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Editorial on the Research Topic
Advances in Ocean Bottom Seismology

Among the physical sciences, seismology is relatively young; with the continued advances in instrumental technologies and computer capacity, ours has to be one of the most rapidly evolving subject areas within the Earth Sciences writ large. Exploration of the Earth by way of seismic observation and modeling is expanding not only in the range of capabilities - from reservoir scale to whole-Earth sensing - but in recent decades seismology has resolutely marched from the Earth’s continents and sea shores into the oceans, which cover nearly 75% of the Earth and have until recently hindered our ability to more fully explore the planet.
The past few decades have brought about advances in design and deployment of ocean bottom seismic sensors and their data acquisition capacity, resulting in an exponential increase in seafloor seismic experiments driven by both pure scientific inquiry as well as economic development. With the increasing focus on what is arguably Earth’s last frontier for seismology, it is timely that we present some of the latest new results, observations, modeling and technological advances in ocean bottom seismology.
Many traditional seismic techniques that have been used in special land-based deployments are also undertaken by marine seismologists. Their work is made more challenging by difficult deployment requirements and the long time gap between station installation and data retrieval. Hindering many fundamental analyses is the appreciable seismic noise environment on the ocean floor, inaccessibility of sensors for validation of precise location, attitude and orientation, coupling and response issues and possible errors or mishaps that cannot be addressed in near real time as they would on land. Nosov et al. present here an intriguing new approach to evaluate the impacts of these issues, however. Such difficulties have not daunted researchers, who have been able to gain unprecedented observations and new understanding of geodynamic processes in spreading centers, triple junctions and transform systems, such as Núñez-Cornú et al.’s TSUJAL passive experiment offshore Western Mexico and the active-source profiling near the Mexican Islas Marias combined with passive data (Madrigal et al.; Núñez et al.) to further explore tectonic structures and correlate the observations with detailed bathymmetry.
Evaluation of seismic hazard and improved location capability for near-shore offshore events - including potentially tsunamigenic earthquakes - are historically difficult when observations are restricted to onshore networks, but a better picture of offshore seismicity for assessing hazards is demonstrated for an OBS experiment in the Ionian Sea by Sgroi et al.
Innovative application, or adaptation, of new and specialized seismic methods are demonstrated with seafloor data, providing an exciting opportunity for insights and uses for these sometimes challenging observations. Laske demonstrates robust observations of normal modes using broadband OBS data, making a convincing case that the best possible sensors should be deployed in marine experiments, allowing for exploitation of observations beyond those which may be initially targeted by a particular deployment. Along the same vein, Tonegawa et al. show that the often-problematic seafloor seismic noise can be exploited, as in on-land noise surveys, to derive structural information in the absence of earthquake or air gun sources in some circumstances.
Creative application of techniques not previously applied to seafloor data are demonstrated by González-Fernández, in his full-wave extension of the generalized reciprocal method on refraction data to image structure beneath the Gulf of California, while Bayrakci et al. apply seismic anistropy methods to seafloor data to illuminate fractures that may be associated with seafloor methane venting in the North Sea, a significant concern for climate change. Dhakal and Kunugi report on strong motion analyses using the cabled S-net and K-net OBS deployments offshore of Japan, and the implications for earthquake early warning.
Finally, looking ahead, we have promising efforts underway in instrumentation and analytical advances related to seafloor cables themselves. Howe et al. and Matias et al. bring reports on developments for new capacity on seafloor cables. The planned deployment of Science Monitoring And Reliable Telecommunications (SMART) cables in the north Atlantic, targeting the Azores and offshore seismic sources impacting Iberia will exploit not only the cables’ repeater-housed sensors but also Digital Acoustic Sensing (DAS) and laser interferometry techniques to provide real-time high-resolution observations and analysis of this tectonically active and hazardous area. The overall motivation, current status and important contributions anticipated by the SMART Cables initiative and its worldwide impact on seafloor geophysics (and oceanography) for not only earthquake observations and both earthquake and tsunami early warning, but also critical climate change data, provide us with a vision for ubiquitous sensing and real-time data return that is moving closer to reality for our science.
Any volume of research and review papers can only provide a snapshot in time of the state of the science, but we hope the wide spectrum of projects and analyses presented here can motivate additional research, new ways to exploit data already acquired and new approaches to solving the perplexing problems associated with expanding our seismic view into the oceans.
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Ambient noise correlation is capable of retrieving waves propagating between two receivers. Although waves retrieved using this technique are primarily surface waves, the retrieval of body waves, including direct, refracted, and reflected waves, has also been reported from land-based observations. The difficulty of body wave extraction may be caused by large amplitudes and little attenuation of surface waves excited by microseisms, indicating that body wave extraction using seafloor records is very challenging because microseisms are generated in ocean areas and large amplitudes of surface waves are presumably observed at the seafloor. In this study, we used a unique dataset acquired by dense arrays deployed in the Nankai subduction zone, including a permanent cabled-network of 49 stations, a borehole sensor, and 150 temporary stations, to attempt to extract near-field body waves from ambient seafloor noise observed by multivariate sensors of broadband and short-period seismometers, differential pressure gauges (DPGs), and hydrophones. Our results show that P waves are extracted only in the DPG-record correlations at a frequency of 0.2–0.5 Hz, which can be seen up to a separation distance of two stations of 17 km with an apparent velocity of 3.2 km/s. At 1–3 Hz, P waves are observed only in the vertical-record correlations up to a separation distance of 11 km with an apparent velocity of 2.0 km/s. These velocity differences reflect the vertical velocity gradient of the accretionary prism, because the P waves at low frequencies propagate at relatively long distances and therefore the turning depth is greater. Moreover, the long-period and short-period P waves are observed at the slope and flat regions on the accretionary prism, respectively. To investigate the retrieved wavefield characteristics, we conducted a two-dimensional numerical simulation for wave propagations, where we located single sources at the sea surface above the flat and slope bathymetry regions. Based on our observations and simulations, we suggest that the retrieval of near-field body waves from ambient seafloor noises depends on the relative amplitudes of P and other surface waves in the ambient noise wavefield, and those are controlled by the subseafloor velocity structure, seafloor topography, and water depth.
Keywords: Ambient noise, seafloor observation, body wave, broadband, subduction zone (Min5-Max 8)
INTRODUCTION
Ambient noise analysis applied to land-based seismic records has retrieved various wavefields propagating between two receivers (Wapenaar, 2004). Retrieved waves are mainly surface waves (e.g., Sabra, 2005; Shapiro et al., 2005), but body wave retrievals by correlating ambient noises from land-based observations have also been reported (Roux et al., 2005; Draganov et al., 2007; Zhan et al., 2010; Poli et al., 2011; Ryberg, 2011; Takagi et al., 2014). In particular, reflections from the 410 and 660 km discontinuities in the upper mantle could be detected from ambient noise records observed in Finland (Poli et al., 2012). Body waves propagating through the deep interior of the Earth, including core phases, have been extracted using globally distributed broadband seismometers (Nishida, 2013). Near the coastline, direct and refracted P waves could be detected by a dense array of seismometers deployed at Long Beach, California, and those waves can be used to estimate the three-dimensional (3D) velocity structure at shallow depth (Nakata et al., 2015).
The difficulty of extracting body waves is primarily caused by large amplitudes of surface waves observed at land stations, which correspond to microseisms excited by ocean swells in the ocean areas (Longuet-Higgins, 1950; Hasselmann, 1963). Retrievals of body waves may be owing to either large amplitudes of body waves excited by ocean swells near the coastline (Nakata et al., 2015) or low amplitude of surface waves in quiet regions that are away from the coastlines. On the other hand, for seafloor observations, if wave-wave interactions of ocean swell persistently excites microseisms including body and surface waves, seafloor sensors may capture such signals because they are close to excitation regions of the microseisms. Waves extracted from seafloor observations are primarily surface waves, including Rayleigh waves, Love waves, their higher modes (e.g., Takeo et al., 2013; Lin et al., 2016; Isse et al., 2019; Kawano et al., 2020), Scholte waves (Mordret et al., 2014), and ocean acoustically-coupled Rayleigh (ACR) waves (Ewing et al., 1957; Sugioka et al., 2001; Butler and Lomnitz, 2002; Butler, 2006). Here, ACR waves (or seismoacoustic modes) can be observed at frequencies of 0.5–5.0 Hz, which include higher modes of Rayleigh waves whose energies are distributed in the ocean and marine sediment, and have a propagation velocity slightly less than 1.5 km/s (Tonegawa et al., 2015). However, teleseismic body waves excited in the ocean areas can be observed at land stations (Gerstoft et al., 2006; Koper et al., 2010; Landès et al., 2010; Gualtieri et al., 2014; Farra et al., 2016; Nishida and Takagi, 2016). Although this means that most of the body wave energy is transmitted to the interior of the Earth and can be observed at distant stations, near-field body waves are also possibly observed under the conditions of dense seismic sensors deployed at the seafloor.
In the Nankai subduction zone, south of Japan, the Philippine Sea Plate (PHS) subducts northwestwards from the Nankai Trough, historically leading to megathrust earthquakes along the plate boundary. To investigate the seismic structure of the subduction zone, seismic exploration surveys have been conducted with dense survey lines, in which temporary ocean bottom seismometers (OBSs), each equipped with a hydrophone, have been deployed for refraction surveys (e.g., Nakanishi et al., 2018). Moreover, to monitor seismic activity in this region, a permanent cabled-network of seismometers and pressure gauges (Dense Oceanfloor Network System for Earthquakes and Tsunamis: DONET) (Kaneda et al., 2015; Kawaguchi et al., 2015) has been installed on the accretionary prism where the bathymetry from the trough gradually becomes shallower landwards to a distance of 30–40 km, after which it is almost flat until 20–30 km before the coastline.
To explore the retrieval of body waves propagating between two seafloor receivers, we employed ambient noise records acquired by seismometers and pressure sensors of DONET and temporary OBSs. Such retrievals have potential for investigating the 3D seismic structure beneath the seafloor without natural and artificial seismic sources. In this study, we show near-field P-wave extractions at frequencies of 0.2–0.5 Hz from seafloor pressure gauges, mainly deployed at the slope bathymetry region, and those at frequencies of 1–3 Hz from seafloor seismometers, mainly deployed at the flat bathymetry region. Those extractions are further examined by 2D numerical simulations.
MATERIALS AND METHODS
Station Data
The continuous records used in this study consist of three-component seafloor motions and pressure fluctuation and were acquired by broadband seismometers and differential pressure gauges (DPGs) at each station of DONET and 4.5 Hz short-period sensors and hydrophones at each temporary station. The broadband seismometers (Guralp CMG-3T) of DONET were buried 1 m below the seafloor, and have a flat velocity response from 100 Hz to 360 s (e.g., Nakano et al., 2013). The response of the hydrophone decreases from 2 Hz to lower frequencies (e.g., Tonegawa et al., 2015). Also used were the three components of a broadband seismometer deployed in a borehole at a depth of 900 m from the seafloor (Kopf et al., 2011; 2016), at which lower noise levels than those at the seafloor are observed due to the amplitude decay of persistently propagating surface waves. The sampling rates of all sensors are decimated to 40 Hz. The stations in DONET are installed in the eastern (DONET1) and western (DONET2) part of the Nankai subduction zone with a station spacing of 15–20 km, whereas the temporary stations are distributed along five lines that cover the central to eastern part of the subduction zone with a station spacing of 5 km (Figure 1). The observation periods of DONET and temporary stations are 2011∼present and September–December of 2011, respectively. We prepared two datasets of the continuous records to retrieve wavefields of lower (0.2–0.5 Hz) and higher frequency (1–3 Hz) components using an ambient noise analysis. Dataset 1 for the lower frequency range includes all four components of 49 stations of DONET and the three components of the borehole sensor, connected to the DONET cable, for February–March of 2016 (Figure 1). Dataset 2 for the higher frequency range includes all four components of 20 DONET stations and 150 temporary stations for October–November of 2011 (Figure 1). Moreover, an additional dataset was prepared covering the middle frequency range (0.5–1.0 Hz) from DONET records for February–March of 2016. We did not use records of DONET2 in Dataset 2 because it had not yet been installed in 2011.
[image: Figure 1]FIGURE 1Map showing the stations used in this study. Yellow, pink, and light-blue triangles represent temporary, DONET1, and DONET2 stations, respectively. The black triangle indicates the borehole location. The red line show the location of Vp structure (Nakanishi et al., 2008) used in the numerical simulation. The dashed red line represents the region where the one-dimensional profile at the northern edge of the Vp structure is extended.
Cross-Correlation Function Calculation
Cross-correlation functions (CCFs) were calculated with ambient noise records in which energetic signals including earthquakes were suppressed by the following log-normal shaped function.
[image: image]
where σ = 2 and the time length, T = 400 s. When σ > 1 in Equation 1, the peak of the function is located forward and its tail amplitude is still preserved at the end of the time length (Supplementary Figure S1). The time length, T, was determined from the durations of relatively large earthquake signals at 0.2–0.5 Hz observed by DONET. Supplementary Figure S1A shows a waveform example for a deep earthquake with a magnitude of 5.7, a depth of 410 km (earthquake catalog from United States Geological Survey), and an epicentral distance of 3.67°. The coda amplitudes can be observed for a duration of ∼400 s. If the coda portions of earthquakes are longer than 400 s and still have large amplitudes (see Equations 2, 3 for amplitude criteria), Equation 1 is repetitively applied to the rest of the coda. A cosine taper with a time window of 20 s was also applied to both the edges of the function. The root-mean-squared (RMS1hour) amplitudes were calculated with 1-h continuous records at a frequency of 0.2–0.5 Hz. When amplitudes in the 1-h record at 0.2–0.5 Hz, Amax, exceed five times the RMS1hour, the raw records were divided by the following function with a time shift of 80 s from the time of Amax:
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where
[image: image]
The reason of the time shift is that the maximum amplitude of the log-normal shaped function (Equation 1) is approximately 80 s from the starting time. In addition, when moderate-sized earthquakes occur in Japan, the large and small amplitudes of the S and P waves within an S–P time of <80 s are observed, and the S wave amplitude often corresponds to Amax. Equation 2 with a time shift of 80 s and Equation 3 can effectively suppress the large amplitudes of such earthquake signals. An example of the suppression of the deep earthquake signals is shown in Supplementary Figure S1D. The CCFs were calculated using a time window of 200 s with spectral whitening (Brenguier et al., 2007). The CCFs were stacked over 2 months. When the RMS of one segment (200 s) in the processed records was less than 0.3 times the RMS1hour, the CCFs of those segments were discarded.
Previous studies calculated CCFs using continuous records with one-bit normalization where amplitudes are equalized while preserving their polarities. Using the continuous records acquired by a borehole sensor and a nearby seafloor sensor (KMD16, Figure 1) with a horizontal separation distance of 3.7 km, we compared the resulting CCFs (Figure 2). Without one-bit normalization they show P waves and ACR waves at lag times of ±2 s and +4 s, respectively, while with one-bit normalization the CCFs do not show any clear signals. The reasons for the absence of clear signals remains elusive, but we suppose that larger and smaller amplitudes in the ambient seafloor noise are dominated by different wavefields, as will be discussed in Discussion. In this study, we preserved amplitude information in the continuous records with suppressing energetic signals when calculating CCFs. Because CCFs calculated with spectral whitening measure the phase difference between two time series (e.g., Prieto et al., 2009; Tonegawa et al., 2009), the phase difference obtained in the CCFs reflects portions of the time series with relatively large amplitudes.
[image: Figure 2]FIGURE 2Waveform examples recorded with borehole and seafloor sensors. (A) One-hour records of the vertical component at 1–3 Hz observed at the borehole sensor on February 9, 2016. (B) Same as (A), but for KMD16. (C) One-hour CCFs using the waveforms in (A,B), with the borehole as the reference site. The top panel represents the CCF stacked over the CCFs in the bottom panel. (D) Same as (C), but for applying a one-bit normalization to the waveforms in (A,B).
RESULTS
Supplementary Figure S2 shows CCFs for 4 × 4 components at 0.2–0.5 Hz. Most of the component combinations only show ACR wave propagations with a propagation velocity of 1.5 km s−1 or surface waves with slower velocities, whereas pressure-pressure (P-P) CCFs show body wave propagations. In Figure 3, the reference station is located at a lower latitude, so that signals in the positive lag time represent waves propagating northwards. P wave propagations are observed up to a separation distance of 17 km in the positive lag time along the travel time curve of the P waves estimated from the velocity structure (Tonegawa et al., 2017). Here, we constructed a one-dimensional (1D) velocity model averaged over all of the 1D velocity profiles obtained from the DONET stations below the seafloor (Tonegawa et al., 2017). The P wave can be observed in the positive lag time of the CCF for the station pair of KMB06 and KMB08 (Figure 3D). The turning depth of P waves reaches up to 6 km from the seafloor (Figure 3), which samples the plate boundary in the shallow subduction zone.
[image: Figure 3]FIGURE 3CCFs aligned as a function of the separation distance of two stations. (A) P-P CCFs at 0.2–0.5 Hz using DPG records. (B) Same as (A), but with travel time curves of P and S waves calculated with a velocity model (Tonegawa et al., 2017), and a solid line with a propagation velocity of 1.5 km/s. White dashed lines represent apparent velocities of 1, 2, and 4 km/s. (C) The bottoming depth of (red) P and (blue) S waves calculated using the velocity model (Tonegawa et al., 2017). (D) A stacked P-P CCF at 0.2–0.5 Hz for the KMB06–KMB08 station pair, with a separation distance of 14.0 km. (E) Slant stack results for (left) negative and (right) positive lag times of the CCFs in (A).
Figure 4 shows P-P and vertical-vertical (Z-Z) CCFs at 1.0–3.0 Hz. Although P waves were observed in the P-P CCFs at 0.2–0.5 Hz, in the P-P CCFs at 1.0–3.0 Hz only ACR waves were observed. Instead, P waves were retrieved in the positive and negative lag times of the Z-Z CCFs at 1.0–3.0 Hz, and they reach up to 11 km in separation distance of two stations. At the middle frequency range of 0.5–1.0 Hz, we did not extract body waves (Supplementary Figure S3), and hence focus on body wave retrieval at the frequency bands of 0.2–0.5 Hz and 1.0–3.0 Hz in the subsequent sections.
[image: Figure 4]FIGURE 4CCFs aligned as a function of the separation distance of two stations. (A) Z-Z CCFs at 1–3 Hz using short-period sensor. (B) Same as (A), but for P-P CCFs using hydrophone. Solid line indicates a wave propagation with a velocity of 1.5 km/s. (C) Slant stack results for (left) negative and (right) positive lag times of the CCFs in (A). (D) Same as (C), but for the CCFs in (B).
To confirm the stability of the obtained CCFs, we compared them for stacking periods of 3 months, 1 month, and 2 weeks in the low frequency band (Supplementary Figure S4). Because the observation period of Dataset 2 was almost 2 months, we did not confirm the stability of Dataset 2. The CCFs were almost stable over all of the stacking periods; hence, we discuss the characteristics of the retrieved waves based on a 2 months stacking period.
DISCUSSION
P Wave Retrieval
We measured the apparent velocities of P waves in high and low frequency bands using a slant stack technique. Given apparent velocities, the theoretical travel times can be calculated using the distances between two stations. The apparent velocity was varied between 1 km/s and 5 km/s, with an increment of 0.1 km/s. We averaged the absolute amplitudes of the CCFs within a 0.5 s time window from the theoretical travel time. The averaged values were stacked for the separation distances between two stations: less than 10 and 17 km for the high and low frequency bands, respectively, because large amplitudes were obtained in the distance ranges (Figures 3, 4). This process was performed for positive and negative lag times.
We obtained velocities of 2.0 km/s in the high frequency band (Figure 4) and 3.2 km/s for positive lag times in the low frequency band (Figure 3). This velocity difference and the fact that P waves in the low frequency band propagate over relatively long distances indicate that the turning depths of these P waves were relatively shallow and deep, respectively, and the apparent velocities reflect the P-wave velocity structure (Vp) at these depths. Indeed, the travel time curve gradient of the P waves gradually increased as a function of distance (Figure 3B), which reflects the vertical velocity gradient of the accretionary prism. Seismic exploration surveys of the entire Nankai accretionary prism have also reported a Vp of 2.0–4.0 km/s in the marine sediments and a gradual increases with depth of the Vp structure at shallower depths in the accretionary prism (e.g., Kodaira et al., 2002; Takahashi et al., 2002; Nakanishi et al., 2008). In the higher frequency band, because the turning depth is relatively shallow, the turning P waves are simply observed at stations with separation distances less than 11 km. For the low frequency band, because the turning depth is close to the plate boundary, if seismic velocity discontinuities are present near the bottom of the prism, refracted and head waves can be generated. Indeed, the presence of a low velocity layer has been reported at the bottom of the accretionary prism in the southern DONET1 region (Park et al., 2010; Kamei et al., 2012; Akuhara et al., 2020). In this study, for the low frequency observations from DONET1, the retrieved P waves may contain such multiple P phases.
In order to investigate the region where P waves were retrieved at 0.2–0.5 Hz, we selected P-P CCFs that contain P waves by cross-correlating between the reference CCF and individual P-P CCFs, which is a similar approach to that of a previous study (Nakata et al., 2015). The reference CCF was calculated by stacking the P-P CCFs of all station pairs within separation distances of 10–17 km along the travel time curve of the P waves shown in Figure 3B (Tonegawa et al., 2017). We calculated the cross-correlation coefficients (CC) between the reference CCF and individual P-P CCFs with a time window of ±2 s from the travel time curve. If CC > 0.6, we consider that the CCF possibly contains P waves, and plot the pair in the map (red lines in Figure 5A). As a result, pairs showing P waves are primarily concentrated at the southern part of DONET, where the seafloor slope to the trough is formed.
[image: Figure 5]FIGURE 5Screening of CCFs that show P wave extractions. (A) Map showing pairs that (red line) shows P wave extractions and those that (blue line) do not show P extractions. Dotted yellow ellipses represent the regions where P waves are extracted. (B) P-P CCFs at 0.2–0.5 Hz ordered by separation distance of two stations (C) P-P CCFs that contain P waves are selected from CCFs in (B). (D) P-P CCFs that do not contain P waves are selected from CCFs in (B).
To explore the regions where P waves are observed at 1.0–3.0 Hz, we aligned Z-Z CCFs with the separation distance of two stations of 5 km along Lines A-D (Figure 1). Because the separation distances in the temporary OBS array were equal, aligning the CCFs with 5 km separation distances along lines allowed us to compare the retrieved waves with the geological setting. The result shows that P waves were primarily retrieved at the flat bathymetry region, while signals were weak at the slope bathymetry region (Figure 6). This contrasts with the retrieval of P wave at 0.2–0.5 Hz. Note that the retrieved P waves in the Z-Z CCFs are different from the ACR waves detected in the P-P CCFs using hydrophone records in a previous study (Supplementary Figure S5) (Tonegawa et al., 2015), in which the P waves in the Z-Z CCFs were faster.
[image: Figure 6]FIGURE 6P wave retrieval at 1–3 Hz. (A) Z-Z CCFs for pairs whose separation distance is 5 km are aligned along line A (Figure 1). Red triangles represent P wave retrievals, and red arrow indicates the location where the P wave is retrieved, which corresponds to the flat bathymetry region. Right panel shows the bathymetry along the line A. (B) Same as (A), but for line B. (C) Same as (A), but for line C. (D) Same as (A), but for line D.
Previous studies that retrieved body waves at land stations speculated that body waves are converted from the Rayleigh waves due to the heterogeneous structure of the Earth’s upper crust (Roux et al., 2005), and that there are specific structures where body wave energy is trapped and scattered, such as low velocity layers, basins, topography, and heterogeneity (Zhan et al., 2010). Although the retrieved P waves retrieved in our observations may have included contributions from the correlation of P waves trapped and scattered by heterogeneities within the accretionary prism toe, in which the original P waves were generated by wave-wave interactions at the sea surface, the wavelength of the P wave at low frequency was 15 km, for a frequency of 0.2 Hz and a propagation velocity of 3.0 km/s. This wavelength appears to be long for sufficient seismic wave scattering. Therefore, we conducted numerical simulations to evaluate the contribution of the original P waves associated with wave-wave interactions to the P waves extracted from our observations.
Wave Propagation From Numerical Simulation
In this section, we confirm whether the characteristics of the waves retrieved from ambient seafloor noises can be reproduced by a simple 2D numerical simulation for the ocean-solid Earth system. Since it appears that P retrieval is related to the slope and flat regions in the bathymetry, we compare wave propagations depending on frequency (0.2–0.5 Hz and 1–3 Hz), source locations (slope and flat), and component (vertical velocity and stress τzz). We used a 2D finite difference method with a rotated-staggered grid for second order approximations in time and space (Saenger et al., 2000). The calculation has been performed in the displacement-stress scheme with an absorbing boundary condition (Clayton and Engquist, 1977), and converted the vertical displacement to vertical velocity seismograms to compare with the τzz component. We applied vertical single forces with Ricker wavelets for central (maximum) frequencies of 2.0 Hz (2.9 Hz) and 0.35 Hz (0.5 Hz), respectively, to produce wavefields at high and low frequencies. The grid size is 10 × 10 m and 20 × 20 m for high and low frequencies, respectively. Stations are set at the seafloor within a distance ranging between 0 and 200 km with an interval of 1 km.
The seismic velocity structure at the subseafloor is based on a Vp structure resulting from a seismic exploration survey (Figures 1, 7A) (Nakanishi et al., 2008). The 1D Vp profile at the northern edge of the model is extended landward (Figure 1). The Vs and density were derived from Vp using empirical relations (Brocher, 2005). A 1D profile (depth dependent) of the Vp is applied to the sea water (Munk, 1974), while Vs and density are 0 and 1.02 g/cm3, respectively. The calculation was unstable in the cases where Vp/Vs of the accretionary prism at shallow depths was large and the small horizontal-scale bathymetry was complex. To avoid these problems, we set Vp/Vs = 2.5 when Vp/Vs > 2.5 and applied a horizontal distance moving average of 10 km to the seafloor. The minimum Vs is 0.56 km/s because the minimum Vp in the sea water is approximately 1.4 km/s (Munk, 1974). The source locations were set to horizontal distances of 80 and 110 km at the sea surface, which correspond to the slope and flat bathymetry regions, respectively (Figure 7A).
[image: Figure 7]FIGURE 7Two-dimensional numerical simulation for wave propagation. (A)Vp model used in the numerical simulation. The dotted line shows the bathymetry. Red stars at 80 and 110 km in horizontal distance show the source locations at the sea surface. (B) Left panels show (top) a waveform example of the vertical velocity observed at 140 km in distance and (bottom) record section. The maximum frequency is 2.9 Hz. The source is located above the flat bathymetry region. Oblique and vertical light-blue lines represent 1.5 km/s and the waveform that corresponds to the top panel, respectively. The red arrow indicates direct and subsequent P waves. Right panels are the same as left panels, but for τzz. The amplitudes of the record sections (bottom) are normalized by the maximum amplitude in each record section. (C) Same as (B), but the source is located above the slope bathymetry region. The blue arrow indicates the ACR wave propagation. (D) Same as (A), but the maximum frequency is 0.5 Hz. The orange arrow represents the Rayleigh wave propagation. (E) Same as (C), but the maximum frequency is 0.5 Hz. The black arrows indicate the asymmetric radiation pattern of P wave amplitudes.
The numerical simulation results at high frequency shows that direct and subsequent P waves are propagating within the subseafloor structure, and were produced by multiple reflections of P waves in the sea water (e.g., red arrow in Figure 7B). ACR waves can also be observed after the apparent velocity of 1.5 km/s (e.g., blue arrow in Figure 7C). At low frequency, in addition to P waves, subsequent P waves, and ACR waves, the propagation of Rayleigh waves with an apparent velocity of ∼0.5 km/s was also extracted (e.g., orange arrow in Figure 7D). After the direct and subsequent P waves propagate to a horizontal distance of 30–40 km (Figure 7B), their amplitudes at both frequency bands are decayed at greater distances. Although our observations only show P wave propagations of 10–15 km in horizontal distance, such an amplitude decay as was obtained in the numerical simulation is one of the reasons for the absence of P wave propagations at farther distances.
We consider that the retrieved waves in our observation can be linked to the relative amplitudes of the waves that emerged in the numerical simulation. In our observation, P waves could be retrieved at a frequency of 1–3 Hz at the stations on the flat bathymetry. In the numerical simulation for the flat bathymetry, the amplitudes of direct and subsequent P waves in the vertical velocity component are larger than those in τzz, and the amplitudes of the ACR waves are large in τzz (Figure 7B). Because we preserved the amplitude information when calculating CCFs, large amplitudes of those P and ACR waves may be correlated and emphasized in the Z-Z CCFs and P-P CCFs, respectively. Moreover, the amplitudes at the coda part of the ACR waves are large in the slope region (Figures 7B,C). This may hinder the retrieval of P wave at the slope region in our observation.
For the low frequency wavefields in our observation, P waves could be extracted at the slope region and mainly propagate northwards. In the numerical simulation for the bathymetric slope, direct and subsequent P waves propagating to shallow water depths have larger amplitudes than those propagating to deep water depths (arrow in Figure 7E), while the amplitudes to both directions are comparable in the flat bathymetry region (Figure 7D). This asymmetric radiation pattern of the P amplitudes may cause the azimuthally-asymmetric extraction of the retrieved P waves in our observation. Another important issue of the low-frequency P retrieval is that P waves could not be extracted in the observed Z-Z CCFs, although they have large amplitudes in the vertical velocity component in the numerical simulation (Figure 7E). This is because Rayleigh wave amplitudes significantly emerged in the vertical velocity component, compared with τzz (Figure 7E), and ACR and Rayleigh waves propagate long distance with relatively little attenuation, compared with P waves. Thus, it is considered that cross-correlating the vertical velocity components at the seafloor tends to result in the retrieval of Rayleigh and ACR waves. For the flat region in the simulation, because the Rayleigh waves have large amplitudes (Figure 7D) and propagate from the flat to slope regions, this effect also supports the idea that ACR and Rayleigh waves dominated the observed Z-Z CCFs at this frequency.
The ambient noise wavefield at the seafloor contains body waves and multiple modes of surface waves. Since their amplitudes vary with the geological setting, including subseafloor velocity structure, seafloor topography, and water depth, the summed amplitudes of the waves contribute to seafloor motions below the seafloor and pressure variations above the seafloor. This may result in wavefield differences across the seafloor in terms of amplitude and propagation velocity. We therefore considered that the wavefield differences in the solid Earth and ocean controls the extracted wavefield in the CCFs obtained from seismometers and pressure sensors in this study.
Cross-Correlation Functions With and Without One-Bit Normalization
The one-bit normalization is capable of equalizing the energies of incoming waves from heterogeneously distributed sources, and useful for cross-correlating ambient noise records (Brenguier et al., 2007). We here compared the obtained CCFs with and without one-bit normalization at higher and lower frequencies in more details. Supplementary Figure S6A shows the P-P CCFs at 0.2–0.5 Hz with one-bit normalization. The propagations of the P and ACR waves are almost comparable to those in the P-P CCFs without one-bit normalization (Figure 3). On the other hand, the signal-to-noize ratios (S/Ns) of the P and ACR waves in the Z-Z CCFs at 1–3 Hz with one-bit normalization (Supplementary Figure S6B) are significantly lower than those without one-bit normalization (Figure 4A). This feature is consistent with the example shown in Figure 2, in which P and ACR waves can be constructed in 1-h CCFs without one-bit normalization.
Although the reason for such low S/Ns in the retrieved waves remains elusive, one possible reason may be related to the relative amplitudes between the wavefield right after excitation by wave-wave interaction and the wavefield where the excitation occurred some time ago. The wavefield associated with wave-wave interaction contains primary waves due to the wave-wave interaction with relatively large amplitudes and secondary waves that contain multiply scattered waves of the primary waves. For example, the primary waves include direct and subsequent P waves and ACR waves, and the secondary waves are dominated by ACR waves, particularly at higher frequencies, scattered by both small-scale heterogeneous structures below the seafloor and complicated seafloor topography. If we calculate CCFs without one-bit normalization, the CCFs possibly contain the effects of the primary waves. However, if we calculate CCFs with one-bit normalization, because the amplitudes of primary and secondary waves are equalized, correlating those waves presumably requires a larger amount of ambient noise records. This may also be related to the rapid convergence to a robust CCF when non one-bit normalization was applied (Seats et al., 2012), although the time window used for calculating the CCFs did not overlap in the present study, as in the case of Seats et al. (2012).
To evaluate this, CCF constructions from ambient noise in various marine geological settings are required. In particular, because the relative amplitudes of the ambient noise wavefields at the seafloor may be controlled by the subseafloor velocity structure, seafloor topography, and water depth, it is necessary that the retrieval of body waves and the convergence from multivariate components is analyzed with and without one-bit normalization in various marine settings. Such experiments may also be applicable to body-wave extractions from land-based three-component seismometer records.
Acoustically-Coupled Rayleigh or S Wave?
At 0.2–0.5 Hz, clear signals can be traced in the positive and negative lag times along the travel time curve of the S wave up to a separation distance of two stations of 23 km (Figure 3). At separation distances greater than 23 km, the apparent velocity of the relatively weak signals is close to 1.5 km/s and slower than the travel time curve of the S wave, which corresponds to ACR waves. If the waves observed at distances up to 23 km corresponds to S waves, the pressure gauges observe the pressure response associated with the seafloor displacement corresponding to S waves from the subseafloor structure, including incident S, reflected P, and reflected S waves.
However, it appears that these waves also correspond to ACR waves. Our numerical simulation indicates that ACR waves have higher phase velocities than the group velocity of ∼1.5 km/s (arrow in Supplementary Figure S7), which reflect the shear wave velocity at the deeper part of the accretionary prism. It is therefore considered that the observed waves corresponding to the S-wave travel time curve are the results of cross-correlating the ACR waves with high phase velocities. The reason for the apparent velocity change at a distance of 23 km may be that the wave propagations at distances greater than 23 km primarily reflect the seismic structure beneath the flat region because relatively longer separation distances of two stations can be used in this region.
CONCLUSION
We present the retrieval of near-field P waves from ambient noise records observed at the seafloor, using data from a permanent cabled network (DONET) and temporary stations. The following are the major findings on the characteristics of P retrievals.
(1) P waves could be extracted in the P-P CCFs at 0.2–0.5 Hz in the slope bathymetry region, and they propagate to shallow water depths.
(2) P waves could be extracted in the Z-Z CCFs at 1–3 Hz in the flat bathymetry region.
(3) Our numerical simulations indicate that the relative amplitudes among the P, ACR, and Rayleigh waves and their attenuations are important for the extraction of the waves.
(4) The relative amplitudes of these waves are controlled by the marine geological setting, including the subseafloor seismic velocity structure, seafloor topography, and water depth.
The propagation distance of P wave is only up to 15–20 km, but their bottoming depth reaches up to 5–6 km below the seafloor. This indicates that the P wave can reach the plate boundary in the shallow Nankai subduction zone. If such retrievals can be realized in various shallow subduction zones, the retrieved P waves can be used to investigate seismic structures by, e.g., tomographic approaches. It is expected that more details on near-field body wave extractions from ambient seafloor records will be investigated under various conditions in seismic seafloor experiments.
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An algorithm is presented for testing the calibration accuracy of both z-accelerometers and pressure gauges (PG) installed in seafloor observatories. The test is based on the linear relationship between the vertical acceleration component of the seafloor movement and variations of the seafloor pressure, which is a direct consequence of Newton's 2-nd law and holds valid in the frequency range of “forced oscillations.” The operability of the algorithm is demonstrated using signals registered by 28 observatories of the DONET-2 system during 4 earthquakes of magnitude Mw ~ 8 that took place in 2018-2019 at epicentral distances from 55° up to 140°.
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1. INTRODUCTION

During the first decades of the twenty-first century at least several hundred seafloor observatories equipped with ocean bottom seismometers (OBS) and pressure guages (PG) were installed in the oceans all over the World. Without pretending to present the full list, we shall mention several such systems: DONET (Dense Ocean-floor Network system for Earthquakes and Tsunamis) (Kaneda et al., 2015; Kawaguchi et al., 2015), S-net (Seafloor Observation Network for Earthquakes and Tsunamis) (Kanazawa, 2013), NEMO-SN1 (NEutrino Mediterranean Observatory-Submarine Network 1) (Favali et al., 2013), NEPTUNE (North East Pacific Time-series Underwater Networked Experiments) (Barnes and Team, 2007), MACHO (MArine Cable Hosted Observatory) (Hsiao et al., 2014), and others. Seafloor observatories are made for resolving numerous scientific and practical problems (Favali et al., 2010), but one of their most important purposes consists in the early warning of earthquakes and tsunamis (Rabinovich and Eblé, 2015; Mulia and Satake, 2020).

Deep-water PG and OBS are intended for long-term operation in an active and aggressive sea-water medium at high pressures. In spite of the applied measuring systems being highly reliable, the precision of their calibration still needs to be checked periodically. Nowadays hundreds of pairs of PG&OBS are in operation. Thousands of similar measuring systems will be deployed in the near future (Tilmann et al., 2017; Ranasinghe et al., 2018). One should expect some human errors in calibration of ocean-bottom sensors. Recently we revealed such an error in calibration of z-accelerometer of E18/DONET observatory (Nosov et al., 2018; Karpov et al., 2020). Even if one excludes human errors, the possibility cannot be excluded of the sensitivity of sensors changing with time or owing to external influences. Strong ground motion during nearby earthquake can affect the orientation of ocean-bottom sensors (Nakamura and Hayashimoto, 2019). It results in changing output both OBS (Graizer, 2010; Javelaud et al., 2011) and PG (Chadwick et al., 2006). Moreover, PG can be covered with a layer of sediments gradually year by year or suddenly due to a landslide or mud flow which can distort the frequency-response function of the sensor.

A method for examining the performance of seafloor observatory sensors was proposed and substantiated in our works (Nosov et al., 2018; Karpov et al., 2020). We considered mutual verification of the calibration of a PG and a z-accelerometer (OBS that measures the vertical component of the ocean bottom acceleration). The method does not require direct access to the sensors installed at large depths. A check of the calibration is implemented remotely by analysis of records that are obtained during the registration of an earthquake.

The method is based on variations of the bottom pressure p and the vertical acceleration component az of the ocean bottom motion being related linearly:

[image: image]

where m is the mass of a water column of unit cross section. The existence of such a relationship was first mentioned in (Bradner, 1962; Filloux, 1982; Webb, 1998). Different approaches to theoretical justification of expression (1) are presented in (Levin and Nosov, 2016; An et al., 2017; Nosov et al., 2018; Iannaccone et al., 2021). Note, also, that relationship (1) permits, if necessary, to use a PG as a seismometer (Kubota et al., 2017; Iannaccone et al., 2021).

When applying formula (1) one must take into account that it does not always hold true, but only under certain conditions. The first condition was already mentioned in (Filloux, 1983): relationship (1) holds true, when the layer of water behaves like an incompressible medium, i.e., at frequencies lower than the minimum acoustic resonance (normal) frequency: fac. The frequency fac is the lower limit of the frequency range of existing hydroacoustic waves, and it is determined by the following formula (Tolstoy and Clay, 1987):

[image: image]

where c is the speed of sound in water, H is the ocean depth.

The second condition also concerns a frequency restriction, but imposed on low frequencies. In (Levin and Nosov, 2016; Nosov et al., 2018; Iannaccone et al., 2021) it was shown that oscillations of the ocean bottom with frequencies f > fg cannot excite gravity surface waves. The value of fg is estimated by the following formula

[image: image]

where g is the gravity acceleration. The factor “0.366” in Equation (3) comes from solution of transcendent equation 1/cosh(kH) = 0.01, where k is the wavenumber related to the cyclic frequency ω (ω = 2πf) by the dispersion relation ω2 = gk tanh(kH). The spatial spectrum of gravity waves generated by ocean-bottom motions is always modulated by function 1/cosh(kH). Physical meaning of the factor “0.366” is a 100-fold attenuation of the wave amplitude compared to the amplitude of bottom oscillations.

Thus, seismic movements of the ocean bottom in the range of fg < f < fac excite neither hydroacoustic nor gravity waves. Within this range there exists a form of movement of the water layer, termed “forced oscillations.” Relationship (1), which is a direct consequence of Newton's 2-nd law, holds valid for forced oscillations.

A third important condition for relationship (1) to be valid consists in the arrangement of the measuring system on a flat horizontal ocean bottom, while the steep under-water slopes must be far from the measurement point, at least at a distance exceeding 2 ocean depths (Nosov et al., 2018).

A first attempt at testing relationship (1) in natural conditions was made using signals registered by the seafloor observatory Kushiro-Tokachi/JAMSTEC during the 2003 Tokachi-oki earthquake (Bolshakova et al., 2011). Although the PG and OBS were separated in space by several kilometers, the spectra of pressure variations and of the z-acceleration turned out to be quite close within the frequency range of forced oscillations.

In An et al. (2017) comparison was made of waveforms registered by the PG and OBS of the seafloor observatory Hatsushima/JAMSTEC during three earthquakes (2016-04-15, M7.0, Kumamoto; 2016-07-29, M7.7, Mariana Islands; 2016-03-02, M7.8, Sumatra). Unlike the Kushiro-Tokachi observatory, the PG and OBS of the Hatsushima observatory were situated close to each other. The pressure and acceleration variations in the frequency range of 0.02–0.2 Hz recalculated to pressure units by formula (1), demonstrated an impressive similarity. Note that the indicated frequency range is close to the range of forced oscillations (0.03–0.3 Hz), determined in accordance with formulas (2) and (3) by the depth at which the Hatsushima observatory is installed (1,176 m).

In Matsumoto et al. (2015, 2017) and Nosov et al. (2018) an analysis was performed of records obtained by ten DONET-1 observatories during the 2011 Great East Japan Earthquake. The spectra of pressure and z-acceleration variations within the range fg < f < fac turned out to be practically identical, and the cross-spectral analysis of these signals permitted to demonstrate that relationship (1) is satisfied exactly within the frequency range indicated.

Information on one more successful test of relationship (1)—this time by data from measuring devices installed at small depths (40–76 m) in the Gulf of Pozzuoli (Italy)—is presented in a most recently published work (Iannaccone et al., 2021).

The main point of the method for examining the performance of seafloor observatory sensors consists in finding the ratio of the power spectra of pressure and z-acceleration variations registered during an earthquake (Karpov et al., 2020). In the case of correct calibration of sensors in the frequency range fg < f < fac the ratio of the spectra should be a constant value equal to m2. For approximate estimates, or when performing theoretical investigations under the assumption of an ocean of fixed density, the mass of a water column of unit cross section can be calculated via the average density of water ρ and the ocean depth: ρH. This is precisely what most researchers do (Bradner, 1962; Filloux, 1982; Webb, 1998; An et al., 2017). In Nosov et al. (2018) and Karpov et al. (2020) we have shown it to be advisable to base accurate calculations on the value measured by PG, i.e., [image: image] – the total pressure averaged over time, and on the relationship of hydrostatics, [image: image].

The first successful application of the method described in Karpov et al. (2020) was based on data registered by the DONET-1 system during the 2011 Great East Japan Earthquake at a distance of about 800 km from the epicenter. Such strong and close seismic events are extremely rare, while calibration tests must be performed regularly. The main purpose of the present work consists in estimation of the operability of the method, when records are used of distant earthquakes of magnitude Mw ~ 8, that usually take place several times a year. The second goal of the work is to develop an algorithm for estimating the sensor calibration accuracy, which would permit to automatically provide a quantitative estimation of the calibration accuracy of sensors of seafloor observatories, or a conclusion asserting it to be impossible to perform a test for objective reasons.



2. METHOD

In this work records are considered of PGs and z-accelerometers (OBSs) of the DONET-2 system. Since 2015 the DONET data are held by the National Research Institute for Earth Science and Disaster Resilience (NIED), which has made these data accessible to the scientific community. We have considered more than a dozen strong earthquakes, that occurred in 2015-2019, and selected four events for a detailed analysis on the basis of the following arguments: the earthquake had to be registered by a maximum number of DONET-2 observatories and the seismic signal must be clearly distinguished from the background of noise.

The mutual arrangement of the DONET-2 system and the epicenters of the four earthquakes is shown in Figure 1. The earthquake parameters indicated in the figure were taken from the Global CMT Catalog (Ekström et al., 2010). During all the four seismic events 28 seafloor observatories of the DONET-2 system were functioning. The observatories were installed in the Nankai Trough area at depths from 1,077 down to 3,603 m. The arrangement of the DONET-2 seafloor observatories and the ocean bottom relief are shown in the insert of Figure 1.


[image: Figure 1]
FIGURE 1. Mutual arrangement of the DONET-2 system and the epicenters of four earthquakes, the signals of which are analyzed in this work. The following quantities associated with each seismic event are indicated in the figure: the moment magnitude Mw, the date, the epicenter depth h and the epicentral distance in degrees of the great circle, S. The insert presents a map with the arrangement of 28 seafloor observatories of the DONET-2 system. The distribution of depths in the insert is shown by isobaths in steps of 100 m. The scale (10 km) is indicated in the lower right angle of the insert.


The OBSs of the DONET-2 system register signals with a frequency of 100 Hz, and the PGs with a frequency of 10 Hz. Before being processed seismic signals were downsampled to 10 Hz, in the case of the PG the original discreteness of the time series—10 Hz—was retained.

In Figure 2 the example is presented of signals, registered by the PG and z-accelerometer of the Mra01 observatory during an earthquake of magnitude Mw = 8.2, which occurred on 2018-08-19 in the Fiji Islands region. The signals are shown together with the spectrograms, constructed with the aid of the Morlet wavelet transformation. Each spectrogram is normalized to its maximum value S0 (the color scale is shown at the top of the figure). The white dotted lines in the spectrograms show the position of the critical frequencies fg and fac, determining the position of the frequency band of “forced oscillations.”


[image: Figure 2]
FIGURE 2. The signals registered by the PG (a) and the z-accelerometer (b) of the Mra01 observatory during the earthquake, that occurred on 2018-08-19 in the region of the Fiji Islands (Mw = 8.2). The spectrograms are constructed with the aid of the Morlet wavelet transformation. Each spectrogram is normalized to its maximum value S0 (the color scale is shown at the top of the figure). The white dotted lines in the spectrograms show the positions of the critical frequencies fg and fac, determining the position of the frequency range of “forced oscillations.” The time moment corresponding to the beginning of the earthquake is indicated by black line.


From Figure 2 it is seen that, the amplitude of vertical accelerations was at a level of 1 mm/s2, the amplitude of pressure variations was at a level of 1 kPa (0.1 m of the water column). The seismic signal is certainly noticeable against the background of noise. But the noise background was actually significant. In particular, the noise in the spectrograms is well seen at a frequency of 0.2 Hz and is, apparently, microseisms. At any rate this noise remains unchanged in time and is manifest at all stations (Supplementary Figures 1–112).

From the spectrograms the conclusion can also be made that the seismic signal is distinguishable against the background during 1 hour. On the basis of this fact, for detailed analysis we choose segments of OBS and PG records one hour long from the onset moment of the seismic signal. The number of readouts in each of the series processes amounted to 36,000.

The method for testing the calibration of sensors is based on application of spectral and cross-spectral analysis (Nosov et al., 2018; Karpov et al., 2020). For calculation of the spectra and the cross-spectra we used Welch's averaging method (Bendat and Piersol, 2010). The time series was divided with the aid of the Hann window into 8 segments with a 50% overlap. The size of a segment amounted to 8,192 readouts. The resolution of spectra and cross-spectra in frequency was 0.0012 Hz. The confidence interval for the ratio of spectra was calculated by the technique described in Shin and Hammond (2008).

We shall further describe the calibration test algorithm, which consists of several stages. The first three stages represent a development of the technology proposed in (Karpov et al., 2020). The concluding stage of the algorithm is presented for the first time.

At the first stage, the total mean pressure at the ocean bottom, [image: image], is determined as the simple arithmetic average of the P values, measured by the PG. Then, the variations of the ocean bottom pressure is found in accordance with the formula

[image: image]

At the second stage, the cross-spectrum is calculated of variations of the ocean bottom pressure p and of the vertical acceleration az. Examples of the calculation of cross-spectra are presented in Figure 3. A complete set of plots for all the DONET-2 observatories and for all four earthquakes considered is presented in the (Supplementary Figures 113–140).


[image: Figure 3]
FIGURE 3. Results of spectral processing of the signals registered by the PGs and z-accelerometers of the Mra01 (left column) and Mrg26 (right column) observatories. The colors of the curves correspond to the four seismic events dealt with (the dates are indicated in the legend). Fragments of the figure from top to bottom are: the ratio of power spectra of variations of the ocean bottom pressure (p) and the z-acceleration (az), the cross-spectrum of signals p and az (magnitude-squared coherence—MSC and Phase Lag—PL). The vertical dotted lines show the positions of frequencies fg and fac, that are limits imposed on the range of “forced oscillations.” The horizontal dotted line in the upper row of fragments and the numbers under it show the value of [image: image].


From Figure 3 it is seen that for the series of harmonics within the range of “forced oscillations,” the magnitude-squared coherence (MSC) turns out to be close to 1, while the Phase Lag (PL) – to 0. This means that at the given frequencies the values of p and az are proportional to each other, and, consequently it is possible to test the calibration of sensors. In other cases, the MSC differs noticeably from 1, which points to violation of the proportionality between p and az. Independently of the reasons that caused violation of proportionality (Nosov et al., 2018), calibration testing by these harmonics is impossible.

To minimize the influence on the result of microseismic noise at the frequency ~ 0.2 Hz (Figure 2) we exclude from consideration the frequency range f > 0.1 Hz. Note that in all cases considered, even for the most deep-water observatory (3, 603 m), fac > 0.1 Hz. Therefore, the frequency range of “forced oscillations” is substituted by a somewhat more narrow range: fg < f < 0.1 Hz. Within this range we single out a discrete set of harmonics fj, for which the condition MSC ≥ 0.99 is satisfied and, consequently, the signals p and az must be proportional to each other. We shall further term the set of frequencies fj “good frequencies.”

The amount of “good frequencies” should not be less than 25% of the total number of harmonics that happen to be within the frequency range fg < f < 0.1 Hz. If the number of points in the array fj does not comply with the condition indicated, then the conclusion is made that a calibration test cannot be performed for this pair of PG and OBS records.

At the third stage the power spectra are calculated of signals Sp and Saz, and the ratio is sought of the spectra: Sp/Saz. Examples of calculated ratios of spectra are presented in Figure 3. The complete set of plots for all the DONET-2 observatories and all the four earthquakes considered is presented in the Supplementary Material (Supplementary Figures 141–168). Theoretically, the calibration of sensors is correct, if the ratio of spectra is equal to the constant value [image: image] within the frequency range fg < f < fac. In Figure 3 this level is shown by the horizontal dotted line. From the figure it is seen that on the whole the ratios of spectra quite comply with the indicated level. This means no gross mistakes were made in calibrating the sensors. But careful examination of the ratios of spectra demonstrates that insignificant deviations are actually present. Our further goal is to provide a quantitative characteristic for the deviations.

At the fourth stage only those values are selected from the array, representing the ratio of spectra Sp/Saz, that correspond to “good frequencies” fj. We assume the mean value of this sample to be the mean ratio of spectra, [image: image].

As a criterion indicating possible deviation of the calibration we assume the value

[image: image]



3. RESULTS

The results of application of the algorthim, described above, for testing the calibration are tabulated in Table 1. The numbers in Table 1 represent a quantitative characteristic of the accuracy of calibration—the value of delta calculated by formula 5. The impossibility of testing the calibration is marked by “N/A.”


Table 1. Results of tests of the calibration accuracy—the value of Δ calculated by formula 5.

[image: Table 1]

From Table 1 it is seen that in the case of most DONET-2 observatories, with a few exceptions, testing the calibration by the signals registered during the earthquakes 2018-09-06 and 2019-05-26 turned out to be impossible. The calibration being impossible is related to the low MSC level of the cross-spectra (see Supplementary Figures 113–140), which points to non-fulfillment of the condition necessary for calibration—the proportionality of pressure variations and the z-acceleration. Owing to a somewhat higher amplitude, the seismic signals of earthquakes 2018-01-23 and 2018-08-19, probably, turned out to be more suitable for testing the calibration.

From Table 1 it is seen that Δ > 0 in all cases. The value of Δ varies from 2 and 62%. It is remarkable that Δ is a more or less unchangeable for each observatory, while its variation in the case of transition from one seismic event to another is insignificant. A good example, here, is the Mrb07 observatory, the only station that could be tested in the case of all 4 events. Three observatories (Mrc09, Mrc12, Mrf23) were tested in the case of 3 events, the deviation for the first two was at a level of 7%, and it was more significant in the case of the last event (17–29%). The largest deviation (62 and 53%) was observed by station Mrg26. The manifestation of a possible calibration inaccuracy is seen clearly, here, and with respect to the spectra shown in Figure 3, also.

Together with the relative stability of the value of Δ attention must be drawn to the existing trends in the change of this value with time. The calibration accuracy of practically all observatories falls with time. Observatories Mre20 and Mre21, for which the accuracy increases, represent exceptions. Furthermore, the values of Δ turned out to be invariable for observatories Mrb06, Mrc09, Mrd15, while in the case of observatory Mra04, for which a test was implemented only for one earthquake, no trend can, evidently, be determined.



4. DISCUSSION

The method for testing the calibration accuracy, on the whole, demonstrated its reliability for distant earthquakes with a moment magnitude Mw ~ 8. Earthquakes 2018-08-19 ([image: image]) and 2018-01-23 ([image: image]) turned out to be suitable for testing practically all the DONET-2 observatories. An analysis of the records of these events revealed that the earthquake depth does not affect the test possibility. The calibration test by the data of another pair of seismic events with close magnitudes, 2019-05-26 ([image: image]) and 2018-09-06 ([image: image]), turned out to be difficult for most observatories, since application of the method was apparently at its limit, owing to the low signal-to-noise ratio. The reasons for the low signal-to-noise ratio are associated with the fact that the earthquake on 2019-05-26 occurred at the boundary of the shadow zone (104°−140°), and because of the rather large focal depth, the formation of surface waves could not be effective. As for the earthquake on 2018-09-06, in contrast to the event with the same magnitude on 2018-01-23, it occurred further from DONET system and had much larger focal depth.

For the method to be reliable it is important for the seismic signal to be noticeably superior to the background noise in the frequency range of “forced oscillations,” including the vicinity of its low-frequency limit fg. The position of fg is determined by the ocean depth, and in the case of the deepest DONET-2 observatory (Mre20, 3, 603 m) it is fg ≈ 0.02 Hz. The capability of an earthquake to create a low-frequency signal is known to be related to the value of its moment magnitude (Denolle and Shearer, 2016). An earthquake with Mw ~ 8 can provide a seismic signal of the necessary level at a frequency of 0.02 Hz, but earthquakes with noticeably smaller magnitudes, most likely, cannot. Therefore, relatively weak seismic events of Mw < 7, even if they occur in close proximity to a seafloor observatory, may turn out to be useless for testing the calibration of sensors installed at depths of several kilometers. For observatories installed at small depths (~ 100 m) the frequency limit is shifted toward higher frequencies fg ≈ 0.1 Hz. In the case of such observatories, even an earthquake of Mw ~ 7 is suitable for calibration tests (Iannaccone et al., 2021).

An important feature of the method proposed for calibration tests consists in that possible inaccuracies in the PG calibration, under the condition of an absolutely flat amplitude-frequency characteristic (AFC) of the pressure gauge, should not manifest themselves in the value of Δ. From the structure of formula (5) the calibration factor, to which both pressure variations and the total mean pressure value are proportional, is reduced. Consequently, a deviation of the value of Δ from 1 only reveals an inaccuracy in the z-accelerometer calibration, but not in the calibration of both gauges. As to testing the PG calibration, it can be done by comparison of the total mean pressure and the value prescribed by the law of hydrostatics, [image: image]. As a rule, the depth, at which an observatory is installed, is well-known. Thus, the accuracy of a PG calibration test relies on the accuracy of the knowledge of the average sea water density.
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Understanding sub-seabed fluid flow mechanisms is important for determining their significance for ocean chemistry and to define fluid pathways above sub-seafloor CO2 storage reservoirs. Many active seabed fluid flow structures are associated with seismic chimneys or pipes, but the processes linking structures at depth with the seabed are poorly understood. We use seismic anisotropy techniques applied to ocean bottom seismometer (OBS) data, together with seismic reflection profiles and core data, to determine the nature of fluid pathways in the top tens of meters of marine sediments beneath the Scanner pockmark in the North Sea. The Scanner pockmark is 22 m deep, 900 m × 450 m wide and is actively venting methane. It lies above a chimney imaged on seismic reflection data down to ∼1 km depth. We investigate azimuthal anisotropy within the Scanner pockmark and at a nearby reference site in relatively undisturbed sediments, using the PS converted (C-) waves from a GI gun source, recorded by the OBS network. Shear-wave splitting is observed on an OBS located within the pockmark, and on another OBS nearby, whereas no such splitting is observed on 23 other instruments, positioned both around the pockmark, and at an undisturbed reference site. The OBSs that show anisotropy have radial and transverse components imaging a shallow phase (55–65 ms TWT after the seabed) consistent with PS conversion at 4–5 m depth. Azimuth stacks of the transverse component show amplitude nulls at 70° and 160°N, marking the symmetry axes of anisotropy and indicating potential fracture orientations. Hydraulic connection with underlying, over pressured gas charged sediment has caused gas conduits to open, either perpendicular to the regional minimum horizontal stress at 150–160 N or aligned with a local stress gradient at 50–60 N. This study reports the first observation of very shallow anisotropy associated with active methane venting.
Keywords: azimuthal anisotropy, S-wave splitting, ocean bottom seismometer, wide-angle seismic, scanner pockmark
INTRODUCTION
Overview
Subsurface heterogeneities play a major role in controlling fluid flow phenomena and behavior in sedimentary basins. Fluid conduits, such as connected fracture networks, may create focused flow in sedimentary systems by enhancing porosity and permeability, or, conversely, may cause reservoir compartmentalization. Therefore, an assessment of fracture azimuth, aperture, spatial density and connectivity can improve understanding of subsurface fluid flow. Larger fractures can ordinarily be detected and quantified using traditional seismic reflection imaging techniques, which may include attribute analysis (e.g., Bahorich and Farmer, 1995). In order to constrain and resolve fractures at sub-seismic scale, seismic anisotropy analysis can be employed, which uses directional variations of seismic velocities and amplitudes.
The most common form of anisotropy within sediments is vertical transverse isotropy (VTI), where the symmetry plane is parallel to the sedimentary layering. The presence of aligned micro-cracks and vertical fractures is known to produce horizontal transverse isotropy (HTI), where the symmetry plane is perpendicular to the sedimentary layering (Wild, 2011). More broadly, HTI can be produced by any aligned vertical features, which may include geological structures originating from glaciological processes, such as tunnel valleys, striations, and iceberg scour marks, known as ice ploughmarks.
Shear-wave splitting (SWS) is a recognized method which can be used to constrain the orientation and spatial density of aligned vertical structures within a HTI medium (e.g.,Crampin, 1985). SWS analysis within shallow sediments normally uses P-to-S converted waves (C-waves), created using an active seismic source near the sea surface. When a shear wave (S-wave) enters a HTI medium (e.g., vertically fractured sediment), S-waves split into two components (Figure 1). The split S-waves propagate through the anisotropic medium, and are subsequently polarized along (fast, S1) and across (slow, S2) the vertical features, resulting in a difference between the detected arrival times and signal amplitudes (Lynn and Thomsen, 1990; Thomsen, 1999; Tsvankin et al., 2010). The time delay between S1 and S2 observed on the radial component (Figure 1B), and the amplitude nulls observed on the transverse component (Figure 1C), can be used respectively to constrain the percentage of anisotropy and therefore the spatial density, and the orientation of aligned vertical fractures exhibiting HTI anisotropy (e.g., Crampin, 1985; Bale et al., 2009). SWS analysis of active source data recorded on ocean bottom seismometers (OBSs) has been successfully applied for marine slope stability assessment on the west Svalbard continental slope (Haacke and Westbrook, 2006) and for the identification of vertical fluid migration pathways within hydrate-bearing sediments in the Storrega slide offshore Norway (Exley et al., 2010). Here we apply this method for the first time at a site of active natural venting of methane, the Scanner Pockmark Complex (SPC) with the objective of identifying fracture alignment and intensity, a proxy for the permeability, to characterize vertical fluid migration pathways within the shallow sediment.
[image: Figure 1]FIGURE 1 | Diagram illustrating shear wave splitting (modified after Bale et al., 2009) at two ocean bottom seismometers located in, or close to a pockmark, sitting within seabed sediments containing vertical parallel fractures (HTI). (A) The pockmarks are shown as concentric circles on the seabed. Direction of shading indicates orientation of the vertical fractures. The lower surface (reflector) is the base of the anisotropic layer, across which S-wave conversion occurs. Yellow star shows location of an airgun shot near the sea surface. Yellow triangles are ocean bottom seismometers: black outline = on seafloor, red outline = projected to sea surface, to indicate the sagittal (shot – receiver) azimuth. Radial and transverse directions are indicated by black arrows. The white arrows represent the horizontal geophone orientations: green = X; red = Y component. The green arrow is the down-going P-wave phase. Fast (S1) and slow (S2) S-waves are represented with red and blue arrows respectively and their particle motions are indicated by double-ended red and blue arrows. (B) Aligned vertical fractures with 70°N azimuth viewed from the top indicating the amplitudes of fast (red arrows) and slow (blue arrows) S-waves in radial direction (black arrows) and corresponding radial seismogram. Green and orange arrows lines indicate the fracture parallel and fracture perpendicular directions. (C) same as b, transverse component. The presence of HTI is easily identifiable from the azimuthal variation seen on the radial and transverse components.
Pockmarks occur when fluid flow is focused and escapes from shallow, low-permeability, fine-grained surficial sediments (Hovland et al., 2002). The Scanner pockmark is a seafloor depression located in the northern North Sea (UK License Block 15/25), within the Witch Ground Basin. Large pockmarks, including Scanner, are continuously active in this area, with vigorous venting of methane (Böttner et al., 2019). At the Scanner pockmark complex, the seafloor and shallow sediments are also heavily disturbed by smaller pockmarks and palaeo-pockmarks (>1500 across 225 km2), with a principal NNE/SSW orientation, that are interpreted as dewatering features due to localized pressure changes (Gafeira and Long, 2015; Böttner et al., 2019).
On seismic reflection profiles, the large active pockmarks are commonly associated with bright spots at shallow depth, interpreted as gas-charged sediments, and are underlain by seismic chimneys or pipes, referred herein as chimneys. At the Scanner pockmark complex, the chimneys are imaged as sub-vertical columns of acoustic blanking reaching depths of several hundred meters. Chimneys have been interpreted as focused fluid migration pathways, hydraulically connecting deeper stratigraphic layers to the shallow sediment overburden (Berndt, 2005; Karstens and Berndt, 2015). Chimney-like features may also be generated as seismic artifacts due to scattering by near-surface features (e.g. Dean et al., 2015). Improved understanding of these shallow fluid flow systems is critical for assessing the integrity of future sub-seafloor Carbon Capture and Storage (CCS) sites.
Aims and Objectives
Here, we analyze data from a unique active-source seismic anisotropy experiment conducted using OBSs at the Scanner Pockmark Complex, an active methane venting seafloor depression. We investigate the presence of azimuthal anisotropy from beneath the Scanner pockmark, using SWS, and compare with results from a nearby reference site where there is no evidence for presence of gas such as seafloor gas emission, chimney structures or gas-bearing sediment. We conduct a multi-frequency seismic reflection analysis of the shallow sub-surface to constrain the geometry and azimuth of the observed geological features at the depth range resolved by the SWS analysis. We compare the seismic images with the results of SWS analysis to provide a complete characterization of the shallow subsurface structure directly beneath the Scanner pockmark. The SWS analysis is complemented by laboratory measurements of S-wave velocities which, in conjunction with seismic stratigraphy, enable the depth of the anisotropic layers in conjunction with seismic stratigraphy to be determined. The key aim of this study is to develop a further understanding of the structural control on fluid-escape at the Scanner Pockmark Complex by resolving the orientation and network geometry of the subsurface heterogeneities. In this paper we focus on observations of SWS from very shallow interfaces (< 10 m); future studies will investigate SWS over a greater depth range.
STRATIGRAPHY AND SEISMOSTRATIGRAPHIC FRAMEWORK
The Scanner pockmark is a composite feature comprising two overlapping seabed pockmarks (East and West Scanner), with a combined size of ∼900 m × 450 m wide and depth of 22 m, lying in ∼155 m water depth. Direct evidence for methane venting is provided by the water column imaging of Li et al. (2020), who calculate a gas flux of 1.6 and 2.7 × 106 kg/year (272–456 l/min), as well as the presence of methane-derived authigenic carbonate (MDAC) recovered from within the pockmarks, which formed due to anaerobic oxidation of escaping methane (Judd and Hovland, 2009).
The seismostratigraphy and lithostratigraphy hosting the Scanner pockmark complex comprises a ∼600 m-thick Quaternary sediment succession that has been described previously (Stoker et al., 2011; Böttner et al., 2019; Robinson et al., 2020), where it is sub-divided into five units, S1 to S5 (Figures 2, 3). Deposited within the Witch Ground basin, this stratigraphic complex is underlain by the Hordland and Nordland Groups, of Palaeogene and Neogene age respectively, which are composed of low-permeability claystone (Judd et al., 1994). The Scanner pockmark depression erodes down to the base of the shallowest unit, S5 (the Witch Ground Formation).
[image: Figure 2]FIGURE 2 | (A) Position of the Scanner Pockmark within the UK Sector of the North Sea. (B) Bathymetric map of the Scanner Pockmark Complex. Dashed lines highlight seismic lines used in Figures 4, 9G,H. Dotted square box shows inset (C). (C) Scanner pockmark, displaying East and West Scanner.
[image: Figure 3]FIGURE 3 | Stratigraphy of the Scanner Pockmark Complex. The chronostratigraphy, seismostratigraphy and lithostratigraphy of the Scanner Pockmark Complex is described. AG - Aberdeen Ground (purple), LB - Ling Bank (orange), CP - Coal Pit (blue), LGM - Last Glacial Maximum Deposits (green) and WG - Witch Ground (brown). The table has been created from a synthesis of Böttner et al. (2019), Ottesen et al. (2014), Stewart and Lonergan (2011), Stoker et al. (2011), Judd et al. (1994) and Andrews et al. (1990).
The Witch Ground Basin was the locus of rapid fine-grained sediment deposition between Marine Isotope Stages (MIS) 1–2, around 15–13 ka, after the end of the last glacial period (Stoker et al., 2011). Following the stabilization of sea level after the last glaciation, sedimentation into the Witch Ground Basin has become negligible, and hence the pockmarks at the current seabed demonstrate the effects of active fluid escape over at least the last 8 ka (Böttner et al., 2019).
EXPERIMENT AND DATASETS
In September 2017, we carried out the CHIMNEY seismic experiment around the Scanner Pockmark in the North Sea using RRS James Cook (cruise JC152) (Bull, 2018; Bull et al., 2018; Robinson et al., 2020), acquiring wide-angle and multi-channel seismic and high-frequency acoustic recordings.
Ocean Bottom Seismometer Data
A total of 25 four-component OBSs were deployed during the survey. These instruments were equipped with three orthogonal 4.5 Hz geophones fixed rigidly to the instrument frame, and a hydrophone. The OBS sampling rate was 4 kHz. Eighteen OBSs were deployed around the Scanner pockmark, with two instruments located within the pockmark (Figure 4). The OBS spacing was generally 200 m, with closer spacing within the pockmark. Seven OBSs were also deployed with 200 m spacing at a reference site, that displayed no evidence for water column venting, or subsurface fluid migration.
[image: Figure 4]FIGURE 4 | Map of the CHIMNEY seismic experiment. Black, white and blue profiles represent GI-gun, Squid 2000 sparker and sub-bottom profiler shots respectively. The 3D seismic volume extends over the entire area displayed. Yellow dots are the OBSs. Red square shows the location of the inset. Inset shows the location of the OBSs around the Scanner pockmark and at the reference site. OBSs 1, 8 and 19 shown in Figures 6–8 are surrounded in red.
All 25 OBSs recorded shot profiles acquired using five different seismic sources: Bolt and GI airguns, Squid and Duraspark surface sparkers and a deep-towed sparker. For the SWS study we used the shots acquired with the GI-gun source (2 × 210 in3), which generated frequencies of 3–300 Hz. The geometry of the GI-gun profiles (Figure 4) was chosen to be an asterisk to ensure even azimuthal coverage at all offsets and simplify the processing. Four profiles were centered on the Scanner pockmark at an azimuth interval of 45° and with lengths greater than 10 km (Figure 4). A grid of profiles of 326° and 146° azimuth was also acquired to obtain full azimuthal coverage for the SWS study and a well-sampled shot coverage for seismic tomography. The shooting interval was 8 s, equivalent to 18.5 m at the mean vessel speed of 4.5 kn.
The shot positions were calculated initially by backprojecting the ship’s GPS position to the airgun position, 84.1 m behind the ship. OBSs were deployed by free fall. Although the shallow water environment (∼150 m) reduced the difference between drop and seabed positions, the small scale of our target requires that the positions of instruments and shots are defined precisely. Therefore, we used a grid search algorithm to find the optimal average water velocity (1490 m/s), receiver locations and delay time (which accounts for airgun depth variations and for feathering), by minimizing the sum of the squared residuals between observed and predicted direct arrival times at every point of the grid. Receiver depths were not included in the inversion as the seafloor dips are small and depth differences between deployment locations and relocated positions were already within the 0.5 m uncertainty expected from the fitting algorithm.
The SEG convention for four-component seismic records (Brown et al., 2000) is used for display of the geophone and hydrophone polarities. Accordingly, the direct wave has positive polarity on the vertical geophone and negative polarity on the hydrophone. The up-going P-waves reflected from positive impedance contrasts are recorded with negative polarities on the vertical geophones. This is also the case on the hydrophones, which measure the pressure rather than a vector quantity. The x-geophone is considered to be positive when the distance vector from the shot to receiver is positive in Cartesian coordinates and the y-geophone is positive 90° clockwise from the positive x direction (Brown et al., 2000).
Seismic Reflection Data
Four different seismic sources (GI guns, Applied Acoustic Engineering Squid 2000 and Duraspark surface sparkers and a deep-towed sparker) were recorded by two different streamers (60-channel, University of Southampton, 120-channel, GeoEEL, TTS), operated at times separately and at times simultaneously (Robinson et al., 2021). In addition, a chirp source was used to acquire single-channel seismic data in sub-bottom profiler (SBP) mode. The experiment produced a broad-band seismic dataset, with frequencies from 3 to 6000 Hz.
In this study we use the SBP and Squid 2000 sparker data to generate 2D seismic reflection images around the Scanner pockmark. The SBP data were acquired using a chirp sweep lasting 0.035 s, with a bandwidth of 2.8–6 kHz, and a central frequency of 4.4 kHz. Over 100 SBP profiles were recorded (Figure 4). These profiles have a trace spacing of 2.5 m and a very high vertical resolution of <15 cm. The Squid 2000 surface sparker data were acquired at an energy of 2000 J giving a 80–1800 Hz source bandwidth and 2 s shot interval (∼4.6 m at 4.5 kn), recorded by the two streamers (Figure 4). Thirteen Squid profiles were acquired across the Scanner pockmark and processed using a time-domain workflow outlined in Provenzano et al., (2020). These profiles have a cdp-trace spacing of 2 m and a vertical tuning thickness resolution <0.45 m.
3D time-migrated seismic data were also provided by PGS (CNS MegaSurveyPlus) for the purposes of this study (Figure 5C). The 3D seismic survey used in this study covers an area >500 km2 and a depth of 1.5 s two-way travel time (TWT). The full-stack data has a trace spacing of 12.5 m and a vertical resolution of approximately 5–10 m.
[image: Figure 5]FIGURE 5 | Seismostratigraphy of the Scanner Pockmark region. The seismic profiles extend from southwest to northeast across the Scanner Pockmark Complex. (A) Sub-bottom profiler seismic reflection data. (B) 2D seismic reflection data acquired using Sparker source. (C) 3D seismic reflection data. Interpreted seismic units CR and S1 to S5 are shown. CR - Crenulate Reflector (top of Nordland Group), S1 – Aberdeen Ground Fm., S2 – Ling Bank Fm., S3-4 – Coal Pit Fm [S3 – Coal Pit and S4 – Last Glacial Maximum deposits (LGM)], S5 – Witch Ground Fm (S5.1 – Fladen Member, S5.2 – Witch Member, S5.3 - Glen Member). Black dashed line = CR; red line = top S1; orange dot-dashed line = top S2.1; orange dashed line = top S2.2; pink dot-dashed line = top S3; blue line = top S4; pale brown dashed line = top S5.1 and black line = top S5.2/SF = Seafloor. Outline of a chimney is displayed with sub-vertical white dashed line. TWT values here are milliseconds below the sea surface.
METHODS
Ocean Bottom Seismometer Data
P- to S- converted (C-) waves were studied using GI-gun shots on all 25 OBSs of the CHIMNEY survey network. We rotated the horizontal seismograms into radial and transverse directions, by trace by trace minimizing the power ratio of the amplitude of radial and transverse components (Haacke and Westbrook, 2006). We first flattened the direct water wave by applying a static time shift as a function of the shot-receiver offset (i.e. linear move out). Only shots up to 300 m offsets were used because at greater offsets it was difficult to distinguish the direct wave from other arrivals. The power ratios of the amplitudes were calculated on a window of 3 ms half-length centered on the direct wave arrival flattened to 0 s. The trace-by-trace minimization was done by stepwise incrementing the optimum orientation angle for x geophone using the Seismic Unix (Stockwell, 1997) compatible surttmp software of Haacke and Westbrook (2006). We searched for the optimum rotation angle between 0° and 180° to cover the whole range of possible azimuths. Instead of using a single rotation angle for all shots, with the trace-by-trace estimation of the optimum rotation angle we obtained a rotation angle for each shot. This approach accounts for possible residual uncertainties in shot and OBS locations (< 0.5 m) and the potential effects of OBS tilt.
The resulting radial and transverse components were visualized in a composite plot (Supplementary Figure S1) to check the efficiency of the rotation. A difference of two orders of magnitude is observed in the amplitude of the direct water wave observed on the radial and transverse components of all studied OBSs indicating a successful rotation. The P-wave energy is visible on the radial component but diminished on the transverse component. Radial and transverse components of the OBSs were then stacked in 9° bins of sagittal (shot-receiver) azimuth. No filtering was applied during processing because filters modify the arrival times of short offsets used in this study and C-waves are easily identified without filtering (Figures 4, 6).
[image: Figure 6]FIGURE 6 | 9° azimuth stacks recorded on OBS1 located within the pockmark. Left and right panels show radial and transverse components respectively. (A) Radial wiggle plot. The red arrow shows the arrival time (∼65 ms TWT) of the C-wave phase on the radial seismogram. Red line shows the time at which the event is observed with highest amplitude due to ringing (see text). (B) Transverse wiggle plot. Red arrows show the polarity changes at 90° interval. (C) Radial envelope plot of the amplitudes (root of squared amplitudes). (D) Transverse envelope plot. White arrows show the amplitude nulls at ∼90° intervals, corresponding to the orientation of the anisotropy axes (70 and 150°). Dashed white arrows at t = 0 indicate the geophone orientations.
Seismic Reflection Data
The reflection data were interpreted using Schlumberger’s Petrel software. Over 5400 breaks in the lateral continuity of seismic reflectors were observed on a total of 104 SBP lines (Supplementary Figure S2). Such discontinuities can be created by faults, fractures, and other geological features, such as ice ploughmarks. The dense spacing of the 2D data (Figure 5) allowed the discontinuities, which crosscut the seismic profile directions, to be mapped with confidence from profile to profile. The length and net azimuth of the discontinuities (within the range of 0° - north to 180° - south) were then derived. Due to the uneven spatial distribution of the 2D profiles (Figure 4), the approach taken was to produce RMS amplitude maps over a time window of ±2.5 ms TWT around the picked horizon (top S4). This approach also had the advantage that no errors would be introduced in any depth conversion due to uncertainties in sub-surface velocities.
Macro-scale geological features and discontinuities (> 12.5 m) were also observed on time surfaces of the 3D seismic data. Where horizons were laterally continuous within the 3D data across the full study area (e.g. top of the unit S4), a surface map was produced. Where deeper horizons were laterally discontinuous, a time slice map approach was used in a similar manner to the near-surface SBP data.
Laboratory S-Wave Measurements
Knowledge of the S-wave velocities within the shallow sediments (<10 m depth) was needed to estimate the conversion depth of C-waves and thus the depth of the anisotropic layer. S wave velocities were determined from analysis of sediments cores collected during. RV Maria S Merian cruise MSM78 (Karstens et al., 2018). Sediment cores were collected from beneath the Scanner pockmark and a site 6 km northeast of the Scanner pockmark complex using a gravity corer and rock drill (RD2; British Geological Survey). A maximum penetration depth of ∼6 and ∼33 mbsf (meters below seafloor) was reached beneath the Scanner pockmark and the NE site, respectively. S-wave velocity measurements were taken in the Rock Physics laboratory of the National Oceanography center. S-wave velocity measurements were carried out on samples from four cores. The measurements were of the transmission type between two bimorph transducers inserted in to split core with their motion transverse to core major axis. Separation between transducers centers was ∼80 mm. The excitation signal consisted of a two cycle cosine wave with a center frequency of 1 kHz multiplied by a Blackman-Harris window to limit high frequency content, thus reducing and supressing the production of P-wave precursors higher in the frequency spectrum (Supplementary Figure S4). Both, the input and transmitted signal were recorded using an oscilloscope. Processing was performed in two separate ways to reduce measurement uncertainty and cross-validate results (Supplementary Figure S4). The first method was a time-of-flight approach performed in the time domain. The first major peak of the input and transmitted signals were picked. The time difference between the two picks and the distance between transducers was used calculate shear wave sound speed. The first major peak, rather than first break, was chosen because this was less affected by any residual P-wave precursor signals. The second processing method was performed in the frequency domain and is based upon the rate of change of phase with respect to frequency. The input and transmitted time domain signals were windowed using a Tuckey window to remove the P-wave precursor, multiple reflections and multi-path signals after the direct wave. The windowed signals were de-convolved in the frequency domain and a least squares linear fit to the slope of the phase with respect to frequency was calculated. The gradient of the linear fit, which is proportional to the reciprocal of sound speed, was then used to calculate sound velocity. Sources of error for these measurements include multiple reflections, propagation modes other than pure shear wave modes and p wave precursors. System time delays, the acoustic center of the transducers and measurement accuracy were estimated by making multiple measurements over distances of 0.05–0.2 m acoustic path length on a 0.5 by 0.3 by 0.3 m slab of homogeneous Potter’s clay. These reference measurements were then compared to measurements of the same Potter’s clay in split core liner over a 0.1 m acoustic path similar to that used in the experiment. From comparison to these calibration data a typically 2σ measurement accuracy of 10% is expected.
RESULTS
Seismic Anisotropy
In this paper, two-way travel-time (TWT) values are given as milliseconds below the seafloor, unless stated otherwise. Two potential C-wave reflectors are observed at 45 and 65 ms TWT on the radial component of OBS1, located within the Scanner pockmark (Figure 6). Both reflections have apparent velocities of ∼1500 m/s, as expected for signals that have most of their raypath in the water column.
On all OBSs, the direct water wave arrival is affected by instrument ringing, most likely due to seabed coupling issues, which lasts for 25 ms. The ringing is observed on all components in different ways (Figures 6–8). A potential C-wave arrival (45 ms TWT) is visible on the radial component of OBS one as a phase clearly separated from the instrument ringing, but with a lower amplitude than the later arrival (65 ms). However, this phase is not observed on other OBSs (Figures 7, 8) as a clear arrival and is also not present on the transverse component of OBS1, suggesting that it represents either a P-wave reflection or a C-wave propagating within an isotropic medium. We interpret this early phase as a P-wave reflection from the base of seismic unit S3 (bottom of the Coal Pit Formation), since seismic units S5.1–5.2 are not present within the Scanner Pockmark, and the base of seismic unit S4 would be too shallow (20 ms TWT) to produce an arrival at this time.
[image: Figure 7]FIGURE 7 | 9° azimuth stacks recorded on OBS8 located on the southwestern rim of the Scanner Pockmark. Left and right panels show radial and transverse components respectively. (A) Radial wiggle plot. The red line shows the arrival time (∼55 ms TWT) of the C-wave phase on the radial seismogram. (B) Transverse wiggle plot. Red arrows show the polarity reversals. (C) Radial envelope plot of the amplitudes (root of squared amplitudes). (D) Transverse envelope plot. White arrows show the amplitude nulls of ∼90° degree interval, corresponding to the orientation of the anisotropy axes (70 and 150°). Dashed white arrows at t = 0 indicate the geophone orientations.
[image: Figure 8]FIGURE 8 | 9° azimuth stacks recorded on OBS19 located in the reference site. Left and right panels show radial and transverse components respectively. (A) Radial wiggle plot. (B) Transverse wiggle plot. No C-wave event is observed on the records of this OBS. (C) Radial envelope plot of the amplitudes (root of squared amplitudes). (D)Transverse envelope plot. Dashed white arrows (at t = 0) show the geophone orientations.
The second reflection is observed at 65 ms TWT on the stacked radial component of OBS1, and it spans on a time interval between 65 and 90 ms. The extended duration of this arrival may be due either to some instrument ringing (most likely), or the dynamic response of a localized shallow heterogeneity (Rubin et al., 2014). Polarity changes (Figure 6B) and energy nulls at ∼90° azimuthal intervals (Figures 6B–D) are observed on the transverse component, as expected for C-waves travelling within an anisotropic HTI medium. The energy nulls observed on the transverse component lie at 70° and 160° azimuths suggesting that the anisotropy symmetry axes follow these orientations. The polarity changes and the amplitude nulls are best observed at 80 ms TWT instead of 65 ms TWT, possibly because the amplitude of this event is too low to be observed at the onset of the phase, but then is amplified later due to constructive interference from the ringing. If this observed event was a residual direct water wave due to the unsuccessful rotation to radial and transverse components, the observed energy nulls would follow the geophone orientations. However, the X-geophone component of OBS1 is oriented to the north (0°), with the energy nulls at 90° intervals (Figure 6D; at 90°, 180°, 270° and 360°). There is a difference of ∼20° between the energy nulls observed on the direct wave and those observed for the C-wave event (70°–160°), and therefore we are confident of our C-wave identification. The early arrival time of the phase indicates that the S-wave conversion occurs at a very shallow reflector and the short travel time of the phase prevents the development of an observable delay between the fast and slow S-waves propagating parallel and perpendicular to the orientation of vertical fractures respectively.
A C-wave phase at 55 ms TWT (Figure 7) is observed on the radial component of OBS8. Ringing affects both the direct wave and the C-wave phase. Simultaneously, on the transverse component of OBS8, clear polarity changes are again observed, with the same azimuths as observed on OBS1 (70°–160°). Once again, there is a clear mismatch between the geophone orientations and the orientations of the anisotropy axes of the C-wave event which rules out the instrument ringing effect being misinterpreted as S-wave splitting within shallow sediments.
No potential early C-wave phase is observed on the records of the OBSs deployed at the reference site. For example, Figure 7 shows the records of OBS19. The only potential C-wave event is observed at ∼120 ms TWT with an incoherent, undulating nature on the radial component, and no polarity changes are observed on the transverse component. However, since here we focus on the SWS within the shallowest sediments, we cannot rule out the presence of deeper S-wave anisotropy around the Scanner pockmark and at our background site.
Seismic Reflection
SBP, sparker seismic reflection, and conventional 3D seismic reflection data (Figure 5) image zones with high amplitudes, characteristic of free gas within the near-surface: at 1–2 m (3 ms TWT) depth beneath the base of the Scanner pockmark complex (Figure 5A), and at 48 m (55 ms TWT) depth within the Upper Ling Bank Formation (unit S2.2; Figure 5C). Seismic chimneys are characterized on seismic images by a combination of seismic blanking and discontinuous or chaotic reflections (e.g., Løseth et al., 2011). Where free gas is present, high amplitudes are also observed at discrete intervals. The observed seismic characteristics support the interpretation that a chimney structure is present beneath Scanner pockmark (Figures 5B,C). The seismostratigraphy and observations of gas in the seismic reflection data are described in more detail by Böttner et al. (2019), Robinson et al. (2020).
Two potential causes of shallow HTI anisotropy are observed below the Scanner Pockmark (Figure 9). RMS amplitude maps derived from SBP profiles display seismic unit top S4, the uppermost sedimentary structure below the Scanner pockmark (Figures 9B,E). The presence of gas will result in a higher RMS amplitude. A prominent peak in RMS amplitude is observed at the Scanner Pockmark site, oriented at approximately 40°, and is located beneath OBS 3 (Figure 9C). The amplitude peak below OBS 3 extends towards the south west, with a small change in orientation to 50–60° azimuth below OBS1 (Figure 9C). No prominent amplitude peaks are observed at the reference site (Figures 9E,F). From a cross-sectional view, the amplitude peaks beneath the Scanner pockmark can be interpreted as due to gas-charged sediment (Figures 9G,H). The presence of gas also indicates a higher connected porosity which can be the origin of the observed S-wave splitting. In addition, the RMS amplitude maps also display areas of lower amplitude that are oriented at 50–60°, and are observed underlying several OBSs, including OBSs 1, 6, 8, 9, 14, 16, 17, and 21 (Figures 9B–E). In cross-sectional view, they are less than 80 m in width and U-shaped, with raised lateral berms, which are characteristic features of ice ploughmarks (e.g., Graham et al., 2007). Ice ploughmarks form as a result of iceberg keels coming into contact with the seafloor after calving from the marine termini of glaciers and ice sheets (Dowdeswell and Bamber, 2007). Ice-ploughmarks are common structures in the North Sea and their small dimension, and shape makes them another potential cause of S-wave splitting. In addition, sub-vertical discontinuity features can be observed on the sub-bottom profiler data within the seismic unit S5.1 (Figures 9G,H). The break in lateral continuity of the layers and minor resolvable vertical displacement may indicate the presence of fractures. These features are not visible in the sparker seismic profiles (Figure 5B) possibly because they are below the resolution of the sparker data.
[image: Figure 9]FIGURE 9 | Attribute analysis and interpretation of the Scanner pockmark and reference site. Sub-bottom profiler 2D seismic reflection data is used to generate time slice attribute maps of seismic unit top S4 of (A–C) the Scanner Pockmark and (D–F) the reference site. (A, D) Bathymetry maps of seabed with OBS locations and numbers displayed. (B, E) RMS amplitude maps acquired over a time window of ±2.5 ms around the picked horizon (225–227.5 ms TWT from the sea surface); the blue areas highlight the spatial extent and orientation of ice ploughmarks. (C, F) Geological interpretation of the surface amplitude maps, highlighting gas-charged sediment (red – high amplitude) and ice ploughmarks (blue – low amplitude). (G–H) Seismic profile extending from north to south highlighting the key geological features of interest.
At a larger scale (> 12.5 m resolution) features present at the top S4 surface were also mapped using the 3D seismic data (Figure 10). We observe a clear trend of interpreted ice ploughmarks, oriented at 50–80° (Figure 10). While less evident on the length-weighted histogram (Figure 10), there is also a series of larger, more linear features oriented at 150–160° to the south west of the Scanner pockmark and reference sites. The linear features are interpreted as mega-scale glacial lineations (MSGLs), in agreement with previous interpretations of the area (e.g. Graham et al., 2007). Ice ploughmarks and MSGL trends of 50–80° and 150–160°, respectively, correlate with the azimuth of energy nulls observed on OBS1 and OBS8.
[image: Figure 10]FIGURE 10 | Plan view of glacial features mapped onto seismic unit top S4 (see also Supplementary Figures S2, S3). The map shows a seismic amplitude contrast (hillshade) image of unit top S4 (base of the Witch Ground Formation). Black lines display mapped ice ploughmarks and red lines display mega-scale glacial lineations (MSGLs), interpreted using the 2D and 3D seismic reflection data. A length-weighted histogram displays the most common orientation of the glacial features across the Scanner Pockmark region, binned into 10° intervals.
Between 40 and 55 ms TWT, glacial meltwater channels extend from the east across the Scanner Pockmark region (Figures 11A,B). A relatively thin channel extends into the north east of the OBS configuration with an orientation of 50–60°, underlying OBSs 1–4, (Figure 11B). The channel may be interpreted as a source for the gas-charged sediment that has been observed directly beneath Scanner Pockmark, which follows the same orientation (Figure 9C). At greater depths (60–80 ms TWT; Figure 11C), the glacial channels (corresponding to seismic unit S2.2, iii) extend further to the west, terminating at the less permeable sediments of an older glacial channel (seismic unit S2.2, ii). Gas-charged sediments are present at the stratigraphic boundary of the two sub-units (Figure 11D). Beneath Scanner pockmark, there is a clear orientation of gas-charged sediments at 50–60°, as well as an orientation of 140–150° associated with gas accumulation along the margin of the subunits (seismic units S2.2 ii and iii; Figures 10C,D). The gas accumulation appears to underlie OBSs 1–5, 9, and 11 (Figures 11C,D). The gas-charged sediment trends of 50–60° and 140–150°, also appear to correlate with the azimuth of energy nulls observed on OBS 1.
[image: Figure 11]FIGURE 11 | Time slice amplitude maps that provide a regional context for the presence and orientation of the shallow gas. 3D seismic reflection data is used to generate surface amplitude maps at three time intervals: (A) 40–45 ms (B) 50–55 ms and (C, D) 60–80 ms two way travel time below seafloor. Black solid lines display boundaries between seismic units or highlight key geological features. (D) RMS amplitude map, acquired over a time window of ±2.5 ms TWT, highlighting the presence and orientation of gas charged sediments; two dominant orientations of 60° and 140° are observed, which correspond to the orientation of glacial channels and the stratigraphic juxtaposition of seismic units S2.2 ii and S2.2 iii, respectively.
Core Shear-Wave Measurements
S-wave velocity measurements made of the sediment cores beneath the pockmark and at the site to the northeast are consistent and range in value between 57 and 115 m/s over a depth range of 2–22 m. There is a broad increase in velocity with depth (Figure 12) which is consistent with S-wave velocities of water-saturated clay, silty-, sandy-clay sediments (Hamilton, 1976;Hamilton, 1979).
[image: Figure 12]FIGURE 12 | Laboratory S-wave velocity measurements. Samples surrounded by red ellipses are acquired from the pockmark and blue surrounded ones are from the reference site. Black circles are the velocities derived in time domain. Red triangles are those derived in frequency domain. Two columns represent the stratigraphy within the pockmark (left) and at the reference site (right).
DISCUSSION
Fast S-Wave Orientation
On both OBS1 and OBS8, we observed clear SWS with consistent symmetry axes with azimuths of 70° and 160°. The delay between fast and slow S-wave arrivals observed on the radial component of the stacked azimuth versus time sections are usually used to infer the fast S-wave direction, which is commonly parallel to the fracture orientations. We do not observe significant time variations between fast and slow S-wave arrivals on the radial components of OBS1 (Figures 6, 7), likely because their travel-time as S waves is insufficient to allow the development of an observable delay and the percentage of anisotropy is low. Therefore, we cannot uniquely define the fast S-wave orientation from the analysis of the seismograms. Hence, we first analyze potential features observed on seismic profiles that may cause anisotropy and shear wave splitting. Due to the difference between the P- and S-wave velocities, especially close to the seabed where Vp/Vs is typically high (Hamilton, 1979), the up-going S-wave ray path is close to vertical (Gaiser, 2016). Therefore, any near-vertical features causing the HTI anisotropy that generates the observed SWS will be located directly below the corresponding OBSs. First, we consider the potential sources of anisotropy based on their fit to the orientation of the observed SWS. We then consider the observed arrival times of the C-wave events relative to these different potential sources of SWS, in order to attribute the observations to valid causal mechanisms.
Possible Causes of Seismic Anisotropy Within Scanner Pockmark
Regional Horizontal Stress
The regional maximum horizontal stress (σ1) is oriented NW/SE, and the average in-situ minimum horizontal stress of the region (σ3) is 54°N ± 11° (Evans and Brereton, 1990). In the region, horizontal stress exceeds the vertical stress (σ2) (Evans and Brereton, 1990). Therefore extension (tension) fractures, if present, may be expected to form perpendicular to the minimum horizontal stress (σ3), i.e. at 150–160°.
We do not observe shallow SWS on every OBSs. Only OBS 1 located within the pockmark and OBS eight located at the southwestern rim of the pockmark exhibit shallow S-wave splitting. Both OBSs are located closer to the active methane venting zone within the pockmark. The observed SWS may result from the connected porosity within the sediments that is used as migration pathways for the vertical fluid flow, aligned in the direction of the maximum regional horizontal stress. OBS 2 which is also located within the pockmark does not show any SWS suggesting that the HTI structure directly underlies the OBSs where the SWS is observed.
Local Stress
Below OBS 1, at the top S4 interface (3 ms TWT), gas-charged sediment is observed, oriented at 50–60° (Figure 9C). Gas-charged sediment is not clearly observed directly beneath OBS 8 but may be present at a scale below the horizontal resolution of the surface attribute map of 17.5 m × 17.5 m (Figures 9B,C). Where gas-charged sediment is present, gas-filled fracture corridors may form in the direction parallel to the localized overpressure gradient (e.g. Moss et al., 2003). In this case, extension (tension) fractures may form, with an orientation of 50–60°. The interpretation of gas-filled fractured sediment could explain the S-wave anisotropy directly beneath OBS 1.
Gas-charged sediment is also observed between 50–55 ms TWT with an orientation of 50–60° below OBSs 1–4 (Figure 11B), and between 60–80 ms TWT with an orientation of 140° below OBSs 1–5, 9, and 11 (Figures 11C,D). We do not observe shallow SWS on all these OBSs. However, further processing of the OBS data, including applying different normal move-out corrections to account for the increasing depth of P-S wave conversion and increase in shear-wave velocity with depth, in addition to layer stripping, to progressively correct for and remove the effects of anisotropy in shallower layers, may allow deeper SWS observations, caused by gas-filled fractures within deeper gas-bearing sediment, to be identified.
Ice Ploughmarks
Ice ploughmarks are observed at the top of unit S4. They directly underlie both OBS1 and 8 and have an azimuth of 50–70° (Figure 10). Ice ploughmarks represent an erosional surface, where icebergs have scoured the former seabed surface within a shallow glacio-marine environment. The U-shaped impressions are later filled with younger sediment, and so these could, in theory, also create anisotropy. Ice ploughmarks can act as both lateral traps and channels for fluid, creating areas of focused fluid flow (Haavik and Landrø, 2014; Chand et al., 2016). However, ice ploughmarks also directly underlie other OBSs around the pockmark and the reference site (e.g., OBSs 16, 17, 20, and 21). Therefore, despite their comparable azimuth to the observed SWS, ice ploughmarks are unlikely to be the primary cause of SWS at the Scanner Pockmark site.
Mega-Scale Glacial Lineations
MSGLs are also observed at the top S4 horizon, oriented at 150–160° (Figures 5, 10). However, the MSGL features, which represent past grounded ice in a sub-glacial environment, are not observed directly beneath the Scanner pockmark site, so we rule them out as a cause of the anisotropy observed there. It is curious that the glacial features share a similar orientation to the regional stress field of the area, posing the question of whether the two are intrinsically linked. A link may have arisen because the stress regime guides the geometry of the Witch Ground Basin and the icebergs that generated the ploughmarks were driven by contour currents along the edge of the basin.
Depth of S-Wave Conversion
Within the shallowmost water-saturated silty-clay sediments (S5, ∼18 m thick), core-logging observations indicate that the P-wave velocity is similar to the water velocity (∼1500 m/s). The corresponding S-wave velocities in shallow sediments are expected to be low and to increase with depth with a high velocity gradient (Hamilton, 1976; Hamilton, 1979). The top S4 horizon, separating units S5 and S4, is the first sedimentary boundary observed as a high-amplitude reflector on the seismic profiles. At the depth of this reflector, there are three potential features (gas-charged sediments, ice-ploughmarks and MSGLs) with similar orientations to the anisotropic symmetry axes observed on OBS1 and OBS8. Therefore, we first considered this reflector, which has an average depth of 18 m, as the interface at which the conversion occurs. With a P-wave velocity of 1500 m/s, an S-wave velocity of ∼419 m/s would be required to in order to match the arrival time of 0.055 s of the C-wave event observed on OBS 8. The Vp/Vs ratio of water-saturated silty-clay sediment varies between 13 and 7.35 in the first 20 m depth (Hamilton, 1979). In contrast, however, a Vp/Vs ratio of 3.6 is required here to match the arrival time of the C-wave event, which would be very low for these shallow sediments. We therefore ruled out the top S4 interface as the depth where the specific conversion occurs for the event observed on OBS 8.
At the NE drill site where we collected core samples and below OBS8, unit S5 exists with its full thickness. At ∼23 m depth, near the top S4 reflector, the laboratory measured S-wave velocities vary from 99 to 114 m/s (Figure 12). Considering an S-wave velocity of 100 m/s (Vp/Vs = 15), the conversion depth for the C-waves events observed on the OBS1 and OBS8 are 6.1 and 5.15 m respectively, suggesting that the conversion occurs at the top S5.1 horizon below OBS 8 (Figures 3, 9G,H). Below OBS 8, the top S5.1 horizon is observed as a bright reflector on the subbottom profiler data at 4.9 ms TWT (Figures 9, 13G,H). Below OBS1 within the Scanner Pockmark, unit S5 has a reduced thickness of 3 ms TWT (Figures 9, 13G,H) and it is reworked as it is exposed in the seafloor (unit S5.3 on Figures 9G,H). Here, unit S5.3 is underlain directly by unit S4. Within the S4 sediments, a low amplitude reflector is present on the SBP data at 7.2 ms TWT (Figure 13), which is likely to be the interface where the conversion occurs.
[image: Figure 13]FIGURE 13 | SBP data sampling the locations of the OBS1 and 8. The white squares are OBS 1 and 8. The low amplitude reflector is shown in black arrows. TWT values here are milliseconds below the sea surface.
Considering a P-wave velocity of 1500 m/s, the depth to the reflectors observed on the SBP data below the OBS1 and OBS8 are 5.4 and 3.7 m respectively. If the observed C-wave events are converted from the reflectors identified on the subbottom profiler data, then average S-wave velocities of 88 and 69 m/s are required to match the arrival times of 65 and 55 ms arrival times observed on OBS1 and 8 respectively. S-wave velocity measurements on samples from corresponding depths vary between 56 and 137 m/s with an average of 83 m/s. There is a good match between calculated and measured S-wave velocities, although the laboratory measurements could be affected by sampling and measurement effects (Batzle et al., 2006).
Gas-filled fractures are observed within the Coal Pit Fm (unit S3). Gravity core observations of sediment fluidization features and disseminated iron sulphide, indicates active fluid flow directly beneath the pockmark. Evidence of methane-derived authigenic carbonates and gas ebullition at this site further demonstrates that active methane venting has persisted since 27 (Böttner et al., 2019; Li et al., 2020). As shown by controlled gas release experiments in weakly consolidated sediment (e.g., Roche et al., 2020), mature gas migration from an active, focused source may take place through stable open conduits. These conduits represent channels of enhanced permeability relative to background matrix permeability (Roche et al., 2020). The very shallow conversion depth of P-S waves, together with the evidence of active gas venting within the Scanner pockmark, suggest that the SWS occurs along vertically oriented gas conduits (Figure 14). Therefore, two potential causes of anisotropy remain valid from the evidence presented: 1) aligned gas conduits, in the form of fractures, opening perpendicular to the regional minimum horizontal stress at 150–160o, or 2) gas conduits aligned with a local stress gradient (50–60° azimuth) (Figures 5, 14)., caused by a hydraulic connection with underlying, overpressured gas charged sediment within units S2.2-S3 (Figures 5, 14).
[image: Figure 14]FIGURE 14 | Schematic diagram illustrating open gas migration pathways beneath Scanner pockmark that generate the shear-wave splitting observed on OBS1 and 8. Bottom right: Gas accumulations are present in S2.2, S4, and at the S4/S5.1 interface, indicated in red. Reference to color of seismic units S1-S5 found in Figure 3. Left: Blue arrows show regional maximum (σ1) and minimum (σ3) horizontal stress. Yellow arrows show local stress conditions caused by high pore fluid pressure. Red dashed line shows orientation of gas observed in Figures 11C,D. OBS locations shown in white. Top right image: S1 and S2 are the fast and slow S-wave directions, respectively.
CONCLUSIONS
We observe evidence of shear wave splitting on two ocean bottom seismometers, located within and adjacent to a pockmark which is actively venting methane. Both instruments show symmetry axes consistent with a vertically aligned fractures (HTI anisotropic system), with fracture azimuths of 70° and 160°. Based on the arrival times of the SWS events, and shallow sediment core measurements of shear-wave velocity, P- to S-wave conversions occur at 4–5 m depth beneath the seabed. Comparing these orientations and depths to potential sources for SWS, we interpret these observations as being related to vertically aligned gas conduits, which facilitate the ebullition of methane at the seafloor. These gas conduits may either result from the opening of fractures perpendicular to the regional minimum horizontal stress, or they may be aligned with the local stress gradient driven by overpressure resulting from a gas accumulation at ∼50 m depth beneath the pockmark. This study reports the first observation of very shallow anisotropy associated with active methane venting at the seabed.
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Figure S1 | The composite plot of radial and transverse components along an inline profile recorded by 600 the OBS1. Even traces are the radial component and odd traces are the transverse component.
Figure S2 | 2D seismic vertical seismic feature picking method. Individual sub-vertical discontinuities were picked along 104 profile lines (black dots in map view – top left; and light blue in seismic cross-section view - below). Discontinuities that extended laterally across multiple 2D profiles were interpreted (black and red lines in map view – top middle and right). The discontinuities correspond to ice ploughmarks (black lines) and Mega-scale glacial lineations (red lines), respectively (Fig. 5.9).
Figure S3 | 3D seismic surface of unit top S4, uninterpreted. A seismic amplitude horizon surface (left) and hillshade map (right) is displayed.
Figure S4 | Laboratory S-wave measurements. Top: Input signal. Middle: output signal. Bottom: Frequency domain estimation of the S-wave velocity.
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The tectonic interaction between the Rivera and North American plates north of the Bahía de Banderas is poorly understood. The nature of the crust and where the subduction ends in the western part of the Islas Marias Archipelago are still controversial. Based on new geophysical data provided by the TsuJal project, we present the shallow and deep crustal structure of the Rivera–North American plate contact zone along two seismic transects, TS09b and RTSIM01b, and the bathymetry obtained across the northern region of María Madre Island. Detailed bathymetric analysis allowed mapping of a series of lineaments along the study region, with two main preferred tendencies (020–050° and 290–320°) associated with the evolution of the Pacific-Rivera rise and the transform faults of the Gulf of California, respectively. The shallow structure is characterized by five sedimentary basins without deformation, whose horizons are subparallel, suggesting that the sediment deposition occurred after the extension process ended. The deep structure corresponds to a transition between oceanic crust (Rivera Plate), with an average thickness of ∼10 km to the Islas Marías Escarpment, and a thinned continental crust, whose thickness increases toward the continent until it reaches 28 km, with a dip angle of 7–10°. The absence of an accretionary prism suggests that the subduction process of the Rivera Plate beneath the North American Plate to the north of Islas Marías has ceased. In this study, we determined that the morphological expression of the northern limit of the Rivera Plate corresponds to the Islas Marías Escarpment.
Keywords: Rivera Plate, crustal structure, amphibious network, horst and graben array, Islas Marías Archipelago
INTRODUCTION
During most of the Cenozoic, the tectonic setting of Western Mexico has been a complex system of convergent, divergent, and transform boundaries between the various active tectonic units. The oblique subduction of the Farallon Plate beneath the North American Plate (NAP) progressively ceased since the Oligocene time as the Pacific-Farallon ridge approached North America and the triple junction moved southward. Along the Baja California Peninsula, from Miocene to recent, the movement of the triple junction produced the fragmentation of the Farallon Plate and formation of short-lived oceanic microplates, as well as the capture of the Baja California Peninsula by the Pacific Plate. All these processes, together with ridge rotation and the cessation of ridge activity along some segments west of the Baja California Peninsula, promoted plate reorganization (e.g., Mammerickx and Klitgord, 1982; Lonsdale, 1991; Bohannon and Parsons, 1995; Ferrari, 1995; Fletcher et al., 2007; Sutherland et al., 2012). After 12 Ma, the Pacific-Guadalupe ridge in the southern Baja California Peninsula broke up and rotated clockwise and oriented the rise to the NE (Mammerickx and Klitgord, 1982; Stock and Hodges, 1989). In this new plate configuration, the Pacific-Rivera and Pacific-Cocos ridges were formed (Mammerickx and Klitgord, 1982; Stock and Hodges, 1989; Lonsdale, 1991; Nicholson et al., 1994; Stock and Lee, 1994). The northern boundary of the Rivera Plate is defined by the Tamayo fracture zone (Figure 1), but the boundary extending from the Islas Marías Archipelago throughout Puerto Vallarta is less clear. Along this region, a lack of lithological and structural data, sedimentary cover, scarce outcrops on the islands, and issues with accessibility make it a challenge to get the necessary data to define this boundary precisely. Although several tectonic, structural, and marine geophysical studies were carried out, the continental crustal architecture and oceanic crust transition are not yet fully understood. Most of the geological and geophysical surveys are only in a few, limited places on islands, along seismic profiles, in mainland Mexico and the Baja California Peninsula (Fletcher et al., 2007; Housh et al., 2010; Sutherland et al., 2012; Ferrari et al., 2013; Pompa-Mera et al., 2013; Balestrieri et al., 2017). No study on the scale required to precisely define the plate boundary had yet been undertaken.
[image: Figure 1]FIGURE 1 | Location of the investigated area in its tectonic context. Abbreviations: EPR, East Pacific Rise; IME, Islas Marías Escarpment; MMR, María Magdalena Rise. (Inset) Location map of the study area within the North American continent. In this scheme the Alarcón and Cabo-Puerto Vallarta segments (blue lines) analyzed by Lizarralde et al. (2007) are depicted, together with the TsuJal TS09b/RTSIM01b seismic profiles (red lines). Páramo et al. (2008) (magenta dash line) do not reach the study area. The purple rectangle shows the location of Figure 2. The position of the María Magdalena Rise is vague (Lonsdale, 1989), mainly in its southern part since it is poorly defined, causing its location to be unclear (dash line).
The Rivera Plate (RP), in terms of tectonic boundaries and motion, is problematic; it is an independent oceanic microplate (Atwater, 1970) of ∼100,000 km2 (DeMets and Stein, 1990) with distinct kinematics with respect to the NAP and Cocos Plate (Eissler and McNally, 1984; Bandy and Yan, 1989; DeMets and Stein, 1990). The RP is located to the west of Mexico; the northern limit is the Tamayo fracture zone. The eastern limit is the Middle America Trench subduction zone which truncates at the Tamayo fracture zone (e.g., Stoiber and Carr, 1973; Dean and Drake, 1978; Nixon, 1982; Bevis and Isacks, 1984; Ponce et al., 1992). The western limit of the RP is the Pacific-Rivera Rise, as part of the East Pacific Rise. The junction between the Pacific-Rivera Rise and the Rivera Transform is located 165 km west of the Middle America Trench (Bourgois and Michaud, 1991). The Rivera–Cocos Plate boundary runs from El Gordo graben and is continuous at depth along a line located east of the Colima Rift (Bandy et al., 1995). The crustal between RP and NAP at the northern part of the Islas Marías Archipelago is not clearly defined due to the low rate of recorded earthquake activity and the absence of bathymetric features of subduction in the zone (Figure 1).
To increase the structural understanding of the Islas Marías Archipelago and surroundings, a marine geophysical survey of the TsuJal project was performed (Núñez-Cornú et al., 2016). During the TsuJal project, several geophysical surveys were carried out combining sea–land studies with investigations involving the application of various geophysical techniques to characterize the surficial and crustal structure in the contact zone between RP and NAP. This article analyzes the results obtained from two seismic profiles, the RTSIM01b wide-angle seismic transect of 240 km and the lengthy TS09b multichannel seismic profile of 115 km, along with bathymetric data for this region. Both seismic lines are located in the north of the Islas Marías with SW–NE orientation (Figure 2) and are perpendicular to the contact between RP and NAP.
[image: Figure 2]FIGURE 2 | Deployment map in the study area with seismic stations (green symbols) used to generate the P-wave velocity model of RTSIM02 seismic transect (black line) and multichannel seismic profile TS09b (red line). Red symbols depict those stations not used in this study. Abbreviations: IME, Islas Marías Escarpment; TFZ, Tamayo fault zone; 1, San Juanito Island; 2, María Madre Island; 3, María Magdalena Island; 4, María Cleofas Island; 5, Isabel Island; OBS, Ocean-bottom seismometer.
DATA AND METHODOLOGIES
During the active part of the TsuJal project, the British research vessel RRS James Cook collaborated in acquiring multidisciplinary data (multichannel, wide-angle seismic, multibeam bathymetry and gravity and magnetism) in the western coast of Jalisco and Nayarit states. Moreover, this vessel deployed and collected the ocean-bottom seismometers (OBSs) and provided the seismic sources for the seismic experiment (Table 1).
TABLE 1 | Seismic source parameters used during the RTSIM01b wide-angle (WAS) and the TS09b multichannel seismic (MCS) data acquisition.
[image: Table 1]Bathymetric Data
The JC098 cruise provided the bathymetric and multichannel seismic data (MCS) analyzed in this work measured in the northern region of the María Madre Island, perpendicular to the coastline (Figure 2). Two multibeam echosounder systems (Kongsberg EM120 and EM710) acquired the bathymetric data used in this study. We also included the bathythermograph (XBT) probes and sound velocity profiles in the water column obtained daily during the data processing stage.
The bathymetric data recovered in the northern area of the TsuJal project across the RTSIM01b and TS09b seismic profiles were processed using CARIS HIPS and SIPS (Teledyne) software. We used sound speed and tide corrections provided by the Centro de Investigación Científica y de Educación Superior de Ensenada (CICESE) to produce vertical and horizontal data and georeferenced data, including calculating the total propagated uncertainty for each sounding. Finally, we obtained regular grid and variable resolution surfaces by applying various filters and editors to generate the final bathymetric surface with an 80 × 80 m resolution grid. This surface was interpolated and depicted using System for Automated Geoscientific Analyses (SAGA) and Geographic Information Systems (GIS) (Conrad et al., 2015).
Multichannel Seismic Data
The MCS data were acquired by using a SASS Multichannel Sentinel Sercel® streamer of 5.85 km length (468 active channels, separated 12.5 m) deployed at 10 m depth. The common depth point (CDP) distance is 6.25 m, providing a CDP nominal fold of 58–59 traces. These data were recorded initially in SEG-D format and sampled at 1 ms. The technical parameters of the seismic source used in this study are shown in Table 1. The TS09b seismic line consisted of 2,305 shots with a total length of 115 km approximately.
Figure 3 shows the main steps of the processing stage, which was carried out by Seismic Unix software (Cohen and Stockwell, 2013). We carried out a traditional processing methodology to increase the horizontal and vertical resolution to obtain the best possible seismic image of the TS09b seismic profile. The sequence shown in Figure 3 includes the following steps:
1. Pre-stacked signal calculations (eliminate aliasing, eliminate incorrect traces, and filtering)
2. Spherical corrections and predictive deconvolution for improving the resolution in time
3. Velocity analysis by semblance method every 100 CDP
4. Correction of normal move out
5. Stack to increase the signal-to-noise ratio
6. Phase shift migration with turning rays for increasing horizontal resolution and collapse diffractions, which relocate the reflectors in time.
[image: Figure 3]FIGURE 3 | Processing flow applied to the TS09b multichannel seismic profile using Seismic Unix.
Wide-angle Seismic Data Acquisition and Seismic Phases
The wide-angle seismic data correspond to a SW–NE trending line (RTSIM01b) along the north of the María Madre Island, perpendicular to the coastline (Figure 2). The length of the shooting line was 110 km approximately. These shots were recorded on land 240 km from the first shot of the transect. The seismic source consisted of two air gun subarrays with a total capacity of 6,800 in3, shooting every 120 s, and with a cruise velocity of five knots (Table 1). In addition, these shots were registered by an amphibious seismic network composed of four OBSs and 27 temporary seismic stations deployed from Novillero to Sonorita (Nayarit) (Figure 2). The OBSs were short-period model LC2000SP with L-28 three-component geophone sensors (4.5 Hz) and one HiTech HYI-90-U hydrophone (OBS1, OBS2, OBS3, and OBS4). The instruments used for the terrestrial network were single, vertical component TEXAN 125A (Reftek, Trimble), a TAURUS Digital Seismograph (Nanometrics), and WorldSensing Spidernano data loggers both with a short-period sensor 1-Hz LE-3D/lite (Lennartz) and a CMG-6TD (Güralp Systems). Of the 27 seismic stations deployed along this line, we have selected those whose signal-to-noise ratio was low, resulting in seven high-quality stations (L304, L308, H305, L313, L315, L318, and L319) (Figure 2).
The data processing included band-pass filtering and navigation data. Instrumental drift corrections, zero-phase band-pass filter (4–10 Hz), and travel time corrections were also applied (Núñez et al., 2016). Furthermore, topography and bathymetric data were included for P-wave phase determination (Figures 4, 5), which consisted of correlating reflected and refracted phases observed at the different crust and uppermost mantle discontinuities. We calculated the apparent velocities from P-wave refracted phases used for initial velocity and depth modeling. We identified five refracted phases [three within the sediments (PS1, PS2, and PS3), one within the crust (PI), and one within the uppermost mantle (Pn)] and four reflected phases [one intermediate-lower crust discontinuity (PLCP), one crust-mantle boundary reflection (PMP), and two reflections in the first layers of the upper mantle (PM1 and PM2)].
[image: Figure 4]FIGURE 4 | Record sections of the marine seismic stations recording the RTSIM01b seismic transect. All of them have the bathymetry along with the RTSIM01b seismic profile in the upper panel. The lower panel shows the vertical component of the corresponding station with a reduced velocity of 6 km/s, 4–10 Hz band-pass filter applied, trace-normalized amplitudes, and interpreted reflected and refracted P-wave horizons indicated by different color dashed lines as marked. (A) OBS1. (B) OBS3. (C) OBS4.
[image: Figure 5]FIGURE 5 | Record sections of the terrestrial seismic stations recording the RTSIM01b seismic transect. Each panel shows the vertical component of the corresponding station with a reduced velocity of 8 km/s, 4–10 Hz band-pass filter applied, trace-normalized amplitudes, and interpreted reflected and refracted P-wave horizons indicated by different color dashed lines as marked. (A) L305. (B) L315. (C) L319.
The sedimentary cover across the RTSIM01b transect was sampled by the refracted phases mainly observed in OBS seismic record sections (Figure 4). The PS1, PS2, and PS3 phases were identified from 3 to 15 km of the source–receiver offset distance for the shallowest refracted phases, while between 6 and 30 km for the third one, in most OBS sections. The average apparent velocities calculated were 2.8, 4.1, and 5.1 km/s, respectively. The next phase, PI, is observed in the offset interval 10–30 km for the marine record sections, and it was identified from 96 to 111 km in the station closest to the coast (L304) with 5.8 km/s. The PLCP seismic phase is correlated between 10 and 46 km offset distance for OBS1 and 30–45 km for OBS2 and OBS3 (Figure 4). All of the seismic sections exhibit a secondary arrival, PMP, indicating an abrupt discontinuity between the crust and the upper mantle. In both sections recorded by marine and land stations, we identified the Pn phase with an average apparent velocity of 8.1 km/s offshore and 8.5 km/s for the onshore region. The uppermost mantle discontinuities are primarily identified in the temporary land stations in the offset interval 135–170 km for PM1 and 170–220 km of source–receiver offset distance for PM2 (Figure 5).
A total of 1,617 arrivals were manually picked, defining the seismic phases identified throughout changes in amplitude or frequency content with an average estimated picking error of 108 ms. The best 2D velocity and interface structure model that fits the previous WAS data was obtained using the Zelt and Smith (1992) software package, applying forward modeling, travel time inversion, and synthetic seismograms.
RESULTS
Multichannel Seismic and Bathymetric Data
Along the JC098 cruise track, we obtained the bathymetric data around the Islas Marías Archipelago (Figure 6). The detailed bathymetry is shown in Figure 6A, whereas a 3D perspective is shown in Figure 6B. Based on the alignment of the submarine relief, we interpreted 88 structural lineaments and calculated a rose diagram from their azimuths. The detected lineaments could be either faults or fractures, with the former no longer being active, and provide the preferred structural trends of the region (Figure 6C). Two main tendencies were obtained: 1) between 020 and 050° and 2) between 290 and 320°. Both tendencies are spatially well defined. The first one is located west and northwest of the archipelago, probably related to the RP oceanic crust. The second trend is placed at the southwestern and west sides of the islands within the transitional or continental crust of the NAP. In the west area of María Madre and María Magdalena islands, the structural lineaments have an ENE–WSW trend, which is oblique to the main trend from the adjacent areas.
[image: Figure 6]FIGURE 6 | Bathymetric map of the northern Islas Marías Archipelago. (A) Hypsometric map with interpreted surface lineaments. (B) 3D view of the hypsometric map. (C) Rose diagram showing two preferential tendencies. Black dotted lines represent the interpreted lineaments observed. Data obtained with an EM120 multibeam echosounder and processed with CARIS Hips and Sips (v.10.4). Abbreviations: ENT, East Nayarit Trough; IMB, Islas Marías Basin; MB, Magdalena Basin; SB, Sisvoc Basin; SBT, San Blas Trough.
The study of shallow structures to the north of Islas Marías Archipelago included the seismic transect TS09b (Figure 7), where we were able to identify two main seismic facies: the acoustic basement and different sedimentary packages distributed in five basins. Three of them are on the RP (Rivera, North Rivera, and Islas Marías basins) and two on the NAP (East Nayarit and San Blas troughs). From SW to NE, we found part of the Rivera Basin located between marks 0 and 15 km. It is infilled by up to 0.3 s of two-way travel time (twtt) of sediments. Toward the northeast, the North Rivera Basin is observed between 27 and 40 km with a thickness of 0.6 s approximately (Figure 7). In this basin, a structure rises from the acoustic reflector, which could be a volcano, as Dañobeitia et al. (2016) suggested, or a horst since it is fault-bounded. Moreover, the sedimentary horizons are subhorizontal on both sides of the horst.
[image: Figure 7]FIGURE 7 | TS09b Multichannel seismic profile, original (A) and interpreted (B). Abbreviations: CDP, common depth point; TWTT, two-way travel time.
The Islas Marías Basin corresponds to the largest basin identified along our MCS profile, extending between 45 and 77 km infilled by up to 1 s (twtt) of sediments. This basin is limited to the SW by the María Range and to the NE by the Islas Marías Escarpment (Figures 6, 7). The sedimentary horizons are subparallel, and we identified a fault, not reported in previous studies, located to the SE of the Tres Marías Fault, crosscutting the lower part of the sedimentary infill. Located to the northeast side of the Islas Marías Escarpment, in the southernmost part of the East Nayarit Trough, we find the deepest basin between 95 and 110 km (15 km) infilled by up to 1.5 s sediments, bounded by the Oriental Nayarit Fault on the eastern edge of the trough. The sedimentary horizons have a splay array toward the Oriental Nayarit Fault. This feature is not observed in any other basins, suggesting that the Oriental Nayarit Fault could be active. The northeasternmost basin corresponds to the San Blas Trough with a 3-km width and 0.5 s (twtt) of thickness whose sedimentary horizons are subhorizontal.
The basement and the acoustic basement along the profile showed extensional deformation, indicating a horst and graben array (Figure 7). In general, the sediment horizons are not deformed within the basins, suggesting that the extension finished before the sedimentation started. However, the splay array adjacent to the Oriental Nayarit Fault could be related to some activity along this fault. Along this transect, neither have we detected the presence of an accretion prism.
WAS Data
The final P-wave velocity model corresponding to the wide-angle seismic profile RTSIM01b is an offshore–onshore transect of 240 km length, which characterizes the northern region of the Islas Marías Archipelago tectonically (Figure 8). The profile’s origin was located at 24 km between the OBS1 and the shot situated farther to the southwest. We divide our model according to P-wave velocities in the upper crust and sedimentary cover, the crust (middle and lower), and the upper mantle.
[image: Figure 8]FIGURE 8 | (A) Final RTSIM01b P-wave velocity model across the septentrional region of Islas Marías Archipelago (Mexico). Black inverted triangles depict land stations and black circles the ocean-bottom seismometers (OBSs) of the TsuJal RTSIM01b seismic profile. Vertical and horizontal axes show depth below sea level and model position, respectively. The colored area is the region where ray tracing provides the velocity values. Layer boundaries are described by black lines, and the thick ones mark positions where rays are reflected, showing the well-defined areas. The gray zone represents the area not crossed by rays. (B) Ray tracing and velocity model with average velocities in km/s. (C) Comparison between observed (vertical bars) and calculated (lines) travel times. In all panels, distances refer to the velocity model origin. Abbreviations: ENT, East Nayarit Trough; IMB, Islas Marías Basin; NRB, North Rivera Basin; SBT, San Blas Trough.
The sedimentary cover along the RTSIM01b profile is characterized by three basins with different depths and velocities. From SW to NE, we found the North Rivera Basin is located from 25 to 53 km from the model origin with an average thickness of 1 km with a maximum value of ∼2 km around OBS2 and a velocity range of 2.5–4.2 km/s. From 65 to 85 km of model distance (Figure 8), the Islas Marías Basin corresponds to the deepest basin across the transect with ∼3 km of thickness, and for the upper crust or sediment layer, the average velocity is 3.6 km/s, and velocities from top to bottom vary between 2.5 and 4.6 km/s. The northeasternmost basin, the East Nayarit Trough, has a P-wave velocity interval of 2.8–3.8 km/s and 1.3 km thick. The middle crust below the sedimentary cover has a vertical velocity gradient of 5.3–5.8 km/s, with thickness increasing to the northeast direction, reaching 10 km depth in the continental region. Two layers comprise the lower crust, where the thickness of the oceanic crust is ∼6 km, increasing toward the northeast up to 10 km thick, and P-wave velocity changes for the upper and lower layers are 6.3–6.5 km/s and 6.7–6.9 km/s, respectively. The Moho depth reaches 10 km depth in the Rivera Plate region, thickening up to 28 km in the continental part of the model with a velocity contrast of 6.9 km/s to 7.9 km/s (Figure 8). In the upper mantle, we characterized two seismic layers with increasing velocity at a depth from 8.1–8.4 km/s down to 40 km.
After adjusting travel times, we controlled by amplitudes using synthetic seismograms to get our final P-wave velocity model. This model reproduces 1,592 of 1,617 (98%) of observed travel times throughout the entire length of the profile (240 km). We determined the arrival-time fit quality ([image: image]) for each interpreted phase with the following values for PS1 (0.4), PS2 (0.3), PS3 (1.2), PI (1.3), PLCP (0.7), PLC (0.9), PMP (2.4), and Pn (0.9), and reflected P-phases observed in the mantle PM1 (1.1) and PM2 (0.8). Our final model is not far from the ideal case ([image: image]), producing a [image: image] of 1.6.
DISCUSSION
The complex architecture of Rivera and North American plate interaction has been studied in the northern region of Islas Marías Archipelago. Previous bathymetric studies have been reported in this area, but few have been analyzed together with multichannel seismic profiles (Lizarralde et al., 2007 (Figure 1); Sutherland et al., 2012; Dañobeitia et al., 2016; Carrillo-de la Cruz et al., 2019). Most of the studies tried to establish the nature of the crust of the Islas Marías, which is still under debate. Lonsdale (1989) considered the Islas Marias to be a block of continental crust, while Schaaf et al. (2015a, 2015b) suggested that in María Magdalena Island, the lithologic assemblage includes oceanic crust. Additionally, Lizarralde et al. (2007) suggested a transitional crust, while Carrillo-de la Cruz et al. (2019) suggested a thinned continental crust. Our structural interpretation of the bathymetric features (Figure 6) indicates two preferred orthogonal tendencies, whose location and orientation indicate deformation in the oceanic and thinned continental crust. The structural trend in the thinned continental crust (Figure 6C) ranges from 290 to 320°, which is subparallel to the 305° azimuth of the transform faults within the Gulf of California (Lonsdale, 1989). The orthogonal structures are associated with the Pacific-Rivera rise evolution (Lonsdale, 1989).
The seismic profiles (Figure 2) show a P-wave velocity distribution of< 6 km/s that corresponds to the continental crust that thins (Figure 8A) and extends west and NW of the Islas Marías Archipelago (Acosta-Hernández, 2017; Dañobeitia et al., 2016; Carrillo-de la Cruz, 2017; Madrigal-Ávalos, 2018; Carrillo-de la Cruz et al., 2019). The subduction of the RP beneath of NAP at the southern contact is clearly defined with a dip angle of 12–14° (Núñez et al., 2019), with the Middle America Trench acting as the morphological expression of the contact between them. To the NW of the Middle America trench, the only bathymetric expression of the contact between RP and NAP is the Islas Marías Escarpment. The Islas Marías Escarpment is a normal fault reported in its southern part by Carrillo-de la Cruz et al. (2019). Some authors establish the location of the active subduction west of our profile at ca. 15 Ma (Lonsdale, 1989) and ca. 12 Ma (Fletcher et al., 2007; Sutherland et al., 2012; Ferrari et al., 2013; Duque-Trujillo et al., 2014). The dip angle obtained from our P-wave velocity model is 7–10° (Figure 8), according to the values reported by Dañobeitia et al. (1997).
Along the TS09b profile (Figure 7), the identified structures are normal faults in a horst and graben array. Most of these faults are currently inactive, as suggested by the subhorizontal sedimentary horizons within the basins and troughs, and the lack of seismicity. Moreover, the normal faults truncate at the surface of the acoustic basement and do not extend into the sedimentary deposits of the basins (Figure 7B). The only structure that could have some extant seismic activity is the Oriental Nayarit Fault since the sediments have a splay array that becomes horizontal at the top. No other fault seems to be active along the TS09b profile.
Furthermore, our study clarifies the nature of two structures previously not adequately located in the study region. One is the fault-bounded María Range (Escalona-Alcázar et al. submitted), which was previously mistakenly reported as the María Magdalena Rise (Dañobeitia et al., 2016). However, according to Lonsdale (1989), the María Magdalena Rise is situated to the west of the TS09b profile (Figure 1). The southern segment of the María Magdalena Rise (Figure 1) is not well defined in extension and length (Lonsdale, 1989), so this segment would intersect the TS09b/RTSIM01b profiles at ∼15 km from its beginning. At this length, there is a tiny horst-like structure (∼0.5 km wide) (Figure 7B), and, 7.5 km to the NE, another horst of ∼ 4 km wide is located. It is not clear if one of them could be related to the southern segment of the María Magdalena Rise. The first ∼ 30 km of the TS09b/RTSIM01b profiles have a pop-up–like shape, with a horst and graben array with no sediments in between (Figures 7, 8). The bathymetric heights at 15 and 35 km from the profile starting point were interpreted as a volcano (Dañobeitia et al., 2016). Nonetheless, they could be horst since the normal faults go from the surface to below the acoustic basement (Figure 7A); additionally, the P-wave velocities shown in Figure 8A are of < 6 km/s, typical of the continental crust.
Between Los Cabos and Puerto Vallarta, the faults were mainly oriented NE–SW due to extension at the mouth of the Gulf of California after ca. 6 Ma (Lonsdale, 1989; Stock and Hodges, 1989; Sutherland et al., 2012; Abera et al., 2016). At the same time, the extension expanded to the east, thinning the continental crust. In this scenario, the role of the María Magdalena Rise is unclear, but its orientation (azimuth 025°; Lonsdale, 1989) parallel to the Tamayo and Nayarit troughs, both adjacent to the mainland Mexico, as well as the structural trend of the María Madre Island (Escalona-Alcázar et al., 2014), suggests a wide area of extension. Around the TS09b profile, this extension could have ceased at ca. 3.5 Ma, when the María Magdalena Rise ended its activity (Lonsdale, 1989); then the sedimentary fill started.
CONCLUSION
The analysis and interpretation of the study carried out in the northern region of the Islas Marías Archipelago provide new information about the structure and tectonics of the region, where it is possible to establish that Rivera Plate subduction under the North American Plate has likely ceased or never took place at this location. Nevertheless, we determined that the morphological expression of the northern limit of the Rivera Plate is the Islas Marías Escarpment.
The average crustal thickness for the Rivera Plate is ∼10 km up to the Islas Marías Escarpment, estimating a depth of Moho deeper than 13 km in the collision zone between both tectonic plates. The crust of the North American Plate thickens from the Islas Marías Escarpment to the NE, up to reach 28 km.
From the MCS seismic image, it has been possible to characterize five sedimentary basins without deformation associated with compressional movements, where the absence of an accretionary prism is also relevant, demonstrating there is no active subduction process in this region. Sedimentary horizons in all basins are subhorizontal, suggesting that they were deposited after extension in the area ended during the late Pliocene. Only the Oriental Nayarit Fault could possibly support some seismic activity.
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It is generally thought that high noise levels in the oceans inhibit the observation of long-period earthquake signals such as Earth’s normal modes on ocean bottom seismometers (OBSs). Here, we document the observation of Earth’s gravest modes at periods longer than 500 s (or frequencies below 2 mHz). We start with our own 2005–2007 Plume-Lithosphere-Undersea-Mantle Experiment (PLUME) near Hawaii that deployed a large number of broadband OBSs for the first time. We collected high-quality normal mode spectra for the great November 15, 2006 Kuril Islands earthquake on multiple OBSs. The random deployment of instruments from different OBS groups allows a direct comparison between different broadband seismometers. For this event, mode [image: image] (1.038 mHz) consistently rises above the background noise at all OBSs that had a Nanometrics Trillium T-240 broadband seismometer. We also report observations of other deployments in the Pacific ocean that involved instruments of the U.S. OBS Instrument Pool (OBSIP) where we observe even mode [image: image] (0.647 mHz). Earth’s normal modes were never the initial target of any OBS deployment, nor was any other ultra-low-frequency signal. However, given the high costs of an OBS campaign, the fact that data are openly available to future investigators not involved in the campaign, and the fact that seismology is evolving to investigate ever-new signals, this paper makes the case that the investment in a high-quality seismic sensor may be a wise one, even for a free-fall OBS.
Keywords: seismology, instrumentation, ocean bottom seismometers, broadband seismology, earth’s normal modes, earth structure
1 INTRODUCTION
Ocean bottom seismometers (OBSs) that record seismic signals on the ocean floor after a free-fall deployment are subject to tilt noise from deep-ocean currents, and there is ample evidence that burial can alleviate the noise problem (e.g. Collins et al., 2001). However, burial of an OBS is time consuming and usually requires remotely operated vehicles (e.g. Dziewonski et al., 1991; Montagner et al., 1994; Romanowicz et al., 2006). Burial is therefore cost-prohibitive when conducting campaign-style deployments of multiple OBSs, as opposed to installing a single permanent ocean floor observatory. Instrument tilt affects the horizontal seismometer components particularly strongly. This study therefore concentrates on observations on the less-affected vertical components.
It is generally thought that the noise from ocean infragravity waves inhibits meaningful observations of seismic signal at periods longer than 80 s or so. Yet, some island stations of the Global Seismographic Network (GSN) in the open ocean, including station KIP, Kipapa in Hawaii (operated jointly by the US Geological Survey and the French GEOSCOPE), exhibit perhaps surprisingly high signal levels, even at extremely low frequencies. The question then becomes whether at least some deep-ocean environments far away from long coastlines allow the observation of ultra-low frequency seismic signal as well.
The deployment of broadband ocean bottom seismometers (OBSs) for the Hawaiian Plume Lithosphere Undersea Mantle Experiment (PLUME) in 2005–2007 (Figure 1) provided one of the first opportunities to observe Earth’s normal modes on OBSs to unprecedented signal levels (Laske et al., 2007), to frequencies below 1 mHz. The collocation of temporary and permanent seismic stations on the Hawaiian Islands provides a unique opportunity to assess and quantify the quality of these observations. Subsequent analyses of other OBS deployments in the Pacific ocean involving instruments of the U.S. OBS Instrument Pool (OBSIP) provide additional high-quality normal-mode spectra.
[image: Figure 1]FIGURE 1 | Site locations of the two deployment phases of the Hawaiian PLUME project. Phase 1 operated from January 2005 through January 2006 and phase 2 from April 2006 through June 2007. Only the sites discussed in this paper are shown. See Laske et al. (2009) for complete station and deployment history. The OSN1 label marks the location of the 1998 OSN pilot deployment (Dziewonski et al., 1991). Also shown are GSN observatory stations: KIP (Kipapa, Oahu) is jointly operated by GEOSCOPE and the U.S. Geological Survey (USGS). The primary instrument is a Wielandt-Streckeisen STS-1. The primary sensor at POHA (Pohakuloa, Hawaii), operated by the USGS, is a Teledyne-Geotech KS54000 borehole seismometer. MAUI was operated by GEOFON and featured a Wielandt-Streckeisen STS-2. The primary sensor at USGS-run MIDW (Midway Island, 28.22°N, 177.37°W, not shown), is a STS-2.
Such spectra are typically observed on broadband seismometers that have a corner period of 120 s or longer. But some spectra recorded on a Nanometrics Trillium T-40 (corner period 40 s) for the NoMelt experiment to the far south of Hawaii (Lin et al., 2016) and the ALBACORE experiment off-shore southern California (Reeves et al., 2015) also are of astonishing quality. Earth’s normal modes were never the initial target of any OBS deployment, nor was any other ultra-low-frequency signal. However, given the high costs of an OBS campaign, the fact that data are openly available to future investigators not involved in the campaign, and the fact that seismology is evolving to investigate ever-new signals, this paper makes the case that the investment in a high-quality seismic sensor may be a wise one, even for a free-fall OBS.
In the following sections, we first introduce general instrumentation requirements for observing Earth’s normal modes. We then elaborate on our PLUME deployments near Hawaii and place it in context with the previous OSN pilot experiment (Dziewonski et al., 1991). A detailed comparison between our OBS observations on one hand but also in the context of land installations on the other documents the consistently high quality of ultra-low frequency normal mode spectra, particularly those on Nanometrics Trillium T-240 seismometers. A note of caution hereby addresses the contamination by low-frequency transients during earlier deployments of Scripps Institution of Oceanography (SIO) instruments. We also discuss spectra collected on more recent deployments such as the NoMelt experiment (Lin et al., 2016), the ALBACORE deployment (Reeves et al., 2015) and a short test deployment off-shore southern California (Berger et al., 2016). All of these used SIO instruments but do not have the ‘transients problem’.
2 REQUIREMENTS TO OBSERVE EARTH’S NORMAL MODES: INSTRUMENTATION AND INSTALLATION
2.1 Instrumentation
Of all seismic data, Earth’s free oscillations (normal modes) probably pose the highest demands on seismometry. To be recorded with high fidelity, noise levels in a seismic record have to stay consistently low for several days, sometimes weeks, without interruption or the interference from other seismic events. Normal mode seismometry therefore relies on the records of observatory instruments such as those of the GSN, GEOSCOPE (the French global network) or GEOFON (the German global network). The instruments of these permanent installations are typically located in a sheltered environment such as a vault, an abandoned mine or a borehole. A very-broadband sensor, such as a Wielandt-Streckeisen STS-1 vault seismometer or a Teledyne-Geotech KS54000 borehole seismometer, is needed to record Earth’s normal modes at frequencies below 1 mHz with high fidelity (Figure 2). The broadband Wielandt-Streckeisen STS-2 and the Güralp CMT-3T seismometers that are often used in temporary deployments or regional seismic networks are typically not considered to be in this category. However, the GEOFON and German Regional Seismic Network (GRSN) network operators achieved a remarkable noise reduction on their STS-2 installations by thermally insulating the sensor with a thermal blanket inside an aluminum bell jar (Hanka, 2000). This noise reduction consistently allows the observation of low-frequency normal modes after large earthquakes down to mode [image: image] (0.647 mHz).
[image: Figure 2]FIGURE 2 | Long-period protion of the velocity response of sensors used in broadband seismology. The Wielandt Streckeisen STS-1 vault seismometer (corner period 360 s) and the Teledyne-Geotech KS54000 borehole seismometer are considered very broadband sensors, while the STS-2 and the Güralp CMG-3T (corner period 120 s) are broadband sensors. The Nanometrics Trillium T-240 (corner period 240 s) falls in between. Sensors with a corner period of 40 s (e.g. the Trillium T-40 or the CMG-40T) are wideband sensors (often mislabelled as broadband). For better comparison of the low-frequency roll-off of the Trillium 240 with that of the STS-1, it is also plotted with a thin blue line and shifted to match the STS-1 response at 10 mHz.
Ocean islands are usually thought of as being noisy sites for the GSN. In the microseism band between 15 and 5 s, noise levels can easily be 10–20 dB higher than at stations in the interiors of continents. On the other hand, and somewhat curiously, several Pacific island sites are some of the world’s quietest to record vertical ground motion in the free oscillation band at periods longer than 200 s (frequencies below 5 mHz). This includes station KIP (Kipapa, on Oahu; Hawaii) but also GEOSCOPE stationPPT (Pamatai, Papete; Tahiti). Supplementary Figure S1 shows some examples of noise curves published in the Federation of Digital Seismic Network (FDSN) station book. Station KIP compares favorably to remote installations in the interiors of continents even for the horizontal components. In this paper, we concentrate our discussion on vertical components, for two reasons. The vertical components are usually the quieter components in general. Secondly, the normal mode spectra of vertical components are easier to assess because of the general absence of toroidal modes as they have only horizontal motion, and so spectral peaks are farther apart on the vertical component than on the horizontal components that record both spheroidal and toroidal modes.
2.2 Benchmark Earthquake–The 1998 Balleny Island Earthquake at Ocean Seismic Network1
On the ocean floor, long-period noise levels are reported to be considerably higher than on land as a consequence of exposure to wind-generated infragravity waves (Webb, 1998). It has therefore been expected that free oscillations can only be observed on buried sensors. Even then, burial does not guarantee success. For example, the buried and cabled ocean bottom station H2O, halfway between Hawaii and the coast of Oregon was operational between 1999 and 2003 and was witness to several large earthquakes. But we did not obtain any convincing and consistent normal mode spectrum. The exact sensor type was a subject of long debate but may not have been a broadband sensor after all.
Just before H2O went online, the Ocean Seismic Network (OSN) initiative deployed a KS54000 very-broadband borehole sensor at ODP site 843B south of Oahu, Hawaii, about 250 m below the seafloor (Dziewonski et al., 1991; Vernon et al., 1998). During this roughly 4-months long pilot deployment, OSN1, the great [image: image] Nm Balleny Island earthquake occurred on March 25, 1998. This event was perhaps the first great earthquake for which free oscillations were observed on the ocean floor (Figure 3), and we use it as benchmark for normal mode observations during the later PLUME deployments.
[image: Figure 3]FIGURE 3 | Raw vertical-component spectra for the March 25, 1998 Balleny Island earthquake of 50-hour long segments, starting 1.5 h after the source time. Hanning tapers are applied. Shown are spectra for GSN station KIP and the ocean bottom sensors deployed at OSN1(Figure 1). Comments below the station name denote the seismic sensor. At OSN1, pressure was recorded on a Cox-Webb differential pressure gauge (DPG Cox et al., 1984). In the frequency range shown here, corrections for respective instrument responses (Figure 2) change the relative shape of the spectra only marginally, but modes and background noise at frequencies below 1 mHz would be enhanced. The spectra are self-normalized for optimal display. Orange lines mark fundamental mode frequencies for model PREM(Dziewonski and Anderson, 1981), while green lines mark overtones.
To keep the data processing consistent between deployments and between earthquakes, we perform minimal data editing which may include the interactive removal of single-point spikes or similar. We apply bandpass convolution filters with a 40-dB lowpass roll-off between 40 and 50 mHz and a gently decaying highpass with a roll-off of 20 dB between 0 and 0.5 mHz to suppress tidal signals. A Hanning taper is applied before computing the spectra. But we do not correct for the instrument response, nor do we perform any noise-optimization measures such as the correction for tilt and/or pressure (Webb and Crawford, 1999; Crawford and Webb, 2000; Bell et al., 2015).
At stations on land, normal modes can be observed very clearly down to mode [image: image] (0.469 mHz) at the quietest GSN stations, including KIP (Figure 3). No other station nearby was available or recorded this event with high fidelity. Not shown, Rayleigh wave train [image: image] is discernible in the STS-2 record at XMAS (Kiritimati Island, Kiribati), about 2,600 km from Hawaii, but significant long-period noise does not allow us to identify any modes. Station JOHN (Johnston Atoll, operated by the USGS) started operation not until July 1998 and other stations started even later: MAUI in June 1999, POHA (Pohakuloa, Hawaii) in November 1999 and MIDW (Midway Island) in June 2002.
At OSN1, the spectrum for the KS54000 fails to show Earth’s normal modes. Unfortunately, long-period convection of fluids in the borehole caused long-period noise (Vernon et al., 1998) to levels too high for standard normal-mode observations that involve time series lengths of several days. For extremely short windows (e.g. 20 h), some isolated modes such as [image: image] at 3.815 mHz appear to emerge barely above the background noise, but frequency measurements are not very robust, and the fact that neighboring modes do not appear makes these observations suspect. OSN1 also operated two broadband OBSs (BBOBSs). One was placed on the seafloor, while the other one was buried about half a meter using a remotely operated vehicle (ROV) (Collins et al., 2001). The buried CMG-3T had noise levels low enough for clear normal mode observations down to mode [image: image] (1.038 mHz) (Figure 3). However, the overall noise level was significantly higher than at KIP which hampers the identification of some overtones between the fundamental modes at frequencies near or below 2 mHz, such as modes [image: image] and [image: image]. Neither the seafloor BBOBS nor its pressure sensor (a Cox-Webb differential pressure gauge, DPG; Cox et al., 1984) produced a consistent normal-mode spectrum. While some spectral lines for both may coincide with mode identifiers (e.g. [image: image], [image: image] for pressure), we very much doubt that these are actual normal mode peaks.
Events of the size of the Balleny Island earthquake occur perhaps every other year. The last previous event with a similar moment was the February 17, 1996 Irian Jaya earthquake ([image: image] Nm). The Balleny Island event was surpassed in moment not until the June 23, 2001 Arequipa, Peru earthquake ([image: image] Nm) though a smaller, tsunami-genic earthquake ([image: image] Nm) occurred in New Ireland on November 16, 2000. The main point here is that a year-long temporary deployment may or may not capture such a large earthquake, perhaps more often than not missing it. Smaller events occur more frequently. However, since the Balleny Island earthquake produced observable low-frequency normal modes only on the buried OBS, perhaps expectations were justifiably low for Earth’s normal modes to be observed on free-fall OBSs. This has proven too pessimistic, as the following examples will show.
3 THE HAWAIIAN PLUME-LITHOSPHERE-UNDERSEA-MANTLE EXPERIMENT PROJECT
In 2005, we launched a large broadband OBS network to investigate the fine-scale seismic structure of the crust and mantle beneath Hawaii (Figure 1). The PLUME OBS network included 73 sites that were occupied in two phases by 74 instruments (Laske et al., 2009). These instruments were provided by the two OBSIP institutional operators at the time: SIO and Woods Hole Oceanographic Institution (WHOI). The Carnegie Institution of Washington (CIW) operated ten temporary land stations for the entire duration of the field campaign. An inner OBS network of 35 sites recorded continuously from January 2005 through January 2006 (phase 1). An outer OBS network of 38 sites recorded from April 2006 through June 2007 (phase 2). During both deployment phases, the WHOI instruments were equipped with Güralp CMG-3T sensors. PLUME was the first experiment to deploy these OBSs in large numbers. The SIO instruments featured a Nanometrics Trillium T-40 wideband sensor during phase 1 and a Trillium T-240 broadband sensor during phase 2. All instruments included a Cox-Webb DPG (Cox et al., 1984). Several instruments were lost, some instruments did not record useful seismic signal, and some sites were excluded for other reasons (e.g., some phase 1 SIO OBSs recorded only on horizontal components). Figure 1 shows only the sites discussed in this paper.
During the two PLUME OBS deployments, 11 great earthquakes with scalar seismic moments [image: image] Nm or larger occurred (Supplementary Table S1) each of which excited Earth’s free oscillations. Five of these events had a scalar seismic moment similar or larger than the 1998 Balleny Island event, with one of them during phase 1. With a scalar seismic moment [image: image] Nm, the great March 28, 2005 Sumatra-Andaman earthquake, was by far the largest earthquake. Accordingly, normal modes can be observed to frequencies far below 1 mHz, even on the OBSs (Figure 4). But our collection also includes spectra for a much smaller event. The June 13, 2005 Tarapaqa, Chile earthquake had a scalar seismic moment [image: image] Nm and was more than three times smaller than the 1998 Balleny Island event.
[image: Figure 4]FIGURE 4 | Normalized raw vertical-component spectra for the March 28, 2005 Sumatra-Andaman earthquake of 50-hour long segments, starting 1.5 h after the event time. (A) Spectra at stations of permanent observatory stations KIP, POHA and MIDW. The sensor type is listed below the stations name. Stations KIP and POHA featured two sensors, where the secondary sensor (location code 10) was a STS-2 broadband sensor. (B) Spectra at five OBS sites with the best signal-to-noise ratio. The sensor was a Güralp CMG-3T sensor. See Supplementary Table S1 in the supplement for earthquake parameters.
During the phase 2 deployment, four of the recorded events were very large, with scalar seismic moments greater than [image: image] Nm. The largest was the tsunami-genic Kuril Islands earthquake on November 15, 2006. On the vertical components, the signal-to-noise ratio (SNR) observed in the normal mode band below 10 mHz is surprisingly high on the PLUME OBSs (Laske et al., 2007). In fact, for the 2006 Kuril Islands event, it is clearly higher than on those of the PLUME land stations though not as high as on those of observatory stations KIP, POHA and MIDW.
3.1 The March 28, 2005 Sumatra Earthquake
The March 28, 2005 Sumatra earthquake was an aftershock of the devastating, tsunami-genic December 26, 2004 Sumatra-Andaman earthquake. With a scalar seismic moment [image: image] Nm, this event was 6.5 times larger than the 1998 Balleny Island event. We therefore hoped that SNRs may be high enough to observe normal modes on unburied seismometers. At land station KIP, the free oscillation spectrum is of extremely high quality (Figure 4A). Mode [image: image] (0.469 mHz) that is observed only for the largest earthquakes can be identify clearly (in the STS-1 record) and several other very quiet GSN stations. AT KIP, even the STS-2 record has SNRs high enough to observe mode [image: image] (0.647 mHz). The KS5400 at POHA did not record any seismic signals at the time, so no modes can be seen in the spectrum. At frequencies below 2 mHz, the STS-2 record at this location is significantly noisier than that at KIP but mode pair [image: image] at 0.94 mHz may rise above the noise. At station MIDW, the first four surface wave trains can be observed during the first 6 h after the event before the records are severely contaminated by secondary signals. This is too short to make any meaningful mode measurements.
The quality of spectra recorded on the PLUME OBSs varies greatly, but mode [image: image] (1.412 mHz) clearly stands out against the background noise, and at some sites we may even observe mode [image: image] (1.038 mHz) (e.g. PL35 in Figure 4B). The figure shows the best five spectra but there are several others of nearly the same quality. Noise levels in these spectra are higher than those of the STS-2 at land station POHA. However, compared to the 1998 Balleny Islands spectrum of the unburied BBOBS at OSN1, we are not only able to identify normal modes in the PLUME OBS spectra, but also to very low frequencies below 1.5 mHz. To our knowledge, these are the first ever mode observations on OBSs at such low frequencies. Inspection of the DPG records is discouraging as we cannot consistently identify large groups of modes in any of the spectra.
3.2 The June 13, 2005 Tarapaca, Northern Chile Earthquake
Events as large as the March 28, 2005 Sumatra event occur perhaps less than once a decade. High-quality spectra for this event therefore should be expected, and a favorable comparison with the 1998 Balleny Island may not be representative of the high quality of spectra collected for the PLUME project. We therefore also inspect smaller events. Figure 5 shows the spectra of the [image: image] Nm June 13, 2005 Tarapaca, Northern Chile earthquake that was more than 3 times smaller than the 1998 Balleny Island event. This earthquake was followed about 28 h later by a [image: image] event in the Gorda Plate off the coast of California. Even though the scalar seismic moment was less that [image: image] Nm, this event produced waveforms at Hawaiian stations so that spectra for the Tarapaca event have to be calculated for shorter time windows, and we would normally not include this event in our normal mode analyses. But to prove the point of observability, the STS-1 spectrum at KIP clearly shows mode [image: image] (0.840 mHz) against the background noise. Robust measurements may also be possible for mode [image: image] (0.649 mHz). The STS-2 spectrum as well as the spectra at POHA show modes down to [image: image] (1.038 mHz), while modes down to [image: image] (1.413 mHz) can be discerned at station MIDW. The spectra at the PLUME OBSs are considerably noisier but some instruments clearly show mode [image: image] (2.112 mHz) consistently against the background noise. This is in stark contrast to the surface BBOBS of OSN1.
[image: Figure 5]FIGURE 5 | Normalized raw vertical-component spectra for the June 13, 2005 Tarapaqa, Northern Chile earthquake of 25-hour long segments, starting 1.5 h after the event time. (A) Spectra at stations of the GSN; (B) Spectra at five OBS sites with the best signal-to-noise ratio. See Supplementary Table S1 in the supplement for earthquake parameters. This event was more than three times smaller than the 1998 Balleny Island earthquake (see Figure 3). Yet, we are able to observe normal modes on unburied OBSs.
3.3 The November 15, 2006 Kuril Islands Earthquake
During PLUME phase 2, we captured four very large earthquakes with scalar seismic moment [image: image] Nm or larger. The events occurred in different source regions so were not associated with the great December 26, 2004 Sumatra-Andaman earthquake.
With a scalar seismic moment [image: image] Nm, the November 15, 2006 Kuril Islands event was the largest of the phase 2 events. Figure 6 shows the spectra at the GSN and PLUME land stations. For this event, the record at KIP is somewhat noisier than that at the other GSN stations. At POHA and perhaps at MIDW, mode [image: image] (0.840 mHz) rises above the background noise, while the first robust observation at KIP is probably that of mode [image: image] (1.038 mHz). For such a large earthquake, and to analyze the lowest-frequency modes, we would choose a longer time window. For example, the time in which the amplitude of mode [image: image] decays to [image: image] is 98 h, so we would choose 98 h for this particular mode. In this case, only the very best GSN stations would be included in an analysis as the spectra at many stations degrade due to increasing noise contamination. However, for a consistent comparison for this paper, we keep the 50-hour windows fixed for all earthquakes shown here.
[image: Figure 6]FIGURE 6 | Normalized raw vertical-component spectra for the November 15, 2006 Kuril Islands earthquake of 50-hour long segments, starting 1.5 h after the event time. (A) Spectra at stations of the GSN. See Supplementary Table S1 in the supplement for earthquake parameters. (B) Spectra at the five CIW land stations still operating at the time. All CIW stations were equipped with a Wielandt-Streckeisen STS-2 seismometer.
Except for station KCCH, the noise level at the PLUME land stations is considerably higher though robust observations for mode [image: image] (1.231 mHZ) are possible. Station KCCH may even show mode [image: image]. Among the PLUME land stations, KCCH has a vastly better spectrum than BIG2. Through a grading scheme we make a first attempt to quantify the quality of these spectra. When initially inspecting very low-frequency free oscillation spectra, we assess the overall signal-to-noise ratio over a frequency band that includes all modes up the 2 mHz, and assign grades. This will help later when zooming in on individual modes to decide whether a spectral peak is really a mode or likely noise that happens to have a frequency close to a mode frequency. Grade “A” is assigned for the best spectra for a particular earthquake. Greater earthquakes are expected to reach higher overall SNRs than smaller earthquakes, so exactly what constitutes grade “A” may vary by earthquake. For the Kuril Islands event, modes [image: image] through [image: image] should very clearly rise above the background noise. Grade “B” is assigned if some noise is obvious, grade “C” when modes at slightly higher frequencies (such as [image: image] at 1.725 mHz) are questionable. For grade “D” modes below 2 mHz are usually not visible and grade “E” is assigned if no mode is visible in the current window but in significantly shorter ones, or if Rayleigh waves are clearly visible in the time series. Grade “F” is assigned if no seismic signal is discernible. The spectra at POHA, MIDW and KCCH are grade “A” (see also Supplementary Table S2), while that of KIP and LHSM are borderline “A” or “B”, CCHM is a “C”, while BIG2 needs extremely short windows for modes to rise above the noise (grade “E”).
Taking these spectra as benchmark, we also grade the OBS spectra (Supplementary Table S2). Spectra at some of the WHOI OBSs compare quite favorably (Figure 7). At stations PL44 and PL69 (grade “A” though PL69 experienced minor data dropouts), mode [image: image] (1.038 mHz) rises above the noise. Regarding SNR, these spectra may be superior to the OBS spectra collected for the March 2005 Sumatra event (Figure 4) which was 3.5 times larger. The other shown WHOI spectra are grade “B”, with [image: image] (1.413 mHz) clearly visible in most of them. The spectra at all but the prematurely failing SIO OBS site PL38 are of exceptionally high quality, with low noise levels between modes, and [image: image] (1.038 mHz) rising above the noise very clearly in most of the spectra. All of them are grade “A” and compare favorably with the spectrum at WHOI site PL44. In fact, these spectra appear to be superior to the spectra at all PLUME land stations as Supplementary Table S2 documents.
[image: Figure 7]FIGURE 7 | Normalized raw vertical-component spectra for the November 15, 2006 Kuril Islands earthquake of 50-hour long segments, starting 1.5 h after the event time. (A) Spectra at the six best WHOI OBS sites. The recording sensor was a CMG-3T. (B) Spectra at seven of the eight SIO OBS sites. The 8th instrument failed earlier and did not record seismic data at the time. The recording sensor was a T-240. For event details see Figure 6. The SIO spectra have been corrected for instrument-generated harmonic signals (see text for detail).
The process of assigning grades is somewhat subjective so we conduct a more quantitative assessment where we measure the peak amplitudes of the five fundamental modes [image: image] through [image: image] against the background noise using our interactive screen tool. To assess overall performance of each instrument type (SIO/WHOI OBS, CIW-land), we determine the average SNR and the standard deviation thereof for each mode (Figure 8). Analysis for several modes is necessary for a better overall assessment as small changes in location may significantly lower the SNR for a certain mode while others are not affected. The set of SNRs for the SIO instruments compare favorably with those of the PLUME land instruments (CIW), particularly for mode [image: image]. However, on average and individually, the quality does not quite reach that of station POHA (note that GSN stations KIP and MIDW also do not quite reach POHA, as discussed above). The set of WHOI OBSs fare significantly worse, with lower SNRs for all modes. The systematically smaller SNRs may be a result of the significantly larger set of stations including noisier ones. We therefore redo an analysis using only the seven best instruments. But even then, the average SNRs do not reach that of the SIO instruments nor the PLUME land stations. Together with visual inspection of the spectra, we conclude that the SIO OBSs systematically deliver higher-quality spectra for modes at the lowest frequencies.
[image: Figure 8]FIGURE 8 | Average of signal-to-noise ratios for different instrument types and five low-frequency normal modes. Averages were determined over 7 SIO, 5 CIW-land and 17 WHOI instruments. The results are slightly offset in frequency between instrument types for better display. For reference, red stars mark the SNR measured at GSN station POHA. Blue ‘x’ mark a reanalysis of the seven best WHOI instruments.
Drawing from longtime experience with analyzing GSN data, we are aware that Güralp CMG-3T spectra can be of high quality. But the variance in the quality of CMG-3T spectra is much greater than in those for Nanometrics Trillium T-240 sensors that consistently deliver high SNR spectra. Another factor that distinguishes the two types of OBSs is the installation of the sensor: the WHOI sensor ball in which the seismometer is housed is dropped directly into the seafloor mud, while the SIO sensor ball stands on a small tripod whose footprint reaches just beyond that of the sensor ball. It has been argued that such an installation increases turbulences and may induce high-frequency noise but in-situ test deployments have so far been inconclusive (Jeff Babcock, 2016, personal communication). The tripod may well provide a more stable coupling to the ground though at this point this is highly speculative.
Unfortunately, the SIO spectra are fraught with instrument-generated low-frequency harmonic noise that remains visible even after a correction for it (see also Ringler et al., 2021). The transients were generated by the gimbal electronics in the sensor ball that awaken to check whether the seismometer needs to be relevelled. This process is a low-frequency process and is not visible in the raw data. But in lowpass filtered data, long-duration transients (up to 20 min long) become visible that have been described as ‘glitches’ (Deen et al., 2017). In the early deployments of SIO OBSs, the relevel checks were performed nearly every hour (every 3,620.56 s to be more precise) which causes the harmonics in the spectrum. Why the relevel check occurs every 3,620.56 s and not every 3,600 s is unclear. The lowest-frequency harmonic related to these checks is at 0.2762 mHz (hence the derived repeat time just mentioned). Unfortunately, higher harmonics overlap in frequency with some of Earth’s normal modes, including [image: image] and [image: image], which renders the spectra questionable for a mode analysis. Even at higher frequencies beyond 2 mHz, the spectral amplitude of the harmonics is quite high. Since the number of Earth’s normal modes in any given frequency interval increases with frequency, the chances increase that a higher harmonic will overlaps with a normal mode.
The transients are different in shape between different instruments (Figure 9) but are rather reproducible on the same instrument, at least within a five-day period. The temporal distance between transients also is the same between instruments. Our somewhat ad-hoc approach to remove the transients is as follows: we determine the average ‘transient’ starting 10 h into a 110-hour long time series after the earthquake. A step in the data preprocessing is a downsampling from an original sampling rate of 31.25 Hz to a sampling interval of 9.92 s. Hence our repeat transient segment is 365 samples long (3,620.8 s). We then subtract a reconstructed time series consisting of repeats of the 365-sample transient from the entire time series. Spectra before and after the correction are juxtaposed in Supplementary Figure S2. The choice to start the averaging 10 h into the time series is the results of visually optimizing the removal of the offending harmonics at ultra-low frequencies. Starting later provides a smoother average transient in the time domain and removes more of the higher harmonics beyond 5 mHz. But this leaves more harmonics at frequencies below 2 mHz. An earlier start brings no improvement. This optimal start time of 10 h after the source time may depend on the earthquake analyzed. A mismatch between the 365-sample repeat (as constrained by the 9.92 s sampling interval) and the inferred 3,620.56 s repeat from the lowest-frequency harmonic produces a one-sample (12 s) mismatch 50 h into the time series. However, a correction in a 0.992 s downsampled time series yields no noticeably improvement. Since the correction for the transients still leaves considerable signal in the spectra, we would rather not include such spectra in a normal-mode analysis, for affected modes. After providing feedback to the SIO OBS operator, the schedule for the relevel checks was changed to occur less frequently, most recently to once a week (Martin Rapa, personal communication). The examples shown in the rest of this paper are from a time after this change in protocol occurred.
[image: Figure 9]FIGURE 9 | A sequence of three low-frequency transients in the bandpass filtered time series of the vertical component of SIO OBSs PL40 and PL70 many hours after the November 15, 2006 Kuril Islands earthquake. Spectral analysis indicates that the distance between pulses is 3,620.56 s, which is about 365 samples (a sample is 9.92 s, so 365 samples would be 3,620.8 s; see text for details).
4 OTHER OCEAN BOTTOM SEISMOMETER INSTRUMENT POOL DEPLOYMENTS IN THE PACIFIC OCEAN
4.1 NoMelt
The NoMelt experiment (Lin et al., 2016; Russell et al., 2019) combined passive broadband and active-source seismic refraction/reflection surveys with the deployment of marine magnetotelluric instruments to explore 70-million year old oceanic lithosphere about 1700 km southeast of Hawaii (Figure 10). The broadband passive deployment recorded data between December 2011 and January 2013 and encompassed 20 broadband sensors as well as two additional T-40 wideband sensors. During the deployment time, six earthquakes occurred with a scalar seismic moment [image: image] Nm (Supplementary Table S1). A seventh very large event occurred about an hour after the 11 April main shock in the Indian ocean. With [image: image] Nm, this aftershock alone would probably qualify as a once-every-few-years event. The main shock was just above three times larger which makes a standard single-spectrum analysis of this event difficult unless we apply a technique such as our autoregressive splitting matrix analysis (Masters et al., 2000) that does not depend on details of the seismic source. One difficulty of analyzing spectra of such ‘double-events’ is that spectral peaks may split, thereby falsely suggesting that normal-modes splitting due to Earth structure is observed. However, for the sake of this paper, we can still explore the quality of the spectra. Of the 22 stations, seven produced grade E or F spectra and so are excluded. The remaining 15 spectra are shown in Figure 11. Because of the aftershock, we start the time window for the spectra 2 h after the source time. Since this event was so large, we increase the time window length to 60 h.
[image: Figure 10]FIGURE 10 | Site locations of the broadband NoMelt OBS network (Dec 2011–Jan 2013). Also shown are sites of permanent observatory stations of the GSN: KIP (Kipapa, Oahu; primary sensor: STS-1), POHA (Pohakuloa, Hawaii; KS54000), JOHN (Johnston Island; KS54000), WAKE (Wake Island; KS54000), XMAS (Kiritimati Island, Kiribati; STS-2); RAR (Rarotonga, Cook Islands (KS54000); MSVF (Monasavu, Fiji; KS54000).
[image: Figure 11]FIGURE 11 | Normalized raw vertical-component spectra for the April 11, 2012 Indian Ocean earthquake of 60-hour long segments, starting 2 h after the event time. See Supplementary Table S1 in the supplement for earthquake parameters. Site B17 featured a Nanometrics Trillium T-40 wideband sensor.
A direct quantitative comparison with land installations is somewhat hampered as the closest GSN station, XMAS (Kirimati Island, Kiribati), is about 1,500 km away. At such distances, spectral amplitudes for a mode can be vastly different between stations while that of other modes are not affected as much. In a somewhat extreme case, for a station about 90° away from the source, every other fundamental mode may experience a greatly reduced amplitude (Laske and Widmer-Schnidrig, 2015). Bearing this in mind, Figure 12 displays seven representative spectra in the southwestern Pacific ocean. For all but one station (MSVF) we consider both the primary and the secondary sensors (location codes 00 and 10) and make a decision which sensor in the better one to include in this study. For stations WAKE, RAR and XMAS, we choose the secondary sensor, a Wielandt-Streckeisen STS-2. At XMAS, the record of the primary sensor was a grade F, at WAKE we see a Rayleigh wave on the primary sensor but normal mode peaks appear only at frequencies above 2 mHz and only if we take shorter records (grade E). At station RAR, the quality of the spectrum for the primary sensor was of marginally less quality than that of the secondary sensor though it would hamper analysis of mode [image: image] (0.469 mHz).
[image: Figure 12]FIGURE 12 | Normalized raw vertical-component spectra at GSN stations for the April 11, 2012 Indian Ocean earthquake of 60-hour long segments, starting 2 h after the event time. A code 01 after the station code means that we use the secondary sensor for analysis (sensor type below the station name). Also shown is the spectrum of seafloor observatory MOBB off-shore California (see Figure 13).
The spectra for this event are remarkable, for a number of reasons. Firstly, mode [image: image] clearly appears above the background noise at a number of GSN stations and may be observed at even the one or other NoMelt OBS (e.g., B26). Together with mode [image: image] (0.309 mHz), this mode is rather rarely observed, and only on records of the highest GSN quality. Secondly, mode [image: image] (0.647 mHz) appears clearly against the background noise at about half of the NoMelt OBS sites, a document of perhaps the best-quality OBS normal mode spectra on OBSIP OBSs collected so far. Thirdly, one of these spectra is that of station B17. According to the meta data, this site was equipped with a wideband sensor (T-40). There always is a possibility of an error in the meta database. However, inspection of the spectra confirms that this was a T-40. Evaluating the instrument responses in Figure 2, a raw signal at 1 mHz is likely reduced by a factor of about 20 when compared to a signal at 40 mHz. In our raw spectra, the low-frequency roll-off is much steeper at this site than at the other sites (Supplementary Figure S3). Arguably, the B17 spectrum in Figure 11 is the noisiest of the ‘good’ spectra but the fact that this instrument recorded low frequency modes at such high quality, let alone having mode [image: image] stand out clearly above the background noise is a manifest for exceptional low-frequency performance of this particular sensor. Unfortunately, we are unable to backtrack the physical specifications (i.e. serial numbers) of the OBS hardware, including the sensor as the packages are routinely taken apart and reassembled for future deployments. But we note that the ALBACORE deployment in the California Borderland (see next section) also had such an exceptional T-40 performance.
To complement the comparison, seafloor observatory MOBB off-shore California (Romanowicz et al., 2006) (Figure 13) also recorded this event with high fidelity. This site has a broadband Güralp CMG-1T seismometer that is buried beneath at least 10 cm of sediments and is located at a water depth of 1,000 m. At this water depth, we normally expect high noise levels in the infragravity band at frequencies below about 10 mHz. Yet, the spectrum at MOBB is also of extremely high quality where mode [image: image] easily stands out against the background noise, and even mode [image: image] is clearly discernible. A SNR analysis similar to that in Figure 8 can be found in the online supplement (Supplementary Figure S4). Mode [image: image] has a relatively low SNR because the spectral amplitude of that mode is relatively low at this station. But the other modes compare favorably. In fact, mode [image: image] has a higher SNR than the average of the GSN records considered here.
[image: Figure 13]FIGURE 13 | Site locations of the 16 broadband stations of the ALBACORE network (Aug 2010–Sep 2011) used in this study. Also shown are sites of permanent observatory stations of the GSN: PFO (Piñon Flat Observatory; primary sensor: STS-1), stations of the CI network (OSI, Osito Adit, STS-1; ISA, Isabella; ,STS-1; SNCC, San Nicolas Island, STS-1; SCI2, San Clemente Island, STS-2), stations of the BK network (HOPS, Hopland Field station, STS-1; CMB, Columbia College, STS-1; BKS, Berkeley, Byerly Vault, STS-1; FARB, Farallon Islands, STS-2) and seafloor observatory MOBB (Monterey Bay Broadband Ocean Botton Seismic Observatory, CMG-1T). The ADDOSS OBS as site ADS operated Dec 2013 through Mar 2014 (Berger et al., 2016). A student-led repeat deployment followed in summer 2015.
Noteworthy, a number of GSN stations but also NoMelt OBSs exhibit spectral peaks at the frequencies for toroidal modes [image: image] (1.079 mHz), [image: image] (0.767 mHz), and in some cases even [image: image] (0.588 mHz). Toroidal modes have exclusively horizontal shear motion and so should show only on horizontal seismometer components. However, mode coupling between spheroidal and toroidal modes caused by the Coriolis force can cause toroidal-mode energy to appear on the vertical seismometer component. This effect is particularly strong when the frequencies of a [image: image] mode is close to that of a [image: image] mode (e.g. Masters et al., 1983) and is well-observed for normal modes at frequencies above 1.8 mHz. In rare cases, for very large earthquakes and exceptionally high SNR-stations, toroidal modes can be observed on vertical components in the ultra-low frequency band below 1 mHz as well (Zürn et al., 2000) as a result of Coriolis coupling and, to a lesser extent, mode coupling caused by Earth’s ellipticity and 3-dimensional structure, and even though normal mode frequencies are not as close.
We also inspect all of the NoMelt DPG spectra. While it is tempting to associate individual peaks across all stations with a normal mode, none of the 22 DPG exhibits a consistent spectrum that displays at least three adjacent fundamental modes with clear SNRs, regardless of the time series length. On the other hand, such sensors allow the analysis of semi-diurnal tidal peaks (e.g. Doran et al., 2019). Since the tidal signal is much larger than that of earthquakes, we infer that noise levels in the free oscillation band are too high to observe even very large earthquakes.
4.2 ALBACORE
The passive broadband OBS deployment for the ALBACORE experiment in the California Borderland (Reeves et al., 2015) occurred from August 2010 through September 2011 and so immediately preceded the NoMelt experiment. The metadata at the IRIS DMC includes station information for 36 OBS sites. Twelve of these were equipped with short-period instruments. Three of the remaining sites were equipped with a T-40 wideband sensor, while the rest had a T-240 broadband sensor. We obtained data for 21 stations. Five of these are grade F, exhibiting only bit noise (i.e. signals of a few counts), one T-40 record was suspicious (counts were primarily single-sided). This leaves us with usable records at 16 OBS sites (see Figure 13), one of which featured a T-40. In the following, we use four letters to name the stations though the original station names consist of five (OBS?? where ‘?’ is a number). During this deployment, four large distinct earthquakes occurred. By far the largest was the March 11, 2011 Tohoku, Japan earthquake (scalar seismic moment [image: image] Nm). Two large aftershocks to this earthquake occurred within 30 min which we do not consider separate free-oscillation earthquakes, and our analysis starts 2 h after the main shock. For an earthquake this large, expectations are high that even the noisiest station should produce a good SNR free oscillation spectrum.
Accordingly, spectra collected on land stations are of the highest quality and set a rather high bar for any OBS recording (Figure 14). The spectra of the best stations clearly show the gravest mode [image: image] (0.309 mHz) rising above the noise (Supplementary Figure S6 in the supplement provides a zoom-in). These include stations PFO, CMB and HOPS, and perhaps OSI and even SNCC. On the other hand, stations SCI2 and ISA (not shown) have rather noisy spectra where mode [image: image] is probably the lowest-frequency mode above the noise. Also shown in the figure are spectra at six of the ALBACORE sites. At least five more OBS spectra have this kind of quality (Supplementary Figure S5). While we should not hope to observe the gravest modes at frequencies below 0.5 mHz (many GSN stations do not rise to this bar), modes [image: image] (0.840 mHz), [image: image] (0.814 mHz) and [image: image] (0.647 mHz) clearly rises above the noise, and maybe even [image: image] (0.469 mHz). These observations should make the ALBACORE and the NoMelt experiments the first broadband OBS experiments that allowed free oscillation observations to such low frequencies.
[image: Figure 14]FIGURE 14 | Normalized raw vertical-component spectra for the March 11, 2011 Tohoku, Japan earthquake of 60-hour long segments, starting 2 h after the event time. The bottom six spectra are from permanent land stations (see 15), while the top six spectra are for ALBACORE OBS sites. Site OS21 featured a Nanometrics Trillium T-40 wideband sensor. See online supplement for the spectra of all broadband OBSs.
Most remarkably, the sensor at site OS21 is the wideband T-40. A double-check of the raw spectra confirms a similar finding as that of site B17 for NoMelt and confirms that we are dealing with a T-40 and not a typo in the metadata. At this point, we doubt that all T-40s perform this well but as described above, the other two T-40s in this experiments did not provide usable data. One must wonder whether this was the same sensor as that at NoMelt site B17. Unfortunately, this sensor is likely no longer in the fleet as the SIO OBS group subsequently exchanged T-40 sensors for T-240s. While T-240s are expected to perform better in the free oscillation band, the loss of this particular T-40 is arguable a great loss for ocean bottom normal-mode seismology and engineering alike. It would have been nice to explore in more detail exactly what made this particular sensor so unique in its performance.
The deployment of ALBACORE OBSs in a wide range of water depths allows us to explore the influence of water depth on the quality of the free-oscillation SNR. While most of the OBSs were deployed in the deeper ocean at depths greater than 3,500 m, even the spectrum for OS23 at a water depth near 2000 m is acceptable (see Supplementary Figure S5). But a deployment at shallower depths clearly increases noise levels. To quantify this further, we measure the SNR for six modes at the six shallowest sites and compare that against the SNR at the other ten sites. A split into four shallow vs twelve deeper sites would follow the narrative above better, but we feel that the subsequently smaller standard deviations for smaller samples would not be representative. Figure 15 confirms that the shallower sites have lower SNRs for all modes than the deeper sites. The relatively low SNR for mode [image: image] is a result of relatively low spectral amplitudes at some OBSs, compared to neighboring modes, or even neighboring OBSs. For comparison, we also determine the SNR for a set of ten spectra at nine land stations: SNCC, SCI2, PFO, OSI, ISA, BKS, CMB, FARB and HOPS. As expected, SNRs at permanent observatory seismic stations are consistently higher than those at the OBS sites. Spectral amplitudes for mode [image: image] are relatively low at northern California stations, which results in lower SNRs at the land stations as well.
[image: Figure 15]FIGURE 15 | Average of signal-to-noise ratios for the 16 ALBACORE stations that had useful seismic data (15 broadband, 1 wideband). The results are slightly offset in frequency between instrument types for better display. Six grade-E or F stations were discarded and not included (5 broadband, 1 wideband). Black: 10 OBSs in deeper water ([image: image]3,600 m). Red: 6 OBSs in shallower water ([image: image] 3,600 m). Green: Average over 10 records at nine permanent land stations (shown in Figure 13).
We briefly also discuss the other large earthquakes observed at the ALBACORE deployment. With a scalar seismic moment [image: image] Nm, the July 6, 2011 Kermadec earthquake is one of the smaller ones in our list. The spectra for 40-h time series exhibit normal modes with good SNR at OBSs OS13, OS11 and OS07, while spectra at OS15, OS19 and OS22 exhibit more noise though modes are still clearly visible down to mode [image: image] (1.725 mHz). The seafloor depths overlap so we find no obvious relationship. The quality of spectra at the island and land stations in southern and northern California also varies. Station SNCC has an excellent spectrum that compares well with that of the best land stations, while SCI2 has a rather noisy spectrum. Station SNCC has higher SNR down to mode [image: image] (1.413 mHz) than at the primary sensor at PFO. Mode [image: image] (0.647 mHz) still rises above the noise. This earthquake has a record at seafloor observatory MOBB but its spectrum does not show any modes, nor do those at stations OSI and ISA that usually produce high-quality spectra.
With a scalar seismic moment [image: image] Nm, the October 25, 2011 Mentawai, Sumatra earthquake was more that twice as large but the spectra in California are noisier than those of the Kermadec earthquake. Station MOBB has no record for this time. On the best land station in southern California, mode [image: image] (1.413 mHz) rises above the noise for the secondary sensor at station PFO, while stations OSI and ISA are much noisier. In northern California, mode [image: image] (0.840 mHz) rises above the noise at stations HOPS and CMB. The best stations of the ALBACORE deployment show modes consistently above the noise down to mode [image: image] (2.345 mHz), at sites OS07, OS08 and OS13 (water depths ranging from 3,769 to 4,281 m). Individual spectral peaks may align with single modes at lower frequencies though this alignment may be coincidence rather than a high-SNR mode observation.
The December 21, 2010 Izu Bonin was an earthquake with a scalar seismic moment less than [image: image] Nm. Nevertheless spectra for 40-h time series are of high quality at stations HOPS, FARB, CMB and BKS, with mode [image: image] clearly rising above the noise (HOPS even shows [image: image]). On the other hand, spectra at other stations are rather noisy (SCI2, ISA), and the lowest-frequency mode observed at PFO is [image: image] (2.112 mHz). Against this backdrop, it is perhaps remarkable, that some OBSs (OS18, OS13, OS11) exhibit normal mode spectra of better quality than at PFO, with [image: image] (1.989 mHz) and all modes at higher frequencies consistently above the noise, whereby OS11 includes lower-frequency modes to maybe even [image: image]. A forth OBS (OS08) is slightly noisier. All four OBS were located at water depth greater than 3,800 m. Unfortunately, the lack of a record at seafloor observatory MOBB does not allow a comparison.
4.3 ADDOSS
Another deployment of broadband OBSs in the California Borderland was the ADDOSS (Autonomously Deployable Deep-Ocean Seismic System) experiment (Berger et al., 2016). The final of several deployments occurred from December 2013 through March 2014 on the deep-ocean side of the Patton Escarpment (site ADS3 in Figure 13) where two broadband OBSs were deployed within 1 km of each other. The primary goal of this deployment was a proof-of-concept study that a wave glider can hold station around the OBS drop location and serve as acoustic-satellite relay to transmit data from the ocean floor to a desktop computer on land in near-real time. During the three months, we recorded numerous teleseismic, regional and local earthquakes, but the scalar seismic moment of the largest earthquake remained below [image: image] Nm. Hence the deployment was no witness to a free oscillation earthquake.
We were luckier when one of the ADDOSS instruments was redeployed 18 months later as a piggy-back to a short student-led experiment near the ADS3 site. With a scalar seismic moment [image: image] Nm, the September 16, 2015 Chile earthquake was the largest earthquake for the year. This earthquake produced free oscillation spectra of the highest quality at GSN station PFO, and CI stations OSI and ISA. While the primary sensor at PFO exhibited some noise, Earth’s gravest mode [image: image] (0.309 mHz) rises clearly above the noise floor in the spectrum of the secondary sensor (T-240) and at station OSI. On the other hand, the spectrum at island station SCI2 is extremely noise, where mode [image: image] (1.577 mHz) barely rises above the noise, while station SNCC did not record that day. Since the spectrum at ADS3 in only marginally better than that at SCI2, we do not show a figure for this event. The stations to the north fared only marginally better. While [image: image] also shows up in the spectra at stations BKS, CMB and HOPS, island station FARB is noisy, with perhaps [image: image] (1.231 mHz) rising above the noise. MOBB recorded this event as well. Its background noise in much less, allowing the observation of [image: image], and perhaps even [image: image] (1.038 mHz). But given the discussion of previous events, the data quality on OBSs for this event is somewhat disappointing. We cannot easily explain why noise levels were so high. There was no storm activity in the area. The earthquake produced a tsunami that was still measurable at local tide gauge stations (on the order of less than 10 cm). Tsunami are recorded quite well on the horizontal OBS components (e.g., Nov 2006 Kuril Islands earthquake during PLUME), but not on the vertical. So this should not explain increased noise levels.
5 SUMMARY AND DISCUSSION
We showed vertical-component free oscillation spectra for data collected during a number of ocean bottom seismometer (OBS) deployments in the Pacific Ocean that occurred over the last 20 years. Broadband seismology on the ocean floor using free-fall OBSs is expected to be hampered at long periods as a result of noise contamination by ocean infragravity waves. Yet, our examples showed that some spectra collected on broadband seismic sensors in the free oscillation band can reach the quality a data analyst is used from land observatory stations such as those of the Global Seismographic Network (GSN). This includes mode observations at frequencies below 1.5 mHz which require low-noise records several days long.
The SIO OBSs that are equipped with a Nanometrics Trillium T-240 sensor were found to produce consistently high-quality spectra to very low frequencies. Records include even diurnal and semi-diurnal tidal modes (e.g. Doran et al., 2019) which helps recalibrate nominal instrument responses for the pressure sensors, typically a broadband Cox-Webb differential pressure gauge (Cox et al., 1984) where sensor sensitivities can effectively vary by a factor of two. Earlier SIO OBS records are contaminated by approximately hourly transients that hamper a normal modes analysis, at least for certain modes. A removal of these signals in post-processing is moderately successful, as we and others showed (Deen et al., 2017). The low-frequency transients are generated in the electronics to check whether the seismometer needs to be relevelled even though the sensor is not mechanically relevelled. For the SIO OBSs that were part of the national OBS Instrument Pool (OBSIP), the relevel schedule was changed shortly after our Hawaiian PLUME deployment to have less frequent relevel checks. However, the approximately hourly schedule may still be set on instruments sold by the SIO OBS group to others (e.g. Deen et al., 2017).
The T-240s have also been deployed in the Atlantic, where a recent study reported earthquake-generated free oscillation observations (Bécel et al., 2011). Our study concentrated on normal modes at ultra-low frequencies that are excited by large earthquakes. At higher frequencies, Earth’s ‘hum’ that consists primarily of fundamental modes and that is thought to be excited by ocean infragravity waves interacting on shelves (Webb, 2007) was recently observed on free-fall OBSs in the Indian ocean Deen et al. (2017).
We performed minimal data processing, and so did not correct the vertical seismometer components for pressure nor tilt noise (e.g. Webb and Crawford, 1999; Crawford and Webb, 2000; Bell et al., 2015). A correction may improve the signal-to-noise ratio, even in the normal mode band below 5 mHz. We also did not correct the records of the 1998 ocean seismic network (OSN) pilot experiment that was located within our PLUME network. Crawford et al. (2006) describe a procedure to remove much of the noise for this specific deployment. Using a barometer, noise corrections on vertical components can also be performed for land observatory stations (e.g. Zürn and Widmer, 1995), and many, if not most GSN stations are now equipped with such a sensor.
The ALBACORE deployment off-shore southern California (Reeves et al., 2015) allowed us to investigate long-period background noise as function of water depth. We found a clear separation in quality between mode spectra for deep deployments (3,600 m or deeper) and shallower deployments. A spectrum collected at 2000 m also was of acceptable quality, while spectra at shallower sites contained more low-frequency noise but still revealed modes at frequencies down to 1 mHz. The best OBS spectra for the ALBACORE and NoMelt (Lin et al., 2016) deployments contained modes down to [image: image] (0.647 mHz), maybe even [image: image] (0.469 mHz). Some spectra were of such high quality that several of the gravest, Coriolis-coupled toroidal modes appeared in vertical-component spectra.
Our study focused on the vertical seismometer components. The horizontal seismometer components are noisier in general, and much more so in the oceans. Here, tilt noise contaminates the seismic record in a wide range of frequencies. At PLUME, we noted a semidiurnal cycle that suggests that tidal currents trigger the noise. Yet, it is possible to observe useful signals such as Love waves or shear-wave splitting observations during relatively low-noise times. Finally, while ground motion spectra are of high quality, we have yet to find a convincing pressure spectrum in which Earth’s normal modes rise above the background noise. There have been debates whether the money spent on an expensive broadband seismometer for an OBS is a wise investment since it is often contested that observations at low and ultra-low frequencies are possible. This paper documents that, given the high costs of an OBS in general, the investment in a high-quality broadband seismic sensor is well justified.
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Recent developments in optical fiber cable technology allows the use of existing and future submarine telecommunication cables to provide seismic and sea-level information. In this work we study the impact of three different technologies, 1) SMART, Science Monitoring and Reliable Telecommunications; 2) DAS, Distributed Acoustic Sensing, and; 3) LI, Laser Interferometry, for effective earthquake and tsunami monitoring capabilities on the NE Atlantic. The SW Iberia is the source area of the largest destructive earthquake that struck Europe since the year 1000, the November 1, 1755 event. This earthquake generated also a destructive tsunami affecting the whole basin. This tectonically active area is crossed by the CAM (Continent-Azores-Madeira) submarine cable on a ring configuration. Due to the end of cable lifetime the current cables need to be replaced by 2024 and the technical requirements must be defined in mid-2021. The Azores archipelago is the focus of frequent seismic crizes and occasionally destructive earthquakes. A common feature of these seismic events is that they take place offshore, an area that is difficult to monitor from land-based instruments. In this work we evaluate the contribution of SMART cables to the earthquake monitoring and tsunami early warning system in SW Iberia and show how DAS and LI can improve earthquake monitoring on two active domains of the Azores. For tsunami early warning, we show how the offshore sea-level measurements provide clean offshore tsunami records when compared to coastal observations by tide gauges, which greatly improves the efficiency of the system. For earthquake monitoring, the data processing operational routine is examined using Monte-Carlo simulations. These take into consideration the errors in phase picking and the uncertainty on the 1D velocity model used for earthquake location. Quality of earthquake location is examined using the difference between the true location and the centroid of the computed epicenters and by the overall ellipse of uncertainty obtained from 100 runs. The added value provided by instrumented submarine telecommunication cables to mitigate earthquake and tsunami risk demonstrated in this work will help authorities and the society in general to take the political decisions required for its full implementation worldwide.
Keywords: earthquakes, tsunamis, early warning, submarine optical fiber cables, DAS
INTRODUCTION
The high capacity telecommunications between Portugal mainland, archipelagos of Madeira and Azores are sustained by three submarine cables laid as a ring, as sketched in Figure 1. Such a geometry allows for redundancy in the case of any incident occurring in one of the branches. In the Azores, the 9 Islands are also connected by unrepeatered submarine telecommunication cables, as illustrated in Figure 2. The first set of cables is known as CAM from C (Continental mainland), A (Azores) and M (Madeira).
[image: Figure 1]FIGURE 1 | Shaded bathymetry map of Iberia, northwest Africa and Central Atlantic (Smith and Sandwell, 1997). Solid yellow line: plate boundaries from Bird (2003). White boxes, location for Figures 2, 3. Small red circles: epicenters, from ISC, M > 4, 1964–2018, http://www.ISC.ac.uk. GC: Gulf of Cadiz; GF: Gloria Fault; TR: Terceira Ridge; C: Mainland Portugal; A: Azores archipelago; M: Madeira archipelago. Thick blue lines show the CAM submarine cables to be replaced by 2024.
[image: Figure 2]FIGURE 2 | Sketch location of the submarine telecom cables in operation at the Azores archipelago (yellow and red lines) overlaying the shaded bathymetry map (Smith and Sandwell, 1997). Frame location provided on figure 1. The cables in red will be discussed in detail later in the text. White boxes for Figures 4, 5. Green triangles show the location of the land seismic stations used by IPMA for earthquake monitoring. Small blue dots: epicenters from ISC, 1960–2019, http://www.ISC.ac.uk. Red starts show the epicenters for M > 5 from ISC, 1920–2019. The large yellow stars show the location of the two most recent destructive earthquakes, the January 1, 1980 and July 9, 1998. Islands mentioned in the text, Fl – Flores, Fa – Faial, Te – Terceira, SM – S. Miguel. DJCB – D. João de Castro Bank, HB – Hirondelle Basin.
Mainland, Madeira and the Azores comprise one tectonic domain influenced by the interplay between three major tectonic plates, which is generally designated as the Azores-Gibraltar fracture zone (AGFZ). Eurasia and Nubia are colliding at a slow speed (∼4–5 mm/year, e.g., Fernandes et al., 2007) S and SW Portugal mainland and slide along the Gloria Transform Fault North of Madeira. In the Azores we have a diffuse oblique spreading regime East of 30°W and a triple junction between Nubia, Eurasia and the North-American plates (Figure 1).
Earthquake and tsunami catalogues document several large events on the AGFZ, marking the western plate boundary between the Eurasian and Nubian plates. In the SW Iberia Margin (SWIM), eastern domain of the AGFZ, the largest destructive earthquake in Europe history since the year 1000, took place on November 1st, 1755 (e.g., Gutenberg and Richter, 1949; Johnston, 1996; Martinez-Solares and Lopez-Arroyo, 2004; Stucchi et al., 2013). This earthquake caused a destructive tsunami that hit the coasts of Portugal, Spain and Morocco, and reached France, England, the Caribbean and Brazil (Baptista and Miranda, 2009). The SWIM was also responsible for the most important earthquake of the 20th century that occurred on February 28th, 1969 and triggered a small tsunami that was recorded by the tide gauge networks of Portugal, Spain and Morocco (Baptista and Miranda, 2009). The central domain of the AGFZ, the Gloria Fault, although exhibiting a low seismic activity, was the place of the November 25th, 1941, largest strike-slip event ever recorded (Bird and Kagan, 2004) until the April 11, 2012 Mw 8.6 Sumatra earthquake. A small tsunami followed the 1941 earthquake with a maximum wave height of ∼0.45 m recorded at Casablanca (Morocco) tide gauge station (Baptista et al., 2016). In the Azores, western domain of the AGFZ, seismic crizes are frequent and destructive earthquakes occasionally occur. The January 1st, 1980 and the July 9th, 1998 are recent examples of large earthquakes that struck the Azores (Hirn et al., 1980; Matias et al., 2007). Another major event that affected the Madeira archipelago, was the May 26th, 1975, magnitude 8.1 Ms (Kanamori and Abe, 1979), originated north of Madeira archipelago and located south of the Gloria Fault. This event generated a tsunami well recorded in Azores (∼35 cm) and mainland harbors (∼30 cm) (Baptista and Miranda, 2009).
A common feature of most past large earthquakes is that they occurred offshore, in areas not covered by any type of detection instruments. Furthermore, the tsunami waves took only few tens of minutes to reach the closest coasts. IPMA (Instituto Português do Mar e da Atmosfera), as the Portuguese Agency responsible for seismic and tsunami monitoring, faces the challenge of using land-based seismometers providing less coverage of offshore earthquakes and tide gauges allowing to detect the tsunami only when they reach the coast. Yet, a unique opportunity is emerging to improve the earthquake and tsunami forecast capabilities in the NE Atlantic using the submarine cables that cross the main active tectonic areas and join Portugal mainland, Madeira and Azores archipelagos on a ring configuration. The current cables will cease their operation by 2024, 2025 and 2028 (due to the end of cable lifetime), and the process of their replacement by a new set of cables is now under consideration by the Portuguese authorities with the technical requirements to be defined in mid-2021. New developments in optical fiber cable technology allowing the use of existing telecommunication cables to provide seismic and tsunami information would be also beneficial to enhance the IPMA’s monitoring network capabilities in the Atlantic Ocean.
The mitigation of the hazards posed by offshore earthquakes and tsunamis requires that the monitoring networks provide a timely and precise evaluation of the tectonic sources. There are considerable constraints and limitations when only land stations and coastal tide-gauges are used for the monitoring effort. In this work we show how submarine telecommunication cables can be used to improve the reliability of earthquake and tsunami monitoring. In Earthquake and Tsunami Monitoring we describe the current status of the seismic and tide-gauge monitoring networks and the procedures for issuing the first information message for the Civil Protection Agency. In Optical Fiber Telecommunication Cable Technologies Available we present briefly three available technologies to provide offshore monitoring services. In Testing Scenarios we define the testing scenarios and methodology to be used for each of the three cable technologies. In Methods and Results we present the simulation results and make a discussion and conclusions in Discussion and Conclusions.
EARTHQUAKE AND TSUNAMI MONITORING
IPMA (Instituto Português do Mar e da Atmosfera) is the Portuguese Agency responsible for earthquake and tsunami monitoring and it has the responsibility to inform authorities as fast as possible on occurring earthquakes and possible tsunamis. For this purpose, IPMA is collecting seismic data from a dense network, exclusively based on land stations, many of them available through international cooperation (Figure 3) (Carrilho et al., 2021). Figure 3 also shows the location of the largest magnitude earthquakes that occurred in the offshore domain between Portugal mainland and the Azores, all of them having generated tsunamis. Given that there is no consensus on the source area for the Mw ∼ 8.5 November 1st, 1755 earthquake and tsunami (Stucchi et al., 2013) we show on Figure 3 a series of tectonic structures that have been suggested by several authors as its possible source. Another earthquake that occurred close to the Azores, generating a small tsunami, is also mentioned (the Ms7.1 May 8th 1939, Reis et al., 2017).
[image: Figure 3]FIGURE 3 | Hypothesized location of the submarine telecom cables that are expected to begin operation in 2024 in yellow. The black dots mark the presumed location of telecom repeaters, every 70 km spaced offshore, with the first repeater 40 km from the shoreline. The red stars show the epicenter location of the largest earthquakes that occurred in the area since 1940, 1941, 1975, and 1969. Several tectonic structures (in red) have been proposed SW Iberia as the source of the large earthquake and tsunami the November 1st, 1755. The smallest red star shows the location of the May 8th 1939 (Ms7.1) earthquake that caused a small tsunami recorded in several tide gauges in the Azores. Green triangles show the location of the land seismic stations used by IPMA for earthquake monitoring. PDa – Ponta Delgada tide gauge. Yellow triangles show the location of the coastal tide gauges that are monitored by IPMA for tsunami early warning. The white dots show the location of the tsunami sources in the IPMA scenario database, spaced every half a degree (Annunziato et al., 2009).
IPMA is collecting data continuously and seismic events are first detected and evaluated automatically and later on confirmed by an on-duty analyst covering 24/7. The analyst starts validating the phase picks and earthquake parameters as soon as 10 clear waveforms are received recording P-wave arrivals. The detection, classification and location of all offshore earthquakes is a continuous observation as the earthquakes evolves so that the source parameters can be updated in order to inform the local authorities no later than 5 min after the event onset. This first information may be refined and updated afterwards when more data is analyzed by the analyst, but in this work, we focus on the quality of the earthquake parameters presented on this first message.
In parallel IPMA runs the Portuguese National Tsunami Warning Centre (PT.NTWC) which is in charge to issue to Civil Protection and authorities messages reporting the tsunami threat when a large offshore, or close to the shore, earthquake occurs. IPMA is also now recognized by the ICG-NEAMTWS (Intergovernmental Coordination Group for the Tsunami Early Warning and Mitigation System in the North-eastern Atlantic, the Mediterranean and connected seas) as an accredited International Tsunami Service Provider (TSP) responsible for tsunami information to the subscribing countries in the NE Atlantic. Both National and International systems operate under the same rules. As soon as the preliminary earthquake parameters are obtained in the 24/7 operational room, a decision matrix is applied to define the level of tsunami threat and the areas where such a level is applicable. The earthquake parameters required to apply the decision matrix are the epicenter location, magnitude and focal depth. The decision matrix was agreed by the ICG-NEAMTWS based on the best knowledge of past tsunamis in the NE Atlantic. It is a conservative rule that was established with the aim to avoid missing any possible tsunami. Considering this, linked to the uncertainty on the fast earthquake parameters, it is likely that the first message issued by this PT.NTWC/TSP (and others operating under the same rules) will give an alert level often exceeding the final observed tsunami waves. To better evaluate the tsunami threat sea-level observations are required. When these are made available, additional messages are sent updating the threat level and/or cancelling the tsunami alert. With only coastal tide-gauges available (Figure 3), considering also that some minutes are needed to measure the initial tsunami wave height (typically a quarter of a period), it is clear that large stretches of the coastline (those where the tsunami arrives first) will not benefit from the more reliable threat level evaluation given by these secondary messages (Omira et al., 2009).
Given that the most credible sources for large tsunamis lie offshore SW Iberia, Omira et al. (2009) showed, using tsunami simulations, that most on the southern coasts of Portugal do not benefit from enough warning time when the confirmation message is sent. These authors also showed the need to include offshore sea-level real-time measurements in the PT.NTWC/TSP to ensure that all Portugal would benefit from 10 min lead time before the first tsunami wave hits the shore.
The effectiveness and reliability of the earthquake and tsunami monitoring system, that must respond only a few minutes after the event onset, relies heavily on the geometry of the first seismic stations that are used for earthquake location, namely its geographical spreading and distance to the source. We show here two examples of location uncertainties and bias that result from a less than optimal station distribution. These examples reinforce the need for offshore sensors as the ones that can be provided by the fiber optic cable technologies discussed in this work.
From August 2007 to July 2008 a set of 24 broadband Ocean Bottom Seismometers (OBS) were deployed in the Gulf of Cadiz, SW Iberia, within the EU-funded NEAREST project (Integrated observations from NEARshore sourcES of Tsunamis: towards an early warning system) (Geissler et al., 2010). The OBS network revealed many earthquakes that were not previously recorded by the land network and its tectonic interpretation is provided in Silva et al. (2017). Geissler et al. (2010) used the 37 largest earthquakes recorded by the land network and relocated them with the OBS data. Using the information provided by Geissler et al. (2010) we make a graphical comparison between the epicenters and focal depths computed by the two networks, land and OBS. This comparison is shown in Supplementary Figure S1. The epicenters located with the land network are several km displaced to land, showing a systematic bias (bias = 17.5 ± 8.9 km). The largest difference between the two networks is found on the focal depth. OBS have shown that most local earthquakes are sourced in the upper mantle, tens of km deeper than the depth obtained from the land network (bias = 32 ± 11 km).
The July 9th, 1998 a strong earthquake (ML5.8, Mw6.1) struck the island of Faial causing 9 casualties, more than 150 people injured and the damaging of over 1,500 houses (Matias et al., 2007). This event was recorded by the Azores seismic network and also worldwide with several agencies providing estimates for epicenter, magnitude and focal mechanism in the few hours following the earthquake origin. Matias et al. (2007) show in their Figure 4 a compilation of published parameter events and those from real-time services available on the Internet. This figure shows a very wide dispersion in the epicenter location that was interpreted as being a consequence of the absence of near-source seismic data. The closest station with data available by international agencies lied in S. Miguel Island, ∼300 km away from the source.
[image: Figure 4]FIGURE 4 | Layout of sensors and sources for the investigation of the DAS contribution to the monitoring of earthquakes in the Azores. Red dots show the epicenter synthetic locations, a regular grid with 0.1° interval. The green triangles on land show the existing seismic stations operated by IPMA. Black line is the presumed location of the Terceira-S. Miguel submarine cable, along which the colored triangles show the virtual seismic stations spaced every 10 km. The location strategy adopted considers the cable split into 3 segments that are identified with different colors. Te – Terceira Island, SM – S. Miguel Island, DJCB – D. João de Castro Bank, HB – Hirondelle Basin.
OPTICAL FIBER TELECOMMUNICATION CABLE TECHNOLOGIES AVAILABLE
Recent developments in optical fiber technology allows the use of existing and new submarine telecommunication cables to provide seismic and sea-level information crucial to monitor both earthquakes and tsunamis. In this work we study the potential impact of three different technologies, 1) SMART, Science Monitoring and Reliable Telecommunications; 2) DAS, Distributed Acoustic Sensing, and; 3) LI, Laser Interferometry, on the NE Atlantic earthquake and tsunami monitoring capabilities. From these technologies, only SMART can provide sea-level data to support the Tsunami Early Warning Systems.
Smart
SMART cables (Howe et al., 2019) are not yet implemented in any place on the world. There are already several dedicated submarine cables with geophysical sensors delivering essential data in real-time to the shore for early warning purposes in Japan (e.g., Okada et al., 2004), United States and Canada (e.g., Barnes et al., 2015; Trowbridge et al., 2019). However, this existing technology is not yet deployed on telecom submarine cables, as proposed by Howe et al. (2019). SMART sensors can only be installed on new submarine cables or reusing decommissioned telecom cables. The basic sensor package that is being proposed comprises ground motion sensors (seismometers, accelerometers or both), absolute pressure gauges for tsunami early warning and environmental monitoring, and one thermometer.
Das
DAS typically uses a single dedicated (dark) fiber on an installed submarine cable, with a length about ∼70 km (although ranges up to 180 km have been mentioned). DAS technology uses optical time domain reflectometry based in Rayleigh or other backscattering effect to detect and localize discontinuities of optical fiber parameters along its length. Due to the backscattering along the fiber, the energy of a particular pulse of time duration T sent to the fiber is detected in the same sending side, as a received signal with time duration of the double of the travel time of the pulse along the fiber. Analyzing the received signal, associated with each sent pulse, with Digital Signal Processing it is possible to measure and define for each specific portion of the fiber (Gauge Length) the respective changes of the fiber strain, from sending pulse to sending pulse. The gauge Length is associated with the time interval T of the pulse sent. A DAS system can be modelled as a one dimensionally distributed fiber strain sensor, with localization ability (Gauge Length) down to some meters. DAS is nowadays a common tool on seismic exploration in the Oil and Gas industry and heavy civil construction infrastructures, being demonstrated its ability to record earthquakes with a resolution similar to broadband seismic sensors.
Li
In the seminal proof of concept of the method (Marra et al., 2018) the authors use a metrology grade frequency stabilized laser. The laser light is injected into the line as unmodulated sinusoidal carrier wave, with a carrier optical frequency stabilized to optical bandwidth of order 1 Hz. For telecom standards, this is an exceptional low value, albeit standard in time and frequency metrology instrumentation. It is more than a thousand times below state of the art telecom industry standards, including submarine links. The demonstration (Marra et al., 2018) used an optical back loop at the far side, where a radio-frequency modulation of an acoustic modulator was used to shift the optical carrier frequency. At the receptor side, the two light wave branches were interferometrically combined and detected and analyzed with RF techniques, and the optical phase shift monitored. The LI signal tracks the temporal changes of phase integrated over the whole link range. In bi-directional mode the arrival point of the first seismic waves can be determined and hence the system can be modeled as a distributed sensor. The traces of monitored optical phase shifts can then be compared with typical seismic traces. The proof of concept demonstration showed similarity when compared to seismic traces. LI may use a dedicated so-called dark fiber, or a single wavelength ITU (International Telecommunication Union) channel in an optical fiber with commercial traffic co-existing on adjacent channels. The detection capability of LI probably will extend over the full range of the cable without length limitations.
TESTING SCENARIOS
The Background Scenario
The monitoring of earthquakes and tsunamis done in real-time 24/7 by IPMA is exclusively based on land seismic stations and coastal tide-gauges (Figure 3). The contribution of submarine cables to this monitoring effort depends on the location of the seismic sources. We then investigate the added value of the three fiber optic technologies considering a regular set of tectonic sources encompassing the main seismically active domains along the Portugal mainland, Madeira and Azores regions.
At the largest scale we used the IPMA tsunami scenario database described in Annunziato et al. (2009). This database comprises a regular set of epicenters (considered as the center of the surface projection of the fault trace) that span the tectonically active areas and cover the main tsunamigenic sources identified (Figure 3) with 0.5° interval. At each epicenter the tsunami source considered is the worst case possible (pure dip slip events) with fault parameters as defined in Matias et al. (2013). The depth of the top of the fault is fixed to 5 km (worst case scenario) and magnitudes range from 6.5 to 8.75, spaced every 0.25. A total of ∼7,000 scenarios was defined accordingly (∼500 locations) and for each scenario the tsunami arrival time and tsunami amplitude at the coast (50 m depth) was numerically computed. The tsunami waveform at each coastal location can be obtained in real time by interpolation of the computed tsunami grids available every minute. The purpose of such tsunami scenario database was to help the tsunami warning system operator to define the threat level to be communicated to Civil Protection and authorities. The database is still used in training but not in the operational procedures, where the decision matrix is applied.
In the Azores this epicenter grid is too sparse, and we used another regular set of synthetic epicenters with a finer grid, appropriate to the known seismicity.
The Submarine Cable Scenarios
We consider that, whatever the fiber optic cable technology used, the cable can be represented by an additional set of seismic stations and sea-level sensors, contributing to the earthquake and tsunami monitoring like its land and coastal based counterparts, helping to constrain the offshore sources given their closer proximity.
SMART
In order to meet the low data latency, instrument location and spacing for an effective earthquake and tsunami early warning system we consider that the seismic and absolute pressure gauge sensors are positioned at the presumed locations of the cable repeaters. The closest repeaters to the shore are placed 40 km along the cable while the other sensors are regularly spaced with ∼70 km interval. These locations are shown in Figure 3 for a presumed trajectory of the new CAM ring cables, to be operational in 2024.
DAS
We consider here that the maximum range of useful information by DAS is 100 km from the land station. This limits the usefulness of DAS in SW Portugal where the most credible sources for large earthquakes and tsunamis are offshore and most of them too distant from the presumed track of the new CAM ring cables (Figure 3). However, this technology may prove to be very useful in the Azores archipelago where most of the strongest earthquakes occur offshore, not very far from the Islands, and the seismic stations are concentrated on the Islands forming patches of sensors.
For this reason, we selected one of the most active areas in offshore Azores, the D. João de Castro Bank and Hirondelle Basin, one domain bordered by a submarine telecommunication cable between Terceira and S. Miguel Islands (Figure 2).
DAS can provide information on the strain rate along the cable with a gauge length as small as 10 m. For one monitoring length of 100 km, DAS provides information on 10,000 sensors, which is clearly in excess to what can be processed in the earthquake monitoring center. For this evaluation exercise we consider that DAS data is decimated in order to provide strain rate data on virtual sensors spaced 10 km along the cable (Figure 4). The cable layout shown is an estimate of the true cable positioning. The synthetic earthquake scenario comprises a regular grid of epicenters with 0.1° interval, spanning the recognized active area (Figure 4). As before, focal depth is fixed to 5 km.
LI
The laser interferometry technology as described in this work allows one to obtain the location of the point in the cable that the seismic waves hit first and the azimuth to the source waves, that must be orthogonal to the cable, with an ±180° ambiguity. This ambiguity can be easily solved in the operational room when more recordings from the land stations are available, or if another LI cable is operating nearby (e.g., Marra et al., 2018). The LI instrumented cable operates as one seismic station where the P-wave arrival time can be measured and where the cable to source azimuth can be also evaluated. However, this seismic station can be anywhere along the cable, depending on the relationship between the cable and the earthquake epicenter.
To evaluate the contribution of LI technology to the monitoring of earthquakes we consider that it can be replaced by a regular set of seismic stations (able to compute also the azimuth to the source) with a regular spacing of 8 km along the cable. This value exceeds the probable location uncertainty of the impact point on the cable, but it was found adequate for the following analysis. The longer the cable, the more advantageous will be the LI technology. Since the Azores – Madeira – Mainland is investigated using the SMART technology, we choose the Azores as the most interesting area to demonstrate the added value of LI. In the Azores, one of the longest cables is the one joining Faial and Flores Islands (Figure 2) 260 km long. It crosses the Mid-Atlantic Ridge plate boundary and borders by the south a very seismically active area, west of Faial, where several felt earthquakes have been generated in the past causing concern among the population and authorities. The total number of virtual seismic stations along the cable is 32. The experiment layout for LI is shown in Figure 5. The focal depth of the synthetic epicenter grid is fixed to 5 km.
[image: Figure 5]FIGURE 5 | Layout of sensors and sources for the investigation of the LI contribution to the monitoring of earthquakes in the Azores. Red dots show the epicenter synthetic locations, a regular grid with 0.1° interval. The yellow triangles on land show the existing seismic stations operated by IPMA. Blue line is the presumed location of the Faial-Flores submarine cable, along which the green triangles show the virtual seismic stations spaced every 8 km. Fl – Flores Island, Fa – Faial Island.
METHODS AND RESULTS
Tsunami Monitoring
Out of the three fiber optic technologies investigated in this work, only SMART sensors, measuring the absolute pressure with high resolution (by an APG), can provide offshore real-time data as required for an effective PT.NTWC/TSP. In Howe et al.1 (submitted) we find the gain in warning time that a set of sensors deployed along the cables Mainland-Madeira and Mainland-Azores can provide. This is a simple consequence of the geometry of the offshore APGs and required only the computation of the minimum tsunami travel time to the land based, or cable based, sensor networks.
In addition to the gain on the minimum-tsunami detection time, we believe that the proposed cabled sensors will allow improving the performance of the PT.NTWC through recording tsunami signals of better quality than the ones typically recorded by the coastal tide gauge (CTG) network. The preparation of the tsunami confirmation messages by the PT.NTWC operator requires the identification and measurement of tsunami wave characteristics (arrival time, wave height, and period). Sometimes, this task is hard to perform due to the quality of the sea-level signal at CTG that usually includes the tidal variation and is contaminated by coastal effects, involving noise able to mask the tsunami signal. Any additional treatment of the sea-level record to isolate the tsunami signal (quality control, de-tiding and noise removing) before measuring the waves characteristics may consume critical operator time. The presence of cabled sensors will allow overcoming this limitation as they will offer the possibility to record the tsunami in the open ocean without the coastal effects. To explore such a benefit, we present a numerical tsunami propagation scenario involving a Mw8.3 earthquake similar to the 1941 strike-slip event that took place on the Gloria Fault (Omira et al., 2019). The tsunami numerical simulation is performed using a validated non-linear shallow water code in the presence of both offshore geophysical repeaters (cabled sensors) and coastal tide gauges (Figure 6A). Synthetic sea-level records at both the costal tide gauge of Ponta Delgada (Figure 6B) and the cabled sensor GR-8 (Figure 6C) are then compared. The comparison clearly shows that the cabled sensor allows a fast confirmation of tsunami occurrence and an easy measurement of the wave characteristics (wave arrival, height and period) required to update the tsunami alert messages.
[image: Figure 6]FIGURE 6 | Sea-level signal quality comparison. (A) tsunami numerical propagation for a 1941-like earthquake in the presence of cabled sensors and tide gauge stations (B) signal recorded at the Ponta Delgada tide gauge; (C) signal recorded by a cabled sensor (GR-8 in a). OT = earthquake origin time.
It is also worth mentioning that the installation of sensors in the submarine cable can significantly boost the development of the next-generation TWS in the NE Atlantic. Integrating rapid offshore tsunami observations and advanced tsunami numerical models is crucial to develop real-time and reliable tsunami forecasting (Titov et al., 2005). The Pacific TWS inverses the offshore tsunami signals (from oceanic buoys) to determine the earthquake-induced initial sea surface perturbation. This latter is then used as initial condition for “faster-than-real-time” numerical code enabling to predict the tsunami threat on the coast. The implementation of such a methodology in the NE Atlantic TWS would be possible with the presence of cabled sensors allowing early and high-quality tsunami observations. Offshore real-time sea level measurements may also provide early warning for non-tectonic tsunami sources like submarine landslides.
Earthquake Monitoring
The quality of the fast-computed earthquake parameters that are used for alerting Civil Protection is critically dependent on the geometry of the seismic network and its relationship with the source location. In Howe et al. (submitted) we examined the added value of cabled sensors using the SMART technology on 2 geometric parameters: 1) the maximum azimuthal gap between epicenter and recording stations; 2) the geometrical quality defined by Bondár and McLaughlin (2009) that takes also into consideration the regularity of the azimuth distribution. We also computed the gain in earthquake warning time which is a parameter that only depends on the network geometry (Howe et al., submitted). This parameter is most relevant for the performance of an Earthquake Early Warning System (EEWS) which is planned but not yet operational in Portugal. The great improvement on the performance of one EEWS in Portugal demonstrated in Howe et al. (submitted) will not be further discussed in the present work.
These geometrical parameters, though relevant, cannot make a realistic assessment of the uncertainty that arises while determining earthquake parameters from a limited set of P-wave readings poorly located, either for the stations being far from the source or for them being too close together. In this work we present and apply Monte-Carlo simulations that take into consideration the errors in phase picking and the level of uncertainty on the velocity model used to compute the theoretical phase arrival times for a more representative evaluation of earthquake parameter uncertainties.
The Monte-Carlo Approach
We use 100 simulations of a synthetic set of phase readings computed with a velocity model that is altered from the used after for earthquake location. The location code is Hypocenter (Lienert et al., 1986), included in the seismic analysis tool SEISAN (Havskov et al., 2020). This is the same routine that IPMA uses in the seismic operational room. It uses a 1D velocity model that is changed according to the domain where the epicenter is found. These 1D models were obtained from published geophysical studies and they should represent an average of the velocity structure in each domain. However, the earth structure is not 1D.
To make a 1st order account for the 3D nature of the Earth in the AZGFZ area, IPMA uses in earthquake location different 1D models according to the earthquake epicenter (see Custódio et al., 2015, Figure 3). The models that apply to Portugal margins and the Gulf of Cadiz, to the oceanic domain to the West up to the Azores Archipelago, and to the Azores platform are shown in Supplementary Figure S2. The IPMA models are compared to two local models derived for detailed studies, Geissler et al. (2010) in the Gulf of Cadiz et al. (2007) in the Central Group of the Azores, showing the heterogeneity of the area at different scales. It was not the purpose of the present investigation to check if a 3D velocity model was more appropriate than 1D models for earthquake location. Instead, we wanted to explore the performance of cabled and not cabled seismic networks when a change in the “true” 1D velocity is considered. For this purpose, we used the IPMA “Margin” model to investigate the CAM geometry and used the IPMA “Azores” model to investigate the contributions of DAS and LI to earthquake location.
Starting with the “true” location on the synthetic catalogue, each Monte-Carlo (MC) simulation begins by defining one set of phase arrivals considering two types of random fluctuations: 1) P-wave phase picks are changed by a Gaussian random error with SD 0.2 s; 2) the velocity model is also modified by a Gaussian random perturbation. The velocity values are modified with 10% SD and the layer depths are changed by 1 km SD. These may be considered conservative values since we expect larger differences on the average velocity model the further away the station is from the epicenter.
Each MC simulation results into a set of earthquake location parameters computed with slightly different input parameters. Taken together, the 100 simulations can be used to assess the earthquake parameter uncertainty for a given network geometry, land stations only or land plus cabled sensors, for a set of synthetic locations regularly spaced. We translate this variability in a geographical grid using two quality parameters: 1) DD – the distance between the MC epicenter centroid and its true location; b) SS one length parameter equal to the square root of the area of the uncertainty ellipse defined by the covariance of the 100 simulations, [image: image] where [image: image] are the eigen values of the covariance matrix on the epicenter latitude and longitude measured in km. SS represents the radius of the circle that has the same area as the epicenter uncertainty ellipse. This is easier to interpret than using [image: image] or [image: image] since the ellipses are usually very elongated on one direction due to the geometrical constrains of the observation networks.
SMART
The added value of the SMART cable to earthquake monitoring is presented here considering the domain between Portugal mainland and the Azores, as displayed in Figure 3. This figure also shows the synthetic epicenter grid that will be used in the evaluation. The background scenario was computed considering that the fast earthquake parameters are obtained with the first 10 P-wave arrivals recorded on the land stations that were presented in Figure 3.
Figure 7A shows the comparison of the centroid location from the 100 MC simulations and the true synthetic catalogue. From the 100 locations on each synthetic epicenter we compute the covariance matrix of the epicenter coordinates to define an uncertainty ellipse. This ellipse and all epicenters are displayed in Figure 7C. These two plots show sharp transitions on these two quality parameters that are related to the geographical distribution of stations that are used for each location. The wider this distribution, the better constrained is the MC epicenter.
[image: Figure 7]FIGURE 7 | Visual comparison of Monte-Carlo quality earthquake location parameters when the synthetic catalogue is analyzed by the land only seismic station network (LAND, green triangles) or analyzed by the land and cabled (CABLE, blue triangles). (A) Distance between the MC centroid (in red) and the true location (in green) for LAND. (B) Distance between the MC centroid (in red) and the true location (in green) for CABLE. (C) All MC epicenters computed, and the uncertainty ellipse computed from the covariance of the horizontal coordinates for LAND. (D) All MC epicenters computed, and the uncertainty ellipse computed from the covariance of the horizontal coordinates for CABLE.
The contribution of the SMART cable to earthquake monitoring is evaluated using the cabled sensors presented in Figure 3 on all 3 branches. The same operational procedure is used here, the epicenters are computed using the first 10 stations (on land or on the cable) to record the P-wave arrival. When we began evaluating the results, we noted that quite a few of the offshore events were very poorly located by the “land pluscabled” network when only cabled sensors were used for the 10 first recordings. This is easy to explain since the cabled sensors are deployed along the linear cable which is a very poor distribution for stations to compute earthquake parameters. This is a problem, poor azimuthal coverage of the first 10 stations, that is already found by IPMA in the Azores, where the stations are concentrated on the Islands forming an E-W elongated archipelago. When a poorly constrained geometry is identified by the operator, it is decided to force the analysis to use data from close by Islands. A similar procedure was used here to mitigate the problem of having a large number of stations located along a line.
We split the cable into its 3 branches, CM, CA and MA, and forced the location algorithm to use at least one station from 4 groups of stations, 3 cabled plus the land network. Figures 7B and 7D display for the MC simulation of “land plus cabled” network locations respectively the comparison between centroid and true location (used to define the DD quality parameter) and the uncertainty location ellipses (used to compute the SS quality parameter). When compared to the land only results, a general improvement on the earthquake locations is observed when using the cabled sensors. There remain a few outliers, most of them at the border of the area investigated by the synthetic catalogue hinting that additional operational rules might need to be considered to address these particular events.
To quantify the added value of the SMART cable we built geographical grids with the DD and SS quality parameters previously defined. The gain in DD and SS obtained by the SMART cable is shown in Figure 8. The largest improvement on DD, the distance between the true epicenter location and the MC centroid is observed East of the Azores Archipelago, up to 21°W. East of 21°W the gain in DD is smaller, with some patches showing no improvement and others showing an improvement up to 40 km.
[image: Figure 8]FIGURE 8 | Measure of the added value of the SMART cables to the earthquake fast parameter determination using Monte-Carlo simulations. Green triangles show the land seismic stations while the cabled stations are shown as blue triangles. (A) Difference between “land plus cabled” and land only networks for the DD quality parameter. (B) Difference between “land plus cabled” and land only networks for the SS quality parameter, in %. On both images red areas show the domains were the difference is less than the maximum value, light grey areas show the domains were no improvement was observed.
The added value of the SMART cable is more evident when we consider the reduction in the length parameter SS shown in Figure 8B. All domain between the Azores and 8°W is benefited with a gain in SS that attains 100% or more. There is a triangular shape north of Madeira where the reduction in SS is smaller but still very significant, larger than 40%. The Azores Archipelago is not covered by cabled sensors and consequently there is no gain in most of the region. There is no gain also east of 8°W because the contribution of the cabled sensors is done by stations that are very far away.
DAS
The layout of the experiment designed to evaluate the added value of DAS to earthquake monitoring was explained in Testing Scenarios. Station distribution and synthetic epicentres are shown in Figure 4. We consider that one event is ready for location as soon as the P-wave reaches the 10 closest stations. For offshore events this may result in poor locations when all these stations are the cable sensors that are located along a line with bad azimuthal coverage. For this reason, we split the full set of sensors into 5 groups, one for each island and the cable split into 3 additional groups (Figure 4). The location is done only when at least one station from each group is included in the first 10 stations. Later P-wave arrivals are discarded until this condition is met. The background scenario comprises the land stations only.
Supplementary Figures S3A shows the comparison of the centroid location from the 100 MC simulations and the true synthetic catalogue for the background scenario. For this scenario, the uncertainty ellipse computed from the covariance matrix of the epicenter coordinates is displayed in Supplementary Figure S3C. The same parameters for the “land plus cabled” scenario are shown in Supplementary Figures S3B,D.
The added value of the DAS is better expressed by comparing the geographical grids built with the DD and SS quality parameters, as shown in Figure 9. The gain in DD (Figure 9A) is small in most of the domain investigated, less than 10 km or absent. The larger difference (greater than 10 km) is obtained West and NW of S. Miguel Island, with maximum decreases in DD larger than 50 km.
[image: Figure 9]FIGURE 9 | Measure of the added value of the DAS to the earthquake fast parameter determination using Monte-Carlo simulations. Green triangles show the land seismic stations while the cabled stations are shown as blue triangles. (A) Difference between “land plus cabled” and land only networks for the DD quality parameter. (B) Difference between “land plus cabled” and land only networks for the SS quality parameter, in %. On both images red areas show the domains were the difference is less than the maximum value, light grey areas show the domains were no improvement was observed.
The gain in SS (measuring the MC uncertainty ellipse area) is more widespread over the whole offshore domain investigated between S. Miguel and Terceira Islands (Figure 9B). The % decrease in SS in larger than 50% in most areas, except for one transversal domain, closer to Terceira Island. The sharp transition in SS values observed is a natural consequence of the geometry of the network and the resulting choice of the 10 best stations to use for the fast earthquake parameter determination.
LI
The LI experiment was presented in Testing Scenarios and the layout of seismic stations and synthetic epicenters was shown in Figure 5. As before, we consider that the first earthquake location is obtained when 10 P-wave arrivals are recorded. The cable LI counts as a unique station that has two properties, it can be anywhere in the cable (split into 8 km sections) and that station, besides the phase arrival time, can provide the station to azimuth angle. The 180° ambiguity can be easily sorted out on the operation room. In the process of selecting the 10 stations used for computation we discard the LI stations that are closest to the shore. We consider that, for those locations, the azimuth is unreliable because the seismic waves can be originated from any location to the East or West of the cable. It is clear that the LI cable will improve the fast earthquake location if and only if one of the virtual cable locations is used.
Supplementary Figure S4A shows the comparison of the centroid location from the 100 MC simulations and the true synthetic catalogue for the background scenario. For this scenario, the uncertainty ellipse computed from the covariance matrix of the epicenter coordinates is displayed in Supplementary Figure S4C. The same parameters for the “land plus cabled” scenario are shown in Supplementary Figures S4B,D.
By gridding DD and SS for the two scenarios, we can measure the gain provided by LI on a geographical grid. The gains obtained are shown in Figures 10A,B for DD and SS respectively. The comparison between MC centroids and the true synthetic location shows that LI improves significantly on a small domain in the middle of the LI cable. The remaining area investigated shows only a small improvement (less than 10 km) or no gain at all. The patchy pattern observed is a consequence of the MC simulations with random stochastic variations. Two runs of 100 simulations will not be identical even if using the same set of stations.
[image: Figure 10]FIGURE 10 | Measure of the added value of the LI cable to the earthquake fast parameter determination using Monte-Carlo simulations. Green triangles show the land seismic stations while the cabled stations are shown as blue triangles. (A) Difference between “land plus cabled” and land only networks for the DD quality parameter. (B) Difference between “land plus cabled” and land only networks for the SS quality parameter, in %. On both images red areas show the domains were the difference is less than the maximum value, light grey areas show the domains were no improvement was observed.
On the other hand, the comparison of the uncertainty ellipse area, SS shown in Figure 10B, displays a considerable gain obtained by the LI cable on a large triangular domain with one vertex to the NE of the cable. This triangular shape illustrated the source domain where one LI cable station contributes to the earthquake location. When that happens, the knowledge of one additional P-wave arrival and the azimuth from station to event improves significantly the fast determination of earthquake parameters, essential for Civil Protection authorities. One single station could make a huge difference.
DISCUSSION AND CONCLUSIONS
Fiber optic submarine cables that are used for telecommunications provide nowadays two technologies that can be used for the improvement of offshore earthquake and tsunami monitoring: 1) SMART – the deployment of geophysical sensors on new cables (Howe et al., 2019); 2) DAS – recording fiber strain rate on existing (or new) dark fibers (e.g., Fernández-Ruiz et al., 2020). One emerging technology, LI, is based on ultra-stable laser interferometry, it can be used on existing cables, doesn’t need a dark fiber to be applied, and shows high potential for real-time measurements of strain rate along the fiber (Marra et al., 2018). In this work we explored and quantified the contributions that each of the three technologies could bring to the earthquake monitoring effort along the Azores-Gibraltar plate boundary, a very active domain responsible for the largest earthquake in Europe since year 1000 (Stucchi et al., 2013). As regards tsunami observation, only SMART cables can provide sea-level observations on the open ocean, as required by a fast and reliable evaluation of the tsunami threat level.
Our exercise was based on the standard operation routines at IPMA, the Portuguese agency responsible for the earthquake monitoring in this domain, namely that the first message to be issued to authorities has to be delivered in less than 5 min after the event onset. The operator starts the validation of the automatic picking and earthquake parameter computation as soon as 10 P-wave arrivals are received. The quality of these first parameters is strongly dependent on the geometry of the 10 stations that are used for the location. Tsunami waves can only be currently observed by coastal tide gauges and the update of tsunami information will not benefit the coasts that are hit first.
The changes in parameters that depend exclusively on the geometry of the network, maximum azimuthal gap between recording stations, the U parameter defined by Bondár and McLaughlin (2009), the time needed to reach the minimum number of seismic stations for Earthquake Early Warning, the time needed to reach the first sea-level sensor used for Tsunami Early Warning, are presented in Howe et al. (submitted). In this work we proposed to go one step further from simple geometrical considerations.
Considering tsunamis, we showed how the detection of changed sea-level is much faster and simpler in offshore sensors than in coastal tide-gauges, opening the opportunity for assessing the tsunami threat by numerical modeling, before the waves arrive to the coast.
As regards earthquake monitoring, we concentrated our efforts on the gain that cable sensors can provide to the very first information that is communicated to the authorities based on the first 10 P-wave readings that are recorded by the seismic network. The earthquake location is then derived using an appropriate 1D velocity model. Two sources of errors contribute to the uncertainty on the epicenter location, an ambiguity in the P-wave reading and the inadequacy of the velocity model to simulate the wave propagation on a 3D Earth structure. We used 100 Monte-Carlo simulations to assess the variability on the epicenter computation that results from these two sources of uncertainty. Two MC quality parameters were considered: DD – the distance between the MC centroid of epicenters and the true location defined on a synthetic catalogue; SS – the square root of the area of the uncertainty ellipse as defined by the covariance matrix of the epicenter coordinates. Since the cabled sensors are aligned along the linear submarine cable, they are not very helpful, due to its poor azimuthal coverage, if they are the only sensors used for earthquake location. For this reason, we devised a strategy for the choice of the 10 stations to be used for the fast earthquake parameter determination, that can be easily implemented in the operational room taking the IPMA practice in the Azores as an example.
When comparing the background scenario (land stations only) with the improved scenario (land plus cabled network) we observed that the comparison of MC centroid locations was not very helpful to bring out the added value of the cable technologies. The centroid is an average and it seems that, with the simulation parameters used, in many domains, the land only network is able to recover the true epicenter on average. However, in real life we don’t have 100 repetitions of each event. We showed that, despite DD being small, the uncertainty on epicenter determination as measured by SS is large or very large when land stations only are used. All 3 technologies investigated, SMART, DAS and LI showed very significant reduction on the epicenter uncertainty in the offshore domains that are known to be able to generate strong earthquakes and tsunamis.
The added value provided by instrumented submarine telecommunication cables to mitigate earthquake and tsunami risk that is demonstrated in this work may help authorities and the society in general to take the political decisions required for its full implementation.
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We analyzed strong-motion records at the ground and borehole in and around the Kanto Basin and the seafloor in the Japan Trench area from three nearby offshore earthquakes of similar magnitudes (Mw 5.8–5.9). The seafloor strong-motion records were obtained from S-net, which was established to enhance tsunami and earthquake early warnings after the 2011 great Tohoku-oki earthquake disaster. The borehole records were obtained from MeSO-net, a dense network of seismometers installed at a depth of 20 m in the Tokyo metropolitan area. The ground records were obtained from the K-NET and KiK-net networks, established after the 1995 great Hanshin-Awaji earthquake disaster. The MeSO-net and S-net stations record the shakings continuously, while the K-NET and KiK-net records are based on triggering thresholds. It is crucial to evaluate the properties of strong motions recorded by the S-net for earthquake early warning (EEW). This paper compared the peak ground accelerations (PGAs) and peak ground velocities (PGVs) between the S-net and K-NET/KiK-net stations. Because the MeSO-net records were from the borehole, we compared the PGAs and significant durations of the low-frequency motions (0.1–0.5 Hz) between the S-net and MeSO-net stations from identical record lengths. We found that the horizontal PGAs and PGVs at the S-net sites were similar to or larger than the K-NET/KiK-net sites for the S wave. In contrast, the vertical PGAs and PGVs at the S-net sites were similar to or smaller than those at the K-NET/KiK-net sites for the S wave. Particularly, the PGAs and PGVs for the P-wave parts on the vertical-component records of S-net were, on average, much smaller than those of K-NET/KiK-net records. The difference was more evident in the PGAs. The average ratios of S-wave horizontal to vertical PGAs were about 2.5 and 5 for the land and S-net sites, respectively. The low-frequency PGAs at the S-net sites were similar to or larger than those of the MeSO-net borehole records. The significant durations between the two-networks low-frequency records were generally comparable. Quantification of the results from a larger dataset may contribute to ground-motion prediction for EEW and the design of the offshore facilities.
Keywords: S-net, ocean-bottom seismograph network, Japan Trench, MeSO-net, Kanto Basin, earthquake early warning, peak ground acceleration, strong-motion duration
INTRODUCTION
A large-scale seafloor observation network for earthquake and tsunami, known as S-net, consisting of 150 observatories, has been established in the Japan Trench area after the 2011 Tohoku-oki earthquake disaster and has been operated by National Research Institute for Earth Science and Disaster Resilience (NIED) since 2016 (NIED 2019a; Aoi et al., 2020). This is an in-line-type cabled network, with seismometers housed in cylindrical pressure vessels, most of which, including the cables, were buried to a depth of about 1 m in the shallow water regions (water depth <1,500 m). In the deeper water regions, the cylindrical vessels were freely sited on the seafloors. The interstation distance is about 30 and 50 km in perpendicular and parallel to the trench axis, respectively. The network records and transmits waveform data to the data center of NIED continuously. It is expected that the S-net data contribute to earthquake and tsunami early warning. A detailed description of the S-net can be found in Aoi et al. (2020). To improve earthquake early warning (EEW) for offshore earthquakes, it is important to understand the characteristics of strong motions in the offshore area. It is also crucial to examine the properties of the recorded motions at the ocean-bottom sites for various seismological and engineering applications by comparing with the data recorded by seismometers installed firmly on the ground or borehole because the waveforms at the ocean-bottom sites are likely to be contaminated by various factors such as tilting of the sensors due to strong motions and poor coupling between the sensor houses and the seabed sediments (e.g., Nakamura and Hayashimoto 2019; Takagi et al., 2019).
There is a paucity of literature regarding the strong-motion observation in the offshore areas. The study by Boore and Smith (1999) showed that the offshore motions are low in vertical accelerations at short periods, and shear-wave velocities beneath a site are more important than the water layer in determining the property of ground motions at lower frequencies. Hu et al. (2020) also reported that the spectral accelerations of vertical component records were slightly smaller than those of the records on land at short periods, while the long-period ground motions were noticeably larger at the offshore sites. Previous studies (e.g., Nakamura et al., 2015; Noguchi et al., 2016; Todoriki et al., 2017; Kubo et al., 2019) had commonly shown that the amplitudes of long-period (> 2 s) ground motions were substantially larger at the ocean bottom sites than the land sites. One of the reasons for the large long-period ground motions was attributed to the thick unconsolidated sediments in the offshore region. Dhakal et al. (2021) compared horizontal peak ground accelerations (PGAs), peak ground velocities (PGVs), and acceleration response spectra at selected periods between the land and S-net sites for nine selected earthquakes. They reported that the ground motions at periods longer than about 0.5 s were more prominent at the S-net sites. Dhakal et al. (2021) also showed the example accelerograms recorded at the land and S-net sites and noted that the vertical component PGAs at the S-net sites were almost half the values at the land sites at similar distances. However, they focused on the horizontal components of motions and discussed little the vertical component of motions.
In this study, the peak amplitude and duration features of S-net records are evaluated with reference to the records from the other three networks, namely, K-NET, KiK-net, and MeSO-net for both horizontal and vertical components of motions. The K-NET and KiK-net are countrywide networks with an average spacing of about 20 km established after the 1995 great Hanshin-Awaji earthquake disaster (e.g., Okada et al., 2004; NIED 2019b; Aoi et al., 2020). The MeSO-net, abbreviated for the Metropolitan Seismic Observation network, is a dense network of about 300 seismometers installed at the borehole depth of 20 m in the Tokyo Metropolitan area (e.g., Sakai and Hirata 2009; NIED 2019c). The average interstation distance of MeSO-net is about 3 km. One of the primary objectives of the MeSO-net was to contribute to a better understanding of seismic hazards in the Tokyo metropolitan area, such as by detailed imaging of the possible large-scale faults beneath the urban areas. The MeSO-net stations record the waveform data continuously. This means that the long-duration records can be obtained from the S-net and MeSO-net. However, it isn’t easy to compare the high-frequency ground motions recorded at the MeSO-net sites with those at the S-net sites because the MeSO-net seismometers are installed at the borehole, as mentioned above. On the other hand, the K-NET seismometers are installed at the ground surface, while the KiK-net consists of a pair of seismometers installed at the ground surface and the borehole. The K-NET and KiK-net stations get triggered after some threshold ground accelerations, and the records get terminated when the threshold motions are not exceeded for a certain duration. As a result, the record lengths are not uniform from the K-NET and KiK-net. Therefore, the S-net records may be compared with the K-NET and KiK-net surface records for the high-frequency motions while taking advantage of the MeSO-net records for the long-period ground motions, which persist for longer durations in the sedimentary basin areas.
In the paper, a general comparison of the peak ground accelerations (PGAs) and peak ground velocities (PGVs) for the P-wave and S-wave parts is made between the S-net ocean-bottom and K-NET/KiK-net sites from three earthquakes of Mw 5.8–5.9, which occurred nearby the Kanto Basin. Similarly, the PGAs and significant durations of relatively low-frequency motions (0.1–0.5 Hz) at the S-net sites are compared with those from the MeSO-net sites from long-duration records. One of the primary objectives of this paper is to understand the peak amplitude and duration features of the S-net strong-motion recordings for the development of ground-motion prediction models for EEW. In the current system of EEW by the Japan Meteorological Agency (JMA), vertical component displacement amplitude has been employed to reduce the effect of site amplification and rotational motions on the recorded motions at the S-net sites, while three-component records have been used for the station on land (e.g., Hayashimoto et al., 2019; JMA 2019). The present study may be considered a foundational work for future more detailed analyses for quantifying the variation of P- and S-wave amplitudes at different frequencies in the offshore stations for possible application to EEW. Furthermore, the study of low-frequency peak motions and ground-motion durations may help to understand the effect of deeper suboceanic and water layers on the recorded motions. Many ocean-bottom seismograph networks of different scales are in operation for EEW and many other geophysical studies in the world (e.g., Romanowicz et al., 2009; Hsiao et al., 2014; Barnes et al., 2015). Thus, the results presented in this paper also contribute to the engineering and seismological community literature for a comparative study about offshore strong motions around the globe. First, we explain the earthquake data and their processing in the next section. Then, we present and discuss the results.
DATA AND PROCESSING
In this article, the expressions such as the ocean-bottom (OB) stations or ocean-bottom seismographs (OBS) refer to the S-net stations unless explicitly mentioned. We selected records on the land and OB stations from three earthquakes of Mw values equal to 5.8 (one event) and 5.9 (two events). The source parameters of the earthquakes are given in Table 1. The epicenters of the earthquakes are shown in Figure 1. The order of earthquakes in Table 1 follows the occurrence date of the earthquakes. The first earthquake occurred on July 7, 2018, which had Mw value of 5.9. The second earthquake occurred on January 3, 2020, which had Mw value of 5.8. The third earthquake occurred on June 25, 2020, which had Mw value of 5.9. The Mw values were taken from the F-net moment-tensor catalog by NIED. Hereafter, the above-mentioned earthquakes are called the 2018, 2020a, and 2020b events, respectively, in the paper. The JMA magnitudes of the earthquakes were 6.0, 5.8, and 6.1, respectively. Similarly, the JMA focal depths of the events were 56, 34, and 36 km, respectively. The 2018, 2020a, and 2020b events are classified as intraslab, interplate, and crustal earthquake types based on focal depths estimated by JMA and focal mechanisms and depths estimated by F-net (NIED) moment-tensor solution.
TABLE 1 | Source parameters of earthquakes used in the study.
[image: Table 1][image: Figure 1]FIGURE 1 | Index map showing location of strong-motion stations and epicenters of earthquakes used in this study. The triangles denote the S-net ocean-bottom stations (inverted triangles denote the buried stations). The squares and circles denote the K-NET/KiK-net and MeSO-net stations, respectively. The stars denote epicenters of the earthquakes. The focal mechanism plots of the earthquakes are connected to the corresponding epicenters by straight lines and are annotated by event codes (see Table 1 for the event information). The large square, circle, and triangle, pointed by arrows, denote the locations of the sites, namely TKY007 (K-NET), OA5 (MeSO-net), and S1N15 (S-net), respectively; example waveforms are shown in the later figures recorded at the sites. The dashed black line denotes the volcanic front, and the purple lines tectonic boundaries.
We retrieved 10 min of continuous acceleration waveform data at S-net and MeSO-net stations, beginning from one minute before the earthquake origin time. We could not control the record length of the K-NET/KiK-net because the recording system was based on a “trigger algorithm” as mentioned previously. The MeSO-net and K-NET/KiK-net sensors were aligned in horizontal and vertical directions, but the azimuths of the horizontal sensors were not aligned in the north-south and east-west directions for the MeSO-net. We used the azimuths of the MeSO-net sensors from Kano et al. (2015) to compare the MeSO-net records with other networks. On the other hand, the three-component sensors at the S-net stations were not necessarily aligned in the horizontal and vertical directions. Therefore, the original S-net records were rotated to obtain the horizontal and vertical component motions by applying the matrix operations given in Takagi et al. (2019). The azimuths of the cable axes, also determined by Takagi et al. (2019), were employed to rotate the seismograms in the preferred directions for comparison with other network recordings.
Example records and their Fourier spectra at the MeSO-net OA5 and K-NET TKY007 sites for the 2018 event are shown in Figure 2 (see Figure 1 for the location of the sites and epicenter of the event). These sites are in the Shinjuku area of Tokyo, in the neighborhood of which many high-rise buildings are built. The inter-station distance between the two sites was about 350 m, and the epicentral distance to OA5 was about 102 km. The Fourier spectra plots in Figure 2 show that the Fourier amplitudes computed from equal time windows are noticeably larger at the K-NET TKY007 site than the MeSO-net OA5 site at frequencies over 2 Hz. In contrast, the Fourier amplitudes are similar at lower frequencies. In Figure 2, it can also be seen that the 0.1–0.5 Hz bandpass-filtered records are very similar between the two sites. However, the K-NET TKY007 site records were terminated before the long-period ground motions die out, as depicted on the records of the OA5 site of MeSO-net. Similarly, an example plots of accelerograms recorded at the S-net S1N15 site located at an epicentral distance of about 99 km, is shown in Figure 3 for the 2018 event. The epicentral distances to the OA5 and S1N15 sites were comparable (102 km vs. 99 km). Accelerograms are shown without filtering and with bandpass filtering (0.1–0.5 Hz) to see the high- and low-frequency waveforms. Generally, the long-period waves continue for longer durations, similar to those shown in Figure 2 for the MeSO-net site. Thus, these plots illustrated that the long-duration records are preferable to compare the long-period ground motions in the seafloor and sedimentary areas in and around the Kanto Basin. In the right panels of Figure 3, the Fourier spectral amplitudes at the S-net S1N15 site are compared with those from the MeSO-net OA5 site. The Fourier spectral amplitudes shown in Figure 2 were computed from time windows of about 130 s. On the other hand, the Fourier spectral amplitudes shown in Figure 3 were computed from time windows of 450 s after the earthquake origin time. The spectral amplitudes at the MeSO-net site are smaller than those at the S-net site at frequencies higher than about 3 Hz for the horizontal components and about 5 Hz for the vertical component. These results are nearly similar to those discussed previously between the MeSO-net and K-NET sites. At lower frequencies, the spectral amplitudes at the S-net site are approximately similar to or larger than those at the MeSO-net site.
[image: Figure 2]FIGURE 2 | Example acceleration waveforms for the radial (RD), transverse (TR), and vertical (UD) components recorded at the K-NET TKY007 site (black) and MeSO-net OA5 site (red) during the 2018 event (see Figure 1 for the location of the sites and the event. See Table 1 for the event information). The upper-three left panels show the as-recorded accelerograms rotated to radial, transverse, and vertical components, while the lower-three left panels show the 0.1–0.5 Hz bandpass-filtered waveforms. Note that the record length for the K-NET TKY007 site is shorter than that for the MeSO-net OA5 site and is about 130 s. The peak values of the waveforms are indicated above the traces with the same color of the corresponding waveforms. The right panels show the Fourier spectra for the RD, TR, and UD components, respectively, computed for the identical record length of about 130 s.
[image: Figure 3]FIGURE 3 | Example acceleration waveforms for the radial (RD), transverse (TR), and vertical (UD) components recorded at the S-net S1N15 site during the 2018 event (see Figure 1 for the location of the site and the event and Table 1 for the event information). The upper three left panels show the waveforms without filtering, while the lower three left panels show the 0.1–0.5 Hz bandpass-filtered waveforms. The peak accelerations of the waveforms are indicated above the corresponding traces. The right panels show a comparison of the acceleration Fourier spectra for the RD, TR, and UD components, respectively, between the S-net S1N15 and MeSO-net OA5 sites computed from the record lengths of 450 s. See Figure 2 for the records at the OA5 site.
The PGAs, PGVs, and significant durations were computed for each record after processing uniformly. In the present study, the mean of a 1 min pre-event noise window was subtracted at each time step for the S-net and MeSO-net records. For the K-NET/KiK-net records, the mean of 10 s pre-event noise window was subtracted if the noise window was available; otherwise, the mean of the whole record was subtracted. Then, fourth-order high-pass Butterworth filtering was applied to suppress low-frequency noises at 0.1 Hz to compare the peak parameters between the S-net and K-NET/KiK-net sites. The peak parameters of the long-duration records of MeSO-net and S-net were obtained for 0.1–0.5 Hz bandpass-filtered records. The PGVs were obtained from velocity seismograms obtained by integration of the filtered acceleration records. The accelerograms were not used if the records within the selected time windows were noticeably contaminated by later events; this is especially the case for the analysis of significant duration. All the acceleration records were visually examined to exclude the records with spikes, offsets, and trends before and after the filtering. The velocity seismograms were also visually examined to confirm that the integration operation did not produce any trend in the seismograms. The onsets of P- and S-waves were identified manually required for the comparison of PGAs and PGVs for the P-wave and S-wave portions of the records.
COMPARISON OF THE PEAK GROUND ACCELERATIONS AND PEAK GROUND VELOCITIES BETWEEN THE S-NET AND K-NET/KIK-NET SITES
Here we present the comparison of the PGAs and PGVs between the S-net and K-NET/KiK-net sites for the three events listed in Table 1. In this comparison, we used the data recorded within the 200 km of hypocentral distance. As the S-waves do not propagate through the liquid medium, the S-wave part of the seafloor records for the horizontal components may be considered to be equivalent to those recorded on the ground surface. In this paper, the S-wave part or S-wave window means the 20 s time window starting from the S-onset. Perhaps, the source duration was not so long for these Mw 5.9 earthquakes, but a wider window ensures that the uncertainty in the source duration and effects of multiple reflections by the sedimentary layers are well-considered. In this paper, the horizontal PGA means the larger one of the PGA values of the two horizontal components. The horizontal PGAs of the S-wave parts, the vertical PGAs of the S-wave parts, and the vertical PGAs of the P-wave parts are plotted as a function of hypocentral distance in Figure 4A,B,C respectively, for the 2018 event. Similarly, the PGVs for the corresponding time windows are plotted in Figure 4D,E,F respectively, for the 2018 event. The peak values for the P-wave parts, plotted in Figure 4C,F were computed from the shorter time window of 5 s as the S-P time is short near the epicenters. The values for the S-net sites are denoted by triangles, while the values for the K-NET/KiK-net sites are indicated by circles. We also show the median prediction curves for the horizontal PGAs and PGVs using the ground motion prediction equations (GMPEs) in Si and Midorikawa (1999, 2000) in Figure 4A,D. The GMPEs for the PGVs in Si and Midorikawa (1999) have been used in Japan to estimate ground motion intensities for EEW and seismic hazard analysis (e.g., Hoshiba et al., 2008; HERP (Headquarters for Earthquake Research Promotion), 2018). The values at the K-NET/KiK-Net sites are somewhat overestimated by the GMPEs, while the S-net data are explained generally well.
[image: Figure 4]FIGURE 4 | Plots of PGAs (A, B, C) and PGVs (D, E, F) as a function of hypocentral distance for the 2018 event (see Table 1 for the event information). The left and middle panels show the peak values of the 20 s time windows starting from the S-onset for the horizontal (hor) and vertical (ver) components, respectively. The right panels show the peak values of the 5 s time windows starting from the P-onset for the vertical components. The plotted values for the horizontal components are the larger ones of the peak values of the two horizontal components. The circles denote the K-NET/KiK-net stations, simply written as Land in the legends, and the triangles S-net stations of which the inverse triangles (blue colored) denote the buried S-net stations. The black and red solid lines represent the fitted lines between the observed values and hypocentral distances for the K-NET/KiK-net and S-net stations in each panel. The solid and dashed grey lines denote the median prediction curves and range of one standard deviation for soil site condition in (A) and Vs30 = 300 m/s in (D) using the GMPEs in Si and Midorikawa (1999), written as SM (1999) in the legend, for an intraslab-type earthquake. The dashed black and red lines in (B, C) and (E, F) denote the fitted black and red solid lines in (A) and (C), respectively, for comparison.
Figure 4 also includes the fitted lines between the peak values and hypocentral distances for the present dataset. If we assume that the average source effect was similar to the land and S-net sites because the land and S-net sites are almost similarly distributed in the western and eastern sides of the epicenter, the difference between the land and S-net data may be attributed to the difference in the average site and path conditions. The difference between the two fitted lines increases with the distance for the S-wave parts of the horizontal components, as shown in Figure 4A,D. The vertical component PGAs and PGVs for the S-wave parts show a relatively smaller difference between the K-NET/KiK-net and S-net sites (Figure 4B,E). In contrast, the PGAs for the P-wave parts of the vertical components are, on average, larger, at the K-NET/KiK-net sites than the S-net sites by a factor of about 2.5 (averaged over the distance) (Figure 4C). The PGVs for the P-wave parts also show similar results between the land and ocean-bottom sites, but the difference is smaller (Figure 4F). The fitted lines for the horizontal PGAs and PGVs of S-wave parts are also shown in the plots of the vertical PGAs and PGVs of S-wave parts in Figure 4B,E. The fitted lines indicate that the horizontal PGAs and PGVs on land are about 2.5 times the corresponding values for the S-wave parts on the vertical components, while the corresponding ratios are about 5 for the S-net sites. The ratios of the average peak values (fitted lines) between the 5 s P-window (vertical component) and the 20 s S-window (horizontal component) are much larger for the S-net sites, as shown in Figure 4C,F.
In the plots for the PGAs (Figure 4A–C), the values at the buried sites are generally smaller than those for the non-buried sites at equal distances. However, the difference between the buried and non-buried sites is smaller for the PGVs as shown in Figure 4D–F. This difference was not so conspicuous for the 2020a and 2020b events, but the tendency that the buried sites had smaller PGAs and PGVs was present for the S-wave parts (Figure 5A,B,D,E, and Figure 6A,B,D,E). These results are generally similar to those reported in Dhakal et al. (2021), where the residual values at short periods were biased between the buried and non-buried sites for the horizontal components. The larger PGAs at the S-net sites compared to the values at the land sites at longer distances generally commensurate with the high Q values in the oceanic plates (e.g., Umino and Hasegawa 1984). However, an objective evaluation of the difference between the S-net and land sites and within the S-net sites is not easy as the shallow site profiles such as the Vs30 values (average S-wave velocity in the top 30 m soil column) are not measured or estimated at the S-net sites.
[image: Figure 5]FIGURE 5 | Same as Figure 4, but for the 2020a interplate event (see Table 1 of the original article for the event information). The GMPEs for an interplate-type earthquake are used in the panels (A) and (D).
[image: Figure 6]FIGURE 6 | Same as Figure 4, but for the 2020b crustal event (see Table 1 of the original article for the event information). The GMPEs for a crustal-type earthquake are used in the panels (A) and (D).
The plots of the PGAs and PGVs as a function of hypocentral distance for the 2020a event are shown in Figure 5. The PGAs for the three different segments of the records (S-wave part of horizontal, S-wave part of vertical, and P-wave part of vertical records) are depicted in Figure 5A–C, respectively. Similarly, the PGVs for the corresponding segments are plotted in Figure 5D–F, respectively. Similar to the results shown in Figure 4A,D for the 2018 event, the horizontal PGAs and PGVs for the S-wave parts are generally larger at the S-net sites than the K-NET/KiK-net sites, but the fitted lines indicate that the difference decreases with the distance in contrast to that for the 2018 event. The difference between the two events may be attributed to the different ray paths; a significant fraction of the ray paths lies within the high Q slab for the 2018 intraslab event, while the ray paths are shorter in the high Q zone for the 2020 interplate event. The PGA data are generally explained well by the GMPEs in Si and Midorikawa (1999) at the S-net sites at smaller distances while the difference grows at larger distances. The GMPEs overestimate the PGAs on land. The fitted lines suggest that the average difference of the PGVs between the land and S-net sites (Figure 5D) is larger than the average difference of the PGAs between the two groups of data (Figure 5A). The difference between the two groups of data for the vertical PGAs and PGVs for the S-wave parts is smaller than those for the horizontal components. The mean ratio of the horizontal PGAs to the vertical PGAs of the S-wave parts obtained from the fitted lines is about 2.5 for the sites on land, while the ratio is about 6 for the sites at the seafloor; the corresponding ratios for the PGVs were similar to those of the PGAs. In contrast, the PGAs for the P-wave parts of the vertical components are, on average, larger, at the K-NET/KiK-net sites than the S-net sites by a factor of about 3 (Figure 5C). While the vertical PGVs for the P-wave parts are nearly similar at small distances between the land and S-net sites, the mean ratio is about 1.5 at longer distances (Figure 5F).
The plots of the PGAs and PGVs as a function of hypocentral distance for the 2020b event are shown in Figure 6. The PGAs for three different segments of the records are depicted in Figure 6A–C, respectively. Similarly, the PGVs for the corresponding segments are depicted in Figure 6D–F, respectively. For this event, the horizontal PGAs and PGVs for the S-wave parts are nearly similar. The PGAs and PGVs of the S-wave parts of the vertical components at the land sites are, on average, about 2 and 1.5 times the values at the S-net sites for the 2020b event. The ratios of the values between the horizontal and vertical component PGAs and PGVs for the S-wave parts are about 2.5 and 3 for the land sites, while the corresponding ratios are about 6 and 5 for the S-net sites. The PGAs and PGVs for the P-wave parts of the vertical components on land are about 4 and 3 times the corresponding values at the seafloor sites.
The smaller values of the PGAs and PGVs, discussed above for the P-wave and S-wave parts on the vertical component records at the S-net sites, were most probably due to the presence of the water layer above the seabed as reported in several previous studies (e.g., Crouse and Quilter 1991; Boore and Smith 1999; Hongqi et al., 2014). For example, Crouse and Quilter (1991) formulated transfer function ratios with and without water layer for vertical P-wave and showed that the vertical peak accelerations as much as 50% were reduced due to the presence of water layer at short periods. Boore and Smith, (1999) showed by theoretical calculations that the water layer had little effect on the horizontal components of motion but that it produced a strong spectral null on the vertical component at the resonant frequency of P waves in the water layer.
Our main objective in this paper is to examine the properties of the S-net ocean-bottom records in relation to the records from the Kanto Basin area from the selected earthquakes. However, it is of interest to compare the peak values for the land-only or offshore-only sites between the used events as the magnitudes of the events were similar. A comparison of the horizontal and vertical component PGAs and PGVs between the three events for the same group of stations are provided in a supplementary file. It was found that the PGAs and PGVs from the S-wave parts between the 2018 and 2020b events were, on average, similar at equal distances for the land sites; both events had Mw value of 5.9. The 2020a event had smaller PGAs and PGVs compared to those for the 2018 and 2020b events. The 2020a event had a smaller magnitude by 0.1 unit than the other events. The 2020a event was an interplate event, which may have lower source spectral values than the other events (e.g., Allmann and Shearer 2009). The difference in source amplitude spectra may have also resulted in the smaller PGAs and PGVs for the 2020a event. The comparison for the S-net sites showed that the peak values for the 2018 event (having greater focal depth) were, on average, larger, than those for the other two events. However, the PGAs and PGVs for the P-wave parts were not the largest in amplitude for the 2018 event at the both land and S-net sites. Further analysis is necessary to understand the reason for these differences.
COMPARISON OF THE LOW-FREQUENCY MOTIONS BETWEEN THE S-NET AND MESO-NET SITES
By comparing the bandpass-filtered waveforms at the nearby K-NET/KiK-net and MeSO-net sites discussed in the data section, we found that the MeSO-net records and K-NET/KiK-net records were similar at frequencies lower than about 0.5 Hz. This means that the top 20 m soil column has little effect on the ground motions lower than 0.5 Hz. This enables us to compare the peak values and other properties of the S-net longer duration records with the MeSO-net borehole records of identical time lengths at lower frequencies. In this section, we compare the PGAs and significant durations between the S-net ocean-bottom records and MeSO-net borehole records, which were bandpass-filtered between 0.1 and 0.5 Hz. The significant duration for each component was determined as the time interval between the 5 and 95% of the Husid plot (Husid 1969) for Arias intensity (Arias 1970). The Arias intensity is defined in Equation 1.
[image: image]
where a(t) is the acceleration time history, tr is the total duration of the time history, and g is an acceleration due to gravity. Interested readers can find a comprehensive review and discussion of the duration of strong motions in Bommer and Martínez-Pereira (1999) and the references therein. One of the objectives of comparing the significant durations between the two sets of data (land vs. seafloor) is to qualitatively grasp the influence of site conditions at the S-net sites because the local geological profiles at the offshore sites are either poorly resolved or unknown. In the present paper, the Husid plot is constructed for the time window of 450 s after the onset of P wave. An example Husid plots for the 0.1–0.5 Hz bandpass-filtered accelerograms recorded at the MeSO-net OA5 site for the 2018 event is shown in Figure 7. The significant durations for the radial, transverse, and vertical component records at the OA5 site are approximately 242, 261, and 279 s, respectively. The records at the TKY007 site (the nearest K-NET site from the MeSO-net OA5 site, see Figure 1 for the site locations and Figure 2 for the waveform comparisons between the TKY007 and OA5 sites) account for only about 60% of the significant duration of the records at the MeSO-net OA5 site due to the limited record length at the K-NET station.
[image: Figure 7]FIGURE 7 | Example Husid plots (red curves) for significant durations. The dashed vertical lines indicate 5 and 95% of the Husid plots in each panel, and the time lengths between the vertical lines give the values of significant durations as defined in the paper. The traces denote the 0.1–0.5 Hz bandpass-filtered waveforms recorded at the MeSO-net OA5 station during the 2018, Mw 5.9 event (see Figure 1 for the location of event-site pair and Figure 2 for the unfiltered waveforms). Note that the vertical scale gives the normalized amplitudes of the waveforms and Husid plots by the corresponding maximum values in each panel.
The PGAs and significant durations between the S-net and MeSO-net sites are shown in Figures 8–10 for the 2018, 2020a, and 2020b, respectively. As the deep sediments significantly influence the low-frequency motions, the values plotted in the figures are colored by the corresponding depths to the layer having Vs value of 1.4 km/s (hereafter abbreviated as D14). The D14 values were taken from the subsurface velocity model available at Japan Seismic Hazard Information Station (J-SHIS) (Fujiwara et al., 2012). The D14 was the suitable parameter to reduce the errors of the GMPEs for long periods (1–10 s) in Morikawa and Fujiwara (2013) and Dhakal et al. (2015). The D14 values are distributed over a relatively narrow depth range for the S-net sites compared to those for the MeSO-net sites. Figures 8–10 demonstrate that the PGAs and significant durations were noticeably smaller at sites having D14 values smaller than about 100 m at the MeSO-net sites. The PGAs obtained from the bandpass-filtered accelerograms were generally larger at the S-net sites than the MeSO-net sites at equal distances. The PGAs for both S-net and MeSO-net sites showed a general decreasing trend with distance for all the events, but it was less conspicuous for the radial and vertical components at the MeSO-net sites for the 2018 event. It may be due to the different basin effects for the 2018 event. It was also due to an apparent effect because the MeSO-net sites for the 2018 event cover a smaller distance range compared to the other events. The maximum hypocentral distance among the MeSO-net sites for the 2018 event was about 170 km, while it was about 210 km for the 2020 events. Also, the difference between the maximum and minimum hypocentral distances was smaller for the 2018 event due to the deeper focal depth compared to the 2020 events. Except for the MeSO-net sites having D14 values smaller than about 100 m, the significant durations generally rise with distance for the MeSO-net and S-net records. The difference of the significant durations between the S-net and MeSO-net sites was not so obvious at deep sedimentary sites. At smaller distances, the durations tended to be shorter at the S-net sites than the MeSO-net sites, while the durations tended to be longer at the larger distances at the S-net sites. At intermediate distances around 100 km, the durations at the MeSO-net sites appear to be longer. This latter result can be seen well for the 2020a event in Figure 9D–F.
[image: Figure 8]FIGURE 8 | Upper three panels: comparison of the PGAs computed from the 0.1–0.5 Hz bandpass-filtered records at the S-net (triangles) and MeSO-net (circles) sites for the radial (RD) (A), transverse (TR) (B), and vertical (UD) (C) components, respectively, as a function of hypocentral distance for the 2018 event (see Table 1 for the event information). Lower three panels: comparison of the significant durations computed from the 0.1–0.5 Hz bandpass-filtered records at the S-net (triangles) and MeSO-net (circles) sites for the radial (RD) (D), transverse (TR) (E), and vertical (UD) (F) components for the same dataset used in (A), (B), and (C), respectively. The values are colored by the depth to Vs 1.4 km/s layer in all panels.
[image: Figure 9]FIGURE 9 | Same as Figure 8, but for the 2020a interplate event (see Table 1 for the event information).
[image: Figure 10]FIGURE 10 | Same as Figure 8, but for the 2020b crustal event (see Table 1 for the event information).
We show a comparison of the PGAs and significant durations between the three events at the MeSO-net and S-net sites in a supplementary file. It was found that the low-frequency PGAs for the shallow event were generally larger at the MeSO-net sites in the Kanto Basin compared to the values from the deeper event (identical magnitude), while the values at the seafloor sites were generally similar between the events. These results may suggest that the focal depth is an important factor to predict ground motions in the Kanto Basin.
Finally, we compare the significant durations between the radial and transverse and radial and vertical components for the MeSO-net and S-net sites in Figure 11. We also compare the PGAs between the radial and transverse components at the MeSO-net and S-net sites in Figure 12. All these comparisons are from the 0.1–0.5 Hz bandpass-filtered accelerograms as introduced at the beginning of this section. Figure 11 shows that the significant durations between the radial and transverse components are more similar than those between the radial and vertical components at both land and ocean-bottom sites. Although it is not discernible at the MeSO-net sites, the significant durations for the vertical components are, on average, larger at the S-net sites for all the events. This latter result may suggest that the vertical component long-period (low-frequency) records are influenced by the water layer and are generally in agreement with the previous simulation studies (e.g., Todoriki et al., 2017). Todoriki et al. (2017) showed by numerical simulations that the long-period radial and vertical component records persisted for longer durations at the seafloors because of the water layer compared to the transverse components. In Figure 12, it can be seen that the PGAs of the radial and transverse components are generally similar except for the 2018 event. For the 2018 event, many sites recorded larger PGAs on the transverse components. The larger PGAs are more evident in the plots for the MeSO-net sites. The similarities of the significant durations and PGAs between the radial and transverse components at the S-net sites may suggest the presence of considerably thick sediments in the wider oceanic area because the transverse components mostly comprise the S-waves and love waves, which do not propagate through the liquid medium. The D14 values in the J-SHIS model also suggest considerably thick sedimentary layers distributed in the wider offshore area. The S-net records provide an excellent opportunity to reconstruct the velocity models of the offshore area to understand the source process of the earthquakes better (e.g., Okamoto et al., 2018; Hua et al., 2020), and we expect many results in the future.
[image: Figure 11]FIGURE 11 | Comparison of the significant durations computed from the 0.1–0.5 Hz bandpass-filtered records for the 2018 event between the radial and transverse (RD-TR) components and radial and vertical (RD-UD) components at the MeSO-net sites (A) and S-net sites (B), respectively. The plots (C) and (D) are similar to the plots (A) and (B), respectively, but for the 2020a event. Similarly, the plots (E) and (F) are for the 2020b event. See Table 1 for the events information.
[image: Figure 12]FIGURE 12 | Comparison of the PGAs between the radial (RD) and transverse (TR) components of motions between 0.1 and 0.5 Hz. Panels (A), (B) and (C) show the plots for the 2018, 2020a, and 2020b events, respectively, for the MeSO-net sites. (D), (E), and (F) are similar to the panels (A), (B), and (C), but for the S-net sites. See Table 1 for the events information.
CONCLUSION
Strong-motion records were analyzed at the S-net ocean-bottom seismograph sites located close to the Kanto Basin and at the K-NET/KiK-net surface sites and MeSO-net borehole sites located in and around the Kanto Basin for three nearby earthquakes of comparable magnitudes (Mw 5.8–5.9) but differing in tectonic types and focal depths. The horizontal component PGAs and PGVs for the two events (intraslab and interplate events) were, on average, larger at the S-net ocean bottom sites than those at the K-NET/KiK-net land sites. The results are generally expected considering the lower Vs values for the subsea sediments and higher Q value in the Pacific Plate. In contrast, the vertical component PGAs and PGVs from P-wave portions were generally smaller at the S-net sites than those at the K-NET/KiK-net sites for all the events, even though the difference was less conspicuous for the PGVs. These results are also expected as the water layer makes the ocean bottom sites equivalent to the borehole sites on the land for the P-waves, causing a reduction of high-frequency amplitudes due to transmission and reflection of P-waves at the sediment-water interface. For S-wave parts on the vertical components, the PGAs and PGVs from the crustal event were smaller at the S-net sites than those at the K-NET/KiK-net sites, while they were either comparable or did not show the consistent difference for the other events. The PGAs computed from the 0.1–0.5 Hz bandpass-filtered records at the S-net sites were either comparable or larger than those at the MeSO-net sites. On the other hand, the significant durations computed from the 0.1–0.5 Hz bandpass-filtered records at the S-net and MeSO-net sites were generally comparable, given that the sediment thicknesses were also similar. The significant durations between the radial and transverse components were more similar than those between the radial and vertical components both at the land and ocean-bottom sites. At the S-net sites, the significant durations of the vertical component records were, on average, larger than those of the radial components, while it was not so evident for the MeSO-net sites. This latter result at the S-net sites may suggest that the water layer also contributed to the duration elongation for the vertical component records. The results presented in this paper hinted that it is important to consider the effects of the water layer on the recorded motions at the S-net sites for seismological and engineering applications such as EEW and the design of offshore facilities. We have planned to analyze a more extensive data set at the S-net sites for the source, path, and site characterization for EEW and report the detailed results in a future paper.
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In the original article, there was a mistake in the legend for S-net buried and S-net non-buried stations in Figures 4, 5, and 6. The symbols for the S-net buried and S-net non-buried stations were mistaken for each other. The correct legend appears below.
The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
[image: Figure 4]FIGURE 4 | Plots of PGAs (A, B, C) and PGVs (D, E, F) as a function of hypocentral distance for the 2018 event (see Table 1 for the event information). The left and middle panels show the peak values of the 20 s time windows starting from the S-onset for the horizontal (hor) and vertical (ver) components, respectively. The right panels show the peak values of the 5 s time windows starting from the P-onset for the vertical components. The plotted values for the horizontal components are the larger ones of the peak values of the two horizontal components. The circles denote the K-NET/KiK-net stations, simply written as Land in the legends, and the triangles S-net stations of which the inverse triangles (blue colored) denote the buried S-net stations. The black and red solid lines represent the fitted lines between the observed values and hypocentral distances for the K-NET/KiK-net and S-net stations in each panel. The solid and dashed grey lines denote the median prediction curves and range of one standard deviation for soil site condition in (A) and Vs30 = 300 m/s in (D) using the GMPEs in Si and Midorikawa (1999), written as SM (1999) in the legend, for an intraslab-type earthquake. The dashed black and red lines in (B, C) and (E, F) denote the fitted black and red solid lines in (A) and (C), respectively, for comparison.
[image: Figure 5]FIGURE 5 | Same as Figure 4, but for the 2020a interplate event (see Table 1 of the original article for the event information). The GMPEs for an interplate-type earthquake are used in the panels (A) and (D).
[image: Figure 6]FIGURE 6 | Same as Figure 4, but for the 2020b crustal event (see Table 1 of the original article for the event information). The GMPEs for a crustal-type earthquake are used in the panels (A) and (D).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2021 Dhakal and Kunugi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 29 July 2021
doi: 10.3389/feart.2021.661311


[image: image2]
One Year of Seismicity Recorded Through Ocean Bottom Seismometers Illuminates Active Tectonic Structures in the Ionian Sea (Central Mediterranean)
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Seismological data recorded in the Ionian Sea by a network of seven Ocean Bottom Seismometers (OBSs) during the 2017–2018 SEISMOFAULTS experiment provides a close-up view of seismogenic structures that are potential sources of medium-high magnitude earthquakes. The high-quality signal-to-noise ratio waveforms are observed for earthquakes at different scales: teleseismic, regional, and local earthquakes as well as single station earthquakes and small crack events. In this work, we focus on two different types of recording: 1) local earthquakes and 2) Short Duration Events (SDE) associated to micro-fracturing processes. During the SEISMOFAULTS experiment, 133 local earthquakes were recorded by both OBSs and land stations (local magnitude ranging between 0.9 and 3.8), while a group of local earthquakes (76), due to their low magnitude, were recorded only by the OBS network. We relocated 133 earthquakes by integrating onshore and offshore travel times and obtaining a significant improvement in accuracy, particularly for the offshore events. Moreover, the higher signal-to-noise ratio of the OBS network revealed a significant seismicity not detected onshore, which shed new light on the location and kinematics of seismogenic structures in the Calabrian Arc accretionary prism and associated to the subduction of the Ionian lithosphere beneath the Apennines. Other signals recorded only by the OBS network include a high number of Short Duration Events (SDE). The different waveforms of SDEs at two groups of OBSs and the close correlation between the occurrence of events recorded at single stations and SDEs suggest an endogenous fluid venting from mud volcanoes and active fault traces. Results from the analysis of seismological data collected during the SEISMOFAULTS experiment confirm the necessity and potential of marine studies with OBSs, particularly in those geologically active areas of the Mediterranean Sea prone to high seismic risk.
Keywords: ocean bottom seismometer (OBS), local earthquakes, short duration events (SDE), Ionian Sea (Italy), Calabrian Arc, marine network, SEISMOFAULTS, active faults
INTRODUCTION
The lithosphere beneath the Ionian Sea is an oceanic embayment (Catalano et al., 2001), which is subducting contemporaneously beneath the Apennines and the Hellenides (Carminati et al., 2012; Carminati et al., 2020). The related accretionary prisms form two major salients within the depressed basin. The Ionian basin and its margins are among the most seismically active areas in the Mediterranean region. Here, some of the strongest earthquakes took place during historical and recent times, including the largest events ever recorded in Italy (e.g., 1169, Mw 6.6; 1693, Mw 7.4; 1908, Mw 7.2; 1990, Mw 5.7; Boschi et al., 1997). Despite many studies and large sets of data collected during marine geological campaigns (Bianca et al., 1999; Argnani and Bonazzi, 2005; Polonia et al., 2011; Gutscher et al., 2016), the offshore location of seismogenic sources and causative faults of large magnitude historical earthquakes are still debated. Part of the problem is the inadequacy of the onshore seismic network in locating medium-low-magnitude earthquakes occurring offshore. In fact, the location of these events based solely on land station recordings appears affected by considerable errors (Sgroi et al., 2006; Sgroi et al., 2021).
For the offshore records, land seismic observations suffer particularly from insufficient azimuthal coverage, which results in misdetection (or non-detection) of small-to-moderate magnitude earthquakes. These limits can be overcome by implementing networks of Ocean Bottom Seismometers (OBSs), designed as self-contained data acquisition systems deployed at the seafloor, where they are able to self-install and record ground motion data with high signal-to-noise ratio. The OBSs constitute the bulk modules or multi-sensor seafloor observatories, a new class of instruments, which are changing our knowledge of geologic processes in seas and oceans, gathering useful data for a variety of scientific investigations ranging from the deep Earth’s structure to surface processes (e.g., Favali and Beranzoli, 2006; Billi et al., 2020).
Since the ‘80s, thanks to the technological development, OBSs and seafloor observatories have been deployed in different regions of the world, mainly to improve location of earthquakes occurring offshore and in coastal areas, complementing data from land based networks (e.g., Lawton et al., 1982; Hino et al., 1996; Hsiao et al., 2014), and to perform 1D and 3D seismic velocity crustal studies in the offshore (e.g., Husen et al., 2000; Montuori et al., 2007; Chang et al., 2008; Monna et al., 2013; Sgroi et al., 2021).
In recent years, several seismological experiments have been carried out in the Tyrrhenian and Ionian seas, with the deployment of OBSs and seafloor observatories (Dahm et al., 2002; Favali et al., 2015; Coltelli et al., 2016). In the southern Tyrrhenian Sea, an OBS network surrounding the Aeolian Islands operated for six months during the TYDE experiment (Dahm et al., 2002), detecting an intense seismicity of tectonic and volcanic origins (Sgroi et al., 2006; Sgroi et al., 2009). In the Ionian Sea, the deployment of the NEMO-SN1 seafloor observatory (Favali and Beranzoli, 2006) allowed for synchronous recordings of time-series for multidisciplinary studies and provided useful information on oceanic areas and, in particular, on volcanic and tectonic structures (Sgroi et al., 2007; Sgroi et al., 2014; Sgroi et al., 2019; Sgroi et al., 2021).
The SEISMOFAULTS project (www.seismofaults.it) has been the first experiment designed to illuminate geological active features offshore Sicily and south Calabria through the deployment of an OBS network (Billi et al., 2020). The SEISMOFAULTS main purpose was to explore seismicity of the submerged portion of the Calabrian Arc subduction complex, starting from observations carried out during marine geophysical/geological expeditions in the Ionian Sea (Polonia et al., 2016).
To gather information on the location of active tectonic features, we analysed data from a broad-band array of seven OBSs deployed in the Ionian Sea from May 2017 to May 2018, which recorded several thousands of distinct events including teleseismic, regional, and local earthquakes. Below, the character of seismic events is defined in terms of their spatial and temporal distribution, and in relation with the knowledge of the present tectonic setting (Figure 1). We acknowledge that the OBS network has significantly improved the determination of seismic events in the offshore and along the coasts. It has also allowed investigating the nature of seismogenic structures in the Ionian Sea through analysis of the microseismicity consisting of several thousands of low-magnitude earthquakes and short duration events (SDE), the latter suggesting microfracturing processes, endogenous venting from presumably active faults, and active geofluid venting from mud volcanoes.
[image: Figure 1]FIGURE 1 | Morphological map of the Western Ionian Sea and surroundings, indicating: main geological features, including Alfeo-Etna Fault (AEF) and Ionian Fault (IF) systems (Polonia et al., 2016), and Malta escarpment (ME); seismic stations used in this work (filled green triangles are land stations; filled blue triangles represent the OBSs); red dots indicate the locations of earthquakes from the land seismic bulletin of INGV and occurring during the SEISMOFAULTS experiment. About 2,400 events were located by INGV seismological network. Bathymetric data were obtained from high resolution multibeam soundings during the SEISMOFAULTS first cruise (Cuffaro et al., 2019; Billi et al., 2020) and merged with DEMs from https://portal.emodnet-bathymetry.eu/.
TECTONIC SETTING
The Ionian Sea is located within the deformed Africa-Eurasia plate boundary in the Mediterranean region, where slab retreat occurs along the Calabrian Arc subduction (Doglioni, 1991; Devoti et al., 2008), i.e., the subduction hinge diverges relative to the upper Eurasian plate (Figure 1). The Calabrian Arc evolved on top of a NW-dipping subduction system where the subducting Ionian lithosphere sinks into the mantle forming subduction zone with a wide accretionary complex in the Calabrian Arc (Doglioni et al., 1999; Polonia et al., 2011; Maesano et al., 2017) and intense back-arc volcanism along the Aeolian Arc in Tyrrhenian Sea (Peccerillo, 2005). Present-day plate motion occurs in this region at slow velocities, in the order of a few mm/yr, as determined by space geodesy measurements (Devoti et al., 2008; Palano et al., 2015), accommodating mostly shortening inside the accretionary wedge and along the outer deformation front of the subduction arc (Doglioni et al., 1999; Polonia et al., 2011; Gallais et al., 2012, and references therein). In the Ionian Sea, the Calabrian accretionary prism is bounded towards the SW by the Malta Escarpment (Figure 1), where the Ionian salient along its western right-lateral transpressive segment merges into the Hyblean recess inland Sicily, cross-cutting the underlying Malta escarpment (Mariotti and Doglioni, 2000; Doglioni et al., 2001).
The Calabrian wedge in the Ionian Sea is characterized by sectors with different rheology and tectonic architectures: 1) the post-Messinian accretionary wedge; 2) the pre-Messinian accretionary wedge; and 3) the inner plateau, as described by Polonia et al. (2011). Generally, the post-Messinian and the pre-Messinian accretionary wedges include thick layers of evaporites and Tertiary/Mesozoic sediments, respectively. Fault zones are detected in the area between the pre-Messinian accretionary prism and the flat inner plateau, with a diffuse presence of mud volcanism (Loher et al., 2018; Cuffaro et al., 2019, and references therein).
Long fault lineaments and NW-SE transverse deformation zones cut through the NE-SW-trending Calabrian accretionary prism (Figure 1). Most of such structures are active and characterized by right-lateral to transtensional kinematics (Polonia et al., 2011, 2016, 2017a; Gallais et al., 2012, Gallais et al., 2013; Gutscher et al., 2016; Bortoluzzi et al., 2017). Some of them represent the surface expression of deep geodynamic processes, as suggested by mantle diapirs detected along the faults (Polonia et al., 2017).
Two major fault systems with opposite dip are identified in the region, i.e., the Ionian Fault (IF) and the Alfeo-Etna Fault (AEF) systems (Figure 1). The IF separates two distinct sectors of the Calabrian accretionary prism, the western and the eastern lobes (WL, offshore Sicily; EL, offshore Calabria), which show important structural differences, such as average topographic heights, more elevated in the EL, or variable slope angles and deformation rates, both higher in the EL. Using seismological data, Sgroi et al. (2021) observed spatial changes in depth distribution of earthquakes recorded in the Ionian Sea, implying that the IF system constitutes a structural boundary between the two lobes, with changes in thickness of the seismogenic layer.
The AEF represents the main tectonic lineament of a set of NNW-SSE striking faults affecting the WL. The IF and AEF systems are the most seismically active tectonic features in the region (Totaro et al., 2013; Polonia et al., 2016; Presti, 2020) and the main targets of the SEISMOFAULTS project (Billi et al., 2020).
THE OCEAN BOTTOM SEISMOMETER/HYDROPHONE (OBS/H) NETWORK
Instrumental Features
An OBS/H network including eight stations was deployed in May 2017 and seven of them were recovered in May 2018 (Figure 1; Table 1; Billi et al., 2020). Unfortunately, the OBS4 could not be recovered at the end of the experiment. All instruments were designed, assembled and tested at the INGV OBS Lab in Gibilmanna (Sicily). The OBS/H model B used in the SEISMOFAULTS experiment is equipped with a Trillium Compact OBS sensor and a 120-s broadband seismometer with 750 V s/m sensitivity. When the OBS reaches the seafloor, the sensor is dropped from a short height onto the sediments, establishing in this way a good mechanical coupling with the seafloor. The OBS includes a telescopic shield that isolates the sensor from bottom currents. In addition to the seismometer, the OBS includes a hydrophone with a 0.001–5 kHz bandwidth. A Guralp CD24 recorder digitizes and acquires data from both sensors, and stores them in local flash memory along with status information. Sampling frequency was set to 100 Hz during the experiment. The digitizer includes a precision clock, based on a Temperature Compensated Crystal Oscillator (TCXO), synchronized to UTC with a GPS receiver just before the deployment. After recovery, the GPS receiver was connected to the digitizer once again, to measure the clock drift accumulated during the mission. Estimated time drifts were < 0.5 s for all OBS/Hs (detailed time drift for each OBS are reported in Table 1), and this linear correction of the time drift was applied to the dataset.
TABLE 1 | Coordinates of OBSs deployed during the SEISMOFAULTS survey and computed time drift at each instrument. Unfortunately, the OBS4 was not recovered at the end of the experiment.
[image: Table 1]Each OBS/H station was equipped with auxiliary systems operating during deployment and recovery, such as the acoustic release, i.e. an acoustic transponder combined with an actuator, which has the following function. During normal operations, a ballast anchors the instrument to the seafloor. Upon reception of a command through an acoustic link, the acoustic release detaches the ballast and the OBS/H leaves the seafloor reaching the sea surface, where it can be recovered. Some features, such as a flashing light and a radio and satellite beacons, help locating the instruments once at the surface. A cylindrical vessel, rated for 6,000 m depth, houses all the electronics and batteries. A titanium frame supports the vessel holding the instrumentation, the release, the beacons, and some buoys required to control the OBS velocity during descent and ascent.
Before data analysis, a quality check of the collected data showed very few gaps in the data stream, with over 99.9% of valid recordings detected. From March 2nd, 2018, to the end of the experiment, OBS7 showed strong disturbances on Z, N and E channels, not detected by the hydrophone, making the identification of seismic signals very difficult. About 549 Gb of data in GCF (Güralp Compressed Format) were converted in SAC (Seismic Analysis Code) format, organized and stored in a simple filesystem archive.
Deployment Sites
The choice of the OBSs deployment sites (Figure 1) was guided by the strategy of monitoring those fault/fault systems considered seismically active or potentially active on the basis of previous geological/geophysical studies (Polonia et al., 2011, Polonia et al., 2016, Polonia et al., 2017a; Gutscher et al., 2016). The choice was also tested against available information on seismic records obtained by the INGV network (CSI catalogue, Castello et al., 2006; the ISB catalogue, Italian Seismic Bulletin, ISIDe Working Group, 2007). Final adjustments in the station’s positioning were performed analysing marine geophysical data, such as high resolution multibeam bathymetry and single-channel seismic profiles collected during the oceanographic cruises (e.g., Bortoluzzi et al., 2017). Seafloor structures such as scars and/or submarine landslide deposits, as well as canyon drainages and rocky outcrops were carefully avoided. Areas potentially affected by active gravitative and high-energy sedimentary processes were also excluded. Submarine flat surfaces with fine-grained sediments were preferentially chosen, for an optimal coupling of the stations with the seafloor.
The external boundaries of the OBS network were selected to include major lithospheric faults according to available large-scale structural models of the Calabrian Arc (Minelli and Faccenna, 2010; Polonia et al., 2011, Polonia et al., 2016, Polonia et al., 2017a; Gutscher et al., 2016). Our interest was particularly focused on major out-of-sequence thrust faults (splay faults of Polonia et al., 2011) and on lithospheric discontinuities orthogonally segmenting the accretionary wedge, i.e., the Alfeo-Etna and Ionian fault systems (Polonia et al., 2016; Sgroi et al., 2021). The stations were deployed over an area of about 150 × 100 km with a spacing of ∼30 km between stations.
DATA QUALITY
The probability density functions were constructed for the recorded seismic data considering six days in different seasons (Figure 2). We used a routine tool for assessing the seismic data quality, using the statistical calculation of the Probability Density Function (PDF). The PDF analysis was performed with the algorithm proposed by McNamara and Buland (2004) and McNamara et al. (2009). Following McNamara and Buland (2004), we constructed the Power Spectral Density (PSD) for data recorded by the sensors during the experiment. Using this technique, the noise-spectra levels are compared with the reference Low Noise Model (LNM) and High Noise Model (HNM) curves obtained by Peterson (1993). The efficient detection of seismic waves and the accurate recognition of seismic phases from all distances are limited by the levels of background noise in different frequency bands of the signal.
[image: Figure 2]FIGURE 2 | Probability density function (PDF) for the three seismic components (Z, N, E), built during six days in two periods of the year (A) OBS2 during 2017, 11–16 July (summer) and (B) 2018, 25–30 January (winter) (C) OBS8 during the summer and (D) winter seasons. The amplitude is given in units of decibels with respect to acceleration (m2/s4/Hz). The colour bar represents the probability of occurrence of each PSD normalized from 0 to 30%.
Figure 2 shows an example of PDFs calculated on the three seismic components of the OBS2 (Figures 2A,B) and OBS8 (Figures 2C,D) during six days in two different seasonal times: summer (July 11–16, 2017; Figures 2A,C) and winter (January 25–30, 2018; Figures 2B,D). The comparison of our results with the LNM and HNM reference curves shows that the noise spectra levels are generally contained within the Peterson (1993) model limits, except for the high noise on horizontal components at low frequency (long period), both in summer and winter times. The fairly high noise levels in the long-period band (>10 s) observed on the horizontal components are due to the sea currents that are an important noise source at the seafloor sites (which tilt the sensor; Webb and Crawford, 2010). The typical microseismic peaks are recognizable: Single Frequency peak (SF), at 10–20 s and the much stronger Double Frequency peak (DF), at about 5 s (Webb, 1998). The SF is generated by non-linear coupling of sea waves and bathymetry, while DF is produced by the interaction of sea gravity waves with the seafloor (Webb, 1998; Webb, 2002). Sometimes the DF peak can split into two peaks: the first at ∼5–12 s (LPDF, Long Period Double Frequency) generated in open sea during favourable weather condition and the second peak, of a shorter period ∼2–5 s (SPDF, Short Period Double Frequency), associated with local windy conditions (e.g. Bromirski et al., 2005).
On the Ionian seafloor, it is possible to observe the splitting of the DF especially during the summer period (e.g., De Caro et al., 2014). In Figures 2A–C low noise level during some days around the period range of the SPDF peak is evident. This peak, clearly observed in the summer season, increases in winter time due to a high probability of having frequent windy meteorological conditions. Thanks to the OBS deposition depth, both in summer and winter times, a low anthropogenic noise (short period band <0.2 s) is verified.
The good data quality, also derived from the relatively high recording rate, was checked through comparison with earthquake waveforms recorded by land stations. We found that the OBS stations recorded data from different epicentral distance ranges, i.e., teleseismic, regional, local, and very local events (Figures 3A–D), the last ones being recorded solely by the OBS network and not by land stations. Figures 3E,F show seismic waveforms (vertical component) of an earthquake located in the Mt. Etna area, associated to the seismic activity of the volcano (2017, June 23 h 20:32 UTC, ML = 2.2). The location of this earthquake was processed by standard methods in the frame of the monitoring activity by the land network of the Istituto Nazionale di Geofisica e Vulcanologia (INGV). Despite uncertainties in P-and S-phases determination, this event was clearly recorded by the OBS network, also by the most distant stations. Another example concerns an earthquake that occurred in the Ionian Sea (2017, October 23 ML = 2.8). Figure 4 shows the picking of P- and S-phases performed on waveforms of land stations and OBSs. The comparison of parameters for the location performed with and without OBSs for this event is reported in Supplementary Tables 1,2. Finally, Figures 3G,H shows two examples of low-magnitude earthquakes recorded only by the OBS network.
[image: Figure 3]FIGURE 3 | Example of seismic waveforms recorded by the OBS network (A) teleseismic event (vertical component, unfiltered; 2018, January 14 h 09:18 UTC M = 7.1 38 km SSW Acari, Perù) (B) regional earthquake from Greece (vertical component, 2–12 Hz filtered; 2018, February 21 h 23:44 UTC, ML = 4.8) (C) local earthquake (vertical component, 2–12 Hz filtered; 2017, October 23 h 19:11 UTC, ML = 3.0); the blue vertical bars on earthquake signals indicate the P-wave arrivals (D) Examples of short duration events (three-components, 2–12 Hz filtered) recorded by OBS8 (up) and OBS2 (bottom), respectively (E–F) Waveforms (vertical components, 2–12 Hz filtered) of an earthquake occurring in the Etna area (2017, June 23 h 20:32 UTC, ML = 2.2) located by land network (an example of waveforms recorded by land seismic station is shown on right; stations on https://www.fdsn.org/networks/detail/IV/) and that was well-recorded also by most distant OBS (waveforms of marine stations are shown on left) (G, H) Examples of waveforms of two earthquakes (vertical component, 2–12 Hz filtered) recorded only by the marine network.
[image: Figure 4]FIGURE 4 | Example of seismic waveform (vertical component) for the local events occurring on October 23, 2017 h 19:11 UTC (ML = 2.8) and recorded by both land network (a sample of travel times from land stations is represented) and OBS network. The blue and green bars represent the P-phase picked on OBSs and land stations, respectively; grey bars represent the S-phases, picked on horizontal components for both OBSs and land stations. Parameters of location performed with and without the use of OBSs for this event are listed in Supplementary Tables 1–2.
LOCAL EARTHQUAKES
Data collected by OBSs allow us to locate seismic events in the Ionian Sea more accurately, particularly for what concerns hypocentre depth estimates generally affected by large errors due to the lack of an adequate seismic station coverage. Moreover, an intense low-magnitude seismicity often undetected by land stations was recorded (e.g. Sgroi et al., 2007).
The eastern Sicily area is continuously monitored from the seismological and volcanological points of view, due to the presence of active tectonic structures, mostly located offshore, that were the likely sources of large magnitude events in the recent past, and an active volcano, Mt. Etna, which also triggers an intense seismicity. An example of waveforms of a volcano-tectonic earthquake occurring on Mt. Etna and well-recorded by all OBSs is shown in Figure 3E, whereas Figure 3F shows waveforms of the same event recorded by land stations. However, detailed information regarding tectonic and volcanic structures in the offshore result incomplete when only analysing data derived from the onshore networks, i.e., the National Seismic Network (RSN) and the Etna Regional Network (ERN), both managed by the INGV (INGV Seismological Data Centre, 2006). Currently, the land network (RSN together with ERN) consists of about 90 broadband three-component stations (Trillium 40 s sensors) deployed in Sicily, the Aeolian Islands, and southern Calabria. This network can optimally locate earthquakes occurring on land, but the location of events occurring offshore remains inaccurate. The SEISMOFAULTS OBS network was deployed to mitigate this problem. Here we demonstrate how the network permitted us to find more stable solutions in the earthquake location process for earthquakes occurring offshore.
Local Earthquakes: Integrated Locations
As a first step, we collected available information on earthquake locations, by analysing the seismicity recorded by the land network as reported in the CSI catalogue (Castello et al., 2006), the Italian Seismic Bulletin (Bollettino Sismico Italiano, BSI; ISIDe Working Group, 2007), in the time period covered by the OBSs monitoring.
During the experiment (from May 2017 to May 2018) about 2,400 crustal and sub-crustal earthquakes (0.4 ≤ ML ≤ 3.9) were recorded by the RSN and ERN and located, as reported by the seismic bulletin of the INGV (Figure 1). Distribution of these events is non-homogeneous, with the largest clusters clearly linked to the volcanic activity of Mt. Etna. A smaller but relevant cluster of earthquakes is related to seismicity occurring in the southern Tyrrhenian Sea, whereas a smaller number of dispersed seismicity occurred in correspondence of the onshore/offshore transition of the Hyblean plateau and in the external part of the Calabrian Arc in the Ionian Sea. Since our objective was to improve the offshore earthquake location, we concentrated our work on the seismicity that occurred in the Ionian Sea and in the coastal area of eastern Sicily and southern Calabria, by selecting from the land bulletin 133 crustal and sub-crustal events.
After the selection of the events, we looked for them on the OBS seismograms. Then the P- and S-wave arrivals on OBSs were manually picked for these earthquakes (P-phases were determined on the vertical component, while S-phases were picked on the horizontal components). The obtained travel times were added to those from land stations (Figure 4) to perform integrated locations. The locations were processed with the tomoDDPS algorithm (Zhang et al., 2009) and a 3D velocity model recently computed for the Ionian Sea (Sgroi et al., 2021). This 3D velocity model derives from a detailed 3D image of the Calabro-Ionian subduction system. The model was obtained by seismic tomography, and shows a Moho depth of about 20 km in correspondence of the OBSs deployment sites. The tomoDDPS software has the advantage of using a combination of both absolute and differential arrival time readings, so that for earthquakes with foci lying close to each other, travel time errors due to incorrect velocity models in the volume outside the cluster will essentially be cancelled. Furthermore, the algorithm can produce a better clustering of earthquakes and, after a few interactions of inversion, a notable residuals reduction of about 43% (from 0.74 to 0.42 s) and 33% (from 0.85 to 0.56 s) is observed for both locations without and with OBS, respectively.
We located the 133 crustal and sub-crustal events with and without the travel times from OBS, and compared the results of the two locations. Figure 5 shows maps and E-W and N-S sections related to the locations without (Figure 5A) and with (Figure 5B) data from the OBSs. Although, at first glance, the comparison between relocation with and without OBSs travel times does not show visible differences in the map and on the E-W and N-S sections, they are perceptible in terms of location parameters.
[image: Figure 5]FIGURE 5 | Maps and E-W and N-S sections of 133 earthquake relocations based on a previous 3D velocity model (Sgroi et al., 2021) and computed (A) without OBSs travel-times (black circles) and (B) with OBSs travel-times (blue circles). The circle sizes are proportional to the ML as reported on land seismic bulletin. Parameters of location performed with and without the use of OBSs are listed in Supplementary Tables 1–2. Red lines indicate the position of Alfeo-Etna fault (AEF), Ionian fault (IF) and splay faults (Supplementary Tables 1,2,3). Bathymetric map was obtained from high resolution multibeam collected during the oceanographic cruise of SEISMOFAULTS project (Cuffaro et al., 2019; Billi et al., 2020) and merged with DEMs from https://portal.emodnet-bathymetry.eu/.
The use of the combined network of land stations and OBSs has improved the earthquake location in terms of horizontal and vertical errors but the most impressive result is the strong decrease of azimuthal GAP. The presence of the marine network allowed us to significantly decrease the Mean (M) and Standard Deviation (SD) values computed on GAP, horizontal (ErrX and ErrY) and vertical (ErrZ) errors (Figure 6). As expected, a rough increase of Mean and Standard Deviation (SD) of rms (root mean squares travel-time residual in s) values is observed. As a matter of fact, average rms for all events span from M = 0.24 s (SD = 0.13) of locations without OBSs to 0.36 s (M) of locations with OBSs (SD = 0.17). On the other hand, the consistent decreases in azimuthal gap and on horizontal and vertical errors demonstrate the major stability of the integrated location solutions. Average GAP for the 133 events decreases from M = 207° (SD = 54) of locations without OBSs to M = 131° (SD = 63) of locations with OBSs. Most of the events have consistent decreases of GAP up to 251°. One significant example is the earthquake that occurred on 2017, December 26 (ML = 2.3) and located with OBSs at 37.8805 latitude and 15.44433 longitude (30.91 km depth). The horizontal (ErrX, ErrY) errors of locations without OBSs are characterized by M = 0.44 km (SD = 0.30; ErrX), M = 0.46 km (SD = 0.29; ErrY), while vertical error (ErrZ) shows M = 0.76 km (SD = 0.58). The horizontal errors of the location with OBSs are lower: namely, ErrX is characterized by M = 0.40 km (SD = 0.22) and ErrY has M = 0.34 km (SD = 0.22), while ErrZ is significantly lower and it is characterized by M = 0.46 km (SD = 0.32). In general, differences in the azimuthal GAP can exceed about 76°, while notable reductions of horizontal and vertical errors (up to 1.00 and 1.05 km for the two horizontal errors and 3.26 km for vertical errors) are also observed. A comparison of the parameters obtained in the two cases for an earthquake in the Ionian Sea is reported in Supplementary Tables 1–2, which report the results of the 133 locations performed without and with OBSs travel times, respectively.
[image: Figure 6]FIGURE 6 | Statistical analysis in terms of Mean (M) and Standard Deviation (SD) values computed on GAP (A), rms (B), and (C, D, E) horizontals (ErrX, ErrY), and vertical (ErrZ) errors for location with OBS travel times (blue histograms) and without OBS travel times (black histograms). The presence of an offshore network contributed to an improved relocation quality.
We now consider the detection capability of the OBS network. A group of 16 earthquakes (on a total 133 integrated locations) were recorded at all OBS stations (1.9 ≤ ML≤3.8). Since most of the earthquakes are near the eastern Sicily coast, OBS3 recorded the largest number of events (Figures 7A,B; Table 2). Histograms detailing the number of located earthquakes (on 133) for each OBS as well as maps and E-W and N-S sections of locations (with and without travel times from OBSs) are shown in Figures 7A–C. In Figure 7C the shift between the two locations (with and without OBS) can be observed. Major differences are evident for the most external areas of the Ionian basin where the gap of seismicity exists. This gap is due to the fact that the land network alone is not able to cover the hypocentres well. On the other hand, differences are visible also in certain onshore and coastal areas that are characterized by high values of shift, as for example in correspondence of the Hyblean Plateau, Etna offshore and the Messina Strait.
[image: Figure 7]FIGURE 7 | Detection efficiency of the OBS network for 133 local earthquakes located through the integration of travel times by marine and land stations (A) Histograms and (B) occurrence in time of the number of earthquakes recorded at each OBS (C) Maps and E-W and N-S sections of earthquakes recorded by each OBS. Main geological features including the Alfeo-Etna Fault and Ionian Fault (Polonia et al., 2016) and the Malta Escarpment are sketched in red.
TABLE 2 | Number of integrated locations (on 133) of earthquakes recorded both by land and OBS stations, locations (on 76) of low-magnitude earthquakes recorded only by the OBS network, earthquakes and SDE recorded at the single OBS station. The asterisk in OBS7 indicates that this computation is up to 2018 February 28.
[image: Table 2]Local Earthquakes: Low-Magnitude Event Locations and Single Station Events
The Ionian Sea tectonic structures are a source of significant microseismicity, mostly undetected by the land network. As an example, the NEMO-SN1 seafloor observatory deployed about 25 km offshore Catania, recorded more than 400 earthquakes not present in the bulletins of land stations during the 2002–2003 Etna eruption (Sgroi et al., 2007). This occurrence was considered an additional opportunity for the SEISMOFAULTS experiment to contribute with new microseismicity records to the long-lasting discussion about seismic hazards in the area.
An in-house STA/LTA algorithm, applied to the OBS vertical component, was tuned to automatically detect local seismic events not identified by land stations. As a few thousands of triggers were revealed, a software code was compiled aiming to select records probably including events detected by two or more OBSH, and to organize relative waveforms in individual directories. Finally, waveforms in each directory were manually picked by analysts to identify body-wave arrivals associated to the same earthquake and used for event location.
From the total list of triggers, we removed the travel times related to the earthquakes reported on the local and regional seismic catalogues, obtaining more than 1,600 events not detected by land stations (Table 2). About 1,400 events were recorded only at the single OBS while more than 230 earthquakes were contemporaneously recorded by at least three OBSs. For 236 earthquakes recorded by at least three OBS, we attempted a location, using the tomoDDPS algorithm (Zhang et al., 2009) and a recent 3D velocity model computed in the western Ionian area (Sgroi et al., 2021) that well represent the pattern of the tectonic structures in terms of velocity and depth layers.
We manually picked P- and S- phases (as described above) and a location was attempted for events recorded at least at three OBSs and having a minimum of 6 phases. Identifying seismic phases is somewhat more difficult for OBSs (Figures 3G,H). This is partially due to the relatively weak coupling of the instrument with the poorly consolidated, water-saturated sediment environment, and above all it is due to the low-magnitude of events. Non-ideal coupling leads to damping of the seismic signals, which strongly attenuate the amplitudes at higher frequencies. As an example, Figures 3G,H show the waveforms of two events recorded and located only by the OBS network. Few events were recorded at several OBSs (as for the example shown in Figures 3G,H), but in most cases the earthquakes were recorded by at most three or four OBSs. These low-magnitude local events, having low energy, generate waves that attenuate within a few tens of kilometres, as testified by the recorded amplitude of waveforms. As reading the S-phases was very difficult, the depth of events is not reliable in most cases. Moreover, since the seismicity recorded by OBSs only was of low magnitude, also the spacing of the OBS network, preclude an accurate location of the events. In spite of these problems, we were able to locate 76 “new” earthquakes. The distribution of locations by OBS is shown in Figure 8 (location parameters are reported in Supplementary Table 3). The distribution of seismicity is well related with the pattern of tectonic structures that exist in the Ionian Sea. Small clusters are identified, and, in particular, three south of Calabria are well correlated with the tectonic structures proposed by Polonia et al. (2016), whose state of activity was evidenced by Sgroi et al. (2021).
[image: Figure 8]FIGURE 8 | Distribution of epicentres of the 76 earthquakes recorded only by the OBS network. Parameters of location for these events are listed in Supplementary Table 3. The main tectonic structures including the Alfeo-Etna Fault and Ionian Fault (Polonia et al., 2016) are sketched in red. Bathymetric map was obtained from high resolution multibeam collected during the oceanographic cruise of SEISMOFAULTS project (Cuffaro et al., 2019; Billi et al., 2020) and merged with DEMs from https://portal.emodnet-bathymetry.eu/.
A high number of events was recorded only at the single OBS. Histograms of Figure 9A show the number of single station events. The seafloor stations that recorded the highest number of events were the OBS3 (486 earthquakes) and the OBS8 (579 earthquakes), whereas the minimum number of events were recorded by the OBS6 (23 events only). As these low-magnitude events are recorded at the single station, it is reasonable that their sources are within the semi-interspacing between two adjacent OBS (about 15 km). Due to the large multitude of single station earthquakes, it is our intention to implement an automatic system of detection and classification of seismic signals of various kinds recorded only by the OBS stations and to better identify the seismogenic source, as proposed by Sánchez-Reyes et al. (2021) for the Balsorano seismic sequence. Although we do not perform an extensive data analysis in this work, the distribution of number of events on each OBS is indicative of the state of seismic activity associated to the tectonic structures.
[image: Figure 9]FIGURE 9 | (A) Histograms of the number of single station earthquakes recorded only by the single OBS (B) Histograms of the number of SDE recorded by the single OBS (C–I) Comparison between the number of SDE and the number of single station events recorded at each OBS.
Short Duration Events
Our dataset includes a large number of short, impulsive signals which, in the literature are defined as Short Duration Events (SDE; Figure 4). These kinds of signals are currently detected at the seafloor in different parts of the world, and they have been associated with several possible sources, including fluid-filled cracks in sedimentary basins (Diaz et al., 2007), gas seepages along active faults (Tary et al., 2012; Embriaco et al., 2014), or even due to biological activity (Buskirk et al., 1981; Bowman and Wilcock, 2014). In general, SDEs are ascribable to hydraulic micro-fracturing processes, such as pressure transients generated by fluid-filled cracks (Diaz et al., 2007), and they have been best described in hydrothermal and volcanic (e.g., Sohn et al., 1995), as well as tectonic (e.g., Embriaco et al., 2014) systems. Moreover, such a small seismicity shows similarity with slow-slip events associated to a shear zone with low-friction (e.g., Matsuzawa et al., 2010) that occur in the deeper extents of areas where large earthquakes are expected in subduction zones. In the Ionian Sea, Sgroi et al. (2014) showed that SDE signals recorded by the NEMO-SN1 seafloor observatory could result from hydrofracturing induced by magmatic activity around Mt. Etna.
During the one-year-long SEISMOFAULTS experiment, about ten thousand of SDEs (Table 2) were recorded by the OBS network, whose detection in correspondence of the single OBS is reported in Figure 9B. As the number of SDEs and their waveforms varied on each OBS (Figure 10 shows examples of SDE waveforms recorded at the single OBS), it is reasonable to think that their origin process may be different, depending on the position of the seafloor station. In general, SDEs (Figures 4, 10) are characterized by sharp waveforms, high-frequency content (from about 1 Hz up to 50 Hz; Figure 11), and very short duration (about 2 s). Moreover, this signal rapidly attenuates as the wave travels, and this points to the small scale of the SDE generation process and to a nearby source.
[image: Figure 10]FIGURE 10 | Comparison between waveforms (three components) of earthquakes (left) and SDEs (right) recorded at the single OBS. Time window is 30 s long for both signals and all records were filtered with band-pass Butterworth filter in the same frequency range 2–25 Hz.
[image: Figure 11]FIGURE 11 | Spectrograms computed on vertical component of earthquakes (left) and SDEs (right) recorded at the single OBS. Records were filtered with band-pass Butterworth filter in the frequency range 2–25 Hz. Colours of spectrograms are in log(counts 2/Hz) units and represent distribution of energy of the recorded signals as a function of time (x axis) and frequency (y axis). Warm colours (red, yellow and green) define the dominant spectral amplitudes; cooler colours (light to dark blue) define lower spectral amplitudes and background.
As for the single station events, the OBSs that recorded the highest number of SDEs were OBS3 (3,136) and OBS8 (2,681), while the lowest number is observed on OBS6 (339). The detection of SDEs by the OBSs varies in time and occurs in clusters in time. A direct proportionality between the occurrence of SDE and single station events is observed on all OBSs (Figure 9). The most impressive relation between SDE and low-magnitude events is visible on the OBS6 (due to its lower number of these events) that shows a time distribution of SDE characterised by the occurrence of a small swarm of 69 SDE in the period 2018, February 4–7 (Figure 9F). Moreover, the waveforms of SDE signal recorded at the OBS3-OBS5-OBS7-OBS9 (Figure 10) show similitude with signals conducible to microfracturing processes, while SDEs recorded at the OBS2-OBS6- OBS8 are almost different from the same signal recorded by the former OBS stations, showing typical features of cracks associated to gas seepage variations (Franek et al., 2017). The same groupings are well defined when comparing spectrograms computed on both events and SDE recorded at the single station (Figure 11).
We cannot accurately locate the SDE source since we only have data from one seismic station: as demonstrated in previous studies performed in other areas, the SDE source distance from the sensor is estimated in the order of hundreds of meters (Sultan et al., 2011), or even tens of meters (Tary et al., 2012), whereas their amplitude is roughly higher than the one of single station earthquakes (see amplitude values in Figure 10 for single station events and SDE) and their distribution is indicative of the state of activity of structures placed in the Ionian Sea. As differences in the waveforms and spectrograms of SDE are also observed at each OBS (Figures 10, 11), we can argue that different processes generate these signals.
The distribution of SDEs recorded during the SEISMOFAULTS experiment could be associated with active tectonic and volcanic processes, also demonstrated by the good correlation between the occurrence of events and the occurrence of SDEs, both recorded by the single OBS (Figures 9C–I). This comparison shows that the increase in the number of SDEs coincides with the occurrence of a higher number of earthquakes in the same time period recorded at the single OBS.
DISCUSSION AND CONCLUSIONS
Prior to the SEISMOFAULTS experiment, available seismological data, collected both by onshore seismic station and by the NEMO-SN1 seafloor observatory (Sgroi et al., 2021), have shown that the submarine Calabrian Arc is characterized by a pattern of small magnitude, scattered earthquakes, mainly due to slow rates of NW-directed Ionian subduction. The new data acquired during the SEISMOFAULTS project show a significant number of seismic events not detected by the land stations (Figure 8) that could provide a more complete picture of the active seismicity in the region. Integrated analyses of OBSs and land stations data show that seismicity is mostly located off southern Calabria and Taormina, in southeastern Sicily, where a dense cluster of events was recorded, as well as south of Catania. A diffuse seismicity pattern characterizes the central Ionian Sea, the alleged site where most active tectonic features of the submerged part of the Calabrian Arc are located.
The OBSs that have recorded the largest number of events are those located close to Mt. Etna (OBS2), where seismic activity is mostly related to fluids associated to volcanism and across the AEF (OBS3 and OBS5 in Figure 1). Together with OBS3 and OBS5, also OBS8 shows a larger number of SDE events, which are possibly related to fracturing triggered by fluid flows (Franek et al., 2017). This occurrence suggests a likely relationship between fluid flow and tectonics since these OBSs are close to the AEF and IF systems that were described, based on independent geophysical data, as seismogenic structures (Polonia et al., 2011). We cannot exclude that the increased number of events recorded by these OBSs might be related to their deployment sites characterized by flat regions surrounded by relatively wide sedimentary basins, favouring an optimal coupling between instrument and seafloor, and decreasing their detection thresholds. This observation confirms the need for a careful site selection for the OBS deployment, avoiding actively deforming areas, canyons, and submarine landslides, which can be achieved thanks to a close cooperation between seismologists and geologists.
Figure 9A shows the number of low‐magnitude earthquakes recorded by the OBSs. The distribution of these events roughly mimics the IF trend, which marks the SW boundary of a crustal block in the Calabrian Arc (EL), where earthquakes are more clustered (Figures 5, 8). This agrees with a more intense deformation offshore southern Calabria, as also shown by analysis of multichannel seismic reflection profiles (Polonia et al., 2011) and by seismological observations (Sgroi et al., 2021). South of 37.4° latitude, the low‐magnitude earthquakes detected by the OBS network are located to the SW of the Ionian Fault and might correlate with tectonic activity along the out‐of‐sequence thrust faults (Supplementary Tables 1,2,3) bounding the landward limit of the external accretionary wedge, which is made primarily of evaporites (Polonia et al., 2011). At the contact between the salt-bearing wedge and the inner clastic wedge, splay faults develop and accommodate such rheological change.
The distribution of cumulative recorded events (Figures 5, 8) allows us to unravel the connection between seismicity and active tectonics. Moving from W to E along the accretionary wedge of the Calabrian Arc, we recognize different clusters of earthquakes with different characters.
The seismic events observed close to the Eastern Sicily coast are shallow, occurring within a depth interval <20–22 km, which correspond to crustal levels of the upper plate, in agreement with a Moho depth of about 20 km in this area (Sgroi et al., 2021). Some of these events might be correlated with the Mt. Etna activity, while those to the south might correlate with the Malta Escarpment, which appears tectonically active north of Siracusa (Figure 1).
The largest magnitude events (Figure 5) appear to correlate with the major fault systems, i.e., the AEF, the out-of-sequence splays Supplementary Tables 1,2,3, and the IF. These structures were described as source regions for major historical earthquakes based on structural maps and paleoseismological data (Polonia et al., 2012; Polonia et al., 2017b). A number of seismic events are concentrated along the AEF and occur at greater depth >30 km implying a seismogenic thickness larger than those close to the ME. The greater hypocentral depth is reached by earthquakes along the IF and splay faults where the seismogenic layer appear to be from 30 to 60 km thick. The earthquakes located in the more external region, in particular, have depths of 40–60 km, suggesting that they might be related to the lower underplating African plate. Most epicentres fall within the deformation band associated to the Ionian Fault that seems to be the most seismically active feature in the studied area together with a parallel fault a few kilometers to the south of the Ionian Fault. It is remarkable that the Ionian Fault is particularly active (seismically) at its northwestern tip that is only a few kilometers to the south of the Messina Straits. This tip activity is interesting as it could potentially activate, in the future, extensional earthquakes in the Messina Straits according to the wing fracturing process proposed by Sgroi et al. (2021). The Messina Straits, in fact, occupies the extensional quadrant at the northwestern tip of the right-lateral transtensional IF (Polonia et al., 2016) in the region characterized by differential rollback of the Ionian subduction (Doglioni et al., 2001).
We observe widespread seismicity to the north of the Ionian Fault near the southern coast of Calabria. We cannot ascribe this seismicity to a tectonic domain with certainty; however, the presence in that region of seismically active shortening (Sgroi et al., 2021) allows us to hypothesize that this seismicity may be linked to the compressive structures described through geophysical data (Polonia et al., 2011).
The occurrence of SDE events and their close correlation with the occurrence of microseismicity could indicate significant contamination of the bottom waters from saline (evaporate-type) CH4-dominated crustal-derived fluids. These were observed in the Ionian Sea, in correspondence of a mud volcano (the Bortoluzzi Mud Volcano; BMV) discovered during the SEISMOFAULTS cruise in May 2017 (Cuffaro et al., 2019). The BMV is one of many mud volcanoes offshore Calabria. It is therefore reasonable to suppose that the origin of SDE recorded by OBS6 and OBS8 may be associated to active geofluid venting. For the OBS2 the association of SDE source mechanisms to fluids linked to Mt. Etna volcanism is also conceivable. On the other hand, OBS3-OBS5-OBS7-OBS9 show similarities with signals conducible to microfracturing processes.
In synthesis, one year of recording by a network of seven OBS in the Ionian Sea shows the seismic activity of the most important tectonic features of the study area, including the Ionian Fault and other transverse faults across the Calabrian Arc such as the Alfeo-Etna Fault and the Malta Escarpement. Active thrusting may also occur off southern coast of Calabria pointing for active subduction processes along the Ionian slow convergent system.
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The stacked refraction convolution section can be used as an interpretation tool in wide-angle refraction seismic data generated by air gun shooting and recorded by Ocean Bottom Seismometers (OBS). The refraction convolution section is a full-wave extension of the Generalized Reciprocal Method (GRM), a method frequently used in shallow refraction seismic interpretation, but not applied to deep crustal-scale studies. The sum of the travel times of the waves refracted in the same interface and recorded in a pair of forward and reverse profiles, time-corrected by the reciprocal time, is an estimation close to the two-way travel times of the multichannel seismic reflection sections, but with seismic rays illuminating the interfaces upwards. The sum of seismic traces is obtained with the convolution section. Furthermore, several pairs of convolved forward-reverse refraction recordings of the same area can be stacked together to improve the signal to noise ratio. To show the applicability of the refraction convolution section in OBS deep data, we interpreted the basement structure of the Tamayo Through Basin in the southern Gulf of California, offshore Mexico. We compared the results with both, a multichannel seismic section recorded in the same profile, and the previous interpretations of the same wide-angle seismic data modeled with ray tracing and tomography methods. The basement imaged by the stacked refraction convolution section is similar in geometry to that obtained by seismic reflection processing. The stacked refraction convolution section identifies the full extent of the basement and confirms the location of a nearly constant thickness volcanic layer in the northwestern half of the basin. However, only a small area of volcanic deposits is found in the shallower parts of the southwestern margin. We also show that the convolution process can be used to estimate the occurrence of lateral variations of seismic velocities in the basement, as a further application of the GRM to deep refraction data.
Keywords: refraction convolution section, ocean bottom seismometer, wide-angle seismic data, refraction seismology, sedimentary basin, generalized reciprocal method, Gulf of California
INTRODUCTION
There are different methods of interpretation of 2D wide-angle refraction/reflection seismic data. The simplest ones are based on the transmission equations in stratified media. However, these methods are only useful in very simple geological structures. For complex subsurface structures, other methodologies are used. In crustal-scale, both on land and at sea, the traditional methods are, on the one hand, those based on ray tracing and synthetic seismogram calculation (e.g., Červený and Pšenčík, 1984; Zelt and Smith, 1992) and on the other hand, the tomography methods (e.g., Hole, 1992; Zelt and Barton, 1998; Zhang et al., 1998; Hobro, 1999; Korenaga et al., 2000; Hobro et al., 2003; Meléndez et al., 2015). Several scalar approaches have been used to reconstruct 2D complex crustal seismic structures, in order to generate robust initial models for direct or inverse interpretation. The final goal of all these techniques is parametric reconstruction, i.e., to obtain information about the seismic velocity structure. Recent developments make use of the full-wave refraction seismic recordings through interferometric imaging and reverse time migration, specifically for marine data (Verpahovskaya et al., 2017; Yang and Zhang, 2019).
In shallow refraction seismic interpretation, apart from tomography, delay time methods are frequently used, based on the sum of direct and inverse arrival times of refracted waves, to estimate the depth of interfaces, and subtraction of the same times to calculate propagation velocities in the different media. The use of direct and inverse travel times allows solving the ambiguity between seismic velocity and dip.
Among the delay time methods, the Generalized Reciprocal Method (GRM, Palmer, 1980; Palmer, 1981) allows the reconstruction of 2D complex seismic structures characterized by high velocity contrasts. It is mostly assumed that the delay time methods are exclusive to shallow seismic exploration and have not been applied to deep problems.
The reason for this difference in methodology according to the scale is not completely clear. The main issue of the application of delay time methods in crustal studies is that the interfaces are often transitional, so the basic hypothesis of sharp contrasts is not satisfied. However, in some instances, such as a basement with a high velocity contrast, the application is possible. Even in shallow seismic exploration, care should be taken to avoid the pitfall of trying to interpret diving waves as head waves. Another possible justification for the scale disparities in interpretation methods is the different wavelengths. This paper intends to show that the GRM is applicable for marine sedimentary basins of several km of depth and that the methodology does not exclude its use in deep environments.
The refraction convolution section or convolutional seismic section (Matsuoka et al., 2000; Palmer, 2001a, 2001b, 2001c) is an imaging extension of the scalar delay time methods, in particular the GRM, that uses the entire seismic trace, instead of just the travel times. Besides, when redundant data is available, it is possible to apply stacking to the convolutional seismic section (de Franco, 2005; Palmer and Jones, 2005) and improve the signal-to-noise ratio. Another advantage of the convolutional seismic section over traditional methods of delay time, tomography, and ray tracing is that it is unnecessary to measure travel times for all records, reducing data processing times. Furthermore, it is a simple methodology that involves a smaller computational cost than migration.
To demonstrate that the refraction convolution section methodology can be applied to real OBS data, we show an application in the Tamayo Through Basin, located in the southern part of the Gulf of California, offshore Mexico. Previous investigations of the basin, based on multichannel seismic data (Sutherland et al., 2012), could not image the basement properly due to insufficient signal penetration. OBS ray tracing and tomography models (Sutherland, 2006; Lizarralde et al., 2007) provided a low-resolution outline.
MATERIALS AND METHODS
GRM and Refraction Convolution Section
To obtain a section in time from seismic refraction data, the GRM (Palmer, 1980, Palmer, 1981) combines the travel times of the refracted waves in the same discontinuity, for two shots, with direct and inverse recording. The travel times corresponding to the same recording point, or recording points separated by a constant distance, are added, and then the reciprocal time is subtracted. The reciprocal time is the time used for the wave to travel through the corresponding refractor between the two sources. The result is equivalent to two times the average of the direct and inverse delay times. This calculation is called the generalized time-depth function:
[image: image]
where tAY is the time of the direct shot, tBX is the time of the reverse shot, tAB is the reciprocal time between both profile ends, XY is the separation between the seismic traces, and vn is approximately the velocity of propagation beneath the refractor (see Figure 1). XY distance corrects the times of the upgoing signals of rays, shifting them to the same refracting point. The values of tAY and tBX depend on the observation position x and the value of XY, whereas tAB is constant.
[image: Figure 1]FIGURE 1 | Illustration of the Generalized Reciprocal Method (GRM) seismic rays. For Ocean Bottom Seismometer (OBS) recording and air-gun sources, XY is the distance between shots, tAY is the time corresponding to the direct direction recording OBS A-P-Y in red, and tBX is the time for the inverse direction recording OBS B-Q-X in blue. S is the sea surface location of the seismic trace that results from adding the direct and inverse traces. (A) distance XY = 0, (B) XY less than optimum, (C) XY optimum value. tAB is the reciprocal time, from Shot-A to Shot-B or reverse in green, the total travel time between the ends of the seismic profile, independent of the value of XY. Sea bottom in orange.
In the ideal case where the arrivals come from the same point of the refractor at depth, the time calculated is similar to that which would be obtained at zero offset in seismic reflection data, applying a correction for the inclination of the rays, depending on the ratio between the velocities of the lower medium and the average velocities of the upper medium. The two-way travel time in reflection seismology can be approximated by dividing tg by the cosine of the critical angle, if the refractor is subhorizontal. If the rays are close to vertical, this correction is small, so the reflection and GRM times could be considered close and directly comparable.
If the same observation point is taken for the calculations for the direct shot and the reverse shot in the simplest case, the information does not come from the same point of the refractor (see in Figure 1A). In this case, XY = 0 and is equivalent to Hagedoorn (1959) Plus-Minus method. The preferred approach is to select pairs of observation points whose rays come from the same point on the refractor. In order to do this, it is necessary to choose observation points with appropriate offset separation; this is the optimum XY value of the above Equation 1, defined by Palmer (1980), Palmer (1981) (see in Figure 1C). In a horizontal plane layers model, the optimum XY would be equivalent to the critical distance.
In the case of OBS data, the acquisition geometry is in common receiver gathers. Each pair of seismic traces come from two different sources, separated by the XY distance, and are recorded by a pair of OBS instruments. If XY = 0, the same shot is recorded by the pair of OBS.
All times, tAY, tBX, and tAB, cannot be read directly from the original OBS seismograms and should be corrected because the recording instruments are not located at the surface (a static correction). On the contrary, the sources can be considered to be at the surface. Therefore, it is necessary to apply a time correction to each OBS common receiver gather due to the time difference between the OBS and the corresponding shot at the sea surface, resulting in the sea surface as the reference level. If the ray segments Shot A to OBS A and Shot B to OBS B are considered near vertical, it is possible to add to the values of tAY and tBX the depth of each OBS divided by the sea water velocity.
In Figure 1, tAB is the full reciprocal time from Shot A to OBS A to PQ to OBS B and to Shot B, or reverse, depicted in green, i.e., the total travel time between the ends of the seismic profile. If the near surface ray portions Shot A to OBS A and Shot B to OBS B are considered again approximately vertical, tAB can be directly observed from the static corrected common receiver gathers.
In real data, and even in some theoretical situations, it is often difficult to estimate the optimal XY value (Leung, 1995, 2003; Sjögren, 2000; Whiteley and Eccleston, 2006). According to the GRM, it is necessary to select the tg function with the highest detail, not a simple task and depending on the interpreter. Therefore, it is usual to simplify and directly select XY = 0 or XY´s value close to the optimum through simple modeling. In any case, if the XY value is not optimal, the effect is to smooth out the details of the refractor, although its geometry remains recognizable (Palmer, 1980, Palmer, 1981).
When it is required to combine different pairs of direct and reverse shots, such as for stacking purposes, in general, for each pair, there is at least one different optimal XY value, which can even be laterally variable when the depth of the refractor and the seismic velocities above it are changing (Seisa, 2007). To avoid having to calculate many different XY values, with their corresponding different time corrections, it is possible to take the single value of XY = 0. The value of tg in Equation 1 is thus simplified:
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The original GRM is a scalar approach and takes into consideration only arrival times. Based on it, the refraction convolution section or convolutional seismic section considers the complete waveform, so amplitude information is included. The convolution operation on the direct and inverse shot records acts as the sum of phases of refracted waves, equivalent to the scalar sum of tAY and tBX in Equations 1, 2:
[image: image]
where sg corresponds to the refraction convolution section traces, sAY is the seismic trace of the direct shot, sBX is the trace of the reverse shot, and ∗ indicates the signal convolution. The convolution of waves that are not refracted, such as the direct wave, does not have meaning; only arrivals from the same refractor must be correlated to comply with Equation 3. de Franco (2005) showed that only those parts of the record sections for which the correct refractor range have been selected contribute constructively to the stack for each refractor. Other arrivals only introduce noise into the image. Palmer (2001a) showed that it is possible to apply f-k filtering to eliminate undesired waves. Another possibility is to apply surgical mute to the seismic sections before convolution.
A simple time correction can be directly applied for the subtraction of the reciprocal time tAB (Palmer, 2001b) by averaging the observations of the reciprocal times measured on the direct and inverse gathers, with the static correction previously mentioned, as shown in Equation 3. Another alternative is to use the phase subtraction properties of the cross-correlation function. If one of the traces recorded at the position of one of the sources is selected, its time is reversed, and the cross-correlation is calculated with each of the traces resulting from the previous convolution, the effect is the correction for the reciprocal time. While the convolution operation is commutative, the cross-correlation is not, so it is necessary to apply the cross-correlation after convolution to preserve the correct sign for events in the time domain (de Franco, 2005):
[image: image]
where sAB (x,-t) denotes a time-reversed seismic trace selected at one of the OBS locations, and [image: image] indicates cross-correlation. However, the time correction based on the reciprocal time tAB is the simplest approach if the signals are clear and the refraction arrivals are easy to pick, so it is the approach selected for the present work.
(Palmer, 2001b; Palmer 2001c) pointed out that the amplitudes of the refraction convolution section are proportional to the square of the head coefficient, which is proportional to the ratio of acoustic impedances across the refractor. Thus, the amplitudes are related to the acoustic impedance contrast.
Velocity Analysis Convolution Section
The GRM also provides the velocity of the medium under the refractor. For this purpose, the velocity analysis function is calculated:
[image: image]
It is observed that, unlike the time-depth function tg in Equations 1, 2, there is now a subtraction between the travel times of the direct and inverse shots, tAY and tBX. A modified version of the convolutional section can also be implemented here. To apply the subtraction instead of the addition, the inverse shot traces are reversed on the time axis before the convolution is performed. We call the resulting seismic section the velocity analysis convolutional section. For XY = 0:
[image: image]
where sBX (x,-t) are the time-reversed inverse shot traces sBX (x,t). Here, it is not strictly necessary to make the reciprocal time correction, as it appears in Equation 3, because tAB is a constant term, and what is needed for the velocity estimation is the slope of the tv function, whose variables are tAY and tBX:
[image: image]
To improve the visualization of the velocity analysis convolutional section sv, it is useful to apply a reduction velocity close to the expected velocity value. It is then possible to see more clearly small lateral variations in velocity, as sv is a function of x.
An alternate approach, using cross-correlation instead of convolution, was proposed by de Franco (2010).
Ocean Bottom Seismometer and MCS Data
In 2002, as part of a deep exploration survey in the Gulf of California, an 881 km profile was acquired along the Alarcon Basin. The R/V Maurice Ewing towed a 7,860 in3 (0.1288 m3) tuned array of 20 air guns, shooting every 150 m. The R/V New Horizon deployed 53 OBS at 12.5 km intervals as recording instruments. The data were recorded in common receiver gathers, with a sampling rate of 125 Hz. For the purposes of the present work, we selected the recordings of 6 OBS, along 56 km, over a single basin: Tamayo Through (Figure 2).
[image: Figure 2]FIGURE 2 | Location of OBS (triangles) and shots (thick line). The study area corresponds to Tamayo Through in the southern Gulf of California, offshore Mexico. The inset shows the bathymetric profile with the location of the OBS.
In the same region where we applied the refraction convolution section method, Sutherland et al. (2012) interpreted reflection multichannel seismic (MCS) data, provided by the simultaneous recording of the same R/V Maurice Ewing shots, recorded by a towed 480-channel 6 km-long streamer with 12.5 m receiver groups. They interpreted the complete profile structure, including the Tamayo Trough Basin, observing there a semi-graben, with a maximum sedimentary thickness of 1.5 km and water depths up to 2 km. A much less detailed velocity model was previously proposed by Sutherland (2006) and Lizarralde et al. (2007), interpreting the same OBS data set that we used in the present paper by applying ray tracing and tomography methods.
Tamayo Through Basin
The Tamayo Trough, located to the southeast of Alarcon Basin, in the southern Gulf of California, is an inactive basin, characterized by large subsidence without a clear basin-bounding fault. According to the interpretation of available seismic data, it developed over thinned continental crust before 11 Ma (Lizarralde et al., 2007). Based on potential field data, an alternative interpretation proposes that the basin is underlain by oceanic crust (Abera et al., 2016). At that time, the Tamayo Trough was aligned with the East Pacific Rise, and become abandoned as a failed rift basin (Lizarralde et al., 2007) or became magma starved and was abandoned, with a new ridge forming northwest (Abera et al., 2016). Extension in the Gulf of California started around this time. Seafloor spreading in Alarcon Rise was initiated later, after 3.7–3.5 Ma (Lizarralde et al., 2007).
MCS data (Sutherland et al., 2012) shows the presence of three main sedimentary units related to the subsidence history of the basin from terrestrial to shallow marine to a deep-marine environment. The lowest unit is mostly unreflective; the middle unit shows some layering with increased acoustic reflectivity upward; and the youngest unit consists of layered deep-marine sediments. Most of the faulting and basin subsidence have occurred preceding the deposition, as the sediments seem to be undeformed.
Under the sediments, a highly reflective layer is inferred to be volcaniclastic. The thickness of this layer appears to be thinner on the southeast margin of the basin. The thickness and widespread occurrence of this volcanic layer in other sections of the Alarcon Basin area suggest that it may be part of the 25–12 Ma prerift formation, known as Comondú Group (Umhoefer et al., 2001). Subduction-related calc-alkaline volcanic rocks of the Comondú Group were emplaced within the Gulf of California and along the eastern edge of what is now the Baja California peninsula, associated with the subduction of the Farallon plate beneath North America.
DATA PROCESSING
Refraction Convolution Section for a Single Forward-Reverse Pair
Initially, OBS data were processed with a 5–16 Hz minimum phase band-pass filter. The filter is based on the spectrum of the signals generated by the air guns. The procedure starts by identifying the range of offsets where a common refractor is observed between the different recordings. Particularly, for OBS data, the refractor best suited to apply the convolutional section method corresponds to the basement (commonly known as Pg). For each OBS record section in the zone to be studied, the corresponding range of offsets is selected (Figure 3). The representation of the data in reduced time helps in the correct identification of the refractor. The direct waves are thus excluded, because they can produce artifacts in the convolution process.
[image: Figure 3]FIGURE 3 | Samples of OBS record seismic sections. (A) Bathymetry profile. (B) Direct (OBS 34) and inverse (OBS 39) shot gathers in record time; direct wave in green, refractions in yellow. (C) Same with reduction velocity tr = t-x/vr, where vr = 6 km/s. (D) Same in record time, basement only selected traces and muted to eliminate later arrivals corresponding to water multiples.
Once the traces are selected, a predictive deconvolution filter is applied to compress the source wavelet and reduce reverberations. This filter also attenuates a small amount of the multiple of the water layer. However, as the multiples have different paths than the primary waves, the filter´s effect is limited. To completely remove the multiples, a mute is applied. Mute also allows the arrivals corresponding to the remaining direct wave to be eliminated, which has a high amplitude and can interfere with the data´s interpretation (see Figure 3D). Afterward, the band-pass filter is re-applied to improve the signal-to-noise ratio, especially to reduce the high-frequency noise introduced by the deconvolution filter.
Before applying the convolution, a static time correction should be made to each OBS common receiver gather, to compensate for the receiver depth before calculating the reciprocal time. The depth of the OBS is divided by the water velocity (1,500 m/s in our case) and the result is added to the times of each trace. There is no need to correct for source depths because the shots were done at a constant depth close to the sea surface.
After the static correction, to compute the convolutional section (see in Figure 4A), the traces of all the pairs of the direct and inverse recordings for the same sources are selected, and the convolution is performed for each pair. According to Equation 3, after the convolution, another time correction is performed to eliminate the reciprocal time. Our estimation is based on the average of the reciprocal times observed in the direct and inverse static corrected common receiver gathers for the offsets to which the OBS are located (Figure 3).
[image: Figure 4]FIGURE 4 | (A) Refraction convolutional section for OBS pair 34–39 XY = 0; (B) same for XY = 30 shots; (C) stacked refraction convolutional section for all OBS pairs combinations, with XY = 0.
If the selected XY value is not 0, the pairs of traces should be chosen accordingly. An additional time correction must also be added, according to Equation 1. In the latter case, it is necessary to have the value of the wave propagation velocity in the basement, which can be estimated from the slopes of the refracted wave or, for an improved value, from the velocity analysis convolutional section, as explained before.
If we assume the velocity profiles by Sutherland et al. (2012), the optimum XY values near the basin´s depocenter can be estimated by calculating the critical distance for a horizontally layered model. XY estimation resulted to be about 3.8–4.5 km, or about 25–30 shots. To show the possible improvement of the resulting image from XY = 0 to a value near the optimum, we show in Figure 4B the same refraction convolutional section for XY = 30 and a velocity of 6.0 km/s. The improvement is small.
Stacking of Refraction Convolution Sections
The stacked refraction convolution section is the sum of the convolved traces of all the possible pair combinations of direct and inverse recordings, located in the common shot positions:
[image: image]
where the signal sum, denoted by ∑, is performed on x for different A and B reversed shot configurations.
For the stacking process, since there is some uncertainty introduced by the estimation of the reciprocal times in each OBS pair and the calculation of the static corrections, and because the geometry is not strictly 2D, it may be necessary to apply a further time correction before stacking in order to ensure that the waves corresponding to the basement are in phase and are properly added. This can be done by taking as a reference the OBS pair for which the reciprocal time observations are most reliable and cover the largest area possible (34 and 39 in our case). The cross-correlation between each trace of the convolutional section of this reference OBS pair with the trace corresponding to the same distance in the profile in the other OBS pair is then calculated. The maximum values of the cross-correlation provide the time delays that offer the best fit between the convolutional sections. The mean value of these values was applied as time correction before stacking. Along the profiles, the delays are variable in terms of tenths of ms, probably due to velocity heterogeneities. As the variations are small, usually less than half a cycle of the dominant frequency, they should not adversely affect the stacking process. The result is a much-improved image, with a better signal to noise ratio, from a simple OBS pair (see in Figure 4C).
RESULTS
If we compare Sutherland et al. (2012) multichannel reflection seismic section with our stacked refraction convolutional section (Figure 5), we notice a good agreement in the general shape. The stacked convolution section reproduces the outline of the basement in detail, with a depocenter at 556 km in the profile, in the form of a semi-graben and a gradual thinning towards the NW. The refractor with the largest amplitude is found at greater depth than most of the deeper reflections visible in the MCS section, especially in the NW part of the profile. The depocenter in the MCS section is apparently shifted 2 km to the SE.
[image: Figure 5]FIGURE 5 | Stacked refraction convolutional section (A) compared with migrated reflection multichannel seismic section (B) by Sutherland et al. (2012).
Part of the differences in depth may be due to the correction factor indicated above (Eq. 1) or to the possible inaccuracies of the static correction. However, they are insufficient to explain the discrepancy completely. It is necessary to consider, in this case, the P-wave propagation velocity distribution model obtained by Sutherland et al. (2012) based on the velocity analysis of refractions in MCS supergathers (Figure 6). The basement beneath the interpreted volcanic layer in Sutherland et al. (2012), corresponding to velocities over 5 km/s, was directly extracted from Sutherland (2006) and Lizarralde et al. (2007) because the supergather refractions proceed only from shallow depths. In the northwestern part of the basin, there is a good agreement between the basement suggested by the stacked refraction convolutional section and the basement under the ropey and highly reflective layer of Sutherland et al. (2012) inferred to be volcaniclastic. In the southeastern margin, the acoustic basement in the MCS and the stacked refraction convolutional section nearly match. The Sutherland (2006) and Lizarralde et al. (2007) basement in the SE is close to the deeper refractions observed in the stacked refraction convolutional section.
[image: Figure 6]FIGURE 6 | Stacked refraction convolutional section (A) compared with migrated reflection multichannel seismic section (B). In white lines, overlying velocity model by Sutherland et al. (2012). Above the solid white line: sediments; between the solid and dashed lines: volcanic layer; dashed line: basement. Between dotted yellow lines, area with the highest amplitudes of the stacked convolution section. Final geological interpretation in overlaid colors: water in blue, sediments in yellow, and volcanic layer in green.
Furthermore, Sutherland et al. (2012) had no velocity-depth profiles between 555 (near the depocenter) and 572 km to aid in interpreting the nature of the southeastern part of the basin. Velocities in between both distances were interpolated. The close match between the MCS reflections and the top of the stacked refraction convolutional section suggests that the only volcanic layers in the southeastern part of the basin are thin deposits around 570 km.
MCS and the refraction convolution section show different depocenters. MCS provides the deepest part of just the sedimentary layers, while the convolution section shows the depocenter for the sediments and the volcanic layer.
It is important to consider that the multichannel seismic section is illuminated from above, while the convolutional section receives the energy from below. Most of the multichannel section´s energy is reflected in the strong impedance contrast between the marine and volcanic sediments. In seismic refraction, most of the energy travels along the deeper basement and through the volcanic layer.
This example of applying the convolutional section to the seismic refraction interpretation shows how the proposed methodology complements the multichannel reflection seismic data, allowing a comparison between both seismic methods directly and visually.
Figure 7 shows the velocity analysis convolutional section, corresponding to the OBS pair 35–39; Equation 6 was used to convolve OBS 35 seismic traces and the inverted in time OBS 39 traces. No reciprocal time correction nor stacking was applied. As can be observed, the basement velocity is, on average, very close to 6.0 km/s, as the reduced time section is subhorizontal. Because sv in Equation 6 depends on x, lateral velocity variations under the basement are possible. These variations are slight in our example but noticeable, especially between 550 and 565 km. Lower velocities, corresponding to upward slopes, are marked by orange dots, and higher velocities, with downward slopes, by magenta dots. The area with correlation around 550 km, marked in green, can be related to the presence of refractions shallower than the basement, with velocities lower than 6.0 km/s, possibly associated with the volcanic layer.
[image: Figure 7]FIGURE 7 | Velocity analysis convolutional section for OBS pair 35–39, (A) original time, without reciprocal time correction, and (B) with 6 km/s reduction velocity. Note the lateral velocity variations, more clearly shown in (B). In (B), a downwards to the right slope indicates a velocity over 6 km/s and upwards a velocity lower than that. In yellow, areas of basement with velocities close to 6 km/s. In orange, lower velocities, in magenta, higher velocities. Note an area in green, low velocities possibly related to refractions above the basement, in the volcanic layer.
The velocities of 5.0–5.5 km/s reported by Sutherland et al. (2012) are found only in the shallower part of the basin. The deeper Sutherland (2006) and Lizarralde et al. (2007) velocity models proposed 6.0 km/s close to the depocenter of the basin. The velocity analysis convolutional section seems to confirm the higher velocity value of 6.0 km/s for most of the basement. The basement depth interpreted from the stacked convolutional section is similar to the one proposed in the model by Sutherland (2006) and Lizarralde et al. (2007) for the northwestern side of the basin. Still, it appears to be noticeably shallower for the southeast margin, considering the 6.0 km/s contour. Sutherland (2006), Lizarralde et al. (2007), and Sutherland et al. (2012) models were calculated using diving waves, while in the present work, we are assuming head waves. Furthermore, Sutherland (2006) showed that ray coverage was poor for the shallow Tamayo area. Additionally, Abera et al. (2016) proposed a high density (2,900 kg/m3) oceanic upper crust under the sedimentary and volcanic layers, consistent with our observed basement higher velocity.
DISCUSSION
One of the GRM common criticisms is the assumption of a relatively homogeneous structure above the refractor, which is not always accurate. An advantage of seismic refraction recording at sea is the homogeneity in the most superficial layers. The water layer is extremely homogeneous; in the seismic refraction´s resolution ranges, it can be considered a constant velocity layer globally. The sedimentary layers, especially the shallower ones, are saturated with water, and their velocity distribution is smooth, with variations mainly in the vertical direction. This homogeneity simplifies the application of the GRM and similar methods in the marine environment, making it more reliable.
The main problem in stacking convolutional sections from different OBS pairs is the estimation of the reciprocal times. The needed static correction introduces some inaccuracy due to the assumption of vertical trajectories between the surface and the OBS, and the use of a particular value for the water velocity (1,500 m/s in our case). Furthermore, it is not a pure 2D problem, and the presence of subsurface heterogeneities, the reciprocal times observed in the forward and reverse shots do not precisely match. Therefore, uncertainty is introduced in the exact calculation of the tg times.
In combined marine reflection and refraction seismic surveys, the purpose of multichannel reflection seismic data is to provide high structural resolution, while refraction results in higher penetration. Although seismic refraction has lower resolution because of the lower frequencies used, since the rays travel longer distances, the refraction convolutional section method, with the use of full-wave information, not only allows a more direct comparison between reflection and refraction, but also permits the observation of differences between acoustic basements in both types of seismic data since the direction of illumination of the structures is practically opposite.
Regarding the low frequencies used in deep refraction studies, it is important to note that selecting the proper values for the optimum XY distances is not as critical as in near-surface surveys. For deep refractors and long wavelengths, the Fresnel zone radius for head waves can be estimated in hundreds or even thousands of meters (Kvasnička and Červený, 1996; Jones and Drummond, 2001). A simple model-based estimation of the optimum XY, or the assumption of a plain XY = 0, can be both reasonable approaches for applying the refraction convolution section in deep surveys.
The major advantage of the refraction convolution section method over other refraction interpretation methodologies is that all the data can be convolved and stacked to maximize the signal-to-noise ratios, without the measurement of many travel times, just the reciprocal times are needed, reducing the time employed by the interpreter. Convolution and stacking are simple operations that involve small computational costs.
Can this methodology be applied to other deep seismic refractors? From a resolution and geometric point of view, the method is equally applicable to any refractor identified in the seismic sections. For deep refractors, such as the Moho refraction Pn in cortical-scale sections, the main difficulty is obtaining matching seismic arrivals in direct and inverse pairs, especially the reciprocal times, given the limited offset range of the energy generated by the air guns and recorded by the OBS. For the shallower sedimentary layers, the limitation is the distance between OBS, which prevents having pairs of OBS where direct and inverse shot information is received from the same point at the refractor. In all cases, care should be taken that the GRM methodology is based on sharp interfaces between constant velocity layers. Only critically reflected waves, or head waves, should be considered. Diving waves, from layers with vertical velocity gradients, should not be used.
CONCLUSION
Different scalar interpretation methods of 2-dimensional refraction seismic data have been applied in the past, depending on the scale. On a crustal-scale, the traditional methods are based on ray tracing and synthetic seismogram calculation, and tomography methods. In near-surface refraction seismic interpretation, apart from tomography, delay time methods are frequently used. Among the delay time methods, one of the most popular is the Generalized Reciprocal Method. It is mostly assumed that the delay time methods are exclusive to shallow seismic exploration and have not been applied to deep problems. Based on interferometric imaging and migration, full-wave methods have been recently introduced for marine seismic refraction interpretation.
The stacked refraction convolution section provided a more detailed image of the basement in Tamayo Through Basin. Previous OBS-based velocity models offered low resolution. The MCS data, both the reflection migrated section or the supergather refractions model, lack deep enough penetration to image the basement properly. The interpretation of the stacked refraction convolution section confirms the presence of a constant thickness volcanic layer in the northwestern part of the basin. However, only thin volcanic deposits can be interpreted in the shallower part of the southeastern margin.
This paper has shown that the Generalized Reciprocal Method and its full-wave extension, the stacked refraction convolution section, are applicable for crustal-scale studies, with ocean bottom seismometers and air guns in marine sedimentary basins of several km of depth. The procedure is simpler than migration to implement. The main sources of uncertainty are the calculation of the reciprocal times, through the observation of the seismic records, and the evaluation of the static corrections needed because the OBS are located at depth. Furthermore, it is possible to calculate a velocity analysis convolutional section to analyze lateral variations of the basement seismic velocities. The main advantages of the stacked refraction convolutional section over traditional methods are: 1) it is not necessary to measure travel times for all records, just reciprocal times, reducing data processing times; 2) it is possible to compare the results with multichannel reflection seismic sections directly; 3) it is a simple methodology that involves small computational cost; 4) the results can be used in an initial OBS tomography model or to obtain further details of the basement in ray tracing.
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The crustal structure around the Islas Marías Archipelago has been debated for a long time. An important unresolved question is where the Rivera-North American plate subduction ends and the Tamayo fracture zone begins, from SE to NW. Results from the TsuJal project have shed light on the northwesternmost part of the Jalisco block structure. It is now clear that Sierra de Cleofas and the Islas Marías Escarpment comprise the northwestern continuation of the Middle America trench. However, other questions remain. In this paper, we present the structure of the shallow and deep crust and the upper mantle of the Islas Marías western region through the integration of multichannel seismic reflection, wide-angle seismic bathymetric and seismicity data, including records of an amphibious seismic network, OBS, and portable seismic stations, purposely deployed for this project, providing an onshore-offshore transect of 310 km length. Our findings disclose new evidence of the complex structure of the Rivera plate that dips 8°–9° underneath the NW Jalisco block as revealed by two seismic profiles parallel to the Islas Marías Escarpment. Moreover, we find five sedimentary basins and active normal faults at the edges of tectonic structures of the E-W oriented West Ranges and the N-S trending Sierra de Cleofas. Furthermore, the Sierra de Cleofas is the beginning of the active subduction of the Rivera plate beneath North America. The oceanic crust thickens and submerges towards the south while is coupled with the continental crust, from 6 km at the northern ends of the seismic profiles to 15 km in the contact region and 24 km at the coast and southern ends of them. The continental Moho was not fully characterized because of the geometry of the seismic transects, but a low-velocity layer associated with Rivera Plate subduction was observed beneath the Jalisco Block. Our results constrain the complexity of the area and reveal new structural features from the oceanic to continental crust and will be pivotal to assess geohazards in this area.
Keywords: Islas Marías archipelago, crustal structure, basins, OBS, amphibious seismic network
INTRODUCTION
The study of active oceanic margins is the subject of numerous investigations globally, especially in regions whose boundaries are not well defined. Such is the case for the northern limit of the Rivera plate (RP). Traditionally, the northern limit has been defined as the Tamayo Fracture Zone (TFZ); however, the extent of this fracture zone and precisely where the North American plate (NOAM) begins along the region between Islas Marías and Bahía de Banderas (Figure 1) is not obvious. The Islas Marías Archipelago is located in the northern part of the RP and south of the Gulf of California mouth and includes San Juanito, María Madre, Magdalena, and Cleofas Islands (Figure 1). The origin of the islands is related to the opening of the Gulf of California (Lonsdale, 1989). This archipelago has a poorly-understood, complex tectonic history, with fragments of continental crust in several island’s (San Juanito, María Madre and María Cleofas) (Pompa-Mera et al., 2013; Schaaf et al., 2015a), fragments of oceanic crust in María Magdalena (Schaaf et al., 2015b) and intraplate alkali basalts with mantle xenoliths (Isabel Island) (Ortega-Gutiérrez and González-González, 1980; Housh et al., 2010) (Figure 1).
[image: Figure 1]FIGURE 1 | Topographic map and tectonic setting of the western Mexican region. Abbreviations: BB, Bahía de Banderas; CoR, Colima rift; ChTR, Chapala-Tula rift; EPR, East Pacific Rise; GDL, Guadalajara; IMB, Islas Marías Block; IME, Islas Marías Escarpment; MAT, Middle America trench; MMR, María Magdalena Rise; PV, Puerto Vallarta; RT, Rivera Transform; SBF, San Blas fault; SC, Sierra de Cleofas; TFZ, Tamayo fault zone; TZR, Tepic–Zacoalco rift; 1, San Juanito Island; 2, María Madre Island; 3, María Magdalena Island; 4, María Cleofas Island; 5, Isabel Island. (Inset) Location map of the study area within the North American continent.
The oceanic RP originated as a fragment of the Farallon plate with independent movement starting about 10 Ma (Atwater, 1970; Lonsdale, 1989). The RP, together with the Cocos plate (CP), interact with the NOAM through active subduction, whose morphotectonic expression is the Middle America Trench (MAT). Currently, the RP subducts beneath NOAM from the northern tip of the MAT to the south and forms new seafloor along its western boundary, the Pacific-Rivera rise (DeMets and Traylen, 2000). The southern boundary of the RP is shared with the CP and is currently defined by the transform Rivera Fault zone. Recent seismic studies of the southern boundary demonstrate that this limit is characterized by significant tectonic complexity (Núñez-Cornú et al., Submitted).
The tectonic complexity of the Islas Marías Archipelago is also evidenced by high seismicity that has generated earthquakes of moderate to large magnitudes, such as the M > 7.0, December 3, 1948 earthquake that occurred next to the Islas Marías Archipelago and caused significant damage to María Madre Island. Recent seismicity has been analyzed by Tinoco-Villa (2015) and constrained with the systematic recording by the Jalisco Seismic and Accelerometric Network (RESAJ in Spanish) (Núñez-Cornú et al., 2018). The historical seismicity of this region suggests that earthquakes of M > 7.5 have occurred. Some of the largest events occurred on June 3 and 18, 1932, with Ms 8.2 and 7.8, respectively, with an area of rupture from Bahía de Banderas to the Colima rift. In October 1995, a Ms 8.0 earthquake took place in the region, breaking only the southern half of the 1932 earthquake rupture area (Escobedo et al., 1998).
Recently, in the western Mexican margin, new geologic and marine geophysical research has been carried out to study the interaction between RP, CP, and NOAM (Núñez-Cornú et al., 2016; Dañobeitia et al., 2016; Núñez et al., 2019; Carrillo-de la Cruz et al., 2019, among others) and characterize the potentially tsunamigenic and seismogenic structures to assess geohazards and risks of this region. During the active acquisition stage of the TsuJal project, a combined off- and onshore experiment included two combined seismic methods, multichannel and wide-angle seismic, and multibeam bathymetry from Islas Marías (Nayarit state) to the south of Manzanillo (Colima state) (Figure 2A) (Dañobeitia et al., 2016; Núñez-Cornú et al., 2016). In this composite tectonic scenario, we focused on the crustal study of the western Islas Marías Archipelago. Here, we present the results by comparing a new P-wave velocity model from wide-angle seismic data with a multichannel seismic profile and hypsometric map of the northwestern boundary of the archipelago, which allow us to define the tectonic structures and interaction between RP and NOAM.
[image: Figure 2]FIGURE 2 | (A) TsuJal experiment deployment map. Symbols are depicted in the legend below the Panel, and abbreviations are the same as in Figure 1. Dash blue line denotes Cabo-Puerto Vallarta segment studied by Lizarralde et al. (2007). Abbreviations: CP, Cocos plate; JB, Jalisco block; MCS, Multichannel Seismic; NOAM, North American plate; OBS, Ocean-bottom seismometer; PP, Pacific plate; RESAJ, Jalisco Seismic Accelerometric Telemetric Network stations; RP, Rivera plate; TMVB, Trans-Mexican volcanic belt; WAS, wide-angle seismic. (B) Deployment map in the study area with seismic stations used to generate the P-wave velocity model of RTSIM02 seismic transect (green symbols). Red polygons denote the seismic stations deployed but not used in this study.
REGIONAL TECTONIC SETTING
The interactions between RP-CP and RP-NOAM characterize the active western margin of Mexico (Figure 1). The tectonic processes include seafloor spreading, active subduction, transform faulting, and extensional zones (DeMets et al., 1994). Within the NOAM, the inland region is characterized by two relevant geologic and tectonic features, the Trans-Mexican Volcanic Belt (TMVB) and the Jalisco block (JB). The TMVB extends from Bahía de Banderas, Nayarit, to Los Tuxtlas volcano, Veracruz, with an E-W trend and an obliqueness of 16° from its central and eastern part to the Middle American Trench (MAT) (Ferrari, 2000). This volcanic arc presents variability in the style of volcanism, geochemical affinity, and width (Gómez-Tuena et al., 2018).
The other crucial tectonic feature of the NOAM is the JB. It is considered an independent tectonic unit of the NOAM, whose separation began in the Early Pliocene as a result of the Gulf of California rifting and subsequent extension (Luhr et al., 1985). The JB structural limit to the east is the Chapala-Tula rift with 100 km length and a width from 15 to 35 km (Luhr and Carmichael, 1990). The southeastern border of the JB is defined by the Colima rift, with a range of 190 km and a width of 20–65 km, whose seaward prolongation is the El Gordo-Manzanillo rift with an NNE-SSW trend extending from the coastline to few kilometers before the intersection with the MAT (Rutz-López and Núñez-Cornú, 2004). The northern border of the JB is the NW-SE oriented Tepic-Zacoalco rift (TZR) that is 250 km in length and has an average width of 50 km (Frey et al., 2007). The northwestern extension of the JB to the RP is considered to be the Tamayo fault zone (Bourgois and Michaud, 1991). Nevertheless, it is still not clearly defined and could also include the San Blas Fault or the Islas Marías Escarpment (IME) west of Islas Marías Archipelago.
In the offshore region, the southern and western JB boundaries correspond to the MAT. The RP is a young and small plate (Atwater, 1970), detached from the CP at about 5–10 Ma (DeMets and Traylen, 2000). Concerning the CP, NOAM, and JB, the relative movement of the RP has been the subject of study for a long time (Wilson and DeMets, 1998). The subduction of RP beneath JB is close to perpendicular to the MAT near Colima, with a convergence rate of 5.0 cm/year to the NE (Bandy and Hilde, 2000). At the northwestern end, the convergence rate of RP beneath JB decreases to 2.0–3.0 cm/year and becomes oblique to the NNE (Kostoglodov and Bandy, 1995). Moreover, the dip angle of the subducting plate varies along the MAT. One of the first studies suggested an angle of 20° (Eissler and McNally, 1984); while Dañobeitia et al. (1997) argued that in the southern part, it is approximately 12° decreasing to the north to 7–8°. This almost-flat subduction angle has also been suggested by recent studies in this region (Gutiérrez-Peña et al., 2015; Núñez-Cornú et al., 2016; Núñez et al., 2019).
Detailed geologic and geophysical studies of the archipelago have been carried out only in recent years (e.g., Pompa-Mera et al., 2013; Schaaf et al., 2015a; Schaaf et al., 2015b; Ruiz-Martínez et al., 2016). In addition to the tectonic complexity of the poorly understood boundary between RP and NOAM, the structural and tectonic relationships between the continental and oceanic crust are vaguely understood in this region. Some seismic and tectonic studies around the archipelago provide new information about the structural characteristics to the north (Madrigal et al., 2021), west (Santibáñez-López, 2018), and south (Carrillo-de la Cruz et al., 2019). Further, the term “Islas Marías Block” (IMB) has been proposed as a tectonic unit bounded by the West Ranges, which are three linear morphological features controlled by NE-SW and NW-SE faults (Escalona-Alcázar et al., 2019).
In addition to the earthquakes caused by the subduction process between the RP and the NOAM, there are other tectonic structures in the north of the RP capable of producing seismic events of moderate magnitudes and significant seismic hazards (Marín-Mesa et al., 2019). In this region, the seismicity is principally concentrated around Sierra de Cleofas (SC) and Magdalena south fault, while in the north and east of the archipelago, seismic events are scarce (Tinoco-Villa, 2015; Núñez-Cornú et al., 2018; Escalona-Alcázar et al., 2019; Marín-Mesa et al., 2019). This scarcity could be due to the lack of seismic stations near the IMB, making it difficult to record and locate lower magnitude events or true quiescence. On December 4, 1948, an Mw 6.4 earthquake occurred at IME close to María Madre Island; the focal mechanism is consistent with high-angle reverse faults suggesting compression caused by oblique convergence in the accretionary prism (Jaramillo and Suárez, 2011). Other events occurred during January and February 2007 and September 2010 to the north and south of IMB, respectively, with Mw > 5.0. Additionally, Tinoco-Villa (2015) reported seismic swarms along the Sierra de Cleofas that could be grouped into families. The swarms occurred from October 2012 to February 2013 and were registered by the Jalisco Seismic Accelerometric Telemetric Network (RESAJ) (Núñez-Cornú et al., 2018).
DATA AND METHODOLOGIES (MATERIALS AND METHODS)
The main tectonic structures from the western region of Islas Marías to the Jalisco coast were characterized using the seismic lines RTSIM02 and TS08 obtained during the active part of the TsuJal project (Núñez-Cornú et al., 2016). During February and March 2014, Spanish and Mexican researchers carried out the deployment and collection of multidisciplinary data offshore and onshore in western Mexico with the participation of the British oceanographic research vessel RRS James Cook during the cruise JC098. In a month of fieldwork, the RRS James Cook was tasked with providing the seismic source, deploying and collecting the ocean-bottom seismometers (OBSs), as well as acquiring multichannel seismic reflection (MCS), multibeam and high-resolution bathymetry, and potential fields (magnetism and gravity) data. The wide-angle seismic (WAS) data were recorded by the RESAJ stations, an on-land temporary seismic network, and the OBSs, particularly deployed for this project.
Wide-Angle Seismic Data Acquisition and Seismic Phases
The RTSIM02 seismic transect was located west of the Islas Marías, parallel to the coastline, in a northwest-southeast orientation (Figure 2A). The shooting line had an approximate length of 230 km, where 749 shots were performed. The source design was adapted to this experiment to obtain the maximum possible energy concentrated in the lowest frequency range and the maximum possible offset distance. Table 1 shows the seismic source parameters used for this transect. These shots were recorded by seismic stations located both on the continent and on the ocean bottom.
TABLE 1 | Seismic source parameters used during the RTSIM02 wide-angle (WAS) and the TS08 multichannel seismic (MCS) data acquisition.
[image: Table 1]Throughout the RTSIM02 seismic profile, the WAS acquisition was recorded on six short-period OBSs (model LC2000SP with L28 three-component geophone sensors, natural frequency of 4.5 Hz), and a single HiTech HYI-90-U hydrophone deployed at OBS1, OBS5, OBS6, OBS9, OBS11, and OBS16 locations. On land, four Quanterra Q330S (Kinemetrics) instruments with LE-3D Lennartz sensor (1 Hz) were installed at C01, C02, C03, and C04 locations, as well as two permanent stations of the RESAJ network, were used (RESJ and CORJ) with the same type of sensors as the temporary land-based stations, making a total of 12 seismic instruments (Figure 2B). The WAS transect had a total length of 320 km.
The raw seismic data were processed, including band-pass filtering and merging with navigation data, corrections due to clock drift of instruments, and zero-phase band-pass filters (4–10 Hz). Traveltime corrections follow the methodology presented in Núñez et al. (2016). The P-wave phase interpretation was completed with the bathymetry and topography data (Figures 3, 4).
[image: Figure 3]FIGURE 3 | Record sections of the marine seismic stations recording the RTSIM02 seismic transect. All of them have the bathymetry along with the RTSIM02 seismic profile in the upper panel. The lower panel shows the vertical component of the corresponding station with a reduced velocity of 6 km/s (OBS01) and 8 km/s (OBS11 and OBS16), 4–10 Hz band-pass filter applied, trace-normalized amplitudes, and interpreted reflected and refracted P-wave horizons indicated by different color dashed lines. (A) OBS01; (B) OBS11; (C) OBS16.
[image: Figure 4]FIGURE 4 | Record sections of the terrestrial seismic stations recording the RTSIM02 seismic transect. Each panel shows the vertical component of the corresponding station with a reduced velocity of 8 km/s, 4–10 Hz band-pass filter applied, trace-normalized amplitudes, and interpreted reflected and refracted P-wave horizons indicated by different color dashed lines. (A) CORJ. (B) C04.
P-wave refracted and reflected phases were correlated to determine the different discontinuities in the crust and the uppermost mantle along the RTSIM02 profile. The apparent velocities of refracted waves were determined for the generation of the initial velocity and depth distribution. We identified five refracted phases [two within the sediments (PS1, PS2), one within the crust (Pg), one in the lower crust (PLC), and one within the uppermost mantle (Pn)], one reflected phase in the lower crust (PLCP), one crust-mantle boundary reflection (PMP), and three reflections in the first layers of the upper mantle PM1, PM2, and PM3.
The OBS sections show phases traveling through the sediments, crust, and the most upper mantle discontinuity (Figures 3A–C), while the land station sections provide better insights into the most profound upper mantle boundaries (Figures 4A,B). A total of 5,402 first arrivals (PS1, PS2, Pg, PLC, and Pn), PLCP, PMP, and reflections in the upper mantle were manually picked. A weighted average estimation for each phase picking error was calculated (Supplementary Table S1) following the methodology proposed by Núñez et al. (2016). The picking error estimation consisted in determining the individual uncertainties in arrival time picking of every seismic phase, adding the uncertainty due to the offset distance between the seismometer position and the shooting line. This factor was significant for seismic phases recorded by land stations. The two-dimensional (2-D) velocity and structure model was obtained after assembling the travel-time interpreted picks and using the Rayinvr software (Zelt and Smith, 1992) for forward modeling, while for travel-time inversion, we applied TOMO2D (Korenaga et al., 2000). Additional water depth and elevation values from bathymetry and navigation data provided by RRS James Cook and a regional digital elevation model were included. We established the origin of the model distance along this transect from a selected point located 30 km north of the OBS01 (Figure 2).
Multichannel Seismic and Bathymetry Data
MCS data acquisition was carried out by a streamer of 5.85 km length (468 active channels, separated 12.5 m) deployed at 10 m depth. The common depth point (CDP) distance is 6.25 m, providing a CDP nominal fold of 58–59 traces. These data were sampled at 1 ms and recorded initially in SEG-D format. The technical parameters of the seismic source used in this study are shown in Table 1. The TS08 seismic line consisted of 3,445 shots with a total length of 172 km approximately.
The MCS data processing was carried out by Seismic Unix software (Cohen and Stockwell, 2013), applying the main stages and parameters shown in Table 2. Finally, we obtain our MCS images of the TS08 seismic profile.
TABLE 2 | Processing flow applied to the TS08 multichannel seismic profile using Seismic Unix.
[image: Table 2]The bathymetric data were acquired from a Kongsberg EM120 and Kongsberg EM710 multibeam echosounders mounted aboard the RRS James Cook. Using bathythermograph (XBT) probes, sound velocity profiles in the water column were obtained daily and included during processing.
The data recovered in the area of the RTSIM02 and TS08 seismic profiles were processed using CARIS HIPS and SIPS (Teledyne) software, including sound speed and tide corrections provided by CICESE (Centro de Investigación Científica y de Educación Superior de Ensenada). During this processing stage, vertical and horizontal data produced georeferenced data, including calculating the total propagated uncertainty for each sounding. Finally, regular grid and variable resolution surfaces with different filters and editors were applied to generate the final bathymetric surface with an 80 × 80 m resolution grid, which was interpolated and depicted using System for Automated Geoscientific Analyses (SAGA) and Geographic Information Systems (GIS) (Conrad et al., 2015).
RESULTS
MCS and Bathymetry Data
The bathymetric map shows the seafloor structures and their trends (Figure 5). The structural features of the continental borderland of the JB were described by Núñez-Cornú et al. (2016), Carrillo-de la Cruz et al. (2019). However, those of the RP near the JB are poorly known. During the TsuJal project, the new detailed bathymetry allowed us to generate a detailed seafloor map and combine it with the seismic reflectors. The seafloor patterns show that ranges and basins are structurally controlled. From NW to SE (Figure 5A), the Magdalena basin lies between the E-W oriented María and Magdalena ranges (Escalona-Alcázar et al., submitted). To the SE, the Sisvoc basin is limited by the ENE-WSW South Magdalena range (Escalona-Alcázar et al., submitted). To the south, this range is the northern limit of the larger Tres Marías basin (Núñez-Cornú et al., 2016) (Figure 5A). The continental borderland structures south of the Islas Marías Archipelago are mostly oriented N-S (Figure 5B) (Carrillo-de la Cruz et al., 2019). This structural trend changes to NW-SE along the IME, being oblique to the María, Magdalena, and South Magdalena ranges.
[image: Figure 5]FIGURE 5 | Bathymetry map of the western Islas Marías region. (A) Hypsometric map with interpreted surface lineaments. (B) Bidirectional rose diagram of the structural features interpreted from bathymetry showing a N-S preferential tendency. Black dotted lines represent the interpreted lineaments observed. Data obtained with EM120 multibeam echosounder and processed with CARIS Hips and Sips (v.10.4). Abbreviations: BC, Banderas Canyon; MB, Magdalena basin; SB, Sisvoc basin; SC, Sierra de Cleofas; TB, TsuJal basin; TMB, Tres Marías basin.
The TS08 seismic profile is oriented NW-SE, parallel to the Islas Marías Archipelago trend and the RP. This profile was made to characterize the shallow structure west of the archipelago. We divided the seismic section into three zones (I to III) according to the structures observed (Figure 6). Zone I is 90 km long, counting the CDPs 28,000 to 13,500. Normal faults define the morphology; the horsts are the María and Magdalena ranges (Figure 6B), while the grabens are the North Rivera, Magdalena, and Sisvoc basins. The North Rivera basin has a buried horst in the middle; the two small basins show slightly tilted seismic reflectors to the SE, with a slim splayed array. The faults are no longer active since the uppermost reflector is subhorizontal in the whole basin. The maximum sedimentary depth is 0.6 s of TWTT. The structure of the Magdalena basin are normal faults, actually inactive, showing a synthetic array. The seismic reflectors are somewhat tilted to the SE. The Magdalena and South Magdalena ranges are the Sisvoc basin, showing subhorizontal seismic reflectors in its first 10 km. Advancing to the SE, zone II (Figure 6B) corresponds to the southern part of the Sisvoc Basin, the South Magdalena range, and the Tres Marías basin (TMB). The acoustic basement is faulted and composed of gabbroic intrusions and basalts overlayed by thin sedimentary layers of silt and clay according to the lithologies found at the DSDP site 473 (Yeats et al., 1981). The TMB has the maximum sedimentary thickness of the profile, equal to 2.5 s of TWTT. The main feature of this zone is the tilting to the SE and the splay array of the seismic reflectors towards the Islas Marías fault (IMF) (Figure 6). This array suggests that the IMF is currently active. Zone III is located in the southern part of the profile, with the IMF, SC, and TB as the main tectonic structures in this region (Figure 6B). The TB has 1.0 s of TTWT of sedimentary thickness, with its reflectors gently tilted to the NW.
[image: Figure 6]FIGURE 6 | TS08 Multichannel Seismic Profile. (A) Migrated seismic line with Zones I, II, and III indicated for a better interpretation. (B) Enlargements of Zones I, II, and III. Abbreviations: CDP, Common Depth Point; IMF, Islas Marías fault; MB, Magdalena basin; SB, Sisvoc basin; SC, Sierra de Cleofas; TB, TsuJal basin; TMB, Tres Marías basin; TWTT, two-way travel time.
WAS Data
Modeling of the RTSIM02 data produced a P-wave velocity model that constrains sedimentary, crustal, and uppermost mantle structures of the western region of Islas Marías to a depth of 60 km. The model origin was placed at the northwesternmost shot location of the seismic line, 29.3 km from the OBS01 (Figure 7).
[image: Figure 7]FIGURE 7 | (A) Final RTSIM02 P-wave velocity model across the western region of Islas Marías (Mexico). Black inverted triangles depict land stations of the TsuJal RTSIM02 seismic profile. Vertical and horizontal axes show depth below sea level and model position, respectively. The colored area is the region where ray tracing provides the velocity values. Black lines describe layer boundaries, and the thick ones mark positions where rays are reflected, showing the well-defined areas. The gray zone represents the area not crossed by rays. (B) Ray tracing and velocity model with average velocities in km/s. (C) Comparison between observed (vertical bars) and calculated (lines) travel times. In all panels, distances refer to the velocity model origin. Abbreviations: MgR, Magdalena range; MR, María range; SC, Sierra de Cleofas; TB, TsuJal basin; TMB, Tres Marías basin.
A 2 km-thick sedimentary sequence was imaged along the North Rivera Basin, composed of two layers whose velocity range varies from 2.5 km/s to 4.5 km/s top to bottom (Figure 7A). In the Magdalena basin, between the María and Magdalena ranges (40–50 km model distance), the sedimentary cover thickens from 2.0 to 4.6 km depth with similar velocities as the North Rivera Basin. From the Magdalena range, the Sisvoc basin throughout TMB, the seafloor deepens to ∼2.0 and 4.1 km while the sediment layers are thickened 1.5–2.6 km. The TMB is characterized by a lateral velocity variation between 2.3 and 2.4 km/s at the top and 4.1–4.3 km/s at the bottom, being the first sedimentary layer ∼3 km thick. To the southeast, the Sierra de Cleofas divides the TMB from TB. The TB presents two layers of sediments with P-wave velocities of 2.4-2-6 km/s and 4.0–4.2 km/s, and thicknesses of 2.1 and 1.2 km, respectively.
In the Rivera Plate region, a thin layer is located under the sedimentary cover with P-wave velocities between 5.1 and 5.3 km/s, and its lower limit would be associated with the acoustic basement observed in the TS08 profile. This layer has a maximum thickness of 0.5 km in the north Rivera basin region, approximately 1 km below the West Ranges (conjointly called the María, Magdalena, and South Magdalena ranges), increasing towards the TMB. In the Sierra de Cleofas and TB region up to the coastal zone, this layer appears thickened with values of 2–2.5 km, while in the continental region, the thickness decreases to values to less than 1 km.
The lower crust is characterized as thin in the oceanic region, showing a vertical gradient from 6.0–6.9 km/s with average thicknesses of 6 km and a cortical thickness between 7 and 9 km with a velocity contrast of 6.9–7.8 km/s. In the contact zone between RP and JB, the lower crust dips with an angle of 8°–9°, where the Moho is located deeper than 15 km, increasing in depth towards the coastal zone where it reaches 24 km. Due to the spatial arrangement of land seismic stations in the profile, it has not been possible to characterize continental Moho, but a low-velocity layer associated with RP subduction was observed under JB. Throughout the RTSIM02 seismic profile, we identified three seismic layers in the upper mantle with velocities increasing in depth, reaching maximum values of 8.6 km/s at 60 km depth.
Once adjusted for travel time and controlled by amplitudes through synthetic seismogram calculations, our model reproduces 5,246 of 5,402 (97%) of observed travel times throughout the entire length of the profile (320 km). We determined the arrival-time fit quality ([image: image]) for each interpreted phase with the following values for PS1 (0.8), PS2 (0.9), Pg (1.0), PLCP (1.2), PLC (1.0), PMP (1.0), Pn (0.9), and reflected P-phases observed in the mantle PM1 (1.6), PM2 (1.3), and PM3 (1.2). Our final model is not far from the ideal case ([image: image]) producing a [image: image] of 1.2 (Supplementary Table S1).
Tomography and Resolution
The seismic structure of the western Islas Marías Archipelago along RTSIM02 is constrained by the inversion of our wide-angle seismic travel time data for the previous 2D P-wave velocity model. We used a layer stripping strategy to find a seismic velocity model that fits our data by linear inversions. First, we carried out an inversion of 897 first-arriving crustal phases (PS1, PS2, Pg, and PLC) to create a smooth image of the seismic velocity structure with a root-mean-square misfit of 0.17 s. Secondly, we incorporated the PMP phases (1,087 travel-time picks) in our inversion with the initial Moho discontinuity reflector obtained from the previous forward 2D seismic velocity model. For the last inversion, Pn phases (978 travel-time picks) and Moho reflector obtained from the previous inversion were included. Our simultaneous wide-angle refraction and reflection travel-times inversion constrains the boundary depths and velocities of the crust and upper mantle throughout our seismic profile (Figure 8A). We used a total of 2,962 travel-time picks.
[image: Figure 8]FIGURE 8 | (A) Final RTSIM02 seismic velocity model after inverting wide-angle refractions and reflections with TOMO2D. The black thick line shows the location of the Moho reflector and oblique dash black lines denote the region interpreted as extended and thinned continental crust. (B) Final standard deviation values for the P-wave velocity values resulted from the statistical uncertainty analysis.
The uncertainty of our velocity model was determined by calculating the standard deviation of successful inversions of random velocity models. The result of inverting 100 Monte Carlo realizations is shown in Figure 8B. From seafloor to basement, the standard deviation obtained is less than 0.3 km/s, which increases until 0.4 km/s close to Moho depth. Below Moho, maximum values of standard deviation are less than 0.6 km/s.
The P wave velocity distribution and their standard deviation shown in Figure 8 clearly define the Moho. Its depth varies between 9–11 km until the OBS11, increasing up to 25 km at the OBS16 in the Tres Marías Fault.
DISCUSSION
Other studies in Western Mexico have used a variety of seismic techniques to understand the tectonic relationship between the various tectonic plates and formation of their related structures (Dañobeitia et al., 1997; Fabriol et al., 1999; Aragón-Arreola et al., 2005; Lizarralde et al., 2007; Brothers et al., 2012; Núñez-Cornú et al., 2016; Núñez et al., 2019; Carrillo-de la Cruz et al., 2019; among others). The region of the Gulf of California and the tectonic processes involved have been addressed with different seismic techniques. The crustal structure at the mouth of the gulf region was defined by wide-angle seismic profiles that included OBS and land stations (Lizarralde et al., 2007).
Some experiments used multichannel and wide-angle seismic profiles, either with or without OBS and land stations, perpendicular to the main structural trend of the Gulf of California (e.g., Fabriol et al., 1999; Aragón-Arreola et al., 2005; Brothers et al., 2012; Macías-Iñiguez et al., 2019), finding that the end of the continental crust is a sharp zone along most of the eastern margin of Baja California. However, in the eastern margin of the gulf, there is an ocean-continent transition zone with extension and thinned continental crust. These studies suggest different rifting and basin evolution styles, some of them with related volcanism and others without, based on the thermal state of the mantle and the rigidity of the lower crust (Lizarralde et al., 2007).
In the region between Puerto Vallarta and Los Cabos and extending a bit further to the NW within the gulf, the geophysical, multichannel, and wide-angle seismic profiles were carried out with general NW-SE orientation, such that the trend of these profiles is perpendicular to the ridges in the Gulf of California and the East Pacific Rise (Lizarralde et al., 2007; Páramo et al., 2008; Sutherland et al., 2012; Abera et al., 2016). From the western Mexico coastline to the SW, the results obtained from the seismic and geophysical profiles have revealed different deformation styles and structures. Close to the western Mexican continental margin, the Tamayo Banks were defined as a microcontinent (Abera et al., 2016), bound to the SW by the Tamayo fracture zone, while to the NW is the Alarcón basin with oceanic crust. The SE limit is the Tamayo trough, an extended portion of continental crust with poor oceanic crust development (Lizarralde et al., 2007; Sutherland et al., 2012; Abera et al., 2016). Next to the SE is the San Blas basin, the largest in the region, built on continental crust, with a sedimentary thickness of 2 s of TWTT and slightly deformed (Sutherland et al., 2012).
Previous seismic profiles west of the Islas Marías Archipelago have different lengths and different levels of detail. Páramo et al. (2008) made multichannel seismic profiles from Los Cabos to the East Pacific Rise (EPR), 150 km west of the Islas Marías Archipelago. The horst and graben array found in the continental crust and the sharp ocean-continent transition are similar to those found along the western gulf coast. There is evidence of syndepositional deformation and post tectonic sedimentation (Páramo et al., 2008). Lizarralde et al. (2007) presented the wide-angle seismic profile from Los Cabos to Puerto Vallarta close to the RTSIM02 and TS08 profiles. From NW to SE, Lizarralde et al. (2007) showed the oceanic crust of the María Magdalena Rise, followed by a thinned continental crust with a thin sedimentary cover until it reaches the Sierra de Cleofas. The velocity model has a lower crust with velocities of 6 km/s, which were associated with granitic rocks, velocities of ∼5 km/s were associated with volcanic and sedimentary rocks, and those of <3 km/s related to sediments (Lizarralde et al., 2007; Páramo et al., 2008). In our velocity model (Figure 8A), the thinned continental crust region is defined from the West Ranges to Tres Marías basin and Sierra de Cleofas, with small basins in between (Magdalena and Sisvoc basins). The area along the profile TS08/RTSIM02 is in the seaside west of the IMF, oriented NW-SE. Its location offers a unique opportunity to understand the nature of the crust immediately west of the Islas Marías Archipelago. Along our seismic profile (Figure 8A), around OBS05 to OBS11 (next of the IMF), we observe a thin and continuous layer of ∼1 km thickness with velocities belonging to granitic and volcanic/sedimentary rocks. This cover is underlain by ∼5 km thick lower crust. These crustal velocities are in agreement with those reported from 6.0 to 6.6 km/s for the average continental crust in this region (Chulick and Mooney, 2002); nonetheless, it is only ∼6 km thick. Below it, the velocity increases to >7 km/s, typical values at the base of layer 3 for the oceanic crust (Christeson et al., 2019). The velocity distribution varies from ∼3 to 6.6 km/s, except in the TMB, where it decreases to 2.4 km/s due to the sedimentary cover thickening. Our velocity model is similar to that from Lizarralde et al. (2007); however, ours is able to characterize the uppermost part of the crust.
We compare three 1-D velocity–depth profiles across our seismic transect with compilations made for young and old oceanic crust formed at slow-spreading centers (age <7.5 Ma, > 7.5 Ma and 5–20 mm/yr half spreading rate, respectively, as defined by Christeson et al. (2019) as in Pilia et al. (2021). Figure 9A shows that our profile located at 30 km (OBS01) in the North Rivera Basin suggests velocities and thicknesses close to those reported for the young oceanic crust and according to RP age which is <7.5 Ma with possible remnants that could reach ca. 9 Ma (Lonsdale, 1989). However, in Figure 9B, our 1D velocity–depth profile at 130 km close to OBS09 (NE boundary of the Tres Marías Basin) is slower than the models of slow-spreading ridges (Christerson et al., 2019). This difference could be associated with the transition from oceanic to an extended and thinned continental crust, as proposed in the velocity model (Figure 8A), and could be related to gabbroic intrusions associated with the oceanic crust lithologic assemblage of María Magdalena Island (Schaaf et al., 2015b). Figure 9C also shows velocities slower than the young and old oceanic crust models characteristic of continental crust that is slightly extended in this region.
[image: Figure 9]FIGURE 9 | 1-D velocity-depth profiles extracted from the final P-wave velocity model at distances corresponding to (A) OBS01 (30 km); (B) OBS09 (130 km), and (C) CORJ (210 km). We compare our velocity profiles with the range of typical velocity profiles for “young” and “old” oceanic crusts formed at slow-spreading centers (grey and orange 1-D profiles from Christeson et al. (2019) and extended continental crust (blue line, from Christensen and Mooney, 1995) with its uncertainty (light blue region).
Our final velocity model in Figure 8A depicts a subparallel velocity distribution that gently becomes deeper and dips towards the SE. The velocities and thicknesses that characterize the crust have been considered as a continent-ocean transition (COT) in places like the Labrador Peninsula (Keen et al., 2018), the Flemish cap (Funck et al., 2003), or the South China Sea (Cameselle et al., 2015). In addition, due to the more detailed data, we were able to define the dip of the lower crust and the shallow structure of the NE edge of the Rivera plate. Based on our seismic reflection profile (Figure 6) and the velocity distribution (Figure 8A), the extended and thinned continental crust could vary from extended to extremely extended. From NW to SE the structural array is of horst (María, Magdalena and South Magdalena ranges) and grabens (Magdalena, Sisvoc and Tres Marías basins). In some parts, the extension could be large enough to break the continental crust and develop an oceanic one like the lithologic assemblage described in María Magdalena Island (Schaaf et al., 2015b). The lower crust gently dips to the SE until the Sierra de Cleofas with an angle of 8°–9° beneath the NW part of the Jalisco Block.
Our model integrated the bathymetric, multichannel, and wide-angle seismic data, together with the regional seismicity (see references in Figure 10A). Along with the TS08 multichannel seismic profile (Figure 6), the seismic reflectors are gently tilted to the SE and indicate post-depositional deformation in the North Rivera and Magdalena basins. In the northern part of the Sisvoc basin, the seismic reflectors are subhorizontal; then, they tilt to the SE until the northern fault bounding the South Magdalena range, where reflectors have a slight splay array towards this fault, suggesting that it is currently active. This observation is constrained by the seismicity around the region between the OBS9 and OBS11 (Figure 9). From the south of the Magdalena range, the seismic reflectors are faulted and tilted, following the slope direction. Although the sediments are faulted, these structures do not extend until the top of the sedimentary coverage; they are over-filled with thin post-rift sediments. At the change in slope, the reflectors dip, following it. Like in the Sisvoc basin, the lower sedimentary fill is faulted in the Tres Marías basins, while the uppermost layers are not. These faults are in an antithetic array with respect to Sierra de Cleofas (Figure 6). Covering the faults, the sedimentary layer is thin in the slope, but it thickens in the Tres Marías basin towards the SC, reaching a maximum sedimentary thickness of 1.7 s of TWTT with a splay array towards the fault (Figure 6).
[image: Figure 10]FIGURE 10 | (A) Seismicity map of western Mexico. Data sources obtained from Gutiérrez-Pena et al. (2015), Marín-Mesa et al. (2019), Núñez-Cornú et al. (2002), Núñez-Cornú et al. (2004), Núñez-Cornú et al. (2014), Núñez-Cornú et al. (2018), Núñez-Cornú et al. (2020), Rutz-López and Núñez-Cornú (2004), Rutz-López et al. (2013), Tinoco-Villa (2015). The blue line is the projection of seismicity throughout the RTSIM02 seismic profile with a width of 40 km. Black inverted triangles depict seismic stations which recorded these data. (B) RTSIM02 tomographic P-wave velocity model with the seismicity projected along the profile depicted in Panel (A) (40 km of total width). Abbreviations as for Figure 7A.
Figure 10A shows the compilation of seismicity data in the study region carried out by the research group CA- SisVOc from different studies between 2002 and 2016 (Gutiérrez-Pena et al., 2015; Marín-Mesa et al., 2019; Núñez-Cornú et al., 2002; Núñez-Cornú et al., 2004; Núñez-Cornú et al., 2014; Núñez-Cornú et al., 2018; Núñez-Cornú et al., 2020; Rutz-López and Núñez-Cornú, 2004; Rutz-López et al., 2013; Tinoco-Villa, 2015). These data belong to different projects that SisVOc has been involved with, including RESAJ, MARS, and individual research projects. The hypocenters depicted were located using at least four P-phase and four S-phase readings. In some cases, P–Pn times were used to constrain hypocentral depths (Urías-Espinosa et al., 2016). The criteria applied to select the better location were: root-mean-square (RMS) arrival time error <0.5 s, the epicentral and focal depth standard errors (ERH and ERZ, respectively) < 10.0 km. In the RP-JB contact region, the seismicity is mainly located above 40 km depth, which increases landward where the hypocenters reach maximum depths of 60 km at the coast. The hypocenter distribution shown in Figure 10A is in the uppermost part of the lithospheric mantle, the COT and the continental crust. These events are from the TMB towards the continent, being more abundant at the continental crust. The events distribution from TMB to TB could be related to the unbalanced stress and accommodation due to the NE movement of the Rivera Plate against the NW movement of the Jalisco Block. Both structural blocks could be coupled moving together, producing seismicity along the major faults. Previous studies in this region establish focal mechanisms of high-angle reverse faulting obtained from seismograms collected from regional and teleseismic stations (Jaramillo and Suárez, 2011), which could also be associated with the oblique convergence between RP and NAP. Additionally, the NW orientation of the MAT, whose end is bending towards the north, starts the N-S oriented Sierra de Cleofas (Figure 1), contributing to the unbalanced forces and the seismicity. Moreover, the splay array of the sedimentary reflectors in the TMB towards the IMF at the western edge of the Sierra de Cleofas suggests that the IMF is an active fault (Figure 6B).
Figure 10B shows the seismicity projected in a line of 320 km coincident with our RTSIM02 tomography velocity model (Figure 8A) with a total width of 40 km (20 km wide on each side of the line) to compare to the WAS and MCS results. The correlation between both data sets shows consistency with the structures we propose. Moreover, we observe that the seismicity data indicate the slab is subducting in this zone with a dip angle of 8° approximately, as previously was reported by Carrillo-de la Cruz et al. (2019) and less than reported by Núñez-Cornú et al. (2016).
The faults bounding the Sierra de Cleofas are active since the seismicity is widespread around it (Figure 10). Further research using the RESAJ network, as well as the records from the seismic stations installed in María Madre and María Cleofas islands, could improve the locations, depth, and azimuth coverage of the seismicity presents in the Islas Marías to determine the focal mechanisms and improve the tectonic evolution knowledge of the NW boundary of the Jalisco Block and its interaction with the Rivera Plate.
CONCLUSION
The new multidisciplinary data acquired in the west of the Islas Marías Archipelago have allowed us to establish the cortical architecture of the transition between the oceanic crust of the Rivera Plate and the extended and thinned continental crust, where, from NW to SE, it is formed by the North Rivera basin, María range, Magdalena basin, Magdalena range, Sisvoc basin, South Magdalena range, and the Tres Marías basin. These new ranges and basins are defined along the RTSIM02 and TS08 profiles obtained by the new bathymetric and OBS–land stations combined wide-angle and multichannel seismic data.
The basins to the north of the South Magdalena range contain sedimentary cover that records the faulted syn-rift deposits covered by a thin post-rift sedimentary layer. The faults along the profile are active and inactive. Inactive faults cross-cut the lowermost sedimentary layers of the basins along with the profile. Simultaneously, active faults are located at the northern limit of the South Magdalena range and the Sierra de Cleofas, evidenced by the seismicity and the splay array of the sedimentary strata, where we establish the beginning of the northernmost active subduction between the Rivera and North American plates. In this region, the bottom of the crust dips from 8° to 9°.
This study contributes to the knowledge of the active tectonic structures in the Islas Marias Archipelago region, with potential implications on geohazard identification and associated risks in this area.
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The geodynamic complexity in the western Mexican margin is controlled by the multiple interactions between the Rivera, Pacific, Cocos, and North American plates, as evidenced by a high seismicity rate, most of whose hypocenters are poorly located. To mitigate this uncertainty with the aim of improving these hypocentral locations, we undertook the TsuJal Project, a passive seafloor seismic project conducted from April to November 2016. In addition to the Jalisco Seismic Network, 10 LCHEAPO 2000 Ocean Bottom Seismometers (OBSs) were deployed by the BO El Puma in a seafloor array from the Islas Marías Archipelago (Nayarit) to the offshore contact between the states of Colima and Michoacan. We located 445 earthquakes in four or more OBSs within the deployed array. Most of these earthquakes occurred in the contact region of the Rivera, Pacific, and Cocos plates, and a first analysis suggests the existence of three seismogenic zones (West, Center, and East) along the Rivera Transform fault that can be correlated with its morphological expression throughout the three seismogenic zones. The seismicity estimates that the Moho discontinuity is located at 10 km depth and supports earlier works regarding the West zone earthquake distribution. Subcrustal seismicity in the Central zone suggests that the Intra-Transform Spreading Basin domain is an ultra-low spreading ridge. A seismic swarm occurred during May and June 2016 between the eastern tip of the Paleo-Rivera Transform fault and the northern tip of the East Pacific Rise-Pacific Cocos Segment, illuminating some unidentified tectonic feature.
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INTRODUCTION
The Nayarit, Jalisco, and Colima coasts in the Pacific margin of Mexico are one of the most seismically active areas in North America, in which destructive earthquakes of great magnitude have occurred, generating small local tsunamis. There is also an important seismic gap (Vallarta Gap) on the northern coast of Jalisco (Figure 1). The TsuJal Project (Núñez-Cornú et al., 2016) had the objective of studying the seismic and tsunamigenic hazards associated with the interaction of the Rivera plate, Jalisco Block, and the North American plate. This project was conducted in two phases: 1) onshore and offshore active seismic experiments and geophysical surveys, and 2) passive observations of natural seismicity. The second phase sought to characterize the seismicity of the area between the Islas Marías, Bahía de Banderas, and along the Middle America Trench (MAT). We present here the first results for seismicity recorded during the second phase of the TsuJal Project.
[image: Figure 1]FIGURE 1 | Tectonic frame of the Pacific Mexican region. Abbreviations: BB, Bahía de Banderas; BBF, Bahía de Banderas fore-arc block (purple line); BC, Banderas Canyon (yellow dashed line); ChR, Chapala Rift zone; CR, Colima rift zone; EGG, El Gordo Graben; EPR-PCS, East Pacific Rise Pacific-Cocos Segment (yellow line); IC, Ipala Canyon (yellow dashed line); IME, Islas Marias Escarpment (yellow light line); MAT, Middle America Trench (red line); MG, Manzanillo Graben; MoT, Moctezuma Trough; MSS, Moctezuma Spreading Segment; PRT, Paleo Rivera Transform fault (yellow dashed line) [after Pelaéz-Gaviria et al. (2013); Núñez-Cornú et al. (2018)]; RT, Rivera Transform (yellow line); SC, Sierra de Cleofas (pink dashed line); TZR, Tepic-Zacoalco Rift zone; V-Gap, Vallarta Seismic Gap. Seismic networks used in this study: white inverted triangles correspond to RESAJ permanent stations; Cyan pentagons denote TsuJal temporary seismic stations (TN) and pink hexagons are Ocean Bottom Seismometers (OBS).
In addition to the Jalisco Telemetric Seismic Network (RESAJ) (Núñez-Cornú et al., 2018), from April to November 2016, a temporary seismic network (TN) with 25 stations with sensor Le-3D MkIII was deployed from the northern part of the Nayarit to the south of Colima, including the Islas Marías Archipelago (from April 2016 to January 2017), providing a total of 50 seismic land stations. Offshore, a network of ten Ocean Bottom Seismometers (OBS) with four channels (3 short-period sensors and hydrophone) type LCHEAPO 2000 was deployed from the Islas Marías to offshore contact between Colima and Michoacan states. The OBSs were deployed and recovered by the research vessel BO El Puma (Universidad Nacional Autonoma de Mexico); nine of them worked well. Sensors recorded data from early April (Figure 1) through October 17. In this period, the USGS reported six earthquakes occurred in this region with magnitudes M > 5.0. Those were (1) May 7, 00:18 MW = 5.6; (2) May 7, 01:05, MW = 5.0; (3) June 1, 08:30, MW = 5.4; (4) Jun 2, 02:23, MW = 5.4; (5) June 7, 10:31, MW = 6.3; and (6) June 7, 10:51, MW = 5.5.
Previous seismicity studies in the East Pacific Rise and Rivera Fracture Zone using OBS were carried out between March and April 1974 using three OBS in small arrays (Prothero et al., 1976; Reid and Prothero, 1981). The areas studied were the Rivera Fracture zone, the junction of the ridge crest and the Rivera fracture zone, and the Rivera–Tamayo fracture zone.
TECTONIC SETTING
The North American (NOAM), Pacific, Cocos, and Rivera (RP) lithospheric plates interact in the western margin of Mexico (Figure 1), but the seismotectonic processes are still not fully understood. In this region, a tectonic unit exists, known as the Jalisco Block (JB) (DeMets and Stein, 1990; Michaud et al., 1990; Allan et al., 1991; DeMets and Wilson, 1997). The JB (Figure 1) is limited to the east by the Colima rift zone, which extends northward from the Pacific coast and connects at its northern end with two other major extensional structures: The Tepic-Zacoalco rift zone (trending roughly NW-SE), defined as the northern boundary of the JB, and the Chapala rift zone (trending roughly E-W). The connection between the north-western border of the JB and the continent is not well defined.
Recent studies (Dañobeitia et al., 2016; Núñez-Cornú et al., 2016; Madrigal et al., 2021) indicate that north of Islas Marías (from north to south: Maria Madre, Maria Magdalena, and Maria Cleofas), there is no evidence of an active subduction zone; instead, faulting at west flank of the Islas Marías is observed, while southwards between Maria Magdalena and Maria Cleofas islands the subducted slab of the RP is delineated by regional seismicity. These studies show the existence of a tectonic feature south of Maria Cleofas Island, the Sierra de Cleofas. This 100 km long structure is oriented N-S and marks the boundary of RP and JB, possibly arising from compression by RP against the JB. It establishes where the present-day subduction zone could begin and its presence is also supported by associated seismic activity. Núñez-Cornú et al. (2016) also suggest that Banderas Canyon may reflect the eastern extension, which seems to continue to the east through the Pitillal river’s valley. Continental stresses control the morphology of Banderas Canyon. Núñez-Cornú et al. (2016) show that the Bahía de Banderas area is undergoing strong crustal stress via the convergence of RP (Figure 1). Urías Espinosa et al. (2016) suggest that the existence of Ipala Canyon is related to the extension produced by the sharp change in the RP convergence, and Ipala Canyon may lie along the southeast boundary of a major forearc block (Figure 1), termed Banderas Forearc Block.
The atypical Rivera-Pacific-Cocos plate boundary is considered to be a transform fault with a complex stress pattern, which many authors have studied (e.g., Larson, 1972; Reid, 1976; Mammerickx, 1980; Bourgois and Michaud, 1991; Michaud et al., 1997; DeMets and Traylen, 2000; Michaud et al., 2000; Peláez-Gaviria et al., 2013). Initially, the Rivera Transform (RT) was proposed to consist of two domains (Larson, 1972; Reid, 1976; Mammerickx, 1980) divided at 107.5°W. The west domain of the RT is an NW-SW elongate basin containing an intra-transform spreading center, known as the Mid-Rivera Transform Discordance. The presence of an intra-transform spreading center at 108.25°W was first proposed based on local seismicity studies conducted in the 1970s (Prothero et al., 1976; Reid, 1976; Prothero and Reid, 1982). In contrast, within the east domain, the basin disappears and the transform fault was originally mapped as a series of discontinuous ridges. Bandy et al. (2011) proposed that the west domain of RT is divided into two very different domains. The first, named “Intra-Transform Spreading Basin,” is about 115 km long, extending from 107.30 to 108.42°W in the NW-SE direction. The second, named “Leaky Transform Basin,” is an NW-SE elongated structure, roughly 100 km long, extending from 108.42 to 109.21°W.
From bathymetry, Peláez-Gaviria et al. (2013) suggest that this region can be divided into several morphotectonic zones, some of which are described in previous studies. These include 1) zones related to the East Pacific Rise–Pacific Cocos Segment (EPR-PCS) propagation and Moctezuma Spreading Segment (Mammerickx, 1984; Bandy et al., 2008); 2) zones west of Moctezuma Trough (MoT) (Figure 1) that are the older crust created at the Mathematician Ridge through which the EPR propagated; 3) zones formed by the older crust at the Rivera Rise which is bent westward as it approaches the RT, due to shearing during the initial formation of the RT (Lonsdale, 1995); 4) zones related to the EPR-PCS propagation to the north of the Paleo Rivera Transform Fault (PRT), dated as 1.4 Ma; 5) the area of MAT, which could be subdivided into three domains; 6) zones located at NW of the El Gordo Graben, whose crust was formed at the EPR-PCS before 1.5 Ma; and 7) the Continental Shelf.
DATA PROCESSING AND SEISMIC ANALYSIS
During the study period, the Jalisco Telemetric Seismic Network (RESAJ) operated 20 seismic stations in the region, using the Antelope system to acquire, process and store data in real-time. This system also provided automatic preliminary locations, using the iasp91 P-wave velocity model, in real-time. Afterward, a seismologist reviewed P and S pickings. However, the depths of the earthquakes were deeper than expected because the iasp91 model is not suitable for this complex tectonic setting. The earthquakes were relocated using Hypo71 and a suitable velocity model; locations and readings (P and S) were integrated into a database.
Data recorded by the TN network were downloaded directly and included in the Antelope system monthly, integrating with those obtained from RESAJ network. At the end of the experiment, a database (Land) was generated with the records of both networks. The OBS data required a post-processing stage that took more time to be integrated into a database in the Antelope system. Our seismic databases (Land and OBS) include the seismicity from May 1 to October 17, 2016. For this first analysis, we follow the same methodology used by RESAJ in on-land recent studies (Gutiérrez et al., 2015; Tinoco Villa, 2015; Marín-Mesa et al., 2019) to establish a reference frame and compare the locations with and without OBS data, allowing us to improve the methodology to locate oceanic seismicity.
Earthquakes registered by the OBS array were identified using the Antelope system (Lindquist et al., 2007) through a short-term average/long-term average signal energy algorithm with a STA window of 1.0 s and LTA window of 60.0 s, with detections in at least four stations. Manual picking of P (vertical component) and S (horizontal components) wave arrivals was done. Some time readings from OBS (Figure 2) were arduous due to significant background noise. At some stations, the signals were masked by other oceanic signals; different passband filters to enhance the signal according to the station and the epicentral distance, main filters used were: (0.1, 1.0), (0.1, 5.0), (0.5, 3.0), (0.5, 10.0), (1.0, 5.0), (1.0, 10.0), (1.0, 15.0), (6.0, 8.0), (8.0, 10.0), (10.0, 12.0), (15.0, 30.0) Hz. Antelope automatically generates a hypocentral map; locations are estimated using the iasp91 P-wave velocity model these locations are shown in Supplementary Figure S0. Our initial analysis made it possible to locate 550 earthquakes using four or more OBS for the entire period. Some occurred outside of the study area, so location quality for those was poor and not considered.
[image: Figure 2]FIGURE 2 | Seismic traces corresponding to May 7, 2016, earthquake at 00:18 recorded by (A) Ocean Bottom Seismometers (OBS) and (B) Temporary seismic (TN) and RESAJ networks. Stations ordered from nearest (OBS10) to the furthest (TS06L) to the earthquake.
The preliminary results using the Antelope OBS locations establish two main seismogenic areas. The first one corresponds to a longitudinal area where the seismicity is distributed along the RT, slightly shifted NW of the tectonic feature. In contrast, the second seismogenic region corresponds with an area between the eastern tip of the PRT and the northern tip of the EPR-PCS, defined as the Pacific-Cocos zone (PCZ), where epicenters are aligned in a SE–NW direction. Some events are observed on the west side and parallel to MAT. Scarce seismicity was identified in the Islas Marías area; those identified show hypocenter depths between 25 and 50 km or deeper. These values are questionable for the oceanic crust, and therefore the mismatch in the depths may be due to the P-wave velocity model (iasp91) used by Antelope, combined with the network distribution. We decided not to use Antelope locations for the analysis.
To analyze the quality of the earthquake locations, we studied the seismic sequence that occurred between May 7 and May 10 in the PCZ using both databases (Land and OBS). This seismic sequence is in an area in the vicinity of four OBSs. On May 7, at 00:18, an earthquake Mw = 5.5 occurred, followed by a second earthquake Mw = 5.2 occurred at 01:06. We located this swarm using Land database as routinely RESAJ does with Hypo 71, using the P-wave velocity model VJB01 (Figure 4A) (Núñez-Cornú et al., 2002) and comparing with OBS Antelope locations (Figure 3A). For this seismic swarm, 86 earthquakes were located. Different hypocentral determinations were observed; Antelope epicentral location depths are still greater than 20 km Hypo71 location depths agree with characteristic values of an oceanic crust, but the epicentral area is 50 km in NE away from Antelope epicentral area (Figures 3B,C).
[image: Figure 3]FIGURE 3 | Locations of the seismic sequence occurred on May 7–10, 2016 (86 earthquakes) with Antelope and Hypo-71. (A) Epicentral map (fill color proportional to depth), where square symbols denote earthquakes located with OBS data located using Antelope system and velocity model iasp91. In contrast, circles represent the RESAJ and TN data locations using Hypo-71 and P-wave velocity model VJB01 (Núñez-Cornú et al., 2002). (B) Cross-section along line P1. (C) Cross-section along P2 line. Pink hexagons depict OBS locations.
To improve OBS locations, we adjust a 1D P-wave velocity model using the Rivera crustal velocity models proposed by Núñez-Cornú et al. (2016), Dañobeitia et al. (2016), and Núñez et al. (2019) to relocate through Hypo71. As a test group, we selected 30 earthquakes recorded by most of the OBSs (at least eight OBS with clear P and S waves) to adjust the SVRV01 model (Figure 4A) for which P and S residuals were minimum. To obtain the best solutions using Hypo71, eight different starting depths were used as the initial solution. The 86 earthquakes of this period were relocated using Hypo71 and SVR01 P-wave velocity model (Figures 5A–C), yielding a Root Mean Square (RMS) error with a mean value of 0.31 s. The standard mean error of the epicenter (ERH) and the standard mean value error of the focal depth (ERZ) present values of 2.8 and 2.6 km, respectively. The local magnitude (Lay and Wallace, 1995) relation was used in this study.
[image: Figure 4]FIGURE 4 | (A) Comparison between P-wave velocity models VJB01 and SVRV01. Model relocation errors for OBS data using Hypo71 with SVR01 velocity model: (B) RMS; (C) ERH; (D) ERZ.
[image: Figure 5]FIGURE 5 | (A) Epicentral map showing the May 7–10, 2016 swarm (86 earthquakes) located with Hypo-71 using OBS data and P-wave velocity model SVR01. The white lines are the projection of seismicity throughout P1 and P2 transects with a width of 20 km; (B) Cross-section along P1 line; (C) Cross-section along P2 line. Abbreviations as for Figure 1.
Localization tests were made with Hypo71 joining both databases (OBS and Land) and using both velocity models. The results were unsatisfactory, the solutions did not always converge, and the residuals were very high. To evaluate the use of Land data at this stage of the process, we used as master events this earthquake swarm (86 Eq.) located with OBS data using Hypo71 and SVR01 velocity model, eliminating solution weight for the Land stations. In this case, we observed that the stations in the range of 140–240 km from the epicentral zone had residuals of the P wave arrival times less than −1.0 s; distances greater than 330 km yielded residuals greater than 1.0 s (Figure 6). These differences result from the seismic wave pathways that traverse strong lateral velocity variations in the continental crust. This indicates that additional corrections should be applied for each seismogenic area to use on-land data. In the case of OB08 and OB11, located on the North American plate near the trench, the average residuals of the P-wave are −0.51 and −0.32 s, respectively, indicating that structure imposes a little significant effect on these OBSs (Figure 6).
[image: Figure 6]FIGURE 6 | P-wave residuals for the OBS, RESAJ, and TN stations from Hypo71 locations using OBS data and model SVR01.
The OBS dataset was relocated using Hypo71 and model SVR01, obtaining a total of 445 relocated earthquakes (Figure 7). The event distribution is similar to that obtained with Antelope, but epicenters now correlate more closely with known tectonic features. Not all the seismogenic areas have the same station coverage, so each will exhibit its uncertainty challenges and should be processed separately. However, this study processed all similarly, and the RMS, ERH, and ERZ errors for the region were within our chosen tolerances (Figures 4B–D). Figure 8 shows the cross-sections at RT and PCZ, where important changes are observed in in-depth distribution for both areas. Most hypocenters were located between 0 and 10 km depth, agreeing with depths expected within the oceanic crust. Nevertheless, a second group is observed at depths between 15 and 25 km, suggesting activity in the lithospheric mantle.
[image: Figure 7]FIGURE 7 | Hypocentral map of the seismicity recorded from May 1 to October 17, 2016, using OBS (green triangles) database and relocated with Hypo-71 and SVR01 P-wave velocity model. The A1974 gray rectangle denotes the position of the study area (a) reported for Prothero and Reid (1982). The blue dashed ellipse shows the Pacific-Cocos zone (PCZ). Green dashed lines correspond to the projection of seismicity along P1, P2, P3, and P4 lines (see Figure 8). Abbreviations as for Figure 1. RT-W, RT-C, and RT-E represent the three active segments of Rivera Transform from west to east. PRR, Pacific-Rivera rise. exhibits three active segments, or seismogenic zones, from east to west.
[image: Figure 8]FIGURE 8 | Seismicity projections along P1, P2, P3, and P4 transects, whose locations are shown in Figure 7. (A) Hypocentral cross-section along line P1; (B) Hypocentral cross-section along line P2; (C) Hypocentral cross-section along line P3, ITSB: Intra-Transform Spreading Basin. LTB: Leaky Transform Basin (Bandy et al., 2011); (D) Hypocentral cross-section along line P4. Dashed horizontal lines at 10, 15, and 30 km used as reference.
RESULTS AND DISCUSSION
More than 400 earthquakes were located in the study region from May 1 to October 17, 2016. The seismic data obtained with the nine OBS temporary array will provide new and valuable information on the tectonics of the Rivera plate and its interaction with the Jalisco block, Pacific and Cocos plates. Our work analyzed regions exhibiting the most seismic activity during the study period, corresponding to the Rivera Transform (RT) and the Pacific-Cocos zone (PCZ).
Despite the tectonic complexity of our study region, it is possible to deem the Rivera plate as a quasi-homogeneous structure. Considering that all the stations, except OB08 and OB11, were in the interior of this plate and seismicity is also located within it or at its edges, we use the SVR01 P-wave velocity model for event location at this processing and analysis stage.
The temporary network array design sought to record seismicity along the Islas Marías Archipelago, Bahía de Banderas, and the Middle America Trench, but events were scarce in those regions. The seismicity recorded in RT is mainly outside the network, resulting in a wide azimuthal station gap, so we must consider a thorough investigation to understand better the different seismogenic zones identified. The distribution of stations is oblique to the RT; however, it intersects this structure, providing reasonable control of earthquake locations along the tectonic edge. Also, S-wave readings for those events help constrain the depths, and their location uncertainty is reduced by the position of OB04 (Figure 1).
The relocation of the May swarm (Figures 3, 5) indicates that estimated locations of Rivera plate seismicity using on-land stations are shifted ∼50 km to the northwest. In Figure 9, we compare the locations of the six earthquakes reported by the USGS for this period with the OBS data locations. These events are also shifted between 30 and 50 km in the northwest direction, except for the earthquake (3), which is 50 km to the southeast.
[image: Figure 9]FIGURE 9 | Comparison between earthquake locations reported by the USGS and those obtained with the OBS network for our study period. (1) May 7, 00:18 MW = 5.6; (2) May 7, 01:05, MW = 5.0; (3) June 1, 08:30, MW = 5.4; (4) Jun 2, 02:23, MW = 5.4; (5) June 7, 10:31, MW = 6.3; and (6) June 7, 10:51, MW = 5.5.
We can observe some general features from this location study (Figure 7). The RT exhibits three active segments, or seismogenic zones, from east to west 1) the RT-E between the Moctezuma Spreading Segment and Moctezuma Trough; 2) The RT-C from Moctezuma Trough to −108.25°; and 3) The RT-W from −108.25 to −109.10°. The most active area is the intersection of Moctezuma Trough with RT. Another seismogenic zone is the PCZ, where the epicentral distribution is more compact and aligned to the SE-NW. Seismicity parallel and west of MAT is also observed. Near the Islas Marías, two alignments perpendicular to Islas Marías Escarpment, NW, and SE of Maria Madre Island are identified.
Hypocentral depths (Figure 8) range primarily from 0 to 10 km depth, suggesting crustal thickness of 10 km in both areas, PCZ and RT. An additional hypocentral distribution between 14 and 18 km is observed in PCZ (Figures 8A,B). The three sections along the RT (RT-W, RT-C, RT-E) are distinct (Figure 8C). At the RT-E section (Figure 8C), most depths range from 0 to 10 km. In the RT-C section, most of the events are located shallower than 10 km, but hypocenters greater than 15 km depth are observed. In the RT-W section, we observe very shallow seismicity. Figure 8D shows the subcrustal seismicity is SW of the RT, and the shallow seismicity is NE of the RT (see P3 mark as reference).
The seismogenic zones identified in this study correspond to three different domains that divide RT, determined from morphological studies (Bandy et al., 2011). From west to east are: the “Leaky Transform Basin” domain, the “Intra-Transform Spreading Basin” domain, and the East Domain (Figure 8), which correspond to RT-W, RT-C, and RT-E, respectively. Our observations suggest that the “Intra-Transform Spreading Basin” is an ultra-low spreading ridge, similar to an analogous feature exhibiting subcrustal seismicity as reported by Jokat et al. (2012) and Schlindwein and Schmid (2016).
Prothero et al. (1976) reported that all reliable earthquakes in this area were shallower than 10 km below the seafloor, suggesting 10 km as a lower limit for the brittle zone thickness in this region. Our results agree with this value. Earthquake locations obtained in 1974 in the Rivera transform [zone (a)] were reported by Prothero and Reid (1982) (Figure 5), which are consistent with our results in the RT-W region (Figure 7, square A1974).
A monthly analysis allows us to study the seismicity that occurred in the region in more detail, identifying temporal patterns, swarms, mainshock-aftershock sequences, and possible migration activity. In May (Supplementary Figure S1), the most active area was the PCZ, where the May 5–7 mainshock-aftershock sequence with an alignment SW-NE was observed; this is also observed in Supplementary Figures S2A,B. The first earthquake 1) MW = 5.6 was located 7.5 km deep, and the 2) MW = 5.2 at 2.4 km. Along the RT, the most active area was the intersection of RT with Moctezuma Trough, which marks the limit between RT-E and RT-C; perpendicular alignments were also observed to Islas Marías Escarpment at María Madre Island.
On June 1 (Supplementary Figures S3, S4), a MW = 5.4 earthquake 3) occurred at 0830 GMT, located at a depth of 1 km between the PCZ and the Moctezuma Spreading Segment. This event was followed by another earthquake 4) MW = 5.8, which took place on June 2 at 0223 GMT and located SW of the May alignment, on the edge of the PCZ at 3.3 km depth. A new seismic sequence began on June 7 inside of the PCZ at the eastern tip of Paleo-Rivera Transform, with an earthquake 5) MW = 6.3 occurred at 1051 GMT located 1 km deep, followed by another earthquake 6) at 1058 GMT in the same area, with a magnitude MW = 5.5 and hypocenter depth of 8.1 km. The sequence consisted of 28 earthquakes for the period June 7–22 along a NS alignment. Moreover, we observed that seismicity is shallow along the RT-W area; meanwhile, at RT-C, it is deeper.
The seismicity observed in July is minimum in both areas (Supplementary Figures S5, S6). In August, the most active area is the intersection between RT and Moctezuma Trough (Supplementary Figures S7, S8); again, there is shallow seismicity at the RT-W area; meanwhile, the seismicity is deeper at RT-C and SE of RT. No seismicity was located at the PCZ in September (Supplementary Figures S9, S10). The most active area is the western tip of the RT-W, showing the same pattern of shallow seismicity at the RT-W and deeper seismicity at RT-C. The seismicity for October 1–17 periods is shown in Supplementary Figures S11, S12, where the most active area is located at the intersection of RT-C with Moctezuma Trough, which marks the border of RT-C with RT-E.
CONCLUSION
The data analysis recorded during the TsuJal Project represents the first inspection at an onshore-offshore data acquisition and investigation in the region. Our catalog and waveform database will provide the opportunity to advance our knowledge moving forward significantly. This study supports previous findings of a 10 km deep Moho and confirms previously observed seismic patterns at the RT-E zone (Prothero et al., 1976; Prothero and Reid, 1982). Subcrustal seismicity seen at the RT-C zone suggests that the “Intra-Transform Spreading Basin” domain is an ultra-low spreading ridge. Seismic swarms occurred between May and June 2016 at the Pacific-Cocos zone, a previously unidentified tectonic feature. Temporal analysis of the seismicity for this period indicates that most of the seismicity in the region occurred by seismic swarms, as reported by other authors (Prothero et al., 1976; Tinoco Villa, 2015). We observed two mainshock-aftershocks sequences and aisled earthquakes MW > 5.0. Locations from internationals and regional seismic networks are between 30 and 50 km shifted from OBS locations. Therefore, they cannot be used to characterize tectonic structures with a size smaller than 100 km.
Due to the tectonic complexity of the region, a more extensive and detailed study would be warranted. This study will improve the earthquake locations using more advanced methods, including 3D processes, and add land and island stations with appropriate station corrections and velocity models. The use of waveform analysis techniques (cross-correlations) will also improve and expand the catalog. Focal mechanism calculations will allow understanding the tectonic complexity of each identified seismogenic areas.
The study highlights the critical need for permanent OBS networks to monitor oceanic seismogenic regions adequately; this is particularly important in areas hosting potentially hazardous seismic activity, where significant crustal variability degrades confidence in seismic observations using land-based stations alone.
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The Joint Task Force, Science Monitoring And Reliable Telecommunications (JTF SMART) Subsea Cables, is working to integrate environmental sensors for ocean bottom temperature, pressure, and seismic acceleration into submarine telecommunications cables. The purpose of SMART Cables is to support climate and ocean observation, sea level monitoring, observations of Earth structure, and tsunami and earthquake early warning and disaster risk reduction, including hazard quantification. Recent advances include regional SMART pilot systems that are the first steps to trans-ocean and global implementation. Examples of pilots include: InSEA wet demonstration project off Sicily at the European Multidisciplinary Seafloor and water column Observatory Western Ionian Facility; New Caledonia and Vanuatu; French Polynesia Natitua South system connecting Tahiti to Tubaui to the south; Indonesia starting with short pilot systems working toward systems for the Sumatra-Java megathrust zone; and the CAM-2 ring system connecting Lisbon, Azores, and Madeira. This paper describes observing system simulations for these and other regions. Funding reflects a blend of government, development bank, philanthropic foundation, and commercial contributions. In addition to notable scientific and societal benefits, the telecommunications enterprise’s mission of global connectivity will benefit directly, as environmental awareness improves both the integrity of individual cable systems as well as the resilience of the overall global communications network. SMART cables support the outcomes of a predicted, safe, and transparent ocean as envisioned by the UN Decade of Ocean Science for Sustainable Development and the Blue Economy. As a continuation of the OceanObs’19 conference and community white paper (Howe et al., 2019, doi: 10.3389/fmars.2019.00424), an overview of the SMART programme and a description of the status of ongoing projects are given.
Keywords: SMART subsea cables, ocean observing, global geophysics, seismology, earthquake and tsunami early warning, environmental disaster risk reduction, submarine telecommunications cables, UN joint task force
1 INTRODUCTION: THE SMART CABLES CONCEPT
The last two decades witnessed an astonishing advancement and confluence of priorities in scientific research, ocean sensor technologies, subsea telecommunication cables, and societal and political needs to meet major environmental threats and hazard mitigation. The potential for rapid acceptance and deployment of sophisticated subsea cable systems was articulated by Howe et al. (2019) and this present paper documents the significant advances over the last 2 years in both new deployments and subdisciplines in Earth and ocean sciences.
These developments come at a time when the telecommunications industry is managing a sharp increase in Internet traffic from multiple sources including high frequency stock market trading, video entertainment, 5G networks, the Internet of Things (IoT), remote classrooms and teleconferencing, and work-from-home employment spurred on by the COVID-19 pandemic. A decade or two ago there were only a few major trans-ocean cable installation companies, whereas now leading data companies (e.g., Google, Apple, Microsoft, Amazon, and Facebook) are themselves funding higher capacity cable systems and establishing new routes.
A recent workshop of the National Academies of Sciences, Engineering, and Medicine (National Academies of Sciences, Engineering, and Medicine, 2020, p. 1) noted that “Uninterrupted, multi-decadal observations of the ocean are critical to understanding the Earth system as a whole and managing the ocean’s resources on which human lives and economies depend”. Sustained and real-time ocean data are integral to the new Blue Economy (Spinrad, 2016; European Marine Board, 2019; Weller at al., 2019; World Ocean Initiative, 2020; Carney, 2021).
A complementary development in the last few years has been the international recognition for urgent and coordinated responses to environmental threats posed by climate change, sea level rise, and tsunamis, which imposed huge and unacceptable human tragedies, deaths, and financial losses. These were addressed in part by the Paris Climate Agreement, which was adopted by 191 national parties in 2015, with specified action targets to mid-century, and by the recent IPCC et al. (2021). Since 2000, over 250,000 deaths have been attributed to earthquakes and tsunamis worldwide with an associated damage cost of over $400 billion. Other relevant United Nations programs are discussed below. The net result is the alignment of scientific and technical advances, telecom and cable industries’ expanding needs, and growing political and societal demands for environmental protection and hazard mitigation.
Deploying oceanographic sensors on new undersea telecommunication cables is a promising solution for obtaining the extensive, longitudinal, real-time data that are critical for understanding and managing these urgent environmental issues. Such sensors can provide important environmental data from sites in the deep ocean and continental margins that are otherwise difficult and expensive to obtain in real time, continuously, and over decadal time scales. Suitable sensors are already deployed on dedicated cabled ocean observatories, some of which are described below. With modest non-recurring engineering expenses, these sensors can be further integrated into future telecommunications cables to greatly increase spatial coverage and create a global network of Science Monitoring And Reliable Telecommunication (SMART) cable systems (Figure 1).
[image: Figure 1]FIGURE 1 | Current and planned cables span the oceans, enabling the Internet and our modern society. As they are replaced and expanded over their 10–25-years refresh cycle, environmental sensors (pressure, temperature, acceleration) can be added to the cable repeaters every ∼100 km, gradually obtaining real time global coverage (for clarity, repeaters are shown only every 300 km; rfs = year ready for service). Cable data: TeleGeography’s Telecom Resources licensed under Creative Commons ShareAlike. Permission obtained for use of figure.
The SMART cables concept originated decades ago and was demonstrated on a small scale by placing a few sensors at the end of disused cables, such as off the coast of Japan in the 1990s for detecting earthquakes and tsunamis. A major advancement came with using modern fiber-optic cables, capable of delivering power and high-bandwidth, as the backbone of dedicated sustained cabled observatories to obtain data on complex ocean systems well beyond what is available from conventional research vessels and fixed buoys (Favali et al., 2010, Favali et al., 2015; Lo Bue et al., 2021). The first such operational cabled observatories were the 2006 coastal VENUS system (Tunnicliffe et al., 2008) and the regional NEPTUNE observatory in 2009 (Barnes et al., 2015; Best et al., 2015), both now within Ocean Networks Canada (ONC). Similar observatories, tailored to national, scientific, and geographical needs, have included: Japan—DONET and S-net (Kawaguchi et al., 2015; Kanazawa et al., 2016; Aoi et al., 2020); USA—Ocean Observatories Initiative (OOI) and others (Massion and Raybould, 2006; Kelley et al., 2014; Howe et al., 2015); China (Lu et al., 2015); and Europe (Best et al., 2014; Person et al., 2015; Dañobeitia et al., 2020). These developments have in turn fostered the evolution of progressively smaller, more precise, and reliable sensors (Schaad, 2009; Paros et al., 2012; RBR, 2017; Delory and Pearlman, 2018; Lin and Yang, 2020). Such developments have direct applications to programs (e.g., NASA) for extraterrestrial ocean exploration (Aguzzi et al., 2020), with reciprocal benefits as well.
Advocacy for the SMART cables concept began with a paper by You (2010). In 2012, following workshops in Rome (2011) and Paris (2012), three UN agencies (International Telecommunication Union (ITU), World Meteorological Organization (WMO), and the Intergovernmental Oceanographic Commission of the United Nations Educational, Scientific and Cultural Organization (UNESCO/IOC)) established the Joint Task Force (JTF) to facilitate development of the concept (Butler, et al., 2014). The initial period of development of JTF was described by Barnes (2018) and details of workshops and publications are provided on the JTF web site: https://www.itu.int/en/ITU-T/climatechange/task-force-sc.
SMART cables represent a potential major new element in the Global Ocean Observing System (GOOS Steering Committee, 2019). The JTF is engaging with the GOOS Framework for Ocean Observing (FOO) as it develops SMART cables (http://www.oceanobs09.net/foo/; Lindstrom et al., 2014). A core concept of the GOOS FOO is “Essential Ocean Variables” (EOV): high-impact, discrete, feasibly monitored observable attributes of the global oceans. SMART cables, by their nature as extensive, deep-ocean, high-data-rate observatories, directly address several of the GOOS EOVs. For example, Ocean Bottom Pressure (OBP) was recently accepted as an emerging EOV and SMART cables are potentially the most extensive and cost-effective source for such measurements. SMART cables also measure Subsurface Temperature EOV and the OBP capabilities of SMART cables would address one aspect of the Sea Surface Height EOV. GOOS prescribes a phased approach for new ocean observing technologies, from concept to regional pilots through global implementation. The JTF is following this approach to ensure that SMART cables and data derived from them can be seamlessly incorporated into GOOS within a comprehensive Deep Ocean Observing Strategy (DOOS; Levin et al., 2019).
A central feature of the SMART cables concept is combining two key themes of the 21st century: the increasing pressure for global connectivity and urgent need for coherent, concerted global effort on climate change and ocean management. The market-driven investment in information infrastructure can be harnessed to achieve tangible, social benefits in climate and ocean science. The relatively modest suite of proposed instruments will help address many of the applied science and societal needs and facilitate monitoring the physical integrity of the cable itself. The importance of such synergy is reflected in the themes of OceanObs’19 (e.g., the “Blue Economy” and “Ocean Discovery”, particularly in the deep oceans) and the UN’s Sustainable Development Goals (SDG 13—Climate and SDG 14—Oceans). With respect to the latter, the JTF has been endorsed as a project of the UN Decade of Ocean Science for Sustainable Development.
The JTF and its industry partners recognize the need for funding sources to contribute to the development costs of integrating sensors into existing submarine cable components and toward the incremental capital expenditures associated with adding SMART capabilities to telecommunications cable systems. The first step underway is a wet demonstration/pilot project in which sensor packages are included on a relatively short submarine cable using standard industry practices, with real-time data retrieved over a minimum of 1 year. Multiple suitable cable projects are in the planning stages in the South Pacific, northeastern Atlantic, and Mediterranean where the JTF can validate not only the technical elements, but also the data management, regulatory clearances, and funding mechanisms (e.g., multilateral development banks).
We call out two specific positive developments. First, Alcatel Submarine Networks in a press release stated: “Global warming presents real and measurable risks for our society. ASN is launching a number of initiatives to help address climate change” and “Our entire portfolio will benefit from this new “CC” (Climate Change) philosophy to propose dedicated applications such as TEWS (tsunami early warning system), monitoring of underwater seismic activity, global warming, and water temperature and level” (Alcatel Submarine Networks, 2020). Second, The Portuguese government announced that it would finance and build the CAM-2 system connecting Lisbon, Azores, and Madeira in a ring system, including “provision of services, namely seismic detection, for the production of alerts, environmental measurements… and data transmission of scientific projects” (Government of Portugal, 2020). These two announcements indicate that suppliers acknowledge the societal demand for SMART systems and expect to provide them. More importantly, these developments demonstrate that there are governments investing in the same, recognizing the need to share the submarine critical infrastructure between telecom and science and early warning.
This paper is an update to SMART Cables for Observing the Global Ocean: Science and Implementation (Howe et al., 2019), with a scientific emphasis on geophysics and hazard early warning. The paper first explains how SMART cables can improve our understanding of myriad geophysical and ocean processes, including global seismology, tsunami modeling, ocean temperature and circulation, sea level rise, tides, and wind waves (Section 2). It then details practical aspects of creating such a network: what sensors with what requirements will SMART repeaters use and how will they integrate into subsea telecommunications cable systems (Section 3); and the presently planned and proposed systems (Section 4). In Other Developments, we discuss data management, legal, permitting and security, costs and financing, and relationship to other organizations (Section 5). Concluding remarks are given in Section 6.
2 IMPROVEMENTS IN EARTH AND OCEAN OBSERVING
The data collected by the SMART cables will greatly enhance and complement the observation networks already in place today. The variables measured by the SMART cable repeaters are ocean bottom temperature, pressure, and seismic acceleration. Importantly, as discussed in the Introduction, the direct measurements and their derivatives respond directly to the GOOS need for greater attention to EOVs and the UN imperative to contribute to the SDGs and the Decade of Ocean Science. More broadly and in the future, the SMART cable infrastructure will provide a general interface into the deep ocean.
2.1 Geophysics and Seismology
The inclusion of high-sensitivity accelerometers and pressure sensors on SMART cables holds great potential for significant advances for the field of seismology by improving our capacity to detect and locate small earthquakes below the ocean floor, improving our ability to determine the rupture type and dynamics for larger offshore earthquakes, and enhancing our ability to image the interior of the Earth, both locally and globally, from earthquakes occurring all around the globe.
One intriguing opportunity for leveraging the seismic sensors is the global characterization of seafloor seismic noise. Noise sources range from the primary and secondary oceanic microseisms to seafloor currents, anthropogenic sources such as shipping traffic and marine surveys, as well as narrow directional contributions from bathymetric anomalies. The deployment of permanent seismic sensors along widely distributed telecommunications cables offers an unprecedented opportunity to observe, characterize and attribute geographically extensive and dynamically changing seafloor seismic noise, whose features have only been sparsely sampled to date through isolated and usually time-limited ocean bottom seismometer (OBS) experiments.
Another exciting opportunity that the presence of SMART seismic sensors could provide is the ability to exploit random sources of opportunity for basic structural imaging. Nearby marine seismic surveys are one obvious example, but recent observations of whale song on seafloor sensors (Kuna and Nábělek. 2021) or well-established techniques based on the analysis of noise recordings (Crawford and Singh, 2008) suggest a similar leveraging for shallow geologic imaging along the lengths of any observing SMART cables.
Ranasinghe et al. (2018) used forward modeling to compare the potential improvement in ray coverage for global tomographic models, when notional SMART Cables are added to existing (or previous) observational capability. The naturally heterogeneous distribution of earthquake sources (Figure 2), along with predominantly land-based sensors (Figure 2), result in significant regions of the globe poorly or completely unsampled by propagating seismic waves.
[image: Figure 2]FIGURE 2 | Global seismic sources (red) and existing or previously existing seismic stations (green) showing heterogeneity of coverage, with particular absence of sources and receivers in the ocean basins.
Ranasinghe et al. (2018) demonstrated as much as 300% improvement in some oceanic areas (Figures 3A,B) by including notional SMART cables. Figures 3C,D illustrate a mantle cross-section comparing existing ray sampling vs. that achievable by the addition of SMART Cables. Ongoing research includes comparisons of global tomographic model resolution, which is critical to understanding the improved confidence in propagation times and, for properly calibrated sensors, path-dependent attenuation.
[image: Figure 3]FIGURE 3 | (A) Notional SMART cable routes. (B) Comparison of coverage for seismic paths sampled beneath the northern Pacific Ocean, for existing stations (gray line) versus addition of notional SMART Cables (black). The curves represent the material volume in which each 1° × 1° x 100 km depth element is sampled by more than 100 rays. Horizontal axis represents units of 105 cubic kilometers (Ranasinghe et al., 2018). (C,D) Example of ray path coverage (hit counts) for 1 × 1 degree x 100 km depth volumes in north-central Pacific, for (C) existing station coverage vs. (D) combined existing stations and SMART cables for the section indicated with a blue line in (A). This modeling was undertaken using the global ak135 Earth model. Color scale saturates at 100 rays per volume element.
In addition to utility in tsunami warning (below), OBP sensors have also shown great promise for seafloor geodetic applications, specifically for identification of cm-level vertical tectonic deformation during earthquakes and slow slip events at subduction zones, and volcanic events (e.g., Chadwick et al., 2006; Iinuma et al., 2012; Ito et al., 2013; Wallace et al., 2016). Having OBP sensing capability on cables spanning regions that could host such events will add greatly to global seafloor geodetic sensing capability and enhance our ability to monitor a range of seafloor deformation processes at offshore tectonic plate boundaries.
2.2 Seismic and Tsunami Monitoring and Warning
In our previous paper, we presented a full discussion on how SMART cables can benefit tsunami warning capabilities (Howe et al., 2019). Angove et al. (2019) give more information on the tsunami warning problem. In this section we present a summary on how and why SMART cables can benefit tsunami warning systems. In tsunami early warning, there is generally a clear distinction between the near field, i.e., the coastline directly adjacent to the triggering earthquake or other tsunamigenic event where potential warning times are typically tens of minutes to maybe an hour, and the far field, where tsunami waves travel.
Prior to the 21st century several unnecessary evacuations occurred on Pacific coastlines especially for far field regions. Not because a tsunami was not generated but because the tsunami was not as destructive as predicted. Tsunami Warning Center (TWC) duty scientists only had knowledge of basic earthquake parameters, hypocenter and magnitude, and, mostly of potential use for far field warnings, readings from coastal sea-level stations. In the 21st Century, tsunami forecasting has been significantly improved by the investment of several Pacific countries into more instrumentation and real-time data sharing, such as the deep-ocean pressure sensors (DART buoys), coupled to richer information available on earthquakes through new methodology faster focal mechanism solutions and estimates of rupture area (Kanamori and Rivera, 2008; Duputel et al., 2011). But trying to assess the destructive potential of tsunamis on coastlines, even using the increased coastal sea-level network and DART buoys, in addition to the seismic information, is still fraught with uncertainty. The strength of the tsunami will strongly depend on the amount of vertical deformation of the seafloor and, importantly, at what depth beneath the seafloor and under what water depth this perturbation is occurring, with deeper water leading to greater tsunamis. Furthermore, the conversion of earthquake magnitude into a prediction of the seafloor displacement is strongly dependent on the elastic properties in the volume of material surrounding the fault rupture. The gradients in both seafloor topography and elastic properties are high in subduction zones (the source region of the most catastrophic tsunamis), meaning that typical uncertainties in earthquake location and the size of the rupture zone translate into very large uncertainties in the predicted size of the tsunami. This is an obvious problem for near-field warnings, which are currently usually based on seismic information alone; several pilot systems incorporate geodetic data (GNSS displacements), which reduces uncertainties, provides very fast complex moment tensor (CMT) solutions, and allows the estimation of rupture extent. Uncertainties remain significant, particularly for the highly tsunamigenic earthquakes with slip near a subduction zone’s trench.
Coastal sea-level stations provide data on the local impact and are helpful for fast assessment of the most strongly influenced areas. However, tsunamis and the effects they have on coastal areas can be strongly affected by near shore bathymetry and shape of the coastline. The modification of the tsunami by shoaling and/or resonance make it difficult to assess a tsunami’s impact on every shore far from the tsunami source, particularly as their numerical simulation is computationally very expensive because it requires very high-resolution bathymetry data. In contrast, propagation in deep water is well understood and described by the shallow water wave equation. Measurements of the tsunami in deep water (wavelength and amplitude) along the wave propagation are thus extremely useful for validating and augmenting tsunami forecasts and improving the precision with which the tsunami threat can be determined in the far field. It is precisely this kind of information that SMART cables can provide and at potentially much higher resolution than the existing sparse DART stations.
SMART cables parallel to offshore seismic zones can also be beneficial for issuing tsunami warnings in the near field. SMART cables will have pressure sensors as well as seismic instrumentation, accelerometers that will provide useful information regarding earthquakes. The additional seismic information will aid in detecting earthquakes (alerting TWC duty scientists) and determining the hypocenter, earthquake magnitude, finite fault slip pattern, and its CMT with less lag and lower uncertainties in comparison to relying on land-based measurements alone.
Tsunami forecasts can be based on the CMT (Wang and Becker, 2012), which provides the geometry of the fault, direction of faulting, and an authoritative estimate of the earthquake magnitude. This information allows the surface displacement to be calculated which in turn is used to force a tsunami propagation model, generating a tsunami wave-height forecast.
Unfortunately, the CMT has limitations when it comes to generating tsunami forecasts. For example, real-time CMT analysis is insufficient for resolving complex events such as the recent August 12, 2021 South Sandwich Islands earthquake sequence. In addition, the tsunami excitation can be further exacerbated by displacement along splay faults and earthquake-triggered submarine landslides (e.g., Carter et al., 2014), which are very difficult to detect by seismology alone. A recent example is the strike-slip Alaska earthquake of October 19, 2020 (Herman and Furlong, 2021). The tsunami recorded on nearby DART buoys was much greater than expected given the Pacific Tsunami Warning Center’s (PTWC’s) forecast based on the CMT. Another example of a tsunami generated or augmented by a submarine landslide is the tsunamis generated by 1998 Papua New Guinea M7.0 earthquake (Heidarzadeh and Satake, 2015). Subaerial landslides also pose a tsunami risk. For example, the Lituya Bay, Alaska, megatsunami (1958) was the result of a subaerial landslide triggered by an M7.8 strike-slip earthquake (Fritz and Hagar, 2001). Of particular concern in the United States is the potential for a great tsunamigenic subaerial landslide in Barry Arm Alaska (Dai et al., 2020). Although the standard repeater spacing in SMART cables would, in most cases, not be sufficient to have much of an impact on near field warnings from landslide events based on pressure recordings, governments could decide to decrease the spacing or optimize cable routes near coastal areas assessed to be at risk for such an event. For the seismic detection of submarine slides by accelerometers and pressure sensors even a standard SMART cable might be sufficient; however, too little is known about the seismic signature of submarine slides to be able to judge the feasibility of this approach.
Today there are only some 70 or so ocean bottom pressure sensors (e.g., on DARTs buoys, and installed on DONET, S-net, ONC and OOI cabled observatories) in the deep ocean, whose data are (openly) available in real-time to tsunami warning centers. The vast majority of these are in the Pacific Basin. SMART cables can increase that number by orders of magnitude, well into the thousands (Figure 4). Such an abundance of near-real-time information can be used to validate and/or revise forecasts making tsunami warnings for areas >1,000 km from an earthquake more precise and conversely greatly reducing the potential of unnecessary warnings and evacuations.
[image: Figure 4]FIGURE 4 | Global map of ∼1 million km of operational submarine telecommunications cables (green present, white in progress/planned; SMART repeaters shown every 300 km; rfs—year ready for service), historical earthquakes (red), and DART tsunami buoys (yellow triangles). Cable data: TeleGeography’s Telecom Resources licensed under Creative Commons ShareAlike; DART Buoy locations: NOAA National Data Buoy Center; Seismic data: USGS Earthquake Catalog. Permission obtained for use of figure.
The previous paper (Howe et al., 2019) presented preliminary calculations performed at the PTWC as to how SMART cables can improve the tsunami warning system. In that study the calculations were based on five hypothetical cables spanning the Pacific basin containing ocean bottom pressure (OBP) sensor/seismometer packages. In this paper, PTWC added another hypothetical SMART cable that follows the coastline extending from central Mexico south along the west coast of South America. This cable roughly follows the outer rise of the subduction zone along this section of coastline. These routes are not specifically based on any existing telecommunication cable route. However, coast parallel telecommunication routes do currently exist. For instance, the recently installed Curie cable from Los Angeles, United States to Valparaiso, Chile, is roughly 300 km offshore.
Figure 5 shows the routes of hypothetical SMART cables that contain OBP sensor/seismometer packages and the Pacific basin subduction zones with potential epicenters of great earthquakes. The SMART cable repeaters containing these instrument packages are spaced 100 km apart and the calculations assume 905 synthetic earthquake sources located every 50 km along the Pacific Basin subduction zones.
[image: Figure 5]FIGURE 5 | Maps Sa and Sb (top) show existing seismic stations alone (Sa, gray circles) and then with six simulated SMART cables (Sb, repeaters gray circles), respectively. Colored dots represent simulated megathrust subduction earthquake epicenters, and the color bars the time to detection (0–7 min). Maps Ta and Tb show existing DART bottom pressure recorder (BPR) stations (triangles) and then with six simulated SMART cables (repeaters gray circles), respectively. The color bars denote the time to detection (0–4 h). Again, dots in both cases represent simulated potential megathrust subduction earthquake epicenters and the color bars the time to detection (red represents shorter time). The lower histograms are used to obtain statistics as discussed in the text.
The estimation of the potential impact of SMART cables on the speed with which an earthquake hypocenter might be determined is based on two criteria. Five stations must detect the compressional primary P-wave and the largest azimuth gap between any two (azimuthally) neighboring stations with respect to the hypocenter must be less than 180°. The calculation assumes an earthquake at each epicenter and then computes the minimum time required to meet the five station and azimuth gap requirement. The calculations are performed based on the seismic station distribution available to PTWC (as of early 2021) without and with the SMART cables in Figure 5 Sa and Sb, respectively. The resulting distribution of time-to-detection is shown in Figure 5 Sc and Sd. The inclusion of these six notional SMART cables would have the potential to speed up Pacific-wide earthquake epicenter determinations by an average of ∼42%.
Similarly, we calculated the reduction in latency in tsunami detection that is achievable with cabled OBP sensors, following a tsunamigenic earthquake. Using the 905 epicenters in Figure 5, tsunami travel times are computed from each epicenter to the set of operational (56 as of September 2021) OBP sensors received by PTWC with and without the OBP sensors associated with the SMART cables. With SMART cables in place, the time required to observe the tsunami arrival at three or more OBP sensors is reduced by ∼57%.
Specifically, the four histogram charts in Figure 5 compare detection time for earthquakes (left) and tsunamis (right), first using only those sensors available in 2021 (Sc and Tc), and then using existing sensors augmented with simulated data from future SMART cable sensors (Sd and Td). Detection of an earthquake—meaning reception on ≥ 5 seismic instruments—is reduced from 2.44 to 1.42 min, or from an average of 2 min 26 s down to 1 min 25 s, which is a 42% reduction. Sixty seconds is an eternity in earthquake detection and warning for a duty scientist at a tsunami warning center.
Tsunami detection at ≥ 3 pressure sensors showed a similar percentage improvement, dropping from 2.4 to 1.0 h, for a 57% improvement. Although wide area tsunami warnings are already helping to save lives, unnecessary or overly broad warnings and evacuation orders have significant financial and safety costs. The reduction in detection time coupled with a better description of the wave field will help better characterize the source, improve forecasts in both the near and far field, and potentially reduce false alarms. Thus, SMART cable augmented tsunami detection will help reduce the direct and indirect costs associated with tsunami warning and evacuation programs, as well as likely improve confidence in the warning system and compliance in the event of a necessary evacuation.
The statistics presented here could be further improved if SMART-enabled repeaters were deployed more densely and/or nearer the coast or seismically active regions.
2.3 Oceanography
Oceans are currently predominantly monitored by surface in-situ (ships, buoys, moorings, or floats) and remote sensing (satellite) techniques. Each of these techniques covers specific time and space scales (daily, global but only surface measurement from satellites, real-time but only discrete location for moorings, global but limited to 2000 m depth for floats, etc.). The deep ocean and the important processes occurring there remain extremely undersampled and unobserved. Data from SMART cables would fill critical gaps in our existing monitoring systems, complement existing observations, increase our current level of understanding of the ocean, and improve our capability to predict its future evolution (Howe et al., 2019).
2.3.1 Ocean Temperature
The Antarctic Bottom Water, which fills much of the deep oceans (Johnson, 2008), is warming, absorbing substantial amounts of heat, and contributing to sea level rise (Figure 6; Purkey and Johnson, 2010). Oceanographers currently rely primarily on Global Ocean Ship (GO-SHIP) repeated transoceanic hydrographic sections (Talley et al., 2016) to monitor the deep ocean water properties, along with a few time series stations (Lukas et al., 2001) and deep instruments on moorings (McKee et al., 2011; Send and Lankhorst, 2011). Deep Argo floats operational to a depth of 6,000 m are being developed, with a few regional pilot arrays already deployed or planned (Jayne et al., 2017; Johnson et al., 2019), and a global network envisioned (Johnson et al., 2015). Changes in the deep ocean, however, remain undersampled (Johnson et al., 2015). SMART cables, with transoceanic sampling of temperature in the bottom boundary layer at roughly 50 km resolution, would complement other data sets and facilitate investigation into water temperature variability, trends, and circulation.
[image: Figure 6]FIGURE 6 | Deep basin (thin solid lines) average warming rates below 4,000 m from the 1990s to the 2000s (°C decade−1, colorbar) based on data from Purkey and Johnson (2010). Estimates are based on data from decadal repeats of hydrographic sections (thick solid lines) first occupied during the World Ocean Circulation Experiment (WOCE) (King et al., 2001) and subsequently by GO-SHIP (Talley et al., 2016). Stippled basins have average warming rates that are not statistically significantly different from zero at 95% confidence. Permission obtained for use of figure.
2.3.2 Ocean Circulation
The Atlantic meridional overturning circulation (AMOC), which redistributes heat in the Atlantic Ocean, is changing (Smeed et al., 2018). The changes are associated with variations in ocean temperature, air–sea heat flux, and sea level. Since 2004, the RAPID/MOCHA array has been providing estimates of the AMOC by estimating the pressure gradient between the western and eastern continental slopes at 26°N (McCarthy et al., 2015). From the AMOC strength, the climate-relevant meridional heat transport and its variation can also be inferred (Johns et al., 2011). SMART cables would complement and extend the existing AMOC estimates in two ways. First, OBP measurements on cables spanning an entire ocean basin could measure the pressure differences at many depths (for instance, over the Mid-Atlantic Ridge) between the western and eastern boundaries of the basin (Hughes et al., 2018). The pressure differences are directly related to the transports at those depths. Second, multiple cross-basin transects by SMART cables at different latitudes would allow a division of major ocean basins into boxes. This could also provide longitudinal resolution, for instance with the CAM-2 system between Portugal and the Azores (Section 4.3). Geostrophic transports across box boundaries could then be estimated from OBP observations as just described, allowing the mass balance of individual boxes to be calculated. These box models would finally allow a quantification of the long-term mass evolution in an ocean basin, based on unaliased measurements.
2.3.3 Sea Level Rise and Mass Distribution
Global warming has caused global mean sea level to rise at a rate of 3.0 ± 0.4 mm/year since 1992 (Figure 7), with an estimated current acceleration of 0.084 ± 0.025 mm/year2 (Nerem et al., 2018). Depending on the emissions scenarios, the mean sea level will rise between 41 cm (for the lowest emissions scenario) and 82 cm (for the highest emissions scenario) by 2100 (IPCC AR6).
[image: Figure 7]FIGURE 7 | Mean sea level trend (mm/y; January 1993–October 2019) from multi-mission satellite altimetry (data source: AVISO).
Individual contributions to sea level change, such as barystatic (mass changes, e.g., due to melting land ice) and steric (expansion of water, e.g., due to warming) effects in the ocean, as well as Earth-produced eustatic (changes in ocean volume due to geometric changes in the seafloor boundary) and isostatic (changes in height of land) effects vary considerably across the ocean basins. Sea level rise is not homogeneous and sea level variability patterns can be determined directly by various measurement techniques and sensors (e.g., radar altimetry or gravity measurements from satellites and land-based tide gauges). The identification of individual contributing effects, however, requires complementary observation methods. OBP observations provide the amount of local barystatic sea level change, which is the change due to added water mass from melting land ice. SMART cables would provide a network of long-lasting, temporally unaliased OBP sensors that could be quite dense in some basins and unaliased along the cables. The difference between total sea surface height (SSH) from satellite altimetry and OBP from the pressure sensors gives the steric component of SSH, e.g., due to density changes/thermal expansion of sea water. The OBP measurements reflecting added mass would enable separation of the steric and barystatic contributions to sea level change at a particular location, whose differentiation is required to understand the causes of sea level rise and thus for reliable sea level projections.
As there is drift in the currently used pressure sensors, the latter can effectively be calibrated by using GRACE satellite gravity data providing coarse estimates (300 km scales) of OBP (Worthington et al., 2019) or by measuring the steric component by occasional Argo float profiles, shipboard conductivity, temperature, depth (CTD) profiles, or inverted echosounders (Baker-Yeboah and Watts, 2009; Hughes et al., 2013). This should be adequate for determining signals with periods less than half the record length. See Section 3.3 for more discussion of the pressure sensors.
2.3.4 Ocean Surface (Barotropic) Tides
SMART cable measurements of OBP would allow unique, basin-scale quantification of barotropic tidal variability over a wide range of timescales, necessary as a forcing term in ocean modeling, but also provide ground truth for secular and seasonal changes to tidal correction models used in altimetry and gravimetry.
Simulation of the gravitationally forced surface (barotropic) tides has now become quite accurate even without assimilation of satellite altimetry data. Forward tide models now routinely capture 90% or more of tidal sea surface height variance (Arbic et al., 2004; Egbert et al., 2004).
However, there are still tidal phenomena that are poorly described or understood such as the lesser tidal constituents, seasonal variability of all constituents, non-linear constituents, rapid variation of constituent structure in shallow water, and shifting sinks of energy as the global environment changes. Although these factors exhibit small amplitudes, their global distributions are sought due to their impacts on phenomena such as internal tide generation, deep ocean mixing, paleotide descriptions, and Earth structure. They also have utility in defining the tidal “correction” that must be applied to satellite altimetry and gravity data to extract the sub-diurnal variability of ocean circulation features as well as sea level rise over long periods. Ocean bottom pressure observations provide one of the better tools for exploring the finer details and changes of the barotropic tides, because the non-tidal “geophysical noise” (internal waves, mixed-layer currents, and coastal-trapped edge wave, etc.) in which the tides are embedded is much weaker at the seafloor far from the coast than at the sea surface or near the coast (Ray, 2013).
2.3.5 Microseisms and Infragravity Waves
Observations of the ambient noise in the ocean can improve our understanding of both the structure of the oceanic lithosphere and waves at the ocean surface. Wind waves breaking and interacting in the shallow waters of the continental shelves, as well as in the open ocean, generate seismic noise in the period band of the wind-driven surficial waves and at shorter periods (2–20 s). This noise, termed microseisms, constitutes the principal seismic noise source on Earth. The ambient noise spectrum in the deep ocean, and on land, is dominated by the so-called secondary microseisms with a peak period of ∼6 s (Longuet-Higgins, 1950). They are generated from the interaction of opposing trains of ocean waves that impose a (non-linear) pressure signal at the seafloor with half the period of the interacting waves. This pressure signal, as measured with SMART pressure sensors, couples to the solid Earth and excites seismic Rayleigh waves measured on the accelerometers. With few exceptions, the occurrence of opposing wavetrains is limited to near shore regions due to wave reflection at the coast or shallows. Nevertheless, the excited Rayleigh waves have a long range and can be observed even at the farthest reaches from the oceans in central Asia (Bromirski et al., 2005; Ardhuin et al., 2011; Chen et al., 2015; Butler and Aucan, 2018) as well as in the centers of large ocean basins (Dahm et al., 2006).
Infragravity (IG) waves are surface waves with periods ranging from minutes to hours. Nonlinear interactions between wind waves in the open ocean and at the coasts generate IG waves at periods from 0.5 min to many tens of minutes. IG waves appear as either “free” or “bound” waves (Herbers and Guza, 1994; Herbers et al., 1995), where the bound waves are tied to underlying groups of wind waves and become free at the shoreline where the short wind waves break (Bertin et al., 2018). A small fraction of the resultant free IG energy leaks into the open ocean where it can spread for thousands of kilometers, with horizontal wavelengths of up to 10 s of kilometers and heights of up to 10 s of centimeters with significant seasonal variability (Aucan and Ardhuin, 2013). IG waves at longer periods up to hours have also been identified and appear to be forced by the surface barotropic tides and solar modes of oscillation (Chave et al., 2019). Given the size and wavelength of these IG waves, they are a source of aliasing noise in satellite measurements of sea surface elevation. Thus, a better understanding and modeling of the temporal and spatial variations of the IG waves as measured with the SMART pressure sensors could improve the processing of satellite altimetry data (Ardhuin et al., 2014).
3 TECHNICAL APPROACH
3.1 SMART Cable Concept Requirements
The defining characteristic of SMART cables is the integration of environmental sensors into commercial subsea telecommunications cables. The crucial objectives are: 1) to measure ocean bottom temperature and pressure, both of which are essential ocean variables, together with acceleration in three axes; 2) to have little or no impact on the operation of the telecommunications system that hosts the sensors; 3) to require no special handling or deployment methods; and 4) to be sufficiently reliable that 95% of all sensors operate for a minimum of 10 years. SMART cables will provide data that is unavailable or sparsely represented in current data sets. As a tsunami warning system, SMART cables can provide broader coverage and greater reliability than the existing network of moored/buoy-based detection systems. Long term measurement at fixed locations will allow new insights into environmental processes. A world-spanning network of fiber optic cables is operated, maintained, and periodically renewed by the telecommunications industry. The technical aspects are reviewed by Chesnoy (2016). Present estimates (2021) indicate that over 1.3 million km of cable and more than 426 independent subsea cable systems are in service (Telegeography, 2021). On many of the more active (lucrative) transocean routes, new cables are installed to replace or supplement existing systems at intervals ranging from three to 10 years; each new deployment provides an opportunity to include sensor capabilities. On less active routes, cables can be left in service for their engineering design life of 25 years.
3.2 From Single-Purpose Cables to SMART Cables
Subsea telecommunications cables incorporate “repeaters”—cylindrical housings containing Erbium Doped Fiber Amplifiers (EDFAs)—at regular intervals along the cable. To create a SMART cable, sensor functions must be incorporated into the repeater. Necessary functional elements include the sensors, digital signal processing, optical transceivers, and associated power supply circuits. Data may be transmitted to shore over fibers added for that purpose or as an out-of-band channel on the main fibers.
Adding these elements requires substantial modifications to the repeater leading to several engineering challenges that must be addressed (Lentz and Howe, 2018). Accelerometers can be mounted inside the repeater housing. Temperature and pressure sensors must be placed outside the repeater housing, in contact with the environment, necessitating a penetration of the housing to connect these sensors to the internal circuitry. The sensors must be isolated from high voltages present within the repeater and fail-safe so that the normal operation of the repeater cannot be impacted by faults in the external sensors. All of this must be done in a manner that is consistent with the 25-year expected operating life and 8,000 m deployment depth of a commercial repeater.
The earliest example of a submarine cable observatory is the Geophysical and Oceanographysical-Trans Ocean Cable (GeO-TOC), which was installed in 1997 midway between Guam and Japan using the retired TPC-1 communications cable (Kasahara et al., 1998). The GeO-TOC system anticipated the development of SMART cables by almost two decades yet included all essential SMART cable features: a three-axis accelerometer; pressure sensor; and precision thermometer. These were incorporated into an in-line repeater housing that was deployed from a cable ship in a conventional manner.
In the first decade of the 2000 s, attention shifted to regional-scale observatories such as NEPTUNE (ONC), OOI RCA, and DONET (Barnes et al., 2007; Best et al., 2007; Hazell et al., 2007; Kawaguchi et al., 2008; Consortium for Ocean Leadership 2010). Each of these employed telecommunication cable and repeaters; bespoke housings (i.e., nodes) were developed for interconnection, power delivery, and communications. Sensors were installed on separate platforms outside the main pressure housings. These projects demonstrated the usefulness of commercial telecommunications technology in the realm of ocean observing but did not incorporate the close integration needed to create a true SMART cable.
Following the Tōhoku earthquake and tsunami of 2011, Japan undertook rapid development of a large-scale network of subsea seismic and pressure sensors (Aoi et al., 2020). The resulting S-net system incorporates many of the functions essential to a SMART cable. The overall deployment comprises 150 observation nodes along 5,700 km of cable divided into six independent subsystems (five running up and down the slope and one offshore of the trench), with average spacing between nodes of ∼50 km. Each observation node consists of an underwater housing containing seismometers and pressure sensors connected in-line with a telecommunications cable. The result closely resembles a telecommunications repeater, however, with housings having a length of 2,260 mm, these require modification of conventional cable laying equipment.
Another in-line ocean bottom seismometer was developed by the University of Tokyo (Shinohara et al., 2014). This design is more compact than the S-Net observatory at 50 cm long and 13 cm in diameter. A total of four units and 25 km of cable were deployed off the west coast of Awashima in 2012 using conventional cable laying equipment. This system uses ethernet switches and optical transceivers are employed, an approach which could also be applied to SMART cables. In 2015, this was commercialized using an industry standard repeater housing and deployed off Sanriku with three nodes and a length of 105 km. The deepest node had an underwater mateable connector providing power over ethernet (PoE) to a pressure sensor (Shinohara et al., 2021).
The S-Net and Sanriku system designs demonstrate the technical feasibility of developing a SMART cable system but stop short of integrating sensor functions into a system built primarily for telecommunications. Further effort is needed to develop a SMART cable system that satisfies the needs of both science and commercial telecoms operators.
3.3 Sensors
The SMART cable sensor suite comprises sensors for temperature, pressure, and acceleration, chosen based on scientific merit and for engineering simplicity. Sensor performance parameters are based on well proven sensors, long used in oceanography, cabled observatories, and early warning systems. Temperature is a local measurement while pressure and acceleration provide remote sensing of the entire water column, remote events, and the intervening media. Detailed requirements for the SMART sensors are given in the several white papers (Lentz and Phibbs 2012; JTF Engineering Team, 2021).
Temperature sensors can meet the required initial accuracy of 1 mK and stability of 2 mK/year. They need to be mounted some distance from the repeater, a “heat island” dissipating ∼50 W. This can be done in a sheath several meters from the repeater and, possibly, with several sensors azimuthally distributed around the cable to assure one is exposed to open water. Data from buried temperature sensors will have to be evaluated on a case-by case basis to determine usefulness.
Pressure sensors also need to reside external to the repeater housing with access to local ambient pressure. Typically, there is a dedicated temperature sensor immediately next to the pressure sensing element to account for temperature dependence of the pressure measurements. The main requirement is a depth rating to 7,000 m with an overpressure tolerance to 8,000 m, the standard telecom rating. Nano-resolution Absolute Pressure Gauges (APG) manufactured by Paroscientific Inc. provide the resolution needed for tsunami detection, oceanographic observations, and other applications. Such APGs have initial sensor drift equivalent to several tens of centimeters per year. Further, as Wallace et al. (2016) point out, “The drift is composed of an initial exponential drift in the month or two following the deployment” that could include an initial settling signal.
Calibration methods to account for this are described in Section 2.3.3. The longest period signal that could be observed would be half the record length, so with the cabled sensors this could be a decade or so. Methods to overcome this with in-situ calibration are in development (Sasagawa and Zumberge, 2013; Wilcock et al., 2021). Shinohara et al. (2021) conclude that “Through the evaluation of records of tides and a tsunami, it is estimated that the buried pressure gauge records data with the same quality and amplitude as the pressure gauge on the seafloor.”
Three-axis accelerometers, also called strong motion sensors, can reside inside the repeater housings; indeed, simple accelerometers are already included in one supplier’s repeaters for engineering purposes (Xtera, 2016). Shinohara et al. (2021) state: “Rotation of the cylindrical pressure vessel around a longitudinal axis may occur due to its shape. Using long-term data from the accelerometers, rotation around the longitudinal axis was estimated. No large rotation of the cylindrical vessel was observed during the observation period.” And further, “The [node] buried below the seafloor has a lower noise environment than the [node] on the seafloor,” as is commonly found with seafloor seismic instrumentation (Duennebier and Sutton, 2007).
We note that the wet demonstration off Sicily will add to information on the effective transfer functions of all three sensors; see Section 4.1.
As discussed in Section 2, there are many potential applications of seismic observations on SMART cables, each of which may guide accelerometer specifications. Generally, the three most important applications are: 1) the early detection and characterization of great subduction zone earthquakes for earthquake and tsunami early warning; 2) filling ocean gaps in the global seismic networks to improve earthquake catalogs and seismic images of the Earth’s deep interior; and 3) providing additional monitoring capability for local earthquakes in the offshore regions of active margins. The sensor specification for these goals can be broadly understood by comparing spectra of seafloor seismic noise levels with the typical amplitudes expected for earthquakes at teleseismic, regional and local distances (Figure 8).
[image: Figure 8]FIGURE 8 | Vertical acceleration spectra showing seafloor noise levels, typical earthquakes of various magnitudes at local (10 km), regional (100 km) and teleseismic (3,000 km) distances, and illustrative accelerometer self-noise specifications for earthquake and tsunami early warning and global seismology. The arrow illustrates the potential benefit for global seismology applications of sensors with very low self-noise at lower frequencies. Seafloor noise levels are from a compilation of over a decade of US ocean bottom seismometer experiments (Janiszewski et al., 2020) and show average noise levels and two standard deviation variations at depths greater than 500 m. The acceleration spectra of typical earthquakes are from Clinton and Heaton (2002) and have been converted from octave wide bandpass acceleration to power spectral density following Cauzzi and Clinton (2013).
For earthquake and tsunami early warning on and near subduction zones, it is essential that the seismic sensors deployed do not go off scale for the largest earthquakes. This mandates the use of strong motion accelerometers with a full-scale range of several g. For example, peak accelerations recorded for the 2011 Tōhoku-Oki earthquake reached nearly ±3 g (Goto and Morikawa, 2012). Because the orientation of the repeater housing may vary, the accelerometer should measure accelerations in three-orthogonal directions in all physical orientations. The ShakeAlert earthquake early warning system on the US west coast utilizes vertical accelerometer data that is high pass filtered with a 0.075 Hz cutoff (Kohler et al., 2020); at longer periods the acceleration records cannot be reliably integrated to yield ground displacements. No high frequency cutoff is applied in the ShakeAlert system although most of the spectral power will be at frequencies of <10–20 Hz. The self-noise requirements of a sensor for earthquake early warning are not very onerous because the goal is to warn for large earthquakes with a system that has been verified by successfully detecting moderate earthquakes. The ShakeAlert system is designed for earthquakes down to magnitude 3.0 (Kohler et al., 2020), which, considering the high noise levels in the secondary microseism band from 0.15 to 0.5 Hz, can be accomplished by an accelerometer with a noise floor of −110 dB re 1 (m s−2)2 Hz−1 from 0.1 to 20 Hz (Figure 8).
For studies of teleseismic earthquakes with seismic sensors deployed in deep waters, only the very largest earthquakes (magnitude ≥ ∼6.5 at 3,000 km in Figure 8) will have amplitudes that exceed secondary microseism noise levels. For smaller earthquakes, there are two key frequency bands (Webb, 1998). The first is the low noise notch between ∼0.03 and 0.1 Hz that lies below the secondary microseism band but above the frequencies at which long period ocean waves (infragravity waves) are felt on the deep seafloor. In this band, the surface waves and long period body waves from even quite small earthquakes can be detected. Figure 8 shows that a noise floor of −130 dB re 1 (m s−2)2 Hz−1 is sufficient to record a magnitude six earthquake at 3,000 km even at noisy sites, while lowering the sensor noise floor to −150 dB re 1 (m s−2)2 Hz−1 would facilitate studies of earthquakes of magnitude five at sites where the seafloor noise levels are sufficiently low. Extending this frequency band down to ∼0.01 Hz would facilitate the recording of longer period surface waves for large earthquakes. The second frequency band of interest extends from ∼0.5–5 Hz. Here a sensor noise floor of about −130 dB re 1 (m s−2)2 Hz−1 is sufficient to record high frequency teleseismic P waves when their amplitudes exceed seafloor noise levels (Figure 8). We note that leveraging array techniques and azimuth/slowness stacking of adjacent sensor packets can lower the effective detection threshold for regional and teleseismic earthquakes. However, it is also important to recognize that the cable attached to the repeater may impact the coupling of the repeater housing to the seafloor and lead to enhanced susceptibility to water current noise, thus potentially limiting the fidelity of recorded ground motions, particularly at the shorter periods. Here, analysis of the data from initial demonstrator deployments is needed to obtain robust data on coupling and wave-induced noise for sensors in repeater housings.
The combined specifications for these two objectives suggest a sensor noise floor of −110 dB re 1 (m s−2)2 Hz−1 from 0.1 to 20 Hz decreasing to −130 dB re 1 (m s−2)2 Hz−1 at 0.5–53 Hz and at least as low as -130 dB re 1 (m s−2)2 Hz−1 at ∼0.01 and 0.1 Hz, and ideally lower within this band (Figure 8). Note that a high-resolution low-noise broadband pressure gauge provides a complementary means to record earthquakes (Webb, 1998) and so the needs of seismology should also contribute to the pressure sensor specifications.
Existing commercial sensors meeting these requirements will be used for the first SMART systems. Improvements in size, reliability, and ease of use would facilitate wider adoption in cable systems and an evolution towards sensor designs developed specifically for SMART cables could set off a virtuous circle of easier implementation of SMART cables driving demand and further development of sensor designs optimized for the SMART environment.
The addition of other sensor types, including hydrophones, conductivity sensors, inverted echosounders, as well as acoustic or optical modems capable of relaying data from free swimming sensors, has been considered. A new in-situ calibration method called ambient-zero/internal pressure case-ambient (A-0-A; Wilcock et al., 2021) would approach accuracies required for detecting longer-term (secular) vertical deformation signals, seafloor geodesy, and absolute sea level rise. Given that the SMART repeater will provide a general interface, in principle it should be possible to add these and others once the initial concept has been successfully demonstrated. However, it is very important to keep the initial systems as simple as possible to minimize their impact on the telecommunications functions of the system.
There is a new distributed sensing technology based on using optical fibers themselves as sensors. Any strain (stretch) in the fibers can be detected by Brillouin optical correlation domain reflectometry (BOCDR; presently to 50 km; Galindez-Jamioy and López-Higuera, 2012), Rayleigh backscatter interferometry (Lindsey et al., 2017), or a combination of bi-directional transmission optical interferometry and absolute time measurement (Marra et al., 2018). A more recent development correlates changes in the polarization states of the optical signals carrying telecommunications traffic with localized stress on the fiber and has been used to detect seismic events along the west coasts of North and South America (Kamalov and Cantono, 2020; Zhan et al., 2021). These two methods open the possibility of passively using both existing and future trans-ocean fibers as continuously distributed seismic sensors. It is important to note that both these are distributed methods and do not provide the same resolution or precision as the point sensors, which will be used in SMART cables. For the benefit of the telecom mission, they can provide measurements directly related to cable integrity, e.g., cable movement due to external aggression (fishing and bottom trawling, anchors, submarine landslides, etc.). SMART cables with in-situ sensors and distributed “remote” sensing are complementary and both should be implemented in parallel.
3.4 Design and Development
The design and development of SMART cables will require an unprecedented level of cooperation between scientific organizations, cable system suppliers, and cable system operators. Achieving integration with telecommunications systems will require further refinement of the sensors, design and development of the signal processing and data transmission circuits, and mechanical integration into the repeaters. A full set of technical requirements is proposed in (Joint Task Force, 2015a).
Integration of the SMART functions into cable systems requires a substantial investment on the part of the cable system suppliers. Despite similarities in function, each supplier has different mechanical arrangements and manufacturing processes. Development of a reference design for the sensors, signal processing boards, and data communications should be pursued to reduce the burden on each potential supplier and to ensure consistent results from the first generation of systems. Such a reference design would incorporate, at a minimum, circuit diagrams and functional code; one or more working benchtop prototypes would be assembled. Individual suppliers could then utilize this to create a functional design that is compatible with their repeater design.
Reliability is a significant concern for telecommunications cables. A rate of no more than one repair due to intrinsic failures in 25 years for 5,000 km of cable is a typical objective. As a matter of principle, the sensor functions must not impinge on the reliability of the telecommunications system. The sensor functions are unlikely to achieve this same level of reliability and must be designed to “fail safe” so that the telecommunications capabilities continue to function. A 10-year operating life is the initial goal (95 percent of sensors working at the end of 10 years), as this represents the timeframe in which a newer cable can be expected to be installed along the same route. Preliminary simulations indicate this is achievable but will require some level of redundancy, particularly in the optical transceiver functions.
Moving beyond the system suppliers, commercial cable system owners and operators must be persuaded to support SMART cables. Submarine cable systems represent a significant investment and a critical piece of strategic network infrastructure. Any interruption in operations has the potential to cause major disruptions. For this reason, system owners are reluctant to accept new or unproven modifications to existing designs without some substantial benefit in exchange. Smaller projects, particularly those serving island nations that are most at risk from climate change and tsunamis, are expected to be more amenable to SMART cables. Regional systems are also more likely to have unallocated fiber pairs and sufficient overhead margin in the electrical power budget, thus eliminating the objection that adding SMART functions reduces the cable’s overall capacity. Addressing the concerns of the telecommunications industry will require a series of projects that demonstrate that all technical issues have been fully addressed.
4 PROJECTS UNDERWAY OR PLANNED
Here we describe five SMART projects at various stages of planning and implementation. The first, the InSEA Wet Demonstration, will show that sensors in a cable repeater mechanical configuration can return good science data. The second, Vanuatu-New Caledonia, is still in the planning stage, although some funding is already allocated. The Natitua South system connecting French Polynesia Tahiti to Tubaui to the south is in the RFP process at the time of this writing. Indonesia is developing in-country capability because SMART cables are seen as the basis of “cable-based tsunami” warning, which, in turn, will be the basis of the entire in situ tsunami warning system. Lastly, the most advanced SMART system is the CAM-2 project, linking Lisbon, the Azores, Madeira Islands together in a ring. This approved project is funded by the Portuguese government and should be ready for service in 2025.
4.1 InSEA Wet Demo
The Western Ionian Sea hosts one of the European Multidisciplinary Seafloor and water column Observatory (EMSO) Regional Facilities, about 25 km off the Eastern Sicily coast at 2,100 m water depth. An underwater electro-optical cable runs on the seafloor from Catania harbor and splits into two branches that host geophysical, environmental, and oceanographic seafloor platforms. It is managed by Istituto Nazionale di Geofisica e Vulcanologia (INGV) and Istituto Nazionale di Fisica Nucleare (INFN).
The observation area is prone to numerous natural hazards due to the high seismicity and nearby Mount Etna. A major earthquake/tsunami in this area in 1693 caused 60,000 casualties in and around Catania (Tonini et al., 2011), and another event in 1908 in nearby Messina killed about 75,000 people (Mildon and Meschis, 2019).
In 2019 the project InSEA, funded by the Italian Ministry of Research, began enhancements to the Western Ionian Sea infrastructure capabilities. One of the main goals of InSEA is to realize the SMART wet demonstrator (Joint Task Force, 2015b; Joint Task Force, 2016). A map of the areas with the cables and detail of the wet demo portion is shown in Figure 9.
[image: Figure 9]FIGURE 9 | (top) The EMSO Western Ionian Sea Facility where the InSEA wet demo SMART cable will be laid in 2022. (middle) The complete system diagram (bottom) Sensor pod containing pressure and temperature sensors.
The wet demo is designed to establish the effectiveness of seismometers and environmental monitoring components installed in and around the repeater housings of a traditional communications cable. The key objectives are to demonstrate that the cable can be deployed using an unmodified cable laying system and ensure that the acquired data are robust, valid, and scientifically useful.
The contract for the wet demonstrator was awarded to Guralp Systems Ltd. (GSL) by INGV in 2020. The wet demo project will consist of a 17 mm LW cable of 19 km length with sensors integrated into the housing of three industry standard repeaters. The housings will be installed 6 km from one another (Figure 9). Each housing will include a temperature sensor (SBE 39plus), absolute pressure gauge (APG, Paroscientific 8,000 series, 3,000 m version), GSL force balance accelerometer (FBA), and GSL broadband seismometer.
The GSL accelerometer has selectable gain between 0.5 and 4 g and a frequency response between DC and 200 Hz, with a noise floor of 10.2 ng Hz−1/2 at 20 Hz. The GSL broadband seismometer has a velocity frequency response flat between 120 s and 100 Hz, with a noise floor of −173 dB at 0.1 Hz.
With a broadband seismometer, a force-feedback accelerometer and a MEMs accelerometer in the same enclosure, the system will provide a range of seismic data acquisition characteristics. After appropriate comparative analysis and evaluation, this data will provide input to the design decisions of future SMART cable installations.
Significant design work is underway to repackage existing Guralp instruments so they can be accommodated within a reclaimed repeater housing, while the temperature sensor and the APG will be housed in sensor pods connected to each repeater by external cables.
The wet demo will be deployed mid-2022 and connected to the Western Ionian Sea Junction Box that will provide power to the SMART cable demonstrator and data transmission to the shore station in Catania harbor (Figure 9). All acquired data will be fully available to JTF for validation of the wet demo and the data will be open to the scientific community following JTF analysis and quality checking.
4.2 Vanuatu—New Caledonia
The archipelagic countries of Vanuatu and New Caledonia are in the South-West Pacific on either side of the New Hebrides/Vanuatu trench. This trench is a very active, geologically young, subduction zone that regularly generates local to regional tsunamis (cf. Roger et al., 2019).
Vanuatu is the world’s most at-risk country for natural disasters (United Nations World Risk Report, 2016). Due to its location near the seismically active Pacific Rim of high rate, active plate subduction, Vanuatu frequently experiences tsunamigenic earthquakes. Although Vanuatu and New Caledonia themselves have not experienced high death tolls from tsunamis or earthquakes, their tsunamis have historically caused devastation in the region and beyond. Vanuatu and New Caledonia recognize that better earthquake and tsunami monitoring is necessary. Sea level rise also continues to threaten the coastal communities of all Pacific Island nations, including Vanuatu. Higher sea levels will increase both the frequency of coastal damage and typhoon and tsunami inundation areas. Better data on ocean circulation and warming are critical for projecting the specific impacts of these threats to the local ecosystem and economy, and to guide mitigation strategies.
Planning is underway for a cable crossing the trench/subduction zone to improve the international connectivity of Vanuatu and New Caledonia; provide valuable early warning tsunami capabilities for both countries and the region; and better understand geophysics of this subduction zone (Figure 10). The tentative installation date is 2025.
[image: Figure 10]FIGURE 10 | Proposed SMART cable connecting Vanuatu and New Caledonia, with a SMART repeater on each side of the Vanuatu/New Hebrides Trench.
4.3 French Polynesia
In French Polynesia at the start of 2021 there were ∼2,700 km of submarine optical fiber telecommunications cable across this oceanic territory, which is as large as Europe and comprised of 118 islands. Natitua is the name of the domestic submarine optical fiber telecommunication network handled by the Postal and Telecommunication Office (OPT) of French Polynesia (PF). Begun in 2017, this network interconnects the Society Islands to the Marquesas Islands and the Tuamotu archipelago. Since 2017 OPT has included SMART cables as an option in their Requests for Proposals (RFPs).
In November 2020 a Natitua extension called “Natitua South Cable” was funded to interconnect Tahiti to Rurutu and Tubuai islands in the Austral archipelago in the southern region of French Polynesia. This project would have an estimated 820 km cable divided in two segments: one of 765 km and another one of 55 km (Figure 11). At the time of this writing, the OPT is evaluating responses to an RFP that included the SMART option.
[image: Figure 11]FIGURE 11 | The Natitua Cable two branch path configuration with a repeater spacing of 90 km along the cable (blue squares). Solid green markers represent a proposed dense deployment of instrumented repeaters. On the right are the projected depth profiles along each cable path with repeater locations. Most repeaters are at 5,000 m depth so three have been added at 1,000 m depth near each island. The perimeter of the hotspot is marked by a black circle. Open green circles represent tide gauge locations and yellow triangles mark existing onshore seismic stations.
SMART capability in this region will provide many science and societal benefits. The seismic sensor will contribute to a long-term and potentially dynamic tomography investigation on the South Pacific superplume as well as an improved understanding of the regional upper mantle and French Polynesia hotspot properties (Barruol et al., 2009; Obayashi et al., 2016). Two major campaigns of ocean bottom sensors (seismic, pressure and electromagnetic) were conducted between 2003 and 2005 (Suetsugu et al., 2005), and then between 2009 and 2010 (Suetsugu et al., 2012) to illuminate the superplume beneath French-Polynesia. Analysis of the data from the campaigns demonstrated the detection of seismic events that could not be seen by the land seismic network, whose sensitivity is compromised by ocean (microseism) and anthropogenic noise. A SMART cable will consequently improve the regional seismic detection capability handled by the Geophysical Laboratory of Tahiti, French Alternative Energies and Atomic Energy Commission (CEA/LDG). Although French Polynesia is considered essentially aseismic, the 2018–2019 unexpected submarine eruption near Mayotte Island and presence of active volcanism in French Polynesia offer a reminder that appropriate seismic monitoring to establish baselines is prudent.
Currently, tsunamis (>5 cm) can be detected by the French Polynesian coastal tide gage network handled by the University of French Polynesia (Barriot et al., 2012) in addition to the University of Hawaii Sea Level Center (UHSLC) tide gage (Caldwell et al., 2015). The SMART pressure gages will be able to record with sub-millimeter resolution tsunami waves transiting the French Polynesia region. This data will enhance understanding of the tsunami behavior (amplification, reflection, and diffraction) for the three archipelagos (Austral, Society, and Tuamotu). This will drive further research to improve tsunami modeling and thus improve the tsunami forecasts for characterizing alert parameters for more distant impacted regions.
The temperature sensor allows the monitoring of the evolution of the long-term deep ocean temperature over a north-south profile. Such sensors networked along 8° of latitude will enhance our understanding of the potential bottom oceanic circulation and the long-term oceanic climate cycles at 1,000 m and 5,000 m depth (Figure 11) and link it to near surface studies (Rougerie and Rancher, 1994; Martinez et al., 2009; Leichter et al., 2012).
4.4 Indonesia
Indonesia is one of the most active earthquake regions in the world and resides above three converging continental tectonic plates, namely: Indo-Australia to the west and south; Eurasia from the north; and the Philippines plate from the east. Indonesia is therefore highly vulnerable to tectonic earthquakes, volcanic eruptions, and underwater landslides that could trigger both normal tectonic or atypical tsunamis, and is threatened by far- and near-field tsunamis.
The importance of landslide-generated tsunamis is becoming more apparent (Salaree and Okal, 2018). Here we show an example of the estimated cumulative tsunami height due to seismically triggered submarine landslide scenarios (Figure 12). Considering the highly complex triggering mechanism, a cumulative field of peak ground acceleration (PGA) from CMT sources with depth shallower than 40 km was calculated. Fifty-eight dipole source scenarios were designed based on PGA and the underwater slope field. The results not only compel the need for more study of seismically triggered submarine landslides in Indonesia (Salaree et al., 2021) but also highlight the importance of a SMART cable system in detection of this underappreciated threat.
[image: Figure 12]FIGURE 12 | For a possible SMART cable (yellow dots) scenario, tsunami wave heights are calculated from 52 landslide scenarios designed for peak ground acceleration >0.3 g based on the bottom slope. Yellow bars show predicted tsunami height at each SMART sensor. Pink bars give tsunami height near the shore (∼60 m water depth). White stars represent existing tide gauges.
The Indonesia Tsunami Early Warning System (InaTEWS) was established following Aceh’s tsunami in 2004. InaTEWS consists of three sub-systems. The upstream part includes observational equipment to monitor seismic vibrations and ocean tsunami wave heights. The acquired data are directly transmitted to the BMKG (Agency for Meteorology Climatology and Geophysics) processing center, which produces information on epicenter location, depth, origin time, magnitude of the earthquake, and its tsunamigenic potential. The resulting early warning information is directly disseminated to potentially affected communities through interface institutions or authorities.
Recently, the BPPT (Agency for the Assessment and Application of Technology) embarked on the development of the SMART-CBT (cable-based tsunami) or Advanced CBT system. The design, which began in early 2020, will accommodate both tsunami sensors as well as data communication. Early single-ended test systems are planned for Labuhan Bajo and Rokatenda, evolving to a double-ended system to be deployed across Makassar Strait connecting East Kalimantan and Mamuju in West Sulawesi (Figure 13). The COVID-19 pandemic, however, is delaying development.
[image: Figure 13]FIGURE 13 | Locations of Ina-CBT activities in Indonesia. The rectangle symbols show earlier (white), on-going (yellow), and future (beige) CBT cable systems.
Despite the COVID constraint, BPPT in collaboration with the University of Pittsburgh, United States, Woods Hole Oceanographic Institute, Bandung Institute of Technology (ITB), and Andalas University installed a hybrid cable-based tsunameter in July 2020 in Siberut. The objective is to detect events on the Mentawai-Siberut Megathrust segment. This hybrid system is a combination of optical cable, acoustic wireless links, and several autonomous ocean bottom pressure sensors (tsunameters). An acoustic modem on the end of a short electro-optical shore cable acts as a base transceiver station talking to several tsunameters nearby and in deeper water. The acoustic communications are facilitated by the bottom slope and the thermocline structure. With this configuration, information is quickly sent from instruments 20–30 km away to the mainland.
4.5 Portugal–CAM-2
Continent/Azores/Madeira (CAM) is the submarine telecommunication fiber optic cable system that interconnects the Portuguese mainland with the Azores and Madeira archipelagos in a triangle/ring. The current three cables will be obsolete between 2024 and 2028, the CA cable first and the MA last. The RFP for the new CAM-2 is estimated to be presented in quarter 2, 2022, and follows a clear governmental requirement that the new cables must have seismic and environmental monitoring functionalities (Government of Portugal, 2020).
The CAM cables extend along the plate boundary between Eurasia and Nubia, an offshore domain prone to destructive earthquakes and tsunamis (Figure 14). This area was the source of the largest earthquake in Europe since 1000 (Stucchi et al., 2012), i.e., the November 1, 1755 (Mw 8.5) event, and the largest earthquake in Europe since 1900 causing casualties and destruction, i.e., the February 28, 1969 Mw 7.8 event (Grünthal and Wahlström, 2012). Three other significant earthquakes with M > 7 also occurred on this plate boundary in the 20th century (M7.1, 1939; M8.0, 1941; and Mw 7.9 1975), causing small tsunamis, less than 1 m high (Baptista and Miranda, 2009), as shown in Figure 14.
[image: Figure 14]FIGURE 14 | Nominal route for the new CAM submarine cable with SMART repeaters (black dots), spaced ∼70 km. The cables are identified by the landing points on both ends, C for the Portuguese mainland, M and A for the Madeira and Azores Archipelagos, respectively. The green triangles denote seismic stations currently monitored by the Instituto Português do Mar e da Atmosfera (IPMA). The yellow triangles show the location of coastal tide-gauges monitored by IPMA. The red stars show the location of 3 M > 7.7 large tsunamigenic earthquakes that occurred in the 20th century. The location of the November 1, 1755 earthquake is uncertain, and the faults shown (red lines) have been proposed as its source.
Mitigation of the hazards generated by offshore tectonic sources requires effective early warning systems for earthquakes and tsunamis. The response of these detection systems must rely on the first seismic and sea level data arriving to the monitoring networks. These are currently seismic land stations and coastal tide gauges (Figure 14). For the likeliest tsunami sources that may affect the Portugal mainland, Omira et al. (2009) showed the need for offshore sea level measurements to ensure at least 10 min advance warning time before the first tsunami arrives at any Portuguese coastal area.
To demonstrate the capability for earthquake and tsunami monitoring of the new SMART CAM cables, we use the tsunami source database in place at Instituto Português do Mar e da Atmosfera (IPMA) as shown on Figure 14. The new CAM layout is notional with sensors every 70 km along the cable track and the first repeater 30 km from the shore (Figure 14).
We computed the estimated tsunami arrival time (ETA) to each of the coastal tide gauges monitored by IPMA and compared these to the ETA computed for the new SMART CAM sensors. The difference reflects improvement in warning time that can be obtained by the instrumented submarine cables, as shown in Figure 15A. The usefulness of each sensor is roughly estimated by the number of tsunami sources reaching it first, as shown by the size of the symbols in Figure 15A.
[image: Figure 15]FIGURE 15 | (A) Reduction in tsunami arrival time (minutes) obtained by the CAM-2 set of sensors (white circles) when compared to the coastal tide gauge network monitored by IPMA (green triangles). (B) Comparative reduction in azimuthal gap (degrees). (C) Improvement in the network quality metric. (D) Reduction in earthquake early warning time (EEW in seconds) obtained by the CAM-2 set of sensors when compared to the seismic land network monitored by IPMA. The size of the cable sensor symbols is proportional to the number of events used. Purple area defines where the CAM-2 sensors did not improve the result. White stars show the location of 3 M > 7.7 20th century earthquakes that caused small tsunamis. The location of the November 1, 1755 earthquake is uncertain, and we show the tectonic faults (white lines) that are suggested to be at the source of that event by several authors.
At IPMA, following standard operating procedures, a hypocentral location must be provided within 5 min of an event based on the first ten waveforms received. This information and the corresponding tsunami threat level are provided to civil protection and national authorities. The quality of this first computation is critically dependent on the geometry of the ten stations used. We evaluated the contribution of the new SMART CAM network to the improvement of two geometric properties: 1) the maximum azimuthal gap between epicenter and stations; and 2) the network quality metric defined by Bondár and McLaughlin (2009) that also assesses the distribution of the epicenter to station azimuths (0 is the best and 1 means that all stations have the same azimuth). The gain obtained for azimuthal gap and the network quality metric by the new SMART CAM network are shown in Figures 15B,C, respectively. The relevance of each sensor is roughly estimated by the number of earthquake sources each sensor is contributing.
IPMA is testing an Earthquake Early Warning System (EEW) based on the amplitude of seismic waves recorded on the first five stations. With land stations only, the southern Portugal mainland cannot benefit from such a system, as the warning time to the Lisbon area is very short (∼30 s or less). This performance can be greatly improved using the SMART new CAM network of sensors, as shown on Figure 15D. Again, the relevance of each sensor is roughly estimated by the number of earthquake sources to which location each sensor is contributing.
All the examples presented show that the new SMART CAM network can contribute to earthquake and tsunami hazard mitigation for the Portugal mainland, as well as the Azores and Madeira. Using the source areas of historic large earthquakes and tsunamis, modeling using proposed SMART sensor locations indicates a significant improvement in tsunami early warning, earthquake fast location, and strong motion early warning.
4.6 Other Projects
There are several other systems presently in discussion and planning stages worthy of note. The first two are largely government driven, with telecom serving small communities in areas of science and early warning importance.
First, the New Zealand government has recognized that a need exists for improved telecommunications connectivity to the Chatham Islands, a remote island community ∼800 km east of the New Zealand mainland. By adding scientific sensing capability, such a cable could also be leveraged to improve geohazards monitoring in the region (including tsunami and earthquake early warning) and enhance scientific understanding of a large range of geophysical and oceanographic processes. To address this, a workshop was convened in February 2021 to consider how to satisfy these needs. The report (Wallace et al., 2021) summarized the main findings and conclusions of the workshop and background information necessary for considering the development of permanent, offshore observing capability in New Zealand. A primary conclusion of the workshop, and a recommendation of the report, is “that a hybrid cable design incorporating both “in-line” sensors and external sensors connected to branching units, plus fiber strands usable for distributed acoustic sensing (DAS) would provide the best balance between the oceanographic, geophysical, and geohazards monitoring benefits of offshore scientific infrastructure. This approach to the cable design would future-proof the cable and its sensor payloads, maximizing the return on investment as technology improves in decades to come, while ensuring that the scientific components did not compromise the cable’s primary mission.” Discussions and planning regarding this possible cable system (and addition of scientific sensing capability) are currently ongoing.
Second, the US National Science Foundation is interested in a submarine fiber optic telecommunications cable from New Zealand to McMurdo Station in Antarctica, with terabit-scale networking capability that could eliminate current bandwidth constraints faced by researchers, educators, and support functions in the Antarctic, while also reducing the latency of current satellite-based communication. The cable infrastructure can also serve as a scientific platform using SMART Cables with capability to monitor ocean conditions and seismic activity. To document the benefits of such a cable, a workshop (https://www.pgc.umn.edu/workshops/antarctic-cable/) was held 29 June–1 July 2021. The following insights are obtained from the workshop report (Neff et al., 2021). Observations of temperature and pressure on a new SMART cable to McMurdo will immediately provide important climate change metrics in the Southern Ocean, including Antarctic Bottom Water temperature and volume, Antarctic Circumpolar Current transport, and regional sea level rise. The cable’s enabling characteristics would be real time, high frequency sampling, 24/7/365 acquisition, good spatial resolution (∼50 km), the spanning of a major inter-ocean chokepoint, and rare observations below 2000 m. These measurements are invaluable for understanding the progression and causes of climate change and predicting global climate conditions into the future. SMART seismic accelerometers along such a cable would fill a large data gap in the southern oceans that limits the resolution of global seismic Earth models. SMART seismic acceleration data, augmented with inexpensive acoustic and optical fiber sensing, also enable the monitoring of grounded ice motion, ice shelf-breaking tsunamis, marine mammals, seismic ocean thermometry, and micro-earthquakes. The inclusion of additional branching nodes would open unprecedented opportunities in Southern Ocean biogeochemical, ecosystem, and water column sensing, AUV docking, acoustic communications and navigation. All these enhancements to the basic SMART cable would be neutral with respect to the fundamental communications mission of the cable and could enable the first step in a future Southern Ocean Observatory.
In the Atlantic, the GEANT research and education network is seeking ways to provide free fibers for scientific use along spurs of the EllaLink cable, which connects European and South American academic networks (https://www.geant.org/geolab). Different types of interrogators, e.g., Distributed Acoustic Sensing (DAS) or Distributed Temperature Sensing (DTS), could be attached by scientists to carry out distributed sensing along the fiber, although currently this technique is limited to a range of several tens of kilometers.
Lastly, Project Koete, connecting Perth-Darwin-Jakarta-Singapore-Malaysia, with additional branches to serve the Australian Northwest Territories, including offshore oil and gas, is largely commercially driven but will include a SMART component. Specifically, it will be designed to support earthquake and tsunami early warning, as well as monitor the ocean environment (Project Koete, 2021).
5 OTHER CONSIDERATIONS
5.1 Data Management
Data from SMART cables will transit through the cable fiber to land stations where they will be stored and distributed. Individual countries and cable operators can establish their own data policies, based on each system configuration. However, the JTF is advocating for the Findable, Accessible, Interoperable, Reusable (FAIR) data principles, especially for data critical to Early Warning Systems (seismic and pressure data).
The physical parameters measured by SMART cables are already measured by ocean and land-based systems. For example, an entire data ecosystem already exists for sea-level data though the Global Sea-Level Observing System (GLOSS, https://www.gloss-sealevel.org/), for seismic data through the Incorporated Research Institutions for Seismology (IRIS) Data Management Center (https://ds.iris.edu/ds/nodes/dmc/) or the federated European Integrated Data Archive (EIDA) (Strollo et al., 2021; http://www.orfeus-eu.org/data/eida/), and the US NOAA National Centers for Environmental Information (https://www.ncei.noaa.gov/). Real time data for the purposes of early warning and operational oceanography will make use of the WMO’s Global Telecommunications System (GTS). High sampling rate data (accelerometer, pressure sensors) can also be supplied by established real time protocols already in use by seismic data and tsunami warning centers for land-based seismic sensors, for example seedlink (IRIS, 2021).
For SMART cables within a single country, in many cases national data centers will be the authoritative source of the data. As a specific example, for the CAM-2 system, the Instituto Português do Mar e da Atmosfera (IPMA) will handle the data.
5.2 Legal, Permitting, and Security Concerns
There are various concerns regarding marine science research and the legal and permitting status of the cables (Bressie, 2012). Our approach is, at this early stage, to deal only with domestic projects or between amicable countries and set precedents. If a planned cable route passes through a third party’s waters and they object, the problem can be circumvented by simply not installing SMART in their waters. In the longer term we will work with IOC and WMO to develop a process to handle this. In the end, pragmatic advances may rely upon a priori arrangements with individual governments. The JTF is working with government regulators to encourage the adoption of incentives for SMART cables, such as expedited permitting, reduction in fees, and access.
Such a pragmatic approach also applies to cable integrity and security issues. Up to now, cables have largely been “deaf, dumb and blind” to their environment with damage detected only after a fault. SMART sensors and DAS can be used to improve cable protection, e.g., detect trawlers and dragging anchors before they hit the cable allowing for intervention before damage is done, as well as other external aggression with malign intent, for the benefit of the telecom mission. More generally, data from SMART cables can be used to improve routing of future cables to avoid, for instance, potential landslide areas, given recent experience off Taiwan (Carter et al., 2014) and the Congo River Canyon (Talling et al., 2020).
A concern often raised is that having the locations of sensors public, the cables may become easy targets for military or terrorist action. In fact, this information is already public. Cable route positions are not classified. Preliminary routes are open while final routes are merely business confidential. Cable ships use AIS (commercially and publicly available ship positions) and often publish navigation screen images on social media so that a determined actor would generally be able to obtain cable positions. From inception, submarine cables have occasionally been military targets, when they are usually cut right at the very start of a conflict. A famous example is the British CS Alert cutting German submarine cables at the start of WWI (Winkler, 2008). SMART capability will not change this.
5.3 Costs and Financing
Typical submarine cable system costs range between US $20,000 and US $40,000 per kilometer. We estimate that the incremental cost of SMART capability is about 10% after the research and development costs are recouped by suppliers. During the first years, the cost will likely be higher. For example, a telecom cost of $30,000/km with a system length of 4,000 km and 15% incremental cost yields US $120M telecom + $18M SMART = US $138M total.
Several approaches can be considered to finance the additional cost of adding SMART sensing to telecommunications cables. Such funding can either be provided on a stand-alone basis to directly cover such cost or integrated into the overall financing structures of the cable project.
A variety of institutions may be motivated to provide grant funding for this effort. These include government agencies, international development institutions, and philanthropic foundations who might be interested in supporting early-warning systems for improved disaster resilience for Small Island Developing States (SIDS) and Least Developed Countries (LDCs), or who are seeking to build better real-time data infrastructures for science. Private companies aligned with the UN SDG goals who wish to be considered for Environment, Sustainability, and Governance (ESG) investment may likewise be interested to support such efforts, for instance, out of their Corporate Social Responsibility (CSR) budgets. This could also be the case for technology companies eager to get a foothold in the emerging ocean innovation space for blue infrastructure (Thiele et al., 2020).
A more complex but potentially larger and attractive financing perspective arises if the SMART infrastructure can become part of the overall finance package for the telecoms project (Thiele and Gerber, 2017). In practice, the use of such sensing adds additional beneficiaries to the cable infrastructure: the users of the SMART data. If such users, for instance a government research or operational body (e.g., tsunami early warning centers), are willing to enter into long-term capacity purchase agreements with the telecommunications operator, this additional source of cash flow could be attractive to the subsea cable operator and might be sufficient to cover the additional cost. Furthermore, by enlisting a client that is backed by a government with a solid credit rating, additional senior debt may be made available from international lenders, including potentially at concessional rates from multilateral development banks (Asian Development Bank, 2018).
Overall, a blended finance approach, with some upfront grant funding for project design and development, combined with longer term project debt could provide a solid base for rolling out SMART sensors on ocean cables at a low cost and as a key contribution to an innovative ocean data infrastructure for a sustainable future (Claudet et al., 2020).
5.4 Relationship to Other Programs and Organizations
The JTF is following several paths to encourage adoption by interacting with other entities and stakeholders. Within ITU (hosting the JTF Secretariat) several activities are advancing: a SMART Resolution before the World Technical Standards Assembly; amendments to existing climate and disaster risk reduction resolutions; SMART system recommendations being prepared by Study Group 15/Q8; and participation in the Global Symposium for Regulators. Via an ITU Circular, we are reaching out to all member states, suppliers, “over-the-top” (OTT) content providers (e.g., Google, Facebook), regulators, and development banks, as well as the UN hierarchy of climate, ocean, and disaster risk reduction for support.
Within the IOC, in June 2021, the General Assembly approved a Tsunami Programme explicitly including SMART, formulated by the Tsunami and other Sea Level Related Hazards Warning System (TOWS) Working Group, for the UN Decade of Ocean Science for Sustainable Development. JTF has been endorsed as a project of the UN Decade. All these activities are at a level involving the UN member states.
Within the framework of the UN Decade, we will interact with the Global Ocean Observing System (GOOS) to ensure that the measurements we provide will be assimilated properly into the System. SMART Cables are included as one component of the Deep Ocean Observing Strategy (Levin et al., 2019; https://deepoceanobserving.org/).
6 CONCLUDING REMARKS
SMART Cables follow an innovative implementation path outside the classical “oceanography box” with an unusual cast of stakeholders. The sum of combining cable and sensing technology will be greater than the parts. SMART cables can revolutionize access to the global deep ocean and enable unique ocean observations of major importance, while improving cable system performance and integrity. To achieve this, the ocean community and the telecom industry must work together in the context of the UN Decade of Ocean Science and the Blue Economy to produce a global telecom plus science network for societal benefit.
In this paper we show that SMART cables will fill scientific and societal needs via ocean monitoring of essential ocean variables (EOVs) and provide data critical to supporting disaster early warning services, directly and indirectly addressing multiple sustainable development goals. All cable system suppliers have said that SMART cable systems are technically achievable; Alcatel Submarine Networks has stated they will supply SMART capability. Systems are moving ahead without legal, permitting, or security issues, indicating that the establishment of SMART cable capability is tractable. Similarly, systems now underway demonstrate that SMART cable systems can be financially feasible, with the expectation that funding models will adapt to specific situations and change over time as the process matures.
We conclude with the recommendation from the OceanObs’19 conference:
Transition telecom + sensing SMART subsea cable systems from present pilots to trans-ocean and global implementation, to support climate, ocean circulation, sea level monitoring, and tsunami and earthquake early warning and disaster risk reduction.
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The left column contains the names of observatories, the earthquake date is shown in the
upper row. The last column shows the trend in changes of the value of A.





OPS/images/feart-09-661337/inline_1.gif





OPS/images/feart-09-661337/inline_10.gif





OPS/images/feart-09-661337/crossmark.jpg
©

2

i

|





OPS/images/feart-09-661337/feart-09-661337-g001.gif
e

setar






OPS/images/feart-09-661337/feart-09-661337-g002.gif
| TERS/S
100 107 10 10
2018-08-19. M,8.2

z-accel

0000 01:00 T

2018-08-19, M, 8.2

00:00

01:00 T
Time (UTC)





OPS/images/feart-09-661337/feart-09-661337-g003.gif





OPS/images/feart-08-610993/math_1.gif
F()

exp-
hao(t/T)

@





OPS/images/feart-08-610993/math_2.gif





OPS/images/feart-08-610993/math_3.gif
IMS howr





OPS/images/feart-09-679958/inline_70.gif





OPS/images/feart-09-679958/inline_7.gif
DSJD





OPS/images/feart-09-738515/feart-09-738515-g007.gif





OPS/images/feart-09-679958/inline_69.gif





OPS/images/feart-09-738515/feart-09-738515-g006.gif





OPS/images/feart-09-679958/inline_68.gif





OPS/images/feart-09-738515/feart-09-738515-g005.gif





OPS/images/feart-09-679958/inline_67.gif





OPS/images/feart-09-738515/feart-09-738515-g004.gif





OPS/images/feart-09-679958/inline_66.gif





OPS/images/feart-09-738515/feart-09-738515-g003.gif
NEELAREEE

i
;
—






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Advances in ocean bottom seismology



		Editorial: Advances in Ocean Bottom Seismology



		Author Contributions



		Publisher’s Note



		Acknowledgments









		Near-Field Body-Wave Extraction From Ambient Seafloor Noise in the Nankai Subduction Zone



		Introduction



		Materials and Methods



		Station Data



		Cross-Correlation Function Calculation









		Results



		Discussion



		P Wave Retrieval



		Wave Propagation From Numerical Simulation



		Cross-Correlation Functions With and Without One-Bit Normalization



		Acoustically-Coupled Rayleigh or S Wave?









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Approbation of the Method for Examining the Performance of Seafloor Observatory Sensors Using Distant Earthquakes Records



		1. Introduction



		2. Method



		3. Results



		4. Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Seismic Anisotropy Within an Active Fluid Flow Structure: Scanner Pockmark, North Sea



		Introduction



		Overview



		Aims and Objectives









		Stratigraphy and Seismostratigraphic Framework



		Experiment and Datasets



		Ocean Bottom Seismometer Data



		Seismic Reflection Data









		Methods



		Ocean Bottom Seismometer Data



		Seismic Reflection Data



		Laboratory S-Wave Measurements









		Results



		Seismic Anisotropy



		Seismic Reflection



		Core Shear-Wave Measurements









		Discussion



		Fast S-Wave Orientation



		Possible Causes of Seismic Anisotropy Within Scanner Pockmark



		Depth of S-Wave Conversion









		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Crustal Structure Across the Northern Region of the Islas Marías Archipelago



		Introduction



		Data and Methodologies



		Bathymetric Data



		Multichannel Seismic Data



		Wide-angle Seismic Data Acquisition and Seismic Phases









		Results



		Multichannel Seismic and Bathymetric Data



		WAS Data









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References









		Observations of Earth’s Normal Modes on Broadband Ocean Bottom Seismometers



		1 Introduction



		2 Requirements to Observe Earth’s Normal Modes: Instrumentation and Installation



		2.1 Instrumentation



		2.2 Benchmark Earthquake–The 1998 Balleny Island Earthquake at Ocean Seismic Network1









		3 The Hawaiian Plume-Lithosphere-Undersea-Mantle Experiment Project



		3.1 The March 28, 2005 Sumatra Earthquake



		3.2 The June 13, 2005 Tarapaca, Northern Chile Earthquake



		3.3 The November 15, 2006 Kuril Islands Earthquake









		4 Other Ocean Bottom Seismometer Instrument Pool Deployments in the Pacific Ocean



		4.1 NoMelt



		4.2 ALBACORE



		4.3 ADDOSS









		5 Summary and Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		The Contribution of Submarine Optical Fiber Telecom Cables to the Monitoring of Earthquakes and Tsunamis in the NE Atlantic



		Introduction



		Earthquake and Tsunami Monitoring



		Optical Fiber Telecommunication Cable Technologies Available



		Smart



		Das



		Li









		Testing Scenarios



		The Background Scenario



		The Submarine Cable Scenarios









		Methods and Results



		Tsunami Monitoring



		Earthquake Monitoring









		Discussion and Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Footnotes



		References









		An Evaluation of Strong-Motion Parameters at the S-net Ocean-Bottom Seismograph Sites Near the Kanto Basin for Earthquake Early Warning



		Introduction



		Data and Processing



		Comparison of the Peak Ground Accelerations and Peak Ground Velocities Between the S-Net and K-NET/KiK-Net Sites



		Comparison of the Low-Frequency Motions Between the S-Net and MeSO-Net Sites



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Corrigendum: An Evaluation of Strong-Motion Parameters at the S-Net Ocean-Bottom Seismograph Sites Near the Kanto Basin for Earthquake Early Warning



		Publisher’s Note









		One Year of Seismicity Recorded Through Ocean Bottom Seismometers Illuminates Active Tectonic Structures in the Ionian Sea (Central Mediterranean)



		Introduction



		Tectonic Setting



		The Ocean Bottom Seismometer/Hydrophone (obs/h) network



		Instrumental Features



		Deployment Sites









		Data Quality



		Local Earthquakes



		Local Earthquakes: Integrated Locations



		Local Earthquakes: Low-Magnitude Event Locations and Single Station Events



		Short Duration Events









		Discussion and Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		Supplementary Material



		References









		Application of the Stacked Refraction Convolution Section to 2D Ocean Bottom Seismometer Wide-angle Seismic Data Along the Tamayo Through Basin, Gulf of California



		Introduction



		Materials and Methods



		GRM and Refraction Convolution Section



		Velocity Analysis Convolution Section



		Ocean Bottom Seismometer and MCS Data



		Tamayo Through Basin









		Data Processing



		Refraction Convolution Section for a Single Forward-Reverse Pair



		Stacking of Refraction Convolution Sections









		Results



		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		References









		The Extended Continental Crust West of Islas Marías (Mexico)



		Introduction



		Regional Tectonic Setting



		Data and Methodologies (Materials and Methods)



		Wide-Angle Seismic Data Acquisition and Seismic Phases



		Multichannel Seismic and Bathymetry Data









		Results



		MCS and Bathymetry Data



		WAS Data



		Tomography and Resolution









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		Supplementary Material



		References









		The TsuJal Amphibious Seismic Network: A Passive-Source Seismic Experiment in Western Mexico



		Introduction



		Tectonic Setting



		Data Processing and Seismic Analysis



		Results and Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		Supplementary Material



		References









		SMART Subsea Cables for Observing the Earth and Ocean, Mitigating Environmental Hazards, and Supporting the Blue Economy



		1 Introduction: The SMART Cables Concept



		2 Improvements in Earth and Ocean Observing



		2.1 Geophysics and Seismology



		2.2 Seismic and Tsunami Monitoring and Warning



		2.3 Oceanography









		3 Technical Approach



		3.1 SMART Cable Concept Requirements



		3.2 From Single-Purpose Cables to SMART Cables



		3.3 Sensors



		3.4 Design and Development









		4 Projects Underway or Planned



		4.1 InSEA Wet Demo



		4.2 Vanuatu—New Caledonia



		4.3 French Polynesia



		4.4 Indonesia



		4.5 Portugal–CAM-2



		4.6 Other Projects









		5 Other Considerations



		5.1 Data Management



		5.2 Legal, Permitting, and Security Concerns



		5.3 Costs and Financing



		5.4 Relationship to Other Programs and Organizations









		6 Concluding Remarks



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		References























OPS/images/feart-09-679958/inline_65.gif





OPS/images/feart-09-738515/feart-09-738515-g002.gif





OPS/images/feart-09-679958/inline_64.gif





OPS/images/feart-09-738515/feart-09-738515-g001.gif





OPS/images/feart-09-679958/inline_63.gif





OPS/images/feart-09-738515/crossmark.jpg
©

|





OPS/images/feart-09-679958/inline_62.gif





OPS/images/feart-09-666272/inline_3.gif
XN





OPS/images/feart-09-666272/inline_2.gif
v





OPS/images/feart-08-610993/feart-08-610993-g002.gif
A 3 ., e ke

|

V———

e amamacon o R B acs e






OPS/images/feart-08-610993/feart-08-610993-g003.gif





OPS/images/feart-08-610993/crossmark.jpg
©

2

i

|





OPS/images/feart-08-610993/feart-08-610993-g001.gif





OPS/images/feart-08-610993/feart-08-610993-g006.gif





OPS/images/feart-08-610993/feart-08-610993-g007.gif
[ —

ey






OPS/images/feart-08-610993/feart-08-610993-g004.gif





OPS/images/feart-08-610993/feart-08-610993-g005.gif





OPS/images/feart-10-852059/crossmark.jpg
©

|





OPS/images/feart-09-679958/inline_61.gif





OPS/images/feart-09-679958/inline_60.gif





OPS/images/feart-09-666272/inline_1.gif
XN





OPS/images/feart-09-679958/inline_6.gif
K,





OPS/images/feart-09-666272/feart-09-666272-t002.jpg
Process

Format change
Trace and shot editing
Bandpass fittering

Predictive deconvolution
Geometry specifications
Bandpass fittering

Velocity analysis

NMO correction

Stack

Second predictive deconvoltion
Migration

SEG-Dto SU

Antialias and bad traces killed (252 and 260). Dummy events (486-495, 747-751, 811-821)

4-6-130-150 Hz

Parameters

Maximum lag 200 ms, minimum lag 13.4 ms

CDP gathering
4-6-120-130 Hz

Semblance spectra, each 100 CDP
Velocity model

Velocity model

Maximum lag 133 ms, minimum lag 5 ms

Phase-shift method





OPS/images/feart-09-679958/inline_59.gif





OPS/images/feart-09-666272/feart-09-666272-t001.jpg
Seismic source parameters

Source controller

Source type

Air pressure

Volume

Compressors

Number of air-guns and strings
Synchronization

Deployment depth

Trigger interval

WAS
Big Shot®
Bolt® G.Guns 1500LL
2,000 psi
6,800in”

4 x Hamworthy® 4™ 565 W100
11 air-guns in 5 strings

0.1 ms

15m

1208

mcs
Big Shot®

Bolt® G.Guns 1500LL.
2,000 psi

3,540 in®

4 x Hamworthy® 4™ 565 W100

12 air-guns in 4 strings (3 air-gur/string)

0.1 ms
8m
50 m





OPS/images/feart-09-679958/inline_58.gif





OPS/images/feart-09-666272/feart-09-666272-g010.gif





OPS/images/feart-09-679958/inline_57.gif





OPS/images/feart-09-666272/feart-09-666272-g009.gif





OPS/images/feart-09-679958/inline_56.gif





OPS/images/feart-09-666272/feart-09-666272-g008.gif





OPS/images/feart-09-679958/inline_55.gif





OPS/images/feart-09-666272/feart-09-666272-g007.gif





OPS/images/feart-09-679958/inline_54.gif





OPS/images/feart-09-666272/feart-09-666272-g006.gif
R0 2 » S » S O P D W P 9w o0 w DO






OPS/images/feart-09-679958/inline_53.gif





OPS/images/feart-09-666272/feart-09-666272-g005.gif





OPS/images/feart-09-666272/feart-09-666272-g004.gif





OPS/images/feart-09-679958/inline_89.gif





OPS/images/feart-09-679958/inline_88.gif
M, = 2 x 10*





OPS/images/feart-09-679958/inline_87.gif
ﬂsls





OPS/images/feart-09-679958/inline_86.gif





OPS/images/feart-09-775544/feart-09-775544-g015.gif





OPS/images/feart-09-679958/inline_85.gif





OPS/images/feart-09-775544/feart-09-775544-g014.gif





OPS/images/feart-09-679958/inline_84.gif





OPS/images/feart-09-775544/feart-09-775544-g013.gif





OPS/images/feart-09-679958/inline_83.gif





OPS/images/feart-09-775544/feart-09-775544-g012.gif





OPS/images/feart-09-679958/inline_82.gif





OPS/images/feart-09-775544/feart-09-775544-g011.gif





OPS/images/feart-09-679958/inline_81.gif
DSW





OPS/images/feart-09-775544/feart-09-775544-g010.gif





OPS/images/feart-09-679958/inline_80.gif





OPS/images/feart-09-775544/feart-09-775544-g009.gif





OPS/images/feart-09-775544/feart-09-775544-g008.gif





OPS/images/feart-09-626416/feart-09-626416-g012.gif
S-wave velacity (m/s)
50 60 70 80 90 100 110 120 130 140

Depth below the seafloor (m)






OPS/images/feart-09-626416/feart-09-626416-g013.gif





OPS/images/feart-09-626416/feart-09-626416-g014.gif





OPS/images/feart-09-682206/crossmark.jpg
©

2

i

|





OPS/images/feart-09-626416/feart-09-626416-g008.gif





OPS/images/feart-09-626416/feart-09-626416-g009.gif





OPS/images/feart-09-626416/feart-09-626416-g010.gif





OPS/images/feart-09-626416/feart-09-626416-g011.gif





OPS/images/feart-09-626416/feart-09-626416-g006.gif





OPS/images/feart-09-626416/feart-09-626416-g007.gif
A Taceno{zimyhg) B Tacgno (Azimog






OPS/images/feart-09-679958/inline_8.gif





OPS/images/feart-09-679958/inline_79.gif





OPS/images/feart-09-775544/feart-09-775544-g007.gif





OPS/images/feart-09-679958/inline_78.gif





OPS/images/feart-09-775544/feart-09-775544-g006.gif





OPS/images/feart-09-679958/inline_77.gif





OPS/images/feart-09-775544/feart-09-775544-g005.gif
Seismic

-7

No cables

with cables






OPS/images/feart-09-679958/inline_76.gif





OPS/images/feart-09-775544/feart-09-775544-g004.gif





OPS/images/feart-09-679958/inline_75.gif





OPS/images/feart-09-775544/feart-09-775544-g003.gif





OPS/images/feart-09-679958/inline_74.gif





OPS/images/feart-09-775544/feart-09-775544-g002.gif
30 0 30 80 50" 150" 100 180 150L120"-00" 60" 30"





OPS/images/feart-09-679958/inline_73.gif





OPS/images/feart-09-775544/feart-09-775544-g001.gif





OPS/images/feart-09-679958/inline_72.gif





OPS/images/feart-09-775544/crossmark.jpg
©

|





OPS/images/feart-09-679958/inline_71.gif





OPS/images/feart-09-738515/feart-09-738515-g009.gif





OPS/images/back-cover.jpg
Frontiers in
Earth Science

Investigates the processes operating within the
major spheres of our planet

Advances our understanding across the earth
sciences, providing a theoretical background for
better use of our planet's resources and equipping
s to face major environmental challenges.

Discover the latest
Research Topics

Avenue du Trbunal-Fédéral 34
1005 Lausanne, Swizeriand
notersinoro.

Contactus
+41(0215101700
rontersin org/about/contact






OPS/images/feart-09-738515/feart-09-738515-g008.gif
c

Depth (um)

Oeph km)

RN






OPS/images/feart-09-682206/feart-09-682206-g008.gif





OPS/images/feart-09-682206/feart-09-682206-t001.jpg
Seismic source parameters

Source controller

Source type

Air pressure

Volume

Compressors

Number of air guns and strings
Synchronization

Deployment depth

Trigger interval

WAS
Big Shot®
Bolt® G.Guns 1500LL
2000 psi
6,800 in°

4 x Hamworthy® 4™ 565 W100
11 air guns in 5 strings

0.1 ms

15m

1208

mMcs
Big Shot®
Bolt® G.Guns 1500LL.
2000 psi
3,540 in®

4 x Hamworthy® 4™ 565 W100

12 air guns in 4 strings (3 air gun/string)

0.1 ms
8m
50m





OPS/images/feart-09-682206/inline_1.gif
XN





OPS/images/feart-09-682206/feart-09-682206-g004.gif
W TSUJALRTSIMO1b OBS1 (4 - 10 Ha). NE

TSUIAL TSNS 0854 @ 101)






OPS/images/feart-09-682206/feart-09-682206-g005.gif





OPS/images/feart-09-682206/feart-09-682206-g006.gif





OPS/images/feart-09-682206/feart-09-682206-g007.gif





OPS/images/feart-09-682206/feart-09-682206-g001.gif





OPS/images/feart-09-682206/feart-09-682206-g002.gif





OPS/images/feart-09-682206/feart-09-682206-g003.gif
Sandpss Fiter.
Velociyanatys
NormaiMave 0ot
stk

Stack

Post-Stack

Deconvolution by sectons

Migaton






OPS/images/feart-09-686296/feart-09-686296-g008.gif





OPS/images/feart-09-686296/feart-09-686296-g007.gif





OPS/images/feart-09-686296/feart-09-686296-g006.gif





OPS/images/feart-09-686296/feart-09-686296-g005.gif





OPS/images/feart-09-686296/feart-09-686296-g004.gif





OPS/images/feart-09-661337/inline_9.gif





OPS/images/feart-09-686296/feart-09-686296-g003.gif





OPS/images/feart-09-661337/math_1.gif





OPS/images/feart-09-686296/feart-09-686296-g002.gif





OPS/images/feart-09-686296/feart-09-686296-g001.gif





OPS/images/feart-09-686296/crossmark.jpg
©

|





OPS/images/feart-09-661337/inline_5.gif
(Pig)





OPS/images/feart-09-686296/feart-09-686296-g010.gif





OPS/images/feart-09-661337/inline_6.gif





OPS/images/feart-09-686296/feart-09-686296-g009.gif





OPS/images/feart-09-661337/inline_7.gif





OPS/images/feart-09-661337/inline_8.gif





OPS/images/feart-09-661337/inline_11.gif





OPS/images/feart-09-661337/inline_2.gif





OPS/images/feart-09-661337/inline_3.gif





OPS/images/feart-09-661337/inline_4.gif
(Pig)





OPS/images/feart-09-679958/inline_98.gif





OPS/images/feart-09-679958/inline_97.gif





OPS/images/feart-09-679958/inline_96.gif





OPS/images/feart-09-679958/inline_95.gif





OPS/images/feart-09-679958/inline_94.gif





OPS/images/feart-09-679958/inline_93.gif





OPS/images/feart-09-626416/feart-09-626416-g005.gif





OPS/images/feart-09-679958/inline_92.gif
(lsll





OPS/images/feart-09-679958/inline_91.gif
ﬂsl:\





OPS/images/feart-09-679958/inline_90.gif





OPS/images/feart-09-679958/inline_9.gif





OPS/images/feart-09-626416/feart-09-626416-g001.gif





OPS/images/feart-09-679958/inline_99.gif





OPS/images/feart-09-626416/feart-09-626416-g002.gif





OPS/images/feart-09-626416/feart-09-626416-g003.gif





OPS/images/feart-09-626416/feart-09-626416-g004.gif





OPS/images/feart-09-661337/math_3.gif
3)





OPS/images/feart-09-661337/math_4.gif





OPS/images/feart-09-661337/math_5.gif
VSiTSa /Pl — 1.

(5)





OPS/images/feart-09-626416/crossmark.jpg
©

2

i

|





OPS/images/feart-09-661337/math_2.gif





