting
seamount, a large shadow zone can develop, with
collapse of portions of the weakened upper plate
into the channel.

[66] 2. The geometry of the slab (Figure 8b). Roll-
back (i.e., the tendency of a subducting plate to

retreat from the trench/foredeep, and the opposite
prograde motion of the subducting plate toward the
overriding plate) may strongly influence the shal-
low dip of the slab. If the upper plate does not keep
moving seaward at the same speed as the retreating
slab, this would progressively increase the volume
of material entering the SC. In other words changes
in the dip of the slab/décollement could force the
thickness of the channel to increase, especially in
its deeper portions, and also force the upper décol-
lement to migrate.

[67] 3. Upper plate dynamics (Figure 8c). Sedimen-
tation, surface erosion and the deformation style of
the upper plate can influence décollement migration.
Multichannel seismic studies of the Nankai accre-
tionary prism have been interpreted to indicate an
upper décollement downstep and underplating where
a major forearc structural discontinuity, the so-called
splay fault [Park et al., 2002], joins the SC [Kimura
et al, 1997; Bangs et al., 2004a]. The Nankai
roof décollement downstep was linked to a change
in fluid pressure and increase of frictional strength
of the décollement induced by the preferential dewa-
tering pathway represented by the splay fault [Kimura
et al., 1997; Strasser et al., 2009]. The preferred
interpretation of more recent 3D imaging is that
there is a downstep from a now inactive décolle-
ment at this juncture [Strasser et al., 2009; Kimura
etal,2011].
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[68] In contrast, landslides would change the load
and the profile of the upper plate slope, which would
influence the state of stress at the décollement.
Landslides would also cause material to accumulate
at the trench, as discussed below.

[69] 4. Subduction speed and sediment supply
(Figure 8d). Worldwide patterns suggest that
accretionary prisms preferentially grow in margins
where slow convergence (<7.6 cm/yr) and/or high
trench sediment thickness (>1 km) occur [Clift and
Vannucchi, 2004]. The opposite pattern char-
acterizes erosive margins. Cause-effect relation-
ships are not easy to disentangle in this context
because of interference from surface processes, such
as onland erosion, that control the volume of sedi-
ment delivered to the trench, with deeper processes,
such as slab pull, that could affect the convergence
rate [Clift and Vannucchi, 2004]. A slow conver-
gence rate, for example, would allow more time for
clastic trench sedimentation to occur. The big sedi-
ment pile at the trench can simply be frontally
accreted, if the inlet capacity does not allow an
increasing volume of material to enter the SC. The
formation of a frontal accretionary prism would
force the SC to propagate seaward. But since sedi-
ments also retain a large amount of fluids, trench
sedimentation would also influence pore pressure
evolution, fluid release and the mechanical stability
of the SC.

[70] 5. Fluids. Fluids are lubricants, but also key
factors in controlling cementation, dynamic pro-
cesses within faults, and the rheology of the SC.
Consolidation and upward migration of fluids can
deactivate the basal décollement, and weaken the
upper part of the SC with respect to the bottom,
which could favor upward migration of the roof
décollement [von Huene et al., 2004]. On the other
hand, a sudden dewatering event in the channel such
as the transient opening of a fluid pathway repre-
sented by a slipping fault, could drain the upper part
of the SC increasing its cohesion and so induce
underplating of this dewatered channel material.

5. Implications for Geodynamic

Modeling

[71] What does this revised scenario imply for the
development of future, more complete, models of
subduction dynamics? A first order implication is the
reaffirmation that subduction plate boundaries are
deformation zones with a finite width as proposed by
Shreve and Cloos [1986], not single faults. The pro-
cesses controlling this remain poorly understood

because the yield strength of channel and forearc
material is so heterogeneous and process-dependent.
Several examples in both modern [Bangs et al.,
2004a; Sage et al., 2006; Calahorrano et al., 2008;
Wallace et al., 2009; Collot et al., 2010] and fossil
analogues [Kitamura et al., 2005; Vannucchi et al.,
2008; Bachmann et al., 2009a, 2009b] show that
the preferred channel width is typically a few tens to
hundreds of meters. A width comparison between
modern and fossil systems involves the deciphering
of fossil compaction. Fluids almost certainly play a
key role in processes regulating material input and
output into the SC. Fluids influence the material’s
shear strength, and are a key mobile component
within the channel. Fluid release through compaction
and metamorphic dehydration reactions contributes
to changes in the volume of the material in the
channel — it causes progressive material escape in the
form of highly mobile fluids. If uncompensated, this
would cause a continuous reduction of the SC
thickness with depth. As a consequence the SC is
compactible. This observed behavior has interesting
implications. Figure 6 starts from Shreve and Cloos’s
[1986] scenario for an idealized SC filled with uni-
form viscosity, incompressible, sediments. In this
case, shear stress is continuous across the channel,
the velocity increases uniformly across the channel,
and faults would not develop. Compaction and fluid
dewatering implies net volume loss from channel
material (Figure 6d). Downdip reconstructions of SCs
remain sparse [Calahorrano et al., 2008; Bachmann
et al., 2009b], but they indicate changes in width/
thickness with depth. A compactible version of
Shreve and Cloos’s [1986] shearflow model would
predict a continual decrease of the channel thickness
with depth due, for example, to sediment compac-
tion during dewatering. (Note that, for an idealized
viscous fluid, this postulated downdip thinning of
the channel would be associated with a proportional
increase in the shear stress transmitted across the
channel. The inclusion of more complex constitu-
tive equations can also lead to non-lithostatic pres-
sure variations [Raimbourg and Kimura, 2008].)
More generally, downdip changes in channel thick-
ness would need to be accommodated by deforma-
tion within its overlying and underlying regions.
Dewatering-induced compaction within a weak chan-
nel would favor a deformation mode that involves
a sub-lithostatic downdip pressure gradient in the
channel, i.e., a downdip increase of pressure in the
solid matrix that is less than the increase of over-
burden with depth. This compaction and flow-
supported pressure gradient within the matrix can
preferentially ‘suck in’ the lowest viscosity material
from updip regions of the channel to replenish the
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volume lost to fluid escape (Figure 6f). This effect,
characteristic of flow in a region with strong lateral
viscosity variations, would contribute to channel
deformation by adding a dynamic downdip Poiseuille
flow and pressure component to shear flow and to
density-induced pressure variations (Figure 6g).

[72] The only place where we have multiple pene-
trations through the toe of an erosive margin is off-
shore Costa Rica [Kimura et al., 1997; Morris et al.,
2003]. Here, the thickness of the SC was found to
increase by roughly one order of magnitude downdip
near the surface inlet of the channel [Maltman and
Vannucchi, 2004] (Figure 5). (Note this observed
flow pattern directly implies a less than overburden
pressure gradient within the solid matrix of this inlet
portion of the channel!) If deeper parts of the channel
are supplied through the inlet, then, to conserve mass,
here the flow of material at the inlet exceeds the plate
velocity (Figure 6a). An implication of this parabolic
flow velocity profile is that there should be two zones
of maximum shear, one at the channel’s top, the other
at its base, with a shear velocity inversion near the
channel’s base. If fluids focus where deformation is
most intense, then fluids would concentrate in the
zones of maximum strainrate found at the top and
bottom of a region with a strong Poiseuille flow
component. An inversion of shear sense was docu-
mented below the ‘channel-bottom’ surface of max-
imum shear in the Costa Rica plate boundary during
ODP Leg 205 [Morris et al., 2003]. It needs to be
observationally verified in other locations whether or
not near inlet broadening of the SC and an inversion
of shear sense near the base of the inlet are in general
features of erosive SCs — with a corresponding need
to see if dynamic channel models can reproduce this
mode of two-phase deformation where dynamic
deformation concentrates within the weak channel in
preference to increased deformation of the stronger
overlying forearc and underlying subducting plate.

[73] Volume conservation in a dewatering channel
can also be achieved by adding new material to the
channel by eroding material from its upper (or
lower) boundary. In this case subduction erosion
would be the preferred tectonic process occurring
along subduction plate boundaries, e.g., a typical
instead of exceptional subduction process. This is
seen in global syntheses of subduction accretion
and subduction erosion [von Huene and Scholl,
1991; Clift and Vannucchi, 2004].

[74] Fluids also produce deformation and perme-
ability variations through hydrofracturing and other
modes of fluid-rock interaction. More work is needed
to better understand these modes of coupled fluid/

rock migration/deformation [Phipps Morgan and
Holtzman, 2005; Kohlstedt and Holtzman, 2009].

[75] Finally, this revised picture of SC processes
has significant implications for future attempts to
quantitatively model the SC/forearc system. In
erosion, especially, there will be changes in the
material properties of the overlying forearc. Chan-
ges in permeability of the forearc would influence
the ability of fluids to ‘leak’ from the channel,
especially in the upper parts of the SC. The SC is
likely to be a dynamic ‘boundary condition’ at the
base of a deforming forearc, influencing the forearc
with its erosive aspects and fluid injection, while at
the same time being influenced by the forearc’s
(time-dependent?) ability to effectively drain, or not
drain, deeper parts of the channel, and to supply
material into a compacting, deforming, channel.
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