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INTRODUCTION
Double Wadati-Benioff zone seismicity has 

been observed across the globe (Brudzinski 
et al., 2007), and it is widely thought that the 
lower plane of seismicity is associated with 
breakdown of hydrous minerals (e.g., Peacock, 
2001; Seno et al., 2001). Outer rise normal 
faulting has been proposed as a pathway for 
hydration of the oceanic lithosphere (e.g., Pea-
cock, 2001), and is apparent in many subduc-
tion zones across the globe due to the surface 
expression of fault scarps in oceanic trenches 
(Fig. 1). Seismic refl ection studies have identi-
fi ed these faults at the outer rise (e.g., Ranero 
et al., 2003), and at several subduction zones 
the reactivation of outer rise normal faults at 
intermediate depths (70–300 km) has been 
shown (e.g., Ranero et al., 2005). The onset of 
outer rise faulting corresponds with a reduction 
in seismic velocity of the incoming plate inter-
preted as the onset of hydration and serpentini-
zation of the oceanic lithosphere in the Central 
America trench (e.g., Grevemeyer et al., 2007) 
and the Tonga Trench (Contreras-Reyes et al., 
2011). Geodynamic modeling suggests that 
bending and unbending of the subducted litho-
sphere cause a downward pressure gradient 
on the outer rise faults, forcing water into the 
deeper parts of the slab (Faccenda et al., 2009, 
2012). It is proposed that these hydrated faults 
may carry large amounts of water to the mantle 
(e.g., Iyer et al., 2012).

Recent studies have estimated the amount 
of water subducted globally, but the extent 
of lithospheric mantle hydration remains the 
major source of uncertainty (e.g., van Keken 
et al., 2011). Mantle lithosphere hydration due 

to normal faulting is potentially a major com-
ponent of the global H2O cycle, explaining the 
inferred hydrous transition zone (e.g., Law-
rence and Wysession, 2006), with signifi cant 
implications for the rate of convection (Hirth 
and Kohlstedt, 1996) and melt production (e.g., 
Hirschmann, 2006) in the deep mantle.

DISPERSED P-WAVE ARRIVALS
To investigate the hydrated structure of the 

slab mantle we analyzed dispersed P-wave ar-
rivals from events that occur well below the 
surface of the slab. The dispersion is noted at 
seismic stations in the forearc of northern Ja-
pan, and is only observed at stations close to the 
Hokkaido trench. These events occur between 
100 km and 150 km depth, and are 5–35 km 
below the slab surface. The dispersion is mea-
sured using a spectrogram (see Fig. 2A). The 
high-frequency arrivals (>2 Hz) are delayed 
by ~1.5 s relative to the low-frequency arrivals 
(<0.5 Hz). The relative delay of the higher fre-
quencies is shown for eight events in the lower 
Wadati-Benioff zone in Figure 2B. The associ-
ated spectrograms for fi ve of these events are 
shown in the GSA Data Repository1.

Dispersive P-wave arrivals similar to these 
observations have been observed in northern 
Japan, and subduction zones across the globe, 
from events occurring at depths of >100 km 
(Abers, 2000, 2005; Martin et al., 2003). The 
dispersion is attributed to a layer of low-velocity 
oceanic crust that acts as a waveguide. High-
frequency (short wavelength) energy is retained 
and delayed in subducted low-velocity oceanic 
crust, while lower frequency (long wavelength) 
seismic energy travels at the faster seismic ve-
locities of the surrounding mantle. These dis-
persion observations, however, all occur close 
to the top of the slab in the upper plane of seis-
micity, and it has been shown that for seismi-
cally slow crust to act as an effective waveguide 
the source must be on or near the low-velocity 
layer (Martin et al., 2003; Abers, 2005; Martin 
and Rietbrock, 2006). The events analyzed here 
occur well below the slab surface, implying that 
a layer of low-velocity oceanic crustal material 
cannot explain the observed dispersive P-wave 
arrivals. Our modeling shows that the presence 
of a lower low-velocity layer as has been in-
ferred by detailed tomographic studies of north-
ern Japan (Zhang et al., 2004; Nakajima et al., 
2009) cannot explain the data. The geometry of 
this lower layer means that guided waves gener-
ated in this layer do not decouple deep enough 
to be seen at the surface. We also note that as 

1GSA Data Repository item 2014072, supplemen-
tary material, is available online at www.geosociety
.org/pubs/ft2014.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O. 
Box 9140, Boulder, CO 80301, USA.
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ABSTRACT
It is widely proposed that the oceanic mantle is hydrated by outer rise normal faults, and 

carries large amounts of water to the deep mantle. However, the extent of oceanic mantle 
hydration is poorly constrained by existing observations, and is a major source of uncertainty 
in determining the total water delivered to the mantle. Full waveform modeling of dispersed 
P-wave arrivals from events deep within the Wadati-Benioff zone of northern Japan shows 
that hydrated fault zone structures are present at intermediate depths. Analysis of the P-wave 
coda associated with events 5–35 km below the top of the slab gives an overall indication of 
the bulk hydration of the subducting oceanic mantle, and can be explained by a 40-km-thick 
layer that is 17%–31% serpentinized. This suggests that the top of the oceanic mantle is 2.0–
3.5 wt% hydrated, subducting 170–318 Tg/m.y. of water per meter of arc beneath northern 
Japan. This order-of-magnitude increase in the estimated H2O fl ux in this arc implies that 
over the age of the Earth, the equivalent of as many as 3.5 present-day oceans of water could 
be subducted along the Kuril and Izu-Bonin arcs alone. These results offer the fi rst direct 
measure of the lower lithosphere hydration at intermediate depths, and suggest that regassing 
of the mantle is more vigorous than has previously been proposed.
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Figure 1. Summary map of Wadati-Benioff 
zone of northern Japan. A: Focal mecha-
nisms (in black and white) of earthquakes 
used in full waveform analysis; stations are 
shown by yellow triangles. Black contours 
show depth to slab (Hayes et al., 2012). B: 
Outer rise fault scarps, highlighted in yellow, 
in Japan subduction zone trench. Bathym-
etry is from Gebco08 model (General Bathy-
metric Chart of the Oceans; www.gebco.
net). C: Location map of study area. Red box 
shows profi le area described in this study.
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the events analyzed here do not occur in a single 
plane, it is unlikely that they can be described by 
a single low-velocity layer.

We propose that dispersive P-wave arrivals 
from events occurring deep in the slab are ex-
plained by serpentinized outer rise normal faults 
that act as low-velocity waveguides penetrating 
deep into the slab. We simulate the waveforms 
arising from these events occurring on a low-ve-
locity fault structure as shown in Figure 2C. The 
low-velocity fault zone retains high-frequency 
energy from an event that occurs upon it, while 
low-frequency energy is not retained and trav-
els at the faster velocities of the surrounding 
cool slab material (A in Fig. 2C). The retained 
high-frequency energy is transferred to the low-
velocity oceanic crust and travels updip in the 
crustal waveguide (B in Fig. 2C). The high-fre-
quency energy then decouples from the crustal 
waveguide due to the bend of the slab (C in 
Fig. 2C). Hence, the dispersed arrivals are only 
seen at stations close to the trench where the 
delayed high-frequency energy has decoupled 
from the crustal waveguide (Martin et al., 2003).

Synthetic waveforms produced by our simu-
lations are directly compared to the dispersive 
waveforms observed on the Japanese forearc 
as shown in Figure 2A. The synthetic and ob-
served spectrograms (bottom left, Fig. 2A) are 
compared to constrain the relative arrival time 
of different frequency bands. The displacement 
spectra of the synthetic and observed signal 
(bottom right, Fig. 2A) are matched to constrain 

the relative amplitude at different frequencies. 
Constraining the signal in these two ways means 
that the waveform (low pass fi ltered at 2.5 Hz) 
can be directly modeled (Fig. 2A).

This methodology is used to test a variety 
of velocity models (for descriptions of further 
detail, see the Data Repository).  Waveform fi ts 
for the fi ve events modeled in this way are also 
shown here. Our waveform modeling shows 
that the observed dispersions can be explained 
by fault zones of 2–3 km width with a velocity 
of 7.0–7.2 km/s (12%–15% slower than the sur-
rounding mantle material). The modeled fault 
zones have an apparent dip of 25° to the slab 
surface (Fig. 1). The apparent dip corresponds 
to a true dip of ~39° on a profi le that is per-
pendicular to the scarp of the outer rise normal 
faults. This is similar to the fault angle that is 
seen for outer rise normal faulting and reacti-
vated normal faults in studies of South America 
and Central America (Ranero et al., 2005).

While these observations provide a good 
constraint on the structure of individual serpen-
tinized faults in the subducted slab, and confi rm 
the link between intermediate-depth seismicity 
and outer rise faulting, they cannot be used to 
estimate the overall extent of slab hydration due 
to outer rise faulting.

P-WAVE CODA ANALYSIS
To directly investigate the levels of hydration 

of the subducting mantle lithosphere we ana-
lyze the extended high-frequency P-wave coda 

associated with Wadati-Benioff zone events ob-
served in the forearc. While only some events 
clearly show the characteristic fi rst motion dis-
persion, all events of depths between 100 km 
and 150 km on this profi le recorded at the station 
ERM between A.D. 2000 and 2010 are associ-
ated with an extended P-wave coda, which has 
previously been noted for much deeper events in 
northern Japan (Furumura and Kennett, 2005). 
To quantify this observation, we calculate the 
amplitude of the P-wave coda relative to the fi rst 
arrival (see the Data Repository). We observe 
that the magnitude of the high-frequency P-
wave coda reduces compared to the fi rst arrivals 
with distance from the trench (Fig. 3).

Full waveform models are used to assess the 
amount of coda produced by different models of 
slab mantle hydration. No coda is observed in 
synthetic waveforms based on velocity models 
that only have a single simple low-velocity lay-
er. Only weak coda is generated for models with 
several regularly spaced low-velocity fault zones 
as used for the deterministic dispersion models 
for selected events. We therefore represent the 
hydrated fault zone structure as a random me-
dium described by a von Kármán function with 
varying average velocity, size distribution, and 
degree of elongation. This stochastic model 
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Figure 2. Dispersive wave-
form modeling. A: Wave-
form fit of dispersive 
P-wave arrival recorded 
at station ERM in Wadati-
Benioff zone of northern 
Japan. Recorded wave-
form (black) is compared 
to synthetic waveform 
(red) in spectrogram (bot-
tom left) and in frequency 
domain (bottom right), al-
lowing comparison of full 
waveform <2.5 Hz (top). 
B: Numerical model at 1 s 
(red circle), 12 s (pink), 
and 24 s (blue). High-
frequency energy from 
source is trapped in low-
velocity fault zone (A), be-
fore being transferred to 
low-velocity oceanic crust 
(B), and decoupling to be 
observed at surface (C). 
Gray events show back-
ground seismicity on pro-
fi le shown in Figure 1; or-
ange circles show events 
used in this study; red star 
shows location of event.

Figure 3. A: Scattering analysis for all events 
with observed coda decay (black) compared 
to modeled coda decay (red). Plot shows 
average coda ratio normalized to maximum 
coda ratio for given event. B: Observed 
high-frequency (>3.0 Hz) P-wave arrivals 
with extended coda (black); coda envelope 
is plotted in blue. C: Synthetic P-wave arriv-
als (high pass fi ltered at 3.0 Hz) from numeri-
cal model incorporating elongated random 
scatterers in Wadati-Benioff zone (northern 
Japan). (Example of von Kármán scattering 
medium is shown in Fig. 4; actual model is 
shown in Fig. DR4b [see footnote 1].)
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provides low-velocity scatterers at a range of 
scale lengths, rather than the single scale length 
seen in the deterministic models used before.

Previous work has attributed extended P-
wave coda arrivals from deep subduction zone 
events in northern Japan to scatterers elon-
gated parallel to the slab (Furumura and Ken-
nett, 2005), though there is no widely accepted 
geological interpretation for this structure. Our 
analysis shows that a wide range of scattering 
structures could potentially account for the ob-
served coda decay, including elongate scatterers 
parallel to the dip of the slab (see the Data Re-
pository). Guided wave analysis presented here 
shows that dipping normal fault structures are 
present at these depths. We propose that these 
structures are responsible for the observed ex-
tended P-wave coda. Dipping elongated scat-
terers also produce a stronger coda than other 
scattering media tested.

The decay in coda amplitude is, however, 
sensitive to the average velocity of the scatter-
ing medium. Modeling a range of scattering 
media average velocities shows that the average 
velocity for the Wadati-Benioff zone scattering 
media is 7.8 ± 0.2 km/s. Higher or lower average 
velocities do not account for the observed decay 
in coda amplitude (see the Data Repository).

DISCUSSION
Based on the analysis of dispersive P-wave 

arrivals and high-frequency P-wave coda, we 
suggest that the velocity structures in the lower 
subducting lithosphere are serpentinized perido-
tite along dipping faults of various length scales. 
Low-velocity fault zones of 1–2 km width are 
detectable, as they act as a seismic waveguide. 
Smaller-scale fault zones are not detectable in 
this way, but still act as scatterers, producing the 
extended P-wave coda seen close to the trench. 
Serpentinite has been shown to be stable at the 
pressure and temperature conditions found at 
this depth (Hacker et al., 2003), with a predicted 
P-wave velocity of 6.19–6.51 km/s, and a hydra-
tion of 11.3 wt% H2O (Hacker and Abers, 2004).

The dispersion observations presented here 
provide direct seismic evidence of the presence 
of serpentinized normal fault structures at depth, 
and confi rm that lower plane Wadati-Benioff 
zone seismicity is associated with these hydrous 
mineral assemblages. The measured velocity 
contrast of these faults would imply that they 
are 50%–71% serpentinized. These observa-
tions suggest that outer rise normal faults are a 
viable pathway for deep slab hydration.

The scattering models used to simulate the 
extended P-wave coda give a better constraint 
on the overall low-velocity structure, and hence 
the hydration of the subducted lithosphere. Us-
ing the velocities for serpentinite calculated 
here, we estimate that the mantle lithosphere 
is 17%–31% serpentinized. Given the water 
content of serpentinite at these pressure and 

temperature conditions (Hacker and Abers, 
2004), this would give an overall hydration of 
the mantle lithosphere as 2.0–3.5 wt% H2O.

The scattering medium is interpreted as a 
hydrated fault zone structure related to Wadati-
Benioff zone seismicity, and therefore we as-
sume that the depth extent of the scattering 
medium in the slab is defi ned by the thickness 
of the Wadati-Benioff zone beneath northern Ja-
pan (~40 km) (Fig. 4). This would translate to 
170–320 Tg/m.y. of water per meter of arc being 
subducted in the mantle lithosphere at the Hok-
kaido trench. This represents an order of magni-
tude increase in the amount of water predicted 
to be subducted by earlier models (van Keken 
et al., 2011; Rüpke et al., 2004) (see the Data 
Repository). Extrapolating these fi gures along 
the Kuril and Izu-Bonin arcs (where the oceanic 
plate is older than 120 Ma) shows that this arc 
alone could have subducted the equivalent of as 
many as 3.5 oceans present-day oceans over the 
age of the Earth.

CONCLUSIONS
We have shown that serpentinized normal 

faults are present at 50–150 km depth, and are 
directly linked to lower plane Wadati-Benioff 
zone seismicity. In addition, we quantifi ed the 
volume of mineral-bound H2O in the mantle 
lithosphere due to hydration from outer rise 
faulting, and showed that the mantle litho-
sphere is the most signifi cant contributor to 
subducted water, transporting more than 10 
times as much water as the oceanic crust and 
sediments put together.

Thermopetrological modeling (Rüpke et al., 
2004) and coda observations from the Tonga 

Trench (Savage, 2012) suggest that much of 
the water carried in the lithospheric mantle may 
be transported to the transition zone. This work 
suggests that the slab mantle in Japan is able to 
carry much larger volumes of water than previ-
ously thought, providing a mechanism to ex-
plain the hypothesized highly hydrated mantle 
transition zone. This greater fl ux of H2O in old 
subducting slabs may provide an explanation 
for the Earth’s inferred missing water (Jacobsen 
and van der Lee, 2006).
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