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Melting above the anhydrous solidus controls the
location of volcanic arcs
Philip C. England1 & Richard F. Katz1

Segregation of magma from the mantle in subduction zones is one
of the principal mechanisms for chemical differentiation of the
Earth. Fundamental aspects of this system, in particular the pro-
cesses by which melt forms and travels to the Earth’s surface, remain
obscure. Systematics in the location of volcanic arcs, the surface
expression of this melting, are widely considered to be a clue to
processes taking place at depth, but many mutually incompatible
interpretations of this clue exist (for example, see refs 1–6). We
discriminate between those interpretations by the use of a simple
scaling argument derived from a realistic mathematical model of
heat transfer in subduction zones. The locations of the arcs cannot
be explained by the release of fluids in reactions taking place near
the top of the slab. Instead, the sharpness of the volcanic fronts,
together with the systematics of their locations, requires that arcs
must be located above the place where the boundary defined by the
anhydrous solidus makes its closest approach to the trench. We
show that heat carried by magma rising from this region is sufficient
to modify the thermal structure of the wedge and determine the
pathway through which both wet and dry melts reach the surface.

Volcanic arcs are characterized by sharp fronts whose locations may
be described, with misfits of no more than a few kilometres, by small
circles on the Earth’s surface (Fig. 1 and refs 7 and 8); furthermore, the
depth of the top of the slab beneath these fronts falls in a narrow range

(,120 6 40 km; refs 1, 3 and 5). The sharpness of the volcanic fronts
implies that a key process in the generation or transport of magma is
similarly focused beneath the arcs, but there is no consensus as to what
that process may be. A wide range of metamorphic and melting re-
actions, either in the slab or in the mantle wedge, have been proposed
as candidate processes. Some authors suggest that the arcs lie above
places where the degree of melting in the mantle wedge becomes high
enough for the melt to segregate from the solid2,4. Others suggest that
the locations of arcs are determined by the release of fluid near the top
of the slab in reactions that are either strongly pressure-dependent1,3,5

or strongly temperature-dependent6,9. None of these suggestions has,
however, produced a successful quantitative prediction of the location
of volcanic arcs. Here we take a different approach: starting with the
observed correlation between the descent speed of the slab and its
depth beneath the volcanic arcs8, we use a simple mathematical model
to fit the data and reveal the petrological processes responsible for the
locations of the arcs.

Although calculations of the full temperature field in subduction
zones require numerical models10, their results can be encapsulated in
simple scaling relations that show11 that temperatures within the mantle
wedge and at the top of the slab depend upon a single parameter, Vrd2/
k. Here V is the convergence rate across the plate boundary, d is the dip
of the slab, r is the radial distance from the wedge corner (Fig. 1), and k is
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Figure 1 | Idealized cross-sections of a subduction zone, drawn
perpendicular to the trench and the island arc. a, Two plates converge at a
speed V, with the slab of oceanic lithosphere being subducted at an angle d
beneath the overriding plate. The arc front is a zone a few kilometres wide,
across which volcanic activity begins as one moves away from the trench; it lies
at a distance D above the top of the slab. The relative motion between slab and
overriding plate generates a creeping flow in the wedge of mantle between
them, which follows stream lines, shown as curved lines. The corner of the

wedge is at a depth zw. b, Enlargement of temperature structure of the rectangle
in a: Isotherms are shown at intervals of 100 uC. A schematic isotherm, labelled
T, has its closest approach to the wedge corner (its ‘nose’) immediately beneath
the volcanic front, at a distance R from the corner (black circle). An open circle
marks the top of the slab directly below the corner of this isotherm, at a depth D
below the surface. The distance R cannot be determined by observation, but is
similar to RD 5 (D 2 zw)/sind, the radial distance of the top of the slab (open
circle) from the wedge corner.
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Hypothesis: the LAB is the thermally-controlled transition from rigid plate 
to viscously flowing mantle
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Figure 10. (a) S receiver function section along the coast of the western US (line AB in Fig. 9). Positive and negative amplitudes are shaded in grey and black,
respectively. The LAB phases with negative amplitudes are marked. JP, Juan de Fuca Plate; GP, Gorda Plate; SAF, San Andreas Fault; MTJ, Mendocino Triple
Junction. (b) Same as (a) but spatially smoothed with a 40 km window.
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Figure 11. S receiver function section across California and Nevada (line CD in Fig. 9). The section width is 200 km. Positive and negative amplitudes are
shaded in grey and black, respectively. The LAB phases with negative amplitudes are marked.

functions across California and Nevada (Fig. 11). The section width
is 200 km, meaning that only the receiver function data, whose pierc-
ing points are located within a distance range of 100 km from the
section line, have contributed to the CCP section. In Fig. 11 we can
see that the LAB phase is much stronger in the western part of the
section beneath much of California and becomes defused towards
the east. The depth of LAB decreases from the west (!80 km) to the
east (60 km). A double LAB phase can be observed in the central
part of the section, beneath the Sierra Nevada. The Sierra Nevada of
California is the highest mountain range in the United States asso-
ciated with Cenozoic volcanism. Ongoing mantle delamination was
suggested by numerous studies to explain the lack of a crustal root
(e.g. Wernicke et al. 1996; Manley et al. 2000; Zandt et al. 2004).
The double LAB phase might indicate multiple melting zones at
the base of the lithosphere, associated with the mantle delamina-
tion processes. One can also speculate that the second low velocity
zone might represent a zone of chemical differentiation or melting
triggered by metamorphism and dehydration within the proposed
lithospheric drip that extends to more than 150 km deep into the
asthenosphere (Zandt et al. 2004).

4 C O N C L U S I O N A N D D I S C U S S I O N S

Our observation reveals a negative discontinuity in S receiver func-
tions within the western US at an average depth of !70 km, which is
interpreted as the base of the lithosphere. The observation generally

agrees with previous global and regional P- and S-wave tomogra-
phy works (Zandt & Furlong 1982; Benz et al. 1992; Dueker et al.
1993; Grand 1994; Humphreys & Dueker 1994; Bijwaard et al.
1998; Humphreys et al. 2003) and the estimate of the thermal litho-
sphere thickness (Artemieva & Mooney 2001; Goes & van der Lee
2002) and is consistent with the image of extremely low velocity in
the uppermost mantle by surface wave tomography (van der Lee &
Nolet 1997). Local discrepancies can be attributed to different meth-
ods used, which have different sensitivities and resolutions. Seismic
tomography using body waves has a relatively high resolution, how-
ever, the method is more sensitive to lateral than to vertical velocity
variations. Surface wave tomography is good to measure the thick-
ness of the lithosphere, however, the vertical and lateral resolution
is usually poor. The resolution of the S receiver function method is
higher than the tomography method, however, S receiver functions
are easily contaminated by noise and diverse interfering phases. In
some cases the nature of the LAB itself is unfavourable to produce
strong converted waves. The way we stack S receiver functions with
lateral smoothing may help to enhance the converted phases at the
cost of a reduction of the lateral resolution.

The dominant period of the S receiver functions is longer than
5 s, corresponding to a wavelength of !20 km. Theoretically
the spatial resolution may optimally reach !6 km vertically and
!60 km (Fresnel zone at a depth of 70 km) horizontally. Synthetic
tests show that a 10 km depth variation of the LAB can be clearly
identified (Fig. 7). The resolution for the LAB sharpness is about
20 km, close to the dominant S-wave wavelength. Our data is not

C" 2007 The Authors, GJI, 170, 700–710
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In the profile of Fig. 10, a prominent negative pulse observed beneath the regions labelled
GP and SAF is indicative of a negative velocity gradient occurring in the 65–80 km depth
range. This discontinuity has been interpreted by Li et al. (2007) to represent the Litho-
sphere–Asthenosphere Boundary (LAB).

In the approaches of 1-D RF imaging discussed above, the vertical resolution is pro-
portional to the wavelength of the signal. The vertical resolution is defined here as both (i)
the minimum distance between two discontinuities that results in distinct converted pulses,
and (ii) the maximum thickness of a gradient in elastic properties that produces a converted

-80˚ -78˚ -76˚ -74˚

42˚

50˚

44˚

48˚

46˚
GRENVILLE

SUPERIOR

PALEOZOIC
    COVER

-82˚-84˚

-84˚

50˚

GF

D
ep

th
 [k

m
]

0

50

100

GF

M

Horizontal Distance [km]
0 100 200 300 400 500

A’A

(a) (b)

150

200

A

A’

Fig. 9 Example of a CCP-bin RF profile for Ps-waves recorded across the SE Canadian Shield (modified
from Rondenay et al. 2000). a Station distribution map, with location of the study area shown in the inset.
Stations are indicated by stars and the location of the profile is indicated by a red line. Archean terranes of
the Superior province to the north are separated from highly deformed Archean/Proterozoic rocks of the
Grenville province to the south by the Grenville Front (GF). b 1-D RF section obtained by simultaneous
deconvolution of converted waves binned according to CCP at 40 km depth, with variable bin size
corresponding to half the station spacing along the projection line. An average of *50 traces were used at
each bin. Stacked RF’s are shown as vertical colour bands (red/blue corresponding to positive/negative
pulses). The P-wave arrivals are aligned at 0 km, and the Ps conversions from the Moho (M) appear as a
positive pulse near 40 km depth. The crust is thicker beneath the Grenville (*45 to 50 km) than beneath the
Superior (*40 km), and a Moho jump is observed 60 km to the south of the Grenville Front

130 W 125 W 120 W 115 W 110 W
30 N 

35 N 

40 N 

45 N 

R
ocky M

ountains

Sierra Nevada

Basin and Range

Juan

Plate

Plate

Pacific Plate Transverse Ranges

de Fuca

Colorado
Plateau

Snake River Plain

Great Valley

Gorda

SAF

0

100

200

D
ep

th
 (

km
)

4446 32343638404248

Latitude (deg)

A A’SAFMTJGPJP
A

A’

MTJ

(a) (b)

LAB

Fig. 10 Example of a CCP-bin RF profile for Sp-waves recorded across the western United States
(modified from Li et al. 2007). a Map of the study area. Stations are indicated by inverted black triangles
and the location of the profile is indicated by a blue line. Abbreviations: MTJ Mendocino Triple Junction;
SAF San Adreas Fault. b 1-D RF section obtained by stacking Sp-waves binned according to CCP, with a bin
spacing of 0.33!. A prominent negative pulse (shaded black) observed beneath the regions labelled GP
(Gorda Plate) and SAF is indicative of a negative velocity gradient occurring in the 65–80 km depth range.
This discontinuity has been interpreted by Li et al. (2007) to represent the LAB. In the northwest portion of
the profile the negative signal is weaker and less coherent, perhaps reflecting conversions from structure
associated with the Cascadia subduction zone (e.g., the subducting Juan de Fuca Plate—JP)

392 Surv Geophys (2009) 30:377–405

123

LAB

A’

Li et al., 2007



Outline

• Seismic methods

• The LAB of the subducted slab

• The LAB of the overriding plate

• LAB and mantle flow in the subduction system



Outline

• Seismic methods

• The LAB of the subducted slab

• The LAB of the overriding plate

• LAB and mantle flow in the subduction system



Seismic methods

2D#Teleseismic#Migra/on

Receiver#Func/ons

©#Ed#Garnero

Shear<Wave#Spli?ng

Ps



Outline

• Seismic methods

• The LAB of the subducted slab

• The LAB of the overriding plate

• LAB and mantle flow in the subduction system



The LAB of the subducted slab

reverberations. Systematic modeling using syn-
thetic waveforms show that S-RF is also an ef-
fective tool for such a case, whereas P-RF can
be significantly disturbed by the presence of
the ocean (10).

The results of RFs of two observatories
show consistent findings (Figs. 1 to 3). The
analyses reveal at least two prominent discon-
tinuities present in the first 10 s of RFs (roughly
corresponding to depths of 0 to 100 km be-
neath the station), one with positive polarity
corresponding to the oceanic Moho, followed
by a negative discontinuity, which we interpret
as the LAB. Crustal phases in both regions
are observed at a delay time of ~1 s, correspond-

ing to 7- to 8-km-thick oceanic crusts that are
close to the regionally determined estimates
based on active seismic data (9) and to the
global average.

The station WP1 in the central Philippine Sea
is located near the Palau Kyushu Ridge (PKR),
and observed S-RFs are grouped into two
depending on the location relative to PKR of
the piercing points of the LAB signals (Fig. 1B).
The prominent phases corresponding to LAB
occur at ~7.5 s (76 T 1.8 km, 1 SE) for both P-RF
and S-RF for piercing points located directly
beneath the station, which is situated in the west
of PKR with a plate age of ~49 million years
(My). The same LAB phase was observed ~2 s

earlier (~55 km LAB) for S-RF of eastern pierc-
ing points where the plate age is ~25 My. For
WP2 in the northwestern Pacific ocean where
the plate age is ~129 My, the data quality is
slightly lower (10), but we still observe similar
LAB phases at ~7!8 s for both P-RF and S-RF.
The waveform modeling gives the best esti-
mate for LAB depth of 82 T 4.4 km (Fig. 3C).
A deep LAB is also observed for the old Pa-
cific plate beneath northeast Japan, where the
highest quality seismic data are available from
Japanese high-sensitivity seismograph network
(Hi-net) to allow detailed imaging of subduct-
ing plate (14). The imaged thickness of the lith-
osphere is ~80 km (Fig. 2A) (15). Because the

Fig. 2. RFs for WP2 and RF image of subducting Pacific plate
beneath northeast Japan. In the topographic map, the inverted
red triangle indicates the location of WP2, which is deployed at
a depth of 460 m below the seafloor with a water column of
5566 m thick. (A) P-RF image along the profile XY using dense
land seismic data of Hi-net from Japan (10). Red and blue
colors indicate velocity increase (from shallow to deep) and
decrease at the point, respectively. The top surface of the slab
and the oceanic Moho are clearly imaged, as well as the bottom
surface of the slab (i.e., subducting LAB). (B) P-RF and S-RF for
WP2. Negative phases associated with a shear wave velocity
drop marked as LAB appear to correspond to the strong
negative (blue) signature of the subducting slab below Japan.
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mantle wedge, the subducting plate also controls the thermal
structure of the subduction-zone forearc. In particular, it signifi-
cantly depresses isotherms in the mantle wedge, as evidenced by the
very low surface heat flow (30–40mWm22) observed in most
forearcs including Cascadia10,11. In Fig. 2b we plot a thermal
model for central Oregon12 corresponding to the teleseismic profile,

and based on heat flow and other geophysical data. In the region
where oceanic crust meets the forearc mantle, temperatures are low,
between 400 and 600 8C, a situation that persists over a horizontal
distance of,50–100 km. However, a landward increase in heat flow
from,40 to.80mWm22 over,20 km signals an abrupt increase
in deep temperatures. In particular,Moho temperatures beneath the
arc and backarc are significantly higher, above 800 8C. Thus ser-
pentine should exist in that portion of the mantle forearc contained
within the dashed square in Fig. 2b, but it will not be stable beneath
the arc and backarc. The degree of serpentinization in the forearc
will depend upon the amount of H2O that chemically interacts with
forearc mantle, which, in turn, depends on H2O flux from the
subducting slab and the permeability structure of the slab, plate
interface and mantle.
Serpentinite exhibits elastic properties that are unique among

commonly occurring rock types, notably low elastic wave velocities
and high Poisson’s ratio. The very low S-velocity of serpentinite is
central to the interpretation of our results. In particular, its S-
velocity (v S) is significantly lower than that of its peridotitic
protolith (dvS < 2 2 km s21) and commonly occurring lower-
crustal lithologies (dvS < 1 km s21)13. Figure 3 shows the S-wave
velocity of mantle peridotite samples as a function of degree of
serpentinization at a pressure of 1 GPa, which is appropriate for the
base of a ,35-km-thick continental crust as presented in ref. 14.
Correction from room temperature to 400–500 8C will shift this
curve downward to velocities 0.1–0.2 km s21 lower. This infor-
mation allows us to interpret the image in Fig. 2a quantitatively
in terms of degree of serpentinization in the forearc mantle. As in a
previous study3, we interpret the change in dip of the subducting
plate by 45 km depth to indicate the onset of eclogitization of the
oceanic crust, leading, eventually, to a 15% increase in density and a
pronounced reduction in the seismic contrast with underlying
oceanic mantle15.
Although a continuous dehydration of downgoing oceanic crust

and entrained sediments is expected, the water released by eclogi-
tization (between 1.2 and 3.3 wt%; ref. 16) is especially important
for expulsion into the overlying mantle wedge, where it causes
hydration and serpentinization, and significantly diminished vel-
ocities. The horizontal boundary near 32 km depth and between
2122.6 and 2123.38 longitude that juxtaposes high- (or neutral-)
velocity material above with low-velocity material below is thus
inferred to manifest the highly unusual occurrence of an ‘inverted’
continental Moho separating lower-crustal rocks from underlying,

    

Figure 2 Comparison of scattered wave inversion results with thermal model. a, S-
velocity perturbations below the array, recovered from the inversion of scattered waves in

the P-wave coda of 31 earthquakes recorded at teleseismic distances. The image

represents a bandpass-filtered version of the true perturbations to a one-dimensional,

smoothly varying reference model. Discontinuities are present where steep changes in

perturbation polarity occur. b, Thermal model of Cascadia subduction zone corresponding
approximately to the profile in a. The cool subducting plate depresses isotherms in the
forearc, rendering serpentine stable within that portion of the mantle encompassed by the

dashed rectangle; solid lines indicate locations of subducting oceanic crust and

continental Moho. Note temperature contour interval is 200 8C. c, Interpretation of
structure in a. High degrees of mantle serpentinization where the subducting oceanic
crust enters the forearc mantle results in an inverted continental Moho (high-velocity crust

on low-velocity mantle), which gradually reverts eastward to normal polarity by2122.38

longitude. The signature of the subducting oceanic Moho diminishes with depth as a

result of progressive eclogitization below 45 km. Inverted triangles in a and c show
instrument locations.

Figure 3 S-velocity of altered peridotite as a function of degree of serpentinization. Data
from ref. 14. Bold line shows best-fit linear regression with ^1j error bounds. The

predicted velocity contrast at the wedge corner suggests degrees of serpentinization as

high as 50–60%. v S, S-wave velocity.
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Where does the overriding LAB appear?
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But do we see the LAB below the arc?

Rondenay et al., 2010
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Outline

• Seismic methods

• The LAB of the subducted slab

• The LAB of the overriding plate

• LAB and mantle flow in the subduction system
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Don’t categorize me: I am neither just a ‘trench parallel’ nor just a ‘trench 
normal’ anisotropy subduction zone, I am much more complex and intriguing!



LAB and mantle flow
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LAB and mantle flow
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Concluding remarks and outlook
• The LAB and underlying mantle flow are laterally discontinuous at 

subduction zones, and local high-resolution seismic imaging 
techniques give us a glimpse of how the LAB system behaves

• The LAB of the subducted slab appears well defined, but plunges 
into the deeper mantle past the trench

• The LAB of the overriding plate effectively starts landward of the 
cold (potentially sepentinized) portion of the mantle wedge

• The LAB of the overriding plate is not clearly imaged by 
teleseismic converted-wave below the arc, except in the case of 
advancing slabs where melt/fluids might be ponding

• We still need to establish a link between the long-range LAB 
profiles over continents and oceanic slabs by combining local and 
regional imaging approaches (-> lateral extent of the influence of 
subduction zones on the LAB)





LAB and mantle flow
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Thermal models: steady subduction
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Thermal models: advancing slab
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