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Editorial on the Research Topic 
Submarine Active Faults: From Regional Observations to Seismic Hazard Characterization

Since the beginning of the XXI Century, our society has witnessed a number of catastrophic earthquakes with devastating consequences (e.g., Sumatra 2004, Haiti 2010, Japan 2010, Nepal 2015, Italy 2009 and 2016). Localizing the active faults and understanding their earthquake history is key to improve modern probabilistic seismic hazard assessment (PSHA) and, thus, to mitigate the consequences of future events. Seismicity models to characterize the earthquake frequency in a region in PSHA studies have been traditionally based on archaeological, historical and instrumental earthquake records. However, the rapid advance of active tectonics and paleoseismological studies has resulted in the development of seismicity models for faults, since they allow characterizing the active faults, reconstructing their 3D geometry at depth, and determining their past earthquake history and seismic potential based on the interpretation of the geological record.
Traditionally, active tectonics and paleoseismological research had been mainly conducted to study onshore active faults. However, the occurrence of the offshore Sumatra (2004) and Japan (2010) earthquakes and consequent tsunamis, which caused tens of thousands of casualties and extensive and severe damage and economic losses, have brought into sharp focus the need to better understand the geohazards related to submarine active faults. In the last few years, the availability of offshore geological and geophysical data at various scales (e.g., deep and shallow borehole, wide angle seismic profiles, tomography, 3D and 2D seismic reflection surveys, high resolution bathymetry or seafloor imaging) has allowed for a better definition of offshore fault systems. These studies focused on accurately constraining the kinematic, architecture and linkage of active faults, and, in some cases, identify recent earthquake ruptures or recognize and date individual events. In addition, underwater active tectonics and paleoseismological studies benefit from: (1) low erosional rates that preserve fault morphology and segmentation; (2) continuous sedimentation in time and space that allows for local and/or regional stratigraphic and chronostratigraphic correlations; (3) multiscale seafloor mapping and sub-seafloor seismic imaging; and 4) absence–or lowest amount–of human modification.
This Research Topic includes fourteen published articles focused in the study of underwater active tectonic regions or active fault systems around the world (Figure 1). They use different datasets (i.e., bathymetry, seismicity from a local seismic network, sub-bottom profiling, reflection seismic profiles or sedimentary cores) to identify and characterize the seismic cycle of active faults using multidisciplinary approaches and innovative methodologies. The main goal of this Research Topic has been to show the present advance in underwater active tectonics and paleoseismology in order to improve our understanding about the seismic and tsunami hazard. Here we provide a short review of the contributions grouped by the main topics.
[image: Figure 1]FIGURE 1 | Fourteen contributions (1–14) have been published as a part of the Frontiers in Earth Sience Research Topic Submarine Active Faults: From Regional Observations to Seismic Hazard Characterization. The insets enlarge areas corresponding to Southern California (US) and Europe. The table provide information about the authors, the general topic covered in the publication and the region focus of the study. The map corresponds to the GEBCO’s gridded bathymetric data sets global terrain models for ocean and land (https://www.gebco.net/).
REGIONAL ACTIVE TECTONICS AND SEISMOTECTONICS
Corradino et al. present a multiscale structural analysis method based on marine seismic reflection data and multibeam bathymetry and they test this approach on the Sant’Eufemia Gulf - southeastern Tyrrhenian Sea (Italy). This analysis allows to reconstruct the structural pattern of the fault systems and distinguish between shallow, non-seismogenic active faults, and deep, seismogenic blind faults. The authors identify the occurrence of three major tectonic events since the Late Miocene, which may represent the response of the upper plate to a tear fault on the lower plate. In addition, the authors suggest that the seismogenic source of the large earthquake that struck the western Calabrian region in 1905 may be located below the Maida Ridge, in the Sant’Eufemia Gulf.
Coudurier-Curveur et al. use multibeam bathymetry and 2D seismic reflection data acquired along the Timor Trough (Eastern Indonesia) to characterize the location, nature, and geometry of active faults. The analysis of the dataset reveals that the area shows two styles of deformation, underthrusting and frontal accretion. This change may depend on the thickness of the incoming and underthrusting sediments, the vergence of inherited normal faults within the continental shelf, and the depth of the décollement. Based on the observed interchanging deformation style, the authors identify a mechanical and seismic segmentation along the Banda arc collision front and discuss the implications for earthquake and tsunami hazards in the region.
Fernández-Viejo et al. process and analyze offshore seismicity in the western North Iberian Margin (north Spain) from local seismic networks. The location and distribution of offshore earthquakes suggests that they may be produced by the intersection of the Cantabrian fault, an oblique dextral-reverse fault, with other crustal scale structures. Together with the Ventaniella fault, its continuation onshore, they represent a seismotectonic boundary separating two crustal blocks; to the west there is moderate-to low-magnitude but persistent seismicity, whereas to the east the seismicity is practically absent. The authors conclude that the different behavior may be reflecting different crustal mechanical properties and tectonothermal regimes.
The transition from a passive to an active continental margin and subduction initiation are topics discussed by Leffondré et al. using deep seismic reflection post-stacked data acquired along the Algerian continental margin, where the diffuse plate boundary between Africa and Eurasia is localized. The analysis of their dataset reveals clear margin segmentation and significant changes in its tectonic signature. Both observations may be related to inherited heterogeneities in the geometry of the Algerian margin and in the Miocene thermal state due to diachronous opening of the basin and magmatic imprint. The identified south-dipping blind thrusts may have the potential to produce large earthquakes (Mw 8.0).
Panara et al. analyze a dense dataset of 2D seismic reflection profiles and wells to perform a 3D structural reconstruction of eleven buried thrusts of the Northern Apennines chain in a near offshore sector of the northern Adriatic Sea (Italy), a low-strain rate region that nonetheless experienced significant historical earthquakes. The authors propose a probabilistic approach in estimating the slip history of four faults for the past 4 Myr to account for displacement and age uncertainties. The analysis highlights an exponential slip reduction implying a decelerating slip-rate pattern. The slip histories also reveal an asynchronous activation proceeding from the inner to the outer thrusts, being the youngest structure the fastest during the last 0.4 Myr.
Park et al. identify landward-dipping normal faults associated to mantel helium anomalies in the forearc of the Japan Trench, based on the interpretation of pre-stack depth migrated multichannel seismic profiles and sub-bottom profiling. Their analysis reveals those normal faults as possible conduits for mantle-derived fluids in the coseismic slip area of the Tohoku 2011 earthquake (Mw 9.0). The occurrence of this large earthquake may have reactivated pre-existing normal faults and make them more permeable allowing the migration of the fluids towards the seafloor. Locally elevated fluid pressures can decrease the effective normal stress for the fault plane, facilitating a shallow coseismic slip to the trench and local tsunami. Finally, the authors identify a possible shear zone and suggest that it could be associated with more intense basal erosion of the overlying plate.
Somoza et al. make a synthesis of submarine active faults around the Iberian margin focused on their geophysical characterization and the analysis of their development in the framework of the present plate organization. Based on their observations and the available bibliography they produce a synthesis map with the main active faults, showing that the major deformation is localized in the southern Iberian margin. The authors propose that the distribution of the active faults and the seismicity may be explained by the present-day NNW-SSE compressional stress field related to the convergence between the Eurasia and Africa plates.
Tendero-Salmerón et al. present an automated throw backstripping method to characterize the evolution of tectonic activity in wide fault zones. They apply the method to a large number of faults imaged on high-resolution seismic profiles in the Al Hoceima Bay (Alboran Sea), an area affected by three major earthquakes since 1994. Results show a westward migration of the deformation with quickly increasing deformation rates in the most recent time frames, which might be the consequence of the movement of the South Alboran indenter towards the NW and the displacement of the Rif towards the SW.
ACTIVE FAULTS CHARACTERIZATION
Using both newly acquired and vintage multi-channel seismic data, Fabbri et al. reveal the presence of 28 Quaternary faults in the overdeepened basin of Lake Constance (Austria, Germany, and Switzerland), located within the North-Alpine Molasse Basin. The analysis of the bathymetry shows a major fault, traceable to Cenozoic bedrock, that offsets of the lake bottom and interpreted as northward continuation of the St. Gallen Fault Zone. Seismic data and short sedimentary cores provide evidence of significant sediment thickness changes across this fault and surface-rupture related turbidites, all indicating repeated activity on the fault.
Holmes et al. (a) present high-resolution 3D P-Cable Boomer seismic data acquired along the Newport-Inglewood/Rose Canyon (NIRC) fault offshore San Onofre (Southern California, US). The analysis of the data shows the presence of a prominent step-over between different strike-slip fault segments and reveals that the deformation results in transpression and folding that structurally controls the width of the continental shelf in this region. In addition, the sedimentary units onlapping over the observed folds (i.e., anticlines) and radiocarbon dates indicate that the deformation in this section of the NIRC started around 560–575 kyr BP.
The analysis of a 3D seismic P-Cable sparker data shown by Holmes et al. (b) has been key to characterize the geometry and linkage in the San Mateo and San Onofre fault trends in the Inner California Borderlands (Southern California, US). The new observations may support that the tectonic deformation along these trends is best explained by left lateral step-overs along the predominantly right lateral strike-slip fault systems than a regional blind thrust model, as previously proposed. In addition, onlapping undeformed turbidite layers reveal that both major fault systems may have been inactive since the middle to late Pleistocene (between 184 and 368 kyr).
The interpretation of high resolution seismic profiles and the analysis of sediment cores have allowed Oswald et al. to carry out an on-fault and off-fault paleoseismological study in the inner-alpine lake Achensee located in the slowly but actively deforming European Eastern Alps (Austria). The on-fault study has revealed that the Salzgraben-Eben thrust has produced three events (min. Mw 6.0–6.5), one at ∼8.3 ka BP and two in the Late Glacial. Complementary, the off-fault study has provided evidence of eight earthquakes during the last 11 kyr, one occurred in CE 1670. In addition, the authors also highlight the advantages of carrying on- and off-fault paleoseismological studies in mountain lakes and the characteristics to look for in these type of studies in these environments.
Using a high-resolution seismic CHIRP dataset, Perea et al. identify vertical displacement related to different active blind faults affecting the Last Glacial Transgressive Surface in the offshore Western Transverse Ranges (Southern California, US). The authors correlate these faults with different onshore thrust faults; provide evidence for different deformational events with large vertical uplifts (1–10 m); discuss the migration of the active deformation and shortening rates; infer the deep fault structure based on surface deformation; correlate events identified offshore with events described in onshore paleoseismological studies; and propose that, in case the different segments rupture in concert, they could produce a large earthquake (>Mw 7.5).
Singleton et al. investigate the characteristics of faulting and stratigraphic architecture beneath a pull-apart basin in San Diego Bay (Southern California, US) combining reprocessed legacy airgun multi-channel seismic profiles and high-resolution Chirp data, with age and lithology controls from geotechnical boreholes and shallow sub-surface vibracores. The interpretation and analysis of this dataset has resulted in mapped stratigraphy within the subsiding basin, mapped active faults, and a kinematic fault analysis. Based on this information, the authors propose that the San Diego bay pull-apart basin is divided into two sub-basins bounded by faults with different orientations and propose a connection between the Rose Canyon and San Miguel-Vallecitos main fault systems with implications for regional earthquake hazards.
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The Cantabrian fault (CF) is a crustal-scale structure that cuts obliquely the western North Iberian Margin (NIM) for 160 km and continues onshore transecting the Cantabrian Mountains (CM) for another 150 km as the Ventaniella fault (VF). For most of its length inland, the fault system is aseismic, except for a 70 km long segment at its southern end. Within this segment, a gently north-dipping linear arrangement of earthquakes was interpreted as related to the intersection of a slightly oblique fault to VF with the basal thrust of the CM. In addition to earthquake nucleation along parts of its length, the CF–VF also stands out regionally as a major seismotectonic boundary, separating a seismically active area to the West from an essentially aseismic region to the East. Contrasting tectonothermal evolution in the crust on either side during the Mesozoic rifting may underlie the observed differences. On the other hand, the seismicity within the subsea segment is low magnitude, persistent, and understudied. The scarcity of the permanent seismic stations distribution in the area did not allow to establish more than a generalized consensus relating the offshore events to the submarine structure. A recent local seismic network monitored the area providing the highest accuracy information on the offshore events to date. Although the location of foci is partially challenged by the lack of recording stations from northern azimuths at sea, the observed pattern shows indeed a broad linear trend in the submarine domain in relation to the crustal-scale structure. Specifically, this study shows that the distribution of foci offshore display two preferential areas along the CF–VF within its southern crustal block. Considering the basement rock types and the deep architectural disposition of the margin crust, two possible explanations for the origin of the clusters are put forward in this contribution.

Keywords: Cantabrian fault, Bay of Biscay, Ventaniella fault, intraplate seismicity, North Iberian Margin


INTRODUCTION. TECTONIC SETTING

The opening of the Atlantic Ocean initiated in the late Jurassic to early Cretaceous and had several aborted branches. The northern coast of the Iberian Peninsula constitutes the southern margin of one of these aborted rifts: the Bay of Biscay. The opening of the Bay of Biscay, progressing from West to East, produced the hyperextension of the northeastern part of the Iberian Peninsula leaving a strong thermal imprint in the crust (e.g., Tugend et al., 2014; Cadenas et al., 2018). The margin includes different rift systems which based on a tectono-stratigraphic analysis (Cadenas et al., 2020), can be summarized into (1) an early diffuse widespread Triassic system, (2) a confined Late Jurassic to Barremian left-lateral transtensional one, and (3) a wide Aptian to Cenomanian hyperextended rift system. The inherited templates guided the subsequent events and the spatial distribution and overprint of the systems results in a complex 3D structure. However, west of the Ventaniella fault (VF)–Cantabrian fault (CF), in the area targeted in this study, the later systems were less important than to the East, and the variscan basement therefore, considerably less affected thermally and tectonically.

During the Cenozoic, the Bay of Biscay hosted the convergent plate boundary between the Iberian and the Eurasian plates (Srivastava et al., 1990). The deformation associated to this convergence stage was strongly localized in the southern margin of the rift, reversing some of the extensional movements or, in many cases, partially overprinting earlier structures (e.g., Boillot et al., 1979). The interplay of the Alpine compression with the three Mesozoic rifting systems amplified the inherited differences and segmentations providing the ample variations observed along the margin today. With compression, an accretionary wedge formed at the bottom of the slope (Álvarez-Marrón et al., 1997), representing one of the few margins in the world that preserves such a witness of early reactivation (Stern and Gerya, 2018). The wedge increases in extension and depth toward the east (Fernández-Viejo et al., 2012). The compression was halted when the plate boundary migrated to the south in the actual Azores-Gibraltar zone. This fact makes the North Iberian Margin (NIM) one of the best examples where polyphase-multistage rifting and posterior reactivation processes can be investigated, as the later tectonic events did not obliterate completely the earlier extensional structures (Roca et al., 2011; Tugend et al., 2014; Cadenas et al., 2020).

Prior to the Mesozoic extension, the basement in North Iberia was characterized by the Variscan orogenesis during the Carboniferous in this part of the ancient mountain belt (Figure 1). The structural grain of the Variscan orogen observed onshore is northerly to northwesterly oriented for most of the western half of the Peninsula turning northeasterly offshore (Pérez-Estaún et al., 1991). The latest major tectonic Variscan structure in northwestern Iberia dates from the early Permian (e.g., López-Sánchez and Llana-Fúnez, 2018). More than 50 ma later, in the Late Permian, the nascent rift cut obliquely across major variscan structures (Arche and López-Gómez, 1996) producing several northwesterly trending faults with minor basins and associated local volcanism (Martínez-García et al., 2004).


[image: image]

FIGURE 1. Geological map of the Northwest Iberian Peninsula and margin. The trace of the Cantabrian fault according to Fernández-Viejo et al. (2014). APF, As Pontes Fault; NA, Narcea Antiform. Major variscan and alpine structures are depicted and the predominant rock type zonation represented in color.



Crustal Structure

The thickness of the crust in the north-western corner of the Iberian Peninsula is fairly constant, with the Moho discontinuity located at about 32 km depth on land (Cordoba et al., 1988; Fernández Viejo et al., 2000). Within the continental platform west of VF–CF, crustal thickness reduces slightly to 27–9 km (Ayarza et al., 1998). The crust-mantle boundary remains nearly flat until the continental slope, where sharply decreases to 18 km in 40 km distance to become oceanic crust beneath the abyssal plain (Fernández-Viejo et al., 1998). The study area belongs in terms of rift domain characterization to the proximal domain, where minor lithospheric thinning was achieved and small half-graben basins are formed (Cadenas et al., 2018).

The thickness of the seismogenic zone in the continental sector is estimated in 20 km (López-Fernández and Llana-Fúnez, 2015). The seismicity pattern is divided into a western sector where earthquakes tend to cluster in swarms and an eastern sector where seismicity is distributed. This seismic domains division matches the division in the tectonic style of structures accommodating the Alpine convergence: two systems of subvertical strike-slip faults to the West, contrasting to orogenic frontal thrusts to the East. The transit between both structural domains is aligned North-South and coincides with a local increase in seismic activity (Figure 2).


[image: image]

FIGURE 2. DEM of the Cantabrian Mountains and North Iberian Margin with the seismicity and seismic networks available for the study. SSN, Spanish Seismic Network; GEOSN, Geocantabrica Seismic Network; GEOSCSN, GeocanCosta Seismic Network. The events are differentiated according to their depth and magnitudes with colors and sizing separating microevents from the rest (>2.5). Below, histograms representing the frequency distribution of the registered earthquakes with depth, (A) offshore and onshore depth distribution of events, (B) GEOSCN events, (C) GEOSN events, (D) GASPI events, and (E) SSN events.




The Ventaniella-Cantabrian Fault System

The VF and CF system has a surface trace in geological maps that can be followed for more than 300 km crossing the CM and NIM in a NW–SE conspicuous trend, affecting Paleozoic and Mesozoic materials (Figure 1). Tavani et al. (2011) considered the VF as part of a 15 km wide shear zone including also the Ubierna fault in its southeastern termination, increasing further its length. Although the cartographic pattern is straightforward through the Paleozoic formations onshore, which are steeply dipping, its recognition becomes more challenging through the Mesozoic units, which are flat lying and not so well exposed. There are parts of the fault onshore that reactivate Permian extensional structures, as the main fault bounds some of the small Permian basins (Martínez-García et al., 2004), and others that reactivate earlier Variscan structures (Alonso et al., 2009). The movements and evolution along the long-stretched history are not fully understood. Nevertheless, its latest amply recognized movement corresponds to an oblique dextral fault with a reverse component, which resulting in a slight elevation of the NE block (Julivert et al., 1971; Julivert, 1976). There is also geomorphic evidence of quaternary movements, as it offsets Early Pleistocene alluvial fan deposits (Nozal and Gracia, 1990). According to these authors, the fault is sealed by younger fans, middle to upper Pleistocene in age. Its recent accumulated movement is also recorded in the coastal area, where the fault elevated 50 m a sector of the emerged wave cut platform that follows closely the North Iberian coast (López-Fernández et al., 2020). Across the mountain belt, it is also described to control the asymmetric distribution of rivers and a secondary water shed (Jiménez-Sánchez, 1999).

Field data from the VF trace indicate a subvertical dip (Nozal and Gracia, 1990; Tavani et al., 2011). The seismicity onshore associated with its trace points to a minimum depth of 20 km for parts of the fault (Figure 2; López-Fernández et al., 2018). Offshore, it has been suggested that it could affect the whole crust (Cadenas et al., 2018). Regarding its activity, on the basis of seismic hazard calculations, the slip rate varies between 0.1 and 0.01 mm/year. Its dimensions make plausible the nucleation of an earthquake up to 7 magnitude, but considering the recurrence interval of more than 30 kyr, it is not regarded as a hazardous structure (Villamor et al., 2012).

Traditionally, the fault prolongation within the continental platform of the NIM followed the direction of the Aviles canyon, one of the deepest submarine valleys in the Atlantic (Gómez-Ballesteros et al., 2014). However, the study of Fernández-Viejo et al. (2014), remapped it with a strike of N60W and accompanied by a secondary branch striking N65W for at least another 80 km length. A large submarine slide was observed associated to its trace on the slope rim. This mass of material produced a bend in the trajectory of the Aviles canyon, which shows a weaker tectonic control than previously assumed.

The role of the CF–VF as a crustal domain boundary structure applies to seismicity, practically absent to the East (Figures 2,4), and to lithospheric and crustal thickness variations based on seismic refraction data, potential field modeling, and tomographic studies (Villaseñor et al., 2007; Torne et al., 2015; Palomeras et al., 2017; López-Fernández et al., 2018; Acevedo et al., 2020).

One striking aspect of the VF as a large-scale crustal feature is its modest accumulative apparent offsets. The strike slip 5 km offset (Julivert, 1976) or the 50 m vertical offset (López-Fernández et al., 2020), are well below 2% of its reported length and can be regarded as disproportionally low for a crustal-scale boundary. A question still to be answered is whether the fault moved in opposite senses throughout its long-lived history for longer distances, and only allows seeing the destructive interference of these movements. In summary, the transit between the drastic change in crustal properties on either side of the fault system remains enigmatic given the relatively small offset observed at the surface.




METHODS

In this contribution, we focus on the distribution of the offshore seismicity at the western NIM, and particularly that associated to the CF trace at sea, based on data from different available seismic networks. Data from the permanent Spanish seismic network, (SSN) and three portable local seismic networks have been analyzed in order to complete the offshore study. Two of these were deployed specifically to target the Ventaniella fault seismic segments (Figure 2):


(1)In September 2015, we deployed a dense short-period seismic array consisting of 10 stations around the active southern sector of the Ventaniella fault (Geocantabrica seismic network, GEOSN). The seismic stations were equipped with Worldsensing-Spidernano data loggers in combination with three-component 2 Hz Geospace MiniSeisMonitor sensors. This deployment registered for 19 months, covering an area of 60 km × 50 km (López-Fernández et al., 2018; Acevedo et al., 2020).

(2)Later, in May 2019, we installed a second seismic network covering a wider area in the Cantabrian Mountains (160 km × 80 km). This array (Geocantabrica-Costa seismic network, GEOCSN) was composed of 11 broadband seismic stations, 4 of which were placed along the coast in order to improve earthquake detection in the shelf. The seismic data was acquired using Nanometrics Taurus dataloggers along with Nanometrics Trillum 120 s sensors for a period of ∼9 months. Our datasets were complemented with waveforms from the two broadband stations of the SSN located in the area: EPON and EARI (Figure 2). Both the GEOSN and the GEOCSN arrays recorded continuous data at a sample rate of 100 Hz and were time-synchronized via Global Positioning System. The power supply was provided by solar panels when the connection to a wired electricity supply was not available. Some of the stations were accessed via a gateway modem for telemetry and data transmission.



The aim was to better localize and understand the continuous seismicity. Given the higher density in these local networks, it allowed us to increment the threshold of recording the events, and therefore improve their location. For example, the SSN registered 50 events in the same period than the local networks registered 72. Apart from the recent local GEOCSN and GEOSN networks, data from an earlier local deployment GASPI (Figure 2) have also been included in the study

Data processing was done with SEISAN software (Figure 3; Havskov et al., 2020). The detection of events within the continuous recordings was performed through a STA/LTA algorithm (STA length = 0.3 s; LTA length = 60 s; min. trig. duration = 1.5 s; min. trig. interval = 15 s; filter = 2–16 Hz), selecting events that had been registered by at least three of the stations. After identifying the local events of natural origin, the seismic phases were picked manually. Two examples from two earthquakes are shown in Figure 3. To locate the hypocenters, we used the HYPOCENTER program (Lienert et al., 1986; Lienert, 1991; Lienert and Havskov, 1995) and obtained in each case their ML and Mw magnitudes. The velocity model used was a 1D model of seven layers with a VP/VS ratio of 1.74, based on earlier studies and crustal structure local models (López-Fernández et al., 2018). The events magnitude MD was calculated with the formula of Lee and Lahr (1975) for local earthquakes.


[image: image]

FIGURE 3. Processing scheme followed to locate the seismic events. Below, examples of waveforms recorded for a (left) ML 2.7 earthquake that occurred on December 8, 2019 (18:36 UTC) and a (right) ML 2.5 earthquake registered on June 22, 2019 (14:26 UTC). Numbers of the left refer to the amplitude of the traces in counts × 103. Time is expressed in hour of the day in seconds. P and S-wave arrivals marked in red and green respectively.


The average error in localization from the local networks in X (north), Y (East), and Z (depth) directions are respectively 4.6, 3.7, and 8.3 km, while values of 6.81, 3.76, and 6.51 are given by the SSN in the period 1980–2021 (Figure 4).
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FIGURE 4. (Left) distribution of the seismicity along the study area with location of swath profiles 1–8 and average error ellipses and (right) heat map showing the clusters of seismicity obtained through a density estimation statistical analysis (fourth degree kernel function, area chosen 450 m). (A) Seismicity profiles along VF-CF strike and perpendicular to it along Clusters 1 and 2. In light blue are represented in the cluster 1 the Moho and sub-Moho reflections according to Ayarza et al. (2004) which could indicate the presence of the top of the Biscay slab (B) Swath depth profiles 1–4, in S–N direction, 5–8 in W–E. The depth to the crust-mantle boundary has been plotted in the profiles (from Cadenas et al., 2018) to contextualize the seismicity. The average error ellipses are indicated in the right corner of the last profile for both, local and SSN networks.


The registered local earthquakes were integrated into a database implemented in a Geographic Information System, which allows the visualization, analysis, and spatial management of all the seismic information generated.



RESULTS: DISTRIBUTION OF EARTHQUAKES IN THE CONTINENTAL PLATFORM

The coastal network was deployed with the double objective of improving the accuracy of the continental platform events, and with the aim of obtaining tomographic models through interferometry of ambient noise (Acevedo et al., 2019). The number of earthquakes registered at the shelf from all networks amounts to 195 events between longitudes 5 and 9° 30′ W in a period of two decades. During four of those years, the three temporary networks were deployed (GASPI, GEOSN, and GEOCSN). However, considering the scarce instrumental cover in the region it is reasonable to think that the number of events is largely underestimated.

The improvement in detection of events and specially the proximity of the receiving stations from GEOSCN to the offshore areas increased the available data to depict a first map of the distribution of earthquakes in the marine segment of the fault up to date. Overall, 37 local events between September 2015 and March 2017 were extracted from the GEOSN dataset (López-Fernández et al., 2018). Due to the enhancement of the detection capability generated by the short inter-station distances of the GEOSN network, 35 of these events were not previously registered in the SSN catalogs. Later, the GEOCSN network contributed to the addition of another 73 local earthquakes, 24 of which were previously undetected. Specifically GEOCSN detected 7 offshore earthquakes between 6 and 21 km depth with magnitudes between 1.9 and 2.9.

The seismic catalog was complemented with events from the GASPI network, which operated between 1999 and 2002 (López-Fernández et al., 2012), which delivered 14 earthquakes close to Aviles, between 9 and 20 km and average magnitude 2,2. It also delivered 8 more earthquakes with a disperse distribution and average magnitude of 2.5. With respect to the SSN, we have extracted 64 events with a disperse distribution and average magnitude of 2.1 in the further offshore areas and 91 events closer to the coast with an average magnitude of 2.4.

Comparing with the inland earthquakes, the number of events offshore is lower but for some of the events, their depth seems considerably higher.

The spatial distribution of earthquakes, both offshore and onshore, is shown in map view in Figure 2 and along swath vertical profiles in Figure 4. Offshore, the epicenters show a NW–SE trend approximately coincident with the trace of the CF, all within the southern crustal block (Figures 1, 2).

The inset in Figure 2 shows the frequency distribution of events with depth, which is a graphical proxy to deduce the seismogenic thickness of the study area (e.g., Tavani et al., 2020). Even considering the higher error in hypocentral location, therefore trying to be cautious, the seismicity onshore and offshore presents a clear distinction: while the onshore events are distributed along the seismogenic crust, with a maximum between 10 and 15 km depth, for the offshore events there is two maxima in the distribution pointing out to two different origins of the earthquakes. The first maxima is again located at mid crustal depths of 12, but the second one is much deeper being located at around 20–25 km depth.

A heat map of earthquakes foci along the continental platform of the western NIM portrays the presence of two preferential areas for earthquakes occurrence, one for about 40 km at the end of the continental platform in the NW (Cluster 1 in Figure 4) and a second one, close to the coast (Cluster 2 in Figure 4). The density distribution also shows a small cluster onshore at around longitude 7.5° W, coinciding with the presence of a normal fault trending northeasterly, that could potentially be the triggering structure for the observed seismicity.

Figure 4B displays the distribution of the same events with depth projected in four S–N and four W–E swath profiles whose location is given in Figure 4. All profiles portray the projection of the estimated Moho depth (Cordoba et al., 1988; Ayarza et al., 1998; Fernández-Viejo et al., 1998; and compiled in Cadenas et al., 2020) for a crustal depth contextualization. South to North profiles, 1–4 in Figure 4B, also include the onshore seismicity for reference. The denser continental clusters correspond to the ones along the As Pontes fault and the so-called Becerreá swarm inland (Figures 1,2; López-Fernández et al., 2012).

The effect of the CF-VF system offshore is particularly noticeable in the W-E swath profiles, numbered 5–8 in Figure 4B, where one can observe that events practically disappear on the northeastern crustal block. These latitudinal swath profiles illustrate clearly the boundary effect exerted by the CF–VF, separating two very contrasting crustal blocks according to the seismic record. The southernmost swath shows the influence of the continental seismicity in the southern crustal block, which is more evenly distributed and related to other local structures. The distribution follows the NW–SE trend of the fault system but clustering in two sectors. The figure also shows the distribution of seismicity in cross-section along the trace of the fault in NW–SE direction, containing most of the offshore events, and two perpendicular sections to the main fault along the two clusters.



DISCUSSION: SEISMICITY PATTERN OF THE WESTERN NIM

The drastic change in crustal thickness in the NIM from the continent toward the abyssal plain is similar to the one found in active margins, a morphological reminiscence of the short-lived subduction that took place during the Alpine convergence (e.g., Álvarez-Marrón et al., 1997). This confers to the NIM its somewhat atypical abruptness for a passive margin profile. From the vertical profiles in Figure 4B, it is clearly seen the constant thickness of the seismogenic zone onshore, while increasing slightly toward the N, even as the crust is getting thinner toward the abyssal plain.

The alignment of cluster 1 with the CF may be caused in the same way as in the 70 km long seismic segment of the VF inland (López-Fernández et al., 2018), that is, as an intersection between two structures, the CF, and a south-dipping, East-West trending one. The existence of an inherited weak interface at the foot of the continental margin, in favorable orientation to interact with other structures in the crust above, is therefore a strong candidate to help nucleate part of the seismicity recorded around the CF. A potential candidate for such structure is the arrested subduction plane of the Bay of Biscay (Álvarez-Marrón et al., 1997; Ayarza et al., 2004). The regional context provides this alternative scenario as it is assumed that a plane of underthrusting was created when the Bay of Biscay oceanic crust, due to the collision of Iberia and Europe, started to be consumed beneath the NIM. The depth of this interface is poorly constrained, but Ayarza et al. (2004), interpreted a series of sub-Moho arrivals in a deep seismic reflection profile as out of the plane reflections from the top of the presumed subducted slab situated at 40 km depth near the coastline and dipping 45° (Figure 4A, transversal to CF, cluster1). At the latitude of cluster 1, if we extrapolate from that depth and dip, the top of this plane should be encountered at around 25 km depth, which agrees with the depth of some of the cluster 1 earthquakes. In fact, these events correspond to the second maxima in the frequency distribution inset (Figure 2). Thus, there is scope in the future to constrain better this particular area of structural intersection, pending on an improvement in earthquake location to support this hypothesis.

Profile 8 in Figure 4B portrays a second elongated cluster near the coast, strongly following the CF on its southern crustal block. The seismogenic zone involves the full thickness of the crust, suggesting that the whole crust would be locally behaving in a brittle manner. Nevertheless, close to the cluster 2 onland, the area around the Narcea Antiform (NA) localizes deep seismicity (Figure 1). The NA constitutes the boundary between the external and internal zones of the Variscan orogen and it is characterized by involving the crystalline basement during the Variscan thrusting (Pérez-Estaún et al., 1991). The presence at or near the surface of gneisses and various pre-Variscan igneous rocks (Rubio-Ordóñez et al., 2015) points to its role as a rigid body with respect to surrounding relatively softer materials: a slate belt to the West, and a sedimentary rock sequence to the East in the Variscan foreland-fold-and-thrust belt. The lateral continuation of the NA toward the NE intersecting the CF coincides broadly with the more populated cluster 2 in the NIM.

We have so far seen that the two offshore clusters identified in this contribution have three things in common: (a) they are aligned with the CF, a crustal-scale structure given the range of depths at which activity occurr, (b) they appear where other crustal scale structures intersect the trace of the CF, and (c) they mostly nucleate in the southern block. The structure of the crust in this block is characterized by the strong imprint imposed during the Variscan orogeny and the minimum tectonothermic imprint during the alpine cycle (Cadenas et al., 2018). On the one hand, the grain of the orogen, which may be regarded as a crustal fabric, is orthogonal to the CF. On the other hand, the nature of the rocks in the vicinity of the clusters is dominated by either high grade metamorphic rocks (cluster 1) or by old crystalline igneous rocks (cluster 2). The conjunction of the two factors, crustal fabric and rock type, suggests a stronger basement. This lateral gradient in crustal strength, would favor the concentration and amplification of stresses in the western sector, stresses that would be released on a bounding pre-existing and relatively weak structure, such as the CF–VF system may be regarded.

In summary, the intersection of the NW-SE trending major structure whether with W–E trending compressional structures or with inherited variscan discontinuities, together with the stronger basement provides a favorable setting where the concentration of stress may accumulate sufficient energy in an intraplate scenario to be released rapidly producing the observed seismicity patterns.



CONCLUSION

Based on the seismological study of events recorded on local seismic networks focused on the VF–CF system complemented with earlier available data, a map of earthquake activity along the western continental platform of the NIM is presented. The location and distribution of earthquakes confirm their origin as linked to the presence of the fault at sea. However, there are several contributing factors as to why this structure nucleates the observed seismicity only around some segments of its trace. As suggested onshore, the intersection of the CF with other crustal scale structures, is one possible scenario for the offshore earthquakes. In the vicinity of the abyssal plain at the NW end, the seismicity cluster could be related to the arrested subduction during the Alpine convergence, while closer to the coast, it could be the interaction with reactivated Variscan structures oriented favorably for the current state of stress.

The offshore study reinforces the onshore observation that the CF–VF system is an important barrier separating two crustal blocks according to their seismicity: a western block, with moderate, low-magnitude but persistent seismicity, and an eastern block where is practically absent. This is possibly the result of the different types of crust at one side and another, with different tectonothermal regimes through the Mesozoic and contrasting degrees of deformation during the Cenozoic convergence. The presence of crystalline Variscan basement barely affected by the Mesozoic extensions and posterior convergence makes an outstanding candidate to produce a sharp contrast in the mechanical behavior of the crusts on either side of the fault. The brittle behavior of the Western crustal block may be envisaged as reflecting its stronger mechanical strength, in contrast with the weaker ductile Eastern crustal block.

The VF–CF system behaves as a full crustal scale discontinuity that when encountering other crustal heterogeneities concentrates and amplifies the mechanical contrast, due to its favorable position within the actual stress state of the Northwest Iberian Peninsula. Our analysis reinforces the need for seismological studies constraining better the north azimuths to test the various hypothesis proposed here. Any future improvement in the resolution of events location will eventually translate into major constrains of the details of structures nucleating seismicity
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Application of Automated Throw Backstripping Method to Characterize Recent Faulting Activity Migration in the Al Hoceima Bay (Northeast Morocco): Geodynamic Implications
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Automation of the throw backstripping method has proven to be an effective tool for the determination of the evolution of tectonic activity in wide fault zones. This method has been applied to the Al Hoceima Bay (southwesternmost Mediterranean, Alboran Sea) for a time period covering the last 280 kyr on 672 faults imaged on 265 high-resolution seismic reflection profiles. This area was affected by major earthquakes and corresponds to a transtensional basin deformed by growth faults. The automated application of throw backstripping allowed for a faster deciphering of the migration of tectonic activity. Results show a westward migration of the deformation with quickly increasing deformation rates in the most recent time frames near Al Hoceima, one of the most populated cities. This migration is in agreement with the current seismicity, the GPS data, and recent brittle deformation data. Vertical throw rates of up to 0.47 mm/year have been calculated, for the most recent time periods, in segments of the Bokkoya fault zone. The westward migration of the deformation fits with the reconstruction suggested by the westernmost Mediterranean geodynamic models during the Pleistocene epoch, and it might be the consequence of the interaction between the northwest (NW) movement of the South Alboran indenter and the back Rif south-westward displacement. The highly accurate constraints of the evolution of the tectonic activity offered by this automation will substantially improve the seismic hazard assessment.
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INTRODUCTION

Active faults associated with earthquakes are generally characterized by the deformation of very recent deposits and geomorphological signatures, such as continuous scarps, linear valleys, or low sinuosity mountain fronts (e.g., Wesnousky, 1986; Keller and Pinter, 1996). These geomorphological features are not very marked in young and small-scale faults because of the minor accumulated deformation, even when very active. Moreover, smaller faults can remain generally undetected as blind structures that do not reach the surface. Consequently, recent small-scale and blind faults are not usually the target of palaeoseismic studies which generally focus on faults with a well-preserved record of major earthquakes, even if their most recent activity is decreased (Cornell, 1968; McCalpin, 2009 and references therein). Another issue is the importance of differentiating between neotectonics and active tectonic activity, and between recent faults and newly formed faults. In faulty submarine basins with considerable sedimentation rates, growth faults are the best candidates for study. Their activity creates significant vertical movement affecting deposits that can be quantified using deformed regional reference markers in both fault blocks (e.g., Worrall and Snelson, 1989; Childs et al., 1995; Mansfield and Cartwright, 1996; Cartwright et al., 1998; Back et al., 2006; Baudon and Cartwright, 2008). The best method for determining the incremental throw of syn-sedimentary faults, such as growth faults (Carver, 1968) through time is the throw backstripping (Petersen et al., 1992; Childs et al., 1993, 1995) method. In the study of the evolution of fault systems, the latter has been employed as a useful tool in many geological settings (Jackson et al., 2017, and references therein). The throw backstripping has been applied over long periods of time (several millions of years) in fault systems (Nicol et al., 1997; Meyer et al., 2002; Walsh et al., 2003; Giba et al., 2010; Phillips et al., 2018) and over short periods of time (Nicol et al., 2005, 2006).

In contexts of fast migration of deformation, such as those of orogenic wedges (e.g., Davis et al., 1983; Carrapa, 2009) or back-arc basins (Milia and Torrente, 2018), a quick rise and abandonment of faults generally occurs. Small faults may experience an acceleration in the deformation rate, with the increase of the associated seismic hazard (Goldsworthy and Jackson, 2001; Galadini and Messina, 2004). Since the distance to the source of earthquakes is a key factor to evaluate seismic hazard (e.g., Cornell, 1968; Wang, 2011, and references therein), it is important to understand the evolution of the fault systems and the location where the active deformation migrates to. Moreover, in complex and slowly deforming continental crusts that are affected by wide fault zones, the identification and evolution of recent active deformation may be a complex subject. This is the case of the Nekor basin, in northeastern Morocco (Figure 1). This Neogene basin, located in the southern Alboran Sea (westernmost Mediterranean), is surrounded by the Gibraltar Arc which is formed by the Betic-Rif Cordilleras (Comas et al., 1992; Figure 1). This basin is considered a key area as it is located at the plate boundary between Africa and Eurasia (e.g., Vernant et al., 2010; Lafosse et al., 2020). It constitutes the tip of a strike-slip zone (Al Idrissi fault system) that has become incipient since 1.8 Ma (Lafosse et al., 2020), and where the active left-lateral displacement recorded along the major Al Idrissi fault system is transmitted to the Rif Cordillera in Morocco, accompanied by the development of new faults (Galindo-Zaldivar et al., 2018). In the context of the convergence between the Eurasian and African plates, the Alboran Domain extending up to the Al Hoceima region is undergoing a westward displacement (Balanyá et al., 2007; Corsini et al., 2014; González-Castillo et al., 2015). The recent geodynamic evolution has been related to different lithospheric processes, with two groups of hypotheses; on one side, those related to a slab roll-back of the retreating subduction zone starting from the Miocene (Blanco and Spakman, 1993; Ruiz-Constán et al., 2011; Spakman et al., 2018, and references therein), and on the other, those related to lithospheric delamination (e.g., Seber et al., 1996; Mancilla et al., 2013; Baratin et al., 2016). At a local scale, several points are under discussion, such as (i) the position of seismicity and its origin, which includes the biggest onshore and offshore earthquakes in the region for the last few decades (Mw 6.0 in 1994, Mw 6.4 in 2004, and Mw 6.3 in 2016, Figure 2; El Alami et al., 1998; Stich et al., 2005; Galindo-Zaldivar et al., 2009, 2018; Van der Woerd et al., 2014; Gràcia et al., 2019), and (ii) the driving force and chronology of the westward movement of the Rifian block (Koulali et al., 2011; Petit et al., 2015).
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FIGURE 1. Location of the study area. (a) Regional setting. Plate boundaries from Do Couto et al. (2016). G. A., Gibraltar Arc; (b) Geological map of Southern Alboran Sea and Rif Cordillera (modified from Galindo-Zaldívar et al., 2015).
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FIGURE 2. Geological map of Nekor Basin and swath-bathymetry of the Al Hoceima margin from Marlboro-2 Survey (modified from d’Acremont et al., 2014; Galindo-Zaldívar et al., 2015). Seismicity from IGN catalog 2000–2020; earthquakes with Mw > 1.5, and the position of the main shocks of the seismic series of 2004 and 1994 from Calvert et al. (1997) and Van der Woerd et al. (2014). The focal mechanisms of both earthquakes are from Van der Woerd et al. (2014). The location of the outcrop of Sidi Abed presented in Figure 7 and MAB 38 profile is also displayed.


This study concerning offshore faults from Pleistocene epoch to the present day in the Al Hoceima area aims to quantify their deformation rates through time. For that purpose, we automated the throw backstripping method (Petersen et al., 1992) in order to analyze a high number of faults efficiently. Al Hoceima Bay constitutes a key area of the Eurasian-African plate boundary, and the results bring new data enhancing regional tectonic modeling and allowing for better estimations of coastal seismic hazard.



GEOLOGICAL SETTING

The Gibraltar Arc is composed by the Betic Cordillera in the north and the Rif in the south, connected though the Gibraltar Arc (Figure 1). Both cordilleras are composed of stacked nappes divided into internal zone (Alboran Domain) and external zone (sediments from the Iberian and African paleomargins) separated by flysch units. In the Rif, the internal zone is mainly formed by allochthonous metamorphic complexes that include paleozoic rocks emplaced during the Eocene-Oligocene Alpine tectonic phase. From top to bottom, these complexes are named, sebtide and ghomaride (Chalouan, 1986; Chalouan et al., 2008). Moreover, the dorsal and predorsal complexes (Andrieux, 1971; Frizon de Lamotte, 1985), which are mostly made up of carbonates, also belong to the internal zone. The flysch units are characterized by detrital sediments deposited in the trench between the internal and external zones from Cretaceous to Oligocene (Frizon de Lamotte, 1985). The external zones are parautochthonous rocks that are composed of carbonate and pelitic mesozoic and cenozoic sequences, some of them with low to medium grade of metamorphism (Andrieux, 1971).

The Alboran Sea is a Neogene basin that is surrounded by the Gibraltar Arc (Figure 1; Comas et al., 1992). The thin continental crust that constitutes its basement is made up of alpine metamorphic rocks of the Alboran Domain (internal zones) (Comas et al., 1992; García-Dueñas et al., 1992; Gomez de la Pena et al., 2018), and above it, the Miocene to Quaternary sedimentary infill is mainly detritic (Comas et al., 1992; Juan et al., 2016). The westward displacement of the Alboran Domain is well-known since the study by Andrieux (1971), and it has been corroborated with GPS data (Koulali et al., 2011; Palano et al., 2015). During the Miocene epoch, crustal thinning took place followed by a compression in the Late Tortonian Age (Comas et al., 1992; Do Couto et al., 2016). Both the westward displacement and the crustal extension has been explained by the following two groups of lithospheric models: slab roll-back of the retreating subduction zone that thinned a previous orogen (Blanco and Spakman, 1993; Ruiz-Constán et al., 2011; Spakman et al., 2018, and references therein) and mantle delamination of the thickened lithosphere of that orogen (e.g., Seber et al., 1996; Mancilla et al., 2013; Baratin et al., 2016).

The current compression is combined with an orthogonal extension that continues till today (Comas et al., 1992; Vissers et al., 1995; Sanz de Galdeano and Alfaro, 2004; DeMets et al., 2010; Neres et al., 2016). Active strike-slip faults are widely distributed and most of them are grouped in northeast and southwest (NE-SW) left lateral faults (e.g., Al-Idrissi fault zone) and northwest and southeast (NW-SE) dextral faults (e.g., Yusuf fault) (Figure 1). The en échelon NE-SW left lateral strike-slip faults that cross the Alboran Sea and continues in the eastern Betic Cordillera is called the Trans-Alboran Shear Zone (TASZ, Figure 1b; De Larouzière et al., 1988). Recent indentation and block rotation processes (Perea et al., 2018) in the Alboran Sea deform the TASZ and explain the conjugate sets of present day right lateral faults (Estrada et al., 2018; d’Acremont et al., 2020) and the initiation of the Al Idrissi fault zone (Gràcia et al., 2019; d’Acremont et al., 2020; Lafosse et al., 2020).

The southern termination of the Al Idrissi fault zone is a transtensional basin that acts as a horsetail splay in the Nekor basin (Figures 1b, 2; d’Acremont et al., 2014; Lafosse et al., 2016). The study area covers the offshore continental margin of Al Hoceima Bay (Figure 2) and the northeasternmost part of the onshore Bokkoya Massif margin belonging to the internal zone (Figure 2). This carbonate massif is made up of a thrust-sheet stack of dorsal and ghomaride units (Andrieux, 1971; Chalouan, 1986). The major Nekor fault is located to the south of the Nekor basin (Figure 1b), and it accommodates the southwestward emplacement of the Rif internal zones during the Miocene epoch (Leblanc and Olivier, 1984). The western Nekor basin boundary corresponds to the Imzouren-Ajdir-Boujibar normal faults (Figure 2; Aït Brahim and Chotin, 1990; d’Acremont et al., 2014) that separate the Plio-Quaternary sedimentary Nekor basin infill from the internal zones (Bokkoya Massif), the nappes of Flysch, and the Ketama Unit of the external zones (Azdimousa et al., 1998). The eastern boundary of the Nekor basin corresponds to the Trougout fault (Figure 2), an oblique normal left lateral fault, whose slip decreases southward and that makes the Al Hoceima Bay an asymmetric graben (Aït Brahim and Chotin, 1990; Galindo-Zaldivar et al., 2009; Lafosse et al., 2016, 2020). Trougout fault separates the basin from the Ketama Unit and the Upper Miocene volcanic rocks of Ras Tarf cape (Figure 2; El Azzouzi et al., 1999). The Nekor basin is filled with a 400–500 m thick Plio-Quaternary sequence of overlying undated marls (Galindo-Zaldivar et al., 2009). This basin is considered as a transtensional basin with a rhombohedral shape (Lafosse et al., 2016).

Offshore, the whole bay presents a set of NW-SE normal faults that cross the Bay between the Bokkoya and the Trougout faults (Figure 2; Calvert et al., 1997; Lafosse et al., 2016). This network of normal NW-SE to north-south (N-S) faults located in the Bay has a syn-sedimentary character (Lafosse et al., 2016, 2018) similar to that of the growth faults, where most of them are normal and are quickly buried by sedimentation. The Bokkoya fault is considered a normal NE-SW left lateral fault (Calvert et al., 1997; d’Acremont et al., 2014; Lafosse et al., 2016). The Bokkoya fault and the offshore prolongation of the Trougout fault can connect to the southern termination of the Al Idrissi fault and other parallel faults (d’Acremont et al., 2014; Lafosse et al., 2016; Galindo-Zaldivar et al., 2018; Gràcia et al., 2019). Westward, outside the Nekor basin, the Bousekkour fault is interpreted as a left-lateral normal fault parallel to the Bokkoya fault (Figure 2; d’Acremont et al., 2014).

While offshore displacements are significant (d’Acremont et al., 2014; Lafosse et al., 2016; Gràcia et al., 2019), it is difficult to observe any clear displacement onshore (Figure 2; Galindo-Zaldivar et al., 2009). The epicenters of the earthquake reveal a deep tectonic activity and are mainly distributed west of the Imzouren-Ajdir-Boujibar normal faults, with the biggest earthquakes recorded in the last few decades (Figure 2; 1994 and 2004 main shocks; El Alami et al., 1998; Biggs et al., 2006; Van der Woerd et al., 2014). The easternmost part of the Bokkoya Massif provides field observations on recent and active faults in the region (Stich et al., 2005; Galindo-Zaldivar et al., 2009; Van der Woerd et al., 2014; Galindo-Zaldívar et al., 2015). This region is deformed by recent or active minor fractures (Galindo-Zaldivar et al., 2009). These brittle deformations are evidences of a present day, rough east-west (E-W) extension orthogonal to the coast line. This appears to be in contrast with the occurrence of strike-slip focal mechanisms at depth, which could be due to the existence of a crustal detachment that decouples some deeper deformation zones from more shallow ones (Galindo-Zaldivar et al., 2009; Galindo-Zaldívar et al.,2015). In contrast, the Trougout fault in the eastern part of Al Hoceima Bay presents a straight relief of 13 km length, but there is no significant seismicity and only local outcrops show some evidences of a recent fault activity (Poujol et al., 2014).



DATA AND METHODS


Data

Multichannel high-resolution seismic reflection and multibeam bathymetry were acquired during Malboro-2 survey along 265 profiles, which cover 190 km2 from the eastern limits of Al Hoceima Bay to 14 km westward of Ras El Abid Promontory continental shelf (Figure 3). These data were acquired using a 250–500 J Sparker source and a six-channel streamer, with a vertical resolution of 1 m. The swath bathymetry was acquired in Marlboro-2 survey by means of a shallow-water Reson 8101 system. It has a horizontal definition of 5 m/pi and a vertical resolution of 0.5 m at depths of above −100 mbsl (d’Acremont et al., 2014; Lafosse et al., 2016).
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FIGURE 3. Seismic images of the cross-section of Al Hoceima Bay and details of Bokkoya and Trougout faults on multibeam bathymetric map, including the location of the high-resolution seismic reflection profiles used for this study (Marlboro-2 survey). Profile 284 has been displayed with and without interpretation as a general overview of the Bay. The red “X” represents the fault points displayed in a seismic profile. Magnification of Profiles 29 and 84 are intended to present the Bokkoya fault and the Trougout fault.




Methods

To quantify the fault throw, a methodology based on the displacement/throw backstripping developed by Petersen et al. (1992) was used. This method makes no assumptions about the patterns of throw accumulation or the style of fault growth (Jackson et al., 2017), and consists of measuring the vertical throw at regular intervals along the fault and across multiple stratigraphic horizons. Each throw is calculated by removing the throw accumulated on the youngest horizon. This allows for the determination of the activity of the fault through time (Petersen et al., 1992; Childs et al., 1993; Nicol et al., 1997). This method was applied on 672 faults determined by Lafosse et al. (2016). Although most of the faults inside the Al Hoceima Bay are normal, some of them have strike-slip components (Lafosse et al., 2016, 2020). Onshore, the normal faults located at Sidi Abed (Figures 2, 7) present striae with pitch > 70°. In the Trougout fault, which outcrops onshore, estimations of the horizontal and vertical components have been done for the last 7,190 years (Poujol et al., 2014), which provide a vertical/horizontal ratio of ∼1.75. The vertical throw of the faults that border the basin, such as Bokkoya and Trougout (Lafosse et al., 2020), is big enough to affect the seafloor (Lafosse et al., 2016). Thus, the analysis of the vertical component can be used as an indicator of the fault activity.

In order to determine the age of the fault throw, basin scale stratigraphic surfaces of very low dipping angles have been selected (Figures 3, 4). In the study area, these surfaces represent marine regressive surfaces (MRS) reworked during fast marine transgressions (Lafosse et al., 2018). These surfaces correspond to major sea level drops during the Late and Middle Pleistocene, related to the 100 kyr glacio-eustatic cycles. The three most recent marine regressive surfaces (here named, MRS1, 25 kyr; MRS2, 150 kyr; and MRS3, 280 kyr, according to sea level variations, as observed by Frigola et al. (2012), and Grant et al. (2014), and identified by Lafosse et al. (2018) have been used to analyze the fault activity since 280 kyr. The vertical displacement of these very low dipping surfaces is attributed to fault activity and was measured in two-way-time (TWT) measured in milliseconds (ms). A rough estimation of the vertical throws in meters has been calculated using an average value of propagation velocity for the Quaternary sediments (1,576 m/sec) obtained by Martínez-García et al. (2017) and sedimentation rates have been considered constant (Martínez-García et al., 2013; Lafosse et al., 2016).
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FIGURE 4. Marine regressive surfaces (MRS) used for the throw analysis. The fault traces considered are also depicted.


The throw of all the faults of every seismic profile, for the three most recent MRS, were measured. Then, maps of the throw values for each period ranging between each MRS until the present have been generated. Initially, four groups of data were exported from the IHS Kingdom Suite© software to the ArcGis© software: a shapefile layer with traces of the profiles, three raster layers that correspond to the isopach map for each MRS containing the depth value in TWT expressed in ms, a shapefile layer with fault traces, and a shapefile layer called “fault points.” These “fault points” represent the location of each crossing between a fault and a seismic profile (Figure 3). These fault points were obtained from the IHS Kingdom Suite by extracting the upper tip of each fault drawn in each seismic profile. Then, work-flows were created using the model builder tool of ArcGIS as follows:


(i)The depth range at each MRS, for each fault point was extracted. First, the pixels located inside an area of 60 m around the trace of the profiles were extracted for each MRS raster layer (Figure 4) with the buffer tool. With the newly extracted rasters of MRS1, MRS2, and MRS3, a focal statistics tool was applied using a range parameter that sets a radius of 60 m. The tool calculates the difference between the maximum and minimum depth values using the values of each pixel inside a 60 m radius and assigns that value to a central pixel in the new raster layer. The radius of 60 m was chosen after testing different distances. This radius is adequate since the faults are high-angle normal faults (most of them with dip > 65°) and some of them are vertical faults. It also minimizes local errors like bending associated to faulting. Thus, the application of this method is optimal in high dipping faults. Since the values of the pixels are the depth of the MRS, the range is proportional to the paleo-topographic vertical displacement. The maximum difference corresponds to the throw generated by the fault in locations closer to a fault (considering the slope is gentle on all the surfaces, see points below). After that, the range was extracted at each fault point.

(ii)We determined whether a fault cuts each MRS at each fault point. Part of the fault points belong to faults that do not cut any MRS used in this study. The depth value of each MRS was extracted using the “extracted multi values to points” tool. In the attribute table of the layer, three new fields were created to flag the position of fault tips relative to each MRS. When the faults do not cut any MRS, a throw value of 0 is assigned.

(iii)The throw of each fault point and each interval following the throw backstripping method was calculated. For the oldest intervals, the throw accumulated at the youngest horizon was removed.

(iv)We made raster layers of the throw of the area for each MRS interval. The attribute table of the fault points of the layer has all the throw data calculated in the previous steps.



Finally, once the throw maps were obtained, throw rate maps were created by transforming TWT into depth and then dividing the period of time between MRS. These throw rates only consider the vertical deformation associated with the faults.

During the process, negative values of fault throw were produced. In the results, negative values are not considered in the throw backstripping method, since throw values related to the fault activity are supposed to be positive except in cases where inversion tectonics might have occurred. Inversion is considered to be an uncommon process in the context of short-time periods and a homogeneous regional pattern is expected in most of the faults; therefore it is assumed that the tectonic regime remained constant since 280 kyr. Negative values with irregular patterns are related to sedimentary and erosion processes like the shelf edges, talwegs, and canyons (e.g., the canyon located northeast (NE) of Al Hoceima, Figure 5), where younger MRS locally can show high slopes and, consequently, higher depth ranges with respect to the older ones. For example, in the Canyon, submarine erosion increases the local slope through time, and when throw backstripping was applied, negative values were obtained in the MRS2 and MRS3. Other examples related to sediment process are the uncompacted sedimentary wedges in the central part of the basin, where fluvial sediments are deposited, which can locally increase the throws of MRS1 or MRS2, which lead to negative values. Some situations lead to poor vertical resolutions, which cause negative values, such as low vertical offsets or thickness variations from either part of the fault zones. Other negative values may be related to errors in the fault locations, irregularities in the reference surfaces (MRS), or artifacts generated during the interpolation of these surfaces. In most of the cases, negative values are between −4 and 0 ms because these are related to small faults and small throws. TWT shifts between seismic lines are the minimum because the data were recorded during the same survey in similar and good sea conditions. Nevertheless, since the aim of this work is to consider the tectonic activity data and then to analyze the positive throw values related to the tectonic activity, the maps only show the neighborhood of the faults to avoid noise interferences (Figures 5, 8).
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FIGURE 5. Throw maps in milliseconds (ms), including the traces of faults from Lafosse et al. (2016, 2018). (A) Between MRS1 and present days. (B) Between MRS2 and MRS1. (C) Between MRS3 and MRS2. The maps in the top left corner are outlines of broad areas with major tectonic activity for each period. These areas have been simplified from the detailed throw maps. The main faults traces are also depicted; those in red are the fault traces used for the throw-length profiles of Figure 6.




RESULTS

Faults in Al Hoceima Bay are of high angles, and sometimes reach to a vertical dip. The distribution of fault throws in the study area through time highlights the variation of the fault activity, and it is represented by the timing throw maps. Taking into consideration the time period comprised by each map, and a constant sedimentation rate, the data presented here have been used to estimate the average throw rates. The faulting throw rate maps provide a tool to analyze the acceleration and slowing of tectonic activity in each sector affected by the migration of the deformation.


Deformation Distribution Through Time

Three timing maps of the vertical displacement have been established (Figure 5) in TWT (ms), since 280 kyr. These detailed vertical displacement maps allowed us to identify high throw values focused along the faults. The high values that were observed in a distributed pattern over broad sectors will not be considered as these are not related to fault activity, but to the presence of high slopes at the edge of the shelf and are to be attributed to canyon and platform edge processes (north of Al Hoceima city and north-west of Trougout fault).

The vertical displacement between MRS3 (280 kyr) and MRS2 (150 kyr) (Figure 5C) shows that deformation is distributed throughout the Al Hoceima Bay, since most of the faults have significant values (average of 4.1–11.7 ms, Figure 6; 4–9 m, peak values over 15 ms, 11.8 m, Figure 5C). The high values are concentrated along lines which roughly match the fault zones, values up to 21 ms occur at the Trougout fault zone (16.5 m) up to 18 ms at the Bokkoya fault zone (14.2 m), and at the normal NW-SE fault set in the western part of the Bay (Figures 5C, 6).
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FIGURE 6. Throw-length profiles obtained from throw maps corresponding to the main faults depicted in Figure 5. Central Bay Fault profile constitutes a representative example of the normal faults located inside the Bay and corresponds to a group of aligned fault traces.
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FIGURE 7. Onshore–offshore link in the Al Hoceima region with the illustration of the onshore Sidi Abed normal fault and the offshore Bokkoya normal faults. (a) Normal fault in the Sidi Abed area that affects the local Quaternary deposits. Fault orientation and dipping are N000°E/80°W. (b) Detail of the fault plane; the black arrow marks the orientation and sense of the striae. (c) The uninterpreted and interpreted seismic reflection profile MAB 038 showing normal faults (lines in red) that are associated to the onshore faults of Sidi Abed and the offshore northeast and southwest (NE-SW) Bokkoya normal faults.
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FIGURE 8. Throw rate maps, including the traces of faults from Lafosse et al. (2016, 2018), with the main faults traces highlighted. (A) Deformation rates between MRS1 and present day. (B) Between MRS2 and MRS1. (C) Between MRS3 and MRS2. Note that the scale of deformation rates between MRS1 and present day is different due to the high values obtained.


The throw value obtained between MRS2 (150 kyr) and MRS1 (25 kyr) (Figure 5B) shows that deformation is also distributed throughout the Al Hoceima Bay, but with lower values to the MRS3-MRS2 period (most of them returned values below 11.7 ms, some faults reach up to 12 ms, 9.5 m; Figures 5B, 6). The maximum values (23 ms, 18.2 m) are clearly focused at the Trougout fault zone (Figures 5B, 6).

The throw value obtained between MRS1 (25 kyr) and the present period (Figure 5A), displays that the relatively high values are concentrated at the Bokkoya fault zone (15 ms maximum, 11.8 m, Figures 5A, 6) and the nearby area, and at the Bousekkour fault zone (close to 10 ms, 7.9 m, Figure 6). On the contrary, the Trougout fault zone shows lower values, with only a short segment of the fault still showing tectonic activity (5 ms, roughly 3.9 m) (Figures 5A, 6).

The onshore field study has identified the Sidi Abed fault west of Al Hoceima city, close to the offshore faults (Figures 5A, 7). This fault, which displaces a limestone formation (dorsal complex), has a very high dip (80°), and the fault surface includes dip-slip striations attesting to its normal component. This N-S high angle normal fault is the most outstanding recent deformation recorded onshore (Figure 7). The onshore normal fault of Sidi Abed (Figures 2, 7) can be considered as belonging to the same onshore-offshore fault system that joins the Bokkoya fault zone and the NW-SE normal fault network (Figures 2, 5A, 7c).



Deformation Rate on the Main Fault Zones

Since the MRS1 to the present period is shorter than the others, the throw rate maps are useful to compare the activity between time periods. Periods, MRS3-MRS2 and MRS2-MRS1 are similar; rates of 0.05–0.07 mm/year in the faults of the bay, with some peaks close to 0.10 mm/year in some segments (Figure 8). The Trougout fault shows rates of 0.11 mm/year in the MRS3-MRS2 period and of 0.15 mm/year in the MRS2-MRS1, where the rates are higher along the whole fault (Figure 8). The Bokkoya fault shows a rate of 0.07 mm/year at the MRS3-MRS2 period and of 0.06 mm/year at the MRS2-MRS1 period (Figure 8).

The throw rates of the MRS1 period to the present period contain higher values of throw rate that can go as high as 0.48 mm/year (Figure 8A). An increase in the values of the Bokkoya fault is observed as it reaches value of 0.47 mm/year (Figure 8). In contrast, the Trougout fault shows maximum values of 0.15 mm/year, which are similar to the previous period.



DISCUSSION


Migration of Deformation in Al Hoceima Bay

The positive throw values in Al Hoceima Bay can be interpreted as an indicator of tectonic activity. Some faults in the study area show mainly strike-slip kinematics (Lafosse et al., 2016), but they have also recorded a vertical throw that reveals their activity. If we consider a roughly constant sedimentary rate during this period, then we may obtain an estimation of the variation of vertical throw rates. In the earliest time windows (MRS3-MRS2, 280–150 kyr, and MRS2-MRS1, 150–25 kyr; Figures 5B,C, 8B,C), the highest vertical throws and slip rates are located in the Nekor basin; in particular, at the N-S Trougout fault and in the north-northwest and south-southwest (NNW-SSE) faults of the western Al Hoceima Bay. The maximum average throw rates in the fault zones are comprised between 0.10 and 0.15 mm/year with extreme values reaching up to 0.19 mm/year. Eastward, the longest syn-sedimentary NW-SE normal faults in the Al Hoceima Bay also show activity in these periods. The results clearly provide an evidence that during the Middle Pleistocene, the extension through the Al Hoceima Bay was active and distributed between the Bokkoya fault and the Trougout fault. There is a slight regional decrease of the throw values and activity in the MRS2-MRS1 period (150–25 kyr), when only the Trougout fault showed throws higher than 7.9 m (Figure 5B) and some faults in the Bay area.

In contrast, in the youngest period (25 kyr to the present), the maximum average throw rates are located along the western margin faults and westward of the Bay (Figures 5A, 8). The Trougout fault has very low throw values (Figure 5A). The maximum rates are similar to previous periods (0.15 mm/year), but these high values are mainly located in the Bousekkour and Bokkoya fault segments. Although a long recurrence of interval could be considered for the Trougout fault, the decrease in the activity of this fault in the onshore segment was indicated by Poujol et al. (2014) from geochronological data, where a return period of 3.1 kyr is proposed. This estimation makes us consider that a period of 25 kyr is enough to study the fault activity evolution. Moreover, the absence of recent continuous fault scarps onshore (Galindo-Zaldivar et al., 2009) and of the sediments that overlap the fault offshore (Figure 3, Profile 84) suggests a very recent inactivation of the structure, which may remain with a residual activity. Unlike the Trougout fault, the Bokkoya fault reaches the highest throw rate values in the most recent period (0.48 mm/year) which indicates a clear acceleration with respect to the previous periods (maximum of 0.06 mm/year) and that deformation is focused in this structure. Similar behavior is observed in the Bousekkour fault with previous rates of up to 0.10 mm/year and the most recent rates of 0.33 mm/year. This suggests an acceleration of the deformation speed in these faults. In fact, if we consider a general overestimation of throw rates at the MRS1-present period due to the high slope of the MRS1 related to the margins and sedimentary processes, the throw rate of the Trougout fault would be lower than in the previous period. On the other hand, by taking into account of the possible overestimation, a change from 0.07 to 0.48 would imply an acceleration of the deformation rate in the Bokkoya fault zone. This deformation could be related to recent coseismic deformation, since the western area of the Bay is where the seismicity is concentrated (Figure 2).

These results show that the fault activity during the Late Pleistocene has increased and migrated westward in the Al Hoceima Bay. The sum of the data presented indicates an evolution from an initial stage of distributed transtensional extension affecting the whole Bay to a localized deformation stage characterized by a concentrated fault activity in the westward part of the Bay, and in the Bokkoya and Bousekkour faults. This activity is also simultaneous to a progressive inactivation of the Eastern Bay faults, including the Trougout fault.

The westward migration implies that the most active faults are now closer to the most populated areas nearby Al Hoceima, and thus have strong implications in terms of hazard assessment. Some of the faults that are very close to Al Hoceima port may have tsunamigenic effects during coseismic deformation events and may have incidence in this infrastructure.

Westward migration of shallow deformation is in coherence with the major earthquake epicenter locations westward of the Al-Idrissi and Trougout fault zones, under the Bokkoya Massif and Bokkoya fault zones (Figure 2; El Alami et al., 1998; Stich et al., 2005; Galindo-Zaldivar et al., 2009, 2018; Van der Woerd et al., 2014). Onshore, the activity of recent normal faults has been only clearly observed from the Sidi Abed to the coastal area of Sabadia Beach (Figures 2, 7), suggesting that the most recent offshore fault activity is in clear continuity with the onshore faulting and seismicity near Al Hoceima (Figure 2). The Sidi Abed fault provides the best opportunity to have a direct observation of fault features that belong to the same fault system as that of the offshore faults. It is also remarkable that the very high dip value (80°) of the Sidi Abed fault surface showed dip-slip striations instead of just strike-slip ones, as would be expected according to focal mechanisms of the area of the earthquake (Figures 2, 7). Similar faults have been observed in Campo de Dalias, north of Alboran Sea (Marín-Lechado et al., 2004), and are the result of fault reactivation of early extensional hybrid or strike-slip joints characterized by vertical fracture surfaces that are reactivated as extensional faults during the most recent extensional stage. Another zone with a similar evolution and propagation of its faulting pattern is located in the Taranaki Basin and the Taupo Rift (New Zealand) (Giba et al., 2010, 2012, 2013; Seebeck et al., 2014).



Local Deformation Into the Westernmost Mediterranean Geodynamics

The Al Hoceima Bay is located at a key area of the plate boundary affected simultaneously by the tectonic indentation in the central Alboran Sea and the subducted slab delamination processes related with the westward migration of the Gibraltar Arc (Figure 9). The deformation of recent deposits constitutes an opportunity to improve the knowledge on the evolution of deformation in this plate boundary.
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FIGURE 9. Geodynamic sketch at the local scale (a) and regional scale (b). Displacement directions with respect to Africa, based on Galindo-Zaldivar et al. (2018) and GPS studies (Koulali et al., 2011; Palano et al., 2015). Geological map modified from Galindo-Zaldívar et al. (2015) and swath-bathymetry of the Al Hoceima margin from Marlboro-2 Survey (d’Acremont et al., 2014).


The rigid South Alboran Block (Figure 9b) attached to the African Plate moves NW causing indentation in the Alboran Domain (Estrada et al., 2018). The western limit of the South Alboran Block is the left lateral Al Idrissi fault zone, formed by the former Al Idrissi fault (Gràcia et al., 2019) and new faults that develop westward (Galindo-Zaldivar et al., 2018). This fault zone extends toward the NW-SE normal fault splay in the Al Hoceima Bay (Lafosse et al., 2020) and produced the Nekor transtensional basin (d’Acremont et al., 2014) facilitating the southwestward motion of the Rif (Figure 9). The Bokkoya Massif, which belongs to the Rif, underwent east-northeast and west-southwest (ENE-WSW) extension and a westward displacement with respect to Africa (Figure 9). The westward migration of the tectonic activity has already been proposed for the whole region and for the Gibraltar Arc (Figure 9; e.g., Galindo-Zaldivar et al., 2009, 2018; Koulali et al., 2011; d’Acremont et al., 2014; Palano et al., 2015). The driving mechanism responsible for this migration is still being discussed. Most proposals consider mantle delamination (e.g., Seber et al., 1996; Mancilla et al., 2013; Petit et al., 2015; Hidas et al., 2019) or subduction with or without slab roll-back (e.g., Blanco and Spakman, 1993; Ruiz-Constán et al., 2011; González-Castillo et al., 2015; Do Couto et al., 2016; Spakman et al., 2018). GPS studies (Koulali et al., 2011; Palano et al., 2015) show a southward movement of the Rif Cordillera, possibly due to the drag of a subducted slab according to mantle tomographies (e.g., Faccena et al., 2014 and references therein) or subduction following mantle delamination (Baratin et al., 2016). For the first time, this work demonstrated that the westward migration of the deformation can also be observed in the shallow sedimentary record at a local scale. However, the development of the fault systems as part of a transtensional basin related with the Al Idrissi fault zone southern termination as a horsetail splay (d’Acremont et al., 2014; Lafosse et al., 2020) does not fully justify this westward migration. The continuous Al Idrissi fault zone activity may increase the brittle deformation at the fault tip and the enlargement of the Al Hoceima Bay system, but it does not explain why the eastern faults decrease their activity while the western ones increase it. In order to fully support this migration model, other regional processes need to be taken into account. For the purpose of this paper, the progressive inactivation of the Trougout (relayed over by western faults) and Eastern Bay faults is proposed to be an indication of the NW movement of the South Alboran indenter, as described byEstrada et al. (2018), interacting with the deformation of the Rif that moves toward the SW (Figure 9).

Overall, our results fit with the proposal of Fadil et al. (2006) that suggested that the central Alboran Sea and the Rif front should represent two segments of the Africa-Eurasia collisional plate boundary zone in the westernmost Mediterranean. These compressional boundaries are linked by the Al-Idrissi-Bokkoya left lateral fault system and continue eastward through the right lateral Yusuf fault system (Figure 9). This hypothesis is in coherence with crustal velocity models which show a strong thinning of the crust in the Nekor Basin (e.g., Koulali et al., 2011; Palano et al., 2015) in a setting with NW-SE compression and orthogonal NE-SW extension (e.g., Stich et al., 2005, 2006; Neres et al., 2016).

This automation of throw backstripping has been successful in the analysis of a large number of syn-sedimentary faults occurred in the Al Hoceima Bay at the same time, and provided throw maps in a zone densely faulted, so that the migration of the activity inside the system can be seen without analyzing fault by fault. It may also be applied to growth fault systems like that of the Gulf of Mexico (Worrall and Snelson, 1989), Eastern Mediterranean (Baudon and Cartwright, 2008), or Niger Delta (Back et al., 2006). The method could also be useful in transtensional fault zones like the Southern Dead Sea Fault (Smit et al., 2010) and the western tip of Enriquillo-Plantain Garden Fault Zone in Haiti (Leroy et al., 2015), and may improve the analysis of major changes in the style of deformation of complex regions like the Aegean (Sakellariou and Tsampouraki-Kraounaki, 2019).



CONCLUSION

Faulting throw analysis in the Al Hoceima Bay reveals a westward increase and migration of the deformation. The automation of the throw backstripping method applied on 672 faults has resulted to be an effective and a quick tool to decipher the distribution of tectonic activity during the last 280 kyr, considering the deformation of the recent and widespread MRS by high dipping faults. The detailed analysis of the fault throws, their distribution through time, and their quantification was achieved for the first time in the zone, which demonstrates a westward increase and migration of the deformation toward the western part of the Al Hoceima Bay and offshore Bokkoya Massif. Our data indicate the present day highest deformation rate in the faults next to the most populated city, Al Hoceima, reaching the values of throw up to 0.47 mm/year. Therefore, this automation of the throw backstripping method may be adopted as a basis for reliable and accurate seismic (and potential tsunami) hazard assessments by detecting the zones where further and detailed studies should be carried out.

The westward migration of deformation in the Al Hoceima Bay is framed into the westernmost Mediterranean geodynamic model, and it may be the result of the interaction between the NW movement of the South Alboran indenter and the back Rif south-westward displacement due to subduction with roll-back, the sinking of the subducted continental slab, or mantle delamination.

The automation of the throw backstripping may also be applied to growth fault systems in similar contexts of the eastern Mediterranean and western Atlantic in the Gulf of Mexico and Caribbean Sea. The high accuracy degree in constraining the timing and rate of fault activity will contribute to improve the seismic hazard assessment.
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The Inner California Borderland (ICB) records a middle Oligocene transition from subduction to microplate capture along the southern California and Baja coast. The closest nearshore fault system, the Newport-Inglewood/Rose Canyon (NIRC) fault complex is a dextral strike-slip system that extends primarily offshore approximately 120 km from San Diego to Newport Beach, California. Holocene slip rates along the NIRC are 1.5–2.0 mm/year in the south and 0.5 mm/year along its northern extent based on trenching and well data. High-resolution 3D seismic surveys of the NIRC fault system offshore of San Onofre were acquired to define fault interaction across a prominent strike-slip step-over. The step-over deformation results in transpression that structurally controls the width of the continental shelf in this region. Shallow coring on the shelf yields a range of sedimentation rates from 0.27–0.28 mm/year. Additionally, a series of smaller anticlines and synclines record subtle changes in fault trends along with small step-overs and secondary splay faults. Finally, sedimentary units onlapping and dammed by the anticline, place constraints on the onset of deformation of this section of the NIRC fault system. Thickness estimates and radiocarbon dating yield ages of 560,000 to 575,000 years before present for the onset of deformation.

Keywords: Newport-Inglewood-Rose Canyon fault system, continental shelf, tectonics, San Onofre, 3D seismic acquisition, fault interactions, geomorphology


INTRODUCTION, GEOLOGIC BACKGROUND, AND MOTIVATION

Prior to the late Oligocene/early Miocene, the western margin of North America was dominated by Farallon plate subduction (Lonsdale, 1991; Crouch and Suppe, 1993; Bohannon and Parsons, 1995). The cessation of subduction ushered in a complex tectonic sequence involving block rotation, extension, and then an eventual switch to a transform margin, dominated by the dextral strike-slip San Andreas Fault (e.g., Legg, 1991; Crouch and Suppe, 1993; Nicholson et al., 1994; Bohannon and Geist, 1998). In southern California, the San Andreas Fault (SAF) accommodates approximately 18–22 mm/year of slip between the Pacific and North American tectonic plates (Lindsey and Fialko, 2013). Not all of the slip, is accommodated by the SAF, San Jacinto (SJF) and Elsinore (EF) systems. Roughly 5–8 mm/year of the relative plate motion is being taken up by offshore strike-slip fault systems (Bennett et al., 1996; Platt and Becker, 2010; Maloney et al., 2016).

The Inner California Borderland (ICB) (Figure 1B) is a region marked by tectonic deformation offshore southern California and northern Baja that records a middle Oligocene transition from a subduction regime to microplate capture (Bohannon and Geist, 1998). Since the late Miocene to early Pliocene, the margin has been dominated by right-lateral strike-slip faulting, often on reactivated Mesozoic structures (Hill, 1971; Grant and Shearer, 2004). These faults account for approximately 10% of the total slip between the North America and Pacific plates (DeMets and Dixon, 1999; Platt and Becker, 2010).
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FIGURE 1. (A) Regional map of California State showing the location of the Inner California Borderland – red box. (B) Area map of Inner California Borderland (ICB) relative to the southern California coast with historical seismicity data represented by colored circles. Seismicity data are from the Southern California Earthquake Data Center (SCEDC). Major fault systems are traced in solid black, with the exception of the Newport-Inglewood Rose Canyon (NIRC) fault system, traced in solid white. Red box outlines area shown in (C). Black rectangle outlines the survey area. Scale for topography and bathymetry is shown. Dashed faults denote possible blind thrusts. White triangles denote approximate location of “pop-up” compressional structures due to leftward stepping of the fault strands. Major fault systems are labeled. (C) Location map of survey area off San Onofre and coastal communities of Dana Point and San Clemente. Location of Las Pulgas Road within Marine Corps Base Camp Pendleton is also shown. Survey area bounds on continental shelf are outlined with a black rectangle. Shown here in white are segments of the Newport-Inglewood Rose Canyon (NIRC) fault system from Sahakian et al. (2017). Solid and dashed red fault segments from USGS Fault and Fold database (U.S. Geological Survey [USGS] and California Geological Survey [CGS], 2006). Yellow solid lines within the survey box denote locations of crosslines and arbitrary line shown in the figures. Yellow dashed line represents path of SIO CHIRP line displayed in Figure 10. Also shown are sampled core locations from TN336 cruise. Cores prefixed “BB” are gravity cores. “JPC” are jumbo piston cores. “H4” is location of piston core from Covault et al. (2010). Bathymetry from Dartnell et al. (2015). CBF, Catalina Basin Fault; CC, Carlsbad Canyon; CF, Catalina Fault; CI, Catalina Island; CK, Crespi Knoll; DP, Dana Point; LA, Los Angeles; LJC, La Jolla Canyon; LK, Lasuen Knoll; MS, Mount Soledad; NIRC, Newport-Inglewood Rose Canyon Fault; NP, Newport; OBT, Oceanside blind thrust; PV, Palos Verdes; PVF, Palos Verdes Fault; SC, Scripps Canyon; SCF, San Clemente Fault; SCI, San Clemente Island; SD, San Diego; SDTF, San Diego Trough Fault; SO, San Onofre; SOCN, San Onofre Canyon North; SOCS, San Onofre Canyon South; SPBF, San Pedro Basin Fault; TBBT, Thirtymile Bank blind thrust.


The Newport-Inglewood/Rose Canyon (NIRC) fault complex, located closest to shore, is a right-lateral strike-slip system extending from Old Town, San Diego (Rockwell, 2010) to the Cheviot Hills in the Los Angeles Basin (Barrows, 1974). Offshore segments extend approximately 120 km from La Jolla Cove to the San Joaquin Hills near Newport Beach, California (Sahakian et al., 2017). The Holocene slip rate is 1.5–2.0 mm/year along the southern onshore extension of the fault based on paleoseismological studies (Lindvall and Rockwell, 1995) and 0.35–0.55 mm/year along its northern onshore extent based on cone penetration tests (CPTs; Grant et al., 1997) and well data (Freeman et al., 1992). The fault system is composed of segments belonging to two subsystems: the Newport-Inglewood fault system (NIFZ) terminating in the Los Angeles basin in the north, and the Rose Canyon fault system (RCFZ) starting near Downtown San Diego in the south. The two systems interact and transition between each other at a leftward step-over near Carlsbad Canyon (labeled “CC” in Figure 1B; Ryan et al., 2009). Recent geophysical and geological studies of the fault zone reveal the offshore fault system is comprised of four major segments separated by three step-overs (Sahakian et al., 2017).

In the region offshore of San Onofre, the Camp Pendleton splay of the Northern strand interacts with the Carlsbad Canyon strand, following the naming convention of Sahakian et al. (2017). Step-over widths between these strands are all 2 km or less (Figure 1B; Sahakian et al., 2017). Models and empirical data reveal that an earthquake rupturing the entire offshore length of the NIRC system, could produce an Mw 7.0–7.3 earthquake (Sahakian et al., 2017).

In general, fault geometry and interactions along the NIRC fault system offshore of San Onofre remain poorly constrained compared to the onshore strands (Ryan et al., 2009; Sahakian et al., 2017). Seismicity also seems to be focused onshore, being relatively diffuse offshore (Figure 1B; Fischer and Mills, 1991; Grant and Shearer, 2004). The most recent large seismic events on the fault complex occurred onshore near the ends of the fault system—the 1933 Long Beach Earthquake (Mw 6.4) to the north, and a paleoseismological event dated AD 1650 ± 120 years near La Jolla, CA, United States (Lindvall and Rockwell, 1995; Rockwell, 2010).

Fault segments and step-over widths interact to permit or inhibit through-going rupture and act as controls on the maximum possible magnitude of the consequent earthquake. They are important inputs into models of ground motion. Wesnousky (2006) compiled the properties of 22 historical earthquakes and found that, regardless of the tectonic regime involved (strike-slip, normal, and reverse faulting) the probability of a through-going rupture was higher for a step-over with a width of less than 3–4 km. Sahakian et al. (2017) analyzed re-processed industry 2D multichannel seismic reflection (MCS) profiles acquired along the length of the offshore NIRC system and found a 30–40% possibility of end-to-end rupture on the main segments based on static coulomb stress models. Previous studies have shown a lack of Holocene sediment displacement in offshore segments between Dana Point and Oceanside (Klotsko et al., 2015; Sahakian et al., 2017; Singleton et al., 2019). It is possible that changes in fault geometry and step-over width along NIRC actually act as a barrier to through-going ruptures on this system (Sahakian et al., 2017).

In several places along the coast, multiple strands strike adjacently to each other (Ryan et al., 2009; Sahakian et al., 2017), adding complexity to models of major NIRC strands rupturing together. Recent studies of multi-fault earthquake propagation, as observed in the recent 2016 Kaikōura Earthquake in New Zealand (Clark et al., 2017; Hamling et al., 2017; Kaiser et al., 2017; Stirling et al., 2017), revealed complex and cascading fault linkages that control rupture lengths and potential earthquake magnitudes.

Advances in high-resolution geophysical imaging provide higher resolution of offshore deformation and fault architecture; such technological developments allow for improved imaging of near-vertical fault segments, offsets at step-overs, and fault recency (Kluesner and Brothers, 2016; Nishenko et al., 2018). Near-vertical faults can be imaged in three-dimensional seismic data because the offset is projected onto the time-slice (i.e., map view). In addition, the density of data provides information on how fault-fold propagation occurs.

Recent work in the region has documented a leftward step in the NIRC fault located at the widest part of the continental shelf. We were thus motivated to conduct our survey of this region for two reasons: first and foremost, we sought to understand fault interaction at step-overs along this portion of the shelf. The second reason was to image offset channels that appear structurely controlled to constrain slip-rate along fault segments of the NIRC system, and understand better how these fault systems interact both surficially and at depth.

Wesnousky’s (2006) empirical data is surficial and doesn’t image fault structure at depth. Sahakian examined fault segments both surficially and at depth (Sahakian et al., 2017). Their 2D MCS data was sufficient to map the morphologic expression of the anticline colocated with the step-over; however, the density and resolution of the data were not sufficient to understand the details of the step-over and fault-fold interaction. Seismic imaging in 3D allows us to unravel the complexity in greater detail; imaging the Earth at the scale of the deformation.

Here we present recently acquired 3D P-Cable seismic reflection data to define NIRC fault segment geometry, segment interaction and attendant deformation at a large step-over (∼2.8 km). In addition, we provide evidence that fault segment interaction along this portion of the margin also appears to control the width of the margin, sequestering of sediments on the shelf, and divergence of off-shelf drainage systems.



MATERIALS AND METHODS


3D MCS Acquisition and Processing

For several decades, the benefits of using 3D MCS imaging to study offshore architecture have been employed in regions such as Costa Rica (Edwards et al., 2018), Japan (Gulick et al., 2010), and New Zealand (Eberhart-Phillips and Bannister, 2010; Morley et al., 2017; Morley, 2018). Recently, portable state-of-the-art 3D seismic reflection systems, such as the 3D P-Cable system, have been developed that can be deployed from Ocean-Class research vessels of choice (Ebuna et al., 2013; Eriksen et al., 2015). P-Cable employs a cross-cable that is kept under tension by two one-ton paravanes attached to the ends of the cross-cable and to the stern (port and starboard) when the vessel is underway (Figure 2). Attached to the cross-cable are fourteen 50 m long streamers, each containing 8 hydrophones, with digital compasses and depth sensors at the head and end of each streamer. Short streamers allow for greater operational maneuverability during acquisition; they also reduce anti-aliasing artifacts, allowing for greater resolution after processing (Brookshire et al., 2016). Differences in hydrophone position caused by the camber of the cross-cable are tracked using a set of GPS transmitters positioned at various points on the system: on the vessel, at the ends of the cross-cable, on the paravanes, and on the seismic source. Tracked changes in system geometry are then corrected during processing.
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FIGURE 2. Aerial photo of Scripps Institution of Oceanography’s Research Vessel New Horizon towing the P-Cable 3D Multichannel Seismic Reflection System, with major components of system labeled.


In late summer/fall 2013, we collected 2D seismic reflection data on the R/V New Horizon (NH1320), which was then processed and analyzed to assist in selecting locations for a later focused 3D survey. Guided by our 2D data observations, we acquired the first high-resolution 3D data set of the offshore NIRC fault segments in the survey area (Figures 1B,C) using P-Cable (survey acquisition parameters are listed in Supplementary Material) towed from the stern of New Horizon (NH1323). Our survey area, a 54.2 km2 grid with coverage over the continental shelf and shelf-break, was targeted to maximize imaging of the NIRC fault system in a region where the shelf widens anomalously compared to the trend of narrow shelf width between La Jolla and the San Pedro Shelf south of Long Beach (Figure 1C).

Mapped drainage channels also were targeted, as they would provide piercing points across the NIRC fault system to constrain slip. The survey data were acquired in depths ranging from 50–100 m with 3D bin sizes of 3.125 m. A triple-plate boomer operating at 1.8 kJ was selected as the acoustic source for the continental shelf because of its high-resolution at relatively shallow water depths.

We measured a peak frequency of 175 Hz (full frequency response graph shown in Supplementary Figure 1), allowing us a minimum vertical resolution of 2.1 m. Oscillations produced by the boomer seismic source (termed the “Bubble Effect”) manifested in the data as a very thick series of strong parallel reflections near the seafloor. Despite post-stack deconvolution during initial processing, the reverberation effect still effectively masks real reflection features in the top of the seismic section, with the result of obscuring feature resolution at shallow depths down 15 ms (11 m) from the seafloor. This problem has also been noted on previous P-Cable surveys conducted with AP3000 boomer sources (Pacific Gas and Electric Company [PG & E], 2014).

A 1000 ms record length was digitized, and after processing the reflections were resolved to 800 ms. Much of the analysis of the data was performed between 100 and 400 ms two-way travel time, where data resolution and imaging were optimum. Complete acquisition parameters are described in the processing report included in Supplementary Material.

We collaborated with Geotrace Technologies, a petroleum services company, to process and compile the data into both amplitude-attribute and similarity-attribute products for interpretation. The amplitude volume allows easy identification of reflections across subsurface stratigraphy based on the relative impedance contrast (i.e., the product of density and velocity) of acoustic reflectors in a trace.

The similarity attribute assigns a value to a bin based on the correlation between the waveform and amplitude of two or more different traces. This attribute is computed as the normalized cross-correlation of all bins within a specified 3D grid (Bahorich and Farmer, 1995). In such a volume, a correlative value of 1 represents the state of “perfectly similar,” while a value of 0 represents the state of “completely dissimilar.” Similarity attribute volumes are ideal for looking at large-scale discontinuities, such as sharply dipping beds, faults, and paleochannels. These features become readily interpretable especially in the context of an isochron (a “time-slice”) view. In amplitude data, these features can often be obscured if they run parallel to strike in a given time-slice. The amplitude volume is instead most useful in vertical profiles, where fault presence and character can be easily identified by analyzing stratigraphic package displacement.

Additional in-house filtering was applied to both the amplitude and similarity data volumes, following a workflow described by Kluesner and Brothers (2016), to increase reflector continuity and facilitate data interpretation (Supplementary Figure 2). A parameterized dip-steered median filter was applied to each volume in order to reduce random noise. The resulting noise from the filtering process was isolated prior to removal and evaluated for efficacy and potential removal of signal. Finally, a dip-steered diffusion filter was applied to each volume with a symmetric step-out (8 × 8 for the amplitude volume, and 6 × 6 for the similarity volume) in both inline and crossline directions and a 0 ms time-gate parameter. This filtering workflow removed randomized noise and enhanced discontinuities to improve fault identification, which increased confidence in our interpretations.

A number of additional seismic attribute volumes were generated using the original amplitude data, in order to facilitate seismic interpretation in specific cases. Attribute analysis has proven to be a very useful tool for geophysicists in the detection and enhancement of fault traces, and paleochannels, as well as illuminating structural details (Kalid et al., 2016). Additional seismic attribute volumes were generated to assist interpretations. These included attributes calculated from geometric properties such as curvature, that greatly improved mapping of structures and paleochannels (Roden et al., 2015).

All of our interpretations were iteratively made by using arbitrary lines, as well as vertical dipline/strikeline profiles, to identify structures and faults in vertical profiles of the amplitude data. Next, we confirmed our initial interpretations in similarity attribute time-depth slices and correlated our results with other seismic attributes. Finally, we returned to the vertical profiles with our interpretations, to further constrain fault length and character. Although we did not depth migrate our 3D volumes due to a lack of well control, we adopted the following velocity function described by Ryan et al. (2009) to calculate depths for estimations in this paper:
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Where V represents interval velocities in meters per second, and t represents two-way subsurface travel time (TWTT) in milliseconds. This function was derived using interval velocities measured from 2D MCS profiles during Jebco cruise J188SC (Mineral Management Service [MMS], 1997; Triezenberg et al., 2016), including profiles that crossed our survey areas.

Mapping of some paleochannels was accomplished by computing the most negative and most positive curvature seismic attributes on the original data volume (Roberts, 2001). This imaging method was most successful at revealing paleochannels on the western and eastern edges of the survey area where distortion due to fault damage was minimal.



Age Control

In order to constrain onset of deformation, we radiocarbon dated organic material recovered in cores. The shelf and slope near San Onofre have not been well-sampled. Conrad et al. (2018), however, mapped the Quaternary boundary in the region using unpublished industry well data acquired as part of the Caldrill program in the 1970s and now held by the United States Bureau of Safety and Environmental Enforcement (Conrad et al., 2018).

In January 2016, 64 Gravity (GC) and Jumbo-Piston Cores (JPC) were collected onboard the R/V Thomas G. Thompson (TN336) as part of a regional study designed to provide age constraints on shelf/slope evolution, and recent faulting. We selected possible piercing points, such as faults and paleochannels, as coring targets using previously collected multichannel seismic and CHIRP data. JPC trigger cores were also acquired and logged. In some cases, positional drift caused the cores to be slightly offset from the profiles, in which case the core locations were projected orthogonally onto the profile. Once on-board, we analyzed intact cores for magnetic susceptibility, gamma density, P-wave velocity, and resistivity using a GeoTek Core-logger. Cores were then split and observations of color, grain size, sediment structures, and general lithology were recorded.

We selected fourteen samples for radiocarbon dating due to proximity to the survey area. Ten of those samples were analyzed at the National Ocean Sciences Accelerator Mass Spectrometry facility at the Woods Hole Oceanographic Institution (WHOI) and produced an age using the Libby half-life of 5568 years and following the convention of Stuiver and Pollach (1977). The W.M. Keck Carbon Cycle Accelerator Mass Spectrometry facility at the University of California, Irvine (UCI) analyzed the other four samples following the same conventions. 14C ages were calibrated using the CALIB program, version 7.0.4 (Stuiver and Reimer, 1993). Non-fragmented planktonic foraminifera that had not undergone diagenesis were preferentially collected.

Ages of planktonic foraminifera of less than 12,000 years were calibrated with a reservoir age of 800 years. We used a reservoir age of 1,100 years for planktonic foraminifera >12,000 years (Southon et al., 1990; Kienast and McKay, 2001; Kovanen and Easterbrook, 2002) and 1,750 years for a benthic reservoir age similar to Covault et al. (2010). For cores containing more than two dates, we used these reservoirs as a parameter to generate age-depth models with the Bacon age-modeling software, version 2.3.3 (Blaauw and Christen, 2011). A more exhaustive description of measurements performed on these cores is documented by Wei et al. (2019).

Of the fourteen tested samples, two are from short gravity cores collected on the continental shelf, and the rest were acquired on the continental slope directly southwest of the survey area (Figure 1C). Two samples, both acquired on the slope below the widest part of the shelf, are greater than 52,000 years old and thus eliminated as radiocarbon dead. Based on analysis of the remaining samples, we calculated the sedimentation rates (Table 1). Sedimentation rates were highly variable, based on sample depth and core location. Cores sampled from the widest part of the continental slope showed extremely low sedimentation rates. The highest sedimentation rates were computed on cores that were taken within drainage channels or on the continental shelf.


TABLE 1. TN336 Cores, radiocarbon ages, and sedimentation rates.
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Covault et al. (2010) published a sedimentation rate of 0.33 mm/year for their piston core “H4,” located at the toe of the continental slope approximately 10 km northwest of our survey area, at a sample depth of 374–384 cm. As sediment depositional regimes tend to vary from shelf to slope to abyssal plain, we calculated a sedimentation rate from gravity core BB 29–33 that was collected within the bounds of the survey area on the continental shelf. We sampled between 36 and 44 cm depth. Radiocarbon testing returned an age of 1,460 years with an error of 20 years. Using that value, we calculated a sedimentation rate range of 0.27 to 0.28 mm/year. Although the core was sampled near the bottom, the core length is only 47 cm. Due to the shallow sampling, extrapolating the sedimentation rate to several hundred meters depth introduces much uncertainty.



RESULTS


Deformation and Fault Characterization

A series of stair diagrams are presented to highlight the three-dimensional architecture of the NIRC fault segments and attendant deformation (Figures 3–9, 11). A stair diagram is a visual depiction of 3D seismic data combining two-time slices (map view) and one cross section (road cut view). In Figures 3–9, 11, cross sections are rendered using data for acoustic amplitude. Time slices in Figures 3–9, 11, are displayed using similarity data at 60% transparency overlying amplitude data, to allow better visualization of discontinuities. The images presented are bounded by an upper time-slice at 125 ms of two-way travel time (TWT) (∼96 m) and a lower time-slice at 350 ms TWT (∼279 m), with the cross-section point of view moving from north to south. The sections presented here capture the architecture of the fault systems and their along- and across-margin interaction. The locations of vertical profiles presented with respect to the entire data volume are labeled in Figure 1C.
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FIGURE 3. Vertical profile of crossline 1790 amplitudes showing fault interpretations in solid red Location of the crossline, relative to the survey area, is shown in Figure 1C. All crosslines shown in stair diagrams are bounded by time-slices at 125 and 350 ms. Both time-slices for all stair diagrams in Figures 3–9, 12 are rendered using a combination of similarity data and amplitude data at 60% transparency. View direction is toward the northwest. Thick lines denote major fault segments i, ii, and iii. Thin lines denote secondary fault systems no; faults are dashed in the lower (350 ms) time-slice, where there is more uncertainty. Alternating anticline/syncline sequence can be observed in the lower time-slice. The outline of a large structural dome, labeled as a large antiform, is observed toward the bottom of the figure in the lower time-slice. Yellow dashed lines show locations of crosslines shown in other figures. Black areas in the southwest part of the lower time-slice represent shelf incisions from channelization. (Inset) Schematic view of data volume depicting view angle of stair diagrams used in this paper.
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FIGURE 4. Stair diagram of crossline 1945 with interpreted faults displayed using solid red lines. Location relative to the survey area, is shown in Figure 1C. Fault interpretations with more uncertainty are shown as dashed red lines in lower (350 ms) time-slice. Much of the minor faulting and deformation shown is bounded between fault segments ii and iii along the outer shelf edge. In the crossline, deformation between fault segments iii and vii is narrower than in Figure 3, as the plane of fault segment viii moves closer to splays of segment iii. Segment iii represents the main fault plane and is the only plane shown that extends upward past the upper (125 ms) time-slice.
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FIGURE 5. Stair diagram of crossline 2038 with interpreted faults shown with solid red lines. Location relative to the survey area, is shown in Figure 1C. Faults are dashed where there is acoustic transparency, which introduces uncertainty. Fault plane of segment vii has terminated and been replaced with fold deformation. Sediment from northeast is laminar and acoustically transparent until fault segment iii. Reflector amplitude is visibly more prominent on southwestern side of segment iii.
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FIGURE 6. Interpreted stair diagram of crossline 2252. Fault interpretations shown with solid red lines; dashed where interpretations have more uncertainty. Fault fold shown in Figure 5 has been replaced by a monocline terminating at fault segment iii. Yellow dashed lines in lower (350 ms) time-slice represent locations of crosslines shown in other figures. Location relative to the survey area, is shown in Figure 1C.
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FIGURE 7. Stair diagram of crossline 2457. Crossline is rendered in amplitudes and shows a seismic cross-section very near San Onofre South Canyon, and north of large antiform structure. Acoustic and deformation character both visibly changes on either side of fault segment iii. Yellow dashed line shows location of crossline 2763.



[image: image]

FIGURE 8. Interpreted stair diagram of crossline 2763 using amplitude data for the crossline and bounded by time-slices at 125 and 350 ms rendered using similarity seismic attribute. Stratigraphy is acoustically transparent in the center of the crossline, possibly due to fluid presence or fault damage from large fault segments in crossline. Fault interpretations are shown with solid red lines; dashed where there is more uncertainty. A monocline to the north exhibits sloped stratigraphy to the south. Stratigraphy along shelf edge maintains a shallower dip and stronger reflections at depth.
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FIGURE 9. Interpreted stair diagram of Crossline 3400 bounded by time-slices at 125 and 350 ms. Time-slices are displayed as a combination of similarity data and amplitude data at 60% transparency. Major fault segments are labeled. This crossline cuts through the middle of the large anticline structure observed in Zone Two of the survey area. Lower time-slice shows fault segments delineating an acoustically transparent to semi-transparent region in the middle of the time-slice. Note some of the faults exhibit a more northwesterly trend in this region. Solid green line delineates stratigraphic horizon recording the onset of deformation (lowest depth is 200 ms or ∼156 m). Dashed green line shown where horizon is inferred. Locations of seismic lines are shown in Figure 1C.


Figure 3 presents a vertical profile at crossline 1790. The yellow dashed line shows the boundary between the crossline (1790) and the time-slice (350 ms). The other dashed lines show locations for crosslines displayed in Figures 4–8. We will describe the features from north to south. Several fault segments enter the survey volume from the northwest; the faults exhibit an along-margin parallel strike. These segments tend to terminate close to the surface; however, seafloor offset in most cases is not observed in the data volume. Prominent changes in slope morphology and subsurface reflector geometry are observed across the two largest fault segments (labeled i and iii, Figure 3). Minor surface expression is observed coincident with fault iii. A high-angle (≥80°) or vertical dip on all the segments is observed in cross section 1790. North of where fault iii exhibits a left lateral jog, a small, semi-circular anticlinal structure is observed in the crossline (1790) and the time-slice (350 ms; Figure 3). This structure is bounded by fault vii which exhibits curvilinear character and merges likely as a splay of the larger segment, fault iii. Continuing northeast, the limb of the anticlinal structure is imaged in the crossline and has a northeastward dip. The anticlinal structure is also imaged in the time slice by a circular acoustic reflection pattern that is bounded by fault segments iii to the west (Figure 3), and vii to the east. Along the outer shelf upper slope, a seaward thickening wedge is observed in the 3D P-cable cross lines and in the time-slice as a slightly deformed, folded acoustic pattern.

Moving south to crossline 1945 (Figure 4), the anticline is dissected by numerous fault segments (e.g., i, ii, and iii; Figure 4). The curvilinear nature of fault vii can be observed as the fault bounds the anticline observed in Figure 3. Segment vii sharply delineates stratigraphy to the north that is gently dipping seaward, from steeply dipping stratigraphy toward the fault. To the southeast of segment vii, visible in the time-slice, is a synclinal structure likely created by right-lateral pull-apart deformation as strain is distributed from fault iii to fault vii. The western edge of the syncline appears to terminate abruptly into fault iii (Figure 4) and the syncline forms a narrow “cuspate-like” antiform structure to both the north and the south.

Fault iii is steeply dipping in this region (Figure 4); the reflections imaged to the south west off fault iii exhibit a synformal geometry. Fault vii is observed north of the northern-most “cuspate-like” structure. Farther south of the horn, fault vii curves to the southwest and the stratigraphy transitions laterally from a fault (Figure 4) into a fold (labeled in Figure 5).

Between faults i and iii – both in the crosslines and time slices – there is an acoustically transparent to semi-transparent and chaotic character with only minor reflectivity. A pronounced change in acoustic reflectivity correlates with the shelf edge in this region; the increase in acoustic amplitude is bounded to the east by fault i. Along the shelf edge east of fault iii there are some concordant reflections that are flat lying in the crossline and appear to have a lower acoustic character in the time slice. Continuing to the southwest of fault iii, the antiform is dissected by numerous faults, the largest of which are labeled on Figure 4 as faults i and ii. Reflectors exhibit increased deformation near the antiform. The wedge of acoustically transparent material along the western slope, also imaged in Figure 3, is likely a slump from the shelf break. The irregular nature of the western edge of the time slice reflects the intersection of the data volume with canyon heads on the outer shelf upper slope.

Crossline 1945 (Figure 4) is 291 m north of Crossline 2038 (Figure 5), but on scales of tens of meters, marked changes in the acoustic reflections imaged in the 3D data can be observed. North of the horn of the “cuspate feature,” a fold is observed northeast of fault segment iii. The fold tracks the termination of fault vii. The southwest limb of the anticline to the west of fault iii is highly faulted and deformed. Farther southwest of fault segment i, amplitude reflections in the limb are steeper, but more continuous and exhibit only some minor folding. The seaward thickening wedge observed to the north is systematically increasing in thickness toward the south.

Moving southeast from crossline 2038 (Figure 5) to crossline line 2252 (Figure 6), the fold northeast of fault segment iii evolves into a monocline with abrupt increase in dip toward the west near fault iii. Note that several fault segments along the northeastern portion of the data volume bound the “cuspate” morphology. Large areas of the volume are acoustically transparent to semi-transparent with broken, chaotic reflectors. Acoustic reflectivity increases along the outer slope with mild folding near fault segment ii.

A large antiform structure is observed where fault segment vi exhibits a left lateral jog from south to north. Figure 7 shows the marked change in acoustic reflectivity with the faulted antiform clearly imaged. Crossline 2457 intersects the time slice in a region where a circular pattern of reflectivity is imaged in the time slice northeast of fault segments v and vi. A faulted anticline, imaged in previous figures, is also well imaged in crossline 2457 (Figure 7). The seaward thickening lens observed in Figure 3 thins away to the south and is not observed in Figure 6 or Figure 7. Two large canyons are imaged along the seaward edge of the time slice as large embayments just south of the crossline. Farther south (Figure 8), westward dipping reflections are imaged east of fault segment iii and correlate with a circular reflection pattern in the time slice. High amplitude chaotic reflectors are imaged in the upper portions of the crossline with acoustically transparent to chaotic semi-transparent regions beneath (Figure 8).

Crossline 2457 (Figure 7) intersects the time-slice between two large canyons on the slope (Figure 1C). Both canyons are imaged as embayments in the time slice on Figure 6 and labeled San Onofre Canyon North and San Onofre Canyon South (labeled “SOCN” and “SOCS,” respectively, on Figure 1; Wei et al., 2019). An acoustically transparent region is observed immediately south-east of the crossline making confident interpretation difficult; however, reflector offsets in crosslines and geometry in the time slice allows for potential correlation of the fault segments between faults i and iv and that uncertainty is shown by the dashed fault trace in the region. Farther east in the volume, reflection continuity in both the crossline and the time slice allows for confident correlation of faults iii and v with fault vi (Figure 7). Toward the northeast in the data volume the dipping packages observed in cross section are imaged as parallel features with moderate acoustic reflectivity in the lower time slice. Between fault segments i and iii in the crossline, several fold-fault structures are imaged. Southwest of fault i, there is a more uniform dip of the slope reflections with moderate deformation. The fault geometry along fault vi exhibits a left jog just before the large anticlinal structure located at the center of the survey area (Figure 7). There is a dramatic change in reflection dip across the margin; toward the northeast the stratigraphy is acoustically laminated with a shallow dip, whereas toward the southwest of fault segment ii the dip of the stratigraphy appears to steepen. On the outer shelf, the westward dip of the upper slope reflections diminishes where the width of the shelf increases.

Fault fold deformation farther to the southeast is observed in crossline 3400 (Figure 9). In this region where the shelf is wider, no canyon morphology is observed along the seaward side of the data volume. Fault deformation is very pronounced and focused across a few major fault segments. Crossline 3400 images the eastern limb of a large anticlinal structure near the center of the data volume (Figure 1C). The anticlinal structure measures roughly 2500 m in diameter and is an E-W elongated structural dome imaged in the lower time slice (Figure 13). Two large fault segments, iii and iv, bisect the antiform in the crossline separating the northeast and southwest limbs. Fault iv appears to exhibit a surface expression (Figures 4, 5: Sahakian et al., 2017).

Between the cities of Newport and San Diego the continental shelf is relatively narrow, averaging 2.5 km in width (Figure 1B). The shelf offshore of San Onofre is anomalously wide however, extending to approximately 10 km. The location of the large antiform structure observed in the lower time slice (Figures 3–9) is spatially coincident with this widest part of the shelf (see crossline locations in Figure 1C). Stratigraphy to the northeast of the anticline crest, is bounded by the vi segment; the reversal of dip in this region separates the northeast limb of the anticline from the more gently southwest dipping nearshore reflectors. Toward the southwest of the anticline axis, the reflections are steeply dipping with minor faulted stratigraphy in crossline 3400.

Reflectors in both limbs of the anticline are clearly truncated at the seafloor, likely from transgression of sea level across the continental shelf. A marked change in dip occurs northeast of the anticline at 200 ms (∼156 m) and is outlined with a yellow line in both Figure 9. Younger stratigraphy near fault segment vi is undeformed above the line, and thus we infer this boundary to be the onset of fault deformation from vi. In Figure 9, the line is dashed to show the inferred boundary where the data is acoustically transparent.

Figure 10 shows an east-west line of CHIRP data acquired by Scripps Institution of Oceanography (SIO) in 2008 using a customized EdgeTech X-Star CHIRP sub-bottom reflection sonar with sub-meter vertical resolution. Data were heave-corrected and processed to 200 ms TWT. The line was selected because it passes through the northern limb of the large anticline at the widest part of the shelf and intersects several of the larger fault segments. Due to masking of surficial stratal geometry by oscillations from the bubble effect in the 3D data, this line was selected to investigate any near-surface fault offset. We extended and labeled our fault interpretations into the CHIRP line shown in Figure 10 and correlated interpreted sediment horizons with units described by Klotsko et al. (2015). Unit III is an acoustically transparent layer that could be mapped across the entire line and represents a modern marine deposition layer (Klotsko et al., 2015). None of the interpreted fault segments could be mapped into Unit III although the boundary between underlying stratigraphy and Unit III, the transgressive surface, exhibits considerable offset.
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FIGURE 10. CHIRP seismic profile from 50 to 200 ms (∼38–156 m) depth. Red dashed vertical lines show locations of other crosslines and arbitrary line. Major faults shown in black are labeled. Mapped units II and III are correlated to interpretations published by Klotsko et al. (2015). Multiple is labeled.


Farther southeast of the anticlinal structure, the observed major fault segments outline a large area that is acoustically transparent and approximately 3 km wide. The major fault segments can be divided into two groups based on their strike: fault segments that are parallel to the shelf edge and bisect the anticline (e.g., fault segments iii and iv); vs. fault segments that exhibit a more northwest to southeast trend (Figure 11). In this region, the fault segments have steep dips, being almost vertical. In Figure 11, fault segment xi appears to be the largest segment bounding the acoustically transparent zone to the southwest. Stratigraphy inshore of this fault is acoustically laminated with a dip toward the southwest down to approximately 150 ms, with moderate acoustic reflectivity and is observed in the lower time-slice. The dip of this package appears to increase markedly with depth.
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FIGURE 11. Interpreted stair diagram of Crossline 4400 with major fault segments labeled. Crossline is bounded by time-slices at 125 and 350 ms (∼96 and ∼279 m), rendered using similarity data combined with amplitude data at 60% transparency. A smaller anticline is observed in the lower (350 ms) time-slice west of fault segment x. Note the monocline in the crossline north of fault segment xi. Green line traces stratigraphic horizon that records onset of deformation. Locations of seismic lines are shown in Figure 1C.


Fault segment x is the southwestern bounding fault of the acoustic transparent zone (Figure 11). Between this fault and the shelf edge, the reflectors tend to parallel the slope with a steep dip. Within these bounding fault segments, there are numerous smaller segments and several zones of deformation associated with these smaller segments. Between the fault segments xii and x, the reflector character is acoustically transparent to acoustically semi-transparent and chaotic with minimal reflector continuity. Southwest of fault segment x, there is higher acoustic reflectivity and reflector continuity. Along the western edge of fault segment x in the middle of the time-slice where the fault jogs to the west there appears to be a small anticlinal structure (Figure 11).

Near the southeastern limit of the survey area the shelf width again diminishes and small canyon embayments are observed in the time slice. Canyons in this location exhibits a maximum slope of 24° on the continental shelf (Figure 14). Examination of the 3D volume in this region reveals a highly chaotic acoustic character being mostly acoustically transparent to semitransparent; as such there is much uncertainty in fault location in this region. Our fault interpretations delineate areas with markedly different acoustic character. Where mapped, the fault segments in this location exhibit a predominantly NW-SE trend.

Figure 12 shows a vertical display of amplitude data from 0 to 800 ms of an arbitrary line (marked A to A’ in Figure 1C). This line images a sequence of synclines and anticlines from north-northwest to south-southeast. The axes of all the imaged folds is northeast-southwest. The northern limb of the large anticline coincident with the widest part of the shelf is imaged to the far south-southeast and displays steeply dipping stratigraphic bedding. In this location, as in Figure 9, bedding terminates at the seafloor. The largest syncline imaged in the arbitrary line, centered around trace 2800, appears to plunge seaward with a west-southwest axis and is coincident with the San Onofre South (SOS) off-shelf drainage channel (Wei et al., 2019). A smaller syncline to the north, centered at trace 2240, also appears to plunge seaward, toward the San Onofre North (SON) drainage channel (Wei et al., 2019). Separating the two synclines is an asymmetric anticline, measuring 1686 m across at the arbitrary line in Figure 12, and narrowing to 1040 m near the shelf edge. Finally, an anticline exhibiting a tight fold, is found to the north centered around trace 1800 suggesting a northwest vergence. This anticline terminates abruptly against fault segment iii. The western limb of the anticline is possibly shifted northwards approximately 252 m along the western side of the fault (northern dashed yellow oval in Figure 13). A second possible offset of approximately 116 m is observed along the same fault (fault segment iii) on the next anticline to the south (southern dashed yellow oval in Figure 13).
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FIGURE 12. Interpreted arbitrary line across northern section of survey are from A to A’. Location of seismic line is shown in Figure 1C. Minor faults are shown with thin black lines. Major faults are shown with thick black lines and labeled. The view is to the northeast, toward the coastline. Reflector color has been desaturated for ease of interpretation. Red dashed lines trace locations of crosslines shown in previous figures. A sequence of anticlines and synclines is imaged across the arbitrary line, terminating at the northern limb of the large mid-shelf antiform structure (labeled).
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FIGURE 13. Map view of time-slice 200 ms (∼156 m) showing major fault interpretations and right-lateral movement. Time-slice is a combination of amplitude data, overlapped with similarity attribute data at 60% transparency. The survey area is divided into three zones based on fault character and acoustic facies. Solid yellow ovals outline area of large and small anticlines in Zones Two and Three. In Zone One an alternating sequence of anticlines and synclines is imaged. Dashed yellow ovals group possible offset anticlines. Green lines denote possible duplex faulting. Light purple lines outline structures and patterns in the amplitude data. Inset shows a simplified kinematic diagram of the major faults in the survey area.


A survey-wide analysis of our interpreted faults reveals two major azimuthal trends of the faults in the study region. Based on these trends and acoustic reflectivity, we divided the study area into three zones, labeled in Figure 13.

Fault azimuths in Zone One are oriented roughly toward the northwest. The largest fault segment, iii, bounds an undulating series of smaller synclines and anticlines (shown in cross-section in Figure 12). Segment iii delimits Zone One between undeformed sediments trapped from the east and deformed dipping stratigraphy seaward.

Zone Two is dominated by a large structural dome coincident with the widest part of the continental shelf. This antiform structure is bisected by the largest segments (fault segments iii and iv) in the survey area and is bounded on the eastern edge by fault segments vi and vii. As in Zone One, sediments from the east gently dip toward easternmost boundary faults. These boundary faults exhibit a left-ward jog and change trend to a more northwest azimuth as they approach Zone One. Segments iii and iv also exhibit small changes in azimuth to the northwest in the northern part of Zone Two.

In the south (Zone Three), the largest difference in fault azimuth and acoustic character is observed. A marked change in fault trend of 25° occurs between Zones Two and Three, and 32° between Zones One and Three. Fault segments in Zone Three have a more NW-SE trend and a small anticline is observed where fault segment x exhibit a small change in trend toward the northwest and interacts with segments ix and xii. As opposed to Zones One and Two, much of Zone Three is acoustically transparent and difficult to interpret except at boundaries where there are large amplitude differences.

Truncated stratigraphy of the large anticline in Zone Two forms an angular unconformity near the seafloor; however, subsurface deformation has a surface expression as shown in a map of bathymetry data (Figure 14, line B to B’). The inset shows a transect across the anticline with approximately 5–7 m of surficial relief across the large regional anticline observed in Zone Two (Figure 13). Note the small increase in slope along the shelf edge near B on the transect and along the shelf edge to the south of the widest part of the shelf. As expected, the continental shelf and basin floor in this region have low slopes with localized steep slopes coincident with off-shelf channelization. The steepest slopes in the survey area are located above the basin floor at the toe of the slope and are up to 25°. The large canyons in the northern portion of the study region (SON and SOS) incise the shelf edge (Figure 14; Wei et al., 2019).
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FIGURE 14. Oblique view of continental shelf and slope bathymetry off the coast of San Onofre and San Clemente, showing location of survey in white 3D box. Colors denote slope angle. Inset shows slope along an arbitrary cross-section from B to B’ passing through large antiform coincident with widest part of the shelf.




Paleochannel Identification

In the ICB coastal margin, about half of the regional offshore canyons and most of the smaller gullies appear to be active during the Last Glacial Maximum but were rendered inactive when cut off from canyon heads on the outer shelf during post-glacial transgression (Normark et al., 2009). These bathymetric features make ideal candidates for fault piercing points to measure offset and estimate slip-rate.

Piercing point candidate gullies and canyons on the shelf and slope were identified in time-slices. Several slope features were found to be potentially offset by shore-oblique faults that are likely part of the San Onofre Trend, but there was no observable offset from NIRC segments found in gullies on the shelf. Attempts at mapping channel thalweg horizons below the seismic signature to determine piercing points were inconclusive due to the presence of chaotic amplitude reflectors in the data.



DISCUSSION


3D Structure Mapping

Acquiring 3D seismic reflection data is critical to image fault segment interactions especially along steeply dipping strike slip fault systems, such as NIRC. Such a data volume places important constraints on how deformation is communicated to neighboring fault segments, permitting or arresting through-going rupture. Fault analysis in three-dimensions has allowed us to capture the architecture of the NIRC fault segments throughout the survey area and illustrate their curvilinear character (Figure 13). Our observations are that distribution and architecture of the fault segments changes throughout the volume. This distribution has implications for rupture behavior and propagation, as well as direct controls on margin architecture such as shelf width, drainage patterns, and tectonic structures. These changes in architecture have allowed us to further assign three separate zones of deformation imaged in the survey area.

Zone One encompasses mapped segments of the Camp Pendleton splay in the northwestern section of the survey and the zone is bounded to the south by a large antiform structure (Figure 9). In this zone, we observe a transition from a transtensional to transpressional regime accompanying these segments. Ryan et al. (2009), with an industry MCS line only two kilometers north of crossline 1790 shows that transpressional features predominate northward along the Camp Pendleton splay, and eventually disturb the seafloor near Dana Point (Ryan et al., 2009). We attribute this change in strain regime to a series of right and left jogs in fault segments that are expressed in the deformation as a series of synclines and anticlines bounded by the main fault segment, segment iii (Figure 1C). Given the 3.125 m bin size of the data volume in all directions, the terminations and transitions of these faults into folds and then eventually monoclines, are well-imaged in the data (Figures 3–6). These transitions are associated with secondary fault splays and step-overs that creates a “cuspate-style” morphology in the time slice acoustic reflectivity, with the horns of the cusp being antiforms and intervening regions of the cusp being synforms (Figures 5, 6). Two major strands of the NIRC fault (iii and v) bound these semi-circular patterns of acoustic reflectivity in the time slice to the southwest (Figure 4).

We observe the completion of the transition to transtension in crossline 2457 (Figure 7). The faulting and folding of the anticline along the outer shelf exhibit a keystone structure with a negative flower structure, as evidence for transtension in this region. At this location, the damage zone of the fault plane is fairly wide, in contrast to the narrow fault zone of the inshore fault.

The internal structure of the anticline is no longer well-imaged as the point of view moves northwest into the data volume to crossline 2252 (Figure 6). Here the anticline exhibits a transparent alternating to semi-transparent acoustic character. We interpret that this loss of acoustic reflectivity may record intense shearing and deformation or possibly fluid flow in the region, which has overprinted the existing acoustic impedance contrasts. Farther north at crossline 2038 (Figure 5) and crossline 1945 (Figure 4), the acoustic reflectivity of the anticline returns, and the internal deformation is observed with a transtensional, down-dropped geometry.

At crossline 1790 (Figure 3), the shelf begins to narrow in this area and the acoustic character has reverted back to transparent and semi-transparent but chaotic. Such changes along the margin are more likely resulting from shearing and overprinting the acoustic character than lateral facies changes with different acoustic impedance contrasts. Our preferred interpretation is the along margin change in acoustic reflectivity is the result of post-depositional processes (i.e., shearing or fluid flow).

An azimuthal change of 15° is observed when moving from the northern zone (Zone One) to the central zone (Zone Two; Figure 9). Two segments form a keystone structure from the surface to about 200 ms (∼156 m) in depth that bisects the large antiform. Sahakian et al. (2017) identifies this keystone structure as concomitant with the location of a possible drainage channel.

The faults observed in Zone Three exhibit both fault trends and the changes in those trends results in an anticline along the northwestern margin of Zone Three (Figures 6, 9). A wide zone of acoustically transparent to semi-transparent chaotic character exists in Zone Three and we interpret this acoustic character to record a wide zone of shearing bounded by large faults that strike NW-SE. Problems with acoustic reflectivity persist throughout Zone Three and make interpretation difficult. These problems have been documented previously by Ryan et al. (2009) who found intermittent areas acoustically “wiped out” downward from the seafloor, just south of our survey area between Las Pulgas Road and Oceanside.

Toward the north these fault segments converge and left step into the large antiform structure coincident with the widest part of the shelf and near the center of the survey. The boundary between observed acoustic reflectors and transparent to semi-transparent character are interpreted to be shear zones at segment locations. These shear zones probably represent the step-over between more northwestwardly striking segments on the eastern edge of the data volume and the coast-parallel segments on the western edge of the data volume. It is possible that strain in this location is being partitioned through duplexing structures (light green segments in Figure 13). These structures are the end of segments that change strike from northwest to more northerly. Strain appears to be transferred to several large segments in the step-over that, in turn, then crosscut the large antiform structure.

Leftward steps on a right-lateral system result in localized compression and frequently form deformational structures such as pressure ridges (or “pop-up structures”). There are three other documented left-ward jogs on NIRC, each resulting in pressure ridge structures. The Torrey Pines strand interacts with the Carlsbad Canyon strand just to the north of Carlsbad Canyon and creates a northwest trending ridge that extends for 15 km (Ryan et al., 2009). Another pop-up structure occurs from a jog between the Torrey Pines strand and the La Jolla strand offshore of Torrey Pines State Reserve (white triangles in Figure 1B; Hogarth et al., 2007; Le Dantec et al., 2010). Finally, onshore segments of the Rose Canyon Fault left jog to the offshore La Jolla strand near the neighborhood of La Jolla in northern San Diego and create Mount Soledad, with approximately 150 m of uplift (Hogarth et al., 2007). The large antiform in Zone Two is in the shape of a structural dome, roughly egg-shaped, and approximately 2 km wide at the deepest point in the data volume. The structure is transpressional and coincident with left-stepping right-lateral segments between the Carlsbad Canyon strand and Camp Pendleton splay (Sahakian et al., 2017).

Strike-slip fault planes often transition into extensional fractures before terminating (Corbett et al., 1991) and despite the overall transpressional regime controlling the uplift of this antiform, two large fault segments bisect the middle of the antiform and display evidence of transtension including a negative flower structure also previously documented by Sahakian et al. (2017). Fault architecture provides further evidence of transtension at the antiform. The terminating segment of fault iii from the northwest and fault vi from the southeast tend to curve around the eastern half of the antiform feature in a hook pattern. The pattern is similar to en-passant linkages observed at scale in loaded granite microcracks (Kranz, 1979). En-passant linkages occur when the stress field at the tip of a propagating fracture deflects the tip of an approaching fracture away from it. Both tips deflect around each other until each is removed from the influence of the other’s stress field. Then the tips curve toward the opposite fracture and connect (Kranz, 1979; Corbett et al., 1991). En-passant fracture linkages tend to be associated with extension or transtension (Corbett et al., 1991).

The antiform creates a local bathymetric high in the area, which can be observed in profile in Figure 14. The relief on the seafloor in this region exhibits a 5-meter difference as shown between points B and B’ in the profile. In fact, east of the bathymetric high, the seafloor dips slightly landwards toward the margin. The uplift and consequent bathymetric relief acts to divert offshore drainage flow to the north and south, around the main portion of the antiform structure. The bathymetry data show a lack of canyons and gullies on the slope to the west of the observed antiform (Figure 14). A lack of sedimentation due to diversion of drainage is further supported by a shallow gravity core from the slope (BB 13–14; location shown in Figure 1C). We discovered that this core contained radiocarbon dead sediments at only 40 cm depth.

The relatively undeformed reflectors with lower acoustic reflectivity observed to the east are recording sediments trapped against the eastern limb of the anticline (Figure 9). Given the thickness of the sediment overlying the highly deformed and faulted reflections together with extrapolated sediment rates yields the onset of more recent faulting along this segment of the NIRC to be 560,000 to 575,000 years before present. Unfortunately, a great deal of uncertainty into the extrapolated sedimentation rates as well as age of onset of faulting is due to the shallow penetration of our cores.

The sediment transport deflected to the north by the anticline is captured by two large drainage channels northwest of the antiform structure that incises the shelf edge (in Zone One). The main fault segment continues northwestward along the margin; however, several smaller fault segments appear to control these channels with right-lateral offset visible at the surface. A dendritic-shaped network of small channels accommodates flow diverted to the south by the large anticlinal structure. Typical dips of the seafloor along continental slopes are approximately 4–6°; however, at the location of the channels south of the anticline exhibits slopes along the shelf/slope break of 12–21°. This scarp is aligned with several fault segments striking parallel to the margin. The greatest slopes are observed at the toe of the slope (∼25°) and are interpreted to be pop-up structures associated with left steps along right lateral fault segments.

Sahakian et al. (2017) noted that the NIRC segments in the vicinity of SONGS showed no displacement of the transgressive surface, consistent with our observations. Despite deformation recorded at the seafloor in the survey area, CHIRP data acquired over the large antiform at the widest part of the shelf shows large fault segments terminate very close to the transgressive surface, but no displacement of modern marine sediments were imaged (Figure 10).

In the acoustic amplitude data, paleochannel thalwegs were difficult to confidently identify; however, the uncertainty was reduced when the data were rendered using most negative and most positive curvature seismic attributes (see Supplementary Figure 3). By coblending the two attributes paleochannels are enhanced in the time-slice view. Using these attributes, gullies extending to the base of the slope can be imaged down to 545 ms (∼446 m), and traces of the largest off-shelf drainage channels are imaged in Zone One at depths down to 440 ms (∼355 m). Reflectors tended to become chaotic with depth due to fault shear and possible fluid flow, so candidate paleochannels on the shelf could only be confidently imaged to a shallow depth, approximately 160 ms (∼124 m). Chaotic reflections also made mapping of shelf thalwegs impractical and thus we were unable to confidently locate offset across mapped fault segments.



Seismicity and Through-Going Rupture

No large earthquakes have been recorded on any segment mapped in the survey area in the recent past; epicenters recorded since the 1930s for earthquakes greater than a M3.0 show a lack of recent activity along the San Onofre portion of the NIRC system (Figure 1B) and a general gap in recent major seismicity along the entire fault system southwards into San Diego (Anderson et al., 1989). The area has experienced only low rates of microquake (M1.0–2.0) activity in recent times (Grant and Shearer, 2004). Large earthquakes, however, have been recorded near the fault system’s endpoints. The most recent event is the M6.4 1933 Long Beach Earthquake, epicentered on the northern end of the system. At the time of that rupture, epicenters were not precisely known, and had to be calculated by hand based on seismogram and shake reports from the area (Hauksson and Gross, 1991). The most likely epicenter for the mainshock has been on a segment offshore of the city of Newport Beach. Conversely, in the southern onshore segments there have been no large seismic events on main segments of the system since the founding of Mission San Diego in 1769 but trenching surveys in San Diego show a surface rupture, dated at AD 1650 ± 120 years, which caused 2–3 m of slip (Lindvall and Rockwell, 1995; Rockwell, 2010).

Magnitude tends to scale with fault length and recent modeling of an end-to-end rupture of the offshore segments from La Jolla cove to Newport Beach system could potentially generate a M7.3 earthquake (Wells and Coppersmith, 1994; Sahakian et al., 2017). In the 3D volume, mapped step-over widths between fault segments are mostly equal to or less than 1 km. Wesnousky (2006) observed that there was a high likelihood of through-going rupture between fault segments when step-over distances were 3 km or less (Wesnousky, 2006; Biasi and Wesnousky, 2016). This suggests that all the segments mapped in our survey area, along with segments from north of Carlsbad Canyon (south of the survey area) and onshore segments north of the survey area, could rupture together in a single event (Singleton et al., 2019). The largest step-over in the survey area is associated with the large anticline observed in Zone Two. This structure would likely not inhibit through-going rupture based on step-over width alone.



CONCLUSION

High-resolution 3D P-Cable seismic reflection data provide unprecedented imaging of fault segments off the coast of San Onofre, California. Such imagery demonstrates the importance of small step-overs and secondary fault splays in how deformation is communicated to neighboring faults. Understanding fault-fold deformation by peeling back a combination of crosslines, inlines, and arbitrary lines for a given time slice, as well as observing sequences of time slices and horizons provides for a true 3D examination of deformation features. One of our objectives was to learn more about fault interactions at step-overs on this portion of the shelf. We were able to accomplish this objective by imaging interactions between individual segments of the NIRC at the scale of deformation, and additionally revealed the curvilinear character of many of the fault segments on this system. Another of our objectives was to image offset channels in the 3D data, however poor acoustic reflectivity in some areas and a lack of long core data introduced much uncertainty in mapping. Despite the uncertainty, we were able to confirm the presence of a large anticline at the widest part of the continental shelf due to a major leftward step-over of the main fault system.

Based on fault orientation and acoustic reflectivity, the data volume has been divided into three zones, with the northerly most two zones having more continuous reflectivity. Zone Three to the south is characterized by transparent to chaotic semi-transparent acoustic reflectivity. In Zone Two, the faults are oriented in a more northwest azimuth engendering transpression and the consequent anticline.

Zone One illustrates the marked variability in acoustic reflectivity that appears to be post-depositional in nature and is associated with intense shear deformation and/or fluid flow. Along the eastern portion of Zone One, the data volume images the transition from a monocline, into a fold, and finally into a fault in response to small changes in fault orientation and secondary fault splays. The consequent deformation created a “cuspate” geometry in the acoustic reflectivity patterns in the time slice with the “horns” being anticlines.

The large anticline observed in Zone Two traps sediments to the east, which creates a 10 km wide shelf in this region. The anticline has bathymetric expression diverting drainage to the north and south. Fault-controlled canyons that incise the shelf edge capture the northward-deflected flow. Thickness of trapped sediments to the east of the anticline suggests that the deformation of the NIRC fault system in region began 560,000 to 575,000 years before present. Age estimates from shallow penetration core data were used to extrapolate sedimentation rates, which introduced uncertainty in age estimates for the onset of deformation in this region. Future well sampling and/or longer cores are necessary to properly constrain the age and magnitude of deformation in the region.

Finally, the main strands of the NIRC fault system bound a large acoustically transparent region in Zone Three. This transparent region appears to be bounded by large fault segments suggesting the transparent region may be caused by complex shear zone. Several duplex structures are observed partitioning strain and causing compression with resulting pressure ridges.
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Supplementary Figure 1 | Amplitude vs. Frequency graph for the triple-plate boomer seismic source used on NH1320 and NH1323. Peak frequency is 175 Hz, resulting in a minimum vertical resolution of 2.1 m.

Supplementary Figure 2 | (A) Crossline 3200 shown after industry processing but before noise removal. (B) Vertical profile showing combined original seismic amplitudes and dip component at crossline 3200. Dip in all directions was used as a steering parameter of the filter. Note that dip was automatically computed on low amplitude artifacts above the seafloor. These artifacts are due to ringing from the post-migration dip filtering process. (C) Profile of noise removed from crossline 3200 after applying a dip-steered median filter. Filter parameters were adjusted to minimize the amount of primary energy removed. (D) Crossline 3200 after application of filter. More continuous reflections are now observed.

Supplementary Figure 3 | Detail map view of Zone One using an interpreted time-slice at 285 ms (∼225 m). Fault segment interpretations are shown as solid black lines. North is toward the top of the Figure. Time-slice is rendered using coblended Most Negative and Most Positive Curvature seismic attributes to enhance paleochannel identification.
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In Eastern Indonesia, the western Outer Banda arc accommodates a part of the oblique Australian margin collision with Eurasia along the Timor Trough. Yet, unlike the Wetar and Alor thrusts of the Inner Banda arc in the north and the adjacent Java subduction zone in the west, both recent and historical seismicity along the Timor Trough are extremely low. This long-term seismic quiescence questions whether the Banda Arc collision front along the Timor Trough is actually fully locked or simply aseismic and raises major concerns on the possible occurrence of large magnitude and tsunamigenic earthquakes in this vulnerable and densely populated region. Here, we jointly analyze multibeam bathymetry and 2D seismic reflection data acquired along the Timor Trough to characterize the location, nature, and geometry of active faults. Discontinuous narrow folds forming a young accretionary prism at the base of the Timor wedge and spatially correlated outcropping normal faults on the bending northwest Australian shelf reveal two concurrent contrasting styles of deformation: underthrusting and frontal accretion. We find that those tectonic regimes and their associated seismic behaviors depend on 1) the thickness of the incoming and underthrusting Cenozoic sedimentary sequence, 2) the vergence of inherited normal faults developed within the continental shelf, and 3) the depth of the décollement beneath the Timor wedge. Based on the along-strike, interchanging distinct deformation style, we identify the mechanical and seismic segmentation along the Banda arc collision front and discuss the implications for earthquake and tsunami hazards along the western Outer Banda arc region.
Keywords: geohazard assessment, Banda arc-continent collision, timor trough, fault segmentation, morphotectonic analysis, 2D seismic reflection data
INTRODUCTION
The deadliest Mw 7.8, 1992 Flores and the Mw 7.5, 2004 Alor earthquakes and tsunamis have forced the scientific community to reassess the geohazards potential in the vulnerable, densely populated coastal Banda arc region (e.g., Harris and Major, 2016; Koulali et al., 2016; Cummins, 2017). These earthquakes occurred on northward verging backthrust north of the Inner Banda arc. However, no such recent earthquakes have occurred along the Outer Banda arc along the Timor Trough. The 21st Century devastating Sumatra and Japan earthquakes have taught us that the absence of recent large earthquakes should not be taken as a guide for future earthquakes, and detailed analyses should be performed.
Performing such an analysis typically relies on the identification of active faults using modern (i.e., instrumental) and past (i.e., historical) earthquake distribution as well as tsunami records (Figure 1). Present-day seismicity in Eastern Indonesia and Timor Leste is mainly located along the inner, south-dipping Flores and Wetar thrusts—which seemingly localize most of the present-day strain and deformation from the southern collision with the Australian margin (e.g., Genrich et al., 1996; Bock et al., 2003; Nugroho et al., 2009; Koulali et al., 2016)–as well as along the arcuate Seram and Tanimbar troughs further north and eastwards (Figure 1). Historical earthquake records of the past four centuries point toward sources along those same structures, revealing devastating, megathrust earthquakes and tsunamis along the Seram and Tanimbar troughs (e.g., M8.2/8.5, 1629 Seram Trough; Mw > 8.4, 1852 Banda arc; M8.5, 1938 Banda Sea, Figure 1) (Wichmann, 1918; Okal and Reymond, 2003; Liu and Harris, 2013; Fisher and Harris, 2016; Harris and Major, 2016). In this context, the scarcity of large historical earthquakes alongside a low—almost inexistent—present-day seismicity level along the Timor Trough might be interpreted as an evidence of an inactive and aseismic collision front (e.g., Watt, 1976; McCaffrey and Nabelek, 1984; Genrich et al., 1996). Yet, the Timor collision front likely accounts for more than 2 cm/yr of the oblique Australian convergence indicating that a significant amount of elastic strain energy has been accumulated there for the past 400 years (e.g., Bock et al., 2003; Nugroho et al., 2009; Koulali et al., 2016; Harris and Major, 2016, Figure 1). In this context, the Timor collision front, if active but locked, could represent a major threat for earthquake and tsunami generation for the region (e.g., Nugroho et al., 2009; Liu and Harris, 2013).
[image: Figure 1]FIGURE 1 | Seismo-tectonic setting of the densely populated Banda Arc region. Instrumental seismicity from USGS catalog (1976–2020) are represented by red and white dots. Historical earthquakes (i.e., non-instrumental) (red stars) and seismic source (rectangle) are from Liu and Harris (2013) for the 1629 Seram earthquake, Harris and Major (2016) for the 1899 Seram earthquake, Okal and Reymond (2003) for the 1938 Banda arc earthquake, and Fisher and Harris (2016) for the 1852 Banda arc earthquake. Blue wave symbols are past tsunami evidence from the kmz file provided by Harris and Major (2016). Major faults (in red) compiled from literature cited above. Red dash lines : inferred thrusts; red lines with arrows: strike slip faults. White arrows indicate GPS velocities of Banda arc region relative to Asia (Nugroho et al., 2009). Gray rectangles labeled 1, 2, and 3 indicate seismically imaged transects across the Outer Banda arc. White polygons and lines along the Timor Trough indicate the Roti and Jamdena dataset described in this study (TGS-Nopec). Dark brown triangles: volcanoes. Background dataset: color coded topographic data SRTM 30+ (Becker et al., 2009; https://topex.ucsd.edu/WWW_html/srtm30_plus.html) overlaid by the 2020 density population map (source: adjusted population of the world, version 4 (GPWv4) UN WPP 2015 version, https://sedac.ciesin.columbia.edu/). Top left corner: large-scale tectonic convergence setting of the Indo-Australia and Eurasia Plates along the Sunda/Banda subduction/collision zone.
To constrain the nature and distribution of the deformation along this modern arc-continent collision example, the Outer Banda arc, some studies have been performed along three main transects located between Sumba and Savu islands (120–121°30′E) (e.g., Breen et al., 1986; Masson et al., 1991; Shulgin et al., 2009), and offshore West and East Timor Island (123–124°30′E and 127°30–128′E, respectively) (e.g., Karig et al., 1987; Charlton et al., 1991; Hugues et al., 1996) (Figure 1). Although varying in style and intensity, the consistent predominant modes of deformation along these transects appear to lie in: 1) frontal accretion processes at the foot of the huge Timor accretionary wedge, where recent trough fill, slope sediments, and/or part of the Australian continental-margin strata are folded and thrusted above a décollement (e.g., Breen et al., 1986; Karig et al., 1987; Charlton et al., 1991; Masson et al., 1991; Shulgin et al., 2009; Baillie and Milne, 2014), and 2) sets of deeply rooted normal faults dissecting the Ashmore and Sahul platform sedimentary sequences (e.g., Keep et al., 2002; Barber et al., 2003), locally active in the Quaternary (Hengesh and Whitney, 2016). Although these studies provide some local information along these transects, a detailed characterization of active deformation along the entire Timor Trough is lacking, which is essential for earthquakes and tsunami hazard assessment. For example, we do not know 1) if the frontal accretion is continuous along-strike, 2) if deformation is still active everywhere and most importantly, 3) what are the implications of this deformation style in terms of seismic hazard assessment?
Here, we take advantage of high-resolution multibeam swath bathymetry and 2D seismic reflection data, almost continuously, over more than 700 km of the Timor Trough to expand the investigation of deformation styles and associated faulting along that collision front. These data are generously provided by TGS-Nopec and were acquired as a part of the “Indonesia Frontier Basins” (IndoDeep) survey in 2007. Our aim is to identify which structures of the Timor collision system possibly accommodate the unaccounted motion of the Australian plate convergence and characterize their significance for earthquake and tsunami hazards. We combine both datasets to identify deformation patterns and constrain active faults both on the incoming Australian northwest (NW) shelf and within the Timor accretionary wedge in two main regions (between 122°E and 126°E and between 128°E and 133°E, dubbed Roti and Jamdena regions, respectively ; Figure 1).We specifically 1) constrain two distinct tectonic regimes, 2) define a morpho-structural segmentation along the arc-continent collision front, and 3) identify associated active fault sources and their corresponding seismic behaviors. We discuss our results in the global oceanic convergent context to shed light on earthquake and tsunami hazards for the region.
ALONG-STRIKE MORPHOLOGY OF THE TIMOR COLLISION ZONE
Recent Tectonic Setting and Expected Kinematics
The Timor collision front represents the southernmost, youngest deformation front resulting from the ≈8 Myr-old, diachronous collision between the Australian continental plate and the oceanic domain of the Banda Sea (e.g., Charlton et al., 1991; Hall, 2009; Harris, 2011). This region marks a drastic change in both tectonic processes and nature of converging plates, shifting from an oceanic subduction along the Java Trench to a continental collision along the Timor Trough (e.g., Audley-Charles, 2004). In this region, the Timor collision front bounds a ≈100 km-wide accretionary wedge mainly composed of the northwest Australian shelf sediments. When locally exhumed and uplifted, these sediments outcrop on the Timor, Sumba, Roti and Savu islands (e.g., Roosmawati and Harris, 2009) to form the Outer Banda arc in opposition to the Inner Banda arc, which corresponds to the volcanic arc associated with the initial subduction stage (Figure 2A). The Inner Banda arc is the eastward extension of the Java-Sumatra volcanic arc (Norvick, 1979), both resulting from the large-scale convergence of the Indo-Australian plate toward Eurasia. Transitional isotopic and chemical signatures of active and extinct volcanoes along and across the arc reflect spatial and temporal variations in the nature of subducted material and yield evidence for limited to significant continental sediments influence (e.g., van Bergen et al., 1989; Varekamp et al., 1989). Radiometric dating results indicate that continental contamination likely started at least 5 Ma ago in the Wetar/Central Timor region (Elburg et al., 2005; Scotney et al., 2005), which has been interpreted, along with other lines of evidence, as a constraint for the onset of the arc-collision (Harris, 2011).
[image: Figure 2]FIGURE 2 | Morpho-tectonic mapping of Roti and Jamdena regions. (A) High-resolution multibeam swath bathymetric dataset from TGS overlaid on SRTM30+ bathymetric data. Black lines 2, 4, 11, 16, and 22 indicate seismic profile locations (see Figure 4 for interpretation). Velocity triangles indicate parallel (yellow) and orthogonal (red) components of the oblique Australian convergence vector (black) varying with the changing orientation of the collision front. (B,C) are the morpho-tectonic mapping of the Roti and Jamdena regions, respectively. NF stands for normal faults. Yellow circles indicate left-stepping collision front offsets. White dashed circles indicate morphological transition zones along the Timor Trough. Red dashed line corresponds to the spatial extension of the Semau left-lateral strike-slip fault with the last offset of the collision front in the Roti region. Thin boxes indicate DEM close-up oblique views as shown in Figures 3, 5, respectively.
The obliquity of the Australian convergence in relation to the changing orientation of the Timor collision front entails variable degrees of shortening and strike-slip partitioning, as shown on Figure 2A. The margin-orthogonal shortening component is expected to increase from the SW/NE-striking Timor trough section (offshore Savu island to eastern tip of Timor Island, see Figure 2B) to the WSW/ESE-striking section (between East Timor and Jamdena Islands, see Figure 2C) as the orientation of the collision front becomes nearly east-west. Inversely, the margin-parallel strike-slip component is expected to be larger along the SW/NE-striking Timor trough section than that along the WSW/ESE-striking section, and should definitely become predominant over thrusting along the sub-N/S-striking section of the Tanimbar Trough, running parallel to the N12E Australian convergence vector. Below we discuss the morphology of the Roti and Jamdena regions.
Roti Region
Along the SW/NE-striking Roti region (Figure 2B), we identify 1) one main region with elongated, narrow folds oriented N80E on average on the northern side of the Timor Trough, 2) a discontinuous collision front, and 3) two sets of normal faults with azimuths of N75 ± 5E and N25E dissecting the western Ashmore platform surface south of the trough.
Between 122°E and 124°45′E, narrow folds are almost continuous over the 300 km-long stretch, outlining a more or less well-developed distinctive outer accretionary prism reaching up to 18 km-wide and 800 m-high (profiles R2 and R3 in Figure 3A). They likely accommodate several tens of kilometers of shortening of incoming NW shelf material at the foot of the Timor wedge. Where the folded section is shorter, the folds form a low (200 m-high) topography at the foot of the kilometric-scale structural step as if recently added to a pre-existing wedge (R2 profile offshore in Figure 3A). West and east of this folded stretch (between 121°45′E and 122° and between 124°45′E and 125°10′E), the wedge morphology changes rather abruptly, exhibiting a rugose texture similar to the morphology of the upper wedge seen above the prominent folds (Figures 2B, 3A). However, both folded and rough regions show a consistent, first-order kilometric-scale topographic step as well as a convex-upward front (Figure 3A).
[image: Figure 3]FIGURE 3 | Morphology and topography of morpho-tectonic transition zones offshore West Timor and Roti island (A) and offshore East Timor and Leti islands (B). (I) Oblique views of the high-resolution bathymetric datasets with morpho-tectonic interpretation (See location in Figure 2). White arrows indicate Australian convergence direction. (II) Bathymetric profiles R1-R3 and J1-J3 are from Roti and Jamdena areas, respectively, with corresponding morpho-tectonic interpretation. TW, Timor Wedge; ANWS, Australian North West Shelf. In both (A,B): Incoming, faulted Australian sediments, flat trough sediments, prominent folds of the lower wedge, and undeformed upper wedge are highlighted in yellow, green, red, and orange, respectively. Orange dash line indicates the boundary between the upper wedge “rough region” and the “folded region”. Note the clear left-stepping deformation front offshore west Timor and Roti islands (Ai) as identified in Figure 2. Note also the spatial correlation between NW shelf normal faults location/orientation and regions where prominent folds have developed at the foot of the Timor Wedge in both areas. Width of the folded section shows a gradual increase in Roti region and reaches a maximum of about 20 km in both regions.
Along the first western 100 km of the folded stretch, the N60E-oriented deformation front shows several, kilometric left-stepping offsets ranging between 5 and 15 km (Figures 2B, 3A), which likely accommodate the kinematically expected strike-slip component of the Australian convergence as described above. We do notice Z-shaped features east of that offset, around 123°10′E, aligned with a geographic step between the Roti and Timor coastlines (Figure 2A) and coinciding with the location of the Semau left-lateral strike-slip fault, which has been proposed to transfer most of the plate convergence from the collision front to the inner arc structures (e.g., Nugroho et al., 2009; Koulali et al., 2016).
The N75 ± 5E-oriented normal fault set is well-developed in the western part of the Roti dataset and dissects the regularly steepening Australian northwest shelf surface over more than 300 km along and 100 km away from the collision front. These normal faults are spatially correlated with the folds location (i.e., in the convergence direction) (Figures 2B, 3A). The N25E-oriented normal faults, sub-parallel to the convergence direction, are visible over a 150 km long section, east of the Semau Fault location and west of the possible offshore continuation of the Belu strike-slip fault. These faults are predominant over the N80E normal faults forming N25E “en échelon” fault arrays exhibiting strike-slip accommodation processes. Between 124°E and 124°30′E, a nearly continuous, 80 km-long en-échelon array correlates with a major shift, or left-stepping offset, of the collision front location northeastwards and with the possible offshore continuation of the Belu strike-slip fault, which might also contribute to plate convergence transfer to the Inner Banda arc structures. This significant en-échelon array marks an abrupt morphological change in the northwest shelf eastwards, followed by a smooth, nearly undisturbed morphology. Note a few narrow folds have developed in the Timor wedge in this region.
Jamdena Region
Further east, along the WSW/ESE-striking Jamdena region, we identify very similar tectonic features to those observed in the Roti region: 1) a frontal wedge region marked by elongated folds, however, here, associated with 2) a rather continuous collision front, and 3) two sets of normal faults dissecting the Sahul platform surface (Figure 2C). Between 128°20′E and 130°30′E, broad-folds oriented N95E–N70E, i.e., roughly parallel to the collision front, form a distinctive accretionary prism north of the Timor Trough (Figure 2C), nevertheless less prominent than that in the Roti region (Figure 2B). The width of the folded region reaches 19 km throughout this area (Figure 3B). As described in the Roti dataset, the folded region forms part of a kilometric-scale structural step exhibiting a steeper frontal slope compared to those offshore West Timor and Roti Islands (≈4.3° and ≈2.3°, respectively), as is observed in the incoming margin slope (Figure 3B). West of this folded region, the Timor wedge morphology changes abruptly to a rather heterogeneous morphology, marked by a rugged texture (particularly visible between 127°40′E and 128°25′E up to the front) as previously described in the Roti region. The nearly continuous deformation front does not feature any clear left-stepping offsets here, as expected in relation to the changing orientation of the collision front (Figure 2A). Two sets of normal faults are visible on the incoming Australian margin with comparable azimuths to those observed in the Roti region (N75 ± 10E and N5E, respectively). However, their seafloor imprint is more subdued here and the N5E-oriented en-échelon fault array is very restricted. Note here again a spatial correlation between the normal faults developed in the northwest shelf and the outer folds of the Timor wedge.
ANATOMY OF THE TIMOR COLLISION FRONT ZONE
2D Seismic Dataset
To constrain the nature and geometry of underlying fault systems contributing to the variable morphologies described in the Timor wedge and in the Australian northwest shelf, we interpret and correlate five high-resolution 2D seismic reflection profiles acquired offshore East Timor and Leti Islands (i.e., in Jamdena region, Figures 2, 3) (Figures 2, 3). The five profiles (MH07-02, MH07-04, MH07-11, MH07-16, and MH07-22, dubbed profiles 2, 4, 11, 16, and 22, respectively, in the following) image both the Australian northwest shelf and the Timor wedge between 128°E and 129°20′E, over spatial lengths ranging between 72 and 150 km, and record lengths of 8–12 s two-way travel time (TWT).
We map a series of prominent sedimentary reflectors on the northwest Australian shelf (Figures 4A,B) that we correlate with a few published known horizons identified in this area (e.g., Keep et al., 2002 ; Baillie et al., 2004, see Supplementary Figure S1) with observed reflectors analyzed here to delimit the Cenozoic sedimentary section (Figures 4A,B). In the Timor wedge, we map three main seismic units : 1) an undeformed, thick bright unit (300 ms TWT on average, see Figures 4A,B) likely indicating pelagic or semi-pelagic sediments (e.g., Breen et al., 1986) on top of a 2) a chaotic reflection of likely intensively deformed old sediments representing the upper wedge of the rugged regions, and 3) a series of parallel reflectors characteristic of the Cenozoic sedimentary section either observed continuously beneath the rigid upper wedge (e.g., profile 4, Figures 4A,) or intensively stacked atop one another at the front of the Timor wedge (e.g., Figures 4B,Bii). We finally map normal and thrust faults from the edge of the Sahul platform to the upper Timor wedge (Figures 4A,B).
[image: Figure 4]FIGURE 4 | High-resolution seismic reflection data across the Timor Trough of seismic profiles 4 (A) and 16 (B) (see location on Figure 2). Top images in both (A,B) show non-migrated seismic profiles. Middle images show corresponding horizon and fault interpretations. Colored lines represent the different horizons correlated with published seismic line interpretations in the Australian northwest shelf (see Supplementary Figure S1). Faults are indicated in red. Bottom images show three local close-up views (i–iii) highlighting the characteristic seismic units identified along those profiles. Seismic reflection data are generously provided by TGS-Nopec, acquired as part of the “Indonesia Frontier Basins” (IndoDeep) project.
Along-Strike Structural Variations
The northwest Australian shelf exhibits clear, flat and parallel reflectors changing from being sub-horizontal on the Sahul platform to north-dipping in the downgoing northwest shelf slope (Figure 5). The overall thickness of this Cenozoic sedimentary sequence at the collision front increases significantly from the western profiles to the eastern ones (i.e., reaches about 1.5 s TWT on profile 2 vs. 3 s TWT along profile 22, Figures 5, 6). Most of the reflectors are regularly disturbed by sets of conjugate normal faults, extending to the lowermost strong reflection (likely being the top of the Triassic unit, Keep et al., 2002). The deeper and older units show constant thickness and fault offsets attesting pre-tectonic deposition while the upper units (i.e., younger than Pliocene) exhibit syn-tectonic deposition as recorded by larger deposition centers along and between antithetic normal faults indicating a recent increase in fault activity (Figures 4, 5). Some of these normal faults locally outcrop at the seafloor forming the ≈N75E-striking normal faults we have described above, particularly noticeable along profile 22.
[image: Figure 5]FIGURE 5 | Along-strike variations of the morphology, fault geometry, and thickness of incoming Australian sediments along the collision front in Jamdena region. Interpreted seismic profiles MH07-02, MH07-04, MH07-11, MH07-16, and MH07-22—dubbed 2, 4, 11, 16, and 22—with corresponding bathymetry. Faults within the incoming margin and Timor Wedge in red and black, respectively. Main thrust indicated by the thick red line. Main horizons in thick colored lines. Extended interpretation in dashed black lines within and under the Timor Wedge. Cenozoic sedimentary sequence represented from red to yellow units. Similar horizontal and vertical scales apply to all five profiles.
[image: Figure 6]FIGURE 6 | Morphological transition zone, contrasting tectonic regimes, and structural lateral ramp in West Jamdena region. (A) Bathymetric map with morpho-tectonic interpretation (see location and fault legend in Figure 2). Black lines labeled 2, 4, 11, 16, and 22 locate the five seismic profiles interpreted in this study. White arrow shows the Australian convergence vector direction. Brown and yellow wide arrows indicate underthrusting (U) and accretion (A) dominant processes, respectively. (B) Synthesis of the main differences between the underthrusting and accretion regimes. (C) Along-strike correlation between tectonic processes and geometry of the basal thrust under the Timor Wedge. Yellow and brown bars indicate co-located variations of incoming and underthrusted sediment thicknesses (in s TWT), respectively. Red crosses indicate decollement depths (in s TWT) measured 20 km away from the collision front. Both parameters have been measured from the interpreted seismic profiles 2, 4, 11, 16, and 22 shown in Figure 5.
Toward the Timor wedge, the downgoing Cenozoic section on profiles 2 and 4 shows mostly landward-verging normal faults over the entire profile lengths. The abrupt change of seismic reflection signal between the parallel reflectors and the chaotic wedge unit (Figure 4A) indicates the location of a single, shallow-dipping frontal decollement extending for at least 20 km north of the deformation front (Figures 4, 5). This thrust bounds both the base of the consolidated, inactive upper wedge, where no clear structure nor recent folding can be seen, and on top of which the thick bright pelagic cover extends over the entire wedge width. The profile 11 shows a similar wedge architecture to profiles 2 and 4 with an additional sedimentary section at the foot of the accretionary wedge, involving the youngest Cenozoic sedimentary units as well as the Trough sediments (Figure 5). On profiles 16 and 22 (Figure 5), the thick incoming Cenozoic sequence displays both landward and seaward-verging normal faults. The latter show reverse reactivation close to the front. Differing from profiles 2 and 4 (Figure 5), these sediments are not observed under the Timor wedge but observed as part of it, displaying thin wedge slices stacked atop one another along long, steep thrusts rooted on a relatively deep horizontal basal decollement. They form rather unconsolidated, weaker, recent folded morphology described earlier, in opposition to the old rigid upper wedge described on profiles 2 and 4 (Figure 5). The outer wedge in this section is not topped by the undeformed pelagic (or semi-pelagic) sediment layer described above. That sedimentary layer actually stops where the first, inner, steep slice of Cenozoic sediments starts being accreted to the old upper wedge (see Figures 4B, 5).
DISCUSSION: CONSTRAINTS FOR FUTURE GEOHAZARD ASSESSMENT
Two Contrasting Tectonic Regimes
Our morphological, topographic, and seismic data analyses reveal two distinct tectonic regimes varying from total underthrusting to total accretion, which are seemingly controlled by inherited structures of the northwest shelf in the Jamdena region (Figures 5, 6A). Based on similar morphological characteristics highlighted both on the northwest Australian shelf and in the Timor wedge, we assume that comparable tectonic wedge architectures and tectonic regimes lie in the Roti region as well, for which we do not have any seismic constraints. The underthrusting regime is characterized by 1) the total underthrusting of a rather thin section of incoming Cenozoic sediments (Figures 6B,C), exhibiting mostly landward-verging normal faults, 2) a single, low-dipping shallow decollement (Figures 6B,C), and 3) a consolidated, rigid, and non-recently deformed upper wedge (see also profiles 2 and 4). The accretion regime is characterized by 1) the total accretion of a rather thick section of the incoming Cenozoic sediments (Figures 6B,C), exhibiting more seaward-verging normal faults, 2) a deep frontal decollement with steep frontal thrusts (Figures 6B,C), and 3) the development of an unconsolidated lower accretionary wedge in front of the older wedge (profiles 16 and 22).
Close to the deformation front, some of the seaward-verging normal faults cutting the entire sediment thickness show thrust reactivation (profile 22, Figure 5), indicating that the growth of the recent accretionary prism likely uses pre-existing, favourably oriented normal faults of the incoming northwest shelf sediments. The spatial distribution and similar orientation of both the N75E faults developed in the northwest shelf and the narrow folds of the accretionary prism along the collision front in the Jamdena region (Figures 2, 3) support this hypothesis. It is also possible that these prevailing tectonic regimes give evidence for different, but concurrent, chronological stages of deformation along the collision front where the Timor wedge evolves from a nascent collision stage to a more mature stage as it incorporates a developing accretionary prism. This would be in keeping with the larger time and space scale diachronous growth and exhumation of the Banda arc islands, influenced by the shape (e.g., Scott plateau protrusion) and sedimentary structure of the incoming Australian shelf (Keep et al., 2002; Harris, 2011).
The morphological and structural transition from the underthrusting to the accretion regime is associated with a decollement depth increase (from 2 s TWT to almost 4 s TWT, Figure 6C) thus forming a structural step that one could consider a lateral ramp (Tréhu et al., 2019). If significant enough, lateral ramps can act as barriers to slip propagation (e.g., Qiu et al., 2016—Himalayan range). Morpho-structural transitions can therefore be used to infer fault segmentation along the Timor Trough, which indirectly helps constraining geohazards—earthquake magnitude being directly related to the rupture area.
Fault Segmentation, Seismic Behavior, and Active Fault Sources
Along the Timor wedge, we identify four morphological transition zones (located around 122°E, 125°10′E, and 128°20′E, and 131°E along the collision front, Figure 7), likely indicating tectonic regimes shifts and therefore structural variations (i.e., lateral ramps). We characterize four fault segments, which alternate between underthrusting and accretion dominated processes along most of the Timor Trough segment of the Outer Banda arc (Figure 7). The two accretion segments A1 and A2 are 350 km and 250 km-long, respectively. The lengths of U1 and U2 underthrusting segments are 200 and 300 km, respectively, which are maximum values since we do neither have bathymetric nor 2D seismic data in those fault segments to verify the absence of other structural complexities constraining smaller segments. The two shallow aseismic underthrusting segments U1 and U2 spatially correlate with two relatively quiet seismic zones of the intermediate seismicity as shown on Figure 7 (ISC catalog : 1964–1996, relocated hypocenters shown for earthquakes deeper than 50 km, Das, 2004 – personal communication, Figure 7), including the Wetar Seismic Gap identified as a slab window (Sandiford, 2008; Ely and Sandiford, 2010) (Figure 7). This spatial correlation between shallow and deeper processes suggests that the present-day collision front segmentation we propose here reflects the large-scale and long-term geodynamics of the collision between the northwest Australian shelf and the Outer Banda arc.
[image: Figure 7]FIGURE 7 | Proposed along-strike seismo-tectonic segmentation and associated seismic behaviors across the Timor Trough. (A) Map of the Outer Banda arc segmentation. U1 and U2 are underthrusting segments 1 and 2; A1 and A2 are accretion segments 1 and 2. Thick white lines correspond to segment boundaries (i.e., morpho-tectonic transition zones, see Figure 2). Question marks indicate lack of data. Colored ISC macro-seismicity dots (1964–1996) modified from Das (2004) (personal communication). WSG: Wetar Seismic Gap (Sandiford, 2008). Background data shows topographic SRTM30+ data (Becker et al., 2009). White arrows indicate geodetic motions relative to Asia (Nugroho et al., 2009). AA’ and BB’ black lines refer to the schematic cross-sections through accretion and underthrusting regimes, respectively. 2018 EQ indicates epicenter locations of the Mw 6.2 and Mw 5.7, 2018 earthquakes. (B) Schematic representations of the two contrasting tectonic regimes depicted along the Timor Trough and their associated seismic behaviors. AA’ highlights the recent accretion of the Cenozoic sedimentary section taking place at the trough. BB’ highlights the passive underthrusting of the Cenozoic sedimentary section. Cenozoic sequence in color as in Figure 5. Pre-Cenozoic sediments in beige. Major active faults in red. White stars represent earthquake generation. Red patches indicates locked regions along the interface.
In relation to the differences in the fault geometry, thicknesses of underthrusted sediments, and overall tectonic structure of the Timor wedge, the underthrusting and accretion segments are likely experiencing different seismic behaviors. In the following, we refer to subduction examples rather than collision ones in an attempt to constrain those behaviors. In the absence of local geodetic and geochemical investigations to directly constrain the interface seismic state, we do take advantage of intensive investigations published on analogous oceanic convergent settings (e.g., Moore et al., 2007; Kodaira et al., 2012; Han et al., 2017; Kodaira et al., 2017; Li et al., 2018; Tréhu et al., 2019; Von Huene et al., 2019; Olsen et al., 2020; Watson et al., 2020).
In the accretion segments, the lack of high-fluid content, young Australian Cenozoic sediments under the wedge indicates that the basal thrust would be relatively strong (i.e., with a relatively high-seismic coupling) and therefore not that prone to regular great earthquakes nucleation at depth, but likely regularly rupturing with smaller magnitude earthquakes (Figure 7; Li et al., 2018). This would be consistent with the moderate (M < 6.5) seismicity recorded in both Jamdena and Roti regions. The largest of these moderate magnitude earthquakes–with magnitudes of Mw 6.2 and Mw 5.7—successively occurred offshore west Timor Island on August 28, 2018 (Figure 7; Supplementary Figure S2) on a 68° north-dipping plane at 14 km depth and on a 33° north-dipping plane at 8 km depth, respectively (Supplementary Table S1). Epicentre locations and focal mechanisms from the USGS catalog suggest that the larger one likely reactivated one of the relatively steep, pre-existing, favourably oriented normal fault as a thrust fault (see Supplementary Figure S2), and that the smaller one, ruptured the most frontal thrust of the recent Timor wedge. Slump traces mapped in the vicinity of those faults (Figure 2B) might result from shaking during those two earthquakes and could therefore be good indicators of recent earthquakes in the region. In combination with our morpho-tectonic and structural observations, we therefore envision three types of active fault sources for the accretion segments : 1) the most frontal thrust of the Timor wedge, 2) the incoming, thrust-reactivated normal faults, and 3) the backstop thrust (or megasplay), which represents a mechanical boundary between the old, stronger wedge and the newly, weaker and fluid-rich segment (Moore et al., 2007) (Figure 7, line AA’). Because of their relative steepness (note that we do not derive any dip measurement from the time sections), slip along these faults could result in significant seafloor uplift and subsequent tsunami waves even for moderate earthquakes (Singh et al., 2011).
In the underthrusting segments, the overall high-fluid content of a relatively thick, young Australian Cenozoic sediment sequence passing beneath the rigid upper wedge, would likely generate elevated pore pressure on the basal decollement, resulting in the weakening of thrust (Han et al., 2017) (Figure 6). The absence of deformation in the overlying wedge supports the possibility of a weak basal thrust (e.g., Tréhu et al., 2019). Such a mechanical weakening would favor stable sliding at shallow depths (Li et al., 2018), which, in the Timor region, possibly accounts for the present-day, nearly aseismic behavior of the Banda arc collision front (Figures 1, 7). However, progressive dewatering and consolidation of the Cenozoic sediments at greater depths (i.e., at elevated temperature and pressure) could result in the formation of a large, uniform locked asperity where nucleation of regular and great earthquakes could take place (Ruff, 1989; Li et al., 2015; Li et al., 2018) (Figure 7, line BB’). Such a rupture could either be restricted to the deeper portion of the basal thrust or extend up to the front. In the first case scenario, the stable sliding shallow area, seemingly weakly coupled, might impede updip co-seismic slip propagation as characterized for the Mw 7.8, 2016, Pedernales (Ecuador) and the Mw 7.6, 2012, Costa Rica earthquake rupture patterns (Dixon et al., 2014; Rolandone et al., 2018, respectively). In the latter case, that same conditionally stable shallow basal thrust area could become unstable and prone to rupture under certain circumstances (Scholz and Campos, 2012). This process possibly explains the unexpected trench-rupturing Mw 9.0, 2011, Tohoku Oki earthquake Japan, 2011 (Kodaira et al., 2012) and the Mw 8.4, 2010, Maule earthquake (Tréhu et al., 2019). The main active fault of the 200–300 km length consisting of underthrusting segments with locked basal decollement, which accommodates most of the convergence, and could possibly generate large magnitude earthquakes and tsunamis (Figure 7, line BB’).
CONCLUSION
The Timor Trough stands out in the Banda arc region as the most seismically quiet region from both an instrumental and historical point of view, despite nearly accommodating 30% of the convergence between Australia and Eurasia. This apparent contradiction questions whether the Timor collision zone is able to produce great earthquakes in an even longer time frame than existing recordings or whether it is simply inactive. Morphology and structural architecture of the Timor wedge constrain two prevailing tectonic regimes for the Australian convergence accommodation (i.e., total accretion and total underthrusting of incoming Cenozoic sediments) exhibiting alternating segments of about 200–350 km-long, separated by lateral ramps along the Timor Trough. Accretion and stacking of the Cenozoic sedimentary sequence in a distinctive outer accretionary wedge is likely associated with moderate magnitude earthquake generation on steep faults located both within and near the collision front. Long-term underthrusting of the entire young, Cenozoic sedimentary sequence seems to control the along-dip seismic behavior of these segments, possibly enhancing locked patches generation at depth because of the dewatering processes, which could rupture in great earthquakes up to the trough. Our findings highlight the existence of a significant tectonic threat for the western Banda arc region, which could serve probabilistic geohazard models in order to facilitate better risk management in Indonesia.
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Subduction initiation is an important but still poorly documented process on Earth. Here, we document one of a few cases of ongoing transition between passive and active continental margins by identifying the geometrical and structural signatures that witness the tectonic inversion of the Algerian continental margin and the deep oceanic domain, located at the northern edge of the slow-rate, diffuse plate boundary between Africa and Eurasia. We have analyzed and tied 7900 km of deep seismic reflection post-stacked data over an area of ∼1200 km long and ∼120 km wide. The two-way traveltime lines were converted into depth sections in order to reconstruct and map realistic geometries of seismic horizons and faults from the seafloor down to the acoustic basement. Along the whole length of this young transitional domain, we identify a clear margin segmentation and significant changes in the tectonic signature at the margin toe and in the deep basement. While the central margin depicts a typical thick- and thin-skinned tectonic style with frontal propagation of crustal thrust ramps, the central-eastern margin (Jijel segment) reveals a higher strain focusing at the margin toe together with the largest flexural response of the oceanic lithosphere. Conversely, strain at the margin toe is limited in the western margin but displays a clear buckling of the oceanic crust up to the Spanish margin. We interpret these contrasting, segmented behavior as resulting from inherited heterogeneities in (1) the geometry of the Algerian continental margin from West to East (wrench faulting in the west, stretched margin elsewhere) and (2) the Miocene thermal state related to the diachronous opening of the Algerian basin and to the magmatic imprint of the Tethyan slab tearing at deep crustal levels. The narrow oceanic lithosphere of the Western Algerian basin is assumed to favor buckling against flexure. From the dimension and continuity of the main south-dipping blind thrusts identified at the margin toe, we reassess seismic hazards by defining potential lengths for ruptures zones leading to potential magnitudes up to 8.0 off the central and eastern Algerian margins.

Keywords: subduction inception, Algeria, passive margin, active faulting, seismotectonics, seismic hazard, depth conversion


INTRODUCTION

Inversion of passive margins, although occurring at slow rates and in a subtle way, is commonly reported worldwide and has received increasing attention in the last decades. Actually, passive margins are places of large density contrasts and could therefore be a suitable setting for spontaneous subduction initiation (Cloetingh et al., 1989). Many of them are indeed characterized by post-rift submarine elevated plateaux or underwent recent uplift (Pedoja et al., 2011; Japsen et al., 2012), possibly in response to compressional stresses arising from mantle upwellings related to the Cenozoic collisions (Yamato et al., 2013). However, the conditions required for a tectonic inversion to initiate a subduction appear difficult to meet, as reported in many theoretical or experimental studies (e.g., Cloetingh et al., 1989; Gurnis et al., 2004; Leroy et al., 2004; Nikolaeva et al., 2010; Stern and Gerya, 2018; Cloetingh et al., 2021, and references therein). According to modeling results, several parameters are likely to favor the nucleation of subduction, such as (1) pre-existing mechanical weakness zones in the lithosphere, (2) density contrasts between adjacent plates arising from the thermal state of plates of different ages or from differences in chemical composition and crustal thickness, or (3) changes in relative plate motions. Conversely, several resisting forces are increasing during passive margin evolution, especially plate bending, so that it becomes more and more difficult to initiate subduction as the oceanic lithosphere ages and plate strength increases (McKenzie, 1977; Cloetingh et al., 1989).

Whether a passive margin is prone to focus strain and how the stressed oceanic lithosphere behaves depend on various parameters such as the geometry of the margin, the structure and nature of the continent-ocean transition and the mechanical and thermal properties of the lithosphere (e.g., Nikolaeva et al., 2010; Kim et al., 2018). It appears therefore essential to constrain these parameters in order to try to understand the mechanics of subduction initiation. Yet, owing to the limited number of Cenozoic case studies of subduction initiation at passive margins (e.g., Stern, 2004), the structural and geometrical characteristics of the early stages of subduction are poorly documented.

In this study, we propose to investigate the Algerian margin and its adjacent deep oceanic domain (Western Mediterranean Sea, Figure 1) which represent a good example of present-day tectonic inversion in an early stage. This passive margin has suffered from large thrust earthquakes such as the Mw = 6.9, 2003 Boumerdès event (Ayadi et al., 2003) and is experiencing slow-rate crustal shortening at the Africa-Eurasia plate boundary (Bougrine et al., 2019). Several recent studies have shown that the relatively high geothermal gradient of the Algero-Balearic basin (compared to the Liguro Provençal basin) and the deep inherited structures of the eastern and central regions (Figure 1) likely contribute to weaken the margin and to focus compressional deformation at the margin toe (Chazot et al., 2017; Hamai et al., 2018; Poort et al., 2020). Several studies in the Mediterranean realm also point to the fact that the inversion may involve the entire oceanic basin and may reactivate pre-existing rift-related structures, such as for instance within the Tyrrhenian and Ligurian basins (Billi et al., 2011; Zitellini et al., 2020; Thorwart et al., 2021). Similar observations have been made in the bay of Cadiz (Gràcia et al., 2003).


[image: image]

FIGURE 1. Simplified tectonic sketch of the south-western Mediterranean basins and margins. Blue lines represent the limit between internal and external zones and dark-red lines is the Tell-Rif front. Bright-red lines is a schematic representation of subsurface active faults, redrawn after Yelles-Chaouche et al. (2006), Cattaneo et al. (2010), Giaconia et al. (2015), Rabaute and Chamot-Rooke (2015), Soumaya et al. (2018), and Gaidi et al. (2020). GPS vectors and their associated errors are taken from Bougrine et al. (2019). Circles are M > 4.5 earthquakes taken from the U.S. Geological Survey (2021). YF marks the position of the Yusuf Fault, a notable structure that accommodates the deformation at the transition between the Alboran and the Algerian basins. See text for details.


In spite of numerous detailed studies led in the last years offshore, no synthetic work has described the evolution of the structural style and of the geometrical properties along the Algerian margin and the deep basin, even if a clear margin segmentation has been reported (Cattaneo et al., 2010; Leprêtre et al., 2013; Khomsi et al., 2019; Strzerzynski et al., 2021). Here we use a large dataset, including seismic lines from different origins to map the most relevant tectonic structures marking the inversion of the Algerian margin: faults, flexure and potentially buckling.

The goals of this study are therefore to (1) identify the major active fault systems by direct and indirect effects imaged on depth-converted seismic sections (Figure 2) and (2) image, characterize and compare the main structural features of the submarine fold-and-thrust belt located off Algeria. We also attempt to map the geometry of the oceanic basement and of key seismic reflectors in order to derive the mechanical behavior of the oceanic lithosphere affected by compressional stress and to discuss its flexural state and the distribution of active deformation. Finally, we aim at better identifying the seismic potential of this submarine active fault network using simple scaling relationships between rupture length and estimating magnitudes and the present-day knowledge of historical and instrumental seismicity in coastal Algeria. Indeed, this seismic potential is yet poorly considered in many attempts of seismic hazard mapping owing to the limited knowledge of seismogenic zones offshore (e.g., Boughacha et al., 2004; Ousadou and Bezzeghoud, 2019).
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FIGURE 2. Bathymetry and topography of the Algerian margin, along with the seismic sections which have been depth-converted. Numbered and overlined with red dashes refer to seismic sections partly displayed in this study (see Figures 4–8). Circles are M > 4.5 earthquakes taken from the U.S. Geological Survey (2021).



GEODYNAMIC AND SEISMOTECTONIC SETTINGS

The Algerian basin is located in the western Mediterranean Sea which was formed as a consequence of the subduction of the west-Alpine Tethyan slab from late Oligocene to early Miocene (van Hinsbergen et al., 2014, and references therein). The south-westward slab retreat induced the birth of a series of back-arc basins in the European plate, defining a segmented fore-arc known as the AlKaPeCa domain (ALboran, KAbylia, PEloritani, CAlabria; Bouillin et al., 1986). These fragments of the European crust now constitute the internal zones of the Alpine Peri-Mediterranean belts. Peloritan and Calabria blocks migrated eastward, while the Kabylian and the Alboran blocks migrated southward and westward, respectively. They have finally collided with Africa and form the present-day Tyrrhenian, Algerian and north-Morocco margins (Bouillin et al., 1986; Sulli et al., 2021).

According to previous works, the Tethyan slab breakoff and tear started around 17 Ma (Abbassene et al., 2016) in the eastern part of the margin, near the city of Collo (Figure 2), and then prograded both eastward and westward (van Hinsbergen et al., 2014). The slab tearing resulted into the post-collisional magmatism found along the Kabylides dated from 17 Ma (Lesser Kabylia) to 11 Ma (Greater Kabylia), affecting both the land area and the adjacent margin (Chazot et al., 2017). Tomographic studies depict a northward dipping slab, detached from the continental crust, at depths between 250 and 660 km under the Algerian basin (Fichtner and Villaseñor, 2015).

The Algero-Balearic basin is considered as a young oceanic domain with a thin oceanic crust and a complex multi-phased opening (Leprêtre et al., 2013; Mihoubi et al., 2014; Bouyahiaoui et al., 2015). The kinematics of opening of the basin is still under debate. Some authors argue for a one-step opening by progressive SE-directed rollback of the Tethyan slab (Gueguen et al., 1998; Jolivet and Faccenna, 2000; Faccenna et al., 2004) from 23 to 8 Ma, while others argue for a diachronous opening during Miocene times (Mauffret et al., 2004; van Hinsbergen et al., 2014, 2020). In the central and western side of the Algerian margin – from Greater Kabilia to the junction with the Alboran domain – recent geodynamical models propose that the subduction first stopped at ca. 17–15 Ma at the docking of the Kabylian blocks with Africa and then propagated eastward and westward owing to a bilateral slab tear (van Hinsbergen et al., 2020). Recent studies of the westernmost Algerian margin (Badji et al., 2015), the Betics and the Rif (Garcia-Castellanos and Villaseñor, 2011; de Lis Mancilla et al., 2015, 2018) have shown that the structure of the southern and northern margins of the Balearic and Alboran basins is characterized by an abrupt transition between continental and oceanic domains, in agreement with a STEP (Subduction-Transform-Edge-Propagator) fault origin (Govers and Wortel, 2005). This slab tear propagation is therefore assumed to have induced, from 16 to 8 Ma, the opening of the central and western Algerian basin along a left-lateral sub-vertical fault, thus forming a transform-type margin (Medaouri, 2014; Medaouri et al., 2014; van Hinsbergen et al., 2014; Hidas et al., 2019).

The Algero-Balearic basin is supposed to be fully opened at the beginning of the Messinian Salinity Crisis. Since the end of the Tethyan subduction and its subsequent collision, most of the shortening linked to the convergence between Africa and Europe is accommodated in the Maghrebides belt, i.e., the whole Tell-Rif system (Frizon de Lamotte et al., 2009; Bougrine et al., 2019). At the northern plate boundary, this compression has been evidenced by seismic imaging (e.g., Déverchère et al., 2005; Yelles et al., 2009; Leprêtre et al., 2013; Badji et al., 2015; Bouyahiaoui et al., 2015; Arab et al., 2016a, b; Aïdi et al., 2018). From west to east, the Algerian margin appears to be clearly segmented (Figure 1):

(1) By contrast with the other margin segments, the steep and linear transform-type margin of the western zone displays very few active faults but is instead characterized by the presence of the Ameur Messinian salt diapir and a laterally continuous post-Messinian trough at the ocean–continent transition (Domzig et al., 2009; Cattaneo et al., 2010; Badji et al., 2015).

(2) The central zone is characterized by the presence of uplifted and tilted blocks along the oceanic transition, like the Khayr-al-Din bank (Figure 1), a 15 km thick crust of continental nature affected by an uplift of 0.2 to 0.7 mm/yr during the Plio-Quaternary (Leprêtre et al., 2013; Authemayou et al., 2017). The Greater Kabylia block displays the activation of a backthrust on land and of south-dipping thrusts at the margin toe, suggesting the incipient building of an accretionary wedge (Strzerzynski et al., 2021, and references therein).

(3) The eastern margin (northern flank of the Lesser Kabylia block) has revealed the existence of several deeply rooted thrust ramps located at mid-slope or at the margin toe, sometimes displaying en-échelon pattern at shallow depths, but with little evidence for significant propagation in the deep basin (Kherroubi et al., 2009; Yelles-Chaouche et al., 2009; Mihoubi et al., 2014; Bouyahiaoui et al., 2015; Arab et al., 2016a, b).

Although local strain measurements are lacking, active offshore deformation is clearly evidenced by GPS measurements (Bougrine et al., 2019; Figure 1). Up to 4.4 mm/year of shortening is likely accommodated either by faults off Algeria or in regions northwards like in the Betic margin (Giaconia et al., 2015). In the central and eastern Algerian margin (east of Algiers), strain rates are predicted to be less (1.5 mm/year) offshore. However, several M > 6 historical (1716 Algiers; 1773 Tipaza; 1856 Jijel) and instrumental (1989 Chenoua; 2003 Boumerdes) earthquakes have revealed submarine sources and have sometimes triggered a tsunami (Yelles-Chaouche et al., 2009, 2017). This active deformation is also expressed by moderate-magnitude, recurrent earthquake activity along the Algerian margin: almost 200 events of magnitude higher than 4.5 are reported since 1952 (Figure 1), including six events with magnitudes between 6 and 7.3 (Boughacha et al., 2004; Yelles-Chaouche et al., 2017; Ousadou and Bezzeghoud, 2019).



DATA SETS AND METHODOLOGY


Seismic Data Sets

This study is based upon a compilation of numerous multichannel seismic reflection lines collected in this area over the years. Most of the deep seismic lines from this compilation and the coincident wide-angle and reflection seismic lines were acquired in the scope of the SPIRAL (Sismique Profonde et Investigation Régionale du Nord de l’Algérie) cruise in 2009 aboard the R/V L’Atalante using a 4.5 km digital seismic streamer and a 8909 in3 tuned airgun array (Graindorge et al., 2009). The resulting seismic sections have a low resolution and high penetration owing to the low frequencies of the airguns tuned for combined wide-angle data (Figure 4A). We also use some industrial lines published in the last years, designed to image below the Messinian salt layer and the deepest layers of the crust and offering a relatively good lateral and vertical resolution (Figure 4B; Cope, 2003). Finally, some older seismic lines from the 1970s are used to improve the coverage of the margin and to tie the main reflectors from one line to another. With the exception of some of the oldest seismic sections, our data are mostly made up of north-south sections that do not cross each other. Profiles with high resolution but low penetration from the 2003 MARADJA (10.17600/5020080) and the 2005 MARADJA2 (0.17600/5020080) and SAMRA (10.17600/5020090) experiments are also used to improve the spatial correlation, but were not used for the depth conversion.



Seismic Processing and Analysis

Seismic reflection imaging of active faults can be a challenging issue (see e.g., Iacopini et al., 2016 and references therein), especially when crustal faults are not offsetting stratal reflections but affect a crystalline basement most often lacking coherent reflections and dominated by scattered energy (Brewer, 1987). Furthermore, artifacts remaining after multichannel seismic processing (especially migration) and recording of out-of-plane reflections are often a source of uncertainties and can lead to misleading interpretations (e.g., Calvert, 2004, 2017; Sibuet et al., 2019).

In our study, all seismic profiles were processed (in two-way-travel time only) as part of previous studies (Leprêtre et al., 2013; Mihoubi et al., 2014; Badji et al., 2015; Bouyahiaoui et al., 2015; Aïdi et al., 2018). A total of 103 seismic profiles were included into this analysis and 156 intersections between the main seismic sections were used to tie the reflectors picked in adjacent profiles. Unfortunately, the oldest seismic lines are lacking resolution, especially below the basement, limiting the amount of horizons that can be correlated when they were the only crossing sections available. Along the margin, we also used sections from the MARADJA seismic experiments. They are of high resolution, but penetrate only down to the Upper (UU), Mobile (MU) or sometimes lower (LU) Messinian units. Since their contribution in this work is limited, we did not include them on our data location map (Figure 2) to avoid overwriting. All sections were visualized and analyzed using the Kingdom Suite© seismic and geological interpretation software. The main reflectors (Figure 4) were first interpreted along time sections, and then converted to depth via a simple velocity model, with fixed seismic wave velocities assigned to each layer.



Time-to-Depth Conversion of the Seismic Sections

Our study area displays significant structural and geometrical differences resulting from various effects such as mechanical flexure, subsidence linked to sediment loading and inherited structural features of the continental margin and oceanic domain. In this context and as shown in Figure 5 and Table 1, a time-to-depth conversion is required to improve the structural interpretation and the characterization of the tectonic style (Totake et al., 2017).


TABLE 1. Velocity model used for the depth conversion.
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For this study, detailed velocity information was available only for a few seismic sections. Most of them originate from the five wide-angle seismic profiles of the SPIRAL project (Figure 2). As the five SPIRAL profiles did not allow us to propose a velocity model spanning the complete margin, we have used a simple depth-conversion approach, with a mean velocity being applied to each major unit, allowing us to benefit from a large amount of depth-converted profiles to perform a structural validation.

In detail, we base our time-to-depth conversion over velocity models published in previous studies in the area region and resulting from the processing of the wide-angle SPIRAL lines (see Leprêtre, 2012; Bouyahiaoui, 2014; Mihoubi, 2014; Arab, 2016; Aïdi et al., 2018 for a detailed description of the data processing and modeling). The review of available data shows quite consistent velocities for equivalent sedimentary layers across the Algerian margin. The depth of the main horizons was then compared to depth-converted sections calibrated by well-constrained depth conversion methods applied along the wide-angle seismic profiles. We use seven velocity layers corresponding to major unconformities and discontinuities observed across the MCS sections (Figure 4 and Table 1). After the conversion, we did an additional check of the interpretation made in our seismic sections, concentrating on the artifacts detected on the depth-converted profiles, and re-ran the depth conversion after slight modifications of our two-way-traveltime pickings. This was important for understanding fault geometry and correcting artifacts caused by more complex geometries like salt-diapirs and arising from the use of constant velocities for each of the seven layers. Indeed, as changes in the picking of the horizons modify the result of the depth conversion, back and forth between picking in two-way-time and depth conversion allowed us to reduce the presence of artifacts.

Although local velocity variations can create deviations of up to 200 m at a given point when compared with the depth-migrated sections found in literature, we have checked that they preserve the overall geometry of reflectors. Our model is calculated from the shallowest to the deepest horizon. The deeper the layer, the more its mapping is sensitive to the differences between the true seismic velocity and our average seismic velocity. These uncertainties remain mostly local, and often associated with Messinian salt diapirs. In the absence of such structures, the depth-converted horizons conform to previous depth-converted data from the wide-angle seismic profiles of the SPIRAL project. To avoid misleading interpretations of the basement/sediment deformations potentially caused by diapirism, we were also careful to discard the short wavelengths (few kilometers) associated with diapirs in our interpretations and only report on longer wavelengths (Table 2).


TABLE 2. Synthesis of the information regarding the deformation of the Algerian margin and basin in relation with the tectonic inversion.

[image: Table 2]Finally, this time-to-depth conversion approach, in spite of obvious intrinsic limitations, allowed us to obtain for the first time a set of depth maps of major layers based on 59 depth converted seismic sections spread over the Algerian margin and adjacent basin (Figure 5).



Faulting Identification

In order to use with caution our data set and avoid misleading interpretations of the fault system along each seismic section, we have used the following five criteria to identify faults:

(a) The first one is a direct identification of the fault trace in the seismic section after processing. The resolution of our data is not always high enough and wrong/erroneous detection are still possible (see section “Seismic Processing and Analysis”). However, by the depth conversion of major seismic units in the reconstruction of a more realistic spatial relationship of the reflectors, we were able to add a further check on the identification of the faults.

(b) The second criterion is a clear offset of seismic horizons or sharp depth variations. This is a direct indication of the tectonic activity, reflecting the displacement along the fault.

(c) The third criterion is the presence of asymmetric basins (wedge-shaped basins) and/or folding and growth of strata during the development of thrust-related anticlines. These indirect markers of fault activity are widely used in frontal regions of thrust wedges with slow deformation rate (e.g., Tavani et al., 2015 and references therein) and are indeed illustrated in our case study, where sedimentation rates are high enough to record the deformation.

(d) The fourth criterion is the existence of a perturbation at the seafloor. Previous studies have shown that although many thrusts are blind, witnesses of active deformation at the seafloor are locally found in the Algerian offshore (e.g., Déverchère et al., 2005; Domzig et al., 2009; Kherroubi et al., 2009; Cattaneo et al., 2010; Babonneau et al., 2017), therefore we have tried to systematically correlate this shallow deformation with strain markers identified on seismic lines.

(e) The last and more disputable criterion used is salt tectonics as indirect indicator when present. Salt tongues, squeezed diapirs or ramps of the upper units embedded with salt can still be used in some cases to help to evidence the fault activity (e.g., Camerlenghi et al., 2009; Matias et al., 2011; Soto et al., 2018) even if the uplift of the margin by tectonic inversion is also a potential source for salt gliding, as observed in many passive margins (Brun and Fort, 2011).

We assign the highest level of confidence to faults identified based on at least four among the five criteria above. Faults validated by at least three of them, but without an obvious fault trace, are displayed as dashed lines. These faults are supported by strong evidence, but their exact location, lateral continuity and dip value are uncertain. Faults based on fewer criteria are shown as dashed lines with more widely spaced dashes and represent our third and least certain category, while still being supported by evidence along seismic sections.



Concave Flexure and Buckling of the Oceanic Crust and Lithosphere

The detection and the definition of the flexural behavior of the oceanic lithosphere in the region offshore Algeria were not addressed until now and are among the main targets of our study. Hamai et al. (2015) have shown that isostatic anomalies of the area can be interpreted by opposite flexures of two plates separated by a plate boundary located close to the margin toe, resulting from the stress induced by the Europe-Africa convergence. Interestingly, their 2D mechanical modeling predicts a downward bending of the oceanic plate against the continental plate of several kilometers amplitude, with the highest value at the southern tip of the ocean-continent transition and in the central margin. We therefore expect to find evidence for a downward concave flexure (hereafter called DCF) by mapping the various seismic horizons identified over the deep domain. As the distance imaged by our seismic sections, located roughly perpendicular to the coastline, is relatively short (∼200 km, Figure 2), the characteristic wavelength of the flexural response and the amplitude of the bulge could be underestimated (Hamai et al., 2015), therefore we only propose a minimal half-wavelength of the DCF associated with minimal amplitudes and lateral extents.

Buckling (or folding) of the oceanic lithosphere is another expected effect of compressional reactivation that is indeed observed coincidently with underthrusting, faulting and prior to subduction initiation (e.g., Stein et al., 1989; Kim et al., 2018). Buckling may occur at crustal or lithospheric levels, depending on the coupling between the upper crust and the lithospheric mantle (Cloetingh et al., 1999; Burov, 2011). It is expressed by undulations of oceanic basement and overlying sediments with a wavelength depending directly on the thickness of competent layers within the oceanic plate (Burov and Diament, 1995; Burov, 2011). In our case study, we rely on the geometry of the basement top and of the salt base to identify this process by the half-wavelength and the amplitude of each undulation. Since inherited irregularities of the basement top may sometimes mimic crustal buckling, we have systematically compared the shape of both reflectors to avoid misleading interpretations. Note that in spite of the limited lengths of some of our profiles (Figure 2), lithospheric folding can be characterized here and may be superimposed to the downward flexure of the oceanic lithosphere.



RESULTS

We summarize here the main results of the correlation between seismic sections within different zones of the Algerian margin from west to east (Figure 2). We rely on representative seismic sections (Figures 3, 6–8) and interpolated maps (Figures 9, 10) as well as on previous results. We use as markers the reflectors identified on Figure 4 and their lateral continuity maps for the Basement, the MU base and the UU top. Note that on the continental margin, UU and MU generally undergo a lateral transition toward another unit, much thicker (from x2 to x5 thickness, depending on the place considered) and with typically more or less chaotic facies (Figure 6) (Déverchère et al., 2005; Strzerzynski et al., 2010, 2021; Lofi et al., 2011a, b; Arab et al., 2016a, b), hereafter labeled “CU” for Complex Unit. We also compare these maps with magnetic data, as they image the structure of the crust (Figure 10), and gravimetric data, as gravimetric anomalies may be another indication of crustal flexures.
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FIGURE 3. Seismic section 1 (Mostaganem) as a depth-converted line drawing. No vertical exaggeration is present. Major horizons and faults are identified. No major asymmetric basins are identified on this section. The two insets display raw depth-converted extractions of the seismic line. Downward pointing arrow locates the ocean-continent transition.
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FIGURE 4. A comparison of the seismic facies identified on SPIRAL (left) and industrial (right) sections in the deep Algerian basin. Vertical scales are in two-way-travel time and velocities in m/s. Velocity law modified after Leprêtre (2012); Bouyahiaoui (2014), Mihoubi (2014); Arab (2016), and Aïdi et al. (2018).



Western Zone (Mostaganem Region)


Location and Overall Structure

The western zone of the study area corresponds to the Mostaganem region and its transform-type margin which displays an abrupt ocean-continent transition developed during the STEP fault formation (Badji et al., 2015). Here, the Moho depth varies from 22.5 km to 12.0 km depth over a distance of only 27 km (Figure 3).

The pre-Messinian units are forming a narrow basin at the margin toe (km 46). The depth-converted seismic sections (Figure 3) and depth maps (Figure 9) suggest up to 1500 m of pre-Messinian and lower-Messinian sediments and a progressive thinning of these units toward the North, until km-85 where the presence of the pre- and lower Messinian sediments are not anymore detectable. This could be related to a late opening of this basin, i.e., between 11-8 Ma (Mauffret et al., 2004; Booth-Rea et al., 2007, 2018; Medaouri et al., 2014). Section 1 (Figure 3) also shows a progressive increase in the depth of both the basement and the base of the salt from the basin toward the coastline from km-87 to km-65 (Section 1, Figure 3).



Seismic Section 1

If we discard local, short wavelength changes of the salt base associated with diapirism that we suspect to be artifacts, we observe an undulation of the oceanic basement (between km-45 and km-65, Figure 3), suggesting a half-wavelength folding of the crust of ca. 10 km. The southward dipping reflector around km-47 may define the only active fault identified near the margin toe on the three westernmost seismic sections. The abrupt basement transition from 4.7 km to 6.7 km depth between km-42 and km-47 supports the opening of the basin along a strike-slip fault system, indicating the presence of a STEP-margin (Badji et al., 2015).

The westernmost area displays a local thickening of the sedimentary layers of 1.5 km along 53 km distance, from the margin toe to the end of the seismic section. The basement top reaches its deepest point at 6.7 km depth at the margin toe, while its average depth stays at 5.4 km further north in the basin. This corresponds to a thinning of the lower sedimentary unit. The salt base displays a wavy pattern over ca. 35 km, from km-60 to km-95. Even if this wavy aspect may result from small deviations related to internal velocity variations from the salt and overlying sediments, we suggest that they can still be of tectonic origin. In fact, this undulation is bordered by an ancient fault on the north-western part of the area. This fault, previously proposed by Soto et al. (2018), is supposed to be an older structure, evidenced in the basement and re-activated by the compression. It is related to a ramp in the MU and UU. It does not affect the post-Messinian sediment directly as the MU constitutes an efficient decoupling layer, but diapirism related to the ramp is visible (Figure 3). However, the bathymetry remains undisturbed at the scale of our section. This suggests a folding with a half-wavelength of 15–20 km along the whole margin, with an amplitude of ca. 500 m. We observe no sign of a DCF.

The MU and UU reach a thickness of 1.9 km in the basin, which decreases to 1.1 km at the margin toe. On the upper part of the sedimentary cover, post-Messinian sediments are affected by salt diapirism, creating a basin between two diapirs that stands above the deepest part of the pre-Messinian basin and a secondary and thinner basin northward, again delimited by two diapirs (from km-54 to km-62) (Badji et al., 2015). It is likely that diapirism is responsible for this recent basin, as three salt walls (respectively at 54, 62, and 74 km), including the Ameur diapir (km-54), are observed in this area, with a notable salt weld southward bringing together the UU and LU (Figure 3, km-50). Although sediments at the bottom of the pre-Messinian unit are slightly deformed, this tectonic activity remains limited and localized at or near the ocean-continent transition, where we suspect the existence of a steep south-dipping thrust (Figure 3).

This fault (F4 on Figures 3, 11) is the only fault directly related to the tectonic reactivation evidenced along this part of the margin. It is more visible on the easternmost seismic sections of the area. The upward movement of the margin relative to the basin would destabilize the MU, favoring its lateral migration by gravity-driven processes and the formation of both the diapirs and the post-Messinian sedimentary basins.

Other inversion-related structures have been described further west, most notably the Yusuf fault which probably affect both the basin and the margin (Martínez-García et al., 2011; Medaouri et al., 2012; Perea et al., 2018; d’Acremont et al., 2020; de la Peña et al., 2020).



Interpolated Maps

A narrow and elongated sedimentary basin is identified at the margin toe above both the basement, the base of MU and the top of UU, and extends at least 70 km along strike (Figures 9, 10). It corresponds to a clear limit of elongated anomalies, both magnetic (Figure 10B after Medaouri, 2014) and gravimetric (Badji, 2014) that is proposed to underline the ocean-continent transition (Badji et al., 2015). As previously reported (Domzig et al., 2009; Medaouri et al., 2014; Badji et al., 2015; Soto et al., 2018), the tectonic inversion in the western zone appears to be limited in terms of faulting and flexure, but is expressed mostly by short wavelength undulations of the basement and strong Messinian salt halokinesis.



Central Zone (Tipaza to Bejaia Regions)


Location and Overall Structure

The central zone, located between Ténès and Bejaia (Figure 2), is the largest one but with an heterogeneous seismic coverage: indeed, the eastern half benefits from a relatively tight array of seismic lines when the western half area of Tenes is mostly uncovered. Although east-west changes in geometry actually exist, the lack of resolution does not allow us to precisely characterize along-strike evolutions from the central-western to the central margins. Moreover, faults and faults relay seems rather continuous between the two areas, so that we have merged them into one single zone.

Here, the margin features an alternation of basins and uplifted blocks with active thrusts dipping toward the south in the lower margin (submarine part, Figure 6) and one backthrust of opposite dip in the upper margin on land (Strzerzynski et al., 2021). Several sub-basins are found at the margin toe with lengths ranging from 60 to 90 km and a variable width (Figures 9, 10). Some basement highs are visible on the eastern side of the region, in relation with the Hannibal High (Figure 11; Mauffret et al., 2004; Aïdi et al., 2018).

The western part of this area (Section 2, Figure 6) depicts horizon depths similar in range to the western zone, but with a contrasted morphology (e.g., a major uplifted block in the upper margin, interpreted as a former tilted block of the stretched margin; Yelles et al., 2009; Leprêtre et al., 2013). Previous studies have also evidenced deformation in the bathymetry and the shallowest sedimentary layers in the deep domain, especially off the 2003 Boumerdès rupture zone (Figure 2; Déverchère et al., 2005; Strzerzynski et al., 2010; Babonneau et al., 2017). They have evidenced the growth of piggy-back basins, suggesting the presence of three to five south-dipping thrust faults in the continental slope and the deep basin.



Seismic Sections 2 and 3

Section 2 (Figure 6) is representative of uplifted blocks areas around Algiers and the Khayr-al-Din bank (Figure 1). At the margin toe, the sedimentary basin is 3.2 km deep. The basin itself has an average depth of 5.2 km, with variations of approximately 500 m from km-65 to the northern tip of the section with a wavelength of more than 15 km. We also observe it on the other seismic sections of the Khayr-al-Din bank but not on seismic sections available further to the east. The basement also displays a relative low of 1 km amplitude at km-65, but it appears to correspond chiefly to a thickening of LU. A basement high separates this basin from a second basin located at the margin toe and the ocean/continent transition. MU is thicker from km-95 to the end of the seismic section than closer to the margin. This change mostly explains the deepening of the UU top by 1 km toward the margin. Therefore, we conclude that no significant DCF can be observed off the Khayr-al-Din, but that periodic undulations are present in the basement and the LU.

Regarding faults, the central-western area features a segmented basement structure, with 4 faults related to the inversion visible at basement top (Figure 6):

(1) The first fault (F3a upper branch) is observed near the top of the continental slope, around km-12.5, corresponding to a change in seafloor slope, a deformation of the sedimentary cover and a slope change of the basement top.

(2) The second fault (F3a lower branch), around km-34, is associated with a major uplift of the basement top. The sedimentary cover is also deeply disturbed, even if the imprint of the fault itself is not clearly identified. It seems also to correspond to a gentle decrease of the slope by 1 km over 5 km.

(3) The third fault at km-45 is the least well imaged on this section, associated with perturbations in the deepest sediments and in basement reflectors. They evidence an alignment that root at the same depth as similar faults in the area.

(4) The fourth fault at km-60 (F3c) is poorly imaged but clearly related to growth strata and folds in the sedimentary units without reaching the seafloor.

As a whole, the dip of these faults decreases toward the basin, from 25° to only 6° and they appear to control at least partly the morphology of the margin. Indeed, they locate in the steepest part of the margin but also create an asymmetric basin between km-23 and km-34 (Section 2. Figure 6), at a depth of around 3.2 km. Pre-Messinian to post-Messinian sedimentary units above are also folded. The basin itself might predate the inversion, being related to the opening of the Algerian basin. Discordances in the Messinian units reflect the uplift of the northern edge of the basin where more recent sediments are also uplifted up to the seafloor.

On Section 3 (Figure 6), in the basin, the basement gently declines by 1.6 km toward the margin from the end of the section to km-63. The basement is also characterized by a 40 km wide flat surface located between km-35 and km-55. Since pre-Messinian sediments are onlapping the basement, we consider this flat to be an inherited structure and not the signature of a DCF. The top of UU displays a progressive downward bending of 500 m amplitude toward the margin, while the basement displays a sharp deepening between km-35 and km-12.

Three main faults are identified along the continental slope:

(1) At km-5, the first fault (F3a) is imaged in the pre-Messinian sediments and is located right at the tip of a flat surface in the continental slope.

(2) The second fault (around km-12) identified in the basement also belongs to the F3a fault system and has a dip of 29°. The fault is associated with an important thickening of the sedimentary layer (up to 5 km) starting from km-23 and creating a perched basin in the lower part of the continental slope. These sediments are deformed both by secondary faults and by folding. The Lower Messinian and the basement also show a thickening caused at least partly by the fault activity and the associated folding. The seafloor in the projected continuity of the fault shows a gentle slope change separating the basin to the south from a flat in the continental slope at km-23.

(3) The last fault (F3c) splits into multiple branches upward. This fault shows a dip of 19° over its shallowest part but is unconstrained deeper in the basement. It correlates with tenuous shifts in the basement, in the sediments, and at the foot of the continental slope, which could either be a coincidence, or the sign that the position of this continental slope is controlled by the recent tectonic activity of the Algerian margin.

Another fault (named F3b on Figure 11) is identified laterally between F3a and F3c but is not observed on the two sections displayed here. This fault reaches the basement and has a position similar to the northern branch of F3a on Section 3.

While Section 2 and 3 display rather different whole structures, major faulting at the basement top remains fairly similar, with a first fault situated high on the margin, a second major fault creating a flat in the continental slope, with or without uplifted block, and a third fault at the toe of the continental slope with basement deformation. Although we would need a tight seismic line coverage to better define the organization of uplifted blocks, these similarities in the faults structure between the two sections are considered to define the style of the central margin.



Interpolated Maps

The central margin features an east-west succession of 5 separated basins with lengths ranging between 40 and 55 km (Figures 9, 10). Interpolated maps evidence the presence of the Hannibal High (Figure 11; Mauffret et al., 2004; Aïdi et al., 2018) in the eastern part of the area. The exact structure of the basin remains unclear because of a lack of sections imaging far enough into the basin, but we still evidence the flexure of the margin in the central part (Figure 6, section 3) with the depth of the basement varying from 6–7 km to 8–9 km. Strikes of the magnetic anomalies coincide quite well with the fault strikes (Figure 10A).



Central-Eastern Zone (Jijel)


Location and Overall Structure

The central-east zone is located offshore Jijel (Figure 2) and is characterized by a roughly similar structure across all seismic sections, suggesting the continuity of a sedimentary basin at the margin toe, with a length of at least 170 km and a width of 40 km (Figure 9), extending from the foot of the continental slope to the previously identified ocean-continent transition zone (Mihoubi et al., 2014). Here the half-wavelength of the DCF is between 150 and 170 km for an amplitude of 2 km at the top of the basement.



Seismic Sections 4 and 5

The structure of the basin along the Central-eastern margin displays a clear DCF of both the basement and the top of UU. Along Seismic Section 4 (Figure 7), the basement depths increase by 2 km over 160 km (only the first half of the section is shown in Figure 7, Seismic Section 4). Deepest reflectors in the basin corresponding to late Oligocene to Langhian deposits (Arab, 2016) are onlapping the basement and are related to the early filling after the formation of the margin. These onlapping sediments are about 1 km thick, not filling the whole DCF. Measurement at the salt base suggests a flexure less than one kilometer over the 160 km long Seismic Section 4 (Figure 7) where the UU thickness reaches 500 m. LU sediments are not onlapping the basement, therefore the DCF in this part of the margin necessarily post-dates the beginning of the Messinian salinity crisis.

This DCF is not accompanied by folding. Section 4 (Figure 7) is long enough to characterize the flexure, but is not extending far enough toward the margin and is too low in resolution to precisely image the margin faults. In order to better describe the margin and related faults, we rely on the depth-converted industrial Seismic Section 5 (Figure 7). We identify three main faults:

(1) Fault 1 (F2a on Figure 11), located on the highest part of the margin (km-14), is associated with both a smooth shift of the bathymetry and a deformation in the sedimentary cover. No basement shift is imaged on Section 5, but the strong deformation and the geometry of the fault suggest that it might be closely possible.

(2) Fault 2 (F2b on Figure 11) cuts through the basement around 5 km distance and reaches the UU in two branches between km-17 and km-20. As shown by the two-way traveltime inset (Figure 8), the basement depth varies over a short distance, which could indicate a shift by the fault. We also evidence small scarps (less than to 200 m high) in the bathymetry above these fault branches.

(3) Fault 3 (F2c on Figure 11) is located at the margin toe, reaching the basement around km-13.5 and cutting through the mobile unit at km-30. Here, we evidence a clear offset in the basement, characterized by the tiny overlap of the basement over the sedimentary cover. This overlap is at least 1.4 km long and implies a vertical displacement of ca. 1 km. The dip of this fault is estimated to be around 20° northward (ramp) and flattens toward the south in the mid pre-Messinian sedimentary cover, inducing some deformation in the horizons of the basin beyond the margin toe and between the salt.

It is worth noting that two more faults (identified as disconnected faults on Seismic Section 5, Figure 7) are located northward in relation with the second and third diapirs. They seem to die out at a depth close to the level where the third fault is flattening. This suggests that the deformation induced by Fault F2c propagates further into the basin, from 20 to 40 km at least, supporting thin-skin tectonics crossing through LU and MU.



Interpolated Maps

Magnetic anomalies of the eastern Algerian basin are oriented NW-SE to N-S and are related to the opening of this oceanic basin (Bayer et al., 1973; Cohen, 1980). In the deep basin and at the margin toe, several buried structures of the basement are related to magmatic events that affected the domain at ca. 17 Ma (Arab et al., 2016a, b; Abbassene et al., 2016; Chazot et al., 2017). A large, deep and asymmetric basin is superimposed to these structures but does not correlate with them. From its shape and position just north of the thrusts at the margin toe and at the continent-ocean transition, we infer that it is a large flexural basin that indicates a significant DCF that extends up to the Hannibal High westward. The southern limit of the basin also matches free air gravity anomalies of –70 to –80 mgal at the bottom of the continental slope (Mihoubi, 2014).



Eastern Zone (Annaba)


Location and Overall Structure

The eastern zone corresponds to the sector of Annaba (Figure 2) that presents a complex pattern, including several sub-basins apparently correlated to magnetic anomalies (Figures 9, 10). The whole basin has a length of 90 km and a width of 25 km to 30 km, located between the ocean-continent transition to the north-west and the continental slope to the south (Figure 8, Section 6).



Seismic Section 6

The foot of the margin is marked by a basement high between km-20 and km-28, separating the margin from the basin, that might be related either to fault activity or to an inherited structure. The opposite end of Section 6 (Figure 8) to the north reveals a deepening of the salt base, a thickening of MU and intense salt tectonics that may support the presence of a fault around km-95. Without any other seismic section from our dataset extending far enough in the basin to image this area, we cannot further strengthen these hypotheses.

In the basin, the basement depth increases by 1.5 km over a distance of 60 km, from the north to the base of the continental slope, which gives a minimal amplitude and half-wavelength of the DCF in the eastern zone. The top of the basement is marked by at least three undulations, from km-0 to km-22.5 (including the basement high), from km-22.5 to km-48 and from km-48 to at least the end of the seismic section, which might reflect a crustal folding. Such folding is also evidenced on neighboring seismic sections. It appears consistent with the magnetic anomalies that show an east-west pattern. Actually, highs and lows in the basement of the basin correspond respectively to higher (–190 to –150 nT) and lower (–230 to –190 nT) values of the magnetic anomalies. Highs are proposed to be related to magmatism (Bouyahiaoui et al., 2015; Arab et al., 2016b) that could result from the Tethyan slab break-off, similarly to the Collo massif on land (Abbassene et al., 2016; Chazot et al., 2017). Basement faults in the basin also seem to be correlated with transitions from positive to negative magnetic anomalies.

Sedimentary deposits do not follow these variations. The very disrupted salt top (halokinesis) globally deepens by only 500 m (Figure 8) even if the volcanic edifice previously identified in the basin (Bouyahiaoui, 2014) (km-60 in Figure 8) locally interrupts this layer. This edifice is not covered by the MU but only by 500 m of UU sediments that are located above the UU layers in the surrounding area. The seafloor is also perturbed. These observations lead us to suggest that this ancient volcanic edifice is presently affected by an uplift, perhaps in relation with a fault proposed to be identified at km-65 on Section 6 (Figure 8) and also described on numerous adjacent sections.

The pre-Messinian and LU units are thickening toward the margin, inducing an uplift of the base of MU of 200–400 m on average. The presence of an asymmetric Plio-Quaternary basin and of a ramp of UU embedded in MU, correlated with deformations in earlier deposits, suggests the existence of a (not imaged) additional fault in the basin, probably around km-42. Southward, this part of the seismic section corresponds to a basement slope break at km-35, which is also located just underneath the base of the continental slope. It is worth noting that these two hypothesized faults are proposed to be localized at the inflection points of the basement undulations previously evidenced.

South of this high and below the slope, the basin displays a massive thickening, with up to 3 km of sediments assumed to represent (at least partly) Messinian Complex units (CU). This unit is affected by three faults (Figure 8) that merge into two when approaching the basement top. One of them (F1b on Figure 11) reaches the basement at km-13 and the two other ones (F1a) might reach it at km-7. While Fault 1 does not disturb post-Messinian sediments, suggesting that it does not participate in the accommodation of the convergence today, Fault 2 remains active up to the most recent sedimentary layers.

A third fault (F1c) is identified at km-33. Although it is not clearly imaged, it is inferred thanks to: (1) a step in the basement, (2) perturbations and folding in the lower sedimentary unit, (3) diapirism in MU and (4) deformation of the shallowest sediments (Quaternary) and the seafloor. This fault could explain, at least partly, the basement high previously described between km-20 and km-28 on Section 6. Such a blind thrust fault system has also been described on higher resolution MARADJA seismic lines from this same area of the Algerian margin (Kherroubi et al., 2009). A last thrust (F1d) is assumed further north (Figure 8).

Faults along the eastern margin are not well constrained in the basement, but we can propose estimated dip values from our sections. They are around 27° for the first two upper faults of the continental slope (F1a and F1b), responsible for most of the deformation in the sedimentary layers, and respectively 14° and 6° for the two other ones in the basin (F1c and F1d).



Interpolated Maps

On the interpolated maps, we evidence a DCF in the monitored horizons, especially the basement (Figure 10) where it is not perturbed by the presence of the volcanic edifice, concentrated on the northern part of the eastern zone. The shape of the sedimentary layers support a tectonic thickening of the sedimentary cover by wedging (visible south of km-22 on Section 6). The flexural basin is imaged north of this thickened region, hence covering only the northern half of the section. The basin at the toe of the continental slope is correlated to magnetic anomalies, but also to gravimetric anomalies (Bouyahiaoui, 2014) which present a negative value from –51.3 to –40 up north of the continental slope.



DISCUSSION

We have attempted to gather markers of ongoing deformation of the deep Algerian basin undergoing tectonic shortening. We have identified three modes of basin deformation expected to be a “standard” response of the lithosphere to compression but are sometimes overlooked (Cloetingh et al., 1999; Burov, 2011; Cloetingh and Burov, 2011): (1) a downward bending of the oceanic-type lithosphere at the margin toe, hereafter called downward concave flexure (DCF); (2) a buckling (folding) of the oceanic lithosphere expressed by crustal undulations perpendicular to the direction of compression, and (3) a localized deformation at the margin toe revealing underthrusting of the oceanic lithosphere. We summarize hereafter the characteristics and relationships of these modes of active deformation. Regarding the age of the faulting, we have no way to discuss it with our data set owing to the poor resolution of the seismic data. Nevertheless, from our observations on all the seismic lines (fault shifts and wedge-shaped basins, Figures 3, 5–8), it appears that fault activity mostly post-dates Messinian deposits, as generally inferred in the offshore domain of Algeria (see a full discussion in this respect in Strzerzynski et al., 2021).
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FIGURE 5. Extraction of Section 5 (East Jijel, Lesser Kabylia, Figure 2) without (A) or with (B) depth conversion and how it modifies the perception of the true geometry of the faults and of the seismic reflectors of the margin.
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FIGURE 6. (Right) Seismic Section 2 (Tipaza) as a depth-converted line drawing. No vertical exaggeration is present and faults are identified, as well as major asymmetric basins. The inset displays a raw depth-converted extraction of the seismic line. (Left) Seismic Section 3 (Greater Kabylia) as a line drawing. No vertical exaggeration. Major horizons and faults are identified, as well as major asymmetric basins. Inset displays a raw depth-converted extraction of the seismic line. The inset on the second line is an extraction of the two-way-time section provided to better evidence faults-related shifts and the deformation of the sediments. Light green unit in the margin corresponds to the Messinian Complex unit (CU) coeval to UU and deposited in response to the major sea level drop of the Messinian Salinity Crisis. Stretched black triangles underline post-Messinian depocenters of sub-basins and their potential asymmetry (wedge-shaped sedimentary units or growth strata) which is assumed to evidence a tectonic control by underlying blind flat-ramp thrusts. Downward pointing arrows locate the ocean-continent transition.
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FIGURE 7. Seismic Section 4 (southern half of the seismic section only) and 5 (continental margin only) off Jijel, as depth-converted line drawings. No vertical exaggeration is present. Major horizons and faults are identified, as well as major asymmetric basins. Section 4 evidences the flexure of the basin; its reduced length is due to both the great length of the profile and the absence of any significant geological feature on the second half of the profile with the exception of the global deepening of the horizons toward the margin. Section 5 resolution is higher than the one of Section 4 and goes further onto the continental margin, but it is also shorter and has thus been integrated only to display the faulting system. Light green unit in the margin corresponds to the Complex unit (CU) coeval to UU and deposited in response to the major sea level drop of the Messinian Salinity Crisis. Stretched triangle: same as Figure 6. Downward pointing arrow locates the.
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FIGURE 8. Seismic Section 6 (Annaba) as a depth-converted line drawing. No vertical exaggeration. Major horizons and faults are identified, as well as major asymmetric basins. The insets display the raw depth-converted sections of the corresponding boxes. The inset on the second line is an extraction of the two-way-time section provided to better evidence faults-related shifts and the deformation of the sediments. Light green unit in the margin corresponds to the Messinian Complex unit (CU) coeval to UU and deposited in response to the major sea level drop of the Messinian Salinity Crisis. Stretched triangles: same as Figure 6. Downward pointing arrow locates the ocean-continent transition.



Downward Concave Flexure of the Oceanic Lithosphere

The strong asymmetry of the Plio-Quaternary basins off Algeria, coincident to a significant negative gravity anomaly, was used by Auzende et al. (1975) to suggest an early stage of active margin evolution. The mapping of three major seismic horizons (upper unit top, Mobile Unit base and acoustic basement, Figures 9A,B, 10A, respectively) indeed reveals a significant permanent deformation. This deformation is proposed to result from a downward concave flexure (DCF) of the oceanic lithosphere. Its general orientation (i.e., roughly perpendicular to the maximum stress direction of relative convergence between the African and Eurasian plates) and the amplitude and wavelength of the DCF are quite consistent with models derived from gravity anomalies (Hamai et al., 2015). What is striking is the discontinuous pattern of these DCF anomalies recorded simultaneously on the 3 seismic horizons, which also coincides with the pattern of the thrust faults (Figures 9, 10). The first order match between the models derived from the gravimetry and the DCF maps and the overall concave shape and asymmetry of these horizons are strong arguments to consider this interpretation as robust enough, in spite of the uncertainties regarding the time-to-depth conversion and gaps in the seismic network used.
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FIGURE 9. Interpolated depth map of (A) upper unit top and (B) Mobile Unit base in the offshore domain. Main geological limits and active or inherited faults are plotted. Active thrust faults mapped here result from interpolation between the black dots which locate the direct or indirect imaging of faulting activity (close to the top of the basement) on seismic sections. In (A,B), fault segments with the highest density of black dots are considered as the most reliable and are shown as continuous lines, while other segments are interpolated on longer distances and are shown as dotted curves (see text for details). HH marks the position of the Hannibal High.
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FIGURE 10. Interpolated depth map of acoustic basement in the offshore domain (A). Main geological limits and active or inherited faults are plotted. Active thrust faults mapped here result from interpolation between the black dots which locate the direct or indirect imaging of faulting activity (close to the top of the basement) on seismic sections. For comparison, (B) displays offshore reduced-to-the-pole magnetic anomalies (Medaouri, 2014) superimposed with the same structural sketch as above. HH marks the position of the Hannibal High. In (A,B), fault segments with the highest density of black dots are considered as the most reliable and are shown as continuous lines, while other segments are interpolated on longer distances and are shown as dotted curves (see text for details).


Table 2 shows that the DCF has a greater half-wavelength (ca. 160 km) and amplitude (ca. 2 km) in the central-eastern segment (Jijel) than in the other areas. This area would then be prone to load a significant amount of elastic strain that could result in a strong magnitude earthquake. This area indeed bore the 1856 Jijel earthquake, which is among the strongest events ever felt along the Algerian coast and was followed by a tsunami (Boughacha et al., 2004; Yelles-Chaouche et al., 2009). The easternmost basin (Annaba) also displays a similar DCF pattern (Figures 9, 10) with an amplitude of 1.5 km but over a much shorter distance of 60 km. The third area submitted to a relatively significant flexural loading (i.e., 77 km half-wavelength and 0.5 km amplitude, Table 2) is the central/central-western zone (Figures 9, 10), off the cities of Tipaza, Algiers and Boumerdès, where several historical and instrumental seismic events occurred (Ayadi et al., 2003; Boughacha et al., 2004). Finally the westernmost area (Oran-Mostaganem) as well as the central-western (Algiers) does not evidence any significant flexural loading, suggesting that these two areas are not prone to significant seismic loading.



Buckling of the Oceanic Lithosphere

Short wavelength undulations of the seismic horizons sub-parallel to the Algerian margin are evidenced in the oceanic domain of the western zone (section 1), the western part of the central zone (section 2) and the eastern zone (section 6) (Figures 9–11 and Table 2), with a mean wavelength of 30–35 km and an amplitude of about 800–1000 m. This oscillant pattern is particularly well expressed just north-west of the linear and narrow margin of Mostaganem (Domzig et al., 2009; Badji et al., 2015) and a bit less north of the Khayr-Al-Din bank (Figure 1), whereas it appears more questionable in the easternmost margin where the top of the basement is affected by Miocene volcanics (Bouyahiaoui et al., 2015). As predicted by folding theory and simulations, the anticlines display lower amplitudes than synclines as a result of the contribution of gravity (Cloetingh et al., 1999; Cloetingh and Burov, 2011).
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FIGURE 11. Synthetic structural sketch of the Algerian margin displaying adjustments to already published fault systems based on the present work. Fault F4 is only partly shown on this map.


For the western and central-western zones, we hypothesize that this pattern reveals a buckling of the oceanic lithosphere with fold axes perpendicular to the relative plate convergence, with a dominant control of the brittle crust (Burov, 2011). We suggest that this buckling is mostly due to a combination of two parameters: (1) the narrowness of the oceanic basin west of Algiers, which may explain why the brittle layer cannot bend over a long distance, and (2) the presence of a STEP-fault margin that acts as a buttress, preventing strain focusing at the margin toe and thus transferring compression further north toward the Betic margin (Giaconia et al., 2015) or further south on the Algerian coast (Yelles-Chaouche et al., 2006). A similar buckling of the East Japan basin floor (combined with limited underthrusting) is reported along the eastern Korean wrench margin (Kim et al., 2018), but with a longer wavelength (60–70 km) and smaller amplitude (200 m).

It is also worth noting that if we assume a wavelength of folding of approximately seven times the brittle layer thickness (Bull et al., 1992), the latter would be of about 4–5 km in the western Algerian basin, a value which is close to the mean thickness of the oceanic crust identified in the wide-angle experiments off Mostaganem and Tipaza, i.e., 3–4 km in Badji et al. (2015) and 5–6 km in Leprêtre et al. (2013), respectively. This ratio is also true in the case of the East Japan sea, where the crustal thickness is ∼11 km (Kim et al., 2018).

For the eastern zone, the structures of the crust evidenced by the magnetic anomalies could act as focal points for the deformation, forcing the eventual buckling to overprint itself over them.



Active Fault Network and Tectonic Style of the Algerian Margin

Our analysis provides for the first time a comprehensive and coherent overview of the main deep active faults of the Algerian margin. The fault mapping offshore was until now the object of quite conflicting representations. We report for instance the large differences between interpretations by Mauffret (2007); Meghraoui and Pondrelli (2012), and Rabaute and Chamot-Rooke (2015). The interpretation we propose here results from a full revision of all data available and gather the deepest information in order to avoid the mapping of subsurface faults that may appear as secondary faults systems driven by the formation of rollovers or by Messinian salt halokinesis and gravity gliding or spreading (e.g., Déverchère et al., 2005; Gaullier et al., 2006; Domzig et al., 2009; Kherroubi et al., 2009; Cattaneo et al., 2010; Strzerzynski et al., 2010; Arab et al., 2016b). Among striking differences, our structural sketch (Figure 11) clearly differs from the one by Mauffret (2007) who hypothesized a single, continuous fault running from the easternmost margin to Greater Kabylia and a left-lateral wrench fault in the western margin (Arzew escarpment). Our result also invalidates the model of restraining bend by Meghraoui and Pondrelli (2012) featuring a ∼350 km long right-lateral fault striking West-East at the margin toe between the bay of Bejaia and the Khayr-Al-Din bank. It also shows that the active faults in the basement at depth are likely more continuous than fault segments mapped from subsurface data (Kherroubi et al., 2009; Rabaute and Chamot-Rooke, 2015; Kherroubi et al., 2017).

Several studies have also proposed through seismic reflection data acquisition or experimental modeling that the Algerian margin is deforming by crustal flat-ramp systems (Déverchère et al., 2005; Roure et al., 2012; Aïdi et al., 2018; Strzerzynski et al., 2021), implying a crustal decoupling layer in the lower crust of the stretched continental margin (Kherroubi et al., 2017). However, whether this mixed thin-skinned and thick-skinned tectonic style is the rule over the whole margin segments is unclear. Our study suggests that outward propagation of the faulted systems driven by thick-skinned thrusts is actually taking place only in the central zone (Figure 11), i.e., the Greater Kabylian block, sometimes called the “Maghrebian indenter” (Piqué et al., 1998), as this is the only area where we observe faults in the oceanic basement unrelated to buckling, whereas very limited propagation by decollements is occurring in the central-eastern and eastern zones, and no propagation in the western zone (Figure 11). This result suggests that the position of the indenter of the central zone may play a significant role in its relative maturity compared to the other segments and likely reflects an important inherited effect of the phase of opening of the Algerian domain (van Hinsbergen et al., 2014, 2020 and references therein).



Possible Implications for Seismic Hazards Off Algeria

Our study offers the opportunity to assess more realistic estimates of maximum magnitude of earthquakes off Algeria owing to a systematic examination of active faults rooted in the basement, where large earthquakes are assumed to nucleate. Here, we propose to rely on our interpretations and lateral correlation hypothesized from our seismic sections across the Algerian margin to compute a range of maximum magnitudes (Table 3) and to discuss briefly their consistency with historical and instrumental seismicity.


TABLE 3. Lengths of faults estimated at the basement top according to the structural sketch of Figure 11, and estimated values of magnitudes using statistical relationships for thrust faults in Stirling et al. (2013).

[image: Table 3]Relationships between the length of a rupture and the magnitude of an earthquake have been discussed since long (e.g., Wells and Coppersmith, 1994; Stirling et al., 2013, and references therein). Here, we use the regression equations summarized by Stirling et al. (2013) for reverse faults and for magnitude ranging from 6.1 to 9.5 to propose possible magnitude ranges (Table 3).

The western area (Figure 11) features a unique fault (F4) of ca. 180 km (Domzig et al., 2009; Badji et al., 2015), equivalent to a magnitude 7.6. However, this fault does not affect significantly the most recent layers at the margin toe (Domzig et al., 2009). Considering: (1) the STEP-fault related sub-vertical geometry of the margin (Govers and Wortel, 2005; Badji et al., 2015), (2) its strike orthogonal to the direction of convergence, (3) the very limited underthrusting at depth (Medaouri et al., 2014) and (4) the lack of significant flexural loading (see section “Downward Concave Flexure of the Oceanic Lithosphere”), we suggest that this segment is barely active and does not produce large earthquakes, although exceptional ruptures cannot be discarded. This interpretation agrees with the absence of major seismic events in the area, except the 1790 event which source is assumed to be related to faults located westward (Buforn et al., 2019).

In the central area, several short fault segments are reported close to the coastline, which are proved to produce moderate-size events of magnitude 6.0–6.5, like for instance the 1989 earthquake (Meghraoui, 1991). If we consider only the longer faults of our structural sketch, we identify segments of lengths reaching typically 60-70 km (for instance Fault F3b, Section 3), as the one which led to the dramatic M 6.9 2003 Boumerdes-Zemmouri earthquake (Ayadi et al., 2003), with cumulative fault scarps close to the margin toe (Déverchère et al., 2010; Kherroubi et al., 2017). The average spacing of these thrusts is between 5 and 15 km, which is typical of thin-skinned thrust belts (Morellato et al., 2003). This is also the typical magnitude expected from a rupture at the toe of the Khayr-Al-Din bank (Yelles et al., 2009). If we assume that the Boumerdes thrust fault to the East is linked at depth with the Khayr-Al-Din fault to the west, we obtain a total length of ca. 280 to 310 km (Fault F3a), equivalent to a magnitude 7.9–8.0. Finally, the northernmost thrust segment (F3c) reaches a length of ca. 240 km, but whether this thrust rooting on a decollement layer (Déverchère et al., 2005; Roure et al., 2012) may produce earthquakes separately from the other faults segments located within the margin further south (like the 2003 Boumerdes-Zemmouri event) and which are rooting on this same decollement layer is questionable. In this zone, recurrence intervals from paleoseismology range between 300 and 1600 years (Ratzov et al., 2015; Babonneau et al., 2017), therefore suggesting irregular earthquake cycling but relatively frequent earthquake occurrences.

In the central-eastern area, a typical fault length of 120 km is found at the margin toe (F2a, F2b, F2c) on sub-parallel segments with a close spacing of 5–10 km. If we assume that these segments root in the same deep segments, as proposed by Arab et al. (2016b), this would imply earthquakes with a magnitude of 7.4, a magnitude which has been typically assumed for the 1856 Jijel earthquake (Boughacha et al., 2004; Yelles-Chaouche et al., 2009).

Finally, the eastern margin displays close thrust segments (F1a, F1b, F1c, F1d) with typical lengths of ∼60 km, implying events of magnitude less than 7 (Table 3). They are likely rooting on a single deep fault, as suggested by their close spacing and the deep seismic experiments (Bouyahiaoui et al., 2015). If we hypothesize that faults F1d may be activated together with segment F2c in a single event (which is not excluded according to our mapping in Figure 11), this would lead to a maximum length of ∼310 km and a magnitude 8.0 event. However, historical seismicity did nor reveal any significant strong event in the eastern zone (Kherroubi et al., 2009), thus it remains difficult to conclude on the occurrence of such a large magnitude event. Recurrence intervals from paleoseismology have not been yet documented in this zone, but if we follow the GPS velocity model by Bougrine et al. (2019), strain rates offshore are likely 2 or 3 times less than in the central zone, therefore historical seismicity cannot be considered as sufficient to discard the occurrence of such earthquakes in the future.



CONCLUDING REMARKS

North Africa accommodates the convergence of Eurasian and African plates since Late Cretaceous times. Since the closure of the Tethyan oceanic lithosphere and the docking of the Kabylian blocks with Africa ∼19 Myr ago, the transpression induced by the relative plate convergence has been likely accommodated by a combination of shortening along large thrust fault systems onland and clockwise block rotations (book-shelf faulting) in the Tell-Atlas fold-and-thrust belts (Frizon de Lamotte et al., 2000, 2009; Roure et al., 2012; Derder et al., 2019). The relative importance of each process has long been debated (e.g., Frizon de Lamotte, 2005). However, the way convergence is absorbed likely evolves through times. Both our study of strain markers in the offshore domain and recent results of active strain distribution on land (Bougrine et al., 2019) support that northern Algeria is witnessing the birth of a new plate boundary since Plio-Quaternary times, at the place where the back-arc extensional and wrench systems of the western Mediterranean Sea are undergoing a tectonic inversion potentially preceding a subduction. Three main systems are identified:

(1) In the western zone (Mostaganem segment, Figure 11), the inherited transform-type (STEP) margin acts as a long-term locked, stiff limit where strain is transferred toward the north by buckling of the young oceanic lithosphere and thrusting of opposite vergence in the neighboring continental margins of Iberia and Africa. Although a magnitude 7 event on this offshore structure cannot be ruled out, we speculate that strain accumulation occurs only at very slow rates.

(2) In the central zone of Algeria (Tipaza-Greater Kabylia segment, Figure 11), we evidence an oceanward propagation of north-verging thrust ramps rooting on thin-skinned detachments and on a thick-skinned thrust systems in the continental margin, together with a mixture of moderate downward concave flexure and buckling of the oceanic lithosphere. This tectonic style is typical of foreland fold-and-thrust belts (e.g., Frizon de Lamotte et al., 2000, 2009; Garcia-Castellanos and Cloetingh, 2012; Roure et al., 2012; Alania et al., 2017) and agrees with a model where active deformation is dominantly accommodated by internal deformation of the oceanic domain and by thrust faults striking almost perpendicular to the relative plate convergence, without the need for significant right-lateral strike-slip faulting (Bougrine et al., 2019). Fault continuity suggests ruptures around magnitude 7 (as exemplified by the 2003 Boumerdès-Zemmouri earthquake) but potentially up to magnitude 8 if rupture is inferred along the entire length of adjacent fault segments.

(3) In the central-eastern and eastern zones of Algeria (Lesser Kabylia segment, Figure 11), we evidence a long wavelength and high amplitude flexure of the oceanic lithosphere without significant buckling, together with a set of sub-parallel, closely spaced north-verging thrust ramps rooting in the basement of Lesser Kabylia without northward propagation in the oceanic domain. This tectonic style recalls splay fault systems evidenced in mature accretionary wedges of subduction (e.g., Park et al., 2002; Strasser et al., 2009), however the way the faults connect at greater depth below Lesser Kabylia is not imaged. In the eastern zone off Annaba, flexural bending is decreasing and fault segments are shorter. As no oblique or strike-slip faulting is evidenced offshore, our findings agree with a kinematic model where active strain is partitioned between right-lateral strike-slip motion on the Ghardimaou-North-Constantine (GNC) fault on land and reverse faulting offshore (Bougrine et al., 2019). Fault continuity suggests ruptures around magnitude 7.3–7.5 on the offshore thrusts, as recorded during the 1856 Jijel earthquake.

It remains now necessary to examine how the offshore, segmented active thrust faults described here connect to sub-parallel onland thrust faults like the Blida and Cheliff faults (Yelles-Chaouche et al., 2006). Although there is no evidence for simultaneous rupture across adjacent segments at sea and on land until now, the fault structural maturity (Manighetti et al., 2007) should be carefully examined in the future in order to better assess seismic hazards in Algeria.


Post-submission Addendum

On 18 March 2021 at 00:04 UTC, a Mw 6.0 earthquake occurred in northeastern Algeria in the Bay of Bejaia (Figure 2). This event is located at the westernmost tip of the thrust fault labeled F2b in our study (Figure 11) and occurred after a succession of moderate magnitude thrust events near our mapped thrusts F2 in 2014–2019 (Yelles-Chaouche et al., 2021). We have identified Fault F2b as a blind reverse fault gently dipping southward (Figure 7), striking locally almost W-E and apparently merging at this place with Fault F2c (Figures 10, 11). These faults are parts of a system of 3 sub-parallel thrusts that are assumed to represent the upper part of the active fault responsible for the magnitude 7.5 1856 Jijel earthquake (Yelles-Chaouche et al., 2009, 2017).

We have underlined the similarity of this thrust fault system with splay faults evidenced in mature accretionary wedges of subduction. Although we ignore how these faults connect at greater depth below Lesser Kabylia, we note that Fault F2b matches quite well the parameters of the March 2021 focal solution1 regarding strike (almost E-W), type of faulting (pure reverse) and dip angle of the southern nodal plane (25° ± 10°). This event could therefore be understood as expressing a process of static stress loading and stress transfer at the westernmost tip of the rupture zone of the 1856 Jijel earthquake, which is among the largest historical events identified off Algeria. This recent seismic activity off Jijel further supports that the F2 fault system is a major seismogenic structure representing the reverse component of a strain partitioning fault system (Bougrine et al., 2019; Yelles-Chaouche et al., 2021).

Finally, we believe that co-seismic rupture at the sea bottom linked to the 2021 Bejaia event is unlikely, provided that the expected coseismic slip for such a magnitude is very small and that the bay of Bejaia is occupied by a giant, active deep-sea fan (Cattaneo et al., 2010).
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When sedimentation rates overtake tectonic rates, the detection of ongoing tectonic deformation signatures becomes particularly challenging. The Northern Apennines orogen is one such case where a thick Plio-Pleistocene foredeep sedimentary cover blankets the fold-and-thrust belt, straddling from onshore (Po Plain) to offshore (Adriatic Sea), leading to subtle or null topo-bathymetric expression of the buried structures. The seismic activity historically recorded in the region is moderate; nonetheless, seismic sequences nearing magnitude 6 punctuated the last century, and even some small tsunamis were reported in the coastal locations following the occurrence of offshore earthquakes. In this work, we tackled the problem of assessing the potential activity of buried thrusts by analyzing a rich dataset of 2D seismic reflection profiles and wells in a sector of the Northern Apennines chain located in the near-offshore of the Adriatic Sea. This analysis enabled us to reconstruct the 3D geometry of eleven buried thrusts. We then documented the last 4 Myr slip history of four of such thrusts intersected by two high-quality regional cross-sections that were depth converted and restored. Based on eight stratigraphic horizons with well-constrained age determinations (Zanclean to Middle Pleistocene), we determined the slip and slip rates necessary to recover the observed horizon deformation. The slip rates are presented through probability density functions that consider the uncertainties derived from the horizon ages and the restoration process. Our results show that the thrust activation proceeds from the inner to the outer position in the chain. The slip history reveals an exponential reduction over time, implying decelerating slip-rates spanning three orders of magnitudes (from a few millimeters to a few hundredths of millimeters per year) with a major slip-rate change around 1.5 Ma. In agreement with previous works, these findings confirm the slip rate deceleration as a widespread behavior of the Northern Apennines thrust faults.

Keywords: active fault, buried thrust, slip rate, trishear, restoration, sediment decompaction, Northern Apennines, Italy


INTRODUCTION

Buried and blind active faults pose one of the major challenges for understanding seismotectonics in many regions worldwide (Yeats and Lillie, 1991; Stein and Ekström, 1992; Berberian, 1995; Shaw and Shearer, 1999; Walker and Jackson, 2002). When such faults are located offshore, there is an additional challenge because they can be investigated only using geophysical subsurface data (Fisher et al., 2004; Sorlien et al., 2006; Hayes et al., 2010; Wolfe et al., 2019). Blind thrusts can be determined by inelastic deformation ahead of fault tip (Roering et al., 1997) that contributes to dissipate the strain in the overlying cover by backthrusting, coupling, and forethrusting (Dunne and Ferrill, 1988). Analog models also show that the upward propagation of thrust faults can be slowed down or even halted by the presence of pre-existing frictional discontinuity (e.g., decollements) above the fault propagating tip (Bonanno et al., 2017). However, they can also be determined by the relatively young inception of fault activity within the current regional stress state or by the interplay between fault activity and sedimentation rates in the cases in which the second one is significantly higher than the first one (Pueyo Anchuela et al., 2016). Blind thrusts are documented as to be the cause of several significant earthquakes and tsunami worldwide (Hauksson et al., 1995; Lettis et al., 1997; Borrero et al., 2001; Hayes et al., 2010; Burrato et al., 2012; McAuliffe et al., 2015) thus significantly contributing to seismic and tsunami hazard.

One of the key parameters for describing a fault system evolution is the rate of activity (slip-rate) and its variability through time. The slip-rate assessment is very sensitive to the scale and the methodological approach to its calculation (see Morell et al., 2020, for an overview). The different approaches to slip rate calculation and the variability of the results can be treated considering all the uncertainties involved and providing a probabilistic approach to the results (Zechar and Frankel, 2009; Styron, 2019). The determination of slip rates of blind faults is mostly based on the analysis of deformed syn-tectonic markers either on surface exposures (Ward and Valensise, 1996; Vannoli et al., 2004; Gunderson et al., 2013, 2018; Livio et al., 2014; Tiberti et al., 2014) or in the subsurface (Dolan et al., 2003; Wang et al., 2014; Maesano et al., 2015, 2020; Bergen et al., 2017), and requires a good three-dimensional geometrical definition of the underlying fault (Shaw et al., 2002).

The Po Plain and the northern Adriatic seafloor (northern Italy) is a flat elongated depression extended for more than 400–600 km (Figure 1), hosting the buried active thrust fronts of the Southern Alps, the Northern Apennines, and the Dinarides, as well as their correlative foredeep-foreland sectors. Our study area spans a sector in the offshore (Northern Adriatic Sea) of the Northern Apennines foredeep basin, located between the Po River delta to the north and Mount Conero to the south (Figure 1B). Here, the outermost buried thrust faults of the Northern Apennines chain have mainly been investigated through the interpretation of seismic reflection profiles, either onshore and offshore (Pieri and Groppi, 1981; Castellarin et al., 1985; Cassano et al., 1986; Bigi et al., 1992; Fantoni and Franciosi, 2010). The present-day tectonic activity of the Northern Apennines chain has been dramatically testified by the significant seismic sequence (Mw 5.9–6.1) that in 2012 involved the reactivation of two main blind thrusts (Burrato et al., 2012; Scognamiglio et al., 2012; Pezzo et al., 2013; Tizzani et al., 2013; Bonini et al., 2014; Nespoli et al., 2017). The rates of thrust activity in this region have been estimated using geology-geomorphology, subsurface geophysics, geodesy, and instrumental seismology (e.g., Burrato et al., 2003; Basili and Barba, 2007; Scrocca et al., 2007; Boncio and Bracone, 2009; Wegmann and Pazzaglia, 2009; Devoti et al., 2011; Michetti et al., 2012; Maesano et al., 2013, 2015; Bresciani and Perotti, 2014; Livio et al., 2014; Maesano and D’Ambrogi, 2016; Maestrelli et al., 2018; Palano et al., 2020; Zuffetti and Bersezio, 2020).
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FIGURE 1. (A) Simplified structural map of the Eastern Po Plain and Northern Adriatic Sea. Thrust fronts analyzed in this study are modified after Ghielmi et al. (2013). The color-coded bathymetry, also represented by dashed gray contour lines (every 20 m), is derived from the EMODnet Bathymetry Consortium (2020). Historical earthquakes (Mw > 4) are from Rovida et al. (2020), with labels indicating the year for the largest ones. The traces of the Northern Section and the Southern Section refer to two 2D seismic reflection profiles used in this study to compute the slip rates (see Figures 6–8). (B) Map showing the locations where slip rate values (yellow circles) are available from literature data in the Po Plain and Northern Adriatic Sea (see Supplementary Figure 1 for details and references). (C) Regional cross-section showing the structural arrangement of the main thrusts and detachment from Fantoni and Franciosi (2010). See the section trace in panel (A) for the location.


Inland, recent or ongoing tectonic activity and fault reactivation in individual seismic events can be studied by analyzing geologic exposures (Bresciani and Perotti, 2014; Livio et al., 2014; Amorosi et al., 2016, 2020; Zuffetti and Bersezio, 2020), or by detecting river drainage anomalies (Burrato et al., 2003), or by inspecting GPS and remote-sensing data (Serpelloni et al., 2012; Pezzo et al., 2013, 2020; Nespoli et al., 2016, 2017). Instead, the just mentioned approaches cannot be used in the marine environment, especially where the Pleistocene sedimentation rate exceeds the tectonic signal leading to a completely undisturbed and almost flat bathymetry. In such cases, the contribution of detailed geophysical investigations is always needed. Noteworthily, the tectonic activity in the Northern Adriatic Sea has recently been estimated from the analysis of Continuous GPS data combined with the analysis based on publicly available seismic reflection profiles and analytical models (Pezzo et al., 2020).

Our study area (Figure 1) has a long record of both instrumental and historical seismicity; in particular, the offshore area near Rimini was affected by severe seismic sequences in 1875 (Mw 5.7) and 1916 (Mw 5.8) (Guidoboni et al., 2018; Rovida et al., 2020). The largest earthquake recorded in the instrumental era is the Mw 5.9, 1930 Senigallia earthquake, associated with a reverse fault running along the coast and controlling the deformation of Quaternary coastal terraces (Vannoli et al., 2004, 2015). Small tsunami effects were also observed following the 1916 and 1930 earthquakes (Guidoboni et al., 2018, 2019). However, the tsunami potential associated with active faults in the region remains relatively small (Tiberti et al., 2008), and the tsunami hazard in the Northern Adriatic Sea is generally lower than the rest of the Mediterranean region (Basili et al., 2021). Nonetheless, considering the region’s built environment, an advanced analysis of the tectonic activity is important to evaluate better and mitigate the risks derived from earthquake and tsunami hazards (Di Bucci et al., 2017; Antoncecchi et al., 2020).

This background information motivated us to investigate two key aspects of active faults that contribute to formulating better estimates of earthquake-related hazards. One aspect is the fault geometry that controls the ground-motion distribution with significant effects in the fault near field (Passone and Mai, 2017) and the tsunami wave height distribution in the fault near field and the far-field (Tonini et al., 2020). The other aspect is the slip rate that controls the maximum amount of tectonic moment converted into seismic moment release (Morell et al., 2020). To this end, we reconstructed the 3D geometries of the blind thrusts and a regional unconformity at the base of Pliocene deposits taking advantage of a wide dataset of 2D seismic reflection profiles (provided by ENI; Figure 2). Then, focusing on two high-quality regional seismic reflection profiles (Ghielmi et al., 2013), we performed a probabilistic assessment of the slip rates of four major thrusts by restoring the deformation of several key-horizons after removing the differential compaction effect. We adopted the trishear inversion method (Cardozo et al., 2011; Figure 3) for recovering the fault-propagation folding and incorporated the uncertainty on both displacement and age in the slip-rate calculations using the formulation of Zechar and Frankel (2009). We calculated multiple slip rates and associated uncertainties on eight stratigraphic horizons, spanning the last 5.33 Ma, from the Pliocene to the present, supporting recent findings that suggest an ongoing activity of the Northern Apennines basal thrust (Barba et al., 2008; Carafa et al., 2015a; Pezzo et al., 2020) and detailing the previous work on this topic performed in adjacent areas but with coarser temporal resolution (Maesano et al., 2013, 2015). The reconstructed fault 3D geometries together with the computed slip-rates can be of help in better defining the tectonic evolution of coastal and near-offshore active faults in the Northern Adriatic Sea and provide data that can be integrated into databases of seismogenic sources (Basili et al., 2008) and seismic and tsunami hazard studies.
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FIGURE 2. Dataset of 2D seismic reflection profiles and wells (courtesy of ENI) used in this study to reconstruct the fault 3D geometries and the hor-PL1 regional unconformity (Figure 5), the cross-sections (Figures 6–8), and to derive the slip rate values (Table 3). The bathymetry, as in Figure 1, is derived from the EMODnet Bathymetry Consortium (2020).
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FIGURE 3. Workflow adopted in this study to decompact and restore the regional cross-sections (Figures 7, 8) and derive the slip rate values (Table 3) using a combination of the fault-parallel flow algorithm for displaced horizons and the trishear algorithm for folded horizons. The trishear parameters have been defined through statistical analysis shown in Figure 9 and Supplementary Data 1.




THE PO PLAIN-NORTHERN ADRIATIC SEA FOREDEEP BASIN

The Northern Apennines is part of the system of fold-and-thrust belts (Northern Apennines, Southern Alps, and Dinarides) that wraps around the northern part of the Adria microplate, which is a promontory of the African plate (Malinverno and Ryan, 1986; Dewey et al., 1989), in the general framework of the Africa-Eurasia convergence. Starting from the late Mesozoic time, Adria was involved in multiple tectonic phases that led through times to the development of the Dinarides to the east (Handy et al., 2010), the Southern Alps to the north (Carminati and Siletto, 1997), and the Northern Apennines to the Southeast (Patacca et al., 1990; Carminati et al., 2012). Adria is presently overridden to the northeast by the outermost fronts of the Dinarides and the Southern Alps in the Veneto-Friulian Basin (Fantoni et al., 2002; Caputo et al., 2010; Toscani et al., 2016), to the west by the Southern Alps and Northern Apennines in the Po Plain (Fantoni and Franciosi, 2010; Toscani et al., 2014), and to the south by the Northern Apennines and Dinarides confronting to each other in the central Adriatic Sea (Argnani, 1998; Di Bucci and Mazzoli, 2002; Scrocca, 2006; Scrocca et al., 2007; Scisciani and Calamita, 2009; Kastelic et al., 2013; Finocchio et al., 2016).

The Po Plain and Northern Adriatic Foreland basin subsurface architecture resulted from a Mesozoic extensional tectonic phase developed in the western Tethys realm related to Upper Triassic-Lower Jurassic rifting, with evidence for Cretaceous-to-Paleogene structural inversion during Alpine pre- and syn-collisional tectonic phases (Bertotti et al., 1993; Masetti et al., 2012 and reference therein). Since the late Miocene, contraction affected the foreland and the surrounding orogenic belts due to Apennine north-to-northeast migration (Barchi et al., 1998; Basili and Barba, 2007; Fantoni and Franciosi, 2008, 2010; Ghielmi et al., 2013; Turrini et al., 2014). The buried thrusts and related fault-propagation folds have been investigated mainly using seismic reflection profiles and deep well logs taking advantage of hydrocarbon exploration activities in the region (Pieri and Groppi, 1981; Barchi et al., 1998; Regione Emilia-Romagna and ENI-AGIP, 1998; Regione Lombardia and ENI-AGIP, 2002; Fantoni et al., 2004; Fantoni and Franciosi, 2010; Ghielmi et al., 2010, 2013; Toscani et al., 2014; Turrini et al., 2014; Maesano et al., 2015; Amadori et al., 2019). The outermost fronts of the Northern Apennines buried in the southern Po Plain and the central Adriatic Sea are organized in structural arcs separated by recesses (Figure 1; Livani et al., 2018; Amadori et al., 2019). These arcs show an eastward increase in shortening and tectonic activity, consistent with their emplacement processes, while the Northern Apennines underwent a counterclockwise rotation within oblique convergence (Carminati et al., 2012; Maino et al., 2013). More specifically, the easternmost structural arcs were activated during the Pliocene, and their tectonic activity continued throughout the late Pliocene until the present, as demonstrated by the age of syn-tectonic deposits and the associated growth strata geometries (Boccaletti et al., 2011; Bonini et al., 2014, Maesano et al., 2015).

The blind thrusts in our study area (Figure 1), which are part of the Romagna Arc and the eastern termination of the Ferrara Arc, are rooted on two regional decollement levels, at the bottom and on the top of the Mesozoic carbonates, respectively (Barchi et al., 1998; Fantoni and Franciosi, 2010), and deform Early Pliocene and Pleistocene deposits (Maesano et al., 2015). All thrust fronts and related anticlines show an arcuate shape with a general NW–SE trend and NE vergence (Bigi et al., 1992; Casero, 2004; Fantoni and Franciosi, 2010).

The Adriatic basin infill is organized in large-scale tectono-eustatic driven sequences defined as unconformity-bounded units whose boundaries correspond to abrupt major changes in the type and gross distribution of depositional systems, angular unconformities due to high-magnitude basin-wide tectonic phases or eustatic changes that occurred during the Plio-Pleistocene. From the bottom up (i.e., from the Zanclean base to the present-day seafloor), these sequences are referred to as PL1, PL2, and PL3 for the Pliocene, and PS1, PS2, PS3a, PS3b, and PS3c for the Pleistocene (Figure 4). To discriminate between seismic horizons (i.e., the sequence boundary unconformity and correlative conformity) and the stratigraphic unit or sequence they bound at the base, we use the prefixes “hor-” and “seq-” for horizon and sequence, respectively, before the age name abbreviation (Figure 4). Note that the unconformities always lie at the base of a sedimentary unit. The accurate determination of chronostratigraphic ages relies on micropaleontologic and magnetostratigraphic analyses (Table 1; Muttoni et al., 2003; Ghielmi et al., 2010, 2013), which were used to support and verify the correlations between well-logs and seismic horizons, as well as to aid the interpretation of the sedimentation environment. From a sedimentological perspective, the Plio-Pleistocene sedimentary infill of the Po Plain and Northern Adriatic Foreland represents an overall regressive cycle (sensu Catuneanu, 2004).
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FIGURE 4. Simplified Plio-Pleistocene tectonostratigraphic scheme of the Northern Adriatic Sea (after Fantoni and Franciosi, 2010; Ghielmi et al., 2010, 2013). The regional unconformities/stratigraphic horizons used in this work and related ages (see Table 3) are indicated. A brief description of the sedimentological characteristics and seismic facies is provided for each geologic formation (for details, see Ghielmi et al., 2013; Amadori et al., 2020). Vertical red arrows on the left-hand panel indicate the inception and duration of tectonic activity of the thrust faults detected on the Northern Section and Southern Section, as derived from decompaction and restoration (see Figure 1 for trace locations and Figures 6–8) and used to derive the fault slip values.



TABLE 1. Ages and related uncertainties of the stratigraphic horizons that were used for restoring the cross-sections of Figure 6 and for calculating the slip rates (Table 3).
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The Pliocene sequence is mostly represented by thick turbidites deposited in a deep marine environment (during the underfilled phase), upwardly and eastwardly evolving into shallow water (slope, shelfal, and coastal) and continental (fluvial) sequences during the Pleistocene (filled and overfilled phases). After the abrupt transgression that ended the Messinian Salinity Crisis (Amadori et al., 2018; Micallef et al., 2018), Pliocene marine clays were deposited on the Adriatic foreland and foreland-ramp at the base of the turbiditic succession (Ghielmi et al., 2013; Rossi et al., 2015). These turbidites onlap the substantially undeformed SW-dipping Adriatic foreland ramp. In the study area, Pliocene-to-Calabrian clastic deposits (seq-PL1 to seq-PS2) are present with thin sequences of marls intercalated with thin- to thick-bedded fine-grained sandstones, interpreted as “highly-efficient” turbidite systems (according to Mutti et al., 1999; Ghielmi et al., 2010, 2013, 2019).

The thickness of these sequences is highly variable due to the different depositional settings (from the Northern Adriatic foredeep depocenter to the shallower foreland ramp toward the northeast) and the coeval tectonic activity. Based on the works by Ghielmi et al. (2013) and Ghielmi et al. (2019), the maximum thickness for the early Pliocene sequence of the Canopo Formation (seq-PL1) is about 600 m, whereas for the first Pleistocene sequence of the Porto Corsini and Porto Garibaldi Formations (from seq-PL2 to seq-PS1) the maximum thickness is about 1,200 m each. These systems show remarkable lateral continuity in seismic reflection profiles. They are overlain by a maximum of 800 m of Middle-Late Pleistocene sand-rich turbidites of the Carola Formation (seq-PS2) and 1,500 m of the north-eastward progradational geometries of the Pleistocene Progradation Complex and Cyclothemes of the Ravenna Formation (seq-PS3).

Despite the tectonic uplift and exhumation of the Northern Apennines range to the southwest, the main area of sediment provenance for the Pliocene and Pleistocene sequences was located to the northwest, as shown by southeast-directed paleocurrents (Ghielmi et al., 2010, 2013). Therefore, the sediment supply’s main direction during the Pliocene and Pleistocene was almost perpendicular to the fold-and-thrust vergence and propagation.



DATASETS AND METHODS

Here we briefly illustrate the subsurface dataset (Figure 2) used to reconstruct the fault planes and the Pliocene unconformity (hor-PL1) in the study area. Since the area is almost completely offshore, the ground-surface reference dataset includes the bathymetric data from the EMODnet Bathymetry Consortium (2020). We also present the methodological approach we followed to (1) depth convert and restore two regional seismic reflection profiles representative of the structural setting and (2) calculate the Probability Density Function (PDF) of the slip rate for each fault, for each deformed horizon within these sections.


Seismic Dataset

The subsurface datasets comprise public and confidential 2D seismic reflection profiles, all acquired in TWT units. Specifically, we collected (1) all the seismic reflection profiles available in the VIDEPI project,1 (2) published sections and subsurface maps (Fantoni and Franciosi, 2010; Amadori et al., 2018, 2019), and (3) confidential 2D seismic reflection profiles kindly provided by ENI in the framework of the SPOT project (Antoncecchi et al., 2020). This data collection resulted in a dense grid of seismic reflection profiles covering the entire study area (Figure 2).

Public data available in the VIDEPI project consist of 112 deep wells with associated stratigraphies and about 100 seismic reflection profiles, for a total length of almost 2,000 km. These well and seismic data were drilled and acquired at different times and with different techniques, resulting in an overall inhomogeneous dataset. The dataset quality and resolution permit to depict the general structural setting, but it is not suitable for detailed structural or stratigraphic reconstructions. Nevertheless, some of these data have been considered together with the confidential high-resolution dataset provided by ENI. This dataset includes more than 900 seismic reflection profiles for a total length of over 10,000 km. All data have the same datum plane and maintain a good quality up to 4,000–5,000 ms. Over an extended portion of the study area, the Pliocene succession and the youngest Messinian deposits are usually separated by a marked contrast of acoustic impedance, creating a strong and well recognizable high-amplitude reflector, also identified in neighboring onshore and offshore sectors of the Po Plain—Northern Adriatic basin (Ghielmi et al., 2013; Amadori et al., 2018, 2020; Mancinelli and Scisciani, 2020).

To detect possible evidence of recent/ongoing tectonic activity, one needs to analyze seismic reflection profiles with a good resolution in the first 4–500 ms. We thus selected two of the best seismic reflection profiles running SW–NE through the study area to perform the structural restoration and slip rate analysis. These profiles originally belong to the ENI “Adria” 3D seismic survey and are interpreted and described in detail by Ghielmi et al. (2013).



Depth Conversion

The reconstruction of fault geometries, the structural restoration, and the following slip and slip-rate calculation necessitate depth-converted cross-sections. To this end, we took advantage of the well-log stratigraphies and TWT-velocity tables associated with the wells available in the study area, which survey the entire Plio-Pleistocene sequences (Figure 2). We derived the trendline and the related function for each time-depth table, selecting the one with the highest coefficient of determination (R2), using an approach similar to that adopted for more complex 3D depth conversions (Maesano and D’Ambrogi, 2017). The obtained velocity function is linear [see also section “Fault surface and PL1 unconformity (hor-PL1)”], in agreement with velocity models recently carried out for neighboring sectors in the Adriatic Sea (Mancinelli and Scisciani, 2020), and fully comparable with other velocity models used for the same stratigraphic sequence in the Po Plain-Northern Adriatic Sea (Amadori et al., 2019).



Decompaction and Restoration

To carry out the complete restoration of the interpreted and depth-converted cross-sections, we used the MOVE Software (Petroleum Experts) (Figure 3). Different algorithms were adopted to appropriately restore geological structures, depending on the observed deformation style and related kinematics. For a correct restoration of the regional cross-sections, all deformation due to differential sediment compaction effects must be considered and excluded from the tectonic-related component before the slip calculation. Restoration can then effectively be carried out step by step after having decompacted the sedimentary body above the target stratigraphic horizon. In this view, decompaction is needed to remove the effect of sediment volume change over time-related with porosity reduction, and it represents a crucial operation to avoid an overestimation of fault slip and, consequently, the slip-rate. Sediment compaction can be driven both by natural (Teatini et al., 2011) and human activities (Stramondo et al., 2007). By removing the load associated with a layer of sediments, the residual deformation of the underlying levels can safely be ascribed to tectonic processes. The applied decompaction algorithm is based on principles described by Sclater and Christie (1980). The original sediment porosity and elastic properties were assumed homogeneous, and an equal mixture of shale and sand was also assumed (Scrocca et al., 2007; Maesano et al., 2013, 2015). In the Northern Adriatic foreland basin sedimentary succession, the sediment thickness can change from 10 to 40%, with an average change of 25% (Maesano et al., 2015). Despite sediments can reduce their thickness up to 55%, the associate fault displacement loss varies between 5 and 15% (Taylor et al., 2008). After each decompaction step, we progressively recovered each key stratigraphic horizon residual deformation, from the youngest to the oldest, by calculating the fault slip amount needed to restore the selected stratigraphic horizons to the original horizontal depositional geometry.

Different deformation styles associated with faults and folds require different restoration procedures. The study area is characterized by fault-propagation folding controlled by buried thrusts. The trishear algorithm (Erslev, 1991; Allmendinger, 1998) is suitable for studying complex fault propagation folds geometries and allows for reproducing some features commonly observed in natural folds, such as footwall synclines and thickness and dip variations in the forelimbs (Allmendinger et al., 2011). The trishear algorithm was thus adopted to restore the folding ahead of the fault tip. Since the trishear transfers the fault slip in a triangular shear zone emanating from the fault upper tip, the resulting fault and fold geometries depend on the fault tip location, the fault ramp dip, the amount of slip, the ratio between the propagation of the fault and the slip (p/s), and the angle of the trishear zone.

Trishear can be used for both forward and inverse modeling of fault displacement. In the case of inverse modeling, due to the number of variables in the trishear formulation, there is no univocal solution in the restoration (Cardozo et al., 2011; Oakley and Fisher, 2015). We thus adopted the formulation of trishear proposed by Cardozo et al. (2011), which solves the inverse problem by minimizing an objective function, representing the least-squared linear regression of the restored horizons, by using an optimization method (simulated annealing). The optimization algorithm does not systematically test the parameter space (which is an inefficient approach from the computational side) but traverses the space searching for the best-fit model. Even if the optimization procedure proposed by Cardozo et al. (2011) is less affected by local minima compared to earlier versions (Cardozo and Aanonsen, 2009), we performed multiple runs for each model, particularly for the cases in which the amplitude of folding was small to have a more robust assessment of the stability of the inversion.

For each structure and each horizon, we performed between 10,000 and 50,000 inversions in each model run. In setting up the model, we decided to restrict the parameter space for the variables that are well constrained by the seismic data interpretation. We thus limited the boundary area for the tip position by the upper and lower coordinates of the fault ramp in the cross-section. According to seismic interpretation, the fault ramp dip was searched in a narrow range of variability (±5°) around the measured values. We left search limits for the other parameters (slip, trishear angle, and p/s) wider (slip between 0 and 2 km; trishear angle between 20 and 80°; p/s between 0 and 3). Since the parameter exploration space is a rectangular area between the upper and lower endpoints of the fault, we have several final solutions located at various distances from the fault trace. We assigned a weight to each solution obtained from the inversion to incorporate the epistemic uncertainty related to the restoration performed with the trishear method. The highest weight was assigned to the solutions with smaller residuals from the inversion and the fault tip position near the fault traces. The weight decreases linearly with increasing distance (inverse distance weighting method) and for the solutions with high residual. Note that the value of slip is independent of the criteria adopted for the weighting of the results. The slip of the best-fit solution was used to restore each horizon before the successive decompaction step.

The Fault Parallel Flow is an algorithm designed for kinematic modeling of the hanging wall blocks where deformation is accommodated by fault-parallel shear (Egan et al., 1997). This algorithm moves all the material within the hanging wall parallel to the fault trace along virtual flow paths and can be applied to a wide range of fault geometries, and it is better suited for compressional faults (Ziesch et al., 2014). Therefore, we restored the observed on-fault deformation with the Fault Parallel Flow method, where the displacement could be directly estimated from the cut-off of faulted horizons. However, the Fault Parallel Flow restoration does not completely recover the folding associated with off-fault deformation. This residual deformation was thus recovered using the Trishear, and the final slip amount associated with the fault is given by summing the results of both methods.



Probabilistic Slip Rate Assessment

Slip rate is a derived quantity that bears the epistemic uncertainty of both variables needed to calculate them: the amount of slip and the age of the reference horizon. To this end, we adopted the probabilistic approach for the slip rate calculation and reporting proposed by Zechar and Frankel (2009), which has been already applied in different tectonic contexts, continental and offshore faults, as well as at different spatial and temporal scales (Frankel et al., 2011; Gold and Cowgill, 2011; Chevalier et al., 2012; Maesano et al., 2020).

We first considered the age and uncertainty of eight Plio-Pleistocene horizons (Table 1) and used a boxcar PDF with not-null probability in the time interval covered by the horizon age uncertainty.

If t1 and t2 are the minimum and maximum ages, respectively, for a given sequence, the probability for the slip to occur at any time during this interval, p(t), is expressed by
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Then, considering the slip obtained from the restoration of each horizon for each fault, we used a Gaussian PDF around the weighted mean displacement values.

If μd is the mean displacement and σd is the associated standard deviation, the Gaussian displacement uncertainty, p(d) is expressed by:
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Finally, we combined these PDFs to report the probability of the slip rate estimates. The maximum possible slip rate is given by the maximum displacement divided by the minimum age and vice versa for the minimum slip rate.



RESULTS


Stratigraphic Ages and Their Uncertainty

High-resolution geological information on the youngest sedimentary units is needed to assess details of recent tectonics. The seismo-stratigraphic, sedimentologic, and bio-chronostratigraphic characterization of the Plio-Pleistocene sequence reached in the Po Plain and Northern Adriatic Foreland area (Muttoni et al., 2003; Ghielmi et al., 2010, 2013; Amadori et al., 2019, 2020) provides an effective tool to constrain the inception age of thrust faults and their activity age ranges, as well as to estimate displacement and slip rates for the Middle-Late Pleistocene time interval (Figure 4 and Table 1). Given the available temporal resolution, the probability of slip rate estimates is computed considering errors on the identified key-horizon age intervals. Here, we introduce the uncertainty associated with each of them based on bio-chronostratigraphic zones and subzones, paleomagnetism, or the tuning to Milankovitch astronomical cycles [e.g., astronomically tuned Neogene time scale (ATNTS2004) Lourens et al., 2004].

From the older to the younger, the first horizon in the Pliocene part of the sequence is hor-PL1, which corresponds to the beginning of the Zanclean Stage, calibrated at the base of the planktonic foraminiferal biozone MPl1, dated 5.33 Ma (Lirer et al., 2019). This reflector can be easily tracked in the seismic profiles because it was generated during an overall general reorganization of the Po Plain and Northern Adriatic Foreland basin at the end of the Messinian Salinity Crisis. During the Zanclean time, the study area was the foredeep deep-water depocenter of the Northern Apennines; therefore, we can exclude hiatuses within seq-PL1. The uncertainty associated with hor-PL1 age determination is ∼0.1 Myr, tied to the base of the Sphaeroidinellopsis s.l. biozone, and it cannot be older than the MPl1 biozone (Lourens et al., 2004; Lirer et al., 2019).

The next horizon is hor-PL2. Although its age is intra-Zanclean, its determination is very accurate. It falls within the upper MPl3 planktonic foraminiferal biozone, within MNN14-15 nannofossil biozones, dated between 4.13 and 3.95 Ma (Ghielmi et al., 2010, 2013), resulting in an age error smaller than ±0.1 Myr.

The third horizon is the Piacenzian hor-PL3, dated between 3.3 and 3.4 Ma and falling within the MPl4b biozone with a considered uncertainty of ±0.1 Myr (Ghielmi et al., 2010, 2013).

The first horizon in the Pleistocene part of the sequence, hor-PS1, is close to the Gelasian base, constrained in the lower part of MNN18 nannofossil biozones dated 2.4 Ma (Ghielmi et al., 2010, 2013). In the absence of specific studies on this age determination uncertainty but considering hor-PS1 to have similar stratigraphic detectability and importance as hor-PL3, we assigned an error of ±0.1 Myr even though the younger age would let suppose a smaller uncertainty.

The second is the hor-PS2 unconformity, which is dated at 1.5–1.6 Ma because it falls within the lower MNN19c nannofossil biozones before the first occurrence of the Hyalinea balthica, dated at ∼1.5 Ma (Sprovieri et al., 1998). According to the age determination accuracy, we retain an error of ±0.1 Myr also in this case.

The Middle-Late Pleistocene is characterized by the region-wide Pleistocene Progradation Complex, within which we identified three main unconformities, namely hor-PS3a, hor-PS3b, and hor-PS3c.

At the regional scale, the hor-PS3a unconformity is highly diachronic and falls into the MNN19f biozone, so that its age ranges in a large interval between 0.98 and 0.47 Ma (Lirer et al., 2019). However, in the Po Plain region, hor-PS3a is well tied at 0.87 Ma, which corresponds to the glacio-eustatic minimum peak MIS 22, through calibration using pollen and paleomagnetic inclinations (Muttoni et al., 2003). Based on the unconformity mapped by Amadori et al. (2019), we can safely attribute the age of 0.87 Ma to the hor-PS3a identified in our study area. The associated error can be estimated to be ±0.045 Myr based on the temporal range in which the MIS 22 peak can be defined according to the position of the two next midpoints of the sea-level curve.

The hor-PS3b unconformity is dated after the last occurrence of L. Gephyrocapsa sp. 3 at 0.597 Ma (Lourens et al., 1998). Based on the uncertainty usually attributed to the glacial-interglacial cycle absolute timing (less than ∼0.5 Myr; Lourens, 2004), and to keep consistency with the older horizon in the sequence, we assigned to hor-PS3b an error of ±0.045 Ma.

The uppermost unconformity, hor-PS3c, is the top lap of the Pleistocene Progradation Complex in the study area and does not correspond to any previously defined stratigraphic event. Hence, the hor-PS3c age determination had to be indirectly estimated by considering the sediment thickness deposited above PS3b and the average depositional rate, known to be slightly lower than 1.0 mm/year (Amadori et al., 2020). Given the average thickness of seq-PS3c and its average depositional rate, we estimate the age of hor-PS3c at 0.4 Ma. To validate this estimate, we compared the sedimentary setting and seismic facies association of the study area with the high-resolution chronostratigraphic correlation available for the neighboring Venetian-Northern Adriatic region (Massari et al., 2004; Amadori et al., 2020). In both cases, the first 500 ms of the seismic sequence corresponds to the topset portion of the Pleistocene Progradation Complex. According to the depth-converted position of hor-PS3c in the study area, the estimated age-depth relationship, and the correlation with dated horizons in the Po Delta area (Amadori et al., 2020), we assume an age of 0.4 and an error of ±0.05 Ma based on the age and scale of individual Milankovitch cycles.



Fault Surface and PL1 Unconformity (hor-PL1)

The interpretation of the seismic reflection profiles (Figure 2) allowed for a detailed 3D reconstruction of the hor-PL1 unconformity and 11 fault surfaces, referred to as NAF, for Northern Apennines Fault, followed by a progressive number (Figure 5). To produce this reconstruction in the depth domain, both 3D fault surfaces and the two interpreted seismic reflection profiles (Figure 6) have been depth converted following the same approach recently proposed for neighboring sectors of the Adriatic Sea by Mancinelli and Scisciani, 2020. Considering the Plio-Pleistocene sequence time-depth values, the function better representing the velocity increase with increasing depth is linear and is v = 0.3557d + 1945, where v is velocity and d is depth, with an R2 = 0.881. Since all the faults mapped in the area are detached below hor-PL1, the velocity model validity domain includes the depth-converted fault geometries and the hor-PL1 surface entirely.
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FIGURE 5. (A) Map of the study area showing the reconstructed fault planes (in gray) and the hor-PL1 contour map. (B) Oblique view (looking toward northeast) of the 3D fault geometries (color-coded with depth) and the hor-PL1 regional unconformity. Fault parameters are detailed in Table 2.
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FIGURE 6. Seismic reflection profiles (see Figure 1 for location) adopting the interpretation by Ghielmi et al. (2013). (A) Northern Section; (B) Southern Section; (C–E) close-up views of the uppermost 1,000 ms above the studied structures [see boxes in panels (A,B)]. Vertical pseudo-exaggeration ∼10 times at 1,500 m/s default uniform velocity. Slight deformations of hor-PS3c are visible (marked by a thin blue line indicated by arrows on either side of the image).


The hor-PL1 unconformity was reconstructed at a regional scale to provide a first-order geometrical constraint on the folding related to the underlying thrust activity and is particularly detailed in northeastern and foreland sectors. The hor-PL1 reconstruction was integrated with the available information from the literature (Bigi et al., 1992; Amadori et al., 2018) where the seismic dataset was not dense enough to provide an accurate interpolation (Figure 2). The depth contours depict a rather monotonous southwestward gently dipping monocline in the foreland area interrupted by a deformation pattern dominated by arc-shaped NW–SE oriented anticlines.

The fault geometries were initially obtained from interpreting the 2D seismic reflection profiles and interpolating the points sampled along the traces. Then, the final fault surfaces were obtained by an overall depth conversion. Coming from an industrial dataset, the seismic reflection profiles are not homogeneously distributed over the study area, but they are more concentrated in the correspondence of selected geological structures. For this reason, the fault reconstructions are not always laterally continuous and needed to be interrupted where the distribution of the seismic profiles did not permit their recognition. However, their continuity could be inferred by the anticline geometry detected in the hor-PL1, which aided the interpolation in zones of scarce data coverage or seismic profile poor quality.

All the faults strike NW–SE and dip SW coherently with the Northern Apennines thrust belt and are buried under Plio-Pleistocene deposits. For this reason, none of them has any clear seafloor evidence of activity that could be deduced from an inspection of the bathymetry. Instead, their overall structural arrangement could be characterized by analyzing the regional cross-sections (Figure 6), which show that they offset the Pliocene horizons and deform the Pleistocene horizons. They also show that minor backthrusts contribute to accommodate the deformation produced by the identified major thrusts.

A summary of the main geometric characteristics of the mapped faults is presented in Table 2. Dealing with arc-shaped concave-up faults, the internal variability in strike, dip, and depth is represented by percentiles (10th, 50th, and 90th) of the encountered values. Overall, these faults range in size from 12 to over 400 km2 and cut through the crust between 2 and 6 km depth. Note that the lower depth values do not necessarily correspond to the detachment level depth but only to the depth where a reliable reconstruction was possible.


TABLE 2. Geometric parameters of the faults shown in Figure 5.
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Regional Cross-Sections and Chronology of Thrust Activity

The seismic reflection profiles that are shown in Figure 6 (location in Figure 5) have a high-enough resolution for observing growth strata on top of the main thrusts and recognizing the horizon geometries within the Pleistocene Progradation Complex (hor-PS3a, hor-PS3b, and hor-PS3c; Figure 4 and Table 1) in the first 500 ms. The Northern Section (Figure 6A) is 27 km long, whereas the Southern Section (Figure 6B) is an excerpt of a more than 70 km long seismic reflection profile and was cut where it intersects our study area (at 36 km in Figure 25 in Ghielmi et al., 2013). Overall, they intersect and provide insights for four of the 11 thrust ramps in the study area and their related secondary features. For some of them, the fault geometry can be followed down to their basal detachment (∼4,500 ms) and the bottom Pliocene unconformity. Detailed line-drawings of the tectonic structures and depositional sequence boundaries have been possible in the entire depth range spanned the profiles, allowing for estimating their inception age.

According to the structural map shown in Figure 5, the structures intersected by the two cross-sections are as follows. NAF1 is the innermost structure and is intersected by both cross-sections close to its structural culmination. NAF2 is intersected only by the Southern Section near its northern termination. NAF3 is composed of a series of NW–SE thrusts correlated from the onshore Ferrara Arc to the offshore Romagna Arc. The lack of seismic profiles between the two cross-sections prevents imaging the along-strike features; therefore, we keep the NAF3North and NAF3South geometric reconstructions separate. However, based on the structural trend deduced from other profiles, we can consider NAF3North and NAF3South as part of the same geological structure. NAF4, the outermost structure in this sector, is intersected only by the Northern Section, although it terminates just north of the Southern Section.

By analyzing these seismic reflection profiles, it was possible to infer the inception age of each structure by comparing the stratigraphic succession thickness in the hanging wall and footwall on each of them and verifying the presence of onlap geometries or growth strata in correspondence of fault-related anticlines. The presence of possible recent and ongoing tectonic deformation, albeit less evident than that affecting the Zanclean to Gelasian sequences, can be noted in the close-up views of the upper sectors of the seismic stratigraphy (Figures 6C–E).

NAF1 is made up of the main forethrust, with a deep splay visible only in the Northern Section and an associated backthrust. This structure clearly offsets hor-PL1 and hor-PL2. Above NAF1, seq-PL1 has the same thickness in both the hanging wall and footwall, whereas seq-PL2 is completely absent and seq-PL3 onlaps on the anticline forelimb. The main thrust activity can then be set at the beginning of seq-PL2. Later activity is testified by the warping of hor-PL3 and hor-PS1 on top of the anticline. The stratigraphic sequence above hor-PS1 shows only hints to elusive deformation, difficult to be traced. However, the stratigraphic markers are well detectable, and the weak signs of deformation appear more clearly through vertical exaggeration, as shown in the close-up view of Figure 6C.

NAF2 includes a forethrust splayed into two branches and two separate backthrusts. The seq-PL2 thickness differences between the hanging wall and footwall suggest that NAF2 inception age can be set at the sequence base. This structure slightly deforms the bottom of the seq-PS1, whereas hor-PS2 is flat and undeformed, thereby marking the ceased activity.

NAF3North is constituted by a main forethrust and a few associated secondary backthrusts with very limited displacement. The main thrust shows a flat-ramp geometry and is rooted within the Plio-Pleistocene deposits. Above NAF3-North, seq-PL1 has the same thickness in the hanging wall and footwall. The main thrust inception age can be identified within the deposition of seq-PL3 that is strongly thinned on top of the related thrust anticline. Hor-PS2 is warped but not offset by the thrust, and signs of thrust activity are also detectable in the lower levels/reflectors of seq-PS2.

NAF3South is a rather complex structure in which the main forethrust with a flat-ramp geometry is associated with splay faults and backthrusts. This structure offsets and deforms both Pliocene and Pleistocene successions. Its tectonic activity starts at the base of seq-PL3, as evidenced by the sequence reduced thickness on the top of the related thrust anticline. The main fault slightly offset hor-PS2 at the base of the sequence, and growth strata near the main anticline demonstrate its activity carried on during the whole seq-PS2 deposition. Above the anticline, looking at the seismic reflection profiles, no clear evidence of tectonic activity is detectable for seq-PS3a and seq-PS3b due to the presence of clinoforms and prograding strata. However, the effects of tectonic activity can be detected for the overlying seq-PS3c (Figure 6D), suggesting that the tectonic process remained active during the entire sequence emplacement.

NAF4 is a flat-ramp-shaped thrust with an associated backthrust. The ramp connects downward with a basal flat that merges with NAF3North. Seq-PL1 and seq-PL3 have the same thickness at the hanging wall and footwall of the main thrust, and reflectors are always parallel and coherent with the stratigraphic boundaries so that the hor-PS1 unconformity dates the thrust inception age. The thickness of seq-PS1 shows strong variations on the top of the anticline and significant differences relative to the undeformed layers in front of it. Hor-PS2, instead, is only slightly offset by the main thrust. On top of the anticline, seq-PS2 growth strata are present on both limbs, and the hor-PS3a and the reflectors immediately above it shows weak signs of deformation (Figure 6E).



Restoration and Slip Rates

The two seismic reflection profiles shown in Figure 6 were depth converted to obtain two regional cross-sections suitable for restoration and concurrent calculation of the total slip and subsequent estimation of the slip rate on each fault. These two cross-sections intersect four structures: NAF1, NAF2, NAF3, NAF4. The depth-converted versions of the two cross-sections are shown in Figures 7, 8. The line drawing in the depth-converted sections is rather simplified relative to the original interpretation of the seismic profiles in Figure 6 to avoid numerical instabilities in the restoration process.
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FIGURE 7. (A) Depth-converted version of the Northern Section. Some minor faults (e.g., backthrusts) were not included in the restoration after having verified that their contribution to the total displacement was two orders of magnitude smaller. The main restoration steps are provided in Supplementary Figure 2. A summary of the slip-rate calculation results for the studied structures is shown by plots of the time-interval ages (B), the recovered slips (C), and the slip rates (D) for each fault. A boxcar distribution describes the interval-age uncertainty Probability Density Functions (PDF), whereas a Gaussian distribution describes the slip and slip-rate uncertainty PDFs. X-axes are in logarithmic scale for displacement and slip-rate values. Only the horizons considered for the slip rate calculations are represented (see Table 3 and Supplementary Data 2 for numerical information).
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FIGURE 8. Same as Figure 7 for the Southern Section.


We performed the horizon restoration and fault-slip calculation from the younger to older horizons and from the outer to inner structures. The hor-PS3c is the shallowest horizon, placed around 300 m depth. Hor-PL1 reaches almost 6 km depth. We excluded from the restoration procedure the horizons located within the Pleistocene Progradation Complex since their clinoformal deposition prevents the correct discrimination of the tectonic component in determining their present geometry. The shallowest horizons were affected only by folding and were thus restored using the trishear method only. Deeper horizons were restored, combining the Fault Parallel Flow and the trishear methods. The step-by-step restoration progression is shown in Supplementary Figure 2.

We then selected the slip value that best represents the restored deformation by weighing each inversion component (p/s ratio, trishear angle, and ramp-dip angle). Figure 9 shows an example of the trishear inversion results, while the full model inversion results are provided in Supplementary Figures 3, 4 (numerical information in Supplementary Data 1). For the shallower horizons (hor-PS3a, hor-PS3b, and hor-PS3c), we made 50,000 trials to test better the stability of results associated with the very low slip values. This effect is represented by the high dispersion of the fault tips used for the trishear inversion. It is worth noting that for some of the shallow horizons (NAF1-South hor-PS3a, NAF1-South hor-PS3b, NAF3 hor-PS3a, NAF3 hor-PS3c, NAF4 hor-PS3a, NAF4 hor-PS3c), the resulting slip values are not null, and the position of the solution is in good agreement with the fault geometry even considering a large number of trials with a significant dispersion around the faults. We considered the weighted average and standard deviation of the slip values to incorporate these results in the slip rate calculations. The trishear restoration produced a larger uncertainty than the Fault Parallel Flow restoration because, in the latter, the uncertainty is limited to the accuracy of the offset measured at the fault cut-off. Overall, the slip values obtained from the trishear inversions have limited variability around the values with the highest weight, showing some dispersion only for the solutions with lower weights. In most cases, the solutions are located on the mapped faults or within a 500 m distance from the faults. The slip values are coherent with the amount of deformation of the relevant horizon, being small (<100 m) for the younger and less deformed horizons and higher for older and more deformed horizons.
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FIGURE 9. Example of trishear inversion referred to hor-PS3a above NAF3 North thrust. (A) Position of the fault-tip trial points. The fault and horizon geometries are shown for comparison. The color scale represents the normalized weight of each trial. (B) Slip of inversion trial plotted against the distance of the trial from the actual fault. The color scale represents the normalized weight of each trial. (C) Distribution of the slip values and relative normalized weight. (D) Distribution of the propagation versus slip ratio (p/s) and relative normalized weight. (E) Distribution of the trishear angle (ta) values and relative normalized weight. (F) Distribution of dip ramp angle (ra) and relative normalized weight. Full model inversion results and numerical results are available in Supplementary Figures 3, 4 and Supplementary Data 1.


The slip rate calculations results, along with their uncertainty PDFs, for each fault and each restored horizon are graphically shown in Figures 7, 8 for the Northern Section and the Southern Section, respectively. Table 3 summarizes the horizon age, restoration method and restored slip, and slip rate results. In five cases, the displacement cannot be calculated because the relevant horizon is part of the Pleistocene Progradation Complex. For these five cases, we retained the slip associated with the underlying horizon. This missing information seems not to affect the general trend of the investigated structures.


TABLE 3. Slip and slip rate for the various restored horizons, and cumulative slip with associated uncertainties (1σ standard deviation).
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Overall, the progressive restoration showed that the inception age is different for different faults in agreement with the inception age visual estimations based on the seismic stratigraphy. Considering the structural relative positions, the inception age is progressively younger from the inner toward the outer structures. NAF1, NAF2, and NAF3 start in the Pliocene. The former two during seq-PL2 and the latter during seq-PL3. NAF2 remained active until the end of seq-PS1 or slightly afterward. NAF4 is the younger structure, starting its activity in the Pleistocene with the onset of seq-PS1 and has only a short period of activity overlap with NAF2 lasting about 1 Myr (2.5–1.5 Ma). The total cumulative slip is differently distributed on the different structures along the two regional cross-sections and varies from about 1,800 m for NAF4 to about 6,000 m for NAF3-South. This structure shows the highest structural elevation and amount of slip, probably due to the limited or almost null tectonic activity on the NAF2 structure after seq-PS1. The distribution of the cumulative slip over time is shown in Figure 10. Note that because of the adopted restoration methods (Figure 3), each discrete displacement increment is attained by each restored horizon at the bottom of each decompacted sequence or group of sequences (in the presence of clinoforms). Therefore, in Figure 10, the cumulative displacement distribution is attributed to the sequence termination age, regardless of the possibly finer internal displacement variations that could have occurred within the sequence or, in other words, between two successive horizons. This distribution can be approximated with an exponential function whose local slope and slope changes represent the slip rate and its decay over time. The fit parameters, along with some function features, are reported in Table 4.
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FIGURE 10. Cumulative displacement distribution versus age obtained from data listed in Table 3. Based on the adopted method, the displacement is attributed to each restored horizon at the bottom of each sequence, regardless of the displacement distribution during the sequence deposition. Error bars on the y-axis represent the error of interval displacement propagated from the present to older ages by adding in quadrature. Error bars on the x-axis represent the error on the age determination at the end of the interval. All datasets are fitted by an exponential function in the form y = a + be−x (solid line) shown along with their 95% confidence interval (dashed lines). See Table 4 for the fit parameters.



TABLE 4. Parameters of the fitted curves y = a + be−x along with their coefficient of determination and the fit standard error.
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The obtained slip rates for the various horizons span two orders of magnitude, from a few millimeters to a few hundredths of millimeters per year. The faster slip rates characterize the earlier stage of activity (Pliocene and Gelasian) and slower slip rates in the more recent times (Pleistocene), with the main rate change around 1.5 Ma within the deposition of seq-PS2. All faults retain some activity level until the present except for NAF2 that ceased its activity sometime after 1.5 Ma. Within the Pliocene (seq-PL1 to seq-PL3), NAF2 has rates of activity similar to those of the other structures. However, it must be noted that the Southern Section intersects NAF2 very close to its northern termination.

Further analyses are necessary to verify its activity to the south. Both cross-sections intersect NAF1 near the structural culmination; therefore, the deduced activity could be a good proxy to its maximum. NAF3 is a very long structure, and because of the lack of data between the two cross-sections, the two slip rate determinations NAF3North and NAF3South may represent the activity of two separate strands. NAF4, the youngest and outermost structure, has an onset slip rate slower than that of the older structures. However, its slip rate since hor-PS3c is almost twice as faster as the other faults in the same period.



DISCUSSION

We analyzed a large dataset of 2D seismic profiles to perform a structural reconstruction of an offshore sector of the Northern Apennines thrust front. The reconstructed faults generally agree with the tectonic lineaments and main faults identified in previous studies (Bigi et al., 1992; Fantoni and Franciosi, 2010; DISS Working Group, 2018; Pezzo et al., 2020). Nevertheless, the quality, density, and spatial distribution of the dataset used here allowed us to improve the 3D definition of the fault geometries. Relative to the DISS Working Group’s (2018) fault compilation in the area, we characterized some new faults, such as NAF1, NAF3, NAF4, and NAF6, to be considered and provided data to improve some of the already mapped. Overall, our reconstructions provide a better definition, especially of the fault upper edges, whereas the deeper parts of the faults still require extrapolation unless data with deeper penetration become available. These improved fault geometries can help develop a new generation of seismotectonic models and earthquake hazards applications at the local scale.

As regards the seismotectonics of the area, the elusiveness of geomorphic signatures of tectonic activity in the bathymetry makes it difficult to assess the recent activity of the thrusts that has remained a matter of debate for years (e.g., Di Bucci and Mazzoli, 2002; Pezzo et al., 2020). The prevalence of sedimentary accumulation relative to the frontal anticline growth during the Pleistocene, as already observed within the Po Plain (Maesano and D’Ambrogi, 2016), causes the complete burial of the fault upper ends and the fault-related folds, thereby challenging the direct recognition of tectonic activity.

The present-day stress field acting in the Northern Adriatic Sea is also a matter of debate. Mazzoli et al. (2015) proposed maximum horizontal stress with orientation variable from NE–SW to NW–SE within a dominant transcurrent tectonic regime, based on minor seismic sequences in the area. Nonetheless, considering the distribution and clustering of stress data in the region, robust stress inversions indicate NE–SW to ENE–WSW directions of the maximum horizontal stress, which are almost orthogonal to the strike of the major contractional structures in the area (Carafa and Barba, 2013; Carafa et al., 2015b). The analysis of the seismological data of the largest past earthquake in the region (Senigallia, 1930, Mw 5.9) is consistent with a compressive stress field (Vannoli et al., 2015), as also confirmed by the focal mechanisms of the smaller seismic sequence (max Ml 5.0) recorded in the offshore of Porto San Giorgio (south of the study area) in 1987 (Riguzzi et al., 1989; Battimelli et al., 2019). This evidence suggests that the mechanism that produced the weak but not negligible deformation observed for the post-hor-PS3c (0.4 Ma) period is coherent with the current stress regime.

The structures with a 5–10 km wavelength of the outer Northern Apennines share a common basal thrust located on the top of the Meso-Cenozoic carbonatic succession (Barchi et al., 1998; Fantoni and Franciosi, 2010; Maesano et al., 2015). The flat thrust geometry is favored by the presence of a regional detachment level corresponding to the Gallare marls (upper Eocene to lower Miocene), a highly plastic formation locally characterized by overpressure zones (Livani et al., 2018). The presence of an Eocene-Miocene detachment level is a common characteristic of the entire Po Plain and Northern Adriatic Foreland (Fantoni et al., 2004; Massoli et al., 2006; Toscani et al., 2006; Maesano and D’Ambrogi, 2016; Turrini et al., 2016) and, together with a deeper decollement level located in the Triassic evaporites, is a key factor in controlling the structural style of the whole region. Basili and Barba (2007) estimated an average long-term (17 Myr) shortening rate of 2.9 mm/year of the structures above this basal thrust. Numerical modeling fitting GPS recordings and horizontal stress directions, both onshore and offshore, demonstrated the necessity of basal tractions to justify the observed ongoing deformation (Barba et al., 2008), which requires slip-rates between 0.6 and 2.5 mm/year on the basal thrust (Carafa et al., 2015a; Pezzo et al., 2020). The deformation along the common detachment should be transferred and distributed onto the outer frontal ramps. Our work focused on improving the geometric definition of these fault ramps to provide a numerical representation of how the deformation is distributed in both space and time.

As highlighted by the analysis of two regional cross-sections, we documented the asynchronous activation of four thrusts (NAF1, NAF2, NAF3, and NAF4), with a younger inception age for the outer faults as already observed in other sectors of the Northern Apennines, the Po Plain, and the Adriatic foredeep (Barchi et al., 1998; Scrocca, 2006; Scisciani and Calamita, 2009; Fantoni and Franciosi, 2010). Our findings thus confirm a general trend that characterizes the Northern Apennines fold-and-thrust belt in its entirety.

Importantly, the recent and ongoing tectonic activity can be effectively examined only after having decompacted and restored the depth-converted horizons. The removal of the differential compaction effect is necessary for the correct estimates of the deformation of fault-related folds and growth strata. The impact of differential compaction in this type of structural setting could lead to an overestimation of the slip required to restore the fault geometry (Scrocca et al., 2007; Maesano et al., 2013, 2015). After the decompaction and restoration procedure, all the analyzed structures showed evidence of activity throughout the Pleistocene. NAF2 is the only structure for which we did not find deformation evidence after the early Calabrian (hor-PS2). This result could either be due to the Southern Section position that crosses NAF2 near its northern lateral termination where its slip is minimum or to a migration of activity determining an accommodation of the deformation by the outermost structures (NAF3South).

We underline the importance of two main requirements when dealing with inverse problems for fault slip assessment, implying a non-unique solution (Cardozo et al., 2011). The first requirement is the use of horizons that need to extend across both walls of the fault. The effect of using incomplete datasets has already been evaluated and tested by comparing results in natural and analog experiments, showing that a lower spread of the results is obtained when the restored horizon includes a significant portion located on both the hanging wall and footwall of the underlying fault (Cardozo et al., 2011). The second requirement is the use of well-constrained and accurate fault geometries. During the inverse restoration with the trishear method, we observed that some of the solutions with a good performance from a numerical viewpoint (i.e., low residuals) require a fault tip located far from the actual fault (Figure 9). Since seismic reflection profiles very well constrain the fault position and geometry, we adopted a solution that weighs both the distance from the fault and the residuals on the necessary slip. The solutions closer to the actual fault trace are preferred in the slip evaluation. One of our inversion results is that the spread of slip values is quite limited, showing some dispersion only for low-weighed solutions.

The treatment of slip-rate uncertainties in tectonic contexts involving slow-moving, blind or buried, faults is one of the major outcomes of this work. In our case study, we adopted age constraints provided by literature data in most cases (Table 1), and their uncertainties were related to the dating method. The age of the most recent horizon, hor-PS3c, instead was based on a detailed interpretation of the most recent reflectors, then correlated and compared with the interpretations and mean sedimentation rates calculated in neighboring sectors of the Adriatic Sea (Amadori et al., 2020). Although this horizon does not have a strong stratigraphic constraint from previous literature, it was important to confirm the recent tectonic activity. We thus recommend using more data on sedimentation rates because they can provide further constraints to the horizon definitions that could not be performed in this work. With the data at hand, we had to treat the age uncertainty as maximum and minimum values, in which all values within that range are equally likely (boxcar PDF). Combining the age boxcar PDF with the slip Gaussian PDF resulted in a probabilistic distribution of the slip rates, representing a significant improvement in treating this epistemic uncertainty relative to previous works in the area. However, the possibility of incorporating more horizons with peaked uncertainty distributions, like a Gaussian, also for the age term would lead to narrower uncertainty in the slip rate determination and a further potential improvement. When these improvements regard the most recent fault activity stages, they can have compelling implications when such data are used as input in earthquake hazard applications because the slip rate parameter controls the tectonic moment rate that is then converted into annual earthquake rates (see Morell et al., 2020, for an overview of these relationships).

In this work, we also estimated the slip rate variations over time. Slip rates calculated for different time intervals provide evidence for an exponential decrease over time for all the investigated structures. Over the Plio-Pleistocene, such variation spans two orders of magnitude (Table 3), from a few millimeters per year during the Pliocene to early Pleistocene, coincident with the early stages of fault activity depending on the inception age, to only a few hundredths of millimeters per year during the Middle-Late Pleistocene. For example, NAF3-South is the structure with the largest slip-rate variation through time, starting its activity at more than 3 mm/year during seq-PL3, then slowing down to 0.05 mm/year during seq-PS3. NAF4, which is much younger, starts its activity at a much slower rate of ∼1.3 mm/yr during seq-PS1 and then slows down to ∼0.2 mm/year while remaining the faster structure during seq-PS3 (Table 3). The amount of restored deformation for seq-PS3c (post 0.4 Ma) is very small but not negligible in all cases. One must be aware, though, that these values are nearly in the same order of magnitude as the resolution limits of the adopted methodology, which is affected by the inherent limitations due to various factors, such as the manual picking of the seismic reflectors and the homogeneous decompaction parameters of the deposits.

For all the analyzed structures, we observed a marked slip rate reduction occurred during the Calabrian (seq-PS2), evidenced by the slope change of the fitted curves shown in Figure 10, in agreement with a general reduction of the Northern Apennines thrust fronts activity observed during the Pleistocene (Gunderson et al., 2013; Maesano et al., 2013, 2015; Bresciani and Perotti, 2014; Maesano and D’Ambrogi, 2016) coincident with the overfilling of the Po Plain - Northern Adriatic foredeep beginning in the Early Pleistocene (Gunderson et al., 2018). On average, slip rates obtained here are consistent with previous works and findings in adjacent areas (Maesano et al., 2013, 2015) and represent, in most cases, a finer temporal scan of thrust activity. However, although this trend seems to characterize most Northern Apennines thrusts, we must be aware of the exceptions such as the Mirandola Thrust, buried under the Po Plain, whose slip rates might have increased during the Middle-Late Pleistocene (Maesano et al., 2015) and be cautious in generalizing these results. Discriminating between decelerating and accelerating thrusts is key to understanding the recent Northern Apennines evolution and providing elements for mindful comparison with activity rates derived from modeling decadal geodetic (GPS and InSAR) observations and estimates of seismic efficiency (Carafa et al., 2017; Caporali et al., 2018). In this perspective, we note that the slip rates measured on the most recent horizon (hor-PS3c), and thus representing the last 0.4 Myr, for all the thrust ramps intersected by the two regional sections, collectively account for a fraction (25–50%) of the slip rates on the basal detachment (Carafa et al., 2015a; Pezzo et al., 2020). This apparent discrepancy can be explained considering that part of the basal detachment strain can be distributed on the innermost coastal or onshore active thrust (Maesano et al., 2015). The slip partition between disconnected faults and their common detachment may shed light on the mechanism that drives the slip-rate variability in the million-year timescale and contribute to better understanding the relative roles of the different factors controlling this process (Roy et al., 2016; Gunderson et al., 2018), including exogenous forcing due to the competition between erosion and deposition of the rock volume above the blind faults. In our study area, the main sediment supply comes from an axial system in an almost NW–SE elongated foredeep (Ghielmi et al., 2010, 2013; Amadori et al., 2019) where the Pleistocene sedimentation rates are fast enough to conceal the tectonic signature. The kinematic relationships between a fold-and-thrust belt and syntectonic sedimentation are crucial in controlling the thrust geometries and activity (e.g., Storti and McClay, 1995; Duerto and McClay, 2009; Fillon et al., 2013). Syntectonic sedimentation could likely play an important role also in our case study by acting as an exogenous forcing in affecting the thrust kinematics. Indeed, the Pleistocene foredeep sediments mainly come from the northwest, i.e., from outside the thrust belt and foreland system. Looking at the regional cross-sections (Figure 6) and the slip-rate values (Table 3 and Figure 10), one may notice that the clinoform deposition occurs while the tectonic signal dramatically decreases, suggesting a chronological correspondence between the high sedimentation rates and the low slip-rate values. While the increasing synkinematic sedimentation rate delays the development of frontal contractional structures and favors the formation and reactivation of more internal thrusts and backthrusts (Pla et al., 2019, and references therein), the presence of clinoforms typically indicates periods with reduced tectonic activity when new accommodation space in the basin is not created. Therefore, our data do not allow us to discriminate if the reduced tectonic activity after 1.5 Ma is the cause or the consequence of the sedimentation rate increase, but it is worth to be noted that these two processes have already been observed in large parts of the Northern Apennine outermost fronts (Maesano et al., 2013, 2015; Amadori et al., 2020).



CONCLUSION

In this work, we emphasized the critical role played by subsurface data in characterizing the activity of buried faults, where sedimentation rates overtake tectonic rates, counteracting the geomorphic signature development at the ground surface or the seafloor.

Using a dense dataset of 2D seismic reflection profiles and wells, we performed a 3D structural reconstruction of eleven buried thrusts of the Northern Apennines chain in a near-offshore sector of the northern Adriatic Sea. The investigated structures are consistent with previously published studies, but a well-constrained 3D reconstruction of the fault surfaces provided elements for improving the local structural setting description that can be useful for further seismotectonics and earthquake hazard analyses. The study area location is also a key factor in creating the opportunity to homogenize the results of thrust tectonics studies across the onshore-offshore transition of the Northern Apennines frontal part.

For four of the mapped thrusts, we documented the slip history over the last 4 Myr, revealing an exponential slip reduction implying a decelerating slip-rate pattern from a few millimeters to a few hundredths of millimeters per year with a major slip-rate change around 1.5 Ma. The slip histories revealed an asynchronous activation proceeding from the inner to the outer thrusts and that the youngest structure is also the fastest during the last 0.4 Myr interval. Comparing these findings with region-wide literature data confirms that, beyond the observed slip-rate variations within each fault, the strong slip-rate deceleration after 1.5 Ma is a widespread behavior of the Northern Apennines thrust faults. Yet, we are aware that also accelerating faults might exist in the thrust belt. Therefore, further studies should better address this occurrence to answer the remaining open questions on whether we can consider the deceleration due to a common regional forcing or just aleatory fluctuations of individual fault behavior.

The eight stratigraphic horizons with well-constrained age determinations (Zanclean to Middle Pleistocene) provided a slip-rate history reconstruction spanning a temporal scale that suits various geodynamic model needs. Slip rate values obtained through the analysis of older geologic markers could lead to apparent discrepancies when compared with deformation rates derived through geodetic data analyses. The slip-rate values in the most recent interval are the most appropriate to reconcile such possible discrepancies and would be useful to highlight how the geodetically derived basal thrust strain can be partitioned on different structures.
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Supplementary Figure 1 | Po Plain and Northern Adriatic Sea slip rates. Red lines are the main tectonic lineaments, colored circles show the location of the slip rate datasets available in literature (see Supplementary References).

Supplementary Figure 2 | Main steps of the regional cross sections’ restoration process. Colors are the same as those in Figures 6–8 of the article. The terms “fault” and “fold” near the passages indicate the restoration of the shortening associated to either fault displacement or to folding, respectively.

Supplementary Figure 3 | (A–O) Plots of trishear inversion for Northern Section. Legend: d (m): distance from fault; norm W: normalized weight (1-fval)∗(1/d); fval is the normalized value of the regression function (Cardozo et al., 2011); p/s: ratio of fault propagation (p) versus slip on fault (s); ta (°): trishear angle; ra (°): ramp dip angle.

Supplementary Figure 4 | (A–M) Plots of trishear inversion for Southern Section. Legend: d (m): distance from fault; norm W: normalized weight (1-fval)∗(1/d); fval is the normalized value of the regression function (Cardozo et al., 2011); p/s: ratio of fault propagation (p) versus slip on fault (s); ta (°): trishear angle; ra (°): ramp dip angle.
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The Eastern European Alps are characterized by slow active deformation with low- to moderate seismicity. Recurrence rates of severe earthquakes exceed the time span of historical documentation. Therefore, historical and instrumental earthquake records might be insufficient for seismic hazard assessment and high-quality paleoseismic data is required. However, primary geological observations of postglacial fault activity are scarcely found, because major faults are buried below thick sedimentary sequences in glacially overdeepened valleys. Moreover, high erosion rates, gravitational slope processes and penetrative anthropogenic landscape modification often obscure geomorphic features related to surface ruptures. Here we present one of the rare paleoseismic data sets showing both on-fault evidence as subaqueous surface ruptures and off-fault evidence as multiple coeval mass-transport deposits (MTDs) and megaturbidites within a single high-resolution seismic-stratigraphic framework of the inner-alpine lake Achensee. Co-occurrence of on-fault and off-fault paleoseismic evidence on three stratigraphic levels indicates seismic activity with inferred moment magnitudes MW ∼6–6.5 of the local, lake-crossing Sulzgraben-Eben thrust at ∼8.3 ka BP and twice in Late Glacial times. Additional eight stratigraphic levels with only off-fault paleoseismic evidence document severe seismic shaking related to the historical MW ∼5.7 earthquake in Hall (CE 1670) and seven Holocene earthquakes, which have exceeded a local seismic intensity of ∼VI (EMS-98) at Achensee. Furthermore, we discuss natural and methodological influencing factors and potential pitfalls for the elaboration of a subaqueous paleoseismic record based on surface ruptures and multiple, coeval MTDs.
Keywords: lacustrine paleoseismology, active tectonics, earthquake, surface rupture, mass-transport deposit, Eastern Alps
INTRODUCTION
The European Alps are a slowly but actively deforming orogen with an overall convergence rate of 1–2 mm/year between the counter-clockwise rotating Adriatic plate and a stable European plate (Métois et al., 2015). Moreover, excessive uplift rates—beyond what is expected from postglacial isostatic rebound—indicate neotectonic activity especially in the Eastern Alps (Mey et al., 2016). Present-day seismicity in the Eastern Alps is moderate, at shallow depths (5–10 km) and concentrated in specific regions e.g. in central Tyrol (Reiter et al., 2018; Figure 1A), where also severe and damaging earthquakes are historically documented (e.g., Hall MW ∼5.7 in CE 1670; Stucchi et al., 2013). For these severe historical earthquakes, the epicentral location or the magnitude is often debated and therefore, also the causative faults remain unknown. Moreover, severe earthquakes for a given region in the Alps tend to have long recurrence intervals in the order of 1,000–2,000 years (e.g., Kremer et al., 2020) with complex and clustered recurrence patterns (Oswald et al., 2021). Therefore, historical and instrumental earthquake records might be insufficient for seismic hazard assessment. For several parts of the Alps, advanced understanding of severe earthquake recurrence has been gained from long Holocene paleo-earthquake records established in lake sediments (e.g., Beck et al., 1996; Kremer et al., 2017; Rapuc et al., 2018). Lacustrine paleoseismology takes advantage of the often high-resolution, continuous and accurately datable sedimentary succession in lakes, while being sensitive for seismic shaking and able to preserve sedimentary imprints of earthquakes (Strasser et al., 2013). Such off-fault paleoseismic evidence, when documented at multiple lake sites and interpreted to be coeval, can be used to evaluate epicentral locations and magnitudes of paleo-earthquakes by constraining intensity threshold conditions at each lake site and applying empirical seismic attenuation relation in a grid-search approach (Strasser et al., 2006; Kremer et al., 2017). Yet, the causative source fault for the majority of severe earthquakes in the Alps remains not constrained.
[image: Figure 1]FIGURE 1 | Overview of the study area. (A) Seismotectonic map of the central Eastern Alps including the main faults and faults relevant for this study, historical (Stucchi et al., 2013) and recent earthquakes (Reiter et al., 2018), the Münster rock avalanche and deformation in Late Pleistocene sediments of hypothesized neotectonic origin (Costantini and Ortner, 2013). Map modified after Brandner (1980); Bousquet et al. (2012); Geologische Bundesanstalt (2021a, 2021b). (B) Simplified cross section across the Eastern Alps indicating the location and depth of the main zone of current seismicity after Reiter et al. (2018) in respect to the major fault systems. Cross section modified after Ortner et al. (2006); Ortner et al. (2015); Reiter et al. (2018). (C) Geological map of the surroundings of Achensee. The lake is located within the Northern Calcareous Alps and dammed in the Southeast by proglacial outwash and till deposits accumulated before the Last Glacial Maximum. The southern part of the lake is crosscut by the dextral strike-slip Pertisau fault separating the Sulzgraben and Eben thrusts. The sinistral Inntal fault obliquely crosscuts the Northern Calcareous Alps and separates them from the Austroalpine basement Southeast of Schwaz. The current stress field in this tectonic domain is generally compressional in NNW-SSE direction, but also a NE-SW extensional stress field occurs in the southern part of the study area (Reiter et al., 2018). The historical earthquakes of Hall (CE 1670) and Innsbruck (CE 1689) are located 13 and 21 km to the SW of the map. Earthquake data are derived from Stucchi et al. (2013). Geology and faults modified after Eisbacher and Brandner (1996), Moser (2008), Gruber and Brandner (2012), and Kilian and Ortner (2019). (D) Bathymetry of Achensee showing the four sub-basins and the coring sites of this study. Inset shows the dense seismic grid using the pinger (grey) and sparker (white) seismic sources. Onshore digital elevation model is derived from Land Tirol–data.tirol.gv.at.
Major tectonic faults occur along the main longitudinal valleys in the Eastern Alps (Robl and Stüwe, 2005) indicating that the faults partially controlled the pathway of glacial and fluvial erosion and thus also valley formation. Nowadays, these major faults are mostly buried below glacially overdeepened valleys filled with hundreds of meters thick peri- to postglacial sediments (Preusser et al., 2010), which makes geological observations of possible neotectonic activity by e.g., fault trenching not applicable. Moreover, the faults in the basement rocks and their possible postglacial surface ruptures within such thick sedimentary successions can often not be resolved even with high-resolution land-seismic reflection imaging (Burschil et al., 2019). In Alpine areas with less postglacial sediment cover, the preservation of on-fault paleoseismic evidence is potentially limited by i) penetrative anthropogenic landscape modification in often densely populated valleys, ii) gravitational slope processes or iii) relatively high erosion rates in a moderate-humid Alpine climate (Ustaszewski and Pfiffner, 2008). Especially normal faults can be well preserved in steep terrain, however, the scarceness of glacial and post-glacial sediments overlying these faults prohibits the stratigraphic recording and dating of potential surface ruptures. Only a few specific sites with on-fault evidence of postglacial surface ruptures have been documented within the Alps which were not affected by abovementioned limitations. Displaced Roman archeological remains were linked to seismotectonic deformation at the Egna fault in the Adige Valley, northern Italy (Galadini and Galli, 1999). Tectonically damaged speleothems found in a cave in the Hochschwab massif, eastern Austria, which indicate ongoing lateral extrusion tectonics of the Eastern Alps (Plan et al., 2010). Remote lineament mapping on aerial photographs and subsequent field investigations identified 1,700 tectonic faults in the central and western Swiss Alps, of which only two unequivocally exhibit post-glacial activity (Ustaszewski and Pfiffner, 2008).
Alpine lakes can form another potential geological archive for on-fault paleoseismic evidence as lake basins are often located in fault-aligned valleys or are crossed by major fault systems. So far, faulting in postglacial sediments is only documented by reflection seismic imaging in three Alpine lakes. At Lake Garda in northern Italy, folded strata in the sedimentary infill parallel to onshore fold-related faults and enhanced mass wasting close to interpreted active tectonic features were related to postglacial seismicity (Gasperini et al., 2020). Riedel-type faults offset the sedimentary infill and lake-floor morphology of Lake Le Bourget, northwestern French Alps and were assigned to postglacial-Holocene activity of two onshore-documented strike slip faults (de La Taille et al., 2015). At Lake Thun in central Switzerland, fault traces were identified by amphibious geomorphic and subsurface investigations and attributed to Holocene seismotectonic activity (Fabbri et al., 2017). Even though these studies show evidence for postglacial seismotectonic activity and the great potential use of Alpine lake sequences for on-fault paleoseismology, no quantified paleoseismic data was obtained, such as the number and timing of surface rupturing events or the amount and extent of co-seismic displacement. This is because i) surface ruptures were only visualized in geophysical data without sampling and dating through sediment cores, and ii) surface ruptures could not be tied to specific stratigraphic levels due to missing marker horizons in the stratigraphy or rather low-frequency (and thus low resolution) seismic sources used during the reflection seismic surveys.
In this study, we investigate on-fault as well as off-fault paleoseismic evidence in a single Alpine lake basin (Achensee) in the Eastern Alps by using a dense grid of reflection seismic profiling with two different sources. Furthermore, we evaluate and date potential earthquake-related seismic-stratigraphic event horizons in sediment cores. Semi-quantitative considerations are applied to both on-fault and off-fault paleoseismic evidence and are compared with each other. We discuss i) the natural and methodological factors influencing subaqueous realms in recording remote earthquakes and in preserving subaqueous surface ruptures, ii) implement our paleoseismic results within the regional seismotectonic framework and iii) propose potential source faults of postglacial seismic activity.
SETTING
Seismotectonic Setting
The study area is located in the southern part of the thin-skinned cover nappe stack of the Northern Calcareous Alps within the Cretaceous-Paleogene collisional orogenic belt of the Eastern Alps (Figures 1A,B). In the Cenozoic tectonic evolution of the Eastern Alps, NNW-ward pushing of the rigid Adriatic indenter played a major role (Ratschbacher et al., 1991; Rosenberg et al., 2004; Reiter et al., 2018). In detail, the Alpine front became inactive during the Miocene and shortening migrated more into the hinterland (Ortner et al., 2015), where coeval activity along strike-slip fault systems (e.g., Inntal fault, Periadriatic fault) and normal faults (e.g., Brenner fault) lead to the doming of the Tauern window and E-ward lateral tectonic escape of the Eastern Alps (Figures 1A,B; e.g., Ratschbacher et al., 1991; Wölfler et al., 2011).
Nowadays, the Eastern Alps are in a slowly deforming (1–2 mm/year; Métois et al., 2015) intraplate tectonic regime. Apart from that, the Inn valley (southern part of the study area) depicts one of the regions with the highest seismicity in Austria (Figures 1A,C; Lenhardt et al., 2007) due to ongoing NNW-ward indentation of the Adriatic microplate (Reiter et al., 2018, and references therein) accumulating stress on existing major faults (e.g., Inntal fault) that are connected with the deep-reaching, S-dipping sub-Tauern ramp (Figure 1B; Ortner et al., 2006). Focal mechanism data of recent seismic activity indicate a general NNW-SSE oriented current stress field with predominantly top-North thrusting motions, but also a subordinate NE-SW orogen-parallel and -oblique extension especially in the southern part of the study area (Figure 1C; Reiter et al., 2018). Earthquakes are concentrated in a seismic zone at 5–10 km depth below the Inn valley (Figure 1B), which attests thrust activity on several major and partly blind, S-dipping faults below and North of the Inn valley. Among these are the Sulzgraben and Eben thrusts, both forming parts of a 21 km long out-of-sequence thrust delimiting one of the major thrust sheets of the Northern Calcareous Alps, hereafter named Sulzgraben-Eben thrust (Figure 1C; Kilian and Ortner, 2019). The Sulzgraben-Eben thrust is dissected by the NW-striking, valley-aligned strike-slip Pertisau fault (Eisbacher and Brandner, 1996). This thrust is potentially connected with the main zone of current seismicity below the Inn valley, and therefore seismotectonic activity can be expected given the current stress regime. Ten kilometers west of the study area a joint-set parallel to cracked clasts in Late Pleistocene sediments was hypothesized to represent neotectonic activity (Figure 1A; Costantini and Ortner, 2013). Several other major faults occur in the study area, but neotectonic activity of these faults is not expected in the current stress regime (grey faults in Figure 1C) based on their position within the nappe stack (e.g., piggy-back of a younger out-of-sequence thrust) or orientation (e.g., too steep) obtained from previous detailed geological mapping (Ampferer and Ohnesorge, 1924; Ampferer, 1928; Krauter, 1967; Kilian and Ortner, 2019).
The Inn valley was struck by at least three severe and damaging earthquakes in the last 500 years, of which the Hall earthquake in CE 1670 reached MW 5.7 ± 0.4 (Figures 1A,C; Stucchi et al., 2013). The source faults and focal mechanisms of these severe earthquakes and therefore also potentially active faults are unknown. Focal-depth distributions inferred from macroseismic data suggest an earthquake potential up to maximum MW 6.5 (Lenhardt et al., 2007). This is about one magnitude step higher than the largest historically documented earthquake and involves fault dimensions which can be expected to produce surface ruptures (Stirling et al., 2002). However, so far, no surface ruptures are documented in the study area potentially due to long recurrence rates, and high erosion and sedimentation rates obliterating evidence in this mountainous region.
Lake Setting
The study area comprises the Achensee, a 6.8 km2 large and 133 m deep lake occupying an underfilled, glacially-eroded, N-S oriented valley (Figures 1C,D). The lake level of Achensee at 930 m above sea level (asl) is about 400 m higher than the main SW-NE-trending Inn Valley (530 m asl) southeast of it. The formation of this inner-alpine lake basin is caused by natural damming of the elevated side valley by a rapid deposition of proglacial to periglacial sediments overlain by glacial till deposits related to the advancing Zillertal glacier from the Southeast preceding the Last Glacial Maximum (“Achensee dam”, Poscher, 1994; Figure 1C). In the North, the lake is dammed by elevated bedrock in the valley. The natural outflow of the lake shifted from southwards to northwards through the build-up of the natural Achensee dam. Several natural and artificial (since Mid-20th century) inflows drain the steep and rocky local catchment (218 km2) into Achensee.
Achensee is subdivided into four basins (from S to N) named Pertisau basin, Main basin, Gaisalm basin and Northern basin (Figure 1D). The three northern basins are divided by alluvial fan deltas, whereas the Pertisau basin and the Main basin are separated by a subaquatic landslide scarp (see Mass-Transport Deposit Event Stratigraphy). Since CE 1923 Achensee has been used as natural reservoir for hydropower production, which resulted in an artificial 1 m rise of the high lake level stand in summer, and seasonal lake level fluctuation of up to 11 m. Especially in the early phase of hydropower generation, these drastic lake level changes enhanced coastal erosion leading to several coastal and lake-internal landslides and additional progradation of alluvial fan deltas (Ampferer and Pinter, 1927; see also Identification and Calibration of Off-Fault Paleoseismic Evidence).
MATERIALS AND METHODS
Multibeam Bathymetry and Reflection Seismics
High-resolution bathymetric data of Achensee were acquired in October 2017 using a Kongsberg EM2040 multibeam echo sounder (University of Bern) operating at 300 kHz in a 1 × 1° beam-width configuration. A Leica GX1230+ GNSS receiver was used for positioning in combination with real-time kinematic corrections (RTK) provided by EPOSA (real-time positioning service Austria, www.eposa.at). Acoustic sound velocity was based on continuous monitoring and vertical velocity profiles (1–5 per day) using a Valeport MiniSVP probe. Subaqueous sound velocity ranged from 1,450 m/s at the water surface to 1,426 m/s in the deepest part. The recorded raw data were processed and manually reviewed in Caris HIPS/SIPS 9.1 software. The point cloud was rasterized using the “Swath Angle Surface” algorithm resulting in a bathymetric map with 1 m horizontal and a few decimeters vertical resolution. Bathymetric maps were created using QGIS Desktop 3.10.5 and GlobalMapper 13.
Two different seismic sources were used to image the sedimentary infill in pseudo-3D by a very dense grid of sparker source (99 km) and pinger source (133 km) survey lines (Figure 1D). A single-channel 3.5 kHz Kongsberg Geopulse pinger was used for several small seismic surveys in 2016–2019 and provides a theoretical vertical resolution of ∼10 cm. The pinger was mounted on an inflatable cataraft, which was attached to a working boat of the local fishery. Survey speed was kept constant at 6–7 km/h. The incoming seismic data together with the GPS positioning (±5 m accuracy) were digitally recorded using the Coda Octopus GeoSurvey software. An intermediate frequency (0.8–2.0 kHz) “Centipede” multi-electrode sparker source (Ghent University) operating at 400 J was used in a seismic survey in 2017 and provides ∼25–50 cm theoretical vertical resolution. A single-channel streamer equipped with ten hydrophones was used as receiver for the sparker survey. Both the sparker and streamer were towed by the research vessel “Luna” of the Research Department for Limnology, Mondsee (University of Innsbruck). A bandpass filter (0.2–2.3 kHz) was applied for quality control during the survey and the signal was digitally recorded as SEG-y data. Erroneous trace values were removed through a despiking algorithm. Seismic interpretation was done in IHS Markit Kingdom Suite 2018 where a bandpass filter of 2.0–6.0 kHz and 0.2–1.0 kHz was applied for better visualization of the pinger and sparker data, respectively.
Seismic stratigraphic units are defined based on seismic reflection characteristics, seismic facies and unit geometry following the terminology of Mitchum et al. (1977). In particular, we identified the typical seismic facies and geometry of lacustrine mass-transport deposits (MTDs; Sammartini et al., 2019) and mapped their spatial and stratigraphic distribution (e.g., Schnellmann et al., 2006) in the sedimentary infill of the Pertisau basin and the Main basin. The Northern and the Gaisalm basins were excluded from this study, because there are less than 3 ms seismic penetration in the Northern basin and the sedimentation in the Gaisalm basin is strongly influenced by episodical detrital input from large fan deltas (Figure 1D). We evaluate whether the spatio-temporal distribution of MTDs in Achensee can be used as off-fault paleoseismic evidence following the concept of tracing multiple MTDs on single stratigraphic levels which are directly overlain by a (mega)turbidite. This specific depositional signature hints at a coeval triggering of subaqueous mass-wasting and can potentially be related to severe seismic shaking (Schnellmann et al., 2002; Strasser et al., 2013; Moernaut, 2020).
We further identify non-sedimentary and subvertical reflection patterns offsetting the sedimentary infill, hereafter generically termed “subaqueous fault” independent of its formation or causal processes. Strong reflections are used as stratigraphic control horizons and for measuring the fault throw on the seismic lines defined as vertical displacement (positive = up; negative = down) of one fault block in respect to the other. Fault throw measurements were conducted on multiple stratigraphic levels in order to test for repeated activity along a fault (Cartwright et al., 1998). Based on the stratigraphic level of upper fault termination, different generations of fault activity are defined and mapped throughout the seismic data. A constant sound velocity of 1,500 m/s was assumed for time-depth conversions of the fault throw measurements and the creation of MTD distribution and -thickness maps. Such acoustic velocity is in agreement with results derived from multi-channel seismic-reflection data on Holocene lake sediments in glacigenic basins (Pinson et al., 2013). As pre-Holocene lacustrine strata may be more compacted and exhibit slightly higher acoustic velocity, the fault throws in the lower parts of the stratigraphy might be slightly underestimated.
Sediment Core Analyses and Event Dating
Sediment cores up to 11 m length were retrieved in the Pertisau- and Main basin using the coring platform ARARAT equipped with a modified Kullenberg-type piston coring system (ETH Zürich; Kelts et al., 1986). In addition, short cores up to 1.5 m length located near or at the piston coring locations were retrieved in 2017 and 2018 using a short gravity coring system with sliding-hammer action. All sediment cores were scanned for X-ray computed tomography (CT) using a Siemens SOMATOM Definition AS at the Medical University of Innsbruck with a voxel size of 0.2 × 0.2 × 0.3 mm. P-wave velocity, gamma-density at 0.5 cm interval on whole-round cores and magnetic susceptibility (Bartington MS2E) at 0.2 cm interval on split cores were obtained using a GEOTEK Multi Sensor Core Logger at the Austrian Core Facility of the University of Innsbruck (ACFI). Split cores were imaged right after core-opening using a Smartcube Camera Image Scanner (ACFI). Lithostratigraphic units and sedimentary event deposits (MTDs, turbidites) were identified macroscopically in combination with CT- and bulk density data. Unique sediment- and density patterns were used for inter-basin core-to-core correlation. Core-to-seismic correlations are based on linking abrupt shifts in density with strong reflections and by linking units of deformed (folded) sediments in the core with mapped MTDs on the seismic profiles.
Terrestrial macro-organic remains (i.e., leaves and needles) were radiocarbon dated using accelerator mass spectrometry at the Laboratory for Ion Beam Physics at ETH Zürich. 14C ages were calibrated using IntCAL20 (Reimer et al., 2020) and are reported in calibrated years before present (cal BP). Short-lived radionuclide (137Cs) activities were measured at EAWAG (Dübendorf, Switzerland) with CANBERRA and Princeton 146 Gamma-Tech germanium well detectors. Short-lived radionuclide activities and radiocarbon dates derived from short cores were projected via core-to-core correlation to the long cores ACH19-L3 and ACH19-L7 (Supplementary Figure S1). Sedimentary event ages were determined in both basins on the master cores ACH19-L3 and ACH19-L7 based on Bayesian age-depth modelling using the Bacon v2.4 software package in R (Blaauw and Christen, 2011). Several 14C dates are objectively assigned as outlier ages by evaluating preliminary age-depth modelling runs and are therefore excluded for the final age-depth modelling. For the age-depth model, all instantaneous event deposits > 1 cm thickness are removed resulting in an event-free sediment depth.
RESULTS
Seismic Stratigraphy
The intermediate-frequency (0.8–2.0 kHz) sparker source provides information on the whole sedimentary infill and penetrates down to ∼55 m depth in the Pertisau basin (Figure 2A), whereas the high-frequency (3.5 kHz) pinger source images the infill in high-resolution down to ∼35 m depth in the Pertisau basin (Figure 2B).
[image: Figure 2]FIGURE 2 | Seismic profiles across the Pertisau basin using an intermediate-frequency sparker source (A) and a high-frequency pinger source (B). (A) The sparker profile images the whole post-glacial sedimentary infill subdivided in three seismic units (U1–U3; black dashed lines) onlapping the glacial unconformity (white dashed line). (B) The pinger profile accurately resolves wedge-shaped mass-transport deposits and a delta collapse complex intercalated in U2 and U3. Vertical blurred fault zones offset the sedimentary infill.
Seismic stratigraphic analyses in the Pertisau basin reveals three main seismic units (U1-U3) deposited above a truncated substratum (U0; Figure 2A). U0 has low- to intermediate-amplitude, inclined and semi-continuous reflections. It is truncated by an asymmetrically bowl-shaped unconformity, which forms the basal surface on which U1-U3 are deposited. U1 has high-amplitude reflections varying from more chaotic at the bottom to semi-continuous towards the top. U1 is mainly located in the deepest part of the basin and its reflections onlap the basal unconformity. The onlaps of U1 are clear on the NE slope, whereas on the SW slope these are difficult to identify due to hyperbolic reflection patterns. The top of U1 defines the acoustic basement in the pinger data (Figure 2B). U2 is characterized by alternating low- to intermediate-amplitude seismic facies with continuous reflections onlapping the basal unconformity towards the slope of the basin. Locally, wedge-shaped, high-amplitude bodies with down-lapping reflections occur in the lower part of U2 near the basin slope break (Figure 2B). Similar to U1, onlaps are more distinct at the NE slope, whereas on the less inclined SW slope the reflections partly show onlap but also a more draping configuration. U3 generally exhibits continuous high-amplitude reflections with draping character.
In contrast to the Pertisau basin, seismic data in the Main basin only covers U3 and the upper part of U2 (Figure 3). The upper part of U2 and most of U3 contain numerous MTDs (stratigraphic horizons A-L in Figure 3) located at the slope-basin transition. The MTDs occur in both the Main- and Pertisau basin and are characterized by a positive relief with basin-ward thinning geometry and a chaotic low- to intermediate-amplitude seismic facies (Figure 2B). Some MTDs are directly overlain by semi-transparent seismic bodies with ponding geometries and a smooth top surface in U3 of the Main basin and are interpreted as megaturbidites resulting from large subaqueous mass wasting (Figure 3; see Mass-Transport Deposit Event Stratigraphy; e.g., Schnellmann et al., 2006).
[image: Figure 3]FIGURE 3 | Pinger seismic profile across and along the Pertisau basin towards the long axis of the Main basin showing comparable seismic units U2 and U3 and event horizons (A–L) correlated by core-to-core-to-seismic correlation (see Core-to-Core and Core-to-Seismic Correlation). The basins are subdivided by a slide scarp corresponding to the large MTD of event G. The depocenter of the Main basin contains three megaturbidites within event horizons E, G and I. Map inset shows the trend of the seismic profile. Vertical black lines display projected depth of core ACH19-L7 and ACH19-L3 from the Main basin and Pertisau basin, respectively (Figure 9).
The Pertisau basin seismic-stratigraphic unit succession closely compares to the type stratigraphy of glacigenic lake sequences as established for other alpine and peri-alpine lakes (Van Rensbergen et al., 1998; Ndiaye et al., 2014; Daxer et al., 2018; Fabbri et al., 2018). Accordingly, we interpret the basal unconformity as a glacially scoured valley into a sedimentary succession (U0) deposited before the Last Glacial Maximum. U1 is interpreted as a rapid and coarse sediment infill (“glacial outwash”) below or directly in front of the glacier in the Achensee valley, which is retreating to the SE into the main Inn valley or the Ziller valley. Moreover, a relatively minor sediment contribution to U1 may be formed by meltwater streams from retreating glaciers in the local side valleys of Achensee (e.g., upstream Pertisau; Figure 1C). U2 is interpreted as glaciolacustrine sedimentation with contemporaneous progradation of alluvial fan deltas in a proglacial lake setting with respect to the local glaciers. U3 represents recent open lacustrine hemipelagic sedimentation. The U2/U3 boundary is identified in core ACH19-L3 as a lithostratigraphic boundary confirming the seismic-stratigraphic interpretation (see Lithostratigraphy). A stack of three large and complex MTDs within U3 (Figure 2B) originates from the Pertisau delta and represent deposits of delta collapses, hereafter named as “delta collapse complex” (DCC). The surface expression of the DCC is also visible on the present-day bathymetric data as irregular to semi-concentric ridges (Figure 1D) caused by thrusting during DCC propagation and emplacement (see Subaqueous Faults; Sammartini et al., 2021).
Subaqueous Faults
Seismic units are not laterally continuous across the Pertisau basin due to the occurrence of sub-vertical faults offsetting the sedimentary lake infill (Figures 2A,B). Most of these subaqueous faults are visualized as a steep (∼80°) NE-dipping to subvertical, decameter broad zone where seismic penetration is blurred and bordered by bent reflections (F1 and F2 in Figure 4A). Within the blurred zones, faint hyperbolic reflections occur that are better visible in sparker profiles (Figure 4B). Juxtaposed half or incomplete hyperbolas occur in both directions and are intersecting, suggesting an abrupt termination of strata on both sides of the fault. A second expression are narrow, discrete subvertical faults (F3 and F4 in Figure 4A), where reflections are bent towards the faults and total vertical offsets are minor. Besides these subvertical fault types, inclined thrusts occur below the DCC (Figure 4C) creating pronounced ridges of up to 2 m height on the lake floor. The two northeastern DCC-related thrusts sole in undeformed strata of U2 (dark blue dotted horizon in Figure 4C), whereas the lower contact of the two southwestern DCC-related thrusts is unclear and potentially connects with the sub-vertical blurred fault zone (dashed brown line).
[image: Figure 4]FIGURE 4 | Seismic profiles across the Pertisau basin with interpretation of both on-fault and off-fault paleoseismic evidence. Locations of the seismic profiles are indicated by the respective inset. (A) Pinger profile with four faults expressed as blurred zones or discrete offsets, which are subdivided in faulting generations I, II and III based on the stratigraphic level of their upper termination. Event horizons A-L depict stratigraphic horizons with multiple MTDs. The upper termination of fault generations I, II and III are directly overlain by MTDs of event horizons G, K and L. Vertical black line displays projected depth of core ACH19-L3 (Figure 9). (B) Fault zone expressed by intersecting hyperbolas in a sparker profile. (C) A blurred fault zone offsetting seismic-stratigraphic control horizons (dark- to light blue) in a sparker profile. The fault terminates in the delta collapse complex (DCC). Transportation and emplacement of the DCC generated deformation and thrusting of basin sediments. (D) Offset of fan delta deposits locally characterize the fault zone, where faulting generations could not be assigned due to missing stratigraphic control between the MTD of event horizon G and the fan delta deposits. Pinger profile. (E) A discrete fault terminating upwards in undeformed U3 in the shallow SE-most part of the Pertisau basin. Pinger profile.
The lowermost extent of subvertical faults that can be identified on pinger profiles is located at the top of U1. The faults can also not conclusively be traced further down on sparker profiles (Figures 2A, 4C), probably due to non-continuous reflections of U1 and U0. The faults terminate at three specific stratigraphic levels, which are also marked by the presence of MTDs labelled G, K and L (Figure 4A; see details in Mass-Transport Deposit Event Stratigraphy) implying fault activity during at least three different events. Therefore, the faults are assigned to fault generations I, II and III from young to old and colored brown, orange and green in Figure 4A and all subsequent figures, respectively. There is no observational evidence, neither in seismic profiles nor in bathymetry, that one of these faults offsets the topmost lacustrine strata younger than the fault generation I. Towards the southern Pertisau basin an alluvial fan delta in the lower U2 is present on the SW slope resulting in a different and less distinct fault expression (Figure 4D). The stratigraphic offset is visible on the basis of the different fan wedges (indicated by blue dotted horizons) showing relative downthrow of the NE block. In between the alluvial fan deltas and the blue-colored MTD (labelled G in Figure 4D), reflections are rather weak, discontinuous and cannot be traced across the fault. This excludes a conclusive interpretation of its upper termination and therefore has not been assigned to any fault generation. In the SE-most part of the Pertisau basin (Figure 4E), where water depth is only about 30 m and seismic units U2 and U3 are condensed, a discrete fault is present with a relative downthrow of the NE block. Reflections are bent towards the fault and intersect at the fault location. The fault clearly offsets the U2/U3 boundary, whereas it terminates within U3 (Figure 4E) in which its morphological expression is partly leveled out by the overlying undeformed sediment sequence. Therefore, we assign this fault trace in Figure 4E as a potential generation I fault. However, presence of older fault activity, which is not visible due to low sedimentation rates in this shallow area, cannot be excluded.
Some faults exhibit variable vertical fault throws (∆T), which are defined as vertical displacement of the NE block in respect to the SW block (Figure 5). Upward decreasing fault throw, as present in the upper part of both faults in Figure 5 indicates fault growth in multiple phases (Cartwright et al., 1998; Bouroullec et al., 2004; Barnes and Pondard, 2010). Accordingly, the F1 fault is considered active during generations I and II, whereas activity of the F2 fault is assigned to generations II and III. The considered fault throws indicate relative downthrow of the NE block. In contrast, the lower part of the F2 fault shows relative uplift of the NE block and thus throw reversal along the same fault. This is a potential indication for strike-slip movement (Zalan, 1987; Barnes and Audru, 1999) during which an apparent vertical offset in profile view can be generated by horizontally offsetting inherent basin morphology. In map view, all subaqueous fault traces—independent of their assigned fault generation—are aligned in SE to NW direction roughly parallel to the main axis of the Pertisau basin (Figure 6). The mapped fault traces are more discrete in the SE part of the basin and splay up to several sub-parallel fault branches towards the NW (dashed lines in Figure 6A). In the NW-most part, only a single to maximum two faults can be mapped below the DCC due to limited depth penetration of the acoustic signal and the deformed basin sediments caused by the propagation and emplacement of the DCC. The thrusts related to the DCC form a peculiar succession of NW-SE oriented ridges semi-parallel to the other faults. This semi-parallel configuration of DCC-related faults is different from the typical arcuate-shaped frontal thrusts of delta collapses observed in other Alpine lakes (Hilbe et al., 2014; Strasser et al., 2020; Sammartini et al., 2021). In a generation-based distinction of fault traces (Figures 6B–D), the youngest (I) and oldest (III) generations clearly indicate the overall SE-NW trend, whereas the fault traces of generation II show two outliers to this general trend with low fault throw values. Negative fault throw measurements can be traced over several adjacent profiles and overall indicate a downthrow of the NE block with maximum total vertical offsets of circa -3 m (Figure 6A). Positive fault throws up to 2 m are documented, but appear to occur locally on single profiles.
[image: Figure 5]FIGURE 5 | Zoom of Figure 4A. Subaqueous faults of different generations are directly overlain by MTDs indicated by stars. Fault throw (∆T) is measured using seismic-stratigraphic control horizons (narrow dashed lines). Faults are colored based on their upper termination in faulting generation I, II and III (color code in Figure 4A). Stratigraphic control horizons are shown as narrow dashed lines. Note the fault growth sequence along both faults and the reversal of fault throw of the F2 fault. Map inset in lower left shows position of the pinger profile.
[image: Figure 6]FIGURE 6 | (A) Subaqueous faults trace maps in the Pertisau basin colored with their respective fault throw, where a negative value defines downthrow of the NE block in respect to the SW block and vice versa for positive values. Thrust faults related to the emplacement of the delta collapse complex (DCC) are colored black. A potential interpretation of interconnected fault traces is shown by dark-blue dashed lines. The individual fault generations I-III are distinguished in (B–D) based on the upper termination of the subaqueous faults in the stratigraphy (see also Figures 4A, 5).
Based on the individual observational evidence with respect to offsets in the glaciolacustrine-to-lacustrine stratigraphy over numerous seismic profiles and the coherent alignment of fault traces, we interpret that the individual mapped fault traces are interlinked and altogether describe a SE-NW striking subaqueous fault zone (Figure 6A). The co-existence of mainly relative downthrow of the NE block with only locally occurring uplift of the NE block can be explained by a strike-slip fault motion accompanying the normal faulting of the NE block. Based on the observational evidence of a fault growth sequence with three faulting generations, we suggest that the sedimentary succession of Achensee recorded on-fault paleoseismic evidence for at least three times in Late-Glacial to Holocene times.
Mass-Transport Deposit Event Stratigraphy
The identified MTDs are characterized by low- to intermediate-amplitude reflections of chaotic and basin-ward thinning seismic bodies with a positive relief (Figures 2–4, 7) and occur in both investigated basins. Besides the peculiar occurrence of a DCC in the Pertisau basin (see Seismic Stratigraphy), an extraordinary large MTD (∼1.5 km long and up to 12.5 m thick) covers most of the Main basin (MTD in event horizon G in Figure 3). This MTD is derived from the lake-internal slope dividing the Pertisau basin from the Main basin, which contrasts to all other MTDs that originate from lateral basin slopes. Its slide scarp truncates U2 and U3 reflectors of the Pertisau basin, which suggests that this MTD is caused by a lake-internal basin collapse, where parts of the Pertisau basin sequence failed and were transported into the Main basin, similar to observations on basin collapses in some fjord settings (Bellwald et al., 2016). Moreover, three megaturbidites occur in the depocenter of the Main basin (Figure 7). These are characterized by a semi-transparent seismic facies and clear ponding geometries. A direct onlap of megaturbidites at MTDs indicates a cogenetic occurrence (event horizons G, I in Figure 7).
[image: Figure 7]FIGURE 7 | Pinger profile along the Main basin (zoom of Figure 3). The Main basin contains a complete record of event horizons (B–I) with multiple MTDs. In event horizons G and I, MTDs are directly overlain by megaturbidites indicating their cogenetic formation. Vertical black line displays projected depth of core ACH19-L7 (Figure 9). Map inset indicates location of seismic profile.
The slide scarp and thick MTD of the basin collapse disturbed the natural stratigraphic transition from the Pertisau basin to the Main basin and thus, prohibit inter-basin correlation based on tracking of continuous reflections on seismic data. Therefore, we made an inter-basin correlation of event horizons based on a core-to-core-to-seismic correlation. First, a core-to-core correlation was carried out using distinct sedimentary layers and common lithostratigraphic facies, which was verified by radiocarbon ages from both basin sequences. Afterwards, each core was correlated to seismic data to obtain a lake-wide dated event stratigraphy (see Core-to-Core and Core-to-Seismic Correlation for further details). In the Pertisau and Main basin we distinguished 12 event horizons (A to L; from young to old) each comprising 3–12 coeval MTDs (Figure 8). Besides several event horizons containing MTDs in both basins (B, E, G, H, I), event horizons C, D, F and A, J-L only show MTD occurrence in the Main basin or the Pertisau basin, respectively (Figures 3, 8). The lack of MTDs is mainly caused by missing seismic penetration in the deeper parts of the Main basin and probably due to lowered sedimentation rates in the Pertisau basin (see discussion in Natural and Methodological Factors Influencing the Lacustrine Seismograph).
[image: Figure 8]FIGURE 8 | Distribution and thickness maps of MTDs and megaturbidites of seismic-stratigraphic event horizons A-L. Symbols and color code of the coring sites provides information on the sedimentary imprint of the event in the cores. See main text for interpretation and dating of the individual events.
MTDs of event horizons G, K and L directly overlie the fault plane in the downthrown block where they partly level out the fault throw (Figures 4A, 5). This suggests that the deposition of MTDs was coeval or occurred shortly after the faulting of the lacustrine strata. The MTDs themselves are overlain by undisturbed and draping reflections representing background sedimentation. Event horizon K is an exception, as it is directly overlain by another MTD of event horizon J with only little background sediment in between.
Sediment Core Data
Lithostratigraphy
The sediment cores ACH19-L3 and ACH19-L7 were recovered in the Pertisau basin and the Main basin, respectively (Figures 1D, 3, 4). Based on macroscopic identification in combination with CT data and gamma-ray density, a lithostratigraphic succession intercalated by various instantaneous event deposits can be identified (Figure 9A). The lithostratigraphic succession of Achensee comprising five lithotypes (LT1-5 from base to top) is defined at ACH19-L3 (Figure 9A, Supplementary Figure S1), because changes in sediment type are more pronounced in the Pertisau basin. Moreover, sedimentation in the Main basin is more influenced by clastic input of the alluvial fans resulting in more frequent and often relatively thicker intercalated event deposits in the Main basin compared to the Pertisau basin. Nevertheless, all lithostratigraphic units described below can be correlated to the Main basin core ACH19-L7 (Supplementary Figure S1). A documentation with core image and CT data of all lithotypes is provided in Supplementary Figure S2. LT1 (8.10–7.5 m) consists of ochre to brown laminated, mixed hemipelagic-detrital carbonate mud intercalated by <2 cm thick, brown, turbidites with abundant, sand-to-silt size detrital carbonates and terrestrial macro-organic remains. Density ranges between 1.9 and 2.1 g/cm3 showing a slight decrease towards the top. The transition between LT1 to LT2 is defined by a distinct color change to grey. The intercalated turbidites in the basal LT2 have less common terrestrial macro-organic remains, and are generally thinner and contain smaller grainsizes compared to LT1. LT2 (7.5–2.4 m) is generally characterized by grey, fine-laminated hemipelagic-detrital mud with sparse occurrence of diatoms. Intercalations of turbidites vary in color from light-grey to brown reflecting the amount of entrained organic content and vary in thickness from a few mm to 3 cm. Moreover, three MTDs occur within LT2 (see Event Deposit Types). Density is rather constant within LT2 between ∼1.6 and ∼2.2 g/cm3, but has some negative outliers due to sediment cracks and more variability caused by the MTDs. The transition to LT3 is marked by the top of the blue colored MTD (Figure 9A). LT3 (2.4–1.0 m) is a diverse lithotype but generally characterized by less clastic and increasing organic-rich sedimentation. LT3 is divided into two different subtypes, which together follow a generally decreasing density trend (1.2–1.7 g/cm3) towards the top. The basal subtype (2.4–2.2 m) consists of grey, sub-mm, faintly laminated carbonate mud with only few <5 mm thick turbidites. The upper subtype (2.2–1.0 m) is characterized by light grey to black, very faint thin bedded carbonate mud with sparse occurrence of <1 cm thick turbidites. Especially the top part predominantly contains black beds and low density, indicating a more organic-rich sedimentation. LT4 (1.0–0.4 m) is characterized by ochre- to brown, laminated carbonate mud with occurrence of diatoms and abundant presence of 1–2 cm thick turbidites. In contrast to LT3, the density pattern of LT4 is generally increasing from bottom to top with values between 1.2 and 1.8 g/cm3. LT5 (0.4–0.0 m) contains abundant light-grey <2 cm thick turbidites forming a turbidite stack. The upper 12 cm are characterized by black- and ochre-colored sediment likely representing the common lake eutrophication in the mid- to late 20th century in the Alps and subsequent restoration by installation of a ring canalization in CE 1991 (Sossau, 1995). LT5 is the only lithotype which is not present in ACH19-L7 in the Main basin, where LT4 extends to the lake bottom.
[image: Figure 9]FIGURE 9 | Core data from the Pertisau basin (core ACH19-L3) and the Main basin (core ACH19-L7). (A) Correlation of seismic-stratigraphic event horizons A-I within the two basins is based on this core-to-core correlation using distinct marker horizons (blue lines), event deposits (MTDs and megaturbidites), density data within the different lithostratigraphic types (LT 1–5) and verified by 14C dates in the cores. Core images and CT data are shown in Supplementary Figure S1. Core images and CT data of the different lithotypes and event deposits are displayed in Supplementary Figures S2, S3, respectively. Note that only events G, H and I are recognizable in both cores. (B) Core image and CT scan of a MTD showing folded and distorted strata, shear zones and a turbidite on top. (C) Core image and CT scan of an amalgamated turbidite consisting of ∼3 individual sedimentary pulses (black arrows; event E). Each of these pulses has an internally homogeneous character. This amalgamated turbidite corresponds to the megaturbidite interpreted in seismic data (Figure 7). (D) Highly-clastic sedimentary facies (LT 4) with stacks of turbidites occurs in the upper part of ACH19-L3, and is interpreted as the result of anthropogenically-caused shoreline erosion starting at CE 1924. (E) Example for the sediment pattern-based core-to-core correlation. Note that the strata of the Pertisau basin (ACH19-L3) is condensed in respect to the deep basin (ACH19-L7). Lighter shades on the CT image indicate higher CT-density.
Event Deposit Types
Light-grey to brown-colored turbidites with normal grading from sand to silt and a thickness ranging between a few mm to maximum 5 cm occur abundantly within the sedimentary succession of both cores. We interpret this type of event deposit as river flood- or debris flow-induced turbidites in accordance with sedimentological results obtained in similar lacustrine settings (e.g., Irmler et al., 2006; Gilli et al., 2013; Wilhelm et al., 2013). This abundant occurrence of debris flow- and flood-induced turbidites is supported by the presence of numerous fan deltas at the mouths of small rivers or creeks draining small and steep catchments. This indicates a high sediment availability in the catchment and effective sediment transport during high precipitation events.
In ACH19-L3 three event deposits stand out with thicknesses of 0.6–1.3 m, which are characterized by folded and distorted layers and by internal shear zones creating angular unconformities of sediment packages (Figure 9B, Supplementary Figure S3). We interpret this type of event deposit as MTDs in accordance with observations in similar lacustrine settings (cf., Strasser et al., 2013). In core ACH19-L7 of the Main basin, eight event deposits each characterized by an amalgamated turbidite were identified in the sedimentary succession (Figure 9A, Supplementary Figure S3). Each amalgamated turbidite comprises several sedimentary pulses and a fine-grained top (Figure 9C). The deposits of the individual sedimentary pulses differ in subtle changes in color or CT-density and can show a thin normal grading at the base in addition to an overall homogeneous character. An amalgamated turbidite may indicate coeval failure of different subaqueous slopes and has been previously used as earthquake proxy in other lacustrine settings (Van Daele et al., 2017).
Core-to-Core and Core-to-Seismic Correlation
The occurrence of lake-wide distinct marker layers together with comparable sedimentary lithostratigraphic units on both cores allow inter-basin correlation of cores ACH19-L3 and ACH19-L7 (Figure 9E, Supplementary Figure S1). As a result, three amalgamated turbidites in the core ACH19-L7 correlate with the three outstanding MTDs in core ACH19-L3 and can be assigned to event horizons G, H and I. In contrast, amalgamated turbidites of event horizons B–F in ACH19-L7 do not occur in core ACH19-L3 in the Pertisau basin. Different thicknesses of lithostratigraphic units in the two cores indicate spatially varying sedimentation rates before and after event G (Figure 9A). Whereas background sediment thickness is rather comparable in both cores below event G, post-event G sediment thickness is much smaller in core ACH19-L3 compared to core ACH19-L7. The presented core-to-core correlation, based on sediment patterns and lithostratigraphy, is supported and verified by comparable 14C ages (Tables 1, 2; Age Depth Modelling).
TABLE 1 | Radiocarbon ages of core ACH19-L7.
[image: Table 1]TABLE 2 | Radiocarbon ages of core ACH19-L3.
[image: Table 2]A core-to-seismic correlation is based on the correlation of high-amplitude reflections in the seismic data with abrupt bulk density shifts in the core data. Additionally, distinct marker units were used for the core-to-seismic correlation, such as MTDs of events G-I in the Pertisau basin or megaturbidites of events E, G and I in the Main basin (Figure 9). Seismic-stratigraphic event horizons J-L were not reached by the cores. Seismic-stratigraphic event horizon A in seismic data does not correlate with a single event deposit in core ACH19-L3, as is the case for the other event horizons (Figure 9A), but corresponds to a ∼40 cm thick, highly clastic lithofacies (LT4) with abundant light-grey turbidites (Figure 9D).
Age Depth Modelling
Individual age-depth models of the cores are based on 14C dates and 137Cs peaks (Figure 10A,B; Tables 1, 2). Lithostratigraphic changes are inserted as stratigraphic boundaries (dashed horizontal lines in Figure 10A,B) in the age-depth modelling process facilitating the models to abruptly shift sedimentation rates if required by the input ages. The age-depth models of the cores ACH19-L7 and ACH19-L3 cover the last ∼10.5 and ∼10 kyr, respectively, and overall show a similar sedimentation pattern. A rapid sedimentation regime occurred until ∼8.3 ka BP (ACH19-L3: ∼0.9 mm/year; ACH19-L7: ∼2.4 mm/year), followed by a period of lower sedimentation rate until the begin of the Little Ice Age at ∼450 a BP (ACH19-L3: ∼0.1 mm/yr; ACH19-L7: ∼0.3 mm/year) when sedimentation rates increased again until present times (ACH19-L3: ∼1.5 mm/year; ACH19-L7: ∼0.9 mm/year). As the core ACH19-L7 holds most cored event horizons (B-I) as distinct event deposits, it is assigned as master core for this study. Accordingly, 14C dates from ACH19-L3 were projected to ACH19-L7 based on core-to-core correlation (Figure 9; Supplementary Figure S1) resulting in a more robust age-depth model (Figure 10C). Event ages are reported based on this composite age-depth model except for event A where the age model of ACH19-L3 is used.
[image: Figure 10]FIGURE 10 | Age-depth models of cores ACH19-L7 (A) and ACH19-L3 (B) based on combined 137Cs peaks and 14C dates. (C) Age-depth model of core ACH19-L7 contains projected ages from ACH19-L3 (colored green) based on core-to-core correlation (Figure 9). Mean age is indicated by red line and grey zone depicts 95% probability range. Event deposits >5 cm were identified and excluded resulting in an event-free sediment depth. Events corresponding to seismic-stratigraphic event horizons B-I are indicated by horizontal black lines.
Identification and Calibration of Off-Fault Paleoseismic Evidence
The youngest event horizon A, comprising multiple, coeval MTDs in seismic data while corresponding to a highly clastic lithofacies LT5 characterized by a turbidite stack, dates from CE ∼1914 to ∼1965 (1896–1970, 95% age range). Event horizon A is interpreted as the subaqueous expression of the historically documented enhanced shoreline erosion caused by anthropogenically induced lake level changes since CE 1924 (Ampferer and Pinter, 1927). This implies that this “event” A rather constitutes a phase of enhanced subaqueous mass wasting over a few decades, instead of a single event of coeval subaqueous failures, as was suggested by the seismic-stratigraphic analysis. Such recent human-induced mass-wasting episodes in Alpine lakes is a quite common phenomenon (Strasser et al., 2013; Daxer et al., 2019).
Event horizon B comprises twelve coeval MTDs in seismic data and an amalgamated turbidite in core ACH19-L7 (Figures 8, 11A) suggesting an earthquake as causative process (c.f., Strasser et al., 2013; Van Daele et al., 2017). The age range of event horizon B (CE 1654–1737 with mean age: CE 1683, Figure 10C, Table 3) is within the dates of two severe historical earthquakes, i.e. the Hall earthquake in CE 1670 (MW 5.7 ± 0.4) and the Innsbruck earthquake in CE 1689 (MW 5.0 ± 0.5; Stucchi et al., 2013) and thus, potentially being caused by one of these events. The Hall earthquake may have reached a local seismic intensity (IL) of >V½ to ∼VII (EMS-98) at Achensee calculated from its magnitude value and the uncertainty on it (Figure 11B; Stucchi et al., 2013) in combination with an intensity prediction equation calibrated for the Swiss Alps that is also suitable for magnitudes >5.5 (Fäh et al., 2011). According to these calculations, the Innsbruck earthquake may have reached relatively lower local intensities at Achensee with IL ∼IV½–VI½. Additionally, a third historically known MW 4.5 ± 0.5 earthquake in Schwaz (CE 1820) with calculated intensities of IL ∼IV½–VI¼ at Achensee does not seem to have a corresponding event deposit at Achensee. Therefore, we infer, that the Schwaz and Innsbruck earthquakes did not generate sufficiently-strong seismic shaking at Achensee to leave a sedimentary imprint. Only the strongest historically known Hall MW ∼5.7 earthquake in CE 1670 was capable of inducing mass wasting at Achensee (event horizon B). By considering this positive and negative sedimentary evidence for these historical earthquakes (Figure 11B), we infer a seismic intensity of IL ∼VI as the threshold for generating multiple MTDs in Achensee. This is in accordance with previous studies elsewhere, where intensity thresholds for generating multiple MTDs range from IL ∼V¼–V½ in front of delta slopes in Chilean piedmont lakes and Alaskan proglacial lakes (Moernaut et al., 2014; Van Daele et al., 2019; Praet, 2020), IL ∼VI at mixed hemipelagic-clastic slopes in clastic inner-alpine lakes comparable to Achensee (Strasser et al., 2020; Oswald et al., 2021), to IL ∼VI–VII½ at hemipelagic slopes in Alpine or Chilean piedmont lakes (Monecke et al., 2004; Van Daele et al., 2015).
[image: Figure 11]FIGURE 11 | Calibration of the earthquake imprint in Achensee. (A) Amalgamated turbidite consisting of five individual sedimentary pulses (black arrows) is interpreted as the sedimentary imprint of the MW 5.7 ± 0.4 Hall earthquake (see main text for detailed description and interpretation). (B) Calculated seismic intensity at Achensee based on the magnitude range of historical earthquakes (Stucchi et al., 2013). An earthquake-recording threshold for Achensee at local intensity IL ∼VI results in recording the strongest historical earthquake in Hall CE 1670, but not the other two.
TABLE 3 | Event ages, paleoseismic evidence and interpretation.
[image: Table 3]As the event horizons C-I each contain multiple coeval MTDs and as well correspond to an amalgamated turbidite in core ACH19-L7, we propose that these events represent paleo-earthquakes that were strong enough at Achensee to surpass the intensity threshold of VI for generating multiple MTDs, and that date back to ca. 1.0, 2.3, 5.2, 6.8, 8.3, 8.8 and 9.5 ka BP (Table 3). Event horizons J-L comprising multiple coeval MTDs in seismic data below the reach of the cores also potentially represent paleo-earthquakes with an age between 11 ka BP to 18 ka BP (Late Glacial times).
DISCUSSION
Quantitative Lacustrine Paleoseismology
The postglacial sedimentary infill of Achensee has recorded both on-fault paleoseismic evidence by faulting of glaciolacustrine-to-lacustrine strata and off-fault paleoseismic evidence by multiple coeval MTDs and amalgamated turbidites. Moreover, the direct superposition of MTDs (events G, K, L) on the upper termination of faults (generations I, II, III) is interpreted as co-genetic formation of on-fault and off-fault paleoseismic evidence. Although subaqueous sedimentary archives exist where on-fault evidence in seismic data is linked to seismic-induced turbidites in core data (Beck et al., 2012; Wils et al., 2018), such direct superposition of on- and off-fault evidence has rarely been documented in a subaqueous geological archive so far (Gastineau et al., 2021). Therefore, the Achensee record exhibits a unique opportunity to compare and discuss these widely used and well-established subaqueous paleoseismic methods with each other, and their implications for a better seismotectonic characterization of the region (see Seismotectonic Interpretation). In analogy to active tectonic regions in the marine realm (Barnes and Pondard, 2010), the sedimentary infill of Achensee potentially holds an active fault growth sequence. However, it cannot be expected that Achensee—covering only a small part of one fault in an area of several potentially active faults—contains a complete regional rupture history, as can often be derived from marine fault-growth sequence along several faults (Bull et al., 2006; Barnes and Pondard, 2010).
Multiple, coeval lacustrine MTDs can be triggered by seismic shaking independent of its source location as long as the seismic intensity at the lake site exceeds the individual earthquake-recording threshold of the archive (Monecke et al., 2004; Van Daele et al., 2015). The lake archive can document activity of any surrounding faults or also far-field sources, when fulfilling this intensity criterion. This allows reconstructing a regional paleoseismic history in places where many potentially active faults occur, such as the Alps, but identification of the active faults remains probabilistic even when adopting a multi-lake approach (Kremer et al., 2017). Therefore, by using only off-fault paleoseismic evidence in Achensee, potential source faults would remain unknown. Above the earthquake-recording threshold, relative shaking intensities can be assessed by evaluating i) the type of the failed slope, ii) the amount of MTDs and their volume, iii) the presence of a megaturbidite, iv) evidence for postseismic landscape response, or a combination of these (Moernaut et al., 2014; Howarth et al., 2016; Van Daele et al., 2019; Oswald et al., 2021). The intensity threshold at Achensee is assessed to ∼VI (EMS-98) by a combination of recording the strongest historical MW ∼5.7 earthquake in Hall CE 1670 in the form of 12 MTDs with ∼50,000 m3 total MTD volume and a 23 cm thick amalgamated turbidite in the Main basin, and not recording the other two historical earthquakes (Table 3, Figure 9A). For earthquakes E and G-L, one or more of the abovementioned quantifiable sediment parameters are exceeding the ones for the Hall earthquake. This suggests that events E and G-L generated relatively higher intensities at the lake site, and potentially represent paleo-earthquakes with higher magnitudes than the Hall CE 1670 earthquake or with epicenters closer to the lake. Accordingly, the comparison of these off-fault proxy parameters let us infer that earthquake G at ∼8.3 ka BP may have had a stronger impact on the Achensee region than any of the other identified paleo-earthquakes. Event G coincides with fault generation I, interpreted as a coseismic surface rupture, and its high relative impact in terms of subaqueous mass wasting can thus be explained by the minimal distance (i.e., below the lake) between seismic source and the lacustrine slopes.
Surface ruptures as on-fault paleoseismic evidence are documented from MW 4.9 onwards (Ritz et al., 2020) but are more commonly documented for earthquakes MW >6.0 given a worldwide comparison (Stirling et al., 2002). As no surface ruptures were documented for the Hall MW ∼5.7 earthquake, we assume MW ∼6.0 as lower magnitude bound for the occurrence of surface ruptures in our broader study region. The maximum credible earthquake magnitude MW 6.5 is defined for the study area based on focal depth distributions of instrumental earthquake data (Lenhardt et al., 2007). Earthquakes within the resulting magnitude range MW 6–6.5 potentially produce surface ruptures of up to 15 km length and generate average displacements of < 1 m (Stirling et al., 2002; Brengman et al., 2019). The observed total vertical fault throws in Achensee range up to ∼3 m including offsets of the three surface-rupturing generations I-III, potentially fitting the above considerations. However, application of direct fault throw-to-magnitude relationship might be misleading, because i) in the SE, where only one fault branch exists, vertical offsets are very likely apparent and modified by lateral fault motion, and ii) in the NW, where modification by the lateral motion is subordinate (see Seismotectonic Interpretation), the vertical offsets are distributed on several fault branches. In any case, this would lead to an underestimation of the earthquake magnitude. In contrast, calculation of the magnitude derived from subaqueous surface ruptures can also lead to an overestimation of the earthquake magnitude. This has been reported, for example in the Aysén fjord for the MW 6.2 earthquake in CE 2007, where coseismic subaqueous surface ruptures were larger than the underlying fault rupture in the bedrock (Wils et al., 2018).Therefore, we refrain from any detailed offset-magnitude calculations for the different fault generations and propose a minimum magnitude range of MW 6–6.5 for the on-fault paleoseismic evidence recorded in Achensee. Given all above considerations, we propose seismotectonic activity along a NW-SE striking fault at Achensee, which produced three significant earthquakes with magnitudes MW ∼6.0–6.5 in Late Glacial to Early Holocene times. This is in accordance with semi-quantitative considerations of the off-fault paleoseismic evidence, where event horizon G contemporaneous to fault activity (generation I) by far shows the largest mass-wasting imprint in the lake. A MW ∼6.0–6.5 type earthquake at 5–10 km depth, i.e., the typical focal depth of recent seismicity at the Inn valley (Reiter et al., 2018), would produce epicentral intensities of VIII½ to X¼ (Shebalin, 1958). Such intensity values are well above the inferred threshold of ∼VI, which confirms that the on-fault and off-fault evidence is consistent with each other.
Natural and Methodological Factors Influencing the Lacustrine Seismograph
MTD stratigraphy and variable sedimentation rates
The elaboration of an MTD event stratigraphy is affected by several methodological uncertainties varying from e.g. missing small MTDs due to missing coverage of the (2D) seismic grid, and difficulties in differentiating stacked MTDs to operator subjectivity in assigning MTDs to stratigraphic horizons (Moernaut et al., 2019). In our study, the very dense seismic grid allows for a quasi-complete mapping in which all MTDs larger than ∼50 m in width can be identified. Many small MTDs on the slopes of the Pertisau delta may have been overlooked due to repeated delta instability and limited acoustic penetration. As earthquakes with seismic intensity > ∼VI can induce sediment failure on most other slopes as well (e.g. imprint of Hall in CE 1670), this does not affect the identification of significant paleo-earthquakes, but only leads to underestimation of MTD number and total volume. Moreover, caution is needed when interpreting the cause of multiple MTDs on a seismic-stratigraphic horizon in the uppermost part of the sequence. According to the principles of lake paleoseismology, this can be interpreted as evidence for seismic shaking. Alternatively, human-induced near-coast instabilities within a short period (few decades) can produce a very similar signature on the reflection seismic data and detailed investigations of multiple sediment cores are required for a correct interpretation, as exemplified by the studies on the sedimentary archive of Lake Zurich and Wörthersee (Strasser et al., 2013; Daxer et al., 2019). In Achensee, this applies to event horizon A, which is inferred to represent a period of enhanced shoreline erosion caused by lake level changes associated to hydropower use of the lake.
The investigated Pertisau and Main basin represent two independent natural seismographs with a different temporal evolution in terms of sensitivity and completeness of off-fault paleoseismic evidence. The differences in completeness relate to the missing seismic penetration of the deeper U2 in the Main basin compared to ∼40 ms visible stratigraphy in the Pertisau basin (Figure 3). Moreover, U3 is condensed in the Pertisau basin compared to the Main basin indicating significantly lower sedimentation rates. Age-depth models of cores in both basins (Figures 10A,B) show a drastically decreased sedimentation rate in the aftermath of event horizon G, which remained low for more than 7,000 years and is associated with a change in lithostratigraphy towards less clastic, more organic-rich sediment (Figure 9). This abrupt change together with long-lasting lowered sedimentation rate indicate a lake or catchment-wide system change. Whether this system change was caused by a regional change in hydroclimatic pattern (Spötl et al., 2010) or local environmental effects related to the occurrence of the severe paleo-earthquake at ∼8.3 ka BP remains unknown. In any case, lower sedimentation rates imply a slower charging of subaqueous slopes with fresh sediments, and therefore, the probability of earthquake-induced subaqueous mass-wasting may be lower, leading to a less sensitive lacustrine seismograph (Wilhelm et al., 2016). This may explain the absence of sedimentary evidence in the Pertisau Basin for events C, D and F, which happened during a period with the lowest sedimentation rates (∼0.1 mm/year) in this basin. This highlights the key value of integrating multiple basins with different sedimentation rates and dynamics to counteract such possible under-recording of paleo-earthquakes.
Faulting of lake sediments
As alternative to a tectonic origin, subaqueous faults can also be caused by differential compaction or gravitational faults. At Achensee these alternative processes can be reasonably ruled out. Differential compaction of basin and slope sediments would cause normal faults parallel to the main axis of the basin. Although this is partly observed by the general SE-NW trend, differential compaction would not generate the observed splay of fault traces (Figure 6A) and would have also affected the opposite (NE) basin slope. Moreover, it cannot explain the offsets of top-U1 and the offsets in the shallow (SE) parts of the Pertisau basin (Figure 4E). Furthermore, differential compaction is rather a continuous process, which would not lead to the observed generation-type fault activity. Gravitational subaqueous faults caused by a deep-seated gravitational slope deformation in the SW of the Pertisau basin would generate SW-dipping thrust faults in the toe domain with top NE motions which is not observed in Achensee.
Independent of their underlying process, the preservation of subaqueous faults and our ability to map these is strongly dependent on the occurrence of marker horizons and a positive sedimentation rate–fault displacement ratio (Barnes and Pondard, 2010). In Achensee, seismic stratigraphy can be conclusively correlated across the subaqueous faults with a few limitations. These involve a laterally variable seismic facies (non-continuous to chaotic reflections) and the occurrence of prograding fan deltas in the basal part of U2. Locally, the occurrence of the DCC challenges reliable fault mapping because large-scale gravitational mass movements deformed the underlying basin sediments. Traces of the DCC-related thrusts are sub-parallel to the fault traces of interpreted tectonic origin in map view (Figure 6A) and one could misinterpret this by solely analysing the bottom morphology without supporting information from seismic profiles. This apparent spatial relationship is either coincidental or due to difficulties in distinguishing tectonically induced faults and thrusts related to the DCC. At least the SW thrust related to the DCC could alternatively be interpreted as a generation I tectonic fault (Figure 4C), but crosscutting relationships and thus genetic interpretations remain ambiguous in this area. Subaqueous fault mapping at steeper slopes is also hampered by non-conclusive stratigraphic correlation across the fault due to lowered sedimentation rates at the slopes compared to the basin and due to geometry effects on the single-channel seismic data. In the shallow SE-most Pertisau basin (Figure 4E), where theoretically the total offset is accommodated at a single fault, a fault growth sequence is not distinguishable due to comparably low sedimentation rates (∼4 m for U3 resulting in 0.38 mm/year), potentially highly dynamic coastal sedimentary processes or due to dominating horizontal displacement. Potentially incomplete identification of reactivated faults is suggested in the fault trace map of generation II (Figure 6C), where the NE-most fault trace outlies the general SE-NW fault trend. A rupture on this outlying fault trace only makes sense when there are other coeval ruptures along strike (e.g., the generation III fault traces; Figure 6D). Potential reasons for incomplete fault identification can be that seismic penetration does not always allow for distinction or assignment of faults to their respective generation, or that faults with displacements below the vertical seismic resolution might be missed. Altogether, this evaluation suggests that fault trace identification is of good quality in the central part of the Pertisau basin, whereas the DCC in the NW part may have overprinted some of the on-fault evidence and steep or shallow terrain leads to more subjective fault identification. With regard to the quantification of fault throw (Figures 5, 6), it is important to note that some of the apparent vertical offsets could be produced through a lateral slip component and oblique displacement of topographic features. This could explain the rather high values of measured fault throw when compared to the estimated potential magnitude (MW 6–6.5) of the causative earthquakes (Stirling et al., 2002). In contrast, in a strike-slip dominant fault system, analysis of apparent vertical offsets in seismic data would probably lead to an underestimation of the earthquake magnitude.
In comparison with previous subaqueous on-fault observations in Alpine lakes with only limited stratigraphic and temporal constraints for surface rupturing events (de La Taille et al., 2015; Fabbri et al., 2017; Gasperini et al., 2020), the surface ruptures in Achensee contain i) a conclusively mappable fault growth sequence by stratigraphic marker horizons, ii) constraints for multiple rupturing events based on fault throw measurements, iii) surface rupturing events backed up by off-fault paleoseismic evidence and iv) good time constraints through sediment core data.
Seismotectonic Interpretation
The identified and mapped NW-aligned fault zone in the sedimentary infill of Achensee is interpreted as the surface expression within water-saturated sediments of coseismic bedrock deformation on the Pertisau fault. Within the prevalent NNW-SSE present-day stress field derived from focal mechanism data (Reiter et al., 2018), the Pertisau fault acts as a transpressive, dextral strike-slip fault. Such transpressive strike-slip bedrock motion can explain the observed fault throw reversals in the lake sediments and the generally observed elevated SW fault block (Figure 4). A dextral rupture component along the Pertisau fault can also explain the upward splaying of individual fault branches in the lake sediments towards the NW (Figures 12A,B). Dextral strike-slip motion might be dominant in the SE surface ruptures, whereas almost pure normal faulting along the branches of the fault splay compensates the lateral motion. If the present-day subordinate NE-SW extensional stress field had caused surface-rupturing earthquakes, the Pertisau fault would have possibly been reactivated as a normal fault. In such a scenario, also the lake sediments would exhibit normal fault sets parallel to the basement rock. However, we consider the NE-SW extensional scenario unlikely, as it cannot explain the observed lateral component of fault motion. Independent of which stress regime caused the surface rupturing earthquakes, the maximum expectable magnitude based on the dimensions of the Pertisau fault is estimated to ∼ 5.6–5.8 (Wyss, 1979), which is somewhat below the inferred magnitude threshold MW >6.0 in this region for producing surface ruptures. Therefore, we propose that the Pertisau fault ruptured together with adjacent parts of the Sulzgraben-Eben thrust at ∼8.3 ka BP and two times within Late Glacial-Early Holocene times. Since there is no subaqueous surface rupture documented in Achensee for the last 8 ka, we hypothesize that postglacial rebound might have contributed to activation of these faults, as is suggested for e.g. northern Central Europe (Brandes et al., 2015) or the Central and Western Alps (Beck et al., 1996; Kremer et al., 2017).
[image: Figure 12]FIGURE 12 | Tectonic interpretation of the observed subaqueous fault traces in context with the present-day stress field and adjacent tectonic faults. (A) A dextral transpressive fault motion on the Pertisau fault together with thrusting on one or both of the Sulzgraben- and Eben thrusts is interpreted in the prevalent NNW-SSE compressional stress field. In the overlying lake sediments, this causes a general uplift of the SW block, dominant dextral faulting in the SE part and a fault splay with dominant normal faulting. (B) Sketched, unscaled cross section of the fault splay highlighting the difference of the fault rupture in the bedrock compared to the surface deformation within the water-saturated soft sediments. Note the general uplift of the SW fault block in the bedrock and its corresponding surface expression as normal faulting within the lake sediments near the NW end of subaqueous faults. For location of cross section see A).
For the other identified earthquakes, where only off-fault evidence is present in Achensee, seismic activity of nearby major and partly blind thrust faults is likely. For event C at 1,012 a BP (849–1,164 a BP), temporal overlap with the 95% probability age range of the Münster rock avalanche (928–799 a BP; 10.5 × 106 m3; D. Sanders, pers. comm.; Figure 1A) may indicate synchronicity of this severe earthquake and rockslide and thus potentially earthquake-triggering of this rockslide.
Theoretically, the off-fault sedimentary imprints in Achensee could also be caused by far-field effects of an up to 75 km apart maximum credible MW 6.5 earthquake based on an intensity prediction equation (Fäh et al., 2011). Within this E-W oriented zone of increased seismicity along the Inn valley, there are no paleoseismic archives in the East yet, against which this hypothesis or off-fault paleoseismic evidence can be tested, but two lacustrine paleoseismic archives (Plansee, Piburgersee) exist about 75 km West from Achensee (Oswald et al., 2021). By comparing the ages of these paleoseismic events to our record, there is no significant overlap except for one event recorded in Plansee at ∼8.4 ka (8.3–8.5 ka BP) which overlaps within age-range with paleo-earthquake G at ∼8.3 ka (8.2–8.4 ka BP) of Achensee. However, it is unlikely that these paleoseismic evidence were caused by a single earthquake, because event G in Achensee is interpreted as a local surface-rupturing earthquake and the 8.4 ka event in Plansee represents one of the strongest seismic events documented in that archive. Therefore, we rather propose two temporally and closely spaced severe earthquakes at ∼8.2–8.5 ka BP compared to a single extraordinary strong earthquake.
CONCLUSION
We document both on-fault paleoseismic evidence as subaqueous surface ruptures and off-fault paleoseismic evidence as multiple, coeval MTDs and megaturbidites in the inner-alpine lake Achensee located in the slowly but actively deforming European Eastern Alps. This rare observation of combined on-fault and off-fault evidence in the same geological archive allows comparison of commonly applied semi-quantitative considerations to paleo-earthquakes derived from surface ruptures and mass-wasting in lakes. Furthermore, we discuss potential natural and methodological factors influencing the “natural seismograph” of subaqueous realms recording remote earthquakes and the preservation of subaqueous surface ruptures and put our paleoseismic results within the regional seismotectonic framework. The following general (1–4) and site-specific (5–6) conclusions can be drawn:
1) Glacigenic, mountain lakes such as Achensee are often located above major faults and therefore potentially form high-resolution on-fault paleoseismic archives, characterized by an excellent preservation of surface ruptures due to continuous lacustrine sedimentation. Such subaqueous records are especially valuable in low-strain intraplate regions where onshore identification of on-fault evidence is scarce or absent.
2) Subaqueous surface ruptures can exhibit different expression types in reflection seismic data such as blurred zones, intersecting hyperbolic reflections or discrete faults. The identification of a potential fault growth sequence and measurements of individual and total fault throw along a fault requires good stratigraphic control, which strongly depends on the applied seismic source and seismic facies of overlying and lateral stratigraphy. Moreover, the sedimentation rate–fault displacement ratio must be positive to preserve fault growth sequences.
3) For the application of multiple, coeval MTDs as off-fault paleoseismic evidence, sediment parameters such as a high number and total volume of MTDs and the presence of a megaturbidite may be indicative for stronger shaking above the lake-specific intensity threshold. At Achensee, this is supported by the comparison of semi-quantitative considerations of combined on-fault and off-fault paleoseismic evidence in a single stratigraphic framework.
4) A multi-basin approach can verify the quality of the individual basins as natural seismographs and can overcome potential limitations of individual basins caused by e.g. variable sedimentation rates related to external environmental effects.
5) We present first-ever on-fault Holocene paleoseismic evidence of the region (Tyrol) by pinpointing seismotectonic activity of the Sulzgraben-Eben thrust at ∼8.3 ka BP and two times in the Late Glacial. For these events we propose a minimum magnitude range of MW ∼6–6.5.
6) The CE 1670 earthquake and seven prehistoric earthquakes over the last 11,000 years are recorded at Achensee by multiple, coeval mass wasting providing the first continuous Holocene paleoseismic record of eastern Tyrol.
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Diagnostic morphological features (e.g., rectilinear seafloor scarps) and lateral offsets of the Upper Quaternary deposits are used to infer active faults in offshore areas. Although they deform a significant seafloor region, the active faults are not necessarily capable of producing large earthquakes as they correspond to shallow structures formed in response to local stresses. We present a multiscale approach to reconstruct the structural pattern in offshore areas and distinguish between shallow, non-seismogenic, active faults, and deep blind faults, potentially associated with large seismic moment release. The approach is based on the interpretation of marine seismic reflection data and quantitative morphometric analysis of multibeam bathymetry, and tested on the Sant’Eufemia Gulf (southeastern Tyrrhenian Sea). Data highlights the occurrence of three major tectonic events since the Late Miocene. The first extensional or transtensional phase occurred during the Late Miocene. Since the Early Pliocene, a right-lateral transpressional tectonic event caused the positive inversion of deep (>3 km) tectonic features, and the formation of NE-SW faults in the central sector of the gulf. Also, NNE-SSW to NE-SW trending anticlines (e.g., Maida Ridge) developed in the eastern part of the area. Since the Early Pleistocene (Calabrian), shallow (<1.5 km) NNE-SSW oriented structures formed in a left-lateral transtensional regime. The new results integrated with previous literature indicates that the Late Miocene to Recent transpressional/transtensional structures developed in an ∼E-W oriented main displacement zone that extends from the Sant’Eufemia Gulf to the Squillace Basin (Ionian offshore), and likely represents the upper plate response to a tear fault of the lower plate. The quantitative morphometric analysis of the study area and the bathymetric analysis of the Angitola Canyon indicate that NNE-SSW to NE-SW trending anticlines were negatively reactivated during the last tectonic phase. We also suggest that the deep structure below the Maida Ridge may correspond to the seismogenic source of the large magnitude earthquake that struck the western Calabrian region in 1905. The multiscale approach contributes to understanding the tectonic imprint of active faults from different hierarchical orders and the geometry of seismogenic faults developed in a lithospheric strike-slip zone orthogonal to the Calabrian Arc.
Keywords: active tectonics, calabrian arc (Italy), southern tyrrhenian sea, slab-tear fault, high-resolution seismic data, morphotectonic analysis
INTRODUCTION
Identifying seafloor scarps in bathymetry and the offset of Middle to Upper Quaternary marine deposits in seismic images are typically used in offshore areas to infer active faults and derive their geometric and kinematic characteristics that are necessary to parametrise seismogenic sources. Among the geophysical methodologies used to detect active faults, the high-resolution seismic reflection imaging provides a powerful tool to unravel the Late Quaternary activity of faults, to measure the displacements along the fault planes and to correlate the onshore with the offshore segments (e.g., Barreca et al., 2014; Barreca et al., 2018; Ferranti et al., 2014; Cultrera et al., 2017a; Corradino et al., 2021). Standard methods for qualitative morphotectonic analysis that use multibeam high-resolution bathymetric data consist of tracing in plan-view the faults that offset the seafloor and in recognising morphological features close to the tectonic structures, such as rectilinear canyons, scarps or seafloor undulations (e.g., Fracassi et al., 2008; Di Bucci et al., 2009; Loreto et al., 2013; Cultrera et al., 2017b; Loreto et al., 2021). However, a limitation in reconstructing complex structural pattern in offshore areas is caused by the difficulty in mapping faults in areas not fully covered by geophysical data, by the low preservation potential of fault scarps and, often, by the blind nature of the tectonic deformation occurring when the structures do not produce detectable deformation at shallow depth (due to their geometry and depth). Consequently, an approach that includes only observation of the seafloor and superficial deposits can be insufficient and misleading for identifying the primary active faults associated with the most significant seismic moment release. Most shallow faults may be secondary features formed in response to local stresses (e.g., bending moment normal faults that occur on the top of a reverse structure) and are not the direct surface expressions of primary structures. Besides, the primary active faults can exploit inherited faults in response to a change of the regional stress regime, further complicating the interpretation. The question tackled in this work is what is the correct approach in the offshore area to identify and characterise primary active faults that can be potentially seismogenic?.
We test a multiscale and multidisciplinary approach to detect surficial and blind active faults, and distinguish the tectonic imprint of active faults from different hierarchical orders. Our method is based on the integration of seismic reflection data with different resolution/penetration and the quantitative morphometric analysis of a high-resolution multibeam bathymetric dataset. The approach significantly differs from the standard because the quantitative analysis of the bathymetry can identify seafloor areas in a transient state caused by fault-related deformation, even if these areas are not fully covered by seismic reflection data.
The site chosen for testing the method is the Sant’Eufemia Gulf (Tyrrhenian offshore the central Calabrian Arc, Figures 1A,B) because it can be considered as a natural laboratory to investigate the complex relationships between regional and local processes due to the presence of a slab tear in the Calabrian subduction system (Rosenbaum et al., 2008; Neri et al., 2009; Maesano et al., 2017; Scarfì et al., 2018) and, at shallower levels, of crustal faults that controlled the Plio-Quaternary tectonic evolution (Del Ben et al., 2008; Loreto et al., 2013; Brutto et al., 2016). This region was also the epicentral area of the Mw 7.0, 1905 central Calabria destructive earthquake (Rovida et al., 2020). The seismogenic source of this event is still poorly constrained and debated (DISS Working Group, 2018) due to its offshore location and the limited seismic instrumental records.
[image: Figure 1]FIGURE 1 | (A) Schematic tectonic map of the Tyrrhenian-Ionian subduction system. AF, Apulian foreland; AR, Amendolara ridge; CAW, Calabrian accretionary wedge; CV, Capo Vaticano; Cz, Cosenza; HBF. Hyblean foreland; Lz, Lamezia; MV, Marsili volcano; NCA, northern Calabrian Arc; PB, Paola basin; PL, Pollino; PVC, Palinuro volcano complex; SCA, southern Calabrian Arc; SEG, Sant’Eufemia Gulf; Sg, Sangineto; SG, Squillace Gulf, SP, Sibari Plain; TFS, Tindari fault system. (B) Location of the area shown in panel a. (C) Section across the slab (modified from Maesano et al., 2017). Redline is the position of the subduction interface. Black dots are the earthquakes collected in 10-km wide buffers around the section trace. The dashed black line is the position of the Moho from Scrocca et al., 2003. Tomographic data are from Neri et al., 2009. (D) Upper mantle structure based on positive P wave seismic anomalies (modified from Rosenbaum et al., 2008). The coloured areas represent positive anomalies at different depth ranges. Rosenbaum et al., 2008 interpreted these areas as remnant subducting slabs, separated by tear faults (black and red lines). (E) Schematic tectonic map of the central Calabrian Arc (modified from Monaco and Tortorici, 2000; Brutto et al., 2016) and offshore (modified from Loreto et al., 2013; Del Ben et al., 2008). LCF, Lamezia-Catanzaro Fault; SEF, Sant’Eufemia Fault. (F) Distribution of instrumental earthquakes recorded since 1985 up-to-date, from INGV Seismic Bulletin (ISIDe Working Group, 2007; http://iside.rm.ingv.it). Red squares indicate the 1905 epicentral location proposed by (1) Rizzo, (1906), (2) Riuscetti and Schick, (1975), (3) Camassi et al. (1997), (4) Michelini et al. (2006), (5) Guidoboni et al. (2007). (G) Grid of high-penetration and high-resolution (HR) seismic profiles used for this study. Ms, Marisa well; Mr, Marta well.
GEOLOGICAL SETTING
SE Tyrrhenian Basin and the Adjacent Calabrian Arc
The Tyrrhenian basin developed since Late Miocene within the frame of Europe-Africa convergence and was mainly controlled by the westward and northwestward subduction of the Adriatic and Ionian lithosphere (Carminati et al., 1998; Faccenna et al., 2001; Carminati and Doglioni, 2005). The upper plate of the subduction system, from west to east, consists of back-arc basins that appear younger southeastwards (Vavilov and Marsili basins; Carminati and Doglioni, 2005; Faccenna et al., 2001; Faccenna et al., 2007), an arc-shaped volcanic ridge (i.e., Aeolian islands), and a forearc region including the Calabrian Arc and the Calabrian accretionary wedge (Corradino et al., 2020; Pepe et al., 2010; Figures 1A,B).
The subducting lithosphere dips ∼70–80° northwestward (Wortel and Spakman, 2000; Piromallo and Morelli, 2003; Chiarabba et al., 2008; Scarfì et al., 2018). Seismic tomography data highlights positive P wave anomalies (Lucente et al., 1999) in the subducting lithosphere, interpreted as the signature of slab breakoff beneath the northern Calabrian Arc (Neri et al., 2009; Maesano et al., 2017; Scarfì et al., 2018; Figure 1C), and sub-vertical tears in the slab that propagates perpendicular to its strike (Rosenbaum et al., 2008, Figure 1D). Tearing and segmentation of subducting oceanic lithosphere are common processes in subduction systems (Chatelain et al., 1992; Carminati et al., 1998; Wortel and Spakman, 2000; Lallemand et al., 2001; Levin et al., 2002; Miller et al., 2006). These processes can be consequent to 1) changes in the velocity of subduction rollback (Govers and Wortel, 2005), 2) the lateral variation of nature (continental or oceanic) or thickness of the slab (Argnani, 2009), 3) local collisional events (Sacks and Secor, 1990). E-W trending deep tear faults (greater than 340 km) were detected in the northern Tyrrhenian sea. These tear faults continue at slightly shallower depths (<340 km) beneath the north and central Apennines with a NNE-SSW orientation (see Figure 5 in Rosenbaum et al., 2008). Shallower (between 100 and 340 km) NE-SW and NW-SE trending tear faults were interpreted beneath the southern Apennines and eastern Sicily, respectively (Figure 1D). These tear faults accommodate vertical or oblique to horizontal motion (or both) between the two blocks of the subducting slab across their strike and dip-to strike-slip movements in the upper plate (Govers and Wortel, 2005; Rosenbaum et al., 2008; Baes et al., 2011). At the edges of the subducting lithosphere, Subduction-Transform Edge Propagator (STEP, also called tear) faults occur (Gallais et al., 2013; Orecchio et al., 2014; Gutscher et al., 2016; Maesano et al., 2020). STEP faults produce tearing in the slab and generally propagate perpendicular to the subduction strike (Nijholt and Govers, 2015). Most of them show vertical motion between the two blocks of the underthrusting plate at both sides of the STEP fault and normal to strike-slip movements in the upper plate (Govers and Wortel, 2005; Baes et al., 2011).
The Calabrian Arc is an allochthonous block of continental crust (Calabria–Peloritani terrane after Bonardi et al., 2001) that connects the southern Apennines with the Sicilian-Maghrebides chain (Figure 1A). Its arcuate shape can be attributed to the Apennine belt’s diachronous collision with the Apulian foreland to the north and with the Hyblean foreland to the south (Malinverno and Ryan, 1986; van Dijk et al., 2000). Strike-slip fault systems developed both oblique and perpendicular to the orogenic belt. These fault zones caused the fragmentation of the Calabrian Arc in NW-SE elongated blocks that have moved independently southeastwards with different displacements and rotations (Knott and Turco, 1991; van Dijk and Okkes, 1991; van Dijk, 1992; van Dijk and Scheepers, 1995). The major strike-slip fault systems are the Pollino and Sangineto system to the north and their offshore prolongations (Ferranti et al., 2009; Ferranti et al., 2014; De Ritis et al., 2019), the Lamezia-Catanzaro line in the central sector (Neri et al., 1996; Tansi et al., 2007; Del Ben et al., 2008), and the Tindari line in the north-eastern Sicily (Figure 1A; Billi et al., 2006; Cultrera et al., 2017b). Both the northern and the southern strike-slip zones represent the upper plate expression of the Ionian slab STEP faults (Doglioni et al., 2001; Govers and Wortel, 2005; Rosenbaum et al., 2008; Polonia et al., 2016; De Ritis et al., 2019; Maesano et al., 2020; Figures 1A,D).
NNW-SSE strike-slip fault systems also affected both the Tyrrhenian and Ionian offshore of the northern Calabrian Arc (i.e., Paola Basin in the Tyrrhenian offshore, and the Amendolara Ridge in the Ionian offshore, PB and AR in Figure 1A) during the Late Pliocene—Early Pleistocene (Ferranti et al., 2014; Corradino et al., 2020).
The Lamezia-Catanzaro System and Surroundings Offshore Areas
The Lamezia-Catanzaro system is a WNW-ESE trending strike-slip fault system (Figures 1A,E) that separates the northern and southern parts of the Calabrian Arc (van Dijk et al., 2000; Tansi et al., 2007). In the western offshore of the Catanzaro trough (Sant’Eufemia Gulf in Figure 1A), Loreto et al. (2013) recognise three main tectonic features affecting the Plio-Quaternary basin infill. These structures are 1) a ∼13 km long, N31° striking normal fault that offsets seismic reflectors up to the seafloor (SEF in Figures 1E, 2) a WNW-striking polyphase fault system, and 3) a likely E-W trending lineament (Figure 1E). Two deep wells were drilled in the Sant’Eufemia Gulf (Marisa and Marta, Mr and Mt in Figure 1G). The stratigraphic succession indicates a metamorphic basement covered by Messinian deposits, overlain by Pliocene fine-grained deposits (mudstone and claystone), and Pleistocene coarser deposits (sandstone and siltstone).
[image: Figure 2]FIGURE 2 | A) Map view of the swath profile grid used for the seafloor morphometric analyses. The two swath profiles labelled “45-swathplot-18” and “180-swathplot-15”, shown in (C and D), respectively, are highlighted with the white transparent band. Capital letters, from A to D, into white circles, represent the edges of the swath profile segments in white, light grey, and light green. (B) Conceptual sketch representing the zoom of the initial portion of the white swath profile of the previous inset. The thick black line represents the swath profile baseline, the dashed black line represents the swath profile bounds, and the thin red lines represent the topographic profile lines. The light green circles represent the intersection points between the profile lines and baseline. (C) Frequency histogram of the normalised local relief data distribution. Values higher than the 75% percentile, in light green, represent the highest computed local relief values. (D) Frequency histogram of the anomalous normalised mid-to-max data distribution. Values lower than the 75% percentile relate to areas where the mean bathymetry significantly approaches higher bathymetry values. (E) Swath profile labelled 45-swathplot-18 highlighting the presence of a scarp and a counter-slope area in the Gulf central sector. (F) Swath profile labelled 180-swathplot-15 evidencing a significantly higher relief detected in correspondence of a bathymetric ridge.
Brutto et al. (2016) based on structural data acquired in the western Catanzaro basin and its offshore prolongation in the Sant’Eufemia Gulf, document 1) a left lateral NW-SE oriented fault system that affects upper Miocene deposits, 2) right-lateral NE-SW oriented faults that involve Piacenzian-Lower Pleistocene units and led to the development of structural highs in the eastern sector of the gulf and 3) NE-SW and, subordinately, N-S oriented normal faults that affect Middle Pleistocene to Recent deposits.
Based on the analysis of the depth variation of the edges of Infralittoral Prograding Wedges, Pepe et al. (2014) documented difference in the post-Last Glacial Maximum vertical tectonic movements between the SW and NE offshore sectors of the Capo Vaticano promontory (western Calabria, southern Italy). Offshore of Capo Vaticano promontory, Pleistocene intrusive, and off-arc volcanic activities occurred (De Ritis et al., 2010; Loreto et al., 2015). The uprising of magma was favoured by Pliocene NW- and Pleistocene NE-trending normal fault systems.
The eastward offshore prolongation of the Lamezia-Catanzaro line lies in the Squillace Gulf (Figures 1A,E). Here, a W-E trending, transtensional basin developed during the Pliocene (Del Ben et al., 2008).
Seismotectonic Framework
The western margin of the central Calabrian Arc is an area of large seismic moment release (Figure 1F; CFTI5Med, Guidoboni et al., 2018; CPTI15, Rovida et al., 2020; Rovida et al., 2021), where destructive historical earthquakes have been generated by onland crustal seismogenic sources (Tiberti et al., 2017; DISS Working Group, 2018). The seismogenic activity of the Ionian subducting lithosphere is highlighted by the deep seismicity down to ∼600 km beneath the Tyrrhenian Sea (Chiarabba and Palano, 2017). Despite the evidence of seismogenic activity, no large inter-plate historical or instrumental earthquakes have been documented so far, being the deep seismicity interpreted as intraslab events (Figure 1C; Chiarabba et al., 2015). Only the 1905 earthquake has been tentatively interpreted by some authors as a plate interface event (e.g., Galli and Molin, 2009; Presti et al., 2017). However, this earthquake is still poorly documented, and it has uncertain magnitude estimates and epicentral locations, most of them offshore (Figure 1F, see Sandron et al., 2015 for a review of the studies on the 1905 earthquake). Nonetheless, modelling of GPS velocities shows that the subduction may be locked and capable of large magnitude earthquakes with long return times (Carafa et al., 2018).
The INGV instrumental catalogue shows that the largest seismic events in the past 35 years have epicentres located in the Tyrrhenian offshore and hypocentre deeper than 100 km (maximum Mw 5.8, October 26, 2006 earthquake at 221 km of depth; ISIDe Working Group, 2007). Conversely, the onland seismicity is located up to 20 km depth (maximum Mw 3.9). Only shallow, scattered events were localised in the Ionian offshore.
The historical seismicity indicates that the Calabrian Arc is one of the most seismic areas of the whole Italian territory. The area between the Messina Straits and the Catanzaro trough was affected by several large earthquakes (Mw > 6), among these, the 1,783 seismic events (February 5, Mw 7.1, February 7, Mw 6.7, and March 28, Mw 7.0), 1905 (Mw 7.0) and 1908 (Mw 7.1) events, which were generated by crustal faults (DISS Working Group, 2018).
Active deformation data (GPS, Devoti et al., 2017; focal mechanisms, Totaro et al., 2016, Pondrelli et al., 2020; active stress indicators, IPSI database, Mariucci and Montone, 2020) show that the central sector of the Calabrian Arc is characterised by an NW-SE oriented extensional tectonic regime, responsible for large magnitude earthquakes (e.g., Galli and Peronace, 2015). Towards the east, the Ionian offshore area undergoes a transcurrent regime due to the oblique plate convergence (Totaro et al., 2016), and is affected by active compressional structures related to the Calabrian subduction complex (e.g., Polonia et al., 2011; Gutscher et al., 2017).
The seismotectonic interpretation of the seismicity may be broadly divided into two alternative models (see Tiberti et al., 2017 for a review). The first model, described as the “Siculo-Calabrian Rift Zone” (Tortorici et al., 1995; Monaco and Tortorici, 2000), considers a system of W-dipping high-angle surface normal faults as the source of the largest earthquakes. The second one, named as “Subduction-top model” (Tiberti et al., 2017) and implemented in the DISS database (DISS Working Group, 2018), highlights the role of east-dipping, low angle, blind normal faults, antithetic to the subduction system, located along the Tyrrhenian side of the Calabrian Arc. In the latter model, the longitudinal normal fault systems are dissected by strike-slip faults zone crossing the Calabria Arc. The transversal faults have deemed the sources of earthquakes occurring at the edges of the longitudinal seismogenic segments. The W-dipping faults are considered shallow antithetic faults respect to the E-dipping ones, as shown, for example, in the Messina Straits area (Bonini et al., 2011).
DATA AND METHODS
Multibeam Bathymetry
The high-resolution Digital Elevation Model (DEM) is a part of the multibeam bathymetric dataset acquired and processed by the National Research Council (IGAG) between 2010 and 2013. Bathymetric data were collected using multibeam systems at different frequencies. In shallow water, the Kongsberg EM 3002D (300 kHz), EM 710 (10–100 kHz) and Reson SeaBat 7111 (100 kHz) systems were used, while in deep waters, Reson SeaBat 7160 (44 kHz) was used.
During the bathymetric surveys, multibeam transducers’ calibration in areas close to the survey zone was performed together with sound velocity profiles. The Caris Hips and Sips hydrographic software processed all bathymetric datasets. Data processing included: 1) patch test on calibration lines, 2) tide corrections, 3) statistical and geometrical filters to remove coherent and incoherent noise, 4) manual removal of spikes.
Processed data were gridded, generating DEMs with cell size varying from 0.5–1 m in shallow water (<100 m) to 10 m in intermediate water (100–500 m) and 15–20 m in deep water (>500 m). In this work, the DEM was at 15 m gridded resolution, and the bathy-morphological map was projected in UTM 33N—Datum WGS84.
Seismic Reflection Data Acquisition and Processing
Over 500 km of multichannel high-penetration reflection seismic data (Airgun) and high-resolution (HR) multichannel seismic reflection data (Geo-Source Sparker) were recorded in the Sant’Eufemia Gulf in 1999 and 2019, respectively (orange and yellow lines in Figure 1G). Airgun profiles are oriented from NNW–SSE to NNE–SSW directions. Geo-Source Sparker inline profiles are primarily oriented in the NW–SE to N–S directions, with crossline seismic profiles acquired along the NE–SW direction. A DGPS system controlled the navigation positioning for all datasets. This paper presents a subset of these data consisting of seismic lines oriented from NW-SE to NE-SW.
A high-resolution 48-channel seismic reflection system with slant streamers and group spacing varying from 1 to 2 m recorded the signals generated by an innovative multi-tip (400) Sparker array in a dual-source Sparker system based on negative discharge technology. The shooting interval was 2.0 s, with a 1.5 s record length and 0.1 ms sampling interval. An innovative differential GPS positioning system was used to perform all necessary computations to determine real-time positions of sources and receivers. The processing sequence included the following operations: geometry assignment by 2D CDP profiles binning, DC removal, signature deconvolution, F-K filter, trace stacking, static corrections, velocity analysis, multiple attenuation, post-stack Kirchhoff time migration, receiver deghosting, time-variant bandpass filtering and automatic gain control removal to restore the True Amplitude. Signal penetration exceeds 500 ms two-way time (t.w.t). Vertical resolution reached up to 0.25 m near the seafloor.
The Geo-Suite AllWorks software package was used to process single-channel reflection seismic data and for seismic interpretation. Seismo- and sequence stratigraphy based analysis facilitated the reconstruction of the depositional architecture of seismic-stratigraphic units.
An additional MCS profile from Vi.DE.PI database (red line in Figure 1G, https://www.videpi.com/videpi/sismica/sismica.asp) was used for this study. The MCS section was converted from raster to SEG-Y format using the GeoSuite AllWorks software. The geodetic reference system is the WGS84 with a UTM 33 N projection.
Morphotectonic Analysis
Two grids of 50 swath profiles covering roughly 1,000 km2 were used to analyse the relief distribution and the topographic response to tectonic forcing (Figure 2A). Swath profiles sample topographic information from rectangular areas and include such information into an elevation profile by stacking multiple topographic profiles. The trace of these topographic profiles, here labelled as profile lines, are equally spaced and oriented perpendicularly to the swath profile baselines (Figures 2A,B). The same length characterises all the profile lines.
A 2 km swath width was adopted to highlight tectonic signals at the kilometric scale for detecting the primary faults in the study area. Two grids with N-S, E-W, NNW-ESE and ENE-WSW oriented segments define the baselines for the swath profiles (Figure 2A). The swath profiles were computed using a code wrapper employing the algorithms proposed by Schwanghart and Scherler, (2014). We extracted and listed endpoint coordinates of each grid segment, sampled two pairs of coordinates simultaneously, and computed the swath profiles between those extracted points. A grid of swath profiles oriented along with the directions of the segments above described, and the diagonal joining two adjacent segments was obtained (Figure 2A). For example, the first swath profile was created using the two coordinates labelled A and B, the second one using the coordinates B and C, and going in this way until using all the stored coordinates. The maximum, minimum, and mean values of bathymetric depth were sampled along each profile line (Figure 2B) and arranged as a matrix of 146,071 georeferenced points. The coordinates of each point correspond to the intersection between the profile lines and swath baselines (Figure 2B). The dataset was used to compute the local relief for each point as the difference between the maximum and minimum value sampled for each profile. This value corresponds to the local relief along the profile. Finally, the local relief was normalised dividing the data distribution by its maximum value, so the result values range from one to zero. Considering that values approaching one represents the maximum computed relief, the 75° percentile of this distribution was considered as the minimum threshold to detect the areas with the highest relief values (Figure 2C). The mean elevations approaching the maximum ones were detected within these areas to infer the bathymetric response to the tectonic forcing (Burbank and Anderson, 2011). To do this, we computed the mid-to-max value and filtered the dataset using the following equations:
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The distribution of mid-to-max values ranging from one to zero was obtained by normalisation. The values approaching zero are areas controlled by the tectonic forcing. A threshold of values lower than the 75° percentile was applied to select the Anomalous Mid-To-Max (AMTM) values from this distribution. The resulting points (14,815) of AMTM values coincide in correspondence of high-relief areas where the submarine landscape responds to recent tectonic forcing (Figure 2D).
The bathymetric map and swath profiles were qualitatively analysed to identify morphologic signature related to nearby tectonic structures (Figure 2D). In particular, the upstream portion of the Angitola Canyon was analysed through a ∼22 km-long trunk longitudinal profile and 23 bathymetric cross profiles. Such profiles were placed along the canyon to capture changes in the canyon aspect ratio by computing the height to width ratio (H/W). Finally, the spatial correlation among slope changes of the trunk stream long profile, H/W values, and the geographic and stereological properties of the main geologic structures detected closely were analysed to infer the possible response of the Angitola Canyon to the tectonic forcing.
RESULTS
Morpho-Bathymetry Analysis
The multibeam bathymetry of the study area shows a 1–9 km wide continental shelf, with the edge located between 140 and 160 m water depth. The shelf edge is irregular in plan-view because of the alternation of erosive features (canyon heads, gullies and landslide scars in Figure 3), carving the shelf, and submarine ridges developed on the continental slope. One of the prominent ridges, hereafter named Maida Ridge, is located just to the north of the Angitola Canyon between 120 and 400 m water depth (Figure 3). The Maida Ridge is a NE-SW-trending morphological high over 12 km long, has an average width of ∼4 km, and a morphological relief of ∼150 m. Smaller ridge-like structures are also developed in the northern part of the study area, just below the shelf facing the Falerna Marina village. As a whole, the continental slope has a mean gradient of 3–4° and displays an overall uneven morphology both in its upper and lower part. Notably, the main morphology recognisable in the slope between 450 and 700 m water depth is a mounded relief located in the center of the study area (Mounded relief in Figure 3). This feature is about 11 × 8 km in size and has a morphological relief of about 20 m with respect to the surrounding seafloor; two shallow and narrow erosional channels laterally bound it. In particular, a set of SW-NE elongated scarps affects the morphological high and its surroundings; these scarps are 2–8 km long and 2–10 m high.
[image: Figure 3]FIGURE 3 | Morphobathymetric map of the Sant’Eufemia Gulf.
The Angitola Canyon is the main bathymetric feature of the Sant’Eufemia Gulf. Its head lies at a water depth of about 100 m, along the offshore prolongation of the Angitola River. The canyon pattern is roughly rectilinear from the canyon head to ∼560 m water depth. Below this depth, the pattern abruptly becomes meandering. Such a meandering pattern extends down to a regional NE-SW-trending scarp, which crosses the canyon at roughly 900 m water depth. After that, the canyon resumes a sub-rectilinear pattern.
Seismo-Stratigraphic Characterisation and Interpretation
In the high-penetration seismic profiles, two seismo-stratigraphic units, labelled from bottom to top as MD and PQ (Figures 4A, 5A,B), were defined by their bounding unconformities and described based on their architecture and seismic characters (e.g., amplitude, lateral continuity, and frequency of internal reflectors). Seismic profiles were calibrated using well-log data (Cosentino et al., 2017; Ms and Mt in Figure 1G).
[image: Figure 4]FIGURE 4 | (A) Seismostratigraphic units (MD and PQ) recognised on the high-penetration seismic profile “Line Sister—12”. (B) Seismostratigraphic subunits (PL and LQ) recognised on the HR seismic profile “Line—04.” See Figure 5A for location.
[image: Figure 5]FIGURE 5 | (A) Seismic profile “Line Sister—12” and its interpretation. Boxes 4a and 4b are displayed in Figure 4. (B) Seismic profile “Line ER-77-502” and its interpretation. Insets show the location of the profiles. Ms, Marisa well; Mr, Marta well; FSD, fan-shaped deposits; sbm., seabed multiple; Unit MD, Upper Miocene deposits; Unit PQ, Plio Quaternary deposits; PL and LQ, subunits of the Plio Quaternary deposits.
Unit MD is characterised by relatively discontinuous, medium frequency, and medium-to high-amplitude reflectors. It is bounded upwards by a well-defined, high-amplitude unconformity (M horizon in Figure 4A), associated with the top of evaporites deposited during the late Messinian salinity crisis or to an erosional unconformity formed during the late Messinian sea-level fall (Malinverno et al., 1981, and references therein). We correlate unit MD with the Upper Miocene deposits based on the seismic signature and well log data (Figure 5B).
Unit PQ overlays the M horizon and shows continuous, high-to medium-frequency and medium-to high-amplitude reflectors (Figure 4A). We correlate unit PQ with the Plio-Quaternary sedimentary succession widespread in the Tyrrhenian Sea based on its seismic signature and well log data.
Two subunits, named PL and LQ from bottom to top, were distinguished based on the occurrence of a well-defined unconformity that separates them (S1 in Figures 4A,B, 5A,B). Well-seismic calibration indicates that the unconformity S1 formed during the Early Pleistocene (Calabrian).
Subunit PL is characterised by subparallel and well-defined laterally continuous reflectors with an aggradational internal pattern. The strata are sub-horizontal in the central and northern sectors of the line Sister-12 and show northwards directed onlap terminations onto the M horizon (Figure 5A). In the southern part of the seismic profile, reflectors exhibit a variable inclination from bottom to top, defining a fan geometry (FSD in Figure 5A). Subunit PL is also sub-horizontal in the southeastern sector of line ER-77-502, whereas it exhibits slightly seaward dipping reflections moving towards the north-west (Figure 5B).
The subunit LQ consists of a series of layered and generally sub-horizontal reflectors with an aggradational structure (Figures 5A,B). The strata terminate with onlap geometry onto the unconformity S1 in the central sector of the gulf (Figures 4B, 5A, 6A,B) and in the eastern one (Figures 5B, 7). Conversely, strata paraconformably overlay subunits PL deposits towards both the north and the south. Another unconformity surface was detected within subunit LQ only in the southeastern sector of the Gulf, along the north-western flank of the Maida Ridge (S2 in Figure 7). Subunit LQ is bounded upwards by the seafloor.
[image: Figure 6]FIGURE 6 | (A) Seismic profile “Line—04” and its interpretation. Inset shows the location of the profile. (B and C) Parts of Line—04 that show high-angle trastensive faults. Blue line marks the south-westernmost part of the anticline associated to the development of the Maida Ridge. Black dashed line represents the anticline axis. Red lines indicate transtensional faults. PL and LQ are the subunits recognised in the Plio Quaternary deposits.
[image: Figure 7]FIGURE 7 | Seismic profile “Line—05” and its interpretation. Inset shows the location of the profile. PL and LQ are the subunits recognised in the Plio Quaternary deposits. Red lines indicate transtensional faults.
The Sant’Eufemia Fault System
A series of normal faults that offset the deposits of Unit MD are observed on the high-penetration seismic profiles. Faults generally dip towards the south and bound horst (CDPs 1,250–1,500, Figure 5A) and half-graben (CDPs 1,600–2,300, Figure 5A) structures. Some faults are sealed by Pliocene deposits but younger activity is locally observed (e.g., CDPs 1800–2,100 in Figure 5A). In this area, the deposits of subunit PL show a fan-shaped geometry (FSD) with the thicker deposit in the hanging wall of a SSW-dipping fault (Figure 5A). We interpret these deposits as syn-tectonic strata associated with the development of a normal or transtensional fault that offset rocks deeper than 3 km (using 2000 m/s for the time to depth conversion). However, this fault shows a reverse feature in its upper part; thus, we interpret it as a positive inversion structure (probably due to transpression) involving subunit PL and older deposits. The inversion is partial (sensu Williams et al., 1989) because the deeper fault still retains an apparent normal displacement. Another positive partial inversion structure is observed towards the north (CDPs 1,500–1700 in Figure 5A). The transpressional reactivation of both faults leads to the uplift of the earlier basin fill and bending of the upper part of PL. Towards the east, sub-unit PL was also involved in shortening along steep transpressional ramps (Figure 5B). Seismic and well-log data suggest that the transpressional structures were active until the Calabrian. Thus, the unconformity S1 that limits the subunit PL deposits upward has a tectonic origin. Above this surface, LQ deposits show onlap reflectors terminating on top of unit PL (CDPs 1900–1950, Figure 5A).
The deep inversion structures involving subunit PL are not detectable on the high-resolution seismic profiles. Considering that the positive inversion structure was traced in correspondence of the inflection point of the unconformity S1 in the high-penetration seismic lines (Figures 5A,B), we used this inflection point to infer the shallow position of transpressional faults on the high-resolution seismic profiles (Figure 6A). In the central sector of the Sant’Eufemia Gulf, the transpressional faults show NE-SW orientations. NNE-SSW to NE-SW trending transpressional structures were also detected in the eastern sector of the Sant’Eufemia Gulf in correspondence with ridges (Figures 3, 5B, 7, 8A). The most prominent structure is associated with the formation of the Maida Ridge (see Morpho-Bathymetry Analysis), and has a south-eastward asymmetric shape indicating its vergence (Figures 7, 8A). A secondary unconformity S2 was identified along the north-western flank of this transpressional structure above the main unconformity S1 (Figure 7). The formation of this unconformity is probably linked to the tectonic activity of the structure associated with the development of the Maida Ridge.
[image: Figure 8]FIGURE 8 | (A) Structural map of the Sant’Eufemia Gulf. Red dots are the AMTM values localised at the intersection points of their related swath profiles. MA, Maida Ridge; AC, Angitola Canyon; 1, 2, 3, 4, and 5, sectors with alignments of AMTM values. (B and C) Schematic structural maps showing the active structures during the Pliocene—Early Pleistocene (Gelasian) and Early Pleistocene (Calabrian)—Recent tectonic events that affected the Sant’Eufemia Gulf. The activity of the structures is inferred from the analysis of seismic profiles and swath profiles (AMTM values).
NNE- SSW trending, closely-spaced, high-angle normal to transtensional faults offset the upper part of subunit PL and younger deposits (Figures 6A–C). Some of the faults reach the seafloor, whereas others propagate upwards, affecting the LQ deposits. The maximum depth at which these structures can be traced is generally less than 1.5 km (using 2000 m/s for the time to depth conversion). The transtensional faults show an anastomosing pattern in the central sector of the Sant’Eufemia Gulf, with individual segment length typically of a few km and rarely approaching 10 km (Figure 8A). Seafloor vertical offset along these faults vary from few meters to a few dozen meters, and, consequently, these faults have a mild morphological expression.
Morphotectonic Anomalies
The qualitative analysis of swath profiles shows morphological anomalies (relief anomalies, topography excesses, terraced surfaces, asymmetrical valleys, and counter-slope areas; Figures 2E,F) that suggest a transient landscape state due to a tectonic forcing.
The quantitative analysis of the swath profiles highlights AMTM values in distinct sectors of the gulf. In the western sector, an alignment of AMTM values is observed along a NE-SW morphological scarp (1 in Figure 8A). Few AMTM values were detected in the central sector of the gulf, whereas several alignments of AMTM were computed towards the east. In particular, AMTM values are observed in the north-eastern sector in correspondence of a roughly NE-SW striking bathymetric scarp (3 in Figure 8A) along the shelf-upper slope transition (4 in Figure 8A) and above the NE-SW trending transpressional Maida Ridge (5 in Figure 8A). Towards the south, many AMTM values are observed along the Angitola Canyon (AC in Figure 8A).
The longitudinal profile of the upper 22 km sublinear part of the thalweg of the Angitola Canyon and the cross profiles allowed the detection of three different reaches characterised by different Stream Length-gradient (SL) index and H/W values and trends (Figures 9A,B). The roughly constant negative trend of H/W and the correlative flat SL trend (avg. 125, st. dev. of 52), extending from the canyon head to roughly 9 km, describes the steady-state and concave upward shape of the Reach 1 of the profile (Figures 9A,B). The average canyon width is roughly 303 m, and its standard deviation is about 72 m. We detect the minimum SL (avg. 116, st. dev. 187) and H/W values in Reach 2, ranging from 9 to 16 km (Figure 9C). Such low values, corresponding to an average width of 574 m (st. dev. 90 m), can be interpreted as an increase of the canyon width relative to its height or a change to a less erodible bedrock of the thalweg. Differently, a positive trend of the H/W curve and a high-amplitude SL curve (avg. 826, st. dev. 1,308) distinguish Reach 3, extending till the first meander that characterises the deeper part of the Angitola Canyon.
[image: Figure 9]FIGURE 9 | A) Map view of the upstream portion of the Angitola Canyon. In black, the southern part of the Maida Ridge. In blue, the location of 23 bathymetric cross-profiles. In brown, the trace of the thalweg. The three double-arrowed black lines show the length of the three reaches. (B) The brown line and the black vertical axis relate to the long profile of the Angitola Canyon, while the grey curve and the red vertical axis represent the SL index computed values. (C) In red and blue, the canyon height and width curves, respectively; both curves refer to the black vertical axis. In magenta, the H/W ratio curve which values relate to the red vertical axis.
The positive trend of the H/W curve of the Reach 3, together with the average canyon heights (∼81, 83 and 100 m with a standard deviation of 7, 4, and 17 m for Reach 1, Reach 2 and Reach 3, respectively), highlights a growing stream power moving towards the canyon outlet.
DISCUSSION
From Deep to Shallow: Tectonic Interpretation of the Sant’Eufemia Gulf
The structural investigation results integrated with the geomorphic analysis pinpoint three major tectonic events in the structural evolution of the Sant’Eufemia Gulf from Late Miocene to Recent times. We propose to frame these tectonic events within the kinematics of a deep-seated slab tear drawn from previous geodynamic analysis of the region (Lucente et al., 1999; Rosenbaum et al., 2008) and interpreted as a regional, first-order structure.
Seismic reflection profiles show that the first tectonic event was characterised by the development of extensional faults during the Late Miocene (Figure 5A). The second tectonic event was characterised by the positive inversion of deep (>3 km) extensional faults inherited from the previous event (Figure 5A). During this stage, we also document the formation of transpressional faults and NNE-SSW to NE-SW oriented anticlines (e.g., the Maida Ridge), involving Upper Miocene to Lower Pleistocene (Gelasian) deposits, in the central and eastern sector of the gulf, respectively (Figures 5B, 8A,B). The orientation of the anticlines and their en-echelon arrangement suggest that they developed within a roughly E-W oriented right-lateral transpressional zone, located above the deep-seated slab tear fault (red line in Figure 1D). The last tectonic event began in the Early Pleistocene (Calabrian). It was characterised by the onset of shallow (less than 1.5 km), NNE- SSW trending, high-angle normal to oblique faults (Figures 5A, 6, 7). The orientation of these younger faults (Figures 8A,C) suggests that they formed in a left-lateral strike-slip regime along the E-W oriented shear zone. This interpretation is consistent with the deep-seated structural setting documented by Guarnieri, 2006, suggesting a current left-lateral wrenching develops between Sant’Eufemia Gulf and Squillace Gulf, and with seismological data that highlight left-lateral focal mechanisms in this sector of Calabria (e.g., Presti et al., 2013).
Data and interpretation highlight a change from right-lateral to left-lateral kinematic since the Calabrian. A kinematic change for the second and third tectonic event was proposed by Brutto et al. (2016) based on field data collected in the western Catanzaro Trough and on the interpretation of seismic profiles collected in the Sant’Eufemia Gulf. Conversely, the evolutionary model proposed by Brutto et al. (2016) suggests that the last extensional stage is governed by a sub-vertical P-axis similarly to what occurs slightly to the south, from the Messina Straits to the Mesima Valley. In the northern sector of the Catanzaro Trough and adjacent Squillace Gulf, an ESE-WNW trending strike-slip fault system (Figures 1A,E; Lamezia-Catanzaro line, Tansi et al., 2007) and an E-W trending transtensional basin connected to a negative flower structure (Del Ben et al., 2008) developed since the Late Miocene, respectively. The strike-slip fault system offsets the Middle Miocene to Lower Pleistocene deposits on-land (van Dijk et al., 2000; Tansi et al., 2007) and Plio-Quaternary sequences in the Squillace Gulf (Del Ben et al., 2008). Their orientation confirms that a roughly E-W oriented crustal strike-slip fault can be traced from the Sant’Eufemia Gulf to the Squillace Gulf. On a lithospheric scale, the western part of the crustal fault lies over an ESE-WNW trending, shallow (<100 km) slab tear fault (red line in Figure 1D, Rosenbaum et al., 2008). Because a slab tear fault develops in the correspondence of two adjacent parts of the lower plate that move at different rollback velocities (Rosenbaum et al., 2008), the formation of the crustal faults can be considered as the upper plate response to the tearing of the lower plate (Figure 10). Considering the age of the older deposits affected by the upper plate deformation, we infer that the formation of the tear fault started in the Late Miocene.
[image: Figure 10]FIGURE 10 | Geodynamic sketch of the Tyrrhenian-Ionian subduction system illustrating the strike-slip deformation zone extending from Sant’Eufemia Gulf to Squillace Gulf formed above the tear fault inferred between two segments of the Ionian slab.
The slip-sense inversion from right-lateral to left-lateral of the roughly E-W oriented crustal strike-slip fault traced from the Sant’Eufemia Gulf to the Squillace Gulf could be the result of a deceleration of the eastward motion of the northern part of the Calabrian Arc with respect to the southern sector during the Quaternary transition from the tectonic event 2 – 3, as a consequence of the collision of the northern sector of the Calabrian Arc with the continental crust of the Apulian foreland (Guarnieri, 2006). This event has partially inhibited the propagation of the northern part with respect to the southern sector that continued to migrate southeastwards (Figure 10). The same effect could have resulted from the slab detachment (∼700 ka) that caused the end of the subduction beneath the northern Calabrian Arc (Neri et al., 2009; Scarfì et al., 2018).
Landscape Response of the Sant’Eufemia Gulf to Tectonic Forcing
The alignment of the AMTM values in correspondence with a NE-SW seafloor scarp developed in the western sector of the gulf (1 in Figure 8A) suggests a recent morphostructural control on its formation. The geometrical and stereological characteristics of this N15°E striking, 10 km long and 200 m high scarp, make this morphological feature compatible with the deep structures detected on the high-penetration seismic profiles.
A few AMTM values were detected in the central sector of the Gulf (2 in Figure 8A), where a number of NNE-SSW-trending shallow normal to transtensional faults offset the seafloor. The limited occurrence of AMTM values indicates that the wavelength of the topographic signature of the normal to transtensional faults is smaller than the width of the swath profiles. Thus, the morphometric analysis confirms that these faults are basically shallow structures, whose roots do not reach the same depth as the transpressional faults. No AMTM values were found in correspondence to the deep transpressional faults in the central sector of the Gulf, suggesting that this structure is probably inactive.
In the eastern sector of the Gulf, AMTM values were detected in correspondence of the NNE-SSW to NE-SW trending anticlines (e.g., Maida Ridge, MA in Figure 8A), indicating that these structures controlled the morphology of the eastern sector of the Gulf in recent times. Thus, the analysis of swath profiles suggests that deep transpressional faults (e.g., CDPs 260–300 in Figure 5B), associated with the development of the anticlines during the second tectonic event (see From Deep to Shallow: Tectonic Interpretation of the Sant’Eufemia Gulf), were reactive in the left-lateral transtensional regime that characterises the last tectonic event.
In the southern sector of the Gulf, several AMTM values are detected along the Angitola Canyon. However, in this case, the tectonic forcing probably has triggered multiple geomorphological processes (e.g., gravitational processes, changes in slope and drainage patterns, sediment density flows that travel down the canyon, etc.) able to produce AMTM values. Thus, we have integrated the analysis of swath profiles with the bathymetric analysis of the Angitola Canyon to better understand the possible tectonic forcing of the 22 km long upstream section of the channel. The longitudinal profile of the canyon (Figure 9) shows that Reach 1 follows a steady-state evolution process as attested by its concave upward bathymetric profile and the flat SL trend. Along Reach 1, the canyon progressively increases its width in the downstream direction and approaches the Maida Ridge. Reach 2 responds to a tectonic landward tilt process and to the lateral tectonic forcing, as shown by the minimum SL value, the maximum width of the channel, and the corresponding minimum value of the H/W ratio associated with a steady H value. Finally, the morphology of the Reach 3 evolves following a growing stream power, as inferred by higher SL values and an increasing H/W ratio.
The change in the longitudinal slope of the canyon between Reach 2 and Reach 3 and the asymmetric shape of the canyon, expressed by the active channel flowing near the southern wall and the presence of unpaired terraces along the northern flank (Figure 9A), suggest that Reach 2 and Reach 3 underwent differential uplift. Considering that the south-western prolongation of the Maida Ridge roughly lies below the boundary between the Reach 2 and Reach 3 of the canyon, we infer that the differential uplift of the two reaches represents the topographic response to the Late Quaternary activity of the Maida Ridge.
Seismotectonic Implications
The 1905 earthquake, one of the largest seismic event in Italy, was widely felt along the whole Tyrrhenian coastline of Calabria, with maximum macroseismic intensities documented in the northern part of the Capo Vaticano promontory (CFTI5Med, Guidoboni et al., 2018; CPTI15, Rovida et al., 2021). The earthquake also triggered a tsunami wave that flooded the coastline of central Calabria (Piatanesi and Tinti, 2002; Loreto et al., 2017; Maramai et al., 2019). Shaking scenarios suggest that the seismogenic fault is located in the Sant’Eufemia Gulf (Sandron et al., 2015). Two different structures located south of the Capo Vaticano promontory (Cucci and Tertulliani 2010) and in the Sant’Eufemia Gulf (Loreto et al., 2013) were proposed as seismogenic faults. The different hypothesis on the source of the 1905 seismic event is due to the difficulty of identifying offshore structural lineaments able to produce high-magnitude seismic events.
Some consideration on the age and stratigraphy of the deformed units is necessary to infer the seismogenic potential of the two sets of faults mapped in the Sant’Eufemia Gulf. The Pliocene to Early Pleistocene (Calabrian) transpressional faults (primary fault set) deform highly competent rocks of the Kabilian-Calabrian units, including imbricate sheets of the Hercynian basement, Alpine poly-metamorphic rocks, and Mesozoic sedimentary units. Conversely, the faults of the shallower transtensional deformation zone (secondary fault set) dissect less competent Pliocene fine-grained (mudstone and claystone) and Quaternary coarser (sandstone and siltstone) rocks. Based on the depth and geometry of the faults (i.e., dimension derived from mapped fault length and width) and on the lithology of the deformed rocks, we suggest that the potential source of large magnitude earthquakes should be related to the primary fault set.
The anticline axis of the Maida Ridge was mapped for a length of about 15 km (MA in Figure 8A). This value is probably underestimated due to the lack of seismic data at the NE and SW terminations of the structure, close to the coastline and the Angitola Canyon, respectively. Geomorphic analysis of the upper reach of the canyon indicates that its evolution was controlled by tectonic forcing compatible with the growth of the anticline. Thus, the length of the deep fault, associated with the development of the anticline, possibly extends south-westward for an additional 3–4 km. The deep structure evolved during the second tectonic stage (Pliocene - Gelasian) as a transpressional fault (Figures 5B, 8B). Successively, it was active during the last tectonic event (Calabrian—Recent, Figure 8C) in a left-lateral transtensional regime, as suggested by 1) the distribution of the AMTM values indicating that the tectonic activity of the deep fault, responsible for the formation of the Maida Ridge, controlled the seafloor morphology in recent time (see Landscape Response of the Sant’Eufemia Gulf to Tectonic Forcing), 2) the bathymetric analysis of the upper reach of the Angitola Canyon indicating that the growth of the Maida Ridge controlled the evolution of the canyon in the Late Quaternary (see Landscape Response of the Sant’Eufemia Gulf to Tectonic Forcing), and 3) the NNE-SSW orientation of the deep fault that is compatible with its reactivation in a left-lateral transtensional regime (see Landscape Response of the Sant’Eufemia Gulf to Tectonic Forcing, Figure 8C). Considering the length and depth of this deep fault, its recent activity, and its location close to the epicentre of the 1905 event as inferred by Camassi et al. (1997) (red square-3 in Figure 1F), we suggest that the deep primary fault, associated with the growth of the Maida Ridge, is likely the seismogenic source of the 1905 earthquake.
The seismogenic fault proposed by Loreto et al. (2013); Brutto et al. (2016) (SEF in Figure 1E, included in the DISS database as the “ITIS139 Sant’Eufemia”, DISS Working Group, 2018) is an extensional, SE-dipping fault, formed along the southeastern flank of the Maida Ridge. This fault offsets shallow reflectors (at a depth less than 2 s, Figure 13 in Brutto et al., 2016). Based on its depth and its direction, parallel to the shallow transtensional faults documented in our study, we interpret this fault as a secondary structure.
Our suggested seismogenic fault also differs from an intra-plate rupture at the bending zone of the Ionian subduction slab, proposed by Presti et al. (2017), that implies a deeper seismogenic source at a depth of several tens of kilometres. However, the tectonic model we suggest does not exclude the formation of a structure in the subducting lithosphere of the lower plate along or near the slab tear fault.
CONCLUSION
A multiscale approach based on the interpretation of multichannel seismic profiles with different resolution/penetration and quantitative morphometric analysis of multibeam bathymetry provides new insights into the characterisation of active faults in offshore areas. The results of this work allowed to reconstruct the structural setting and the kinematic evolution of surficial and deeper faults developed in the Sant’Eufemia Gulf (Tyrrhenian offshore of the Calabrian Arc) since the Late Miocene, and to detect their morphological signature at the seafloor. The main conclusions can be summarised as follows:
1. Three tectonic events controlled the evolution of the Sant’Eufemia Gulf since the Late Miocene. The first one is an extensional or transtensional phase that occurred during the Late Miocene. Following, a right-lateral transpressional tectonic event developed from the Early Pliocene to the Early Pleistocene. It caused the positive inversion of deep (>3 km) extensional/transtensional tectonic features and the formation of NNE-SSW to NE-SW trending anticlines (e.g., Maida Ridge). Since the Early Pleistocene (Calabrian), a left-lateral transtensional regime induced the formation of shallow (less than 1.5 km), NNE- SSW oriented, high-angle normal to transtensional faults.
2. The integration of seismic reflection and quantitative morphometric analysis provides evidence that the NNE-SSW to NE-SW trending anticlines, formed during the Pliocene to Early Pleistocene (Gelasian), were reactivated during the Calabrian to Recent left-lateral transtensional event. Also, the bathymetric analysis of the Angitola Canyon suggests a differential uplift between two reaches of the canyon. We infer that the south-western prolongation of the Maida Ridge lies below the canyon and, thus, the differential uplift may be regarded as a topographic response of the Late Quaternary negative inversion of the fault that has controlled the growth of the Maida Ridge.
3. Based on the length (>15 km), and recent tectonic activity, the deep structure controlling the development of the Maida Ridge can be considered a potential candidate for the seismogenic source of the 1905 earthquake.
4. Our results, integrated with previous literature, support the hypothesis that the transpressional/transtensional structures detected in the study area correspond to a ∼E-W oriented crustal strike-slip fault zone extending from the Sant’Eufemia Gulf to Squillace Basin (Ionian Sea). This zone may be regarded as a crustal response to the development of a tear fault in the lower plate.
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In Southern California, plate boundary motion between the North American and Pacific plates is distributed across several sub-parallel fault systems. The offshore faults of the California Continental Borderland (CCB) are thought to accommodate ∼10–15% of the total plate boundary motion, but the exact distribution of slip and the mechanics of slip partitioning remain uncertain. The Newport-Inglewood-Rose Canyon fault is the easternmost fault within the CCB whose southern segment splays out into a complex network of faults beneath San Diego Bay. A pull-apart basin model between the Rose Canyon and the offshore Descanso fault has been used to explain prominent fault orientations and subsidence beneath San Diego Bay; however, this model does not account for faults in the southern portion of the bay or faulting east of the bay. To investigate the characteristics of faulting and stratigraphic architecture beneath San Diego Bay, we combined a suite of reprocessed legacy airgun multi-channel seismic profiles and high-resolution Chirp data, with age and lithology controls from geotechnical boreholes and shallow sub-surface vibracores. This combined dataset is used to create gridded horizon surfaces, fault maps, and perform a kinematic fault analysis. The structure beneath San Diego Bay is dominated by down-to-the-east motion on normal faults that can be separated into two distinct groups. The strikes of these two fault groups can be explained with a double pull-apart basin model for San Diego Bay. In our conceptual model, the western portion of San Diego Bay is controlled by a right-step between the Rose Canyon and Descanso faults, which matches both observations and predictions from laboratory models. The eastern portion of San Diego Bay appears to be controlled by an inferred step-over between the Rose Canyon and San Miguel-Vallecitos faults and displays distinct fault strike orientations, which kinematic analysis indicates should have a significant component of strike-slip partitioning that is not detectable in the seismic data. The potential of a Rose Canyon-San Miguel-Vallecitos fault connection would effectively cut the stepover distance in half and have important implications for the seismic hazard of the San Diego-Tijuana metropolitan area (population ∼3 million people).
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INTRODUCTION

Pull-apart basins form in extensional step-overs between strike-slip fault sections and are common features of strike-slip fault systems around the word (Mann, 2007 and references therein). These structures receive considerable attention in academic studies not only due to their abundance, but also their high potential in resource extraction, and their role in earthquake rupture processes (e.g., Mann et al., 1983; Oglesby, 2005; Mann, 2007; Wesnousky, 2008; Brothers et al., 2009; 2011; Wu et al., 2009; Watt et al., 2016; van Wijk et al., 2017). A significant amount of previous work has focused on the evolution of pull-apart basins, from early-stage spindle-shaped basins through the extreme case of significant lithospheric thinning and the development of a spreading ridge (Mann et al., 1983; Lonsdale, 1995; Mann, 2007; Wu et al., 2009; Dooley and Schreurs, 2012; Ye et al., 2015; van Wijk et al., 2017).

As a result of the continuum of development exhibited by pull-apart basins (Mann, 2007), a variety of structural conditions have been observed ranging from relatively simple geometries, i.e., two parallel fault strands experiencing pure strike-slip motion with a central depocenter [e.g., the Dead Sea (Garfunkel and Ben-Avraham, 1996)], to more complex fault structures found in basins undergoing transtension [e.g., the Gulf of California-Salton Trough system (Lonsdale, 1995; Brothers et al., 2009)]. Distinctive structural features have been identified that can separate pull-apart basins into two end-member models based on deformation style (i.e., pure strike-slip or transtensional) (Wu et al., 2009). In the classical model of a pull-apart basin experiencing pure strike-slip deformation, a central basin is bounded by terraced normal faults striking ∼30° to the master strike-slip fault sections; in contrast, basins undergoing transtension appear to develop en-echelon sidewall faults and more complex central basins with multiple depositional centers (Wu et al., 2009).

From a seismic hazard perspective, pull-apart basins are of particular interest as regions where extensional normal stress is elevated (i.e., unclamping), which may promote the nucleation of earthquake ruptures that can continue onto the larger master strike-slip faults (Oglesby, 2005; Brothers et al., 2011; Watt et al., 2016). Additionally, analysis of mapped historical ruptures indicate that step-over regions may sometimes act as barriers to through-going ruptures and so potentially act as termination points (Wesnousky, 2008). Therefore, the potential role of pull-apart basins in earthquake rupture length and consequently magnitude, as well as nucleation and potential rupture directivity, highlights their importance for an accurate regional seismic hazard assessment.

Through field observation (e.g., Garfunkel and Ben-Avraham, 1996; Mann, 2007; Wesnousky, 2008; Brothers et al., 2009; Watt et al., 2016), analogue models (e.g., Wu et al., 2009; Dooley and Schreurs, 2012), and numerical studies (e.g., Oglesby, 2005; Ye et al., 2015; van Wijk et al., 2017), a basic understanding of pull-apart basins has emerged that focuses on fault structure and stratigraphic character of the central region of subsidence that develops in the space between the two principal displacement zones (i.e., the main strike-slip fault sections). The predictive models produced by such studies investigate strike-slip fault step-overs and oblique deformation at a range of different scales and boundary conditions. Kinematic models using plate boundary conditions and fault geometry (but not explicitly considering stress conditions), provide a broad scale perspective on deformation characteristics and strain partitioning (e.g., Tikoff and Teyssier, 1994; Teyssier et al., 1995). Predictions of smaller scale (intra-basin) faulting and deformation through time is provided by analogue and numerical models that simulate lithospheric conditions with either proxy material (e.g., sand and clay) (e.g., Dooley and Schreurs, 2012), or simplified fault geometries and stress conditions (e.g., Ye et al., 2015). While valuable as a framework for field observations, these models may have scaling limitations, or may be over simplified due to real-world crustal heterogeneities. These studies highlight the advances that have been made in understanding pull-apart basins but are primarily focused on basins that are located between two master strike-slip segments. Less well known is the resulting evolution or fault structure of a basin in which an additional, competing principal displacement zone may influence the basin development.

In the San Diego, California, region, the Rose Canyon fault represents the boundary between the Peninsular Range geologic province and the complex tectonic fabric of the Inner Continental Borderland (ICB) (Figure 1). The Rose Canyon fault is the southern section of the larger Newport-Inglewood-Rose Canyon fault system, which is the easternmost fault in the ICB and has been mapped as a continuous ∼190 km long fault zone from Los Angeles to San Diego (Figure 1B; Moore, 1972; Wright, 1991; Lindvall and Rockwell, 1995; Maloney et al., 2016; Sahakian et al., 2017). A broad area of transtension exists south of downtown San Diego, where the Rose Canyon fault splays out into a complex network of faults that together results in the subsidence of the San Diego Bay pull-apart basin (Figure 1C).
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FIGURE 1. (A) Map of the southwestern United States and northern Baja California, Mexico. Red line marks general trace of the San Andreas Fault. Black box corresponds to location of (B). (B) Map of southwestern California and northwestern Baja California, Mexico. Quaternary active faults are shown in red and the transpeninsular faults are labeled (i.e., AB and SMV). White dashed line indicates boundary of ICB. Regional seismicity (black circles) between 1981-2019 are from Hauksson et al. (2012) and Ross et al. (2019). Black box corresponds to location of (C). (C) Overview map of the San Diego region with regional faults (red lines). The faults that trend south away from San Diego Bay (i.e., SBF, CF, SSF) likely continue beyond the international border, but lack reliable data to extend the mapped trace. Black box marks location of Figure 2. AB, Agua Blanca fault; BBD, Big Bend Domain of the San Andreas Fault; CA, California; CF, Coronado fault; ES, Ensenada; LJF, La Jolla Fan; LBFZ, Los Buenos fault zone; ICB, Inner Continental Borderland; NIRCF, Newport-Inglewood-Rose Canyon fault; OC, Oceanside; PL, Point Loma; SD, San Diego; SMV, San Miguel-Vallecitos fault; SBF, Spanish Bight fault; SSF, Silver Strand fault; TJ, Tijuana. Fault traces north of the international border are from the USGS fault database (USGS, 2019) and the USGS offshore fault database (Walton et al., 2020a); faults south of the border are from Fletcher et al. (2014). Background topography and bathymetry are from ESRI topography and the National Centers for Environmental Information Southern California Coastal Relief Model (v2) (Calsbeek et al., 2013).


The boundaries of the San Diego Bay pull-apart basin are the offshore Descanso fault to the west, the La Nacion fault zone to the east, the Rose Canyon fault to the north, and the Tijuana River valley to the south (Figure 1C) (Kennedy, 1975; Marshall, 1989; Maloney, 2013). Faults in the northwestern portion of the bay can be explained as linking faults oriented ∼30–40° to the dextral Rose Canyon and Descanso faults in a classic pull-apart basin model (Figure 1C) (Legg, 1985; Treiman, 1993; Kennedy and Clarke, 1996; Rockwell, 2010). In southeastern San Diego Bay, a series of faults has been imaged that together with the La Nacion fault zone, strike at a low angle to the Rose Canyon and Descanso faults and are located outside of the apparent active basin (Figure 1C; Kennedy and Welday, 1980; Kennedy and Clarke, 1996), suggesting additional factors are influencing deformation in San Diego Bay.

Some studies have suggested a possible connection between the Rose Canyon and the San Miguel-Vallecitos fault to the south that may be responsible for the orientations of the southeastern bay faults (Figure 1C; Wiegand, 1970; Marshall, 1989; Treiman, 1993). However, the exact mechanics of this connection remain uncertain and definitive evidence of faulting south of San Diego Bay remains elusive. The southern continuation of the Newport-Inglewood-Rose Canyon fault has important consequences for understanding the distribution of plate boundary strain accommodated in the ICB, and thus regional seismic hazard.

In this study, we use a combination of high-resolution seismic Chirp profiles, reprocessed legacy multi-channel seismic (MCS) lines, and borehole-core sampling to resolve the stratigraphic character and structural framework beneath San Diego Bay and to determine the recency of faulting. Additionally, we develop conceptual models using structural analysis of the fault orientations and regional plate boundary characteristics to explain the observed features of the San Diego Bay pull-apart basin.



REGIONAL GEOLOGY AND LOCAL TECTONICS

The ICB is the offshore extension of the Big Bend Domain of the San Andreas plate boundary, which dominates the tectonics of Southern California (Figure 1). The San Diego Bay pull-apart lies along a complex transitional area that separates predominantly transpressional structures to the north, from transtensional structures to the south (Legg et al., 2015; Wetmore et al., 2019). Faults within the ICB play an important role in transferring 10-15% of plate motion from the Gulf of California around the big bend in the San Andreas Fault and into the faults of the Western Transverse Ranges (Humphreys and Weldon, 1991; Platt and Becker, 2010). Slip is fed into the ICB by the faults of the Transpeninsular fault system in Baja California, Mexico, mainly the Agua Blanca (and associated strands) and the San Miguel-Vallecitos faults (Figure 1).


The Agua Blanca Fault and Associated Offshore Strands

The Agua Blanca fault cuts across the Baja Peninsula and transfers ∼2–8 mm/yr of slip into the faults of ICB (Legg et al., 1991; Rockwell et al., 1993; Dixon et al., 2002; Gold et al., 2020). Within the ICB, the Descanso and Coronado Bank faults are strands of the Agua Blanca fault zone that help carry a portion of this slip northward, potentially partitioning it into the Rose Canyon fault through the San Diego Bay pull-apart basin (Figure 1; Legg, 1985; Legg et al., 1991). Studies in the 1980s and 1990s (e.g., Legg, 1985; Legg et al., 1991) postulated that the Coronado Bank fault is a section of an extensive Palos Verdes-Coronado-Agua Blanca fault system, but recently collected seismic reflection data have shown that the Coronado Bank fault decreases in recency and continuity of faulting offshore Oceanside, California, and does not have a clear connection to the Palos Verdes fault (Figure 1B; Ryan et al., 2009; Brothers et al., 2015). Therefore, any slip carried northward by the Coronado Bank fault is likely transferred onto an adjacent fault structure (Conrad et al., 2018). The Descanso fault trends N25°W offshore San Diego (Figure 1), and its termination may mark the northern limit of the larger Estero-Descanso fault, but the exact location of the Descanso fault south of the international border is poorly understood due to a “lack of good seismic data” (Legg, 1985).

Reprocessed industry MCS profiles suggest that at the latitude of San Diego Bay, the Descanso fault is an eastern strand of the larger Coronado Bank fault system (Maloney, 2013). Hanging wall rollover imaged in MCS data along the eastward-dipping Coronado Bank fault indicates a degree of soling at depth that may be a consequence of participation in the San Diego Bay pull-apart basin (Maloney, 2013). Combined high-resolution Chirp and MSC data show that the Descanso-Coronado Bank fault zone reaches its locally greatest width adjacent to the deepest portion of the San Diego Bay pull-apart basin where it displaces the transgressive surface (Maloney, 2013). Northward, the fault zone narrows and Chirp data indicate a non-faulted transgressive surface, suggesting a northward decrease in activity on the Descanso fault (Maloney, 2013). Recent faulting is observed on the Coronado Bank fault until it reaches and becomes buried by the La Jolla Fan (Ryan et al., 2009). Several earthquakes (M < 4) have been located between the Coronado Bank fault and the Rose Canyon fault, providing additional evidence of a connection between these two fault systems (Figure 1C; Astiz and Shearer, 2000; Hauksson et al., 2012; Ross et al., 2019).



The San Miguel-Vallecitos Fault and Associated Strands

The San Miguel-Vallecitos fault is composed of en-echelon fault sections that trend northwest across the Baja Peninsula and is well-aligned to connect with the Rose Canyon fault (Figure 1). Mapped offsets of magmatic dikes suggest a small (∼600–1000 m) total offset, while slip rate estimates vary considerably, with geologic estimates (∼0.2 mm/yr) significantly lower than geodetic estimates (∼2–4 mm/yr) (Hirabayashi et al., 1996; Dixon et al., 2002; Wilson et al., 2011). Together, these characteristics (i.e., short en-echelon segments, small total offset, and order of magnitude difference between geologic and geodetic slip rates) may be an indication of the fault’s incipient nature. The San Miguel-Vallecitos fault is active, hosting several M > 6 surface rupturing earthquakes in the past century and high rates of microseismicity (Figure 1B; Hirabayashi et al., 1996; Frez et al., 2000). The mapped trace of the San Miguel-Vallecitos fault ends ∼30 km south of San Diego Bay, but previous studies have postulated a connection to the Rose Canyon fault zone based on the alignment of warm water wells, elongated north-south trending depressions (possible sag ponds), offset terraces, and stratigraphic and lithological changes across the proposed fault lineament (Wiegand, 1970; Gastil et al., 1979; Treiman, 1993). Youthful faulting may be obscured by fluvial sedimentation along the Tijuana River and its tributaries.

Faults west of the Tijuana River valley, in northwestern Tijuana, Mexico, have been studied in detail by Minch (1967) and are referred to as the Los Buenos fault zone (Figure 1). The primary structural fabric in this area consists of north-south oriented normal faults that run parallel to the coastline, and secondary northeast-southwest and northwest-southeast oriented normal faults. The north-south faults are dominantly down-to-the-east (Minch, 1967), similar to faults in San Diego Bay. Pleistocene deposits are offset and folded along several faults, but most deformation appears to have occurred during the Miocene (Minch, 1967). The Pleistocene Avondale Terrace, mapped by Ellis and Lee (1919), is at an elevation of 106–121 m and is offset by faults in the Los Buenos fault zone, but north of the Tijuana River valley the same terrace is at 60 m elevation and is not offset by faulting (Gastil et al., 1979).



The Rose Canyon Fault Zone and San Diego Bay

North of San Diego, the Rose Canyon fault trends ∼S25°E from offshore Oceanside and extends for 35 km south to La Jolla, where the fault takes a leftward compressional bend uplifting Mt. Soledad before continuing on a similar trend south along the I-5 corridor towards San Diego Bay (Figure 1). The Rose Canyon fault has ∼4 km of total offset based on the displaced Eocene Mt. Soledad Formation and is thought to have initiated in Pliocene-Quaternary time as the upper portion of the late-Pliocene age San Diego Formation is a tectono-stratigraphic unit that records the down-dropping and sedimentation in San Diego Bay (Demere, 1983; Kies, 1982; Treiman, 1993). The San Diego Formation is overlain by a series of marine terraces of Pleistocene age that are locally deformed in the San Diego region in response to movement on regional faults (Kern and Rockwell, 1992; Haaker et al., 2016).

Just north of downtown San Diego, the Rose Canyon fault splays out into a complex network of faults that make up the San Diego Bay pull-apart basin (Figures 1C, 2). The northernmost splay trends offshore into northern San Diego Bay as the Spanish Bight fault (Figures 1C, 2). Through downtown, the Rose Canyon fault zone is mapped as the western San Diego fault and an eastern zone of faulting that includes the “downtown graben” (Figure 2; Treiman, 1993, 2002; Weidman et al., 2019). These splays trend into the bay as the Coronado and Silver Strand faults, respectively (Figures 1C, 2). Gravity measurements indicate that San Diego Bay overlies a northwest-oriented, ∼20-km-long, ∼12-km-wide, and 2–3-km-deep basin that reaches its greatest depth beneath south San Diego Bay (Marshall, 1989). The faults in the northwestern bay (the Spanish Bight, Coronado, and Silver Strand faults) are well-defined and well-imaged. These faults have a north-northeasterly surface trend and have been mapped from the northern portion of San Diego Bay, across the Coronado Peninsula, and offshore to at least the United States-Mexico border, where poor data quality prevented the establishment of a southern continuation (Figures 1C, 2; Legg, 1985; Maloney, 2013). These three ‘linking’ faults all show predominantly down to the east displacement in seismic data and displace sediment close to the bay floor with potential displacement of the bay floor on some strands (Maloney, 2013).


[image: image]

FIGURE 2. Map of San Diego Bay showing previously mapped fault traces from USGS Quaternary fault database (red lines) (USGS, 2019), seismic data used in this study (yellow and black lines), and extended fault traces as part of this study (white lines). Bolded seismic lines are the location of figures presented in the text. Dashed red fault lines are older Quaternary fault traces, dashed white fault traces are obscured, but inferred fault traces. Figure created using Generic Mapping Tools (Wessel et al., 2019).


South of the Silver Strand fault, in the southeastern portion of San Diego Bay, is a series of north-northwest trending faults that also exhibit normal motion with down-to-the-east displacement (Figure 2). These southeastern bay faults appear to lie outside of the Rose Canyon-Descanso pull-apart basin. East of San Diego Bay, the La Nacion fault zone is composed of north-south oriented, west-dipping, anastomosing normal faults (Figure 1C) with more than 60 m of vertical offset of the Pliocene San Diego Formation (Hart, 1974). Holocene activity has not been observed in paleoseismic excavations (Hart, 1974), and the long-term slip rate is likely very low (Anderson et al., 1989). The La Nacion fault has traditionally been interpreted as the eastern boundary of the San Diego Bay pull-apart basin.



METHODS AND DATASETS

The MCS data used in this study were collected as part of a seismic hazard assessment of the Coronado Bridge in the mid-1990s (Kennedy and Clarke, 1996; 1999). The original survey collected 130 km of MCS lines with a 14-cubic-inch sleeve-gun source, 24-channel streamer, and 3.125-m shot spacing. Unfortunately, all of the original computer data (stored on magnetic tape files) were destroyed in a warehouse fire before they could be transferred to modern digital format, including the original navigation files. Thus, the only surviving copies of the MCS data were thought to be working paper copies (owned by the original investigators) and the figures included in the final report filed with the City of San Diego and the California Division of Mines and Geology (Kennedy and Clarke, 1996). However, a spring-cleaning effort at the offices of the United States Geological Survey-Menlo Park unearthed a set of the original magnetic tape copies of the MCS lines collected in San Diego Bay. These lines were transcribed to modern digital format and reprocessed through the Shearwater Reveal software package (Reveal., 2019).

The original 24-trace shot gathers were sampled at 250 ms with a total length of 0.75 s. Linear moveout and f-k filters were applied to shot gathers to reduce linear coherent noise and energy from refracted arrivals at longer offsets, which were especially prevalent in shallow San Diego Bay and in portions of the bay proximal to large cement structures such as Naval docks. Next, shot gathers were sorted into common-mid-point (CMP) gathers using a 3.125-m bin spacing (12-fold). Velocity analysis was performed every 100 CMPs by maximizing semblance for supergathers constructed using 15 CMPs, and the resulting velocity models were used to apply normal moveout corrections (NMO). Following NMO corrections, water-bottom and stretch-mutes were applied, and the traces were stacked. Lastly, Stolt migration was applied to stacked sections using a constant velocity of 1600 m/s. Reprocessing the older MCS data with improved computational techniques dramatically improved the imaging at depth allowing for better characterization of fault geometry and stratigraphy.

The magnetic tapes did not include navigation for the MCS lines, so the locations were determined from the figures included in the original paper report (Kennedy and Clarke, 1996). To rectify the MCS lines, the figures were scanned and georeferenced in ESRI ArcMap, then the individual MCS lines were digitized. The total length of each digitized line was divided into equal spaced points at 3.125-m spacing (representing CMP gathers). A comparison of previously mapped fault locations in the norther portion of the bay (i.e., crossing the Spanish Bight fault) showed good agreement with the same features imaged in the reprocessed, georeferenced MCS profiles. However, due to uncertainties in the digitization of the original figure, the final locations of some profiles likely carry a location error of ∼10–100 m. Given the uncertainty associated with the MCS navigation from georeferencing, higher precision fault locations are determined from Chirp profiles where possible.

In 2011, 2013, and 2019, high-resolution seismic reflection data were collected in San Diego Bay using Scripps Institution of Oceanography’s Edgetech Chirp subbottom profiler, operated with a 30 ms sweep pulse of 1–15 kHz and a 50 ms sweep pulse of 0.7–3.0 kHz, providing sub-meter vertical resolution with sub-bottom penetration up to ∼40 m, and location accuracy within 5 m. Chirp data were processed using SIOSEIS and Seismic Unix.

Both the MCS and Chirp data were interpreted using IHS Kingdom Suite to examine changes in stratigraphy and fault geometry. Gridded surfaces of mapped horizons were generated for improved visualization. However, due to the geometry of the original MCS survey, several large (∼1.0 km2) areas of the gridding interpolation are unconstrained (Figure 2). Survey details and access to the reprocessed MCS dataset is available through Singleton et al. (2021). The high-resolution Chirp data are publicly available through the USGS National Archive of Marine Seismic Surveys (NAMSS; Triezenberg et al., 2016).

The original Coronado Bridge seismic hazard assessment included a transect of boreholes beneath the Coronado Bridge that provided age constraints (radiocarbon, amino acid stratigraphy, and paleontological analysis) on the underlying strata (Kennedy and Clarke, 1999). In the southern portion of San Diego Bay, shore-based vibracores provide ground-truthing and age correlation for the southern Chirp profiles. The cores were split, photographed, and described, before being scanned for magnetic susceptibility to aid in stratigraphic correlation. Samples from the sediment cores were dated for radiocarbon ages by accelerated mass spectrometry at the University of California-Irvine Keck Carbon Lab. An age model was constructed using OxCal v4.3.2 and Marine Calibration Curve 13 (Reimer et al., 2013; Bronk Ramsey, 2017) with a local reservoir age of 171+154 years before present (Holmquist et al., 2015).

To develop kinematic models of the San Diego Bay pull-apart basin, the surface trends of faults potentially involved with the San Diego Bay pull-apart basin were measured within 1.5 × 1.5 km grid cells from an overlay of a recent fault map (Kennedy and Tan, 2005). Averages of fault trends were calculated using Fisher statistics. Assuming plate motion provides boundary conditions, and deformation of a continuum provides the best kinematic analysis (Jackson and McKenzie, 1983; Fossen and Tikoff, 1993), the relationship between plate motion, instantaneous strain axes, and degree of strike-slip partitioning were used to distinguish between two end-members: wrench (simple-shear) dominated and pure-shear dominated deformation (Fossen and Tikoff, 1993).



RESULTS


Observations From Nested MCS and Chirp Datasets With Age Control

Reprocessing the legacy MCS data resulted in good-quality, interpretable data down to ∼450–500 ms two-way travel time (twtt) and imaged many of the fault segments previously mapped in San Diego Bay. The processed Chirp data resulted in sub-meter vertical resolution seismic images down to ∼50 ms twtt (∼40 m using a sonic velocity of 1500 m/s). Previous studies in San Diego Bay have delineated relatively narrow fault zones in the northwestern portion of the bay that trend north-south across the width of the bay (e.g., the Spanish Bight, Coronado, and Silver Strand faults) (Figure 2; Kennedy and Clarke, 1996; Kennedy, 1975; Maloney, 2013; USGS, 2019). The southeastern portion of the bay is characterized by short discontinuous fault segments and is comparatively understudied (Kennedy and Clarke, 1996; USGS, 2019).

With no tie-lines collected in the southern portion of the bay during the original MCS survey (Figure 2), we relied on several distinctive stratigraphic sequences to correlate stratigraphy between survey lines that were spaced on average ∼400 m apart. Five distinctive sets of high-amplitude reflections separate packages of more chaotic to homogenous low-amplitude reflections (Figure 3) and were used to divide the stratigraphy into four main units. These five horizons were mapped across the study area to observe changes in stratigraphic character. As the deepest map horizon, horizon 5 will have experienced the longest record of deformation associated with San Diego Bay pull-apart basin (Figures 3, 4, and 5). Therefore, the horizon 5 gridded surface is chosen to best represent the deformational record of the San Diego Bay pull-apart basin during later discussions on basin evolution and fault models.
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FIGURE 3. Multi-channel seismic (MCS) profile T196-098 showing large displacement across the Silver Strand fault and westward dip of stratigraphy into both the Silver Strand fault and Fault D1. West of the Silver Strand fault, stratigraphy is flat lying to gently west dipping. Large apparent offset across the Silver Strand fault and uniform character of reflectors west of the fault make stratigraphic correlations difficult and increase uncertainty in interpretations across the fault. Inset shows offset high amplitude irregular reflector interpreted to represent the MIS stage 5e Nestor Terrace. Shown in the bottom panel are the five horizons used to observe changes in stratigraphy across San Diego Bay. Profile location shown in Figure 2.
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FIGURE 4. MCS profile T196-088 showing distributed faulting associated with Fault D1, and potential relay fault structure between Faults D1 and SB1. Location shown in Figure 2.
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FIGURE 5. Horizon 5 gridded surface representing depth to horizon 5 in two-way travel time (twtt). Faults from the USGS Quaternary fault database are shown as black lines (USGS, 2019). White lines are the extended fault traces from this study. Localized depositional centers are seen adjacent to D1, SB1, and the Silver Strand faults. A more westerly oriented area of subsidence (WSZ) is observed between Faults SB1 and D1, possibly corresponding to a potential relay fault structure. Outside the study area, in the northeastern part of San Diego Bay local depositional centers are also observed adjacent Spanish Bight and Coronado faults. DC, Depositional Center; WSZ, Western Subsidence Zone. Figure 5 is approximately collocated with Figure 2. Background satellite image from Google Earth (earth.google.com/web).


In the northernmost portion of the bay, previous observations are confirmed as both the Spanish Bight and the Coronado faults exhibit northerly trends and dip steeply to the east, with a down-to-the-east sense of displacements. The Silver Strand fault is a major fault in San Diego Bay and dips steeply east with ∼100 m of down-to-the-east displacement of the horizon 5 surface observed in the Glorietta Bay area (using ∼1500 m/s velocity) (Figure 3). However, poor data quality on the western side of the Silver Strand fault hampered efforts to correlate stratigraphy across the fault confidently, therefore a large uncertainty may be associated with this estimate. Nevertheless, the amount of displacement on the Silver Strand fault appears to decrease northward towards downtown San Diego (Figure 5).

South of the Coronado Bridge, fault segments are generally northwest trending, discontinuous, and exhibit a down-to-the-east sense of displacement (Moore and Kennedy, 1975; Kennedy and Clarke, 1996). Sporadic small (∼50–300 m length), northeast-trending fault segments with variable senses of displacement are also observed. By combining the MCS and Chirp datasets, the surface traces of short discontinuous fault segments are extended to form longer continuous faults in south San Diego Bay (see Figure 2 for locations of seismic profiles). Two of these continuous faults (D1 and SB1) trend for longer distances and exhibit larger vertical displacements than other fault segments in the southeastern portion of the bay (Figures 3–6, Supplementary Figures 1, 3).
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FIGURE 6. Nested Chirp profile SSB03 (top profile) and MCS profile T196-a792 (bottom profile). Effect of Fault SB1 is seen as increasing dips with depth in the MCS profile, and growth strata terminating against the fault in the Chirp profile. Green dashed horizon in Chirp profile is the interpreted subaerially exposed surface from the Last Glacial Maximum sea level low-stand. Location shown in Figure 2. See Supplementary Figure 4 for unannotated profiles.


Fault D1, previously mapped by Kennedy and Clarke (1996), is located just south of the Coronado Bridge and trends ∼N10°W towards the Silver Strand tombolo. We confirm and extend its trace south from the Coronado Bridge towards the Silver Strand tombolo (Figures 2–4, Supplementary Figures 1, 2, moving north to south). Fault D1 dips steeply to the east for its entire length but changes its sense of slip from locally down-to-the-west in the north near the intersection with the Silver Strand fault and the faults of the “downtown graben” (where its dip is nearly vertical) (Figure 3), to down-to-the-east southward (Figure 4 and Supplementary Figure 1). As first noted by Kennedy and Clarke (1996), at the latitude of the Coronado Bridge, Fault D1 forms a localized horst and graben structure with the adjacent Silver Strand and downtown graben faults (Figure 3). Faulting associated with D1 is distributed across several closely spaced strands that are typically observed in the footwall of the main fault and appear to act as a localized nested graben to accomplish the down-to-the-east sense of motion (Supplementary Figure 1). Towards the southern end of the mapped trace, fewer auxiliary strands are observed. Some strands located in the hanging wall dip west and exhibit a down-to-the-west sense of motion as a result of hanging wall collapse (Figure 4; Kennedy and Clarke, 1996).

Increasing stratigraphic dips and progressively larger separations with depth are observed along D1 in the MCS data (Figure 4 and Supplementary Figure 1). At the location of Figure 4, observed down-to-the-east displacements across D1 include a vertical separation of ∼22 m for horizon 1, ∼34 m for horizon 2, ∼39 m for horizon 3, ∼48 m for horizon 4, and ∼64 m for horizon 5 (assuming a velocity of 1500 m/s). The gridded horizon 5 surface (Figure 5) shows that as Fault D1 extends away from the intersection with the Silver Strand fault, the horizon surface reaches its locally greatest depth of ∼163 m (assuming a 1500 m/s velocity) and begins to shallow southward. A lens shaped channel feature is observed to extend away from the Chollas Creek drainage and is diverted upon contact with the Fault D1, following the fault trace south towards the Silver Strand with the western channel bank potentially aligning with an apparent paleo-scarp of Fault D1 (Figures 4, 7, Supplementary Figures 1–3). The paleochannel intersects with the larger Sweetwater River paleochannel and together exits San Diego Bay through the Silver Strand tombolo (Figure 7). The exact location of where the paleochannels intersect the Silver Strand tombolo is unknown due to a gap in data coverage, but Chirp profiles indicate that these paleochannels did not flow south of the current Sweetwater channel and likely exited San Diego Bay between Crown Cove and Fiddlers Cove (Figure 7).
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FIGURE 7. Gridded surface showing base of paleochannel horizon observed in combined MCS and Chirp dataset (e.g., Figures 4, 9, Supplementary Figures 2, 3). Previously mapped faults are shown in black (USGS, 2019), newly mapped faults in white. Purple dashed lines are the approximate locations of paleochannels. Grey lines are locations of Chirp profiles. FC, Fiddlers Cove; CC, Crown Cove. Background satellite image from Google Earth (earth.google.com/web).


Potential recency of faulting for D1 is difficult to establish due to the shallow location of the water bottom multiple reflection in the Chirp data and a general lack of coherent reflectors in the water-saturated upper ∼5 ms of data. The high-amplitude reflection surface that is displaced across Fault D1 (inset of Figure 3) and adjacent faults has been dated by amino acid stratigraphy and paleontological analysis to most likely correlate with MIS stage 5e (Kennedy and Clarke, 1996), providing a maximum age of this offset of ∼125 ka. Additional radiocarbon dates from beneath the Coronado Bridge may suggest that this fault is Holocene active, but conclusive evidence is not present in the high-resolution Chirp profiles (Kennedy and Clarke, 1999).

To the southeast of Fault D1 is Fault SB1, which trends ∼N25°W and is aligned with the long axis of the bay (Figure 2). The fault dips steeply to the east and exhibits a down-to-the-east sense of motion (Figures 2, 4, 6, Supplementary Figures 1, 3). The character and geometry of Fault SB1 is variable along strike. In the south, displacement is concentrated onto a single fault and a few hanging wall splays (Figures 6, 8). As the fault trends northward, deformation becomes distributed onto a series of sub-parallel fault strands that continue to express a down-to-the-east sense of motion (Supplementary Figures 1, 3). To the east of Fault SB1, several MCS profiles image a fault with notable displacement (Figures 4, 6, Supplementary Figure 3), but the surface trace appears to come in-and-out of the data coverage area, hindering a comprehensive observation.
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FIGURE 8. Fence diagram of southernmost Chirp lines that image Fault SB1. Vertical white dashed line is trace of SB1. Green dashed horizon is the interpreted subaerially exposed surface from the Last Glacial Maximum sea level low-stand. Inset shows look direction and location of Chirp profiles.


The northern section of SB1 is observed in the high-resolution Chirp data to extend southward and connect to a previously mapped fault segment, which extends beyond our data coverage into the southern extreme of San Diego Bay (Figures 2, 8). The MCS data show progressively increasing vertical separation and stratigraphic dips with depth associated with Fault SB1. Observed down-to-the-east displacements across SB1 include a vertical separation of ∼11 m for horizon 1, ∼21 m for horizon 2, ∼25 m for horizons 3 and 4, and ∼32 m for horizon 5 (Figure 6). Additionally, growth strata terminating against the fault are imaged in the high-resolution Chirp data (Figures 6, 8, and 9). The high-resolution Chirp data also show that the down-to-the-east sense of displacement develops into a negative flower structure towards the surface (Figure 6).
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FIGURE 9. Chirp profile SSB06 across the Sweetwater paleochannel. Red dashed line is location of Fault SB1. Green dashed horizon is the interpreted subaerially exposed surface from the Last Glacial Maximum sea level low-stand. Purple unit is interpreted channel-fill deposit. Location shown in Figure 7.


Fault SB1 may offset a high-amplitude, irregular reflection that is spatially extensive throughout the southern portion of San Diego Bay, although the location of the bayfloor multiple makes interpretations difficult (Figures 6, 8). At ∼0.01 s twtt, a high-amplitude reflection located above the spatially extensive high-amplitude irregular surface appears to terminated against the projected trace of Fault SB1 (Figure 6). However, it is unclear if this truncated reflector is due to faulting, or the result of data resolution loss from fluid flow which is seen in the water column and has indented the seafloor above SB1. Therefore, although SB1 appears to exert some control on the geometry of the shallow (∼8 ms twtt) high-amplitude, irregular reflection, no definitive evidence of Holocene movement is observed (Figure 6).



Subsurface Architecture From Gridded Horizon Surface

The gridded horizon 5 surface shows that the stratigraphy of southern San Diego Bay generally dips towards the west with several depositional basins formed by down-to-the-east movement along the Silver Strand, D1, and SB1 faults (Figure 5). Along Fault D1, subsidence reaches its greatest depth just south of the intersection with the Silver Strand fault and faults of the downtown graben, a pattern similar to that observed along the Silver Strand fault (Figure 5). Amino acid stratigraphy and paleontological analysis of material collected adjacent to the Coronado Bridge suggests the presence of mid-Pleistocene deposits at a depth of at least ∼140 m, a depth similar to the interpreted depth of horizon 5 in that area (assuming a 1500 m/s velocity) (Figure 5; Kennedy and Clarke, 1999). In the south-central portion of San Diego Bay, a smaller, more westerly oriented area of subsidence is located between the overlapping tips of Fault D1 and Fault SB1 (Figure 5). This localized area of subsidence (WSZ in Figure 5) appears to correspond with a decrease in subsidence associated with Fault SB1 moving northward, and Fault D1 moving southward.

Stratigraphic dips are variable across the three main faults in south San Diego Bay. In the vicinity of the Coronado Bridge, the Silver Strand fault separates moderate to steeply westward-dipping stratigraphy in the east, from gently flat-lying to gently westward dipping stratigraphy to the west (Figure 3). Moving southward the stratigraphy of the eastern portion of the bay continues to dip west, but Fault D1 begins to accommodate more of the subsidence, and strata are observed to dip more steeply into D1 than in the north (Figures 3, 4, Supplementary Figure 1). Similar to the Silver Strand fault, the stratigraphy west of Fault D1 continues to dip gently westward. South of the localized area of more westerly oriented subsidence between D1 and SB1, in the south-central portion of the bay, this pattern of westward dips across faults shifts (Figure 5). The stratigraphy in the eastern portion of the bay continues to dip westward but becomes more concentrated onto Fault SB1. The steepness of dips progressively increases from north to south along SB1, with the steepest dips observed along the southernmost profile (Figures 4, 6). Interestingly, the stratigraphy on the west side of SB1 changes from gently flat lying (Supplementary Figure 3) to slightly eastward dipping southward (Figure 6).

The spatial width of faulting is also variable along strike. Near the intersection between the Silver Strand, downtown graben faults, and Fault D1, faulting is confined to a relatively narrow zone (Figures 5, 3). Southward of this intersection, the spatial width between the main fault strands and the number of associated strands increases towards the central part of the bay (Figure 4). This trend appears to reverse with faulting becoming more concentrated into a narrower spatial zone by the southernmost MCS line (T196-a792; Figure 6), with a majority of the displacement observed on Fault SB1 and a couple of adjacent fault strands in the MCS data.

In the southwest corner of the study area (Crown Cove) (Figure 2), Chirp data image two subparallel northeast-trending auxiliary faults that extend from beneath the Silver Strand ∼500 m into the bay to form a localized pop-up structure (Figures 10, 11). The western strand appears to displace sediment within ∼2 ms twtt of the bay floor and displaces the locally extensive high-amplitude, irregular reflection surface by approximately 5.7 m (Figure 11).
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FIGURE 10. Chirp profile SSB02 with core correlation in the Crown Cove area. Red dashed lines are faults forming a potential pop-up structure. Green dashed horizon is the interpreted subaerially exposed surface from the Last Glacial Maximum sea level low-stand. Green unit represents deposition from the last sea level low-stand until inundation (transgressive deposit) and yellow unit represents estuarine/marine deposition following inundation of the bay (high-stand deposit) (TS, Transgressive Surface). Boundary between green and yellow units is interpreted as the transgressive / inundation surface. Red arrow marks location of north-south oriented SSB05 profile (Figure 11). See Supplementary Figure 5a for location.
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FIGURE 11. Chirp profile SSB05 from the Crown Cove area showing displacement associated with western pop-up structure fault. Red dashed lines are faults. Green dashed horizon is the interpreted subaerially exposed surface from the Last Glacial Maximum sea level low-stand. Yellow unit is the interpreted estuarine/marine high-stand deposit, with the base representing the transgressive / inundation surface (TS, Transgressive Surface). Red arrow marks the location of the east-west oriented SSB02 profile (Figure 10). See Supplementary Figure 5a for location.




Shallow Subsurface Shoreline Lithology

In the Crown Cove area (Figure 2 and Supplementary Figure 5), both the Chirp profiles and the northeast trending faults are within 10-50 m of the shore and offer an opportunity for low-cost, shore-based coring to ground truth the Chirp data. Three cores were collected on a sand spit that has built out ∼80 m since dredging of the area in 1945 (Figures 10, 12, Supplementary Figure 5). Based on a 1941 aerial photograph (Supplementary Figure 5d) and 1927 Nautical Chart (Supplementary Figure 5e), this location was the pre-development shoreline on a subaerially exposed salt marsh or tidal flat.
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FIGURE 12. Crown Cove cores. Shown is core photographs, a simplified lithology, and magnetic susceptibility (max value indicated when beyond scale). Yellow dots are sample locations for radiocarbon dating (yrs BP, years Before Present and is expressed as years before 1950 CE). Transition from post 1940s dredge surface and natural estuarine/marine deposit can be seen in cores CC-13 (∼285 cm) and CC-12 (∼305 cm) and mark the beginning of unit two. Oxidized sands (unit three) interpreted to represent subaerial exposure is observed at the bottom of cores CC-12 and CC-13. Location of cores is shown in Supplementary Figure 5a.


The lithology of the cores consists of three main units (Figure 12). The upper ∼3 m of the cores (unit one) is composed of medium- to fine-grained clastic sands with abundant broken shell fragments. The lower portions of this upper unit varies between cores, with CC11 and CC13 exhibiting peaty-sand deposits overlying a silty-sand section and core CC12 exhibiting cross-bedding of medium- to fine-sands. The cross-bedding is interrupted at ∼140 cm depth by a ∼1 m thick section of chaotic sands that lack internal bedding and appear to deflect individual foreset beds vertically towards the top of the core (Figure 12). At a depth of ∼285 cm in CC13 and ∼308 cm in CC12, a sharp contact separates the coarser sands above from clayey-silts below, forming the second unit. The clayey-silts are generally dark-grey to very-dark-grey with scattered medium- to fine-sand stringers and shells, both fragmented and whole. The lowest portion of the cores consists of alternating medium-coarse sand and dark-grey silt deposits that give way to oxidized coarse sand as seen in cores CC13 and CC12, at a depth of 365 cm and 350 cm, respectively (Figure 12). The contact between the oxidized basal sands and marine silts is sharp and forms the beginning of the third unit. Datable material collected throughout the bottom two units gives an approximate age of ∼1.3 ka before present (BP) for the age of this lithology change (transition from the second to third unit) (Figure 12, Supplementary Figure 6).

In the Chirp data (Figure 10), a medium- to high-amplitude reflection surface is seen diverging from the pop-up structure at the depth corresponding to this change in lithology from basal sand to dark-grey clayey-silts (i.e., contact between units two and three). This surface is separated from the deeper high-amplitude, irregular reflection that is spatially extensive in the southern bay by a transparent homogenous package infilling the accommodation space that was potentially created by movement on the pop-up structure faults. To the east of the cores, the medium- to high-amplitude reflection that corresponds to the lithology change observed in the cores appears to merge with the high-amplitude irregular reflection surface as part of the pop-up structure, and may then diverge again to the east (Figure 10).

Line SSB05 (Figure 11) runs north-south perpendicular to SSB02 (Figure 10) and images the western strand of the pop-up structure faults. SSB05 also images a small portion of the undredged San Diego Bay and shows a mostly homogenous sediment package overlying the high-amplitude irregular reflection surface. The western strand of the pop-up structure displaces sediment that may correspond to the basal lithology changed observed in the Crown Cove cores (Figure 12), which would indicate movement in the past ∼1,300 years.



Structural Analysis

Traditional conceptual models for pull-apart basins cannot fully explain the deformation patterns and fault geometry we observe in the San Diego Bay pull-apart basin (Figure 13). A Rose Canyon-Descanso fault pull-apart basin model can predict the orientation of faults in the northwestern portion of the basin (the Spanish Bight, Coronado, and Silver Strand faults; Figure 2), whose strikes are oriented at ∼30–40° to the master strike-slip faults. However, the northwest trending faults in the southeastern portion of the bay, as well as the La Nacion fault, are oriented at a low angle to the Rose Canyon fault (Supplementary Table 2 and Figure 13), conflicting with a classical pull-apart basin model and suggesting the possibility for additional influences from other regional faults. Therefore, toward developing a more accurate model for the San Diego Bay pull-apart basin, we conduct a kinematic analysis using the regional fault orientations and plate boundary conditions to explain the observed faulting in terms of two end member models, simple shear dominated and pure shear dominated transtension.
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FIGURE 13. Regional fault orientations and plate boundary parameters used for kinematic analysis and interpretation. Solid orange arrows are maximum and minimum horizontal stress orientations, σc and σe, respectively (Hardebeck and Hauksson, 2001), large black and white outlined arrows are plate motion vectors, and the average orientations for Group-1, Group-2, and La Nacion fault zones are solid black, toothed lines. Large black hatched lines are regional faults. G1, Group 1; G2, Group 2. Background fault traces (thin red lines) are from USGS Quaternary fault database (USGS, 2019). Background topography and bathymetry are from the National Centers for Environmental Information Southern California Coastal Relief Model (v2) (Calsbeek et al., 2013). Figure created using Generic Mapping Tools (Wessel et al., 2019).


The north-northeasterly trending oblique faults in the northwestern half of the San Diego Bay pull-apart basin (hereafter referred to as Group-1 faults; Figure 13) have three primary splays: the Spanish Bight, Coronado, and Silver Strand faults (Figures 1, 2) (Kennedy and Welday, 1980; Kennedy and Clarke, 1999). Group-1 faults have an average strike of N1.5°E (Supplementary Table 2). The north-northwesterly trending faults in the southeastern part of San Diego Bay (including Fault D1 and SB1 and hereafter referred to as Group-2 faults; Figure 13) have an average strike of N22.7°W. Faults in the La Nacion Fault zone have an average strike of N8.7°W (Supplementary Table 2).

Supplementary Table 2 provides the average surface trends represented in Figure 13. We assume that observed surficial faulting of the principal displacement zones (i.e., the Rose Canyon, the Descanso, and the San Miguel-Vallecitos faults) is representative of faulting in the basement. The maximum horizontal compressional stress orientation, σc, is assigned N7°E (Hardebeck and Hauksson, 1999, 2001) and the maximum horizontal extension direction, σe, is assumed to be 90° to σc (Figure 13).

The Group-1 trend is nearly parallel to σc, perpendicular to σe, and is oriented ∼40° to the average trend of the Rose Canyon and Descanso faults. This geometry is well described by both analog and numerical models of pull-apart basins (e.g., Dooley and McClay, 1997; Dooley and Schreurs, 2012; van Wijk et al., 2017). Testing our observations with kinematic models yields a similar result. Following the method of Teyssier et al. (1995), we assign α to be the angle between the plate margin and plate motion vector (N43°W), and θ to be the angle between the direction of maximum instantaneous horizontal extension (assumed to be coaxial with σe) and the plate margin. Assuming that the average trend of the Rose Canyon–Descanso fault (∼N26°W) acts as the plate margin boundary for the San Diego Bay pull-apart basin, we find that α = 17° and θ = 57°. These values are in close agreement to the predicted value of 54° for θ, using θ = 1/2(α + 90) (Tikoff and Teyssier, 1994). Furthermore, these values for α and θ also indicate that the proposed Rose Canyon-Descanso basin would be simple shear dominated, with ∼80% of the deformation between the Rose Canyon fault and the Descanso fault being accommodated through normal faulting (from Figure 3 of Teyssier et al., 1995). Figure 14B represents our conceptual model to explain the orientation of Group-1 faults in terms of a Rose Canyon-Descanso fault connection.
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FIGURE 14. Conceptual model for San Diego Bay pull-apart basin. (A) Model parameters, see Figure 13 for explanation. (B) Conceptual model for Group-1 faults in a Rose Canyon-Descanso fault stepover. (C) Conceptual Model for Group-2 and La Nacion faults in a Rose Canyon-San Miguel-Vallecitos fault stepover. RCF, Rose Canyon fault; DF, Descanso fault; SMV, San Miguel-Vallecitos fault; G1, Group 1; G2, Group 2; LNF, La Nacion fault zone.


Although no definitive evidence for a connection between the Rose Canyon fault and San Miguel-Vallecitos fault has been published, it’s possible that based on strike orientations, that the structure of the Group-2 and La Nacion faults are partially controlled by the San Miguel-Vallecitos fault, with its northernmost segment, the Vallecitos fault, mapped ∼30 km southeast of San Diego Bay. The Group-2 and La Nacion fault zones are oriented at 27° and 41°degrees to the San Miguel-Vallecitos fault, which trends ∼N50°W. If we assume dextral motion along a Rose Canyon–San Miguel-Vallecitos system, rather than the Rose Canyon–Descanso system, provides plate boundary conditions for Group-2 faults, we can apply the same ideas to test for kinematic relationships. This geometry yields values of α = 5°and θ = 45°, which are in close agreement with the predicted value of θ = 50° (Tikoff and Teyssier, 1994). This geometry would imply that the eastern San Diego pull-apart basin would be strongly simple shear dominated with 0% strike-slip partitioning (from Figure 3 of Teyssier et al., 1995).

However, the oblique angle of Group-2 faults and the La Nacion fault system to the maximum compressional stress σc (Figure 13) may be an indication that the maximum horizontal extensional stress direction, σe, is not the best representation of the minimum instantaneous shortening direction for the eastern portion of the San Diego Bay pull-apart basin (Figure 13). Alternatively, if we assume that the minimum instantaneous shortening direction is oriented perpendicular to the average trend of Group-2 faults, we determine a value of α = 5°and θ = 75°, which would indicate a strongly simple shear dominated basin but with 90% strike-slip partitioning (from Figure 3 of Teyssier et al., 1995). Assuming that the minimum instantaneous shortening direction is perpendicular to the average trend of the La Nacion fault zone, we find that α = 5°and θ = 61°, again indicating a strongly simple-shear component to deformation but with slightly less strike-slip partitioning at 80% (from Figure 3 of Teyssier et al., 1995). Either way, the observed geometry in Figure 13 and the kinematic analysis suggests that Group-2 faults are experiencing simple-shear transtension influenced by the San Miguel-Vallecitos fault system. The difference between Group-2 and La Nacion trends may be attributed to a mid-basin transition zone, where the western margin of Group-2 is influenced by the Rose Canyon-Descanso stepover, but the La Nacion fault zone is oriented optimally if a stepover exists between the San Miguel-Vallecitos fault and Rose Canyon faults (Figure 14C).



DISCUSSION


Subsurface Architecture, Fault Linkage, and Stratigraphic Controls Beneath San Diego Bay

To begin a discussion on the subsurface architecture and fault structure beneath San Diego Bay we first interpret the mapped horizons presented in the seismic reflection data. Based on the observation that the high-amplitude reflections in the Chirp data correspond to the depth of a dated marine terrace (Figure 3; Kennedy and Clarke, 1999), we interpret the five high-amplitude horizons mapped in the MCS data (Figures 3, 4, 6, Supplementary Figures 1, 3) to also represent periods of sea-level stability. The medium amplitude homogenous units between the five mapped horizons are interpreted to represent periods of sea-level fluctuations and dynamic depositional environments (Figures 3, 4, 6, Supplementary Figures 1, 3). In the Chirp profiles collected in the southern portions of the bay (Figures 6, 8, 10, 11, and Supplementary Figure 2) the spatially extensive, high-amplitude, irregular reflection surface is interpreted to represent the subaerially exposed surface generated during the most recent sea-level low-stand based on its acoustic characteristics and its position directly below a homogeneous sediment package in the undredged portion of the bay (Figure 11).

As shown in the gridded horizon surface (Figure 5) and MCS profiles (Figures 3, 4, 6, Supplementary Figures 1, 3), Faults D1 and SB1 exert a major influence on the stratigraphic character of southeastern San Diego Bay. Together with the faults of Group-1 (Figure 13), the collective east side down displacement results in the distribution of localized depositional centers throughout San Diego Bay and may therefore be manifestations of sidewall faults that are observed in analog models of pull-apart basins (Figure 5; Dooley and McClay, 1997; Rahe et al., 1998; Dooley and Schreurs, 2012). The two groups of faults would represent sidewall faults for two separate pull-apart basins (Figures 14B,C), with Group-1 faults representing the western boundary of a western basin, and Group-2 faults representing the western boundary of an eastern basin, with a transition zone separating the two fault groups.

The spatial pattern of subsidence observed in the gridded surface for horizon 5 in the southeastern portion of San Diego Bay suggests that the potential sidewall faults (Faults D1 and SB1) may be playing a more significant role than simply accommodating localized subsidence and deposition. As mentioned previously, the localized westerly oriented area of subsidence in the south-central portion of San Diego Bay lies between D1 and SB1 and corresponds to a decrease in the apparent displacement on both faults (Figures 4–6 and Supplementary Figures 1, 3). Fault SB1 accommodates a larger amount of apparent displacement southward (compared to its northern segment), while Fault D1 accommodates greater displacement northward (again compared to its southern segment) (Figure 5). A possible explanation for the apparent change in displacement gradients is that the faults located in the westerly localized area of subsidence represent a relay structure that is connecting these two potential sidewall faults (Figures 4, 5; Dooley and McClay, 1997; Fossen and Rotevatn, 2016). Relay structures typically form in areas of overlap between two closely spaced normal faults (Fossen and Rotevatn, 2016).

The relay faults would act to transfer displacement from Fault D1 to Fault SB1, effectively placing the fault tips of SB1 and D1 in a stress shadow and shutting down displacement on the fault sections between the relay structure and the fault tip (Fossen and Rotevatn, 2016). The presence of relay faults linking these two sidewall faults could imply that the western pull-apart basin may have experienced enough slip to begin developing a through-going linking fault between the master strike-slip sections (Wu et al., 2009). Such through-going faults are common features in models of pull-apart basins (e.g., Dooley and McClay, 1997; Rahe et al., 1998; Wu et al., 2009; Dooley and Schreurs, 2012; van Wijk et al., 2017). The subsidence associated with the relay faults is a potential indication that the relay structure has been breached and a linked sidewall fault has developed (Dooley and McClay, 1997; Fossen and Rotevatn, 2016). However, the variable spatial distribution of the MCS lines does not allow for complete mapping of the relay structure, so the full extent of the connection is uncertain.

If the short discontinuous segments in the southern extreme of San Diego Bay that are similarly oriented to SB1 are in fact one continuous fault system (Figure 2), then the linked D1-SB1 fault system would extend ∼9 km and be oriented sub-parallel to the long axis of the bay. The linked D1-SB1 fault system would then be favorably oriented with the gravity anomalies and the interpreted crystalline basement that underlies the San Diego pull-apart basin (Figure 15C) (Marshall, 1989; Elliott, 1970). Additionally, the deepest portion of the basin is located beneath south San Diego Bay and coincides with the approximate area where SB1 begins to accommodate increased subsidence (Figures 6, 15C; Marshall, 1989). The similar orientation between the potential linked sidewall basin fault (D1-relay-SB1 structure) and the gravity anomalies/crystalline basement suggests a connection between potential basement faults and Faults D1-SB1.
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FIGURE 15. (A) Conceptual kinematic block model for the San Diego region. See section “DISCUSSION” for full model explanation. Block A, B, and C are separated by master strike-slip segments (RCF, DF, and VF) with a region of complex faulting located at their intersection beneath San Diego Bay. (B) Magnetic anomaly data of North America (Bankey et al., 2002). Master strike-slip faults in conceptual block model, particularly the San Miguel-Vallecitos fault, appear to correlate with regional low magnetic anomalies in the otherwise continuous magnetic high associated with the Peninsular Range Batholith. This may be an indication that these faults follow pre-existing weaknesses or delineate terrane boundaries that are responding to the regional strain field. (C) Map of San Diego Bay showing gravity contours from Marshall (1989). Gravity contours (solid black lines) are in mGal and show a potential gravity low in south San Diego Bay. Fault traces (thin red lines) are from USGS (2019) north of the United States-Mexico border and Fletcher et al. (2014) south of the border. Master strike-slip segments are RCF, Rose Canyon fault, DF, Descanso fault, VF, Vallecitos fault, SMVF, San Miguel-Vallecitos fault. Background topography and bathymeter are from ESRI topography and the National Centers for Environmental Information Southern California Coastal Relief Model (v2) (Calsbeek et al., 2013).


In addition to the development of linked sidewall faults, the spatial distribution of faults and the sense of displacement in San Diego Bay are also consistent with analog and numerical models of pull-apart basins. In the northern portion of the bay, the Spanish Bight and Coronado faults are located near the northern termination of the potential Rose Canyon-Descanso fault pull-apart basin (Figures 1, 2). High-resolution Chirp data image stratal-collapse into the fault zone and rotated wedges associated with both faults in the upper ∼50 m of bay sediments (Maloney, 2013). These types of sedimentary structures are typically associated with areas of localized transtension and the development of negative flower structures in strike-slip environments (Yeats et al., 1997). Offshore of the Coronado Peninsula, combined Chirp and MCS data image predominately dip slip displacement for the Group-1 faults (Maloney, 2013). Both observations are consistent with analog models of pull-apart basins that predict the formation of negative flower structures and nested grabens close to the principal displacement zones, and increasing dip-slip motion towards the center of the pull-apart basin (e.g., Dooley and McClay, 1997; Rahe et al., 1998; Dooley and Schreurs, 2012).

The Group-2 faults located in the southeastern portion of San Diego Bay exhibit a similar characteristic with normal, down-to-the-east displacement observed to decrease on Fault D1 towards downtown San Diego (Figure 5), as well as a consolidation of adjacent fault strands to form a localized nested graben structure with the Silver Strand and downtown graben faults near the northern edge of the interpreted eastern pull-apart basin (Figure 3; Kennedy and Clarke, 1996). Towards the center of the proposed eastern pull-apart basin, increased dip-slip motion is observed on D1 as well as an increase in the number of adjacent strands (Figure 4). Both observations are consistent with analog models of pull-apart basins (Dooley and Schreurs, 2012). However, south of the potential relay structures, Fault SB1 deviates from the analog models. As observed in the southernmost seismic profiles (Figure 6 and Supplementary Figure 3), the stratigraphy west of Fault SB1 changes from gently westward dipping north of the relay structures to flat-lying and then gently eastward dipping toward the south. This stratal collapse into the main strand of SB1 and the formation of a negative flower structure observed in Figure 6 suggests that this region of the eastern San Diego Bay pull-apart basin may be experiencing an increased strike-slip component of deformation. The presence of the localized pop-up structure ∼500 m west of SB1 (Figure 10) provides additional evidence of an increased strike-slip component in this region of San Diego Bay. The location of such a structure (characteristic of transpression) in the middle of a pull-apart basin is interesting but may result from a local change in fault strike or the formation of a cross-basin fault, which frequently exhibits localized transpression in analog pull-apart basins models (Dooley and McClay, 1997; Rahe et al., 1998; Dooley and Schreurs, 2012). Alternatively, the localized pop-up may be the result of a reversed polarity structure from unidirectional rupture on the master strike-slip segments (Ben-Zion et al., 2012).

The diversion of Chollas Creek southward by Fault D1 and the paleochannel’s western bank alignment with the fault’s potential paleoscarp (Supplementary Figure 2 and Figure 7) may be evidence for D1’s activity during the Last Glacial Maximum (LGM) when Chollas Creek would have been draining through the subaerially exposed San Diego Bay. Offshore San Diego Bay, recent work has mapped several paleochannels interpreted to be formed during MIS stage 2 that extend away from San Diego Bay and the Point Loma peninsula (Graves, 2017). The location of the interpreted extension of the Sweetwater paleochannel offshore matches very well with the location of interpreted breaching of the Silver Strand tombolo by the combined Sweetwater-Chollas Creek paleochannel imaged within the bay (Figure 7; Graves, 2017).

In the Crown Cove area, the upper ∼3 m of sediment (unit 1) observed in the vibracores (Figure 12) is interpreted to be related to the post-dredge sand spit build out and deposition based on sediment characteristics and modern radiocarbon dates (Supplementary Table 1 and Supplementary Figure 6). In the lower portions of this artificial section in core CC12, the chaotic package of sand that deflects the observed cross-bedding is interpreted to be a potential sand blow or liquefaction feature (Figure 12). The sharp contact between units one and two is interpreted as the dredge surface separating artificial fill above from natural sedimentation below, which is interpreted as marine or estuarine in origin (Figure 12). The oxidized sands of unit three are interpreted to represent the subaerial exposure surface of the last sea-level low-stand. The contact between the basal sands (unit three) and marine silts (unit two) is sharp and is interpreted to represent the most recent sea-level transgression (Figure 12). Radiocarbon samples collected above and below this contact therefore indicate that the bay side shoreline of the Silver Strand tombolo was likely inundated around ∼1.3 ka BP (Supplementary Figure 6).



Conceptual Model for the San Diego Bay Pull-Apart Basin

Since the 1970s, considerable work has focused on understanding the nature of pull-apart basins and regions experiencing transtensional deformation. Three different approaches are typically used to model 3-dimensional deformation and slip patterns in relation to fault geometry and structural development: (1) Analog models involving laboratory experiments using clay and sand as proxies to crustal materials (Dooley and McClay, 1997; Rahe et al., 1998; Wu et al., 2009), (2) kinematic models based on static stress and strain conditions, plate motion boundary conditions, and assumed material properties (Sanderson and Marchini, 1984; Fossen and Tikoff, 1993; Tikoff and Teyssier, 1994; Teyssier et al., 1995), and (3) numerical models grounded in continuum mechanics and conservation laws focused on temporal changes in a system by use of finite element simulations (Rogers, 1980; Gölke et al., 1994; Ye et al., 2015; van Wijk et al., 2017). With conventional pull-apart basin models unable to explain the various strike and dip orientations of the Group-1, Group-2, and La Nacion faults, we provide a new structural interpretation for the San Diego Bay pull-apart basin and compare it to results from these three types of models.

Based on the extensive down-to-the-east fault motion in San Diego Bay, it appears that the right-step between the Rose Canyon and Descanso faults dominates the overall basin architecture. As discussed previously, the ∼40° strike orientation between the linking Group-1 faults and the master strike-slip segments (the Rose Canyon and Descanso faults) is consistent with most classical descriptions of pull-apart basins and with all three model approaches discussed above (Figure 14B; Mann et al., 1983; Burchfiel et al., 1987; Mann, 2007). Both analog and dynamic models, show sidewall faults at a ∼35–40° angle to non-overlapping principal displacement zones (representative of the Rose Canyon–Descanso system), and the formation of a single basin (Rogers, 1980; Gölke et al., 1994; Rahe et al., 1998; van Wijk et al., 2017). The results of the kinematic analysis suggest that wrench-dominated transtension (simple shear) with minimal strike-slip partitioning is expected between a Rose Canyon-Descanso system. Since the basin faults are kinematically linked to the master strike-slip faults, this result is expected and supported by observations of progressively increasing dip-slip towards the center of the western pull-apart basin, with minor amounts of potential strike-slip deformation observed near the edge of the stepover on the Spanish Bight and Coronado Bank faults. Figure 14B illustrates our conceptual model for Group-1 faults.

Based on the more favorable geometry of the San Miguel-Vallecitos system, the fault system appears to be responsible for the different orientation of Group-2 faults, the La Nacion fault zone as well as the uplifted, faulted region in northwest Tijuana, Mexico (Figures 13, 14C). Based on the near parallel alignment between Group-2 faults and a potential Rose Canyon–Descanso pull-apart (Figures 14A,B), analog, kinematic, and numerical models of pull-apart basin development would predict strike-slip dominated motion along Group-2 faults and would imply that they are simply a southern extension of the Rose Canyon fault. However, most evidence shows normal-dominated deformation in the opposite sense, (i.e., down-to-the-east) away from the center of the Rose Canyon-Descanso pull-apart basin (Figures 4, 6, and Supplementary Figures 1, 3). In addition, the presence of the La Nacion fault system, located 5–10 km outside the master strike-slip fault sections, is difficult to explain with a Rose Canyon-Descanso fault stepover model (Figure 14B). Therefore, we propose that the faults in the eastern portion of the basin are controlled/influenced by a Rose Canyon-San Miguel-Vallecitos connection (Figure 14C). The more favorable orientation of Group-2, and especially the La Nacion faults, to a potential Rose Canyon-San Miguel-Vallecitos pull-apart model (∼27° and ∼41°, respectively) provide some evidence that such a model is valid (Figure 14C). However, the results of the kinematic analysis suggest that the deformation between the principal displacement zones in such a model should exhibit a strong degree of strike-slip partitioning, which contrasts with the normal-dominated displacement observed in the proposed eastern basin. Interestingly, several indicators of increased strike-slip deformation are observed in the southernmost seismic data (i.e., negative flower structure above SB1 and the auxiliary pop-up structure, see Figures 6, 10), which may be an indication of increasing strike-slip deformation.

Translation and rotation of crustal blocks has been invoked to explain the tectonic evolution of the ICB (e.g., Nicholson et al., 1994), therefore we conceptually describe the kinematics of the San Diego region as an interaction between three brittle, upper crustal blocks. In Figure 15A, consider block B as a reference block, with blocks A and C both moving northwest at different rates, but with nearly identical azimuths. Boundaries between blocks are defined by major faults; the Rose Canyon fault (block A and B boundary), the Descanso fault (block A and C boundary), and the San Miguel-Vallecitos fault (block C and B boundary).

The structural elements and major faults of our conceptual model may be explained as inherited features from previous stages in the evolution of the ICB and Peninsular Range batholiths. The mapping of magnetic anomalies by the North American Magnetic Anomaly Group shows a magnetic high that extends relatively unbroken for 1200 km along the coast of southwestern North America, from northern San Diego County to the tip of the Baja Peninsula (Bankey et al., 2002; Langenheim and Jachens, 2003). It is notable that along the entire Baja Peninsula, the only area with significant reductions in this extensive magnetic high is between the United States-Mexico Border and the Agua Blanca fault, an area that also coincides with the San Miguel-Vallecitos fault (Figure 15B; Langenheim and Jachens, 2003). Langenheim and Jachens (2003) determined a maximum right-lateral offset of ∼50 km from misaligned magnetic potential highs across this region, approximately half of which (∼23 km) can be assigned to the Agua Blanca fault. Detailed geologic mapping further suggests that the region surrounding the Agua Blanca fault may have initially developed as a suture joining the Alisitos arc segment to the North American continent in the Cretaceous (Wetmore et al., 2002). The misaligned magnetic anomalies and variations in along strike character of batholiths in the Peninsular Ranges point towards the region occupied by the transpeninsular faults (i.e., the Agua Blanca and San Miguel-Vallecitos), potentially developing above pre-existing crustal weaknesses that represent a more mechanically favorable path in response to regional strains. Similar arguments have been invoked to explain fault development in general as well as other areas of the Big Bend Domain (Langenheim et al., 2004, Cooke et al., 2013; Walton et al., 2020b).

In our conceptual model, the orientation of the boundary faults relative to block motion vectors can explain the various structural domains in and around the San Diego Basin. Regions 1-4 in Figure 15A are distinct deformation zones corresponding to Group-1 faults (1), Group-2 faults (2), the Los Buenos fault zone (3) and the transition zone between Group-1 and Group-2 faults (4).

Regions 1 and 2 are described by the corresponding pull-apart basin models (Figures 14B,C), with some complex overprinting occurring at the boundary and in region 4. As first noted by Kennedy and Clarke (1996), “fault D1 is a major fault in San Diego Bay that separates the northwest trending faults of southern San Diego Bay from the more northerly trending faults in the northern part of the bay.” Therefore, the transition between Group-1 and Group-2 is likely to exist between the D1 and Silver Strand faults and may be located directly beneath the current Silver Strand tombolo (Figure 2). Region 4 likely experiences competing hanging wall subsidence associated with Group-1 faults overprinting footwall effects of Group-2, or vice versa. Alternatively, the northeast striking pop-up structure located in Crown Cove (Figures 2, 10, 11) is collocated with seismicity whose focal mechanisms indicate a sinistral northeast striking fault plane, suggesting that the Crown Cove pop-up structures could be the result of block rotation within the San Diego Bay pull-apart basin similar to other pull-apart basin in California (Magistrale, 1993; Brothers et al., 2009). The uplift of region 3, based on elevation differences between Pleistocene terrace deposits (Ellis and Lee, 1919) can be described by relative footwall uplift across a broad zone of down-to-the-east normal faults. This creates a heterogeneous strain field responsible for the complex deformation in northwestern Tijuana, where transtensional deformation from the San Diego basin is overprinting regional scale (and likely older) transpressional deformation (Minch, 1967).

We put forward this conceptual block model to provide a first-order starting point to begin resolving questions about the San Diego pull-apart basin. San Diego Bay appears to occupy a complex region of subsidence overlying two competing pull-apart basins. However, our conceptual model does not address several observations and features related to the San Diego Bay pull-apart basin. For example, no clear connection between the La Nacion fault system and the Rose Canyon fault has been identified, as our model predicts would exist. Additionally, no conclusive evidence for recent movement on the La Nacion fault has been published despite its apparent structural relationship to the San Diego Bay pull-apart basin. The apparent asymmetry of the San Diego Bay pull-apart basin with both Group-1 and Group-2 faults appearing to collapse into the La Nacion fault (or an unmapped eastern strand of the Rose Canyon fault) with prevalent down-to-the-east sense of fault displacement, is not addressed by our model.

While the model presented above accounts for the observed faulting in San Diego Bay, there may be alternative mechanisms that can explain the observed fault strikes and sense of displacement. A potential mechanism may be a localized stress rotation, which is invoked to explain the misorientation of fault segments and principal stress direction along other fault systems (Morley, 2010; Williams et al., 2019). For example, in the Malawi rift, East Africa, fault segments that should be experiencing a component of oblique extension instead exhibit pure extension (Morley, 2010), which is explained as a localized stress rotation that follows pre-existing weaknesses in the basement fabric (Morley, 2010). If, at the latitude of San Diego Bay, the Newport-Inglewood-Rose Canyon fault continues to represent the boundary between the metasedimentary complexes of the ICB and the granitic batholiths of the Peninsular Range (Figure 1; Bohannon and Geist, 1998), then the oblique angle between the regional minimum compression stress and the strike of Group-2 faults (Figure 13) may be a reflection of localized stress rotation from different basement fabrics. However, it should be noted that observed potential stress rotations appear to be consistent across wide (∼40 km) areas (e.g., Morley, 2010; Williams et al., 2019), whereas in San Diego Bay fault strike orientations change between group-1 and group-2 over an area less than 2 km.

Alternatively, the overall geometry of the Rose Canyon-Descanso-San Miguel-Vallecitos fault junction closely resemble the dextral freeway fault triple junction of Platt and Passchier (2016). In such a situation two separate fault segments with the same sense of motion meet to form a third segment (so that the overall geometry resembles an upside-down Y) (Passchier and Platt, 2017). Such a configuration is stable in nature and can accommodate a significant amount of slip (Passchier and Platt, 2017). Unfortunately, no features have been observed that are oriented obliquely to the fault strikes in San Diego Bay to act as slip records to confirm the kinematics characteristic of a dextral freeway.



Recency of Faulting and Seismic Hazard

The Pleistocene marine terraces and sea-level low-stand subaerial surface observed in the seismic data can be used for subsidence and slip rate estimates in San Diego Bay. The displaced high-amplitude reflector observed in Chirp data adjacent to the Coronado Bridge (inset of Figure 3) likely corresponds to the MIS stage 5e Nestor Terrace as indicated by amino acid stratigraphy and paleontological analysis (Kennedy and Clarke, 1999). The Nestor Terrace is located at an elevation of 22–23 m at Point Loma and dates to ∼120 ka (Muhs et al., 1988, 1994; Kern and Rockwell, 1992). Using an approximate average elevation of -18 m for the Nestor Terrace adjacent to the Coronado Bridge and assuming that both locations are experiencing the same regional uplift rate of 0.06 mm/yr (Simms et al., 2020), an approximate subsidence rate for the central portion of San Diego Bay is 0.28 mm/yr. Using the apparent 4 m offset of the Nestor Terrace across the associated strand of Fault D1 yields an apparent vertical slip rate of ∼0.03 mm/yr for that auxiliary strand. Alternatively, the high amplitude reflector interpreted to represent the Nestor Terrace may have been overprinted with the MIS stage 5a Bird Rock Terrace (∼80 ka), as has been observed in other locations around San Diego (Kern and Rockwell, 1992). Using a 9-11 m elevation for the Bird Rock Terrace on Point Loma yields an estimated subsidence rate of 0.29 mm/yr for the central portion of San Diego Bay.

In the Crown Cove area, the interpreted sea-level low-stand subaerial surface is offset ∼5.7 m as a result of movement on the localized pop-up structure (Figures 10, 11). We assume an age of 20–15 ka for a stable sea level low-stand in Southern California responsible for the apparent erosional surface (Reynolds and Simms, 2015). Therefore, the faults associated with the pop-up structure have an apparent vertical slip rate of 0.3–0.4 mm/yr. The potential offset of the interpreted latest transgressive surface observed in the Chirp data (Figure 11) from the Crown Cove area suggests that the pop-up structure faults are Holocene active and may have ruptured in the past ∼1300 years. Focal mechanisms from an earthquake swarm beneath Crown Cove in the 1980s are consistent with a NE-SW striking fault plane and could indicate that the Crown Cove faults, although apparently short in length, may be seismogenic (Figure 4 of Magistrale, 1993). The homogeneous character of the sediments above the interpreted sea level low-stand subaerial surface in the southern Chirp profiles does not allow for the determination of post-LGM movement on other faults in Group-2. However, several terminating reflectors directly above the mapped fault strands may be evidence for recent faulting (Figure 6).

Strike-slip fault stepovers have long been recognized as areas of potential earthquake nucleation and termination (e.g., Oglesby, 2005; Wesnousky, 2008; Brothers et al., 2011; Watt et al., 2016). Empirical data of historical earthquake surface ruptures indicate that stepover distances greater than ∼5 km typically act as barriers to through-going earthquake ruptures (Wesnousky, 2008). Therefore, a through-going rupture across the ∼10 km wide Rose Canyon–Descanso fault stepover is not expected but cannot be ruled out. The proposed Rose Canyon–San Miguel-Vallecitos stepover would be on the order of ∼3–4 km wide, a distance that historical ruptures have jumped. Additionally, the linkage of D1 and SB1 via relay faults may indicate the formation of a through-going cross basin fault, which would provide a fault structure for potential future earthquakes to continue through San Diego Bay. The smaller stepover distance and potential cross basin fault would allow for potentially longer earthquake ruptures, which in turn would result in larger magnitude earthquakes (Oglesby, 2005; Watt et al., 2016). However, without conclusive evidence of faulting south of San Diego Bay to connect the two larger strike-slip systems, a potential cross basin fault earthquake pathway remains speculative. Regardless, small earthquakes and static stress change within the San Diego pull-apart basin might act to trigger earthquakes on any of the three major faults (the Rose Canyon, Descanso, or San Miguel-Vallecitos faults) (Oglesby, 2005), as has potentially happened in the past in San Diego Bay (Singleton et al., 2019) and along other similar strike-slip faults of California (Watt et al., 2016). Additional studies into faulting south and east of San Diego Bay to better resolve regional fault connections would provide valuable information to improve the accuracy of future seismic hazard assessments.



CONCLUSION

The results of this study show the value of legacy multi-channel seismic (MCS) data to investigate fault structures in urban waterways where data collection may no longer be feasible. Additionally, the improved resolution from reprocessing the legacy MCS dataset allowed for the correlation of stratigraphy across San Diego Bay. When combined with the high-resolution Chirp profiles, the nested dataset allowed for a more comprehensive interpretation of stratigraphy and recency of faulting beneath San Diego Bay. The results of the gridded surface for horizon 5 show several localized depositional centers adjacent to the linking faults identified in San Diego Bay. These faults likely form a set of terraced sidewall faults, which are predicted by analog models of pull-apart basins. The relative amount, and sense of displacement observed on the faults in San Diego Bay in the nested seismic reflection dataset, is consistent with predicted results from pull-apart basin models. In the southeastern portion of San Diego Bay, the nested seismic reflection dataset image fault structures that connect previously mapped short discontinuous fault segments into longer fault structures. Based on this mapping we infer that the linked D1-SB1 fault system is a continuous fault network connected by relay faults. The D1-SB1 linked fault appears to control sedimentary deposition in the southern portion of San Diego Bay and is similarly oriented to gravity anomalies beneath the bay.

The San Diego Bay pull-apart basin can be divided into western and eastern basins based on the different orientation of two groups of faults (Group-1 and Group-2/La Nacion fault zone). Group-1 faults are located in the northwestern portion of San Diego Bay, are well described by classical pull-apart basin models, and support a Rose Canyon–Descanso fault pull-apart basin to explain the subsidence of San Diego Bay. The near parallel orientation of Group-2 and the La Nacion faults to the Rose Canyon fault are in contrast to this model and suggest an additional influence from other regional faults. A potential pull-apart basin between the Rose Canyon and the San Miguel-Vallecitos faults would explain the orientations of the Group-2 and La Nacion faults. Kinematic analysis of the Rose Canyon–San Miguel-Vallecitos pull-apart model predicts a significant component of strike-slip partitioning, which is not observed in the seismic profiles. However, on the southernmost profiles, several indicators of strike-slip motion suggest an increase in strike-slip deformation in the southern portion of the bay. The favorable orientation of the Group-2 and La Nacion faults, as well as the potential formation of a linked D1-SB1 fault, may be evidence for a Rose Canyon–San Miguel-Vallecitos fault connection, but further work is warranted.
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The aim of this work is to make a synthesis at regional scale focused on the geophysical characterization of submarine faults around the Iberian margin to identify active structures and analyze their development in the framework of the present plate organization. Most of these submarine faults show seabed morphological expressions mapped with high-resolution swath bathymetry data, high-resolution parametric sub-bottom profiles and multichannel seismic profiles. Present active tectonics, deformation, seismicity, and tsunami-affected coastal areas is mainly focused on south Iberia at the Eurasian and Nubia plate boundary. Submarine active faults in these areas are represented by long strike-slip fault systems and arcuate fold-thrust systems. Their development takes place in response to present NW-SE convergence between the Eurasian and Nubia plates. We propose a strain partitioning model of the plate boundary into simple and pure shear zones to explain the distribution and mechanisms of active submarine faults along the Gulf of Cádiz, Gibraltar Arc and Alborán Sea in response to the present-day shear stress orientation. Nevertheless, deformation is also focused in the NW Iberian margin. Thus, along the Galician and Portuguese margin, several submarine faults mapped as thrust fault systems with high-seismic activity along the Iberian ocean-continent transition reflect the re-activation of former structures. We suggest that submarine active faults in the NW and W Iberia are also the response to the eastwards transfer of short-offset transform faults of the Mid Atlantic Ridge into the oceanic Iberian along a weakness as the former plate boundary between the oceanic Iberia and Eurasia domains. The distribution and activity of submarine faults mapped in this work from geophysical and bathymetric data are in good agreement with geodetic data and focal mechanisms.
Keywords: submarine faults, tsunami and earthquake assessment, geodynamic activity, Iberian, plate tectonics, marine geophysical data, Atlantic-Mediterranean margins
INTRODUCTION
The Iberian Peninsula is bounded by a Cenozoic convergent margin between the Eurasia and former Iberian plates along their northern edge (North and Northwest Iberian Margin), and by a complex transform boundary (Gulf of Cádiz and Alborán Sea) to the south, between the Eurasia and Nubia plates (Figure 1). The changes in stress direction from N-S during the early Cenozoic to NW-SE since late Neogene have triggered the development of new tectonic structures together with the reactivation of older structures around the plate boundaries of the Iberian Peninsula. A representative case is the accretionary wedge of the Gulf of Cadiz which appears affected by a later complex system of long submarine strike-slip faults (Medialdea et al., 2004; Rosas et al., 2009; Zitellini et al., 2009).
[image: Figure 1]FIGURE 1 | (A) Summary of tectonic structures affecting the Iberian Peninsula. Offshore data modified from Maldonado et al. (1999), Somoza et al. (2019). Onshore data comes from Vegas et al. (2008). Location of regional figures is also located. FZ: Fracture Zone. GoC: Gulf of Cádiz; GA: Gibraltar Arc; Alb: Alborán Sea. (B) Distribution of earthquakes of magnitude Mw > 4 around the Iberia Peninsula. Source: Seismic Hazard Harmonization in Europe (SHARE), Giardini et al. (2013). (C) Alpine tectonic structures in Iberian in response to the convergence between Iberia, Africa, and Eurasia. Modified from Somoza et al. (2019); Terrinha et al., (2019), and Terrinha et al. (2020). Background bathymetry from http://www.geomapapp.org (Ryan et al., 2009).
Several works have aimed to determine the source of the famous Mw 8.5–8.7, 1755 Lisbon tsunami earthquake event in the Gulf of Cádiz, Southwest Iberian Margin (e.g, Terrinha et al., 2003; Zitellini et al., 2009). The source of the aforementioned tsunami in the cities of Cádiz and Lisbon was initially attributed to the NE-SW Marques of Pombal Fault (e.g., Zitellini et al., 1999; Gràcia et al., 2003b) (Figure 1). However, scaling the source characteristics of the February 12th, 2007, Mw 6.0 Horseshoe earthquake, it was suggested another fault with a length of 230–315 km as potential source (Stich et al., 2006). This led to relate the potential source of the 1755-Lisbon tsunami to large-scale WNW-ESE dextral strike-slip faults affecting the sedimentary cover over the continental and the oceanic basements. These structures were identified on multichannel seismic profiles by Medialdea et al. (2009b) and seabed mapping as SWIM (South West Iberian Margin) lineaments on the compilation of multibeam bathymetry made by Zitellini et al. (2009) in the Gulf of Cádiz.
Otherwise, the North and Northwest Iberian Margin have been affected by subduction of the oceanic lithosphere of the Bay of Biscay as a consequence of the early Cenozoic collision between the Eurasian and Iberian plates (e.g., Le Pichon et al., 1971; Malod et al., 1993). The oblique convergence between the Eurasian and Iberian plates since the late Cretaceous caused the formation of the Alps-Pyrenees intracontinental collisional orogen to the east (e.g., Srivastava et al., 1990; Sibuet et al., 2004), that progressed westwards to a continent-ocean collision with subduction of the Bay of Biscay oceanic lithosphere beneath the North Iberian Margin (Sibuet and Collette, 1991). Afterwards the stress field transmitted to the Iberian Peninsula changed from N-S to NW-SE from late Miocene to present-day (e.g., Andeweg et al., 1999). In addition, the West and Northwest Iberia margins are also affected by the propagation of stress generated by the spreading of the Mid-Atlantic Ridge (MAR) and the Bay of Biscay Ridge during the Cenozoic (Figure 1). At present, the spreading of the Mid-Atlantic Ridge north of the Azores Triple Junction has been estimated to be at rated of 24 and 26 mm/yr (Argus et al., 1989; Miranda et al., 2014) (Figure 1).
The aim of this work is to make a synthesis at regional scale focused on the geophysical characterization of submarine faults around the Iberian margins to identify offshore active structures, with seismogenic and tsunamigenic potential. In this work faults are considered to be active if they show, at least, one of these characteristics: 1) seafloor expression on high-resolution bathymetry; 2) Deformation and/or displacement of the sea floor and the most recent sediments on ultra-high resolution seismic sections; 3) prominent fault scarps uncovered by recent sediments; 4) location of swarms of earthquakes near the submarine fault trace.
Following these criteria, we review and map the main active submarine faults around the Iberian Margins, which are mainly concentrated along the southern Eurasia-African plate boundary (Figure 1B), along with re-activated tectonic structures related to the former Cenozoic subduction in the northern Iberian Margin. Finally, based on our new synthesis map, we present a model of distribution of the present active submarine faults linked to seismicity around Iberia and analysed the available geodetic data. We propose that this distribution is the result of the remnant NW-SE convergence between the Eurasian and Nubia plates, but also by the propagation of stress from the ocean spreading of MAR to the west Iberian margin.
GEOLOGICAL SETTING
The South Iberian Margin: Oblique Convergence Between the Eurasia and African Plates
The Gulf of Cádiz region, located to the west of the Gibraltar Arc, offshore SW Iberia and NW Morocco, has been increasingly recognized as a critical site for tectonics related to the Africa (Nubia)-Iberia plate boundary (e.g., Sartori et al., 1994; Maldonado et al., 1999, Gutscher et al., 2002, 2009; Medialdea et al., 2004; Terrinha et al., 2003; Rosas et al., 2009; Zitellini et al., 2009; Martínez-Loriente et al., 2014; Ramos et al., 2017a, b, c, 2020). This plate boundary extends along the Gloria fault zone to the Azores Triple Junction to the west (Miranda et al., 2014) (Figure 1A). In the Gulf of Cádiz the average direction of the Maximum Horizontal Compressive Stress (Shmax) deduced from earthquake focal mechanisms is N45W (Ribeiro et al., 1996; Stich et al., 2006; Pedrera et al., 2011). Present-day rate of approximately 4–5 mm yr−1 of oblique convergence between Africa and Iberia has been reported at this plate boundary (e.g., Nocquet and Calais, 2004; Stich et al., 2006) (Figure 1A).
The bathymetric map shows a huge lobe occupying almost the entire Gulf of Cádiz, which is attributed to an accretionary wedge emplaced in the late Miocene times associated with an east-dipping subduction zone close to the Gibraltar Arc (Maldonado et al., 1999; Gutscher et al., 2002). The accretionary wedge is represented in seismic profiles by the Allochthonous Unit of the Gulf of Cádiz (AUGC), characterized by a chaotic seismic signature and covered by late Miocene to Quaternary sediments (Maldonado et al., 1999; Medialdea et al., 2004). The Late Miocene to present-day NW–SE convergent movement of Africa with respect to Iberia generates deformation in the Gulf of Cádiz through strain partitioning accommodated by strike-slip faults and shear zones (Terrinha et al., 2009) and thrust reactivation along the Southwest Iberian Margin, offshore Algarve Basin (south Portugal and southwest Spain; Ramos et al., 2017a). Moreover, this thrust system presents an associate set of oblique ramps with NW-SE orientation, the location of which is inherited from the Mesozoic extensional transfer zones of the passive margin (Ramos et al., 2020). Numerous authors have also documented the domain of the Algarve Basin and the Gulf of Cádiz as tectonically active (Gràcia et al., 2003a; Gràcia et al., 2003b; Duarte et al., 2009; Duarte et al., 2010; Terrinha et al., 2009; Zitellini et al., 2009; Martínez-Loriente et al., 2013; Martínez-Loriente et al., 2014). These major compressional structures are interpreted as south-verging basement-involving blind thrusts, being responsible for the southeastward stair-stepped geometry of the SW Iberian margin observable in the basement, the base of the Miocene unconformity and the present-day bathymetry, as the case of the uplift and tilting of the Guadalquivir Bank. Their orientation is perpendicular to the orientation of the present-day convergence between Africa and Eurasia (e.g., Olaiz et al., 2009).
A distributed deformation in the Alborán Sea region, to the East of the Gibraltar Arc, has been classically defined as diffuse in relation to the seismicity pattern (Vegas, 1991; Jímenez-Munt et al., 2001; Buforn et al., 2015; Grevemeyer et al., 2015; Palano et al., 2015), however recent geophysical and geological studies points to concentration of crustal deformation along several striking NE-SW and NW-SE fault zones in this region (Negredo et al., 2002; Serpelloni et al., 2007; Neres et al., 2016). The current plate boundary between Nubia (West Africa) and Eurasia is related to the evolution of the Betic-Rif orogenic system which was generated by the westward drift of the Alborán Crustal Domain in relation to the westward retreat of a subduction slab (Lonergan and White, 1997; Jolivet and Faccenna, 2000; Pedrera et al., 2011; Molina-Aguilera et al., 2019) (Figure 1C). This orogen is characterized by an arcuate front (Gibraltar Arc) and the development of the Alborán Basin in the backarc region between two main cordilleras, respectively in the south of Iberia (Betic Ranges) and northern Africa (Rif Ranges). During the late Tortonian, the regional change of convergence from N-S to NW-SE between the main plates caused a general inversion of the region. As a consequence an indenter deformation has been developed in the area, the Alborán Ridge constituted by an African crustal domain (Gómez de la Peña et al., 2018) works as an indenter towards the northern margin of the Alborán Basin (Estrada et al., 2018a) producing a conjugated system of left lateral (NE-SW to NNE-SSW) and right-lateral strike-slip faults (Figure. 2). The left-lateral strike-slip family correspond to the Trans Alborán Shear Zone currently represented by the Al Idrissi fault zone (Galindo-Zaldívar et al., 2018; Gràcia et al., 2019; Vázquez et al., 2021a). This fault zone connects southwards with the active onshore faults of the Al Hoceima region and the southwestern Rif deformation (Chalouan et al., 2014; d’Acremont et al., 2014; Galindo-Zaldívar et al., 2015; Lafosse et al., 2018), and northwards with the active faults of the Adra region in southern Iberia (Gràcia et al., 2012; Galindo-Zaldívar et al., 2013) and the Eastern Betic Shear Zone by means of La Serrata-Carboneras Fault (Gràcia et al., 2006; Borque et al., 2019). The right-lateral strike-slip family corresponds to the Yusuf Fault (Mauffret et al., 2007; Martínez García et al., 2017), connected to the east with the Algerian compressive region, which accomodates the current deformation between Nubia and Eurasia (Vázquez et al., 2021b).
[image: Figure 2]FIGURE 2 | Synthetic map of active submarine faults in the Gulf of Cadiz and the Alborán Sea along the Iberia-Africa plate boundary and location of figures. The plate boundary is partitioned into the main stress areas: (i) the SW Iberian Margin simple shear zone; (ii) the Gulf of Cadiz pure shear zone; (iii) the South Moroccan compressional arc; and (iv) the Eastern Betic pure shear zone. Abbreviations of the submarine active faults are listed in Table 1. CS: Calahonda Sound Fault; DP:Djibouti Passage Fault; DVS: Djibouti Ville Fault: HS: Herradura Sound Fault; XCS: Xauen Compressive System; AB: Algarve Basin; Units of the Betic-Rifian arc (modified from Medialdea et al., 2009a) are also shown: Ff: Flysch Units front; SBf: Subbetic front; MDf: Mud diapiric front, AUGCf: Boundary of the Allochthonous Unit of the Gulf of Cádiz; IB:Ibn-Batouta Bank LHB: La Herradura Bank Bathymetry from SWIM compilation (Zitellini et al., 2009) and EMODnet project (http://www.emodnet.eu). Present-day stress fields from Pedrera et al. (2011).
The North and Northwest Iberian Margin: A Cenozoic Convergent Plate Boundary Between Iberia and Eurasia
The North Iberian Margin was deformed by subduction of the oceanic lithosphere of the Bay of Biscay due to the early Cenozoic convergence between the Eurasian and Iberian plates (e.g., Le Pichon et al., 1971; Malod et al., 1993). The oblique convergence between the Eurasian and Iberian plates progressed to a continent-ocean collision with subduction of the Bay of Biscay oceanic lithosphere beneath the North Iberian margin, thus provoking uplift and deformation of the Cantabrian range (Figure 1C; e.g., Le Pichon and Sibuet, 1971; Boillot et al., 1979; Pulgar et al., 1996; Cadenas et al., 2018). The North Iberian margin was modeled with a south or southeast dipping oceanic crust beneath the outer part of the margin (Boillot et al., 1979), thereby forming an accretionary prism (Figure 1C). The estimated amount of underthrusting of the southern Bay of Biscay varies from a maximum of 120 km to a minimum of 40 km (e.g., Pulgar et al., 1996; Gallastegui and Pulgar, 2002). Since Oligocene times, the compressional deformation was transferred to the south through the Iberian plate, resulting in the development of several mountain ranges. Convergence between Eurasia (Iberia being incorporated) and African plates through the Alborán microplate transmitted to the Iberian Peninsula changed from N-S to NW-SE from late Miocene to present-day (e.g., Dewey et al., 1989; Andeweg et al., 1999), defining the current location of the Eurasian-African plate boundary in south Iberia (Figure 1A).
GENERAL METHODOLOGY AND DATA
This study is mainly based on a large array of data including multichannel seismic (MCS), ultra high-resolution parasound sub-bottom profilers (SBP) and high-resolution multibeam data (MBES) acquired during the MOUNDFORCE-2007 cruise aboard the RV L´Atalante (Somoza, 2007), MVSEIS-2008 cruise aboard the RV Hespérides (Somoza and UTM-CSIC, 2018), and SUBVENT-2 cruise aboard the RV Sarmiento de Gamboa (Somoza et al., 2019) in the Gulf of Cádiz and West Moroccan margin and BREOGHAM-2005, aboard RV Hespérides in the NW Iberian Margin (Somoza et al., 2005). A complete list of data used in this work with detail information on the cruises, methods and configurations is provided in the Supplementary Table S1.
The following MBES have been used to make 3d bathymetric images from the Galicia margin and the Gulf of Cadiz: Simrad EM-12S, 13 kHz, Konsberg EM-120 (12 kHz), KONSBERG EM-12 dual (12 kHz), KONSBERG EM-120 (13 kHz), and Atlas DS 1x1 14–16 kHz (12 kHz).
In the N and NW Iberian Margin (Galicia and Cantabrian regions), we use a MBES dataset acquired for the Spanish Exclusive Economic Zone (EEZ) and Extended Continental Shelf (ECS) mapping programs of the Galicia region at 150 m resolution (Somoza et al., 2005; Somoza et al., 2019). In the Gulf of Cádiz, we use the SWIM bathymetric compilation as multibeam background data at an average resolution of 250 m (Zitellini et al., 2009). For background bathymetry in other areas, the EMODnet project data (http://www.emodnet.eu/bathymetry) and Marine Geoscience Data Systems (MGDS), Global Multi-Resolution Topography data (GMRT, Ryan et al., 2009) were used. Multi-resolution DTMs was used to generate regional sun-shaded image renders, perspective views and to extract margin-wide bathymetric profiles using Fledermaus™ software in order to interpret the submarine landscapes. It was also used to generate derivative products such as slope angle maps by means of ArcGIS™.
Two main types of parasound sub-bottom profilers (SBP) has been used to acquire ultra-high resolution profiles: TOPAS (Topographic Parametric Echosounder) and CHEOPS. System details are summarized in Supplementary Table S1.
Multichannel seismic profiles were acquired during two cruises. The BREOGHAM-2005 survey in the Galicia Margin and Celtic Sea used a seismic source of six BOLT™ guns (1500 LL model) and two SLEEVE™ guns with a total volume of 22.85 L and 50 m shooting interval. The acquisition consisted of an analogical TELEDYNE streamer composed of 24 sections with a total length of 2,400 m. The MOUNDFORCE-2007 in the Gulf of Cádiz and western Moroccan Margin used as a source an array of 14–16 guns G.I. GUN and BOLT with a total volume of 56.1 L and 50–75 m shooting interval. The acquisition was performed with a SERCEL streamer composed of 360 channels with a length of active sections of 4,500 m, and a total length of 5.000 m. Kingdom Suite software has been used to perform seismic images both of the SBP and MCS profiles. For the SW Iberian margin, we took into account 2D and 3D multichannel reflection seismic data (i.e., Ramos et al., 2017a). The seismic interpretation was calibrated with 72 wells in the area, both offshore and onshore.
RESULTS
Mapping Quaternary Active Submarine Faults Along the Africa-Eurasian Plate Boundary
A new map with a synthesis of the submarine faults between the Gulf of Cádiz and Alborán Sea has been made in this work (Figure 2). This map has been constructed on the basis of high-resolution multibeam bathymetry of the Gulf of Cádiz and Alborán Sea, combined with multichannel and high-resolution seismic data (Medialdea et al., 2009b; Zitellini et al., 2009). This map allows linking the main faults in the Gulf of Cádiz and in the Alborán Sea along the Africa-Eurasian plate boundary (Figure 2).
Quaternary Active Submarine Faults in the Gulf of Cádiz
The Case of the SW Iberian Margin: Active Inversion of a Passive Margin
The thrust system that affects the morphology of the SW Iberian margin locally controls the present-day bathymetry and consequently the pathway of the Mediterranean Outflow Water as it flows along the Gulf of Cádiz middle continental slope from the Strait of Gibraltar (Figure 3). The Mediterranean Outflow Water has determined the development of a complex contourite depositional system during Pliocene-Quaternary times (Hernández-Molina et al., 2003). Moreover, the main clusters of seismic events in the northern Gulf of Cadiz (Ribeiro et al., 1996; Pedrera et al., 2011) lay parallel and aligned to the thrust faults interpreted by Ramos et al. (2017a) (Figures 3C,D). The focal mechanisms measured in the margin are coherent with N-S to NW-SE directed shortening (e.g., Palano et al., 2013). Thrust fault solutions are compatible with the presence of the E-W o WSW-ENE trending basement-involved thrust faults affecting the Algarve Basin, while the location of the strike-slip fault solutions is consistent with the N-S to NW-SE trending lateral ramps and tear faults of the thrust system. The main seismic cluster sits on the most representative bathymetric highs (Guadalquivir and Portimão banks), which correspond to inverted Cenozoic structures associated to the activity of the most southern thrust (Figure 3). These highs related to neotectonic activity can control in turn the activity of the bottom currents and genesis of contourite features. South of the Algarve Basin however, the generalized absence of seismic activity could indicate that the deformation is shallow (Sallarès et al., 2011) and related to the gravitational effects of shale and evaporite mobility (Medialdea et al., 2004).
[image: Figure 3]FIGURE 3 | Cross-sections through the Algarve Basin showing the major ontractional structures responsible for the inversion of the SW Iberian margin. (A) Interpreted seismic section through the central Algarve Basin, including interpretation of the onshore basin. (B) Interpreted seismic section through the western Algarve Basin. Pairs of black dots represent salt welds. See Figure 2 for location. Modified after Ramos et al. (2017a). See this reference for further discussion on the seismic interpretation and supplementary data for seismic sections. (C) Location of earthquake epicentres in the SW Iberian margin in relation with the thrust fault system described in the text in more detail. (D) Location of focal mechanisms compiled from several earthquakes: red for strike-slip faulting, black for thrust faulting, and blue for normal faulting in relation with the thrust faults of SW Iberia. Modified after Palano et al. (2013) and Ramos et al. (2017a). GB: Guadalquivir Bank; PB: Portimão Bank.
On seismic profiles, the AUGC lies folded directly on the southern flank of the Guadalquivir (Figure 3) and Portimão banks, demonstrating that these uplifted structures acted as physiographical barriers to the progression of the AUGC to the NW, and therefore, attesting a more complex inversion history of the margin. Although these structures are active nowadays, at least four main stages of shortening were documented by interpreting the seismic data present in the Gulf of Cadiz: late Cretaceous to early Paleogene, late Paleogene to early Miocene, middle to late Miocene, and late Pliocene to present day (Ramos et al., 2017a).
The opposing dip between the Mesozoic extensional faults and the south-verging thrust system (Figure 3) is interpreted by the reactivation of low-angle thrusts and cleavage within the Paleozoic basement during the Cenozoic inversion, in contrast with the south-dipping extensional faults accommodating extension towards the south. The main inversion structure (the southern thrust) coincides in orientation and location with the necking domain of the margin (Figure 3). This suggests that the thrust fault would have taken advantage of the north-tilted continental crust and Moho during the Mesozoic extensional necking phase (Ramos et al., 2017b).
Simple Shear Zone: Deep-Rooted Right-Lateral Strike-Slip Faults
Along the Gulf of Cádiz, a major system of linear and sub-parallel strike-slip faults has been reported based on the SWIM compilation of multibeam bathymetry (Zitellini et al., 2009). This system has a clear reflection on the seafloor morphology. The angular relationship between en-echelon fold axes affecting the surface sediments and the SWIM faults indicates a dextral strike-slip movement (Rosas et al., 2009). Four SWIM faults were described (Zitellini et al., 2009): The SWIM-1 and SWIM-3 bounds the Coral Patch Ridge (CPR), whereas the SWIM-2 is located further north (Figure 2). In contrast, Rosas et al. (2009) show a system of major bathymetric lineaments termed as L1 to L4 from south to north. L1 and L2 coincides with two of the faults already mapped by Medialdea et al. (2004), Medialdea et al. (2009a) in the Gulf of Cádiz. SWIM-1 and SWIM-2 from Zitellini et al. (2009) coincides with L2 and L4 lineaments from Rosas et al. (2009), but L1 and L3 are intercalated between SWIM faults (Figure 2).
Interpretation of the seismic profile MOUNDFORCE-06 shows that SWIM-1 (L2), L1 and SWIM-3 lineaments linked in depth and belong to the same flower-like structure (Figure 4). Mud volcanoes as Porto and Soloviev (Pinheiro et al., 2003; Medialdea et al., 2009b) appear to be closely related to the SWIM-1 and SWIM-3 strike-slip faults respectively (Figure 2). This points to active fluid expulsion along the transpressive faults. This structure corresponds to a mega-shear zone rooted into the basement and affecting both the autochthonous Mesozoic oceanic sequence (Upper Jurassic-Lower Aptian) and the AUGC. The mega-shear zone is up to 33 km in width reaching a depth up to 10 s two-way travel time (TWT) into the basement and extends to the African margin where it links with the South Moroccan Arc (Figure 2).
[image: Figure 4]FIGURE 4 | Multichannel seismic profiles MOUNDFORCE-06 showing the SWIM lineaments that belong to a flower structure rooted in the basement between the African and Iberian Margins. The flower structure comprises the SWIM-1, SWIM-3, and L1-faults large-scale right-lateral strike slip faults. The relationship between Faults and mud volcanoes as Soloviev and Porto MVs are clearly observed in the seismic profile The accretionary wedge is represented in the seismic profile by the Allochthonous Unit of the Gulf of Cádiz (AUGC). See Figure 2 for location of seismic profile.
The Fold-Thrust System of the South Moroccan Arc and Larache strike-Slip Fault: A Recent Major Seafloor Deformation
Based on a first interpretation of the SWIM compilation of swath bathymetry, a prominent arc was identified in the Atlantic Moroccan margin (Zitellini et al., 2009). This arc had been previously observed on side scan sonar data (Ivanov et al., 2000).
Here we present a 3d model of the South Moroccan Arc (SMA) combining high-resolution swath bathymetry data and seismic reflection profiles from several cruises as MOUNDFORCE-2007, MVSEIS-2008 and SUBVENT-2014 (Somoza, 2007; Somoza and UTM-CSIC, 2018; Somoza et al., 2019) (Figure 5A). The northern boundary of the South Moroccan Arc corresponds to a major ESE-striking fault termed as the Larache fault (Figures 2, 5). This major fault splits to the west into an arcuate deformation front. The Larache fault is composed by several segments showing local pull-apart basins. This major ESE strike-slip fault was considered as the prolongation of the SWIM lineaments (Zitellini et al., 2009). However, our bathymetric model shows that the easternmost SWIM lineaments are not aligned with the Larache fault and the South Moroccan Arc is superimposed over the eastern prolongation of the SWIM faults (Figure 2).
[image: Figure 5]FIGURE 5 | (A) 50 × 60 km 3 days image of the multibeam bathymetry of the South Moroccan Arc -SMA [data from Somoza (2007), Somoza et al.(2008)]. f1 to f3 are splays of the Larache right-lateral strike-slip fault. (B) Multichannel seismic profile MOUNDFORCE-01 crossing the SMA. The Larache strike-slip fault is split to the west into several fold-thrusts systems (f1 to f3) which deform the seabed in the South Moroccan Arc (Inset location in Figure 2).
Multichannel seismic profiles crossing the deformation front of the South Moroccan Arc show that it is composed of a series of fold-thrust systems linked to the main strike-slip faults (f1 to f3 system in Figure 5B). The thrusts are rooted on the AUGC unit and deform the uppermost sedimentary units including the seafloor, forming prominent diapiric ridges (Figure 2). A strong discontinuity is observed within the fold-thrust system as the beginning of the deformation (Figure 5B).
The generation of the SMA deformation front is associated with the right-lateral movement of the southern side of the Larache strike-slip fault (Figure 6). The seabed expression of this major fault is a narrow valley, 2.2 km width and 75 m depth, that splits into two elongated ridges, 45 m in height (Figure 6A). The elongated ridges are separated by a 2.6 km width depression. Pull-part mini basins are also associated with the right-lateral movements of this fault (Figure 6A).
[image: Figure 6]FIGURE 6 | (A) Upper left: 3 days image of the swath bathymetry showing seafloor expression of the ESE strike-slip Larache fault: nR and sR = north and south ridges; Upper right: Ultra high-resolution profiles across the fault. See location in Figure 2. (B) Multichannel seismic section (Moundforce 02) showing the subseafloor expression of the Larache fault composed by a flower-like structure dividing two main domains: Iberian and Africa. Unconformities are taken from Toyos et al. (2016).
The subsurface expression of the Larache strike-slip fault, as seen in multichannel seismic profiles (Figure 6B), shows a complex flower-type structure composed of a northern transpressional edge and an eastern transtensional zone. The lower part of this flower-type structure, down to 2 s TWT, is transformed into major thrust system that affect the AUGC units forming subsidiary thrust systems towards the north (Figure 6B). These thrust systems affect the southernmost mud volcanoes of the Moroccan mud volcano province as the Ginsburg, Rabat and Almanzor mud volcanoes (Figure 6B) (Ivanov et al., 2000; Medialdea et al., 2009a; León et al., 2012).
The age of initiation of the Larache strike-slip fault activity can be inferred from the definition of the main unconformities associated with its movement (Figure 6B). A main unconformity marking a pronounced basin at the southern edge of the Larache fault allows to determine the beginning of the fault activity. We correlate this discontinuity with the base of Quaternary Discontinuity (BQD, ∼2.6 My) reported by Toyos et al. (2016) and associated with the development of the Ginsburg MV. An overlying major unconformity is interpreted as the Mid-Pleistocene Discontinuity (MPD, ∼0.9 My). Finally, a third unconformity can be dated as Late Pleistocene. On ultra high-resolution sub-bottom profiles, these seabed ridges related to the Larache fault deform the sea-floor sediments indicating recent activity, at least, from Late Pleistocene times.
Based on this correlation, we estimate the onset of the Larache strike-slip fault activity at the beginning of the Quaternary (∼2.6 My), even though, main activity has taken place during Mid and Late Pleistocene times. This major fault triggered the generation of the South Moroccan Arc structure overlapping the former AUGC unit, estimated to be emplaced in the Gulf of Cadiz during the Late Tortonian (Maldonado et al., 1999).This strike-slip fault and the associated thrust-fold system of the South Moroccan Arc show a total rupture length of 200 km, 80 km of the Larache strike-slip fault plus 120 km of the thrust-folds system, and therefore reach the required scale to be a potential source candidate for large earthquakes (Stich, 2007). Moreover, vertical displacements of the seabed up to 75 m have been observed along the Larache fault and up to 100 m high in the fold-thrust system (Figures 5, 6). Therefore we propose that these related vertical components are potential sources candidates for large tsunamis in the Gulf of Cádiz.
Quaternary Active Submarine Faults in the Alborán Sea
The Alborán Sea region has been highly deformed during the Pliocene and Quaternary as a consequence of the indentation of the Alborán Ridge block to the north and the generation of two main families of strike-slip faults in this process, left-lateral transcurrent NNE-SSW to NE-SW faults and right-lateral transcurrent WNW-ESE to NW-SE faults, together with the uplifting of several ENE-WSW compressive structures mainly focused in the Alborán Ridge (Figure 2). In addition, minor N-S to NNW-SSE normal faults have also played an important role in the northern margin. This general fault system explains the main crustal seismic activity in the region (Stich et al., 2006; Grevemeyer et al., 2015; Buforn et al., 2017; Peláez et al., 2018; Stich et al., 2020) and its development strongly affects the seafloor morphology (Estrada et al., 1997; Gràcia et al., 2006; Martínez García et al., 2013, 2017; Estrada et al., 2018a; Galindo-Zaldívar et al., 2018; Perea et al., 2018; Soumaya et al., 2018; Gràcia et al., 2019; d’Acremont et al., 2020; Gómez de la Peña et al., 2020; Lafosse et al., 2020; Vázquez et al., 2021b), where several penetrative morphotectonic features such as linear scarps, ridges, elongated pressure push-up swells, and longitudinal or rhomb-shaped depressions show the contemporary variety of Quaternary tectonics (Ballesteros et al., 2008; Vázquez et al., 2008b; Gràcia et al., 2012; d’Acremont et al., 2014; Giaconia et al., 2015; Gómez de la Peña et al., 2016; Vázquez et al., 2016; Lafosse et al., 2018). The seismicity event distribution appoints that the NNE-SSW to NE-SW left lateral strike-slip fault system assumes most of the regional deformation (Figure 2). Secondarily, earthquakes epicenters are focused in the WNW-ESE to NW-SE right lateral strike-slip conjugate fault system and in the ENE-WSW compressive structures.
Left-Lateral Strike-Slip Fault Systems
These fault systems are concentrated in the central sector of the Alborán Sea basin, where at least five NNE-SSW and one NE-SW trending fault zones were identified from seafloor morphotectonic deformation (Figure 7).
[image: Figure 7]FIGURE 7 | Three days multibeam bathymetry of the Alborán Sea showing the main active submarine faults. See location in Figure 1A. AF: Adra Fault; AIFS: Al Idrissi Fault System; ABR: Alboran Ridge Fault; AVF: Averroes Fault; CSF: Calahonda Sound Fault; DVSF: Djibouti Seamount Sound Fault; DPF: Djibouti Passage Fault; HSF: Herradura Sound Fault, MD-2 secondary fault zones, S-CF: Serrata-Carboneras Fault, YF: Yussuf Fault. Nomenclature from Vázquez et al. (2018).
They comprise the Al Idrissi (AIFS), the Motril-Djibouti Marginal Plateau (MDF) and La Serrata-Carboneras (S-CF) fault zones (Figures 7, 8 and Table 1) (Vázquez et al., 2018). The lengths of the fault zones vary between 40 (La Herradura Sound Fault Zone) and 140 km (La Serrata-Carboneras Fault Zone), although the later extends approximately 50 km onland and 90 km on the continental margin, with the Al Idrissi fault being the longest on the continental margin (125 km). The fault zones varies between 0.7 and 4 km in wide and are characterized by intense internal brittle deformation. Locally they have transtensive segments characterized by longitudinal grabens, rhomboidal depressions and transtensional relays (in the cases of The Herradura Sound, Calahonda Sound, Djibouti Ville Seamount, and Djibouti Passage fault zones), specially to the north of the La Herradura and Djibouti Ville seamounts, or with transpressive segments characterized by pressure ridges as in the cases of La Serrata-Carboneras and Al Idrissi faults (Figure 8). These last two structures are the most significant. The onland extension of La Serrata-Carboneras Fault Zone has been described as part of the Eastern Betic Shear Zone (Figure 7) and affects geological units during the last 133 ka (Silva et al., 1993; Bell et al., 1997; Moreno et al., 2015; Masana et al., 2018 Even though there are no large instrumental seismic events concentrations along this fault, several authors suggest that some historical events may be related to this fault (Keller et al., 1995; Gràcia et al., 2006). Finally, the Al Idrissi fault zone connects the Al Hoceima and Adra seismic areas, which are respectively located on the southern and northern margins of the basin and clearly displaces the Alborán Ridge (Galindo-Zaldívar et al., 2018; Gràcia et al., 2019; d’Acremont et al., 2020). This fault is divided at least into three segments: 1) the northeastern one is located on the Motril-Djibouti Marginal Plateau and has a transtensive character (Vázquez et al., 2016, 2018; Gràcia et al., 2019), 2) the central segment extends from the Alborán Trough to the Alborán Ridge towards the SSW; it corresponds to the western boundary of the Alborán Ridge Indenter (Estrada et al., 2018b) and has a transpressive configuration (Martínez-García et al., 2013) constituted by elongated pressure ridges and restraining bends with a set of successive high-angle reverse faults (Galindo-Zaldívar et al., 2018; Gràcia et al., 2019; d’Acremont et al., 2020); 3) the southwestern segment extends from the Alborán Ridge to the Al-Hoceima Bay towards the SSW and has an extensional horsetail splay (d’Acremont et al., 2014). In this SSW area a fault zone of similar characteristics has been defined at crustal levels extended both onshore and offshore regions, which could explain the three main earthquake series between 1994 and 2016 (Galindo-Zaldívar et al., 2018; Gràcia et al., 2019). This fault system has been explained by these authors as the growth of a continental strike-slip fault from the African margin to the north and include the eastern set of faults previously described in the of Motril-Djibouti Marginal Plateau.
[image: Figure 8]FIGURE 8 | High-resolution multichannel seismic profiles crossing the set of NNW-SSE left-lateral strike-slip faults that composes the Motril-Djibouti Marginal Plateau (MDF): MD-2 and MD-5 secondary fault zones, CSF: Calahonda Sound Fault, DVSF: Djibouti Ville Seamount Fault; DPF and DPF-2: Djibouti Passage Fault and AIFS: Al Idrissi Fault System. See location in Figures 2, 7.
TABLE 1 | List of active submarine faults and parameters.
[image: Table 1]Right-Lateral Strike-Slip to Normal Faults System
The faults of this system are concentrated in the northeastern continental margin of the basin and in the eastern part of the Alborán Sea Basin, where they show NW-SE to WNW-ESE trends and constitute the outstanding Yusuf Fault Zone, that corresponds to the eastern boundary of the Alborán Ridge Indenter (Moreno et al., 2016; Estrada et al., 2018b; Perea et al., 2018).
The Yusuf Fault Zone (YF) is a right-lateral strike-slip fault with a transtensional component (Figure 7). It is 175 km long and 15 km wide and is divided into two main segments separated by a relay zone (Mauffret et al., 1992; Mauffret et al., 2007; Gràcia et al., 2014; Gómez de la Peña et al., 2016). The fault zone is characterized by the development of several strike-slip faults with a general transtensive geometry. Its morphology is characterized by a rectilinear escarpment with a relief ranging from 800 to 2000 m in the western part and an elongated ridge in the eastern one, with the development of a pull-apart basin (20 km in length and 10 km in width). The fault trace in its northern segment bends to the west at the connection with the northern Alborán Ridge Fault (ARF, Figure 7), where it shows a reverse component (Martínez-García et al., 2010). It can also continue to the northwest with the NW-SE Averroes system (Perea et al., 2018).
At least five WNW-ESE fault zones have been identified in the eastern part of the Motril-Djibouti Marginal Plateau (MDF) (Figure 8).The most penetrative is the Averroes Fault Zone (AVF), but at least other four fault zones have been identified to the northeast, sub-parallel to the Averroes Fault Zone and called NAF1 to NAF4 by Perea et al. (2018). These faults separate elongated ridges that have been interpreted as anticlines between faults (Moreno et al., 2016). The Averroes Fault Zone is constituted by at least two high-angle faults of 46 km in length and 2 km in maximum width, made up of at least two segments. The southeastern one displaces the seafloor across the Adra Ridge and the Alborán Channel and ends in the Alborán Ridge, generating a longitudinal escarpment and an elongated ridge (Figure 7). Meanwhile the northwestern segment corresponds to a narrow trough formed by a half-graben structure around 15 km long, with a vertical offset of up to 470 m with a downthrown block to the NE (Figure 7) (Estrada et al., 2018b; Perea et al., 2018) The other four remaining fault zones have similar characteristics to the Averroes Fault Zone: high angle fault surface, affect the Motril-Djibouti Marginal Plateau, the Adra Ridge and the Alborán Channel and generate elongated depressions in the seafloor related to negative flower structure geometries and rectilinear scarps, allowing to define a right-lateral to normal movement. Some of them have several branches and their length approximately ranges between 17 and 36 km (Perea et al., 2018).
In addition, another fault zone of this system has been located in the upper continental slope in front of the Adra region that has been called as the Adra Fault (Gràcia et al., 2012), interpreted as a right lateral strike-slip fault (Figure 7). This fault zone is constituted at least by three different faults, with lengths ranging between 10 and 16 km. It is characterized for producing minor rectilinear changes in the slope gradient and small scarps caused by the normal component of these faults (Vázquez et al., 2014).
Compressive ENE-WSW Structures
These structures include antiformal folding related to the main elongated ENE-WSW ridges and banks, as well as thrust faults. Two main structures are defined: the Northern Alborán Ridge Fault and the Xauen Compressive System (Figure 2).
The Alborán Ridge fault (ARF) has an ENE-WSW direction and is constituted by at least two or three thrusts. It is located north of the ridge and corresponds to the front of the Alborán Ridge Indenter (Estrada et al., 2018a) bounded by the Yusuf faults to the east and the Al Idrissi fault (AIFS) to the west, with an approximate length of 75 km and a width of the fault zone around 6 km, presenting an arcuate geometry on the surface (Figure 7). This structure and its southwest extension are considered as a 165 km long left-lateral strike-slip fault zone, with a compressive component that has been active since late Miocene times (Bourgois et al., 1992; Woodside and Maldonado, 1992; Watts et al., 1993; Comas et al., 1999). However, it had an important uplift phase as a tectonic relief, through folding and reverse faults in the Pliocene-Quaternary (Martínez-García et al., 2013, 2017; Vázquez et al., 2015; Estrada et al., 2018a).
The Xauen Compressive System generates the current relief of the banks located to the west of the Alborán Ridge (Francesc Pages and Xauen banks), that are left-laterally displaced by the Al Idrissi fault with respect to the eastern Alborán Ridge (Figure 7). This system has almost 60 km in length and 30 km in width and is constituted by at least three north-verging thrust faults gently arched and a fourth thrust with southern vergence (Bourgois et al., 1992; d’Acremont et al., 2020). The geometry of the Xauen Bank corresponds to a pop-up structure. Two main thrusts bound this positive relief and reach the seafloor; the northern thrust of this system corresponds to a blind thrust that constitutes the deformation front (d’Acremont et al., 2020).
In addition, three gently ridges with a N50-60 trend and around 20 km long affect the continental margin seafloor in front of the Adra coast. The most prominent feature has two high-angle reverse faults at the top affecting the Upper Pleistocene-Holocene units (Vázquez et al., 2014, 2016). These ridges are interpreted as anticline folds associated with blind thrusts verging to the NW, affecting the Quaternary units and bulging the seafloor (Comas et al., 1992; Vázquez et al., 2008b).
N-S to NNW-SSE Normal Faults
Several normal faults trending N-S to NNW-SSE affect the seafloor in the Alborán Sea region generating sets of rectilinear scarps and longitudinal depressions. They have been described in both northern and southern margins. In the southern margin, they are focused in the southern end of the Al Idrissi fault zone into the Al Hoceima Bay where a homogeneous set of N155 oriented normal faults and close to 10 km in length has been described by Lafosse et al. (2018). Normal faults generate small rectilinear scarps on the seafloor (Figure 7). In the northern margin, faults of this system are better represented along the Motril-Djibouti Marginal Plateau (MDF) (Figure 8), although they are more concentrated in the northern end of the Al Idrissi fault zone, where they are located in a corridor of 5 km in width. Normal faults have trends from N165 to N15 and generate rectilinear scarps and elongated tectonic depressions ranging between 2 and 7 km in length, that affect the seafloor (Vázquez et al., 2014; Vázquez et al., 2016). These faults have been explained as the surficial expression of the NNE propagation of Al Idrissi fault strike-slip system (Vázquez et al., 2014; Gràcia et al., 2019).
Quaternary Reactivation of Submarine Faults Along the Northwest Iberian Margin
In the Galicia region (Figure 9) Three main zones with active submarine faults related to seismicity have been identified in the NW Iberian margin (Figure 10): 1) The arcuate Finisterre thrust fault (FSF) to the NW of the Galicia Bank; 2) The Burato Shear Zone, located between the eastern Galicia Bank and the NNW-SSE Castelao Fault (CSF); 3) The NW-SE Ortegal Fault, split onshore into the Meirama and As Pontes strike-slip faults (e.g., Andeweg, 2002).
[image: Figure 9]FIGURE 9 | Structure map of the Galicia margin showing the main Alpine-Pyrenes structures along North Iberia subduction margin (yellow lines) as the buried front of the accretionary wedge segmented by NW-SE large right-lateral strike-slip faults. CSm: Coruña Seamount; HGD, Half-Graben Domain; DGM: Deep Galicia Margin; FSm: Finisterre Seamount; GB:Galicia Bank; TZ, Transition Zone; GIB: Galicia Interior Basin; JSm: Jean Charcot Seamount; PR: Peridotite Ridge; TP:Theta Passage; MO: Magnetic anomaly MO.
[image: Figure 10]FIGURE 10 | Main active submarine faults (red lines) and distribution of earthquakes in the Northwestern Iberia Margin. These active submarine faults are related to re-activation of former structures in response to present-day NW-SE convergence. (A) Reactivation of the Finisterre thrust fault (FSF); (B) The Burato Shear Zone (BSZ), an area of tension gashes and craters bounded by NNW-SSE normal to strike-slip faults (CSF: Castelao Fault); and (C) NW-SE strike-slip faults: Ortegal Fault (OF) split into three strike-slip faults in the margin (MLF: Malpica Fault, CRF: Coruña Fault and FRF: Ferrol Fault) and two main faults onshore (As Pontes and Meirama faults); and Estaca de Bares Fault (EBF). Onshore faults: Padrón-Vigo Fault (PVF) and Becerreá Fault (BCF) a highly seismic zone. Earthquakes location taken from the online database of the Instituto Geográfico Nacional (IGN). Faults are also listed in Table 1. Other labels same than Figure 9.
The Finisterre Thrust System: Reactivation of the Former Cenozoic Subduction Zone
A cluster of earthquakes Mw > 5 is associated with the Finisterre thrust system (FSF, Figure 10). This system consists of an array of thrust faults that deform the recent sedimentary sequence at the northern area of the Finisterre Seamount (Figure 11). The Theta Passage is a deep passage that separates the Iberian continental margin from the Atlantic oceanic ridges of the Coruña Seamount (Figure 11A). (e.g., Vázquez et al., 2009a; Somoza et al., 2019). The Finisterre Seamount fault system (FSF) is interpreted as landward-dipping thrusts which presently deforms the seafloor forming a serie of ridges (Figure 11B). This zone has been considered as a zone of obduction of the serpentinized mantle and Atlantic oceanic crust during the Alpine-Pyrenean compression due to the outcropping lherzholites that were collected at the foot of the NW slope of the Galicia Bank (Boillot et al., 1979; Malod et al., 1993). The Finisterre external deformation front has a length of 75 km, at the seabed, extending from the SW to NE (Figure 11).
[image: Figure 11]FIGURE 11 | (A) Multibeam bathymetry of the NW Iberian Margin showing the location of the Finisterre Thrust Fault interpreted as the former boundary between the North Atlantic plate and Iberia. (B) Multichannel seismic line BREOGHAM-08 showing the Finisterre thrust system deforming the uppermost seafloor. See location in Figure 1.
The Burato Shear Zone and the Castelao Fault System: Seabed Tension Gashes and Deep Craters
The second zone with high seismic activity is the so-called Transitional Zone (Murillas et al., 1990) located between the Galicia Bank and the Galicia Interior Basin (Vázquez et al, 2009c). This area extends over 75 km and is bounded by two main NW-SE trending faults from the Galicia Interior Basin (Castelao Fault, CSF) and the Galicia Bank (Eastern Galicia Bank Fault, EGBF) (Figure 12). This area is characterized by an elongated WNW-ESE dome-like morphology at water depths from 1,500 to 2,500 m with gentle slopes of 1.2° (Figures 12, 13). The seafloor floor exhibits an array of en-echelon NW-SE to N-S trending ridges with lengths up to 10 km and circular depressions (Figure 12). The largest depression, named as the “Burato Hole” (Vázquez et al., 2009c), is a 3 km in diameter crater-like depression of 300 m deep with average flank slopes of 12° (Figure 13).
[image: Figure 12]FIGURE 12 | Slope gradient map of the high-resolution bathymetry of the Burato Shear Zone (BSZ) between the Galicia Bank (GB) and the Galicia Interior Basin (GIB). Seismic profiles shown in Figure 13 are also displayed. This shear zone is located between two main systems of NNW-SSE fault systems acting as right-lateral strike-slip system, i.e., the Castelao fault (CSF) and the East Galicia Bank fault (EGBF). Other labels same than in Figure 9. See also Figure 10 for location of the Burato Shear Zone.
[image: Figure 13]FIGURE 13 | High-resolution multichannel seismic profiles crossing the Burato Shear Zone (BSZ) bounded by the Castelao Fault (CSF in Figure 12). The Burato Shear Zone shows a prominent elongated WNW-ESE trending dome bounded by a dense network of sub-vertical faults. Location of profiles is shown in Figure 12.
The Burato Shear Zone shows a prominent elongated NW-SE trending ridge bounded by a dense network of tensional gashes (Figure 12). High-resolution multichannel seismic profiles show that the Burato shear zone is characterized by a dense array of sub-vertical faults identified as tension gashes on the multibeam bathymetry (Figure 13).
Inherited Right-Lateral Strike-Slip Faults Split Into the Iberian Margin and Forming Deep-Incised Submarine Canyons
The third structure associated with relatively moderate activity of earthquakes MW > 5 is the NW-SE Ortegal right lateral strike-slip fault (OF in Figure 10). This type of NW-SE structure was formed, at least, during the Cenozoic Alpine-Pyrenean orogeny, dissecting the accretionary wedge of the North Iberian Margin.
The Ortegal Fault (OF) is the westernmost of a system of large Cenozoic strike-slip faults as Estaca de Bares (EBF) or Ventaniella (VF) (Figure 10), developed from the Northwest Iberian margin to the Pyrenees (Figure 1). These faults were formed, at least, during the Pyrenean phase 9 in response to Paleogene-early Neogene N-S and NE-SW compression between Eurasia and Iberia (Figure 1C) (e.g., Andeweg, 2002). The Ortegal Fault offsets the Mesozoic oceanic ridges of the Jean Charcot Seamounts and the buried front of the accretionary wedge formed along the N Iberia margin (Figure 9). The high-resolution bathymetry shows that this fault is split into several branches when enter into the continental margin, controlling the development of deep submarine canyons named as Ferrol and La Coruña canyons (Figure 9). We have termed, each of these branches affecting the continental margin from south to north, as the Malpica (MLF), La Coruña (CRF) and Ferrol (FRF) faults (Figure 10). The activity of these faults is revealed by the occurrence of earthquakes Mw > 5 on the upper margin, especially along the central branch (CRF) (Figure 10). The onshore prolongation of these strike-slip faults (Figure 10) is constituted by the As Pontes and Meirama strike-slip faults and the Padrón-Vigo Fault (PVF) (de Vicente, 2009), that form the main deep-intracontinental Tertiary basins in the Galicia region (e.g., Andeweg et al., 1999). The Becerreá Fault (BCF in Figure 10) holds a remarkable concentration of earthquakes within the Galicia Region (e.g., López-Fernández et al., 2012) This high-seismic onshore lineament might be linked to the offshore front of the Galicia Bank and would represent the crustal boundary between the former convergent N Iberian Margin and the hyperextended-rifting W Iberian Margin (Somoza et al., 2019) (Figure 10).
DISCUSSION AND CONCLUSION
Synthesis Map of Active Submarine Faults Around Iberia
A synthesis map of the main active submarine faults around the Iberian Peninsula has been carried out. In this synthesis map (Figure 14), we only include those active tectonics structures that show the following characteristics: 1) The submarine fault/fold shows seafloor morphological expression on high-resolution MBES images with resolution < 250 m; 2) The structure shows deformation and/or displacement of the seabed affecting the most recent sediments, at least, since the late Quaternary unconformity identified on ultra-high SBP sections with vertical resolution <1 m; 3) The seafloor expressions of fault/fold surface has to be linked to deep-seated structures on MCS profiles, affecting at least Cenozoic units; 4) The fault/fold structures or surface shear zones have to be linked to swarms of Mw < 5 earthquakes or single Mw > 5 earthquakes hypocenters.
[image: Figure 14]FIGURE 14 | Synthesis map of the main active submarine faults around Iberia with location of the main Mw > 5 earthquakes (yellow stars). Active submarine faults by regions; (A) Gulf of Cádiz. ArrF: Arrabida Fault; GBF: Gualdalquivir Bank Fault; GF: Gorringe Fault; HF: Horseshoe Fault; LF: Larache Fault; MPF: Marques de Pombal Fault; SGoCs: South Gulf of Cadiz Shear Zone; SMA: South Moroccan Arc. (B) Alborán Sea. AIFS: Al Idrisi Fault System; ARF: Alborán Ridge Fault; AVF: Averroes Fault; JF: El Jebha Fault; MF: Maro-Nerja Fault; MDF: Motril-Djibouti Fault System; S-CF: La Serrata Carboneras Fault; YF: Yusuf Fault. (C) SE and E Iberia. AA: Aguilas Arc; AMF: Alhama de Murcia Fault; AvrF: Abubacer volcanic ridge Fault; TF: Torrevieja Fault; EME: Emile Baudot Escarpment. (D) N and NW Iberia Margin. CRF: Coruña Fault; CSF: Castelao Fault; CRSF: Coruña Seamount Fault; EGBF: East Galicia Bank Fault; FRF: Ferrol Fault; FSF: Finisterre Seamount Fault; MLF: Malpica Fault; OF: Ortegal Fault; VF: Ventaniella Fault. (E) Iberia intraplate active fault lineations (from Vegas et al., 2008). BT = Bajo Tagus; SFV = Vilarica Fault System; LG: Guadiana Lineaments. (F) Onshore faults. APF: As Pontes Fault; BF: Becerreá Fault; MRF: Meirama. Geodetic GPS velocities and 95 per cent confidence ellipses data from Gárate et al. (2015) and Palano et al. (2015). Shmax directions from Andeweg et al. (1999), Fernández-Ibáñez et al. (2007) and Pedrera et al. (2011). Earthquake distribution taken from the Instituto Geográfico Nacional (www.ign.es) and SHARE database (Giardini et al., 2013). Tsunamis from Lario et al. (2011). Background bathymetry from Ryan et al. (2009). Abbreviations are also listed in the Supplementary Table S2.
Shear Zones, Submarine Faults and Potential Tsunamigenic Sources Along the Plate Boundary Between Nubia and Eurasia
Along the southern boundary, the oblique convergence between Africa and Iberia is not a well-defined plate boundary but constituted by, at least, five main shear zones (Vegas et al., 2008). Thus, in the Gulf of Cadiz, we define three main shear zones (Figure 2): 1) A pure-shear zone along the northern margins; 2) a simple shear zone along the central Gulf of Cadiz; and 3) a convergence zone along the SMA South Moroccan Arc (Figure 14).
The pure shear zone along the southern Iberian margin in the northern Gulf of Cadiz is characterized by SW-NE thrusts as the Gorringe (GF), Marques de Pombal (MPF), Horseshoe (HF), Portimao (PF), and Guadalquivir (GF) faults (e.g., Terrinha et al., 2003; Medialdea et al., 2004; Martínez-Loriente et al., 2018) (Figures 2, 12).
The simple shear zone along the central Gulf of Cadiz is formed by 200–315 km length, 33 km width, ENE-WSW shear zones composed of arrays of large right lateral strike-slip faults, which are linked at 10 s TWT depth assumed as the oceanic crust. Two major simple shear structures are identified (Figure 2): 1) the southern shear zone composed by a set of seafloor trace faults like the L-3, SWIM-1 (L-2), L-1 and SWIM-3 right-lateral faults.(e.g., Medialdea, 2007; Rosas et al., 2009; Zitellini et al., 2009; Bartolome et al., 2012) and the northern shear zone composed mainly by the SWIM-2 (L-4) fault (e.g. Medialdea et al., 2004; Terrinha et al., 2009; Zitellini et al., 2009). Best documented offshore historical large earthquake events (Imax > VIII) around Iberia Peninsula have occurred in 1,531, 1,356, 881, 241, and 245 BC along these shear structures in the Gulf of Cadiz (Udias, 2015).
The South Moroccan margin in the south of the Gulf of Cadiz is composed of a fold-thrust system migrating westwards and bounded to the north by the Larache right lateral strike-slip fault and to the south by the offshore prolongation of the El Jebha left lateral strike-slip fault (Figure 2). Therefore, we suggest that this fault might have acted as a link between the active submarine structures of the Gulf of Cádiz and Alborán Sea. A slight change in the orientation of the Shmax to ENE-WSW identified onshore Morocco from focal mechanisms (Pedrera et al., 2011) could explain the present inactivity of the El Jebha Fault as a left lateral strike-slip fault onshore (Figure 2).
In the Alborán Sea, the convergence between Africa and Iberia is assumed by an oblique pure shear regime forming a conjugated system (e.g., Vegas and Vázquez, 2000; Vegas et al., 2008). In the Iberian margin, the eastern Betic pure shear zone is formed by the NE-SW La Serrata-Carboneras left lateral strike-slip fault (S-CF in Figure 7) (e.g., Rutter et al., 2012; Gràcia et al., 2014), the conjugated NW-SE Maro-Nerja right lateral strike-slip fault (MF in Figure 14) (Fernández-Ibáñez et al., 2007) and the Motril-Djibouti shear zone (MDF in Figure 14) (Vázquez et al., 2018), composed by an array of near N-S dextral strike-slip faults with tensional components due to the N-S direction (Vázquez et al., 2008c).
Towards the north, the active submarine La Serrata-Carboneras fault continues onshore into the Eastern Betics through the NNE-SSW Palomares and Alhama de Murcia left lateral strike-slip faults (AMF), forming the Aguilas Arc in the eastern Betics (Figure 14) (e.g., Silva et al., 1993; Somoza, 1993).
In the African margin, the conjugated system of this pure shear system, which accommodate most of convergence, is formed by the NNE-SSW left lateral strike-slip Al Idrisi Fault System (AIFS in Figure 14) (Gràcia et al., 2019; d’Acremont et al., 2020) and the WNW-ESE Yusuf right lateral strike-slip fault (YF in Figure 14). These two conjugated faults are linked through the Alborán ridge (ARF in Figure 14), bounded by a thrust fault as response to a near NNW-SS convergence in the region (Vázquez et al., 2021a; Vázquez et al., 2021b).
Re-Activation of the Inherited Faults Along the Northwest and Southwest Iberian Margin
Besides the high record of earthquakes and tsunamis along the southern boundary of Iberia, a remarkable concentration of earthquakes can be observed, onshore and offshore, along the NW margin of Iberia. In this region, the present-day stress field caused by the convergence between Africa and Iberia is modified by the opening of the Mid-Atlantic Ridge with near E-W spreading rates up to 26 mm/yr at 43° N decreasing southwards to 24 mm/yr at 42°N (Figure 14). Short-offset transforms of the Mid-Atlantic Ridge as the Kurchatov, MARNA and Moytirra are almost 30° oblique to the direction of plate motion showing secondary strike-slip faults with N°120 trend (Figure 14) (Somoza et al., 2019). For the oceanic Iberia, especially for the northern part, the incorporation of these forces leads to a dramatic change in the stress field orientation and magnitude (Andeweg et al., 1999). Therefore, the local stress data derived from focal mechanism solutions, active faults and bore-hole breakout analysis (e.g., Stich et al., 2006; Pedrera et al., 2011; Custódio et al., 2016) of the Iberian Peninsula show a certain anticlockwise deviation of the Shmax direction from the south to north Iberia margins (Figure 14). This would explain the inversion and re-activation as thrust faults of northern oceanic seamounts as the North Jean-Charcot Seamounts (Medialdea et al., 2009b), the Coruña Seamount Fault (CRSF) and the Finisterre Seamount (FSF), which show occurrence of earthquakes reaching magnitudes between 5.6 and 5.8 (Figure 14). The northernmost system, the North Charcot structure, connects with the Ortegal strike-slip fault that splits as it enters into the continental margin forming deep incised submarine canyons and continues onshore with major active faults during the Tertiary (Meirama and As Pontes faults) (e.g, Andeweg, 2002). Both later faults are aligned with the main intraplate lineaments as the Iberic Range (LG in Figure 14). At the same time, the Cenozoic deformational structures of the Galicia Bank region (Vázquez et al., 2008a) seem to be re-activated by two faults as the East Galicia Bank Fault (EGBF) and Castelao Fault (CSF), which form a vast shear zone expressed on the seafloor as craters and tension gashes.
This northern domain is bounded by the Nazaré Fault (NzF) which runs near E-W from the Estremadura Spur to the Tore Seamount. This fault shows earthquakes with Mw between 5.3 and 5.8 and strike-slip fault solutions. This fault-plane mechanism could be explained by the relative movement propagated westwards from the Mid-Atlantic Ridge segment north of Kurchatov short-offset transform fault (Figure 14). Southwards of this boundary along the SW Iberian margin, the northwards propagation of the deformation takes place between major thrusts as the Arrabida Fault (ArrF), Gorringe (GB), Marques de Pombal (MPF) and Horseshoe Faults (HS), and along the westward prolongation of the southern Gulf of Cádiz shear zone, linked to the Gloria Fault (Figure 14).
Submarine Faults and Geodetic Constraints
The dense spatial coverage of geodetic velocities in the Iberian Peninsula and North Africa, comprising over 380 stations (Gárate et al., 2015; Palano et al., 2015), helps to understand the dynamic of the offshore submarine faults (Figure 14). Geodetic data reveals that significant deformation occurs prevailing along the southern margins of the Iberian Peninsula, from the Alborán Sea to the Gulf of Cádiz, including the Gibraltar Arc, and to a lesser extent along its W and NW margins, while on the inner parts of the Peninsula, the crustal deformation occurs locally at rates <15 nano strain/year (Palano et al., 2014). Stations located in central and northern Portugal move northwards with rates of ∼1 mm/yr (Palano et al., 2015). Along the NW margin, geodetic data evidences an E-W oriented contraction up to 55 nanostrain/year. In contrast, along the Gibraltar Arc, ∼2–5 mm/year WSW motion can be detected (Palano et al., 2014). The Al-Hoceima region (south Alboran domain, Figure 2) shows an E-W-oriented elongation up to 90 nanostrain/year, and the Alboran domain is characterized by elongation strain-rate axes WSW-ENE oriented coupled with shortening strain-rate axes of ∼25–40 nanostrain/year. Finally, along the SE Iberian margin a prevailing NNW-SSE-oriented contraction up to 30 nanostrain/year can be recognized (Palano et al., 2014). Thus, the main deformation around Iberia takes place along the southern margin (Alboran Sea-Eastern Betics), SW (Gulf of Cádiz-S Portuguese margin) and NW Iberian margins (N Portuguese and Galicia margins).
In the Alborán Sea, the NW motion up to 5 mm/yr of the stations located in the eastern Rif clearly depicts a contraction of the Alborán Sea and explain the dynamics of the Alborán indentation system and westwards escape tectonics (Chalouan et al., 2014) (Figure 14). Therefore, the Al Idrissi left lateral strike-slip fault system in the south propagates to the north into the system of the Motril-Djibouti Marginal Plateau and the La Serrata-Carboneras Fault in the north. The conjugated right-lateral system is composed of the Yusuf Fault in the south and the Averroes Fault and related system to the north (Figure 7). In SE Iberia (Eastern Betics e.g., Almería–Murcia-Alicante region), geodetic values show a deformation pattern that strongly differs from that observed for surrounding areas (Palano et al., 2015). Thus, geodetic velocities clearly show a NW-to- NE fan-shaped pattern with rates ranging from ∼3 mm/yr near the coastline to ∼0.8 mm/yr inland (Figure 14). This pattern could explain the dynamics of the Palomares and Alhama de Murcia faults as left-lateral strike-slip faults, and specially the clockwise rotation from NE to NW of the Aguilas Arc, probably forced by the confluence with NW-SE faults as the Torrevieja Fault or the Ibiza-Alicante right-lateral strike-slip faults, that continues into the South Balearic Basin and the Algerian margin.
The westward motion up to 5 mm/yr of the stations located on the central sector of the Gibraltar Arc and eastern Gulf of Cádiz could explain the activity of the South Moroccan Arc (SMA), interpreted as the most prominent thrust structure with seafloor expression (Figure 5). Otherwise, the left lateral focal mechanism of the southernmost shear structure (SGoCs) in the Gulf of Cádiz is explained by the NW motion with rates of ∼1.1 mm/yr. In contrast, stations located in the northern Gulf of Cádiz and the south Portuguese margin show NW motions with rates of ∼3 mm/yr, suggesting the re-activation of thrust faults along the SW Iberian continental margins such as the Guadalquivir Bank (GBF), Portimao (PF), Horseshoe (HF), Marques de Pombal (MPF), or Gorringe (GF) faults.
Northwards along the Atlantic margin, stations located in central and northern Portugal and Galicia region indicate northward motion with rates of ∼1 mm/yr (Figure 14). This could explain the right-lateral mechanism of the Nazaré Fault and the strike-slip mechanism of the Eastern Galicia Bank (EGBF) and Castelao (CSF) faults in the Galicia Bank region. In the NW Iberian margin, this motion could also explain the inversion of former oceanic crust seamounts as the Jean Charcot, Coruña (CRSF) and Finisterre (FSF) seamounts that could also be affected by the propagation of tectonic stress from the Mid-Atlantic Ridge.
Geodynamic Model: Oceanic Vs. Continental Iberia
Based on geodetic data, Palano et al. (2015), proposed a present-day large-scale clockwise rotation of Iberia acting as a microplate with a southern boundary at the Nubia-Eurasia convergent boundary without describing its north and northwest boundaries. According to geophysical data, the main weakness zones along the N and NW Iberia are the former boundaries between 1) the Eurasia and Iberia oceanic domains, and between 2) the Eurasia oceanic and Iberian continent domains (Figure 14). Based on our synthesis of submarine faults, we propose that the weakness zone between the Iberian and Eurasia oceanic domains is constituted by the westward prolongation of the Moytirra short offset-transform fault (SOTZ) into the Kings Trough, Azores Biscay Rise and Jean Charcot Seamounts (Figure 14). This boundary shows earthquakes higher than Mw five and links with the NW-SE Ortegal strike-slip faults. These NW-SE faults continue onshore and split into two main high seismicity zones in Galicia with earthquakes higher than Mw five and strike-slip mechanisms (Figure 14). Otherwise, based on offshore submarine faults, we suggest that the clockwise rotation of Iberia proposed by Palano et al. (2015) would only affect the Iberian Continental domain, e.g., the SW and NW margins. Westwards, deformation affecting the Iberian oceanic domain is mainly dominated by stress derived from the spreading of the Mid-Atlantic Ridge in the segment between the Azores Triple Junction and the Moytirra SOTZ with a main direction of propagation trending N-120° (Somoza et al., 2021). Furthermore, we suggest that a major left-lateral shear-zone results as consequence of the N motion of the Iberian continental domain and SE motion of the Iberia oceanic domain along the west Iberian continent-oceanic transition. This zone is characterized by the occurrence of serpentinized mantle which probably buffers the magnitude of earthquakes along this area.
CONCLUDING REMARKS
As the main conclusion of the synthesis map presented in this work, we propose that the present active submarine faults and their associated seismicity around the Iberia margins (Figure 14) can be explained by the present-day, roughly NNW-SSE compressional stress field related to the convergence between Eurasia and Africa plates. The distribution and activity of submarine faults mapped in this work from geophysical and bathymetric data are in good agreement with geodetic and seismological observations. Major deformation is located in the south Iberia margin along the Nubia-Eurasia plate boundary according to submarine fault distribution, earthquake distribution pattern and geodetic data. Nevertheless, deformation is also focused in the NW Iberian margin. We suggest that deformation in this area is derived from the westward motion of the Iberian oceanic domain due to differential spreading rates of the MAR and the clockwise rotation of Iberian continental domain with respect to stable Eurasia proposed by Palano et al. (2015). This interaction takes place over a crustal weakness zone that corresponds to the transition between the oceanic and the continental Iberian crusts.
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Multi-channel seismic reflection and sub-bottom profiling data reveal landward-dipping normal faults as potential conduits for mantle-derived fluids in the coseismic slip area of the 2011 Tohoku earthquake (Mw9.0). Normal faults below the helium isotope anomaly sites appear to develop through the forearc crust (i.e., the seafloor sedimentary section and Cretaceous basement) and to evolve to lower dip angles as extension progresses deeper, potentially extending down to the mantle wedge, despite their intermittently continuous reflections. The faults are characterized by high-amplitude, reverse-polarity reflections within the Cretaceous basement. Moreover, deep extension of the faults connecting to a low-velocity region spreading from the Cretaceous basement into the mantle wedge across the forearc Moho suggests that the faults are overpressured by local filling with mantle-derived fluids. The locations of the normal faults are roughly consistent with aftershocks of the 2011 Tohoku earthquake, which show normal-faulting focal mechanisms. The 2011 Tohoku mainshock and subsequent aftershocks can lead the pre-existing normal faults to be reactive and more permeable so that locally trapped mantle fluids can migrate up to the seafloor through fault fracture zones. The reactivated normal faults may be an indicator of shallow coseismic slip to the trench. Locally elevated fluid pressures can decrease the effective normal stress for the fault plane, facilitating easier slip along the fault and local tsunami. The landward-dipping normal faults developing from the seafloor down into the Cretaceous basement are predominant in the middle slope region of the forearc. A possible shear zone with high-amplitude, reverse-polarity reflections above the plate interface, which is almost localized to the middle slope region, suggests more intense basal erosion of the overlying plate in that region.
Keywords: fluid migration, seismic reflection, normal fault, shallow coseismic slip, basal erosion
INTRODUCTION
Large megathrust earthquakes along subduction zones pose seismic and tsunami threats to densely populated coastal cities. Many megathrust earthquakes and tsunamis have occurred in the Japan Trench margin (Figure 1) where the Pacific plate subducts beneath the northeast Japan arc (i.e., the Okhotsk plate) at a convergence rate of 8.6 cm/yr (DeMets et al., 1990; Yamanaka and Kikuchi, 2004). The forearc region of the Japan Trench margin is typically characterized by extensional subsidence and normal faults associated with tectonic or basal erosion (i.e., removal of material from the base of the overlying plate), which results from the subduction of the Pacific plate (von Huene and Lallemand, 1990). Coseismic rupture of the 2011 Tohoku earthquake (Mw9.0) nucleated at a depth of approx. 20 km has propagated along the shallow plate-boundary fault nearly all the way to the trench, yielding powerful tsunami waves (e.g., Ide et al., 2011; Iinuma et al., 2012). Pore fluid pressure along the plate interface (i.e., plate-boundary fault) might play an important role in the occurrence of large megathrust earthquakes (e.g., El Hariri et al., 2010). Helium isotopes are useful for elucidating fluid behavior. They might provide crucially important information about the source of interplate fluids. Geochemical evidence points to a sharp increase in mantle-derived helium in bottom seawater near the rupture zone 1 month after the 2011 Tohoku earthquake (Sano et al., 2014). Taking account of the locations (sites N3, N2, N1, and R in Figure 1) of helium isotope anomaly, mantle-derived fluids are believed to have migrated from the mantle wedge up to the forearc seafloor through the normal faults. However, the geometry and characteristics of the normal faults as fluid conduits remain poorly understood despite many earlier seismic reflection studies (e.g. Kodaira et al., 2017; Tsuru et al., 2000; Tsuru et al., 2002; von Huene et al., 1994). Moreover, structural features related to basal erosion causing the normal faulting are less documented.
[image: Figure 1]FIGURE 1 | Bathymetry map of the Japan Trench margin off northeast Japan. The Pacific plate subducts beneath the Okhotsk plate (northeast Japan) at a convergence rate of 8.6 cm/yr (DeMets et al., 1990). Heavy blue, black dotted, and red dotted lines respectively mark MCS lines D6 and D13 (this study), OBS line MY102 (Miura et al., 2005), and seismic tomography line B (Liu and Zhao, 2018). Four black triangles mark helium isotope anomaly sites (Sano et al., 2014): sites N3, N2, N1, and R from west to east. The 2011 Tohoku (Mw9.0) coseismic slip model with colors and thin blue contours is given by Iinuma et al. (2012). The red star denotes the mainshock epicenter of the 2011 Tohoku earthquake. Centroid moment tensors (CMTs) for aftershocks of the 2011 Tohoku event within the overlying Okhotsk plate (Asano et al., 2011) are displayed around the MCS and OBS lines. Green circles show DSDP site numbers of 434–441 (Nasu et al., 1980).
As described herein, we present seismic reflection images of large-scale normal faults as mantle-fluid conduits potentially across the entire forearc crust and a shear zone associated with basal erosion in the coseismic slip region of the 2011 Tohoku earthquake. Furthermore, we discuss fluid migration processes along normal faults, implications of normal faults for shallow coseismic slip, and basal erosion in the forearc crust of the Japan Trench margin.
SEISMIC REFLECTION DATA AND INTERPRETATION
Multi-channel seismic (MCS) reflection data on approximately 175-km-long line D6 (Figure 1) were acquired by R/V Kairei of the Japan Agency for Marine–Earth Science and Technology (JAMSTEC) in May 2011, immediately after the Tohoku earthquake (Mw9.0). For deep-penetration seismic imaging, a large air-gun array (total volume approx. 128 L) was used as the controlled sound source. The MCS data were collected with a 50 m shot interval and were recorded with an approx. 6,000 m, 444-channel streamer with 12.5 m group spacing. We applied conventional MCS data processing techniques including trace editing, band-pass filtering, spherical divergence correction, signature deconvolution, multiple suppression by parabolic radon transforms, and common midpoint (CMP) sorting to obtain pre-conditioned CMP gathers for which the relative amplitudes are preserved. Using the CMP gathers, we developed P-wave interval velocity models with a layer stripping method and Kirchhoff pre-stack depth migration (PSDM) velocity analysis (Yilmaz, 2001). Velocity data from ocean-bottom seismograph (OBS) wide-angle seismic refection and refraction survey (Miura et al., 2005) on line MY102 (Figure 1) guided the PSDM velocity model building. We performed grid-based traveltime tomography to refine the PSDM velocity model. Both the final PSDM profile and P-wave interval velocity model are shown in Figure 2 and Supplementary Figure S1. To support the quality of the migration at depth, we present PSDM gathers and their semblance plots at several CMPs (Supplementary Figure S1). Additionally, we have conducted 3.5 kHz sub-bottom profiling (SBP) during the R/V Shinsei-maru cruise (KS-16-17) in November 2016 to obtain high-resolution seismic images on sites of a helium isotope anomaly that was reported by Sano et al. (2014).
[image: Figure 2]FIGURE 2 | Pre-stack depth migrated (PSDM) seismic profile, interpretation, and Vp model for the PSDM on line D6. (A) Uninterpreted PSDM profile. Locations of the helium isotope anomaly sites (Sano et al., 2014) are displayed: N3, N2, N1, and R. (B) Interpreted PSDM profile. The red star marks the hypocenter of the 2011 Tohoku mainshock (Mw9.0). Normal and reverse faults are denoted respectively by thin blue and red lines. A thin red line below site N3 in the middle slope region marks the SBP line depicted in Figure 3. It is noteworthy that landward-dipping normal faults (thick blue F1 and F2 below sites N3 and N2, respectively) and a potential shear zone (thick pink) develop in the middle slope region. Thin black, red, and blue dotted boxes are enlarged respectively in Figure 4, Figure 5, and Figure 7. (C)Vp model overlaid by the PSDM profile.
General Interpretation
On the PSDM profile of line D6 (Figures 2A,B), we observe a bright reflector at the topmost oceanic crust (i.e., plate interface) of the Pacific plate subducting beneath the overlying Okhotsk plate, which can be traceable to more than 100 km landward from the Japan Trench axis and down to approx. 21 km depth from the sea surface. The seaward Pacific plate is characterized by many horst and graben structures with normal faults. A strong reflector of oceanic Moho discontinuity, which is observed beneath the oceanic crust before subduction, is also observed even after subduction of the Pacific plate, up to more than 100 km landward from the Japan Trench axis. We identify prominent reflections located at a maximum of approx. 2 km above the plate interface from the CMP 14000 to 20500, which might be interpreted as a shear-zone associated with plate subduction (Figure 2B).
The seafloor morphology suggests that the overlying plate is divisible into three domains from west to east: upper, middle, and lower slope regions. Figure 1 shows that the plate interface in the upper to lower slope regions on the PSDM profile of line D6 was ruptured completely during the 2011 Tohoku event (e.g., Iinuma et al., 2012). Based on seismic reflection characteristics and Deep Sea Drilling Project (DSDP) drilling results (Nasu et al., 1980), the overlying plate is divided simply into two seismic units (e.g., Kimura et al., 2012; Tsuru et al., 2000; von Huene et al., 1994) from top to bottom: Unit A of Recent to Miocene sediments overlies Unit B of the Cretaceous basement (Figure 2B). A bright reflector between Units A and B is interpreted as an erosional unconformity distinguishing the Miocene sediments from the Cretaceous basement. The Pleistocene accretionary prism, composed mainly of pelagic sediments that were conveyed from subducting Pacific plate, is localized immediately landward of the Japan Trench. Whereas many normal faults develop in the upper and middle slope regions, reverse faults are localized in the lower slope region. A mantle wedge is identified in the upper slope region. We observe a reflector with low amplitude of arc Moho landward from CDP 21000 at approx. 21 km depth. Its location is guided by P-wave velocity (Vp) models from ocean bottom seismograph (OBS) survey on line MY102 (Miura et al., 2005) (Figure 1). Similar arc Moho reflection is observed at approx. 21 km depth on another PSDM profile of line D13 (Figure 1 and Supplementary Figure S2) which is about 65 km north away from line D6.
Normal Faults Below Mantle Helium Anomaly Sites
On the high-resolution SBP profile (Figure 3) close to mantle helium isotope anomaly site N3 (Sano et al., 2014) around CMP 17500 on the MCS line D6 (Figure 2B), one can observe a subsidence structure in the hanging wall of the landward-dipping normal fault “F1.” A well-stratified sedimentary sequence below the seafloor is clearly cut by normal fault F1, suggesting that the fault remains active. The PSDM profile of line D6 supports investigation of the deep extension of the normal fault F1. Figure 2B and Figure 4 show that it cuts the top of the Cretaceous basement (Unit B) as well as the overlying Recent to Miocene sedimentary layer (Unit A). Normal fault F1 with an approx. 50° dip within the sedimentary layer (Unit A) appears to evolve to lower dip angles within the Cretaceous basement (Unit B) as extension progresses deeper (i.e, approx. 20° dip at ∼10 km depth and approx. 17° dip at ∼20 km depth), eventually down to the mantle wedge at approx. 21 km depth. The approx. 70-km-long normal fault F1 exhibits fault offsets of approx. 50 m averaged over the entire sedimentary section (approx. 1.2 km thick) and approx. 200 m at the top of the Cretaceous basement (Figure 4 and Supplementary Figure S3A), implying that normal faulting has been reactivated many times and that it remains active. Fault F1 is also identified on another PSDM profile of line D13 (Supplementary Figure S2).
[image: Figure 3]FIGURE 3 | High-resolution SBP profile and interpretation around site N3. Location of the SBP profile (∼11 km long) is presented in Figure 2B. (A) Uninterpreted SBP profile. (B) Interpreted SBP profile. Heavy blue dotted line marks a landward-dipping normal fault (F1). It is noteworthy that displacement of a stratified sedimentary sequence (in red) below the seafloor and subsidence structure in the hanging wall block, which are caused by normal faulting.
[image: Figure 4]FIGURE 4 | Enlarged PSDM section on line D6 and its interpretation showing landward-dipping normal faults of F1 and F2 in the middle slope region. Location of the section is presented in Figure 2B. (A) Uninterpreted PSDM section. High-amplitude, reverse-polarity reflections (black–red–black) of the normal faults F1 and F2, compared with seafloor reflection (red–black–red), suggesting high pore pressure of the fault zones. Close-up figures (thin blue boxes) of the faults F1 and F2 at shallow depth are shown in Supplementary Figures S3A,B, respectively. (B) Interpreted PSDM section. Most normal faults cut down the Cretaceous erosional unconformity.
Normal fault F1 shows high-amplitude, reverse-polarity reflections at depths of ∼5, ∼7, ∼10, ∼12, and ∼20 km (Figure 4 and Figure 5), which are caused by a decrease in acoustic impedance (velocity × density) across the fracture zone of the fault, apparently indicating a fluid-rich and consequently overpressured section along the fault. In fact, fluid pressures influence the effective stress state acting on the fault zone (e.g., Hubbert and Rubey, 1959). An increase in fluid pressure, because of hydrofracture or dilation within the fault zone, would cause decreases in effective stress and Vp, and therefore, a subsequent reversal of acoustic impedance across the fault (e.g., Tobin et al., 1994), resulting in the reverse-polarity reflection. The deep portion of fault F1 from approx. 12 km down to approx. 22 km depth is spatially correlated with a low Vp zone from seismic tomography (Liu and Zhao, 2018) on line B (Figure 1 and Figure 6) using suboceanic earthquakes. The low Vp zone suggests that the fault fracture zone is potentially filled with fluids, although it cannot be verified from PSDM velocities derived from near-vertical MCS data. Considering the geometry by which the low Vp zone extends into Unit B from the mantle wedge and includes the deep portion of fault F1, we infer that mantle-derived helium at site N3 originated from the mantle wedge and migrated through fault F1, eventually reaching the seafloor at site N3. The mantle wedge fluids might result from dehydration reactions of the subducting Pacific slab (Zhao et al., 2015).
[image: Figure 5]FIGURE 5 | Enlarged PSDM section on line D6 and its interpretation showing deep extension of the landward-dipping normal fault F1 in the middle slope region. The section location is presented in Figure 2B. (A) Uninterpreted PSDM section. Reverse-polarity reflections (black–red–black) of fault F1. (B) Interpreted PSDM section.
[image: Figure 6]FIGURE 6 | P-wave tomographic image (Liu and Zhao, 2018) along the profile B (Figure 1). Fault interpretations (Figure 2B) on the PSDM profile of line D6 are shown in red box. The red star marks the hypocenter of the 2011 Tohoku mainshock (Mw9.0).
We observe another landward-dipping normal fault “F2” below mantle helium anomaly site N2 (Sano et al., 2014) around CMP 14500 on the MCS line D6 (Figure 2B and Figure 4). Normal fault F2 cuts the top of the Cretaceous basement (Unit B) as well as the overlying Recent to Miocene sedimentary layer (Unit A). Normal fault F2 with an approx. 52° dip within the sedimentary layer (Unit A) appears to evolve to a lower dip angle of approx. 12° dip at approx. 8 km depth within the Cretaceous basement (Unit B) as extension progresses deeper. Taking into account the geometry fault F2, the depth extension of fault F2 appears to converge into fault F1 at approx. 17 km depth rather than into either the plate interface or the mantle wedge. The approx. 60-km-long normal fault F2 exhibits fault offsets of approx. 30 m averaged over the entire sedimentary section (approx. 1.5 km thick) and approx. 100 m at the top of the Cretaceous basement (Figure 4 and Supplementary Figure S3B), implying that normal faulting has been reactivated many times and that it remains active. Fault F2 is also identified on another PSDM profile of line D13 (Supplementary Figure S2).
Similar to fault F1, normal fault F2 shows a high-amplitude, reverse-polarity reflection at approx. 8 km depth (Figure 4), suggesting a fluid-rich and therefore overpressured section along the fault. Considering the reverse polarity of both faults, their geometry and the presence of mantel-derived helium at site N2, we interpret that fluids migrate upward from the mantle-wedge through F1 and F2 to the surface. When we project aftershocks of the 2011 Tohoku mainshock (Figure 1) on the MCS profile of line D6, many normal-fault-type aftershocks (Mw2 to Mw5) within the overlying plate are widely distributed in the upper and middle slope regions, suggesting reactivations of faults F1 and F2 after the 2011 mainshock.
We also observe several landward-dipping normal faults around mantle-helium anomaly sites N1 and R (Sano et al., 2014), respectively, around CMP 12000 and 9,000 on MCS line D6 (Figure 2B). However, we cannot identify deep extensions of faults within Unit B, probably because of insufficient seismic resolution to image the faults or little contrast in acoustic impedance across the deep fault.
DISCUSSION
Fluid Migration Along Active Normal Faults
We identify two landward-dipping normal faults F1 and F2 below the mantle-helium isotope anomaly sites N3 and N2, respectively, which extend into the Cretaceous basement and which potentially reach the mantle wedge. Mantle-derived helium is inferred to ascend through the normal faults as potential fluid conduits, eventually producing mantle helium isotope anomaly near the seafloor (Sano et al., 2014). Significant change of the mantle helium isotope anomaly after the 2011 Tohoku earthquake suggests that faults F1 and F2 are associated with coseismic rupture propagation (e.g., Ide et al., 2011; Iinuma et al., 2012) from the mantle wedge to the near trench and thus the episodic forearc extension during the 2011 Tohoku event. Postseismic wedge-stress relaxation might help normal faults to maintain their activities. Two scenarios can be regarded as explaining mantle fluid migration along normal faults F1 and F2: 1) mantle fluid migration following large-scale normal faulting through the entire forearc crust; 2) migration of mantle fluids locally trapped at shallow depth.
Because a fault zone with weak coupling is prone to dilate at a seismic slip (e.g., Boulton et al., 2017), aftershocks with normal-faulting focal mechanisms, which follow the mainshock (Mw9.0), might help the normal faults (i.e., fluid conduits) to remain dilated or reactivated, allowing fluid migration along the faults from the mantle wedge. Mainshocks (i.e., “breakthrough” events) that rupture along the shallow megathrust to near the trench have greater diversity of intraplate aftershock faulting (i.e., focal mechanism and spatial distribution) than events with rupture confined to deeper portions of the megathrust (Wetzler et al., 2017). The breakthrough ruptures essentially decouple the subducting plate from the overlying plate, removing the time-varying confining regional compression and allowing activation of diverse intraplate faulting mechanisms, including outer rise normal faulting associated with plate bending stresses (e.g., Christensen and Ruff, 1988) and intraslab faulting associated with slab pull (e.g., Lay et al., 1989) and overlying plate extensional and strike-slip faulting. In fact, many normal-fault-type aftershocks were observed widely in the overlying plate and on the outer rise of the Pacific plate immediately after the 2011 Tohoku mainshock (Asano et al., 2011). These aftershocks might have been attributable to the breakthrough rupture involving shallow rupture of the 2011 Tohoku megathrust with volumetrically extensive elastic strain drop around the plate boundary that allows activation of diverse intraplate faulting (Wetzler et al., 2017). The locations of the normal faults F1 and F2 are roughly consistent with the 2011 Tohoku earthquake aftershocks, which demonstrate the normal-faulting focal mechanisms (Figure 1). If such a large-scale normal fault from the seafloor down to the mantle wedge were reactivated, then at least M7-class aftershocks could have occurred immediately after the 2011 Mw9.0 event. However, such a large aftershock with a normal-faulting focal mechanism was not observed in the overlying plate (e.g., Asano et al., 2011), implying only a low probability of this case.
Alternatively, the fluid might migrate along the normal faults up to the upper part of the Cretaceous basement. Then it might be locally trapped during earlier coseismic and interseismic periods, as suggested by high-amplitude, reverse-polarity reflections (Figure 4) of normal faults within Unit B. The 2011 Tohoku mainshock and subsequent aftershocks can lead pre-existing normal faults to be reactive, more porous, and permeable such that the trapped fluids are easily migrated up to seafloor along the faults. Neighboring normal faults close to faults F1 and F2 can facilitate fluid migration, resulting in high 3He flux and a maximum excess 3He at sites N3 and N2 (Sano et al., 2014). Considering the anomalously high speed (approx. 4 km a day) of fluid migration through the entire fault conduit (Sano et al., 2014), which is much faster than that estimated from pressure-gradient propagation (e.g., Bourlange and Henry, 2007), the latter case is more likely to be accepted.
Volcanism is expected to be a major route to carry such mantle helium to Earth’s surface (Sano and Fischer, 2013). In the forearc region without volcanoes, mantle wedge fluids, resulted from the dehydration reactions of the subducting Pacific slab (Zhao et al., 2015), might carry mantle-derived helium to the seafloor so that the excess 3He is contained in bottom seawater (Sano et al., 2014). The slight 3He/4He anomaly at sites N3 and N2 revisited in 2016 (Escobar et al., 2019) suggests that the normal fault, as a fluid conduit, appears to be currently inactive and sealed. Precipitation of minerals such as calcite and phyllosilicates during the interseismic period may have sealed the fault zone (e.g., Boulton et al., 2017).
Implications of Normal Faults for Shallow Coseismic Slip
In general, normal and reverse faults can cause vertical displacement of the seafloor to push water columns upwards, eventually producing tsunami waves. Compared with tsunami waves created by thrust or reverse faults (e.g., the 2011 Tohoku earthquake and tsunami), tsunami waves by normal faults are less common in subduction zones. Nevertheless, they do occur in such places as the outer rise of the subducting plate during the 1933 Sanriku (Kanamori, 1971), 2007 Kuril (Ammon et al., 2008), and 2009 Samoa (Lay et al., 2010) earthquakes. Based on heat flow, seafloor observations, and MCS data, Tsuji et al. (2013) proposed that landward-dipping normal faults ruptured around site N1 during the 2011 Tohoku event might detach the seaward frontal crust (i.e., foot wall block) from the landward crust (i.e., hanging wall block) and then drive the foot wall block to move toward the trench (i.e., horizontal motion of the seafloor), promoting shallow coseismic slip and subsequent tsunami generation (McKenzie and Jackson, 2012). That is a similar mechanism to those occurring in the northern Japan Trench (Tanioka and Seno, 2001) and Nankai Trough (Park et al., 2010). However, there is little evidence to support that normal faults F1 and F2 ruptured entirely around sites N3 and N2 during the 2011 Tohoku event and thus generated such a horizontal motion of the seafloor. Alternatively, the potentially reactivated faults F1 and F2 may be an indicator of coseismic rupture propagation to the trench, because forearc extension is expected in the overlying plate when earthquake rupture propagates to shallow depths (e.g., Li et al., 2014; Xu et al., 2016; Bécel et al., 2017). Assuming that the ∼5-m-high fault (F1) scarp observed at the seafloor on the SBP profile (Figure 3) is associated with large megathrust earthquakes including the 2011 Tohoku event and also develops continuously from MCS lines D6 to D13, the reactivated normal fault F1 might have produced vertical displacement of the seafloor near the fault and thus could have enhanced the local tsunami, even though this effect might be much smaller than the shallow coseismic slip. When the mantle wedge fluids enter active faults in the forearc crust, the fault-zone friction is reduced (Zhao et al., 2015). More specifically, the fluids trapped along normal faults F1 and F2, can somewhat increase the pore fluid pressure of the faults because the high-amplitude, reverse-polarity reflections are localized (Figure 4). Locally elevated fluid pressures might decrease the effective normal stress for the fault plane, facilitating easier slip of the fault and local tsunami generation.
Basal Erosion in the Middle Slope Region
Forearc extensional subsidence and normal faults caused by basal erosion are common in many convergent plate margins such as the Peru Trench (von Huene and Lallemand, 1990), Japan Trench (von Huene et al., 1994; Tsuru et al., 2002), and Costa Rica margin (Ranero and von Huene, 2000). Wang et al. (2011) proposed that shallow basal erosion might occur during large interplate earthquakes. Then the extension field can be formed on the forearc during interseismic wedge-stress relaxation periods. Based on seafloor observations and MCS data obtained for the Japan Trench forearc (Arai et al., 2014; Tsuji et al., 2013), those studies suggest that the episodic forearc extension and subsidence accompanied by normal faulting have occurred during coseismic events (e.g., the 2011 Tohoku earthquake). On the PSDM profile of line D6, one can identify many normal faults developing in the upper and middle slope regions. High-amplitude, reverse-polarity reflections located at a maximum of approx. 2 km above the plate interface appear to run roughly parallel to the plate interface in the middle slope region (Figure 2B, Figure 7), leading us to interpret that those reflections indicate a shear zone associated with plate subduction processes such as basal erosion. The maximum of approx. 2-km-thick material eroded from the base of overlying plate tends to thin (approx. 0.5 km) up-dip. Its down-dip extension is not clear, probably because of insufficient seismic resolution. Seismic records show a similar structure (so-called megalens) at the base of Middle America convergent margin, which suggests basal or subduction erosion (Ranero and von Huene, 2000). The high-amplitude, reverse-polarity reflections of the shear zone on the PSDM profile of line D6 suggest the presence of overpressured fluids. The base of the overlying plate is hydrofractured (e.g., von Huene et al., 2004). Consistent with potentially fluid-filled shear zone showing reverse-polarity reflections is an argument that basal erosion occurs in a low-stress environment in which fluid pressure is elevated (Le Pichon et al., 1993). Most reflections from the shear zone parallel to the plate interface appear to localize in the middle slope region where more normal faults develop, implying more intense basal erosion in the middle slope region than in upper or lower slope regions. Kimura et al. (2012) estimated a lower interplate friction (μ′ < 0.03) for the middle slope region than for the upper (0.03) and lower (0.08) slope regions respectively, which shows good agreement with our inference. It is not clear whether the 2011 Tohoku earthquake was necessarily nucleated at the basal shear zone with high-amplitude, reverse-polarity reflection (Figure 2B, Figure 7), even though its hypocenter is roughly located at the shear zone. However, fluid ovepressure in basal shear zones of the overlying plate may have favored the rupture of the 2011 Tohoku event. This hypothesis can be tested by a further investigation such as full-waveform inversion (e.g., Jamali Hondori et al., 2021) of longer-offset (>10 km) seismic reflection data, which would provide high-resolution Vp data and thus accurate pore-fluid pressures along the basal shear zone.
[image: Figure 7]FIGURE 7 | Enlarged PSDM section on line D6 and its interpretation showing a possible shear zone in the middle slope region. The section location is presented in Figure 2B. (A) Uninterpreted PSDM section. High-amplitude, reverse-polarity reflections (black–red–black) of the shear zone (thick pink) above the top of oceanic crust. (B) Interpreted PSDM section. The red star marks the hypocenter of the 2011 Tohoku earthquake (Mw9.0).
CONCLUSION

A) The pre-stack depth migrated profile and sub-bottom profiling data reveal landward-dipping normal faults as potential conduits for mantle-derived fluids in the coseismic slip area of the 2011 Tohoku earthquake (Mw9.0). Deep extension of the faults, characterized by high-amplitude and reverse-polarity reflections, connect to a low-velocity region spreading from the Cretaceous basement into the mantle wedge across the forearc Moho, suggesting that the faults are locally filled with mantle-derived fluids and that they are therefore potentially overpressured.
B) The 2011 Tohoku mainshock and subsequent aftershocks can lead the pre-existing normal faults to be reactive and more permeable so that the locally trapped mantle fluids can readily migrate up to the seafloor through the fracture zone of the faults.
C) The reactivated normal faults may be an indicator of shallow coseismic slip to the trench, because forearc extension is expected in the overlying plate when earthquake rupture propagates to shallow depths. Locally elevated fluid pressures can decrease the effective normal stress for the fault plane, facilitating easier slip along the fault and local tsunami.
D) We identified a possible shear zone with high-amplitude, reverse-polarity reflections above the plate interface, which is almost confined to the middle slope region, suggesting more intense basal erosion of the overlying plate in that region.
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Active Faulting in Lake Constance (Austria, Germany, Switzerland) Unraveled by Multi-Vintage Reflection Seismic Data
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Probabilistic seismic hazard assessments are primarily based on instrumentally recorded and historically documented earthquakes. For the northern part of the European Alpine Arc, slow crustal deformation results in low earthquake recurrence rates and brings up the necessity to extend our perspective beyond the existing earthquake catalog. The overdeepened basin of Lake Constance (Austria, Germany, and Switzerland), located within the North-Alpine Molasse Basin, is investigated as an ideal (neo-) tectonic archive. The lake is surrounded by major tectonic structures and constrained via the North Alpine Front in the South, the Jura fold-and-thrust belt in the West, and the Hegau-Lake Constance Graben System in the North. Several fault zones reach Lake Constance such as the St. Gallen Fault Zone, a reactivated basement-rooted normal fault, active during several phases from the Permo-Carboniferous to the Mesozoic. To extend the catalog of potentially active fault zones, we compiled an extensive 445 km of multi-channel reflection seismic data in 2017, complementing a moderate-size GI-airgun survey from 2016. The two datasets reveal the complete overdeepened Quaternary trough and its sedimentary infill and the upper part of the Miocene Molasse bedrock. They additionally complement existing seismic vintages that investigated the mass-transport deposit chronology and Mesozoic fault structures. The compilation of 2D seismic data allowed investigating the seismic stratigraphy of the Quaternary infill and its underlying bedrock of Lake Constance, shaped by multiple glaciations. The 2D seismic sections revealed 154 fault indications in the Obersee Basin and 39 fault indications in the Untersee Basin. Their interpretative linkage results in 23 and five major fault planes, respectively. One of the major fault planes, traceable to Cenozoic bedrock, is associated with a prominent offset of the lake bottom on the multibeam bathymetric map. Across this area, high-resolution single channel data was acquired and a transect of five short cores was retrieved displaying significant sediment thickness changes across the seismically mapped fault trace with a surface-rupture related turbidite, all indicating repeated activity of a likely seismogenic strike-slip fault with a normal faulting component. We interpret this fault as northward continuation of the St. Gallen Fault Zone, previously described onshore on 3D seismic data.
Keywords: coring, earthquakes, seismic hazard, seismic stratigraphy, active faults, glacial overdeepening, turbidites, Molasse basin
INTRODUCTION
In intraplate environments with low crustal deformation rates such as in the North Alpine Front area (e.g., Houlié et al., 2018), current probabilistic seismic hazard assessments are primarily based on historically documented and instrumentally recorded earthquakes (Wiemer et al., 2009), especially since documentation of active faults is sparse. The earthquake catalogue of Switzerland (e.g., Fäh et al., 2011) builds such a basis for hazard assessment, covering a time span of roughly 1,000 years with ∼20,000 events. The limited temporal coverage of instrumentally recorded and historically reported events motivates the approach to use primary and secondary paleoseismic evidence, known as on- and off-fault records, respectively, and to expand the time span of the existing database. Such “paleoseismic” data aim at documenting prehistoric earthquakes throughout the Holocene and Late Pleistocene, reflecting recent tectonic activity and characterizing location, timing, and size of events (McCalpin and Nelson, 2009).
In recent years, large efforts have been made to overcome the limited time span of historically documented and instrumentally recorded earthquakes in the Alps by the investigation of secondary evidence such as earthquake-triggered subaquatic mass movements and their related turbidites (Becker et al., 2002; Schnellmann et al., 2002; Monecke et al., 2004; Kremer et al., 2015b; Sammartini et al., 2021) and small-scale in situ deformation features (e.g., liquefaction structures, micro-faults, mushroom-like intrusions) in lake sediments (Rodriguez-Pascua et al., 2000; Monecke et al., 2004; Schnellmann et al., 2006). Despite this convincing off-fault evidence suggesting several strong earthquakes and several distinct phases of increased activity between 300–600, 1,400–1700, 2,200–2,500, 3,000–3,600, 6,200–7,000 and at around 9,500–9,900 calibrated years before present in the Alpine realm, there is a general absence of known seismogenic fault structures with clear surface ruptures supporting these observations (Kremer et al., 2020). Their identification is absolutely vital though to minimize uncertainties associated with the calculated recurrence time of strong earthquakes. In recent years, paleoseismological research has provided a wealth of information about paleoseismicity (Michetti et al., 2005), but is often related to the successful identification of specific events on recognized active faults (Strasser et al., 2013). To this date, indications for Quaternary tectonic deformations in the Alpine foreland are subtle and distinct traces of significant Quaternary movements, such as offset post-glacial features or topographic displacements, are rare (Wiemer et al., 2009; Madritsch et al., 2010; Strasser et al., 2013). Only few successful identifications of primary evidence in active fault systems within Switzerland have been reported (Ustaszewski et al., 2007; Kremer et al., 2020), such as the identified active normal fault near the eastern edge of the Upper Rhine Graben, identified by geomorphological and geophysical analysis, supplemented by six trenches at two different sites (Meghraoui, 2001), or the roughly 4 km long strike-slip fault crossing the shoreline of Lake Thun (Fabbri et al., 2017). This is mostly due to three factors, 1) high erosion rates in the Alpine region and strong landscape modifications by glacio-fluvial processes in the Alpine foreland, 2) pervasive anthropogenic landscape modification (Ustaszewski et al., 2007) and 3) a minimum threshold of moment magnitude that needs to be exceeded in order to create surface rupture (Wells and Coppersmith, 1994; Stirling et al., 2002). The first two factors can be addressed by focusing on almost erosion free environments, such as perialpine lakes. The latter factor requires imaging the subsurface spatially densely to various depths, so that the investigated time span is expanded to several thousand years. This guarantees the required vertical and lateral resolution, increasing the likelihood of discovering the roots of high-magnitude events offsetting lacustrine sediments. However, the confirmation of on-fault evidence is often solely possible via a multidisciplinary approach combining information from geophysical (e.g., seismic, electromagnetic, radar data), geomorphological (bathymetric, lidar, satellite imagery) and geological (outcrop, core, geochemical analysis) independent datasets (Fabbri et al., 2017; Oswald et al., 2021). Hence, only few study sites in lacustrine settings showed on-fault paleoseismic evidence documenting active faulting in the Alpine realm, such as Lake Garda (South of the Alps in northern Italy) with mass-movement deposits and seismo-turbidites close to interpreted active tectonic deformations (Gasperini et al., 2020), Lake Le Bourget (northwestern French Alps) with Riedel-like expressions of Quaternary deformation in the Holocene sediments related to onshore strike-slip faults (de La Taille et al., 2015), or inner-alpine Lake Achensee (eastern Austrian Alps) with offset postglacial sediment infill unraveled by multiple, coeval mass wasting deposits (Oswald et al., 2021). The predominantly accumulative character and high preservation potential of Lake Constance (Austria, Germany, and Switzerland, inset Figure 1) may serve as an ideal laboratory to unravel existing fault structures and lake-bottom offsets.
[image: Figure 1]FIGURE 1 | Tectonic overview of the Lake Constance area with bathymetric map superimposed (Wessels et al., 2015). The moraine crests are derived from swisstopo (2005a). Fault compilation from tectonic map (swisstopo, 2005b), geologic vector dataset (swisstopo, 2017), onshore seismic, and field mapping (Heuberger et al., 2016). The fault mapping from offshore seismic data is marked as yellow and black dashed lines. Moment magnitudes of historically documented and instrumentally recorded earthquakes are shown. The 2019 earthquake swarm on the peninsula is marked as red circles. Maximum horizontal stress directions are from Heidbach et al. (2018). OB: Obersee Basin, UEB: Überlinger Basin, UB: Untersee Basin. Fault names are given in Supplementary Table S1. Coordinate system is swiss grid CH 1903+/LV95. Inset shows elevation data created from SRTM one Arc-Second (courtesy of the United States, Geological Survey), the extent of the figure and borders of neighboring countries, as well as earthquakes with moment magnitude ≥5 in a radius of 100 km (red circles, ECOS-09) and moment magnitude ≥4.5 in a radius of 80 km around the Lake Constance region within the time period 1880–1925 (black dots, ECOS-09). Profile A: NE-SW simplified tectonic cross section. Different Molasse units are not shown for readability. Profile B: NW-SE simplified tectonic cross section. The extent of the St. Gallen 3D seismic onshore survey is indicated (Heuberger et al., 2016). USM: Lower Freshwater Molasse, OMM: Upper Marine Molasse, OSM: Upper Freshwater Molasse.
In Lake Constance, we conducted a high-resolution multi-channel seismic pilot-survey with a moderate-sized airgun in 2016 that revealed the complete Quaternary overdeepened trough and its sedimentary infill and the upper part of the Molasse bedrock, including a bedrock-rooting and Holocene sediment-offsetting fault structure. This motivated us to conduct a new seismic survey on Lake Constance to image the deeper subsurface of the perialpine lake to greater detail and depth by complementing and densifying the existing grids with a slightly modified setup. The airgun survey was carried out to build a database that enables us to 1) seismically image the deep subsurface to the Cenozoic strata below the lake, 2) document the morphology and the infilling stratigraphy of the Quaternary trough shaped by multiple glaciations, 3) map shallow fault structures, observed in Quaternary deposits, but likely rooting in stratigraphically deeper bedrock and correlate them to offshore fault systems and 4) identify recently (Holocene) active faults and characterize them with high resolution single channel seismic data and short core transects.
Geological Setting, Present Stress Field and Seismicity
The sedimentary subsurface of trinational Lake Constance has been studied intensively (e.g., Müller and Gees, 1968; Niessen et al., 1990; Wessels, 1998; Wessels et al., 2010). Lake Constance was a typical oligotrophic, perialpine lake until the beginning of the 20th century, when it turned eutrophic (Wessels et al., 1999; Hanisch et al., 2009). Most of the detrital material is delivered by its primary inflow the Alpine River Rhine (Wessels, 1998). The glacially overdeepened Lake Constance (Preusser et al., 2010) covers an area of ∼540 km2 with a total volume of ∼50 km3 and a maximum water depth of 251.1 m relative to a longterm reference level of 395.3 m a.s.l. at Constance (Wessels et al., 2015). The lake is divided into Lower Lake Constance (Untersee Basin, UB) and Upper Lake Constance which is further separated in Obersee (OB) and Ueberlingen Basin (UEB, Figure 1).
Major tectonic structures surround Lake Constance: the North Alpine Front in the South (Zerlauth et al., 2014; Ortner et al., 2015; Pomella et al., 2015), bordering the detached Subalpine Molasse, the Jura fold-and-thrust belt in the West and the Hegau-Lake Constance Graben System (HCG) to the North (Roth et al., 2010; Ibele, 2015; Malz et al., 2016, Figure 2). The Alpine Front is interrupted by the NNE trending Alpenrhein valley, which shows a sinistral transtension along the valley (Ring and Gerdes, 2016). The system is conjugated with a dextral transtension along the WNW striking HCG system (Ring and Gerdes, 2016). The lake basin itself is part of the North Alpine Foreland Basin (NAFB, Figure 2) that was formed by flexural bending of the European lithosphere due to crustal thickening in the Alps in Cenozoic times (Allen et al., 1986) and slab rollback, driven by the gravitational pull of the European slab (Schlunegger and Kissling, 2015).
[image: Figure 2]FIGURE 2 | Simplified kinematic model for a selection of large-scale deformation zones in the North Alpine Foreland Basin (modified after Egli et al., 2016 and Ring and Gerdes, 2016). Estimated maximum horizontal stress (SHmax) trajectories are inferred from Heidbach et al. (2018). DF: Dozwil Fault, RF: Randen Fault, SFZ: St. Gallen Fault Zone (also see Supplementary Table S1).
The Cenozoic deposits of the Molasse Basin encompass four lithostratigraphic units: Lower Marine Molasse, Lower Freshwater Molasse, followed by the Upper Marine Molasse and the Upper Freshwater Molasse (Pfiffner, 1986; Schreiner, 1992). The Molasse units rest unconformably on the primarily marine, SSE dipping Mesozoic sedimentary sequence represented by Jurassic to Triassic formations (Heuberger et al., 2016). The Mesozoic strata rest on either the crystalline basement or on the Permo-Carboniferous infill of Paleozoic troughs. The former is expected to be structurally complex as witnessed in the Black Forest in southern Germany where it consists of pre-Variscan amphibolite-grade gneisses and migmatites, Variscan and post-Variscan plutonic intrusions that are dissected by Permo-Carboniferous half grabens also reported to the west of the lake (Egli et al., 2016; Madritsch et al., 2018).
The NAFB hosts many fault structures surrounding the Lake Constance area, derived from surface geology, and inferred from on- and offshore seismic data (Figure 1). A compilation of the most important fault zones (Roth et al., 2010; Sommaruga et al., 2012; Egli et al., 2016; Heuberger et al., 2016) within the NAFB, including their kinematics, offset and shallowest displaced units, is given in Supplementary Table S1. The St. Gallen Fault Zone (SFZ), closely investigated by 3D seismic survey (Heuberger et al., 2016), is a NNE-SSW striking set of normal faults in the NAFB with multiphase tectonic activity. The basement-rooted normal faults of the SFZ are ideally oriented in the current stress field of NNW-SSE oriented maximum horizontal stress (SHmax) to be presently reactivated in sinistral strike-slip fashion (Heuberger et al., 2016). The northern end of the SFZ tends to bend anti-clockwise towards a N–S strike and terminates in front of the southwestern shoreline of the OB. The SFZ is surrounded by several other normal faults, such as the Roggwil Fault Zone (RFZ) or the Dozwil Fault (DF) with a vertical offset of up to 270 m in the Mesozoic strata, reaching into the Upper Freshwater Molasse. The Randen Fault (RF) belongs to the roughly NW-SE striking Hegau-Lake Constance Graben System (Ibele, 2015, Egli et al., 2016). Northwest of the lake, its trace is constrained by surface outcrops and 2D seismic imaging. Immediately NW of the Untersee, the RF is well defined. Two branches are inferred with the NW–SE striking branch close to the UB showing a combined NE-down vertical offset of 225 m (Hofmann et al., 2000; Egli et al., 2016). Further to the east, the Mindelsee Fault is a parallel-striking fault roughly following the Bodanrück ridge that separates the UB from the UEB (Figure 1). Finally, the Baden–Irchel–Herdern Lineament (BIHL, e.g., Naef et al., 1995) represents a ENE-WSW striking normal fault zone. It is associated with the southern boundary of the Permo-Carboniferous trough of northern Switzerland (Malz et al., 2016; Madritsch et al., 2018) and inferred to run just south of the UB presumably crossing the OB. Offshore fault structures derived from airgun seismic data, acquired between December 1980 and February 1981 (Prakla Seismos GmbH, 1982), cross the lake in deeper units (Cenozoic and Mesozoic), striking predominantly NNE-SSW in OB and NW-SE in the West of UEB. These fault orientations are particularly prone to reactivation when taking the recent tectonic stress field into account. Northeast of Lake Constance, SHmax is N-S oriented, and rotates gradually anticlockwise along the Alpine Front from East to West by ∼40° (Heidbach and Reinecker, 2013; Heidbach et al., 2018), as inferred from various data sources as earthquake focal mechanisms, geophysical logs and geological data.
The Lake Constance area is impacted by several historical and instrumentally recorded seismic events, most recently by a swarm of earthquakes north of the city of Constance at the southwestern shoreline of UEB (red dots, Figure 1) and an earthquake northwest of UB associated to the HCG (February 05, 2021, local magnitude 3.2, ∼11 km depth, swiss seismological service). The swarm included at least 30 events, with local magnitudes registering up to 3.7 (ML, July 30, 2019) and hypocenters shallower than 5 km depth on the peninsula are evidence of ongoing seismic activity in the region (Diehl et al., 2020). The strongest historically known earthquake occurred in 1771 CE with a moment magnitude of MW = 5.1. Its epicenter was located close to the Dozwil Fault (DF), just a few kilometers away from the southwestern shoreline of OB. Within a radius of less than 100 km from Lake Constance (Uttwil: 47.58373° N, 9.34119° E), five major earthquakes with MW ≥ 5.4 are historically documented (ECOS-09, Fäh et al., 2011). The most recent three of them (1911, 1935, 1943 CE) occurred in southern Germany between 50 and 80 km away from Uttwil with MW between 5.4 and 5.6 (Figure 1).
METHODS
Seismic Surveys
First reflection seismic data were acquired in the years 1980 and 1981 by a collaboration of various industry partners (Prakla Seismos GmbH, 1982). These data where analyzed in the framework of the project ACoRE-B (2010–2013; alpS GmbH Innsbruck).
The main basis of the investigation reported here is formed by a series of new seismic data sets acquired between 2015 and 2019. An overview of these datasets is provided in Supplementary Table S2 including information on sources, source volume, shot interval, vertical (Widess, 1973; Chopra et al., 2006) and horizontal resolution, channel distance, total recorded length and the targeted basins. 488 km of multi-channel reflection seismic data was acquired in 2016 and 2017. The Mini GI Gun survey from 2016 was a pilot study dedicated to the OB and UEB (Lemke, 2006), targeting Molasse bedrock and the lake’s sedimentary infill with a total recorded length of 43.2 km (Figure 3). Due to the success of the survey, a densified grid of seismic sections was shot using a slightly larger GI Gun 210 for the OB (353 km). The smaller source from 2016 was applied in the UB (92 km). The shallow water and narrow bays justified the smaller gun and a shorter streamer to ensure maneuvering capabilities. Generally, the larger GI gun allows for a deeper penetration at the cost of reduced lateral and vertical resolution. Since the GI gun requires more air at a constant buffer bottle pressure compared to the Mini GI Gun, the limited air output of the compressor requires an increase in shot interval and shot spacing (maintaining same cruising speed 7.5–10 km/h) from ∼6–8 m (Mini GI) to ∼20–22.5 m (GI Gun), what impacts data resolution and penetration depth significantly. Figure 1 illustrates the effective impact of using different seismic vintages by comparing the reached depth in two-way travel times (twt) for the same section across the OB. The depth penetration gain from using a three times larger GI air gun instead of a Mini GI gun are relatively small. The penetration increases from 630 to 670 ms twt (depth is always reported as twt, if not mentioned otherwise) at the price of reduced resolution (vertical: 2.5 vs 1.9 m; lateral: 23.7 vs 20.5 m, respectively). A typical GI Gun line in OB (e.g., Line p201) shows a fold between seven and eight for more than 80% of the data with a bin width of 3 m. More than 70% of the data shows a fold between 8 and 11 for a typical line in UB (e.g., Line p601) with a bin width of 2 m.
[image: Figure 3]FIGURE 3 | left: Overview of different seismic vintages superimposed on bathymetry of Lake Constance. 2016 and 2017 are multi-channel reflection seismic survey sections; 2015 shows 3.5 kHz single channel pinger lines (Schwestermann, 2016). Right: Maximum signal penetration depth (in milliseconds) for all three seismic vintages in the main basin of Lake Constance. Location of shown sections is marked in red (left). CMP: common mid-point, SP, shot point.
In addition, high-resolution single-channel pinger seismic data were acquired between 2015 and 2019 (Supplementary Table S2). These were processed using a 1800–2000-6,000–6,500 Hz bandpass (BP) filter (Schwestermann, 2016) and a BP filter of 1800–2,200-6,000–6,500 Hz, respectively. Simple GPS receivers with precision to a few meters (e.g., Garmin GPS 72H, for 2019) were used to measure the line navigation.
The processing steps for the 2016 multi-channel air gun data involved conversion from SEG-D to SEG-Y data format, bulk shifting (−10 ms), debias, spherical divergence correction, BP filtering (10–20-1,000–1,500 Hz), geometry correction (shot point), normal-move-out (NMO) correction (1,500 m/s), common-midpoint (CMP) stacking (bin size = 3 m), second BP filtering (60–120-600–1,200 Hz), and migration at a constant velocity (1,500 m/s). VISTA has been used as processing software. Navigation was measured using a Trimble GPS receiver.
The processing of the multi-channel air gun data from 2017 involved setting up the geometry, binning, first-break picking of linear move-out for trace shifting, debias, automated gain control, BP filtering (25–35-700–850 Hz), NMO analysis and internal velocity analysis from nearby onshore boreholes (Swisspetrol, 1962) used for velocity model creation and stacking, surface-related multiple elimination, Eigenvector filtering, FX-Deconvolution, post-stack 2D time migration using finite differences. PROMAX has been used as processing software. For quality control during the survey, debias, bulkshift (19 ms), geometry creation, binning, noise removal, simple velocity model with two picks, predictive deconvolution, stacking and finite difference migration have been applied to the raw data. VISTA has been used as processing software for onsite quality control. Navigation was measured with a Leica GX 1230 GNSS with a precision of ∼1.5 m.
Multibeam Bathymetry Data and Coring
In 2013, a multibeam bathymetric campaign on Lake Constance revealed the detailed morphology of the lake bottom Figure 1 and Figure 2, (Wessels et al., 2015). The bathymetric map with a resolution of 3 m was acquired within the project “Tiefenschärfe" (Wessels et al., 2015), which aimed at a seamless terrain model of the entire lake bottom surface (OB, UEB and UB) combining laser scanning for water depths shallower than 5 m and multibeam echo sounder images for all deeper zones. The bathymetric survey was conducted using a Kongsberg EM 2040 Multibeam echo sounder (1° × 1° beam width, 300 kHz standard operating frequency) on the Research Vessel “Kormoran” (Wessels et al., 2015).
Based on the findings of the various seismic surveys, a short coring campaign was designed and conducted in September 2019 using the “Kormoran”. A transect of five short cores with up to 2 m length was taken in the deepest part of Lake Constance, across a morphological step that was detected by various seismic vintages and bathymetric data. The cores were opened, stratigraphically described and line-scanned using a Geotek Multi-Sensor Core Logger. A Garmin GPS 72H was used for navigation purposes.
RESULTS
Seismic Facies and Horizons
The overall seismic stratigraphy of Lake Constance shows six seismic stratigraphic units (U1—U6) characterized by six different seismic facies (SF1—SF6, Table 1). Drilling information to geologically characterize these seismic facies is very limited. Recently, a new drilling technique with an advanced piston coring tool was tested in Lake Constance reaching a subsurface depth of 24 m (Harms et al., 2020), expanding significantly previous coring limits (maximum core depth of 8.7 m; Wessels, 1998; Hanisch et al., 2009; Schwalb et al., 2013). Nevertheless, this drill core only calibrates the uppermost seismic unit (U6). Since lithological and sedimentological information from cores is lacking for the deeper sections, the stratigraphic and lithologic interpretations are mainly based on seismic facies analysis and seismic stratigraphy.
TABLE 1 | Overview of seismic facies, expected lithology and interpretation.
[image: Table 1]Accordingly, the overall stratigraphy of the lake’s subsurface shows from bottom to top a succession of Mesozoic and Cenozoic bedrock (U1 and U2), a transitioning bedrock-till layer (U3), glacial till (U4), glacio-lacustrine (U5) and lacustrine deposits (U6, Figure 4). This general stratigraphy can be further subdivided into additional seismic subunits within the glacial tills (e.g., Figure 4, U4b), glacio-lacustrine and lacustrine deposits based on characteristic seismic facies changes, unconformities and prominent strong reflections that are beyond the scope of this study. All stratigraphic sequences are clearly discernable in the central basin of the lake, where seismic reflections are laterally continuous and bedrock morphology shows significant overdeepening with steep flanks rising to the NE and SW. Recognition of single sequences is more difficult and partially impeded towards the coastlines, where the top of bedrock shallows and where gas-rich delta deposits of the Rhine River Delta blank the data.
[image: Figure 4]FIGURE 4 | top: Multi-channel reflection seismic data of line prof01 along the OB (location in Figure 3). Bottom: Interpretation of seismic section with five stratigraphic units U2-U6 (compare Table 1). Further subdivision of the main units (e.g., U4b) mark prominent disturbances of the main units. Offset reflections in unit U6 at CMP 5000 culminate at the lake bottom and show normal faulting. Gas-rich delta deposits prohibit signal penetration in the SE. 190 m and 175 m sediment coverage can be observed in the delta distal area and the central basin, respectively, taking interval velocities into account (Supplementary Table S3). Note that bedding of Molasse bedrock U2 is clearly visible, and allows investigating bedrock-rooting active fault structures (FID 6—Kippenhorn Fault).
Mesozoic (U1) Strata and Cenozoic (U2) Bedrock
The seismic facies of the Mesozoic (U1), only identified in the UB, shows low-amplitude continuous reflections (SF1, Table 1) at the top, and rather transparent to semi-transparent chaotic facies (SF4) in the core of the unit. Two different reflection intervals (I and II) can be distinguished (Figure 5), with the top of the first interval showing low-amplitude reflections between 500 and 700 ms, and a second package with undulating topography between 0.8 and 1.2 s. These apparently do not match overlying reflections and are therefore interpreted as of primary and not multiple origin. Nonetheless, the uncertainty of the depth of the Mesozoic remains large. In those areas where the Mesozoic was identified, the broad depth-range of the formation is remarkable (Figure 6). In the OB, despite a larger air gun being used, signal penetration is not strong enough to image the Mesozoic strata. An interpreted onshore NE-SW seismic reflection profile from Nagra Figure 1 (Naef et al., 1995), is in direct prolongation of the Untersee and shows good agreement with the depth of the Base Molasse at ∼600 ms depth (Top Mesozoic reflection interval I) and Top Lias at ∼1 s (Top Mesozoic reflection interval II).
[image: Figure 5]FIGURE 5 | top: Seismic line p601 in Untersee Basin (location in Figure 3). Bottom: Interpretation of line p601. U3 is not recognizable. Faults are projected from Figure 6 and the profile in Figure 1. The northeastern faults are part of fault planes FID 24 and FID 25 (circled numbers, see Supplementary Table S5 for details). Reflections at ∼600 and 1,000 ms may belong to individual Mesozoic bedrock packages of unit U1.
[image: Figure 6]FIGURE 6 | Top of Mesozoic reflection package II in two-way travel time (s) with respect to a lake level of 395.6 m a.s.l. and compiled lineaments superimposed in Untersee Basin. Ribbons are only shown for identified horizons with high confidence (solid lines in Figure 4).
The Cenozoic bedrock (U2) consists of Miocene Molasse deposits. In the OB, its seismic facies is characterized by laterally continuous medium-amplitude parallel reflections (SF2) at the top and generally dipping southeastward towards the Alps. The top of U2 is marked by an erosional unconformity. The recognition of U2 is only hampered in areas of presumably gas-rich Quaternary sediments where multiples prevail. In the UB, the shallow water amplified the challenge of bedrock recognition due to the occurrence of strong lake-bottom multiples.
Our seismic data confirms a major bedrock trough is developed underneath Lake Constance previously described by Müller and Gees (1968) and (Finckh et al., 1984). In the OB, the bedrock is covered by up to 227 ms of sediment, when approaching the Rhine Delta in the SE (Figure 4). Applying a velocity model, which is based on CTD measurements (conductivity, temperature, pressure/depth; Wong and Zhu, 1995) for the water column and on Normal-Move-Out (NMO) velocity picks from the multi-channel seismic data (see Supplementary Table S3 for details), this translates into ∼190 m of sediment. A similar sediment thickness is calculated for the delta-distal area, with a maximum at a localized bedrock depression with 200 ms (175 m) of deposits in seismic section prof01 (Figure 4). The trough geometry is illustrated by the exemplary crossline p306 (Figure 7). It is deepest close to the Rhine Delta, where bedrock topography reaches a local minimum of 578 ms (442 m depth with respect to a lake level of 395.6 m a.s.l. equal to −46.4 m a.s.l. see Supplementary Table S3 for velocity model). At the transition between OB and UEB (5 km NW of Meersburg; Figure 1) 510 to 530 ms (433 m depth, −37.4 m a.s.l.) are observed. Even further to the NW, 547 ms (449 m depth, −53.4 m a.s.l.) are found in the central part of UEB. Note that greater bedrock depths in the central part of UEB, despite shorter twt values compared to the values at the Rhine Delta, are related to different thicknesses in glacial deposits and water column (see also Bedrock Morphology and Overdeepening). In UB, the Molasse bedrock shows a local depression down to 270 ms (216 m depth, assuming lacustrine dominated infill and a constant velocity of 1,600 m/s, 179.6 m a.s.l.) close to Steckborn, but shows overall much shallower values for top bedrock. In the lack of drilling evidence, the bedrock depth values reported here strongly depend on the calculated interval velocities. Nevertheless, the expected uncertainty is in the range of a few percent only.
[image: Figure 7]FIGURE 7 | top: Seismic section p306 (2017 vintage) crossing the central Obersee Basin with five stratigraphic units (location in Figure 3). The sedimentary basin infill of 165 ms (∼140 m) was calculated based on an interval velocity model (Supplementary Table S3). Bottom: Interpretation of p306 with prominent glacial till deposit (colored polygons) on the northeastern and southwestern molasses flanks. Shown faults are part of fault planes FID 6 and FID 7 (circled numbers, see details in Supplementary Table S5) with possible relation to major strike-slip fault structure (e.g., SFZ). Inset shows extent of seismic section (red line) and mapped till deposits (colored according to interpretation at the bottom) along OB. Black arrow indicates former ice flow direction.
Glacial Deposits (U3 and U4)
The seismic facies of unit U3 is characterized by semi-transparent, chaotic facies at the top of the unit and shows medium-amplitude reflections at the base (SF3). U3 is predominantly occurring in the deep central part of OB and onlapping onto U2, but is hardly recognizable in UEB and UB. It is interpreted as a transition between bedrock (U2) and overlying purely glacial sequence U4, incorporating either older till deposits of pre-LGM (pre-Last Glacial Maximum) times or glacially ripped off and eroded Molasse bedrock pieces.
The seismic facies of unit U4 is characterized by transparent to semi-transparent chaotic facies (SF4), occasionally with short horizontal reflections similar to SF3. Toward the top of U4, the facies shows similarities to SF5. U4 forms the thickest unit of the Quaternary sedimentary infill in the central part of the OB (Figures 4, 7), and likely contains diamict, glacial mud with dropstones, and a coarse gravelly base, as observed in onshore drill cores retrieved from subglacially eroded overdeepened bedrock troughs in the Alps (Buechi et al., 2017). U4 is onlapping onto U2 and in direct contact with it on the shallow northeastern and southwestern bedrock flanks. The combined thickness of U3 and U4 (Figure 8E) amounts in some local troughs to more than 270 ms (∼240 m at 1800 m/s; Supplementary Table S3). U4 seems to pinch out towards the northwestern end of the UEB (Figure 4), which is misleading, since top of U4 cannot be picked and distinguished from overlying U5.
[image: Figure 8]FIGURE 8 | A: Top of Molasse bedrock horizon (in twt) revealing pronounced overdeepening in the center of the OB and UEB with contour lines of bedrock (isochrone interval of 50 ms). B, C: Extent of glacial and glacio-lacustrine deposits corresponding to seismic facies unit U4 and U5. D, E: Thickness maps (50 ms intervals) showing the difference of top U2 minus top U4 and top U6, respectively. All data is shown in two-way travel time.
The bathymetric map reveals many morphologic features like streamlined lineations and hummocky structures related to glacial features reflecting paleo-ice flow of a retreating Rhine Glacier (Wessels et al., 2015). The seismic data reveal some of the glacial landforms hidden by lacustrine, pelagic sediments, which are undetectable on bathymetric data. These mound-like elongated subglacial landforms show a very similar facies to U4, with chaotic character, but significantly higher amplitudes (colored polygons in Figure 7). The inset in Figure 7 displays the spatial extent of the mound-like subglacial landforms along the OB and its terminal features at the transition to the UEB.
Glacio-Lacustrine and Lacustrine Deposits (U5 & U6)
U5 shows transparent to semi-transparent chaotic facies at the base (transition from U4) with faint internal stratification, and medium amplitudes towards the top (SF5) of overlying U6 with a sharp amplitude increase (SF6). The hydroacoustic facies of this glacio-lacustrine unit indicates that it contains mostly sand and glacial mud, with coarse material at the base (Figure 4). U5 is limited to the deep central part of OB, can be traced in the entire UEB (Figure 8) and is onlapping onto U4 (Figure 7).
The seismic facies of unit U6 displays parallel, high-amplitude continuous horizontal reflections (SF6), with semi-transparent intercalated sections (sand to clay with intercalated turbidites). The sequence is characterized by an onlap geometry onto U5, occasionally also onto U2 where Molasse is on the rise to shallow bedrock flanks northeast and southwest of the central basin (Figure 7). U6 is the shallowest unit and is interpreted as Holocene lacustrine sediments.
Lake-wide Fault Mapping
Reliability of Fault Interpretation
The seismic recognition of faults depends heavily on the interpreter (Figures 9B,C), interpretation criteria, and the display parameters of the seismic data (e.g., amplitude gain or vertical exaggeration of the section). Therefore, a confidence scheme was introduced to evaluate the reliability of each interpreted fault, providing a qualitative value of confidence to the interpretation (Supplementary Table S4). While Figure 9C illustrates a “pushy” fault interpretation, a more conservative/restrictive interpretation approach (Figure 9B) was chosen for the entire dataset, following the confidence scheme in Supplementary Table S4. Generally, faults were identified first in the deeper parts of seismic lines (interpretation of discontinuities in the Cenozoic bedrock) and then traced upwards into stratigraphically shallower units (“bottom-to-top approach”). Moderate and high confidence levels B and A require at least a partial offset of bedrock reflections and a continuous reflection offset traceable from bedrock into stratigraphically shallower units, respectively (see Supplementary Table S4 for details). Lowest confidence level (C) was assigned, when a fault structure is likely due to vertically aligned amplitude anomalies indicative of gas accumulation, or when offset reflections are limited to the sedimentary lake infill (U3—U6), but no clear reflection offsets are recognizable in bedrock. Overall confidence of fault planes was based on the lowest ranked confidence of any contributing fault segments (Supplementary Tables S5,S6).
[image: Figure 9]FIGURE 9 | (A): Multi-channel reflection seismic section p201 (vintage 2017) with two different fault interpretations (B, C) of the same seismic section (location in Figure 3). (B): Simplified fault interpretation based on specific picking criteria with quality factor (A to C, Supplementary Table S4) and fault identifier (FID, circled number) for fault planes. (C): “Pushy” fault interpretation, motivated by strong vertical exaggeration, not used for further analysis. (D): A zoomed version of the Molasses bedrock-sediment interface (extent marked in B) highlighting a vertical cumulative offset of Molasse reflections of 10 ms along the Kippenhorn Fault (FID 6 at this level constituted by 3 ms (grey) and 7 ms (black) along a northwestern and a southeastern branch respectively).
Linking Fault Sticks to Fault Planes
A total number of 154 single apparent fault sticks were mapped on the 2D seismic sections in the OB and UEB, and 39 fault sticks in the UB. Out of these 154 fault sticks, 60 could be linked across individual 2D seismic lines to form 23 fault planes in the OB and UEB (Figure 10). Similarly, in the UB, 12 fault sticks could be assigned to five fault planes (Figure 11). Every fault plane received an identifier (FID), and the bottom reach, top reach, minimum dip angle (apparent dip), horizontal and vertical extent, fault plane area, faulting style of contributing faults to the fault plane, the overall faulting style and the overall quality/confidence (based on the lowest quality of any contributing fault) were systematically listed (Supplementary Tables S5,S6). The overall faulting style was defined by the majority of prevailing contributing faults; contradictory styles are marked as “unknown”. There is also a bias towards normal and thrust faulting, since horizontal movements are difficult to recognize in 2D seismic lines and can at best be anticipated through characteristic fault expressions, such as for instance flower structures (Figure 9).
[image: Figure 10]FIGURE 10 | Compilation of fault planes and their identifier (faults and FID numbers are color-coded according to faulting style and confidence, respectively) based on seismic vintages from 2016 and 2017. Various faults and lineaments from onshore data (red, blue) and offshore deep-seated Mesozoic faults (Prakla Seismos GmbH, 1982) superimposed. Only FIDs 4, 6 and 12 reach the-top most lacustrine facies. Fault 6 offsets the lake floor. Top Molasse bedrock is shown semi-transparent on top of the bathymetric hillshade.
[image: Figure 11]FIGURE 11 | Compilation of fault planes based on seismic data from 2017. The Letzbuehl and Mistlbuehl Fault belong to the Hegau-Lake Constance Graben System belong to the Hegau-Lake Constance Graben System. Dip directions for fault planes FIDs 24–28 are indicated. FIDs 25–27 align well with onshore fault systems. For color-coded confidence of faults, see legend in Figure 10.
The results of fault mapping are illustrated in Figures 10, 11. FIDs 1 to 23 belong to the OB and UEB, and FIDs 24 to 28 belong to the UB. To obtain a holistic view of the major fault planes, gridded 3D fault planes are reduced to 2D fault traces with observed dip direction and are superimposed on the Miocene Molasse bedrock map.
Generally, there are three different clusters of fault planes distinguishable in the OB and UEB (Figure 10), 1) in the deepest part of the OB (cluster 1: FIDs 1–8), 2) at the transition to the UEB (cluster 2: FIDs 9–14), and 3) in the UEB (cluster 3: FIDs 15–23). No fault-plane cluster can be identified in the UB. Lateral fault plane extension is defined by the outermost fault sticks defining the fault plane, which in turn is dependent on the distance between individual seismic sections (grid density). Furthermore, the true vertical extension of individual fault planes to greater depth is most likely beyond the depth penetration of our seismic data. Therefore, here reported fault plane areas represent minimum estimates. Lacking a detailed velocity model, fault-plane areas in the UB could not be calculated.
All of the interpreted fault planes root in Molasse bedrock, apart from FID 4, which only roots shallower in U3. Most of the mapped faults penetrate into U4 or U5 but, only FIDs 4, 6 and 12 reach the topmost lacustrine sediments in unit U6. FID 6 additionally shows a significant vertical lake-bottom offset of ∼2 m (Figures 4, 7, 9, 12). While most fault planes are defined by fault sticks interpreted on two to three seismic sections, FID 6 is defined by five different seismic sections, all consistently showing a normal faulting style. Given the comparably strong robustness of this fault’s seismic interpretation and its expression on the lake bottom suggesting very recent activity, it was selected for further investigations.
[image: Figure 12]FIGURE 12 | (A): Bathymetric map with single channel 3.5 kHz seismic survey lines from 2019 for fault plane FID 6 characterization (black arrows mark lake bottom expression). The trace of fault plane FID 6 (black dashed line) is projected onto the lake bottom from 400 ms twt depth. Locations of short cores (1–5) are indicated. See Supplementary Table S7 for more details. Seismic section p306 is shown in Figure 7. Extent of the figure is shown in Figure 10. Inset: Bathymetric profile highlighting lake-bottom offset. (B): Seismic section with short core locations superimposed. C: Turbidite (T1-T7) correlation across the fault plane FID 6 and offset comparison of footwall with hanging wall (color-coded numbers). Thickness of T1-T7 on either side of the fault is given in grey numbers. Cumulated sedimentation difference between foot- and hanging wall amounts to ∼2 m (based on a water column sound speed of 1,428 m/s, see Supplementary Table S3) at the lake bottom, indicative for the power of turbidities to level out offsets over time. Figures 4, 9 show the deeper structure of this section (dotted line). Horizon offsets (color-coded twt) increase with depth.
Detailed Characterization of Fault Plane 6—The Kippenhorn Fault
In order to spatially constrain and further investigate the activity of bedrock-rooted FID 6 (hereafter termed Kippenhorn Fault, see Figures 4, 9), six high-resolution single-channel seismic lines were acquired across the NNW-SSE striking and ENE dipping fault plane (minimum dip angle 33°), supplemented by a transect of five short cores along seismic section BO19-01 (Figure 12). A bathymetric profile parallel to BO19-01 shows a morphologic step of 2 m, as previously noticed in multibeam data (Wessels et al., 2015) and seismic section p201 (Figure 9) likely representing a surface rupture of the fault. The cores were taken at this morphologic step and in ∼100 m equidistance from northeast to southwest across the fault (Figure 13) to investigate the Kippenhorn fault activity based on off-fault evidence. 13 different turbidite layers (A-L) were identified in the five transect cores and seven of them could be correlated across all cores. Their individual thickness was measured in percentage relative to the most southwestern core and plotted against distance along the transect (Figure 13 top). Across the fault from SW to NE, a linear stratigraphic thickening of 125–175% (0.1–2.1 cm) is observed. Turbidite B, however, shows a thickness increase by 450% (20.5 cm) from the most southwestern (BO19-113, Kippenhorn Fault footwall) to the most northeastern core (BO19-115, Kippenhorn Fault hanging wall), fitting an exponential stratigraphic thickness increase across the fault. Furthermore, seven sufficiently thick turbidites (T1—T7) were identified with their transparent seismic facies in the high-resolution seismic line BO19-01 and correlated across the fault via correlation polygons (Figure 12). The cumulative turbidite thickness difference across the fault amounts to 2.6 ms (1.86 m, for 1,428 m/s) at the lake bottom, agreeing with independent step height measurements (∼2 m) from multibeam bathymetry. Note that at greater depth, the Kippenhorn fault shows a cumulated vertical 10 ms offset of Molasse reflections (13.5 m based on 2,700 m/s interval velocity) constituted by two fault branches (see Figure 9D at ∼550 ms twt: northwestern branch 3 ms, southeastern branch 7 ms). This ∼10 ms offset of the Kippenhorn fault at the level of the Molasse decreases from 4.9 ms (T7) to 2.6 ms (T1, Figure 12C) at the lake bottom and shows a regressive offset development.
[image: Figure 13]FIGURE 13 | Collection of short core transect across fault plane FID 6 (see Figure 12, Supplementary Table S7 for location and details). Thickness development of identified turbidites A to M is plotted above. Errorbar is based on a thickness reading error of ± 1 mm, expressed as percentage of total turbidite thickness. Turbidite B expresses an exponential thickness development across the fault possibly indicative for fault activity. Other turbidites show linear thickness increase across the fault.
DISCUSSION
Implications for Seismic Stratigraphy and Paleoenvironment
Bedrock Morphology and Overdeepening
Previous seismic campaigns (Müller and Gees, 1968; Finckh et al., 1984) distinguished three seismic units within Lake Constance: The lowermost one was interpreted as Molasse bedrock (Cenozoic), followed by Late Pleistocene heterogeneous glacial material (till), which is overlain by the uppermost unit consisting of postglacial (Holocene) fine-grained, well-bedded lake sediments. Our investigation, based on new seismic imaging techniques and a multi-vintage approach, allows distinguishing at least five major seismic units in OB and UEB (U2-U6) and four units in UB. Furthermore, the previous suggestion of ∼100 m of Holocene sedimentary infill (Müller and Gees, 1968; Finckh et al., 1984) in the central basin of OB seems to underestimate the thickness of the infill. In the same area of the northwestern OB, up to 200 ms (175 m, see Supplementary Table S3 for velocity model) of sediment are mapped, whereas even up to 280 ms (∼240 m) of sedimentary deposits are identified in the Rhine Delta distal area (Figure 8). Locally in the UEB, Quaternary sediment thicknesses of up to ∼370 ms (∼300 m) are observed, accompanied by relatively shallow bathymetric values compared to the central OB. The Quaternary infill in UB amounts to ∼230 ms (∼195 m, assuming a glacio-lacustrine dominated infill with an average velocity of 1700 m/s) in its deepest part close to the outflow of the Rhine River. Such Quaternary overdeepened troughs are not limited to the lacustrine environment and have been reported from several deep drilling campaign onshore in the NAFB (e.g., Buechi et al., 2018; Huber et al., 2020).
A maximum overdeepening of 578 ms (442 m depth with respect to the current fluvial base level of 395.6 m a.s.l. equal to −46.4 m a.s.l) close to the Rhine Delta in the OB and 547 ms (449 m depth, −53.4 m a.s.l.) in the central part of UEB results from subglacial erosion below today’s sea level. This is generally in good agreement with observations in other perialpine lakes north of the Alps (e.g., Finckh et al., 1984; Preusser et al., 2010; Fabbri et al., 2018). While the Southern Alpine deep incision (Finckh, 1978) may be caused either by subglacial activity (Winterberg et al., 2020) or by the Messinian drawdown of base level (e.g., Cazzini et al., 2020), overdeepenings north of the Alps are primarily attributed to a glacial origin (Preusser et al., 2010). During the Last Glacial Maximum (LGM), the Rhine Glacier’s ice elevation above the Lake Constance area was at ∼1,000 m a.s.l (Bini et al., 2009), indicating an ice thickness of ∼1,500 m. During the Quaternary, several glacial advances coupled with the erosive power in the subglacial domain created overdeepenings and shaped the perialpine realm (Preusser et al., 2010; Reber and Schlunegger, 2016; Magrani et al., 2020). The overdeepening in Lake Constance can likely be attributed to multiple supporting factors like 1) lithological bedrock control (erosion-sensitive bedrock), 2) tectonic predisposition (weakening of underlying bedrock through an extensive fault system) and 3) channelized subglacial erosion (Preusser et al., 2010; Dürst Stucki and Schlunegger, 2013). It appears that the latter two factors, with a dense network of faults in the central OB and UEB (see Lake-wide Fault Mapping, Figure 10, 11), combined with focused subglacial erosion dominate the Lake Constance bedrock morphology and its present bathymetry. The overdeepening in the UB is significantly lower than in the OB and UEB with a maximum depth of 280 ms below lake level in the most western part. The smaller overdeepening is likely related to 1) the reduced subglacial erosional power of the Rhine Glacier further away from its accumulation area and 2) the reduced amount of faults pre-conditioning and weakening the local bedrock, making it less susceptible to erosion.
Traces of the Rhine Glacier
The transition from Molasse bedrock to glacial deposits is marked by the sporadically mappable unit U3 in the OB, which we interpret as indicative for possibly older pre-LGM deposits or mechanically broken-off chunks of bedrock. This resembles Lake Annecy and Lake Le Bourget (Van Rensbergen et al., 1998; van Rensbergen et al., 1999) as well as Lake Thun, (Fabbri et al., 2018), which likely host remnants of pre-LGM sediments that have not been fully removed by the last glacial advance. Generally, glacial deposits (U4) dominate the central part of the OB and UEB, and could neither be recognized on the shallow water bedrock shoulders in the OB, nor in the UB, due to their absence or the insufficient resolution of the seismic datasets. However, mound-like elongated subglacial landforms on the flanks of the OB could represent accumulations of the basal lodgment till (lineaments or “overdeepened drumlins”) or subglacial channel fills (e.g., eskers/lateral moraines, Figure 7). The northeastern area of the OB shows a higher preservation potential for these features than the southwestern bedrock shoulder. While the thick deposits of U4 clearly mark the onset of loss of ground-contact of the retreating Rhine Glacier, the deposition of glacio-lacustrine sediments of unit U5 indicate a disintegrated and retreating glacier into inner-alpine areas. The global LGM (Mix et al., 2001; Clark et al., 2009; Hughes et al., 2013) coincides fairly well with the maximum reach out of Alpine piedmont glaciers into the northern foreland, so that we attribute U4 to LGM times. The terminal moraine like features at the transition between the OB and UEB are, in contrast to the basin parallel eskers/lateral moraines, covered by U4, indicating that they are older than the LGM or that they mark the onset of a recessional phase with a locally fluctuating glacier front (e.g., Monegato et al., 2007).
Implications of Active Faulting in Lake Constance
Age and Interpretation of Faulting
In the context of this investigation, the minimum age of a seismically interpreted fault is defined by the vertical reach of the fault (the shallowest penetrated stratigraphic unit). All fault planes in the OB, UEB and UB root in Molasse bedrock (U2), except FID 4, which roots in U3. Most penetrate into U4 or U5 in the OB and UEB, and only FIDs 4, 6 and 12 reach the topmost lacustrine sediments in unit U6, and hence show the most recent activity (Holocene). With clear evidence for Quaternary activity, all of the 28 faults interpreted herein must be regarded as being active.
The numerous active faults within Lake Constance, identified despite a rather conservative seismic interpretation approach, are in contrast to very few such observations for onshore faults (e.g., Wiemer et al., 2009). This showcases the enormous fault detection potential of lake deposit archives for regions characterized by strong Quaternary landscape overprint (both geologically/geomorphologically and anthropogenically). First and foremost, this raises the question what processes have driven the formation of these active structures? As the presented faults in Lake Constance root deep in Molassic bedrock, sedimentary compaction is an unlikely source for their development. Given the obviously intense glacial erosion of the Lake Constance basin, postglacial rebound could be considered as possible trigger mechanism for seismogenic fault reactivation and (Wood, 1989; Ustaszewski et al., 2008; Mey et al., 2016) cannot be entirely excluded as one possible driving mechanism. Nevertheless, considering the very good correlation of the presented faults within Lake Constance with onshore tectonic structures (see following section), we consider tectonic crustal stresses related to the latest stage of Alpine orogeny also as being responsible for the region’s seismicity (Kastrup et al., 2004; Mock and Herwegh, 2017; Houlié et al., 2018; Dal Zilio et al., 2020; Diehl et al., 2021) as the main driver of the active faulting observed in Lake Constance.
Correlation of Lake Faults With Onshore Fault Systems and Control on Quaternary Basin Evolution
In the UB, most of the observed fault sticks (39) do not reach beyond bedrock. This impression may be misleading, as strong multiples induced by gas-rich sediments, make seismofacies units and fault’s dissecting difficult to discern. In any case, the few faults in the UB actually reaching beyond bedrock into shallower facies all occur in the western part, possibly indicating a more recent fault activity of this region, at least since LGM. The fault planes (FIDs 25–26) align well with onshore mapped fault systems. The NW-SE striking FID 26 seems to roughly connect with onshore faults NW and SE related to the southern continuation of the Randen/Letzbuehl Fault (Figure 11) and shows the same NE dip direction. Fault plane FIDs 24 and 25 may be part of the same normal fault system lying in prolongation of the Mistlbuehl Fault and a projected fault southwest of it (Figure 11). Their orientation with respect to the current tectonic stress regime (SHmin = NE-SW) is compatible with reactivation in normal to transtensional faulting mode (Diehl et al., 2020). At least in the case of the Mistlbuehl Fault, a pronounced Quaternary graben recognized in seismic data indeed suggests Pleistocene activity of this type of faults (Figure 5). FID 25 appears to be in the center of Quaternary graben structure. Finally, FID 27, striking NE-SW runs parallel to the UB fitting to a presumed fault underneath this lake peculiarly orientated parallel to major regional faults reported further to the west (Madritsch et al., 2018; Roth et al., 2010).
Most of the faults in the UEB and the OB also trend NW-SE, parallel to the Hegau-Lake-Constance graben (Egli et al., 2016; Ring and Gerdes, 2016). In addition, NNE-SSW to NNW-SSE are commonly recorded, incl. the Kippenhorn Fault (Origin, Timing and Kinematics of the Kippenhorn Fault). Similarly oriented faults are well known around the lake, most importantly the St. Gallen Fault south of it (Heuberger et al., 2016).
The prominent bedrock trough following the long axis of Lake Constance from the Rhine river inflow, along the OB to the most northwestern extent of the UEB is frequently disturbed in its course (Figure 10). Its course changes seem to correlate with the fault plane clusters 2 (FIDs 9–14) and 3 (FIDs 15–23). Cluster 2 coincides with Mesozoic deep-seated faults from offshore seismic data from the 80s (Prakla Seismos GmbH, 1982). Especially cluster 3 agrees well with existing offshore (e.g., FIDs 15 and 16) and onshore (e.g., FID 20) faults. The spatially highly variable bedrock topography strongly suggests a dominating fault control, favored by subglacial erosion, explaining the sudden turns and bends of the deepest bedrock channel. Cluster 1 (FIDs 1–8) also relates well with offshore faults and lies in direct prolongation of various well-constrained fault systems (St. Gallen Fault Zone (SFZ) Roggwil Fault Zone (RFZ) in Figures 1, 14). While the RFZ is limited to the Mesozoic strata and the Upper Freshwater Molasse, FID 6—the Kippenhorn Fault offsetting the lake bottom (Detailed Characterization of Fault Plane 6—The Kippenhorn Fault) seems to be associated with the seismically active SFZ (see next section).
[image: Figure 14]FIGURE 14 | Close-up of Figure 2 additionally showing the newly identified active faults (simplified) in Lake Constance. Estimated maximum horizontal stress (SHmax) trajectories are inferred from Heidbach et al. (2018). DF: Dozwil Fault, RF: Randen Fault, SFZ: St. Gallen Fault Zone (also see Supplementary Table S1). The Kippenhorn Fault (KF) lies in the prolongation of the SFZ, both ideally oriented for reactivation in locally NNW-SSE striking SHmax. Quaternary offshore faults are summarized and simplified (see Figures 10, 11 for details).
Origin, Timing and Kinematics of the Kippenhorn Fault
Turbidites, as developed around the Kippenhorn Fault, can generally be triggered by several processes and are often used as a tool for paleohydrologic reconstructions and the recurrence of floods (e.g., Gilli et al., 2013; Kremer et al., 2015a). Earthquakes have also been shown to trigger subaquatic slope failures causing turbidity currents, what makes them suitable for paleoseismology in the form of secondary evidence (Goldfinger, 2011; Moernaut et al., 2014). Especially where outcrops and primary earthquake evidence is not accessible, turbidites in lacustrine environments are commonly used to assess the frequency of earthquake events (Schnellmann et al., 2006; Goldfinger et al., 2012). More recently, it has been shown that co-seismic turbidites as indicator for growth faults with significant thickness changes across a fault (Bouroullec et al., 2004) can be used to reconstruct the activity of seismogenic faults (Beck et al., 2012; Gastineau et al., 2021). Such seismo-turbidites, directly related to the rupture of a fault structure, cannot be triggered far from the ruptured fault segment (McHugh et al., 2014).
Three possible scenarios may explain the origin of the morphologic step associated with the Kippenhorn Fault in Lake Constance.
1) Glacial origin: A post-LGM glacio-topographic step caused by till morphology is formed in the basin and pelagic sediments and turbidites level out this inherited offset over time, a still ongoing process. The exponential stratigraphic thickening, of turbidite B in the core transect across the step, which is preceded and succeeded by linear stratigraphic thickening, in combination with the identified turbidites seen in the high-resolution seismic data, however, questions the pre-existence of the step. Furthermore, deeper multi-channel reflection seismic data does not imply the existence of a glacially originated step (Figure 7) and rather supports the direct link to a bedrock-rooted fault structure that periodically reforms and sustains the offset at the lake bottom.
2) Tectonic origin: The morphologic step is retracing a bedrock fault that is currently in the process of being levelled out by ongoing sedimentation. Moreover, the bedrock fault structures (Figure 9) are reminiscent of a flower structure that is typical for strike-slip faulting regime that would be expected for the NNW-SSE striking Kippenhorn Fault in the present-day stress regime.
3) Tectonically active origin: The morphologic step is part of an episodically active, possibly seismogenic, bedrock-rooting fault zone. Following a fault-related rupture of the lake bottom, the turbidites of varying thickness are deposited on both sides of the Kippenhorn Fault and the lake bottom becomes flattened over time (Figure 12). Further pelagic sediments are deposited evenly on both sides of the fault until another phase of activity occurs and this process is repeated.
Overall, combined datasets from multibeam bathymetry, multi-channel reflection seismic data from two different vintages (2016, 2017), high-resolution single-channel data from two different vintages (2015, 2019), and a coring transect with five cores support the interpretation that the ∼2 m high morphologic step is related to an active bedrock-rooting fault plane (Kippenhorn Fault) in the center of the OB in Lake Constance. An age assignment of turbidite B can be attempted through the identification of historical flood events (Wessels et al., 1999; Wessels, 2003). The correlation of the sediment cores (Figure 13) shows a prominent beige layer below turbidite B, which is visible in all cores. This layer is dated to 1893 CE ± 2 years (Wessels, 2003) so that turbidite B could have been deposited around 1895/1900 CE, unless the base was highly erosive. During this period, there was no significant flood event (LUBW, 2011), implying that turbidite B is the result of a local mass movement possibly originating on the southern lake slope. However, no indication of a scarp or a deposit related to such a recent mass-movement event appears on the bathymetric data. Alternatively, the brown-gray layer ∼3 cm above the prominent layer B possibly dates to 1918 CE (Wessels, 2003), which would suggest that turbidite B was deposited ∼1910 CE, when the Rhine River had a major flood event (Gilli et al., 2003). This 1910-layer is well known from a high number of sediment cores and regularly used for dating purposes in Lake Constance. Such hyperpycnal flows (Sturm and Matter, 1978), however, can hardly form such an isolated thick layer 20 km away from the river mouth. Therefore, layer B is most likely not a flood-related event, but is rather a mass-movement turbidite deposit, which could be of seismic origin. Two possible time periods for the formation of the prominent, presumably mass-movement related turbidite layer B are likely: period 1895 to 1900 CE or around the year 1910 CE. In fact, both periods qualify for earthquakes as potential triggers (Figure 1, inset) and being indicative of the fault’s most recent activity. A historical earthquake of magnitude 5.5 occurred in southern Germany in 1911 and led to numerous damages of infrastructure. In any case, the striking exponential thickness increase of turbidite B across the Kippenhorn Fault possibly dates the last activity of the fault plane, and hence could indicate that a small-scale local earthquake caused the reactivation of the fault.
However, one has to strictly differentiate between events that do, and those that do not rupture the surface, moreover between strike-slip faults that do not necessarily show surface-rupturing at all. The last activity of the fault (∼100 years ago) did not release enough energy to create a measurable increase of the vertical offset. An Mw > 6 event several hundreds to thousands of years ago is more likely to have caused the lake bottom offset (surface-rupturing) under the assumption the event involved a vertical faulting component. Since Holocene deposits (U6) are clearly affected by at least one larger event, an upper boundary for the age constraint of ∼11.6 ka for the last major active phase seems likely.
Since the Molasse bedrock underneath Lake Constance has been affected by Alpine foreland deformation ever since its deposition in Miocene times (Egli et al., 2016; Heuberger et al., 2016), we interpret the observable subsurface offset in the Molasse bedrock of 10 ms (13.5 m) as a cumulative one that has likely resulted from several displacement events. The 13.5 m offset is measured within the Molasse stratigraphy, and its top is less clearly resolved on the seismic data (Figures 9B–D) as it has been eroded by multiple glaciations. Hence, the 13.5 m offset might be created, at least partially, during pre-LGM times. In the upper part of the Quaternary sediments (U6, U5), this value gradually decreases upsection from 4.9 ms (3.7 m; at T7) to 2.6 ms (1.86 m; at the lake floor, Figure 12C). This may be related to two different scenarios:
1) One or several earthquakes at the Kippenhorn Fault occurred between post-LGM times and the deposition of T7 causing a cumulative offset of at least 4.9 ms (Figure 12C). Afterwards, several turbidites level out the offset across the fault during a period without major, offset-renewing earthquakes. According to this scenario, the 2 m lake-bottom offset observable today is a remnant of a previous stronger and more seismically active phase, or a phase dominated by pure strike-slip faulting not resulting in pronounced additional vertical offset.
2) Every single turbidite (T1-T7) is related to an offset-renewing earthquake and co-seismically deposited. To evaluate whether T1-T7 are related to local earthquakes, to flood events, or to more regional far field earthquakes, an accurate age-depth model covering several tens of meters would be required. In any case, the 2 m lake bottom offset observable today would represent an expression of the fault’s most recent activity that involves a significant normal faulting component. It would be of particular interest to compare if T1-T7 match the temporal clustering of off-fault paleoseismic evidence suggesting several strong earthquakes and distinct phases of increased activity between 300–600, 1,400–1700, 2,200–2,500, 3,000–3,600, 6,200–7,000 and at around 9,500–9,900 years cal BP (Kremer et al., 2020).
The depth coverage of the various datasets (cores 2 m, high-resolution seismic data: ∼30 m, multi-channel reflection seismic air gun data: ∼400 m) and their corresponding vertical and spatial resolution are not sufficient to determine any evidence for clear co-seismic surface rupturing in the most recent depositional history (T1-T7). More high-resolution seismic data including air gun data would be required in combination with long cores to fully resolve which scenario prevails.
For a detailed kinematic analysis of the Kippenhorn Fault, relative kinematics on 2D seismic sections were mapped (e.g., Figure 9B,C) showing sets of normal and thrust faulting. The sets of normal faults dominating and surrounding the Kippenhorn Fault were observed in several parallel 2D seismic lines, allowing for a 3D interpolation of the fault, indicating a 3D negative flower structure reminiscent for strike-slip faulting with a normal faulting component. The consideration of recent stress indicators (focal mechanisms, drilling-induced fractures, borehole breakouts Heidbach et al., 2018) and surface data suggests that the NNW-SSE striking Kippenhorn Fault is ideally oriented to be reactivated in sinistral strike-slip fashion (Figure 14). This is analogous to the St. Gallen Fault Zone, which was reactivated in the induced 2013 earthquake in almost pure sinistral strike-slip mode (Diehl et al., 2017). We regard this kinematic similarity as indicative for a possible linkage of the Kippenhorn Fault with the SFZ.
Implications for Seismic Hazard
Seismic hazard analyses for any given area require an assessment of the earthquake potential including estimates of fault rupture parameters to quantify the future earthquake potential (Wells and Coppersmith, 1994). The rupture parameters in turn are related to earthquake magnitude. Commonly considered rupture parameters in this regard are fault length and displacement (Chinnery, 1969).
The offshore fault planes FIDs 1–28 are all smaller than 1.66 km2. The longest fault is ∼2.1 km long (FID 17). The youngest FIDs 4, 6 and 12 in the OB have fault plane lengths between 150 m and 1.4 km. The Kippenhorn, with particular strong evidence for Holocene activity, deserves special attention. This fault is ∼1,100 m long. One single rupture event involving the entire related fault plane area of 0.54 km2 would produce a MW = 4.3 ± 0.1 earthquake (Stirling et al., 2002) assuming revised and instrumental based regression curves (Wells and Coppersmith, 1994; Stirling et al., 2002). Using more recent earthquake-scaling relationships from geodetically derived slip distributions, this fault plane area would produce a MW 4.6 ± 0.2 when activated in strike-slip mode (Brengman et al., 2019). Taking the ∼240 m length of the surface expression of the Kippenhorn Fault from the bathymetric dataset into account (distance between solid black arrows in Figure 12), a MW = 4.8 ± 0.1 earthquake might have been responsible for the last reactivation using the regression curves for surface-rupture lengths (Stirling et al., 2002). These first order estimates include only the main rupture zone (Figure 12A inset) and do not include additional branches of the total rupture zone. Furthermore, the true vertical and lateral extension of the Kippenhorn fault goes beyond the seismic grid coverage and depth penetration, why these magnitude estimates are minimum values. Typical comparable earthquakes of Mw ∼5 do not show surface rupturing, unless there hypocenter is very shallow, as in Le Teil, France (Mw 4.9 with 15 cm vertical offset, Ritz et al., 2020). Neighboring faults (e.g., FID 5, Figure 9B) may likely be part of the overall flower structure, doubling the affected total fault rupture zone. As outlined above, the Kippenhorn Fault shows the same orientation, dip direction and faulting style as the St. Gallen Fault Zone, so that a connection to the SFZ seems likely. The flower-structure fault pattern around the Kippenhorn Fault (Figure 9) indicates that a strike-slip faulting component of the fault plane is likely, similar to the present-day faulting regime inferred for the SFZ (Heuberger et al., 2016). Moreover, the Kippenhorn Fault is ideally oriented in today’s stress regime for being reactivated in strike-slip mode, so that a sequential triggering of the fault zone through the past seems likely. A faulting event involving the SFZ as well as the Kippenhorn Fault, extends the fault length to 30 km and may cause ground shaking exceeding previously known intensities (MW = 4.1, epicentral intensity V, 3 km north of Arbon. 1936 CE, MW = 4.7, epicentral intensity VI, Arbon, 1720 CE, MW = 5.1, epicentral intensity VII, 12 km northwest of Arbon, 1771 CE) in this area, also in the case of just partial fault reactivation. Considering simultaneous activation of the Kippenhorn Fault and the SFZ, the 30 km long fault would be capable to release the energy of a MW = 6.7 earthquake, when triggered in strike-slip mode (Brengman et al., 2019). Similarly, if we assume a single event to be responsible for the vertical lake bottom offset of 2 m, a magnitude = 6.6 is expected, when triggered in normal faulting mode (Brengman et al., 2019). These values can be considered as upper-bound magnitudes.
Generally, earthquakes with MW > 6 at shallow crustal depths (∼10 km) imply a co-seismic surface rupture length of ∼30–40 km. Such severe and extensive evidence of surface rupture from previous events is not observable today, indicating earthquakes with ages of several thousand years and a dominantly lateral offset, with minor vertical displacement of the ground surface. The SFZ might be a good candidate as a potential source for a very similar event. In any case, i.e., a single or cumulative offset, the expected magnitude of a Kippenhorn Fault earthquake is clearly above known events from the earthquake catalogue (Fäh et al., 2011) indicating a higher seismic hazard than previously known. This reveals the necessity to further investigate the Kippenhorn Fault and its continuation to the south in on- and offshore areas and hence its potential linkage to the SFZ. Furthermore, the SFZ in particular should be further investigated in order to verify or falsify the evidence for repeated recent surface faulting events along the major fault zone. This demonstrates the importance to incorporate paleoseismological studies into regional seismic hazard assessments.
CONCLUSION
Newly acquired, multi-vintage reflection seismic data of the deep subsurface of trinational Lake Constance reaches Mesozoic and Molassic strata. Deep erosional incisions into the Molassic bedrock filled with thick Quaternary deposits reveal a complex morphology and infill indicative for multiple glacial advances. In the northwestern part of the Obersee Basin (OB), up to 175 m of Quaternary sediment are present, and even up to 240 m of sedimentary deposits near the center of the basin (Figure 4). In the Ueberlingen Basin (UEB), locally, up to ∼300 m of sedimentary infill is observed in relatively shallow areas. The sedimentary infill in the Untersee Basin (UB) amounts to ∼200 m in its deepest part close to the outflow of the river Rhine. A minimum overdeepening of 442 m (−46 m a.s.l.) with respect to the current fluvial base level in the OB, and a subglacial erosion below current sea level reflects the intensive erosive power of Pleistocene glacial advances. Overdeepening in UEB and UB reaches 449 m depth (−53 m a.s.l) and 216 m depth (180 m a.s.l.), respectively.
The extensive seismic data set allowed the identification of 23 fault planes in OB and UEB and five fault planes in UB. The 23 fault planes identified in the OB and UEB can be grouped into three fault clusters. The most northwestern cluster three in UEB agrees well with existing Mesozoic offshore and onshore faults. Cluster 2 overlaps with deep-seated faults mapped with previous offshore seismic data. These faults are apparently associated with major course changes of the central bedrock channel. Cluster 1 coincides with deep-seated offshore faults and lies in direct prolongation of various onshore fault systems (St. Gallen Fault Zone, Roggwil Fault Zone). Structures mapped in the bedrock underneath the UB connect well with onshore fault zones of the Hegau-Bodensee Graben. Quaternary graben structures suggest recent activity for some of these faults.
The multi-disciplinary approach, combining different multi-vintage seismic datasets with bathymetric data and a short-core transect also allowed to identify a very recently active fault structure offsetting the lake bottom (FID 6, Kippenhorn Fault). This structure, located within fault cluster 1, is associated with a mass-movement induced turbiditic event probably between CE 1895 and 1910/1911. It represents a NNW-SSE striking, ENE-dipping normal fault forming part of a negative flower structure rooted in the Miocene bedrock and is interpreted as a northward prolongation of the St. Gallen Fault Zone, located onshore ∼10 km south of it. The present-day SHmax orientations of NNW-SSE promote reactivation of the SFZ and Kippenhorn Fault in sinistral strike-slip mode. The ∼1 km long and 0.54 km2 large Kippenhorn Fault qualifies for minimum MW = 4.3–4.8 earthquakes, when solely triggered without a connection to the SFZ. Several indications (fault orientation, alignment, SHmax direction) point towards a connection of the Kippenhorn Fault to the SFZ, supporting a significantly larger fault capable of causing much larger magnitudes (MW > 6).
This study shows how the combination of various geophysical and geological datasets in perialpine lacustrine settings, with low crustal deformation rate, can help to identify potential seismogenic fault structures. Such field observations may be one additional tool to supplement the instrumental earthquake catalogues to better constrain seismic hazard assessments in the future.
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Identifying the offshore thrust faults of the Western Transverse Ranges that could produce large earthquakes and seafloor uplift is essential to assess potential geohazards for the region. The Western Transverse Ranges in southern California are an E-W trending fold-and-thrust system that extends offshore west of Ventura. Using a high-resolution seismic CHIRP dataset, we have identified the Last Glacial Transgressive Surface (LGTS) and two Holocene seismostratigraphic units. Deformation of the LGTS, together with onlapping packages that exhibit divergence and rotation across the active structures, provide evidence for three to four deformational events with vertical uplifts ranging from 1 to 10 m. Based on the depth of the LGTS and the Holocene sediment thickness, age estimates for the deformational events reveal a good correlation with the onshore paleoseismological results for the Ventura-Pitas Point fault and the Ventura-Avenue anticline. The observed deformation along the offshore segments of the Ventura-Pitas Point fault and Ventura-Avenue anticline trend diminishes toward the west. Farther north, the deformation along the offshore Red Mountain anticline also diminishes to the west with the shortening stepping north onto the Mesa-Rincon Creek fault system. These observations suggest that offshore deformation along the fault-fold structures moving westward is systematically stepping to the north toward the hinterland. The decrease in the amount of deformation along the frontal structures towards the west corresponds to an increase in deformation along the hinterland fold systems, which could result from a connection of the fault strands at depth. A connection at depth of the northward dipping thrusts to a regional master detachment may explain the apparent jump of the deformation moving west, from the Ventura-Pitas Point fault and the Ventura-Avenue anticline to the Red Mountain anticline, and then, from the Red Mountain anticline to the Mesa-Rincon Creek fold system. Finally, considering the maximum vertical uplift estimated for events on these structures (max ∼10 m), along with the potential of a common master detachment that may rupture in concert, this system could generate a large magnitude earthquake (>Mw 7.0) and a consequent tsunami.
Keywords: active faults, holocene deformation, western transverse ranges, marine geology and geophysics, blind thrust faults, seismic hazard, offshore southern california, last glacial transgresive surface
INTRODUCTION
The Sumatra 2004 and Tohoku 2011 earthquakes and consequent tsunamis (Ammon et al., 2005; Bilham, 2005; Lay et al., 2005; Subarya et al., 2006; Ide et al., 2011; Ozawa et al., 2011; Sato et al., 2011; Simons et al., 2011) brought into sharp focus the need to understand better geohazards along convergent margins. In addition, multifault earthquake ruptures, as observed in the 2016 Kaikoura Earthquake in New Zealand (Clark et al., 2017; Hamling et al., 2017; Kaiser et al., 2017; Stirling et al., 2017; Litchfield et al., 2018), reveal complex and cascading fault linkages that control rupture lengths and potential earthquake magnitudes. Advances in high-resolution geophysical imaging (i.e., seismic reflection and swath-bathymetry) provide unprecedented resolution of the offshore deformation and fault architecture; such technological developments allow for improved imaging of fault offsets and their recency (Armijo et al., 2005; McNeill et al., 2007; Barnes, 2009; Brothers et al., 2009, 2011; Barnes and Pondard, 2010; Perea et al., 2012; Polonia et al., 2012; McNeill and Henstock, 2014; Escartín et al., 2016; Sahakian et al., 2017; Perea et al., 2018; Gràcia et al., 2019).
In Southern California, the central and Western Transverse Ranges are characterized by a series of east-west trending south verging fold-and-thrust fault systems that bound the Santa Barbara Channel and Ventura Basin to the north (Jackson, 1981; Yeats, 1983; Yeats and Olson, 1984; Grigsby, 1986; Yeats et al., 1987, 1988; Yerkes et al., 1987; Yerkes and Lee, 1987; Namson and Davis, 1988; Rockwell, 1988; Hubbard et al., 2014; Levy et al., 2019). Paleoseismological studies have characterized the Holocene earthquake history in the region, concluding that there is the potential to generate large magnitude earthquakes (M > 7.0) (Rockwell et al., 1988, 2016; Dolan and Rockwell, 2001; McAuliffe et al., 2015). The offshore extent and character of the thrust fault-fold systems associated with the Western Transverse Ranges (e.g., Ventura-Avenue anticline or Ventura-Pitas Point fault) remain uncertain in the near-shore region (Dahlen et al., 1990; Sorlien et al., 2000, 2014; Plesch et al., 2007; Hubbard et al., 2014; Sorlien and Nicholson, 2015; Nicholson et al., 2016; Rockwell et al., 2016; Johnson et al., 2017b).
In this study, we present new high-resolution CHIRP seismic data together with reprocessed sparker data to define the occurrence of Holocene deformation in the offshore Western Transverse Ranges between Ventura and Santa Barbara (Figure 1). Interpretation of these new shallow geophysical data places important constraints on the seafloor deformation during the last ∼10–12 ka related to several geological structures in the Offshore Ventura and Inner Santa Barbara basins. In addition, it allows us to correlate the identified offshore uplift events with the well-documented onshore Holocene paleoearthquakes. Examination of the nested geophysical offshore surveys may also provide insight into the structural relationship between the Holocene deformation observed in the surficial stratal geometry and seafloor morphology and the deeper structures associated with this deformation. Such structural and stratigraphic studies in convergent settings have both societal and scientific relevance as they allow us to examine how thrust fault and fold propagation controls continental margin architecture as well as to assess the potential seismic and tsunamigenic hazard associated with thrust fault systems.
[image: Figure 1]FIGURE 1 | Map of the Western Transverse Ranges showing the main active faults in the area (Jennings and Bryant, 2010), the California historical earthquakes between 1769 and 2000 (Toppozada et al., 2002), the instrumental seismicity between 1933 and 2017 (Hutton et al., 2010), the focal mechanism of earthquakes with magnitude ≥4.0 (information from the Southern California Earthquake Data Center: https://service.scedc.caltech.edu/eq-catalogs/CMTsearch.php; accessed April 2021) and the GPS vector velocities with respect to stable North America (information from UNAVCO: https://www.unavco.org/data/gps-gnss/derived-products/derived-products.html; accessed April 2021). The white dotted rectangle shows the location of the study area and the Inner Santa Barabara and Offshore Ventura basins are labelled. Inset shows the regional location of the Western Transverse Ranges in California, USA.
GEOLOGICAL SETTING: OFFSHORE VENTURA AND SANTA BARBARA BASINS
The Transverse Ranges have experienced different phases of tectonic deformation related to the evolution of the western Pacific-North America plate boundary for the past 25 Ma (e.g., Yerkes and Lee, 1987; Sedlock and Hamilton, 1991; Nicholson et al., 1994). During the past 3–5 Ma the area has been subjected to N-S compression related to the incremental formation of a regional restraining bend in the San Andreas Fault system and resulting in the development of an E-W trending fold-and-thrust belt system (e.g., Dibblee, 1982; Yerkes and Lee, 1987; Levy et al., 2019).
Within the Western Transverse Ranges are the eastward trending Ventura sedimentary basin and its offshore extension (Figure 1), which is infilled by more than 5 km of Pleistocene sediment (e.g., Fischer, 1976; Yeats, 1983; Yerkes et al., 1987; Yeats et al., 1988; Huftile and Yeats, 1995; Rockwell et al., 2016). A series of folds and thrusts bounds the basin. To the south, the main structure is the Oak Ridge anticline, which is associated with a reverse fault that dips steeply to the south and continues westward offshore, and has a slip rate ranging from 2.6 to 5 mm/yr during the Quaternary that diminishes towards the west (e.g., Yerkes et al., 1987; Yeats et al., 1988; Shaw and Suppe, 1994; Huftile and Yeats, 1995; Sorlien et al., 2000; Azor et al., 2002; Plesch et al., 2007). To the north, there is a series of E-W anticlines verging south, associated with reverse faults dipping to the north. The main structures are the Ventura-Pitas Point fault, the Ventura-Avenue anticline trend (also identified as the Rincon or Dos Cuadras anticline in the offshore), the Red Mountain fault and the San Cayetano fault, which have average slip-rates between 2 and 6 mm/yr for the Quaternary (Yeats et al., 1987; Yerkes et al., 1987; Rockwell, 1988; Rockwell et al., 1988; Huftile and Yeats, 1995; Plesch et al., 2007; Hubbard et al., 2014).
Geodetic data reveal north-south convergence across the Ventura Basin at ∼7–10 mm/yr (Donnellan et al., 1993a, 1993b; Hager et al., 1999; Marshall et al., 2013). In addition, the inversion of horizontal GPS velocities in the whole Western Transverse Ranges show fast contraction rates along the southernmost Ventura Basin, decreasing both to the west and east (Marshall et al., 2013). In spite of the availability of continuous GPS data in the Channel Islands, the inversion method cannot resolve the specific offshore structures where the shortening is being accommodated, which limits the confidence of the GPS velocities derived from the horizontal inversion. Consequently, zones with localized fast contraction offshore of the Ventura Basin trend cannot be discarded as predicted by interseismic strain modelling (Marshall et al., 2013).
The seismicity along the Ventura Basin and the Santa Barbara Channel is moderate, both in terms of earthquake frequency and magnitude and mainly shallow, between 3 and 15 km (Hutton et al., 1991). Large earthquakes with magnitudes above 6.0 have occurred in the area since the XVIII century as the December 21, 1812 (M7.1), the May 31, 1854 (M6.0) and the June 26, 1925 (M6.8) (Toppozada et al., 2002; Hutton et al., 2010) (Figure 1); however it has been discussed that the 1812 event may have been related to a rupture along the San Andreas fault and probably triggered by the December 8, 1812 earthquake that ruptured approximately between Pallett Creek and Cajon Pass (Toppozada et al., 2002; Toppozada and Branum, 2004). The distribution of the instrumental seismicity (colored circles in Figure 1) shows an area with a high density of earthquakes within the Santa Barbara Channel, south of Santa Barbara, although most of them occurred in 1941 and 1968 and, thus, probably corresponding to the aftershock sequence of the July 1, 1941 (M 5.5) and the July 5, 1968 (M5.1) events (Figure 1). Most of the earthquakes focal mechanisms in the area show a predominance of reverse faulting on west to northwest striking nodal planes, which is consistent with the observations from the geodetic data (Figure 1).
Paleoseismological studies performed on structures along the northern boundary of the Ventura basin show evidence for surface vertical slip during the Upper Pleistocene and Holocene. Dolan and Rockwell (2001) identified the last earthquake occurred in the eastern part of the San Cayetano fault, which produced 4.3 m of surface slip. The event occurred after 1660 CE and these autohrs proposed that could correspond to the December 21, 1812 event; however, as mentioned before, the 1812 earthquake could have been produced by the San Andreas fault (Toppozada et al., 2002; Toppozada and Branum, 2004). A study carried out in the Punta Gorda marine terrace revealed that the terrace was vertically separated 34 m across the Red Mountain fault system and that the slip may have occurred in the last 45 ka (Lindvall et al., 2002). Also analyzing marine terraces between Punta Gorda and Pitas Point, Rockwell et al. (2016) found evidence of four vertical uplift events related to the Ventura Avenue anticline. The events occurred between 0.95 and 6.7 kys BP and produced vertical uplifts between 5 and 12 m. To the south of Pitas Pont, McAuliffe et al. (2015) carried on a paleoseismological study acquiring and interpreting geotechnical and geophysical data across the Ventura-Pitas Point fault in the city of Ventura. They found evidence that at least two deformation events occurred in the last 4.7 ka and produced vertical uplift between 4.5 and 6.5 m.
DATA AND METHODS
Seismic Data
Newly acquired Compressed High Intensity Radar Pulse (CHIRP) profiles and USGS mini-sparker and CHIRP profiles (Sliter et al., 2008; Johnson et al., 2017a) have been interpreted in this study (Figure 2). The CHIRP data were acquired onboard the Scripps Institution of Oceanography R/V Point Loma in 2013 using a 1–15 kHz pulse swept over 50 ms. These profiles have decimeter vertical resolution, 40–60 m of sub-bottom penetration and cover two different areas in the Santa Barbara Channel. In the area between Rincon Point and Santa Barbara, sixteen dip profiles were acquired beginning or ending close to the coastline and approximately perpendicular to it, with lengths between 5 and 10 km, and four strike lines parallel to the coastline and crossing the dip lines to correlate the acoustic units throughout the study area (Figure 3). A series of five profiles, trending NW-SE, with an average length of 4.5 km, were acquired close to Pitas Point (Supplementary Figure S3). All the newly acquired CHIRP profiles were processed using the SIOSEIS software. The designed processing flow consisted of four different steps that first reordered the seg-y headers, filtered the shots, determined signal amplitude values, picked seafloor with tracking, corrected time shift due to swell, improved amplitude with a gain function and mixing with previous shots, and muted the water column signal and produced the final seg-y file.
[image: Figure 2]FIGURE 2 | Topographic and bathymetric map of the region between Ventura and Santa Barbara showing the location of the different high-resolution seismic reflection profiles used in this study and acquired with the Scripps Institution of Oceanography CHIRP and with the USGS mini-sparker and CHIRP systems. The labelled bold profiles correspond to figures shown in the paper. The active onshore faults are from the fault activity map of California (Jennings and Bryant, 2010). The topographic and bathymetric data are from the National Geophysical Data Center (2012). The location of this figure is shown in Figure 1.
[image: Figure 3]FIGURE 3 | CHIRP seismic fence diagrams showing a view looking east with the point of view close to Santa Barbara (A) and a view looking west with the point of view close to Punta Gorda (B). The continuous orange line corresponds to the Last Glacial transgressive surface (LGTS), the transparent light blue polygon highlights the Holocene unit and the dark blue line identifies the top of progradational units. Red and blue triangles indicate the approximate location of the offshore Red Mountain and Ventura-Avenue anticlines axis, respectively. The Inner Santa Barbara and Offshore Ventura basins are labelled and also are identified in the profiles shown in other figures. The inset maps show the point of view on the main figures.
The USGS profiles were acquired in the region between Goleta and Oxnard (Figures 1, 2). They were collected as part of the California Seafloor Mapping Program between 2007 and 2008 aboard the R/V Zephyr and R/V Parke Snavely (Sliter et al., 2008; Johnson et al., 2017a). These profiles were acquired perpendicular to the coastline, spaced 1.0–1.5 km apart and used a SIG 2Mille mini-sparker and an Edgetech SB-0512i CHIRP systems. The sparker profiles have a sub-bottom penetration of ∼200 m with a 2–3 m vertical resolution, whereas the chirp profiles penetrate up to 60 m below the seafloor and have decimeter vertical resolution.
All the high-resolution seismic profiles were uploaded into Kingdom and Fledermaus software packages for interpretation, and to correlate structures and horizons throughout the data volume.
Approaches to Calculate the Holocene Sedimentation Rates and Event Horizon Ages
To determine the probable age of vertical uplift horizon events identified in CHIRP profiles, we estimated the sedimentation rate at different locations along profiles. Knowing the depth of the event horizon and the sedimentation rate it is possible to estimate the age of the horizon. The approach used to calculate the sedimentation rate considers the age of a regional unconformity surface at a certain depth, which has been associated to the Last Glacial Transgression surface (seesection 4.1), at specific locations with the sediment thickness above this surface corresponding to the Holocene deposit.
The age of the regional unconformity surface was estimated measuring its depth below the present sea level at determined location and crossing this depth with different sea level curves for the Holocene (Fairbanks, 1989; Stanford et al., 2011; Muhs et al., 2014; Reeder-Myers et al., 2015; Reynolds and Simms, 2015; Johnson et al., 2017b). This provided a maximum and minimum age for the regional unconformity surface at each location, thus incorporating the uncertainty of the approach in the analysis. The thickness of the Holocene deposit was obtained measuring the distance between the seafloor and the regional unconformity surface at the same locations where the age of this surface was estimated. To transform the width from time to depth we used a nominal interval velocity of 1500 m/s TWTT. All calculations were performed approximately 1000 m south of the deformation zones, to avoid thickness variations related to fault activity. In addition, the calculations were determined at two different offsets along the CHIRP profiles distanced 500 m one from the other to average the results. Knowing the Holocene sediment thickness and the range of possible ages of the regional unconformity surface, we obtained minimum and maximum sedimentation rates (Supplementary Table S1).
To calculate the age of the different interpreted event horizons it is necessary to estimate the thickness of the sedimentary units between the seafloor and the event horizon and the sedimentation rate at each site of interest. Likewise, we have used a nominal interval velocity of 1500 m/s TWTT to determine the thickness in meters. Considering the maximum and minimum Holocene sedimentation rates, we have obtained the maximum and minimum age for each event horizon (Supplementary Tables S2, S3).
Approaches to Estimate the Vertical Uplift for the Identified Deformation Events
Two different approaches were used to estimate the vertical uplift for the identified event horizons. The first approach measured the cumulative height of fold scarp. To accomplish this, we assumed that the regional seafloor slope of the event horizons corresponds to the depositional slope on the downthrown block, considering that this would be the zone with less deformation, which would have a similar slope on top of the uplifted or folded area. Accordingly, the vertical distance between the slope lines on the upthrown and downthrown blocks may record the cumulative vertical uplift (Supplementary Figure S1). In the case of the most recent event, the cumulative scarp height (Supplementary Figure S1B) would record the vertical uplift of the most recent event. For older events, the cumulative scarp height would equal the older event (event 2) plus the more recent event (event 1; Supplementary Figure S1C In order to determine the uplift related to older events, the deformation associated with younger events needs to be subtracted (Supplementary Figure S1).
The second approach used to estimate the vertical uplift consisted of measuring the cumulative height of anticline and syncline hinges on a fold system. The approach assumes that the event horizon, which is at present folded, would had been flat, even it may be slightly dipping to the south, before the occurrence of the event. Then, the difference in height between the anticline and the syncline hinges would be the result of the cumulative uplift of this event, or the cumulative uplift if more recent events would have occurred, and assuming no erosion (Supplementary Figure S2). Similarly as in the previous approach, when the measured uplift corresponds to more than one event, the specific event vertical uplift is obtain by subtraction of the uplifts determined for the more recent events.
RESULTS
Seismic Stratigraphy
In the seismic profiles, we have identified two different seismostratigraphic units separated by a regional surface with observed truncation (Figures 3–7).
[image: Figure 4]FIGURE 4 | (A) Interpreted USGS mini-sparker dip profile SB115 showing the folded Late Pleistocene units and a truncation surface related to the Last Glacial transgressive surface (LGTS; continuous orange line). To the north of the Mesa-Rincon Creek fold system, the location of the LGTS is not well constrained and different possibilities are shown (orange dashed lines). The light blue unit bounded by a dark blue line corresponds to a progradational unit. (B) Interpreted CHIRP dip profile D04L04 showing the folding of the LGTS (orange continuous and dashed line) related to some of the active faults in the area. Different seismostratigraphic units (A–H) are identified based on changes in stratal geometry. Positive (+) and negative (−) symbols (in red) correspond to the identification of aggradational and progradational units, respectively. The red dashed lines identify horizons corresponding to different deformation events (i.e., inferred earthquakes). The location of both profiles is shown in Figures 2, 3. Uninterpreted profiles are provided in Supplementary Figure S4.
[image: Figure 5]FIGURE 5 | Interpreted CHIRP strike profiles D05L04 (A) and D02L07 (B) showing the Last Glacial transgressive surface (LGTS; continuous orange line) separating the folded Pleistocene units below from the overlying Holocene units. The light blue units bounded by blue lines correspond to different progradational units identified in the area. Note that a number of Holocene unconformities are observed and may be related to the uplift produced by the offshore Red Mountain anticline. The horizontal scale is shown on both profiles as they are different and their locations are shown in Figures 2, 3. Uninterpreted profiles are provided in Supplementary Figure S5.
[image: Figure 6]FIGURE 6 | (A) Interpreted CHIRP strike profile D05L01 showing the folding of the Last Glacial transgressive surface (LGTS; continuous orange line) related to the Mesa-Rincon Creek fold system and offshore Red Mountain anticline. Note that the anticline that is interpreted as the potential Ventura-Avenue anticline is folding the Mio-Pleistocene units, but not the LGTS. The location of the profile is shown in Figures 2, 3. (B) Enlarged section is shown by rectangle in Figure 6A highlighting the intense folding of the LGTS (orange continuous line) related to the Mesa-Rincon Creek fold system. Different seismostratigraphic units (A–H) are identified based on stratal geometry. The red dashed lines identify horizons corresponding to different deformation events (i.e., inferred earthquakes). Uninterpreted profiles are provided in Supplementary Figure S6.
[image: Figure 7]FIGURE 7 | Interpreted CHIRP strike profile D04L02 showing the folding of the Last Glacial transgressive surface (LGTS; continuous orange line) related to the Mesa-Rincon Creek fold system and offshore Red Mountain anticline. The light blue unit bounded by a dark blue line corresponds to a progradational unit and the brown identifies a possible channel. Note that the identified Ventura-Avenue anticline is clearly folding the Pleistocene units but not the LGTS. The location of the profile is shown in Figures 2, 3. Uninterpreted profile is provided in Supplementary Figure S7.
Regional Erosional Unconformity: The Last Glacial Transgressive Surface
A regional unconformity, characterized by a high amplitude reflector with low frequency, is rather continuous and planar throughout the study region (Figure 3). The erosive nature of this unconformity is shown by a marked angular unconformity between the reflectors below and above (Figures 4A, 5, 7) and by the identification of buried ridges (offsets 250–950 in Figure 5B). The unconformity at its seaward extent is above 0.1 s two-way travel time (TWTT), a depth equivalent to ∼75 m below present sea level (bpsl) using a nominal interval velocity of 1500 m/s TWTT, and the unconformity systematically shallows towards the coast in the acquired profiles. Given that the regional global sea level during the Last Glacial Maximum (LGM; 20–22 ka) was 111–124 m bpsl (Fairbanks, 1989; Stanford et al., 2011; Muhs et al., 2014; Reeder-Myers et al., 2015; Reynolds and Simms, 2015; Johnson et al., 2017b) and that the shelf between Santa Barbara and Ventura was subaerially exposed during the LGM (Johnson et al., 2017b), this unconformity appears to be formed after the LGM during the subsequent sea level rise. The unconformity has been identified in almost all the seismic profiles, with the exception of those located close to the Ventura coastline where the Holocene unit is thicker and the seafloor multiple obscures the deeper reflectors (Supplementary Figure S3). Hereafter we refer to this unconformity as the Last Glacial Transgressive Surface (LGTS).
The LGTS exhibits a gentle regional dip towards the south; however, the new CHIRP dataset shows that it has been locally uplifted and folded (Figures 3, 4, 6, 7). The structural contour map of the LGTS surface (Figure 8) reveals an approximately ENE-WSW to E-W trending elongated ridge that begins at Rincon Point and continues westward across most of the region. Note, its expression in the bathymetry diminishes to the west of Santa Barbara. The uplift of this ridge has created a local E-W trending basin between Santa Barbara and Carpinteria, here we refer to this region as the Inner Santa Barbara Basin (Figures 1, 3). Approximately in the center of this basin, there is a pronounced structural low that coincides with marked deformation of the LGTS (Figures 3, 5B, 8). Likewise, we refer to the basin to the southeast as the Offshore Ventura Basin (Figures 1, 3); these are subbasins within the larger Santa Barbara Channel.
[image: Figure 8]FIGURE 8 | Structural contour map of the Last Glacial transgressive surface (LGTS) in milliseconds two-way travel time (TWTT) for the offshore region. Control lines are shown by white dotted lines. Note the ENE-WSW elongated high starting at Rincon Point and the depression between it and the coastline, which corresponds to the Inner Santa Barbara Basin. Within this elongate depression, there is an abrupt short wavelength deepening (80 ms) of the LGTS. Main contour lines (black) are every 10 ms and secondary contour lines (gray) every 2 ms. For the interpolation, we used the Flex Gridding algorithm in IHS Kingdom software. Onshore shaded relief map shows the location of the main active faults (Jennings and Bryant, 2010). The location of this figure is shown in Figure 1.
Pre-LGTS Units (Mio-Pleistocene Units)
Below the LGTS there are the Mio-Pleistocene sedimentary units that show well-developed folds (anticlines and synclines) and high-angle dipping reflectors, where the sedimentary units are imaged (Figures 4–7). In some places, these dipping reflectors coincide with irregularities or ridges on the LGTS (offsets 250–950 in Figure 5B) that in all likelihood may correspond to hard sedimentary horizons that are more competent. These ridges are also observed along the seafloor bathymetric data in places where the LGTS has been uplifted and exposed. The width of the folds (synclines and anticlines) beneath the LGTS increases and the structural relief across them decrease towards the west (Figures 3, 8).
Holocene Unit
Above the LGTS, there is the Holocene unit, which exhibits marked variation in both distribution and thickness along and across the margin (Figure 3). Holocene sediments deposited within the Offshore Ventura and Inner Santa Barbara basins (Figure 1), are mostly absent over the E-W anticline separating them. This unit reaches its maximum thickness close to Ventura where the LGTS is not imaged above the multiple (Figures 9 and Supplementary Figure S1). In the strike CHIRP lines shown in Figure 5, two different seismic-stratigraphic units are identified. The basal unit is a discontinuous progradational unit characterized by high amplitude and low frequency foreset reflectors and in some locations different progradational units have been identified (Figures 3, 4A, 5). Usually these reflectors downlap onto the LGTS, but in some places, they mantle this surface, thus lying disconformable above it. On top of the progradational unit or directly on top of the LGTS, there is an aggradational unit, with continuous and parallel reflectors that exhibit medium to high acoustic amplitude and a high frequency character (Figures 3, 4A, 5). In localized depocenters of the Inner Santa Barbara Basin (Figures 4B, 6), there exists an expanded stratigraphic section where up to eight seismic-stratigraphic units can be identified. Given the interplay between sedimentation rates and accommodation, the units exhibit either progradation (sedimentation rates > accommodation rates) or aggradation (sedimentation rates < accommodation rates).
[image: Figure 9]FIGURE 9 | Interpreted CHIRP profile D01L03 acquired across the Pitas point thrust fault. Different seismostratigraphic units (A–D) are identified based on stratal geometries. The red dashed lines identify horizons corresponding to different deformation events (i.e., inferred earthquakes). The LGTS (dashed orange line) is projected from the structural contour map as it is not well imaged as it is obscured by the multiple. The location of the profile is shown in Figures 2, 3. Uninterpreted profile is provided in Supplementary Figure S8.
Active Structures and Uplift Events
The analyzed seismic dataset exhibits evidence that the LGTS and the Holocene unit have been uplifted and folded (Figures 3–9). Based on the dense grid of seismic profiles, we have mapped the extent of Late Quaternary active structures, mainly anticlines and synclines across the region (Figure 10). Furthermore, the presence of fold scarps, growth strata sequences, onlap unconformities and erosion surfaces in the Holocene unit has allowed for the identification of three to four discrete deformational events.
[image: Figure 10]FIGURE 10 | Tectonic map of the offshore region between Ventura and Santa Barbara showing the location of faults, anticlines and synclines interpreted and correlated between the high-resolution seismic profiles (white dotted lines) and their projected correlation with the onshore active faults (Jennings and Bryant, 2010). Note the different color between the folds affecting the Last Glacial transgressive surface and Holocene unit (in red) and the Mio-Pleistocene units (in orange). A potential step over to the north is observed between the Lavigia and Mesa-Rincon Creek faults mapped in Santa Barbara region and their location offshore of Carpinteria as shown by a fault branching off the Arroyo Parida fault. The location of this Figure is shown in Figure 1.
Ventura-Pitas Point Fault
Offshore of western Ventura, the seismic profiles image a 100 m wide monocline verging to the south that folds the Holocene sediments close to the seafloor, but not the seafloor itself (Figures 9 and Supplementary Figure S3). Towards the west, the height of the monocline diminishes and only deeper Holocene reflectors are folded (Supplementary Figure S3). We have mapped this structure for approximately 19 km, from the coastline west to the longitude of Carpinteria (Figure 10). Nevertheless, it is important to note that there is uncertainty in the identification of the Ventura-Pitas Point anticline trend between Carpinteria and Punta Gorda given the distance between seismic profiles, the decrease in the structural height of the monocline, and gas wipe-out that obscures acoustic reflectors. Spatially coincident where there is greater uncertainty in identifying the fault and fold, there is a change in trend of the Ventura-Pitas Point fault, from being NW-SE near the coast to E-W farther offshore.
Examination of the CHIRP profiles crossing the Ventura-Pitas Point fault reveals three seismostratigraphic units characterized by growth sequences on the downthrown block and thinning by onlap on the upthrown block that have been progressively folded (i.e., folding attenuates towards the seafloor; Figure 9). In addition, the boundary between the different units correspond to an unconformity. In order to calculate the vertical uplift for each event, we assumed that the regional slope of the event horizons corresponds to the depositional slope on the downthrown block and infer it to have similar slope on top of the monocline, and then measure the vertical uplift (first approach explained in section 3.3). In addition, to convert two-way travel time (TWTT) to depth, a nominal interval velocity of 1500 m/s TWTT was used because of the lack of available surficial seismic velocities in the area. Accordingly, vertical uplift ranging between 2.8 and 3.0 m, 3.0 and 3.2 m, and 1.5 and 1.6 m were determined for events 1, 2 and 3, respectively (more information in Supplementary Table S4). Given that the CHIRP profiles crossing the monocline did not image the LGTS (Figure 9), we have not been able to estimate the vertical uplift rates. On the downthrown block and away from the deformation zone, the thickness of unit B between event horizons 1 and 2, and unit C between event horizons 2 and 3 are similar (0.006 s TWTT, approximately 4.7 m, at offset 750 m in Figure 9 and Supplementary Table S5). In comparison, unit A, bounded by the seafloor and event horizon 1, is slightly thinner (0.004 s TWTT, approximately 3.4 m, at offset 750 m; Supplementary Table S5). Considering a constant sedimentation rate for the Holocene, this may suggest that the time between events 1 and 2 and 2 and 3 was similar and that the time elapsed since the last event, event 1, would correspond approximately to two thirds of the time between the previous events.
Ventura-Avenue Anticline Trend
In the CHIRP profiles located south of Rincon Point, we observe a gentle, low relief anticline about ∼500 m long that folds Holocene sediments but not the seafloor (Figure 11). This anticline, which trends approximately E-W, becomes more difficult to identify towards the west and completely disappears at the longitude of Carpinteria. Farther west, we have identified an anticline with a similar trend, but with greater width and higher structural relief that folds the pre-LGTS sedimentary units and is offset by thrusts and backthrusts (Figures 3, 6A, 7). This anticline does not appear to deform the LGTS in this region. Several oil platforms are located along the axis of the anticlinal trend, which were used to correlate the structure between profiles where the structure was not well imaged in the seismic data. It appears that the anticline is a continuous structure, folding both the LGTS and the Holocene unit east of the longitude of Carpinteria, and just the pre-LGTS seismic-stratigraphic units to the west. The trend of this structure aligns with the onshore Ventura-Avenue anticline trend (also identified as the Rincon or Dos Cuadras anticline in the offshore), which is consistent with the nomenclature of other studies (Sorlien et al., 2000; Plesch et al., 2007; Hubbard et al., 2014; Sorlien and Nicholson, 2015; Johnson et al., 2017b; Levy et al., 2019). The anticline is observed for at least 27.5 km offshore (Figure 10); the portion where the anticline deforms the Holocene strata in this dataset extends offshore for approximately 10.3 km.
[image: Figure 11]FIGURE 11 | (A) Interpreted CHIRP dip profile D03L03 showing the folding of the Last Glacial transgressive surface (LGTS; continuous orange line) related to the offshore Red Mountain anticline and of the Holocene units related to the Ventura-Avenue anticline. The light blue unit bounded by a blue line corresponds to a progradational unit. The location of the profile is shown in Figures 2, 3. (B) Location of enlargement is shown by the rectangle in Figure 11A, which images the folding of the Holocene units that may be related to the offshore Ventura-Avenue anticline. Different seismostratigraphic units (A–D) based on stratal geometry are identified. The red dashed lines identify horizons corresponding to different deformation events (i.e., Inferred earthquakes). The continuous black line corresponds to a reflector that appears to onlap on a surface below pointing to a possible old event on the anticline. The LGTS (dashed orange line) is projected from the structural contour map as it is not well imaged due to acoustic gas wipe out. Uninterpreted profiles are provided in Supplementary Figure S9.
A seismic profile across the Ventura-Avenue anticline above the LGTS (Figure 11B) images three units below the seafloor with reflectors that onlap onto the upper reflector of the preceding unit forming different unconformities to the north and growth strata geometries to the south (Figure 11B). The units thin where they onlap the fold (Figure 11A). Units A and B exhibit slight thickening north of the Ventura-Avenue anticline and all three units thicken south of the axis of the anticline. Reflectors in units A, B, and C onlap the limbs of the anticline. A subtle monocline is observed south of the Ventura-Avenue anticline with folds at the base of unit C and the reflectors below (offset 1250 in Figure 11B). Three deformation events are imaged above the LGTS (events 1, 2 and 3; Figure 11B). Despite the prevalent acoustic gas wipe out in the region, there are some observations that may record an older event. For example, a possible unconformity is observed on the northern limb of the Ventura-Avenue anticline (offset 3150 and 0.054 s TWTT in Figure 11B).
To estimate the vertical uplift related to each event, we employed a similar approach used for the Ventura-Pitas Point fault. The vertical uplifts measured across the southern limb are in the range of 0.6–0.7, 1.1 and 0.6–0.7 m for events 1, 2 and 3, respectively (more information in Supplementary Table S4). Nevertheless, the identification of a monocline south of the anticline that has deformed event horizon 3 but no overlying reflectors (offset 1250 in Figure 11B) suggesting that the offshore deformation may be split between different faults and folds. On the northern limb of the anticline, the measured vertical uplift values are ∼0.7, ∼0.9 and 0.6–0.7 m for the same events. It is important to not the similar uplift values on both limbs. Given that the CHIRP profiles crossing the anticline did not directly image the LGTS (Figure 11), we have not been able to estimate the vertical uplift rates. The thickness of units A, B and C, units above the different event horizons, is 0.005, 0.004 and 0.006 s TWTT, respectively (approximately 3.4, 2.6 and 4.4 m at offset 1500 m in Figure 11B and Supplementary Table S5).
Red Mountain Anticline
Analysis of the seismic profiles between Rincon Point and Santa Barbara reveals noticeable uplift and deformation of the LGTS that forms an anticline 1–2.5 km wide, 6.7–29 m (0.009–0.039 s) of structural relief, and a total length of approximately 24.5 km (Figures 3, 6A, 7, 11A, 12, 13D). This anticline trends E-W in the western part of the basin and becomes narrower as it progressively changes its trend to NNE-SSW to the east (Figures 8, 10). In the central and western part of the basin, the southern limb of the anticline verges south showing an increase in slope when compared to the seafloor and forming a smooth fold. In contrast, a steeper monocline characterizes the northern limb, which diminishes to the east with an attendant change in trend of the main anticline (Figures 3, 6A, 7, 11A, 12, 13D). Close to Rincon Point, there are a number of secondary monoclines that merge with the main structure (Figure 10). The northernmost one is associated with a fault that offsets the LGTS and, in some cases, reflectors at the base of the Holocene unit (Figures 3, 12). Hoyt (1976) using 3.5 kHz high-resolution profiles mapped this structure and named it the Red Mountain anticline as he associated it to the northern and southern branches of the Red Mountain fault. Analysis of CHIRP seismic profiles shows that the Holocene units mantling the LGTS to the north and south of this anticline are predominantly undeformed (Figures 3, 7). The vertical uplift between Santa Barbara and the zone where the anticline changes its trend is quite constant with the average uplift ranging between 12 and 13 m (more information in Supplementary Table S6). In contrast, the average vertical uplift increases to 20–22 m in the NNE-SSW trending section (Figure 10 and Supplementary Table S6). Given that the mean depth of the LGTS to the south of the anticline in the western sector is 61.2 and 50.7 m in the eastern sector and considering the regional global sea level during the Last Glacial Maximum (Fairbanks, 1989; Stanford et al., 2011; Muhs et al., 2014; Reeder-Myers et al., 2015; Reynolds and Simms, 2015; Johnson et al., 2017b), the age for the formation of the LGTS might range between 10.6–12.1 and 9.8–11.2 ka, for both sectors, respectively. This yields an estimation of the average uplift-rate for the western sector in the range of 1.0–1.2 mm/yr, and of 1.8–2.1 mm/yr for the eastern sector (Supplementary Table S6).
[image: Figure 12]FIGURE 12 | (A) Interpreted CHIRP dip profile D02L04 showing the folding of the Last Glacial transgressive surface (LGTS; continuous orange line) related to the offshore Red Mountain anticline. The light blue unit is bounded on the top by blue lines corresponding to different progradational units identified in the area. The location of the profile is shown in Figures 2, 3. (B) Enlargement location is shown by rectangle in Figure 12A, which shows the uplift and deformation of the LGTS (orange continuous line). Different seismostratigraphic units (A–F) based on stratal relations are identified. The red dashed lines identify horizons corresponding to different deformation events (i.e., Inferred earthquakes). Uninterpreted profiles are provided in Supplementary Figure S10.
[image: Figure 13]FIGURE 13 | High-resolution (2 m; Johnson et al., 2017a) bathymetric-hillshade (A), bathymetric-slope-enhanced relief (B) and slope (C) maps of the offshore area south of Rincon Point showing different morphological features on the observed SSW-NNE elongated ridge. CHIRP dip profile D03L03 in (A) corresponds to the zone between offsets 4250 and 5700 m in Figure 11A and images the deformed LGTS across the Red Mountain anticline. (D) Interpreted CHIRP dip profile D03L04 shows the folding of the Last Glacial transgressive surface (LGTS; continuous orange line) related to the offshore Red Mountain anticline. Note the thick onlapping Holocene units onto the Red Mountain anticline and the different events of deformation (i.e., inferred earthquakes; red dashed lines). The location of the profile is shown in Figures 2, 3, 13A. Uninterpreted profile is provided in Supplementary Figure S11.
Based on stratal geometries observed in the CHIRP data, four deformation events are observed on the southern limb of the Red Mountain anticline in an expanded stratigraphic section. On the northern limb, only the two youngest events are recognized (Figure 12B). Events 1, 2 and 4 on the southern limb thin to the north by onlap. In addition, a fault offsetting the base of Unit F engenders a subtle fold observed in all the overlying event horizons (offset 5950 m in Figure 12B). Furthermore, a local growth strata is observed in unit A, which is not observed in the lower units. In contrast, event 3 corresponds to a marked change in stratal geometry between Unit F and Unit D. Unit F thins by onlap onto the southern Limb of the Red Mountain anticline. Conversely, Unit D is located up dip of Unit F and thins to the south by downlap onto both the LGTS and Unit F (Figure 12B). Farther south, Unit E mantles Unit F and exhibits high amplitude reflectors at the base and top (Supplementary Figure S10).
The vertical uplift for each event on the north limb has been estimated using the same approach employed for previous structures. Accordingly, it ranges between 0.9 and 1.0 m for events 1 and 2 in the northern limb (more information in Supplementary Table S4). The lack of post-transgressive surface sediments mantling all the deformed area on the southern limb and being uplift by folding, precludes the approach used to constrain uplift rates along the northern limb of the Red Mountain anticline.
Mesa-Rincon Creek Fold System
Close to the shoreline between Carpenteria and Santa Barbara the CHIRP profiles show a wide (∼2.5 km) deformation zone formed by a series of anticlines and synclines (Figures 6, 7). A south verging anticline, 2–2.5 km wide and 14–26 m (0.019–0.035 s) of structural relief, bounds the area to the south and clearly folds and uplifts the LGTS. Towards the north, there is a sequence of secondary synclines and anticlines verging slightly to the north that have less width and lower structural relief. Some of the secondary anticlines are offset by reverse faults dipping to the south, showing the relation of these folds to active faulting (fault at offset 10,150 Figure 6). In front of the main anticline, there is a localized structural depression spatially coincident to the region where the LGTS dips steeply to the north (Figures 3A, 4B, 8). The correlation of the different deformation zones between profiles shows that the fold system extends E-W for 16.3 km, following the morphology of the coastline (Figure 10). In addition, correlation of the secondary anticlines and synclines suggests that there is a step-over between structures close to Santa Barbara versus structures east of the branch splaying off the Arroyo Parida fault (Figure 10). Furthermore, the syncline-anticline system to the north of the Lavigia fault/anticline may connect with the Mesa-Rincon Creek fault mapped in Santa Barbara to the west and to a NE-SW trending fault that branches off the Arroyo Parida fault in between Carpinteria and Santa Barbara (Figure 10). The USGS sparker profile in Figure 4A is located to the west of the step over and the CHIRP profile in Figure 4B is to the east of it (Figure 2). The Lavigia fault imaged in Figure 4A (offset 3000) dies away to the east and the deformation across the step-over shifts to the north as observed in Figure 4B (offset 8750). Evidence for the step is also revealed in the fault map (Figure 10). Considering the onshore extension of the Lavigia (∼8.7 km) and the Mesa-Rincon Creek (∼7.5 km) faults, the total length of the system would be approximately 32.5 km. Vertical uplift and uplift-rates for the LGTS related to the frontal anticline have been estimated. Between Santa Barbara and west of Carpinteria, the average vertical uplift ranges from 24 to 26 m with an uplift-rate between 2.0 and 2.4 mm/yr, whereas to the east the uplift diminishes to 15–16 m with an uplift rate of 1.4–1.5 mm/yr (more information in Supplementary Table S6).
Unconformities associated with the deformation imaged in the CHIRP profiles delineates four Holocene uplift events related to the Mesa-Rincon Creek frontal anticline (Figure 4B), to the east of the step over, and four prominent events in the syncline-anticline system (Figure 6B), north of the Lavigia fault and west of the step over. In the Mesa-Rincon Creek frontal anticline, the evidence for event 1 is the recognition of onlap and downlap relationships of unit A onto unit B. The identification of events 2 and 3 is based on the observation of a seismostratigraphic succession between aggradation (units G and D) and progradation (units E and C) units (Figure 4B). Event 4 is based on the folding and deformation of the LGTS and attendant thickening of unit H towards the north. The vertical uplift for events 1 and 2 range between 10.6–11.3 m and between 3.9–4.2 m, respectively (more information in Supplementary Table S4). In the cases of event 3 and 4, it is not possible to estimate the uplift because the basal unconformity is obscured by the seafloor multiple (Figure 4B).
Unconformities and unit geometries observed in the syncline-anticline system (Figure 6B) reveal four uplift deformation events, which are consistent with the events determined for the Mesa-Rincon Creek frontal anticline (Figure 4B). Evidence for Event 1 is based on unit A thinning by downlap and onlap onto units B and C (Figure 6B). Events 2, 3 and 4 at the base of units B, E, and H in the syncline-anticline system are based on observed onlaps onto the event horizons. The LGTS is folded and faulted in the region. A reverse fault offsets both the bases of Unit G and F (offset 10,200 in Figure 6B). Farther south, another reverse fault offsets the base of Unit H and G (offset 9,500 in Figure 6B). Minor deformation may be observed at the base of Unit F and D; however, the evidence is not as compelling as for the other events (e.g., events 1–4).
The vertical uplift in the syncline-anticline system (Figure 6B) has been measured using two different approaches. For event 1, we have assumed that the top of unit B on each side of the anticline would follow the far field slope and, then, the difference in height would correspond to the uplift related to the event. Accordingly, it would range between 2.2 and 2.3 m. For event 3, we have considered that the event horizon would be flat, even it may slightly dip to the south, before the occurrence of the event. Then, the difference in height between the anticline and syncline axis would be the result of the cumulative uplift of this event and the more recent events (1 and 2), assuming no erosion. The obtained cumulative uplift for events 2 and 3 ranges between 9.0 and 9.6 m. Thus, these two events appear to have an average vertical uplift of ∼4.6 m. Given that the CHIRP profiles crossing the syncline-anticline system did not continuously image the LGTS (Figure 6), we have not been able to estimate the vertical uplift rates.
DISCUSSION
Onshore-Offshore Structural Correlations
The new offshore geophysical data show that the Ventura-Pitas Point fault and the Ventura-Avenue anticline trend continue offshore (Figure 10). The Ventura-Pitas point fault can be mapped offshore for 19 km and the Ventura-Avenue anticline trend for 27.5 km. Previous studies, however, suggest that the system may extend west to the longitude of Point Conception for a total length of ∼110 km (Sorlien et al., 2000; Sorlien and Nicholson, 2015; Johnson et al., 2017b). Moving west away from the coastline, the monocline associated with the Ventura-Pitas Point fault imaged in the CHIRP seismic data becomes more subdued with deformation of only the deeper Holocene reflectors (Supplementary Figure S3). In the case of the Ventura-Avenue anticline trend, the seismic profiles show that this structure is folding the LGTS and the Holocene units approximately 10.3 km westward from the coastline to a longitude equivalent to Carpinteria (Figure 10). West of Carpinteria, neither the LGTS nor the Holocene units appear to be deformed (Figure 3). The lack of evidence of shallow deformation associated with these structures in the west portion of the study region could be related to a subtle tilting of the southern wide limb of the anticline system due to the deepening of the thrust fault tip from east to west (Hubbard et al., 2014; Sorlien and Nicholson, 2015; Johnson et al., 2017b; Levy et al., 2019). Nevertheless, our new geophysical observations that define the change in the recency of deformation from east to west may suggest that these structures west of Carpinteria are accommodating less strain and becoming less active during this time period. In light of the new interpretations, the sections of both the Ventura Pitas Point and the Ventura Avenue anticlines that show clear deformation of the seismostratigraphic units above the LGTS have a total length of ∼35 km when combined with their onshore-offshore extension.
The Mesa-Rincon Creek fold system has been identified onshore in Santa Barbara and from Carpinteria east to Rincon Creek (Dibblee, 1982; Jackson and Yeats, 1982; Olson, 1983; Jennings and Bryant, 2010; Gurrola et al., 2014) (Figure 10). The comparison between the fault and fold systems mapped onshore and offshore allows us to correlate the structures across the area. In the Carpinteria area, the basis for the correlation is that the identified offshore fold system ends close to the coastline where the Mesa-Rincon Creek fault is observed and both have similar trends. In Santa Barbara, two anticlines almost reaching the coastline may correlate with the Lavigia fault to the south, and farther north, the Mesa-Rincon Creek fault. The Lavigia fault appears to continue offshore for ∼6 km. A step-over between the fold systems appears to be delineated by a NE-SW trending fault splaying off the Arroyo Parida fault (Figure 10). Close to this step-over, the frontal anticline on the eastern section bends and trends to the SW and the deformation steps northward (Figure 4B). The eastern extent and trend of the Lavigia fault also appears to be controlled by the step over, with the eastern limit of the deformation imaged in the sparker data showing much less structural relief than close to the coast line (Figures 4A, 6A) and a change in strike from WNW to the ENE. Such opposite heading directions at both sides of the step-over could indicate some kinematic control and suggests the presence of a left-lateral tear-fault that would accommodate differential movement on the NE-SW trending fault that branches off the Arroyo Parida fault (Figure 10).
The Red Mountain fault has been previously extended towards the offshore areas following the trend of an offshore mapped anticline (Hoyt, 1976; Jackson, 1981; Plesch et al., 2007; Hubbard et al., 2014; Sorlien and Nicholson, 2015; Johnson et al., 2017b) identified as the Red Mountain anticline (Hoyt, 1976). The analysis of the new high-resolution dataset offshore, even in areas with limited imaging; however, suggests that there is no lateral continuity between the onshore fault and the offshores anticline (Figure 10). Continuing east, the Red Mountain anticline progressively bends towards the NE with its width decreasing where it approaches the coastline (Figure 10). It has bathymetric expression in shallow water as a NNE-SSW elongated ridge offshore Rincon Point (Figure 14). In addition, this alignment appears to act as a structural and drainage boundary. Onshore, the Rincon Creek separates the Rincon Mountain and Red Mountain topographic high zones in the east, which progressively lowers from east to west, from the Carpinteria basin to the west (Figure 10). Offshore, the Red Mountain anticline separates two Holocene sedimentary basins, with the Offshore Ventura Basin to the southeast and the Inner Santa Barbara Basin to the northwest (Figure 3).
[image: Figure 14]FIGURE 14 | Conceptual schematic cross-section showing the possible relationship between the deformation of the Last Glacial Transgressive Surface and deeper blind thrust faults in an area between Carpinteria and Santa Barbara and perpendicular to the shoreline. There are no vertical and horizontal scales.
In shallow water where the Red Mountain anticline comes onshore, it is delineated by the previously mentioned elongated ridge with steep NW and SE lateral margins (Figure 13). The top of the ridge is an almost planar surface, possibly a marine terrace, that gently dips to the SW. Two channel features are observed; however, the main channel is not connected to the current onshore drainage. A subdued north facing E-W trending morphological scarp is present along the southern portion of the ridge (Figures 13A–C). Johnson et al. (2017b) described this elongated ridge as a lobate boulder delta related to the Rincon Creek and correlated the subdued morphological scarp with the offshore trace of the north dipping Red Mountain thrust. The CHIRP profiles show that the top of this ridge corresponds to the deformed LGTS that exposes transgressive lag deposits at the seafloor (Figure 13D). Furthermore, on both sides of the ridge, the Holocene unit onlaps onto the LGTS. Within the Holocene unit, there are different onlapping subunits (i.e., interpreted as event horizons) that record the uplift and deformation of the anticline (Figures 11A, 13D). Accordingly, we interpreted this ridge as an uplifted area of the Miocene-Pleistocene units and transgressive lag deposits associated with the Red Mountain anticline. Finally, Johnson et al. (2017b) interpret the northward facing morphological scarp as evidence for the north dipping Red Mountain thrust fault. If correct, the scarp should be south facing for a northward dipping thrust fault, not northward facing, although it may represent a back-thrust scarp and not the main Red Mountain fault. Furthermore, if the scarp records thrust activity during the Holocene, it should also offset the adjacent Holocene sediments in the Ventura basin. There is no evidence of a similar scarp in the bathymetry, or a fault offsetting the Holocene unit towards the east (Figures 11A, 13). The evidence ascribing this scarp to an active north dipping thrust fault is not compelling.
In contrast with the fault models that extend the Red Mountain fault offshore (Hoyt, 1976; Plesch et al., 2007; Hubbard et al., 2014; Sorlien and Nicholson, 2015; Johnson et al., 2017b), we suggest that the Red Mountain anticline offshore and the Red Mountain fault onshore are independent structures but with the same trend. Based on the offshore and onshore observations, it appears there may be a tear fault or a lateral ramp aligned with Rincon Creek (Figure 11). This creek has two characteristics that may indicate that it is tectonically controlled. First, is a very rectilinear drainage when compared with the other creeks in the area (i.e., the creeks across the Rincon and Red Mountain mountains). Second, as previously discussed, there is a clear boundary along this creek with a basin area to the NW (i.e., the Carpinteria basin) and a topographic elevated area to the SE, with the Rincon and Red mountains (Figure 11). Following the creek, this fault could splay off the Arroyo Parida fault to the north; this eastern branch has a similar trend to the western branch (tear fault) off the Arroyo Parida fault. The onshore section of the fault might be predominantly strike-slip with some dip-slip component, which considering its trend, is consistent with the GPS velocity vectors near Rincon Creek (Marshall et al., 2013) (Figure 1). Finally, this structural relationship is similar to that observed in the Mesa-Rincon Creek fold system to the west and to other fault terminations along the Western Transverse Ranges, including the eastern termination of the Red Mountain fault onshore, the central part of the San Cayetano fault as well as along the Santa Susana fault (Dibblee, 1982; Rockwell, 1988; Yeats et al., 1994; Levy et al., 2019).
Migration of Active Deformation and Shortening Rates
Map restoration of folded strata for the past 6 Ma (Sorlien et al., 2000) and 1.5 Ma (Sorlien and Nicholson, 2015) and geodetic data and inversion of horizontal GPS velocities (Marshall et al., 2013) carried out in the Western Transverse Ranges show an east to west decrease of the contractional deformation across the Ventura Basin and Santa Barbara Channel. Interpretation of CHIRP profiles also reveal that the offshore deformation affecting the LGTS diminishes westward. Nevertheless, the observed decrease in deformation coincides geographically with an increase along other structures farther north closer to the shoreline. For example, the Ventura-Avenue anticline extends from the coastline between Punta Gorda and Pitas Point to the west of Santa Barbara. Folding the LGTS and the mantling Holocene units is observed between Pitas Point and Carpinteria (Figures 11, 12A). In contrast, west of Carpinteria deformation of the LGTS or the overlying Holocene sediments is not observed (orange segment, Figure 10); however, the underlying Mio-Pleistocene units in this region are clearly deformed (Figure 3). In this region, the Ventura-Avenue anticline appears to have been less active during the Holocene, or at least post-transgression (Figures 3, 6A, 7). This potential change in activity occurs in the zone where the Ventura-Avenue anticline runs parallel and approaches to the Red Mountain anticline, and where the Red Mountain anticline exhibits Holocene deformation (Figures 8, 10). A similar pattern of deformation is observed between the Red Mountain anticline and the Mesa-Rincon Creek fold system. The uplift rates estimated along the northern limb of the Red Mountain anticline since the formation of the LGTS (∼11 ka) show that these rates slightly diminished towards the west. Close to Rincon Point the uplift rates range between 1.8 and 2.1 mm/yr, while from Carpinteria to the west the rates diminish to 1.0–1.2 mm/yr (Supplementary Table S6). In contrast, for the same period of time, the uplift rates obtained for the frontal anticline of the Mesa-Rincon Creek fold system increase from Carpinteria towards the west. Close to Carpinteria the rates range between 1.4 and 1.5 mm/ka and towards Santa Barbara the rates rapidly increase up to 2.0–2.4 mm/yr (Supplementary Table S6). The comparison between the rates obtained for both structures show that around Carpinteria the rates in the Red Mountain anticline diminish to the west, whereas the rates on the Mesa-Rincon Creek fold system increase. Taking into account the uncertainties in the data used to estimate the vertical uplift rates, it is reasonable to consider that the maximum rates in both structures are quite similar and around 2.0 mm/yr.
Rockwell et al. (2016) studied different marine terraces uplifted by activity along the Ventura-Avenue anticline between Punta Gorda and Pitas Point (Figure 2). They obtained a vertical uplift rate of 5.75 mm/yr for the last 6.7 ka. Between Santa Barbara and Goleta (Figure 1), Gurrola et al. (2014) analyzed a set of marine terraces and obtained a vertical uplift rate between 1.1 and 1.2 mm/yr for the last 58–70 ka in Santa Barbara and between 1.8 and 2.0 for the last 48 ka east of Goleta. The authors suggest that these rates are the result of displacement and folding associated with different structures corresponding to the Mesa-Rincon Creek fold system. Comparing the uplift rates, we have obtained for the Red Mountain anticline and the Mesa-Rincon Creek fold system with the results for the Ventura-Avenue anticline, it is evident that for a similar time span the uplift rates obtained from the terraces are almost three times larger. Nevertheless, inversion of horizontal geodetic data for the whole Western Transverse Ranges show that the contraction rates along the southernmost Ventura Basin decrease both to the west and east (Marshall et al., 2013). Accordingly, the uplift rates for the structures west of Ventura may be lower, thus possibly explaining the lower rates obtained for the Red Mountain anticline and the Mesa-Rincon Creek fold system. Otherwise, the vertical uplift rates reported in Santa Barbara are approximately half of the rates obtained for the frontal anticline of the Mesa-Rincon Creek fold system. The approach used to calculate the vertical uplift rates relies on the age obtained for the LGTS at the different locations. This age is estimated measuring the depth of the LGTS below the present sea level and compared with different sea level curves for the Holocene (Fairbanks, 1989; Stanford et al., 2011; Muhs et al., 2014; Reeder-Myers et al., 2015; Reynolds and Simms, 2015; Johnson et al., 2017b). Although this approach provides a maximum and minimum age for the LGTS at each location, the estimated ages have much more uncertainty than the ages obtained for the marine terraces using numerical dates (i.e., OSL, Uranium series or Radiocarbon; Gurrola et al., 2014). Accordingly, the rates obtained from the analysis of the marine terrace may be more reliable. Nevertheless, the time span covered offshore is around 10 ka, whereas onshore extends up to 70 ka. Change in the slip rate for different time ranges has been shown for the San Cayetano South fault (Figure 1), with a slip rate of 1.9 mm/yr since ∼19–7 ka and of 1.3 mm/yr for the last ∼7 ka (Hughes et al., 2018). Accordingly, it may be possible that the vertical uplift calculated onshore Santa Barbara may be an average of different tectonic moments with the structures accommodating distinct deformation rates through time. In addition, uplift rates estimated east of Goleta are quite similar to those calculated offshore, showing that despite some discrepancies, the offshore uplift rates are in the range of the rates obtained onshore between Santa Barbara and Goleta.
The observations suggest that during the Holocene and from east to west, the structures accommodating the maximum surface deformation are located farther north closer to the coastline and exhibit a right-stepping pattern from east to west, consistent with a left-lateral component of shear. Between Ventura and Rincon Point, the main Holocene active structures appear to be the Ventura-Pitas Point fault and the Ventura-Avenue anticline, with minor Pleistocene activity associated with the Red Mountain fault (Lindvall et al., 2002). The Red Mountain anticline and the Mesa-Rincon Creek fold system appear to accommodate more of the deformation between Rincon Point and Santa Barbara. Nevertheless, west of Carpinteria the main deformation appears to be accommodated by the Mesa-Rincon Creek fold and back-thrust system. Two different hypothesis could explain the observed change in activity across the fold system. One possibility may be related to the tilting of the southernwide limb (5 km) of the Ventura-Avenue anticline to the west of Rincon Point (Sorlien and Nicholson, 2015), which would be difficult to observe in the LGTS or Holocene deposits due to the very low increment in titling (∼0.23° considering 20 m of vertical uplift in a 5 km wide limb). The other possibility would imply an out-of-sequence propagation of the deformation in the thrust system during the Holocene on the offshore Western Transverse Ranges. As such, it would limit or diminish the activity on the frontal structures of the system to re-activate or transfer the main activity to faults and folds closer to the hinterland towards the west. In this alternative hypothesis, with the understanding that the Ventura-Pitas Point fault and the Ventura-Avenue anticline are the frontal structures of the system with observed Holocene activity onshore and offshore, the question then arises, why does it become apparently inactive during the Holocene from Rincon Point to the west? The only change in the system during this last 10 ka has been the rise of sea level. Different studies have shown that large changes in water levels can affect the stress field locally and regionally and favor or prevent fault slip (Luttrell and Sandwell, 2010; Brothers et al., 2011; Neves et al., 2015). Luttrell and Sandwell (2010) calculate the eustatic ocean loading at the Cascadia Subduction System and conclude that when sea level is high the system would preferably fail in deeper segments below the continent, whereas in times of lower sea level it would preferable rupture the shallower offshore portions of the fault zone. The implications for the offshore Transverse Ranges is that rupture of faults closer to the continent (Red Mountain anticline) would occur during sea level highstands. Conversely, rupture on the offshore faults (Ventura-Pitas Point system) would be more likely during sea level lowstands, which may explain the low deformation along the frontal structures during the Holocene. The accumulated stress would be released along structures in the hinterland systems, such as the Red Mountain anticline. The same mechanism may explain the larger deformation in the Mesa-Rincon Creek fold systems as compared to the Red Mountain anticline west of Carpinteria (Figure 6).
Based on the uplift observed in the Red Mountain anticline and to the frontal anticline of the Mesa-Rincon Creek fold system, we have estimated the vertical uplift rates for the Holocene, which are roughly consistent with uplift rates calculated from marine terraces. Different geological cross-sections across the Western Transverse Ranges relate the anticlines to different blind-thrusts (Yeats et al., 1987; Yerkes et al., 1987; Rockwell, 1988; Rockwell et al., 1988; Yeats et al., 1988; Shaw and Suppe, 1994; Huftile and Yeats, 1995; Sorlien et al., 2000; Azor et al., 2002; Plesch et al., 2007; Hubbard et al., 2014; Levy et al., 2019). Considering the vertical uplift rates (∼2 mm/yr) and knowing the dip of the blind-thrusts, it is possible to calculate the net slip rate and the shortening rate on the faults. Structural forward modelling of the Western Transverse Ranges using Trishear show that the blind-thrust faults related to the Red Mountain anticline and to the frontal anticline of the Mesa-Rincon Creek fold system may dip between 50° and 60° (Levy et al., 2019). Accordingly, the net slip rate may range between 2.3 and 2.6 mm/yr and a shortening rate between 1.2 and 1.7 mm/yr. Geodetic data reveal north-south convergence across the Ventura Basin at ∼7 10 mm/yr (Donnellan et al., 1993a, 1993b; Hager et al., 1999; Marshall et al., 2013). Comparing the calculated shortening rate to the geodetic rate suggests that the anticline systems in the Offshore Ventura and the Inner Santa Barbara basins might be accommodating between 12 and 24% of the convergence in this area of the Western Transverse Ranges.
Inferring the Deep Structure From Post-LGTS Deformation
The CHIRP profiles image the surficial stratigraphy (top tens of meters) with submeter vertical resolution. The majority of the faults in the basin are blind thrusts with their fault tips hundreds of meters below the seafloor (Yerkes et al., 1987; Namson and Davis, 1988; Shaw and Suppe, 1994; Hubbard et al., 2014; Sorlien and Nicholson, 2015; Johnson et al., 2017b; Levy et al., 2019). As a result, the CHIRP profiles do not image most fault offsets in the region. Nevertheless, they show the deformation and folding of the LGTS and Holocene unit that provides constraints on the geometry of the deep blind thrusts. Based on this information, we propose a geological model of the deep structure based on the observed surficial deformation in the offshore Ventura and Inner Santa Barbara basins (Figure 14). Levy et al. (2019) have published a set of geological cross-sections across the Western Transverse Ranges, some of them between Ventura and Santa Barbara. These cross-sections show good agreement with our observations and conceptual model, showing the importance of analyzing the surface deformation to provide additional constraints on the deep structure.
The surface deformation along the identified Ventura-Pitas Point fault and the Ventura-Avenue anticline appears to be related to the activity on the southernmost main thrust of the system. Interpretation of the seismic profiles show that close to Ventura, the Ventura-Pitas Point fault is a narrow, low structural relief monocline verging to the south with a possible high-angle, reverse fault close to the seafloor (Figure 9). A low relief anticline that exhibits approximately hectometer wavelength 650 m wide zone of Holocene deformation is interpreted as the surficial expression of the Ventura Avenue anticline (Figure 11) with attendant folding of the Mio-Pleistocene units below the LGTS to the west (Figures 6A, 7). Such observations suggest that both structures may be related to a high-angle north-dipping thrust fault close to the seafloor that generates the Ventura-Pitas Point fold and the Ventura Avenue anticline. This fault has been identified as the Ventura-Pitas Point fault and its dip is interpreted to shoal at depth to account for the regional rate of uplift (Levy et al., 2019). Our interpretation is in agreement with previous structural models based on seismic and well data (e.g., Namson and Davis, 1988; Shaw and Suppe, 1994; Hubbard et al., 2014; Sorlien and Nicholson, 2015; Johnson et al., 2017b) and with models obtained by Trishear forward structural modelling (Levy et al., 2019).
To the north of the Ventura-Pitas Point fault and in the center of the offshore basin, there is the Red Mountain anticline, with kilometer-scale width and low to moderate structural relief (Figures 3, 6A, 7). In the central part of the basin, the anticline has a gentle slope on the southern limb and a steeper slope on the northern limb, with some local uplift along the axis. This local deformation may be related to a shallow back thrust fault dipping to the south and branching into the main blind thrust that dips to the north. It is important to note in our interpretation, the main offshore thrust may not correlate with the onshore Red Mountain fault, as it appears to die away to the east into a tear fault (Figures 10, 14). The main blind thrust causing the offshore Red Mountain anticline could be a northern branch off the detachment associated with the Ventura-Pitas Point fault. Such a geometry is consistent with the hypothesis that the deformation is transferred from the southern to northern structures moving west in the region. In comparison with Levy et al. (2019) cross-sections (4 and 5 in their Figures 4, 10). They identify the faults bounding the Red Mountain anticline as being the Red Mountain fault and associated backthrusts, In our preferred interpretation, we propose that west of Rincon Point the thrust system would not correspond to the onshore Red Mountain fault.
The most northern and western structure in the offshore basin is a wide deformation zone that corresponds to the Mesa-Rincon Creek fold system, composed of a series of anticlines and synclines (Figures 6A, 7). The largest structure corresponds to the southern anticline that exhibits a prominent southern limb with kilometer-scale width and large structural relief. Towards the north, there is a syncline-anticline sequence with a shorter width, verging slightly to the north. This deformation is in shallow water and is not imaged by the deep seismic data (Sorlien and Nicholson, 2015). In addition, there is a local depocenter where the LGTS dips steeply to the north and localized in front of the main anticline east of the proposed left-lateral tear-fault (Figures 3A, 4B, 8). In our conceptual model (Figure 14), the large anticline and the local depocenter may be related to a blind thrust dipping to the north, similar to Ventura Pitas Point fault, with a steeper dip close to the seafloor to explain the large uplift with the short width of deformation compared with the Red Mountain anticline (Figure 14). To the north, a back-thrust that dips steeply to the south would explain the northern anticline (Figures 6B, 13). This model agrees with geological cross-section and trishear forward modelling by Levy et al. (2019) in Santa Barbara. In addition, they show that the main thrust fault may branch with the Ventura-Pitas Point fault at depth. The main difference with our conceptual model is that the thrust identified as the Red Mountain fault in their cross-section (5 in their Figures 4, 10) would represent the Mesa-Rincon Creek fold system. At depth, the connection of the northward dipping thrust of the Mesa-Rincon Creek fold system to a regional detachment may explain the apparent jump of the deformation from the Red Mountain anticline to the Mesa-Rincon Creek fold system towards the west.
Correlation of the Deformation Events Between Onshore-offshore
Two onshore paleoseismological studies provide important constraints on the most recent earthquake and the recurrence interval, one focused on the Ventura-Pitas Point fault (McAuliffe et al., 2015) and the other on the Ventura-Avenue anticline (Rockwell et al., 2016). McAuliffe et al. (2015) analyzed continuously cored boreholes and cone penetrometer tests (CPTs), high-resolution seismic-reflection data, and luminescence (IRSL) and 14C dates from Holocene strata across the Ventura-Pitas Point fault in the city of Ventura. Evidence for at least two deformation events is reported (Figure 15). The youngest event is interpreted to have occurred between 235 and 805 yr ago and produced a vertical uplift between 6 and 6.5 m. The older event took place between 4065 and 4665 yr ago with a maximum vertical uplift between 4.5 and 5.2 m. The deformation observed for the older event may be recording two events that occurred close together in time, as they observed evidence for different bed dips in the successive units. The older of the two events might have occurred between 4165 and 4590 yr ago. As mentioned, the CHIRP profiles show evidence of at least three Holocene deformation uplift events associated with the Ventura-Pitas Point fault (Figure 9). The last two offshore events are characterized by vertical uplifts that are approximately half of those estimated for the onshore deformation. Two different processes could explain this onshore-offshore uplift difference. On one hand, the fault system would accommodate less deformation towards the west into the offshore, an observation that is consistent with the progressive decrease in structural relief of the monocline observed in the seismic dataset towards the west (Supplementary Figure S3). On the other hand, the deepening of the fault tip and the development of a wide southern limb of the Ventura-Avenue anticline (Sorlien and Nicholson, 2015) could distribute the deformation on a wider area, which would also explain the observed decrease in deformation. The CHIRP data reveal that the oldest offshore event shows half of the vertical uplift as the previous two events. Although there are no available age data to constrain the age of the different sedimentary units and the timing of the uplift events, their approximate age can be estimated following the explained approach to calculate the Holocene sedimentation rates and, thus obtain the minimum and maximum age of the different event horizons. The calculated sedimentations rates on profile D01L03 (Figure 9 and Supplementary Table S1) range between 3.3 and 3.9 mm/yr and the age for Event Horizon 1 ranges between 793 and 997 yr ago, Event Horizon 2 between 1969 and 2494 yr ago, and Event Horizon 3 between 3134 and 3888 yr ago (Figure 15 and Supplementary Table S2). Accordingly, event 1 may correlate with the most recent event interpreted by McAuliffe et al. (2015). Events 2 and 3 cannot be directly correlated with any onshore event interpreted in Ventura-Pitas Point fault. Even though, event 3 has an estimated age slightly younger than the onshore event 2, given all the uncertainties related to the estimation of the sedimentation rates and the event horizon ages it could correlate to onshore event 2 (i.e., no compaction considered, constant sedimentation rate or a nominal interval velocity of 1500 m/s TWTT to convert time to depth). Offshore event 2 is not observed onshore at the Ventura-Pitas Point fault site maybe because there is a condensed sedimentary section onshore that failed to record this event.
[image: Figure 15]FIGURE 15 | Comparison of the ages (vertical bars) and the vertical uplifts (numbers between brackets) for the onshore paleoseismological events (McAuliffe et al., 2015; Rockwell et al., 2016) and offshore deformation uplift events for Ventura-Pitas Point fault (1; profile D01L03 Figure 9) and the Ventura Avenue anticline (2; profile D03L03 Figure 11B). Horizontal gray bands consider the maximum and minimum ages obtained on the onshore studies for each event, considering that these ages are more reliable than the estimated ages based on the offshore seismic profiles.
Rockwell et al. (2016) described four generations of emergent marine terraces between Punta Gorda and Ventura with the oldest one uplifted a minimum of 38 m in the last 7000 yr. Each of these terraces were interpreted to be associated with a coseismic uplift event on the Ventura-Avenue anticline, and therefore the underlying Ventura-Pitas Point fault (Rockwell et al., 2016). The analysis and dating of the different terraces determined that the two most recent events occurred between 820 and 1060 yr BP, with a preferred age of 955 yr BP, and between 1915 and 2155 yr BP, with a preferred age of 2090 yr BP. The older event produced uplifts between 5 and 10 m, with the earlier event potentially being slightly larger (Figure 15). In comparison, the two older events uplifted the terraces 10–12 m and took place between 4215 and 4705 yr BP and between 6600 and 6825 yr BP (Figure 15). Evidence for at least three, maybe four, uplift events are observed in the CHIRP profiles across the Ventura-Avenue anticline (Figure 11). The uplifts estimated offshore are lower than those reported onshore, similar to the case for the Ventura-Pitas Point fault. The reasons for the decrease uplift may be the same as suggested previously. Nevertheless, the datasets show that the Ventura-Avenue anticline may become less active towards the west where approaching the Red Mountain anticline (Figure 3) suggesting that towards the west the system would accommodate more deformation in the nearshore structures. Comparing the relative uplift between events onshore and offshore, we observed that the offshore uplift produced in event 1 (0.4–0.6 m) is slightly lower than in event 2 (0.3–1.1 m) (Figure 15). Event 3 shows the least amount of uplift (0.2–0.6 m) of the three events offshore, which is not consistent with the results reported onshore, although it is possible that much of the strain could have been transferred to the Red Mountain and Rincon Creek structures. There are other structures in the area (subtle anticline, offset 1250, in Figure 11B); however, suggesting that the deformation could be accommodated across a larger area. Although with much uncertainty, a fourth and older event is observed in the CHIRP seismic data (offset 2950, Figure 11B) and might correlate with the oldest event identified onshore (Rockwell et al., 2016). If so, although no age data are available for the area, we have estimated the possible minimum and maximum ages for the different event horizons following the same approach employed for the Ventura-Pitas Point fault. On profile D03L03 (Figure 11B), the sedimentations rates range between 2.4 and 2.8 mm/yr (Supplementary Table S1), lower than in profile D01L03 suggesting that the sedimentation rates are not uniform across all the area. The estimated age for Event Horizon 1 ranges between 1190 and 1483 yr, for Event Horizon 2 between 2064 and 2676 yr, and for Event Horizon 3 between 3587 and 4596 yr (Figure 15 and Supplementary Table S3). The comparison of these ages with the event ages provided for the marine terraces uplift events (Rockwell et al., 2016) shows that the ranges obtained for event horizons 2 and 3 partially overlap with the onshore events 2 and 3 (Figure 15). In contrast, Event Horizon 1 cannot be directly correlated with the onshore event 1 since the offshore age is slightly older. Nevertheless, taking into account the uncertainties in the estimation of the sedimentation rates and the horizon event ages, it cannot be ruled out that they correspond to the same event (event 1).
As noted above, the numbers of events interpreted offshore is roughly consistent with the events observed onshore and can be correlated along the same structures. Accordingly, since the onshore events have been interpreted as paleoearthquakes, the deformation uplift events interpreted offshore may also be associated to coseismic deformation and, thus, the event horizons may indicate the time of occurrence of paleoearthquakes. In addition, a general comparison provides a more regional event correlation. The uncertainty in the age of the most recent event, event 1, thus it could correlate with either the Ventura-Pitas Point fault or the Ventura-Avenue anticline (McAuliffe et al., 2015; Rockwell et al., 2016). Although, in the offshore part of the Ventura-Avenue anticline the estimated age is older for this event, it is plausible that it would represent the offshore deformation related to the youngest event. The age ranges estimated for the second event in the offshore Ventura-Pitas Point fault and the Ventura-Avenue anticline overlap quite well (Figure 15). This suggests that this event may correlate with the Ventura-Pitas Point fault, although no evidences have been observed in the onshore studies (McAuliffe et al., 2015). According to the obtained age ranges, the third event can be correlated between both deformation zones, onshore and offshore, although the age obtained in the offshore Ventura-Pitas Point fault is slightly younger (Figure 15). Despite much uncertainty in the chronology based on sedimentation rates, the three events observed offshore Ventura-Pitas Point fault and Ventura-Avenue anticline appear to correlate roughly with the events documented onshore (McAuliffe et al., 2015; Rockwell et al., 2016). Finally, the possible coincidence in time of the events in both structures may suggest that large earthquakes may rupture both the Ventura-Pitas Point fault and Ventura-Avenue anticline at the same time.
Potential Seismic and Tsunami Hazards
The different fault systems mapped and analyzed in the offshore between Ventura and Santa Barbara show evidence for a similar number of deformation uplift and folding events since the formation of the LGTS: 1) three events in the Ventura-Pitas Point fault; 2) three, potentially four, in the Ventura-Avenue anticline; and 3) four in the Red Mountain anticline, and in the frontal anticline of the Mesa-Rincon Creek fold system and in its back-thrust. In compressional tectonic environments, earthquakes ruptures may not reach the surface when they are nucleating in deeper areas of the seismogenic zone (i.e., blind thrusts). Nevertheless, the deformation associated with blind-thrusting can result in the folding of the shallowest units producing fault-propagation folds and fault-bend folds (Fossen, 2016). The geometrical models of these types of folding show that the size of the areas affected by folding depends on the depth and dip of the fault and the amount of slip. Coseismic folding may result in tilting movements of the ground surface and vertical displacement, of up to several meters for very large earthquakes. This surface deformation may result in the preservation of evidence of the coseismic folding in the geological record as stratigraphic unconformities, difference in thickness along a unit or erosional truncations (McCalpin and Carver, 2009). As previously described, we have identified different angular unconformities, growth strata, reflectors onlaps and different degree of folding associated to the different deformation uplift events. Accordingly, the different interpreted events occurred in the analyzed fault and fold systems may be interpreted as related to coseismic deformation. This is also supported by the good correlation between the events observed onshore and offshore for the Ventura-Pitas Point fault and the Ventura-Avenue anticline. Despite a poor chronostratigraphic framework in the offshore region, the identification of a similar number of uplift events or earthquakes along different fault systems suggests a possible fault interaction and could support two different scenarios: 1) earthquake triggering, where the occurrence of one event triggers the next rupture close in time; or 2) a simultaneous rupture of all the faults during larger events. The two scenarios have different implications for the seismic hazard in the area.
In the first scenario, considering that each fault is producing an independent event and their total length represents the maximum surface rupture length, we would expect maximum earthquakes in the range of Mw 6.7–7.0 (Wells and Coppersmith, 1994; Wesnousky, 2008). The occurrence of a rupture on a fault could trigger ruptures on nearby faults due to changes in the Coulomb static stress (Stein et al., 1997; Harris, 2000; Lin and Stein, 2004; Martínez-Díaz et al., 2004; Freed et al., 2007; Heidbach and Ben-Avraham, 2007; Ortuño et al., 2008; Perea, 2009; Brothers et al., 2011; Sahakian et al., 2016; Kariche et al., 2018). This is a plausible hypothesis given the blind thrusts may coalesce into a common master detachment as proposed in this work and in other studies (Hubbard et al., 2014; Levy et al., 2019). Accordingly, a clustering of earthquakes in time would be expected.
The second scenario considers a multifault rupture involving the rupture of all faults during one large event. This scenario would imply that the slip can jump from one fault to another linking all the faults in the area between Ventura and Point Conception for a total rupture length of approximately 125 km. Such a rupture could produce a maximum earthquake of Mw 7.4–7.9 (Wells and Coppersmith, 1994; Wesnousky, 2008). The 2016 Kaikoura earthquake (Mw 7.8) was a multifault, complex rupture event that involved 21 faults along approximately 180 km of fault length with maximum displacements between 0.7 and 11 m, mainly right-lateral and reverse (Clark et al., 2017; Hamling et al., 2017; Kaiser et al., 2017; Stirling et al., 2017; Litchfield et al., 2018). Rupture process and slip distribution models based on seismic, GPS and InSAR data have shown that to explain this complexity in the rupture it is required to produce slip along a deep detachment, a crustal thrust fault or a subduction interface, where the strike-slip faults may branch out (Cesca et al., 2017; Wang et al., 2018). Considering that the main blind thrusts in the Ventura and Inner Santa Barbara Basins could be branching from a common master detachment (Hubbard et al., 2014; Levy et al., 2019), a large magnitude earthquake involving the rupture along all the different fault systems in the area could be also expected.
The maximum single-event vertical uplift offshore reaches 10–11 m in the frontal blind thrust of the Mesa-Rincon Creek fold system, which is similar to the estimated displacement based on the marine terraces in the Ventura-Avenue anticline by Rockwell et al. (2016). Historical earthquakes with uplifts similar to those observed for the Ventura-Avenue anticline (Rockwell et al., 2016) are associated with large magnitude earthquakes. For example, the 1999 Chi-Chi, Mw 7.6, had 7.5–10 m maximum uplift and ∼100 km rupture length (Lin et al., 2001; Rubin et al., 2001) and the 2008 Wenchuan, Mw 7.9, had 10 m uplift and ∼250 km rupture length (Parsons et al., 2008; Liu-Zeng et al., 2009). Given the potential of large magnitude earthquakes in this region, the rapid uplift of the seafloor of ∼10 m could be tsunamigenic, which could impact the coastal areas between Ventura and Santa Barbara as shown by numerical modelling (Ryan et al., 2015).
CONCLUSIONS
Examination of high-resolution CHIRP profiles in the Offshore Ventura and Inner Santa Barbara basins identified the LGTS and two major Holocene units. Deformation of the LGTS and observed onlapping packages across the active structures provide evidence for three to four Holocene paleoearthquakes. Age estimates for the events based on the depth of the LGTS and the Holocene sediment thickness show rough correlation with the onshore paleoseismological results for the Ventura-Pitas Point fault and the Ventura-Avenue Anticline. The main results of this study are the following:
1. Onshore-offshore correlation of the active structures shows that the Ventura-Pitas Point fault, the Ventura-Avenue anticline, and the Mesa-Rincon Creek fold system extend towards the west offshore. In contrast to previous onshore-offshore correlations, our interpretation suggests that there is not a direct connection between the onshore Red Mountain fault and the offshore Red Mountain anticline. The Red Mountain anticline is clearly imaged in the seismic data, and its trend changes from E-W to NE-SW where it approaches Rincon Point and aligns with the NE-SW trending Rincon Creek. We propose that a tear-fault or a lateral ramp controls the trend of the creek and structurally separates both structures.
2. The magnitude of Holocene deformation associated with the offshore structures systematically diminishes to the west away from Ventura and Carpinteria. For example, the decrease in observed deformation on one structure (e.g., Ventura-Avenue anticline) correlates with an increase in deformation observed on the adjacent northern structure (e.g., Red Mountain anticline), suggesting an out-of-sequence propagation of the deformation in the thrust system. One potential explanation is that the sea level rise after the LGM has increased the normal stress on the frontal structures in the offshore region, thereby causing the deformation front to step north toward the hinterland.
3. According to the different deformation characteristics observed on the LGTS, we propose that the main thrust faults dip towards the north with decreasing dip at depth. These frontal thrusts could link with a common master detachment at depth. Associated with some of the frontal main thrusts, there are shallow back thrusts that may dip steeper than the main thrusts and towards the south. A common master detachment may explain the migration of the strain to the hinterland structures during the Holocene.
4. Given the similar number of deformation uplift events observed on the Ventura-Pitas Point fault, the Ventura Avenue anticline, the Red Mountain anticline, and the Mesa-Rincon fault system, and interpreted as coseismic deformation, suggests it is possible that the different segments could all rupture in concert with large vertical uplifts per event (up to 10 m). Such an event could produce a large earthquake (>Mw 7.5) with attendant severe ground motion and could be tsunamigenic.
These results provide critical information about the active structures in the offshore areas of the Western Transverse Ranges, their link to the onshore events, and characterize the recency of deformation. Future coring expeditions could improve the chronostragraphic framework in the region and refine the ages of the offshore events. Such studies focused on characterizing the surface deformation in the offshore areas provide important constraints to assess the potential hazards for the region and show the importance of carrying these type of research in other areas.
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Deformation observed along the San Mateo (SMT) and San Onofre trends (SOT) in southern California has been explained by two opposing structural models, which have very different hazard implications for the coastal region. One model predicts that the deformation is transpressional in a predominantly right lateral fault system with left lateral step-overs. Conversely in the alternative model, the deformation is predicted to be compressional associated with a regional blind thrust that reactivated detachment faults along the continental margin. State-of-the-art 3D P-Cable seismic data were acquired to characterize the geometry and linkage of faults in the SMT and SOT. The new observations provide evidence that deformation along the slope is more consistent with step-over geometry than a regional blind thrust model. For example, regions in the SOT exhibit small scale compressional structures that deflect canyons along jogs in the fault segments across the slope. The deformation observed in the SMT along northwesterly trending faults has a mounded, bulbous character in the swath bathymetry data with steep slopes ( ∼ 25°) separating the toe of the slope and the basin floor. The faulting and folding in the SMT are very localized and occur where the faults trend more northwesterly (average trend ∼ 285°) with the deformation dying away both towards the north and east. In comparison, the SOT faults trend more northerly (average trend ∼ 345°). The boundary between these fault systems is abrupt and characterized by shorter faults that appear to be recording right lateral displacement and possibly accommodating the deformation between the two larger fault systems. Onlapping undeformed turbidite layers reveal that the deformation associated with both major fault systems may be inactive and radiocarbon dating suggests deformation ceased in the middle to late Pleistocene (between 184 and 368 kyr). In summary, our preferred conceptual model for tectonic deformation along the SMT and SOT is best explained by left lateral step-overs along the predominantly right lateral strike-slip fault systems.
Keywords: tectonics, 3D seismic acquisition, piston coring, newport-inglewood-rose canyon fault system, P-cable, san onofre, san onofre trend, san mateo trend
INTRODUCTION
Southern California’s complex tectonic evolution is recorded by the structural and stratigraphic deformation of the Inner California Borderland (ICB). From the late Oligocene/early Miocene, the cessation of Farallon plate subduction ushered in a tectonic sequence of block rotation and extension (Luyendyk et al., 1985; Scott Hornafius et al., 1986; Lonsdale, 1991; Crouch and Suppe, 1993; Nicholson et al., 1994; Bohannon and Parsons, 1995; Atwater and Stock, 1998). Since the late Miocene to early Pliocene the margin has been overprinted by right-lateral strike-slip motion, often along reactivated Mesozoic structures (Grant and Shearer, 2004; Hill, 1971). Geodetic data (UNAVCO Community, 2005) shows a northwestward trend in movement relative to interior North America (cyan arrows in Figure 1). The majority of the slip budget between North America and Pacific plates is accommodated by onshore faulting (primarily east of the Elsinore fault systems, EF; Figure 1); however, approximately 5–8 mm/yr, or nearly 15% of relative plate motion, is partitioned offshore between a network of northwest-trending strike-slip fault systems ranging from just east of San Clemente Island to the coastline (Bennett et al., 1996; Ryan et al., 2012; Sahakian et al., 2017).
[image: Figure 1]FIGURE 1 | (A) Regional map of California State showing the location of Panel 1B (red box). (B) Area map of Inner California Borderland relative to the southern California coast. Red box outlines the area shown in Figure 2. Yellow rectangle outlines the survey area. Solid and dashed gray faults are from USGS Fault and Fold database (U.S. Geological Survey, 2006). Dashed faults denote the possible Oceanside blind thrust (OBT) and Thirtymile Bank blind thrust (TBBT). Colored dots represent epicenters of earthquakes with magnitudes 4+ between 1981 and 2019 (SCEDC, 2013). Focal mechanisms are downloaded from SCEDC for earthquakes from 1981 to 2019. Red star shows epicenter of M6.4 1933 Long Beach earthquake. White star shows location of Mount Soledad. Bathymetry from Dartnell et al. (2015). Cyan arrows show GPS plate velocity vectors with respect to a fixed interior North America reference frame (NAM14) (data from UNAVCO). Abbreviations: CBF, Coronado Bank Fault; CC, Carlsbad Canyon; CI, Catalina Island; CT, Carlsbad Trend; DP, Dana Point; LA, Los Angeles; LJC, La Jolla Canyon; LPC, Las Pulgas Canyon; MS, Mount Soledad; NIRC, Newport-Inglewood Rose Canyon Fault; NB, Newport Beach; OBT, Oceanside blind thrusts; OC, Oceanside Canyon; PV, Palos Verdes; PVF, Palos Verdes Fault; SCI, San Clemente Island; SD, San Diego; SDTF, San Diego Trough Fault; SMT, San Mateo Trend; SO, San Onofre State Beach; SOT, San Onofre Trend; TBBT, Thirtymile Bank blind thrust.
Legg and Kennedy (1979) divided the major strike-slip fault systems of the ICB into four distinct subparallel groups (from west to east): the Santa Cruz-San Clemente, the San Pedro-San Diego Trough, the Palos Verdes Hills-Coronado Banks and the Newport-Inglewood Rose Canyon fault zone. The Newport-Inglewood Rose Canyon system is located predominantly offshore of the southern California margin (Figure 1, labeled “NIRC”). The Newport-Inglewood Rose Canyon system is a steeply dipping right-lateral strike-slip system nearly 120 km long and is composed of several discontinuous splays and trends, characteristic of wrench faulting (Moody and Hill, 1956). The system runs onshore from downtown San Diego to La Jolla, then strikes roughly northwestward about 8–10 km off the coast until reemerging onshore at the San Joaquin Hills near the community of Newport Beach (Sahakian et al., 2017) (Figure 1, labeled “NB”). Paleoseismological work published by Lindvall and Rockwell (1995) reveals a Holocene slip rate of 1.5–2.0 mm/yr on the southern onshore segment. The slip rate for the northern onshore segment is 0.35–0.55 mm/yr based on cone penetration tests (Grant et al., 1997) and well data (Freeman et al., 1992).
Near-shore ICB fault systems are in close proximity to the California cities of Los Angeles, Orange, San Diego, and Tijuana, Mexico. With a combined population greater than 15 million people (Wilson and Fischetti, 2010), these communities together constitute some of the most densely populated coastline in North America. In recent years, high-resolution seismic data acquisition targeting specific fault systems has added considerable information to models of fault segmentation and kinematic constraints in the region (Ryan et al., 2012; Brothers et al., 2015; Sahakian et al., 2017; Conrad et al., 2018), but there are still fault systems in the ICB region that remain poorly characterized today, including systems located near populated areas.
Between Dana Point and Las Pulgas canyon (DP and LPC in Figures 1, 2), there are two fault trends approximately parallel to the Newport-Inglewood Rose Canyon fault system, the San Onofre (SOT) and San Mateo (SMT) trends (Figures 1, 2). It is important to note, the GPS plate velocity vectors have a more northerly trend then these two systems (Figure 1). Some studies propose that the systems are related to regional compression along low angle thrusts (Rivero et al., 2000; Rivero and Shaw, 2011); other works suggest that those systems are dominated by transpression along steeply dipping strike slip faults (Maloney et al., 2016). We conducted a high-resolution 3D multichannel seismic (MCS) survey of the San Onofre and San Mateo trends offshore southern California with the objective of revealing the fault system geometry and fault interaction on this complex structural system to test between the two alternative hypotheses.
[image: Figure 2]FIGURE 2 | Slope map of the offshore southern Inner California Borderland. Warmer colors denote steeper slopes. Solid and dashed orange faults are from USGS Fault and Fold database (U.S. Geological Survey, 2006). Dashed faults denote the possible Oceanside blind thrust (OBT) and Thirtymile Bank blind thrust (TBBT). Red box outlines the area shown in Figure 4. See area location in Figure 1. Abbreviations: DP, Dana Point; LB, Long Beach; LJ, La Jolla; LPC, Las Pulgas Canyon; NP, Newport; SO, San Onofre State Beach.
METHODS
3D Seismic Reflection Acquisition and Processing
3D multichannel seismic reflection (MCS) has been the main method of data acquisition of the oil and gas industry for several decades. The main advantage of the 3D data is that it permits a more complete visualization of fault geometry and fault interaction, as well as continuity of subsurface structures and sedimentary units. Recent technological advances allow for the development of portable state-of-the-art 3D MCS systems that can be deployed from ocean-class research vessels (Ebuna et al., 2013; Eriksen et al., 2015). These systems promise high-resolution data at lower costs than standard 3D MCS deployments (Planke et al., 2009a; Planke et al., 2009b).
One such portable high-resolution system, the P-Cable system developed by Geometrics, Inc. employs 14 short (50 m) streamers attached to a cross-cable (Figure 3) (Crutchley and Kopp, 2018). The cross-cable is kept under tension by two one-ton paravanes attached to the ends of the cross-cable on both the port and starboard side of the stern via tow cables. Attached to the cross-cable are the solid-core digital streamers, each containing eight hydrophones. At the head and end of each streamer are digital compasses with depth sensors. The target data horizontal resolution, based on bin size and fold, was 6.25 m. This was dictated by spacing between streamers and between hydrophones in each streamer (Ebuna et al., 2013).
[image: Figure 3]FIGURE 3 | Aerial photo of Scripps Institution of Oceanography’s Research Vessel New Horizon towing the P-Cable 3D MCS array during NH1323 cruise in the eastern Gulf of Catalina, with major components of system labeled.
The use of short streamers in the P-Cable array allows for greater operational maneuverability during acquisition and reduces operation concerns, such as time spent in deployment and recovery. In post-processing, short streamers result in reduced aliasing artifacts and higher resolution due to smaller crossline spacing (Brookshire et al., 2016). Shorter streamers are insufficient for extracting rock acoustic velocities via processes such as seismic inversion (Ebuna et al., 2013).
Although we did not depth migrate our 3D volumes due to the lack of velocity data, we adopted the following velocity function described by Ryan et al. (2009) to calculate depth estimations:
[image: image]
Where V represents interval velocities in meters per second, and t is the two-way subsurface travel time (TWTT) in milliseconds. Interval velocities used to derive this function were measured from 2D MCS profiles during Jebco cruise J188SC (Mineral Management Service (MMS), 1997; Triezenberg et al., 2016). This velocity model used to convert travel time to depth was calculated using interval velocities from migrated MCS lines collected in our survey area.
Survey array geometry was tracked by using a set of GPS transmitters positioned at several points on the system: on the paravanes, on the ends of the cross cable, on the seismic source, and on the vessel itself. Tracked changes in system geometry were then corrected during processing.
Our focus was to investigate the different fault systems offshore the San Onofre margin (Figures 2, 4, 5). Prior to the 3D survey, we collected 2D seismic reflection data along the continental shelf and slope aboard the R/V New Horizon (survey NH1320 in 2013). These 2D data were processed and analyzed to select candidate locations for the first high-resolution 3D P-Cable data set (Figures 1, 2, 4, 5). The P-Cable array was towed from the stern of R/V New Horizon (survey NH1323 in 2013; Figure 3).
[image: Figure 4]FIGURE 4 | Bathymetric map of survey area off San Onofre. 3D seismic survey area bounds on slope is labeled and outlined with yellow rectangles. Red lines show segments of the Newport-Inglewood Rose Canyon (NIRC) fault system, San Mateo trend fault system (SMT), and San Onofre trend fault system (SOT). Light gray lines and dashed lines identify other faults in the area. All fault segments are from USGS Fault and Fold database (U.S. Geological Survey, 2006). Bathymetry from Dartnell et al. (2015). Black dashed line outlines area shown in Figure 5. Red circle with yellow outline denotes location of H4 core described in Covault et al. (2010). Location with respect to Inner California Borderland is shown in Figure 2. Abbreviations: OBT, Oceanside blind thrust; SONGS, San Onofre Nuclear Generation Station.
[image: Figure 5]FIGURE 5 | Slope map of survey area off San Onofre showing local offshore submarine canyons, and geomorphic features. Red solid lines represent segments of Newport-Inglewood Rose Canyon (NIRC), San Mateo trend (SMT), and San Onofre trend (SOT) fault systems. Solid and dashed gray lines are other faults in the area. All fault segments are from USGS Fault and Fold database (U.S. Geological Survey, 2006). 3D seismic survey is outlined with a yellow rectangle. Green solid line shows location of MCS 4522 (MCS 4522 profile is shown in Figure 11). Blue solid lines denote locations of the seismic arbitrary lines shown in Figures 8 and 9. Red circles with yellow bound show the sampled core locations from the TN336 cruise. Cores prefixed “GC” are gravity cores and “JPC” are jumbo piston cores. See area location in Figure 4. Abbreviation: OBT, Oceanside blind thrust.
We employed a sparker source to acquire data over a 39 km2 square grid, targeted to maximize imaging over the continental slope (Figures 1, 2, 4). Water depths ranged from 182 m to nearly 800 m in depth. Shot intervals constrained a bin size of 6.25 m. A 2,000 ms record length was digitized for the data volume, but much of the data analysis was performed between 0 and 1,600 ms TWTT, where data resolution and imaging were optimum. We measured a peak frequency of 125 Hz that allowed a minimum vertical resolution of 3 m. Shallow structure and deformation were overprinted and masked by the strong reflectors inherent in the seismic source signature.
The 3D data were processed by Geotrace Technologies, a petroleum services company, given the enormous size of the data volume (20 GB per seismic attribute volume) and their previous experience with processing 3D P-Cable data acquired in other surveys (Crutchley and Kopp, 2018). A detailed report outlining the seismic processing workflow is provided in Supplemental Material.
Processed data were compiled into amplitude and similarity-attribute volumes for interpretation. Amplitude volumes image reflectors based on the relative impedance contrast in a trace, while similarity attribute assigns a decimal value to a bin based on the correlation between waveform and amplitude of two or more different nearby traces (Bahorich and Farmer, 1995). In similarity data, a correlative value of 1 represents the state of “perfectly similar”, while a value of 0 represents the state of “completely dissimilar”. While amplitude volumes are useful for imaging and mapping stratigraphic offset within a vertical section, a similarity attribute dataset is valuable for imaging large-scale discontinuities, such as sharply dipping beds, faults, and paleochannels in an isochron (“time-slice”) view.
Additionally, a parameterized dip-steered median filter was applied to the amplitude volume using OpendTect Seismic Interpretation Suite, and following a workflow described by Kluesner and Brothers (2016). This filter increased reflector continuity and facilitated data interpretation (Supplementary Figure S1), which in turn, increased confidence in our interpretations.
We followed an iterative process for interpretation. Initial interpretations were performed on every 20–50 dipline and strikeline vertical profiles. We used lines with arbitrary azimuths on occasion to verify segment trends and picks. Next, we confirmed our initial interpretations in similarity attribute time-depth slices; finally we restarted the process to further constrain fault length and character. In some cases, fault smoothing and pick decimation was necessary in order to remove outliers.
The overarching goal of this manuscript is to characterize the deformational geometry and linkage of faults in the SMT and SOT. Faults imaged in the boomer survey on the continental shelf are discussed here only briefly and reported in more detail in Holmes et al. (2021).
Age Control
Historically, there has been a dearth of long cores along the shelf and slope near San Onofre, which has precluded the establishment of a chronostratigraphic framework for the region. Recently, Conrad et al. (2018) were able to map the Quaternary boundary in the region using unpublished Caldrill program well data acquired by industry in the 1970s and now held by the US Bureau of Safety and Environmental Enforcement. In addition to these datasets and at various locations along the San Onofre coast, in 2016 we collected four Gravity (GC) and five Jumbo-Piston Cores (JPC) localized in the area of the 3D sparker survey (Figure 5) as part of a regional study designed to provide age constraints on shelf/slope evolution, and recent faulting (survey TN336). Possible piercing points, such as faults and paleochannels were selected as coring targets using previously collected 2D multichannel seismic and CHIRP data. Trigger cores were also acquired and logged. In some cases, positional drift caused the cores to be slightly offset from the profiles, in which case the core locations were projected orthogonally onto the profile. Once on-board, intact cores were analyzed for magnetic susceptibility, gamma density, P-wave velocity, and resistivity using a GeoTek Core-logger. Cores were then split and observations of color, grain size, sediment structures and general lithology were recorded.
Forty samples were selected for radiocarbon dating to establish a chronostratigraphic framework for the region. The samples were analyzed at the National Ocean Sciences Accelerator Mass Spectrometry facility at the Woods Hole Oceanographic Institution (WHOI) and at the W.M. Keck Carbon Cycle Accelerator Mass Spectrometry facility at the University of California, Irvine (UCI). Ages were determined using the Libby half-life of 5568 years, based on the convention described by Stuiver and Pollach (1977). Non-fragmented planktonic foraminifera that had not undergone diagenesis were preferentially collected.
All 14C ages were calibrated using the CALIB software, version 7.0.4 (Stuiver and Reimer, 1993). Ages of planktonic foraminifera younger than 12000 years were calibrated with a reservoir age of 800 years. For planktonic foraminifera older than 12000 years a reservoir age of 1100 years was used (Southon et al., 1990; Kienast and McKay, 2001; Kovanen and Easterbrook, 2002) and 1750 years for a benthic reservoir age as also used by Covault et al. (2010). For cores containing more than two dates, age-depth models were generated using the Bacon age-modeling software package, version 2.3.3 (Blaauw and Christen, 2011) using these reservoirs as parameters. A more exhaustive description of measurements performed on these cores is documented by Wei et al. (2020).
Of the forty age samples, twelve are from a collection of short gravity cores and jumbo piston cores collected on the middle to upper continental slope, and the rest were jumbo piston cores acquired on the lower slope within the survey area. Two samples, both acquired on the slope below the widest part of the shelf, were greater than 52000 years old and thus eliminated as they were radiocarbon dead. Based on analysis of the remaining samples, sedimentation rates were calculated. The obtained sedimentation rates are highly variable, based on sample depth and core location. Cores sampled from the widest part of the upper continental slope revealed extremely low sedimentation rates (less than 0.02 mm/yr). On the other hand, the highest rates (greater than 0.25 mm/yr) were from cores that were acquired within drainage channels. Our calculations differ slightly from sedimentation rates presented in Covault et al. (2010). They reported a sedimentation rate of 0.33 mm/yr for their piston core “H4”, located at the toe of the continental slope approximately 10 km northwest of our survey area (location shown in Figure 4), at a sample depth of 374–384 cm. Using extrapolated sedimentation rates calculated from JPC 15–16 (Figure 5), located about 1.8 km from the slope-basin interface, we calculated a sedimentation rate of approximately 0.25 mm/yr at the toe of the continental slope within the survey area.
RESULTS: MARGIN MORPHOLOGY AND STRUCTURE
The bathymetry data along the ICB reveal a complex pattern of structural troughs and highs that are predominantly bounded by fault systems (Figure 1). Toward the north, the shelf is wide offshore Palos Verdes/Long Beach with an abrupt narrowing south of Newport (Figures 1, 2). Continuing south, the shelf systematically widens from 2 km wide off Dana Point to 10 km wide offshore San Onofre, where its width diminishes progressively again towards Carlsbad Canyon. Farther south, the shelf once again widens south of the La Jolla Canyon (LJC in Figure 1). Along much of the margin the slope gradually grades into the basin floor (Figures 2, 4). Southwest of the broad shelf offshore San Onofre, the slope exhibits a steep gradient at the juncture with the basin floor, with dips up to 25° (Figures 2, 5). These steep dips are very localized and observed along features with a northwest trend. Also note the bulbous character of the seafloor just inboard of the toe of the slope; the bulbous morphology dies away quickly from this region with steep slopes (Figure 5). Furthermore, gullies in the region appear deflected away from this mounded seafloor.
Incised regions observed toward the northwest in the time slice at 1,000 ms (Figure 6) correlate with the San Onofre canyons North and South, imaged in the bathymetry data along the slope (Figures 4, 5). Fault architecture and intersections are imaged by the 3D data volume; they are identified based on reflector terminations and offset of acoustic packages and have been grouped according to their trends. This portion of the margin is dominated by the SOT and SMT (green and red faults, respectively, in Figure 6). The boundary between both systems is quite abrupt, with SMT mostly confined to the outer slope/toe of the slope with a more northwest orientation and SOT showing a northerly trend towards the continental shelf with many fault segments. In the central part, the dataset also shows the presence of another fault system mainly localized between the SOT and SMT and characterized by faults with a NE-SW trend and the fault lengths are usually shorter (turquoise faults in Figure 6). Deformation systematically increases with the greatest amount of deformation and folding at the intersection of toe of the slope and the basin floor, which in this manuscript corresponds to the flat-lying region at the toe of the slope (Figure 5).
[image: Figure 6]FIGURE 6 | Time-slice view of sparker survey at 1,000 ms rendered using similarity attribute. White areas in the map show high similarity ( ∼ 1) and black areas low similarity ( ∼ 0). Interpreted fault segments are shown with solid lines and color-coded according to azimuth and character. Dark green faults trend northward, show steeply vertical dip and are within the San Onofre trend (SOT) fault zone. Red fault segments trend towards the northwest, exhibit transpressional features, and are within the San Mateo trend (SMT) fault zone. Light blue segments trend to the northeast and appear to accommodate rotation between the SOT and SMT fault zones. Dark blue lines with labels denote locations of the vertical seismic arbitrary lines shown in Figures 8 and 9. See location of the survey in Figures 4, 5.
Fault planes mapped by tracing the faults throughout the 3D seismic volume captures how the fault plane changes trends across the margin, along the margin, and with depth (Figure 7). Although in the time slice (Figure 6) SMT trends more to the northwest and SOT more northerly, the planes show that the trends exhibit minor variation with depth (Figure 7). In addition, the 3D geometry and distribution of the fault planes help image the different fault segments and how they structurally relate to adjacent faults. Strike slip faults with steep dips are usually not well imaged in 2D vertical sections; however, in 3D data volumes, fault terminations and changes in acoustic character are also imaged in time slices (e.g., map view; Figure 6). By examining faults in both vertical sections and in time slices, it further reduces the uncertainty of fault mapping, which increases the ability to define the fault architecture and the interaction between neighboring segments.
[image: Figure 7]FIGURE 7 | 3D chair view of sparker survey area. View is due north, oblique to the continental shelf. Dip line and strike line amplitude vertical profiles frame a timeslice at 1,000 ms rendered in similarity attribute. Green faults correspond to the San Onofre Trend (SOT) fault system and trend towards the continental shelf where they intersect with Newport-Inglewood Rose Canyon fault system. Red faults correspond to the San Mateo trend (SMT) fault system trending towards the northwest, subparallel to the continental margin. Light blue faults denote the bookshelf faults that trend to the northeast and appear to accommodate rotation between the SOT and SMT fault zones. See location of the survey in Figures 4, 5.
Arbitrary line transects were constructed from the 3D data volume approximately perpendicular to the SMT system (Figures 8A–C) and the SOT system (Figures 9A–C). In Figures 8A–C, 9A–C, there are differing vertical exaggerations in order to display the lines at the same widths despite varying seismic line lengths. We will first describe the dip sections from west to east. Arbitrary line A-A′ (Figures 5, 6, 8A) shows a change in the dip attitude of the imaged reflectors just to the northeast of cross-line D-D′. To the north of the profile the reflectors exhibit a slight dip to the southwest, show little signs of folding and the SOT faults do not reach the seafloor. In contrast, south of the northernmost SMT fault, the reflectors are folded and offset up to close to the seafloor. The line shows a broad antiform-synform pair and along the northeast limb of the anticline the reflectors are truncated at the seafloor. The north and south San Onofre Canyons are imaged on the northeast limb and crest of the anticline. The antiform-synform pair is bounded to the southwest by a fault system near cross-line E-E′. The entire survey area is characterized by zones of acoustic transparency possibly related to fluid content in the sedimentary units or fault shear (especially visible in Figure 9C). Reflector continuity increases toward the southwest, clearly showing that they are faulted and folded. At the boundary between the basin floor and the slope (Figures 8A–C, 9B,C), there is another fault system north of which the reflectors are also faulted and folded and show acoustically transparent zones. The larger SMT fault segments (mapped with thick red lines in Figures 8–10) show reverse vertical displacement.
[image: Figure 8]FIGURE 8 | Vertical arbitrary seismic line sections rendered in amplitudes. Locations are shown in Figures 5, 6. (A) Dip line transect from A to A′, orthogonal to San Mateo Trend fault system (SMT). Vertical exaggeration is 1.7×. (B) Dip line transect from B to B′, orthogonal to SMT. Vertical exaggeration is 1.9×. (C) Dip line transect from C to C′, orthogonal to SMT. Vertical exaggeration is 2.1×. For all sections, faults are color-coded according to azimuth and character. Red faults correspond to SMT. Green faults correspond to the San Onofre Trend fault system (SOT). Minor fault segments (segments that cannot be mapped beyond 50 lines) shown with thin lines. Yellow dashed line marks base of sediment packages that represent cessation of deformation. Blue dashed lines show intersections with the vertical arbitrary seismic lines in Figures 9A–C.
[image: Figure 9]FIGURE 9 | Vertical arbitrary seismic line sections rendered in amplitudes. Locations are shown in Figures 5, 6. (A) Dip line transect from D to D′, orthogonal to San Onofre Trend fault system (SOT). Vertical exaggeration is 1.8×. (B) Dip line transect from E to E′, orthogonal to SOT. Vertical exaggeration is 2.5×. (C) Dip line transect from F to F′, orthogonal to SOT. Vertical exaggeration is 1.4×. For all sections, faults are color-coded according to azimuth and character. Red faults correspond to San Mateo Trend fault system (SMT). Green faults correspond to the SOT. Minor fault segments (segments that cannot be mapped beyond 50 lines) shown with thin lines. Yellow dashed line marks base of sediment packages that represent cessation of deformation. Blue dashed lines show intersections with the vertical arbitrary seismic lines in Figures 8A–C. Short red dashed line in 9b denotes location of mid-slope jumbo piston core (JPC) 2–02.
[image: Figure 10]FIGURE 10 | Rose diagrams of fault segments interpreted in the sparker survey data volume. (A) Azimuth vs. number of fault picks for all interpreted faults. Fault picks are on radial axis, azimuth is on polar axis. Picks were made every 50 lines, so unbroken fault length can be inferred on the radial axis. Fault segments were color-coded into three different categories depending on azimuth. Green faults correspond to the San Onofre trend (SOT). Red faults correspond to the San Mateo trend (SMT). Light blue faults denote the bookshelf faults that trend to the northeast and appear to accommodate rotation between the SOT and SMT fault zones. Fault segments lengths are largely consistent; however, SMT system contained the longest fault segments at the toe of slope. (B) Graph showing azimuth vs dip of segments categorized as belonging to the SOT. Measured fault dips ranged from 63.9° to 89.8° for 48 segments. (C) Graph showing azimuth vs. dip of segments categorized as belonging to the SMT. Measured fault dips ranged from 72.6° to 90° for 64 segments. (D) Graph showing azimuth vs. dip of segments categorized as belonging to the bookshelf faults. Measured fault dips ranged from 73° to 89.3° for 12 segments.
Arbitrary line B-B′ (Figures 5, 6, 8B), located to the east of line A-A′, shows again a change in reflectors dip attitude near crossline E-E′ (Figure 8B); however, the antiform-synform pair exhibits less amplitude than in line A-A′ (Figure 8A). Upturned reflectors are fault bounded to the southwest of the folded zone and appear truncated at the seafloor. Continuing southwest, a well-developed antiform is imaged with its crest near cross line F-F′. The northeastern limb is faulted and show smaller scale folds. Flat lying reflectors corresponding to the basin floor are separated from the southwestern limb of the antiform by a northeastward dipping fault mapped across an acoustically transparent zone (Figure 8B).
A change in the dip attitude of the reflectors is also imaged by arbitrary line C-C′ just to the northeast of cross-line F-F′ (Figure 8C). To the north the reflectors, even though they are faulted and folded, show a consistent dip towards the southwest. This dip trend ends in a zone characterized by a faulted synform-antiform-synform-antiform structure, from northeast to southwest; the folding is tighter toward the toe of the slope in this region than imaged on the arbitrary lines A-A′ and B-B′ (Figures 8A,B, respectively). An acoustically transparent zone separates the southernmost faulted anticline from the basin floor and the reflectors display a marked change in dip across this zone. We have mapped a northwest dipping fault across this zone considering the change in attitude of the reflectors on either side of an acoustically transparent zone and according to our interpretations on the other dip sections (Figures 8A,B).
The northernmost arbitrary line orthogonal to SOT (D-D’; Figure 9A) images two different zones with the change between them occurring east of cross-line A-A′. To the east of the line, the reflectors are more continuous, dip to the west and the faults accommodate short displacements; to the west, the line shows a large anticline with several faults in the axial zone that offset reflectors close to the seafloor. Onlapping reflectors are observed toward the west of the large anticline. A wedge-shaped unit of truncated reflectors infills the structural low where the deeper reflectors change the attitude of dip, just between crosslines A-A′ and B-B′. SOT fault segments imaged in this line display normal and reverse displacements.
Arbitrary line E-E′, to the south, shows that the deformation is spread over a broader area with reflectors mainly dipping to the west (Figure 9B); however, there is a decrease in reflector dip moving from the margin and west of the location of core JP 2–02 and then an increase from east of cross-line A-A′ and up to the basin floor, where also the bathymetric slope increases. This last zone of westward dipping reflectors also shows faulting and folding, and large acoustically transparent zones. On the basin floor area, there is a package of acoustically laminated reflectors that onlap the faulted and folded unit.
Finally, the southernmost arbitrary line F-F′ also shows the regional change in dip attitude (Figure 8B), but more subtle than in the previous sections. A broad antiform is imaged in the central portion of the profile, between crosslines B-B′ and C-C′. The antiform is bounded to the east by a SMT fault segment with little vertical reverse displacement. To the east and west of the anticline the line shows more acoustically transparent regions introducing uncertainty to the interpretation.
Rose diagrams were generated to display the fault trends and dips in the 3D seismic data volume (Figure 10). Three main fault trends emerge from the rose diagram analysis (Figure 10A), which is in agreement with the 3D seismic interpretation (Figures 6, 7). The SMT faults (Figures 10A,C) shows two predominant azimuths, the principal of ∼ 285° and the secondary of ∼ 310°, with an average around azimuth 300°. In contrast, the SOT faults (Figures 10A,B) trend more northerly with an average azimuth of ∼ 345°. Finally, the smaller intermediate faults (Figures 10A,D) also present a main trend direction with an average azimuth of ∼ 40°, approximately orthogonal to SMT and SOT systems. The analysis of the fault dips on the rose diagrams reveals that most of the faults mapped in the 3D volume are steep faults with dips ranging between 64° to 90°and clear predominance of faults dipping between 80 and 90° (Figures 10B–D). These steep dips observed in the 3D P-Cable data are also observed in MCS data along the margin (Figure 11).
[image: Figure 11]FIGURE 11 | Un-interpreted (top) and interpreted (bottom), re-processed MCS line 4522 modified from Maloney et al., 2016. Much of the character of the San Onofre Trend (SOT) is shown here as steeply dipping faults to the east that terminate at or near a horizon interpreted as Catalina Schist basement. Red box in upper image shows lateral extent of the survey and vertical extent of interpretations presented in this paper. Profile location is shown in Figure 5. Abbreviations: SOT, San Onofre trend; NI-RCFZ, Newport Inglewood-Rose Canyon fault zone.
The high-resolution bathymetry computed from the amplitude of the 3D seismic data volumes show the influence of the SMT and SOT on the gullies and seafloor morphology (Figure 12). The area south of the San Onofre canyons is dominated by several small gullies trending ENE-WSW (Figures 8C, 12). These gullies are more subtle or even disappear in an area in between two locally uplifted regions and where two morphological scarps trending approximately N-S are observed (Figure 12). The trend of these scarps is consistent with the trend of the SOT faults and the uplifted regions are localized close to fault segments that show left lateral jogs (Figure 12B). At the toe of slope, there are large, deformed ridges with a mounded morphology, bounded by faults of the SMT system, but they appear to be oriented more toward the northwest in comparison to the bounding faults (Figure 12). The bathymetry also shows that the boundary between these mounded features and the basin floor is extremely steep dipping at almost 25° (Figure 4) and that there is rather abrupt change in the seafloor morphology between the SOT and SMT dominant areas (Figure 12). Finally, there are two subtle uplifted zones and a sigmoid gully in the boundary area between that SOT and SMT systems that appears to be controlled by the activity of one of the smaller intermediate faults (Figure 12).
[image: Figure 12]FIGURE 12 | (A) Depth-colored map view of seafloor bathymetry computed from 3D seismic data amplitude volumes. Continental margin is towards the top of image (red colors). Toe of slope is largely deformed at the interface with the basin floor (green colors). Transpressional structures, gullies and canyons appear offset or diverted by fault scarps at the seafloor. (B) Map view of seafloor bathymetry colored in shades of gray and 20% transparent. 3D fault planes are plotted below seafloor and color-coded according to strike and character. Green faults correspond to the San Onofre trend (SOT). Red faults correspond to the San Mateo trend (SMT). Light blue faults denote the bookshelf faults that trend to the northeast and appear to accommodate rotation between the SOT and SMT fault zones. See location of the survey areas in Figures 4, 5.
DISCUSSION
Deformation, Sediment Transport and Margin Morphology
The slope offshore San Onofre, where the 3D sparker data were acquired, appears to be less well incised by canyon systems than the slopes directly north and south of the area (Figure 4). In addition, the seafloor shows features with a mounded morphology close to the transition from the slope to the basin floor, which also presents high slope angles (25°) at the toe of the continental slope (Figures 4, 5, 12). In contrast, the slopes to the north and south along the margin exhibit more regular surfaces and a gradual transition from the toe of the slope to the basin floor (Figures 4, 5, 12). Previous studies have shown that the wide shelf offshore San Onofre (Figure 2) is spatially coincident with a large anticline related to a left lateral jog in the NIRC and suggest that this anticline may act as a barrier to sediment traversing the inner shelf up to the basin floor in this area (Sahakian et al., 2017; Wei et al., 2020; Holmes et al., 2021). The lack of sediments dispersal in this region of the slope may explain the almost absence of well-developed channels along the studied area. In addition, the activity on the SOT and SMT faults have produced small changes in slope and depressions where the few traversing sediments may be trapped and not reaching the lower parts of the continental slope (Figures 8A–C, 9A–C). Thus, the almost unavailability of sediments at the lower parts of the continental slope may explain the clear surface morphology of the mounded features and the high slope angles at the toe of the continental slope, both related to fault activity (Figure 11). In addition, this may also account for the differences between this area and the other areas along the margin (Figure 1). According to all the observations, the lateral superposition in the same area of the NIRC and the SOT and SMT systems seems to control the sediment supply and distribution from the continental shelf to the continental slope and the morphology of the slope.
The continental shelf along the southern California margin from Palos Verdes (“PV”) to La Jolla exhibits marked variability (Figures 1, 2). The wider portions of the shelf north of La Jolla Canyon (Hogarth et al., 2007; LeDantec et al., 2010), San Onofre (Sahakian et al., 2017; Holmes et al., 2021) and south of Palos Verdes are regions where left lateral jogs occur along the predominantly right lateral fault systems offshore (Figure 1). Left lateral jogs along right lateral strike slip faults engenders transpression, often referred to as restraining bends (Cunningham and Mann, 2007). In contrast, a right lateral jog along a right lateral strike slip fault system creates transtension. The wide shelf offshore San Onofre is spatially coincident with a large anticline formed in a left lateral jog in the NIRC in the area where this system coincides with the SOT and SMT. The littoral sediment transport along the southern California shelf is southwards (LeDantec et al., 2010). Thus, the widening of the self in the San Onofre margin may be related with the anticline formed in the NIRC impeding the sediment traversing the inner shelf and diverting the sediment transport to the south (Wei et al., 2020; Holmes et al., 2021). Southwards of San Onofre the sediments appear to be trapped and transferred to the deeper areas by the Oceanside and Carlsbad canyons (OC and CC in Figure 1). Both canyons exhibit a more sinuous nature than the more linear canyons to the north and their canyon heads intersect the shelf. From this point, the width of the shelf diminishes rapidly from north to south (Figures 1, 2). According to these observations, the absence of tectonically uplifted areas (i.e., restraining bends or anticlines) allows the sediment transported along-shore to intersect the shelf edge as the shelf width diminishes and this might explain the location and morphology of the Oceanside and Carlsbad canyons. In a similar manner, sediment is shunted offshore into La Jolla Canyon due to the uplift of Mount Soledad (MS in Figure 1), which acts as a natural jetty to southerly sediment transport. In addition, the sinuous morphology of these canyons (e.g., La Jolla, Carlsbad and Oceanside) appears to occur where along-shore transport intersects the shelf edge and spawn gravity flows that sculpt and shape the canyons.
Age of the Deformation
Constraining the relative age of deformation is difficult as the present-day seafloor exhibits erosional and structural truncation resulting from slumping, block rotation and downslope canyon erosion. Nevertheless, flat lying deposits on the basin floor appear to onlap the deformation structures and suggest the deformation there may have ceased (Figures 8A–C, 9B); an interpretation that is consistent with previous studies (Maloney et al., 2016). We measured the thickness of basin floor turbidites imaged on the arbitrary lines A-A′ (53.6 m at trace 2661), B-B′ (46.0 m at trace 3123) and C-C′ (91.9 m at trace 3473) (Figures 8A–C). Using the estimated sedimentation rate of 0.25 mm/yr, we obtain that the activity in the SMT fault system may have ended between 184 and 368 kyr ago. Establishing the cessation of activity in the SOT system is not possible since there is no information to determine the age of the non-offset reflectors. Comparing the depth of the reflectors offset by SMT and SOT fault systems, which is similar (Figures 8A–C, 9A–C), it seems plausible to consider that the deformation in the SOT may have ended around the same time range obtained for SMT. Nevertheless, the presence of possible fault-related scarps offsetting the seafloor and associated with the SMT faults (Figure 12) suggest that some of the faults could still be active, maybe as splays off the NIRC system.
Left Lateral Jog Deformation Versus Thrust Deformation
The San Mateo trend (SMT), San Onofre trend (SOT), are mapped west of the Newport-Inglewood-Rose Canyon fault zone, offshore from San Onofre, whereas the Carlsbad trend (CT) extends farther south and terminates offshore north of Del Mar (Figure 1). These trends have been identified as active structures that produce bathymetric relief on the seafloor (Rivero and Shaw, 2011; Maloney et al., 2016). Two alternative interpretations may explain the formation and evolution of SMT, SOT and CT. The first interpretation suggests that these faults could be forethrusts soling into the Oceanside blind thrust (OBT) at depth and the associated folding (anticlines and faulted anticlines) fault-related and fault-propagation folds (Rivero et al., 2000; Rivero and Shaw, 2011). The second interpretation proposes that these trends may accommodate transpression associated with jogs along the NIRC strike-slip fault zone (Crouch and Bachman, 1989; Fischer and Mills, 1991; Ryan et al., 2009; Maloney et al., 2016) with potential large block rotation bounded by strike-slip faults (Ryan et al., 2009; Ryan et al., 2012).
The arbitrary north-northeast strike lines, almost orthogonal to the SMT (i.e., A-A′, B-B′, and C-C′; Figures 5, 6, 8A–C), show that the main compressional faulting and folding structures are related to the activity in the SMT faults. These lines image an anticline-syncline pair near the toe of the slope with the width of the fold diminishing towards the east (Figure 8). Arbitrary east-west strike lines (i.e., D-D′, E-E′ and F-F′; Figures 5, 6, 9A–C) are more subparallel to the SMT faults and folds, thus the apparent wavelength of the deformation appears longer. Note that along the arbitrary north-northeast strike lines (Figure 8) there are large dominant northeast dipping faults that bound the regional deformation and subordinate faults that appear to accommodate the more localized deformation. These large faults extend close to the seafloor; however, there is no clear seafloor offset across the faults. We interpret the anticlines as related to shortening produced by different restraining step-overs or bends. The change in direction of a fault, or areas between faults, can experience shortening that results in the formation of anticlines and synclines (Mann, 2007; Dooley and Schreurs, 2012). Also, close to the toe of the slope there are the NW trending mounded features that measure 2–4 km in length and 1–2 km in width (Figures 4, 12). These features are very localized along the margin and occur where there is marked left lateral jogs along the SMT faults (Figures 6, 12). Accordingly, these observations appear to support the hypothesis that the faults in the area are accommodating transpression associated with strike-slip faulting instead of regional thrust faulting. In addition, although the area covered by the 3D seismic data volume is very localized with a lateral extent of approximately 12 km, it clearly shows the compressional features are localized. Interpretation of the new 3D P-Cable data reveals that the faults are quite segmented with clear step-overs between them (Figures 6, 7, 12).
The 3D seismic dataset images the upper few kilometers of the seismostratigraphic succession at very high resolution but does image the fault geometry at depth. Maloney et al. (2016) presented reprocessed multi-channel seismic (MCS) lines collected offshore of the southern California coast from Dana Point to Oceanside. MCS line 4522 (Figure 11) is a dip line that crosses through the southeastern third of our survey area (Figure 5) and crosses several splays of the SOT. High quality MCS provides deeper context for fault interpretations. In this case, faults are imaged down to 4 s TWTT. Interpreted faults are observed to be steeply dipping, generally towards the east, and terminate at or near a horizon interpreted as Catalina Schist basement rock. A possible offset in Catalina Schist is mapped at depth below the continental shelf to slope transition (Maloney et al., 2016). Accordingly, the steep vertical faults mapped in the 3D dataset appear to be steeply dipping at depth where they intersect the Catalina Schist. As pointed out by Maloney et al. (2016), an offset of the acoustic basement (i.e., Catalina Schist) is difficult to reconcile with the interpreted OBT.
Regionally, Global Navigation Satellite System (GNSS) data shows plate velocity vectors moving northwestward with respect to a fixed North America, with an average azimuth around 313° (Figure 1). This direction is slightly oblique to the strike of most of the strike-slip faults in the ICB, and almost parallel to both the Thirtymile Bank and the southern part of the Oceanside blind thrusts (TBBT and OBT in Figure 1). The focal mechanisms for earthquakes with magnitude above 4.5 show a mixture between strike-slip and reverse fault solutions. Both types of focal mechanism show at least one of the nodal planes trending parallel to the main fault systems in the ICB. In the case of the strike slip solutions, the other nodal plane tends to trend perpendicular to these fault systems. Even the focal mechanism of the 1986 M5.3 Oceanside earthquake corresponds to a reverse fault solution, the earthquake and aftershocks have been associated with the San Diego Trough strike-slip fault (Ryan et al., 2012) (Figure 1). The rose plot of segment count vs azimuth (Figure 10A) shows that SOT faults have a predominant strike around 345° whereas faults in the SMT show a main strike around 285° and a second family with strikes around 310°. The comparison of the GNSS velocity vectors with the azimuth of the faults in the SOT and SMT systems may also explain the different vertical displacement accommodated in both fault systems. As shown in the interpretation of the 3D dataset, the area where the SOT faults are localized shows less folding and vertical deformation than the area at the toe of the slope where the SMT faults are associated with mounded morphologies and anticline-syncline pairs (Figures 6, 8, 9, 12). In general, GNSS and focal mechanisms suggests that the ICB is subject to transpressional kinematics, with reverse kinematics associated mainly to step-overs between the main strike-slip fault systems. The observed change from transtension to transpression observed along slope may also be related to a large gravity slide but given the lack of extensional features on the shelf (Holmes et al., 2021), our preferred model for the deformation along the SMT and SOT is best explained by left lateral step-overs along the predominantly right lateral strike-slip fault systems.
The high-resolution bathymetry derived from the 3D seismic volume (Figure 12) shows the presence of two geomorphological scarps and two local highs, which appear to deflect gullies in the center of the area where the SOT faults are predominant. The comparison with the different identified SOT faults shows that the scarps are fault related and that the highs may correspond to compression pop-ups occurring along left lateral fault jogs (Figure 12B). Towards the north, the SOT faults appear to connect with faults related to the NIRC system and mapped along the shelf edge in the 3D boomer data (Holmes et al., 2021). According to these observations, we suggest that the SOT faults along the slope may mark the termination of the Camp Pendleton splay of the Newport-Inglewood Fault (Figure 5) as the deformation is deflected westward away from the zone of compression on the shelf. The lack of deformation and offset of the transgressive surface imaged in CHIRP seismic data acquired on the continental shelf in this region (Klotsko et al., 2015; Sahakian et al., 2017; Holmes et al., 2021) is also consistent with the strike-slip hypothesis.
In the transition zone between the SMT and SOT fault systems, short NE-SW trending faults have been mapped (Figures 6, 7, 12). Most of these faults show normal displacement, with the total vertical offset much less then that shown by the main faults in the SMT and SOT systems (Figures 8C, 9B). We suggest that these NE-SW faults may have accommodated the differential displacement between the two major fault systems by transtension. In general, northeast of the transition zone the reflectors dip towards the basin and are continuous and mainly plane-parallel, although show some minor folding mainly related to SOT faults. Rivero et al. (2000) interpreted that the dip of these reflectors may partially be the result of shortening above an underlying detachment. Any regional shortening in the area may result in tilting or generation of large amplitude folding. Regional folding is not observed in the dataset. Any tilting, however, would result in the formation of angular unconformities, onlap geometries, and growth strata towards the basin are not observed in the 3D dataset. There is no evidence for any tilting in the area and thus, we assume that the dip of the reflectors corresponds to sedimentary deposition. Some similar structures have been observed in analog modelling experiments as related to gravitational processes (Richard and Krantz, 1991), however the analysis of the dataset and the tectonic environment leads us to interpret the deformation in the slope as being related to active faulting, as seen in other areas of the ICB (Maloney et al., 2016; Sahakian et al., 2017).
To sum up, all the observations based on the analysis of the 3D sparker seismic data suggest that the fault systems along and across the San Onofre margin appear to be accommodating transpressional deformation, which is consistent with analysis of the GNSS data and the focal mechanisms. Thus, our results appear to support the hypothesis that the SMT and SOT systems along the ICB margin are accommodating transpression associated with jogs along NIRC fault zone.
CONCLUSION
Newly acquired 3D P-Cable MCS and bathymetry data along the slope offshore southern California place important constraints on the architecture of the SOT and SMT. Conceptual models to explain the offshore deformation need to consider the following observations:
1) Mounded, bulbous morphology with steep slopes ( ∼ 25°) are observed at the boundary between the toe of the slope and the basin floor; the deformation is very localized. The style and magnitude of the deformation is greatest along the SMT and dies away toward the north/northeast.
2) The steeply dipping faults in the SMT and the SOT exhibit markedly different trends and the boundary between the two trends is abrupt.
3) Localized compression in the SOT occurs as predicted at fault bends and step-overs (i.e., un-named faults). The transpressional features are observed in the swath bathymetry data and appear to deflect canyons/gullies along the slope.
4) The SOT faults on the slope appear to be splays off the Newport Inglewood fault mapped on the shelf.
5) Shorter faults recording right-lateral displacement with an average trend of ∼ 40° are observed in the boundary zone between the SMT and SOT. They may be acting to accommodate displacement between the larger fault systems.
6) The lack of deformation in the flat lying onlapping sequences suggest that the activity in the SMT and SOT systems may have ceased between 184 and 368 kyr ago.
In summary, the timing and style of deformation observed in the SOT and SMT are better explained by left lateral jogs along right lateral fault systems that engenders transpression than splays off a master regional detachment (i.e., OBT).
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NAFIN NAF1S NAF2 NAF3N NAF3S NAF4

a 3388.26 5196.49 3696.77 4158.43 6126.19 1978.51
-68.22 -100.45 -66.69 -162.22 -223.06 -181.08
R® 0.99 0.95 0.99 0.91 0.99 1.00
s.e. 86.09 189.84  199.50 263.95 200.41 26.45
1st deriv. inc. 3.31 5.71 3.79 4.62 6.36 2.00
istderiv. 1.6 My  0.27 0.47 0.30 0.76 1.05 0.81
1st deriv. last 0.06 0.10 0.00 0.16 0.22 0.18

The first derivatives at inception age, at 1.5 My, and at present provide a discretized
evaluation of the fault slip rate as results from the statistical model.
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Horizon Age (Ma) Error + (Ma) Event Reference

hor-PS3c 0.4 0.05 This work
hor-PS3b  0.59 0.045 LO L. Gephyrocapsa sp.3 Ghielmi et al.,
2010, 2013
hor-PS3a  0.87 0.045 Lower MNN19f-MIS 22 Muttoni et al., 2003
hor-PS2  1.5-1.6 <01 Lower MNN19¢c Ghielmi et al.,
2010, 2013
hor-PS1 24 0.1 Lower MNN18 Ghielmi et al.,
2010, 2013
hor-PL3  3.3-3.4 0.05 Middle MPIl4b Ghielmi et al.,
2010, 2013
hor-PL2 3.95-4.13 0.1 Upper MPI3 - MNN14-15 Ghielmi et al.,
2010, 2013
hor-PLA1 5.33 0.1 Base MPI1 Lirer et al., 2019

Horizon ages and uncertainties are listed in the first three columns; paleoclimate or
biostratigraphic events dating the stratigraphic horizons (Lourens et al., 2004; Lirer
etal., 2019) are listed in column 4.
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Name Cut Strike p Strike p Strike p Dip p 10th Dip p 50th Dip p 90th Depth p Depth p Depthp  Area (km2)
hor-PL1 10th (°) 50th (°) 90th (°) ©) ©) ©) 10th (km)  50th (km)  90th (km)
NAFO1 YES 125 144 149 18 30 46 2.5 3.2 3.8 64
NAF02 N/A 112 131 145 17 24 41 2.0 83 4.4 121
NAFO3N YES 115 137 168 26 a7 52 22 3.6 4.8 242
NAF03S YES 100 138 145 18 23 a7 22 a5 4.5 184
NAF04 YES 118 127 140 32 42 58 2.7 37 5.0 92
NAFO05 YES 121 139 165 21 35 49 25 3.5 4.2 32
NAFO6 NO 108 128 138 24 42 53 2.2 41 5.7 178
NAFO7 N/A 94 124 144 33 47 63 2.2 32 4.5 12
NAFO8 N/A 82 134 159 9 17 28 3.6 45 5.4 150
NAF09 YES 84 118 173 11 23 34 22 3.4 43 54
NAF10 YES 98 128 156 9 19 34 2.4 3.1 4.6 427
NAF11 YES 87 131 165 9 20 32 2.3 3.6 4.6 132

All faults are thrusts. The 2nd column indicates if the fault displaces the base of the Pliocene sequence (hor-PL1). The distributions of strike, dip, rake, and depth values
are reported as percentiles. Depth values are below mean sea level. The last column is the total fault area.
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Structure Sequence Restoration Slip (m) Slip rate Cum. Slip

Method (mm/y) (m)
NAF1-North seq-PS3c TR 28+ 6 0.07+£0.02 3339+6
seqg-PS3b TR 20+5 0.10+0.02 3311 +8
seq-PS3a
R 274 £12 029+ 0.01 3291 +£14
seq-PS2
seq-PS1 TR 460 +£ 45 0.54 £ 0.05 3018 £+ 47
seq-PL3 TR 564 + 11 0.59 + 0.01 2558 + 48

seq-PL2 FPF+4+ TR 1994 4+ 39 2.89+ 0.06 1994 + 62

NAF3-North seg-PS3c TR 51 +£10 0.13+0.02 4003 £+ 10
seg-PS3b

TR 86 +£15 0.18+0.03 3951 +£18
seq-PS3a

seq-PS2 TR 528 £ 63 0.78 £0.09 3866 + 65

seq-PS1  FPF+ TR 2280 £ 2192.68 + 0.26 3338 + 229

seq-PL3  FPF+4+TR 1058 &34 1.11 £ 0.04 1058 4+ 231

seq-PL2 - - - -
NAF4 seq-PS3c R 83+10 0.21+£0.02 1795+ 10
seq-PS3b
TR 138 £19 0.29 +£0.04 1713 £ 21
seg-PS3a

seq-PS2  FPF+ TR  485+43 0.71 £0.06 1575 +£48

seg-PS1  FPF+TR 1089 4+93 1.28 £ 0.11 1089 £+ 104

seq-PL3 - - - _
seq-PL2 - - - -
NAF1-South seq-PS3c TR 53+4 013+0.01 5124 +4
seq-PS3b TR 64 +£12 0.32+0.06 5071 +£13
seg-PS3a TR 133+ 12 0.49+0.04 5007 + 17
sqPS2 TR 1961040294015 46744105
seq-PS1 TR 1818 £ 54 2.14 £ 0.06 4678 + 118

seq-PL3  FPF+ TR 1097 4 1641.15 4+ 0.17 2860 4 202

seq-PL2 FPF+TR 1763 £12 2.65 4+ 0.02 1763 4 202
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NAF2 seq-PS3c TR - - -

seq-PS3b TR - - -

seq-PS1 TR 771 £25091 £0.03 3507 + 25

seq-PL3  FPF+ TR 1075 £551.13 £ 0.06 2735 + 60

seq-PL2 FPF 4+ TR 1660 £ 262.41 & 0.04 1660 + 66

NAF3-South seg-PS3c TR 19+2 0.05+£0.01 5912 +2
seq-PS3b
seq-PS3a FPF+ TR 718+ 130.62 £0.01 5893 £+ 13
seq-PS2

seq-PS1  FPF+TR 21734+ 0256 +£0.01 5175+ 28

seq-PL3  FPF+ TR 3002 £+ 163.16 + 0.02 3002 + 32

Restoration Method: FPF, fault parallel flow; TR, trishear. Cum. Slip is the cumulative
slip estimated at the end of the sequence and the uncertainty propagated from the
present to older ages by adding in quadrature.
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Facies Seismic facies
ID

SF6
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SF4

SF3

SF2

SF1

Description

Parallel, high-amplitude continuous horizontal reflections, with
semi-transparent intercalated sections

Transparent to semi-transparent chaotic facies at the base with
faint internal stratification, medium amplitudes towards the top

Transparent to semi-transparent chaotic facies

Semi-transparent chaotic facies at top, medium-amplitude

reflections at the base

Medium-amplitude, laterally continuous reflections

Low-amplitude continuous reflections

Expected lithology

Lacustrine sedimentation (sand to clay) with intercalated turbidites;
increasing in-situ sediment production

Mostly sand and glacial mud, with coarse material at the base;
transition from proximal (i) to more distal fine-grained glacio-
lacustrine deposition

Diamict, glacial mud with dropstones, coarse gravely base; til with

shore-parallel eskers on the flanks

Transition Molasse -Til; oldest glacial sediments

Molasse—Bedfock; characterized by strong over-deepening and
several bedrock troughs

Limestone - Mesozoic
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Zone (Figure 1) Fault number Estimated Maximum
(Figure 11) length (km)  magnitude
Western zone F4 180 7.6
Central F3c 240 7.8
F3b 70 7.0
F3a 280-310 7.9-8.0
Central-Eastern F2a, b, c 120 7.3
Eastern Fla, b, c,d 60 6.9
Central-Eastern and F1d + F2c 310 8.0

Eastern (merged)
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DCF at the Basement top

Minimal half-length 53 km N.O. 43 km or 90 km 150-170 km 60 km
Minimum amplitude 1,5 km (unconfirmed N.O. 1,2 kmor 1,6 km 2 km 1,5 km
nature)
DCF at the Upper Unit top
Minimal half-length 46 km 67 km 77 km 150-170 km 60 km
Minimum amplitude 0.8 km (unconfirmed 0.9 km 0.5 km 0.6 km 0.5 km
nature)
Buckling or short-range undulations
Average length 35 km 30-40 km N.O. N.O. 25 km
Amplitude 0.8 km—-1 km 0.9 km N.O. N.O. 0.9 km
Faults
Faults in the continental slope 1 34 3 34
Highest minimum length 68 km 83 km 175 120 66 km
Faults in the basin 1 reactivation Disparate observations N.O. 3
Highest minimum length 13 km 50 km 40 km N.O. 40 km
Other
Magnetic anomalies Non-compliant Non-compliant  Partially compliant in Non-compliant Conform with faults and
regard to Hannibal High buckling
Volcanism Abrupt transform Hannibal high potential sealed volcano west  Previously identified volcanism,
margin of the flexural basin related to the Collo massif

DCF = downward concave flexure.
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Core ID

BB 3-03

BB 7-07

BB 13-14
BB 13-14
BB 22-25
BB 22-25
BB 23-26
BB 23-26
BB 29-33
JPC 1-01
JPC 1-01
JPC 2-02
JPC 2-02
JPC 2-02

Sample Depth
(cm)

165-170
26-30
17-21
39-43

133-137

256-260

127-131

210-214
36-44
156-19

185-189
43-47

157-161

230-234

Description

Planktonic foraminifera
Planktonic foraminifera
Planktonic foraminifera
Planktonic foraminifera
Planktonic foraminifera
Planktonic foraminifera
Planktonic foraminifera
Planktonic foraminifera
Planktonic foraminifera
Benthic foraminifera

Benthic foraminifera

Planktonic foraminifera
Planktonic foraminifera
Planktonic foraminifera

Calibrated Radiocarbon
Age (years)

16,300
2,950
40,000
Too old
22,944
38,700
9,180
9,840
1,460
7,880
19,950
18,043
39,347
Too old

Age Error
(years)

50
20
960

78
910
25
30
20
25
90
69
395

Minimum Sedimentation
Rate (mm/year)

0.103
0.004
0.005
0.059
0.065
0.140
0.215
0.270
0.019
0.092
0.025
0.040

Maximum Sedimentation
Rate (mm/year)

0.103
0.096
0.005
0.059
0.068
0.141
0.216
0.278
0.019
0.093
0.025
0.041

Testing
Laboratory

WHOI
WHOI
WHOI
WHOI
Ucl
WHOI
WHOI
WHOI
WHOI
WHOI
WHOI
UCl
UCl
UCl
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