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Abstract

The cause of intermediate-depth (>40 km) seismicity in subduction zones is not well
understood. The viability of proposed mechanisms, that include dehydration embrit-
tlement, shear instabilities, and the presence of fluids in general, depends signifi-
cantly on local conditions, including pressure, temperature and composition. The well-5

instrumented and well-studied subduction zone below Northern Japan (Tohoku and
Hokkaido) provides an excellent testing ground to study the conditions under which
intermediate-depth seismicity occurs. This study combines new high resolution finite
elements models that predict the dynamics and thermal structure of the Japan subduc-
tion system with a high precision hypocenter data base. The upper plane of seismicity10

is principally contained in the crustal portion of the subducting slab and appears to
thin and deepen within the crust at depths >80 km. The disappearance of seismic-
ity overlaps in most of the region with the predicted phase change of blueschist to
hydrous eclogite, which forms a major dehydration front in the crust. The correlation
between thermally predicted blueschist-out boundary and the disappearance of seis-15

micity breaks down in the transition from the northern Japan to Kurile arc below west-
ern Hokkaido. Adjusted models, that take into account the seismically imaged modified
upper mantle structure in this region, fail to adequately recover the correlation that is
seen below Tohoku and eastern Hokkaido. We conclude that the thermal structure be-
low Western Hokkaido is significantly affected by time-dependent, 3-D dynamics of the20

slab. This study generally supports the role of fluids in the generation of intermediate-
depth seismicity.

1 Introduction

The subduction of the Pacific plate below central and northern Japan (Fig. 1) pro-
vides a classic cold end-member in the thermal structure of subduction zones, due25

to the high convergence rate of old oceanic lithosphere (e.g., Peacock and Wang,

1070

http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-print.pdf
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


SED
4, 1069–1093, 2012

Thermal structure
and

intermediate-depth
seismicity

P. E. van Keken et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

1999). The available high quality seismic catalogues provide excellent opportunities
to determine the seismic structure of the subduction zone below the Japanese islands
and the possible relation between intermediate-depth seismicity and dehydration of the
oceanic crust. The low velocity of the hydrated oceanic crust provides a sharp veloc-
ity contrast between crust and mantle that is imaged well in receiver function studies5

(e.g., Kawakatsu and Watada, 2007) and tomographic studies (Zhang et al., 2004;
Tsuji et al., 2008; Nakajima et al., 2009). Intriguingly, the upper plane of seismicity
seems to be confined to the oceanic crust (Fig. 2; Kita et al., 2006, 2010a), with a
marked reduction in number and deepening of the earthquakes with respect to the
top of the crust at greater depth. A similar pattern, and correlation with low seismic10

velocities in the crust, is seen for the central Alaska subduction zone (Abers et al.,
2006). Thermal-petrological modeling following van Keken et al. (2011) strongly sug-
gests that earthquakes in a particular cross-section below northern Tohoku are limited
by the blueschist-to-hydrous-eclogite phase boundary (Fig. 2), which is the first main
deep dehydration front in cold subduction zones (van Keken et al., 2011). It is impor-15

tant to note that the location of the blueschist-out boundary in Fig. 2 is based on fully
independent thermal-petrological modeling and is not a fit to the observed seismicity.
This independent correlation suggests the hypothesis that, at least in cold subduction
zones, the upper plane of seismicity is not only confined to the descending oceanic
crust, but also related to the presence of fluids that are liberated by the transforma-20

tion of blueschist to eclogite. Support for this idea is provided in qualitative sense, by
the deepening of the seismic belt below Kanto and western Hokkaido (Hasegawa et
al., 2007; Kita et al., 2010a). Thermal shielding of the slab by an anomalous overrid-
ing plate structure is supported by heat flow data (Fig. 1; Tanaka et al., 2004). The
correlation between the predicted blueschist-out boundary and the cessation of seis-25

micity is even more intriguing since the eclogite that forms contains still significant H2O
(∼2–3 wt %). The crust is generally assumed to be dry after the lawsonite-out reaction,
which does not happen until significantly higher temperature (∼650 ◦C at 3 GPa and at
higher temperature at higher pressure; Schmidt and Poli, 1998; Forneris and Holloway,

1071

http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-print.pdf
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


SED
4, 1069–1093, 2012

Thermal structure
and

intermediate-depth
seismicity

P. E. van Keken et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2003). The blueschist-out boundary provides a relative sharp dehydration front, where
over a short distance in pressure and temperature space the H2O content drops by a
few wt % (Hacker, 2008; van Keken et al., 2011). At this stage we do not understand the
fundamental reasons for the good correlation between blueschist-out and the cessation
of seismicity, but we will assume that this is related to a significant pulse of fluids upon5

blueschist dehydration. We will use this hypothesis to test whether significant along-arc
variations exist in seismicity that indicate changes in thermal structure.

The main goal of this paper is to develop new models to determine the thermal struc-
ture of the subducting Pacific slab below Tohoku and Hokkaido. We study along-arc
variations in the correlation between the blueschist-eclogite boundary and test whether10

simple thermal shielding proposed by Kita et al. (2010a) leads to the observed deep-
ening of the seismic belt.

2 Modeling approach

We use high resolution two-dimensional finite element models to determine the thermal
structure in the Tohoku and Hokkaido subduction systems (Fig. 3). We use a selection15

of cross-sections from Kita et al. (2010a) (Fig. 1). For each cross-section we determine
the slab surface geometry from the 3-D slab surface geometry provided by Zhao et
al. (1997) and Kita et al. (2010b) (Fig. 1). Details on the interpolation are provided in
Appendix A. We use a simplified Moho representation that is adapted from Katsumata
(2010).20

The finite element models follow the approach used by Syracuse et al. (2010) and
van Keken et al. (2011). We use a kinematic-dynamic approach where the slab is pre-
scribed as a kinetic entity. Slab velocities are parallel to the slab surface. The wedge is
modeled as a fluid with a combined diffusion-dislocation creep rheology that is appro-
priate for dry olivine. The wedge fluid is entrained by the subduction of the slab and the25

resulting cornerflow brings high temperatures to the slab surface (van Keken, 2003).
The speed of the slab is the projection of the plate velocity onto the cross-section,
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leading to an effective reduction in plate convergence speed. As is shown in Bengt-
son and van Keken (2012) this approach of taking cross-sections perpendicular to
the trench and using the projected velocity component is preferred over the approach
where the cross-section is taken parallel to convergence velocity. As in Wada and Wang
(2009) and Syracuse et al. (2010) we assume in general full coupling between slab and5

wedge at depths below 80 km. We assume full decoupling between slab and overriding
plate along the thrust zone, which has a down-dip limit as shown in Fig. 1. In between
we assume partial coupling, where 5 % of the slab velocity is transmitted to the overly-
ing wedge. The effective subduction speed and depth of the decoupling zone for each
cross-section are provided in Table 1. Note that our use of the terms “coupling” and10

“decoupling” is opposite to that common in the seismological community. At geologi-
cal time-scales relevant to this study the seismologically “coupled” zone acts as a fully
decoupled zone due to large underthrusting events.

The equations that we solve are provided in van Keken et al. (2002) and Syracuse
et al. (2010). We solve the Stokes equations (which satisfy the conservation of mass15

and momentum) in the mantle wedge. We solve the time-dependent heat advection-
diffusion equation (satisfying the conservation of energy) on the entire domain. As in
Stein and Stein (1992) we use a potential mantle temperature of 1421.5 ◦C. At the
trench inflow we assume the thermal structure of a 130 Ma oceanic lithosphere fol-
lowing the GDH1 plate model (Stein and Stein, 1992). At the arc inflow boundary we20

assume the thermal structure of 30 Ma old oceanic lithosphere, which we deem appro-
priate for the back-arc setting of the Japan Sea. We use the two layer continental heat
production (as in Syracuse et al., 2010) but ignore shear heating along the thrust zone.
We assume that the sedimentary layer has a thickness of 0.6 km at the trench with a
compaction to 0.3 km below 15 km depth.25

We solve the governing equations on a high-resolution finite element mesh (Fig. 3)
composed of linear Taylor-Hood triangles for the Stokes equations. The same geometry
is used for solution of the heat equation with streamline upwinding. The mesh has the
highest resolution (1 km spacing) along the top of the slab at shallow and intermediate
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depths (which is the main focus of our study). The coarsening of the mesh away from
the boundary layers allows for efficient yet accurate solution of the equations. We per-
formed convergence tests using meshes that had a finest spacing of 750 m and almost
twice the number of elements. We found differences of less than 1 ◦C in the tempera-
ture prediction for the oceanic crust, which is consistent with the performance of our5

models in a recent benchmark for subduction zones (van Keken et al., 2008).
The projection of seismicity onto each cross-section requires some special care,

particularly in regions where the slab surface geometry is dipping significantly in the
direction normal to the cross-section (e.g., P9 in central Hokkaido). The method we
use to map earthquake hypocenters in a 20 km wide swath around each cross-section10

is described in Appendix A.

3 Results

3.1 A typical 2-D subduction zone model for Tohoku

An example of the new thermal models is shown in Fig. 4 for cross-section T18 over
northern Tohoku (approximately parallel but slightly to the south of the cross-section15

in Fig. 2). Seismicity is projected onto the cross-section from within 10 km on either
side of the cross-section. The upper-plane seismicity (defined here loosely as to within
10 km from the top of the slab) is shown in with the red circles. The model closely
follows the general characteristics of the “D80” models of Syracuse et al. (2010). The
coupling of the slab to the overlying wedge at 80 km depth leads to strong thermal20

gradients below this depth and draws in hot mantle material, with the hottest part of the
wedge below the volcanic arc (which sits here at ∼100 km above the Wadati-Benioff
seismicity). Heat flow observations are sparse in this region but the predicted heatflow
follows the large scale pattern, with low fore-arc values and higher but scattered values
in the arc and back arc.25
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3.2 Comparison between the predicted blueschist-out boundary and
upper-plane seismicity

We use the thermal models to predict the blueschist-out boundary. Following Hacker
(2008) we constrain this boundary by a temperature T = 617−52P , where T is in ◦C and
pressure P is in GPa. We plot the predicted boundary and the seismicity for a number5

of cross-sections below Tohoku and eastern Hokkaido in Fig. 5. The blueschist-out
boundary is shown for the oceanic crust with an assumed thickness of 7 km for cross-
sections. As in Fig. 2, the seismicity of the upper plane is significantly reduced above
this boundary.

In most cases there is an increase in seismicity just above where the blueschist-10

eclogite boundary starts, suggesting that the heat from the mantle wedge in this region
causes a spike in seismicity. There is a scattering of low magnitude seismicity above
this boundary and deeper in the slab. It is tempting to consider the line of seismicity
that extends almost linearly down from the blueschist-out boundary in P2 and P5 (indi-
cated by the blue question-mark), and to a lesser extent in T18 and T25, to be related15

to the same phase boundary. If this correlation is correct, the local thickness of the
oceanic crust in sections P2/P5, and perhaps in T18/T25, may be slightly larger than
the 7 km thickness assumed here. In P2 there is a somewhat more significant cluster
of seismicity (at a depth of 120 km) that is in the region where the thermal models pre-
dict eclogite. It is intriguing that this region seems connected to the second plane of20

seismicity through a number of larger events and could potentially signal the release of
fluids from the deeper slab.

While the seismicity below Tohoku (T2–T25) is somewhat sparser than that below
central and eastern Hokkaido (P2–P9) we can discern a trend where seismicity tends
to be a bit further below the blueschist-out boundary to the south (compare for exam-25

ple T25 with T2 or P9). This may indicate regional variations in thermal structure and
perhaps slight changes in dynamics. For example, a shift of the full coupling point (as-
sumed at 80 km here) to 75 km depth would bring the blueschist-out boundary closer to
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the top of the seismicity. This suggests we could use along-strike variations in seismic-
ity to develop a better understanding of regional variations in subduction zone thermal
structure and dynamics.

3.3 Seismicity and thermal structure at the trench junction

At the junction between the Japan arc and Kurile arc (Fig. 1; cross-sections P15–P23)5

the correlation between predicted blueschist-out and upper-plane seismicity seems to
be less clear (Fig. 6). In particular in P15 the geometry of upper-plane seismicity seems
nearly independent of the slope and position of the blueschist-out boundary. Intrigu-
ingly, seismicity is well below the top of the slab at shallow depths (80–100 km) with an
increase in seismicity at shallower levels in the crust below 100 km depth. There are10

several indications that the thermal structure of the crust and mantle below P15 are
anomalous. Low heat flow values (Fig. 1; Tanaka et al., 2004) are significantly further in-
land compared to elsewhere between 37–45◦ N. Seismicity in the fore-arc wedge, which
suggests cold conditions, extends also significantly further from the trench (Fig. 5). Kita
et al. (2010a, 2012) used tomographic techniques to image anomalously low P- and15

S-wave below this section and demonstrated a significant deepening of the seismic
belt here (Fig. 4 in Kita et al., 2001a). Kita et al. (2010a, 2012) suggested the region
with low seismic velocity corresponds to a part of the fore-arc that is subducted in this
region. Local geology supports the suggestion for crustal thickening. Kimura (1994)
demonstrated that the Kurile fore-arc has been colliding with the NE Japan arc since20

the middle Miocene due to the migration to the southwest of the Kuril forearc sliver,
forming an arc-arc type collision zone. High temperature metamorphic rocks of Tertiary
age are exposed and include materials from the upper- and lower-crust (e.g., Shimura
et al., 2004). Ito (2000) and Iwasaki et al. (2004) suggested this region is characterized
by delamination of the lower crust, with partial exhumation of the lower crust, and par-25

tial subduction along the Pacific slab. The combination of inferences from local geology
and tomographic imaging suggests that the presence of subducted fore-arc materials
cause thermal shielding of the slab to greater depths than elsewhere.
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We tested this hypothesis by modifying the crustal structure of the overriding plate in
model T15. Specifically, we extended the crust down to include the suggested fore-arc
sliver (using the geometry interpreted in Fig. 14 of Kita et al., 2010a). The resulting ther-
mal structure (along with heat-flow) is shown in Fig. 7c. The fore-arc sliver is imaged
to a depth of just over 80 km. We assumed that the slab coupled fully to the overrid-5

ing wedge at 90 km or 100 km depth. The modified predictions for the blueschist-out
boundary are shown in Fig. 7c, with (1) corresponding to the unmodified section (as in
Fig. 5), (2) to the modified section with full coupling at 90 km depth; and (3) to the mod-
ified section with coupling at 100 km depth. While the blueschist-out boundary shifts to
greater depth (essentially following the shift in depth of the coupling point), the match10

with seismicity does not improve significantly. At greater depths in the crust the three
different predictions for blueschist-out tend to merge and the greatest differences are
in the shallow portion of the crust, where seismicity is already sparse. Whereas the
heatflow predicted from this model is appropriate in the back-arc, the predicted fore-
arc heatflow is significantly higher than that observed, suggesting the fore-arc crust15

and upper mantle structure are significantly colder than the conditions we model here.

4 Discussion

The intermediate depth seismicity that we focused on in this study occurs at depths
where lithostatic pressures are too high for normal brittle failure to occur. A num-
ber of processes have been suggested for causing local weakening. These include20

shear instabilities (Ogawa, 1987; Kelemen and Hirth, 2007), thermal runaways (John
et al., 2010), and local weakening and embrittlement of the crust due to dehydra-
tion (e.g., Raleigh and Paterson, 1965; Kirby et al., 1996; Seno and Yamanaka, 1996;
Hacker et al., 2003). Possible consequences of dehydration include stress changes to
the change in volume of the oceanic crust (Kirby et al., 1996), pore pressure changes25

(Wong et al., 1997) or just the release and transport of water (e.g., Jung et al., 2004;
John and Schenk, 2006).
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In general, our new thermal models provide strong quantitative support for the hy-
pothesis that intermediate-depth seismicity is caused by the presence of fluids that
are generated by metamorphic dehydration reactions. The predicted blueschist-out
boundary tends to delimit the intermediate-depth seismicity in the upper plane below
Tohoku and central/eastern Hokkaido. The simplest explanation for this correlation is5

that intermediate-depth seismicity is not possible at low water content in the downgo-
ing oceanic crust. A similar correspondence between upper-plane seismicity and the
blueschist-out dehydration boundary is suggested in Alaska (Abers et al., 2006, 2012)
although intriguingly in this subduction zone the seismicity tends to align with the pre-
dicted boundary, rather than just be delimited by it.10

The wide-scale presence of seismicity in the blueschist-facies crust in Northern
Japan favors the suggestion that the presence of fluids (presumably released by the
blueschist-eclogite phase change and at least partially transported back up the slab) is
more important than dehydration embrittlement itself. We also cannot directly demon-
strate that a negative Clapeyron slope is necessary for seismicity, as suggested by15

e.g., Wong et al. (1997) and Hacker (1997). The blueschist-out boundary runs sub-
parallel to the temperature contours and could, for the purposes of delimiting the upper-
plane seismicity, be approximated with a constant T ∼400–450 ◦C boundary, with seis-
micity also occurring at significantly lower temperature.

The thermal models provide a less-convincing explanation for the seismicity (and20

heat flow) in the junction between the northern Japan and Kurile arcs. We tested the
hypothesis that a subducted sliver of the Kurile fore-arc crust could provide sufficient
shielding (as in Kita et al., 2010a) but failed to find a significantly improved model. We
conclude that our 2-D models, while reasonable for most of the subduction zone ge-
ometry considered here, fail to adequately predict the thermal structure at this junction.25

It is likely that 3-D and time-dependent effects that are not taken into account in the
present set of models have a strong influence on the local temperature conditions in
this slab. The junction between the Kurile and Japan arc forms a transition from a mod-
erately steep subduction zone in the north to much less steeply dipping subduction in
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the south. This has been ascribed to faster trench retreat in the south (and potentially
linked to slab stagnation below the Japan Sea and further west; see Fukao et al., 2009,
for a review). Slab stagnation appears absent to the north suggesting that the junction is
an actively deforming and rapidly modifying corner in this subduction zone. Morishige
and Honda (2012) provide a fully dynamical model for this region that takes trench-5

retreat and slab stagnation into account. While they focused on processes somewhat
deeper than in the present study, they demonstrated significant along-arc deformation.
Their results are in broad strokes consistent with the projected south-east ward trans-
lation of the Kurile fore-arc. Combined these effects lead to significant out-of-plane
advection of material that is not represented in our 2-D models.10

Appendix A

We adopt the following procedures to map the 3-D slab surface and earthquake data
onto the plane of the cross-section. The cross-section specific coordinates are depth z,
horizontal distance from the trench p, and distance from the cross-section q (Fig. A1a).
To find the intersection of the slab surface we use the GMT project tool (gmt.soest.15

hawaii.edu) to find the points in (p,q,z) space that are to within a kilometer from the
cross-section (red and grey symbols). We then use linear interpolation between nearest
neighbors to q = 0. The coordinates of the points on the slab surface that are used in
the mesh are determined by linear interpolation in (p,z) from the piece-wise linear
curve spanned by the yellow symbols. This approach makes sure we have the same20

smoothness to the slab surface in 2-D as in 3-D.
We interpolate earthquakes from a distance of 10 km on each side of the main cross-

section (Fig. A1b). In this case the position of the earthquakes with respect to the top of
the slab is most important. To make this accurate, we set up a series of auxiliary cross-
sections at a spacing of 2 km from the main cross-section. We determine the local slab25

surface in (p,z) as above. We then determine the position of the earthquakes in (s,t)
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space for each auxiliary plane. For analysis we accumulate the earthquakes in (s,t)
space and project them back to (p,z) space using the slab surface of the main cross-
section. This approach avoids interpolation errors by projection of large distances.

Acknowledgements. Supported by the National Science Foundation grants EAR 0646757 and
0840448 to PvK. We appreciate discussions with Geoff Abers, Brad Hacker, and Claudio Fac-5

cenna. We thank Manabu Morishige for providing a pre-print of his paper.

References

Abers, G. A., van Keken, P. E., Kneller, E. A., Ferris, A., and Stachnik, J. C.: The thermal struc-
ture of subduction zones constrained by seismic imaging: implications for slab dehydration
and wedge flow, Earth Planet. Sci. Lett., 241, 387–397, 2006.10

Abers, G. A., Nakajima, J., van Keken, P. E., Kita, S., and Hacker, B. R.: Thermal controls on
the location of earthquakes within subducting plates, (preprint can be obtained by contacting
keken@umich.edu or abers@ldeo.columbia.edu), Earth Planet. Sci. Lett., submitted, 2012.

Bengtson, A. K. and van Keken, P. E.: Three-dimensional thermal structure of subduction
zones: effects of obliquity and curvature, Solid Earth Discuss., 4, 919–941, doi:10.5194/sed-15

4-919-2012, 2012.
DeMets, C., Gordon, R. G., Argus, D. F., and Stein, S.: Effect of recent revisions to the geo-

magnetic reversal time-scale on estimates of current plate motions, Geophys. Res. Lett., 21,
2191–2194, 1994.

Forneris, J. F. and Holloway, J. R.: Phase equilibria in subducting basaltic crust: implications for20

H2O release from the slab, Earth Planet. Sci. Lett., 214, 187–201, 2003.
Fukao, Y., Obayashi, M., and Nakakuki, T.: Stagnant slab: A Review, Annu. Rev. Earth Pl. Sc.,

37, 19–46, 2009.
Hacker, B. R.: Diagenesis and the fault-valve seismicity of crustal faults, J. Geophys. Res., 102,

24459–24467, 1997.25

Hacker, B. R.: H2O subduction beyond arcs, Geochem. Geophy. Geosy., 9, Q03001,
doi:10.1029/2007GC001707, 2008.

Hacker, B. R., Peacock, S. M., Abers, G. A., and Holloway, S. D.: Subduction Factory 2: Are
intermediate depth earthquakes in subducting slabs linked to metamorphic dehydration re-
actions?, J. Geophys. Res., 108, 2030, doi:10.1029/2001JB001129, 2003.30

1080

http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-print.pdf
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/sed-4-919-2012
http://dx.doi.org/10.5194/sed-4-919-2012
http://dx.doi.org/10.5194/sed-4-919-2012
http://dx.doi.org/10.1029/2007GC001707
http://dx.doi.org/10.1029/2001JB001129


SED
4, 1069–1093, 2012

Thermal structure
and

intermediate-depth
seismicity

P. E. van Keken et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Hasegawa, A., Nakajima, J., Kita, S., Okada, T., Matsuzawa, T., and Kirby, S. H.: Anoma-
lous deepening of a belt of instraslab earthquakes in the Pacific slab crust under
Kanto, central Japan: possible anomalous thermal shielding, dehydration reactions, and
seismicity caused by shallower cold slab material, Geophys. Res. Lett., 34, L09305,
doi:10.1029/2007GL029616, 2007.5

Ito, T.: Crustal structure of the Hidaka collision zone and its foreland fold-and-thrust belt,
Hokkaido, Japan, Assoc. Petrol. Technol., 65, 103–109, 2000 (in Japanese with English ab-
stract).

Iwasaki, T., Adachi, K., Moriya, T., Miyamachi, H., Matsushima, T., Miyashita, K., Takeda, T.,
Taira, T., Yamada, T., and Ohtake, K.: Upper and middle crustal deformation of an arc-arc10

collision across Hokkaido, Japan, inferred from seismic refraction/wide-angle reflection ex-
periments, Tectonophysics, 388, 59–73, 2004.

John, T. and Schenk, V.: Interrelations between intermediate-depth earthquakes and fluid with
subducting oceanic plates: constraints from eclogite facies pseudotachylytes, Geology, 34,
557–560, 2006.15

John, T., Medvedev, S., Rüpke, L. H., Andersen, T. B., Podladchikov, Y. Y., and Austreim,
H., Generation of intermediate-depth earthquakes by self-localizing thermal runaway, Nat.
Geosci., 2, 137–140, 2010.

Jung, H., Green, H. W., and Dobrzhinetskaya, L. F.: Intermediate-depth earthquake faulting by
dehydration embrittlement with negative volume change, Nature, 428, 545–549, 2004.20

Katsumata, A.: Depth of the Moho discontinuity beneath the Japanese islands estimated by
traveltime analysis, J. Geophys. Res., 115, B04303, doi:10.1029/2008JB005864, 2010.

Kawakatsu, H. and Watada, S.: Seismic evidence for deep-water transportation in the mantle,
Science, 316, 1468–1471, 2007.

Kelemen, P. B. and Hirth, G.: A periodic shear-heating mechanism for intermediate-depth seis-25

micity earthquakes in the mantle, Nature, 446, 787–790, 2007.
Kimura, G.: The latest Cretaceous-early Paleogene rapid growth of accretionary complex and

exhumation of high pressure metamorphic rocks in northwestern Pacific margin, J. Geophys.
Res., 99, 22147–22164, 1994.

Kirby, S. H., Engdahl, E. R., and Denlinger, R.: Intermediate-depth intraslab earthquakes and30

arc volcanism as physical expressions of crustal and uppermost mantle metamorphism in
subduction slabs, in: Subduction: Top to Bottom, Geophysical Monograph Series, 96, edited
by: Bebout, G., American Geophysical Union, Washington DC, 195–214, 1996.

1081

http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-print.pdf
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2007GL029616
http://dx.doi.org/10.1029/2008JB005864


SED
4, 1069–1093, 2012

Thermal structure
and

intermediate-depth
seismicity

P. E. van Keken et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Kita, S.: Study on generation mechanisms of intraslab earthquakes at intermediate-depth be-
neath Hokkaido and Tohoku, northeastern Japan, Ph.D. Thesis, Tohoku University, Sendai,
Japan, 2009.

Kita, S., Okada, T., Nakajima, J., Matsuzawa, T., and Hasegawa, A.: Existence of a seis-
mic belt in the upper plane of the double seismic zone extending in the along-arc di-5

rection at depths of 70–100 km beneath NE Japan, Geophys. Res. Lett., 33, L24310,
doi:10.1029/2006GL028239, 2006.

Kita, S., Okada, T., Hasegawa A., Nakajima J., and Matsuzawa, T.: Anomalous deepening of
a seismic belt in the upper-plane of the double seismic zone in the Pacific slab beneath the
Hokkaido corner: possible evidence for thermal shielding cause by subducted forearc crust10

materials, Earth Planet. Sci. Lett., 290, 415–426, 2010a.
Kita, S., Okada T., Hasegawa A., Nakajima, J., and Matsuzawa, T.: Existence of interplane

earthquakes and neutral stress boundary between the upper and lower planes of the double
seismic zone beneath Tohoku and Hokkaido, northeastern Japan, Tectonophysics, 496, 68–
82, 2010b.15

Kita, S., Hasegawa, A., Nakajima, J., Matsuzawa, T., Okada, T., and Katsumata, K.: High-
resolution seismic velocity structure beneath the Hokkaido corner, northern Japan: Arc-arc
collision and origins of the 1970 M 6.7 Hidaka and 1982 M 7.1 Urakawa-oki earthquakes, J.
Geophys. Res., in revision, 2012.

Morishige, M. and Honda, S.: Mantle flow and deformation of a subducting slab at a plate20

junction, Earth Planet. Sci. Lett., submitted, 2012.
Nakajima, J., Tsuji, Y., and Hasegawa, A.: Seismic evidence for thermally-controlled

dehydration reaction in subducting oceanic crust, Geophys. Res. Lett., 33, L03303,
doi:10.1029/2008GL036865, 2009.

Ogawa, M.: Shear instability in a viscoelastic material as a cause of deep focus earthquakes,25

J. Geophys. Res., 92, 13801–13810, 1987.
Peacock, S. M. and Wang, K.: Seismic consequences of warm versus cool subduction meta-

morphism: examples from southwest and northeast Japan, Science, 286, 937–939, 1999.
Raleigh, C. B. and Paterson, M. S., Experimental deformation of serpentinite and its tectonic

implications, J. Geophys. Res., 70, 3965–3985, 1965.30

Schmidt, M. W. and Poli, S.: Experimentally based water budgets for dehydrating slabs and
consequences for arc magma generation, Earth Planet. Sci. Lett., 163, 361–379, 1998.

1082

http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-print.pdf
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2006GL028239
http://dx.doi.org/10.1029/2008GL036865


SED
4, 1069–1093, 2012

Thermal structure
and

intermediate-depth
seismicity

P. E. van Keken et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Seno, T. and Yamanaka, Y.: Double seismic zones, compressional deep trench-outer rise events
and superplumes, in: Subduction: Top to Bottom, Geophysical Monograph, 96, edited by:
Bebout, G. E., Scholl, W., Kirby, H., and Platt, P., American Geophysical Union, Washington
DC, 347–355, 1996.

Shimura, T., Owada, M., Osanai, Y., Komatsu, M., and Kagami, H.: Variety and genesis of5

the pyroxene-bearing S- and I-type granitoids from the Hidaka Metamorphic Belt, Hokkaido,
northern Japan, T. RSE Earth, 95, 161–179, 2004.

Stein, C. A. and Stein, S.: A model for the global variation in oceanic depth and heat-flow with
lithospheric age, Nature, 359, 123–129, 1992.

Syracuse, E.M., van Keken, P.E., and Abers, G.A.: The global range of subduction zone thermal10

models, Phys. Earth Planet. In., 183, 73–90, 2010.
Tanaka, A., Yamano, Y., Yano, Y., and Sasada, M.: Geothermal gradient and heat flow data in

and around Japan, Digital Geoscience Map DGM P-5, Geological Survey of Japan, 2004.
Tsuji, Y., Nakajima, J., and Hasegawa, A.: Tomographic evidence for hydrated oceanic crust of

the Pacific slab beneath northeastern Japan: implications for water transportation in subduc-15

tion zones, Geophys. Res. Lett., 35, L14308, doi:10.1029/2008GL034461, 2008.
Van Keken, P. E.: The structure and dynamics of the mantle wedge, Earth Planet. Sci. Lett.,

215, 323–338, 2003.
Van Keken, P. E., Kiefer, B., and Peacock, S. M.: High resolution models of subduction zones:

implications for mineral dehydration reactions and the transport of water into the deep mantle,20

Geochem. Geophy. Geosy., 3, 1056, doi:10.1029/2001GC000256, 2002.
Van Keken, P. E., Currie, C., King, S. D., Behn, M. D., Cagnioncle, A., He, J., Katz, R. F., Lin, S.

C., Parmentier E. M., Spiegelman, M., and Wang, K.: A community benchmark for subduction
zone modeling, Phys. Earth Planet. In., 171, 187–197, 2008.

Van Keken, P. E., Hacker, B. R., Syracuse, E. M., and Abers, G. A.: Subduction factory25

4: depth-dependent flux of H2O from slabs worldwide, J. Geophys. Res., 116, B01401,
doi:10.1029/2010JB007922, 2011.

Wada, I. and Wang, K.: Common depth of slab-mantle decoupling: reconciling diver-
sity and uniformity of subduction zones, Geochem. Geophy. Geosy., 10, Q10009,
doi:10.1029/2009GC002570, 2009.30

Wong, T.-F., Ko, S. C., and Olgaard, D. L.: Generation and maintenance of pore pressure excess
in a dehydrating system, 2, Theoretical analysis, J. Geophys. Res., 102, 841–852, 1997.

1083

http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-print.pdf
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2008GL034461
http://dx.doi.org/10.1029/2001GC000256
http://dx.doi.org/10.1029/2010JB007922
http://dx.doi.org/10.1029/2009GC002570


SED
4, 1069–1093, 2012

Thermal structure
and

intermediate-depth
seismicity

P. E. van Keken et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Yamasaki, T. and Seno, T.: Double seismic zone and dehydration embrittlement of the subduct-
ing slab, J. Geophys. Res., 108, 2212, doi:10.1029/2002JB001918, 2003.

Zhang, H., Thurber, C. H., Shelly, D., Ide, S., Beroza, C. G., and Hasegawa, A.: High-resolution
subducting-slab structure beneath northern Honshu, Japan, revealed by double-difference
tomography, Geology, 32, 361–364, 2004.5

Zhao, D., Matsuzawa, T., and Hasegawa, A.: Morphology of the subducting slab boundary and
its relationship to the interplate seismic coupling, Phys. Earth Planet. In., 102, 89–104, 1997.

1084

http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-print.pdf
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2002JB001918


SED
4, 1069–1093, 2012

Thermal structure
and

intermediate-depth
seismicity

P. E. van Keken et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Starting longitude (E) and latitude (N), strike, effective convergence speed, and down-
dip limit of the thrust zone for each cross-section. The convergence speed is based on the
projection of the convergence velocity onto the cross-section. We use the Pacific-North America
convergence velocity from NUVEL1-A (DeMets et al., 1994) computed using http://sps.unavco.
org/crustal motion/dxdt/nnrcalc/.

cross-section name longitude latitude strike speed thrust limit
(mm yr−1) (km)

Hokkaido
P2 146.155 41.74 334 64.9 61
P5 145.625 41.52 330 68.4 60
P9 144.799 41.084 330 68.4 58
P15 144.75 41.05 310 80.7 70
P19 144.75 41.05 295 83.5 65
P23 144.75 41.05 278.7 80.1 66
Tohoku
T2 144.436 40.562 273.4 77.6 56
T9 144.189 39.233 278.74 80.2 57
T18 143.935 37.532 292.11 83.4 52
T21 143.475 36.901 293.17 83.5 46
T25 143.022 36.269 292.97 83.4 48
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Fig. 1. Location of cross-sections used in the thermal modeling of the Tohoku-Hokkaido sub-
duction system. The thin red lines show the depth contours (in km) to the Pacific (PA) slab
(from Zhao et al., 1997; Kita et al., 2010b). Heatflow (Tanaka et al., 2004) is shown with the
colored circles. Volcanoes are shown in black triangles. The down-dip limit of low-angle thrust
events from Kita et al. (2010a), which is taken to be the down-dip limit of the region of strong
seismic coupling between upper and lower plate, is shown in the bold red line. Cross-sections
are labeled following Kita (2009) with P2–P23 over Hokkaido and T2–T25 over Tohoku. Arrow
shows Pacific (PA) to North America (NA) convergence.
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Fig. 2. Seismicity in the Pacific slab below Tohoku. Modified after Kita et al. (2006) and Abers
et al. (2012). The earthquakes from 120 km wide box shown in the insert are projected on the
center cross-section, normal to the trench. This region is approximately bordered by profiles
T9 and T18 in Fig. 1. The upper plane of seismicity is within 10 km (in depth) from the top of
the slab and tends to be deeper in the slab as the slab descends. The blueschist-out boundary
(predicted for this profile following the methods by van Keken et al., 2011) seems to delimit the
deepest seismicity in the upper plane.
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Fig. 3. General model geometry (top) and partial mesh (bottom) used in the finite element
modeling. The velocity is prescribed in the slab and set to zero in the crust. The wedge is
modeled as a fluid with a rheology appropriate for dry olivine. The wedge flow is driven by
coupling with the slab. As in Syracuse et al. (2010) and Wada and Wang (2009) we assume
in general that this depth is 80 km. Between the down-dip limit of the earthquake thrust zone
(bold red line in Fig. 1) and 80 km depth we assume partial coupling. The governing equations
are discretized on a high resolution finite element mesh with a finest resolution of 1 km along
the slab surface and in the crust.
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Fig. 4. Thermal model for cross-section T18 over northern Tohoku. (a) Predicted heat flow
(solid line) compared to observations (from Tanaka et al., 2004; plotted here due to the sparsity
of the data from 100 km distance from the profile). (b) Temperature distribution. Temperature
contours are in ◦C. The top of the slab in this model is shown in green. Position of the arc is
shown by the red triangle. The seismicity within 10 km on each side from this profile is shown
in circles colored by distance to the slab surface to approximately indicate the upper plane
(depths from 0–10 km in red), and the lower plane of the double Wadati-Benioff zone (>25 km
depth in green). Scattered seismicity at a depth of 10–25 km is shown in grey. Top: predicted
heat flow from this model (solid line) and heatflow.
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Fig. 5. Seismicity within 10 km from cross-section (orange circles) compared to the location of
the blueschist-eclogite transition (blue line) from the thermal models of Tohoku (T2–T25) and
eastern Hokkaido (P2–P9). The top of the slab is shown in the solid red line. Volcanoes (within
30 km from cross-section) are shown in red triangles. The furthest extent from coast line to
coast line is indicated by the solid black bar at the top of each cross-section. Dashed blue line
in P2 and P5 is speculative extension of the blueschist-out boundary to below Moho depths.
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Fig. 7. Modified thermal model for cross-section P15 of western Hokkaido, using modified
crustal structure suggested by Kita et al., 2010. (a) Heatflow as in Fig. 4a; (b) temperature
distribution as in Fig. 4b; (c) close-up on earthquake distribution and predicted blueschist-out
curves as in Fig. 6. (1) is the prediction for the general model parameters (Fig. 6). (2) is for the
modified crustal structure; (3) is like (2) but with deepening of the decoupled zone to 100 km
depth.

1092

http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-print.pdf
http://www.solid-earth-discuss.net/4/1069/2012/sed-4-1069-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


SED
4, 1069–1093, 2012

Thermal structure
and

intermediate-depth
seismicity

P. E. van Keken et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

	 9

 1	
Figure A1. a) Geometry used in interpolation of 2D slab surface in a cross-section from the 3D 2	
gridded slab surface. We find nearest neighbors on either side of the cross-section (red and grey 3	
circles) within approximately 1 km distance (in q). Linear interpolation yields the 2D slab 4	
surface (yellow circles). We use a local slab coordinate system with s parallel to the top of the 5	
slab and t perpendicular to the slab surface. b) We project earthquakes from within a 22 km 6	
swath around the main cross-section. To make the projection more accurate we set up auxiliary 7	
cross-sections at distances of 2, 4, 6, 8 and 10 km parallel to the main cross-section (shown in 8	
bold). We define the slab surface in each auxiliary cross-section as in a) and project the 9	
earthquake coordinates to local (s,t) coordinates, which are then accumulated to represent the 10	
earthquake locations in the main cross-section. 11	

Fig. A1. (a) Geometry used in interpolation of 2-D slab surface in a cross-section from the 3-D
gridded slab surface. We find nearest neighbors on either side of the cross-section (red and
grey circles) within approximately 1 km distance (in q). Linear interpolation yields the 2-D slab
surface (yellow circles). We use a local slab coordinate system with s parallel to the top of the
slab and t perpendicular to the slab surface. (b) We project earthquakes from within a 22 km
swath around the main cross-section. To make the projection more accurate we set up auxiliary
cross-sections at distances of 2, 4, 6, 8 and 10 km parallel to the main cross-section (shown
in bold). We define the slab surface in each auxiliary cross-section as in (a) and project the
earthquake coordinates to local (s,t) coordinates, which are then accumulated to represent the
earthquake locations in the main cross-section.
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