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Mechanism Generating Earthquakes in Subduction Zones:
Vital Role of Geofluids in Earthquake Generation
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Abstract

The mechanisms that generate the three main types of earthquake in subduction zones are
discussed addressing their relations to geofluids. Studies on the spatial distribution of earth-
quakes and seismic velocity structure within the subducted slab provide evidence that strongly
supports the dehydration embrittlement hypothesis for the generation of intermediate-depth
intraslab earthquakes. Detailed imaging of the seismic velocity structure in and around plate
boundary zones suggests that interplate coupling is mainly controlled by local fluid over-
pressure. Seismic tomography studies show the existence of inclined sheet-like seismic low-
velocity zones in the mantle wedge, not only in Tohoku but also in other areas in Japan, which
perhaps correspond to the upwelling flow of the subduction-induced convection system. These
upwelling flows reach the Moho directly beneath the volcanic areas, suggesting that those volca-
nic areas are formed by the upwelling flows. Aqueous fluids derived from the slab are probably
transported up through the upwelling flows to the arc crust, where they might weaken the sur-
rounding crustal rocks and finally cause shallow inland earthquakes. All of these observations
suggest that geofluids expelled from the subducting slab play an important role in the genera-
tion of earthquakes in subduction zones.

Key words : geofluids, subduction zone, earthquake generation mechanism, fluid overpressure,
asperity, dehydration embrittlement, mantle upwelling flow
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Fig.1 Across-arc vertical cross-section of earth-
quakes and dehydration loci within the Pacif-
ic slab beneath Tohoku (Yamasaki and Seno,
2003). Dehydration loci of metamorphosed
crust and those of serpentinized mantle are
shown by a green line and red broken lines,
respectively. Blue dots are earthquakes.
Thermal structure is shown by isothermal
contours.
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Fig.4 (a) Vertical cross-section of S-wave velocity  Fig.5 (a) Vertical cross-section of S-wave velocity along a

along a line in the inset map and (b) schematic
figure showing contact between the Philippine
Sea and Pacific slabs beneath Kanto (Nakajima
et al., 2009b) . S-wave velocity is shown by the
color scale at the bottom.

(Kita et al., 2010a) o
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line in the inset map and (b) schematic figure show-
ing contact between the subducted forearc crust and
the Pacific slab beneath western Hokkaido (Kita et
al., 2010a) . S-wave velocity is shown by the color scale
at the bottom.
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S-wave velocity distribution in the crust of the Pacific slab (Nakajima
et al., 2009a). S-wave velocity on a curved plane 5 km below the upper
plate interface is shown by the color scale at the bottom. Green broken
lines show the contact zone between the Philippine Sea and Pacific slabs.
Geometry of the upper plate surface is shown by iso-depth contours. Red
triangles are active volcanoes.
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Fig. 7 Across-arc vertical cross-sections of P-wave velocity (upper figures) and S-wave velocity (lower figures) along
two lines in the inset map (Nakajima et al., 2009¢). P-wave and S-wave velocities are shown by color scales to
the right. Solid lines denote the location of the plate upper surface. Solid lines and red triangles at the top show
the land area and active volcanoes, respectively.
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Fig. 8 A conceptual model of frictional properties of the subducting plate boundary (originally from Bilek and Lay (2002)

and modified by Dixon and Moore (2007)).
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Fig. 9 Seismic section along a line crossing Tokyo Bay (Sato et al., 2005). Seismic reflection line is shown in the inset map.
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Fig. 10 P-wave velocity structure in and around the focal area of the Miyagi-oki earthquake (Yamamoto et al., 2006).
(a) P-wave velocity along a curved plane directly above the upper surface of the Pacific plate and (b) that on a
vertical cross-section along line A-A" are shown by the color scale at the middle.
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Fig. 11 (a) Receiver function image along an arc-normal line in Cascadia, (b) estimated Vp/Vs and Poisson's ratios in
the low-velocity layer and (c) schematic interpretation of receiver function image (Audet et al., 2009).
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Fig. 12 Schematic figure of (a) across-arc vertical
cross-section of the crust and upper mantle
structure of Tohoku, showing the inferred
transportation paths of H,O and (b) 3D ex-
pression of the crust and upper mantle struc-
ture showing the upwelling flow with varying
thicknesses in the mantle wedge (Modified
from Hasegawa and Nakajima, 2004).
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13 (a) Y MV zy YNOBERFL ZMEBEREIZH D S AR AL (b) HIE (Hasegawa and Nakajima,
2004). HELHEREEL AN T — AT — NV TRT. AN IERBREEBE, RIEHEML KL (o) #
BEIAEN O TR (D90) @4 4i (Omuralieva et al., submitted). D90 % # 7 — A 7 — VTR T.

Fig. 13 (a) S-wave velocity perturbations along the inclined low-velocity zone in the mantle wedge of Tohoku
(Hasegawa and Nakajima, 2004), (b) topography and (c) D90 (Omuralieva et al., submitted) . S-wave velocity
perturbations (a), altitude (b) and D90 (c) are shown by color scales at the bottom of each figure. Red circles
in (a) and (b) and open and solid triangles in (c) denote Quaternary volcanoes. Open circles show deep low-

frequency earthquakes.
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Fig. 16 Schematic figures (a) showing a model of the deformation pattern of the arc crust and generation of shallow
inland earthquake in Tohoku (Modified from Hasegawa et al. (2005)) and (b) showing fluid over-pressure

along a fault zone.
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(a) Hb7k 2% & @ 4 4i (Tanaka
et al., 2004). Mk B E & A
57— A4 —VTxRY. (b) DO
L ALK, (¢) D90 &
iR ¥ 52, (d) D90 & M >
6.5 O M i ® 43 4i (Omuralieva
et al., submitted). D90 & # 5 —
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M>650HME % RILTRT.
KEFEASTBLIOET714 K
ViEA T T L OB E & BAR
BLIUOERDOI Y —TRT.

(a) Heat flow (Tanaka et al.,
2004), (b) D90 and Quaternary
volcanoes, (¢) D90 and deep
low-frequency earthquakes and
(d) D90 and large earthquakes
(Omuralieva et al., submitted).
Heat flow values and D90 are
shown by the color scale at the
top of each figure. Quaternary
volcanoes, deep low-frequency
earthquakes, and M > 6.5 earth-
quakes occurring since 1926 are
shown by triangles, crosses, and
red circles, respectively. Depths
to the upper surfaces of the Pa-
cific and Philippine Sea slabs
are shown by iso-depth contours
of broken and solid lines, respec-
tively, in (d).
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Fig. 18 (a) Examples of seismograms showing reflected phases S X S and S X P at stations in the Nikko-Ashio area. (b)
NS vertical cross-section of Vp/Vs ratio and S-wave reflectors (Hori et al., 2004). Vp/Vs ratio is shown by the
color scale at the bottom. S-wave reflectors are shown by red lines. Red and black dots are deep low-frequency
earthquakes and ordinary shallow earthquakes, respectively. Two thin lines denote the Conrad and Moho dis-
continuities. White lines show isothermal contours. Solid line and red triangles at the top denote the locations

of Senya Fault and active volcanoes, respectively.
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Fig. 19

Fig. 20

(a) 2004 4F %5 Uk vk i 72 52 JF 3k o P
B HE % (Okada et al., 2006). P % i )
7% %2 $RIE W 1S h 9 — A7 — IV TRT.
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(a) Across-fault vertical cross-sections of P-

wave velocity in the focal area of the 2004
M6.8 Niigata Chuetsu earthquake (Okada
et al., 2006) . P-wave velocity perturbations
are shown by the color scale at the bottom.
White stars are the main shock and larg-
est aftershock hypocenters. Black dots are
other aftershocks. Fault planes of the main
shock and the largest aftershock are shown
by broken lines. (b) Schematic figure show-
ing over-pressured areas distributed along
the fault planes of the Niigata Chuetsu
earthquake and its large aftershocks (Sib-
son, 2007).

(a) 1962 4F & 3 L AL St 52 FR PR IS BT B
S ¥ # B (Nakajima and Hasegawa, 2003b)
L (b) WAL #R % (Asano et al., 2004) D 55
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YD 28R W IS h 9 — A — VTR
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(a) Across-fault vertical cross-sections of
(a) S-wave velocity perturbations (Nakaji-
ma and Hasegawa, 2003b) and (b) scatter-
ing coefficients (Asano et al., 2004) in the
focal area of the 1962 M6.5 northern Miyagi
earthquake. S-wave velocity perturbations
and scattering coefficients are shown by the
color scale to the right of each figure. The
fault plane of the earthquake is shown by
parallelograms. Red and black dots are deep
low-frequency earthquakes and ordinary
shallow earthquakes, respectively. Red lines
denote S-wave reflectors. Red triangles at
the top show the locations of active volca-
noes
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