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Abstract. We estimated both P (Vp) and S wave velocity (Vs) structures beneath northeastern 
Japan by applying a tomographic method to 169,712 P and 103,993 S wave arrival time data 
from 4338 local events. The average value of Vp/Vs ratio is -1.69 in the upper crust,-1.75 in 
the lower crust, and-1.77 in the uppermost mantle. These differences in Vp/V• ratio may 
mainly reflect the lithological variations with depth. Low-Vp, low-V•, and high Vp/V• zones 
are extensively distributed along the volcanic front in the uppermost mantle and are down- 
ward to the back arc side in the mantle wedge. Here the low-Vp, low-V•, and high Vp/Vs values 
are interpreted because of partial melting matehals, which imply the presence of a vast 
amount of melt in the uppermost mantle. In the lower crust, low-Vp, low-V•, and high Vp/V• 
zones are not continuously visible along the volcanic front but are confined to individual 
volcanic areas, which suggests that melting of lower crustal materials occurs just beneath 
each active volcano. In contrast, the upper crust beneath active volcanoes exhibits low Vp, 
low V•, and low Vp/V•. These results suggest that the partial melting zones under northeastern 
Japan spread out from the uppermost mantle along the volcanic front up to the midcrust right 
beneath active volcanoes. The low-Vp, low-Vs, and low Vp/V• features in the upper crust sug- 
gest the existence of I420 (rather than melt) right beneath active volcanoes. 

1. Introduction 

In northeastern Japan the Pacific plate is subducting beneath 
the North American/Okhotsk plate [e.g., Seno e! al.. 1996]. Be- 
cause of plate subduction, earthquakes occur actively along the 
plate boundary, within the subducted Pacific plate and in the 
shallow portion of the overriding continental plate. Many stud- 
ies have been carried out to investigate the three-dimensional 
(3-D) seismic structure of this region (e.g., see Hasegawa et al. 
[1994, 2000] for detailed reviews). 

Hasemi et al. [1984] first applied the block inversion method 
of Aki and Lee [1976] to travel time data from intermedi- 
ate-depth earthquakes to estimate the 3-D ? wave velocity 
structure beneath the central part of NE Japan. Obara et al. 
[1986] did similar work and determined both ? and S wave ve- 
locity structures in this region. Their results revealed 
low-velocity zones beneath active volcanoes in the crust and 
mantle wedge and high-velocity zones that corresponded to the 
subducted Pacific slab. The Moho discontinuity and the upper 
boundary of the subducted Pacific slab are found to be sharp 
seismic discontinuities and to have large depth variations 
[Horiuchi et al., 1982; Matsuzawa et al., 1986, 1990; Zhao et 
al., 1990, 1997a; Nakajima, 2000]. Zhao et al. [1992] developed 
an updated tomography method in which one could calculate 
travel times in case seismic velocity discontinuities such as the 
Moho and the slab boundary existed under the study domain. 
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The geometries of velocity discontinuities adopted in the inver- 
sion are fixed during the inversion. Applying the method to first 
and later phase data from both shallow and intermediate-depth 
earthquakes, Zhao e! al. [1992] obtained detailed ? and S wave 
velocity structures beneath NE Japan down to 200 km depth. 
Their results clearly showed that ? wave low-velocity zones 
were distributed continuously along the volcanic front in the 
uppermost mantle and extended to the back arc side in the man- 
tle wedge, generally in parallel to the downdip direction of the 
subducted Pacific slab. 

The number of seismic stations deployed in NE Japan has 
increased greatly in the last decade. In particular, many tempo- 
rary stations were set up during the period from October 1997 to 
June 1999 in the central part of NE Japan as a part of the Joint 
Seismic Observation Project by Japanese university groups 
[Hasegawa and Hirata, 1999]. The spacing between stations is 
10-20 km in central NE Japan and 30-50 km to the south and 
north (Figure 1). We have tried to use a large number of travel 
time data recorded by the updated seismic network to, determine 
3-D ? and S wave velocity structures with a higher•resolution 
than in previous studies. We have also estimated Vp/Vs images 
from the obtained P and S wave velocity structures. 

The present study has the following advantages over the pre- 
vious study of Zhao e! al. [1992]. First, the number of seismic 
stations and the number of earthquakes used are considerably 
increased, and thus seismic rays cover the study area much more 
densely. We used 169,712 ? wave and 103,993 S xvave arrival 
time data from 4338 events reco, ded by 230 stations, in contrast 
xvilh the 14,045 ? wave and 4350 $ wave data from 470 events 
recorded by 61 stations by Zhao et al. [1992]. Second, in our 
tt)mographic inversion we took into account the Moho geometry 
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Figure 1. (a) Map showing the locations of seismic stations (solid squares) used in this study. (b) Enlarged 
view of the rectangle area in Figure l a. Solid star in Figure 1 b denotes location of Ichinomegata crater. 

e•timated from reflected and converted waves [Nakajima, 2000] 
•,•hich is more reliable than that used by Zhao et al. [1992] 
',•hich was estimated from reft'acted waves at the Moho. Be- 

cause of these advantages, our results are of much better resolu- 
tion, particularly for the S wave velocity images. 

2. Data and Method 

We use P and S wave arrival time data from shallow and in- 

termediate-depth earthquakes located during the period from 
October 1997 to July 1999 by the seismic network of Tohoku 
University that covers NE Japan. Data selection is based on the 
following criteria: (1) earthquakes are located within the seismic 
network, and (2) the spatial distribution of earthquakes is as 
uniform as possible in the study area. As a result, 3868 earth- 
quakes from this period are selected for the inversions. In addi- 
tion, we include all the data used by Zhao et al. [1992]. In total, 
our data set consists of 1647 shallow events with focal depths 
shallower than 40 km and 2691 events with focal depths of 
40-250 km. Hypocenter distribution of these events is shown in 
Figure 2. Although shallow earthquakes are distributed rather 
uniformly in the study area, intermediate-depth earthquakes 
concentrate in the subducted Pacific slab. The total numbers of 

? and S wave arrival times used are 169,712 and 103,993, re- 
spectively. The picking accuracy of ? arrival times is estimated 
to be-0.1 s. The uncertainty of S arrival times is slightly larger 
than that for ? arrivals and is 0.1-0.2 s. A total number of 230 

seismic stations are used for the data during 1997 to 1999. One 
hundred seventy-five of them belong to the seismic networks of 
Tohoku University, Hokkaido University, Hirosaki University, 
University of Tokyo, and Japan Meteorological Agency. The 
other stations are temporary stations. The number of events and 
seismic stations used by Zhao e! al. [1992] is 470 and 61, re- 
spectively (see Zhao et al. [ 1992] for full details). 

Seismic tomography method was originally developed by Aki 
andLee [1976] and Aki e! al. [1977]. Later, it was improved by 
many researchers and has been successfully applied to various 
regions [e.g., Hirahara, 1977; Thurber, 1983; Spakman and 
Nolet, 1988; Zhou and Clayton, 1990; Zhao et al., 1992, 1994, 
1997a; Eberhart-Philips and Michael, 1993; Zhao and Hase- 
gmara, 1993]. In the present study, we used the method and 
computer programs developed by Zhao et al. [1992]. Their 
method is particularly useful for subduction zone regions where 
various seismic discontinuities exist. The study domain is di- 
vided into layers by seismic velocity discontinuities. Then a 3-D 
grid is set up to represem the 3-D velccity structure, which is 
parameterized by velocity values at grid nodes. The velocity at 
any point in the model is calculated by a linear interpolation of 
velocities at eight grid nodes surrounding that point. 

In this work, we use a grid with a nodal spacing of 0.25 ø in 
N-S and E-W directions and 10-30 km in depth (Figure 3). Ini- 
tial ? wave velocity model for the crust is a 1-D velocity model 
obtained by averaging the results of Iwasaki et al. [2001 ], which 
is derived from a seismic explosion experiment across the NE 
Japan arc. The 1-D velocity model used for the routine earth- 
quake location by the Tohoku University seismic network [Ha- 
segawa et al., 1978] is adopted as the initial velocity model fbr 
the upper mantle. In this initial model, ? wave velocity within 
the subducted Pacific slab is 5% faster than in the mantle at the 

same depth. The initial S wave velocity model is obtained by 
assuming Vp/V• ratio to be 1.73 lbr the crust and 1.73 fo; the 
upper mantle. Initial hypocenter parameters are those deter- 
mined by the seismic network of Tohoku University. 

In the tomographic inversion we have taken into account the 
Conrad and the Moho discontinuities and the upper boundary of 
the subducted Pacific slab. The three velocity boundaries are not 
simple fiat planes but have complex geometries [Horiuchi et al., 
1982; Matsuzawa et aL, 1986, 1990; Zhao et al., 1990, 1997a; 
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Figure 2. Hypocenter distribution of 4338 shallow and intermediate-depth earthquakes (solid circles) used in 
this study. (a) Map view. (b) N-S vertical cross section. (c) E-W vertical cross section. 

Nakajima, 2000]. Following Zhao et al. [1992], we adopt the 
depth distributions of the Conrad and the Moho discontinuities 
determined by Zhao et al. [ 1990] arid that of the upper boundary 
of the subducted Pacific slab determined by Hasegawa et al. 
[1983]. However, for the central part of NE Japan we use the 
Moho geometry recently determined from arrival times of re- 
flected and converted waves at the Moho [Nakajima, 2000]. 

3. Results and Resolution 

Before describing the major results, we first show the resolu- 
tion of our tomographic images. Figure 4 shows the results of 
checkerboard resolution test (CRT). We assigned positive and 
negative velocity perturbations of +3% alternately to the grid 
nodes and calculated the travel times for this model to make 

synthetic data. Then we inverted the synthetic data using a 1-D 
starting velocity model. The CRT results for P wave structure 

are excellent at all depths down to 120 km. The resolution for 
wave structure is not as good, but the checkerboard pattern is 
still well recovered. We also carried out a restoring resolution 
test (RRT) [Zhao et al., 1992] by taking the final 3-D velocity 
structure as the synthetic model. The RRT results showed that 
major features in the study area, such as the high V in the sub- 
ducted slab and low V beneath active volcanoes, '• b ..... !1 
resolved with a resolution scale of 25 km in the horizontal di- 

rection and 10-30 km in depth. 
The final results of the inversions were obtained after 

iterations. The perturbations at grid nodes with hit counts 
greater than 20 were determined. The root-mean-square (RMS) 
of arrival time residual for the initial model was 0.267 s for 

wave and 0.593 s for S wave. The RMS residual was reduced to 
0.214 s for P wave and 0.437 s for S wave. The reason RMS did 

not decrease significantly is that the initial velocity model fitted 
the data quite well and is partially due to the smaller-scale 
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Figure 3. Configuration of the grid net adopted in the inver- 
sion. (a) Map view. (b) E-W vertical cross section. Solid lines in 
the vertical cross section denote seismic velocity discontinuities. 

heterogeneity that we could not resolve in the present inversion. 
Plate 1 and Figure 5 show the P and S wave velocity perturba- 
tions that we obtained. Vv/V s images are shown in Plate l c, 
which will be discussed in section 4. The velocity perturbations 
shown in Plate 1 and Figure 5 are from the average of the in- 
verted velocity at each depth, which is shown in Table 1. The 
inversion-determined velocities in the subducted Pacific slab 
were not included in the calculations of the average values. Ac- 
tive volcanoes, earthquake swarms [Ueki and Takagi, 1989] and 
deep low-frequency microearthquakes [Okada and Hasegawa, 
2000] are also shown in the velocity maps (Plate 1). 

The velocity images at 0 km depth mainly reflect the 
near-source features such as the sediments just beneath the 
seismic stations, and we do not discuss them here. At each given 
depth the obtained P and S wave images are very similar to each 
other. Slow anomalies are visible just beneath active volcanoes 
in the upper crust (10 km depth), and they spread over in wider 
areas of the lower crust (25 km depth). In the uppermost mantle 
(40 km depth), very slow anomalies are distributed continuously 
along the volcanic front for both P and S waves. The amplitude 
of slow Its anomalies is greater than that of Vp anomalies. The 
slow anomalies shift westward (back arc side)with increasing 
depths (Figure 5). 

4. Discussion 

4.1. Vp/V, Ratio Images 

We computed the Vp/Vs ratio down to a depth of 40 km from 
the obtained P and S wave velocity structures (Plate lc). We 
should examine the effect of different wavelengths and Frcnsel 
zones between P and S waves when we obtain Vp/Vs ratio by 
dividing Vp by V•. In the present case, however, we do not need 
to worry about the effect of different wavelengths and Frensel 
zones on l•/Vs ratio, since the spatial scale of heterogeneity in 
velocity structure is much larger than wavelengths of both P and 
S waves. We used direct ? and S waves with predominant fre- 
quencies of-10 Hz, whereas the spatial scale of the heterogene- 
ity in velocity structure presently estimated is as large as 20-25 
km. 

The average Vp//•[. ratio is ---1.69 in the upper crust, -1.75 in 
the lower crust and-1.77 in the uppermost mantle. We think 
that these differences in the Vv/Vs ratio are caused mainly by 
lithological variations with depth. We can see in Plate 1 c that the 
V/Vs ratio beneath active volcanoes has anomalous depth varia- 
tions as compared with other regions. Beneath active volcanoes, 
the •,/Vs ratio is small in the upper crust, but it is large in tht. 
lower crust and the uppermost mantle. Extremely high l•/Vs 
areas are continuously distributed along the volcanic front in the 
uppermost mantle. Materials under active volcanoes exhibit low 
/•5), low Its, and low V/its values in the upper crust but low 
low Vs, and high Vv/Vs values in the lower crust and the upper- 
most mantle. Average values in kS, , Vs, and Vv/Vs beneath active 
volcanoes are listed in Table 2. In this section, we discuss the 
cause of these velocity anomalies beneath active volcanoes. 

Seismic velocity varies depending on many physical condi- 
tions. Composition, saturation condition, temperature, and am- 
bient pressure play an important role in velocity variations. 
Composition may be more fundamental than the other factors 
because it is an intrinsic property of the local rocks. We think 
that the differences in velocity among layers as shown in Table 
1 are caused by the differences in rocks composing each layer. 
We neglect the variations by the ambient pressure since we dis- 
cuss the cause of the velocity anomalies at the same depth. It is 
well known that seismic velocity decreases as temperature in- 
creases [e.g., Fielitz, 1971' Sato et al., 1998]• t:•elitz [1971] 
measured P and S wave velocity variations in different rocks at 
pressures of 400 MPa as a function of temperature. His result 
implied a different temperature dependence of Poisson's ratio 
for the rocks investigated. On the other hand, Kern and Richter 
[1981] measured Poisson's ratio for several rocks at a constant 
pressure of 600 MPa but with temperature varying from 20øC to 
700øC and they concluded that Poisson's ratio did not change 
much with temperature; the average increase in Poisson's ratio 



NAKAJIMA ET AL.' THE 3-D STRUCTURE OF 1;•,, Vs, AND Vv/Vs, NE JAPAN 21,847 

(a) 
140' 142' 140' 142' 140' 142' 

40' 

38' 

40' 

38' 

40' 

38' 

• •, ß o 0 0 

-3 -2 -1 0 1 2 3 

Perturbation (%) 

Figure 4. Results of checkerboard resolution test for (a) P and (b) S waves. The depth of each layer is shown 
in the lower fight corner of each map. 

for their rock samples was -1%, within experimental error It is 
difficult for us to evaluate precisely the effect of temperature on 
the Vv/Vs ratio in the crust and the uppermost mantle because 
there have not been systematic laboratory measurements carried 
out under the temperature and pressure conditions at those 

depths. Thus, in this section, we focus on the effect of saturation 
condition of inclusions in matrix on seismic velocity variations. 

Many researchers have investigated the variations of V•,, V•, 
and Vv/V• when inclusions exist within a rock matrix [e.g., 
O'Connell and Budiansky, 1974; ToksOz et al., 1976; Mavko, 
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Plate 1. (a) P and (b) S wave velocity perturbations and (c) V•JV, values obtained by the inversion. In Plates 
l a and 1 b, red and blue colors represent low and high velocities, respectively. In Plate 1 c, red and blue colors 
represent high and low Vp/V,, respectively. Open triangles denote active volcanoes. Black squares and red circles 
show locations of earthquake swarms [Ueki and Takagi, 1989] and deep low-frequency microearthquakes 
[Okada and Hasegawa, 2000], respectively. The depth of the layer is shown in the lower right comer of each 
map. 
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1980; Schmeling, 1985; Sato et al., 1998]. O'Connel! and 
Budiansky [1974] indicated that V•V• ratio increased when 
fluid-filled cracks existed within a rock. Watanabe [1993] re- 
ported that Vp/V• ratio of a rock containing cracks saturated with 
water was not very different from that of the intact rock, but the 
Vp/V• ratio of a rock containing cracks saturated with melt is 
much higher than that of the intact rock. This is the case when 

the aspect ratio of cracks is the same for water and melt. Other- 
wise, the relationship will not be so simple. As velocity reduc- 
tion mainly depends on the kind of fluids filling the inclusions, 
their volume fractions, and the shape of inclusions, we tried to 
calculate the velocity variations with various conditions to ex- 
plain the velocity anomalies beneath active volcanoes presently 
obtained (Table 2). 
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Figure 5. (a) P and (b) S wave velocity perturbations obtained by the inversion. Circles and crosses represent 
low and high velocities, respectively. Solid triangles denote active volcanoes. The depth of the layer is shown in 
the lower right comer of each map. 

We used the method of Yamamoto et al. [1981] to calculate 
Vp, V•, and V/V• variations for various aspect ratios and volume 
fractions of melt or H20 filling the cracks. In their model, ran- 
dom orientations of spheroidal inclusions are assumed, which 
means that the composite concemed is macroscopically iso- 
tropic. Regarding the macroscopically homogeneous composite 
as a matrix and introducing additional inclusions of sufficiently 
small volume fraction into the matrix, the effective elastic con- 
stants of new composite are calculated by the use of a dilute 

theory. The new composite is also macroscopically isotropic and 
homogeneous. Carrying out this procedure iteratively, the effec- 
tive elastic contrasts of a composite with an arbitrary amount of 
volume fraction of inclusions can be obtained. The computed 
constants well agree with the exact solution in the so-called 
Hill's case [Hill, 1963 ]. 

In calculating the effect of fluid-filled inclusions on the seis- 
mic velocity variations, we have to select reference velocity and 
density in each layer. We plotted the cumulative curves of esti- 
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Table 1. Initial P and S Wave Velocities and the Average of 
Inverted Velocities at Each Depth Not Including the Slab 

Table 2. Average P and S Wave Velocities and Vp/Vs Ratio 
Beneath Active Volcanoes 

Depth, km P Wave Velocity, km/s S Wave Velocity, km/s P Wave S Wave V•/V• ratio 
Velocity, km/s Velocity, km/s 

Initial Inverted Initial Inverted 

0 5.60 5.42 3.24 3.13 
10 6.00 6.04 3.46 3.55 
25 6.79 6.61 3.92 3.76 
40 7.72 7.60 4.34 4.29 
t:C 1.19 '7 '7 ,.6:, ,, .... 1 '•l'. ...• O 

90 7.92 7.73 4.45 4.34 
120 8.01 8.27 4.50 4.56 
150 8.09 8.37 4.55 4.61 

mated velocities for each layer (Figure 6). We adopted the ve- 
locity at the 95% level of each cumulative curve as the reference 
velocity in each layer (Figure 6). We think it is desirable that the 
velocity selected as reference is around the upper limit of ve- 
locities in each layer, since the velocity of rocks without cracks 
or fractures should be selected as the reference velocity. The 
velocities thus selected are listed in Table 3. 

Many researchers have investigated the compositions of the 
crust and the uppermost mantle in Ichinomegata, NE Japan 
(solid star in Figure 1) and found that the upper crust, lower 
crust, and uppermost mantle were mainly composed of granite, 
amphibolite, and peridotite, respectively [e.g., Arai, 1980; Ta- 
kahashi, 1986; Ishikawa et al., 2000; Yoshida, 2001 ]. Velocities 
of these rocks in the data compiled by Fountain et al. [1992], 
Christensen and Moony [1995], and Christensen [ 1996] well 
agree with the velocities listed in Table 3, which indicates that 
the reference velocities we select for calculation are reasonable. 

The densities of these rocks are selected from the data compiled 
by Christensen [1996] for granite and amphibolite and by 
Fountain et al. [1992] for peridotite. 

Incompressibility and density of H20 are calculated from the 
results of Sato et al. [1988] and Bowers [1995], assuming that 
temperature in the upper crust, lower crust, and uppermost man- 
tle is 400øC, 800øC, and 1000øC, respectively [Hasegawa and 
Yamamoto, 1994; Hasegawa et al., 2000; Yoshida, 2001]. In- 
compressibility and density of silicate melt in the crust are esti- 

Upper crust 5.89 3.54 1.66 
Lower crust 6.56 3.66 1.79 

Uppermost 7.42 4.02 1.85 
mantle 

mated from the result by Kimura et al. [ 1999], and those of ba- 
saltic melt in the uppermost mantle are from the result by Fujii 
and Kushiro [1977]. Parameters used in our calculation are 
summarized in Table 3. 

We calculated Vp, V•, and V•V• variations when cracks in 
matrix were filled with H20 or melt. To simplify the problem, 
single phase is considered as inclusions (H20 or melt). Volume 
fraction of fluids is varied from 0% to 10% for three kinds of 

aspect ratio of cracks (0.001, 0.01, and 0.1). Figures 7a and 7b 
show the results of our calculation for the upper crust. Figure 7a 
shows the relationship between variations of Vp and V•/V• from 
the reference velocity (see Table 3). Solid star denotes Vp and 
V•dV• in Table 2, ayerage values beneath active volcanoes. Fig- 
ure 7b shows the relationship between volume fraction of fluids 
and the decrease of Vp. We can see from Figures 7a and 7b that 
the low Vp and low V/Vs values beneath active volcanoes pres- 
ently obtained cannot be explained by the presence of melt, be- 
cause melt causes high V/V• rather than low V•dV• for all aspect 
ratios (dashed curves). Thus we must consider the presence of a 
few volume percent of H20 with large aspect ratio (-0.1) to 
reduce Ve/Vs. Although the reduction of Vp and V•V• cannot be 
explained perfectly, which is probably due to temperature effect 
and other influential factors that we presently have not taken 
into consideration, we propose that the existence of H20 is the 
main cause of the velocity anomalies (low Vp, low V•, and low 
V/V•) beneath active volcanoes. This is consistent with the re- 
sult that high hydrothermal activity areas have low V•Vs values 
[Chatterjee et al., 1985]. The present result implies that partial 
melting areas do not exist in the upper crust even beneath active 
volcanoes at least in a volume larger than the spatial resolution 
of the present inversions. 
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Table 3. P and S Wave Velocities and Elastic Constants of Rocks and Fluids Used in Our Calculation 

Material Vp, km/s ! •, km/s K, GPa G, GPa p, g/cm 3 

Upper crust granite 6.31 3.67 57.6 35.7 2.65 
(10 km depth) melt 2.71 0 15.3 0 2.08 

H20 1.38 0 1.61 0 0.85 
Lower crust amphibolite 6.85 3.93 78.7 46.2 2.99 

(25 km depth) melt 2.78 0 20.4 0 2.64 
H20 1.67 0 2.28 0 0.81 

Uppermost mantle peridotitc 7.90 4.57 113.4 68.5 3.28 
(40 km depth) melt 2.44 0 16.9 0 2.85 

H20 2.10 0 4.18 0 0.95 

Figures 7c and 7d show the results of our calculation for the 
lower crust. We can see from Figures 7c and 7d that low Vp and 
high Vp/Vs values beneath active volcanoes in the lower crust 
can be explained by the presence of cracks filled with a few 
volume percent of melt with aspect ratio of 0.01-0.1. Cracks 
with a small volume percent of H20 seem to explain the obser- 
vations but with a very small aspect ratio of-0.001. Anomalous 
values in the uppermost mantle shown in Table 2 are also ex- 
plained by the presence of cracks filled with a few volume per- 

cent of melt with aspect ratio of 0.001-0.01 (Figures 7e and 7f). 
Again cracks with a small volume percent of H20 seem to ex- 
plain the observed data but with a very small aspect ratio of 
-0.001. Although we cannot conclude only from the present 
calculations, we prefer that low I/p, low Vs, and high VfV• in the 
lower crust and the uppermost mantle are caused by partial 
melting materials. In fact, there are many Quaternary active 
volcanoes in this region (triangles in Plate 1) and some of them 
erupted a few hundreds years ago [e.g., Sekiya and Kikuchi, 
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Figure 7. (a, c, and e) Relation between VfVs and Vp and (b, d, and f) that between Vp and volume fraction of 
fluids calculated by the method of Yamamoto et al. [ 198 [ ]. Solid and dashed curves show the H20 inclusion and 
melt inclusion, respectively. Thin, moderate, and thick curves denote the aspect ratio of 0.001, 0.01, and 0.1, 
respectively. Solid stars in Figures 7a, 7c, and 7e and horizontal dotted lines in Figures 7b, 7d, and 7f show the 
observed values of Vp and VfVs beneath active volcanoes (see Table 2). Figures 7a and 7b are for the upper crust, 
Figures 7c and 7d are for the lower crust, and Figures 7e and 7f are for the uppermost mantle. 
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1889; Wada, 1889; Doi, 1999]. Moreover, Sato et al. [1998] 
estimated that the partial melting areas were distributed in the 
mantle wedge beneath active volcanoes in this area. We should 
note that the estimation of volume fraction of fluids in this sec- 

tion is a first-order approximation because effects of tempera- 
ture, porosity, fractures, and other minor factors are not taken 
into consideration, and only single-phase (melt or H20) and 
crack-shaped inclusions are considered. Thus exact estimation 
of volume fraction of fluids remains as a future study. 

On the basis of the results synthetically discussed in this sec- 
,i ...... interpret o• r•,• ..... ß (•) -•*• .......... distributed 
continuously along the volcanic front in NE Japan in the up- 
permost mantle, (2) a portion of partial melting materials rises 
up and intrudes into the lower crust in and around each active 
volcano (see VfVs structure in Plate 1) and attains the lower 
crustal level, and (3) H20 is expelled from them accompanied 
with their solidification due to a fall in an ambient temperature 
and it moves into the upper crustal level because of its positive 
buoyancy, which causes low Vp, low V•, and low VfV• in these 
depths. 

4.2. Relationship Between Seismic Velocity Structure 
and Other Seismological Observations 

Many earthquake swarms have occurred in NE Japan. We 
show the locations of these swarms that occurred from 1926 to 
1988 [Ueki and Takagi, 1989] in Plate 1 (solid squares). It has 
been suggested that fluid is related to earthquake occurrence and 
swarm activities [e.g., Sano et al., 1986; Wakita et al., 1987; 
Scholz, 1990]. Plate 1 shows that many earthquake swarms 
seems to have occurred in areas where//p and V, are slightly low 
and the VfV, ratio is moderately low. Locally low Vp, low 
and low VfV• values in the upper crust are perhaps caused by 
the inclusions filled with H20 as discussed in section 4.1. Hence 
some of the earthquake swarms in those areas might be caused 
by H20 expelled from a solidified partial melting materials. This 
supports the indication of Wakita et al. [1987] that fluids ex- 
cluded from a cooling magma together with regional groundwa- 
ter play a crucial role in decreasing the effective stress of the 
potential source region in a preexisting tectonic field by in- 
creasing pore pressure and that injection of magmatic fluids 
might have acted as a trigger for the earthquake swarms. 

Anomalously deep microearthquakes with low predominant 
frequencies for both P and S waves have been detected beneath 
active volcanoes in the lower crust and the uppermost mantle 
beneath NE Japan [Hasegawa et al., 1991 ]. They occur in the 
depth range of 25-40 km where rocks are ductile. Hasegawa and 
Yamamoto [1994] suggested that these events were generated by 
deep magmatic activity of mantle diapirs in the mantle wedge 
on the basis of the observations that the low-frequency events 
were distributed in or around low Vv areas. The present result 
clearly shows that these low-frequency microearthquakes occur 
in or around low V•,, low V•, and high VfV• areas in the lower 
crust and the uppe•xnost mantle (Plates 1 and 2). We interpret 
that the observed low Vv, low V•, and high Vp/Vs values are 
caused by the inclusions of melt, as mentioned above. The close 
relation in space between the low Vv, low V•, and high VfV• 
areas and the low-frequency microearthquakes supports the hy- 
pothesis of Hasegawa and Yamamoto [1994]. Although the pre- 
sent images do not seem to show any relation between the ve- 
loci.ty structure and ordinary shallow (<•15 km) microearth- 
quakes, our more detailed tomographic study in the central part 
of NE Japan with a smaller grid spacing shows a clear relation: 

shallow microearthquakes occur in low Vv/V, areas [Nakajima et 
al., 2001 ]. 

Plate 2 shows across-arc vertical cross sections of ? and S 

wave velocity perturbations. Location of each cross section is 
shown in the inserted map. Lines A-A', B-B', D-D', and F-F' in 
Plate 2 pass through the volcanic areas. Cross sections A-A' and 
B-B' show that low-velocity zones are distributed almost in 
parallel to the downdip direction of the subducted Pacific slab 
and spread continuously from the deeper portion of the mantle 
wedge in the back arc side to the crust just beneath active vol- 
,-.o,.,,-,.-o Iv,-,,- I-,,-,,1• D o,.,A •' ....... ' T• ,,,•,-.,;,-,,., t '• 
,.•,,,,.o .,,, u,,.,. •,,,, o ,,,.,,. ,,,,.•,.•..,, cross o,.,..,,,, ,.•-,.• , 

which does not pass through active volcanoes, similar 
low-velocity zones are visible, but they have smaller amplitudes 
than those in A-A' and B-B'. Also, they have large amplitudes 
again, especially for S wave, in the cross section D-D' which 
passes through active volcanoes. The same pattern is seen in the 
cross sections E-E' and F-F'. Note that the low-velocity zones in 
parallel to the downdip direction of the subducted slab exist in 
the mantle wedge even where active volcanoes do not appear at 
the surface, although they have slightly smaller amplitudes. 

The subduction of the oceanic plate generates mechanically 
induced secondary convection in the overlying mantle wedge 
[e.g., McKenzie, 1969; Sleep and ToksOz, 1973]. We infer that 
low-'•elocity zones that are continuously distributed in the man- 
tle wedge and are parallel to the dip of the subducting plate are 
images of the ascending flow of hot mantle material from depth, 
that is, a portion of the secondary subduction-induced convec- 
tion. Decompression melting within the ascending mantle 
wedge flow produces low seismic velocities and high attenua- 
tions (low Q). Partial melting materials within the ascending 
mantle flow finally reach the top of the mantle and are then seg- 
regated from the stagnated diapir. Evidence that presently 
imaged low-velocity zones correspond to the ascending flow in 
the mantle wedge is given by the analysis combining the fre- 
quency-magnitude distribution of earthquakes (b value) with 
tomographic images [140ess et al., 2001]. They conclude that 
H20 dehydrated from the descending slab at depth of 140-150 
km induces the partial melting of the mantle material, and it 
ascends in the mantle wedge and finally reaches the Moho. Re- 
cent studies based on mineralogy [e.g., Iwamori, 1998' Iwamori 
and Zhao, 2000] also support the idea that low-velocity zones 
correspond to the ascending mantle flow. 

A detailed P wave attenuation (Qv) structure under NE Japan 
was estimated by Tsumura et al. [1996, 2000]. Comparison of 
the present results with the Qv structure [Tsumura et al., 2000, 
Figure 8] shows that the high-Qp zone of the Pacific slab corre- 
sponds well to the high-Vv and high-V, zones. Tsumura et al. 
[2000] point out that Qv structure in NE Japan has slightly dif- 
ferent features between its southern part (south of 39øN) and 
northem part (north of 39øN). In the southern part, low-Qv zones 
are located in the crust along the volcanic front, and they are 
continuously distributed from the crust to the mantle wedge, 
becoming deeper toward the back arc side. On the contrary, in 
the northern part, there exist low-Qv zones in the crust beneath 
active volcanoes, but they are isolated from each other. The 
low-velocity zones in the crust and the mantle wedge corre- 
spond well to the low-Qp zones in the southern part of the study 
area. In the northern part, our results show low-velocitY zones 
distributed continuously almost in parallel with the subducted 
Pacific slab, but there are no continuous low-Q•, zones corre- 
sponding to these low-velocity zones in the results of Tsumura 
et al. [2000], which may suggest some systematic difference in 
temperature and volume fraction, aspect ratio, and/or substance 
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of inclusions between the northem and southern parts of the NE 
Japan arc. 

5. Conclusions 

We estimated Vp, Vs and Ve/V• structures beneath the NE Ja- 
pan arc with a high resolution. The estimated average V•V• ratio 
is-1.69 in the upper crust,-1.75 in the lower crust, and •-1.77 
in the uppermost mantle. These differences in Ve/V• ratio among 
layers are probably caused by differences in lithology. ? and S 
wave low-velocity areas appear in the crust beneath active vol- 
canoes. In the uppermost mantle, clear slow anomalies are im- 
aged continuously along the volcanic front. They are inclined 
toward the back arc side in the mantle wedge nearly in parallel 
to the downdip direction of the subducted slab. The low-velocity 
areas beneath active volcanoes in the upper crust have smaller 
V•V• values, but they have larger values in the lower crust and 
the uppermost mantle. The low-V and low Ve/Vs areas beneath 
active volcanoes in the upper crust are explained by the pres- 
ence of H20 , whereas the low-V and high V•/Vs areas in the 
lower crust and the uppermost mantle are perhaps caused by 
inclusions of partial melts within rocks. Earthquake swarms are 
located in areas of the upper crust where Ve/V • is moderately low. 
Deep, low-frequency microearthquakes occur in or around 
low-V and high V•V• areas. Low-velocity zones in the crust and 
the uppermost mantle observed in this study are coincident with 
the low-Qp zones by Tsumura et al. [2000] in the southem part 
of the study area. 
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