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Seismic attenuation beneath northeastern Japan: Constraints
on mantle dynamics and arc magmatism

Junichi Nakajima,1 Shuhei Hada,' Erika Hayami,l’2 Naoki Uchida,' Akira Hasegawa,1
Shoichi Yoshioka,® Toru Matsuzawa,' and Norihito Umino '
Received 27 May 2013; revised 8 October 2013; accepted 16 October 2013.

[1] We apply a three-step approach to estimate three-dimensional (3-D) P wave
attenuation (Qp_l) structure beneath northeastern Japan. First, corner frequencies of
earthquakes are determined using the spectral-ratio method for S-coda waves. Then,
whole-path attenuation terms, #*, and site-amplification factors are simultaneously
estimated by a joint inversion. The set of #* is finally inverted for 3-D attenuation
structure. The results show that the mantle wedge has low attenuation in the fore arc
and high attenuation in the back arc. A depth profile of O, ' in the back-arc mantle is
explained by attenuation expected for a two-dimensional (2-D) thermal model with
0,/0Qs=2 and grain sizes of 1 and 3 cm. However, an inclined high-attenuation zone
observed in the back-arc mantle wedge, which is interpreted as an upwelling flow,
shows higher attenuation than that calculated from the 2-D thermal model. The higher
seismic attenuation is probably caused by the concentration of partial melt in the
upwelling flow. A combined interpretation of seismic attenuation and velocity
structures further suggests that the degree of partial melt in the upwelling flow varies
along the arc and that volcanoes are clustered transverse to the arc, below which the
upwelling flow contains a higher degree of melt. These observations indicate that
magmatism is controlled by a mantle-wedge process that depends strongly on spatial
variations in the degree of partial melt in the upwelling flow. Our results further imply

the breakdown of hydrous minerals in a hydrous layer above the Pacific plate at a

depth of ~120 km.
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1. Introduction

[2] Subduction zones recycle hydrous minerals that are
transformed by metamorphic processes into high-pressure
and high-temperature minerals. Hydrous minerals in sub-
ducting oceanic lithosphere become unstable with increasing
pressure and temperature, and dehydration reactions progres-
sively occur, accompanied by the release of aqueous fluids
into the overlying mantle wedge [e.g., Hacker et al., 2003].
Aqueous fluids thus liberated to the mantle wedge can pro-
duce partial melting as a result of lowering of the solidus of
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peridotite, and the partial melts are then transported to below
the Moho by convective flow, resulting in intensive arc
magmatism in subduction zones [e.g., Wiens et al., 2008].
[3] In northeastern (NE) Japan, the Pacific plate is
subducting beneath the land area and the volcanic front runs
through the middle of the arc (Figure 1a). There are strong
contrasts between the fore-arc and back-arc sides; for ex-
ample, in terrestrial heat flow [e.g., Tanaka et al., 2004]
and in *He/*He ratios [e.g., Sano and Nakajima, 2008].
In addition, volcanoes are not distributed continuously
along the volcanic front but form somewhat-isolated clusters
striking transverse to the arc with along-arc gaps of 30-80 km
(broken lines in Figure la) [Tamura et al., 2002]. These
surface manifestations with marked across- and along-arc
variations suggest that a large-scale physical process controls
present-day geochemical differentiation and arc magmatism.
[4] Seismic tomography studies beneath NE Japan have
revealed the existence of an inclined low-velocity zone in
the mantle wedge (Figure 1b), which interpreted as a mantle
upwelling flow induced by the subduction of the Pacific plate
[e.g., Hasegawa et al., 1991; Zhao et al., 1992, 2012;
Nakajima et al., 2001]. Hasegawa and Nakajima [2004] first
identified the along-arc variation in S wave velocity for
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Figure 1. (a) Map of the study area with shaded topog-

raphy. Large and small red triangles denote active and
Quaternary volcanoes, respectively. Orange dots represent
deep, low-frequency earthquakes that occurred around the
continental Moho. Black dashed lines denote clustering of
Quaternary volcanoes [Tamura et al., 2002]. (b) Across-arc
vertical cross section of § wave velocity perturbation
along the latitude of 39° [Nakajima et al., 2001]. Solid
lines indicate the Conrad and Moho, and the upper
surface of the Pacific plate. Black bars and red triangles
on the top of each panel denote the land area and active
volcanoes, respectively. White and red circles represent
ordinary earthquakes and deep low-frequency earthquakes,
respectively.

the upwelling flow, with an excellent correlation among
areas of marked velocity reduction in the flow, clustering
of Quaternary volcanoes, and distributions of deep, low-
frequency earthquakes in the lower crust. Based on these
observations, Hasegawa and Nakajima [2004] proposed a
model that the heterogeneity in the upwelling flow has
governed surface and subsurface magmatic activities.

[5s] Seismic attenuation provides additional insights into
ongoing magmatic processes in subduction zones, because
higher-temperature environments or the existence of fluids
may have different effects on seismic attenuation from on
seismic velocity [e.g., Karato, 2003]. It is known that seismic
attenuation in NE Japan shows a strong contrast between
the fore-arc and back-arc mantle wedges [e.g., Umino and
Hasegawa, 1984; Matsuzawa et al., 1989; Tsumura et al.,
1996, 2000; Ko et al., 2012; Takahashi, 2012]. A high
attenuation is observed in the back-arc mantle wedge,
whereas the fore-arc mantle shows low attenuation.
Takanami et al. [2000] detected an area with strong
attenuation (Q, ' =~0.013) in the uppermost mantle be-
neath the volcanic front. Even though seismic attenuation
has contributed to estimates of thermal structure in the
mantle wedge [e.g., Takanami et al., 2000; Nakajima and
Hasegawa, 2003], the spatial resolution of attenuation
structure is not as high as that of velocity structure because
of the limitation of waveform data with high signal-to-noise
(S/N) ratios. Therefore, it is essential to update three-
dimensional (3-D) seismic attenuation models to improve
our understanding of magmatism in subduction zones.

[6] This study estimates 3-D seismic attenuation structure
beneath NE Japan using a large number of high-quality
waveforms obtained at a dense seismograph network in
Japan. The obtained seismic attenuation is interpreted based
on temperature distributions and melt contents in the mantle
wedge, and is then discussed in terms of arc magmatism
and mantle dynamics.

2. Methodology

2.1.

[7] Seismic attenuation has been estimated from the spec-
tra of seismic waveforms. Following the approach outlined
by Scherbaum [1990], a velocity amplitude spectrum for
event 7 observed at station m can be expressed as

General Formulae

Ain(f) = 27 fSi( )V n(f )R (f)Bin(f)Fim (1)

where f'is the frequency, S;(f) is the source spectrum, 7,
(f) is the instrument response, R,,(f) is the site-amplifica-
tion factor, B;,(f) describes the attenuation along a
raypath between event i and station m, and F},, represents
frequency-independent terms associated with the radiation
pattern, geometrical spreading, and other static effects.
The attenuation term is given by

Bin(f) = exp[~nf1,,(f)] @

where?;, (f)is a frequency-dependent attenuation term along
a raypath from event i to station m. With an attenuation term
at 1 Hz, t* ., ;,(f) is expressed as

m
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where o represents a frequency-dependent factor with a
range of 0—1. Given instrumental responses and an
source model [Brune, 1970], the velocity amplitude spec-
trum is expressed as

/

\2
1+(/L)

where f,; represents the source corner frequency of event
i. Here we incorporate frequency-independent terms into
an operator, £,,. With equation (4), the source spec-
trum, site-amplification factor, and attenuation term at
1 Hz can be determined from spectra observed for many
earthquakes.

Alm(f) = Qim Rm(f)eXP (77Tf]7at:7,m) (4)

2.2. Strategy to Minimize Trade-Off
Among Parameters

[8] Site-amplification factors, R,,(f), are expressed as
a constant term, .. [e.g., Rietbrock, 2001; Eberhart-
Phillips and Chadwick, 2002] or they are estimated from
the residuals between observed and theoretical spectra
for each station [e.g., Stachnik et al., 2004]. These pro-
cedures are valid when site-amplification factors depend
little on frequency, but they may introduce systematic
errors in the estimates of the attenuation term when
site-amplification factors show a significant frequency
dependence, as is commonly observed [e.g., Iwata and
Irikura, 1988; Boatwright et al., 1991; Tsumura et al.,
2000]. Therefore, the precise estimates of site-amplification
factors are required for reliable estimates of the attenua-
tion term.

[o] Apart from site-amplification factors, the parameters
t° ., f., and €, are often simultaneously determined from

2.
0—im

the shape of spectral amplitudes [e.g., Eberhart-Phillips
and Chadwick, 2002]. However, there is a large trade-
off between f, and ¢~ because both parameters affect

spectral falloff [e.g., Ko et al., 2012]. Generally, a value of
Ji higher than the optimum value will yield a higher value
of #* , and vice versa. For stable and precise estimates of

— im

seismic attenuation, it is also essential to determine f; inde-
pendently of ro.

—im

[10] This study tries to minimize these trade-off prob-
lems and estimates 3-D seismic attenuation structures
using a three-step approach. First, we estimate f;; using
spectral ratios of S-coda waves for collocated earth-
quakes recorded at common stations. One of the impor-
tant advantages of the use of coda waves rather than
direct waves is that coda waves provide more stable am-
plitude ratios than do direct waves [e.g., Mayeda et al.,
2007]. Second, we determine t: o R,(f), and Q,, by a

joint inversion of spectral amplitudes that are corrected
for the source spectrum of each earthquake. Third, we
invert observed values of ¢* to estimate 3-D attenua-

tion structure in NE Japan. B

3. Corner Frequencies

3.1. Method

[11] It is known that the coda wave amplitudes become
insensitive to the radiation pattern and medium heteroge-
neity and depend only on a lapse time and frequency,

when a lapse time measured from the source origin time
is longer than twice the direct S wave travel time (¢)
[e.g., Sato and Fehler, 1998]. This means that coda
waves at a lapse time of >2¢; do not involve complicated
factors such as the source radiation pattern and medium
heterogeneities along scattered rays. These characteris-
tics have been used to estimate source parameters from
spectral ratios of S-coda waves [e.g., Takahashi et al.,
2005; Mayeda et al., 2007].

[12] The ratio of coda spectral amplitudes is calculated
at common station m for collocated events i and j. The
calculated spectral ratio has two corners together with
flat levels at low- and high-frequency limits. When the
magnitude of event 7 is larger than that of event j, corners
at lower and higher frequencies correspond to f. of
events 7 and j, respectively. The optimum values of the
corner frequencies of the two earthquakes, f.; and f;,
and the ratio of spectral levels are determined by a grid
search technique for a frequency range of 1-32 Hz with
a one-third-octave bandwidth, by minimizing the misfits
between observed and theoretical spectral ratios for com-
mon stations. In the grid search, we use an interval of 0.2
for f. and an adaptive increment for the ratio of spectral
levels. This method determines f. of an earthquake for
every pair of earthquakes.

3.2. Data

[13] We collected velocity waveform data of 1432
shallow earthquakes with focal depths (H) of <40 km and
1608 intermediate-depth earthquakes with H>40 km that
occurred from January 2003 to February 2013 beneath the
land area of NE Japan. Magnitudes of the earthquakes
range from 2.5 to 5.0. Because the source radiation pattern
and medium heterogeneities can be eliminated when coda
waves from a pair of earthquakes have comparable propa-
gation path effects, spectral ratios were calculated sepa-
rately for shallow and intermediate-depth earthquakes. In
the calculation, we considered earthquake pairs with
interevent separations, D, of less than 40 km for shallow
earthquakes, and less than the average focal depth of an
earthquake pair for intermediate-depth earthquakes.

[14] We analyzed spectral amplitudes calculated from the
transverse component of waveforms. Spectral amplitudes
were calculated for S-coda waves with a time window of
10 s taken at twice the theoretical S wave travel time for
the 1-D seismic velocity model [Hasegawa et al., 1978].
Noise spectral amplitudes were calculated in the same
manner but with a window length of 5 s before the onset
of P waves. Only a frequency range with an S/N ratio of
>3 was included in the analysis. Then, spectral ratios were
calculated for available earthquake pairs at common sta-
tions. We limited earthquake pairs to those with a magnitude
difference of at least 0.5 to ensure stable measurements
of corner frequencies. In cases where spectral ratios were
observed at five or more common stations for an earth-
quake pair, the average spectral ratio was calculated.
Then, an ®” source model [Brune, 1970] was fitted to the
averaged spectral ratio and values of /.. for the earthquake
pair were estimated. In cases where values of f. for an
earthquake were determined from five or more pairs of
earthquakes, we calculated the average f. for that
earthquake and used it in the subsequent analysis.
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Figure 2. Examples of the estimates of corner frequencies (f,.) using the spectral ratio method for two
target earthquakes (ID:1010241143 and ID:0905200316). (a) Estimated f, versus interevent distance
for an M3.6 shallow earthquake. The average value of /. and its standard deviation are indicated by a
dashed line and a gray shaded band, respectively. Filled and open circles denote that the target
earthquake is paired with smaller and larger earthquakes in the spectral ratio, respectively. Red circles
show a pair of earthquakes for which examples of spectral ratios are shown in Figure 2b. (b) Examples
of spectral ratios for the target earthquake with respect to two earthquakes. Gray and red lines denote
spectral ratios for various stations and the stacked spectral ratio, respectively. The orange line denotes
the theoretical spectral ratio that best fits the observations. Values of £, estimated for the target and other
earthquakes are shown by red and black triangles with f.. values, respectively. Interevent distances (D)
and the number of stations (N) available for taking spectral ratios are shown in the panel. (¢) Estimated
f. versus interevent distance for an M3.2 intermediate-depth earthquake. Red circle and white circle
outlined by red show a pair of earthquakes for which examples of spectral ratios are shown in
Figure 2d. Symbols are the same as in Figure 2a. (d) Examples of spectral ratios for the target

earthquake with respect to two earthquakes. Symbols are the same as in Figure 2b.

3.3. Results

[15] We obtained f. of 998 shallow and 1230 intermediate-
depth earthquakes. Figure 2a shows that for a shallow earth-
quake of M3.6, f, can be stably estimated for different pairs
of earthquakes with 4.2+1.5 Hz (circles in Figure 2a).
Spectral ratios of the M3.6 earthquake with respect to other
earthquakes show that the spectral ratio method works well
not only for a pair of earthquakes with a short interevent
distance but also for a pair with a larger interevent distance
(Figure 2b). For an intermediate-depth earthquake of M3.2,
we estimated a value of f. of 6.9+1.8 Hz (Figure 2c). For
earthquake pairs with larger interevent distances, f. was
stably determined (Figure 2d). The maximum interevent
distance used in this study is larger than the criteria used in
previous studies [e.g., Mayeda et al., 2007], but the results
of our analysis show that f. can be determined by coda
spectral ratios for earthquake pairs even in larger
interevent distances.

[16] A plot of the obtained f. versus seismic moment is
presented in Figure 3. Static stress drops were calculated with
the formula of Eshelby [1957] using the source radius of

earthquakes estimated by a circular crack model [Sato and
Hirasawa, 1973]. The calculated stress drops range mainly
from 1 to 100 MPa with the relationship M, o< f. 7.
These stress drops are compatible with stress drops of
1-40 MPa estimated for small- to medium-sized earth-
quakes in NE Japan [e.g., Uchida et al., 2007; Ko et al.,
2012; Takahashi, 2012; Nakajima et al., 2013a,2013b].
Spatial and depth variations in stress drops of earth-
quakes may be of interest in terms of the characterization
of source processes or the strength of faults, but their
detailed discussion is beyond the scope of this paper
because the quantitative analysis of stress drops requires pre-
cise estimates of the seismic moment of each earthquake.

4. Site-Amplification Factors
and Attenuation Term
4.1. Method

[17] Once f.; is estimated, equation (4) is modified
as follows:
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Japan Meteorological Agency.
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%Alm(f) :Q,-mexp( T fl7% t M) Ru(f) ®)

[18] The left-hand term can be evaluated from observations
at each frequency, and the unknown parameters are all
included in the right-hand term. Equation (5) is linearized
by taking logarithms,

1ogOin (f)

2
()

where  Op(f) = 7 Aim(f), G(f)=—m f'~“log(e),
and e is Napier’s number. Given no intrinsic attenuation

=10gQin + G(/)1,  +1ogRu(f)  (6)

in medium and frequency-independent site-amplification
factors, the left-hand term of equation (6) becomes constant
in the frequency domain. For real data, the left-hand term
of equation (6) is inclined and has troughs and peaks as a
result of intrinsic attenuation and frequency-dependent
site-amplification factors. Such deviations from the flat
level can be used to constrain seismic attenuation and
site-amplification factors. Because €, and t: ,, are rep-
resented for each raypath and R,(f) is estimated for
each station, we can write equation (6) as a set of equations
for many earthquakes at one station. Consequently,
the observation equations at station m can be described in
matrix form as follows:
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where N is the number of earthquakes observed at station m
and K is the number of frequencies in a range of 1-32 Hz
with a one-third octave bandwidth. Because the parameters
Q;,, and R,(f) control the level of observed spectra, we
introduce an additional constraint to equation (7), which is
that the average of site-amplification factors in the logarithm
1S zero, written as

1 K

K}El logR,(f;) =0 ®)

[19] We solve equations (7) and (8) in the least squares sense,
and determine Q;,, and r for each raypath and R,,(f) for
each station. It is noted that R,,(f) estimated in this study
represents relative site amplifications over a frequency range
of interest.

4.2. Data and Analysis

4.2.1. Data

[20] We used waveform data for the 998 shallow and 1230
intermediate-depth earthquakes whose f,. were determined in
section 3. For each waveform, spectral amplitudes were
calculated from the vertical component for P waves and from
the transverse component for S waves with a window length
0f 2.56 s from the onset of each wave. Noise spectral ampli-
tudes were calculated with a window length of 2.56 s before
the arrival time of each wave. In this analysis, we used only
seismograms observed at stations with manually picked
arrival-time data to ensure exact arrival times of P and S
waves. A frequency range for computing #; and R(f) was se-
lected above a threshold S/N ratio of 3. In cases where an
available bandwidth above f. was shorter than 5 Hz, the
traces were skipped.

[21] Site-amplification factors may depend on the incident
and azimuthal angles of rays propagating to stations, but for
simplicity we assume that site-amplification factors depend
only on frequencies. For stabilizing inversion procedures,

[log0w(/)] 1 0 - 0 G(f) 0 1 0 0
10g0un(f>) 10 ~ 0 G(fy) 0 0 1 0| loglim

: S : : logQy,
10201, (f &) 1 0 =~ 0 G(fy) 0 0 1 5
10g02u (/1) 01 -~ 0 0 G(f) 0 1 0 0 1ogQm
1080 (f>) 01 - 0 0  Glfy 0 0 1 0 o

: _ : : : : : 0—2m (7)
10gO02 (f) 01 -~ 0 0  G(fy) 0 0 0 1 :

: : P : :

: : : : : logRy(f1)
1020wm(f1) 0 =~ = 1 0 G(fi) 1 0 0 | | logRu(f>)
ogowa () | [0 10 G 0 1 - of]

: P : : | logRu(/x) |
[ logOna(fx) | LO = = 1 0 G(fx) 0 0 .

stations with fewer than 20 observed earthquakes were not
used in the analysis. In the inversion, we estimated #; and
R(f) independently for P and S waves.
4.2.2. Corner Frequencies of P Waves

[22] As values of £, estimated from S-coda waves are for S
waves ( f.), we need f. for P waves ( f;,,) for analyzing P wave
spectral amplitudes. Ratios of P to S wave corner frequencies
have been estimated to be 1.24-1.50 for small- to medium-
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Figure 4. Normalized residuals of the misfit to spectra
summed over all data, as a function of the frequency-dependent
factor, o, for (a) shallow (H <40 km) and (b) intermediate-
depth (H>40 km) earthquakes. Black and white squares
represent the results for P and .S waves, respectively.
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shown by black squares, whereas those with site-amplification factors only for P waves are shown by white

squares. Gray triangles denote active volcanoes.

sized earthquakes [e.g., Boatwright et al., 1991; Stachnik
et al., 2004], and those observations are consistent with
theoretically derived ratios of 1.2-1.5 [e.g., Safto and
Hirasawa, 1973; Madariaga, 1976]. Uchida et al. [2007]
analyzed P and S wave spectral amplitudes from 25 thrust-
type earthquakes in NE Japan and found that £, is 1.33 times
larger than f.,. As the magnitude range of earthquakes
(2.5<M<4.8) analyzed in Uchida et al. [2007] is almost
the same as in this study, we calculated f;,, from the observed
Jes with the relationship £, = 1.33 x f;.

4.2.3. Frequency Dependence of Q!

[23] Since a controls the decay rates of spectral amplitudes
at higher frequencies, it is important to find an optimum value
of a to establish a reliable attenuation model. We here find a
that minimizes the residuals between the observed and
theoretical spectral amplitudes for large data sets, following
the method of Stachnik et al. [2004]. In the calculation, we
set values of a from 0 to 1 with an increment of 0.1, and
carried out inversions as described in section 4.1 for each
value of a. The estimates were performed separately for
shallow and intermediate-depth earthquakes to assess the
differences in attenuation properties between the overlying
crust and the mantle.

[24] For both shallow and intermediate earthquakes, the
optimum value of a is estimated to be 0.2, but o of 0.1-0.3
also explains the data sets (Figure 4). The acceptable values
of o for intermediate-depth earthquakes lie in a range of
0.1-0.5, which is observed for the mantle wedge in various
subduction zones [Flanagan and Wiens, 1998; Shito et al.,
2004; Stackhnik et al., 2004; Takahashi, 2012], and they

are compatible with laboratory-derived values of solid oliv-
ine (0.2-0.4, with an optimum value of 0.27) [e.g., Tan
et al., 1997; Jackson et al., 2002]. In contrast, o of 0.1-0.3
for shallow earthquakes overlaps with o of 0.1-0.5 observed
in the crust of NE Japan [Takahashi, 2012] but is much
smaller than a of 0.6—0.7 estimated for the crust in the
Alaska subduction zone [Stachnik et al., 2004]. Although
this inconsistency may be attributable to differences in the
nature of crustal rocks in terms of temperatures, fluid con-
tents, and chemical compositions, we cannot quantify this
discrepancy because of the lack of systematic experiments
on the effect of crustal materials on seismic attenuation.

[25] The best fit value (o= 0.2) for shallow and intermediate-
depth earthquakes is close to the optimum value (0 =10.27),
which is derived from laboratory experiments for high-
temperature mantle rocks [e.g., Jackson et al., 2002;
Karato, 2003]. These experiments are probably most
relevant to the mantle wedge, so we adopted o of 0.27 as
the frequency-dependent factor in this study.

4.3. Results

4.3.1. Site-Amplification Factors

[26] We obtained relative site-amplification factors for 371
and 318 stations for P and S waves, respectively. Examples
of site-amplification factors estimated for six stations are
shown in Figure 5. Site-amplification factors for P waves
are similar to those for S waves at stations N.SMTH, N.
SNDH, and TU.FUT, but are different from those for S
waves at other stations. For P waves, site-amplification
factors at stations N.KZNH, N.TZWH, and TU.FUT show
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Figure 6. Examples of estimates #;, of for P waves from an intermediate-depth earthquake recorded at six
stations for which the site-amplification factors are shown in Figure 5. (a) Velocity waveforms in the
vertical component for a time window of 35 s including P and S waves. Names of stations are shown
in the upper-right-hand corner. Time windows with a length of 2.56 s for P waves and noises are shown
by brackets and dashed lines, respectively. (b) Spectral amplitudes observed for P waves (thin lines)
and noises (dashed lines). Inverted triangles denote the corner frequency of the earthquake (f.,=5.5
Hz). The thick line represents the theoretical amplitude spectrum calculated from the optimum value
of#;, site-amplification factors, and the »* source model. (c) Spectral amplitudes for P waves and noises
corrected for site-amplification factors. The thick line represents the theoretical amplitude spectrum
calculated from the optimum value of #; and the ” source model. Values of #; are shown. Symbols
are the same as in Figure 6b.
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at high frequencies. (c¢) Spectral amplitudes for S waves and noises corrected for site-amplification
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(a) Distribution of earthquakes used in the tomographic inversion. Colors represent the focal

depths. Black triangles denote active volcanoes. (b) Map and cross-sectional views of configurations of grid
nodes (crosses) adopted in the inversion. Solid lines denote the Conrad and Moho [Katsumata, 2010], and
the upper interface of the Pacific plate [Nakajima et al., 2009].

systematic frequency dependencies, with amplification at
low frequencies and de-amplification at high frequencies, to-
gether with local peaks and troughs. In contrast, stations N.
SNDH and N.SMTH show more stable site-amplification
factors with small fluctuations.

[27] Station N.SNDH is a deep borehole station (1206 m
below the sea level) and is installed in indurated Triassic
sandstone. Takahashi et al. [2005] selected this station as a
reference station and successfully derived site-amplification
factors for stations in NE Japan. As shown in Figure 5a,
site-amplification factors at station N.SNDH depend little
on frequency for both P and S waves, and amplification
factors range from 0.7 to 2.0. These results indicate that
site-amplification factors are estimated appropriately by the
joint inversion with #;.

4.3.2. Values of t*

[28] Figure 6 presents examples of velocity waveforms and

P wave spectral amplitudes observed for an earthquake that
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occurred at a depth of 93 km beneath the volcanic front.
High-frequency components are less prominent in wave-
forms observed at stations located in the back-arc side (N.
KZNH, N.TZWH, and TU.FUT) than those in the fore-arc
side (TU.KSN, N.SMTH, and N.SNDH). The stations lo-
cated in the back arc show a marked decay in spectral ampli-
tudes above > ~10 Hz, whereas the stations in the fore arc
have large spectral amplitudes even at high frequencies (thin
lines in Figure 6b).

[29] Theoretical spectral amplitudes calculated from the
estimated £, site-amplification factors, and the ®® source
model fit very well to the observed spectra and reproduce
small peaks and troughs (thick lines in Figure 6b). After the
corrections for site-amplification factors, the observed spec-
tra show a smooth pattern over the frequency range of inter-
est (thin lines in Figure 6c¢), and are explained by the
calculated #; together with the o* source model (thick lines
in Figure 6¢). Comparisons of spectral amplitudes with and
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circles represent ordinary earthquakes and deep low-frequency earthquakes, respectively, that occurred
within 5 km from each depth slice. Only the regions with good recovery for checkerboard resolution tests

are shown. The Pacific plate lies to the right of black curves at depths of 65-120 km.

without the corrections for site-amplification factors suggest
that site-amplification factors with a strong frequency depen-
dence, such as at stations N.KZNH, N.TZWH, and TU.FUT,
introduce systematic biases in the estimates of #;. Without the
corrections for site-amplification factors, we would estimate
higher values of #; for these stations, because observed spec-
tra are significantly amplified at low frequencies and de-
amplified at high frequencies. These results suggest the

importance of the estimates of site-amplification factors to
determine reliable values of 7.

[30] Figure 7 shows examples of velocity waveforms and S
wave spectral amplitudes observed for the same earthquake-
station pairs presented in Figure 6. Except for stations TU.
KSN and N.SMTH, high-frequency components in S waves
are very weak and the S/N ratios become smaller than the
threshold of 3 above frequencies of 5-10 Hz (Figure 7b).
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Because of the low S/N ratios at high frequencies and the
resulting narrow range of frequencies available above f., we
cannot estimate reliable values of ¢ for S waves at stations
N.SNDH, N.KZNH, N.TZWH, and TU.FUT. For many
source-receiver pairs whose raypaths propagate mainly in
the back-arc mantle wedge, values of ¢ for § waves cannot
be determined because of the low S/N ratios at high frequen-
cies. This creates a dilemma whereby we cannot estimate
reliable S wave attenuation structure (Q, ') in the back-arc
mantle wedge in spite of the presence of a medium that
strongly attenuates S waves. Therefore, this study estimates
only 3-D P wave attenuation structure in the crust and upper
mantle beneath NE Japan. Estimates of O, ' will be a subject
of future studies.

5. Tomographic Inversions

5.1. Data and Method

[31] We estimate 3-D Qp’1 structure by the inversion of £
[e.g., Rietbrock, 2001]. Hypocenters of earthquakes used in
the inversion are shown in Figure 8a. We employed the
ray-tracing technique of Zhao et al. [1992] to calculate
raypaths and travel times for the 3-D P wave velocity model
by Nakajima et al. [2001]. The Conrad and Moho in the
overlying plate [Katsumata, 2010] and the upper boundary
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of the subducting Pacific plate [Nakajima et al., 2009] were
introduced as velocity discontinuities in the model space
(Figure 8b).

[32] Forthe model space, we considered a latitude range of
36.5°N—42°N, a longitude range of 138°E—142.5°E, and a
depth range of 0-210 km. Two 3-D grid nets were set in
the model space, and a value of Qp’1 for each grid node
was estimated. One net covered the crust and mantle wedge
in the overlying plate with grids spaced at an interval of
0.25° in the horizontal direction and intervals of 10-25 km
in the vertical direction (Figure 8b), and the other net covered
in the subducting Pacific slab. In the slab, we set grid nodes
subparallel to the slab surface with distances of 5, 25, and
50 km from the slab surface. We set initial values of Q"
to be 0.003 for grid nodes in the crust and mantle wedge,
and 0.001 for grid nodes in the Pacific slab.

[33] The total number of #; values used in the inversion
was 105,264. We estimated Qp_1 values at grid nodes with
more than 100 rays. The optimum damping parameter was
chosen to be 50 based on the trade-off curves between
model variances and data residuals [e.g., Eberhart-Phillips,
1986] (Figure S1 in auxiliary materials). The final results
were obtained after five iterations. The RMS of ¢ residuals
was reduced from 0.035 s in the initial model to 0.018 s
upon optimization.
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[34] We conducted three synthetic tests to assess the
resolution of the obtained attenuation structure. The results
of the three synthetic tests demonstrated that the data set
can resolve the 3-D attenuation structure with spatial resolu-
tions of 20-25 km in both the horizontal and vertical direc-
tions. The obtained Ql,,_1 structure is reliable within errors
of ~10% for high-attenuation areas and of 20-30% for low-
attenuation areas (details of the resolution tests are presented
in auxiliary materials with Figures S2—S4).

5.2. Results

[35] This study considers o of 0.27, and Q,,’1 values esti-
mated in this study correspond to those at 1 Hz. With a of
0.27, values of Qp_l at 5 and 10 Hz are 64% and 53% of
0, ! at 1 Hz, respectively.

[36] Figure 9 shows a map of the obtained Qp’1 at depths
of 10, 25, 40, 65, 90, and 120 km. At a depth of 10 km (the
upper crust), high-attenuation areas are distributed in the
northern part of the fore-arc side, around active volcanoes,
and along some parts of the Japan Sea coastline. Seismic ac-
tivity appears to be high in areas where seismic attenuation is
relatively low. In the lower crust at a depth of 25 km, Qp’1 is
locally high beneath volcanic clusters striking transverse to
the arc. These features are consistent with the distribution
of S wave attenuation estimated from maximal amplitudes
of § waves [Takahashi, 2012] and from S-coda waves
[Carcole and Sato, 2009]. Deep, low-frequency earthquakes
[e.g., Hasegawa and Yamamoto, 1994] are distributed in or
near areas of marked high attenuation.

[37] A high-attenuation zone is continuously distributed
along the volcanic front at a depth of 40 km, which corre-
sponds spatially with a zone of low seismic velocity [e.g.,
Nakajima et al., 2001; Zhao et al., 2012]. The back-arc man-
tle wedge as a whole shows high attenuation (Q,,’1 > 0.005)
at depths of 65 and 90 km, but an area with low to moderate
attenuation (0.002 < Qp_1 < 0.005) is observed in the
back-arc side at a depth of 65 km. The uppermost mantle
with low to moderate attenuation in the latitude range of
39°N—-40°N was also suggested by Matsuzawa et al.
[1989] and Takahashi [2012]. In the subducting Pacific
slab, seismic attenuation is essentially low, but some parts
show moderate to slightly high attenuation.

[38] The across-arc variation in seismic attenuation in the
mantle wedge is represented clearly in across-arc vertical
cross sections (Figure 10). Attenuation structure changes
abruptly between the fore-arc and back-arc sides, with high
attenuation in the back arc and low attenuation in the fore
arc. We observe an inclined high-attenuation zone with
Qp—1 > 0.005 in the back-arc mantle wedge, which extends
from the back arc at a depth of ~100 km to the crust beneath
the volcanic front. The inclined high-attenuation zone ap-
pears to be maturely developed in cross sections that intersect
active volcanoes (lines A, C, and E in Figure 10). The
inclined high-attenuation zone corresponds spatially with
the inclined low-velocity zone interpreted as the upwelling
flow (Figure 1b), suggesting that upwelling flow shows high
attenuation as well as low velocity. An interesting feature is
the existence of a high-attenuation area that spreads out from
the slab interface to the mantle wedge at a depth of ~120 km
(lines A-D).

[39] To quantify the 1-D depth variation in seismic attenu-
ation, we calculated the average attenuation and its standard
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Figure 11. Depth profile of Qp’l. Red squares denote the
average value of Qp_1 observed in the back-arc mantle at
depths of 40, 65, 90, and 120 km, whereas blue squares
denote the average value of Qp_1 in the fore-arc mantle at
depths of 40 and 65 km. Orange squares denote the average
values of O, observed in the inclined high-attenuation
zone at depths of 40, 65, and 90 km, which are calculated
from attenuation model shown in Figure 12a. Horizontal bars
represent the standard deviation of each value. Red and blue
curves denote the theoretical depth profiles of Qp_1 in the
back-arc and fore-arc mantle, respectively, calculated with
equation (9) and the 2-D thermal model shown in Figure S5a
in auxiliary materials. Grain sizes (d) of 1 and 3 cm and Q,/0;
values of 1 and 2 are assumed in the calculation.

deviation at depths of 40, 65, 90, and 120 km. The average
attenuation at depths of 40 and 65 km was calculated
separately for the fore-arc and back-arc sides. Although the
standard deviation of attenuation at each depth is relatively
large, attenuation in the back-arc mantle (red squares in
Figure 11) shows a marked variation with depth.
Attenuation in the back-arc mantle is low at a depth of 40
km, highest at a depth of 65 km, and becomes lower with
increasing depth. Attenuation in the fore-arc mantle (blue
squares in Figure 11) has almost the same value (~0.003) at
depths of 40 and 65 km.

6. Discussion

6.1. Factors Controlling Seismic Attenuation
in the Mantle

[40] Seismic attenuation in the upper mantle depends on
many factors, such as temperature, grain size, H,O content,
compositional variation, and the existence of melt. Among
these factors, a small variation in major element chemistry
is likely to have little effect on anelasticity [Karato, 2003].
In contrast, temperature variation [e.g., Faul and Jackson,
2005] and grain size distribution [e.g., Jackson et al., 2002]
are considered to have a dominant effect on attenuation.
The existence of hydrous phases and melt potentially
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enhances attenuation in the seismic frequency band, but ex-
perimental studies do not still provide a means for quantita-
tively evaluating the effects of hydrous phases and melt on
attenuation [e.g., Gribb and Cooper, 2000; Jackson et al.,
2004; Aizawa et al., 2008; McCarthy and Takei, 2011].

[41] Laboratory measurements have yielded experimental
relationships for melt-free polycrystalline olivine between
O, and temperature, pressure, frequency, grain size, and
Coun content [e.g., Jackson et al., 2002; Faul and Jackson,
2005; Behn et al., 2009]. An experimentally derived equation
for Q,~! proposed by Behn et al. [2009] is expressed as
follows:

a

©)

RT

0. '(f.T.P,Con,d) = |Bd"1(2 nf)—lexp(_E +PV)

where B is a pre-exponential factor calculated for a Cpy of
1000 H/10° Si, d is the grain size, P, is the grain-size expo-
nent, fis frequency, £ and V are activation enthalpy and vol-
ume, respectively, P is pressure, R is the gas constant, 7 is
absolute temperature, and a is a frequency-dependent factor.

6.2. Temperature and Grain Size in the Mantle Wedge

[42] We calculated a temperature field beneath NE Japan
using a 2-D time-dependent thermal and mantle-flow model,
following Torii and Yoshioka [2007] and Yoshioka et al.
[2008]. In the calculation, we considered the geometry of
the subducting Pacific plate [Nakajima et al., 2009] and
assumed the age of the Pacific plate to be 127 Ma with a
subduction rate of 8.4 cm/yr. We set a maximum decoupling
depth of 66 km for the fore-arc mantle wedge to become
stagnant. The 2-D temperature field thus modeled for NE
Japan is shown in Figure S5 in auxiliary materials.

[43] We calculated 1-D temperature profiles for the fore-
arc and back-arc mantle wedges by averaging the 2-D tem-
perature field (Figure S5). For the 1-D temperature profile,
we calculated O, with equation (9). In the calculations,
we assumed constant grain sizes of 1 and 3 cm [e.g.,
Rychert et al., 2008; Wada et al., 2011] and used the same
values for other parameters as given in Wada et al. [2011].
Because values of O,/Q; in the mantle wedge have been
constrained with a range from 1.0 to 2.15 [e.g., Roth et al.,
1999; Shito and Shibutani, 2003; Stachnik et al., 2004;
Pozgay et al., 2009], we assumed O,/ of 1 and 2 as end-
members to convert the calculated O, ' to 0,

[44] A depth profile of Qp’1 expected for the 1-D temper-
ature profile is presented in Figure 11. The pattern of O,
observed in the back-arc mantle can be explained by the
depth variation in QP_1 calculated with 0,/0,=2 and grain
sizes of 1 or 3 cm (red curves in Figure 11), even though
the observed Qp’1 at a depth of 40 km is slightly higher than
the calculated value. These results indicate that Qp’1 in the
back-arc mantle wedge is controlled primary by thermally
activated processes such as grain boundary sliding and the
motion of defects and dislocations [e.g., Jackson et al.,
2002]. Qp_1 calculated with O,/Q,=1 (red broken curves
in Figure 11) is much higher than the observed values,
suggesting that Q,/Q; values in the mantle wedge are much
greater than ~1.

[45] The observed Qp’1 in the fore arc at a depth of 65 km
is compatible with the Qp_1 calculated with a grain size of 3
cm and Q,/O,=2. However, there is a large inconsistency
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between the calculated and observed Qp_l at a depth of
40 km, where the average temperature is estimated to be
780°C in the 2-D thermal modeling. Since this temperature
lies within the range of temperature estimates (600-880°C)
derived from heat flow and seismic velocity data [e.g.,
Sato, 1992], the temperature estimates are probably
relevant. The identified inconsistency is probably due to
the presence of somewhat-isolated high-attenuation areas
(Qp’1 >~0.005) in the fore-arc mantle (Figure 9), which
result in an apparent increase in the average attenuation.
Except for these high-attenuation areas where fluids may
be present, the overall attenuation is as low as ~0.001,
and this value can be explained by Qp_1 expected for the
thermal model. An inappropriate application of equation
(9) to a low-temperature condition (~780°C) may also
yield additional, substantial uncertainties in the calcula-
tion of attenuation.

6.3. Cause of an Inclined High-Attenuation Zone

[46] To quantify the origin of the upwelling flow, we calcu-
lated the average Qp’l for the inclined high-attenuation zone
at depths of 40, 65, and 90 km (orange squares in Figure 11).
Although the observed Qp’l at depths of 65 and 90 km is
comparable to Qp’1 calculated with a grain size of 1 cm
and Q,/Q, of 2, the calculated Q,”' does not account for
the observed Qp’1 of ~0.007 at a depth of 40 km, regardless
of grain sizes and Q,/Q; ratios. A temperature as high as
1250°C can reproduce the observed Qp’1 at a depth of 40
km, but areas with such a high temperature are not apparent
from seismological observations [e.g., Takanami et al.,
2000; Nakajima and Hasegawa, 2003] and from heat flow
data [e.g., Sato, 1992]. These comparisons suggest that
factors other than high temperature are required for the fur-
ther enhancement of attenuation in the upwelling flow.

[47] Nakajima et al. [2005] analyzed velocity reduction
rates in the inclined low-velocity zone and estimated melt
volume fractions of 3—-6 vol% at a depth of 90 km, 0.04—
0.05 vol% at a depth of 65 km, and 1-2 vol% at a depth of
40 km. Takei and Holtzman [2009] suggested that even a
small amount of melt can result in high attenuation if the
effect of melt on anelasticity is not negligible. Therefore,
the enhancement of attenuation in the upwelling flow is
probably associated with the existence of partial melt.
Although the effect of melt on attenuation still holds a large
amount of uncertainty for quantitative analysis, a conse-
quence of our interpretation implies that partial melt contrib-
utes to the enhancement of attenuation in the seismic
frequency band [e.g., Jackson et al., 2004]

6.4.

[48] Seismic attenuation in the mantle upwelling flow
does not vary a lot along the arc (Figure 12a), in contrast
to seismic velocity that shows a marked along-arc variation
with spatial correlations with Quaternary volcanoes and
deep, low-frequency earthquakes (Figure 12b). Since seis-
mic attenuation is controlled primarily by temperature and
seismic velocity is much more sensitive to variations in
the degree of partial melt [e.g., Nakajima et al., 2005], these
observations suggest that the degree of partial melt varies
significantly along the arc, forming wet fingers in the
upwelling flow. This implies that along-arc variations in
surface and subsurface magmatic manifestations are not

Implications for Arc Magmatism
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Figure 12. Map showing of (a) Qp’1 and (b) S wave velocity perturbation (%) along the mantle upwelling
flow and (c) Qp_1 and (d) S wave velocity perturbation (%) in the lower crust in the overlying plate. The atten-
uation and velocity scales are shown at the bottom of each diagram. Large and small red triangles denote active
and Quaternary volcanoes, respectively. White circles represent deep, low-frequency earthquakes that occurred
around the Moho. Black dashed lines indicate clustering of volcanoes striking transverse to the arc [Tamura
et al., 2002]. In Figure 12a, the highest values of Qp’1 along the inclined high-attenuation zone are plotted
as a map for the back-arc mantle, whereas Qp’1 at a depth of 40 km is plotted for the fore-arc mantle. The
calculation of the highest Qp_1 in the back-arc mantle is limited to areas with a distance range of 20—70 km
above the slab interface. S wave velocity model is taken from Hasegawa and Nakajima [2004].
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Figure 13. A schematic cartoon of across-arc vertical cross
section showing the transportation paths of fluids and melts
beneath NE Japan, which is modified from Hasegawa and
Nakajima [2004] and Hasegawa et al. [2013].

caused by thermal variations in the mantle wedge associated
with hot fingers [Tamura et al., 2002] or with small-scale
convection [Honda and Yoshida, 2005]. The along-arc
variations in the degree of partial melt may result from the
gravitational instability of buoyant fluids that are supplied
to the upwelling flow from the underlying Pacific slab.

[49] The partial melt is conveyed through the upwelling
flow and is accumulated beneath the Moho due to the density
contrast, resulting in 1-2 vol% melts as dikes or cracks
[Nakajima et al., 2005]. The melt accumulated beneath the
Moho is represented as a high-attenuation and low-velocity
zone along the volcanic front at a depth of 40 km
(Figure 9). The melt then migrates upward in the lower crust
because of its buoyancy, where fractional crystallization and
chemical reactions with the surrounding crustal rocks can
occur. This interpretation indicates that the location of the
volcanic front is controlled by the geometry of the inclined
upwelling flow resulting from the tectonic architecture.

[s0] The clustering of Quaternary volcanoes corresponds
spatially to high-attenuation and low-velocity zones in the
lower crust (areas enclosed by broken lines in Figures 12¢
and 12d). This correlation is an important observation in
terms of magmatism in the back-arc side, because the main
stream of the upwelling flow does not convey a large amount
of partial melt toward the back-arc side (Figure 10). A likely
mechanism that supplies melt efficiently to the back-arc
lower crust is the sporadic segregation of partial melt from
the upwelling flow as diapirs (Figure 13), raising the melt
vertically in the overlying mantle wedge due to buoyancy.
Repeated intrusions of melt into the lower crust that have
taken place during the Quaternary facilitate volcanism in
the back-arc side. It is noted that the absence of spatial corre-
lation between the clustering of Quaternary volcanoes and
high-attenuation zones in the upper crust (Figure 9) suggests
that the upper crust does not store a large amount of melt that
can be detected by seismic tomography with spatial resolu-
tions of 20-25 km.
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6.5. Path of Fluids From the Pacific Slab

[51] Our results give a clue to understand the liberation of
aqueous fluids from a hydrous layer above the Pacific slab.
Iwamori [1998] suggested that a thin hydrous layer is formed
immediately above the interface of subducting slab and
dehydration of hydrous minerals in that layer occurs at
depths of 150-200 km for cold subduction zones like NE
Japan. However, recent seismological observations beneath
NE Japan have shown the presence of a hydrous layer imme-
diately above the slab only down to depth of 110-130 km
[Kawakatsu and Watada, 2007; Tsuji et al., 2008], which is
much shallower than the depth predicted by Iwamori [1998].

[52] We revealed the existence of a high-attenuation
area that spreads out from the slab interface to the mantle
wedge at a depth of ~120 km (lines A-D in Figure 10).
Interestingly, the depth of 120 km is consistent with the depth
of the downdip end of the hydrous layer observed above the
plate interface [Kawakatsu and Watada, 2007; Tsuji et al.,
2008]. Our observations suggest that the breakdown of
hydrous minerals hosted in the hydrous layer above the plate
interface occurs at a depth of ~120 km and that large amounts
of fluids are released to the mantle wedge as schematically
shown in Figure 13, resulting in high attenuation areas imme-
diately above the plate interface. A deflection of fluids
toward the back arc from their buoyant vertical migration
path, as observed in this study, is predicted from numerical
simulations of solid mantle flow incorporating buoyancy-
drive fluid migration [e.g., Cagnioncle et al., 2007].

7. Conclusions

[53] We estimated 3-D Qp’1 structure beneath NE Japan
by analyzing seismograms observed at a nation-wide seismo-
graph network in Japan, and discussed the obtained Qp’1
structure in terms of mantle dynamics and arc magmatism.
Our observations have provided crucial constraints on ongo-
ing mantle-wedge process beneath the NE Japan arc. The
main conclusions are as follows.

[54] 1. We estimated the corner frequencies of earthquakes
from spectral ratios of S-coda waves, and then performed a
joint inversion to simultaneously determine attenuation terms
and frequency-dependent site-amplification factors. This
strategy can minimize the trade-off among unknown
parameters in the analysis.

[s5] 2. The depth dependence of Qp’1 observed in the
back-arc mantle can be explained by Q,[1 calculated from
the 2-D thermal model with a Q,/Q, value of 2 and grain sizes
of 1-3 cm.

[s6] 3. Aninclined high-attenuation zone is observed in the
back-arc mantle, which corresponds to the mantle upwelling
flow formerly identified as a low-velocity zone. Since atten-
uation in the upwelling flow is higher than that expected for
the 2-D thermal structure, attenuation is probably enhanced
by the presence of partial melt in the flow.

[57] 4. The upwelling flow shows a marked along-arc
variation in seismic velocity but not in seismic attenuation.
This observation suggests that surface and subsurface
magmatism is controlled by the along-arc variations in the
degree of partial melt rather than in temperature distribution.

[s8] 5. A high-attenuation area that spreads out from the
slab interface to the mantle wedge is observed at a depth of
~120 km. The high attenuation is probably caused by the
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breakdown of hydrous minerals hosted in the hydrous layer
above the plate interface.

[59] An important topic for future research is to estimate
seismic attenuation for S waves. Precise estimates of atten-
uation ratios between P and S waves, as well as laboratory
experiments on the influences of melt and free water on
seismic attenuation, will enhance our understanding of
mantle-wedge processes associated with the subduction of
hydrous minerals and the resulting dehydration reactions
in subduction zones.
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