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Abstract Rifting along southeastern Eurasia in the Late Cenozoic led to the formation of a magma-poor
rifted margin facing the South China Sea to the southeast and the Philippine Sea to the east. Further rifting
along the outer part of the margin during the middle to late Miocene was accompanied by an extensive
episode of intraplate flood volcanism that formed the Penghu Archipelago. Previous geophysical studies in
the area of the strait have focused primarily on the shallow structures of the rift basins and the depth to the
Moho. In this studywe present the regional-scale 3-D Swave structure of the Taiwan Strait that is derived from
a joint Chinese and Taiwanese 3-D ambient noise tomography study. The S wave model shows a thinning of
the crust beneath the rift basins where, locally, thin high-velocity layers suggest the presence of intrusive
bodies. The rift basin and the foreland basin along the west coast of Taiwan are imaged as low-velocity zones
with thicknesses between 5 and 10 km and extending eastward beneath the Taiwan mountain belt. In the
upper 10 km of the crust, the basaltic rocks of the Penghu Archipelago are imaged as a high-velocity zone
that, with depth, becomes a relatively low-velocity zone. We interpret this low-velocity zone in the lower crust
and upper mantle beneath the Penghu Archipelago to image a thermal anomaly related to the still cooling
magma feeding system and the melt reservoir area that fed the flood basalts at the surface.

1. Introduction

The Taiwan Strait is a shallow water (<100m deep) part of the magma-poor southeast Eurasian margin situ-
ated between mainland China and Taiwan. It forms a tectonically stable area that is landward of the active
eastern edge of the Eurasian Plate (EUP) in the tectonically complex area on and around Taiwan. Around
Taiwan, the Eurasian margin that underlies the Taiwan Strait is subducting beneath the Philippine Sea
Plate (PSP) along the Manila subduction zone. At the same time, the Philippine Sea Plate is subducting north-
ward under the Eurasian plate along the Ryukyu subduction zone, and the Okinawa Trough is forming a
back-arc basin that impinges on northeastern Taiwan (Figure 1) [Suppe, 1984; Sibuet and Hsu, 1997, 2004].
The Taiwan Strait is flanked to the west by the Paleozoic Wuyi-Yunkai orogen and to the southeast by the
South China Sea (Figure 1a).

Despite its importance for the structural development of the Taiwan orogen [Lin et al., 2003;Mouthereau and
Petit, 2003; Teng and Lin, 2004], the structure of the crust and upper mantle of the Eurasian margin has not
been extensively studied in the Taiwan Strait. Early studies were carried out primarily for hydrocarbon explora-
tion purposes and were therefore focused on the shallow crustal structure and sedimentary basins [e.g., Gao
andHuang, 1994; Lin andWatts, 2002; Lin et al., 2003] (Figure 1). Studies of the deeper crust have focused exclu-
sively on the crustal thickness and the geometry of theMoho. For example, studies of Pn velocity [Huang et al.,
1998], gravity data [Hsieh et al., 2009], and Rayleigh wave [Huang et al., 2014] and P wave tomography [Kuo
et al., 2015] have shown that the crustal thickness in the Taiwan Strait is around 30 ± 2 km. Nevertheless, these
crustal-scale studies were not of sufficient resolution to identify features within the crust. Finally, while these
previous studies identified the upper crustal structure associated with sedimentary basins and the depth to
the Moho in the Taiwan Strait, there are no geophysical studies that examine the volcanic edifice of the
Penghu Archipelago and its relationship to what is otherwise defined as a magma-poor rifted margin
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[Yan et al., 2006; Franke, 2013]. In this study, we present the results of a joint Chinese and Taiwanese study to
obtain a regional-scale, 3-D S wave (Vs) model that is derived from ambient seismic noise tomography with
the aim of investigating the structure of themagma-poor Eurasian continental margin beneath the Taiwan Strait.

2. Geological Background

The part of the Eurasian margin that underlies the Taiwan Strait evolved from a subcontinental subduction
system in the Late Cretaceous [Li et al., 2007; Lan et al., 2008] to a rifting margin by the early Eocene and,
during the late early Oligocene, to seafloor spreading and the formation of the South China Sea [Lin et al.,
2003; C. Y. Huang et al., 2012]. The subsequence rift architecture of this part of the Eurasian margin consisted
of a broad platform with deep, fault-bounded basins (i.e., the Taishi and Penghu basins, Figure 1) [Chen and
Yang, 1996; Hsu et al., 2001; Lin et al., 2005; Li et al., 2007; Lin et al., 2008; C. Y. Huang et al., 2012; Yeh et al., 2012]
that locally accumulated up to approximately 5 km of clastic sediments [e.g., Lin et al., 2003]. To date, little
Eocene-age magmatism has been reported from the Taiwan Strait area [e.g., Yan et al., 2006] although,
recently, Wang et al. [2012] and Huang et al. [2013] reported Eocene ages from volcanic rocks in the
Taiwan Strait and on the island of Taiwan. Extension during the middle and late Miocene affected much of
the outer part of the southeast Eurasian margin to various degrees, in particular forming the deep Tainan
Basin (TB in Figure 1b) [Lin et al., 2003]. The Miocene extension was accompanied by the eruption of
voluminous intraplate flood basalts that formed the Penghu Archipelago [Juang and Chen, 1992, 1999;
Chung et al., 1994]. Since the onset of arc-continent collision in Taiwan in the latest Miocene, loading and
bending of the Taiwan Strait crust has resulted in the formation of a foreland basin that now contains several
kilometers of clastic sediments [Lin et al., 2003; Tensi et al., 2006].

3. Data and Measurements

In this study, we use the ambient noise surface wave dispersion to investigate the Swave velocity structure of
the Taiwan Strait. We used the available seismic networks from both side of the strait. These include stations

Figure 1. (a) Tectonic setting in and around the Taiwan Strait. Triangles: seismic stations. Red rectangular area: study area. BATS: broadband array in Taiwan for
seismology. EAFP: Earthquake Administration of Fujian Province. (b) Cenozoic sediment isopach and normal faults geometry of Taiwan Strait [Lin et al., 2003].
NJB: Nanjihtao Basin. TB: Taihsi Basin. PHB: Penghu Basin. TNB: Tainan Basin. KYP: Kuanyin Platform. PHP: Penghu Platform. WF: Western Foothills. HR: H. CR: Central
Range. CoR: Coastal Range. LVF: Longitudinal Valley Fault. Thick line with black solid rectangle: normal fault.
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from the Broadband Array in Taiwan for Seismology [Institute of Earth Sciences, Academia Sinica, Taiwan,
1996], from the SinoProbe project, and the permanent stations maintained by the Earthquake
Administration of Fujian Province (EAFP) (Figure 1a). In total, 45 stations collected continuous three-
component data during several time periods; 23 BATS stations that recorded from 2008 to 2013, 16
SinoProbe stations that recorded from 2008 to 2009, and 6 EAFP stations that recorded from 2010 to 2013.
The methodology for the data handling can be divided in to four main parts: (1) preparing and organizing
the data from each station, (2) extracting the empirical Green’s function (EGF) for each station pair by cross
correlation, (3) measuring group and phase velocities as a function of frequency for Rayleigh and Love wave
dispersion from the EGF, and (4) jointly inverting the dispersion curves to obtain the 3-D S wave velocity
model. We provide detailed descriptions of each part of the procedure in the following sections.

The data were stored in 1 day periods for each file. For each data period, we removed the daily trends,
obtained the mean, and then deconvolved the instrument response. To obtain the surface wave velocity
of the fundamental Love wave, the transverse (T) component was calculated from two horizontal compo-
nents that were rotated to radial and transverse components based on the azimuth between the station pair
[Campillo and Paul, 2003]. The next step consisted in the calculation of the cross-correlation function (CCF)
between each pair of stations to represent their corresponding empirical Green’s function (EGF) and the
CCF in the frequency domain. We also applied spectral whitening to reduce resonance effects at certain
frequencies [Bensen et al., 2007]. The signal-to-noise ratios of the CCF were enhanced using Welch’s method
[Seats et al., 2012], where the final CCF was derived by stacking the results of the daily records of all CCFs and
processing these using a moving window with partial overlap. The windows with anomalous signals (such as
earthquakes) were omitted for the CCF calculations by setting a threshold greater than 1.1 times the standard
deviation of the amplitude distributions of a particular day (see Figures S1 and S2 in the supporting informa-
tion for detailed descriptions). Figure 2 shows representative EGFs of each station pair as a function of the
interstation distance and EGFs of Rayleigh (Figure 2a) and Love (Figure 2b) waves that display significant dis-
persion on the waveforms.

In ambient noise formalism, the EGF of a stacked signal at a station pair is approximately coincident with the
surface wave Green’s function between the two stations (i.e., one station can be thought of as the source and
the other as the receiver) and can be treated as such. The vertical and transverse components of the surface
waves are dominated by fundamental Rayleigh and Love waves, respectively. We used frequency-time
analysis [Levshin and Lander, 1989] and an image transformation technique [Yao et al., 2005, 2006] to measure

Figure 2. Waveform stacking of CCFs for each station pairs with 4–50 s period band filtered and sorted by interstation
distance. (a) Vertical component (EGFs of Rayleigh wave). (b) Transverse component (EGFs of Love wave).
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the EGF group and phase velocities, respectively, as a function of frequency. The frequency-time analysis
determines group velocities from the arrival times of the peak of envelopes after applying a Gaussian filter
at a different central frequency. The image transformation technique constructs a time period (t-T) image
for the surface wave component. Each column of the image is the normalized amplitude corresponding to
the filtered central period (T): we used an interval of 2 s for T in this study. We then converted the phase velo-
city (c) from time (t) by using the far-field representation of the Green’s function for the surface wave funda-
mental mode [Aki and Richards, 2002; Yao et al., 2006]. The 2π ambiguity of the phase velocity for one period
can then be calculated from the previous results of the group velocity. This is based on the assumption that
velocity increases with the time period (see Figure S3 in the supporting information for an example of t-T
image). Based on the experience of analyzing the data [Bensen et al., 2007; Lin et al., 2009; Porritt et al.,
2011; Mordret et al., 2013], the longest measurable period for station pairs depends on its interstation
distance, which should be at least 2.5 times larger than the wavelength. Because of this, we measured the
dispersion curves over a period ranging from 4 to 50 s (Figure 3). Note that two groups of dispersion curves
are clearly visible below 18 s in both the Rayleigh and the Love waves. The high-velocity curves correspond to
the ray paths in crystalline rocks in Fujian, while the low-velocity curves can be correlated with sedimentary
rocks in the Taiwan Strait (see Figure S4 in the supporting information). Furthermore, the signal-to-noise
ratios of the EGF of Love waves are lower than those for Rayleigh waves owing to stronger attenuations of
the Love waves [Shearer, 2012].

To obtain the 3-D shear velocity structure of the crust, we jointly inverted the Love and Rayleigh phase- and
group-dispersion measurements. We applied the wavelet-based sparsity-constrained tomography method
described in Fang et al. [2015] in which the model parameterization is inherently adaptive to the data distri-
bution. The advantage of this method is that the multiresolution representation of the wavelet transform
solves the model parameters (that is, wave speed anomalies) in the wavelet domain, and it resolves features
of different scales depending on the strength of the local constraints. In addition, the method deals with ray
tracing in an inhomogeneous medium using the fast marching method [Rawlinson and Sambridge, 2004].
This results in rays gradually bending toward high-velocity zones. Phase and group velocities are sensitive
to changes in the media structure (Vp, Vs, and density) and, in particular, longer periods are sensitive to deep
structure, whereas shorter periods are sensitive to shallower structures. This means that if the model changes
at a certain depth, changes will be seen in the dispersion curves at the corresponding periods. The sensitivity
kernels strongly depend on themodel in which we calculate the partial derivatives. In the first iteration, the Vs

Figure 3. Surface wave velocity measurements at 4 ~ 50 s. (a) Rayleigh wave group velocity. (b) Rayleigh wave phase
velocity. (c) Love wave group velocity. (d) Love wave phase velocity. In each panel, black curves represent the dispersion
curves as a function of period, while the red dots are the averaged measurements with the associated standard deviation.
The number of measurements for each period is shown in the blue histograms.
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model is a function of depth, and we scale it to obtain Vp and density by using the empirical relationship of
Brocher [2005]. Although Vs accounts for the largest part during the inversion, the sensitivity kernels of both
the empirical Vp and density are also taken into account in the kernel matrix in the inversion scheme [Simons
and van der Hilst, 2003; Fang et al., 2015]. After the first iteration, the resultant Vs model is taken to be the
initial Vs model for the next iterations. Also, for each iteration we update the Vp and density models from
the previous inversion and calculate a new sensitivity kernel and we performed 10 iterations for the final
velocity structures (see Figure S5 in the supporting information for the misfit-iteration plot).

4. Resolution Test

In order to test the robustness of the subsurface images, we use two different grid sizes for the inversion: 0.5°
(longitude) × 0.5° (latitude) × 5 km (depth) and 0.25° (longitude) × 0.25°(latitude) × 5 km (depth). The large-
scale structures from the two grid size inversions are overall similar, although the smaller grid size inversion
shows more a detailed structure (see Figures S6 and S7 in the supporting information for the comparison
between the path density plots and the results of two grid sizes). The results obtained in the finer grid at
shallow depth are consistent with the location and structure of the major basins and platform areas imaged
by reflection seismic profiles in the Taiwan Strait [Lin et al., 2003], indicating that these features can be
resolved with our data set (Figures 4). Also, the relatively high-velocity zone imaged by our data in
Taiwan’s Central Range (CR) is consistent with P wave tomography results [Kuo-Chen et al., 2012a] and ambi-
ent tomography results [T.-Y. Huang et al., 2012] at 0 km depth (Figure 4), furthermore indicating the robust-
ness of our data set for imaging crustal structures. Therefore, taking into consideration the distribution of
stations across the Taiwan Strait, we select the inversion results of the smaller grid size (0.25° (longi-
tude) × 0.25° (latitude) × 5 km (depth)) as our preferred model.

In order to assess the resolution of this inversion, we performed checkerboard tests by alternatively assigning
10% positive and negative S wave velocity anomalies to adjacent grids using grid sizes 0.5° × 0.5° × 10 km

Figure 4. Vs velocity perturbation depth slices and the corresponding checkerboard tests at 20 km depth intervals. At 0 km depth, the Cenozoic sediment isopach
and normal fault geometries in the Taiwan Strait are from Lin et al. [2003].
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depth in the upper 10 km and 0.5° × 0.5° × 20 km to the base of the model. These checkerboard tests show
that from 0 to 40 km depths the crust in the Taiwan Strait and Taiwan are well resolved and from 40 km to
60 km depth can be only roughly resolved for the positive and negative velocity anomalies in the Taiwan
Strait. Therefore, on the basis of the resolution test results, we only interpret features with a dimension
of ~ 0.5° × 0.5° or larger. Beneath Taiwan, however, the checkerboard test pattern is smeared, indicating that
the resolution is poor at this depth range (Figures 4 and 5). Finally, there is a relative low-velocity zone in the
lower crust and upper mantle (at 20–60 km depth) beneath the Penghu Archipelago for which we carried out

Figure 5. Three vertical sections of the Vsmodel and their checkerboard test. (top right) Location of three sections cross the
Taiwan Strait. (top left) Vsmodel and checkerboard test of section AA’. (middle) Vsmodel and checkerboard test of section
BB’. (bottom) Vsmodel and checkerboard test of section CC’. NJB: Nanjihtao Basin. TB: Taihsi Basin. PHB: Penghu Basin. TNB:
Tainan Basin. KYP: Kuanyin Platform. Thick vertical arrow: the western coastline of Taiwan.
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further tests in order to verify if this result is resolvable with the data set (Figure 6). In this test, raypaths for
each station pair were used and the theoretical travel time for each period and for each station pair is
calculated based on our input model, which has a lower velocity anomaly beneath Penghu archipelago.
We then calculated theoretical travel times as input data to invert the shear velocities in order to see if the
low-velocity anomaly is resolvable or not. Technically, the process of the synthetic testing is almost the same
as the checkerboard test [Fang et al., 2015]. The difference between the two is the input 3-D shear velocity
model, which is composed of assigning alternating 10% positive and negative velocity anomalies for the
checkerboard test, whereas the synthetic test comprises a local 10% negative velocity anomaly under
Penghu archipelago. In the forward calculation, the travel times of Rayleigh and Love waves are calculated
for the 3-D input models using the group and phase velocities of each period and for each station pair,
respectively. In the inversion, the theoretical travel times serve as the data and a 1-D velocity structure was
used as the initial model for the inversion process. The inverted shear wave velocity model is then the result
of the checkerboard and synthetic tests in order to see if the velocity anomaly is resolvable or not. The
inverted shear wave velocity model results from the synthetic tests suggest that the low-velocity zone
beneath the Penghu archipelago can be resolved with this data set (Figure 6).

5. Results

Figure 4 shows map views of the S wave velocity perturbation results of our preferred final model and the
associated checkerboard tests for depths of 0, 20, 40, and 60 km. At 0 km depth (Figure 4), there is a relative
velocity high reaching to 3.5 km/s (Figure 5) along the western side of the Taiwan Strait, near the coastline of
China. The rest of the strait displays relative low-velocity zones that coincide with the locations of known
major extensional basins imaged by reflection seismic data [Lin et al., 2003]. One of these, the Taihsi Basin
(TB), displays a velocity of around 2.0 km/s (sections A-A’ and B-B’ of Figure 5) and extends onto the western
margin of Taiwan where it coincides with the foreland basin and the uplifted platform sediments in the
mountain belt. At 0 km depth, the Penghu Archipelago displays a relatively high velocity (Figure 4) that
reaches to about 3.2 km/s (section C-C’ of Figure 5). At 20 km depth, the pattern of velocities is reversed if
compared to the 0 km depth image. At this depth, the relatively high-velocity zones along the western side
of the Taiwan Strait and in the Penghu Archipelago become relative lows, whereas the areas occupied by the
extensional basins become relative velocity highs. This pattern becomes especially well developed at 40 km
depth, where the northeastern margin of China and the Penghu Archipelago show strong velocity contrasts
compared to the surrounding parts of the margin and the island of Taiwan. This coincides with a pronounced
increase of S wave velocity to greater than 4.25 km/s beneath the Kuanying Platform and the Taishi Basin

Figure 6. Resolution test of the low-velocity zone beneath the Penghu Archipelago. (a) Map view of the initial model at 20 and 40 depths. (b) Map view of the final
model at 20 and 40 km depths. (c) CC’ cross section of the initial and final models.

Tectonics 10.1002/2015TC004097

CHEN ET AL. AMBIENT TOMO ACROSS THE TAIWAN STRAIT 1788



(sections A-A’ and B-B’ of Figure 5), whereas there is a thickening of the crust with a velocity between 4.0
and 4.25 km/s beneath the Penghu Archipelago (section C-C’ of Figure 5). At 60 km depth, the northeastern
margin of China and the Penghu Archipelago show pronounced relative velocity lows (Figure 4), with Swave
velocities of around 4.5 km/s. The velocity structure beneath the island of Taiwan is poorly resolved at
this depth.

6. Discussion

The Eurasian continental margin that underlies the Taiwan Strait evolved from a magma-poor rifting margin
in the Early Eocene to seafloor spreading and the formation of the South China Sea during the late early
Oligocene [Lin et al., 2003; C. Y. Huang et al., 2012]. In previous studies, the crust below the Taiwan Strait is
generally estimated to be about 30 km thick, thickening to greater than 50 km below Taiwan [Yeh et al.,
1998; Kim et al., 2004; Kuo-Chen et al., 2012a; Ustaszewski et al., 2012; Huang et al., 2014; Wu et al., 2014].
The determination of sharp discontinuities, such as the Moho, from surface wave dispersion is not straightfor-
ward [e.g., Lebedev et al., 2013]. In this study, therefore, we estimate the crustal thickness from the calculated S
wave model by assigning a velocity range of between 4.0 km/s to 4.25 km/s as the crustal-mantle transition
(Figure 5). This range of velocity is in agreement with that of Huang et al. [2014]. In this way, we estimate the
crustal thickness in the western part of the Taiwan Strait to be 30 km±2 km, which is similar to that obtained
by studies of Pn velocity [Huang et al., 1998] and gravity data [Hsieh et al., 2009]. Beneath the island of Taiwan,
however, the crust is thicker than the 40 km depth limit of the model resolution (Figures 5a and 5b), so we
cannot make any estimate for the crustal thickness in this area. From northwest to southeast, the crust-
mantle transition shows significant topography and velocity anomalies that appear to be related to features
developed in the crust (see below).

With the opening of the South China Sea the architecture of the Eurasian margin beneath the Taiwan Strait
consisted of a broad platform with deep, northeast-southwest oriented, fault-bounded basins that were
subsequently filled with clastic sediments [Hsu et al., 2001; Lin and Watts, 2002; Lin et al., 2003; Teng and
Lin, 2004; Cukur et al., 2011]. In the Vsmodel, the Taihsi and Penghu basins (TB and PHB in Figure 5) are very
well imaged as areas with a Swave velocity of less than 3 km/s (Figure 5a) and a dVs of around 20% (Figure 7).
The extension in depth of these low-velocity anomalies suggests a basins thickness of about 5 km, in agree-
ment with the estimations obtained by Lin et al. [2003] from seismic reflection data. In section A-A’ (Figures 5
and 6) a high-velocity zone in the midupper crust beneath the Kuanying Platform (KYP) is associated with a
zone of crustal thinning and can be interpreted as intrusive rocks associated with widespread flood volcan-
ism that took place along the margin during the Miocene [e.g., Juang and Chen, 1992; Cukur et al., 2010]. A
similar feature is imaged in sections B-B’ and C-C’ where crustal thinning and a thin, relatively high-velocity
zone is present beneath the Taihsi Basin (Figures 5 and 6). We interpret these features to be related to the
rifting and Moho uplift that took place during the Eocene. The high-velocity zone imaged in the middle crust
beneath the central part of the basin can be interpreted to be a magmatic sill intruded during the rifting, in
agreement with recent results from reflection data in East China Sea Basin [Cukur et al., 2010].

Extension during the middle and late Miocene affected much of the outer part of the Eurasian margin to
various degrees [Lin et al., 2003]. This extension was accompanied by the widespread eruption of intraplate
flood basalts in the Penghu Archipelago [Juang and Chen, 1992, 1999; Chung et al., 1994]. Section C-C’ passes
through the Penghu Archipelago, imaging a high-velocity anomaly at the surface that extends eastward into
the middle crust beneath the western margin of the Tainan Basin (TNB) (Figures 5 and 6). We interpret this
feature directly below the Penghu Island as the basaltic edifice built during the lava extrusion. In this scenario
of intraplate flood volcanism [e.g., Huppert and Sparks, 1988; Jerram and Widdowson, 2005], the high-velocity
zone beneath the western margin of the Tainan Basin can be interpreted to be a gabbroic sill intruded into
the middle crust (Figure 7 section C-C’). Directly below the Penghu archipelago, a low-velocity zone at the
base of the crust could be related to the still cooling melt reservoir and magma feeder system that underlies
the Penghu volcanic edifice. It is well known that seismic velocities decrease significantly with an increase in
temperature [Christensen and Salibury, 1979, Christensen and Mooney, 1995]. Furthermore, since the duration
of heat dissipation in a melt reservoir is the square of the width of the heat-producing zone [Burg and Gerya,
2005], the large size of the area of the Penghu Islands at the surface (at least 2500 km2) suggests that it may
take up to 100Myr to complete the conductive cooling of the entire volcanic plumbing system [Burg and
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Gerya, 2005]. Therefore, since the volcanic activity in the Penghu Archipelago has been dated at around
16.2 ~ 8.2Ma [Juang and Chen, 1999], elevated temperatures would likely still persist within the crust and
upper mantle. Similar low-velocity features thought to be related to high temperature from a lava eruption
that occurred 11–12Myr ago have been imaged in Yellowstone-Snake River Plane [Roth et al., 2008].

In sections B-B’ and C-C’ the low-velocity zone that corresponds to the Taihsi Basin (TB in Figure 7), along the
west coast of Taiwan (marked by the arrow in Figures 5 and 6), is in part due to sediments being deposited in
the foreland basin to the mountain belt [e.g., Lin and Watts, 2002; Tensi et al., 2006]. This low-velocity zone
extends far to the east beneath Taiwan, possibly imaging the accretion of the Taihsi and foreland basin
sediments to the orogen’s fold and thrust belt. Thickening of the crust in the eastern part of these sections
can be attributed to crustal stacking within the mountain belt and to bending of the plate as it enters into
the Manila Subduction Zone.

7. Conclusion

In this study, the 3-D crustal structure of the Taiwan Strait has been determined for the first time from a joint
Chinese and Taiwanese 3-D ambient noise tomography study. Crustal thickness ranges from 30 km±2 km
along the coast of China, to about 20 km in the central part of the strait, before increasing to more than
40 km beneath the Taiwan mountain belt (Figure 7). The extensional basins developed in the strait during
the Eocene and Miocene are clearly imaged as low-velocity zones that are locally underlain by thin

Figure 7. Vertical sections of the shear wave velocity anomalies (dVs) along the profiles showed in Figure 5. Crust-mantle
transition is marked by the contours lines between 4 and 4.25 km/s (Figure 5). A low-velocity zone beneath the Penghu
Archipelago could relate to a thermal anomaly. TB: Taihsi Basin. PHB: Penghu Basin. TNB: Tainan Basin. KYP: Kuanyin
Platform. Thick vertical arrow: the western coastline of Taiwan.
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high-velocity areas interpreted magmatic rocks extruded during the extension. The connection westward
between low-velocity zones beneath the island of Taiwan with the Taihsi and the foreland basins suggests
that rocks from these basins extend far below the mountain belt. Alternatively, the velocity low beneath
the island of Taiwan could, in part, reflect the high heat flow measured there [e.g., Kuo-Chen et al., 2012b].
The data also image a high-velocity anomaly near the surface in the Penghu Archipelago that is underlain
by a velocity decrease that likely indicates a thermal anomaly related to the still cooling magma reservoir
and feeding system to the higher velocity volcanic edifice at the surface. This feature implies that the middle
to late Miocene thermal event that produced the Penghu flood basalts still has a significant effect on the crust
and upper mantle in this part of the Taiwan Strait.
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Abstract Mapping both isotropic and anisotropic velocity structures of the crust provides insight into the
dominant mechanisms that produce the deformation. We performed ambient noise tomography for shear
velocity Vs in the Tohoku region, Japan, where plate kinematics remains simple as the Pacific plate is
subducting under the Okhotsk plate. Cross-correlation functions were retrieved from Hi-net recordings and
phase velocities of 3–16 s were measured, followed by a one-step, wavelet-based multiscale inversion for
both Vs and its azimuthal anisotropy. The isotropic model shows that high Vs anomalies underlie the
Cretaceous aged Kitakami and AbukumaMountains from shallow crust to lower crust. Low Vs is found to track
the active volcanoes with the strongest anomalies concentrated at roughly 10 km depth, which we interpret
as the shallow magma reservoirs of the Quaternary magmatic system. The resolved azimuthal anisotropy
exhibits a switch of anisotropy in the upper crust from island-parallel to a random or suppressed state in
5–15 km depth interval and back to island-parallel. The island-parallel fast direction may map the structural
fabrics of the crustal deformation, and the spatial correlation between velocity and anisotropy patterns
suggests that continuous volcanic activities and magma ponding disrupt the otherwise consistent fabrics in
the upper crust. Below 20 km depth, the anisotropy turns to convergence-parallel, which may result from
shearing either imposed by the return flow in the mantle wedge or frozen-in from the last stage of extension
of the continental margin that opened the Sea of Japan.

1. Introduction

The Japanese archipelago stretches over a convergent boundary zone in the northeast Asian continent invol-
ving multiple plates, that is, the Pacific, the Okhotsk (North American), the Eurasian, and the Philippine Sea
plates (Figure 1). The transpression, accretion, and magmatism due to the interactions among these plates
have continuously deformed the crust of the Japan islands and changed its composition and structures.
During the opening of the Sea of Japan basin since 20 Ma that has eventually settled the islands in its current
position, these plate boundaries have evolved drastically with crustal block rotation, plate boundary migra-
tion, and opening of new oceanic basins (Jolivet et al., 1994; Taira, 2001). The oblique subduction of the
Pacific plate under the Kuril trench created the Hidaka collision zone in Hokkaido (Komatsu et al., 1989),
and the collision of the Izu-Bonin arc with the Honshu resulted in the Izu collision zone in central Honshu.
The latter event together with the oblique subduction of the Philippine Sea plate under the Nankai trough
activated the right-lateral slipping Median Tectonic Line (Fitch, 1972; Kaneko, 1966) which runs from central
Honshu southward to Kyushu (e.g., Taira, 2001). Northern Honshu, or the Tohoku region, however, has
remained relatively simple in plate kinematics and subduction process and free from the large-scale collisions
to the north and south. In this region, the Pacific plate subduction has remained steady since 17 Ma (Kano
et al., 1991). At present, the normal subduction is taking place at a rate of ~8–9 cm/year. Tohoku is an ideal
venue for the study of the fundamental processes of the subduction-magmatism system.

Aided by the existence of high density seismic stations and numerous earthquakes in the subducting Pacific
slab, the Tohoku region is arguably the best imaged subduction system in the world celebrated with many
fundamental discoveries accomplished in the past that bear global significance (e.g., Hasegawa et al.,
1978; Hasegawa & Nakajima, 2004; Nakajima et al., 2001; Zhao et al., 1992, 2015). For the crust part of
Tohoku, regional-scale, P and S wave tomography illustrated the spatial correlation between low Vs and
the present-day arc or the volcanic front (Nakajima et al., 2001; Zhao et al., 1992, 2015). While the low Vs
anomalies can be linked from the mantle wedge all the way to the volcanic activities on the surface, the reso-
lution of these models is not high enough to establish detailed Vs-volcano spatial relationship in the crust. In
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contrast, Nishida et al. (2008) presented ambient noise tomography with short-period tiltmeter data that
clearly depicts low Vs patches correlated with active volcanoes. A similar approach using longer period
data also demonstrates similar features of volcanoes clustering around low Vs (Guo et al., 2013). Both of
these models show that the Mesozoic mountains on eastern Tohoku is underlain by high Vs.

The anisotropy properties of the crust or mantle provide ameans to infer the dominant mechanisms of defor-
mation. Shear-wave splitting for slab events in the Tohoku region show fast polarization directions ϕ rotating
from trench-parallel in the forearc (east of the active volcanoes) to convergence-parallel in the back arc (west
of the active volcanoes; e.g., Nakajima & Hasegawa, 2004; Nakajima et al., 2006). Larger-scale Rayleigh wave
inversion bolsters this pattern in the mantle wedge (Liu & Zhao, 2016), supporting the hypothesis that the
lattice-preferred orientation (LPO) of A-type and B-type olivine, respectively, aligned by the shear flow driven
by subduction is the main mechanism (Karato et al., 2008). Compared with the pattern revealed using slab
events, the anisotropy of the upper crust is much less systematic, with a more or less trench-parallel ϕ dom-
inating the fore arc region (Iidaka et al., 2013), which the authors attributed to accumulated extensional stress

Figure 1. The Tohoku region and the relevant tectonic elements. Quaternary active volcanoes are denoted by red triangles.
Depth contours in kilometers of the Pacific slab are adopted from Zhao et al. (1997, 2012). Black squares denote National
Research Institute for Earth Science and Disaster Resilience Hi-net stations (Obara et al., 2005) used in this study. Two
yellow semitransparent patches along the east coast are the Kitakami and the Abukuma mountain ranges composed of
Cretaceous sedimentary and plutonic rocks. In the inset, the PP, the OP, the EP, and the PSP are labeled. The Okhotsk-
Eurasian plate boundary is denoted by dashed line. Arrows inwhite indicate absolute platemotion vectors of the PP and the
EP (DeMets et al., 2010). PP = Pacific plate; OP = Okhotsk plate; EP = Eurasian plate; PSP = Philippine Sea plate.
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in the upper crust. Similarly, the P wave anisotropy tomography displays trench-parallelism in the forearc
crust with increased consistency at depths (J. Wang & Zhao, 2013). In the shallowest crust, the fast direction
determined from interferometry between surface and borehole data is convergence-parallel in a remarkably
systematic fashion throughout middle-northern Honshu, with no distinction between backarc and forearc
(Nakata & Snieder, 2012). This near-surface anisotropy is likely controlled by the cracks opened by the com-
pressional stress associated with the plate convergence (Crampin & McGonigle, 1981). This is very similar to
the results from the coda-wave interferometry in western Taiwan (L. W. Chen et al., 2017).

While it is well known that slab events detect integrated effect of mantle wedge, lithosphere, and the crust, it
is difficult to isolate crustal anisotropy by independently sampling the entire crust due to the sparsity of
earthquakes in the lower crust. Z. Huang et al. (2011a) took advantage of the low-frequency earthquakes
in the lower crust to separate crustal and mantle anisotropy. The authors reported that ϕ in the lower crust
is roughly NE-SW and ultimately inferred that the uppermost mantle is dominated by convergence-parallel ϕ
caused by the return flow. This tacitly assumes that the shear flow that generates LPO in the mantle wedge
(Katayama et al., 2009) is extended from the asthenosphere to the top of the mantle lithosphere of the over-
riding Okhotsk plate. This scenario may be critical to the interpretation of this study but remains to be
tested independently.

To better characterize the deformation of the crust of Tohoku, both isotropy and anisotropy are required. The
former reflects thermal or compositional effect and the latter delineates the deformation fabrics, both linked
to tectonic and magmatic evolution. As described above, despite that the earthquake-receiver combination
in both number and geometry is favorable in the Tohoku region, tomographic imaging and shear wave split-
ting measurements have been conducted separately in the past. Shear wave splitting observations have
shown scattered patterns of anisotropy in the crust, which may be derived from layering of distinct fabrics
and small-scale lateral variations (Kaneshima, 1990). The frequency-dependency of splitting parameters
proves to reflect different scales of deformation at different depths (Z. Huang et al., 2011b), which implies
a depth sensitivity. In this study, we perform tomographic inversion simultaneously for both Vs and its azi-
muthal anisotropy for the crust of the Tohoku region from Rayleigh waves. To circumvent the restriction from
earthquake-station pairing and to focus sensitivity on the crust, we employ ambient noise tomography that
has proven effective in providing improved constraint on crustal structures (e.g., T. Y. Huang et al., 2015;
Shapiro et al., 2005; Y. Yang et al., 2008). From this tomographic model, the relationship between Vs anoma-
lies, azimuthal anisotropy, and volcanic activities are examined in the context of the subduction-magmatism
tectonics in the Tohoku region.

2. Data and Method

The vertical component, continuous records in the year 2006 from Hi-net stations were used to construct the
empirical Green’s function (EGF) data set. The Hi-net stations, maintained by National Research Institute for
Earth Science and Disaster Resilience, are equipped with short-period velocity sensors with natural frequency
at around 1 Hz and deployed in boreholes with depths at least 100 m from the surface to suppress the inter-
ference from culture noise (Obara et al., 2005). There are about 800 Hi-net stations in Japan, and 123 of them
are distributed in the Tohoku region. With these 123 stations, we are able to construct a data set with very
dense path coverage of short to intermediate period surface waves, which allows us to resolve high resolu-
tion models for both Vs and Vs azimuthal anisotropy. In this study, not all possible station pairs in the Tohoku
region were considered. Because the study region has a dimension of 300 km in the E-W direction and
600 km in the N-S direction, long interstation distances would preferentially align in the N-S. To maintain
overall homogenous azimuthal coverage in the inversion for Vs azimuthal anisotropy, only those station pairs
with interstation distances shorter than 300 km were analyzed.

As the vertical component of the data is used to derive the cross-correlation functions (CCFs), the major sig-
nals in the resulting EGFs are dominated by fundamental mode Rayleigh waves (e.g., Shapiro et al., 2005). To
prepare the EGFs, we adopted the procedure used in K. X. Chen, Kuo-Chen, et al., (2016) and K. X. Chen, Chen,
et al., (2016). TheWelch’s method (Seats et al., 2011) was implemented to improve the EGF quality. In this pro-
cedure, each daily record is partitioned into 440–1280 s long segments, based on the criterion that intersta-
tion distances are at least three times of the wavelength of interest (e.g., Bensen et al., 2007). Ninety percent
of each segment is overlapped with the adjacent segment in the daily record. To avoid the resulting EGFs
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from being biased by the unwanted signals, for example, large earthquake
signals or instrument glitches, segments with root-mean-square ampli-
tude larger than 1.1 times of that of the corresponding daily record are
removed first. The CCFs were then calculated for all possible combinations
of two segments before being stacked to yield the daily CCF. The cross cor-
relation was performed in frequency domain with spectrum whitening.
Taking the stack of all daily CCFs as the reference CCF for each station pair,
we calculated the correlation coefficients between each daily CCF and the
reference CCF, and only those daily CCFs with correlation coefficients lar-
ger than 0.5 are retained. This routine deleted about 11% of the daily
CCFs. The remaining CCFs were stacked and folded to generate the EGF
for each station pairs. The binning stacks of CCFs used in this study are
shown in Figure 2.

We applied the frequency-time analysis (e.g., Levshin et al., 1989) to mea-
sure the dispersion of phase velocity in the period range from 3 to a max-
imum of 16 s. Because the Hi-net data are short-period, it is difficult to
obtain high-quality measurements at longer periods. The 3–16 s period
range is determined from an investigation of the signal-to-noise ratio
(SNR) to sort out the range in which the SNR ratio is greater than 5. The
SNR is calculated as the maximum amplitude of the envelope of the CCF
between 4 and 1 km/s divided by the root-mean-square amplitude of
the envelope of the segment of the same length at the end of the daily
CCF. The SNR criterion sorted out 4,635 continuous dispersion curves
between 3 and 16 s, from which phase velocities at discrete periods of 3,
6, 10, and 16 s were selected for the inversion to 3-D Vs model. There are
2,242, 3,873, 3,365, and 1,933 phase velocity data for these periods, respec-
tively. Figure 3 illustrates the spatial distribution of phase velocities along
interstation paths at 3, 6, and 16 s period.

We perform a 3-D, one-step, wavelet-based multiscale inversion to simul-
taneously invert for Vs and azimuthal anisotropy models (T. Y. Huang
et al., 2015; supporting information Text S1; Lawson & Hanson, 1974;
Montagner & Nataf, 1986; Saito, 1988; Smith & Dahlen, 1973; Sweldens,
1996). In this multiscale tomography (Chiao & Kuo, 2001), the applied reg-

ularization will sort through the successive scales depending on the local data constraints and automatically
achieve data-adaptive, spatially varying optimal resolution. Thus, both spatial localization and nonstationary
model smoothing are assured (Chiao & Kuo, 2001). This technique has been applied to tomography on global
scale (Chiao et al., 2006), plate scale (Gung et al., 2009), and regional and local scales (Chiao et al., 2010; T. Y.
Huang et al., 2012, 2015; Hung et al., 2011; You et al., 2010).

In this study, the models are parameterized laterally using the wavelets up to degree (level) 7 in horizontal
directions, for which the minimum resolution length is about 6 km (Figure S1). For the vertical parameteriza-
tion, the JMA 2001 1-D velocity model (Ueno et al., 2002) was simplified into a 13 layered startingmodel, each
spanning the depth range of 0–1, 1–3, 3–5, 5–8, 8–12, 12–16, 16–20, 20–24, 24–29, 29–34, 34–41, 41–51, and
51–66 km (Figure S2), but in the following we only present results of 9 layers between 1 and 34 km depth. Five
iterations were conducted from this starting model with the depth sensitivity kernels updated at each itera-
tion and damping weakening progressively. Following T. Y. Huang et al. (2015), anisotropy was introduced
into the inversion at the fifth iteration.

Poor azimuthal coverage of Rayleigh wave paths could lead to serious trade-off between isotropy and aniso-
tropy components of the model. The false partition between these two components usually occurs in regions
sampled by paths dominant in one direction so that heterogeneity can be misinterpreted as anisotropy and
vice versa. This is hardly the case for the Tohoku region and, as a reference, the Taiwan orogen. Our experi-
ence in Taiwan through vigorous tests (Supplementary Materials of T. Y. Huang et al., 2015) demonstrates that
the spatial and azimuthal variations of Vs can be distinguished with confidence in the ambient noise

Figure 2. Binning stacks of the 4,635 cross-correlation functions used in
this study. The bin width is 2 km, and the traces are band-pass filtered
between 3 and 16 s. These stacks show arrivals of seismic energy, rather than
details of waveforms, because cross-correlation functions with similar
interstation distances sampling different regions are stacked in each bin.
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tomography. In the Tohoku region, the area is slightly larger but the station coverage is considerably denser
and more even geographically than in Taiwan. In this study, the recovery test (Text S2, Figures S7 and S8) and
the bootstrap test (Figure S11) demonstrate that the anisotropy part can be recovered with the isotropic Vs
coexisting. Furthermore, we calculated a model with anisotropy entering the inversion at the third iteration,
where the isotropic model has not taken its final shape. The patterns of Vs and anisotropy between this test
model and that who let the isotropic component fully develop without a chance of trade-off until at the last
iteration are essentially the same except the strength of anisotropy in the former is slightly larger. We thus
concluded that the trade-off between the anisotropy and isotropy components of our model for the
Tohoku region is insignificant.

3. Results

Figure 4 shows the 3-D Vs perturbation δVs/Vs and azimuthal anisotropy model for model layers from 1 to
34 km depth (see Figure S5 for the absolute-value model). The theoretical background for the multiscale
inversion has been discussed in the work cited above. Here we demonstrate graphically how different scales
of perturbation, parameterized by different degrees (levels) of wavelets, are synthesized toward the final
result. We take the 8–12 km layer as example because it hosts pronounced anomalies. In Figure 5a, the model
evolves rapidly at lower levels and incrementally as approaching level 7. The multiscale model we used is
node-based, and the velocity is continuous inside the triangles at each level. The model differences between
the last four levels are illustrated in Figure S3 and the variance reduction in Figure S4. Figure 5b illustrates
how the model takes shape with updated kernels through iterations. The variance reduction at each step
of iterations increases as 20%, 40%, 50%, 55%, and 56%, respectively.

The depth to the Moho discontinuity varies around 30 km across the Tohoku region (e.g., Katsumata, 2010;
Nakajima et al., 2002; Zhao et al., 1992). However, our surface wave model is insensitive to the Moho discon-
tinuity (Figure S6). We performed representative recovery test and checkerboard resolution test, demonstrat-
ing that the main features in the upper crust is robust (Text S2, Figures S7 and S8, Text S3, Figure S9). The Vs
perturbations reach beyond ±8% in shallow crust, decreasing to ±3% in the lower crust, with some prominent
features being coherent over depth. High Vs anomalies are associated with the Kitakami and the Abukuma
Mountains in eastern Tohoku, which are composed of continental magmatic arc of Cretaceous ages (Finn,
1994; Ozawa et al., 1988). In the uppermost crust, thesemountains are encircled by 2% to 3% Vs anomaly con-
tours. The continuation of the positive anomalies into the lower layers of the model, although the outline
blurs, indicates that these mountain ranges are not shallow structures and may extend to at least the lower
crust. The high Vs-mountain correlation in shallow crust is also well defined in Nishida et al. (2008) using Hi-
net tiltmeter data, but this correlation appears ambiguous in the nation-wide, F-net based ambient noise
tomography model by Guo et al. (2013). While the two models using Hi-net, that is, Nishida et al. (2008)

Figure 3. Examples of interstation paths and the along-path phase velocities used in the ambient noise tomography
for periods of 3, 6, and 16 s. Shown on the upper left of each panel are the period, number of paths, and the average
phase velocity for each period. The along-path phase velocities are color coded based on the scale on the lower right.
The first order feature from this plot is the high Vs (blue) associated with the mountains in eastern Tohoku and the low Vs
(red) along the arc area. Note that in northernmost Tohoku the EW-oriented paths are sparse so that the Vs at depth lacks
sufficient constraints (also see checkerboard test in Figure S9).
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and this study, share similar features in shallow crust, they diverge with depth, probably due to the
differences in the type of data (tiltmeter vs. velocity) and inversion methods, and, probably to a minor
extent, the inclusion of azimuthal anisotropy in this study.

Central and western Tohoku are characterized mostly by low Vs anomalies (Figure 4). This is a common fea-
ture in all previous studies (e.g., Guo et al., 2013; Nishida et al., 2008), whereas our model provides more
details. Figure 6 shows only negative perturbations to illustrate the spatial tie between low Vs and volcanoes
and how it fades away with depth. A statistical test is devoted to this subject below. We display Vs and aniso-
tropy models in three vertical cross sections: two cutting along the short dimension of Tohoku and one along
the long axis of the island. The azimuths of these cross sections are very similar to the trajectory of the
maximum compression axes and its normal as shown in Kaneshima et al. (1987) which is based on Ando
(1979). It is striking from these cross sections that each volcanic group is underlain by a low Vs anomaly

Figure 4. δVs/Vs and the azimuthal anisotropy models of this study. The depth range and average Vs of each model
layer are shown on the upper left of each panel. Scale of the strength of anisotropy is shown in the upper left panel.
Short bars on the map indicate the azimuth of the fast direction of anisotropy with the length proportional to the strength
of anisotropy (%). Color scale for Vs perturbation are shown on the lower right of the figure. Orange lines on the map of
5–8 km layer represent the boundary of the two mountain ranges in eastern Tohoku.
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body distributed over 5–15 km, peaking at either the 5–8 or the 8–12 km layer. Because the volcanoes are
categorized as polygenic (Umeda et al., 2013), these bodies may represent the magma reservoirs which
feed the volcanoes continuously over times. For the groups with multiple volcanoes the δVs/Vs reach �6%
or lower, compared with the isolated volcanoes with weak anomalies, such as the Zao volcano (Figure 6).

The azimuthal anisotropy displays systematic variation in 3-D model (Figure 4). In shallow crust (1–5 km), the
resolved fast directions ϕ are mostly parallel to the strike of the island, smoothly rotating from between NS
and NE-SW to NNW-SSE from southern to northern Tohoku. The rotation angle seems to exceed that

Figure 5. (a) Example of how multiscale inversion progressively captures structures on different scales. Each panel shows the model of 8–12 km synthesized
from level 2 to higher levels. The highest level and the average velocity of each accumulative model are labeled at the upper left of each panel. Dots represent
the nodes of the model at each level. The final model is robust with respect to the locations of lower level nodes. (b) Variations in δVs/Vs in the 8–12 km layer in five
iterations. In this example, anisotropy is incorporated in the model at iteration 5, and is robust with respect to at which iteration it is incorporated.

Figure 6. The same as Figure 4 but only with negative δVs/Vs for three example model layers. Volcanoes are in small yellow
triangles. The correlation between volcanoes and low Vs extends to the bottom of the model. The northern Tohoku is
poorly sampled with long-period waves in cross-island directions and the Vs there is not well constrained at depths. See
Figure 3 for interstation paths.
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expected from the trajectory of maximum compression axes (Kaneshima et al., 1987) or the maximum com-
pressional axes for both stress and strain rates (e.g., Iinuma et al., 2005). The consistent pattern in shallow
crust, however, turns to a random regime in 5–8 and 8–12 km layers. Below this chaotic regime the anisotropy
resumes its consistency with island-parallel ϕ and a highly subdued magnitude, but its existence is brief and
onlymanifests in onemodel layer, that is, 12–16 km. From 20 km downward, the anisotropy grows in strength
and rotates to convergence-parallel down to the lower layers of the model. The strength of anisotropy in the
lower crust is only half to one third of that in the upper crust.

Figure 7. Cross-section illustration of Vs and anisotropy models. The upper left panel shows the locations of the cross sections (yellow lines) and the trajectory of
maximum compression axes (dashed lines; Kaneshima et al., 1987). In each cross section, two panels are Vs and corrected fast direction (ϕ

0
), with respective color

scales on the central left. Cross sections AA0 and BB0 retain true horizontal/vertical ratio, but in cross section CC0 the ratio is reduced to 0.7 for illustration purposes. The
concentration of low Vs bodies beneath volcanoes is interpreted to representmagma reservoirs.ϕ

0
switch fromnearly 0 (light blue) to random (mixed) to 0 (light blue)

in the upper 16 km, and rotate to roughly 90 (light green) in the lower curst. The chaotic anisotropy correlates with the pervasive low Vs beneath volcanoes.
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To help visualize the systematics of the anisotropy, a line along C-C0 is con-
sidered as a reference line (Figure 7). The reference azimuth for each
observation in the model is taken from the reference line at the location
perpendicularly projected from the observation point. We removed from
the observed ϕ the reference azimuth to obtain the corrected fast direc-
tion, or ϕ

0
. Cross sections in Figure 7 exhibit four zones of ϕ

0
with increas-

ing depth: approximately 0° (1–5 km), chaotic (5–12 km), and 0° (12–16 km;
Figure 4) in the upper to middle crust, and approximately 90° in the lower
crust. Τhe deviation from this general pattern with depth is more pro-
nounced in the lower crust in southern Τοhoku, where ϕ

0
are trending at

110–120° (or �70 to �60°), rather than 90 (or �90°) from the reference
line. Note that the anisotropy chaotic regime occurs in the depth range
where strongly negative Vs anomalies, or the proposed magma reservoirs,
reside. It suggests that the presence of the magma reservoir or the related
magmatic activities largely disturb the consistent pattern of anisotropy.

4. Discussion
4.1. Vs-Volcano Relationship

Whereas the Vs-volcano correlation in the upper crust is clearly visible from
Figure 7, to what depth and strength of anomaly this correlation still holds
confidently is worth to be quantified. To examine these phenomena, we
undertake a binomial test by assuming that a volcano is a success if it is
associated with low Vs anomalies (e.g., Kuo & Wu, 1997; Ray & Anderson,
1994). The null hypothesis in test is that volcanoes occur randomly in
space, or equivalently that the probability of success is determined by
the proportion of the area covered by negative anomalies in the whole
area. We start with 50% success probability with δVs/Vs < �0.2, which
occupies half of the total area. We then decrease the success probability
by increasing the threshold of low Vs, or |δVs/Vs|. As |δVs/Vs| increases,
the chance that volcanoes land on the dwindling area of low Vs decreases
(Figure 6). If the null hypothesis is true, the observed number of success

should deviate little from that defined by the ratio of area. We used t test to examine whether the deviation
is significant to reject the null hypothesis in favor of the alternative hypothesis that volcanoes and low Vs are
related (Figure 4). This exercise is to find the limit of the Vs anomaly to which the Vs-volcano relationship
holds as a function of depth (Text S4, Figure S10).

Figure 8 shows that the limits of |δVs/Vs| for a correlation between Vs and volcano peak in the 1–3 km layer
and the 8–12 km layer at �5.6% and almost �8%, respectively. The limits drop for layers in between due to
the reduction of the maximum |δVs/Vs| itself. The limits decrease monotonically toward lower crust and
hit the minimum of nearly �1% at the 29–34 km layer. The maximum limit in the 8–12 km layer is caused
by the concentration of very low Vs bodies at that depth (Figure 7). The tie between the two phenomena in
space as well as in strength in this depth range suggests strong genetic relationship between them. The bino-
mial analysis also suggests that the Vs-volcano relationship extends even to the lower crust, implying that we
may have resolved the widespread, low degree partial melting zones beneath the shallow magma reservoirs.

4.2. Anisotropy and Magma Reservoir

The nature of anisotropy also holds key information regarding the Vs-volcano issue. We define the average

strength of anisotropy A, average fast directionϕ, and the circular variance, or the randomness of anisotropy
γ, according to circular statistics (e.g., Audoine et al., 2004; Mardia & Jupp, 2000):

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑i¼1;N sin 2ϕið Þ·ai
� �2 þ ∑i¼1;N cos 2ϕið Þ·ai

� �2q
=N; (1)

ϕ ¼ 1
2
tan�1 ∑i¼1;N sin 2ϕið Þ=∑i¼1;N cos 2ϕið Þ� �

; (2)

Figure 8. Results of the binomial test for the correlation between volcanoes
and low Vs. Circles connected by thick lines are the lowest δVs/Vs of the
model for the correlation between the volcanoes and negative δVs/Vs to
hold true at the 95% confidence level. The relationship between the two
variables is most significant at layer 8–12 km, which we interpret as the
magma reservoirs being present in that layer. Small dots connected by
dashed line is the velocity perturbations corresponding to p = 0.1, and the
calculated limits are associated with p = 0.084, 0.188, 0.178, 0.014, 0.005,
0.008, 0.018, 0.040, and 0.229, respectively, for layers from top to bottom. The
errors (dotted gray line) of Vs in each layer were determined from 50 times of
bootstrapping experiments (Text S4, Figure S11), and the double of the
errors (solid gray line) represent the 95% confidence interval of the resolved
Vs. The limits of δVs/Vs are mostly way above the uncertainty of the model at
each layer.
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γ ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑i¼1;N sin 2ϕið Þ� �2 þ ∑i¼1;N cos 2ϕið Þ� �2q

=N; (3)

where subscript i denotes the model parameters at node i, ai is the strength of anisotropy, ϕiis the fast
direction, and N is the number of nodes of interest in each layer. According to equation (1), A takes into
account both direction and magnitude. The γ is the circular variance with zero representing perfectly
consistent and unity totally random, and thus is a good indicator of the randomness of ϕ.

To focus on the negative Vs anomalies in the calculations of (1)–(3), we only consider the anisotropy para-
meters of each layer at those model nodes whose δVs/Vs are within the top x percentage ranked from the
most negative anomalies. This approach takes into account the difference in the strength of Vs between
layers and guarantees the same number of data for different layers, which facilitate a better statistical com-
parison. The x=20 and 50 were tested. The three anisotropy parameters defined in (1)–(3), along with the
average of the top-ranked negative δVs/Vs, are plotted as a function of depth in Figure 9.

The four parameters in Figure 9 have to be deciphered together. A in general decreases with depth in the

upper crust and increases mildly in the lower crust. ϕ seems to vary conspicuously with depth. The first sig-

nificant change inϕ above 16 km depth is not a rotation but rather a rapid switch from island-parallel (~0°) to
a random state of anisotropy and back to island-parallel (Figure 4), with γ switching from 0.2–0.4 to 0.8 and
back to low values. One can view this rapid change as a brief destruction of the alignment ofϕ in the 5–10 km
depth interval, where ai in equation (1) does not vanish (Figure 4) but A hits low because the vectors cancel
out when they are randomly orientated. Anisotropy then experiences a significant rotation across the depth
interval of 16–20 km (based on model layering) from island-parallel above to convergence-parallel below.
During this rotation, γ approaches 1 and A is at the minimum of all. The strength of negative δVs/Vs decreases
with depth, with a reverse in shallow crust caused by the concentration of strongly negative Vs anomalies
beneath active volcanoes interpreted to represent magma reservoirs (Figure 7).

Based on Figure 9, we speculate that the deformation of the crust is shaped by contraction, magmatic activ-
ities, and shearing due to subduction and/or extension. In the upper crust, the island-parallel anisotropy

Figure 9. Summary of crustal parameters as a function of depth. Red line for top 20% and orange line for top 50% negative
perturbations, and blue dotted line for all positive perturbations. (a) Strength of anisotropy, A; (b) average fast direction,ϕ;
(c) randomness of anisotropy, γ; and (d) magnitude of the negative Vs anomalies. Note that the correlation between the
decreased A, the increased γ, and the increased magnitude of negative Vs anomalies in the upper crust suggests the
presence of magma reservoirs between 5 and 15 km. Brown curve in (d) is for top 5% negative perturbations that implies
that the strongest negative anomalies (top 5%) are concentrated in themodel layer 8–12 km, where magma reservoirs may
be centered. The mild anomalies are more spreading out (top 20 or 50%) above the model layer above it. Across the
15–20 km interval, high-angle rotation of ϕ is accompanied with a decreased A and an increased γ, marking the switch
between two different mechanisms. See text for detailed explanations and implications.
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reflects the presence of NS-oriented, near-vertical foliations or cleavages developed perpendicularly to the
axes of maximum principle stress and strain rates (Iinuma et al., 2005; Kaneshima et al., 1987). As suggested

by the correlation between A,ϕ, γ, and Vs anomalies (Figure 9), the systematic foliation structures in the upper
crust were decimated by the presence of magma reservoirs distributed in 5–15 km depths. In the lower crust,
convergence-parallelϕ signals the presence of shear strain that induces the LPO ofminerals of the lower con-
tinental crust, such as amphiboles (Tatham et al., 2008). Overall, one can envision that there are essentially
two layers of anisotropy caused by two dominant mechanisms with the upper layer partially disrupted by
magmatic activities.

The two-layer deformation with nearly orthogonal anisotropy orientations has been documented for the
Taiwan orogenic belt (T. Y. Huang et al., 2015), also constrained by ambient noise tomography. The top layer
in Taiwan features orogen-parallel ϕ thought to reflect the rock fabrics developed under the arc-continent
collision, and the bottom layer with convergence-parallel ϕ is interpreted to result from shearing induced
by subduction of the Eurasian plate. Although the Ryukyu and the Manila subduction zones affect the
Taiwan orogenic processes in many ways (Ko et al., 2012; Lin & Kuo, 2016), the magmatism from these sub-
duction zones remains at the peripheral of the Taiwan orogenic belt and thus least intervenes the deforma-
tion of the crust (e.g., K. L. Wang et al., 2004; T. Y. Yang et al., 1992). In the Taiwan orogen, γ peaks only at the
transition between the two anisotropy domains, unlike in Japan where γ peaks twice. The orogen-parallel
paired with convergence-parallel anisotropy at different depths is also observed in Tibet on a much larger
vertical scale (Pandey et al., 2015). The mechanisms that caused the layered deformation in these regions
may be entirely different and are a subject beyond the scope of this study.

4.3. The Lower-Crustal Flow

We speculate on how the convergence-parallel anisotropy in the lower crust of Tohoku was formed. One sce-
nario is that the lower crust is part of the shear system imposed by the return flow driven by the subduction of
the Pacific plate. The return flow in the mantle wedge has long been thought to cause the convergence-
parallel anisotropy beneath the back arc region detected using slab earthquakes (Liu & Zhao, 2016;
Nakajima et al., 2006). This return flow in the mantle wedge would exert basal traction on the overriding plate
to deform it (e.g., Holt et al., 2015). However, in the conceptual models in previous studies the mantle litho-
sphere of the Okhotsk plate is often omitted and the return flow is implied to directly apply on the bottom of
the crust (e.g., Hasegawa & Nakajima, 2004; Z. Huang et al., 2011a). If this is true, the return flow could drive
the shear in the lower crust to produce convergence-parallel anisotropy. One possible mechanism to facili-
tate this scenario is the intrusion of partial melts into the overriding plate to lower the viscosity there, as
suggested by low Vs images in body-wave tomography (e.g., Hasegawa & Nakajima, 2004; Zhao et al.,
2015). A series of such anomalous structures along the island, interpreted as hot fingers by Tamura et al.
(2002), may thermally erode the mantle lithosphere and expand upward the ductile regime beneath the
arc and backarc. How to build up finite strain in the lower crust is the key factor to be considered for this
hypothetical model.

If the Okhotsk lithosphere survives the mantle flow and remains strong, the lower crust anisotropy needs
other mechanisms to maintain. Another scenario considers the extensional strain preserved from the last epi-
sode of rifting of the Japan Sea and the island. Okada and Ikeda (2012) concluded that the crust of northeast
Japan has experienced extension via a subhorizontal major detachment and a series of normal faulting in the
Miocene time prior to the contraction that shortened the crust since the late Pliocene. The Miocene extension
measures 30–60 km in the EW direction, versus the contraction of only 10–15 km. The lower crust may have
reacted to the extension by stretching and necking, during which both pure-shear and simple shear with
shear plane or finite-strain long axis oriented EW may give rise to the LPO (e.g., Kaminski & Ribe, 2002;
Ribe, 1992; Zhang & Karato, 1995) and ultimately a convergence-parallel fast direction. These fabrics could
survive the short contraction (Okada & Ikeda, 2012). The detachment fault in Okada and Ideka’s (2012) model
is placed at 10 km depth, below which the presence of ductile flow is implied, while the ductile lower crust
may begin at 15–20 km in our model.

4.4. More About Magma Reservoir

Our interpretation for the concentrated, low Vs bodies in the shallow crust as magma reservoirs for the
volcanoes above them is supported by geochemical evidence. Zao and Hijiori volcanoes (See Figures 6
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and 7 for their locations) are estimated by petrological analysis to tap shallowmagma reservoirs within 10 km
depth (Ban et al., 2008; Miyagi, 2007). The low Vs anomaly beneath Zao volcano is the weakest among all,
which may be attributed to the short residence time and sluggish supply rate for its magma reservoir (Ban
et al., 2008). In contrast, in the recent model by Niu et al. (2018), low Vs and high Poisson’s ratio are found
in the lower crust beneath the Zao volcano, and the low-frequency earthquakes, also in the lower crust,
are located beneath the Zao (Figure 10). The difference between our ambient noise tomography and the
body-wave tomography can be attributed to many factors, but mainly the former has enhanced sensitivity
in the upper crust and degrading resolution with depth, while for the latter sensitivity is nearly constant

Figure 10. Comparison of δVs/Vs between this study and Niu et al. (2018) along the three cross sections used in the main
text. In each cross section, top and bottom panels correspond to this study and Niu et al. (2018), respectively. Green circles
denote the low frequency earthquakes and dots denote crustal seismicity, both data provided by Niu et al. (2018). The
model of Niu et al. (2018) is plotted using the same color code as this study. Low velocity anomalies are clustered with
volcanoes in the upper crust in this study, compared with the low velocities in Niu et al. (2018) that are distributed in
the lower crust. Zao volcano is underlain by local low Vs in Niu et al. (2018) and low frequency earthquakes in the lower
crust, contrasting to the weak anomalies in the upper crust resolved in this study. High density seismicity is clustered
closely with the magma reservoir and the crust above it for the volcano group of Kurikomayama and Naruko (see the
upper-left panel for their positions), whereas seismicity widely spreads in the vicinity of other volcanoes.
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along the path for short-period and local earthquakes. Both need cross-paths to build up 3-D resolving
power. Figure 10 shows that the magma reservoirs resolved in this study and the crust above them for
some volcano groups are riddled with high density seismicity (e.g., Kurikomayama and Naruko), whereas
for others the seismicity is diffuse or offset laterally (also see Figure S12 for map view).

The magma plumbing system of volcanoes presents a wide range of geometry (e.g., Zellmer & Annen, 2008)
with variable reservoir depths from 5 to 35 km (e.g., Arpa et al., 2017; Zellmer et al., 2016) or perhaps multiple
reservoirs for a single, large volcano (H. H. Huang et al., 2015). In Tohoku, the anomalously low Vs imaged in
the mantle wedge by previous studies often intensify at the uppermost mantle (at ~30 km depth), which may
signal the increased ponding of melts, and has been suggested to be the deep magma reservoirs that feed
the shallow ones and the volcanic arcs (Nakajima et al., 2001). The P + PmP imaging of the crust in northern
Tohoku by Xia et al. (2007) yields low Vs anomalies in the vicinity of the volcano cluster in both upper and
lower crust, suggesting the possibility of interconnection between shallow and deep magma reservoirs.
This image is different from our model in which magma reservoirs are mainly isolated in the upper crust
(Figure 7). In addition to the inherent difference between surface wave and body wave described above,
the PmP phase provides improved constraints on lower crust structures, but is also sensitive to the depth
of the Moho prescribed in the model. These discrepancies between models call for a joint inversion in
the future.

5. Conclusions

Northeast Japan, or the Tohoku region, is a typical subduction-magmatism domain along the Japan islands
free from complex plate evolution. Ambient noise tomography with the high density seismic data from
Hi-net allows us to map out the isotropic and anisotropic properties of the crust in this region. Our model illu-
minates the Cretaceous mountains in eastern Tohoku and their roots in the lower crust as relatively high Vs.
Western Tohoku is characterized by low Vs, especially along the present-day volcanic arc. The active volca-
noes are underlain by concentrated, low Vs bodies at approximately 10 km depth, which may represent
magma reservoirs for these volcanoes. A binomial statistic suggests that the low Vs-volcano relationship
extends to the lower crust, where low-degree partial melts may be diffuse spatially before replenishing the
magma reservoirs above. We interpret the observed azimuthal anisotropy as deformation fabrics of the crust
produced by three factors. The bulk of the upper crust is characterized by island-parallel fast propagation
direction probably caused by the geological fabrics developed in both extension and shortening stages.
However, in the shallow crust wheremagma reservoirs are thought to reside, coherent crustal fabrics collapse
and anisotropy turns to a chaotic state. The lower crust is dominated by convergence-parallel anisotropy
caused by alignment of intrinsic anisotropic minerals by shearing in the ductile regime. We speculate that
shearing may be driven by either the return flow in the mantle wedge or the last episode of extension of
the Japan Sea that survived the incipient compression tectonics prevalent in the Tohoku region at present.
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