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Active tectonics in long-lived orogenic belts usually manifests on the preexisting inherited structures. In the Kvarner region of the External Dinarides, an area with low-to-moderate seismicity related to the Adriatic microplate (Adria) northward movement, we deal with faults in predominantly carbonate rocks within tectonically complex NW-SE striking fold-and-thrust belt, which makes the identification and parametrization of the active structures challenging. Moreover, anthropogenic modifications greatly complicate access to the surface geological and geomorphological data. This paper demonstrates results of focused multidisciplinary research, from surface geological mapping and offshore shallow seismic surveys to earthquake focal mechanisms, as an active fault identification and parametrization kit, with a final goal to produce an across-methodological integrated model of the identified features in the future. Reverse, normal, and strike-slip orogen-parallel (longitudinal) to transverse faults were identified during geological mapping, but there is no clear evidence of their mutual relations and possible recent activity. The focal mechanisms calculated from the instrumental record include weak-to-moderate earthquakes and show solutions for all faulting types in the upper crust, compatible with the NE-SW oriented principal stress direction, with the stronger events favoring reverse and strike-slip faulting. The 3D spatial and temporal distribution of recent earthquake hypocenters indicate their clustering along predominantly subvertical transversal and steeply NE-dipping longitudinal planes. High-resolution shallow seismic geoacoustical survey (subbottom profiler) of the Quaternary sediments in the Rijeka Bay revealed local tectonic deformations of the stratified Late Pleistocene deposits that, along with overlaying mass-transport deposits, could imply prehistorical strong earthquake effects. Neotectonic faults onshore are tentatively recognized as highly fractured zones characterized by enhanced weathering, but there is no evidence for its recent activity. Thus, it seems that the active faults are blind and situated below the thin-skinned and highly deformed early-orogenic tectonic cover of the Adria. A strain accumulating deeper in the crust is probably irregularly redistributed near the surface along the preexisting fault network formed during the earlier phases of the Dinaric orogenesis. The results indicate a need for further multidisciplinary research that will contribute to a better seismic hazard assessment in the densely populated region that is also covered by strategic infrastructure.
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INTRODUCTION
Kvarner region (Croatia) is situated in the NW part of the External Dinarides (Figure 1A) and is built of deformed, uplifted, and eroded Mesozoic to Cenozoic predominantly carbonate rocks (Figure 1B). The rocks represent detached and backthrust preorogenic upper sedimentary cover of the northeast moving Adria (Apulia is a synonym, Figure 1C) during the main phase of the Alpine orogenesis in the region (Schmid et al., 2008), when a tectonically complex NW-SE striking (so-called Dinaric strike) fold-and-thrust belt has been formed in the area (Tari, 2002; Korbar, 2009).
[image: Figure 1]FIGURE 1 | (A) A sketch map of the orogenic fronts in the Adriatic region and the position of the Kvarner region (red frame). (B) Overview geological map of the Kvarner region (modified after HGI, 2009) and the position of the investigated area Bakar-Krk (small frame). (C) Overview tectonic map showing major tectonic lineaments in central-southern Europe (from Picha, 2002). Note a regionally significant NE Adriatic fault zone (AF) that crosses the study area (see Korbar, 2009, for details).
In the Rijeka Bay and the surrounding marine channels (Figure 1A), the submerged karst landscape is covered with Quaternary sediments (Juračić et al., 1998). The combined influence of multiple factors such as tectonic movements, sea-level changes, climate, and lithology led to the complex geological and geomorphological evolution of the Rijeka Bay (Benac and Juračić, 1998). Erosional and accumulation processes, as well as karstification depth, changed substantially with these factors (Benac and Juračić, 1998). The formation of the present-day submerged karst landscape occurred due to the post-Last Glacial Maximum (LGM) sea-level rise (Correggiari et al., 1996; Lambeck et al., 2011; Benjamin et al., 2017). Juračić et al. (1998) estimated that the thickness of the Holocene marine sediments in the area is between 2 and 10 m. The greater thickness was determined near the mouths of permanent and ephemeral rivers and streams (Juračić et al., 1998). It is likely that there was no connection between the Rijeka Bay and the open Adriatic during glacial periods which enabled the development of different depositional environments, like karst lakes (Benac and Juračić, 1998; Juračić et al., 1999). However, no systematic subbottom studies of the Quaternary sediment cover have been conducted in this area so far, especially in the context of paleoseismology.
The differentially submerged tidal notches in the investigated area (Benac et al., 2004; Benac et al., 2008) are interpreted as a result of different tectonic subsidence related to the supposed major active thrust in the Bakar-Vinodol zone (Stiros and Moschas, 2012). However, the differential position of the tidal notches in the Bakar Bay may be related to another type of local active tectonic movement or could be of a nontectonic origin. Nevertheless, recent tectonic activity is indicated also according to the analyses of the submerged speleothems from the central coastal part of the island of Krk (Surić et al., 2005), and the results indicate a very slow tectonic uplift of the island, although subsidence is expected for the NE Adriatic islands (Surić et al., 2014).
The active tectonics in the Adriatic region is related to the motion of the Adriatic microplate (Adria or Apulia) and the interaction of the microplate with the surrounding Alpine orogenic belts: the Apennines on the southwest, the Southern Alps on the northwest, and the Dinarides on the northeast (Anderson and Jackson, 1987; Figures 1A,C). The active deformation in the orogenic belts is probably driven by the independent motion of the Adriatic plate rather than by the Africa-Eurasia convergence (Oldow et al., 2002). Under the External Dinarides, the Moho depth passes from 40 to 42 km in its NW to 45 km in the central and SE sector with local peaks of 50 km (Stipčević et al., 2020). The Adriatic lithosphere is found deeper below the SE Dinarides and shallower in the NW Dinarides (Šumanovac et al., 2017), and the Adria migrates generally to the north with respect to Europe while rotating counterclockwise around its pole in North Italy (Battaglia et al., 2004; Nocquet and Calais, 2004). Accordingly, the relative movements of Adria generally increase from the northwest to the southeast and its relative N to NE displacement in the wider Kvarner region is just a few mm/yr (Weber et al., 2010). However, the movement directions at the observed points from the investigated area vary between NW and NE (Altiner et al., 2006; Figure 1B), and it seems that the local active tectonic setting is not as simple as considered previously (Prelogović et al., 1995; Kuk et al., 2000; Placer et al., 2010). Thus, the Kvarner region is seismically moderately active, and the earthquakes occur in the upper crust probably along the tectonic contact of two major crustal segments of the Adria:Adriatic and Dinaridic (Korbar, 2009), i.e., along the NE Adriatic fault zone (Picha, 2002; AF on Figure 1C).
According to the Croatian Earthquake Catalog (CEC 2018), firstly described by Herak et al., 1996, the wider Rijeka area exhibits moderate-to-strong seismicity (Figure 2). Seismic activity here is known for frequent occurrences of relatively weak earthquakes (M < 4.0) and occasional occurrences of moderate or large ones (Ivančić et al., 2006; Ivančić et al., 2018). The earthquake hypocenters lie mostly at depths of up to 20 km, within the seismogenic tectonic zone striking in the NW-SE direction along the coastline. The Ilirska Bistrica-Rijeka-Vinodol-Senj zone is interpreted as an obliquely reverse fault system that accommodates oblique subduction of the Adriatic microplate and the compression in the Dinarides (Kuk et al., 2000; Palenik et al., 2019), along the NE Adriatic fault zone.
[image: Figure 2]FIGURE 2 | Spatial distribution of earthquakes in the Rijeka epicentral area (Kvarner region, W Croatia, and SE Slovenia) (373BC–2018, according to the Croatian Earthquake Catalog (CEC), an updated version first described in Herak et al., 1996). All the events are from shallow crustal depths (down to 25 km). Red dots are instrumentally recorded events while orange dots are historical events. The Rijeka epicentral area has a population of ∼350,000.
The regional seismic data are available in the earthquake catalog CEC 2018. It contains basic information on more than 110.000 earthquakes that occurred in the period 373BC–2018 in Croatia and the neighboring areas. The latest version of the catalog is kept in the archives of the Department of Geophysics, Faculty of Science, University of Zagreb. Figure 2 shows an overview map of the epicenters of all earthquakes that occurred in the wider Kvarner (Rijeka) area by the end of 2018 according to the CEC 2018. In addition to the recent seismic activity (the period after 1900, since the instrumental earthquake data exist), also the historical seismicity, which includes earthquakes that occurred in the period before 1900, and whose parameters were determined on the basis of reliable macroseismic data, is displayed. For the historical earthquakes, before 1900, the magnitude was derived using macroseismic data (earthquake intensity).
The most significant earthquakes (with intensities greater or equal to VII °MSK) occurred in 1323, 1750, 1776, 1838, 1870, 1904, and 1916. The strongest historical local earthquake occurred in 1323 with intensity at the epicenter I0 = IX °MSK and an estimated magnitude of 6.7. After that earthquake, there were no more significant recorded events on the Ilirska Bistrica-Vinodol fault zone until 1750 when a large earthquake series occurred in the hinterlands of the town of Bakar. The strongest event in this series happened in 1750. Until October 1754, up to 3,000 earthquakes and rumbles were felt or heard in that area (Acta Buccarana, 1751–1763, Gratianus, 1755; Tomsich, 1886; Kišpatić, 1891; Radics, 1903; Laszowski, 1923; Herak et al., 2017). Therefore, the macroseismic intensity has been estimated as a cumulative value for all the earthquakes from that series which could have caused damage to the buildings. The main event caused a lot of damage in Rijeka in a way that many people had to live in huts built at the seashore. The maximum intensity of the event is evaluated as VIII °MSK scale (estimated magnitude is M = 5.7). According to the recent data analysis for this event (Herak et al., 2017), the epicenter was located again near Bakar. A very strong earthquake occurred in 1776, and according to the historical data (Perrey, 1850), it was found that the event was most strongly felt in Bakar, but it was also felt in Rijeka and Trieste. The assigned intensity at the epicenter was VII °MSK. According to available records, in the epicentral area of the Krk Island, the strongest earthquake occurred in 1838. Maximum intensity was VII °MSK, felt on the northern part of Krk Island and around Bakar Bay. That is why the Bakar-Krk area is in the focus of our research. A destructive earthquake occurred in 1870 near Klana (10 km NW of Rijeka), with the intensity at the epicenter VIII °MSK. This is one of the most important earthquakes that happened in the vicinity of Rijeka and is very important for the seismic hazard of the wider Rijeka area. A moderately strong earthquake occurred near Bakar in 1904. The macroseismic intensity in the epicenter was estimated to be VII °MSK. A very strong earthquake occurred in 1916, about 10 km to the east from Novi Vinodolski (intensity at the epicenter was VIII °MSK). The seismograph in Zagreb recorded the event; therefore, it was possible to calculate its magnitude as 5.8.
The existing seismotectonic model of the Kvarner region is based on 2D analysis of the hypocenters used for a traditional interpretation of NE-dipping reverse seismogenic faults formed because of displacements of the Adriatic microplate segments under the Dinarides (Prelogović et al., 1995; Kuk et al., 2000). However, one of the regional geological models highlights structural complexity in the crustal scale derived from multiphase tectonics that characterizes this part of the orogenic belt (Korbar, 2009). The seismicity in the Kvarner (Rijeka) region is probably a consequence of the escape tectonics (Picha, 2002) along a relatively steep crustal fault zone striking in Dinaric direction (NW-SE) that is recognized regionally as the NE Adriatic fault zone (AF on Figure 1C). Possible active faults that belong to a wide zone of the AF are recognized during the more focused studies in this part of External Dinarides (Cunningham et al., 2006; Moulin et al., 2016; Žibret and Vrabec, 2016). Thus, there is an open question of SE continuation of the recognized active faults on the surface in the Rijeka epicentral area (Figure 2). Besides, there is an open question of a possible active tectonic role of other inferred faults, e.g., reactivated early-orogenic detachments and transversal faults to the main strike of the Dinarides. The former has been recognized on the interpreted regional geological cross section across the Velebit Mountains, while the latter are generally recognized in the investigated area as the Kvarner fault zone (see Korbar, 2009, and references therein).
There are many limitations to the research on geological structures in the area. The deep seismic profiles are available only for Rijeka Bay. However, the images are of low quality and are especially chaotic in the investigated marginal parts of the Bay. Besides, there are no boreholes in the investigated area that could allow a correlation of the low-quality seismic data. That is why the data were not useful neither in the previous seismotectonic studies in the area (Prelogović et al., 1995; Kuk et al., 2000) nor in our research.
Three composite seismogenic sources were proposed for the Rijeka Bay and Krk Island, all characterized by the Dinaric strike (Kastelic and Carafa, 2012; Kastelic et al., 2013). The more internal sources run along the shore of the mainland in Rijeka area (the northern margin of the Bay) toward SE, while the more external source occupies areas of Krk Island. The first two sources have mid-to-steep NE-dipping angles with reverse-right-lateral kinematics, while the third source has mid-NE-dipping angle with a less pronounced oblique right-lateral kinematic component. The compilation of these sources is mainly based on different geologic and morphologic data integrated with seismotectonic cross sections of the existing seismotectonic models (Kuk et al., 2000) and on the earthquake data. All sources are located in the upper crust with a maximum depth of 18 km. It has been recognized that across the region more internal faults have become steeper dipping in the course of evolution of the External Dinarides and are therefore considered long-lived features with weaker rheology (Kastelic and Carafa, 2012).
Concerning the seismic hazard in the region that is characterized by more than 350.000 inhabitants and the strategic infrastructure, the latest project was “The Harmonization of Seismic Hazard Maps in the Western Balkan Countries Project” (BSHAP), which was financed by NATO-Science for Peace Program. One of the main outputs of the project was the new probabilistic seismic hazard maps for Western Balkans (Güllerce et al., 2017). These maps were obtained by the implementation of the smoothed-gridded seismicity approach. The results are expressed in terms of peak horizontal acceleration (PGA) for 95 and 475 years return periods aligned with Eurocode eight requirements, for the soil type A. Based on these results, it can be seen that in this work investigated area is characterized with PGA in the intervals 0.06–0.08 g (for return period 95 years-probability of exceedance 10% in 10 years) and 0.16–0.20 g (for return period 475 years-probability of exceedance 10% in 50 years).
In this paper, we deal with faults in predominantly carbonate (karst) terrains built of highly deformed and fractured rocks within a tectonically complex fold-and-thrust belt, characterized by little Quaternary deposits on the highly dissected karst terrain, which makes the identification and parametrization of the active structures challenging. The region is also densely populated and anthropogenic modifications greatly complicate access to the surface geological and geomorphological data. That is why the key evidence of the active tectonics in the deep subsurface is earthquake hypocenters. We tried to find the indications of the active faults at the surface in new focused geological mapping and structural research, as well as in the shallow seismic imaging of the Quaternary sediments that cover the predominantly carbonate bedrock in the Rijeka Bay and in the surrounding channels and bays. We focused on the surroundings of the small town of Bakar and the northern part of the Krk island, the so-called Bakar-Krk area (Figures 1, 3) that is characterized by rare strong historical earthquakes, weak-to-moderate clustered events (tremors), relatively well-known surface geology, and the recognized Quaternary subbottom sediment deformations.
[image: Figure 3]FIGURE 3 | The investigated Bakar-Krk epicentral area. Red dots mark the most relevant instrumentally recorded earthquakes in the period 1979–2018 (M 0–3.6 and only one event M 4.5), showing the two recognized earthquake clusters in the areas of Kostrena and Jadranovo. Gray dots mark observation points in the area of the focused geological fieldwork while the 6 labeled irregular polygons mark spatial groups of structural data (see Results and Figure 6). The transparent geological map in the background is from the Basic geological maps of the area (Šikić et al., 1969; Šušnjar et al., 1970; Šikić et al., 1972; Savić and Dozet, 1985), which is underlain by a semitransparent hillshade map.
This paper presents a multidisciplinary approach to the definition of possible seismogenic faults that include classical geological and structural research on the surface, shallow seismic survey in marine area, and the focused 3D analyses of the selected hypocenters. The 3D modeling of the active faults is here for the first time applied in the area of External Dinarides, following the methodology developed on March 22, 2020, Zagreb earthquake sequence (Markušić et al., 2020). A combination of the results from the various methods allows us to narrow structures that could be active.
DATA AND METHODS
Geological Mapping and Structural Analysis
For the purpose of interpretation of the near-surface geological structure, we mapped a few kilometers wide zones across the investigated area Bakar-Krk (Figure 3). The mapping was based on the lithostratigraphic units defined during the previous mapping of the neighboring islands (Fuček et al., 2015; Palenik et al., 2019). The objective of the geological mapping was lithostratigraphic harmonization of the existing Basic geological maps of the area in scale 1:100.000 that are based on chronostratigraphy and are not geologically harmonized in between the sheets (Šikić et al., 1969; Šušnjar et al., 1970; Šikić et al., 1972; Savić and Dozet, 1985). The new map is used for the interpretation of two representative geological cross sections approximately transversal to the main strike of the Dinaric structures (Figures 4, 5).
[image: Figure 4]FIGURE 4 | Simplified new geological map of the area of focused fieldwork (full-color overlay). The major fault (the thickest red lines) delineates the Gorski Kotar anticline and the coastal-and-island thin-skinned belt. Possible neotectonic dextral strike-slip faults on the surface are marked by medium-thick red lines and arrows. Position of the two representative geological cross sections A-A′ and B-B′ is indicated (Figure 5). The transparent map in the background is a compilation of the regional Basic geological maps (Šikić et al., 1969; Šušnjar et al., 1970; Šikić et al., 1972; Savić and Dozet, 1985) combined with a semitransparent hillshade.
[image: Figure 5]FIGURE 5 | Representative transversal geological cross sections A-A′ and B-B′ (location map on Figure 4) show tightly folded early-orogenic coastal-and-island thin-skinned belt on the SW and the SW limb of the huge Gorski Kotar anticline on the NE. Major tectonic contact of the two zones, supposed early-orogenic detachment (cf. Korbar, 2009) and possible dextral neotectonic strike-slip faults are indicated. Abbreviations of the lithological units are after Fuček et al., 2015.
Structural-geological investigations of the area (Figure 3) were conducted simultaneously with the geological mapping. For the purpose of geological mapping, attention was given also to the detection of potentially active surface faults that are presumably marked by specific geomorphological features. The features were recognized on aerial orthophotographs using the public web map service (https://geoportal.dgu.hr/). The structural data are obtained by field measurements and include dip direction and dip angle of fault planes, orientation of carbonate slickensides defined by azimuth and plunge, and the sense of movement. The data are used for kinematic analyses and determination of fault kinematics in relation to the past stress fields.
During geological mapping and simultaneous structural field investigations, 315 fault plane data (Supplementary Tables) with all parameters required for kinematic analysis in the whole study area have been collected. The structural data are spatially grouped in six groups (areas) according to the position within the recognized general geological structures (Figures 3, 6). Based on kinematic criteria and sense of movements, the structural data were separated into main groups of faults and processed by Tectonics FP software (Ortner et al., 2002). Using the P–T-axis method (Marrett and Allmendinger, 1990), theoretical maximum (σ1), intermediate (σ2), and minimum stress axes (σ3) were calculated, whereas using the Right Dihedral Method (Angelier and Mechler, 1977), paleosynthetic focal mechanisms as representations of the paleostress fields for the analyzed faults were determined.
[image: Figure 6]FIGURE 6 | Structural diagrams for the faults of the investigated area (Supplementary Tables). The red dots, rectangles, and blue triangles indicate P, B, and T kinematics axes, respectively.
Seismological Analysis and 3D Modeling of the Active Faults
A fault plane solution (FPS), also called a focal-mechanism solution, is a simple way of studying the earthquake faulting process. Its goal is to determine the geometry and sense of motion on the fault. In this work, we analyzed the spatial distribution of the first P-wave motion polarities to obtain fault plane solutions for earthquakes recorded in the investigated area by the Croatian seismic network. The FPS from previous studies in the area (Markušić et al., 2019) and from earthquakes in Croatian source mechanism database (Archive of the Department of Geophysics) were updated with FPS calculated within this research for the study area and magnitudes M ≥ 2.7 (Figure 7). It should be noted that all events are weak-to-moderate earthquakes (M 2.7–4.5).
[image: Figure 7]FIGURE 7 | Focal mechanisms for the selected earthquakes (M ≥ 2.7) in the wider Bakar-Krk area and detailed information about the nine fault plane solutions (FPS) for the earthquakes (from the Croatian source mechanism database, an updated version of Markušić et al., 2019). Black areas on the lower focal hemisphere mark compression. Azimuth, Dip, and Rake mark the azimuth of the fault strike, fault dip, and movement direction along the fault plane. Relation of the FPS with possible active structures is shown in Figure 12.
A 3D analysis of the seismic activity in the considered area was based on the temporal and spatial distribution of the selected recent earthquakes (Figure 3). With the aim to analyze the most relevant seismological data (especially concerning the focal depth), only the instrumentally recorded earthquakes from the catalog from 1979 to 2018 were selected. Near-surface probably nontectonic events and the events automatically calculated to virtual infinity depth were eliminated. Because of the too large number of the hypocenters (Supplement 1), we focused on the two biggest earthquake clusters located east of the island of Krk (“Jadranovo” cluster) and west of Bakar (“Kostrena” cluster) (Figure 3), as well as to the coastal zone of the Dinaric strike along the Bakar-Vinodol flysch zone (Figure 1) that is interpreted previously as a major active thrust of the External Dinarides (Stiros and Moschas, 2012). Thus, the analysis is based on the hypocenters of the events that are relatively well located, considering the development of the quality and the increasing number of the instruments.
Seismological data provided the input for preliminary active faults modeling. The input data comprise recorded hypocenters including magnitude value, coordinates, depth, and the precise time of each shock for the earthquake sequences in the time span from 1979 to 2018 (Figure 3; Supplement 1). Most of the hypocenters dated from 2001 to 2017, due to gradual densification of the seismological grid in the wider area, while older data mostly represent significant seismic events holding relatively high magnitude values. The data was processed and represented spatially and temporally, including a time-lapse visualization using ESRI ArcSceneTM 10.2.1. Geological interpretation of the processed data included both spatial and temporal 3D visual analysis of the hypocenters. The methodology for extraction of hypocenters was based on visual extraction of hypocenters concentrated around a suggested specific fault plane. A total of 943 events were used for visual analysis and extraction of three datasets used for interpretation of the fault planes/zones. Selected datasets were used as input for the structural modeling of fault planes (Figure 8) performing the inverse distance weight (IDW) point interpolation method, using Move 2019.1 (cf. Markušić et al., 2020).
[image: Figure 8]FIGURE 8 | 3D model of the selected earthquake hypocenters and the interpreted fault planes in the area of Kostrena and Jadranovo (see also Supplement 2). Broken lines in the related color mark surface projections of the modeled faults (map of the epicenters and the faults is shown in Figure 12). Coordinate grid is HTRS96-TM. KF: Kostrena fault (1 and 2). JFZ: Jadranovo fault zone.
High-Resolution Shallow Seismic Survey
In order to detect possible (sub)recent faults or other evidence of tectonic activity in the marine environment, we conducted a high-resolution seismic reflection survey using an Innomar SES-2000 light. We chose the SES-2000 light as the most suitable, as it is a parametric subbottom profiler (SBP) designed for application at water depths down to 400 m, with sediment penetration up to 50 m (Wunderlich and Müller, 2003; Winton, 2020) and theoretical resolution of 5–10 cm (Daxer et al., 2019; Wang et al., 2019). It uses a high frequency for echo sounder and bottom track, and low frequency for subbottom data. Together with a high ping rate (up to 40 pings per second), it allows a good penetration and high resolution of collected data. Further technical information and advantages of this system in similar environments can be found in Wunderlich (2007), Missiaen et al. (2008), Unnithan and Rossi (2018), and Yutsis et al. (2014). During the survey, we used a low frequency of 6 or 8 kHz and a high frequency of 12 kHz. An SBP was side-mounted on a 6 m long shallow draught vessel with a low noise engine. For positioning and vessel motion corrections, we used Applanix POS MV WaveMaster combined with two Trimble GNSS antennas and RTK unit to receive corrections from CROPOS network (Croatian Positioning System). During the survey, the vessel speed was maintained at 3.5 knots. Processing and interpretation of seismic data were made in GeoSuite Allworks software. We acquired 65 acoustic profiles with a total length of 264 km (Figures 9, 10).
[image: Figure 9]FIGURE 9 | A map shows tracklines of high-resolution shallow seismic survey (black lines) with highlighted parts of the profiles presented in Figure 10 (yellow lines), recognized subbottom faults on the seismic sections projected to the surface (red crosses), and MTD, i.e., underwater landslide extent (green lines).
[image: Figure 10]FIGURE 10 | High-resolution seismic profiles showing (A) fault at the western margin of the Late Pleistocene deformation zone (LPDZ) in profile A-A′ in the Rijeka Bay; (B) multiple faults along the central part of the LPDZ in profile B-B′ in Rijeka Bay; (C) downslope mass-transport deposit (MTD i.e., underwater landslide) in the eastern part of the Bakar Bay; (D) seabed in the area south of Jadranovo scoured by bottom currents; signal penetration is weaker due to the coarser-grained sediment and shallow acoustically impermeable bedrock.
RESULTS
Geological Cross Sections and Structural Analysis
Two geological cross sections are constructed along the mapped zones (Figures 4, 5). Both cross sections highlight the complexity of the near-surface geological structure in the investigated area. There are two main large-scale uppermost crustal geological structures: the strongly deformed coastal-and-island belt on the SW and the SW limb of the huge Gorski Kotar anticline on the NE. The coastal-and-island belt is characterized by tightly folded, faulted, and strongly fractured predominantly middle Cretaceous to Paleogene carbonates and some Paleogene clastic rocks (predominantly flysch). Such a structure is probably superimposed on the major detachment (master thrust fault) formed at rheologically weak horizon within the Lower Cretaceous succession during the Eocene thin-skin tectonic phase of the orogenic evolution of the External Dinarides (Korbar, 2009). The SW dipping south-western limb of the huge Gorski Kotar anticline is built of the relatively tectonically intact (well preserved) Jurassic to Lower Cretaceous carbonate rocks that further to the NE disconformably overlay Paleozoic to Triassic core of the anticline (Herak, 1980; Savić and Dozet, 1985). The contact of the huge Gorski Kotar anticline and the tightly folded coastal-and-island belt could be the major Oligocene thick-skin fault that dissected the primary thin-skin detachments (Korbar, 2009) although the detachment could be formed simultaneously with the formation of Gorski Kotar anticline along the major reverse fault (Figure 5).
The coastal-and-island belt is built of kilometer-scale asymmetrical, isoclinal, and overturned folds with amplitudes of up to 2 km, which imply a significant amount of horizontal shortening during the early-orogenic detachment folding (Figure 5; Korbar, 2009). The large NW-SE striking longitudinal geomorphological carbonate ridges generally mark anticlines. The Paleogene flysch rocks are partly eroded from the cores of the synclines and thus the synclines form distinct geomorphological valleys and elongated bays. A system of small NE-SW and NNW-SSE striking transversal faults insignificantly dissected the fold limbs and were probably formed as conjugated faults during the folding. The predominantly steep faults strike along the fold axes and in places dissect the axes along the NNW-SSE striking fault segments, implying that the steep faults are relatively younger than the folds itself (Oligocene-Miocene?). Thus, the steep faults have (inverse) sigmoidal appearance on the map, although there are only a few tens to few hundreds of meters offsets of the geological boundaries of the mapped units along the faults (Figure 4).
The analyses of the geological map and the orthophoto images revealed the selective erosion and increased weathering of carbonate rocks along the sigmoidal faults that could be a geomorphological expression of a possible neotectonic activity of the faults. Nevertheless, a braided system of relatively younger predominantly dextral strike-slip faults is recognized in the area (Figure 4).
The observed faults at the scale of individual outcrops in the investigated area are characterized by dip-slip, strike-slip, and oblique-slip kinematics. In each of the six selected study areas (Figure 3), fault data were divided into three main categories according to the sense of the movement: reverse, strike-slip, and normal faults (Figure 6).
Reverse faults on the outcrops in the whole investigated area are characterized by the NW-SE strike, dipping both toward the NE and the SW. The exception is the Ostrovica area where reverse faults are characterized generally by the N-S strike with dip direction to the E and the W. Reverse faults with NE-SW strike direction are relatively rare in the investigated area. Structural analysis of the representative paleostress field for the reverse faults indicates a compression associated with P-axis dominantly trending NE-SW, whereas the T-axis mostly dipping toward the SW. Some of the observed reverse fault planes were characterized by structural reactivation, with slickenside indicating different movements, since the reverse, normal, and horizontal movements are observed on the same fault planes.
Observed strike-slip faults (both dextral and sinistral) in the study area are characterized by steeply dipping geometry and a variety of strikes. However, there are three predominant strike directions of the strike-slip faults: NE-SW, N-S, and NW-SE, while E-W strike is relatively rare. Kinematic analysis shows that strike-slip faults of the Kostrena, Kukuljanovo, and Zlobin area formed or have been active in the paleostress field with the N-S trending P-axis. Strike-slip faults of the Ostrovica and Krk area associated with the NE-SW trending P-axis and the T-axis trending NW-SE, while strike-slip faults of the Križišće area are characterized by NW-SE trending P-axis and the T-axis trending NE-SW. Some of the mapped strike-slip fault planes were also characterized by structural reactivation, with slickenside indicating both dextral and sinistral movements.
Normal faults in the study area are also characterized by different strike direction. In the Kostrena and Križišće NW-SE strike predominates. These normal fault planes were formed within the paleostress field with a subvertical P-axis and the subhorizontal T-axis trending NE-SW, which suggested NE-SW directed extension. In the Zlobin area, normal fault planes are generally N-S striking and kinematic analysis indicated that these faults were formed within the paleostress field associated with the subvertical P-axis orientation 184/80 (dip direction/dip angle) and subhorizontal T-axis trending E-W, resulting in the E-W extension. In the Krk area, strike direction of normal fault planes is mostly NE-SW and kinematic analysis of this fault shows NW-SE directed extension.
Cross-cutting relationships between mapped reverse, strike-slip, and normal faults are not sufficiently determined during field observations; therefore, no conclusions can be made about their relative age relationship. However, the presented structural data indicate a polyphaser tectonic history of the investigated area.
Focal Mechanisms of Earthquakes in the Bakar-Krk Area
The fault plane solutions (FPS) in a relatively small investigated area cover a complete range of possible earthquake mechanisms (Figure 7). The reverse FPSs are oriented generally parallel to the Dinaric strike and the eastern Adriatic coast, while the FPSs of normal, oblique, and strike-slip faults indicate activity of a fault system aligned parallel and transversal to the strike. The principal tectonic stress in the area according to the FPS is generally NE-SSW.
3D Analyses of Seismologically Constrained Fault Planes
We tentatively examined the spatial distribution of the instrumentally recorded seismic events in the investigated area presuming that they all have tectonic origin and that the relatively short period events are related to their hosting structure (Figure 8; Supplements 1 and 2). Based on the selected datasets (Table 1), three faults were modeled using inverse distance weight (IDW) interpolation of the preselected datasets (see Data and Methods for explanations).
TABLE 1 | A list of modeled active faults and an overview of input data (extracted hypocenters) used for the interpolation of the fault plains (the complete data are available upon request).
[image: Table 1]The largest dataset was analyzed in the Jadranovo area, where the hypocenters are clustered generally along a subvertical broad fault zone striking generally NNE-SSW. Hypocenters are located from a few down to 20 km (Table 1).
In the area of Kostrena, we interpreted two possible faults according to the analysis of the spatial and temporal occurrence of the selected earthquake clusters: Kostrena fault 1 (KF1) and Kostrena fault 2 (KF2). The KF1 has fault plane steeply dipping to the ENE and striking NNW-SSE (generally Dinaric strike) and is characterized by the hypocenters located in the middle depths. The KF2 is characterized by a subvertical fault plane striking generally NE-SW that is derived from middle-to-deep-seated hypocenters.
In the area of Bakar Bay and its hinterland, we were not able to select any spatially and temporally related cluster of hypocenters needed for the interpretation of possible active fault plane.
This preliminary approach of fitting hypocenter locations does not match well with the calculated focal mechanisms investigated in this paper (Figure 7) or with other more regional solutions. Thus, this is an attempt to see how different data fit together. We do not consider it representative at this stage and furthermore dedicated and detailed approach in modeling spatial seismicity patterns in possible active fault structures is needed.
High-Resolution Shallow Seismic Data
The trackline grid (Figure 9) was irregular with line separation from 200 m up to 4.3 km in an attempt to cover a larger area and detect as many tectonic deformation indicators as possible. Twenty-five profiles were oriented parallel to the coastline, while 12 were perpendicular.
Analyses of 264 km of shallow seismic images revealed that the acoustic signal penetration into the sediment was up to 39 m in Rijeka Bay (with sound velocity estimated at 1,500 m/s), with water depth down to 64 m. The sides of the Rijeka Bay are very steep and rocky, reaching depths of over 50 m approximately 500 m away from the coast. The rest of the bay has a flat and smooth bottom with sediment thickness larger than signal penetration. Recent fine-grained sediments (mud) predominantly cover the Rijeka Bay sea bottom (Juračić et al., 1999). Sediment distribution was influenced by sea-level changes that occurred during the Late Pleistocene (Benac and Juračić, 1998). As a consequence of fine-grained sediments, it was possible to achieve a good acoustic signal penetration in the Rijeka Bay. Penetration of the acoustic signal in the Mala Vrata and Vinodol Channel was up to 20 m but dominantly 5 m or less, not only due to the seabed consisting of gravel and sandy mud (Juračić et al., 1999), but also due to shallow depth to carbonate bedrock. Acoustic signal penetration in significantly shallower Bakar Bay (down to depth −38 m) is up to 20.5 m when it reaches acoustically impermeable bedrock.
The sedimentary sequence of the Rijeka Bay shown in the seismic profiles can be divided into three major seismic units (Figure 10). The upper seismic unit (Unit 1) is acoustically homogenous and semitransparent. Moderate-to-high amplitude and subparallel internal reflectors characterize the lower unit (Unit 2). Unit 1 and Unit 2 are separated with a high amplitude unconformity. The lowermost unit (Unit 3) exhibits subparallel reflectors with weak amplitudes.
Neotectonic deformation along the tracklines of the high-resolution seismic survey is recognized only in the NE corner of the Rijeka Bay (Figure 9). Gentle folding and decimeter-scale faulting within the Late Pleistocene stratified sediments are recognized within the Late Pleistocene deformation zone (LPDZ; Figures 9, 10). LPDZ is characterized by up to a few kilometers wide and up to 10 m high antiformal structures with internal gently undulating folds (hectometers wavelengths and meters amplitudes). Besides, faulting can be easily detected in multiple seismic profiles in the Rijeka Bay (Figure 10). As visible in selected seismic profiles (Figure 10), faults can be traced in acoustic unit with moderate-to-high amplitude and subparallel internal reflectors. The faults and folds cannot be traced in the upper acoustically semitransparent homogenous unit. The vertical offset of the strata along the fault is less than 25 cm. A fault direction is delineated in the map as point locations of the fault marked on the tracklines (Figure 9). A supposed fault line extends from the north of the bay (Kostrena) Closer to the Krk Island in the southeastern direction (Dinaric strike). Closer to the island of Krk, a fault divides into 2 or 3 possible fault lines that are part of the LPDZ.
Furthermore, a downslope mass-transport deposit (MTD, i.e., underwater landslide) was detected in the Bakar Bay. MTD unit is characterized in the seismic profiles by irregular upper reflector and chaotic internal structure (Figure 10C). The unit is overlain by acoustically homogenous and semitransparent upper unit (Unit 1). Its extent covers most of the farthest southeastern part of the Bakar Bay (Figure 10C). It can be traced on 3 profiles (Figure 10) and is delineated on the map (Figure 9).
Seismic profile between the Krk Island and the mainland, located in the Mala Vrata and Vinodol Channel (Figures 9, 10D), differs from profiles in the Rijeka Bay. The sea bottom is very irregular, with evident seabed scouring and carbonate bedrock reaching surface. Sediments that overlay carbonate bedrock are generally thin or absent due to the scouring in narrow channel. Southeastern end of the profile comprises thicker sediment succession as the channel widens and enables sedimentation. Detected sediments have low-to-medium amplitude reflectors due to the coarser grain size. Thus, there is no evidence of neotectonic movements on the seismic profiles in the Vinodol Channel.
DISCUSSION
Indicators of Neotectonic Deformations in High-Resolution Shallow Seismic Data
Neotectonic deformations can be readily recognized in the Quaternary marine and lacustrine sediment successions, either as faults and folds within the stratified sediments or as secondary effects such as mass-transport deposits (MTDs, e.g., Strasser et al., 2011; Wiemer et al., 2015; Moernaut et al., 2017; Wright et al., 2019; and Ojala et al., 2019), i.e., underwater landslides. The recognition of such subsurface features in the investigated area (Figure 9) allows insights into the long-term neotectonic activity spanning the Late Pleistocene and Holocene.
The age and lithology of the recognized seismic units, at this moment, can only be assumed and correlated with other previously published studies (Juračić et al., 1998; Brunović et al., 2020) because of the lack of sediment cores collected in the Rijeka Bay. Accordingly, the lower seismic unit (Unit 2) can be interpreted as Late Pleistocene lacustrine/riverine sediments (Figure 10). The transition from the lower unit into the upper unit (marked with erosional surface with pronounced reflector) is interpreted as the Late Pleistocene to Holocene transition while the upper seismic unit (Unit 1) is interpreted as Holocene marine sediment.
Neotectonic movements are recognized in the Quaternary sediment succession only in the north-easternmost part of the Rijeka Bay along the Late Pleistocene deformation zone (LPDZ; Figure 10). The LPDZ is characterized by generally Dinaric strike (NW-SE), and the deformed Late Pleistocene stratified deposits are truncated at the top (eroded) and unconformably overlain by the undeformed Holocene marine sediments (Figure 10).
Possible secondary effects of the strong earthquakes caused by the activity of still unrecognized main seismogenic faults are MTDs in the eastern part of the Bakar Bay that could be deposited during the strong earthquake-induced local slope failures in the eastern part of the Bakar Bay. The slope failures are located along a recognized neotectonic fault (Figure 12), although the failures could be related also to nontectonic processes along the relatively steep flanks of the bay.
Since the recognized LPDZ was probably not active during the Holocene, it could be explained by the shifting of the activity of the orogen-parallel neotectonic faults recognized in the NW part of the same active fault zone Ilirska Bistrica-Rijeka-Vinodol-Senj (cf. Moulin et al., 2016; Figure 1B). It should be mentioned that the NW projection of the subbottom linear deformation zone runs across the town of Rijeka, the area characterized by the anthropogenic modifications that greatly impair access to the surface geological and geomorphological data. Even if the fault is active, the slow deformations along the zone cannot be easily recognized within the basement carbonate rocks exposed on the surface (Figure 4). However, the surface fault in the area of Rijeka belongs to the recognized sigmoidal fault system which could be related to the LPDZ. It is supposed that the seismologically modeled fault (KF1) could also be blind, since there are no subbottom deformations along the projection of the fault. Besides, the KF1 can be steeper near the surface and thus could fit the fault recognized on the shallow seismic images, although we show only a simple projection of the modeled fault according to the seismological data (Figure 12).
The fault running through flysch synclines on the island of Krk could be a SE continuation of the recognized subbottom fault within the LPDZ (Figure 12). However, the LPDZ does not have to be related to the underlying bedrock fault, although the zone is oriented predominantly along the strike of the Dinaric structures, since the uppermost Pleistocene succession could be detached either from the older Quaternary sediments or from the bedrock and deformed only above a possible shallow detachment. Ground shaking during strong prehistorical earthquakes could trigger the deformations in the Late Pleistocene stratified sediments. Unfortunately, acoustic signal of shallow seismic did not penetrate deep enough to reach neither older Pleistocene deposits nor the bedrock (Figure 10A).
Preexisting Tectonic Structures and the Active Faults
The presence of all major fault types: normal, reverse, and strike-slip faults, the large range in their orientations, and the determined structural reactivation on many of the fault planes measured on the surface imply that the investigated area has gone through several tectonic phases. This is also evident from the near-surface structures in the northeastern part of the Kvarner region (Figures 4, 5). It is assumed that a major detachment has been activated within the preorogenic Lower Cretaceous succession during the Eocene early-orogenic thin-skinned tectonic phase in the area and that the thin-skinned tectonic cover of the Adria was dissected by the inherited thick-skin faults during Oligocene to Neogene (Korbar, 2009). Thus, most of the faults formed during the main Dinaric tectonic phases could be later reactivated as a response to the shifting tectonic stress from SW-NE to S-N (Ilić and Neubauer, 2005; Žibret and Vrabec, 2016), resulting in rather complex present-day fault net (Figure 6).
The steep faults mapped along the strike of the kilometer-scale Dinaric folds have been probably formed during the late-orogenic transpression (Tari, 2002; Korbar, 2009). Besides, some of the steep faults are probably near-surface expression of the deep crustal active faults (Figure 8) that accommodate the tectonic escape in this part of the External Dinarides (Picha, 2002). Sigmoidal appearance of some of the possibly neotectonic strike-slip steep faults (Figure 12) could be interpreted as a shallow crustal expression of the deep crustal interaction of the active faults. Namely, the interaction of steep orogen-parallel (longitudinal) and the subvertical transversal deep active faults could result in the formation of sigmoidal (braided) arrangement of the reactivated preexisting upper crustal faults (Figure 4). However, the along-strike displacements of the geological boundaries along the sigmoidal faults are only a few tens to a hundred meters. Thus, the displacement could be related to the neotectonic (Quaternary) deep crustal interaction of longitudinal Dinaric presumably oblique-slip (KF1 on Figure 8; Moulin et al., 2016; Žibret and Vrabec, 2016) and transversal strike-slip faults (KF2 and JFZ on Figures 4, 8). The latter could belong to the inferred Kvarner fault zone (Korbar, 2009).
Since the measured surface faults on the outcrops (Figure 6) do not match strictly the fault plane solutions (FPS) calculated from the seismological data (Figure 7), it seems that both the past and the active tectonic processes are not unambiguous. Thus, the previously formed tectonic structure and the preexisting faults in the thin-skinned tectonic cover probably do not match the deep crustal active faults (Figure 12). The tectonic movements below the thin-skinned cover could be redistributed irregularly along the near-surface preexisting faults and fractures, and thus there are no clear surface expressions of the active faults.
The early-orogenic detachment is supposed in the subsurface of the coastal-and-island belt (Figure 5). Theoretically, the detachment in the present-day structural setting could act as the extensional one (Korbar, 2009). The normal faults could be driven by the gravitational collapse of the thin-skinned part of the uppermost crust that tectonically overlay presumably thick-skinned and possibly still slowly growing Gorski Kotar anticline along the system of deeper transpressional Dinaric faults (Figure 11). Accordingly, the near-surface structures and the preexisting faults mapped on the surface (Figure 4), formed during the main phases of the orogenic deformations, probably only partly take over the active tectonic movements along the deeper faults. However, further research is needed for a reliable evaluation of the hypothesis.
[image: Figure 11]FIGURE 11 | Comparison of the conceptual models of the present-day late-orogenic exhumation phases of the two Adria derived convergent fold-and-thrust belts: older the Dinarides and younger the Apennines.
The Apennines are similar but younger Alpine orogenic belt than the External Dinarides (Korbar, 2009), which is also characterized by a complex interaction of the thin-skinned and thick-skinned tectonics (Butler et al., 2004; Scrocca et al., 2005; Figure 11). In central Apennines, a regional almost aseismic extensional (gravitational) detachment is probably a driver for active shallow crustal normal faults that are well-known seismogenic sources of the destructive recent earthquakes in central Italy (Lavecchia et al., 2017). Seismologically weak compressional (transpressional?) thrusts are recognized below the extensional detachment at the midcrustal depths (> 20 km) where plastic deformations prevail (Finetti et al., 2001; Lavecchia et al., 2003). Thus, the thrusts could be related to the thick-skin orogenic exhumation, while the extensional detachments could be driven by the exhumational uplift of the orogen (Figure 11). The extensional detachments in the late-orogenic exhumation phase could be structurally rearranged (tilted) early-orogenic compressional detachments (master thrusts) that accommodated the thin-skinned tectonic deformations (cf. Korbar, 2009 for External Dinarides). In the External Dinarides, an older counterpart of the Apennines, the orogenic exhumation reached much shallower crustal levels, while possible seismogenic extensional detachments derived from the structurally rearranged (tilted) older thin-skinned compressional ones (cf. Korbar, 2009) could be exhumed along the crest of the External Dinarides (Figure 11). If so, transpressional deformations prevail in the upper crust of the highly exhumed External Dinarides, while the extensional tectonic events along the presumably active remnants of the extensional detachments are possible but probably rare (Figure 11).
Contribution to a New Seismotectonic Model of the Kvarner Region
The existing seismotectonic model of the Kvarner region is based on 2D interpretations of a simple projection of the selected hypocenters to the chosen cross section (Prelogović et al., 1995; Kuk et al., 2000). The model, among other data and analyses, is considered also for the analyses of the active seismogenic sources in the region (Kastelic and Carafa, 2012; Kastelic et al., 2013). However, 3D analyses of the local seismological and geological data are crucial for a reliable interpretation of the active faults. Thus, the preliminary 3D model of the seismologically constrained deeper crustal active faults (Figure 8) and the deformation zone interpreted according to the shallow seismic data from the marine realm (Figures 9, 10) are compared with the surface data (Figure 4), with the aim to make a more relevant insight into the possible active fault regime in the investigated area Bakar-Krk (Figure 12).
[image: Figure 12]FIGURE 12 | Summary map of neotectonic and active faults in the investigated area Bakar-Krk. Red lines mark neotectonic faults mapped on the surface (Figure 4) while broken red lines are their supposed submarine extensions. Shallow subbottom Late Pleistocene deformation zone (LPDZ) is marked by light gray area and the related fault zone by red crosses (see Figures 9, 10). Colored dotted lines are surface projections of the active structures (JFZ: Jadranovo fault zone; KF: Kostrena faults 1 and 2) modeled according to the selected hypocenters (see Figure 8). The related epicenters are marked by dots colored as the modeled faults. The focal mechanisms (FPS “beach-balls”) are for the selected earthquakes (M ≥ 2.7) in the wider Bakar-Krk area (see Figure 7 for details).
The majority of the earthquakes in the wider Rijeka epicentral area (Figure 2) are spatially distributed generally along the strike of the External Dinarides (NW-SE), i.e., along the fault zone Ilirska Bistrica–Rijeka–Vinodol that includes also the island of Krk (Prelogović et al., 1995; Kuk et al., 2000). The zone comprises also the investigated Bakar area (Figure 4) that is the NW continuation of the Vinodol fault zone (Palenik et al., 2019). The active NW-SE striking structure is regionally recognized as the transpressional Adriatic fault zone (Picha, 2002; Korbar, 2009; Figure 1C).
Many authors recognized active faults in the NW part of the External Dinarides, mostly in the SE Slovenia (Placer et al., 2010; Kastelic and Carafa, 2012; Kastelic et al., 2013; Moulin et al., 2016). Moulin et al. (2016) indicated three active faults some 50 km NW of Rijeka that are characterized by Dinaric strike and right-lateral displacement, and the active faults dissect the inactive older Dinaric thrusts. Faulting onset of the strike-slip Dinaric fault system in SE Slovenia occurred along the main fault during the Early Pliocene, while the transition from pure strike-slip to transpressive kinematics occurred during the early-middle Pleistocene. Besides, Moulin et al. (2016) found the evidence of successive activation of the parallel neighboring active faults, situated few kilometers on the south from the main fault.
The Late Pleistocene deformation zone (LPDZ) recognized on shallow seismic images in the NE part of the Rijeka Bay (Figure 12) is probably inactive and the activity of the related deformations could be shifted to another active fault recognized according to the seismological data. The surface projection of the fault strikes parallel to the LPDZ a few km SW (Kostrena fault 1 (KF1)). If the projection would be real, it would imply that a system of parallel faults is also active in this part of the External Dinarides, and that is characterized by a shifting activity successively along neighboring (reactivated?) faults striking along the External Dinarides (NW-SE, e.g., KF1 on Figure 12). Yet, none of the fault plane solutions (FPS) of the moderate earthquakes from the area strictly match the NE-dipping fault KF1, although there are the planes of a similar strike (Figure 12). It can be explained by the fact that only weak earthquakes that are too weak for a reliable calculation of the FPS occur along the active fault KF1. Besides, there is no recognized subsurface expression of the KF1 on the shallow seismic images of the Late Pleistocene layered sediments in that part of the Rijeka Bay (Figure 9). However, the Holocene vertical tectonic displacements could be too slow (Surić et al., 2014) to be recognized in Holocene marine sediments. Therefore, it is possible that during the Holocene ruptures occurred in this area but we do not have evidence in high-resolution shallow seismic data. An alternative explanation would be that LPDZ is not directly related to a bedrock fault but is a consequence of possible intraformational deformations because of possible strong prehistorical earthquake(s).
The instrumentally recorded seismicity in the wider Rijeka epicentral area allows analyses of only the last hundred years of the active tectonics in the region (Herak et al., 1996) while the reliable seismological data for the 3D modeling are available since 1979. It should be highlighted that historical locally destructive events occurred before the instrumental era (Herak et al., 2017). The GPS constrained ∼7 mm/yr NW movement of the point situated in the SE of the Bakar Bay does not match regional ∼5 mm/yr NE movement measured on other points from the Kvarner region (Altiner et al., 2006; Figure 1B). Besides, the extraordinary deep positions of the tidal notches along the southern coast of the Bakar Bay, which are ∼0.5 m deeper than all the other notches observed elsewhere in the investigated area (Benac et al., 2004; Benac et al., 2008), could be related to the strange GPS vector observed on the same tectonic block (Figure 12). The prehistorical underwater landslides in the eastern part of the bay could be related to strong earthquakes in the area. Although the deeper position of the notches is previously interpreted as a result of the downthrown footwall block of the major active thrust in the Bakar Bay (Stiros and Moschas, 2012), our results cannot confirm the thrust, and the fault responsible for the possible negative displacement could be also normal (gravitational?).
According to the results presented in our paper, none of the seismologically defined active faults have a distinct surface expression (Figure 12). The thin-skinned and highly deformed early-orogenic tectonic cover of the Adria is illustrated in Figures 5, 11. We supposed that active longitudinal and transversal faults dissect the Adria upper crust and cause brittle deformations and earthquakes down to approximately 20 km depths (Figure 9). Possible “blind” thrusts and strike-slip faults could be active below the thin-skinned tectonic cover of the Adria (Korbar, 2009). Since Adria is obviously generally moving to the north (Weber et al., 2010), a strain accumulated deeper in the crust is probably irregularly redistributed near the surface along the preexisting fault network formed during the earlier phases of the orogenesis. The discrepancy between seismologically constrained active faults and surface geology and geomorphology could be related to a complex shallow crustal anisotropy recognized generally also from the regionally differential attenuation of the seismic waves (Markušić et al., 2019). The sigmoidal strike of the generally orogen-parallel neotectonic near-surface possibly active faults (Figure 12) could be related to the interaction of the deeper crustal longitudinal and transversal faults recognized in the 3D model according to the seismological data (Figure 8, Supplement 1 and 2). The seismogenic fault slip could be in the uppermost crust redistributed along a rather complex network of longitudinal and transversal early-orogenic Dinaric faults (Figures 4, 6). Thus, the active faults modeled according to the seismological data probably have a minor expression on the surface and the earthquake clusters at Kostrena and Jadranovo could appear in the area of the interaction of the deeper crustal faults (Figure 12). On the overview tectonic maps, the two regional longitudinal and transversal fault zones could be generally recognized as the Northeast Adriatic and Kvarner fault zones, respectively (Korbar, 2009). However, the seismogenic faults along the zones are probably related only to the longitudinal earthquake zone Rijeka-Senj (Figure 2), since possible present-day activity along the transversal Kvarner fault zone is generally oriented parallel to the principal NE-SW present-day tectonic stress in the area (Figure 7), implying that the active faults must not be seismogenic. Thus, the geometry and position of the seismogenic faults responsible for the locally destructive historical earthquakes are still open.
The analyzed data did not allow recognition of any major seismogenic fault in the subsurface of the investigated area. However, the Dinaric reverse faults that in the present-day stress field probably act as the transpressional faults could be responsible for the major historical earthquakes (Figure 11). Yet, considering theoretical large-scale normal faulting above the structurally rearranged early-orogenic detachment that is supposed in this part of the External Dinarides (Korbar, 2009), there is also a possibility that seismogenic historical earthquakes resulting from possible large-scale gravitational displacements that are much less frequent than instrumentally recorded predominantly transpressional, reverse, oblique, and strike-slip events.
Thus, the historical strong earthquakes (Herak et al., 2017) could also be characterized by other mechanisms than instrumentally recorded. If so, the strongest historical events characterized by a centennial recurrence could be related to such an inferred kinematics that, along with the strong prehistorical tectonics recognized in the Late Pleistocene sediments, could represent a significant contribution to the long-term seismic hazard assessment for the wider Rijeka epicentral area. More than 350.000 inhabitants and the strategic National and central European infrastructure in the Rijeka area are the best motivation for further studies on the seismic hazard that partly should be based on the results of this research.
Open Questions and Future Research
Considering the open questions, further research is needed for relevant evaluation of the hypothesis. The research should be extended also onshore, when the high-resolution geomorphological data will be available. However, substantial anthropogenic modification significantly changed the geomorphology, as observed on orthophoto images of the key areas. Yet, focused detailed geomorphological analyses of a high-resolution digital elevation model could be useful for detection of possible small-scale surface ruptures. Quaternary deposits in the area are mostly preserved within the marine and lacustrine basins, and focused high-resolution bathymetric and shallow seismic survey is needed for a more precise definition of the recognized subbottom structures and for the detection of possible similar deformations in the areas that are not covered by the presented research.
Quaternary deposits onshore are relatively scarce, especially those of MIS 5e age that are often used as indicators of tectonic activity in other areas (e.g., Lambeck et al., 2004). Besides, possible Holocene deposits along the shorelines could be important for future studies on active tectonic. Furthermore, reported marine sediments onshore on the island of Krk should be reinvestigated (Marjanac et al., 1993). It would be useful also to focus on the microenvironmental influence on the morphology of the tidal notches that are regarded as geomorphological indicators of the vertical tectonic movements. It is especially important for specific marine environments such as the Bakar Bay that is characterized by the tidal notches at the lowest position with respect to the notches around the Kvarner Bay (Benac et al., 2004; Benac et al., 2008).
We have not addressed the alternative causes of the registered small-scale seismicity clustered along the subvertical transversal zones that are used for the 3D modeling of the active faults in the area. The strange orientation of the cluster and depth range from the subsurface to up to 25 km could be related also to the changes in the pore fluid conditions, influenced by larger-scale NW-SE oriented faults. Such fluid conduits, changes in the fluid recharge, and the related changes in the pore pressure can cause poroelastic stressing of the surrounding rocks leading to local stress perturbations and possible induced seismicity (e.g., Parotidis et al., 2003; Talwani et al., 2007). This may explain at least some of the registered events, but more detailed and structured work is needed for a more substantial interpretation.
Analyses of the GPS velocities at the carefully selected points that should be defined also according to the results of the presented research are crucial for future studies of the already generally recognized differential movements of the tectonic blocks in the area. Thus, GPS constrained movements of the specific points on both sides of the supposed neotectonic faults should be observed in future research.
All the aforementioned research could be performed during the interseismic period, while the unwanted but possible strong seismic events should be followed by the application of differential interferometric synthetic aperture radar technique or other up-to-date geodetic methods that can detect coseismic displacements along still undefined active faults in the wider Rijeka epicentral area.
CONCLUSION
In the investigated part of the Kvarner region (Bakar-Krk area), coastal-and-island belt is built of the kilometer-scale tightly folded preorogenic successions of Lower Cretaceous to Paleogene carbonates and flysch rocks. The tight folds appear probably above an early-orogenic thin-skinned detachment that was formed during the main tectonic phase in this part of the External Dinarides (Eocene). The thin-skinned belt is in a major tectonic contact with the huge Gorski Kotar anticline that could be considered as a contemporaneous or later thick-skin structure (Oligocene). The steep faults mapped along strike of the kilometer-scale Dinaric folds have been probably formed during the late-orogenic (Oligocene-Miocene) transpression. The presence of normal, reverse, and strike-slip faults, the large range in their orientations, and determined structural reactivation on many of the fault planes imply that the investigated area has gone through several tectonic phases of the long-lasting Alpine-type orogenesis that in the region resulted with the formation of the External Dinarides fold-and-thrust belt.
The calculated focal mechanisms of the moderate recent instrumentally recorded earthquakes in the investigated region imply the prevailing reverse deformation on generally NW-SE oriented faults, undetermined strike-slip solutions, and a few events also giving evidence for normal faulting along variously oriented planes. All of the solutions are generally compatible with the regional NE-SW oriented principal present-day stress direction and testify to a long-term convergent tectonic setting at the Adria-Eurasia margin.
The spatial and temporal distribution of hypocenters of the selected instrumentally recorded weak earthquake clusters indicate predominantly subvertical transversal (NE-SW and NNE-SSW) deep crustal active faults in the investigated area. Besides, a steeply NE-dipping active fault characterized by the Dinaric strike (NW-SE) is indicated as well.
The Adria moves generally northward, and a strain accumulating deeper in the crust could be released along the blind faults that have not a clear surface expression. The active tectonic movements deeper in the crust are probably irregularly redistributed near the surface along the preexisting fault net formed during the earlier phases of the orogenesis. Thus, the braided system of possibly active neotectonic steep faults characterized by a sigmoidal strike could be near the surface expression of the deep crustal interaction of the active longitudinal (orogen-parallel) and transversal faults in the area that probably accommodate the tectonic escape in this part of the External Dinarides.
In the northeastern part of the Rijeka Bay, the deformations in the Late Pleistocene stratified sediments could imply prehistorical activity of a fault characterized by the Dinaric strike (NW-SE). However, Holocene transgressive marine sediments are not deformed but unconformably overlay eroded Late Pleistocene deposits. The nearby parallel active fault modeled from the seismological data (KF1) could imply shifting of the tectonic activity among the neighboring faults in the investigated area, although the modeled fault could also be blind, since there are no subbottom deformations along the surface projection of the fault. However, the LPDZ does not have to be dissected by the underlying bedrock fault, since the uppermost Pleistocene succession could be detached either from the older Quaternary sediments or from the bedrock and deformed because of shaking caused by possible strong prehistorical earthquakes.
There are no distinct surface traces of the modeled active faults in the investigated part of the Kvarner region. Thus, the active faults in the coastal-and-island belt are possibly situated below the thin-skinned and highly deformed shallow crustal tectonic cover of the Adria. Regarding the supposed model, a new conceptual comparison of the late-orogenic evolution of the External Dinarides with the much better explored Apennines is presented.
Our aim is to create a robust inventory of multidisciplinary data that will be continuously updated and will serve for the purposes of identification and parametrization of active faults in the Kvarner region. Up to now, we populated it with data from focused geological mapping, shallow seismic profiles of the offshore sector, and the compilation of focal-mechanism solutions for relatively stronger earthquakes in the area and made a preliminary attempt in trying to fit the hypocenters of the recent relatively well-located events. While our results do not discuss the already established seismotectonic characteristics of the area, they on the other hand offer more details and possibly a clearer insight on the role of steep fault planes that seem to cut across the region along prevailing NW-SE oriented typical Dinaric geomorphological and geological features.
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127/89

Number of
hypocenters extracted

420
32
32

Time range

Aug, 8-30, 2017
Sept-Nov 2017
Sept-Nov 2017

Magnitude (M)

0-36
0-3.1
0-21

Depth (km)

26-199
5.4-108
48212
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