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rates of sediment supply to the trench (<40 km?/yr), implying a narrow and topographically rough

Handling Editor: M. Santosh subduction channel which is neither smoothed out nor lubricated by fine-grained water-rich turbidites such

as are transported into the mantle below accreting plate boundaries. Rates of subduction erosion, which range
Keywords: up to >440 km>/km/my, vary temporally as a function of these same factors, as well as the subduction of
Subduction erosion buoyant features such as seamount chains, submarine volcanic plateaus, island arcs and oceanic spreading
Arc magmatism ridge, due to weakening of the forearc wedge. Revised estimates of long-term rates of subduction erosion
Crustal recycling appropriate for selected margins, including SW Japan (=30 km®/km/my since 400 Ma), SW USA (=30 km?/
Mantle evolution km/my since 150 Ma), Peru and northern Chile (50-70 km?/km/my since >150 Ma), and central (115 km?/

Supercontinent cycle km/my since 30 Ma) and southernmost Chile (30-35 km?/km/my since 15 Ma), are higher than in previous

compilations. Globally, subduction erosion is responsible for >1.7 Armstrong Units (1 AU=1km?/yr) of
crustal loss, 33% of the ~5.25 AU of yearly total crustal loss, and more than any one other of sediment
subduction (1.65 AU), continental lower crustal delamination (>1.1 AU), crustal subduction during
continental collision (0.4 AU), and/or subduction of rock-weathering generated chemical solute that is
dissolved in oceanic crust (0.4 AU). The paucity of pre-Neoproterozoic blueschists suggests that global rates of
subduction erosion were probably greater in the remote past, perhaps due to higher plate convergence rates.
Subducted sediments and crust removed from the over-riding forearc wedge by subduction erosion may
remain in the crust by being underplated below the wedge, or these crustal debris may be carried deeper into
the source region of arc magmatism and incorporated into arc magmas by either dehydration of the
subducted slab and the transport of their soluble components into the overlying mantle wedge source of arc
basalts, and/or bulk melting of the subducted crust to produce adakites. In selected locations such as in Chile,
Costa Rica, Japan and SW USA, strong cases can be made for the temporal and spatial correlations of distinctive
crustal isotopic characteristics of arc magmas and episodes or areas of enhanced subduction erosion.
Nevertheless, overall most subducted crust and sediment, >90% (>3.0 AU), is transported deeper into the
mantle and neither underplated below the forearc wedge nor incorporated in arc magmas. The total current
rate of return of continental crust into the deeper mantle, the most important process for which is subduction
erosion, is equal to or greater than the estimates of the rate at which the crust is being replaced by arc and
plume magmatic activity, indicating that currently the continental crust is probably slowly shrinking.
However, rates of crustal growth may have been episodically more rapid in the past, most likely at times of
supercontinent breakup, and conversely, rates of crustal destruction may have also been higher during times
of supercontinent amalgamation. Thus the supercontinent cycle controls the relative rates of growth and/or
destruction of the continental crust. Subduction erosion plays an important role in producing and maintaining
this cycle by transporting radioactive elements from the crust into the mantle, perhaps as deep as the 670 km
upper-to-lower mantle transition, or even deeper down to the core-mantle boundary, where heating of this
subducted crustal material initiates plumes and superplumes.
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1. Introduction

The Earth, as well as being the blue and/or water planet, has also
been called the subduction planet. The subduction factory at
convergent plate boundaries generates volatile-rich magmas that
grow the continental crust, atmosphere and hydrosphere, but
subduction also transports components from the atmosphere,
hydrosphere and crust back into the mantle, from whence they
came (Armstrong, 1981, 1991; Scholl and von Huene, 2007, 2009; Clift
et al., 2009a, 2009b; Stern and Scholl, 2010). Subduction erosion,
which removes crustal material from the forearc wedge above the
lower subducting plate (Fig. 1; von Huene et al., 2004; Clift and
Vannucchi, 2004), is the most important process involved in recycling
crust back into the mantle associated with the subduction factory, and
occurs at all convergent plate boundaries even if they are accretionary
margins (Scholl and von Huene, 2007, 2009). Subducted crustal
materials may remain in the crust by being underplated below the
wedge, or returned to the crust by being incorporated in the source of
arc magmas. Alternatively, they may be transported deeper into the
mantle, perhaps as deep as the core-mantle boundary, where the D”
layer may be an “anti-crust” derived from former continental and
oceanic crust (Komabayashi et al.,, 2009; Senshu et al., 2009;
Yamamoto et al., 2009).

Von Huene and Scholl (1991), in an early review of the process,
suggested that subduction erosion, rather than or together with
accretion, occurs along 35,300 of the 43,500 km of the total global
length of subduction zones along active convergent ocean margins
(Fig. 2). They estimated the average rate of subduction erosion to be
~31 km3/km/my, and the current total world-wide removal rate of
upper plate material by subduction erosion as 1.1 Armstrong Units
(1 AU =1 km?/yr; Kay and Kay, 2008). More recently, Scholl and von
Huene (2007, 2009) considered 31,250 km of nonaccreting margins to
have an average subduction erosion rate of 42 km3/km/my, thereby
subducting 1.3 AU of crust, and the other 11,000 km of accreting

margins to have an average subduction erosion rate of 12 km?/km/
my, thereby subducting 0.1 AU, for a total global rate of 1.4 AU. Clift
et al. (2009a, 2009b) independently estimated that globally subduc-
tion erosion results in the removal of 1.35 AU of crust. According to
their estimates, subduction erosion accounts for ~27% of the total
global rate of 4.9 AU of crustal recycling, other processes involved
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Fig. 1. Cross-section, modified from von Huene et al. (2004), illustrating the
components of the forearc wedge and different processes involved in subduction
erosion. The subduction channel initially is filled with both oceanic sediment and debris
eroded off the forearc wedge surface that accumulates in the frontal prism. Basal
erosion results in mass transfer from the bottom of the forearc wedge to the lower plate
as dislodged fragments are dragged into the subduction channel. As pore fluid is lost
from the sediments in the channel, the strength of coupling between the two plates
increases and the seismogenic zone begins.
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Fig. 2. Global map, modified from Clift and Vannucchi (2004), showing the location of major subduction zones. Subduction erosion occurs at all subduction zones (Scholl and von
Huene, 2007, 2009), but those margins where the rates are higher and either no or only a small frontal prisms occur are indicated by open triangles along the trench. These account
for 75% of the 42,250 km global length of oceanic trenches. Specific margins addressed in the text are indicated in bold.

being sediment subduction (1.65 AU), continental delamination
(1.1 AU), passive margin sediment subduction during continental
collision (0.4 AU), and loss of chemical solute (0.4 AU) generated by
weathering that is dissolved in subducted oceanic crust. At this rate
the entire continental crust could be recycled back into the mantle in
~1.8 Ga (Clift et al., 2009a).

Rates of subduction erosion along different convergent plate
boundaries vary significantly (Table 1), up to as high as 440 km>/km/my
(Bourgois et al., 1996), as a function of factors such as convergence rate,
sediment supply to the trench, the width of the subduction channel,
subduction angle, and the subduction of buoyant features such as
spreading ridges, seamounts, juvenile oceanic island arcs, and oceanic
fracture zones. Numerous studies have also concluded that subduction
erosion is not a steady-state process and that temporal variations in
the factors listed above cause short-term variations in the rates of
subduction erosion (Bangs and Cande, 1997; Clift et al., 2003; Clift and
Hartley, 2007). The rates estimated by von Huene and Scholl (1991),

Table 1
Revised rates of subduction erosion at selected plate margins.

Arc segment Length Estimated rates of subduction erosion in km?/km/my

in km Scholl and von Huene Clift et al. This
(2007, 2009) (2009a, 2009b)  paper
NE Japan 1000 64 120 120
SW Japan 1000 0 0 30
SW USA 600 0 0 30
Peru 2200 70 15 70
Northern Chile 2200 34 15 50
(18-33°S)
Central Chile 500 90 0 115
(33-38°S)
South-central Chile 1500 90 0 35
(38-46°S)
Southernmost Chile ~ 1000 0 0 30
(46-54°S)
Total arc length 10,000
Total eroded per my 427,800 186,000 572,000

Scholl and von Huene (2007, 2009) and Clift et al. (2009a, 2009b) are
therefore only long-term averages for currently active margins,
appropriate at most during the last <150 Ma. However, the lack of
ancient pre-Neoproterozoic blueschists suggests that subduction
erosion may have operated at higher global rates in the remote past
(Stern, 2005, 2008; Brown, 2008; Condie and Krdner, 2008). Also,
Santosh et al. (2009) suggest that during times of continental
amalgamation into supercontinents, a combination of subduction
erosion and sediment subduction swallows all intervening material
“like a black hole” in outer space. Senshu et al. (2009) conclude that the
deep subduction in early Earth history, due in part to subduction
erosion, of large volumes of continental material rich in K, U, and Th,
played a critical role to initiate plumes or superplumes and thus produce
and maintain the superplume-supercontinent cycle that more recently
in the Earth's history has impacted both mantle dynamics as well as
surface processes that result in continental growth, preservation and/or
destruction.

This paper reviews geologic evidence for and the estimated rates of
subduction erosion, proposed mechanisms for subduction erosion and
the factors that affect its rate, and the fate of the eroded material, in
particular the extent to which it may be recycled back into the crust
through arc magmatism.

2. Geologic evidence for and rates of subduction erosion
2.1. Evidence for subduction erosion

Various lines of geologic and marine geophysical data are
interpreted to support subduction erosion. From a geological
perspective, subduction erosion has been invoked to explain large
amounts of missing continental crust along ocean margins (von
Huene and Scholl, 1991) in cases where no evidence exists for
regional truncation by strike-slip faulting. Large amounts of conti-
nental crust are presumed missing in areas where magmatic arcs have
migrated progressively away from the trench axis with time, and
where seaward projecting trends in continental basement and/or
sedimentary basins are truncated along the coastline. Historically,
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early suggestions that subduction erosion occurred based on such
observations were made along the coast of northern Chile by Rutland
(1971) and for northeastern Japan by Murauchi (1971). More recent
evidence involves provenance analysis by detrital zircon chronology
that documents the partial or complete disappearance of older crustal
units as a result of subduction erosion (Grove et al., 2008; [sozaki et al.,
2010; Jacobson et al., 2011).

Marine geologic and geophysical evidence for subduction erosion
includes the presence in the landward trench wall of crystalline
basement rocks which make up the rock framework of the toe of the
upper plate wedge, the lack of an older “middle prism” of accreted
lower plate sediment (Scholl and von Huene, 2007), and/or only a
small (<40 km wide) “frontal prism” of actively deforming sediment
in a trench (Fig. 1). Erosive margins have been shown to have
bathymetric slopes >3° to as high as 8°, and taper angles >7° to as high
as 20°, while accretionary margins generally have bathymetric slopes
<3° and taper angles <10° (Clift and Vannucchi, 2004). Also tilted and
subsided erosional surfaces, originally formed near sea level and then
buried by younger shallow water sediment along an advancing
shoreline, as first observed both in the margins of NW Japan and Peru
(von Huene and Lallemand, 1990), together are interpreted to
indicate forearc subsidence due to subduction erosion.

Rates of subduction erosion have been estimated by 1) determin-
ing the amount of loss of fore-arc material, which depends in part on
crustal thickness, resulting from the trench retreat rate required to
produce migration of the magmatic arc over an extended period of
time; 2) accounting for some portion of crustal shortening in balanced
cross-sections constructed across deformed arc segments; and 3) by
calculating loss of material from the fore-arc wedge based on the
amount and timing of subsidence of buried erosional surfaces
documented on the landward trench slope by marine geophysical
techniques. The latter method, which involves comparing the margins
present dimensions with that when subsidence began, is described in
some detail by von Huene and Lallemand (1990), von Huene and
Scholl (1991), Scholl and von Huene (2007) and Clift et al. (2003).

The combination of the evidence for subduction erosion, and the
manner in which this evidence has been used to calculate its rate, can
best be evaluated in the context of specific examples of erosive
convergent plate margins. This evidence is briefly reviewed below, as
a contribution to the estimates of the long-term global rates of
subduction erosion (Table 1), for the margins east of Japan and west of
the USA, Peru and Chile. Other margins (Fig. 2) have been well
documented in the reviews of von Huene and Scholl (1991), Clift and
Vannucchi (2004), Scholl and von Huene (2007, 2009) and Clift et al.
(2009a, 2009D).

2.2. Japan

von Huene et al. (1982) described a subsided near-shore erosion
surface, cut in a late Cretaceous lithified accretionary complex,
overlain by late Oligocene conglomerates and sands diagnostic of a
near-shore or beach environment, at 2750 m below sea level 90 km
landward of the northeastern Japan trench axis. Younger sediment,
accumulated in increasingly deeper water, documents the progressive
subsidence over 22 my of the erosion surface. Seismic reflection data
trace this surface to a depth of >7 km along the lower landward trench
slope. Approximately 75 km of landward migration of the trench
accompanied this subsidence (von Huene and Lallemand, 1990). The
small size of the frontal accretionary prism, only 5% of the volume of
pelagic sediment that has entered the trench over the last 65 my, is
also evidence of sediment subduction and consistent with the margin
being erosive (Scholl and von Huene, 2007).

von Huene and Lallemand (1990) reconstructed the Neogene
profile of NE Japan fore-arc wedge, and subtracted the volume of the
current wedge, thus calculating that for each km of margin, 1110 km?
of upper crust had been removed by subduction erosion over the last

22 my. Thus the volume rate of subduction erosion averaged 50 km?/
km/my along 1000 km of the NE Japan margin. Based on this estimate,
combined with their estimate of the amount of oceanic sediment
being subducted, von Huene and Scholl (1991) suggested that the
solid-volume thickness of the subducting material is 1 km, consistent
with the ~2 km layer of sediment and debris in the subduction
channel seismically imaged beneath the seaward edge of the forearc
wedge (von Huene and Cullota, 1989). More recent estimates by
Scholl and von Huene (2007, 2009) of 64 km>3/km/my, and by Clift
et al. (2009a, 2009b) of 120 km>/km/my, are both significantly higher
than earlier estimates (Table 1).

New geologic interpretations of the formation of Japan imply that
subduction erosion has also removed large amounts of continental
crust in multiple stages from southwest as well as northeast Japan.
[sozaki et al. (2010) suggest that although previously the geotectonic
evolution of the Japanese Islands has been explained as a simple one-
way process of continental growth toward the Pacific Ocean, based on
the zonal arrangement of accretionary belts with oceanward young-
ing polarity, what has been overlooked are some ancient units that
existed in the past but are not seen at present (Fig. 3). Their
provenance analysis of detrital zircons imaged these “ghost” geologic
units and demonstrated that they have already disappeared without
evident traces. Specifically, they suggested that early Paleozoic (520-
400 Ma) igneous zircon grains in late Paleozoic to Triassic sandstones,
and early Mesozoic igneous zircons (290-160 Ma) preserved in late
Cretaceous sandstones, were derived from arc plutonic rocks that
have been essentially totally removed from the crust of SW Japan.
Furthermore, the 100-80 Ma Cretaceous arc, which formed 100-
200 km west of the contemporaneous trench, has been tectonically
transported eastward and emplaced within 50 km of the accretionary
belt formed in this trench, implying ~100 km of shortening in the last
<80 my (Fig. 4). This was accomplished by uplift and erosion of the arc
above mid-crustal detachments.

Isozaki et al. (2010) conclude that the growth of SW Japan did not
proceed uniformly, but was punctuated several times by severe
shrinkage due to the subduction of arc crust. They suggest that in
order for the older granitic batholiths of Japan to have vanished, there
must have been extensive exposure of the batholiths on the surface,
followed by rapid erosion, transportation of their detrital grains to the
trench and finally subduction into mantle. Even in the case of the
widely exposed Cretaceous Ryoke batholith belt in SW Japan, the
abundant coeval zircon grains in the Paleogene accretionary belt
indicate that a huge portion of the batholith has been eroded (Fig. 4)
and presumably in part subducted. Uplift and erosion of this arc, and
the previous early Mesozoic and Paleozoic arcs, therefore imply
minimum average long-term subduction erosion rates of >30 km?/
km/my for 1000 km of trench along SW Japan (Table 1).

2.3. Western USA

Although the current plate boundary between the North American
and Pacific plates in the southwestern USA is the San Andreas strike-
slip fault, this boundary involved plate convergence and subduction in
the Mesozoic and early Cenozoic. The Franciscan subduction complex,
Great Valley forearc basin, and Sierra Nevada batholith of central
California, located east of the San Andreas fault, are NNW-trending
lithotectonic belts interpreted to have been produced during late
Mesozoic-early Cenozoic subduction of the oceanic Farallon plate
beneath the western edge of North America. In southern California,
west of the San Andreas fault, disrupted but similar lithotectonic units
include the Pelona-Orocopia-Rand-Catalina schists, fore-arc valley
sediments, and volcanic and plutonic rocks of the Peninsula Range
batholiths (Fig. 5). Recent “°Ar/>*°Ar thermochronologic analyses and
U-Pb dating of detrital zircons of the Pelona-Orocopia-Rand-Catalina
schists in southwestern California suggest that the sedimentation and
underplating of these subduction complexes occurred from >120 Ma
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Fig. 3. Plots, from Isozaki et al. (2010), of age spectra of detrital zircon grains from the mid-Paleozoic to Mesozoic sandstones and Recent river sands in Japan, showing secular change
in provenances that shed terrigenous clastics to Japan. The figure documents three distinct stages in the over 500 my history of the Japanese Islands in terms of terrigenous clastics
from granitic sources, these being before the Late Triassic (ca. 200 Ma), Jurassic to mid-Cretaceous (ca. 200-90 Ma), and after the Late Cretaceous (ca. 90 Ma). During each stage

different older sources were consumed by subduction erosion.

to <60 Ma (Jacobson et al., 2000, 2011; Barth et al., 2003; Grove et al.,
2003, 2008). The older Catalina schists accreted over a ~20 my period
between 122 and 97 Ma (Grove et al., 2003, 2008). The oldest (122-
115 Ma) of these metasediments formed from craton-enriched
detritus derived largely from pre-Cretaceous wall rock and early
Cretaceous volcanic cover of the Peninsula Range batholiths, while the
younger units (95-97 Ma) formed from detritus dominated by this
batholith's plutonic and volcanic debris generated as it was uplifted
and exhumed (Fig. 5). Protolith and emplacement ages for the
Pelona-Orocopia-Rand schists, which overlap in age and provenance
with the youngest part of the Catalina Schist, decrease from >90 Ma in
the northwest to <60 Ma in the southeast. Detrital zircon U-Pb ages
imply that metasandstones in the older units of these schists
originated primarily from the western belt of the Sierran-Peninsular
Ranges arc, while younger units were apparently derived by erosion of
progressively more inboard regions, including the southwestern edge
of the North American craton.

The Pelona-Orocopia-Rand-Catalina schists are inferred to record
an evolution from normal subduction prior to the early late Cretaceous
to flat subduction extending into the early Cenozoic (Fig. 5; Grove et al.,
2008; Jacobson et al,, 2011). The transition from outboard to inboard
sediment sources appears to have coincided with removal of arc and
forearc terranes. Jacobson et al. (2011) suggest that by 95-90 Ma the
Farallon plate had apparently transitioned, at least in southern
California, to a more shallow mode of subduction (Fig. 5B), perhaps
related to the presence of an aseismic ridge or oceanic plateau (Saleeby,
2003), and that this geometry favored subduction erosion of the
overriding North American plate, inboard migration of the axis of arc
magmatism, and under-plating of Pelona-Orocopia—Rand-Catalina
schists. Over 150 km of fore-arc basin and arc were removed prior to
~60 Ma. Some, but not all of this crustal loss may have been related to
strike-slip truncation by the Nacimiento fault, but this fault, which was

driven by the subduction of the aseismic ridge, was active only after
<75 Ma, so at least modest subduction erosion occurred prior to this
time (Jacobson et al., 2011). Early >123 Ma nonaccretionary behavior of
the western USA plate boundary has also been documented by Dumitru
et al. (2010). Other evidence for subduction erosion along this plate
margin prior to 75Ma includes an average of 2.7 km/my eastward
migration of magmatism in the Sierra Nevada batholiths between 120
and 90 Ma (Stern et al., 1981; Chen and Moore, 1982). During the same
time period, at ~100 Ma, the magmatic arc that generated the Peninsula
Range batholiths shifted abruptly eastward in conjunction with the
intrusion of the La Posta tonalite-trondjhemite-granodiorite (TTG)
suite (Fig. 5; Grove et al., 2008). The subsequent Maastrichtian to
Paleogene regional marine transgression of the Salinian block and
adjacent areas may have been related to an isostatic response to removal
of material from the North American mantle lithosphere and lowermost
crust base by subduction erosion associated with shallow angle Larimide
subduction, which may have enhanced existing erosive processes
(Grove et al., 2008; Jacobson et al., 2011). Conservatively averaged over
the last 150 my, the removal of 150 km of 30 km thick crust implies
long-term subduction erosion rates of ~30 km>/km/my (Table 1) along
600 km of the SW US where convergence is no longer occurring, and
much faster rates between 150 and 60 Ma.

2.4. Peru

Seismic reflection data and drill have demonstrated a subsidence
history similar to Japan off the west coast of Peru, with an erosion
surface, cut in Paleozoic crystalline metamorphic rocks, descending
seaward to depths >4 km. The erosion surface is buried below first
sandy shallow water deposits of middle Eocene age, and subsequently
a Neogene section of middle Miocene and younger sediments
accumulated in deeper water. The Neogene sequence has been
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Fig. 4. Simplified model cross-section, from Isozaki et al. (2010), of the Miocene backarc spreading and forearc contraction for juxtaposing the Ryoke granite batholith belt and coeval
high-P/T Sanbagawa meta-accretionary complex (AC) in SW Japan. (A) The mid-Cretaceous arc-trench setting of the SW Japan segment in East Asia. Oceanic subduction from the
Pacific side produced the Northern Shimanto AC belt next to trench, whereas the Ryoke granite batholith (P1) belt formed beneath the volcanic arc 100-200 km west of the trench.
(B) Miocene SW Japan shortened by forearc contraction induced by the opening of the Japan Sea. The upper crust of the arc, including the Cretaceous batholith belt and associated
pre-Cretaceous accretionary and meta-accretionary units were horizontally transported oceanward along mid-crustal detachments, resulting in the occurrence of the Ryoke granite
batholith unit (P1) over the coeval high-P/T meta-AC belt in western Shikoku. Note that the location of P1 is now only ~50 km from the trench. This forearc shortening was
accompanied by severe erosion on the surface to produce a huge amount of terrigenous clastics forming the extensive southern part of the Shimanto AC belt. Also a large amount of
clastics was subducted into the deep mantle, and thus the total volume of the Phanerozoic crust of SW Japan decreased by subduction erosion.

affected by an episode of uplift followed by renewed subsidence due
to the subduction of the Nazca Ridge below the Peruvian margin (von
Huene et al., 1988). Hampel et al. (2004a, 2004b) conclude that the
amount of uplift, up to 900 m, is consistent with the high-strength of
the Paleozoic crystalline basement that makes up the rock framework
of the forearc wedge. The uplift and subsidence related to the
subduction of the Nazca ridge have fractured and weakened this rock
framework, and Bourgois et al. (1988) interpret seismic reflection
data to suggest that the middle continental slope off the coast of Peru
is undergoing extension and massive collapse, with the lower slope
area consisting in large part of the debris produced by this mass-
wasting process.

Rates of tectonic erosion calculated by comparing the volume of
the Peru forearc wedge at 20 Ma compared to today indicate removal
of 620 km?/km at a rate of 31 km?/km/my. However, when calculated
over only the last 8 my, which includes the time during which the
Nazca Ridge was subducted, the data indicate removal of 370 km?/km

at a rate of 46 km>/km/my (von Huene et al., 1988; von Huene and
Scholl, 1991). This would imply that between 20 and 8 Ma, before the
subduction of the Nazca ridge, erosion rates were only 20 km?>/km/
my. The increased rate of subduction erosion associated with the
subduction of the Nazca ridge has been confirmed by Clift et al.
(2003), who estimate that long term subduction erosion caused arc-
ward trench retreat of 1.5-3.1 km/my between 47 and 11 Ma, while
after 11 Ma trench retreat rates increased to 4.6-9.1 km/my. For
25 km thick crust, this implies a long-term subduction erosion rate of
37-78 km?/km/my, and short term rates of 115-228 km>/km/my,
both estimates significantly higher those of von Huene et al. (1988). In
their more recent review, Scholl and von Huene (2007, 2009) suggest
70 km>?/km/my as the long-term rate over the last 70 my (Table 1),
which is consistent with the long-term value based on the extent of
the eastward migration of the magmatic arc between the late
Cretaceous and the present (Scheuber and Reutter, 1992; Atherton
and Petford, 1996). As for Japan, von Huene and Scholl (1991)

Please cite this article as: Stern, C.R., Subduction erosion: Rates, mechanisms, and its role in arc magmatism and the evolution of the
continental crust and mantle, Gondwana Res. (2011), doi:10.1016/j.gr.2011.03.006



http://dx.doi.org/10.1016/j.gr.2011.03.006

C.R. Stern / Gondwana Research xxx (2011) xxX—-Xxx 7

A ca 100Ma -
Franciscan Forearc basin 100-135 Ma Hz%i:a?ncscg% Colorado
%4 ) Plateau

Continental

lithosphere
100 km
B Ca. 80 Ma 5585 Ma Upper McCoy Future
Franciscan Forearc crust: Jur. & Mountains Fm. Colorado

85-100 Ma & &

E. Cret? Plateau

Top of Farallon

Continental
lithosphere

Rand/Catalina Schist

logollon

C Ca. 50 Ma—thrust option ”
Upper McCoy — pighjands

Forearc basin - Moyntaing Fin.

Future
Colorado
Plateau

Rand/Catalina  Franciscan

Peraluminous
crustal melts
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western USA. (A) Geometry prior to the onset of flat subduction and emplacement of
the Pelona-Orocopia-Rand-Catalina schists. (B) Early phase of flat subduction and
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batholiths as subduction angle decreased all represent different aspects of crustal loss
by forearc subduction erosion.

calculate a 1 km subduction channel to accommodate the subducted
oceanic sediment and eroded continental debris.

Clift and Hartley (2007) calculated a much slower rate of erosion,
of only 15 km?/km/my during the last 2 Ma, as suggested by a change
from long-term subsidence to modest uplift of onshore basins in
southern Peru and northern Chile. Clift et al. (2009a, 2009b) use this
low rate of subduction erosion for both northern Chile and Peru in
their global estimate of the amount of crust currently subducted due
to subduction erosion (Table 1), although they conclude that uplift is
steepening the landward trench slope and that this style of margin
evolution cannot be steady state, and that therefore this rate is
actually lower than the average long-term rate.

2.5. Northern Chile (18-33°S)

In northern Chile, Rutland (1971), Kulm et al. (1977) and
Schweller and Kulm (1978) suggested subduction erosion to explain
the lack of Mesozoic or Cenozoic accretionary complexes and the
occurrence of pre-Andean Paleozoic crystalline basement and the
Jurassic magmatic arc along the coast. Other geologic evidence for
subduction erosion west of northern Chile includes the ~250 km
eastward migration of the Andean Jurassic to Cenozoic magmatic belts
(Ziegler et al., 1981; Stern, 1991; Peterson, 1999), the northwest
strike and almost complete disappearance north of 27°S of the Late
Paleozoic Gondwana subduction accretionary complexes that form
the Coastal Cordillera in central Chile (Fig. 6; Stern, 1991; Stern and
Mpodozis, 1991), and shortages in the amount of crustal shortening
that can be accounted for by crustal area balance calculations (Stern,
1991; Schmitz, 1994; Allmendinger et al., 1997). Also, the Upper
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Fig. 6. Regional map, from Kay et al. (2005), of central Chile between ~32°S and 38°S,
with lines showing correlations of early Miocene to Holocene arc fronts on land and
inferred position of corresponding coastlines offshore. Arrows show relative amounts of
frontal-arc migration, forearc loss, and backarc shortening. Northwest-southeast
trending dashed lines show offsets in the modern volcanic front that separate the
Southern Volcanic Zone (SVZ) into the northern, transitional, and southern segments
(Stern et al., 2007). In the active arc region, lines connect outcrop patterns marking
early Miocene (pink), middle to late Miocene (red), and SVZ (undashed, connecting
Pleistocene to Holocene volcanic centers [triangles]) magmatic fronts. Arrows between
the lines indicate inferred distance (given in circles) of frontal-arc migration from 19 to
16 Ma and from 7 to 3 Ma. In the forearc, lines between the trench and the coast show
inferred early Miocene (short dashed) and middle to late Miocene (long dashed)
coastlines under the assumption that the distance of frontal-arc migration equals the
width of missing coast. Arrows between the lines indicate distance (shown in circles) of
inferred loss from ca. 19 to 16 Ma. In the backarc, the length and position of arrows
show the location and proportional amounts of crustal shortening over the past 20 my
inferred from structural profiles. Also shown are other outcrop patterns that have long
been used as evidence for forearc subduction erosion along this margin. The first is the
northward narrowing and disappearance of the Paleozoic high pressure (P1) and low
pressure (P2) paired metamorphic and granitoid (Pzg) belts along the coast (Stern and
Mpodozis, 1991). The second is the presence of Jurassic arc rocks (marked by J) along
the coast north of 33°S, but inland near the SVZ at ~38°S. K indicates Cretaceous
magmatic rocks. enq is >5 for active SVZ volcanoes south of 36°S, and <1 for those in the
northern SVZ north of 34°S, as a result of increased mantle source region contamination
by subducted crust due to the northward increase in the rate of subduction erosion
associated with the subduction of the Juan Fernandez Ridge at 33°S (Stern, 1991; Stern
etal,, 2011).

Triassic Cifuncho Formation, which occurs along the coast of northern
Chile at 25.5°S, consists of terrigenous conglomerates and sandstones
derived from a Paleozoic source once located to the west off the
current coast, but which is now nowhere to be found (Suarez and Bell,
1994).

Marine geologic and geophysical data that imply subduction
erosion along the trench axis west of northern Chile include the
observation of the almost complete lack of a prism of deformed
sediment in the trench (Kulm et al., 1977), and the interpretation that
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the small (15-20 km wide) frontal prism in the trench consists
dominantly of debris from the gravitational failure of the forearc
lower slope (von Huene and Ranero, 2003; Sallarés and Ranero, 2005),
which dips at 9° into the trench and is undergoing extension (Hartley
et al., 2000). von Huene and Ranero (2003) and Sallarés and Ranero
(2005) document a 1.5 km wide subduction channel. Sallarés and
Ranero (2005) suggest that grabens in the down-bending oceanic
crust actually deepen in relief under the forearc, collecting material
eroded from the base of the wedge by hydrofracturing, but that by
25 km depth the subduction channel has largely lost its fluids and the
subducting plate becomes more strongly mechanically coupled to the
overlying plate.

Based on the observed ~250 km eastward migration of the
volcanic arc over the last ~200 my between 20 and 26°S, and a crustal
thickness along the coast of ~40 km, Stern (1991) calculated
subduction erosion rates of 50 km?/km/my (Table 1). von Huene
et al. (1999) and von Huene and Ranero (2003) calculated rates of 56
and 45-50 km>/km/my, respectively, based on an estimation of the
void volume of the horsts in the down-going slab. Kukowski and
Oncken (2006) calculated lower rates of 40-45 km?/km/my. Scholl
and von Huene (2007, 2009) use similar values of 28-40 km?/km/my
for northern Chile in their global estimates of subduction erosion rates
(Table 1).

Further to the south, at 30°S, Allmendinger et al. (1997) estimate
165 km of E-W shortening in the past 15 my, and suggest that only
80% of this can be accounted for by sectional balancing. This implies
33 km of unaccounted crust that may have been lost due to
subduction erosion. Based on a crustal thickness of 38 km, Stern
(1991) calculated a subduction erosion rate of 84 km>/km/my, and
attributed this enhanced rate to both subduction of the Juan
Fernandez Ridge below this region combined with decreasing
subduction angle associated with subduction of this ridge beginning
in the middle Miocene. Kay and Coira (2009) also conclude that
subduction of the Juan Fernandez ridge was a dominant factor in
controlling decreasing slab dip below northern Chile during the
Miocene, the lowering of which may increase rates of subduction
erosion. Since the locus of subduction of this ridge migrated from
north-to-south below northern Chile beginning at ~23 Ma (Yafiez
et al., 2001, 2002), enhanced short term rates of subduction erosion
probably occurred along the coast of northern Chile, just as slower
rates of erosion have occurred in the last 2 Ma (Clift and Hartley,
2007), and neither the short- nor the long-term rates reflect steady-
state processes.

2.6. Central Chile (33-46°S)

Clift et al. (2009a, 2009b) consider the margin of central and
southern Chile to be accreting. However, this only reflects the recent
increased sediment flux into the trench due to continental glaciations
beginning in the Pliocene (Bangs and Cande, 1997; Kukowski and
Oncken, 2006). The central Chile margin actually experienced
subduction erosion since at least the late Oligocene (Stern, 1989;
Kay et al., 2005). Scholl and von Huene (2007, 2009) suggest an
average rate of tectonic erosion of 90 km?/km/my for the margin of
central Chile over the last 20 my (Table 1).

The available information actually suggests along-strike changes in
subduction erosion rates towards the south away from the locus of
subduction of the Juan Fernandez ridge (Fig. 6; Stern, 1989, 1991; Kay
etal., 2005; Kukowski and Oncken, 2006). The Juan Fernandez Ridge, a
~900 km long chain of seamounts with a mean crustal thickness
>25 km and a width of ~100 km (von Huene et al., 1997; Yafiez et al.,
2001, 2002; Laursen et al., 2002) is currently being subducted below
central Chile at 33°S. Because of the geometry of this seamount chain,
its locus of subduction has migrated southward along the coast of
northern Chile, beginning at ~23 Ma, and reaching its current position
at ~10 Ma (Yafiez et al., 2001, 2002). This produced the area of low

angle subduction between 27 and 33°S, resulting in migration far to
the east of the zone of contractional deformation (Jordan et al., 1983)
and the location of the magmatic arc (Kay and Mpodozis, 2002).

Where the ridge disappears below the continental crust of the
landward wall of the trench, the forearc is uplifted along the Punta
Salinas Ridge. The subducted eastward extension of the ridge
coincides with a line of increased earthquake activity which extends
down the subduction zone for >400 km. North of the ridge, where the
trench takes a landward step (Laursen et al., 2002), the trench is free
of sediment, while to the south in contains 2.5 km of continental
turbidites transported northward from further to the south. Subsi-
dence has occurred in the Valparaiso basin south of where the ridge
enters the trench, suggesting a rate of subduction erosion of 96-
128 km>/km/my for the last 10 Ma (Laursen et al., 2002; Kukowski
and Oncken, 2006). Kukowski and Oncken (2006) attribute this to
widening of the subduction channel and weakening of the rock
framework of the forearc wedge due to the subduction of the ridge.

Beginning at about 10 Ma, compression and uplift due to ridge
subduction affected the region south east of 33°S (Skewes and
Holmgren, 1993; Kurtz et al., 1997), and a combination of decreasing
subdcution angle and subduction erosion has resulted in an ~50 km
eastward migration of the magmatic arc since the Pliocene at 33°S
(Fig. 6; Stern, 1989; Kay et al., 2005). This corresponds to a maximum
subduction erosion rate of 230 km3/km/my. However, arc migration is
less significant further south, and none occurs south of 38°S (Fig. 6;
Stern, 1989), suggesting that this is the southern limit of forearc loss
related to the subduction of the Juan Fernandez ridge at 33°S.
Therefore the average subduction erosion rate for the region between
33 and 38°S is ~115 km>/km/my (Table 1).

According to Kay et al. (2005), an earlier episode of eastward arc
migration caused by subduction erosion had occurred between 16 and
19 Ma (Fig. 6) over a larger north-to-south region. These events
together have caused the narrowing, north of 38°S, and disappearance
north of 33°S, of the Paleozoic lower pressure (P1) and high pressure
(P2) paired metamorphic belts and granitoids (Pzg) that accreted
along the west coast of Gondwana (Stern and Mpodozis, 1991).
Subduction erosion may have also operated south of 38°S prior to the
Pliocene as indicated by extension and subsidence of fore-arc basins
beginning in the early Miocene (Melnick and Echtler, 2006), although,
glacial sediments have filled the trench south of 38°S with sediment in
the last 5 Ma (Bangs and Cande, 1997). Kukowski and Oncken (2006)
calculate a rate of subduction erosion of 25-35 km?/km/my from 33 to
46°S between 11 and 3 Ma, slower than that further to north, but still
significant. Although the current volcanic arc in central-south Chile
occurs over Cretaceous age plutons, the truncation of the forearc
wedge by subduction erosion is consistent with the fact that
considerable forearc extension, during the event that formed the
Chilean Central Valley between 33 and 46°S, took place in the wedge
during the late Oligocene to early Miocene (19-29 Ma; Mufioz et al.,
2000). Therefore a subduction erosion rate of 35 km?/km/my between
38 and 46°S is considered appropriate (Table 1).

2.7. Southernmost Chile (46-52°S)

Both Clift et al. (2009a, 2009b) and Scholl and von Huene (2007,
2009) consider the >1000 km margin of southernmost Chile to be
accreting, but on the average, over the last 14 my, subduction erosion
has occurred as the locus of subduction of the Chile Rise, the
subduction of which produces very high erosion rates, has migrated
from south-to-north. In southern Chile the Chile Rise, an active
spreading ridge segmented by numerous fracture zones, is currently
being subducted below the continental margin at 46°S (Fig. 7A; Cande
and Leslie, 1986). Bourgois et al. (1996, 2000) describe the geologic
events associated with the subduction, below the uplifted Taitao
Peninsula, of ridge segments to the south and north of the Tres Montes
FZ (TMFZ). Between 5 and 4 Ma the ridge segment south of the TMFZ
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migrated eastward under the peninsula, followed from 4 to 2.5 Ma by
the subduction of the TMFZ itself, and subsequently from 2.5 to 1.5 Ma
the subduction of another short ridge segment north of the TMFZ
(Fig. 7B). During this time period, subsidence due to subduction
erosion lead to the development of 4-6 km of shallow water
sediment, which forms the now uplifted and exposed Chile Margin
Sedimentary Unit (CMSU; Fig. 7B).

Between 4.2 and 3.0 Ma, the trondhjemitic Cabo Raper pluton (CRP)
formed (Fig. 7B). This pluton has chemistry consistent with melting of
subducted oceanic crust and sediment metamorphosed to garnet-
amphibolite facies at a depth of >30 km. It currently occurs along the
coast, only 14 km above the subducted slab (Fig. 7C). To account for the
change in depth to the top of the slab, Bourgois et al. (1996) propose
23 km of trench retreat, removing 625 km> of rock in the 1.5 to
2.7 million year period between the formation of the pluton and the
final subduction of the ridge segment north of the TMFZ, which
terminated at 1.5 Ma. After this time, subduction erosion ceased and the
plate margin was uplifted, exposing both the CMSU and the CRP. This
implies a rate of subduction erosion between 231 and 416 km>/km/my.

Similar processes have taken place even more recently where the
current triple junction occurs northwest of the Taitao Peninsula. Low
silica dacites, with ages <2.2 Ma to as young as 70 ka, have been
dredged from the Chile trench wall and Taitao ridge just south of the
current triple junction (Fig. 8A). These have chemical features similar
to the trondhjemitic Cabo Raper pluton, suggesting generation by
melting of subducted oceanic crust and sediment at depths between
25 and 45 km (Guivel et al.,, 1999, 2003). Currently these rocks occur
8 km landward of the trench and only a few kilometers above the
down-going slab. Guivel et al. (2003) estimate that this is the result of
44 km of trench retreat in the last 1 million years (Fig. 8B), greater
than the higher estimate of Bourgois et al. (1996).

These high rates of subduction erosion may in part reflect the fact
that the Chile ridge and the fracture zones that segment it are being
subducted at an angle to the trench, so that the triple junction actually
moved back (south) and forth (north) as a first fracture zone and then
a ridge segment were subducted. Lagabrielle et al. (2000, 2004)
suggest that this creates a ‘blowtorch’ effect (DeLong et al., 1979),
heating the subducted slab to the high temperatures (>650 °C)
required for melting at relatively shallow depths. It also acts to
cyclically uplift and down-drop the overriding forearc wedge,
resulting in its fracturing, and thereby enhancing the rates of both
frontal and basal subduction erosion.

The rates of subduction erosion calculated for the area close to the
Chile ridge-trench triple junction only affect approximately 70 km of
the landward trench wall at any one time since the ridge segments
being subducted are short and at an angle to the trench, and this affect
only lasts 1-3 my because the segments are not separated by great
distances. Due to the angle at which the Chile ridge impinges on the
trench, the locus of its subduction has migrated ~1000 km from
south-to-north between 54 and 46°S over the last ~15 Ma, or 67 km/
my. This rate of migration is consistent with the high rates of
subduction erosion observed in the vicinity of the current triple
junction having sequentially affected 70 km segments of the land-
ward trench wall for a ~1 my period over the last 15 Ma. Therefore the
average long-term rate of subduction erosion along the entire
1000 km section of the southernmost Chile trench can be calculated
as 30 km®/km/my (Table 1) using the value 450 km®/km/my
determined by Guivel et al. (2003) for the 60 km of trench close to
the present triple junction over the last 1 Ma. Cande and Leslie (1986)
note that the western margin of the Mesozoic and Cenozoic
Patagonian batholith is significantly closer to the trench south of
compared to north of the ridge-trench triple junction, an effect they
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attribute to subduction erosion related to ridge subduction as the
triple junction migrated progressively to the north.

2.8. Summary

Previous reviews have generally been conservative and have under-
estimated average long-term (20-150 my) rates of subduction erosion
at some specific plate boundaries (Table 1), and therefore also
underestimated long-term global rates of subduction erosion. Combin-
ing the higher rates estimated in this review with the rates Clift et al.
(2009a, 2009b) determined at other plate boundaries not addressed
here adds a total of 386,000 km?>/my to their calculation of total
sediment recycled by subduction erosion per year (Table 1), increasing
the global annual estimate to >1.7 AU. This higher revised value makes
subduction erosion the single most important factor in their calculations
of the rates of global recycling of continental crust into the mantle.

3. Mechanism and factors affecting the rates of subduction erosion
3.1. Frontal and basalt subduction erosion

Subduction erosion occurs by both frontal erosion along the top
of the forearc wedge, and by subcrustal basal erosion along the
underside of the wedge (Fig. 1; von Huene and Scholl, 1991).
Together these processes thin and reduce the volume of the wedge
above the subducting plate. A number of mechanisms have been
proposed for producing subduction erosion and more than one
mechanism may be involved. An early proposal by Hilde (1983) was
that roughness in the subducting plate, generated by the formation
of horst and graben structures resulting from the down-bending

into the trench of the subducting oceanic plate, rasped material by
high-stress abrasion from the overlying wedge. However, seismic
images indicate that the roughness related to down-bending of the
slab may be smoothed due to the infill of these structures by
sediment, and the thrust boundary between the subducting slab
and overlying wedge generally occurs 1-2 km above the top of the
oceanic plate, the two plates being separated by a subduction
channel.

Nevertheless, the subduction of horsts and grabens alternatively
raises and lowers the base of the fore-arc wedge, fracturing and
weakening the rock and sediment that form the wedge, and thus
enhancing subduction erosion along the toe of the forearc wedge by
causing break-up of the lower trench slope and debris slumping into
the trench axis (Fig. 1). Also, at sediment starved trenches, the
subduction of unfilled grabens below the toe of the wedge is thought
to promote collapse of the lower landward trench slope. Basal erosion
proceeds by a combination of these processes as well as hydrofractur-
ing due to fluid overpressure in and above the subduction channel.
Ranero and von Huene (2000) have imaged detachment of large lens-
shaped masses below the Costa Rican forearc. Wells et al. (2003)
suggest that great subduction zone earthquakes affect significant
amounts of basal subduction erosion.

3.2. Subduction of buoyant features

Subduction of buoyant features such as ridges, seamounts and
oceanic island arcs may result in direct contact, without any
sedimentary interface, between the crust of the wedge and the
subducting oceanic plate. Furthermore, subduction of buoyant
features act to first uplift and subsequently down-drop the overlying
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Fig. 9. Sketch, modified from Kukowski and Oncken (2006), illustrating how subduction
erosion is enhanced (A) during, and (B) after seamount subduction.

wedge much more significantly than the subduction of the horsts and
grabens formed by down-bending of the oceanic plate (Fig. 9). This
causes fracturing of the rock framework of the fore-arc wedge,
enhancing the possibility for hydrofracturing due to fluid overpres-
sure in the subduction channel, and also results in a reduction of
strength contrast between the wedge and the subduction channel,
which has been identified in experiments as a factor facilitating basal
subduction erosion (Kukowski and Oncken, 2006). As buoyant
features are subducted, tectonically eroded sediments are also
subducted, which enhances fault-zone fluid content (Bangs et al.,
2006), and thus basal erosion by hydrofracturing. Finally, subduction
of these features may widen the subduction channel, thereby allowing
more rapid transport of sediment and debris in the trench. Where
buoyant features have been subducted, reentrant scars and cusps in
the regional trend of the trench axis are evidences of enhanced
subduction erosion rates (Cande and Leslie, 1986; Laursen et al., 2002;
von Huene et al., 2004).

3.3. Factors affecting rates of subduction erosion

Rates of subduction erosion depend fundamentally on the rates of
plate subduction, the width of the subduction channel, the supply of
sediment to the trench, subduction angle, and the impact of
subduction of buoyant features which may widen the subduction
channel and weaken the fore-arc wedge. When orthogonal plate
convergent rates are relatively high (>60 mm/yr) more sediment can
be transported down the subduction channel, and Clift and Vannucchi
(2004) suggest that accretion only occurs at margins with relatively
slow orthogonal convergence rates (<76 mm/yr). If sediment supply
to the trench is high, the channel becomes clogged with sediment, so
that trenches with high rates of incoming sediment (>40 km?/yr)
result in accreting margins, while trenches with low rates of sediment
delivery (<40 km?/yr) are erosive. The thickness of sediment in a
trench is a function of both the rate of delivery of sediment to the
trench and the rate of orthogonal convergence, so that trenches with
thin sediment thickness <1km, which are in all cases erosive
(Fig. 10A), have both higher convergence rates and lower sediment
supply to the trench, while trenches with thicker sediment layers
>1 km, which are generally accretionary, occur at margins with both
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Fig. 10. Plots, from Clift and Vannucchi (2004), of (A) sediment thickness at the trench
related to the velocity of the plate convergence, and (B) the relationship between the
rate of material subducted below the forearc in both accretionary and erosive plate
margins versus the convergence rate. Large circles show erosive plate margins for
which a trench retreat is well defined, compared to the small circles representing
margins for which tectonic erosion rates are inferred. Note that the same amount of
sediment (~100 km?/yr) is being subducted below the Mediterranean Sea margin
(MED; Kopf, 1999; Kopf et al., 2003), at a rate of orthogonal convergence of 20 mm/yr,
as is being subducted below Tonga (TON; Clift et al., 1998), at a rate of orthogonal
convergence of 110 mm/yr, which can only be accomplished if the subduction channel
is much wider (>5km) below the Mediterranean Sea margin, and much narrower
(<1 km) below Tonga.

lower convergence rates and higher rates of delivery to the trench
(Clift and Vannucchi, 2004). However, rates of subduction erosion are
independent of convergence rate, sediment thickness in the trench,
and rates of sediment delivery to the trench as long as the minimum
rate of convergence (>60 mm/yr) is exceeded and the maximum
values of sediment supply and thickness (<40 km?/yr; <1 km,
respectively) are not. Rates of subduction erosion are also indepen-
dent of the age of the subducting oceanic crust.
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Clift and Vannucchi (2004) and Scholl and von Huene (2007,
2009) also conclude that subduction erosion is occurring at margins
where accretionary complexes are forming, and furthermore that
sediment subduction is occurring at all accretionary margins due to
the inefficiency of the accretionary process. Thus there is, in fact, no
correlation between the total amount of sediment subducted and
convergence rates (Fig. 10B), only a correlation between rates and
whether or not the subducted material is sediment delivered to the
trench or eroded from the forearc wedge by the subduction process.
The implication of this is that subduction channels at slow converging
margins, which are characterized by the formation of accretionary
complexes (Fig. 10), must be wider than at rapidly converging
margins. For example, in order to subduct 100 km?/km/my of
sediment below the Mediterranean ridge in the Aegean Sea at a
convergence rate of only 2 cm/yr (MED in Fig. 10; Kopf, 1999; Kopf
et al., 2003; Clift and Vannucchi, 2004), the subduction channel must
be ~5km wide. Furthermore, the rates of downward transport of
sediment in the subduction channel may be significantly lower than
the lower plate velocity (Lohrmann et al., 2006), implying an even
wider subduction channel to achieve a given rate of total sediment
subduction. Subduction channels have been both calculated and
imaged as being 1-7 km in width (von Huene and Scholl, 1991;
ANCORP Working Group, 2003; Lohrmann et al., 2006; Scholl and von
Huene, 2007, 2009).

This information suggests that subduction erosion is favored by
relatively narrow subduction channels, which occurs where high rates
of convergence can move a greater total amount of sediment into the
mantle (Fig. 10B). Narrower channels may be less smooth than wider
channels and thereby enhance the mechanical effect of topographic
highs and lows on the subducting plate and thus favors interplate
abrasion and basal subduction erosion. Nevertheless, Kukowski and
Oncken (2006) attribute increased rates of subduction erosion below
central Chile to the widening of the subduction channel caused by the
subduction of the Juan Fernidndez Ridge, thus allowing more rapid
transport of sediment and debris in the trench. This may be correct in
this specific case because the trench at the locus of subduction of this
ridge has a relatively thick, 2.5 km sedimentary infill. The very high
rates of subduction erosion (~440 km>/km/my; Bourgois et al., 1996)
associated with the subduction of the Chile Rise also suggest that a
relatively wide subduction channel is produced by the subduction of
the ridge. However, in general, a narrower rather than a wider
subduction channel appears to favor or be associated with subduction
erosion.

3.4. Role of subducted material

Cloos and Shreve (1988a, 1988b) modeled aspects of the role of
the subduction channel in affecting rates of subduction erosion, and
conclude that the capacity of the channel is influenced in part by the
physical properties of the subducting material. Lamb and Davis (2003)
also suggest that in margins with high sediment supply to the trench,
layered turbidite sequences smooth out the top of the subducting
plate and provide an abundant source of weak water-rich lubricating
material along the plate interface, while in contrast, the chaotic debris
cannibalized from the plate toe in erosive margins does not have the
same lubricating effect (Fig. 11). Cloos and Shreve (1988a, 1988b) also
suggested that low angle subduction enhances rates of subduction
erosion relative to high angle subduction.

3.5. Summary

In summary, at margins with rapid convergence rates and low
rates sediment supply to the trench, the subduction channel is
relatively narrow and thus less smooth, and the chaotic sedimentary
debris transported into the mantle in the channel does not lubricate
the channel to the same extent as at margins with high rates of
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Fig. 11. Cartoon, from Lamb and Davis (2003), illustrating how presence of absence of
significant trench fill affects the process of subduction. (A) Subduction erosion along a
sediment starved trench, such as in northern Chile, drags chaotic and coarse debris into
the subduction zone. (B) A trench filled with well stratified fine-grained sediment, such
as in southern Chile, may result in a well lubricated and smooth subduction zone
because the wet sediment may form a weak detachment surface extending far down
the plate interface.

sediment supply and thick turbidite layers in the trench. Together the
combination of these two effects results in higher rates of subduction
erosion than at accretionary boundaries. Subduction of buoyant
features weakens the fore-arc wedge, greatly enhancing rates of
subduction erosion.

4. Recycling of subducted crust

Material removed from the forearc wedge by subduction erosion
may be recycled back into the crust by being under-plated below the
wedge or incorporated into arc magmas.

4.1. Under-plating below the forearc wedge

In SW Japan, east of the Median Tectonic Line (MTL; Fig. 4), the
crust is composed solely of Late Mesozoic to Cenozoic accretionary
complexes (ACs) and meta-AC units that are characterized by
subhorizontal stacking of multiply fault-bounded units with a very
gentle dip angle towards the Eurasian continent (Isozaki et al., 2010).
Recent geophysical analyses confirmed that the AC units penetrate far
into the continental side of the island, even beyond the surface
transect of the MTL (Ito et al., 2009). Thus some significant proportion
of subducted sediment and forearc crust has remained within the
crust of SW Japan, and has not been subducted deeper into the mantle.

However, it is also clear that in SW Japan under-plating has been
associated with uplift and erosion of the overlying crust (Fig. 4). This
also occurred in the southwest US during late Cretaceous times (Fig. 5;
Grove et al., 2008; Jacobson et al., 2011). In contrast to SW Japan,
where the accretionary and meta-accretionary units young towards
the trench, the oldest meta-accretionary units occur closer to the coast
in the southwest US (Grove et al., 2003, 2008; Jacobson et al., 2011).
Grove et al. (2003) proposed that removal of the base of North
America by subduction erosion associated with progressive flattening
of the angle of subduction caused younger schists to be under-plated
at increasingly greater distances inboard, above the hinge at which
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the subducting plate descended towards the mantle (Fig. 5). As the
flattening slab continued to erode inboard, the locus of under-plating
migrated in the same direction, leading to progressively younger
packets of accreted material away from the trench, as well as the uplift
and erosional denudation of the overlying crust (Fig. 5).

Clift and Hartley (2007) also conclude that under-plating below
the onshore portion of the forearc wedge in southern Peru and
northern Chile, of either subducted sediment or basement rocks
stripped from under the trenchward offshore parts of the forearc by
basal subduction erosion, has resulted in uplift of previously subsiding
onshore basins. Their isostatic volume estimates suggest that as much
as 85% of subducted material was under-plated under the onshore
forearc since 330 ka. However, trench retreat combined with onshore
uplift has resulted in a steepening of the forearc taper. Because the
margin cannot continue to steepen and shorten in this fashion
indefinitely, this style of margin evolution cannot be steady-state, but
will at some point likely return to the conditions of faster tectonic
erosion and coastal retreat, with steady-state margin geometry, that
has characterized this part of the central Andes over the last 150 Ma.

Thus it appears that under-plating leads to more rapid forearc
erosion, and over the long term cannot accommodate a large
proportion of subducted crust without leading to more rapid rates
of subduction erosion. von Huene and Scholl (1991) and Scholl and
von Huene (2007, 2009) also note that, globally, exposed tracks of
high-pressure crustal under-plates are volumetrically small compared
to the volume of continental material missing due to subduction
erosion. They conclude that, except where flat-slab subduction has
replaced the lower crust with an under-plate of subducted sediment
far inboard of the coast such as in the SW US (Fig. 5; Grove et al., 2003,
2008; Jacobson et al., 2011), the bulk of under-plated material is only
temporarily stored beneath the coastal area of the forearc wedge, and
that as subduction erosion progressively narrows and thins a margin's
inner rock prism, the coastal under-plate is flushed into the mantle.

4.2. Incorporation into arc magmas

Geochemical evidence abounds for the incorporation of subducted
sediments into arc magmas (Kay et al., 1978; Armstrong, 1981, 1991;
Woodhead and Fraser, 1985; Tera et al., 1986; White and Dupré, 1986;
Sigmarsson et al., 1990, 1998, 2002; Plank and Langmuir, 1993, 1998;
Elliott et al., 1997; Pearce et al., 1999), as originally proposed by Coats
(1962). Some of this evidence, including Be and Pb isotopic data,
implies that this is a pelagic sediment component (Barreiro, 1984;
Morris et al., 1990; Sigmarsson et al., 1990; Macfarlane, 1999; Hickey-
Vargas et al., 2002). However, as reviewed above, continental crust is
also being subducted, both due to subduction erosion and in the form
of terrigenous sediments, and at many if not most margins in much
greater proportions than pelagic sediments. The evidence for the
recycling of this subducted continental crust, and specifically crust
subducted due to subduction erosion, is well documented, as
reviewed below, in detailed studies of magma petrogenesis in a
number of arcs.

Components from subducted oceanic crust, including fresh and
altered mid-ocean ridge basalts (MORB), pelagic and terrigenous
sediments and material derived from the forearc crystalline wedge by
subduction erosion, may contribute to the formation of arc magmas
by 1) being added to the mantle source region of arc basalts (IAB) as
melts, or, more probably, as soluble constituents of aqueous fluids due
to the dehydration of the subducted slab as a result of pressure
induced break-down of hydrous phases; and/or 2) melting of the
subducted crust and sediment resulting in adakitic magmas that
either erupt directly to the surface, mix with other slab-derived or
mantle melts, and/or interact with mantle peridotite as they rise to
the surface. In arcs where mantle-derived basalts comprise a
significant proportion of the erupted arc magmas, aqueous fluid
transfer of subducted crust into the overlying mantle source of these
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Fig. 12. (A) Ba/La versus La content; (B) La/Nb versus La content; and (C) Ba/Nb versus
87Sr/85sr, for samples from along the volcanic front (Aw) of the Andean central SVZ
(Fig. 6), centers east of the front (Ae), and back-arc alkali basalts in areas of Cenozoic arc
volcanism (transitional alkali basalts) and cratonic regions that have not experienced
Cenozoic arc volcanism (cratonic alkali basalts; Stern et al., 1990). The figure illustrates
the higher Ba/La, La/Nb and Ba/Nb ratios, and La contents, from west to east across the
Andean SVZ arc and into the back-arc region, interpreted to result from decreasing
influx of slab-derived fluids into the subarc asthenospheric mantle wedge, and, as a
consequence, decreasing degree of partial mantle melting across the arc.
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IAB is suggested by their high ratios, compared to oceanic island
basalts (OIB), of large-ion-lithophile-elements (LILE) to rare-earth-
elements (REE; for example Ba/La; Fig. 12A), REE to high-field-
strength-elements (HFSE; for example La/Nb; Fig. 12B), and very high
ratios of LILE to HFSE (for example Ba/Nb; Fig. 12C), which reflect the
fact that LILE are more soluble than REE, and REE more soluble than
HFSE, and therefore relatively enriched in slab-derived fluids (Hickey
et al., 1986; Hickey-Vargas et al., 1989; Stern et al., 1990). Also, excess
226Ra over 23°Th and 228U over 23°Th both imply addition of slab-
derived aqueous fluids rather than melts to the mantle magma source
(Sigmarsson et al., 1998, 2002). Furthermore, Sr, Nd and 6'80 isotopic
values often indicate only a small difference between IAB and OIB,
which implies that the mass of components derived from the
subducted slab must be small relative to the mass of the mantle
source of these basalts (Fig. 12C; Hickey et al., 1986; Hickey-Vargas
etal., 1989; Stern et al., 1990; Clift et al., 2009a). In contrast, in arcs or
arc segments where basalts are absent or less significant, and adakitic
andesites comprise a significant proportion of the erupted arc magmas,
melting of the subducted slab, including sediment, has been suggested
as the source of these adakites (Defant and Drummond, 1990; Defant
et al, 1991; Sen and Dunn, 1994; Yogodzinski et al., 1994; Stern and
Kilian, 1996; Sigmarsson et al., 1998; Shimoda et al., 1998; Tatsumi,
2001; Kilian and Stern, 2002; Bindeman et al., 2005), or the chemically
similar tonalite-trondjhemite-granodiorite (TTG) plutonic rock suites
(Martin, 1986; Drummond and Defant, 1990; Rapp et al., 1991; Rapp
and Watson, 1995). These two cases are considered separately below.

4.2.1. Mantle-source-region contamination by slab-derived fluids
Plank and Langmuir (1993, 1998) present a model constraining
the global input of subducted trench sediments, including both
pelagic and terrigenous sediments, into arc magmas. Clift et al.
(2009a) have modified their model to account for the estimated
proportion of crust derived from the forearc wedge by subduction
erosion (1.35 AU) that is also being subducted along with trench
sediments (1.65 AU). The model of Clift et al. (2009a) is based on mass
balance using the Nd isotope character, expressed as €ng, and Nd
concentrations for both the subducting trench sediments and forearc
crust at different subduction zones, as well as the presumed
composition of melts from the subarc mantle, in order to quantify
the degree of crustal recycling associated with magma genesis at
convergent plate boundaries. They consider a value of enyg~ 10 to be
appropriate for the unmodified subarc mantle, based on the
composition of mid ocean ridge basalts (MORB; White and Hofman,
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1982), although this value is higher than typical for the most primitive
arc basalts. They derive an average value of gyg for the magmatic
output at each arc using the published data sets of GEOROC (http://
georoc.mpch-mainz.gwdg.de/georoc/), and demonstrate that arc
magmatic rocks are systematically displaced to lower values of enq
than MORB-source mantle due to the input of subducted sediment
and forearc wedge crust into the subarc mantle. They calculate the Nd
isotope compositions of the continental material being subducted by
mixing the trench sediment and the forearc end members in the
proportions determined by Clift and Vannucchi (2004). Having
established the end member compositions, they un-mix the Nd
composition of the magmatic output to determine the influence of
subducted continental crust on petrogenesis in each arc. The results of
their analysis (Fig. 13) suggest that at a global level only around 25% of
the crustal Nd passing below the marine portion of the forearcs is
recycled directly into arc magmatic rocks. Fig. 14 illustrates in a
triangular diagram the relative proportions between mantle, sub-
ducted sediment and subducted forearc crust that Clift et al. (2009a)
determined for arc magmas along the different convergent plate
boundaries for which the total sedimentary input is illustrated in
Fig. 13.

The mass balance calculations of Clift et al. (2009a) are based
exclusively on Nd, which they consider is a water-immobile element,
but which may be transported with other light-rare-earth-elements
in slab-derived fluid preferentially to more insoluble elements high-
field-strength elements (Fig. 12B). Therefore, the percent of Nd
recycled may be larger than the actual total crustal material recycled.
Clift et al. (2009a) further caution that even the low degree of crustal
recycling they calculate must be considered a maximum, because they
do not correct for the effects of crustal assimilation into the melts on
their way to the surface in continental arcs. They conclude that
overall, only 20% of subducted crust returns to the crust though arc
magmatism and 80% is subducted into the deeper mantle.

Stern et al. (2011), in correlating temporal changes in magma
chemistry and rates of subduction erosion in the Andes of central
Chile, avoid the problems associated with crustal assimilation by
focusing only on subarc mantle-derived olivine basalts. In the Andes
of central Chile, at latitude 34°S (Fig. 6), just south of the locus of
subduction of the Juan Fernandez Ridge, the Nd, Sr and Pb isotopic
composition of olivine-bearing basalts, and by implication their
mantle source region, have changed significantly through time,
between the late Oligocene and the present (Figs. 15 and 16; Stern
and Skewes, 1995; Kay et al,, 2005; Stern et al., 2010, 2011). Late
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(Fig. 14), while solid bars are for accreting margins.
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forearc crust to the net magmatic output of the major subduction systems. Black
squares show accretionary margins and open circle represents tectonically erosive
margins.

Oligocene to early Miocene (>15Ma) Abanico or Coya-Machali
Formation volcanic and plutonic rocks in the region have relatively
high eng= +3.8 to +6.2 and low 37Sr/8%Sr =0.7033 to 0.7039 and
206pp,204ph = 18.45 to 18.57, while middle to late Miocene (6.5-
13.9 Ma) El Teniente Volcanic and Plutonic Complex igneous rocks
have lower eyg=+1.9 to +3.8 and higher ®'Sr/25Sr=0.7039 to
0.7041 and 2°®Pb/?%4Pb=18.56 t018.59, and Pliocene (3.9-2.9 Ma)
olivine lamprophyre dikes, as well as younger (2.3 Ma to Recent)
olivine-bearing basaltic-andesites, have even lower eyg=+1.2 to
—1.1 and higher 7Sr/%6Sr = 0.7041 to 0.7049 and 2°°Pb/?**Pb = 18.60
to 18.68. These igneous rocks were all emplaced in a small area and
thus generated in a common vertical column of mantle and crust. At
each stage, the isotopic composition of andesites and dacites
associated with basalts of the same age has similar isotopic
compositions to the associated basalts (Fig. 15B), which precludes
contamination by isotopically heterogeneous Paleozoic and Mesozoic
continental crust during evolution of these intermediate and silicic
rocks from the mantle-derived mafic magmas.

The late Oligocene to Recent isotopic evolution of the mantle
source of the mafic magmas in central Chile may be explained by an
increase from 1% to 6% in the extent of mantle source region
contamination by subducted components, including continental
crust tectonically eroded off the continental margin (Fig. 17).
Increasing 2°°Pb/2%4Pb is also consistent with increasing component
of subducted crust and sediment in the source of these arc magmas
(Fig. 16; Stern et al.,, 2011). The 1 to 6% of recycled Nd and Sr in the arc
magmas of different ages erupted in central Chile were calculated
based on a subarc mantle with initially eyg= + 7, rather than the
value of eyg =+ 10 employed for the mantle by Clift et al. (2009a),
and these percentages of subducted crust involved in the generation
of the youngest rocks are thus lower than that calculated by Clift et al.
(2009a).

These temporal changes in magma chemistry correlate with
increasing rates of subduction erosion along this area of the southern
Andean margin. Kay et al. (2005) estimate that 35 km of the fore-arc
wedge was removed by subduction erosion at this latitude (34°S)
between 16 and 19 Ma, and another 50 km of the fore-arc was
removed from 7 to 3 Ma (Fig. 6). Stern (1991, 2004 ), Stern and Skewes
(1995) and Stern et al. (2011) suggest that increased rates of
subduction erosion at this latitude during the late Miocene were
associated with the southward migration of the locus of subduction of
the Juan Fernandez Ridge. As discussed above, Kukowski and Oncken
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Fig. 15. (A) 87Sr/%Sr versus eyq for samples of different ages from the vicinity of El
Teniente Cu-deposit at 34°S (Fig. 6) in the Andes of central Chile (Stern and Skewes,
1995; Kay et al., 2005; Stern et al., 2010, 2011). The figure illustrates the progressive
temporal increase in 37Sr/®°Sr and decrease in &yq from the early Miocene to the
Pliocene for igneous rocks at the latitude of El Teniente. Fig. 6 shows the outcrop of the
Late Oligocene to Early Miocene Abanico Formation (pink) and the Middle to Late
Miocene Teniente Volcanic and Plutonic Complexes (light red), but the Late Miocene to
Pliocene Younger Plutonic Complex and Lamprophyre Dikes (darker red) and the
Pliocene Cachapoal lavas (darkest red), both of which occur within the area of the older
Miocene rocks, are too small in volume to appear on this map. (B) SiO, versus eyq for
the same samples, illustrating both their progressive temporal decrease in enq from the
early Miocene to the Pliocene, and the independence during each specific time interval
of isotopic composition and SiO,.

(2006) calculate a long-term rate of subduction erosion of 25-35 km?/
km/my for central Chile from 33 to 40°S, while since 9 Ma the average
rate for the region between 33 and 36°S was 115 1<m3/km/my, and the
rate of subduction erosion where the ridge is currently being
subducted is 96-128 km?/km/my (Laursen et al., 2002; Kukowski
and Oncken, 2006). Stern and Skewes (1995) demonstrate that the
isotopic changes that have occurred between the late Miocene and the
Pliocene at latitude 34°S, also occurred progressively earlier further to
the north, at 8 Ma at 33°S and at 12 Ma at 32°S. They attribute this to
the southward migration of the locus of subduction of the Juan
Ferndndez Ridge (Yafiez et al., 2001, 2002), which also caused a
decrease in subduction angle and eastward migration of the arc.
Overall the data suggest a close temporal correlation between the
enhanced rates of subduction erosion associated with the subduction
of the Juan Fernandez Ridge, and increased crustal components in the
mantle source of mafic igneous rocks formed in central Chile.
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Fig. 16. 2°5Pb/2°4Pb versus 2°’Pb/2%*Pb for samples from the vicinity of El Teniente
Cu-deposit at 34°S in the Andes of central Chile (Stern et al., 2011), and the Pb isotopic
composition of a model subducted sediment (+ ), including subducted continental crust,
as calculated by Macfarlane (1999).The data show a temporal trend of 2°5Pb/2%4Ph
towards this value.

As pointed out by Stern and Skewes (1995), Kay et al. (2005) and
Stern et al. (2011), the temporal changes in magma isotope chemistry
observed at 34°S between the late Oligocene and present are similar
to changes observed from south-to-north along the active Andean SVZ
arc between 36 and 33°S (Fig. 6; Futa and Stern, 1988; Hildreth and
Moorbath, 1988; Stern, 1991, 2004; Stern et al., 2007). Hildreth and
Moorbath (1988) attributed this to increasing crustal thickness to the
north. However, as discussed above and in Stern et al. (2011), these
changes are observed in the most mafic olivine-bearing rocks erupted
in this sector of the Andean arc, and the amount of crustal assimilation
required to produce these changes is greater than allowable to
maintain the mafic character of these rocks, implying that they are
produced by isotopic changes in their mantle source. Northward from
36°S the rate of subduction erosion also increases, from <35 km?/km/
my to >120 km3/km/my at 33°S where the Juan Fernandez Ridge is
being subducted. The close spatial correlation between the northward
changes in this rate and the isotopic composition of the most mafic
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Fig. 17. Sr versus Nd isotopic values, from Fig. 15, of the various groups of igneous rocks
of different ages across a transect of the Andes at the latitude of El Teniente Cu-deposit
at 34°S in the Andes of central Chile. The figure illustrates both a source region
contamination model of primitive mantle (36 ppm Sr with 87Sr/36Sr=0.703; 1.8 ppm
Nd with eyg = + 7) mixed with various proportions of subducted sediment (380 ppm
Sr with 37Sr/%6Sr = 0.70763; 42.3 ppm Nd with eyg = — 5.1; Macfarlane, 1999), and also
an assimilation model, taken from Kay et al. (2005), for a Coya-Machali basalt (450 ppm
Sr with 87Sr/86Sr = 0.7035; 9 ppm Nd with eyg = -+ 6) assimilating various proportions
of Paleozoic-Triassic Andean granite basement (350 ppm Sr with 87Sr/86Sr=0.7075;
20 ppm Nd with enyqg= —6). Both models reproduce the isotopic compositions of the
progressively younger rocks in the transect, but the latter model requires assimilation
of unacceptably high proportions of granite crust and is inconsistent with the
generation of low SiO, primitive olivine-bearing mafic rocks in each age group, as
well as the progressively higher Sr content of the younger rocks (Stern et al., 2011).

magmas erupted northward in this segment of the Andean arc is
consistent with the observed spatial changes in isotopic compositions
of Andean magmas having been produced by the northward increase
in the rates of subduction erosion and mantle source region
contamination by subducted forearc crust (Stern, 1991, 2004; Stern
and Skewes, 1995; Kay et al., 2005; Stern et al.,, 2007, 2011).

In central Chile, as subduction angle decreased above the modern
zone of flat-slab subduction (28-33°S) during the Miocene, igneous
rocks were formed with progressively higher 87Sr/26Sr and lower gng
(Kay et al., 1991). Kay et al. (1991) suggest that the observed isotopic
changes were similar to those observed along strike from south-to-
north at the northern end of the Anden SVZ arc between 36 and 33°S.
They proposed that these isotopic changes could have resulted from
increased mantle-source region contamination associated with an
increasing contribution of subducted forearc crust due to the
increasingly shallow dip of the slab thought time. As discussed
above, Stern (1991) calculated an enhanced subduction erosion rate
of 84 km>?/km/my in this region over the last 15 my, and attributed
this to both decreasing subduction angle beginning in the middle
Miocene and the subduction of the Juan Fernandez Ridge below this
region.

In the central Andes of northern Chile, below which the crust is
very thick (>70km), Andean volcanic rocks have generally low
ena<2 and high 87Sr/%%Sr >0.7055 due to incorporation of crustal
components (Stern, 2004; Stern et al., 2007). Here the Miocene to
recent arc has migrated east to its current position due to progressive
subduction erosion along the trench (Rutland, 1971; Ziegler et al.,
1981; Stern, 1991; von Huene and Scholl, 1991). Rogers and
Hawkesworth (1989) demonstrated that as the arc migrated
eastward, eyg decreased and 87Sr/%5Sr increased to their present
values, and that increasing 3”Sr/36Sr was associated with increasing Sr
concentrations in magmatic rocks. This trend is inconsistent with
increased shallow crustal assimilation, which results in decreasing Sr
concentrations with increasing 37Sr/2Sr. They therefore attributed
this trend, not to the increased crustal thickness below the active arc,
but instead to increased mobilization of older, late Proterozoic
subcontinental mantle lithosphere. Stern (1990, 1991) argued instead
that this same trend could also be produced by increased mantle
source region contamination as a result of increased rates of
subduction erosion as arid conditions reduced the sediment supply
to the trench in the Miocene, and the Juan Fernandez Ridge was
subducted below northern Chile beginning at 23 Ma (Yafiez et al,,
2001, 2002; Kay and Coira, 2009). This would require source region
contamination by approximately 10% subducted crust to produce the
isotopic composition of the most mafic magmas erupted in the central
Andes of northern Chile (Fig. 17; Stern, 1990, 1991, 2004; Macfarlane,
1999; Stern et al., 2007). Clift et al. (2009a) calculate an even higher
27% of subducted sediment in arc magmas in northern Chile (Fig. 13),
again in part because they begin with a more primitive mantle eng =
+10 and ignore the effects of intracrustal contamination. In either
case, the significant point is that in the extremely arid area of northern
Chile, where the rate of sediment supply to the trench is very low, the
bulk of subducted material is derived from forearc subduction erosion,
confirming its participation in arc magmas generated in this segment
of the Andes.

Another arc segment for which the composition of fore-arc materials
and both the spatial variations and timing of isotopic changes in the
composition of arc magmas suggest mantle source region contamina-
tion resulting from subduction erosion is the central American country
of Costa Rica (Clift et al., 2005, 2009b). On the basis of the 3-5 km
subsidence of outer forearc basal sediments and the presence of a
margin-wide seismic reflector marking the base of slope sediment along
the Nicoya shelf, Meschede et al. (1999), Ranero and von Huene (2000),
and Vannucchi et al. (2001, 2003) estimated long-term subduction
erosion rates of 34-36 krn3/1<m/my over the last 17 Ma. Here subduction
erosion transports into the mantle a chemically distinctive forearc
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basement component derived from the Nicoya and other ophiolite
complexes (Meschede et al, 1999; Ranero and von Huene, 2000;
Vannucchi et al., 2001, 2003; Goss and Kay, 2006). Clift and Vannucchi
(2004) estimated that the total proportions of eroded forearc and
incoming sediments subducted below Costa Rica in the last 6 Ma
included 86% subducted forearc material. Clift et al. (2005) employed Li
and Nd isotopes of unaltered volcanic tephra younger than 2.5 Ma to
quantify the influence of sediment subduction and tectonic erosion on
Pliocene arc petrogenesis in Costa Rica. They determined that the
chemistry of these tephra requires both a forearc Nicoya Ophiolite
Complex and trench sediment component subducted into their mantle
source region (Fig. 18A). Furthermore they identify a unique Nd isotopic
chemistry for a 1.45Ma tephra derived from the Arenal volcano
(Fig. 18B). They interpret the temporal patterns of isotope evolution
to reflect collision of a seamount with the trench before 1.45 Ma, driving
subduction of a sediment wedge formed there, and subsequently
increasing erosion and subduction of forearc materials. Goss and Kay
(2006) also documented a role for subduction erosion in the genesis of
Pliocene adakites in Costa Rica and Panama, discussed in more detail
below.

Spatial and temporal correlations have also been made between
increased rates of subduction erosion and arc magma chemistry in
Japan. Here Takagi (2004) correlated the formation of a pulse of late
Cretaceous reduced ilmenite series granites, characterized by rela-
tively low initial enqg and high 37Sr/%%Sr and 6'80 compared to
magnetite series granites, with a pulse of relatively high convergence
rates (>70 to 200 mm/yr). This caused increased subduction erosion
and mixing of components derived from subducted sediments into
the mantle source of the granites. Takagi (2004) calculates 15%
subducted crustal material incorporated in the source of the ilmenite
series granites.

4.2.2. Melting of subducted crust

In some arcs adakitic andesites occur along with basalts, and in
some cases they form a significant proportion of the erupted arc
magmas (Kay, 1978; Myers et al.,, 1986; Futa and Stern, 1988; Defant
and Drummond, 1990; Yogodzinski et al., 1994; Stern and Kilian,
1996). Adakites are high-Mg andesites characterized by distinctively

high La/Yb and Sr/Y, suggesting garnet in their source. In arcs below
which the crust is too thin (<40 km) to stabilize garnet in the lower
arc crust, adakites have been attributed to melting of subducted
oceanic crust, including in some cases sediments. Experimental work
has demonstrated that melting of basalt metamorphosed at high
pressures to garnet-amphibolite or eclogites produces andesitic melts
(Stern, 1974; Rapp et al., 1991; Sen and Dunn, 1994; Rapp and
Watson, 1995), and also that subducted sediments melt at lower
temperatures than basalts (Stern and Wyllie, 1973; Nichols et al.,
1994, 1996; Tatsumi, 2001).

Globally, adakites are less common than basalts in active arcs, but
significantly their formation often reflects transient events of
accelerated rates of subduction erosion associated with either changes
in subduction geometry and/or subduction of buoyant feature such as
oceanic ridges or seamounts (Gutscher et al., 2000). For instance, a
period of Aleutian forearc subduction erosion at the time of adakite
formation (~12 Ma) is indicated by the coincident 30 km northward
jump of the magmatic line (Fig. 19). Kay (2006) has reinterpreted the
formation of the type adakite from Adak Island in the Aleutians (Kay,
1978) as having resulted from melting, at high pressure, of mafic
(MORB) crust plucked from the forearc basement (Kay et al., 1986) as
a result of subduction erosion associated with the relocation of the
magmatic front into the former backarc.

Crustal materials, subducted due to subduction erosion, are also
involved in a transient event of adakite magma genesis above the
Chile Rise-Trench triple junction in the southernmost Andes (Figs. 7
and 8). Bourgois et al. (1996) characterize the 3.3-5.1 Ma Caber Raper
pluton on Peninsula Taitao as a Na-rich trondhjemitic-tonalite, with
low Yb, implying garnet and hornblende in the magmatic source,
which they consider to be metamorphosed subducted oceanic crust.
The low eng = + 1.5 and high 87Sr/36Sr = 0.7045 suggest participation
of 10-20% subducted continental material in the melt (Guivel et al.,
1999; Lagabrielle et al.,, 2000). This pluton formed as the segment of
the Chile Rise between the Taitao and Tres Montes fractures zones
was being subducted (Fig. 7), and the participation of subducted
continental crust in the genesis of this pluton is consistent with the
high rates of subduction erosion associated with ridge subduction.
Younger (70 ka to 2 Ma) high and low silica dacites, dredged from
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Fig. 18. (A) Plot of £xg and &7Li, from Clift et al. (2005, 2009b), showing that although the majority of tephra glasses from Costa Rica volcanoes could be explained by mixing recycled
MORB crust and subducted sediments, an additional, probably forearc sediment component is required. (B) Diagrams showing the evolving Nd isotopic composition of Costa Rican
tephras since 2.5 Ma. Histogram of eyg values for modern Costa Rica is from GEOROC. Diagram shows the strong temporal variability in the degree of sediment and forearc crustal

recycling, probably linked to seamount collision.
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Fig. 19. Map of Adak Island, Alaska, from Kay et al. (1986) and Kay (2006), illustrating
the type locality for adakite (Kay, 1978), which formed at ~12 Ma as a result of a period
of enhanced subduction erosion of mafic (MORB) arc basement associated with
changes in subduction geometry that lead to the migration of the volcanic front 40 km
to the north.

both the Taitao ridge as well as the inner wall of the Chile trench, are
associated with the currently active triple junction below which the
segment of the Chile Rise between the Taitao and Darwin fracture
zones is being subducted (Fig. 8). The low silica dacites have relatively
high Sr/Y and low Yb similar to other adakites worldwide, and are also
formed by melting of a subducted MORB + sediment source at depths
of 25-45 km (Guivel et al., 2003). The high silica dacites formed at
shallower depths of <25 km where plagioclase and amphibole are
stable, from a source that consists of a mixture of 75% subducted
basalt and 25% subducted sediment (Guivel et al., 2003).

In southern Costa Rica and central Panama, ~120 km of apparent
arc migration since the Eocene has been attributed to subduction
erosion, but accelerated subduction erosion along the Costa Rican
margin during the last 5-6 Ma is supported by sediment drilling
records that indicate a dramatic landward shift in the coastline
coincident with a 40 to 50 km NE migration of the arc volcanic front
(Meschede et al., 1999). The appearance of adakitic magmas, with
steep rare earth element (REE) patterns, at ~4 Ma coincides with the
collision of the Cocos Ridge and the inception of slab shallowing along

the margin in southern Costa Rica and Panama (Fig. 20; Defant et al.,
1991; Goss and Kay, 2006). Partial melting of crust removed from the
base of the forearc and subjected to high-pressure metamorphism in
the subduction channel provides an explanation for the steep adakitic
REE patterns in these arc lavas, because crustal thicknesses below this
part of the central American arc are insufficient (<40 km) to permit
garnet-bearing lower crustal residues. Distinctly higher 2°°Pb/2°4Pb
and 2%8pb/2°4pb ratios in these adakitic lavas than in older Miocene
lavas suggest that components enriched in radiogenic Pb also entered
the mantle magma source at ~4 Ma. The incorporation into the mantle
wedge by subduction erosion of Cretaceous and early Tertiary
ophiolites in the forearc (Fig. 20), whose origins have been linked to
the Galapagos hot spot, can explain the along-arc spatial and temporal
patterns of Pb-isotopic ratios in southern Central American arc lavas
(Goss and Kay, 2006). Clift et al. (2009a) calculate that 70% of the
subducted forearc crust is recycled into Costa Rican arc magmas, but
isotopic modeling suggests that only ~50-55% of the Pb recycled to
the Costa Rican crust via subduction zone volcanism during the last
6 Ma can be explained by Pb added to the mantle wedge from
subducted forearc ophiolites (Goss and Kay, 2006).

Shimoda et al. (1998) and Tatsumi (2001) concluded that the
high-Mg andesite magmas in the Miocene Setouchi volcanic belt,
southwest Japan (Fig. 21), are likely to have formed via partial melting
of subducting trench sediments. The isotopic signatures of these high-
Mg andesites overlap with those of terrigenous trench-fill sediments
derived from the Japan forearc (Fig. 4). The production of silicic melts
from the sediments was followed by the reaction of such melts with
overlying mantle peridotites, resulting in the dissolution of olivine
and clinopyroxene and precipitation of orthopyroxene to produce a
high-Mg andesite. The total weight percent of sediment involved in
the final magma is estimated to be approximately 60%.

Large volume Phanerozoic plutonic belts, with geochemical
characteristics such as high Na, Sr, and La/Yb and low Yb and Y
similar to adakites and Archean tonalite-trondhjemite-granodiorite
(TTG) granitoids, include the Cordillera Blanca batholiths in Peru
(Atherton and Petford, 1993, 1996; Petford and Atherton, 1996), the
Separation Point suite of the Median batholiths in New Zealand
(Tulloch and Kimbrough, 2003), and the La Posta suite along the
eastern edge of the Peninsula Range batholith in southern California
and Baja, Mexico (Gromet and Silver, 1987; Tulloch and Kimbrough,
2003; Kimbrough and Grove, 2006; Grove et al., 2008). All these
formed after and inboard, towards the continental interior, of older
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Fig. 20. Map of southeastern Costa Rica and western Panama from Defant et al. (1991) and Goss and Kay (2006). Geographic exposures of forearc ophiolite complexes (Osa, Burica,
Golfito, Coiba Island, Son4, and Azuero) are shown by solid red fields. Stippled gray fields represent major volcanic centers of the Quaternary volcanic arc of Panama and Cordillera de
Talamanca. Smaller cones and domes are shown in white. Locations of adakitic lavas (open triangles) are grouped in blue rectangles. In general, the adakitic magmas erupted behind

large exposures of forearc ophiolite.
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Fig. 21. Location of Setouchi volcanic belt (open stars) of high-Mg adakites, which
extends for 600 km parallel to Nankai Trough and occupies the present forearc region,
80 km trenchward of the Quaternary volcanic front (QVF; Tatsumi, 2001). The Setouchi
adakitic volcanic belt was active at 15-13 Ma, largely synchronous with timing of
backarc-basin formation in Shikoku basin and Japan Sea in the early to middle Miocene.
Subduction of a young and hot Philippine Sea plate beneath SW Japan resulted in partial
melting of subducting slab, including forearc crust.

parallel belts of more typical calc-alkaline gabbro-diorite-granite
batholiths, as a combination of decreasing subduction angle and
subduction erosion of the forearc wedge leads to the landward
migration of the locus of arc magmatism. The generation of these HiSY
(for high Sr/Y; Tulloch and Kimbrough, 2003) arc magmas has been
explained by melting of a deep mafic garnet-amphibolite or eclogite
source, which could be either subducted oceanic crust, including
subducted sediment, and/or mafic lower crust. In the case of the
northern part of the La Posta suite of the Peninsula Range batholiths,
Kimbrough and Grove (2006) and Grove et al. (2008) make the case
that elevated 6'80 at intermediate 37Sr/%°Sr values (0.704-0.708)
cannot be accounted for by shallow level assimilation of the highly
radiogeneic, early Mesozoic flysch host rocks. They explain these
characteristics by partial melting and/or devolatilization of isotopi-
cally primitive low-grade metasedimentary and metavolcanic rocks
and altered oceanic crust subducted into the source region. They
suggest that subduction erosion delivered material similar to the
Cataline Schist into the La Posta source region between 100 and
95 Ma. Devolatilization of this subducted sediment combined with
asthenospheric corner flow above the hinge at which the subducting
plate descended toward the mantle (Fig. 5) created the conditions to
trigger the generation of the La Posta HiSY (TTG) suite. They
determined that the La Posta plutons have elevated 5'80 only in the
northern segment of the batholiths in southern California, where it
was underplated by the Catalina Schists, and conclude that the
process of subduction erosion that produced these schists was
important in generating the source region characteristics of the La
Post magmatic belt, which implies that a substantial fraction of
subducted forearc material can be recycled via subduction erosion and
incorporated into arc magmas over a relatively short (<10 my) time
interval. A somewhat similar explanation has been proposed for the
generation of Archean TTGs (Martin, 1986; Drummond and Defant,
1990; Rapp et al, 1991; Rapp and Watson, 1995), formed when
terrestrial geothermal gradients were higher, slab-melting was more
common, and subduction erosion may have operated at higher global
rates as indicated by the scarcity of ancient, pre-Neoproterozoic
blueschists (Stern, 2005, 2008; Brown, 2008; Condie and Kroner,
2008).

4.3. Summary

The mass balance calculations of Clift et al. (2009a) suggest that
globally arc magmas contain ~20% of subducted forearc crust and
sediment, which has therefore been recycled back into the crust by arc
magmatism. Models that focus on primitive mantle-derived basalts in
active arcs suggest even less recycling of subducted crust into arc
magmas, generally <10%. Adakites and TTG suites may form by
melting of subducted forearc crust, but globally adakites are relatively
rare and form only during transient events of accelerated forearc
erosion associated with changes in subduction geometry or subduc-
tion of buoyant features. Thus the compilations of Clift et al. (2009a)
overestimate the current amount of recycling back into the crust of
subducted forearc crust and sediment, and more of this material, >90%
(>3.0 AU), is returned to the deep mantle than they suggest. More
rapid subduction erosion, and more recycling though TTG arc
magmas, might have occurred in the Archean and early Proterozoic.

5. Discussion

The information concerning subduction erosion reviewed above
suggests that 1) for a long-term average over the last 150 Ma, more
crust is subducted due to subduction erosion (>1.7 AU) than
suggested in previous compilations (<1.4 AU; Scholl and von
Huene, 2007, 2009; Clift et al., 2009a, 2009b), which also implies
that more total crust (~5.25 AU) is transported into the mantle than
previously suggested (4.9 AU; Clift et al, 2009a, 2009b) by a
combination of processes, including sediment subduction, continental
lower crustal delamination, passive margin sediment subduction
during continental collision, and loss of chemical solute, generated by
weathering, that is dissolved in subducted oceanic crust; and also 2)
less (<10%) of subducted sediment and forearc crust is returned to the
crust in arc magmas than previously estimated (20%; Clift et al.,
2009a). The implications for the growth and/or destruction of the
continental crust, and the fate of the deeply subducted material
(>3.0 AU), are discussed briefly below.

5.1. Subduction erosion and continental growth and/or destruction

Subduction erosion, sediment subduction, lower crustal delami-
nation and subduction of continental crust associated with continen-
tal collision zones lead to a decrease in the total volume and
potentially the partial destruction and disappearance of continents.
Scholl and von Huene (2007, 2009), Clift et al. (2009a, 2009b) and
Stern and Scholl (2010) review the rates of crustal loss to the mantle
versus crustal additions due to arc and other magmatism, and the
implications for the growth, preservation and/or destruction of the
continental crust.

Scholl and von Huene (2007, 2009) restrict their discussion of
crustal losses to subduction zone processes. They suggest that 2.5 AU
of continental crust, consisting of sediment (1.1 AU) and forearc crust
removed by subduction erosion (1.4 AU), are subducted into the
mantle along convergent plate boundaries, and conclude that <10% of
this is returned to the crust in arc magmas. Stern and Scholl (2010)
make a similar estimate for subduction zone losses, and also included
crustal loss at collision zones to add 0.7 AU, for a total crustal loss of
3.2 AU (Fig. 22A). Clift et al. (20093, 2009b) consider forearc crust lost
by subduction erosion to be 1.35 AU, sediment subduction to account
for 1.65 AU, lower crustal delamination to be 1.1 AU, crustal loss at
collision zones to be 0.4 AU, and loss of rock-weathering generated
chemical solute that is dissolved in subducted oceanic crust to be
0.4 AU, for a total loss of continental crust equal to 4.9 AU (Fig. 22B).
They consider that arc magmas contain 20% subducted sediment and
forearc crust, which is thus returned to the crust and not recycled
deeper into the mantle.
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Fig. 22. Recent compilations by (A) Stern and Scholl (2010) and (B) Clift et al. (2009a) of different estimates of global rates of crustal losses and additions. The revised estimates made
in this paper for both global long-term rates of subduction erosion of ~1.7 AU and total crustal losses of 5.25 AU are higher than crustal additions in either of their models.

Using the revised value of 1.7 AU estimated for the current long-
term (<150 Ma) loss of forearc due to subduction erosion discussed
above, and rates for the other processes of crustal losses as estimated
by Clift et al. (2009a, 2009b), implies a higher total crustal loss rate of
5.25 AU. Combined with the lower estimated rates, discussed above,
of only 10% of total subducted sediment and forearc crust being
returned to the crust in arc magmas, the current total rate of recycling
of crust into the deep mantle is here estimated to be >4.9 AU.

Stern and Scholl (2010) and Clift et al. (2009a, 2009b) also
estimate the additions to the curst made by arc, hot-spot (oceanic
islands, plateaus and continental LIPs), and continental collision
magmatism (Fig. 22). Both conclude that in order to maintain the
continental crust, oceanic island arcs, particularly in their early stages
of formation, must have higher magma production rates than
continental arcs, and that accretion of arcs to continental margins
must be a relatively efficient process. However, Yamamoto et al.
(2009) suggest that during arc-arc collision, in the case where the
colliding arc is orthogonal to the other, the colliding arc will subduct
into the mantle, together with the underlying oceanic lithosphere,
without any evidence of accretion if the arc crust is <25 km thick. Only
in the case where the two arcs are parallel with each other during
collision will amalgamation take place. Even independent of this
problem, the estimates of crustal additions by Stern and Scholl (2010),
who conclude that currently more crust is likely being destroyed than
created, are insufficient to account for the greater total crustal losses
estimated by Clift et al. (2009a), and the estimates of Clift et al.

(2009a), who also conclude that arc outputs are probably a little lower
than needed to maintain the volume of the continental crust, are
insufficient to account for the higher estimate of total global crustal
losses in light of the higher long-term average of subduction erosion
rates made here. Thus it appears that currently the continental crust is
slowly shrinking, as originally suggested by Armstrong (1981, 1991).
Stern and Scholl (2010) and Santosh (2010) both make the point
that crustal growth and destruction are not steady-state processes,
but that their rates change over the period of supercontinent cycles,
with crustal growth rates being greatest during supercontinent
breakup, due to high magmatic fluxes, and crustal destruction being
greatest during supercontinent amalgamation, due to increased
sediment flux resulting from orogenic uplift (Stern and Scholl,
2010) as well as increased rates of subduction of continental material
associated with super-downwelling resulting in double-sided sub-
duction zones which swallow all intervening materials as the
continents are pulled together into tight assemblies (Santosh et al.,
2009). Current rates of subduction erosion and total global losses of
continental crust therefore reflect only the current global tectonic
environment in which the continents are widely dispersed.

5.2. Fate of the subducted crust
Continental crust is less dense than mantle, but the common

occurrence of ultrahigh-pressure (UHP) metamorphic rocks in
collisional orogenic belts suggests that subduction of even thick
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sections of continental crust may reach depths of >300 km (Ye et al.,
2000; Liou et al., 2002; Liu et al., 2007). Thus it also appears evident
that some portions of the relatively thin continental materials within
subduction channels may be subducted into the deep mantle.
Geochemical studies on hotspot lavas report trace-element and
isotopic data which indicate the presence of a recycled sediment
(continental crust) component (White and Hofman, 1982; Phipps-
Morgan and Morgan, 1999; Jackson et al., 2007; Workman et al.,
2008), implying that sediment and/or forearc crust has been
subducted into the deep mantle and subsequently entrained in
upwelling plumes.

The transformations of plagioclase to jadeite (3.34 g/cm?>) 4 grossular
(3.6 g/cm?) 4+ quartz (2.65), and quartz to stishovite (4.29 g/cm>) at
~9 GPa, cause the zero-pressure density of model continental crust,
similar in composition to tonalite-trondhjemite-granodiorite (TTG)
granitoids, to jumps dramatically to 3.96 g/cm® (Fig. 23), thus allowing
felsic crust to be subducted below the MOHO. Kawai et al. (2009)
conclude that the zero-pressure density of TTG granitoids does not exceed
that of pyrolite in the lower mantle and therefore subducted crustal
material will remain above the mantle transition zone and not sink deeper
into the lower mantle. In contrast, Komabayashi et al. (2009) suggest that
at 22 GPa (660 km depth), TTG undergoes another decomposition
reaction of jadeite to a Na-Al phase (NAL; 3.92 g/cm?) 4+ more stishovite,
leading to another zero-pressure density jump of subducted continental
crust from 3.96 to 4.21 g/cm> (Fig. 23). The study of UHP rocks also
indicates that the subduction of continental crust is not controlled by its
density alone, but by the net density of all the subducting materials, which
for a subducting slab of oceanic crust consists of MORB as well as
subducted sediment and forearc crust. Zero-pressure density of MORB
reaches 4.29 g/cm® at 27 GPa (Hirose et al.,, 1999, 2005), compared to
4.19 g/cm? for pyrolite mantle (Fig. 23; Irifune and Ringwood, 1987). Also
significant is that subducting materials are colder than the surrounding
mantle, so that subducting continental crust and MORB will be denser
than the surrounding mantle at all depths (Irifune and Ringwood, 1987).
Komabayashi et al. (2009) therefore suggest that together with MORB,
subducted TTG model continental crust could subduct into the lower
mantle and accumulated in the D” layer on the bottom of mantle
(Fig. 24A). Thus they consider that the D” layer is a chemically distinct
region, the “anti-crust”, composed of subducted continental crust, MORB
and the mantle portion of past oceanic lithosphere.

The total volume of the ~275 km thick D” layer is calculated to be
20 times more than that of the total volume of the current continental
crust on the Earth, which suggests that over the course of Earth's
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Fig. 23. Zero-pressure density profile to 27 GPa for TTG model continental crust
subducted in the form of sediment (Komabayashi et al., 2009), MORB model oceanic
crust (Irifune and Ringwood, 1987; Hirose et al., 1999, 2005), harzburgite model
oceanic lithospheric mantle (Irifune and Ringwood, 1987), and mantle pyrolite (Irifune
and Ringwood, 1987).
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Fig. 24. A schematic cartoon, modified from Senshu et al. (2009), showing (A) deep
subduction of oceanic lithosphere, including sediment and continental crust eroded by
the subduction process, and the accumulation of the subducted slabs at either the
660 km discontinuity or possibly onto the core-mantle boundary; and (B) model of
plume and superplume formation caused by accumulation and radiogenic heating of
TTG “anti-crust” in the D” slab graveyard layer. Crustal volume grows during
continental dispersal and is reduced during continental amalgamation.

history huge amounts of subducted oceanic lithosphere, including
sediment and forearc continental crust similar to a model TTG
continental crust, may have accumulated in the slab graveyard at the
Core-Mantle Boundary (CMB; Senshu et al., 2009). Because subducted
crust is enriched in K, U and Th, ca. 20 times more than that of CI
chondrite meteorites, the anti-crust that accumulated in the D” layer
at the CMB during Archean and pre-Neoproterozoic times could have
played a critical role to initiate the plumes or superplumes related to
the origin of the superplume-supercontinent cycle (Senshu et al.,
2009). When they initially accumulate, the temperature of subducted
oceanic lithosphere is lower than overlying ‘normal’ mantle and the D
" layer is convectively stable. Eventually, due to the released heat from
the decay of radioisotopes, this layer thermally expands and its
density decreases so that a hot plume may form at the boundary
between the D” layer and overlying ‘normal’ mantle (Fig. 24B). Senshu
et al. (2009) generate models of the thermal evolution of the D” layer
at different times in Earth history. In the case of 2 Ga, when heat
production by radioactive decay in crustal materials is about 50%
larger than that of present value, the D” layer, initially assumed to be
200°K cooler than the overlying normal mantle, attains similar
temperature as this overlying mantle in only 100 my, and by
200 my it becomes 250°K hotter than the overlying mantle, resulting
in a thermally unstable plume.

6. Conclusions

1) Subduction erosion occurs at all convergent plate margins.
Globally it is responsible for returning >1.7 AU of crust back into
the mantle, and is the most important among a number of
processes that recycle at least 5.25 AU of crust back into the
mantle.

2) Subduction erosion is not a steady-state process. Rates of subduction
erosion depend on convergence rates, rates of sediment supply to
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the trench, subduction angle and subduction of buoyant features
such as seamount and oceanic ridges. Subduction erosion rates may
have been higher in the remote past, and also depend on processes
such as continental amalgamation associated with the superconti-
nent cycle.

3) Arc magmatism returns only a small (<10%) percent of subducted
sediment and forearc crust back into the crust. The rest (>90%) is
subducted deeper into the mantle.

4) Current rates of global crustal loss (5.25 AU) are greater than the
rates of crustal additions, and the crust is currently shrinking.
However, this is not a steady-state process, and long term rates of
crustal growth and destruction depend on the supercontinent
cycle.

5) Deeply subducted sediment and forearc crust may reach the
670 km discontinuity or may penetrate deeper into the lower
mantle, perhaps as deep as the core-mantle boundary, along with
subducted MORB. This processes replenished the mantle with
radioactive elements to maintain the supercontinent cycle. Thus
subduction erosion is a key process in maintaining global tectonic
activity—it keeps the Earth cooking.
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