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Abstract
We applied reverse time migration (RTM) to offshore wide-angle seismic data acquired with airgun shots and sparsely deployed ocean bottom seismographs (OBSs) for reflection imaging of the Moho discontinuity in the eastern margin of the Sea of Japan. While seismic tomography is generally applied to wide-angle seismic data for estimating regional velocity, reflection imaging is uncommon due to the low folds from wide-spacing OBS deployment. The long offset reflection data obtained by airgun-OBS surveys are promising for profiling deep crustal structures, which may be able to add constraints on the velocity structures estimated by tomographic inversion. Furthermore, reflection imaging from wide-angle seismic data is useful when only airgun-OBS data are acquired without any MCS data due to weather conditions or restrictions of using streamer cables. In this study, we validated the feasibility of RTM, which is an effective reflection imaging method based on wavefield modelling with the two-way wave equation, using offshore wide-angle seismic data acquired along two crossing survey lines off Niigata–Yamagata. Airgun shot intervals were 200 m in both surveys, and the OBS spacings were 5 km along a 297-km-long line and 8 km or 16 km along a 366-km-long line, except for OBSs near the coast. By applying RTM with velocity models estimated by traveltime tomography of the same OBS data, we successfully imaged clear reflections around depths of 20–30 km. We confirmed that reflections observed in the long offset range were effective in imaging the deep structures that were not imaged by the MCS survey in this region. The depths of reflectors were traced from approximately 20 km in the offshore area to approximately 30 km near the coast, which corresponds to the Moho discontinuity. The depth variation is consistent with the crustal classification that was inferred based on tomography analyses: thick oceanic crust in the Yamato Basin and rifted continental or island arc crust beneath the areas from the Sado Ridge to the coast. Our results from two surveys with different OBS spacings suggested the high potential of the application to a wide variety of wide-angle seismic data for crustal-scale seismic exploration.
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Introduction
In crustal-scale offshore seismic exploration, regional seismic velocity is generally estimated by traveltime tomography and waveform inversion using wide-angle seismic data acquired with airgun shots and ocean bottom seismographs (OBSs) (e.g., Nakanishi et al. 2008; Kamei et al. 2012; Górszczyk et al. 2017). Reflection imaging from airgun-OBS data is not common due to low folds in most cases of OBS deployment with wide spacing. Although detailed subsurface structures are imaged with high-resolution reflection profiles in multichannel seismic (MCS) surveys, imaging deep structures is still challenging due to the limited length of streamer cables. Reflections observed in the long offset range of airgun-OBS data are promising for containing information from deep structures, such as the Moho discontinuity, and they may add reflection boundary constraints on the velocity structures estimated by tomographic inversion from wide-angle seismic data (e.g., Zelt et al. 1998; Dessa et al. 2004; Qin et al. 2020). The traveltime mapping method (Fujie et al. 2006) is another technique to draw reflection boundaries using interpreted traveltime (e.g., Sato et al. 2014). This method requires prior manual phase picking on the OBS records, and the mapping result highly depends on the prior interpretation. In some situations with limited survey periods, only airgun-OBS data are available without any MCS data due to the following reasons: weather conditions, restrictions of using streamer cables by fisheries or marine traffic in survey areas. To overcome these problems, subsurface imaging by directly using reflections recorded in airgun-OBS data is important. In most cases of crustal-scale seismic exploration using OBSs with wide spacings of more than a few kilometres, not only reflection imaging by using primary reflections (Dessa et al. 2004; Qin et al. 2020) but also using multiple reflections by mirror imaging (Grion et al. 2007) and interferometric imaging (Shiraishi et al. 2017) are useful methods for obtaining reflection profiles, including shallow subsurface profiles, from nondense OBS data to better understand crustal structures in addition to detailed profiles by MCS surveys.
Reverse time migration (RTM) is an effective method for seismic reflection imaging based on numerical wavefield modelling with the two-way wave equation (e.g., Baysal et al. 1983; Chang and McMechan 1990). This method is now widely used for better imaging in complex models than conventional ray-based seismic migration methods (e.g., Etgen et al. 2009; Zhou et al. 2018). In a crustal-scale study, Shiraishi et al. (2019) applied the RTM-based technique for using primary and multiple reflections observed by 1-km spacing OBSs to investigate the subducting plate and internal structures of the accreted sediments in the Nankai Trough.
On the eastern margin of the Sea of Japan, to elucidate the crustal structure and fault systems for investigating earthquake and tsunami hazards, seismic reflection and refraction surveys using both OBSs and MCS systems were intensively conducted (e.g., No et al. 2014a, b, 2018; Sato et al. 2014, 2020). Although crustal variations in the Yamato Basin were inferred based on the crustal thickness and seismic velocity derived by traveltime tomography using wide-angle seismic data (Sato et al. 2014, 2020), reflection imaging of the deep Moho discontinuity was difficult by MCS surveys. To better image deep structures, reflection profiles from airgun-OBS data are important. In this study, we validate the feasibility of RTM-based imaging for primary reflections recorded with wide-spacing OBSs to image Moho discontinuities using airgun-OBS data acquired during two different survey cruises.
Method
RTM is based on numerical modelling with the wave equation to simulate forward wavefields from the source with a function and backward wavefields from receivers with observed seismic records (e.g., Chang and McMechan 1990). By adopting the source–receiver reciprocity on the relation between airgun shots and OBSs, the downgoing wavefields are extrapolated forward in time from OBS locations, and the upgoing wavefields are extrapolated backward in time from airgun shot locations (Shiraishi et al. 2019). The forward-extrapolated wavefield [image: $$F_{i} \left( {t, {\varvec{x}}} \right)$$] is simulated forward in time ([image: $$t:0 \to T$$]) based on a scalar wave equation with a migration velocity [image: $$c\left( {\varvec{x}} \right)$$] and a source function [image: $$s\left( t \right)$$] from the [image: $$i$$]th OBS location [image: $${\varvec{x}}_{{OBS_{i} }}$$] ([image: $$i = 1, 2, 3, \ldots , M$$]):[image: $$\begin{array}{*{20}c} {\left\{ {\frac{1}{{c^{2} \left( {\varvec{x}} \right)}}\frac{{\partial^{2} }}{{\partial t^{2} }} - \nabla^{2} } \right\}F_{i} \left( {t,{\varvec{x}}} \right) = s\left( t \right)\delta \left( {{\varvec{x}} - {\varvec{x}}_{{OBS_{i} }} } \right). } \\ \end{array}$$]

 (1)



Here, [image: $${\varvec{x}}$$] is a spatial coordinate vector in the model domain, and [image: $$\delta \left( {{\varvec{x}} - {\varvec{x}}_{{OBS_{i} }} } \right)$$] is the Dirac delta function. The backward-extrapolated wavefield [image: $$B_{i} \left( {t, {\varvec{x}}} \right)$$] is simulated backward in time ([image: $$t:T \to 0$$]), i.e. reverse time, with seismic traces [image: $$D_{i,j} \left( {t, {\varvec{x}}_{{shot_{j} }} } \right)$$] of the [image: $$i$$]th OBS record from airgun shot points [image: $${\varvec{x}}_{{shot_{j} }}$$] ([image: $$j = 1, 2, 3, \ldots , N$$]):[image: $$\begin{array}{*{20}c} {\left\{ {\frac{1}{{c^{2} \left( {\varvec{x}} \right)}}\frac{{\partial^{2} }}{{\partial t^{2} }} - \nabla^{2} } \right\}B_{i} \left( {t,{\varvec{x}}} \right) = \mathop \sum \limits_{j = 1}^{N} D_{i,j} \left( {t,{\varvec{x}}_{{shot_{j} }} } \right).} \\ \end{array}$$]

 (2)


We implemented wavefield modelling with a finite difference (FD) method of the scalar wave equation.
Then, subsurface structures are imaged by time integration after correlating the two wavefields under imaging conditions (e.g., Claerbout 1971, 1985). The zero-lag imaging condition in the time domain is represented as:[image: $$\begin{array}{*{20}c} {I\left( {\varvec{x}} \right) = \mathop \sum \limits_{i = 1}^{M} \mathop \int_{0}^{T} F_{i} \left( {t,{\varvec{x}}} \right)B_{i} \left( {t,{\varvec{x}}} \right)dt.} \\ \end{array}$$]

 (3)


Reflected waves illuminate the subsurface points [image: $${\varvec{x}}$$] in the model by the temporal integration of the product between the forward-extrapolated wavefield [image: $$F_{i} \left( {t, {\varvec{x}}} \right)$$] and the backward-extrapolated wavefield [image: $$B_{i} \left( {t, {\varvec{x}}} \right)$$] with respect to the [image: $$i$$]th OBS record (i = 1, 2, …, M) at every time step from t = 0 to the maximum time, t = T. Finally, we obtain the subsurface image by stacking the image sections from all OBS records.
Data
The wide-angle seismic data used in this study were acquired in the western offshore area of Niigata and Yamagata, Japan (Fig. 1a). The data were collected along two lines, EMJS1003 and SJ1901, in different surveys in 2010 and 2019, respectively. These two lines crossed each other at approximately 220 km offshore from the coastline. The water depth along the survey lines ranged from approximately 50 m near the coast to approximately 2660 m in the Yamato Basin. A tuned airgun array with a total volume of 7800 cubic inches (128 L) towed from R/V Kairei was fired every 200 m at a depth of 10 m in both surveys. On the 297-km-long line of EMJS1003, 58 OBSs were deployed with 5 km spacing, which was a typical spacing for investigating regional velocity by traveltime tomography, and 57 OBSs were retrieved. An MCS survey was conducted along the same line of EMJS1003 with a 5.5-km-long hydrophone streamer cable of 444 receiver groups at 12.5-m intervals, and the same airgun array fired every 50 m. On the 366-km-long line of SJ1901, 39 OBSs were deployed and retrieved with variable spacings of 2 km, 8 km, and 16 km from near the coast to the offshore area. Except for four OBSs near the coast, the originally planned spacing was 8 km, but the actual deployment spacing in the offshore region was changed to 16 km during the survey to avoid the risk of a typhoon by reducing the working time. MCS data were not acquired on the same line of SJ1901 because of weather conditions in the limited survey period. In both airgun-OBS surveys, each OBS had three-component geophones and a hydrophone sensor. Moho reflections were clearly observed in most of the vertical component geophone records (Fig. 1b–d).[image: ]
Fig. 1Map of survey lines and examples of airgun-OBS survey data. a Two survey lines, EMJS1003 and SJ1901, are located off the western coast of Niigata and Yamagata, Japan. OBS records at b No. 4 along line EMJS1003, c No. 30 and d No. 19 along line SJ1901. Clear reflections from the Moho are visible in the recorded sections, which are indicated by yellow arrows


Data processing and imaging
We used the vertical component records followed by preprocessing. To generate a transfer function for minimum phase conversion, we extracted a basic waveform by stacking the shortest offset traces aligned at the first arrival time of OBS records for each survey line. After we conducted minimum phase conversion using the transfer function based on the extracted waveform to the OBS record, we applied gap deconvolution with a predictive distance of 0.04 s to enhance reflection signals by suppressing airgun bubble effects and short-period reverberations. Then, automatic gain control with a gate length of 3 s, bandpass filter passing of 1–6 Hz, and muting before the first arrivals were performed. The record length was limited to 20 s with a sampling interval of 0.005 s from 70 s or 80 s of the original records for efficient computation. The source–receiver distance of input seismic records was limited to 100 km because most effective reflections from the Moho were observed at less than approximately 100 km of offset, and the data quality decreased in the farther offset range (Fig. 1b, c). An example of preprocessed OBS records with enhanced reflection signals is shown in Fig. 2a.[image: ]
Fig. 2Example of the RTM imaging procedure along line SJ1901. a Preprocessed record and b RTM image section of the OBS record at No. 30, which overlaid with the migration velocity model. c Raw stacked result of RTM sections from all OBSs, and d the final filtered RTM image. The red dashed line circles denote approximate locations of the Moho reflections identified on the OBS record at No. 30 along SJ1901


Regional velocity structures that were estimated by traveltime tomography using both the first arrivals and Moho reflections identified on the airgun-OBS data were available as the migration velocities for RTM for each line, EMJS1003 (Sato et al. 2014) and SJ1901 (No et al. 2020). We edited these models for feasible FD modelling. The models were gridded to 50 m in both the horizontal and vertical dimensions by setting the seafloor with the observed water depth, which was changed from the original grid size of 100 m used in the traveltime tomography. The maximum velocity was limited to 7.25 km/s, and spatial smoothing was applied to the models to avoid unexpected reflections and waveform stretching due to rapid velocity changes at the Moho and local velocity anomalies in the original tomography models. To use only upward reflections from subsurface boundaries, an absorbing boundary condition was used at the surrounding four boundaries of the velocity models, including the sea surface.
FD modelling for wavefield extrapolation was conducted with a time step of 0.0025 s and a total length of 20 s. We used a zero-phase wavelet, the Ricker wavelet of [image: $$f_{peak}^{{}}$$] = 4 Hz, for stable computation of the forward extrapolation from OBS locations. In the backward extrapolation, the preprocessed waveforms were input from the airgun locations for wavefield modelling in the reverse temporal direction. We correlated the extrapolated wavefields from 0 to 20 s in time with a temporal interval of 0.005 s. After stacking the migration sections from all OBS records (Fig. 2b, c), we applied a 2D wavenumber filter with a passing dip between − 0.25 and 0.25 to eliminate artefacts caused by the sparse deployment of OBSs and a spatial bandpass filter of 0.03–10 km−1 in the vertical direction. After amplitude balancing in the horizontal direction based on smoothed root mean square (RMS) amplitude variation, the final reflection profiles were obtained (Fig. 2d).
The MCS data with 50-m shot intervals along EMJS1003 were processed with the conventional common midpoint stacking method, including noise and multiple suppression, deconvolution, velocity analysis, stacking traces after normal moveout, and poststack time migration (No et al. 2014b). The time migration image after applying a bandpass filter of 3–36 Hz was converted to the depth domain using the tomography velocity.
Results and discussion
We obtained reflection profiles that show continuous reflectors at depths of approximately 20–30 km (Figs. 3a and 4a), which correspond to the depth of the Moho discontinuity suggested by the velocity models (Figs. 3b and 4b). In the reflection profile of EMJS1003 (Fig. 3a), the Moho discontinuity that is unclear in the MCS reflection profile (Fig. 3c) is visible in the RTM image from airgun-OBS data. The wide-angle reflection data of the airgun-OBS survey consist of lower frequency signals because of the decay of higher frequency components during wave propagation, and the processed frequency bands are different between the OBS data and MCS data. The low-frequency energy of the wide-angle reflections is likely effective for imaging deep structures. Furthermore, primary reflections in the long offset range outside of multiple reflections illuminate the deep structures. These factors, low-frequency signals and long offset reflections, may be effective for better imaging than those of the MCS data with a limited-length streamer cable whose later reflection signals tend to be smeared by multiples and swell noise. We also successfully obtained a reflection profile that shows clear reflections at the Moho discontinuity in regions with 8 km and 16 km spacing between OBSs along line SJ1901 (Fig. 4a, b). In a three-dimensional view of the RTM images and tomographic velocity on the crossing lines with the regional topography (Fig. 4c), the imaged Moho reflections and the velocity models almost correspond to each other at the crossing point, although the velocity models were analysed independently for two lines. The depth of the Moho reflections can be traced from approximately 20 km beneath the Yamato Basin to approximately 25–30 km near the coast through the Sado Ridge and the Mogami Trough. The depth variation imaged by the RTM is consistent with the crustal classification based on tomography analyses and traveltime mapping of airgun-OBS data, which suggests variation from thick oceanic crust in the Yamato Basin to rifted continental or island arc crust in the area beneath the Sado Ridge to the coast (Sato et al. 2014, 2020). The reflection profiles from the direct use of airgun-OBS data newly added evidential constraints of the Moho discontinuity to the velocity boundaries estimated by traveltime tomography.[image: ]
Fig. 3Seismic profiles along line EMJS1003: a reflection profile obtained by RTM from airgun-OBS data in this study; b velocity model obtained by traveltime tomography (after Sato et al. 2014), and c depth-converted reflection profile of poststack migration from the multichannel seismic survey along the same line (after Sato et al. 2014). The yellow dots indicate OBS locations, and the red circles denote the probable Moho reflections

[image: ]
Fig. 4Seismic profiles along line SJ1901: a reflection profile obtained by RTM from airgun-OBS data in this study and b velocity model obtained by traveltime tomography (after No et al. 2020). c 3D view of compiled seismic profiles of RTM images overlaid by tomography velocities along the two crossed lines with bathymetry. The crust varies from the thick oceanic crust beneath the Yamato Basin to the continental crust beneath Honshu Island, which was classified by Sato et al. (2014, 2020). The yellow dots indicate OBS locations, and the red circles denote the probable Moho reflections


To validate the velocities used for RTM, we compared RTM results obtained from different velocity models by limiting the maximum value and scaling of velocities from the base model (Fig. 5). Because of the low fold number in reflection imaging with wide-spacing OBSs, we are able to evaluate only stacked RTM images on the visibility and continuity of reflectors instead of migration gathers used in conventional evaluation in reflection imaging with MCS data. The comparison results show that the velocity obtained by traveltime tomography is not always optimal in RTM to illuminate reflections clearly at the Moho (Fig. 5b), and other models after limiting or scaling velocities can generate better RTM images (Fig. 5c–g). Based on the clear continuity of the Moho reflectors, we finally selected the velocity model limited up to 7.25 km/s without rapid change at the possible Moho discontinuity (Fig. 5d). The velocity model with rapid change, which was obtained by ray-based traveltime tomography, could be inappropriate for the RTM that deals with finite-frequency waves. The focusing of reflections at the Moho may be decreased by waveform stretching and bending of wave paths by the rapid velocity increase that is at a shallower depth than the imaged reflector (Fig. 5d). Furthermore, even though the ratio of velocity scaling is a few percent, the cumulative velocity difference from the seafloor to the target depth may affect the focusing of reflections at the Moho boundary (Fig. 5f, g). The sensitivity to velocity structures could be high because of low folds of wide-angle data obtained with sparsely deployed OBSs. Uncertainties of the lower crust velocity and the Moho depth estimated by the traveltime tomography are not negligible in general (e.g., Korenaga et al. 2011; Sato et al. 2020). The discrepancy in velocity values and depth of the Moho between reflection imaging and traveltime tomography suggests the possibility of further improvement of the crustal structure model by combining the velocity and reflection profiles.[image: ]
Fig. 5Comparison of RTM images obtained from different velocity models. a Vertical velocity profiles, which correspond to RTM images in b–g, at a horizontal distance of 230 km. RTM images from b the original traveltime tomography result and velocity models limited to c 7.5 km/s, d 7.25 km/s, and e 7.0 km/s and scaled by f 99% and g 98% after the upper limit to 7.5 km/s. The yellow dots indicate OBS locations


Consequently, we confirmed that RTM-based primary reflection imaging is feasible for imaging deep structures using offshore wide-angle seismic data acquired with nondense OBSs. The significant results from two lines with different OBS spacings offer high potential for a wide variety of applications in crustal-scale exploration. In addition to our example of the Moho geometry in the back-arc region, the deep geological architectures in the forearc region of the plate subduction zone (e.g., Nakanishi et al. 2009, 2018) or oceanic plateaus produced by large igneous provinces (e.g., Korenaga 2011) are challenging targets that should be investigated with offshore wide-angle seismic surveys and the proposed method.
On the other hand, imaging shallow structures, such as sedimentary layers in the Yamato Basin and deformations of the fault-fold belt in the Sado Ridge to the Mogami Trough (Sato et al. 2014), is difficult by using only primary reflections because of spatial aliasing of migrated reflections from wide-spacing OBSs (e.g., Zelt et al. 1998). RTM with surface-related multiples (e.g., Grion et al. 2007; Liu et al. 2011; Shiraishi et al. 2017, 2019) could be useful for imaging internal structures of the thick crust and sedimentary layers. Updating velocity models by waveform inversion involving reflection phases may also be helpful for further improvement of the reflection profiles (e.g., Sirgue et al. 2010; Shiraishi et al. 2019) with better spatial resolution and reliability of velocities within the thick crust than that by traveltime tomography, especially in the thick crust with the shallow complex fault-fold belt (the eastern side of Figs. 3 and 4). Low-frequency coherent phases observed in the crust (at depths of 10–15 km and the horizontal distances of 140–180 km in Fig. 3 and 40–180 km in Fig. 4) are probably remnant artefacts due to multiples or direct waves. Novel methods for signal-to-noise enhancement optimal for sparse OBS data are needed to improve the reflection images of detailed structures in the crust. However, the spatial resolution of the OBS reflection images is lower than that of the MCS data because the airgun-OBS data generally consist of lower frequency signals than the MCS data due to the decay of high-frequency components during long path wave propagation. Therefore, complementary analysis of the OBS reflection profiles with the high-resolution image of the shallow part by the MCS survey is still important for a comprehensive understanding of crustal structures.
Conclusion
We successfully imaged the Moho discontinuity at depths of 20–30 km by the RTM method using reflections observed by offshore wide-angle seismic data with airgun shots and OBSs on the eastern margin of the Sea of Japan. We applied the RTM method to airgun-OBS data with regional velocity models obtained by traveltime tomography from the same datasets, which is a straightforward approach to investigate deep crustal structures using wide-angle seismic data. We confirmed that reflections in the long offset range are more effective in imaging deep structures than MCS surveys with streamer cables of limited length. The reflection profiles from the airgun-OBS data added constraints of the Moho discontinuity to the velocity distribution estimated by traveltime tomography, which visualizes the depth variation corresponding to the transition from thick oceanic crust in the northern Yamato Basin to continental crust in the region towards the coast. Our results from two survey datasets with different OBS spacings of 5 km, 8 km and 16 km suggest the high potential of RTM-based imaging for a wide variety of applications to wide-angle seismic data in crustal-scale seismic exploration.
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