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Abstract
We conduct waveform inversion to infer the three-dimensional (3-D) S-velocity structure in the lowermost 400 km of the mantle (the D′′ region) beneath the Northern Pacific region. Our dataset consists of about 20,000 transverse component broadband body-wave seismograms observed at North American stations for 131 intermediate and deep earthquakes which occurred beneath the western Pacific subduction region. We use S, ScS, and other phases that arrive between them. Resolution tests indicate that our methods and dataset can resolve the velocity structure in the target region with a horizontal scale of about 150 km and a vertical scale of about 50 km. The 3-D S-velocity model obtained in this study shows three prominent features: (1) prominent sheet-like lateral high-velocity anomalies up to [image: $$\sim$$]3% faster than the Preliminary Reference Earth Model (PREM) with a thickness of [image: $$\sim$$]200 km, whose lower boundary is [image: $$\sim$$]150 km above the core–mantle boundary (CMB). (2) A prominent low-velocity anomaly block located to the west of the Kamchatka peninsula, which is [image: $$\sim$$]2.5% slower than PREM, immediately above the CMB beneath the high-velocity anomalies. (3) A relatively thin ([image: $$\sim$$]300 km) low-velocity structure continuous from the low-velocity anomaly “(2)” to at least 400 km above the CMB. We also detect a continuous low-velocity anomaly from the east of the Kamchatka peninsula at an altitude of 50 km above the CMB to the far east of the Kuril islands at an altitude of 400 km above the CMB. We interpret these features respectively as: (1) remnants of slab material where the bridgmanite to Mg-post-perovskite phase transition may have occurred within the slab, (2, 3) large amounts of hot and less dense materials beneath the cold Kula or Pacific slab remnants just above the CMB which ascend and form a passive plume upwelling at the edge of the slab remnants.[image: A40623_2016_576_Figa_HTML.gif]
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Background
The D′′ region is the lowermost several 100 km of the mantle immediately above the core–mantle boundary (CMB), and its base is in contact with the liquid iron alloy outer core. Since the D′′ region is the thermal boundary layer (TBL) at the base of the Earth’s mantle, and the solidus of its constituent materials is thought to be close to the mantle geotherm, vertical and lateral variations of temperature and chemical composition associated with the Earth’s thermal evolution are expected (e.g., Wysession et al. 1998; Garnero and McNamara 2008; Kawai and Tsuchiya 2009). Previous studies have analyzed observed seismic waveforms and revealed lateral and vertical heterogeneity within D′′ beneath Central America (e.g., Hutko et al. 2006; van der Hilst et al. 2007; Kawai et al. 2014), suggesting complex interaction between the paleosubducted slab and the TBL beneath the subduction zone.
The D′′ region, especially beneath subduction zones, provides clues for understanding the dynamics of the Earth’s mantle, because thermally and chemically distinct slab materials can perturb the temperature and mantle flow. Hence, it is important to study the D′′ region beneath subduction zones to investigate how slabs have subducted to the lowermost mantle. Lay and Helmberger (1983) and Young and Lay (1990) studied seismic structure in D′′ in particular regions beneath the circum-Pacific, especially beneath the Northern Pacific, and proposed 1-D S-velocity structure models, SLHO and SYLO, respectively, which have a positive velocity jump about 240 km above the CMB and a negative velocity gradient beneath the discontinuity. He et al. (2014) suggested an 850-km-thick low-velocity anomaly surrounded by a 210-km-thick high-velocity anomaly in D′′ beneath Kamchatka on the basis of forward modeling of seismic waveforms. Sun et al. (2016) studied the lowermost mantle beneath Alaska using waveforms recorded at recently deployed USArray stations. They divided the study area into three subregions with lateral scales of [image: $$\sim$$]15[image: $$^\circ$$] (western, middle, and eastern parts). They reported that the western, middle, and eastern parts show a sharp D′′ discontinuity with [image: $$\delta V_s = 2.5$$]%, no clear evidence for a D′′ discontinuity, and a gradual increase in [image: $$\delta V_s$$], respectively. The number of earthquake sources used by the above studies is 10 for Lay and Helmberger (1983), 36 for Young and Lay (1990), 2 for He et al. (2014), and 3 for Sun et al. (2016), respectively, and waveform stacking or waveform forward modeling was used.
It is desirable to infer the detailed S-velocity structure in a broad region beneath the Northern Pacific by analyses using a large number of waveforms for many earthquakes and stations. Since USArray stations have finally moved to the easternmost part of the USA and earthquakes occur in a broad region in the western Pacific, waveform data which are relatively homogeneous in epicentral distance range and sample D′′ over a long distance in the E–W direction (Additional file 1: Fig. S1) are now available. This allows us to investigate S-velocity structure beneath the Northern Pacific using a large amount of waveform data for western Pacific earthquakes recorded at North America stations (mainly the USArray).
Our group has developed methods for waveform inversion for three-dimensional (3-D) localized structure and has applied these methods to infer the 3-D S-velocity structure in D′′ beneath Central America (Kawai et al. 2014) and the Western Pacific (Konishi et al. 2014). These methods are suitable for analysis of a dataset which consists of a large number of observed waveforms for many earthquakes. Waveform inversion can use not only S and ScS, but also later phases associated with a large velocity contrast in the D′′ region (for example, Scd which has its turning point in D′′; e.g., Borgeaud et al. 2016). Although these later phases are useful for studying structures in D′′, they overlap with other phases at epicentral distances of more than [image: $$\sim$$]80[image: $$^{\circ }$$] and thus cannot be used by some other methods.

Data and methods
In this study, we apply the 3-D localized waveform inversion method to a dataset of [image: $$\sim$$]20,000 records including overlapped phases that sample D′′ well, and we infer the S-velocity structure in the lowermost 400 km of the mantle beneath the Northern Pacific. We invert the transverse component of broadband waveform data for 131 deep and intermediate earthquakes (orange stars in Fig. 1a, parameters in Additional file 1: Table S1) with [image: $$5.5 \le {M_{\rm w}} \le 7.3$$] that occurred in western Pacific subduction zones using receivers in North America from the USArray and other networks (blue inverse triangles in Fig. 1a). The model determined by the inversion gives the 3-D S-velocity wave structure in the D′′ region of the target area beneath the Northern Pacific and Alaska (Fig. 1b). The waveform data were downloaded from the Incorporated Research Institutions for Seismology (IRIS) data center. Figure 1a shows event-receiver geometry with great circle ray paths used in this study. We deconvolve the instrument response, apply a band-pass filter to the data, and construct a dataset for the passband from 0.005 to 0.08 Hz (i.e., for the period range 12.5–200 s). We then select records which include data for S, ScS, and other phases that arrive between them.[image: A40623_2016_576_Fig1_HTML.gif]
Fig. 1
                                    a Event-receiver geometry for the data used in this study. The great 
                                    circle paths which sample the D′′ layer are shown in red, and crosses indicate the turning points at the CMB. Light blue 
                                    reversed 
                                    triangles and orange stars show the stations in North America, and the 131 intermediate and deep earthquakes (Additional file 1: Table S1), respectively. Dark blue dots show the lateral distribution of the perturbation points. b The target area of this study. Black solid lines show the cross-sections presented in Fig. 3, and dashed blue curve shows the current plate boundary (e.g., DeMets et al. 1990)




                     
First, we compute the synthetic seismogram corresponding to each observed record using the Direct Solution Method (DSM; Geller and Ohminato 1994; Kawai et al. 2006) for the anisotropic PREM model (Dziewonski and Anderson 1981) for the Global CMT solutions using boxcar moment rate functions. We apply the same band-pass filter to both the synthetics and the observed records. We select data in the epicentral distance range [image: $$70 ^{\circ }$$]–[image: $$100 ^{\circ }$$]. We calculate the ratio of the maximum amplitude of each set of observed and synthetic waveforms for each time window and exclude records for which the ratio is greater than 3 or less than 0.33. Then, we use the ‘autopick’ method (Fuji et al. 2010) to make static corrections for the effect of structure outside the target region. This method picks the S-wave arrival and first peak for all synthetics and measures the time difference between them, [image: $${\Delta }t$$], to take the time window from 4[image: $${\Delta }t$$] before the S-wave arrival to [image: $${\Delta }t$$] after the S-wave arrival and compute the cross-correlation for this time window. The peak of the cross-correlation is chosen as the time shift for the static correction for each record. The dataset consists of 19,942 records that satisfy the above criteria; 24,564 records that did not satisfy the criteria were excluded. The histogram for epicentral distance intervals of [image: $$5^{\circ }$$] indicates that the dataset used in this study is relatively homogeneous (Additional file 1: Fig. S1).
Second, we parameterize the 3-D local structure of the target region as a voxelized structure and compute the partial derivatives of the synthetic seismograms with respect to the model parameters for each record and model parameter. In this study, we perturb only the shear modulus, [image: $$\mu$$], and fix the other parameters (density, [image: $${\rho }$$], bulk modulus, [image: $${\kappa }$$], the quality factor, Q, and the earthquake source parameters). The elastic moduli in the target region are assumed to be isotropic. When we compute the partial derivatives, we use the method of Geller and Hara (1993), which uses the first-order Born perturbation to compute the partial derivatives with respect to the spherically symmetric 1-D starting model (PREM is used in this study). Since the transverse component of waveforms is used in this study, we take into account toroidal-toroidal coupling and neglect other coupling. Synthetic seismograms for voxel perturbations using the first-order Born approximation are represented as follows:[image: $${\varvec{u}}_{3D}\left( {\varvec{r}}\right) = {\varvec{u}}_{1D}\left( {\varvec{r}}\right) + \sum _l \frac{\partial {\varvec{u}}\left( {\varvec{r}}\right) }{\partial m_l} \delta m_l,$$]

 (1)

where [image: $${\varvec{u}}_{3D}$$] is the Born-approximation synthetic seismogram for the 3-D earth model and [image: $${\varvec{u}}_{1D}$$] is the synthetic waveform for the 1-D starting model (PREM in our case).
Finally, we formulate the inverse problem and solve it using the conjugate gradient (CG) method (see Appendix A of Kawai et al. 2014 for details). The linearized inverse problem is usually written as:[image: $${\varvec{A}}\delta {\varvec{m}} = \delta {\varvec{d}},$$]

 (2)

where [image: $${\varvec{A}}$$] is the [image: $$N \times M$$] matrix of partial derivatives, N is the number of data points, M is the number of model parameters, [image: $$\delta {\varvec{m}}$$] is the vector of perturbations to the model parameters with respect to the initial model, and [image: $$\delta {\varvec{d}}$$] is the residual vector (the difference of each observed data point and the corresponding point of the synthetic seismogram for the initial model). Since it is well known that the number of unknowns (the number of elements of [image: $$\delta {\varvec{m}}$$]) is usually smaller than the number of data points (the number of elements of [image: $$\delta {\varvec{d}}$$]) in geophysical inverse problem (i.e., [image: $$M < N$$]), Eq. (2) is overdetermined and cannot be solved in a rigorous sense. The solution is obtained by solving the normal equations, which are written as follows:[image: $${\varvec{A}}^T{\varvec{A}}\, \delta {\varvec{m}} \,=\, {\varvec{A}}^T\delta {\varvec{d}}.$$]

 (3)

We define a sequence of M mutually orthogonal conjugate vectors (CG vectors) [image: $${\varvec{p}}_i$$] (i = 1,...,M),[image: $${{\varvec{p}}^{T}_j}{\varvec{A}}^{T}{\varvec{A}} \quad {\varvec{p}}_i\,=\, 0\quad {\rm for} \, j \ne i,$$]

 (4)

and then we write the solution by summing over the first k vectors[image: $$\delta {\varvec{m}}_k \,= \, \sum _{j=1}^k a_j{\varvec{p}}_j,$$]

 (5)

where the expansion coefficients [image: $$a_j$$] are the unknowns. In this study, we choose the value of k which minimizes the Akaike Information Criterion (AIC; see Appendix A of Kawai et al. 2014 for details).

Results
The target region is at latitudes between [image: $$\sim35^{\circ }$$] and [image: $$85^{\circ }$$] and longitudes between [image: $$\sim 130^{\circ }$$] and [image: $$290 ^{\circ }$$] (Fig. 1b) and depths from 0 to 400 km above the CMB. We divide the target region (studied volume) into 150 km [image: $$\times$$] 150 km [image: $$\times$$] 50 km voxels; there are thus 3576 unknown model parameters. We conduct inversion using the first n basis vectors obtained by the CG method. We choose the value of n that minimizes AIC. Additional file 1: Figure S2; Table 1 show the variance and AIC value for each model. When we calculate AIC values, we define the empirical redundancy parameter [image: $$\alpha$$] (see Appendix A of Kawai et al. 2014, for details and definitions). In this study, the AIC value for [image: $$\alpha = 2500$$] is used. The total number of data points at 1 Hz sampling is 1, 576, 927. The AIC values in Table 1 are thus obtained using the number of independent data, ND [image: $$= 1,576,927 / (2500 \times 12.5)$$]. Defining the variance of the data to be 100%, the variance (data minus synthetics) for the PREM synthetics without time shift is 133.4%. A further variance reduction to 76.2% is achieved by making the static corrections. The variance for model CG6, the model obtained for [image: $$n=6$$], which minimizes AIC, is 70.9%, as shown in Additional file 1: Fig. S2 and Table 1.Table 1Variance and AIC for each model


	Model
	Variance (%)
	AIC

	PREM
	133.4
	–

	PREM with time shift
	76.2
	1620.3

	CG6
	70.9
	1585.6




                     
Model CG6 is shown in Fig. 2. To examine the ability of our method to resolve the structure, we conduct synthetic resolution (‘checkerboard’) tests (Additional file 1: Fig. S3). We confirm that for an ideal noise-free case that the waveform inversion method and dataset used in this study can resolve the lateral heterogeneity well in all the depth ranges for the target region of this study. In order to examine the possible effects of shallow structure, such as the slab beneath North America, on the inversion results, we also checked the independence of the partial derivatives for perturbations in such regions and those in the target region in the lowermost mantle (Additional file 1: Fig. S4). As shown in Additional file 1: Fig. S4, the dataset in this study is large enough to effectively eliminate the trade-off between shallow structure and structure in the target region when all seismograms and all stations are used. Compared to our group’s previous studies (e.g., Kawai et al. 2014; Konishi et al. 2014), our present dataset allows us to resolve structure in D′′ over a wider horizontal region (about 3000 km in this study, as compared to about 1000 km for Kawai et al. 2014). This facilitates an investigation of how the subducted slabs interact with ambient material in the lowermost mantle beneath the subduction zone.[image: A40623_2016_576_Fig2_HTML.gif]
Fig. 2Results of the inversion (CG6) for the 3-D shear wave velocity structure in the lowermost 400 km of the mantle beneath the Northern Pacific and Alaska for each 50 km depth slice. PREM (Dziewonski and Anderson 1981) is used as the reference model




                        [image: A40623_2016_576_Fig3_HTML.gif]
Fig. 3Cross-section of the inversion for the 3-D shear wave velocity structure (CG6) for cross-sections A–A′, B–B′, C–C′ and D–D′, which are shown in Fig. 1b




                     
The S-velocity model obtained by our inversion shows three types of features (Figs. 2, 3):	1.Lateral high-velocity anomalies up to [image: $$\sim$$]3% faster than PREM with a thickness of [image: $$\sim$$]200 km whose lower boundary is [image: $$\sim$$]150 km above the CMB. We can see a prominent sheet-like high-velocity anomaly labeled ‘E’ in Figs. 2 and 3 extending in the east–west direction to the south of the Aleutian islands at 250–400 km above the CMB, and an arc-like high-velocity anomaly labeled ‘F’ in Figs. 2 and 3 from the southwest of the Aleutian islands through the east of the Kamchatka peninsula to Chukchi, the eastern tip of Siberia, at 150–250 km above the CMB. We also see two distinct high-velocity regions, labeled F′ and F″ respectively, from 250 to 400 km above the CMB, located directly above ‘F’. There is also a sheet-like high-velocity anomaly labeled ‘G’ in Figs. 2 and 3 beneath southern Alaska at 150–250 km above the CMB.


 

	2.Prominent low-velocity anomalies [image: $$\sim$$]2.5% slower than PREM labeled ‘H’ in Figs. 2 and 3 are located to the east of the Kamchatka peninsula with a thickness of [image: $$\sim$$]100 km immediately above the CMB beneath the above-mentioned high-velocity anomalies.


 

	3.A relatively thin ([image: $$\sim$$]300 km) weak low-velocity anomaly labeled ‘I’ in Figs. 2 and 3c which is continuous from the low-velocity anomalies beneath the east of Kamchatka peninsula immediately above the CMB to the far east of the Kuril islands to at least 400 km above the CMB.


 




                     

Discussion
Our model generally agrees with global tomographic models (e.g., French and Romanowicz 2014, 2015), but has finer resolution. Recent waveform forward modeling studies (He et al. 2014; Sun et al. 2016) estimated depths of the D′′ discontinuity of [image: $$\sim$$]200 and [image: $$\sim$$]250 km above the CMB beneath Kamchatka and the Northern Pacific, respectively, which are consistent with the depth of the significant high-velocity anomalies between 200 and 300 km above the CMB in our model (Figs. 2, 3). Since the S-velocity anomalies can be primarily attributed to effects of temperature, the high- and low-velocity anomalies indicate colder and hotter than average temperature at each respective depth. Cross-section C–C′ in our model shows that high-velocity anomalies (i.e., relatively cold material) lie at [image: $$\sim$$]250 km above the CMB and that low-velocity anomalies (i.e., relatively hot material) are below the high-velocity anomalies immediately above the CMB. These high-velocity anomalies may be enhanced by the bridgmanite (hereafter referred to as Mg-Pv) to Mg-post-perovskite (hereafter referred to as Mg-PPv) phase transition, because a cold geotherm makes the positive velocity jump associated with the phase transition clearer (Kawai and Tsuchiya 2009).
It has been suggested that some slabs accumulate and stagnate at the mantle transition zone beneath the subduction region. The slab beneath the Aleutian subduction zone, a part of the target region of this study, was found to be stagnant at the bottom of the transition zone (e.g., Gorbatov et al. 2000). If subducted slabs were stagnant in the transition zone, paleosubducted and stagnant slabs would have begun to avalanche and descend into the lower mantle in about 10 million years (Pysklywec and Ishii 2005) and would have finally reached the CMB. Whether they stagnate or penetrate the 660 km discontinuity, subducted slab materials would descend to the lower mantle and reach the CMB. Hence, the high-velocity anomalies shown in our model could be interpreted as the paleosubducted cold slab. If the subduction rate is about 2 cm/year in the lower mantle, it would take about 100 million years for slabs to descend from the surface to the CMB in this region. Taking this into account, the sharp high-velocity anomalies in D′′ found in our model could be remnants of the paleosubducted Kula or Pacific plate slab (e.g., Lithgow-Bertelloni and Richards 1998). The velocity contrast may be enhanced by the Mg-Pv to Mg-PPv phase transition, due to the low temperature. Two high-velocity anomalies (labeled [image: $$\hbox {F}^{\prime }$$] and [image: $$\hbox {F}^{\prime \prime }$$], respectively) continuous from the slab remnants to 400 km above the CMB are found in cross-section C−C′ in our model. These two high-velocity anomalies shown in cross-section C–C′ (Fig. 4) imply the possibility of two different subducting slabs (e.g., Kula and Pacific).[image: A40623_2016_576_Fig4_HTML.gif]
Fig. 4Schematic interpretation based on profile C–C′ in Figure 3. The basal thermal boundary layer is thicker beneath the subducted slab materials and a ‘passive plume’ has developed along the subducted slab remnants




                     
Strong low-velocity anomalies with a thickness of [image: $$\sim$$]100 km exist immediately above the CMB below the cold slab remnants (Figs. 3c, 4). These strong low-velocity anomalies can be attributed to the TBL caused by the blanketing effect of the horizontally lying cold slab. Our model also shows a low-velocity anomaly continuous from the CMB to at least 400 km above the CMB (Figs. 2, 3c); this could be an upwelling plume that is deflected around the descending cold slab material (Fig. 4). Previous numerical mantle convection studies are supportive of the hypothesis that the subducted slab causes plume-like upwelling (Tan et al. 2002; Tackley 2011; Bower et al. 2013). On the other hand, this study suggests that the hot materials in the TBL developed beneath the cold slab remnants might produce upwelling (a passive plume) along the subducted slab.
Our results are generally consistent with previous studies in terms of the location of the low-velocity anomaly. For example, the models of He et al. (2014) and French and Romanowicz (2014, 2015) show a low-velocity anomaly beneath Kamchatka continuous from the CMB to 850 km, and to about 500 km above the CMB, respectively.

Conclusions
We conducted localized waveform inversion for the three-dimensional S-velocity structure in D′′ beneath the Northern Pacific. Our obtained S-velocity model showed three features. (1) There are prominent sheet-like lateral high-velocity anomalies up to [image: $$\sim$$]3% faster than PREM with a thickness of [image: $$\sim$$]200 km whose lower boundary is [image: $$\sim$$]150 km above the CMB. There are also high-velocity anomalies extending in the east–west direction in the south of the Aleutian islands at 300–400 km above the CMB and south of Alaska at 150–250 km above the CMB, respectively. There is an arc-like high-velocity anomaly from southwest of the Aleutian islands through the east of the Kamchatka peninsula to Chukchi, the eastern tip of Siberia, at 150–200 km above the CMB. (2) A prominent low-velocity anomaly, which is [image: $$\sim$$]2.5% slower than PREM, is located to the west of the Kamchatka peninsula, immediately above the CMB beneath the high-velocity anomalies. (3) There is a relatively thin ([image: $$\sim$$]300 km) low-velocity structure continuous from the low-velocity anomaly “(2)” to at least 400 km above the CMB. We also detected a continuous low-velocity anomaly from the east of Kamchatka peninsula at 50 km above the CMB to the far east of the Kuril islands at 400 km above the CMB.
Assuming the velocity anomalies are due primarily to the effects of temperature, we interpret the above features as follows. (1) There are remnants of subducted slab materials which are stagnant [image: $$\sim$$]150 km above the CMB. Furthermore, the Mg-Pv to Mg-PPv phase transition could enhance high-velocity anomalies in the slab due to the cold geotherm; (2) hot and less dense material develops beneath the subducted cold slab remnants; (3) the hot and less dense material ascends along subducted cold slab remnants and forms a passive plume (Fig. 4).
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