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Editorial on the Research Topic
Unveiling Active Faults: Multiscale Perspectives and Alternative Approaches Addressing the Seismic Hazard Challenge

INTRODUCTION
Investigations of seismic hazard across the range of tectonic environments on Earth are challenging because they require high quality data from multiple disciplines (e.g., seismology, structural geology, geomorphology, geochronology, archaeology, and geodesy) covering a wide range of temporal (days to millennial) and spatial (e.g., microns to hundreds of kilometers) scales and because seismogenic conditions and drivers are variable and fluctuating. The international earthquake science community has become more inter-disciplinary over the past several decades with the establishment of collaborative geological and geophysical centers such as (but not limited to) the Southern California Earthquake Center (SCEC, https://www.scec.org/), United States Geological Survey (USGS, https://earthquake.usgs.gov/), the National Institute of Geophysics and Volcanology (INGV, https://www.ingv.it/), the Interuniversity Center for 3D Seismotectonics with territorial applications (CRUST, https://www.crust.unich.it/).
Collaborations along with improvements in data sources such as the implementation of denser seismic and geodetic arrays, high resolution (meter-scale and better) topographic data, improvements in geochronology, and the widespread availability of catalogued geophysical data, all present opportunities to unveil new details about active faulting. With that in mind, we proposed this Frontiers in Earth Science Research Topic as a venue for publishing disparate approaches for addressing seismic hazard.
This Research Topic includes sixteen published articles investigating diverse tectonic regions of the Earth, at different time- and resolution scales, spanning from low-to-fast deformation rates contexts, using complementary data approaches spanning from earthquake geology to seismology, seismotectonics, and geomechanics (Figure 1). Here we provide a short review of the contributions organized by the investigation’s primary methodology.
[image: Figure 1]FIGURE 1 | Sixteen contributions were published as a part of this Frontier’s in Earth Science Research Topic. These studies sample a range of tectonic regions, styles of faulting, methods, and scales of analysis. The global 30-arc-second Digital Elevation Model is from NOOA (National Center for Environmental Information), at https://www.ngdc.noaa.gov/mgg/global/; tectonic plate boundaries are from PLATES project—UT Institute for Geophysics, at https://ig.utexas.edu/marine-and-tectonics/plates-project/.
LONG-TERM ACTIVE FAULT BEHAVIOR FROM HISTORICAL SEISMICITY AND PALAEOSEISMOLOGY
Along the eastern margin of the Tibetan Plateau, Liang et al. present evidence for accelerating stress release along a section (Luhuo) of the Xianshuihe strike-slip fault. Field investigations, trench excavations, and analysis of historical earthquakes documented six seismic events that occurred in the past 3 ky. Periods of slip pulses were identified along the fault section with slip rates 2–3 times higher than the average appraisable over the considered time window.
Pirrotta and Barbano provide a new analysis of the macroseismic data associated with the 1,693 January 9 (MW≈6.1) and 11 (MW≈7.3) earthquakes that occurred in Sicily (Italy) and modelled new seismic sources. DEM analysis, field survey and morphotectonic study, pointed out recent activity along known normal fault systems and the previously never mapped normal-to normal-sinistral Canicattini-Villasmundo fault. The latter is a likely candidate for the 1,693 earthquakes’ source (∼35 km length), given the consistency with the modelled seismogenic sources and the present regional stress.
Toké et al. conducted paleoseismic investigations along the Wasatch fault zone (Utah, United States) focusing on the impact that fault segmentation can have in modulating earthquake behaviour. The analysis in the Traverse Ridge trench site and radiocarbon dating demonstrates documenting at least three to four earthquakes that ruptured across this segment boundary during the Holocene, producing >1 m surface ruptures and MW > 6.7. A “leaky” segment boundary model may explain the contrast of the estimated earthquake recurrence rates with those reported for adjacent fault segments.
Investigating the Lower Tagus Valley Fault (Portugal), Canora et al. performed trench analyses to confirm its association with pre-historical (past 3,000 years) and historical earthquakes known for the Greater Lisbon Area. Their analysis along the Alviela fault strand documented its activation and ground rupturing during both the 1344 and 1533 AD earthquakes. Ground motion scenarios confirm 40–60 km long ruptures in agreement with most of the macroseismic intensity data available for the 1,533 earthquake and the magnitude range of M6.8–7.4.
ACTIVE FAULT DETECTION THROUGH GEOLOGIC INVESTIGATIONS AND TECTONIC GEOMORPHOLOGY
Analysis of a high-resolution DEM was used by Baize et al. to direct extensive field geology and provide detailed description of a ∼100 km-long strike-slip section (Pallatanga) of a major active fault system (Chingual Cosanga Pallatanga Puna, Ecuador). The collected field evidence (e.g., faulted Holocene deposits and preserved coseismic ruptures) are the surface expression of large (M ∼ 7.5) crustal historical earthquakes which have occurred along the Pallatanga fault. New age constraints allowed determination of fault slip-rates (∼1–6 mm/yr).
Levy et al. investigated the complex system of faults interacting in the San Fernando Valley (California, United States), the locus of the 1971 (MW 6.7) San Fernando earthquake. Trenching along the Mission Hills blind anticline shed light on the associated fault propagation fold. Minimum structural relief of 37 m, accumulated since the late Pleistocene, was observed in large diameter borings across the Mission Hills. These observations suggest a minimum uplift rate of 0.5 mm/yr despite the lack of significant geomorphic fault expression. Trishear analysis supports southward migration of the frontal thrust through the Sylmar Basin and the Northridge Hills blind thrust, consistent with the overall deformation history of the area.
Martin et al. exploited gouges within Cretaceous limestones as valuable indicators of past seismic events that occurred in the Euganean Hills (SW of Padua, Italy). Micropaleontological analyses indicate the source of the pulverized limestones while stress tests on intact specimens contribute to the determination of the minimum strain energy needed to shatter them (0.3–0.5 MJ/m3). The observed deformation in the area from GPS data (10–30 nanostrain y−1), is insufficient to generate such energy, thus providing the rationale to reconsider the Schio-Vicenza Fault as the most probable source of possible earthquakes with M > 5.
van der Wal al. investigated India-Eurasia active intraplate deformation responsible for several Mw∼8 earthquakes (western-southern Mongolia) in the past century. Despite seismic quiescence, remote sensing, tectono-morphometric techniques and cosmogenic nuclide dating unveiled recent deformation in the Valley of Gobi Lakes, along fault scarps cross-cutting Quaternary deposits. The mapping of >40–90 km long Valley of Gobi Lake active faults permits reconciling of the fault dimension with the occurrence of M∼7 earthquakes and (vertical) displacement rates ∼0.27 ± 0.08 mm/yr.
To reconstruct the growth model of the active Guman fold (Western Kunlun Mountains—China), Xu et al. combined fluvial terrace analysis and high-resolution seismic reflection profile interpretation. They explore different kinematic solutions using Monte Carlo simulations to explain the Plio-Quaternary deformation history of the terrace. They propose as the most reliable growth model a fault-bend fold with lower flat-ramp-upper flat geometry producing kink-band migration. This deformation mechanism would explain why the Guman fold shortening is blind to the relative movement of GPS, located to the north and south of the structure.
Martin-Banda et al. test slip rate variability, in the last ∼210 ky, while investigating the left-lateral reverse Carrascoy Fault (Spain). By modelling the growth of the discordance observed in calcrete deposits and dating them with Uranium Series they calculated vertical slip rates in a first site. Geomorphological analysis of faulted Upper Pleistocene alluvial fans provided for slip rates in a second site. Even considering the influence of several factors in estimating net slip rates, their results suggest the existence along the Carrascoy Fault of long periods of low activity disturbed by short high strain release periods (super-cycles); this outcome has interesting implications for the seismogenic behavior of (the rest) of the slow faults within the Eastern Betic Shear Zone.
In the eastern Basin and Range province (Utah, United States), Stahl et al. demonstrate that legacy aerial photographs can be used to generate Digital Elevation Models that are effective for investigating active tectonics even where deformation is diffuse. The ∼8-km-wide Drum Mountains fault zone has been mapped, and constraints on net extension rates (0.1–0.4 mm yr−1 in the last 35 ky) have been computed by using optically stimulated luminescence ages and scarp profiles. The deformation rates, even though faster than previously estimated along surrounding faults, comply with a model of deformation which forecasts the reactivation of pre-existing, cross-cutting faults in a structurally complex fault zone between other fault systems.
NEW OUTCOMES FROM SEISMOLOGY AND SEISMOTECTONICS
Maesano et al. use dense high-penetration multichannel seismic reflection profiles to build a three-dimensional model that spanning 180 km of the Alfeo Fault System (SW of the Calabrian Arc subduction zone, Italy). They propose this fault as offsetting, in a scissor-like mode, the lower plate and subduction interface, and only partially propagating across the accretionary wedge (upper plate). Variable age of inception (2.6–1.3 Ma in the northern- and southern AFS sectors, respectively), throw rates (2.31–1 mm/y), and decreasing propagation rates (62–15 mm/y) during the Pliocene-Pleistocene are also estimated.
Korbar et al. integrated geological mapping, structural analysis, offshore shallow seismic surveys and 3D seismicity analysis to identify active structures in the Kvarner region (Dinarides, Croatia). They pointed out the clustering of recent seismicity along predominantly sub-vertical-, transversal and steeply NE-dipping planes, as well as local deformations of Late Pleistocene deposits possibly related to historic earthquakes. The model they propose envisages the recent activity of blind active faults located below thin-skinned and highly deformed early-orogenic structures, while near-surface preexisting faults could also accommodate part of the deformation.
Miccolis et al. present a detailed study on focal mechanisms and micro-seismicity in the Gargano Promontory (Italy). The analysis of the earthquake locations, focal mechanisms and the computed stress field provided support for the existence of a low-angle compressional structure responsible for the deepest seismicity while the shallower events locate along the (pre-existing) E-W dextral Mattinata strike-slip fault.
Atanackov et al. present the compilation of a new database of active faults in Slovenia aiming at introducing geological data for the national seismic hazard model. The database includes active, probably active and potentially active faults with trace lengths >5 km. All faults in the database (∼100) are parametrized with spatial, geometric, kinematic and activity data. The related information is optimized for compatibility with other current maps of active faults at national and European Union levels.
Ferrarini et al. provided multiples lines of evidence supporting the existence of a previously unknown seismogenic source activated during the Norcia 2016 (MW6.5) extensional seismic sequence (central Apennines, Italy). Field geology, morphometric-, morphotectonic- and 3D seismic analysis, and Coulomb stress transfer modelling show distributed deformation along the ∼13 km long Pievebovigliana normal fault, the latter responsible for low seismic release during 2 years following the main sequences.
BOOSTING OUR SKILLS TO UNVEIL ACTIVE FAULTS AND ADDRESS SEISMIC HAZARD PROBLEMS
In summary, the diverse works presented in this volume represent a valuable collection for researchers and experts on the matter of active tectonics. The variety of methodological approaches and data used to unveil ongoing active tectonic processes confirms, in particular, the benefit which derives from using multiscale- and multidisciplinary analyses especially where peculiar structural-geological settings, dense vegetation or strong anthropogenic modifications challenge the seismic hazard assessment.
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The Calabrian Arc subduction, southern Italy, is a critical structural element in the geodynamic evolution of the central Mediterranean basin. It is a narrow, northwest-dipping slab bordered to the southwest by the Alfeo Fault System (AFS) and to the northeast by a gradual transition to a collision. We used a dense set of two-dimensional high-penetration (up to 12 s) multichannel seismic reflection profiles to build a three-dimensional model that spans the AFS for over 180 km of its length. We find that the AFS is made up of four deep-seated major blind segments that cut through the lower plate, offset the subduction interface, and only partially propagate upward across the accretionary wedge in the upper plate. These faults evolve with a scissor-like mechanism (mode III of rupture propagation). The shallow part of the accretionary wedge is affected by secondary deformation features well aligned with the AFS at depth but also mechanically decoupled from it. Despite the decoupling, the syn-tectonic Pliocene-Holocene deposits that fill in the accommodation space generated by the AFS activity at depth, constrain the age of inception of the AFS and allows us to estimate its throw and propagation rates. The maximum throw value is 6,000 m in the NW sector and decreases to the SE. Considering the age of faulting, the fault throw rate decreases accordingly from 2.31 mm/yr to 1 mm/yr. The propagation rate decreases from 62 mm/yr to 15 mm/yr during the Pliocene-Pleistocene, suggesting that also the Calabrian subduction process should have slowed down accordingly. The detailed spatial and temporal reconstruction of this type of faults can reveal necessary information about the evolution of subduction systems.

Keywords: tear fault, fault propagation, decoupling, subduction, Calabrian Arc, Italy


HIGHLIGHTS

- A scissor-like mechanism characterizes the tear fault at the edge of subducting slabs.

- The Calabrian Arc, Italy, terminates to the south-west on the Alfeo Fault System.

- The Alfeo Fault System is made up by 4 major deep-seated subvertical fault segments.

- The deep-seated faults are decoupled from the brittle features on the seafloor.

- Propagation and slip rates of the tear fault decrease toward the subduction front.



INTRODUCTION

Subduction zones stretch across the globe for a length of over 55,000 km. The number of these zones varies in different worldwide compilations (cf. 40 vs. 27 in these two examples: Christophersen et al., 2015; Hayes et al., 2018) depending on the criteria used to identify and report their lateral terminations. Any subduction zone can be hundreds to thousands kilometer long, and the subduction process laterally comes to a change or a halt where the properties of the involved plates change. There, a tearing of the slab forms permitting or facilitating the continuation of the subduction process only on one side. The tearing can propagate upward across the subducting plate and cause deformation in the overriding plate. This peculiar kind of structures has long been referred to as “wrench fault” or “plate-free boundary” (e.g., Royden et al., 1987; Knott and Turco, 1991), and it is often associated with transform zones (e.g., Scordilis et al., 1985). Bilich et al. (2001) called them “subduction to strike-slip transitions,” whereas Govers and Wortel (2005), after an extensive review, proposed the use of Subduction-Transform Edge Propagators (STEP). According to all these definitions, these shear zones form and tend to remain stable where the subduction process requires tearing of the lithosphere. Although STEPs are not rare (there are at least 14 different STEPs in the world), they are nevertheless quite enigmatic objects. They tend to mimic transform zones, but most of them do not show evidence of strike-slip seismicity (Bilich et al., 2001). The geologically recorded deformation due to STEPs is also expected to vary over time according to the propagation through the plate, possibly because of their peculiar genesis (Govers and Wortel, 2005).

Recently, Gutscher et al. (2019) referred to the acronym STEP as Subduction Tear Edge Propagator, where the letter T stands for “Tear” instead of “Transform.” The term tear seems more appropriate than the term transform because it includes not only strike-slip kinematics but also scissor-like movements (mode III of fracture propagation), which is likely the most common type of slab edges (Govers and Wortel, 2005).

Understanding STEPs in the Mediterranean region is of topical interest for the presence of a land-locked system of three subduction zones (Calabrian Arc, Hellenic Arc, and Cyprus Arc), interrupted by continental collision and back-arc opening. STEP-like shear zones, such as the Cephalonia and the Pliny-Strabo shear zones for the Hellenic Arc, and the Paphos Fault for the Cyprus Arc (Sachpazi et al., 2000; Govers and Wortel, 2005; Wdowinski et al., 2006; Özbakır et al., 2013; Hall et al., 2014; van Hinsbergen et al., 2014), play a crucial role in controlling the arrangement of this varied structural setting within a relatively small region.

Here we focus on the Calabrian Arc (Figure 1), a very narrow (∼150 km) subduction zone in the central Mediterranean, controlled by slab rollback that started in the late Miocene (8–10 Ma) (Goes et al., 2004; Faccenna, 2005) due to the sinking of the Ionian Mesozoic oceanic crust. Due to its tightly curved shape and NW-SE convergence, lithosphere tearing seems to be unavoidable at both edges of the arc. The convergence rate across the Calabrian Arc is in the range of 2–5 mm/yr (Devoti et al., 2008; Carafa et al., 2015). The seismicity is characterized by numerous intraslab earthquakes below 40 km, whereas the shallow seismicity recorded in the last c. 15 years in the Ionian Sea region is very limited and sparse (Figures 1B,D). The largest historical earthquakes in the area (Rovida et al., 2019), such as the south-eastern Sicily, Mw 7.3, earthquake of 1693 and the Central Calabria, Mw 7.0, earthquake of 1905, have been tentatively associated with various geological structures including the shallow portion of the slab interface or with the slab itself. In particular, the south-eastern Sicily, Mw 7.3, earthquake and tsunami of 1693, were also associated to several different causative sources at the western edge of the Calabrian Arc (see Basili et al., 2013 for a summary).


[image: image]

FIGURE 1. (A) Tectonic sketch map of the Mediterranean region. AF, African plate; AT, Anatolian plate; AE, Aegean plate; AD, Adria microplate; EU, European plate; TY, Tyrrhenian Sea; CAW, Calabrian accretionary wedge; IOC, Ionian oceanic crust; MR, Mediterranean ridge. (B) Instrumental seismicity, color-coded as a function of depth, from the Italian Seismological Instrumental and Parametric Database, earthquake plotted are recorded in the time period 2005–2016 from ISIDe Working Group (2016). Velocity field from continuous GPS station in the 1998–2009 timespan for Sicily and Calabria plotted with a fixed Africa (Devoti et al., 2011). Velocity ellipses represent 1-sigma confidence errors. (C) Tectonic map of the Calabrian Arc. The dot-shaded polygon encloses the entire lithospheric tear, the AFS is sketched inside this polygon, that acts as the southwestern lateral termination of the Calabrian slab. The slab depth contours are from Maesano et al. (2017). The geological map is a synthesis from Compagnoni et al. (2011), Polonia et al. (2011, 2016), Barreca et al. (2016), Gutscher et al. (2016), Tiberti et al. (2017), and references therein. KPU, Calabrian and Peloritanian metamorphic units and Mesozoic sedimentary cover; AMU, Apenninic-Magherbian units; HU, Hyblean units; PP, Pliocene and Pleistocene deposits; Q, Alluvial and volcanic late Pleistocene to Holocene units; AW, Calabrian accretionary wedge (i – Crotone-Spartivento forearc basin; ii – Inner Calabrian wedge, pre-Messinian; iii— Outer Calabrian wedge, post-Messinian). White dots are ODP and DSDP drill locations from http://iodp.tamu.edu/. (D) Schematic structural sections with the seismicity in the rage 0.4–5.4 Ml (ISIDe Working Group, 2016) sampled within a buffer of 15 km around them. Section traces are in panels (B,C). The red line represents the Calabrian subduction interface and the purple lines represent the AFS (both dashed where more uncertain), both from Maesano et al. (2017). The gray dashed lines represent the Tyrrhenian and Ionian Moho from Grad et al. (2009).


The identification and characterization of lateral terminations of the slab was mainly based on tomography data and on the geologic and geodetic evidence of active tectonics, along with a rather abrupt lateral termination of intraslab seismicity (Guarnieri, 2006; Del Ben et al., 2008; Orecchio et al., 2014, 2015; Barreca et al., 2016; Chiarabba and Palano, 2017; Cultrera et al., 2017; Maesano et al., 2017; Milia et al., 2017; Palano et al., 2017; Carafa et al., 2018).

As recently summarized by Gutscher et al. (2017) (see their Figure 6), three different interpretations exist in the literature regarding the southwestern lateral termination of the Calabrian subduction zone. The first and oldest, maintaining that the slab tear is located along the Malta Escarpment, the second favoring the Alfeo Fault System (the main subject of this work), and the third and most recent, proposing the Ionian Fault (see Figure 1C to locating these three features).

At crustal level, the first hints for the presence of a major fault in the Ionian offshore, cutting through both the Moho and the accretionary wedge, came from the interpretation of the Etnaseis seismic lines by Nicolich et al. (2000) in the near offshore of Mt. Etna. Del Ben et al. (2008) also identified a major fault in a seismic profile farther offshore and considered it to be the southward prolongation of the Tindari-Taormina fault lineament which runs onshore across northeastern Sicily (Figure 1C) and which offshore continuation in the Ionian Sea has been recently documented (Barreca et al., 2019). To the south, Polonia et al. (2011) showed a major shear zone with faults producing a vertical offset that affects the entire accretionary wedge. According to Polonia et al. (2011) and Gallais et al. (2013), this major shear zone can be considered as a STEP fault sensu Govers and Wortel (2005). Gallais et al. (2013) also provided a very accurate map of these shear zone, based on the same seismic profiles considered in previous works, and describe it as the southwestern boundary of the Calabrian Arc subduction zone produced by the retreat of the slab. Gutscher et al. (2016) then produced a detailed reconstruction of the fault traces on the seafloor based on bathymetry and high-resolution shallow seismic data and named this shear zone as Alfeo Fault System. Polonia et al. (2016) estimated the inception of the Alfeo Fault System activity to have occurred in the Middle Pleistocene but contend that the role of the STEP fault has to be assigned to the Ionian Fault which is located c. 20-30 km to the northeast. Maesano et al. (2017) mapped the deep part of the Alfeo Fault System based on the interpretation of several seismic reflection profiles and highlighted its role in offsetting the Calabrian Arc subduction interface. Based on independent constraints, such as velocity and gravity models, Dellong et al. (2018) confirmed both the location of the Alfeo Fault System and its role as a STEP. They confirmed that the Alfeo Fault System seems to be an active fault affecting the whole crust reaching the mantle and ruled out the Ionian Fault as a major structural element because it is limited to shallow crustal depths.

In this work, we performed a detailed analysis of the Alfeo Fault System using a large dataset of seismic reflection profiles integrated with recently published data to quantitatively describe its spatial and temporal evolution. We confirm its role as a major lithospheric tear that affects the whole Calabrian slab and conclude that the southward propagation and vertical displacement rates of the AFS significantly slowed down in the last 1.3 Myr likewise the subduction process associated to its development.



DATA AND METHOD

The dataset used to study the Alfeo Fault System is made of a dense set of 2D seismic reflection profiles coming from four different surveys with different acquisition parameters (Table 1). Collectively, the 39 seismic profiles located within the study area sum up to a length of 4,143 km, covering an area of 67,500 km2 (Figure 2). This dataset was also integrated with the high-resolution profiles published by Gutscher et al. (2016).


TABLE 1. Characteristics of the seismic reflection dataset.
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FIGURE 2. (A) Location map of the 2D-surveys used in this work (see Table 1 for details), along with the section segments shown in Figures 3–5. (B) Seismic log and seismo-stratigraphy scheme and mapped horizons common to all seismic lines shown in Figures 3–6. The location of the seismic log is shown by the black triangle in panel (A). H1, Seafloor reflector; H2, Regional angular unconformity at the top of U2. Where U2 is absent, it represents the top of U6 (Minelli and Faccenna, 2010; Polonia et al., 2011); H3, high-amplitude reflector representing the unconformity and correlative conformity at the top of U3 (Gallais et al., 2011, 2012; Polonia et al., 2011); H4, Planar and continuous reflector representing the top of U4 (Gallais et al., 2011); H5, high-amplitude/low-frequency reflectors identified in most of the seismic lines and representing the top of U5 (Gallais et al., 2011). See the description of seismo-stratigraphic units in Table 2.


The interpretation of seismic reflection data focused on the following aspects: (1) the picking of the horizons bounding the stratigraphic units (Figure 2 and Table 2) derived from previous studies and ODP and DSDP logs1 in the region, (2) the identification of the fault segments that make up the Alfeo Fault System at depth, and (3) the picking of the stratigraphic unconformities. To measure the vertical offset along the Alfeo Fault System, we adopted the subduction interface mapped by Maesano et al. (2017) as a reference marker.


TABLE 2. Seismo-stratigraphic units.

[image: Table 2]The time-to-depth conversion of the data obtained from the interpretation of the seismic reflection profiles was the most critical step for the geometrical reconstruction of the Alfeo Fault System and the quantitative assessment of its offsets because no direct information exists in the study area on the seismic velocity of the subsurface units. To deal with the uncertainty due to this lack of direct information, we compared three different velocity models derived from reflection and refraction seismic surveys (Table 3). Model #1 is based on the velocity analysis performed by Gallais et al. (2011); Model #2 is based on the seismic refraction experiment performed by de Voogd et al. (1992); Model #3 is based on a combination of published data, wide-angle seismic data, and stacking velocities, as proposed by Maesano et al. (2017). All three models consist of the same four layers (Table 3). For layers L1, L2, and L3, we always adopt constant interval velocities. For L4, we adopt a constant velocity in Model #1 and Model #2, and a 3D instantaneous velocity function (Marsden, 1992; Maesano and D’Ambrogi, 2017) in Model #3.


TABLE 3. Velocity models.

[image: Table 3]The boundary horizons of the four layers were depth converted using the algorithm by Maesano and D’Ambrogi (2017). This algorithm is designed to perform time-to-depth conversion of complex geometries defined in 3D by adopting a layer-cake velocity model, also considering layers either with a variable velocity gradient on a given horizon or with velocity varying with depth. After having built the 3D velocity model, the fault segments were depth converted using velocity parameters corresponding to the position of each fault sample point within the velocity model. We then interpolated the results of the time-depth conversion to produce a 3D geological model constituted by the seafloor surface, the top of the Messinian surface, the subduction interface, and the AFS faults segments.

The top of the Messinian horizon was interpolated using anisotropic ordinary kriging (major axis ratio 1.5, oriented N163°) considering the preferential orientation of structural features (basin elongation and faults) observed in a preliminary interpolation phase. The subduction interface geometry was obtained with the Delaunay triangulation and smoothing made by Maesano et al. (2017). Similarly, fault surfaces were interpolated between and among different seismic profiles with a Delaunay triangulation.

We used this 3D geological model to analyze the relationships between the Pliocene-Holocene sedimentary basins and the Alfeo Fault System activity, and then performed a quantitative estimate of the subduction interface offset.



RESULTS


Seismostratigraphy

The analysis of the seismic profiles led to the identification of five main horizons separating the major seismostratigraphic units. A secondary horizon was mapped within the shallower seismostratigraphic units and was interpreted as the results of one or more post-Messinian megaflood events. The characteristics of mapped horizons are shown in Figure 2B, and those of the seismostratigraphic units are summarized in Table 2 (see also Supplementary Figure 1). The shallower part of all seismic profiles shows the presence of well-layered high-frequency and low-amplitude reflectors interpreted as unconsolidated Pliocene-Holocene sediments (U1) lying over a transparent seismic facies with discontinuous high-amplitude reflectors in the upper part that we interpret as a characteristic of the Messinian evaporites (U2). This unit constitutes a huge post-Messinian body in the frontal part of the accretionary wedge and forms also a thick wedge juxtaposed to the northern flank of the Alfeo Seamount, which is a Mesozoic structural high of African crust (Figure 3). A set of sub-horizontal high-amplitude low-frequency reflectors at the southern termination of the profile in Figure 3 were interpreted as representing the whole undisturbed Meso-Cenozoic sedimentary succession (U3, U4) deposited above the Ionian oceanic crust (U5). In the northern part of the study area, strong reflectors also depict the deepening of the Ionian crust under the accretionary wedge. The subduction interface was mapped as the separation between the chaotic seismic facies of the Calabrian Accretionary Wedge (U6) and the layered facies of the Ionian basin sedimentary covers (U3, U4). The frontal part of the accretionary wedge reaches the Alfeo Seamount in the middle of the profile (Figure 3). South of the Alfeo Seamount, the profile shows the lateral spreading of the post-Messinian wedge toward SSW.
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FIGURE 3. Seismic reflection profile across the Calabrian accretionary wedge, the Alfeo seamount and the outer post-Messinian accretionary wedge. See Figure 2A for location. The data presented here are subject to a confidentiality agreement with TGS that does not allow us to show the absolute two-way-time on the seismic profiles.




Deep-Seated Segments of the Alfeo Fault System

The high penetration of the multichannel seismic data allowed us to image the geometry of the AFS within profiles of up to 10 s TWT (Figure 4). We could thus identify the AFS as composed by a network of high-angle faults juxtaposing the Calabrian Accretionary Wedge (pre-Messinian; U6), in the hanging wall, with the undisturbed Mesozoic-Upper Miocene succession (U3 and U4), in the footwall. The master fault, systematically located to the southwest, shows an offset as large as 1,000 ms.
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FIGURE 4. Interpretation of the CROP M3 multichannel seismic profiles across the AFS and showing the Shallow Syn-Tectonic Basin (SSTB), see Figure 2 for location. Data available from CNR-ISMAR (http://www.crop.cnr.it/).


The shallower unit (U1) has a roughly constant thickness in the entire profile except for the central part where the thickness increases westwardly within an asymmetric basin controlled by a shallow fault (hereinafter Shallow Syn-Tectonic Basin, SSTB) located above the AFS (Figure 4).

The AFS at depth shows up as an abrupt truncation of the Meso-Cenozoic reflectors (see also Sections from A to E in Figure 5, which intersect the AFS almost orthogonally). In the hanging wall, U3 is involved in the deformation of the accretionary wedge whereas the top of Mesozoic carbonates (H4) is still recognizable under the subduction interface and is affected by a cumulative vertical offset progressively decreasing southeastwardly from a maximum of 1700 ms to 150 ms (Figure 5, Sections from A to E). Farther south, only bending of the units below the subduction interface (U3, U4, and U5) is visible (Figure 5, Section F).
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FIGURE 5. Progressive structural changes of the AFS from north to south (see inset map for locating the Sections (A–F). The labels F1–F4 identify the major fault segments of the AFS. The data presented here are subject to a confidentiality agreement with TGS that does not allow us to show the absolute two-way-time on the seismic profiles. The blank version of the sections is available in the Supplementary Figure 2.


The seismic profiles located in the northern part of the study area show four subparallel main segments of the AFS (F1-F4 in Figure 5, Section A and Figure 3 in the northern part), then two main fault segments can be recognized in the next profile to the south (Figure 5, Section B), and farther south only one segment (Figure 5, Section C onward).

A single major fault segment represents the AFS to the south of the Alfeo Seamount. This segment offsets the Ionian oceanic crust (U5) and the overlaying Meso-Cenozoic succession (Figure 5, Sections C-E). Minor faults, with both synthetic and antithetic attitude, can be observed (Figure 5, Sections D, and Figure 4). The southernmost seismic profile (Section F; Figure 5) shows no clear evidence of offset of the subduction interface due to the activity of the AFS. Here both the lower plate units and the subduction interface are just bent, and some minor displacement can only be observed within the Mesozoic succession (U4).

A common feature of all the AFS master fault segments is that they do not propagate through the accretionary wedge (Figure 6). Instead, we recognized the systematic presence of recent (Pliocene-Holocene) SSTBs (Figure 5), which seem to be controlled by shallow normal faults, right above the deep-seated AFS segments. In the sector south of the Alfeo Seamount, we recognize only one main SSTB. In the southernmost seismic profile (Figure 5, Section F), we found only a broader and thinner basin compared to the other seismic profiles, and no evidence of basin-bounding faults. Notice that the basin lies above the zone where the lower plate units and the subduction interface are bent.
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FIGURE 6. Synthesis of the main structural elements within and around the Alfeo Fault System outlined onto the seismic profile shown in Figure 5A. Mechanical decoupling between the structural elements forming the Alfeo Fault System. The red-dashed area marks a layer immediately above the clearly offset subduction interface which seems to act as a barrier preventing the upward propagation of lower-plate faults and favoring the downward curvature of the upper-plate shallow faults. The red-shaded area indicates the occurrence of diffuse non-mappable shallow deformation on the AFS hanging wall.


A close look to all the seismic profiles of Figures 4, 5 allows us to verify that there is no direct connection between the faults cutting the upper plate (accretionary wedge) and the faults cutting the lower plate (Figure 6 for a schematic view). This observation is here interpreted as the result of a mechanical decoupling acting at the base of the accretionary wedge (U6). The SSTB observed at the seafloor are here interpreted as a zone of diffuse deformation at the shallow level in response to the deformation of the AFS faults below the decoupling level.



Alfeo Fault System Displacement Distribution

The time-depth converted 3D model includes the seafloor, the base of the Pliocene-Holocene succession, the subduction interface, and four fault segments. Using this model, we first analyzed the mutual relationships between the structures associated with the AFS and peculiar geometric features of the subduction interface in their vicinity; then, we quantified the offset distribution along the AFS adopting the subduction interface as the most representative marker for taking the offset point measurements. This analysis revealed the presence of two distinct sectors of the AFS, northern and southern, whose transition occurs in correspondence of the Alfeo Seamount (Figure 7). The two sectors show different levels of the maturity and complexity of the fault system described in the following.
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FIGURE 7. (A) Map of the AFS displacing the Calabrian subduction interface. F1–F4 are the fault segments identified in the analysis of the seismic reflection profiles shown in Figures 3–5. (B) Profile of the throw along the AFS measured on the slab interface. The dots are the throw point-measurements taken in each single fault segment (F1–F4) adopting the velocity Model #3 for the time-depth conversion (Table 3). The solid line represents the aggregated throw (AT) from all fault segments. The dark-gray dashed line and the light-gray dashed line are the aggregate throw obtained from the alternative velocity Model #2 and velocity Model #1 (Table 3) shown here for comparison. (C) Easterly 3D view of the AFS; fault-plane color shading represents the vertical throw along the fault.


In the northern sector, there are four major NW-SE fault segments (F1-F4; Figure 7A) identified by correlating individual faults across different profiles. They displace the subduction interface and put the innermost part of the accretionary wedge into contact with the outer accretionary wedge (Figure 1C). The northernmost of these segments (F4) can be interpreted as the offshore continuation of the Tindari-Taormina fault (Figures 1C, 7A). Southward, the fault segments F2-3 transfers the deformation onto F1, which slightly changes its strike in correspondence of the Alfeo Seamount. In the southern sector, there is a single major fault segment, roughly oriented N150, that is the southward continuation of F1.

We took point-measures of the vertical throw of all these fault segments on 20 sections, drawn orthogonally to the strike of main fault segments at a regular spacing of 4 km. In correspondence of the Alfeo Seamount, there is a gap of 24 km where the offset could not be measured. We then projected the summed vertical throw onto a single profile. This summation yields a maximum value of 6,000 m in the northernmost sector, where it includes the contribution of all the four segments (F1–F4). Then, the offset decreases rapidly to about 2,000 m toward the Alfeo Seamount. South of the Alfeo Seamount the vertical offset is due to F1 only and tapers gradually down to zero. In the southernmost seismic section (Figure 5, Section F) there is evidence of no offset on the subduction interface. In correspondence of the ideal continuation of the AFS there is a 10-km-wide zone of bending of the lower crust and subsidence of the overlying post-Messinian accretionary wedge.



Pliocene-Holocene Shallow Syn-Tectonic Basins

We used the depth-converted version of the seismic interpretation to interpolate the base of the Pliocene horizon (H2) and to explore the thickness variations of the Pliocene-Holocene succession (U1) along the AFS and its surroundings (Figure 8). Overall, the average thickness of U1 is about 280 m, but some remarkable deviations from this average can be observed in all the seismic profiles transversal to the AFS (Figures 4, 5). These are thicker sediment infill of the SSTBs characterized by the presence of various unconformities within U1 (Figure 9). We identified at least three main sub-units of U1 within these SSTBs (Figure 9). Sub-unit U1a is characterized by low-amplitude/high-frequency reflectors subparallel to the base of Pliocene unconformity (H2) with a thickness ranging between 100 and 160 m that we interpret as pre-tectonic pelagic sedimentation. Sub-unit U1b is characterized by chaotic seismic facies that we interpreted as a series of turbiditic successions. Sub-unit U1c is a syn-tectonic package of low-amplitude/high-frequency reflectors with fan-shaped growth strata.
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FIGURE 8. (A) Map of the base of Pliocene. (B) Map of the thickness of the Pliocene-Holocene unit obtained by subtracting a bathymetric surface (smoothed to avoid the influence of small-scale topographic features of the seafloor) from the base of the Pliocene. (C) Swath profile (outlined by the gray rectangle in panels A,B) showing the average thickness (blue line) of the Pliocene-Holocene unit, along with the envelope of minimum and maximum values (gray shading), and the average depth of the seafloor. Seafloor fault traces in (A,B) are redrawn from Gutscher et al. (2016). In all panels, the star marks the location of the Shallow Syn-Tectonic Basin (SSTB) shown in the seismic sections in Figures 4, 5.
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FIGURE 9. (A) Seismo-stratigraphic detail of Section A in Figure 5. (B) Depth-converted line drawing. A1 and A2 are two points of measurement of the U1 succession taken far away from the shallow fault that controls the syn-tectonic Pliocene-Holocene basin (SSTB). Bmin and Bmax represent the minimum and maximum thickness, respectively, of U1a in which the reflectors are subparallel to the Top Messinian horizon. Refer to the text, Figure 2B, and Table 2 for the description of the involved horizons and units.


Along the trace of the AFS (the area included in the swath profile of Figure 8A), U1 forms one elongated basin in the southwestern part and by a more complex pattern of depocenters in the area to the north of the Alfeo Seamount.

The U1 thickest part occurs in correspondence of the Malta Escarpment (Figure 1) at the base of which early Zanclean chaotic bodies due to mass flow lay above H2 (Figures 5A, 6). In the seismic reflection profiles, U1 deposits do not show evidence of syn-sedimentary tectonic deformation along the Malta Escarpment (leftmost part of the section in Figure 6), whereas they are deformed farther northeast, on the top of the Messinian evaporites by the syn-sedimentary accretion of the wedge and by saline diapirism. The western part of Section A (Figures 5, 6) shows a chaotic body, possibly related to one or two major mega-flood events that drape the western lateral toe of the accretionary wedge.

These observations about the Pliocene-Holocene unit (U1) thickness allowed us to verify the lateral continuity of the SSTBs (Figure 8) that are associated with the presence of the deep-seated elements of the AFS as identified in the seismic reflection profiles (Figure 5).

The swath profile (Figure 8C; 120 km long, 32 km wide, long side oriented N150°) shows that the maximum and mean thickness values of the Pliocene-Holocene unit (U1) generally decrease from NW to SE. The minimum thickness values show the same trend, although with less variation. This lower variability may suggest that the pelagic sedimentation in the area has rather uniform rates outside the zones affected by the activity of shallow faults controlling the SSTBs. If we take the minimum thickness as a reference proxy, then the variability of the mean thickness is only due to the presence of fault-controlled depocenters (SSTB), with a maximum thickness of up to 1000 m in the northern part of the profile. The SSTB located south of the Alfeo Seamount (Figure 8) can be correlated across various seismic profiles (Figures 4, 5) showing that the thickness of the recent deposits decreases from NNW to SSE. This decrease suggests that the vertical offset of the shallow fault that border the SSTB should reduce accordingly, as also shown by the seismic sections in Figures 4, 5 (Sections C, D, E).



DISCUSSION

The interpretation of the seismic profiles, and particularly of the closely spaced MEM07 survey (Figure 2), allowed us to unveil several peculiar aspects of the AFS. We could (1) follow and map the AFS at depth for over 180 km in the Ionian offshore; (2) attribute the deformation at shallow depth to the interference between the AFS activity at depth and the previously structured upper-plate accretionary wedge; and (3) verify that there is no direct connection between the faults cutting the upper plate (accretionary wedge) and the faults cutting the lower plate. We will now discuss our observations and interpretations in the context of the subduction process of the African plate as the driving mechanism of the ongoing propagation of the AFS toward the outer part of the accretionary wedge (Figure 10A).
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FIGURE 10. Role and evolution of the Alfeo Fault System (AFS). (A) 3D diagram showing the structural relationships between the different elements at the southwestern lateral termination of the Calabrian north-dipping slab. (B) Space-time schematics of the southward growth and propagation of the Alfeo Fault System.



Fault Up-Dip Propagation and Decoupling

Previous studies already outlined the narrow zone of deformation associated to the AFS (Polonia et al., 2011; Gallais et al., 2013; Gutscher et al., 2016), characterized by fault-controlled shallow basins and related with a master fault at depth. Differently, from our present results, Del Ben et al. (2008) and Polonia et al. (2017b) interpreted the shallow faults associated with the syn-tectonic basins as directly connected with the deeper part of the AFS.

We here showed that the Pliocene-Holocene SSTBs are systematically located above the AFS deep-seated segments (Figures 4–6). These SSTBs developed on top of the Messinian unconformity (H2) and were filled by deposits characterized by growth strata that mimic the development of a roll-over anticline with the maximum thickness near the basin-bounding fault (Figure 9). The shallow faults neither show any direct connection with the deep-seated segments of the AFS nor they have any geometrical compatibility with them because they are downward curved (listric) at shallow depth within the Messinian evaporites (U2; Figure 6). Conversely, the upper tips of the AFS segments do not propagate toward the surface (Figures 4–6). They systematically displace the subduction interface but end immediately above it within the very base of the upper plate, and below the Messinian evaporites (U2). We can thus hypothesize that the mechanical heterogeneity that exists at the base of the accretionary wedge inhibits the upward propagation of the AFS brittle elements, though not stopping a more diffuse deformation. The separation between shallow and deep-seated faults in our reconstruction must represent a mechanical decoupling between the lower and upper plates (Figure 6). Analog models (e.g., Withjack and Callaway, 2000; Bonini et al., 2015, 2016; Vasquez et al., 2018) support the hypothesis that pre-existing low-angle discontinuities exert an influence on the upward propagation of normal faults.

In the structural configuration of the AFS, this discontinuity can either be represented by the mechanically “weak” layer of the Messinian evaporites or by the crustal thrusts within the accretionary wedge. In the first case, the shallow faults can either be interpreted to be bending-moment faults. In the second case, the shallow faults could be interpreted as being the possible negative reactivation of lateral ramps within the accretionary wedge, kinematically developed in response to the diffuse deformation induced by the activity of the AFS at depth. In both cases, these faults accommodate the differential sinking of the lower plate and the collapse of the accretionary wedge.

Despite the decoupling between the lower and upper plates, there is an evident spatial correspondence between the shallow faults, with their associated SSTBs developed on top of the accretionary wedge, and the AFS underneath (Figures 7, 9). This correspondence is a key factor to constrain the temporal evolution of the AFS and its role in the post-Messinian evolution of the Calabrian accretionary wedge as we will discuss later.



Displacement Analysis and Kinematics

The subduction interface is the most reliable marker to estimate the vertical displacement produced by the AFS. In this respect, the velocity model adopted for the time-depth conversion is the most critical variable. We thus compared the reference model adopted for this study, in which the velocity of the lowermost layer (L4) increases with increasing depth (Maesano et al., 2017), with two alternative models, one from de Voogd et al. (1992) and the other from Gallais et al. (2012), in which the velocity is constant in all layers (Table 3). In general, our reference model predicts lower values of fault throw – in the range of 20–40% – than the other two models (Figure 7B). However, two main features, the throw maximum cumulative value of 6,000 m and its decrease from NW to SE along the AFS, are consistently present in all the adopted velocity models (Figures 7B,C). Toward the southernmost tip, the displacement tapers down to zero. This displacement profile is compatible with the development of a scissor-like fault system (mode III of fracture propagation) in which the innermost sector of the shear zone is affected by the maximum displacement that gradually decreases in the direction of propagation (Figure 7A). This mechanism would imply that the kinematics of the AFS should be prevalently normal with a secondary horizontal right-lateral component, that may appear especially in the northern sector.



Age of the Shallow Syn-Tectonic Basins and Activity Rates

The seismic profile that is shown in Figure 5 – Section A contains an essential element for estimating the age of the SSTBs. The central portion of that profile is enlarged in Figure 9, which shows a more detailed seismo-stratigraphic interpretation in time units (Figure 9A) and its depth-converted version (Figure 9B).

The more distant areas from tectonic deformation (the SW and NE terminations of the profile in Figure 9) show a rather constant thickness of the succession overlying the Messinian unit (U2), which consists of 260-m-thick Pliocene-Holocene pelagic deposits which cover a time interval of 5.3 Myr (A1 and A2 in Figure 9B). This yields an average sedimentation rate of 0.05 mm/yr for the Pliocene-Holocene succession. Assuming this sedimentation rate of the pelagic succession as representative for the whole area and the entire time interval, the succession U1a at the base of the SSTB (Bmin and Bmax in Figure 9) should have been deposited in 2.7 Myr. Since the reflectors in succession U1a are subparallel to H2, we can also assume that U1a was deposited before the inception of the shallow fault that controls the basin. The apparent drag of succession U1a along this fault also supports this assumption. By subtracting the deposition age of U1a from the age of H2, we obtain that the basin must have started its development later than 2.6 Ma. Also, we cannot rule out the possibility that the turbiditic flows, for which Polonia et al. (2013) suggest a prevalent NW-SE transport direction, have eroded part of the succession and thus the age of inception of the shallow fault could even be slightly younger.

Moving along the AFS from north to south by exploring all the transversal seismic profiles, we noted that in the southern sector, the Pliocene-Holocene SSTBs are progressively thinner, and less developed in terms of primary structures within the succession (Figure 5) than in the northern sector. This is also comprehensively shown in the maps and swath profile of Figure 8.

In the northern sector of the study area, the shallow diffuse deformation area (Figure 6) recorded by the Plio-Holocene sediments (Figure 8), which include also the SSTBs, is broader and, in some cases, its geometry is more difficult to outline. This circumstance occurs in correspondence of the deep-seated multiple fault segments whose activity may have influenced the shape of the accommodation space and the consequent areal distribution of the Pliocene-Holocene deposits (Figures 5, 6, 9). The large oversteps between fault segments F1 to F4 suggest that the area to the north of the Alfeo Seamount should have been affected by a significant NE-SW extensional component of deformation (Figure 7). Also, the presence of a non-negligible strike-slip component in the AFS movement at depth could justify the complex arrangement of the deformation recorded by the shallower sedimentary units, likely as the result of restraining bends or stepovers where the different fault segments overlap. The high variability of the maximum thickness observed in the northern sector (0–40 km in the swath profile, Figure 8C) across the SSTBs can thus be interpreted as the result of the possible interference recorded by the basins due to the strike-slip component of the underlying AFS segments. However, this remains only a qualitative deduction because our data can only constrain the vertical component of the fault displacement, which seems to be the predominant component in any case.

In the northern sector, the Pliocene-Holocene SSTBs are also thicker than anywhere else. They reach a maximum value of 700 m, and then become progressively shallower toward the south where the AFS at depth is less developed, i.e., where there are fewer deep-seated fault segments and the zone affected by brittle features is narrower. The marked highs and lows of the thickness values (Figure 8C), as reported in the northern sector, could have been influenced by the lower density of the data (more loosely spaced seismic lines). There, the correlation of different line drawings across the seismic profiles is more difficult, and the presence of sporadic diapirism also influence the deformation at the seafloor (Polonia et al., 2017a). Nonetheless, the observed general trend of southeastward decreasing sediment thickness should not have been affected by this limitation.

If we assume, as suggested by the geometric correspondence illustrated above, that the formation and thickness of SSTBs and the activity of the AFS segments at depth are correlated, we can then interpret the average decreasing sediment thickness of the SSTBs as being related to the progressively younger age of the AFS segments toward the front of the accretionary wedge. This interpretation is supported by considering that the pelagic sedimentation rates, found at the front of the Calabrian accretionary wedge by radiocarbon dating of core logs (Polonia et al., 2013, 2017a), are the same as the average sedimentation rates measured in the northern sector (Figure 5, Section A, and Figure 9).

Applying the same approach for the determination of the age of fault inception described above to the configuration of the SSTB in the southeastern area (Figure 5, Section E) we obtain an age of 1.3 Ma for the formation of the SSTB in this location. Then, observing in parallel the configurations shown in Section E and Section F (Figure 5) we argue that the accommodation space that hosts the SSTBs should precede the formation of the offset at depth across the subduction interface, and the nucleation of the shallow faults. In facts, the basin in Section F is already partially developed although no shallow fault controls it yet, while the bending at depth is already well developed. Considering these age constraints, the AFS deep-seated segments should have appeared in the northern sector at about 2.6 Ma and should have grown across the southern sector since then (Figure 10B). The AFS grew in length some 80 km (from Section A to Section E) in about 1.3 Myr, which results in a propagation rate of 62 mm/yr. At a later stage, its leading tip propagated southward only by less than 20 km (from Section E to ahead of Section F) in another stage of 1.3 Myr, which makes a propagation rate of 15 mm/yr at maximum. With Section F in mind, the first manifestation in either development stage of the AFS should have been the bending of the lower plate that created the accommodation space to host the Pliocene-Holocene SSTBs. This interpretation is in agreement with the data presented by Gallais et al. (2013) which show that in their profile “Archimede 2,” located 10 km to the south of Section F (Figure 5), also the bending of the lower plate is not observable because the area was not reached yet by the deformation due to the AFS propagation.

Using the age of inception of the AFS activity in the northern sector (2.6 Ma) as a proxy, the vertical component of the total slip rate is 2.31 mm/yr, i.e., 0.6 mm/yr as an average value equally partitioned on each of the four segments. In the southern part, where only one major fault segment constitutes the AFS with a maximum throw of 1,300 m and the age of inception of such segment is younger (1.3 Ma), the vertical component of the slip rate is in the order of about 1 mm/yr.

Therefore, putting together the following considerations: (1) the inception age of the AFS in the northern sector is c. 2.6 Ma, (2) the accretionary wedge must have already been structured at that time in that sector, and (3) the toe of the accretionary wedge presently lays c. 85 km to the southeast of the leading tip of the AFS, we deduce that the formation of the accretionary wedge (and thus the propagation of the subduction interface) precedes the inception of the activity of the AFS (Figure 10B).



Tectonic Implications

The migration of the Calabrian Arc subduction system have significantly slowed down over time (Wortel and Spakman, 2000; Goes et al., 2004; Rosenbaum and Lister, 2004; Faccenna, 2005; Mattei et al., 2007) and it is still weakly active (Palano et al., 2017). This characteristic of the subduction process provides a critical constraint for modeling the present day activity and potential earthquake production of the slab interface (Carafa et al., 2018; Nijholt et al., 2018). Both the propagation and displacement rates of the AFS also significantly slowed down over time, implying that the subduction process and AFS development are interdependent. In the northern sector, we may speculate that in the earlier times the rate could have even been faster than our average estimate because the fault propagation could have slowed down to get across the Alfeo Seamount. The N-S seismic profile (Figure 3) shows the role of the continental block of the Alfeo Seamount in halting the propagation of the accretionary wedge, which gets thicker against it and thinner south of it, and in driving the change of style of the AFS (Figure 5).

The northernmost seismic profile (Figure 5A) also shows the relationship between the AFS and the paleo-margin of the Malta Escarpment. The western part of the section shows a chaotic body, possibly related to one or two major mega-flood events (Micallef et al., 2018; Camerlenghi et al., 2019), which drapes the western lateral toe of the accretionary wedge. Note that, except for minor deformation related to salt tectonics at the toe of the accretionary wedge, there is no evidence of active tectonics recorded by the Pliocene-Holocene unit at the base of the Malta Escarpment, whose activity terminates in the Lower Cretaceous as documented by Tugend et al. (2019). All together, these observations contradict the interpretation of the Malta Escarpment as a major Quaternary fault like so far proposed (e.g., Monaco and Tortorici, 2000; among many others; Gerardi et al., 2008; Argnani et al., 2012). Our data show that primary evidence of syn-sedimentary Pliocene-Holocene tectonic activity is found only in the SSTBs located above the AFS and favors the interpretation of the major active tectonic boundary between the Calabrian subduction and the African plate to be located more toward the East, as already proposed by Gutscher et al. (2017) and Dellong et al. (2018). Although our interpretation agrees with that of Dellong et al. (2018) in many aspects, we must highlight a few essential differences. The AFS movement at depth is mainly normal, eastern side down, not transcurrent; the apparent lateral displacement only affects the CAW in conjunction with the AFS southward propagation; the main faults only affect the lower plate; the brittle deformation features that affect the upper plate are the manifestation of a secondary process (bending-moment faults?).

Overall, the analysis of our dataset provided a comprehensive picture of the deep-seated segments of the AFS, confirming the role of this fault system as a lithospheric tear, i.e., the actual, and possibly active, southwestern subduction-tear edge propagator of the Calabrian Arc (Figure 10) since at least 2.6 Myr. In the southern sector and below the Calabrian accretionary wedge, the AFS is characterized by sub-vertical deep-seated faults cutting through the oceanic crust. In the northern sector, these faults could be related to the transition between oceanic and continental crust along the Africa paleo-margin, as already suggested by Polonia et al. (2017b) considering the distribution of Mesozoic serpentinites incorporated within the Calabrian accretionary wedge.



CONCLUSION

The tear faults forming the subducting slab lateral edges are an essential part of the subduction process. Such faults are widespread all over the globe, but their behavior is not exhaustively documented. Here, we focused on one such fault, namely the Alfeo Fault System (AFS), in the Calabrian Arc, Italy. Thanks to the high quality of the seismic imagery, coupled with independent literature data, we were able to explore several of its features in detail. We confirmed the role of the AFS as a lithospheric tear. The AFS evolves with a scissor-like mechanism, i.e., with a Mode III of fracture propagation, resulting from the bending of the oceanic crust driven by the slab-hinge migration. We could also determine that AFS is made up by four deep-seated major fault segments that clearly offset the subduction interface. Despite the significant dimension (we followed the AFS for over 180 km of length in the Ionian offshore) and maximum cumulative displacement (exceeding 6,000 m), the deep-seated fault segments are decoupled from the shallow faults that were well-mapped at the seafloor in previous works. Because of decoupling, the AFS deep-seated segments cannot propagate upward across the accretionary wedge, nonetheless, their bending moment deforms the uppermost stratigraphic layers driving the development of shallow syn-tectonic basins sitting right above them. Considering the uneven displacement distribution along the strike of major fault segments and the age of the shallow basin infill, which in turn constrain the age of fault inception, we observed that the propagation rate and the slip rate of the tear have significantly slowed down over time (during the last 2.6 Myr) and toward the southernmost fault tip right ahead of the subduction front. Since the formation of the accretionary wedge precedes the development of the AFS, we also speculate that the already documented slowing down of the Calabrian Arc migration could be the mechanism which drives the AFS waning over recent times.
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Based on new geological data and the analysis of a 4 m spatial resolution Digital Elevation Model (DEM), we provide a detailed and comprehensive description of section of the Chingual Cosanga Pallatanga Puna Fault System, a major active fault system in Ecuador. This work allows estimating new slip rates and large earthquakes parameters (displacement, recurrence) along a ∼100 km-long section of the continental-scale dextral shear zone that accommodates the extrusion of the North Andean Sliver with respect to the South America continental Plate. We focus on the NE-SW Pallatanga strike-slip fault zone and related contractional and transcurrent features that extend to the north in the Inter-Andean valley and the Cordillera Real, respectively. The detailed analysis of the available DEM allowed mapping a series of lineaments at the regional scale and along the entire fault system. Field studies on key areas show valley deflections, aligned and elongated hills of Tertiary or Quaternary sediments, as well as faulted Holocene deposits and even preserved coseismic free-face ruptures in some places. Such morphological anomalies strongly suggest that those landscape scars represent long-living (Holocene to historical times) earthquake faults. Altogether, these new data confirm that very large crustal earthquakes (M∼7.5) have been generated along the fault system, probably during multiple segment ruptures. This conclusion agrees with reports of large earthquakes during historical times (post-1532 CE) in 1698, 1797, and 1949. They all occurred in the vicinity of the Pallatanga fault, causing catastrophic effects on environmental and cultural features. Based on new sample dating of both soils and volcanic series, we infer that the NE-SW dextral Pallatanga fault slips at rates ranging from ∼2 to 6 mm/yr for southern and central strands of the studied area, respectively. Further north, surface faulting is distributed and the deformation appears to be partitioned between sub-meridian fault-related folds (∼2 mm/yr) and NE-SW strike-slip fault(s), like the ∼1 mm/yr Pisayambo Fault that ruptured the surface in 2010. All this information offers the opportunity to size the earthquake sources for further seismic hazard analyses.
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INTRODUCTION

Earthquake hazard analyses in continental areas, especially those with sustained seismic activity, are based on fault models supported by detailed studies of active faults (e.g., Field et al., 2014). Those studies classically use fault maps improved after field surveys and paleoseismological data to delineate the active structures and their complexities, the size and recurrence of earthquakes, and the long-term rate of fault slip. Where data is sufficiently reported, it is possible to determine the fault segmentation, i.e., fault sections that behave more or less as independent earthquake sources and that can be treated as such in seismic hazard analyses (DuRoss et al., 2016). In Central Ecuador, the geological knowledge is not achieved yet to support such an approach for hazard purposes, and faults have to be considered as homogenous sources in terms of earthquake production. To date, Beauval et al. (2018) produced the hazard calculation for the entire country, defining a fault model with first-order fault geometries and earthquake parameters. In fact, they only considered two distinct simplified source faults (Pallatanga and Latacunga faults), named according to the surrounding cities (Figure 1) settled in between the Western Cordillera and the Eastern Cordillera. In this work, their slip rates were derived from Global Navigation Satellite System (GNSS) velocity field (Nocquet et al., 2014). In their model, a massive part of the relative motion between the North Andean Sliver and the South American Plate is accommodated by the Pallatanga fault (PF) to which a ∼7 mm/yr slip rate is assigned, when field data only provide ∼2–5 mm/yr (Winter et al., 1993; Baize et al., 2015, respectively). This approach is relevant for national scale hazard estimation, but it could be significantly misleading for site-specific approaches nearby the fault sources.
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FIGURE 1. Location of the investigated area in its tectonic context. Upper left inset gives a general geodynamic overview illustrating the major role of the CCPP (Chingual Cosanga Pallatanga Puna) fault zone acting as a boundary between the South America Plate and the North Andean Sliver (NAS) (Modified from Alvarado et al., 2016) in gray. The major active faults are the bold red lines; the investigated sectors are the Pallatanga fault north of Pallatanga (Pa) and south of Riobamba (R), the fault segments cutting the Igualata and Huisla volcanoes (IH) and the fault continuation around the Laguna Pisayambo (Pi) and the fault-related folds nearby Latacunga (L). (I) is Ibarra. The offshore bold line represents the subduction trench location, more than 100 km west of the Puna segment fault. ESB: Eastern Subandean Belt.


The aim of this contribution is to provide an updated active tectonics and earthquake geology knowledge in the Central Ecuador Andes, which could be used in an ad hoc approach of fault modeling in order to cover a range of earthquake ruptures scenarios (e.g., Chartier et al., 2019). We focused on a 100 km-long and ∼20 km-wide area covering a section of the fault zone that delineates the eastern margin of the NNE-moving North Andean Sliver (Figure 1) and which has been defined as the Chingual Cosanga Pallatanga Puna Fault System (CCPP; Nocquet et al., 2014; Alvarado et al., 2016; Yepes et al., 2016) between Colombia to the Pacific Ocean. The new evidences of earthquake ruptures are supported by morphological and geological observations performed during five field campaigns around the Riobamba region (Central Ecuador; Figure 1). In the frame of the geodynamics and active tectonics of the Northern Andes of Ecuador, we present our major findings based on morphological analysis of a 4 m-high resolution Digital Elevation Model (DEM) and field investigations. We propose a revised fault map and derive our observations in terms of slip rates (dislocation of dated features or separation of landscape features), earthquake recurrences and magnitudes, which are crucial parameters of geological-based seismic hazard analyses. Here, we will particularly focus on the Riobamba area (R), the Igualata-Huisla volcanoes (IH), the Pisayambo region (P), and the Latacunga zone (L) (Figure 1).



GENERAL BACKGROUND


Crustal Structure

Imaging the crust in Ecuador has been challenging for years. A new model has been recently proposed for the whole country (Font et al., 2013; Araujo, 2016; Vaca et al., 2019), and allowed relocation of earthquake events, including at depth. Based on an inversion of arrival times of more than 45,000 seismic events spanning more than 20 years of seismicity, Araujo (2016) proposes a new seismic tomography imaging the subducted slab and the overriding crust. The Andean Cordilleras are characterized by an over-thickened crust above a Moho discontinuity that is imaged between 50 and 60 km deep. The intense crustal seismic activity in the last 20 years is focused around the active volcanoes, as well as the active tectonic structures such as the Quito-Latacunga fault-related fold system and the CCPP shear zone (Figure 1). This seismicity is clustered in the first 20–30 km according to Araujo (2016) and, consistently, the analysis of seismicity depth from the Beauval et al. (2013) catalog document, 90% of the seismicity surrounding the PF and the Quito-Latacunga fold system (in a 20 km radius) is located between 0 and 30 km at depth.



Bedrock and Quaternary Geology

The study area is part of the Ecuadorian Andes that extends north-south between the coast and the Amazon lowlands. From west to east, it covers various geological units: (1) the Western Cordillera that corresponds to oceanic terranes and its related sediments, which have been accreted during phases of Caribbean Plateau and South America Plate convergence (Cretaceous-Eocene; Hughes and Pilatasig, 2002; Vallejo et al., 2006; Jaillard et al., 2009; Pindell and Kennan, 2009); (2) a narrow (max. 30 km) and 300 km long NS structural depression at 2,000–3,000 m of elevation (IAV) where part of the volcanic arc is lying and where Miocene to Holocene deposits are accumulated (Hall et al., 2008; Jaillard et al., 2009; Bablon et al., 2019), and (3) the Cordillera Real, culminating at ∼4,500 m a.s.l, a sequence of Paleozoic to Cretaceous basement rocks of the South America Plate (Aspden and Litherland, 1992; Spikings and Crowhurst, 2004). These large-scale structural units are obliquely cut by the CCPP, which initiates in the Guayaquil Gulf and the coastal plain, penetrates the Western Cordillera, then cuts the IAV and the Cordillera Real to finally merge the CF (Figure 1).

The various active and potentially active volcanic centers of Central Ecuador are mainly andesitic. Most of them are located along the margins of the IAV, either on the Western one (e.g., Chimborazo, Iliniza, Guagua Pichincha) or the Eastern one (e.g., Tungurahua, Cotopaxi, Antisana, Cayambe). Few are lying within the IAV (e.g., Igualata, Huisla, Imbabura). The highest areas of the Andes, including volcanic peaks, have hosted ice glaciers during the Quaternary. During the Late Glacial Maximum, roughly between 33 and 14 ka (e.g., Clapperton, 1990), the large expansion of the glaciers from the Chimborazo and Carihuairazo volcanoes toward the valleys left moraines down to an elevation of 3400–3600 m above sea level. During the very late cold phase (Younger Dryas, around 10–12 ka), the glaciers did not reach these relative low elevations and preserved moraines are found at around ∼4000 m (Samaniego et al., 2012). During the Holocene, thick organic soils, referred as andisols, have developed.



Seismicity and Geodynamical Setting

Seismotectonic activity in Ecuador is dominated by the subduction of the Nazca plate below the South American plate. Subduction-related megathrust earthquakes, such as the April 2016 Mw = 7.8 Pedernales event, constitute the most frequent and significant contribution to the seismic hazard, in terms of expected seismic ground motion. However, severe shallow and crustal earthquakes destroyed large cities of Ecuador around the CCPP, and especially the PF (Figure 3), according to Beauval et al. (2010). The most significant event occurred in 1797 close to the current location of Riobamba, causing the collapse of most of the buildings, widespread, landsliding, ground fissuring and probably surface faulting (see Baize et al., 2015 and evidences in this paper). Epicentral intensity (Io) is estimated to XI degree, MSK scale, and equivalent moment magnitude calculated from macroseismic data to Mw = 7.6 (Beauval et al., 2013). One century earlier (1698), the city of Ambato and surroundings were ravaged (Io = IX MSK; Mw = 7.2; Beauval et al., 2013), with huge landslides along the Carihuairazo slopes. The third big event in the case study area hit the city of Pelileo in 1949 close to the PF trace (Io = X; Mw = 6.4; Beauval et al., 2013), with extensive landsliding as well. During those catastrophic three events (each causing thousands of fatalities), the cities were razed to the ground, and displaced further.

Until the late 1970s, the seismicity of Ecuador has been monitored by international networks. Then, the national network (RENSIG) was developed, acquiring its actual level of sensitivity in 2011. Recently, Font et al. (2013) and Araujo (2016) relocated events for the 19882016 period, pointing out the following characteristics of the CCPP fault system. Seismicity is mainly concentrated in the first 20–30 km of the continental crust, although some earthquakes also occur as deep as 60 km within the over-thickened crust of the Andes. The surficial trace of the CCPP is highlighted by the recorded seismicity, despite several sections have few events only. The area also encompasses clusters of persistent seismicity like the Pisayambo swarm. The 06/03/1987 Reventador earthquake sequence includes the largest crustal earthquake recorded in Ecuador (Mw = 7.1) that occurred within a restraining bend of the CCPP (Tibaldi et al., 1995). Besides, very few events of M > 4 were recorded along the CCPP and, according to Araujo (2016), the Pisayambo cluster is actually the major source of seismic energy release, with its strongest event being the Mw∼5.0 (26/3/2010) which caused a surface rupture on a CCPP segment (Champenois et al., 2017).

Vaca et al. (2019) provide new focal mechanisms of earthquakes within the 2009–2015 time span, based on seismic velocity structure and data from the Ecuadorian broadband seismic network. In the area comprised between Pallatanga (Pa) and the Pisayambo (Pi) area (Figure 1), focal mechanisms of low-moderate magnitude (Mw 3.3–5.4) events cover a range of transcurrent and thrust motions, confirmed for the two largest events of the region (1949 Pelileo, 1987 Reventador) (Figure 3). This transpressive regime deduced from earthquakes is coherent with the mean horizontal strain tensor that they determined from the GPS velocity field. In their calculation, the principal compressional stress is N°70E oriented, in agreement with long-term (Pleistocene-Holocene) fault kinematics (Alvarado et al., 2016). In Figure 3, we provide the GPS data available for the enlarged area of interest (Nocquet et al., 2014), illustrating the right-lateral transcurrent regime around the CCPP.

The CCPP Fault System may have started to be active after 3 Ma according to offshore data in the Guayaquil Gulf (Deniaud et al., 1999; Dumont et al., 2005a, b; Witt et al., 2006), cutting obliquely across the accreted terranes and related N-S structures of the Ecuadorian Andes (Alvarado et al., 2016). Transpressive deformation regime accompanies a north-eastward motion of North Andean Sliver along the CCPP. The obliquity between the Nazca Plate and the South America Plate convergence vector (6 cm/yr according to Kendrick et al., 2003) and the trench direction is thought to be the reason of the deformation partitioning and inland shearing along the CCPP (Alvarado et al., 2016). GNSS measurements show that this wide and large shear zone accommodates around 7–9 mm/yr between the North Andean Sliver and the stable South America Plate (Nocquet et al., 2014). In their tectonic model, Alvarado et al. (2016) describe a Quito-Latacunga Microblock in the IAV with diffuse active faults and seismic activity west of the merging of the NNE-SSW-striking Pallatanga fault (PF) and N-S striking Cosanga fault (CF; Figure 1).



MATERIALS AND METHODS

The active shallow structures of concern have been first investigated as soon as the 1990s (e.g., Soulas et al., 1991; Winter et al., 1993; Lavenu et al., 1995). These pioneer studies came out with significant slip rates (>1 mm/yr), raising questions on the seismic hazard they pose to the region. During the last decade, the franco-ecuadorian team (“Laboratoire Mixte International Séismes et Volcans des Andes du Nord”)1 launched new research that combine seismology, geodesy and geology (e.g., Font et al., 2013; Alvarado et al., 2014, 2016; Champenois et al., 2014, 2017; Nocquet et al., 2014, 2016; Baize et al., 2015) and consolidated the seismotectonic model (Yepes et al., 2016) at the national scale.

In this paper, we present the results of a part of this broad project, after developing geomorphological and geological data from DEM analysis and field observations. This work provides an accurate map of active faults and in places yields hints on slip rate values. Starting from the neotectonic map (Alvarado, 2012), we developed our efforts in the area covering the fault zone between 0.8 and 1.8°S along a ∼20 km-wide and NE-SW-striking band (Figure 3), where the tectonic map is almost “blank” (R, IH, P sectors; Figure 1), and where strain is suspected to split between both dominantly NE-SW to NNE-SSW strike-slip strands and N-S compressional fault-related folds. The study area extends between the cities of Pallatanga to the South and Latacunga to the North. In the Ecuadorian Andes, mapping of active faults and folds is a difficult task because of morphoclimatic conditions, especially at low elevations (below c. 2500 m a.s.l.), where steep slopes and rainfall favor dense forest and gravitational instability. At high elevation, where farming is absent (>3800 m a.s.l.), morphologic features are often well preserved and can be revealed by DEM and field analyses, but their accessibility can be limited because of rare tracks and toughness of hiking over large distances at high elevations. To obtain the most complete picture over the 1000 km2 zone, we performed the morphotectonic analysis of a 4 m pixel-resolution DEM (Proyecto SIGTIERRAS)2 draped over the geological maps (Longo and Baldock, 1982). Field data were acquired during five 2 weeks campaigns between 2009 and 2016 at key areas.

Like in classical preliminary analyses, we looked for morphological features, their alignment and continuity of lineaments to delineate fault strands. The fault portions could be traced and characterized thanks to a wide panel of features that constitute the classic landform assemblage of active strike–slip faults (McCalpin, 2009), such as pressure or shutter ridges, sag-ponds, terrace risers or entrenched thalweg deflections, cumulative scarps that cause vertical shifts of regular surfaces (lava flows, alluvial terraces, hillslopes, etc…), and free-face scarps.

Potential active fault portions were defined based on the continuity, proximity and coherence of the morphological clues, which are, within the IAV, developed in (mostly) volcanic products accumulated in this high-elevation and intra-mountainous basin during the last 800 kyr (Bablon et al., 2019). During the field campaigns, we could check that most of such lineaments were associated with brittle structures in volcanic formations. As an iconic case, we provide the hillshade image of the DEM in the area of the 2009 trenches which revealed the correlation between morphologic features and active faulting (Baize et al., 2015; Figure 2). Other examples are described hereafter.


[image: image]

FIGURE 2. Illustration of the signature of an active portion of the Pallatanga fault on a field panorama (A) and on the corresponding 4 m resolution DEM (B). On the left of the photo in (A), one can observe one of the trenches dug in 2009–2010 and presented in Baize et al. (2015). The fault trace is easily inferred from an uphill-facing and counter-slope scarp, matching a deflection in perpendicular morphological features (channel incisions, ridges). See Figure 3 and Supplementary Figure S8 for location.


The CCPP onset seems to have occurred during the Pliocene – Early Pleistocene (Lavenu et al., 1995). Therefore, we argue that describing the tectonic deformation features within the ubiquitous young (less than 1 Ma old) volcanic material, sedimentary deposits and soils is a proper approach to analyze the Pallatanga fault active tectonics.



RESULTS

Five sectors were investigated along the PF and its transition toward both the CF and the QLF, in terms of long-term (Quaternary) and recent (Holocene to historical earthquake surface ruptures) activity. Those are Rumipamba (R), Riobamba and Igualata/Huisla volcanoes, as well as the Patate river valley (IH), Laguna Pisayambo (P), and Salcedo/Latacunga (L) (Figures 1, 3). Our new mapping in IH area completes and improves those of Baize et al. (2015) and Champenois et al. (2017) on the Rumipamba and Pisayambo areas, respectively. In Supplementary Material, we provide five maps featuring the fault strands layered over the 4 m spatial resolution DEM (Supplementary Figures S6–S11).
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FIGURE 3. (A) Overview of the seismicity (white dots, epicenters of earthquakes with magnitude above 6, from Beauval et al., 2010) and GPS velocities (blue arrows, from Nocquet et al., 2014) in the area of interest around the CCPP fault segments and IAV fault-related folds (simplified mapping, red lines). Blue footprints are active volcanoes from Bernard and Andrade (2016): Ch., Chimborazo; Tu., Tungurahua; Co., Cotopaxi; Re., Reventador. Focal mechanisms are from Vaca et al. (2019) (magnitude range 3.3–5.4), and focal mechanisms of Ms = 6.8 1949 Pelileo and Mw = 7.2 Reventador earthquakes (circled in yellow) are from Woodward and Clyde Consultant (1981) and Barberi et al. (1988), respectively [reported in Tibaldi et al. (1995)]. (B) Morphotectonic map resulting from the DEM and field work analyses. We define various categories of morphological lineaments: (1) Lineament with scarps are morphological features with a clear recent signature with a vertical separation of the ground surface in Quaternary deposits; (2) Strike-slip evidence are lineaments for which field (or rarely DEM) analysis has shown up the lateral displacement of a recent morphological feature; (3) Pressure ridge are elongated hills that disturb the local morphology, associated with deflection of morphological features; they are suspected to correspond to surface expression of transpressive pop-up structures due to strike-slip faulting at depth; (4) Folds are symmetrical and large-wavelength elongated disturbances of the ground surface and young sediments; (5) Fault-related flexures are asymmetrical disturbances of the surface revealing relative uplifting and subsiding blocks and then potentially corresponding to buried reverse faults. Flexure scarps are locally topped by to symmetrical folds in some places, potentially relating to a lateral component; (6) undistinguished lineaments inferred from DEM are suspected to relate to active faulting but without clear evidence of recent displacement; (7) inherited lineaments are clearly associated with basement structures (shear planes, bedding); major gravitational scars are arcuate features associated with landslides mostly located in the deeply incised Patate and Chambo Rivers’ valleys, some of them having been caused by the 1949 Pelileo earthquake (label Z); others are features associated with deep-seated gravitational slope deformation features. The simplified geological map has been digitized from the National Geological Map of Ecuador (Longo and Baldock, 1982); volcano footprints are from Bernard and Andrade (2016). White boxes locate the zoom-in figures in this paper.



From Pallatanga to Riobamba

All along the 75 km of the fault zone in the Western Cordillera, it is possible to map pervasive NE-SW stepping structural lineaments, defining a rather simple albeit large and well-defined fault trace (Alvarado et al., 2016; Figure 3 and Supplementary Figure S7). While gaining in elevation to the north from the coastal flat zone, morphotectonic features are still very clear. The southernmost trace of our detailed investigation, south of Pallatanga city, is underlined by a series of right-stepping 2–5 km long lineaments with east-facing ∼10 m high scarps (Supplementary Figure S1). North of the city and its wide topographic depression, a continuous trace defines a quite continuous fault section, and the 4 m DEM starts to highlight continuous clues of strike-slip faulting north to the Rumipamba area (Supplementary Figure S8). Note that the area also encompasses remarkable signs of deep-seated gravitational slope deformations at the range crests and many landslide scars (Figure 3). The Rumipamba area reveals the best morphologic features of active strike-slip faulting along the PF (Figure 2 and pictures 2009-1 to 2009-16&17, 2010-18 to 2010-19-2 in Supplementary Material). This is where the first active tectonics investigations were engaged in Central Ecuador, evidencing horizontally and vertically displaced crests and thalwegs, sagponds (Winter et al., 1993), and traces of paleoearthquakes (Baize et al., 2015). Further north, while entering the IAV, the unique and NE-SW fault trace in Rumipamba zone intersects volcanic and volcano-sedimentary Quaternary deposits (Figure 3), and splits into a series of lineaments striking between WSW-ENE and NNE-SSW. Markers suggesting a strike-slip motion encompass pressure ridges, displaced creeks (pictures 2010-56 and 2010-63-1&2, Supplementary Material), and dislocated volcanic deposits within a 2 km-wide band (pictures 2015-56-1&2, Supplementary Material). The traces of fault lines have slightly been revised after Baize et al. (2015) study, to account for later observations (Figure 3 and Supplementary Figure S8).



The Igualata Volcano Area

Previously unknown fault strands are mapped across the Igualata edifice, from its southwest foothills (Figure 4 and pictures 2015-54 to 2015-65-2 in Supplementary Material) to its summit part (Figures 5, 6; pictures 2015-2 to 13), and across the northeast slope toward the Huisla volcano area (Figures 7, 8; picture 2015-41 in Supplementary Material). When looking carefully at the hummocky surface of the Chimborazo-related debris avalanche deposits, south the Igualata volcano and nearby San Andres village, some features present aligned-to-fault strikes, as well as vertical or lateral separations. It is for instance possible to document a NE-SW ridge, perpendicular to the avalanche flow, along which creeks and valley slopes incised in the avalanche deposits are dextrally deflected (e.g., labels A and B, Figure 4) between 60 and 160 m. The Guano lava flow (Figure 4), which is embedded in the San Andres valley, incised in the debris avalanche deposits, is bumped and show apparent vertical and lateral separation in San Andres village. Interestingly, the general course of the deflected creek (at label A, Figure 4) presents a smaller-scale deflection of about 10 m close to a site where we found brittle deformation in sands and soils deposited on the avalanche deposits. We speculate that this latter 10 m offset could be due to the most recent earthquake surface rupture (see hereafter the observations on top of the Igualata volcano). At that specific site, the walls of a mill were damaged (see picture 2015-54 in Supplementary Material). We dated charcoal samples embedded in the mortar of the repairs at 145 ± 30 and 185 ± 30 BP, suggesting that the mill has potentially been damaged then fixed after the M∼7–7.5 1694 or 1797 earthquakes, whose epicenters were close (Beauval et al., 2010).
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FIGURE 4. Zoom-in in the San Andres village area. The fault intersects the Pleistocene and Holocene volcanic deposits of the Riobamba basin. From the SW to the NE, we observe first a pressure ridge within the Chimborazo Avalanche Deposits (age poorly constrained, probably around 45 ky) collocated with a lateral deflection (60–120 m) of a incised channel (label A). Second, the San Andres valley, within which the 4 ky old Guano lava flow is emplaced, is also dextrally displaced (label B, 60 m). Finally, the fault trace is inferred by the bumps on top of the Guano lava flow before it cuts the Igualata volcano slopes. Along the volcano slope, there are several places where we can observe horizontal deflections of incised streams and evidences of Holocene soil deformation (label C and insert C; plus pictures 2015-64&65.jpg in Supplementary Material).



[image: image]

FIGURE 5. Zoom-in of the Igualata center area. The figure highlights several sharp scarps and deflecting lineaments across the covered area, along the red arrows. The figure focuses on the lineament that includes the Figure 6 features and that seems to cause the 160 m right lateral deflection of the major incision (underlined in yellow).
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FIGURE 6. Field observations along the main DEM lineament, which clearly corresponds to a cumulative uphill-facing counter scarp that offsets morphological features (A). A focus on the top of this scarp allows to document a fresh free face scarp (B) that is proposed to correspond to the last historical earthquake of the area (M7.6 1797 Riobamba earthquake); en echelon open fractures could be related to this event as well. Picture (C) nicely illustrates the successive right-lateral offsets of a small incision feature at the base of the cumulative scarp; those offsets seem too high to be associated with one single event and this could reveal the discontinuous incision of the feature as well.
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FIGURE 7. Topographic map of the Igualata edifice with hill-shade DEM picture and related elevation contours (contour spacing: 100 m; bold contour each 1000 m). Based on topographic profiles across the edifice (one profile is presented as an example with black arrows in the mean NW-SE direction), we traced the base of the edifice at the change in slope (yellow dashed line) and, assuming a rough cylindrical initial shape, we infer a right-lateral displacement of the whole volcano since its setup (1500–2100 m). Red lines are the morphotectonic lineaments forming the fault zone.
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FIGURE 8. Illustration of the deformation of the Huisla volcano by the fault. (A) The map presents the course of the fault between red arrows, based on its morphological imprint. Southwest of the edifice, several drainage features (yellow dashed lines) are deflected; the fault cuts the southern flank of the Huisla edifice, then the Avalanche Debris of this volcano (emplaced between 215 and 175 ky based on stratigraphical relationships, according to Bablon et al., 2019) and landscape features; A and B labels locate sites described in the text. (B) A road cut exposes the Huisla fault segment juxtaposing the Huisla Avalanche Debris (to the right) with interbedded colluvial and volcanic layers (Pleistocene?). (C) Panoramic view from the south of the Huisla edifice, disrupted by the fault segment; gray lines depict the possible original slopes of the volcano, before its partial collapse and succeeding incision. P.R., Patate River.


Along the southwestern slopes of Igualata volcano, north of San Andres, we could trace a series of compelling evidences with cumulative dextral offsets of landscape features (horizontal: 20–50 m; vertical: 5–10 m), individual scarplets (vertical: 1 m) and faulted soils (label C, Figure 4), as described in Supplementary Material (pictures 2015-64-1 to 2015-65-2). The best indication of historical surface faulting is observed in the Igualata volcano summit part (Figure 5), with NE-SW counter-slope scarps displacing valley floors, free-face scarps and fresh en-echelon fractures (Figure 6 and pictures 2015-2 to 2015-13 in Supplementary Material). The occurrence of five abandoned erosional features (called “CH” on Figure 6) in the downthrown block (“a” to “e” in Figure 6) matching the same feature on the uplifted block is a compelling mark of the long-term activity, and possibly the succession of displacement events. The fault trace can be mapped up to the northern Igualata volcano slope, displacing the Late Pleistocene moraine deposits, terrace risers, and Holocene marsh deposits (Figure 5 and pictures 2016-7 and 2016-3&7&9 in Supplementary Material). The north-east continuation of active faulting of this fault portion is not as clearly documented as the previous one, both in the field and on the DEM, except across the Mulmul volcano (145–175 ka; Bablon et al., 2019; Figure 8).

The overall shape of the Igualata volcano testifies the long-term activity of the fault, which has caused the formation of large, deep and cross-cutting valley from SW to NE (Figure 7). When roughly reconstructing the geometry of the edifice on each side of the fault zone (red strands on Figure 7), we estimate a right-lateral separation of 1500 m of SW base and of 2100 m of NE base, assuming a symmetrical and roughly cylindrical shape.



A Step-Over to Huisla Volcano Fault Portion

North of the best-documented evidences on the Igualata volcano, we report clues of cumulative fault displacement across Huisla volcano (500–600 ka, Bablon et al., 2019) beyond a ∼5 km step-over. There, the Huisla volcano is dislocated by a NE-SW fault section. This fault throws down the south-eastern part of the volcano (Figure 8). The morphology of the Huisla strato-volcano is characterized by a collapse amphitheater resulting from a large and sudden collapse of its southeastern flank between 215 and 180 ka (Bablon et al., 2019). Huisla and related avalanche have been subsequently faulted during the Pleistocene (and Holocene?). The fault segment is revealed along its course to the NE down to the Patate River valley at several places (Figure 8), with one creek incised within the debris avalanche deposits with a significant (∼60 m) right-lateral component, for instance (label A, Figure 8 and picture 2015-26&27, Supplementary Material). On the Patate River western slope, a road-cut of the new Pelileo-Riobamba highway offers massive outcrops with many gravitational and tectonic deformation features. In one of these, we could document a Pleistocene NE-SW strike-slip shear plane between the Huisla avalanche deposits and a series of non-dated deposits with inter-stratified colluvial and volcanic fall layers (Figure 8B). One can notice that the older layers are affected by soft-sediment deformation, including folds, slumps and intra-formational faults. Downslope, we speculate that the damming of a perched NW-SE short valley could be due to a “positive” vertical deformation during right-lateral faulting (label B, Figure 8 and pictures 2015-33-3&4). The northernmost Huisla fault segment crosscuts the Patate valley to reach the western flanks of the Eastern Cordillera, approaching a length of about ∼20 km. In that area, it is possible to map (Figure 3 and Supplementary Figure S10) several short and discontinuous N-S to NE-SW linear morphological features with some dextral deflection evidences (Supplementary Material: pictures 2016-21, 27, 30, 32, 35) or fault expression in Quaternary deposits (Supplementary Material: pictures 2016-16 and 36). Actually, the fault seems to scatter amidst this buttress of Western Cordillera basement and finally appears to be deviated to the north, depicting a >30° bend (label Z, Figure 3). Note that this area includes the epicentral area of the 1949 Pelileo earthquake that caused many landslides and other secondary effects during shaking (Semanante, 1950).



The Laguna Pisayambo Area and the Pisayambo Fault

It was not possible to reach the high mountain area in the Llanganates National Park between waypoints 2016-20 and 2014-33 (Supplementary Figure S10) because of high elevation, steep relief, denser vegetation reaching higher altitudes and absence of tracks. There is a lack of clear lineament on the DEM between the aforementioned neotectonic clues and the NE-SW active Laguna Pisayambo fault mapped and observed close to the Angahuana volcano (Supplementary Figure S10), raising the possibility of a 15 km-wide active fault gap (Figure 3). Interestingly, this fault ruptured up to the surface in 2010 during a moderate earthquake (M∼5) (Champenois et al., 2017), and this historical surface rupture exactly sticks to a cumulative fault that dextrally displaces Pleistocene moraines of about ∼15 m and disrupts Holocene soils (Figures 9b,c; pictures 2014-18-1 and 2014-32 in Supplementary Material). A stratigraphic section in a hand-made trench allowed the check of the 2010 and syn-andisol development (Holocene) activity of the fault, during the last 8 ky (see Supplementary Figure S4 in Champenois et al., 2017 and picture 2014-34, Supplementary Material). Further north-east, several rather short lineaments (13 and 26 km) come one after the other separated by gaps or step-overs. These strike-slip segments (they are grouped into the Pisayambo Fault zone) merge the Andean east-verging Cosanga thrust (Alvarado et al., 2016). The fault segments strike around N30°–N50°E, and are parallel but not coincident with the Pucara fault defined several km further south (Alvarado, 2012).
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FIGURE 9. (a) The Pisayambo Fault segment has ruptured during a small magnitude event (Mw∼5) in 2010 along a clear cumulative fault scarp, leaving a 9 km long surface rupture (Champenois et al., 2017). (b,c) In the central section of the rupture, view of the 15 m offset of a lateral moraine, with evidences of 2010 30–40 cm right-lateral surface rupture; (d) illustration shows a high cumulative scarp in the south-central section, with coseismic surface deformation (open fissure).




Salcedo-Latacunga Folds

Turning back south to the Pelileo area (Figure 3), a striking point in the active fault map of the region is the north-south system of fault-related folds that arises north of the aforementioned basement buttress. Those NS structures, bounding the Inter-Andean depression north of the CCPP system, are kinematically consistent with this right-lateral fault system (Lavenu et al., 1995). The southernmost signs of folding in Quaternary deposits crop out in an area where they imbricate intimately with NE-SW scarps and lineaments (Figure 3 west of label Z and Supplementary Figure S10), a similar pattern as proposed by Fiorini and Tibaldi (2012) to the north in the Cotopaxi volcano region. The IAV is morphologically marked by flat surfaces, with rivers (e.g., Rio Patate) deeply incised in loose volcano-sedimentary sediments. Both DEM analysis and field observations underline the occurrence of many NS flexures, tilted surfaces and layers, elongated ridges, sometimes damming the drainage network (Laguna de Yambo, see pictures 2015-01 and 2016-55 in Supplementary Material), and even reverse faults (Figure 10 and picture 2016-53 in Supplementary Material). In map view, the general pattern of fault-related fold lines steps with a leftward en-échelon-like pattern toward the North. We could not evidence any lateral component of deformation in the area covered by the Figure 10 map. The morphological imprint of those compressive structures vanishes to the north and we assume that there is a significant gap in sub-surface faulting pattern. However, it is worth mentioning that Fiorini and Tibaldi (2012) report similar NS folds 15 km northward, close to the Cotopaxi volcano, which could then connect to the Quito-Latacunga folds.
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FIGURE 10. North of the strike-slip fault sections in the Inter-Andean Valley, the fault-related folds and flexures around Ambato and Latacunga cities are clearly exposed in topography. (A,B) illustrates a topographic profile across those fault-related folds and flexures, suggesting a reverse component along near surface dip slip faults. Reverse faults have been observed in places between Quaternary volcanic deposits (e.g., between the Chalupas ignimbrite, 215 ka old according to Bablon et al., 2019, and the Latacunga series) and some symmetrical folds (e.g., Yambo laguna) clearly impact the landscape development.


The current activity of the N-S structures is strongly supported by the SAR data. In a study of the Tungurahua volcano activity, Champenois et al. (2014) used results from Advanced Synthetic Aperture Radar (ASAR) data provided by the Envisat satellite (C-band with a 5.6 cm wavelength; 23 ENVISAT SAR data; Ascending pass). They determined the surface deformation rate between 2003 and 2009, using the Persistent Scatters InSAR (PSI) technique to perform time series analysis of ground deformation. We here present a new map (Figure 11) showing the deformation in the enlarged Tungurahua volcano region. One can easily see that the InSAR-PS map also clearly depicts differential motion rates in the Line-of-Sight (LOS) across the IAV and its rims (Figure 11). Basically, positive LOS velocities depict pixels that move up (a lot) and west (a few), whereas negative values represent relative subsiding (or moving eastward) pixels. On Figure 11, we observe from west to east along the P1 profile a gentle and undulating decrease in the LOS displacement rate of about ∼ 2 mm/yr over 30 km. We suggest that this gentle eastward decreasing pattern of uplift may be due to the interseismic loading due to the subduction, as demonstrated by GNSS (Nocquet et al., 2014). This slope is then disrupted by a sharper gradient in displacement rate across a ∼2 km narrow band, in the area where the western structure bounding the IAV is mapped (Alvarado, 2012). Another step is found to the East, at the eastern edge of the IAV and, once again, it matches with the location of a mapped active structure. Because of their proximity in the study area, we speculate that there could be a structural linkage at depth between those NS fault-related folds and the strike-slip fault system located some km to the south. Assuming this relationship, there would be a conservation of strain across the area, accommodating the relative motion between the North Andean sliver and the South America Plate.
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FIGURE 11. Illustration of surface deformation in the Inter-Andean Valley seen by SAR geodesy. The gentle decrease in the Line-Of-Sight displacement rate (LOS, in mm/yr) toward the east (due to the interseismic loading because of the subduction convergence) is affected by two sharper gradients in displacement rate that could match with the two IAV-bounding fault zones (Alvarado, 2012) that cause the uplift of the Cordilleras. Posing several assumptions (see text), we estimate that the fault slip rates could reach 1.7 mm/yr and 0.5 mm/yr for the Eastern and Western Boundary Faults, respectively. IAV, Interandean valley; LF, Latacunga folds; PF, Pallatanga fault; T., Tungurahua volcano.




ANALYSIS


Structural Complexity

The new fault map depicts a series of fault sections including discontinuities, branching or sub-parallel strands, step-overs (max. 5 km), km-scale gaps or bends. Such complexities are rather common along active strike-slip fault systems within which earthquake ruptures can propagate. However, despite this complexity, individual fault portions do not show any dramatic internal changes, except for the area between the Huisla volcano and the eastern cordillera area where bends exceed 25°. The short surface distance (3–5 km) between the North-South folds and their spatial imbrication with strike-slip features in the Pelileo area suggest that there could be a structural relationship at depth between the two families of tectonic features. Considering that the complete fault network is related to the same geodynamic input (i.e., the North Andean Sliver motion to the NNE with respect to South America Plate), this interaction would imply a conservation of slip rates from south to north, across the fault network.



Slip Rates

Deflected morphological features and offset Quaternary formations allow inferring slip rate information. The fault zones cut a large panel of rocks, including Paleozoic basement (Eastern Cordillera) and Cretaceous/Tertiary volcanic rocks from the Western Cordillera terranes, but also recently dated Pleistocene/Holocene volcanic units, glacial deposits and thick Holocene andisols. During the field campaigns, we pointed out several spots where the amount of displacement of relatively recent deposits or the separation of landforms could be estimated.

The oldest K-Ar age obtained for Igualata volcano (376 ± 10 ka; Bablon et al., 2019) is interpreted as a minimum age for this edifice. This age provides a very long-term estimation of maximum slip rate for the northernmost segment of the Pallatanga fault. We estimate this slip rate based on the dextral apparent horizontal separation of the hinge line marking the base of the edifice. This estimation is highly uncertain because of our low ability to define precisely this piercing line (toe of the volcano slope). The southern flank toe appears to be offset between 900 and ∼1500 m (depending on the projection of the piercing lines applied to the wide fault zone), whereas the northern slope appears to be massively disrupted (∼2100 m, even 2500 m when considering an alternative option for projecting the slope toes). Considering the oldest age of this edifice, the resulting maximum and long-term slip rate range from 2.4 to 4 mm/yr (southern slope) to 5.6–6.6 mm/yr (northern slope). In addition, we assume that the Pallatanga fault already had an impact on morphology when the lava flow dated at 237 ± 9 ka (Bablon et al., 2019) have been emplaced in the southern fault-controlled valley.

On the same segment, south-west of Igualata volcano, the fault cuts the Guano valley, as well as the massive Chimborazo-related volcanic avalanche deposit which was deposited during the catastrophic collapse of the Chimborazo edifice between 40 ± 8 and 62 ± 4 ka, according to the ages of overlying and underlying lava flows (Samaniego et al., 2012; Bablon et al., 2019), respectively. The drainage incised in this massive volcanic package is dextrally offset, and the two spots are used to evaluate the cumulative slip. At site A (Figure 4), the drainage is offset by 60–120 m, depending on the chosen projection of upstream piercing line (incised channel or northern valley slope), whereas the southern slope of Guano valley (site B; Figure 4) is displaced between 60 and 90 m (depending on the projection of used piercing line, i.e., base of slope). Assuming that the drainage has started to incise after the avalanche deposits emplacement, this provides a slip rate range value between 1 and 2.7 mm/yr (site A) to 1–2 mm/yr (site B). This bracket represents a minimum value, because the offset drainage could be younger, for instance dating only back to the Holocene onset (12 ka), then slip rate could reach an unlikely value of ∼10 mm/yr. Otherwise, the same fault strand deforms the 4 ± 2 ka Guano lava flow (Bablon et al., 2019) in San Andres. The flat upper surface of this lava flow is clearly bumped along a tiny linear ridge in continuation of the fault. However, the lateral offset of the lava flow edge cannot be inferred from the DEM analysis. Note that other oblique strand has been detected by Baize et al. (2015) to the east, which deflects some avalanche deposits’ landscape features by ∼110 m. Summing up these two segments, a value of 3.6–4 mm/yr seems to best fit the data at this fault section, following the various hypotheses.

Along the slopes of the deep incision in the Igualata volcano summit area (∼3800–3900 m a.s.l.), the small-scale incision (“CH”), still active today, is offset of 73 ± 5 meters (Figure 6). Although we do not know the age of this incision feature, we suggest that it could have formed after the retreat of glaciers that filled the valley down to 3400–3600 m asl., during the Last Glacial Maximum. In the area, this climatic stage occurred from 33 ± 3 ka on, and ended at around 14 ka (Clapperton, 1990; Samaniego et al., 2012; Bablon et al., 2019). Consequently, the minimum slip rate there may then range between 2.1 mm/yr (68 m in 33 kyr) to 5.6 mm/yr (78 m in 14 kyr): we give more weight to the high range of values (∼5 mm/yr) because the valley was probably regularly glaciated up to 14 ka.

In Rumipamba, Winter et al. (1993) then Baize et al. (2015) estimated, based on the cumulative offset of Holocene morphological features and successive vertical displacements of late Holocene soils, that the apparent and mean slip rate ranges between 2.9 and 4.6 mm/yr and 2.5 mm/yr, respectively. We provide an updated analysis of slip rate (2.1 mm/yr) based on paleoearthquake record in the following section. Note that, accounting for the 41.5 m offset measured by Winter et al. (1993) on landscape features, and revising their “post-glacial” age from 10 to 13 ka of those authors to 30–14 ka (Samaniego et al., 2012), we come out with a very consistent mean slip rate values determined from large-scale morphological features’ offset and displaced soils (1.4–3 mm/yr range).

The Huisla segment is poorly documented. The only indication is a 60 m deflection of a drainage incision in the Huisla avalanche deposits, overlooked with DEM and checked in the field. The only temporal constrain available is the 215–180 ka age of the Huisla-related avalanche deposits (Bablon et al., 2019), providing a minimal slip rate of 0.3 mm/yr that does not seem realistic. Assuming that the drainage started to incise at the beginning of the Holocene, a speculative upper bound value 4 mm/yr is determined. The drainage deflection is located on the same lineament as the recent rupture visible in the road cut 5 km to the north-east (Figure 8B).

In Pisayambo area, we could map in different places the horizontal offset of moraines, between 15 and 20 meters. Considering their elevation (∼3700 m), these moraines could be associated with the LGM (33–14 ka) by analogy to the Chimborazo volcano flanks (Samaniego et al., 2012). These values would end up with a relatively low slip rate ranging between 0.45 and 1.4 mm/yr for the Pisayambo Fault.

Concerning the NS compressive structures, the mean Plio-Quaternary shortening rate across the IAV has been previously estimated around 1.4 mm/yr (Lavenu et al., 1995), including both the N-S structures that bound the IAV to the west and to the east. More recently, Fiorini and Tibaldi (2012) stated that slip rates along the thrust faults described are unknown, but provide an estimate of less than 1 mm/yr along each fault. We hereafter propose another evaluation based on InSAR data (Champenois et al., 2014) presented above. On Figure 11, we observe along the P1 profile that the first LOS displacement rate associated with the western border of IAV is about ∼1 mm/yr over ∼2 km narrow band in the area. The second LOS displacement rate step found to the East at the eastern margin of IAV is around ∼-1.8 mm/yr and the sense of LOS displacement is consistent with a relative uplift of the eastern cordillera. Assuming that those border faults are reverse and that the slip vector is for both faults parallel to the LOS, we can easily estimate their geodetic slip rates. Although the dips of these two faults are not well constrained, we assign 50° values by analogy with the Quito reverse fault, whereas the LOS is dipping by ∼70°. When projecting the LOS onto the two fault planes, we end up with actual slip rates of 1.7 and 0.5 mm/yr for the Eastern and Western Boundary Faults, respectively. Those reverse faults slip rates are much lower than the one determined for the Quito Fault (3–5 mm/yr) in the same large tectonic block (Quito Latacunga block; Alvarado et al., 2014), a fault that is now recognized to absorb a portion of shallow creep in its central part (Marinière et al., 2020).

The lower and upper bound values of slip rate are summarized in Table 1.


TABLE 1. Summary of slip rate along the 90 km section of the Pallatanga fault, based on observed offsets of landscape features and stratigraphic layers.
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Earthquake Surface Ruptures and Their Recurrence

We recompiled the original radiocarbon ages obtained in Baize et al. (2015) trench, together with the measured vertical offsets. Soil samples 14C ages are calibrated with OxCal software (Bronk Ramsey, 2009), using the IntCal13 calibration curve (Reimer et al., 2013) to infer the possible range of paleo-earthquake dates. We provide details of this analysis in Supplementary Material. The geological interpretation of the trench T2 (Figure 12A), located a few tens of meters south of the trench visible on Figure 2, led to propose a series of 4 paleoearthquakes, i.e., a recording of 3 complete earthquake cycles bracketed by E4, E3, E2, and E1 within the last ∼8000 years (Figure 12B). Based on the calibrated ages (see Supplementary Material), we come out with the most probable following dates: E4 = 4250 BCE, E3 = 2400 BCE, E3 = 400 CE and an historical earthquake (post-1000 CE; Figure 12B). We supposed this last event to be the 1797 Riobamba earthquake, which seems to be the best candidate for this rupture, because of the vicinity of its epicentral location. However, we cannot completely rule out the Mmw∼7.2 1698 event. The perpendicular-to-fault trench only gives access to the vertical component of late Holocene slip. However, Winter et al. (1993) proposed that the long-term (Pleistocene to Holocene) slip is massively right-lateral, based on the geomorphic reconstruction of near-field landforms. Those authors came out with maximum, mean and minimum values of the related slip vector respectively dipping 20°, 11.5°, and 6° to the south. Using those values, the individual net slip during E1–E4 events range between 2 and 8.6 m, corresponding to moment magnitudes ranging between 7.3 and 7.9 for strike-slip earthquakes (Wells and Coppersmith, 1994). Figure 12B illustrates the slip versus time history that can be inferred from the trench result. Over the 3 earthquake cycles, the cumulative fault displacement is between 7.3, 12.5, and 23 m, respectively, slip vectors of 20°, 11.5°, and 6°, ranging the short-term (last 6000 years) slip rate between 1.2 and 3 mm/yr. We stress that the prolongation of slip rate line to the old ages in the trench (black dashed lines) intersects the “0” slip value, close to the oldest soil sampled a few cm above the bottom of the Holocene series. This strongly suggests that this soil was developed promptly after a morphogenic earthquake that created space for sediment accumulation.
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FIGURE 12. Illustration of the slip versus time history inferred from the Rumipamba trench results. (A) Geological section of trench T2 dug in 2009 in Rumipamba (Baize et al., 2015). We simplified the drawing in representing in a same caption the bedrock fragment-rich horizons (colluvial wedges), the soil units and the bedrock, as well as the fault planes and surrounding shattered rocks. We underline the stratigraphic location of the event horizons that are used in the OxCal analysis. (B) X-axis is calibrated date; black bell-shaped curves are probability density functions of earthquake dates resulting from the stratigraphic model and the resulting Bayesian estimation of dates determined by OxCal online tool. Gray shaded boxes depict the uncertainty ranges of paleoearthquakes including age uncertainty (from OxCal model) and slip range (from possible slip vector range). The staircase curve represents a “mean” slip versus date scenario based on those results, representing three earthquake cycles. A value of paleoseismological slip rate is extracted from this curve, depending on the initial slip vector hypothesis. (C) The “mean” slip versus data scenario (staircase curve) is presented to illustrate that the Rumipamba better matches a slip-predictable model.


On top of the ∼380 ka old Igualata volcano, the five successive dextral displacements of “CH” are between 7 and 18 m, ending up with a cumulative right-lateral offset of ∼73 m. The cumulative vertical component is around 4 meters (Figure 4). Assuming that those evidences are caused by surface-rupturing morphogenic earthquakes, we stress that the values are in the order of the highest offsets ever inferred for single events (> 15 m), such as those due to the M∼8 Wairarapa, New Zealand, earthquake in 1855 (Rodgers and Little, 2006) or the M7.6 Chi Chi, Taiwan, earthquake in 2001 (Lin et al., 2001), but massively larger than those ever measured recently such as the 8–9 m on the 2002 M7.9 Denali, Alaska, rupture (Haeussler et al., 2004), on the 2001 M7.8 Kokoxili, China, rupture (Klinger et al., 2005), the 2008 M7.9 Wenchuan, China, rupture (Yu et al., 2010), or even the 12 m on the 2016 M7.8 Kaikoura rupture in New Zealand (Kearse et al., 2018; Langridge et al., 2018). Based on this worldwide catalog, we question that the Igualata proofs of earthquake ruptures could correspond to a series of only five single event offsets and, therefore, we suggest that the time required to generate the “CH” feature could be longer than recurrence of large earthquakes, i.e., 1500–3000 years if we refer to the Rumipamba trench.

Along the Pisayambo section (north-east of Pelileo city) of the fault system, a magnitude 5 earthquake caused a surface rupture along a 9 km long fault with pure right-lateral surface displacements (maximum ∼30 cm according to field observations, ∼40 cm according to InSAR results). The hand-made trench, as presented in the Supporting information of Champenois et al. (2017), shows the main fault zone between the (presumably) Pleistocene moraine and the organic soil with a reactivation (opening) during the 2010 event. This section, as well as the general geomorphology (see picture 2014-18-1, in Supplementary Material), suggest the occurrence of two surface-rupturing events by the alignments of pebbles within the soil, one between -2500 and -1070 cal B.C, and the other between -840 and -340 cal B.C. However, the sedimentary signal is too weak to go further and estimate vertical separation, for instance.



DISCUSSION

We estimate that multiple-segment ruptures could occur along the Pallatanga fault system. Biasi and Wesnousky (2017, 2016), based on a worldwide historical database, propose that the likelihood of rupture propagation is linearly related to the width of surface steps and gaps in strike-slip faults. For instance, they determine a 30% probability of rupture propagation across 5 km wide steps or gaps. In the same way, they also explore the influence of fault bends in rupture propagation and conclude that changes in strike play a significant role on rupture propagation when exceeding 25°. However, recent events suggest that those rules can be significantly overstepped, such as the 2016 M7.8 Kaikoura, New Zealand, earthquake during which the rupture jumped over large distances (10–20 km) from the Canterbury faults to the Marlborough faults. During this same event, some sections of the Canterbury surface ruptures intersect at orthogonal angle (Litchfield et al., 2018). Considering those empirical relationships, an “extreme” scenario rupturing the whole Pallatanga fault system cannot be excluded, then mobilizing a rupture length larger than 150 km from tip (south of Pallatanga at the western margin of the Andes) to tip (few km northeast of Pisayambo at the eastern margin of the Andes). Such an event could also mobilize the nearby reverse segment in the IAV. Historical examples (2002 Denali, Alaska; 2016 Kaikoura, New Zealand) have shown that a combination of strike-slip and thrust segments can rupture in one earthquake. In that case, our geological mapping is consistent with scenarios of large earthquakes of Mw = 7.5+, accounting for surface rupture length of 150 km or Rupture area of 4500 km2 (Wells and Coppersmith, 1994). This estimation is coherent with that of the 1797 Riobamba earthquake magnitude (Mmw = 7.6) based on historical accounts (Beauval et al., 2010). Unfortunately, we do not have sufficiently continuous and reliable data to validate this statement based on the most recent earthquake surface rupture (two sites distant of 40 km, from Rumipamba to Igualata), or based on paleoseismological recordings (one trenched site in Rumipamba and one outcrop in Sicalpa at 10 km, see Baize et al., 2015).

Keeping in mind the whole range of uncertainty and assuming a constant earthquake rate over time, the slip versus time distribution at the Rumipamba site suggests that the fault behavior is not perfectly periodic, but is better matched by a slip predictable model (Figure 12). The 1797 earthquake (E1) triggered too soon in a time predictable model. Additional data are needed to constrain this first appreciation, to understand if this is a common feature all along the Pallatanga fault. One first-choice site to explore is the Igualata summit, and another one is close to the pass between the Rio Pangor valley and the Cajabamba and Laguna Colta (site 2010-19, see Supplementary Material).

We describe the fact that the Igualata, Huisla and Mulmul edifices, which have been active between ∼380–100, ∼600–500, and ∼180–140 kyr, respectively (Bablon et al., 2019), are affected by the Pallatanga Fault, as well as many younger volcanic products filling the basin, such as the Guano lava flow and debris avalanche deposit from Chimborazo volcano. In terms of slip rate, our new data fill a gap of knowledge in the middle of the CCPP fault system between the south-westernmost CCPP section (the fault system crosses the littoral plain of Puna Island with minimal Holocene slip rate of 6–8 mm year (Dumont et al., 2005a, b) and the northernmost section (Holocene slip rates around 10 mm/yr according to Tibaldi et al. (2007) along the Chingual section). In Figure 13 and Table 1, we report the whole set of slip rate values estimated from both our field data and available datings or stratigraphic information. The Pallatanga fault is active at least since the beginning of the Igualata volcano building (∼376 ka), and probably largely before if we assume a connection with the Puna fault in the Guayaquil gulf (Witt et al., 2006). We ranked the values of slip rates obtained in the previous section with respect to their reliability, roughly estimated based on the robustness of the age of displaced markers and the precision or accuracy of the piercing lines. We consider the slip rate reliable when the age is estimated for a dated marker (14C or K-Ar) and when the piercing line is geometrically well-constrained. Speculative clues are those for which none of those conditions are satisfied. In between, questionable cases bear rather reliable age or offset. Based on this, there could be an increase of slip rate around the Igualata area, north of Rumipamba where the slip rate estimate is reliable, and south of Pisayambo. This trend is mainly driven by two spots with questionable results both due to poorly constrained ages of displaced deposits; those rates could be revised with further data acquisition. Despite slip partitioning from the Pallatanga – Rumipamba segments to the Pisayambo fault zone, on one hand, and to the north-south folds on the other hand, there seems to be a variability of slip rate along strike. This twofold change -from ∼2 to 3 mm/yr to ∼4 to 6 mm/yr- occurs around the Igualata volcano area over distances from 25 to 40 km (distances between available data). Therefore, the whole fault system would show changes at local (2–3 to 4–6 mm/yr) to regional (2–10 mm/yr) scales. Spatial changes are described both along long-living and segmented faults, like the 400 km-long Doruneh Fault in Iran (Farbod et al., 2016) or along young and evolving fault systems, like the Eastern California Shear Zone (Kirby et al., 2008; Frankel et al., 2011; Angster et al., 2018). In this latter case, variability is distributed over comparable along-strike distances. This is similar to the Pallatanga fault system. Along the Eastern California Shear Zone, the along-strike variation of strain is interpreted as the consequence of transfer to distributed structures off the fault of concern. This then suggests that this kind of variability could be a common trend of young and evolving fault systems, such as the Pallatanga Fault. Note that back and forth deformation transfer and interaction between faults is also evoked to explain temporal changes at a single site (Gold et al., 2013).
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FIGURE 13. Synthesis of slip rate estimation along the section of the 90 km Pallatanga fault system of concern. This graph is based on observed offsets of landscape features and stratigraphic layers, and related uncertainties and reliability, reported in Table 1.


The fault map, when viewed at the regional scale, suggests that there are changing patterns from SW (Pallatanga area) to NE (Riobamba then Pelileo areas) with multiplication of fault sections, branches, and parallel strands. Long-living crustal magmatic bodies are known to make the lateral propagation of faults more difficult because they modify the thermo-mechanical properties of the bedrock (Dumont et al., 2017). It has also been proposed that the presence of a volcano could preclude the rupture propagation during a single earthquake (Yagi et al., 2016). By analogy, one can suggest that the migration of magmatic centers from northern Ecuador southward to the Riobamba region during the last ∼800 kyr (Bablon et al., 2019) might have perturbed the development of a unique and high strain fault across the IAV. Growth of the north-south trending active folds in the IAV is poorly constrained in time, though their onset is probably not older than several hundred of thousand years like the magmatic bodies intersecting the PF according to their immature morphology (Alvarado, 2012), and those features could be seen as the product of this interaction. This hypothesis will be tested further.



CONCLUSION

The primary objective of this work is to contribute to seismic hazard analyses for a densely inhabited area of central Ecuador. To achieve this aim, we provide a detailed description of available and newly acquired data on one major and emblematic fault zone, the Pallatanga fault, and its related structures. This compilation is a first step in building realistic fault models for future Probabilistic Seismic Hazard Analyses in Ecuador, providing updated and comprehensive fault maps and related earthquake geology parameters, such as slip rates, timing and magnitude of past earthquakes and their uncertainties. We are aware of the heterogeneity of the data and further studies will have both (1) to enrich the existing fault database in terms of geology (mapping, trenching, drilling, dating), geophysics (sub-surface profiling), geodesy (GNSS, InSAR) and seismology (near-fault monitoring, relocating clusters) information, and (2) to expand this endeavor to other parts of the same seismotectonic province. This is one goal of the on-going LMI SVAN group, which has developed an ambitious program to investigate the crustal faults. To date, the scarcity of earthquake geology data in Ecuador clearly preclude developing a segmentation model of the Pallatanga fault system like along well-studied fault systems, such as the Wasatch Fault (DuRoss et al., 2016). Yet, recent large earthquakes illustrate that multiple segment ruptures are not rare and that unexpected scenarios with either kinematical or geometrical complex configurations (2010 M7 Darfield: Atzori et al., 2012; 2010 M7.2 El Mayor Cucapah: Fletcher et al., 2014) or distant segments without structural linkage at depth (2016 M7.8 Kaikoura: Hamling et al., 2017) could happen during large strike-slip events.

To test those scenarios in Ecuador, one could use concepts and tools recently developed for Probabilistic Seismic Hazard Analysis that consider potential complexities. For instance, Chartier et al. (2019) developed a method coupling information from seismology and earthquake geology, for example where parameters such as geometry and slip rate are specified for each fault segment. Then, one can relax the rupture segmentation and calculate the rate of multiple segment ruptures based on geological constrain in consistency with seismological datasets. This approach is a relevant way to explore the behavior of the faults of concern.

We suggest that it would be worth to develop similar earthquake geology approaches across the continent of South America, in parallel to geophysical data acquisition. The instrumental and historical record of earthquakes (covering several hundred years at best) and the geodetic measurements, fail to capture alone the behavior of crustal faults, to describe their complete earthquake productivity rate and the long recurrence of large events. Those geological topics are critical knowledge for developing fault models and related seismic hazard analyses, beside seismology and geodesy, whatever the targets (national scale maps or site-specific studies).
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According to historical earthquake records, the Luhuo segment of the Xianshuihe fault has produced two large earthquakes: the 1816 M7.5 earthquake and the 1973 M7.6 earthquake. The surface ruptures caused by these events remain well preserved. This study focused on the rupture behavior of the Luhuo segment. Based on field investigations, trench excavations and analysis of historical earthquakes, we identified six seismic events that occurred within the past 3000 years, which are dated at 769 BC, 318–545 AD, 677–833 AD, 1008–1444 AD, 1816 AD and 1973 AD. The recurrence intervals of these events, from oldest to youngest, are approximately 1200, 324, 471, 590 and 157 years. Thus, the recurrence behavior of the fault segment appears inconsistent with time- or slip-predictable models, whereas, the revealed seismic sequence appears consistent with clustering and abnormal accelerating stress release behavior. The fault strike-slip rate during the period of anomalous stress release is approximately 2–3 times faster than the average rate of 8.4 mm/a. Moreover, the Luhuo segment has experienced ongoing high levels of seismic activity over the past 3000 years, and the entire Xianshuihe fault currently shows a high degree of seismic activity. Therefore, we suggest there was a long period of earthquake quiescence prior to 3000 years ago, which might have balanced the high activity and accelerating stress release of current earthquakes.

Keywords: Luhuo segment of the Xianshuihe fault, paleoearthquake, abnormal accelerating stress release behavior, clustering model, slip rate


INTRODUCTION

Knowledge of the rupture behavior of large seismic events is critical to understanding the spatiotemporal variations of strain loading and release on active faults. The time-dependent earthquake recurrence model is rooted in elastic rebound theory (Reid, 1910), which states that tectonic strain accumulates gradually between earthquake events and is released suddenly during earthquakes (Weldon et al., 2004). This theory also implies that the relationship between slip rate and recurrence intervals of characteristic earthquakes is linear (or approximately linear) on active strike-slip faults (Shimazaki and Nakata, 1980; Schwartz and Coppersmith, 1984; Savage and Cockerham, 1987); in other words, the slip rates of strike-slip faults are consistent on different time scales. However, some studies have argued that fault behavior does not completely follow theory and that slip rates on strike-slip faults exhibit spatiotemporal variability over time (Donnellan et al., 1993; Bull et al., 2006; Mouslopoulou et al., 2009). For example, some slip patterns related to strike-slip faults, such as characteristic slip, spatiotemporal slip variability and pulsed slip behavior, have been detected during the past two decades (Mason et al., 2006; Gold and Cowgill, 2011; Klinger et al., 2011; Zielke et al., 2014; Dolan et al., 2016). Temporal variability of fault slip rate might be related closely to the rupture behavior of large earthquakes on a fault (Mason et al., 2006; Onderdonk et al., 2015; Dolan et al., 2016; Gold et al., 2016).

The Xianshuihe fault is an important left-lateral strike-slip fault on the eastern margin of the Tibetan Plateau. Along the entire length of the fault, there have been seven major earthquakes of ≥M7 during the past 300 years (Wen et al., 2008). Early study on the Xianshuihe fault focused on the fault’s geometric features, fault segmentation and surface ruptures related to the strong historical earthquakes (Wen et al., 1989; Allen et al., 1991; Li et al., 1997). However, few studies have investigated paleoearthquakes and the recurrence behavior of large earthquakes along the fault. Furthermore, most trenches for early paleoearthquake study were excavated across fault scarps or surface ruptures in denudation environments (Li et al., 1997; Zhou et al., 2001). Therefore, lacking of young sedimentary deposits in such eroded environment meant that evidence of seismic events was missing. Over the past 10 years, detailed paleoseismic studies have been undertaken along the southern segment of the Xianshuihe fault (Hu et al., 2015; Li et al., 2017; Yan and Lin, 2017). However, research on the recurrence behavior of large earthquakes of the Xianshuihe fault remains infirmly. In this paper, we focus on the Luhuo segment (the northwestern segment) of the Xianshuihe fault and study the rupture behavior of large earthquakes.



LATE QUATERNARY TECTONIC ACTIVITY OF THE XIANSHUIHE FAULT

The Xianshuihe fault zone is a left-lateral fault system along the southeastern boundary of the Bayan Har Block, which has played an important role in the evolution of the eastern margin of the Tibetan Plateau (Papadimitriou et al., 2004; Yan and Lin, 2015). Taking the Huiyuansi Basin as a cut-off boundary, the northwestern and southeastern segments of the Xianshuihe fault exhibit different structural characteristics (Figure 1; Wen et al., 1989; Allen et al., 1991). The northwestern segment, which comprises the Luhuo, Daofu, and Qianning sections arranged in left-stepping echelon, consists of a single fault strand. Conversely, the southeastern segment that has complex structure can be divided into three subfaults: the Yalahe, Selaha, and Zheduotang segments. The Yalahe segment is located in the east, the Selaha segment is in the middle, and the Zheduotang segment is in the west. South of Kangding County, the Xianshuihe fault becomes a single structure again. To the south of Xinmin, in Shimian County, the active trace of the fault becomes obscure. Ultimately, the fault trace ends near Gongyihai, south of Shimian County.
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FIGURE 1. Grayscale map (modified from 90-m-resolution SRTM4 data) showing the topographic and tectonic setting of the Xianshuihe fault. The earthquake catalog was provided by Sichuan Earthquake Agency, Chengdu, China. The fault line was modified from Li et al. (2017).


Based on multiple measurements taken in past decades, the Xianshuihe fault is regarded as a high-slip-rate fault. In particular, geological surveys have indicated that the northwestern segment has a high slip rate of 12–17 mm/a (Qian, 1989; Wen et al., 1989; Zhang, 2013; Chen et al., 2016). Most estimates of the slip-rate of Xianshuihe fault obtained from GPS observations or InSAR data, are approximately 9–13 mm/a (Wang et al., 2009; Jiang et al., 2015; Rui and Stamps, 2016). However, other studies have suggested that the slip rate of the Xianshuihe fault is not so high, and could be perhaps ≤7 mm/a (England and Molnar, 2005). The Xianshuihe fault, which exhibits a high degree of seismic activity, has produced seven earthquakes of ≥M7.0 along its entire length during the past 300 years (Wen et al., 1989, 2008; Bai et al., 2018). The surface ruptures of these historical earthquakes remain preserved on some segments of the fault, e.g., the Luhuo, Daofu, Selaha, and Yalahe faults. Two large events (>M7.0) have occurred on the Luhuo fault: the M7.5 earthquake of 1816 and the M7.6 earthquake of 1973. The surface rupture of the 1973 event, which cut the pressure ridge produced by the preceding earthquake, remains clearly visible. Geographically, the Luhuo fault is the northwesternmost segment of the Xianshuihe fault, and it is arranged in left-stepping echelon with the Ganzi–Yushu and Daofu faults. Geomorphologically, the Luhuo fault has reasonable linear geomorphology, and many deflected streams, offset alluvial fans and sag ponds occur along its length.



PALEOEARTHQUAKE INVESTIGATIONS


Site Description

To better constrain the timing of paleoearthquakes and analyze the rupture behavior of the Xianshuihe fault, we chose an ideal study site for trench excavation near the village of Yousi, in Luhuo County (Figure 1). The study site is located on a platform of glacial deposits to the northwest of Yousi. Here, many geomorphological markers of recent tectonic activity of the Xianshuihe fault are well preserved, e.g., a 20–30-m high reverse fault scarp, gully and platform edge left-laterally displaced by 183 ± 18 m, and sag ponds (Figure 2). The surface rupture of the 1973 M7.6 earthquake is also preserved very well. The surface rupture developed along the root of an older fault scarp, and it cut a pressure ridge produced by the preceding earthquake. Two sag ponds of different sizes are present at this site (Figure 3a). In such a sedimentary environment, earthquake events could be well recorded in the strata. Northwest of the sag ponds, the surface rupture cut the newest alluvial fan. The upstream part of the gully is split into several branches at distances of approximately 4–5 m (Figure 3b), which were offset by the latest fault activity. Here, the sediments transported from the upstream part of the gully deposit, were rapidly deposited and can be well preserved. Different pressure ridges produced by different earthquake events remain preserved on the diluvial fan (Figure 3b). This observation suggests that these events were likely to be well recorded in the diluvial units. In conclusion, the site was considered ideal for research on the rupture behavior of the Xianshuihe fault.
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FIGURE 2. Geological map and distribution of trenches (indicated by black solid rectangles) at the Yousi field site (the location of the black solid square in Figure 1).
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FIGURE 3. The surface rupture of the 1973 M7.6 earthquake and the tectonic landforms at the trench sites: (a) site 1 and (b) site 2 (as shown in Figure 2). The black dashed rectangles mark the locations of the trenches.




Trench Study at Site 1


Stratigraphic and Paleoearthquake Sequences in TC1

There are two sag ponds at site 1. Trench TC1 was excavated across the larger sag pond and the surface rupture of the 1973 M7.6 earthquake (Figure 3a). We identified six units that are summarized as follows.


Y1:This unit is composed of a gray sand-gravel layer and coarse sand layer, representing a diluvial deposit facies. The upper part (Y1b) is a dark-brown coarse sand layer full of organic material.

Y2:This unit can be divided into two subunits. Y1a is composed of dark-gray fine sand layers and sand gravel layers with a certain rhythmic characteristic. Y2b is mainly composed of fine sand with some organic interlayering. The sedimentary characteristics of the unit represent alternation between relatively low-energy and medium-energy hydrodynamic environments.

Y3:This unit is a sedimentary deposit environment of sag pond in the middle of the trench, which is composed of gray-black loam and fine sand. In the western part of the trench, this unit can be divided into two subunits. Y3a is composed of brown fine sand interbedded with coarse sand lenses. This subunit is full of organic material. Y3b is composed of gray loam. The sedimentary characteristics of the unit represent a very low-energy depositional environment.

Y4:This unit, which differs between the western and eastern parts of the trench, can be divided into two subunits. Y4a is composed of livid fine sand, suggesting a low-energy water-rich environment. At the bottom of Y4a is a continuous layer of subrounded gravel (diameter: 3–5 cm). Y4b is composed of variegated sand–gravel. The western part of Y4b, which overlaps Y4a, and pinchs out westward, contains some well-rounded severely weathered granitic pebbles. Y4b can be interpreted as a scarp-derived colluvial deposit.

Y5:This unit also can be divided into two subunits based on differences between western and eastern parts of the trench. Y5a is composed of flavescens fine sand with a certain degree of horizontal bedding. There are also some well-rounded granitic pebbles in the eastern part of the subunit. Y5b, which contains intermingled brownish-yellow sand and small gravel, is interpreted as scarp-derived colluvial deposit.

Y6:This unit contains brown sand soil that is rich in grass roots and contains small gravel.



Five earthquake events were identified in the trench TC1. Although contact relationships between unit Y1 and the faults were not revealed directly in the trench, Y1b is obviously deformed and rumpled and has unconformable contact with the overlying unit Y2 (Figure 4). These observations suggest that an event (Event I) occurred after deposition of Y1b. In Event II, Y2 was displaced by the faults. A sag pond formed after this event, within which unit Y3 was deposited (Figures 5, 6). In Event III, Y3 was displaced by the faults and a colluvial wedge (V1) developed. Further obvious evidence for this event is the displacement and rumpling of units Y3a and Y3b revealed in the western part of trench TC2 (Figures 4, 5, 6b). Some well-rounded pebbles are present at the eastern edge of Y4b, which might have rolled down from the fault scarp during the event. In Event IV, Y4 was displaced by faults F1 and F2. The thickness of Y5a on the eastern side of F2 is greater than that on the western side (Figures 4, 5). The well-rounded pebbles at the eastern edge of Y5b might have rolled down from the fault scarp during Event IV. In Event V, the units were displaced by faults F1 and F2 (Figures 4, 6a); this event can also be inferred from the surface rupture.


[image: image]

FIGURE 4. The exposed northwestern wall and geological section of TC1 showing stratigraphic units U1–U6. The purple triangles show the collecting positions of the samples used for carbon dating. The purple dashed rectangle indicates the location of Figure 6a.



[image: image]

FIGURE 5. The exposed part of the southeastern wall and geological section of TC1 showing stratigraphic units U1–U5. The purple triangles show the collecting positions of the samples use for carbon dating. The purple dashed rectangle indicates the location of Figure 6b.
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FIGURE 6. Photographs of parts of the walls of TC1: (a) part of the northwestern wall showing the relationship between fault F1 and deformation of the strata, and (b) part of the southeastern wall showing the relationship between fault F2 and deformation of the strata. White dashed lines mark stratigraphic boundaries; red arrows indicate fault traces.




Dating Constraints on Paleoearthquakes at Site 1

Here, we analyze the stratigraphic sequence and evidence for paleoearthquakes exposed in trench TC1. After reconsidering and removing some older and unreasonable dating results (Figure 7 and Table 1), we identified the occurrence and timing of five paleoevents. The evidence for Event I (E1) is rumpling–folding of Y1b and its unconformable contact with the overlying unit. Base on carbon-dating results for samples TC2C2 and TC2C4, Event I is constrained to 16280 ± 50 to 16170 ± 50 a BP and Event II (E2) is constrained to 12160 ± 40 to 2540 ± 30 a BP. An obvious piece of evidence for this event is that Y2 was faulted and a sag pond opened after the event. Subsequently, Y3 was deposited and it is thickest nearest the fault (Figures 4, 5). In addition, unit Y3 was deposited gradually in a very low-energy water-rich environment. We obtained four carbon samples TC2C13, YSB-C1, TC2C18 and TC2C20 from unit Y3, which were dated at 1030 ± 30, 2540 ± 30, 12480 ± 40 and 12160 ± 40 a BP, respectively. In contrast to the carbon-dating results obtained from Y2, the results for samples TC2C18 and TC2C20 are much older than the depositional age of Y3. We speculate that these two samples might have come from the upper part of Y2 and that their ages might represent the depositional age of that unit. Thus, the test results of samples TC2C13 and YSB-C1 could reasonably represent the depositional age of Y3. Furthermore, the dating of YSB-C1 is closer to the depositional age of the lower part of Y3. Therefore, the age of Event II is likely to be closer to 2540 ± 30 a BP. Obvious evidence for Event III (E3) is that Y3 has been faulted and rumpled and a colluvial wedge (V1) developed (Figure 5). Event E3 is constrained to 1030 ± 30 to 440 ± 30 a BP by the carbon dating of units Y3 and Y4 (especially the results for samples TC2C13 and TC2C21). In Event E4, unit Y4 was displaced and it formed a colluvial wedge (V2). Obviously, E4 occurred after deposition of Y4, which is dated to about 440 ± 30 a BP. The latest event (E5), which could not be carbon dated but could be identified from the surface rupture, was the 1973 M7.6 earthquake.
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FIGURE 7. Stratigraphic sequence and radiocarbon dates of TC1. The samples labeled in purple text are considered markedly older than the depositional units in which they occur. All samples were processed at Beta Analytic Inc., Miami, FL, United States.



TABLE 1. Radiocarbon ages from the Yousi trenching site.

[image: Table 1]We built an age model for the stratigraphy in TC1 using OxCal4.3.1 (Figure 8; Ramsey and Lee, 2013) and inferred the occurrence of five events. The radiocarbon calibrated dating and stratigraphic constraints for the events are 17862–17517 BC, 769 BC, 1008–1444 AD, 1451–1655 AD and 1973 AD.
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FIGURE 8. Results of OxCal analysis of radiocarbon dates from site 1. The raw radiocarbon ages were calibrated using OxCal 4.3.1 (Ramsey and Lee, 2013).




Trench Study at Site 2

At site 2, we excavated two trenches (TC2 and TC3, Figure 3b) that intersected the pressure ridge on the diluvial fan. The trenches revealed a succession of excellent sedimentary strata that comprised distinct sedimentary units that had a rapid rate of deposition. We divided the sediments into five major units that are summarized as follows (Figure 9).
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FIGURE 9. Stratigraphic sequence and radiocarbon dating results of TC2 and TC3 at site 2. All samples were processed at Beta Analytic Inc., Miami, FL, United States.



U1:Gray-brown fine sand and coarse sand. The lower part (U1a) is mainly composed of coarse sand, in which there are some interlayers or colluvial wedges composed of fine sand and abundant organic material. On the top of this subunit is a layer composed of gravel that is much more angular, suggesting an alluvial and diluvial sedimentary facies. The upper section (U1b) of the unit is mainly composed of fine sand, containing some brown sand belts rich in organic material. This unit, on the western wall of the fault zone in TC3, consists of alternating layers of fine sand and coarse sand with different colors.

U2:Gray and reddish coarse sand, containing many fine sand lumps and small gravel lenses. In TC2, there are some thin layers rich in organic material in the top part of the unit. The unit belongs to a diluvial depositional facies in a water-rich environment.

U3:The unit is composed of gray reddish coarse sand and fine sand with a certain sedimentary rhythm in TC3. However, in TC2, the unit does not show obvious formational bedding and it contains many gravel lens and fine sand lumps that represents a high-energy water-rich environment.

U4:A setting of yellow reddish sand-gravel mixed with many fine sand lenses and clumps representing a diluvial sedimentary facies. There is a certain sedimentary rhythm evident on the eastern wall of the fault zone revealed in TC2.

U5:Modern soil.



Based on the depositional characteristics and the relationships between the strata and faults, we infer that four paleoearthquakes have affected the site. Event I (P1) is clear in both trenches. In TC2, unit U1 is faulted by fault F3, and it exhibits a cumulative displacement of approximately 24 cm (Figure 10). This displacement is larger than the 10-cm offset of U2b produced by the subsequent earthquake (Event II) (Figure 11a). In TC3, additional clear evidence shows that this event led to subsidence of the surface and faulting of the strata. Especially on the eastern wall of TC3, subunit U1b, which can be regarded as a marker for this event and contains some thin sand layers rich in organic material, was obviously displaced and deformed and it is unconformably overlain by sedimentary unit U2 (Figure 12). The clearest evidence for Event II (P2), as revealed in TC2, is that layer U2b, which has been crumpled and deformed, was displaced by about 10 cm by fault F3 prior to deposition of an unconformable sedimentary layer U3 (Figures 10, 11a). The occurrence of Event III (P3) can be inferred from the postdepositional displacement of unit U3 by faults F1, F2, F3, and F4, as well as the uplift of the same unit on the hangingwall of fault F1, as visible in TC2 (Figures 10, 11b). These displacements indicate the occurrence of an event before deposition of unit U4. In TC3, further obvious evidence for this event is that faults F1 and F2 have displaced unit U3 and formed a colluvial wedge (W) (Figure 12). Subunit U4a is another marker for identification of P3. This subunit is a yellow and brown gravel layer with an unconformable relationship to unit U3, overlying the wedge. Event IV (P4) is the most recent event, i.e., the 1973 M7.6 earthquake, which produced the surface rupture.
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FIGURE 10. The exposed northwestern wall and geological section of TC2 showing stratigraphic units U1–U5. The purple triangles mark the collecting position of the samples used for carbon dating. The white dashed rectangles mark the locations of Figures 11a,b.
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FIGURE 11. Local enlarged photographs of the northwestern wall of trench TC2: (a) marker unit U2b-1, which was displaced by F3 during Event II, and (b) unit U3b, which was displaced by F2–3 and covered by unit U4 during Event III.
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FIGURE 12. The exposed northwestern wall and geological section of trench TC3 showing stratigraphic units U1–U5. The purple triangles mark the collecting positions of the samples used for carbon dating.


Based on the sequence of strata and the radiocarbon dating results (Figure 9 and Table 1), we constructed a stratigraphy–age model using OxCal4.3.1 and we concluded that four events had occurred (Figure 13). The radiocarbon calibrated dating and stratigraphic constraints for the events are 318–545 AD, 677–833 AD, 907–1622 AD and 1973 AD.
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FIGURE 13. Results of OxCal analysis of radiocarbon dates from site 2. The raw radiocarbon ages were calibrated by OxCal 4.3.1.




DISCUSSION


Earthquake Sequence of the Luhuo Section

At site 1, we identified five earthquake events (E1–E5) that are dated to 17862–17517 BC, 12030–769 BC, 1008–1444 AD, 1451–1655 AD and 1973 AD (Figure 8). In addition, four events (P1–P4) were identified at site 2. These events are dated to 318–545 AD, 677–833 AD, 907–1662 AD, and 1973 AD (Figure 13). It is clear that the latest event was the 1973 earthquake, based on the surface rupture that it produced. The preceding event was dated at 1451–1655 AD in TC1. From historical records of large earthquakes, the earliest record of an M7.7 seismic event was in 1327 AD, which occurred on the southern segment of the Xianshuihe fault (Wen et al., 2008). Thus, details of the occurrence of an earthquake of ≥7.0 on the Xianshuihe fault in the past 500 years would be included in historical literature. The date of the penultimate inferred event is close to the 1816 earthquake; therefore, we suggest that this event was the 1816 earthquake. Although there is a lack of effective geological evidence in the succession revealed in trenches TC2 and TC3, the occurrence of the 1816 earthquake can be inferred from the historical record and geomorphological evidence. As mentioned above, the surface rupture of the 1973 earthquake cut the pressure ridge produced by the previous earthquake (Figure 3a), and hence, it indicates the existence of the event. The dating of E3 in TC1 is 1008–1444 AD, which is consistent with the date of 907–1662 AD for event P3 in TC2 and TC3. Thus, we suggest that E3 and P3 were the same event. Events P1 and P2, identified in TC2 and TC3, are dated as younger than E2 in TC1, which is dated at 12030–769 BC, but closer to 769 BC. That is to say, we cannot find effective geological evidence in TC1 for the two events revealed in TC2 and TC3. After Event II, a sag pond formed in TC1 and unit Y3 was deposited gradually in a very low-energy environment, resulting in poor layering. This makes it very difficult for us to distinguish seismic events in the unit. Event E2, revealed in TC2, is inferred from the faulting of unit Y2 and the formation of the sag pond. The pond constitutes a low-energy sedimentary environment, in which sedimentary unit Y3 formed slowly after E2. These sedimentary conditions would have probably resulted in poor stratification of the deposit. In addition, the geological records of seismic events would be very unclear and identification of different earthquake events would be difficult. Conversely, the well-stratified sedimentary sequence exposed in TC2 and TC3 is representative of a high-energy diluvial environment, which is conducive to identification of paleoearthquakes.

Based on the evidence, we constructed a reasonably complete earthquake sequence for the past 3000 years that includes six events dated at 769 BC, 318–545 AD, 677–833 AD, 1008–1444 AD, 1816 AD and 1973 AD. The intervals between these events are approximately 1200, 324, 471, 590, and 157 years.



Large Earthquake Recurrence Behavior of the Luhuo Section

The recurrence intervals of the events provide evidence that the rupture behavior of the Luhuo section of the Xianshuihe fault deviates from the classic time- or slip-predictable models and instead, represents clustering seismic behavior. Moreover, the segment has experienced an ongoing seismically active period over the past 3000 years. Even now, the entire Xianshuihe fault shows a high degree of seismic activity. Temporal variation in the occurrence of large earthquakes has fundamental implications for understanding how active faults store and release strain energy. Dolan et al. (2016) believed that the rates of stress accumulation and release must be balanced within an earthquake cycle, whilst undergoing two different stages: slower-than-average stress accumulation and faster-than-average stress release. On the Luhuo segment, the earliest earthquake for which evidence is revealed in our trenches is dated at 17862–17517 BC. The second paleoearthquake, which is dated to approximately 769 BC, is identified based on the opening of the sag pond in TC1. We cannot rule out the possibility of paleoearthquake omissions during such a long recurrence interval, however, we suggest that there was a long lull in earthquake activity during this period, which might balance the high level of activity and abnormal accelerating stress release of current earthquakes.

We obtained a reasonably complete earthquake sequence for the past 3000 years. Moreover, Qian (1989) found fault offsets with a similar distribution to those produced by the 1973 earthquake on the Luhuo segment and suggested that these offsets were produced by earthquakes of similar magnitude. We also found a gully was faulted with sizable offsets of approximately 4–5 m (Figure 3b) on the newest diluvial fan, which could be regarded as coseismic offsets of the earthquake events. Reid’s elastic rebound theory (Reid, 1910) has long been used as the fundamental conceptual theory of earthquake behavior (Matthews et al., 2002; Field et al., 2014). According to the theory, stress is released suddenly during major earthquake ruptures and it accumulates slowly between earthquakes. From the earthquake recurrence intervals and the coseismic offsets, the slip rate in different periods can be calculated. However, it was not possible to obtain the coseismic offset of the earliest earthquake because of the rupture characteristics of the Luhuo segment (as mentioned above); therefore we instead used the average value of coseismic offsets. There were two episodes of pulsed slip with rates of approximately 17.3 and 25.5 mm/a over the past 3000 years (Figure 14). The fault strike-slip rate during the pulsed slip period is approximately 2–3 times faster than the average rate at 8.4 mm/a. The characteristics of the earthquake recurrence intervals on the Luhuo segment indicate that the cause of the slip pulse is temporal earthquake clustering. Similar behavior has been documented for other active faults. For example, based on study of the response of the Sanxiton River to the activities of the Awatere Fault in New Zealand, Mason et al. (2006) found that the slip rate of the fault varied with time. Dolan et al. (2016) also found evidence that the Garlock Fault, in CA (United States), displayed pronounced variations in slip rate. Gold et al. (2016) reported that there was a pulse of accelerated slip on the Altyn Tagh fault, northwest China, in the past 16000 years. Moreover, they suggested that the cause of slip pulses could be either spatiotemporal clustering of earthquakes or a single great earthquake. Therefore, we suggest that the Luhuo segment of the Xianshuihe fault exhibits temporal variations in slip rate because of the seismic clustering behavior of large earthquakes.
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FIGURE 14. Slip rates of the Luhuo segment over the past 3000 years. Green lines show slip rates in different periods. Purple line shows the average slip rate over past 3000 years.


In addition, the Luhuo segment displays complexity of earthquake occurrence over time. Two large historical earthquakes have occurred on the Luhuo segment of the Xianshuihe fault, i.e., the 1973 M7.6 earthquake and the 1816 M7.5 earthquake. The occurrence interval between these two events is only 157 years. However, it remains unknown why sufficient stress might remain after the occurrence of a major earthquake to allow another similarly sized event to occur shortly thereafter (Tormann et al., 2015). We can propose two possible explanations for the abnormal accelerated stress release between the 1816 and 1923 earthquakes. The first possibility, assuming the strain energy was released completely after the two historical earthquakes, is that the rupture behavior would show pulsed slip caused by earthquake clustering. The second possibility is that the energy was not released completely, suggesting that the Luhuo segment could produce an earthquake greater than the two historical events if all the energy of the segment were released in a single event. In our study, we only obtain the recurrence behavior of the Luhuo segment in past 3000 years and suggest there was a long lull in earthquake activity prior to this period, which might balance the high level of activity and abnormal accelerating stress release of current earthquakes. But we have not obtained a longer record of the paleoearthqaukes and could not discovered a complete super-cycle of large earthquakes. We still need to do more work to reveal more detail of large earthquake recurrence behavior on the Luhuo segment of the Xianshuihe fault.



CONCLUSION

Through field investigations, trench excavations and analysis of historical earthquakes of the Luhuo segment of the Xianshuihe fault, we identified six seismic events in the past 3000 years, which were dated to 769 BC, 318–545 AD, 677–833 AD, 1008–1444 AD, 1816 AD and 1973 AD. The intervals between these events are approximately 1200, 324, 471, 590, and 157 years. The recurrence behavior of large earthquakes on the fault deviates from the classic time- or slip-predictable models, representing clustering behavior. Two episodes of pulsed slip, in which the release rate was approximately 2–3 times faster than the average rate at 8.4 mm/a, occurred in the past 3000 years. Based on the large earthquake sequence characteristics, we suggest that the slip pulses were caused by temporal seismic clustering. Moreover, the Luhuo segment has experienced ongoing high seismic activity in the past 3000 years, and the entire Xianshuihe fault currently exhibits a high degree of seismic activity. Thus, we suggest there was a long lull in paleoearthquake activity before this period, which might balance the high level of activity and abnormal accelerating stress release of current earthquakes.
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The activity of blind thrust faults drives fold deformation of overlying strata, leading the folds to be geometrically related to the underlying blind thrust faults. However, it is often challenging to select an appropriate kinematic model for a thrust fault-related fold. To construct the model of the Guman fold in front of the Western Kunlun Mountains in western China, we interpret deformed terrace profiles and a high-resolution seismic reflection profile that crosses the fold. Combining deformation characteristics of the terrace profiles and subsurface structures interpreted from the seismic reflection data, the Guman fold is best explained as a fault-bend fold with lower flat-ramp-upper flat geometry that grows by kink-band migration. Previous studies and the seismic reflection profile show that the blind fault ramp dips 20 ± 4° to the south. Using the fault bend fold model with Monte Carlo probability distributions, the uplifted and dated T1c terrace surface (250 ± 35 ka) and fault geometry indicate a slip rate of 2.6+1.3/−0.4 mm/yr along the underlying fault ramp. The uplift of the pre-growth strata across the underlying fault ramp combined with the fold initiation in the early Pleistocene (2.14–1.8 Ma) indicate a long-term slip rate of 1.7+0.6/−0.2 mm/yr along the underlying fault ramp. For a lower flat-ramp-upper flat fault-bend fold with fault dip of 20°, 13% of the slip along the underlying fault ramp would be absorbed by the fold above the fault ramp, whereas 87% of the slip will be transferred forward along the upper fault flat. Therefore, the shortening accommodated by the Guman anticline is 0.34+0.18/−0.06 mm/yr while the slip rate along the upper fault flat is 2.3+1.1/−0.4 mm/yr since the T1c terrace abandonment. This result explains why the shortening of the Guman Anticline is largely hidden from the relative movement of Global Positioning Stations sites to the north and south of the fold. These findings support the view that most of the crustal shortening of the Western Kunlun Mountain is transferred basinward along the shallow detachment and is likely ultimately absorbed by the Mazatagh Thrust located 200 km away in the hinterland of the Tarim Basin.
Keywords: fault-bend fold, blind thrust fault, Guman fold, slip rate, Western Kunlun Mountain
INTRODUCTION
Blind reverse fault activity often folds the overlying strata. It has long been recognized that certain folds are geometrically related to the underlying blind thrust faults (e.g., Suppe, 1983; Jamison, 1987; Erslev, 1991; Epard and Groshong, 1993). Most thrust fault-related folds are characterized as fault-bend folds, fault-propagation folds, detachment folds (Jamison, 1987) and wedge-thrust folds (Shaw et al., 2004). Growth mechanisms of these folds are broadly assigned to kink-band migration (Suppe, 1983; Medwedeff, 1992; Medwedeff and Suppe, 1997) and limb rotation mechanisms (Erslev, 1991; Hardy and Ford, 1997; Allmendinger, 1998; Allmendinger and Shaw, 2000). Many kinematic models have been developed to establish a quantitative relationship between surface folds and the underlying thrust faults (e.g., Suppe, 1983; Erslev, 1991; Medwedeff, 1992; Epard and Groshong, 1993; Hardy and Ford, 1997; Medwedeff and Suppe, 1997; Allmendinger, 1998; Allmendinger and Shaw, 2000; Lavé and Avouac, 2000; Bernard et al., 2007; Le Béon et al., 2014; Saint-Carlier et al., 2016). However, it is often challenging to differentiate among kinematic models for specific thrust fault-related folds, because the fold geometries are often the same or similar on the surface and in seismic reflection profiles. At the same time, different kinematic models require different slip or slip rate calculation methods and also represent different structural deformation modes.
The growth mechanism and the associated subsurface geometry are requirements for building a kinematic model of an active fold. For example, if a terrace surface is preserved continuously across a fault-propagation fold or a detachment fold, conservation of excess area allows for estimating the cumulative horizontal shortening experienced by this marker, provided that the depth to the detachment fault is known (Epard and Groshong, 1993). This method is also applicable to fault-bend folds with an upper fault flat exposed to the surface (called “type 1 fault-bend fold” in this paper; Figure 1A1; e.g., Lavé and Avouac, 2000). However, if the upper fault flat of a fault-bend fold is not exposed (called “type 2 fault-bend fold” in this paper; Figure 1A2; e.g., Suppe, 1983), the excess-area conservation method is not applicable to the determination of the total shortening experienced by the surface terraces. This is because a majority of the deformation will be accommodated by the upper fault flat and the fold above the fault ramp absorbs only a small portion of the deformation (Figures 1A2,A3; Suppe, 1983; Epard and Groshong, 1993). An alternative approach to calculate horizontal shortening is to divide uplift by the sine of structural dip, given that a fault-bend fold grows by kink-band migration (Figures 1B1,B2; e.g., Suppe, 1983; Lavé and Avouac, 2000).
[image: Figure 1]FIGURE 1 | Schematic diagrams showing the kinematic link between terrace deformation and the geometry of fault-bend folds. (A1) In type 1 fault-bend folds, the magnitude of the excess area is a product of the displacement on the lower detachment (D) and the depth to the detachment (h) (Lavé and Avouac, 2000). (A2) In type 2 fault-bend folds, the excess-area conservation method is not applicable because some material (△A2) is translated out of the fold for levels above the upper flat (h > hu), whereas all the area involved is expressed as excess area (A1) for levels below the upper flat (h < hu) (Epard and Groshong, 1993). (A3) Excess area vs. depth diagram (Epard and Groshong, 1993). The excess area above and below the upper flat is represented by two line segments which intersect at the stratigraphic level of the upper flat. (B1,B2) In fault-bend folds, if they grow by kink band migration, horizontal shortening is equal to uplift divided by the sine of the underlying ramp dip (e.g., Suppe, 1983; Lavé and Avouac, 2000). (C1) The terrace folds localized across the active axial surfaces are normally indicative of kink band migration. The terraces above the ramp are parallel to each other. (C2) Simple shear fault-bend folds produce two dip panels of different magnitudes. Long distance of tilt deformation occurs across the pre-growth shear interval by limb rotation. The location of active folding of ground surface relative to the geometry of a fold can be used to distinguish between folding styles. Fold scarps that grow at an anticlinal axial surface by kink band migration are often type 2 fault-bend folds (D1). Alternatively, fold scarps that grow at a synclinal axial surface are often indicative of wedge-thrust folds (D2).
River terraces, which are accessible and less challenging to date than growth strata (e.g., Suppe et al., 1992; Shaw and Suppe, 1994), record incremental fold deformation at different time scales (e.g., Rockwell et al., 1988; Lavé and Avouac, 2000; Thompson et al., 2002; Chen et al., 2005; Hubert-Ferrari et al., 2007; Bernard et al., 2007; Daëron et al., 2007; Simoes et al., 2007; Simoes et al., 2014; Stockmeyer et al., 2017; Charreau et al., 2018). Therefore, deformation characteristics of river terrace sequences can be used to distinguish between the growth mechanisms of folds. For fault-bend folds that grow by kink-band migration (Figure 1C1), terraces can be deformed as they pass through the active fold axis (Suppe et al., 1997; Lu et al., 2002; Chen et al., 2005; Scharer et al., 2006; Hubert-Ferrari et al., 2007; Ishiyama et al., 2004; Ishiyama et al., 2007), while far from active axis, these surfaces are not deformed (Suppe et al., 1997; Hubert-Ferrari et al., 2007; Li and Chen, 2014; Stockmeyer et al., 2017). For shear fault-bend folds (Figure 1C2), gradual rotation of fold limbs causes overlying terraces to tilt over a substantial horizontal distance (Rockwell et al., 1988; Chen et al., 2005; Scharer et al., 2006; Hubert-Ferrari et al., 2007). Furthermore, fold scarps can represent the active axis surface of a fold that grows by kink-band migration (Lu et al., 2002; Chen et al., 2005; Chen et al., 2007; Scharer et al., 2006; Hubert-Ferrari et al., 2007; Li and Chen, 2014), so some types of folds can be distinguished by their location relative to the fold’s front limb (Ishiyama et al., 2004; Ishiyama et al., 2007). Fold scarps that grow at the anticlinal axis are related to type 2 fault-bend folds (Figure 1D1), whereas fold scarps located at synclinal axis are often indicative of wedge thrust folds (Figure 1D2) (Medwedeff, 1992; Ishiyama et al., 2004; Ishiyama et al., 2007). Determining which type of fold model is active requires knowledge of the geometry of folds and faults at depth that can be well constrained from high-resolution seismic reflection profiles. Therefore, combining river terrace deformation patterns and high-resolution seismic profiles is an effective strategy to build kinematic fold models (e.g., Ishiyama et al., 2004; Ishiyama et al., 2007; Shaw et al., 2004; Stockmeyer et al., 2017).
The Guman fold is located in front of the Western Kunlun Mountain of northwest China (Figure 2A). This area has been contracting since the Late Cenozoic (Sobel and Dumitru, 1997; Yin et al., 2002; Jiang and Li, 2014). A large number of fault scarps are present along the frontal fold zone (Figure 3B; Pan et al., 2007; Li et al., 2016; Li et al., 2018) where the M6.4 Pishan earthquake occurred on July 3, 2015 (Figures 2A, 3B), indicating a strong activity of the fold. Despite this recent and other geological evidence for active tectonic deformation, the Global Positioning Stations (GPS) sites to the north and south of the fold show a roughly constant northward velocity (Figures 2A,C1,C2, 3B; Li et al., 2016). Therefore, understanding the activity of the Guman fold is important for accessing the tectonics of the Western Kunlun Mountain region and the seismic hazard. However, based on seismic profiles in front of the Western Kunlun Mountain, previous studies have different interpretations of the fold. Li et al. (2016) proposed that the Guman fold is controlled by a structural wedge, indicating that fault slip progressively shifts toward the hinterland along a back thrust (Li et al., 2018). Jiang et al. (2013) interpreted the fold as a fault-propagation fold that absorbs the tectonic deformation in front of the mountain. Other geologists (Liang et al., 2012; Lu et al., 2016; Cheng et al., 2017; Guilbaud et al., 2017; Li et al., 2018) have suggested that the fold is part of a fault-bend fold system where a large amount of the fault slip is transferred along the upper detachment and could reach the Mazatagh fault, about 200 km north of the fold (Figure 2B). These variable results hinder us from choosing an appropriate kinematic fold model to estimate the deformation of Guman fold. Guilbaud et al. (2017) used the excess-area conservation method applied to terraces to estimate that the slip rate along the blind thrust fault of the Guman Fold is 0.5–2.5 mm/yr. However, the estimate must be refined with constraints on fold growth mechanism and subsurface geometry because the excess-area conservation method may not be applicable for terraces, if the Guman fold is a type 2 fault-bend fold in which some material is transferred out of the fold (Figures 1A2,A3; Suppe, 1983; Epard and Groshong, 1993). Based on the seismic profile, Li et al. (2016, 2018) proposed minimum slip rates of ≥0.8 mm/yr or ≥1.2 mm/yr since the initiation of deformation. These results leave a significant gap in our understanding of the late Quaternary shortening rate accommodated by the Guman fold.
[image: Figure 2]FIGURE 2 | (A) Structures and historical earthquakes along the Western Kunlun Mountain. Inset shows the study area. GPS velocities are relative to stable Eurasia from Zheng et al. (2017). Earthquake locations are from the China Earthquake Network Center seismic catalog from 1853 to 2018. ATF, AltynTagh Fault; GM, Guman fold; KKF, Karakoram Fault; KRF, Karakax Fault; KST, Kashitashi Thrust; KYTS, Kashi-Yecheng Transfer System; MT, Mazatagh Thrust; TKT, Tieklik Thrust. Shaded relief map is based on the 30 m SRTM DEM. (B) Geologic section across the Guman fold and the Mazatagh Thrust fault with 2× vertical exaggeration (Li et al., 2016; Lu et al., 2016; Guilbaud et al., 2017). See (A) for the location. (C) Topographic profiles and GPS velocities. Elevation data are from the 30 m SRTM DEM, with 11× vertical exaggeration.
[image: Figure 3]FIGURE 3 | (A) Uninterpreted 12.5 m ALOS DEM shaded relief map showing the Guman fold in front of the Western Kunlun Mountains. (B) Guman fold outlined by white dashed lines. Yellow arrows are GPS velocities relative to stable Eurasia (Zheng et al., 2017). Bedding orientations are from Li et al. (2016). Rose diagram based on mapped fault traces. (C) 2 km wide topographic swath profile from the 12.5 m ALOS DEM. See (A) for location.
In this paper, we develop and test a kinematic model for the Guman fold that couples topography data, kinematic modeling, and geodetic velocities. To build the kinematic model for the Guman fold, we first determine the growth mechanism from deformation pattern of terraces that cross the fold. Secondly, based on comprehensive analysis of the terrace deformation and the subsurface geometry of the fold revealed by a high-resolution seismic profile, we build the kinematic fold model using the theory of fault-bend fold. Based on the established kinematic model, the slip and slip rate along the underlying fault ramp is determined from deformed terrace uplift and exposure age. We also estimate the long-term slip rate using pre-growth strata uplift and the age of initiation of deformation of the Guman fold. The Monte Carlo simulation is used in the calculation, incorporating the input parameter uncertainty. Our findings refine the slip rate along the underlying fault ramp and the deformation patterns in front of the Western Kunlun Mountain.
TECTONIC SETTING OF GUMAN FOLD BELT
The Western Kunlun Mountain are located at the northern edge of the Tibetan Plateau and were formed during the late Cenozoic due to the India-Asia collision (Figure 2A; Sobel and Dumitru, 1997; Yin et al., 2002; Jiang and Li, 2014). Three large faults are present in the Western Kunlun orogenic belt: the left-lateral Karakax fault to the southeast, the Kashgar-Yecheng right-lateral transitional fault to the west, and the south-dipping Tieklik thrust fault (Figure 2A). The Tieklik thrust forms the boundary between the Western Kunlun Mountains and the Tarim Basin and accommodates the convergence between the Tibetan plateau and the Tarim Basin (Gao et al., 2000; Kao et al., 2001; Wittlinger et al., 2004). Few fault-related geomorphic features and only rare earthquakes indicate that this fault may have been inactive in recent times (Pan et al., 2007). However, the high topographic relief and up to 12 km thick Cenozoic sediments in the foreland basin indicate strong deformation basinward of the mountain (e.g., Yin et al., 2002; Jiang and Li, 2014). Besides, the Mazatagh thrust in the center of the Tarim Basin (Figure 2A) is 300 km long, oriented parallel the Western Kunlun Mountains front, and may have been active since the late Miocene or middle Pleistocene (Yang et al., 2007; Pan et al., 2010; Si et al., 2011). The minimum shortening rate across the Mazatagh fold-thrust belt since the middle Pleistocene is 0.9 mm/yr (Pan et al., 2010).
Uplift and foreland-ward propagation of the Western Kunlun Mountains have contributed to continued growth of the Tibetan Plateau since ∼25 Ma (e.g., Sobel and Dumitru, 1997; Ritts et al., 2008; Jiang and Li, 2014). Himalayan movement since Pliocene (∼5 Ma) have apparently caused much stronger convergence and folding of the northern Tibetan Plateau (Zheng et al., 2000; Wang et al., 2003; Hu et al., 2008; Jiang and Li, 2014; Liang et al., 2014). The Tarim Basin, located north of the Western Kunlun Mountain, includes two detachments with gypsum layers that localize deformation (Lu et al., 2016). The gypsiferous detachments are in the lower Paleocene and the Middle to Lower Cambrian units (Lu et al., 2016). On the geologic cross-section perpendicular to the orogenic belt (Figure 2B), the deep structure in the piedmont is a duplex with a stack of four thrust slices between the deep Cambrian and the shallow Paleogene detachments (Guilbaud et al., 2017). At the front of this duplex, the blind ramp connects these two detachments (Guilbaud et al., 2017). The Guman fold is above the leading edge of the imbricate blind duplex (Figure 2B).
The Guman fold is located near Yecheng and Pishan cities (Figures 2A, 3B). Previous studies referred to the structure as the Yecheng-Pishan fold (Guilbaud et al., 2017), the Pishan fold (Wu et al., 2019), and the Guman fold. Guman fold is used by most researchers (e.g., Wu et al., 2004; Pan et al., 2007; Cheng et al., 2011; Guan et al., 2013) and geological maps and we use this term. The fold is oriented NW-SE and has a ∼140 km length and a ∼10–30 km width (Figures 3A,B). The Guman fold creates a smooth topographic step, ∼300 m above the Tarim Basin (Figure 3C). The Plio-Pleistocene strata are exposed along major transverse valleys and dip ∼3–5° to the north (Figure 3B). Many bending moment fault scarps, a type of secondary fault related to folding, are present along the fold (Figure 3B; Pan et al., 2007; Li et al., 2016; Li et al., 2018). However, this region remains nearly aseismic, except for seismicity along the AltynTagh-Karakax strike-slip fault. The region did host three earthquakes (Mw 5.5–6) along the mountain front: two in the 1950s and the 2015 Pishan M 6.4 earthquake (Figure 2A; Li et al., 2015; Li et al., 2016; Guilbaud et al., 2017). Recent GPS data show no significant gradients across the mountain front (Figure 2C; Zheng et al., 2017). GPS data to the north and south of the Guman fold shows constant northward velocity (Figure 3B; Zheng et al., 2017). However, Figure 2C1 shows that the average GPS velocity to the south is clearly higher than the two GPS velocities north of the Mazatagh in the center of the Tarim Basin: 1.43 ± 0.65 mm/yr and 5.48 ± 1.49 mm/yr, respectively.
METHODS
The topographic profiles of fluvial terraces across a fold are indicative of the fold’s growth mechanism and evolution. From free Google satellite images and 12.5 m ALOS digital elevation model (DEM) data, we mapped river terraces across the fold in the Kuoshtagh River and the Pixina Valley. We used differential GPS to measure topographic profiles along several terraces and the modern riverbed. We extracted the topographic profiles of two terraces from the ALOS DEM. The differential GPS and ALOS DEM show a mean elevation difference of 0.6 ± 1.6 m (Figure 4, inset).
[image: Figure 4]FIGURE 4 | Morphological map showing terrace treads and survey lines at the Guman fold in Universal Transverse Mercator (UTM) zone 44. See Figure 3B for the map location. The gray solid pentagon shows a cosmogenic 10Be dating depth profile on the T1c west bank of the Pixina valley collected by Guilbaudet al. (2017). The gray solid diamond shows a surface 10Be sample collected on the T1b east bank of the Pixina valley. Transect A–A′ is the reference line of NE 29°. The red line shows the seismic profile with NE 21.1° and NE 35.6° segments. Shaded relief map is from the 12.5 m ALOS DEM. The inset shows the elevation difference between the differential GPS and the ALOS 12.5 m DEM.
To establish the geometric and kinematic model for the Guman fold from the terrace and the seismic profiles, we projected the terrace elevations and the seismic profile to a reference plane perpendicular to the strike of the fold axis. From the terrace deformation analysis, we constrained the fold’s growth mechanism. Together with the subsurface fold structures and the underlying thrust fault shown in the high-resolution seismic profile, we distinguish between a type 2 fault-bend fold and a wedge-thrust fold. The fault ramp dip under the fold is from previous research and the seismic profile used in this study.
To extract the contribution of structure to terrain from terrace longitudinal sections, it is necessary to correct for the base level, river gradient and sinuosity changes (e.g., Lavé and Avouac, 2000; Simoes et al., 2007; Simoes et al., 2014; Yue et al., 2011; Saint-Carlier et al., 2016). After removing the initial slope from the terrace profiles, the remaining elevation change reflects structural deformation after terrace abandonment. Coupled with terrace exposure ages, we quantify the fold’s shortening rate and the slip rate along the fault ramp. We discuss the tectonic significance of fold’s deformation in front of the Western Kunlun Mountain.
To calculate the deformation rate of the Guman fold, we use a Monte Carlo simulation to generate a synthetic distribution of deformation rates and then determined the most probable value for the deformation rate (e.g., Thompson et al., 2002; Davis et al., 2005; Amos et al., 2007; Rood et al., 2011). In the Monte Carlo simulation, each input parameter is assigned a probability density function (normally distributed or uniform).
RIVER TERRACES DIVISION AND AGES
The Keliyang River originates in the Western Kunlun Mountains, cuts through the Guman Fold, and forms the Bashlangan and Pixina wind gaps as well as the Kuoshtagh water gap (Figure 4). Along these valleys, ongoing folding has uplifted flights of fluvial terraces above the modern riverbed. It is challenging to confidently correlate these terraces due to their numerous levels and similar geomorphic characteristics. We merged neighboring terraces with little vertical separation and similar geomorphic characteristics into a single level, similar to the scheme used by Li et al. (2018).
Terrace Delineation
We divided geomorphologic surfaces into four major terrace groups (T4–T1) from the highest terrace to the lowest and one fan stage (T0) using field observations, geomorphic mapping and dating (Figure 4). Terraces T3, T2, and T1 can be divided into several sublevels (Figure 4). Table 1 compares our terrace division with previous work (Ainscoe et al., 2017; Guilbaud et al., 2017; Li et al., 2018). We found that the Kuoshtag channel is systematically lower (by up to ∼30–60 m) than the Pixina channel. As proposed by Guilbaud et al. (2017), the Guman fold is likely a relict of a former wide alluvial fan that deposited at the Keliyang River outlet along the mountain front. Therefore, the corresponding terraces have different heights above the river bed in different valleys.
TABLE 1 | Comparison of terrace divisions between this study and previous work at the Guman fold.
[image: Table 1]The T4 terrace is the highest terrace in the study area and locally remains on the west bank of the Pixina and Bashlangan Valley. It is ∼160 m above the Pixina river and ∼210 m above the Kuoshtag river (Supplementary Figure S1).
The T3 terraces are strath terraces, located on both banks of the Pixina Valley with ∼90–110 m above the Pixina river and ∼170 m above the Kuoshtag river (Supplementary Figure S1). The strath is composed of interbedded pebble layers, grayish green coarse sand stone and light yellow fine sandy clay stone and is exposed on the east bank of the Pixina valley (Supplementary Figure S1B). The bending-moment fault scarps on the T3a terrace on both banks of the Pixina valley. Both have heights of 1.1–18.2 m (Li et al., 2018). The T3a terrace on the east bank of the Pixina valley is preserved continuously across the Guman fold (Figure 4).
The T2 terraces are mainly distributed along the west bank of the Kuoshtag valley and locally preserved on southwest bank of the Pixina valley (Supplementary Figure S1). The T2 terrace on the west bank of the Kuoshtagh Valley has three sublevels located ∼80–100 m above the Kuoshtag river (Supplementary Figures S1F,G; T2a, T2b, and T2c). In the south of the Kuoshtagh Valley, the sublevels merge.
The T1 terraces are mainly on the west bank of the Kuoshtagh valley located ∼15–45 m above the Kuoshtag river (Supplementary Figures S1F,G; T1a, T1b, and T1c) and on both banks of the Pixina Valley located ∼35–40 m above the Pixina river (Supplementary Figures S1F,G; T1b and T1c). These terraces can be divided into three sublevels based on minor height variations. The terrace surfaces are relatively broad and continuous. T1’s strath is on the both banks of the Pixina valley (Supplementary Figures S1C,D) and the west bank of the Kuoshtagh river (Supplementary Figure S1E). The strath is composed of lightly-colored Pliocene silt and sand. Numerous fault scarps on the northern section of terrace have heights of ∼0.3–4.8 m (Li et al., 2018). PetroChina’s seismic profile crosses the fold along the T1c terrace west of the Pixina valley (Figure 4). Our topographic survey line crosses the fold along the same terrace and intersects with the seismic profile (Figure 4). The terrace exposure age was determined from 10Be dating (Figure 4; Guilbaud et al., 2017). This age can be used to calculate deformation rates of the fold and along the fault ramp since terrace abandonment.
Alluvial fans (T0) are located at the outlet of each valley on the north side of the Guman fold with typical fan shapes (Figure 4), indicating that sediment carried by the rivers immediately spreads around and accumulates after leaving out of the anticline, and that local river erosion datum is on the north side of the anticline.
Age of Terrace Abandonment
The age of terrace abandonment is critical for calculating the deformation rate. Guilbaud et al. (2017) determined the T1c exposure age on the west bank of the Pixina valley to be 250 ± 35 ka from in sit produced cosmogenic isotopes (10Be) (Figure 4; Guilbaud et al., 2017). For the terrace T1b east bank of Pixina valley, Guilbaud et al. (2017) collected one OSL sample along the terrace edge with a depth of 4.0 m from the terrace surface and yielded an age of 40 ± 3 ka (Figure 4). We collected one surface pebble sample (PST2-0) to update the age. Details of field sampling, preparation, measurement, and age calculation are in the Supplementary Material. Using the CRONUS Earth 3.0 calculator (Balco et al., 2008), we calculate the T1b terrace age on the east bank of Pixina valley to be 350 ± 32 ka (Figure 4; Table 2). This is corrected by the 10Be inheritance determined by Guilbaud et al. (2017). This age is consistent with our terrace division scheme: the two lower levels of both banks of Pixina valley belong to the same terrace group and the 7 m height variation is significantly less than the 30–50 m variation in the major levels (Supplementary Figure S1).
TABLE 2 | Cosmogenic 10Be data and ages of the T1b terrace at the Guman fold.a
[image: Table 2]CONSTRUCTION OF FOLD KINEMATIC MODEL
Terrace surfaces are useful geomorphic markers in analyzing the kinematics of active structures. If their initial state is known, the terraces are indicative of folding and faulting kinematics over tens to hundreds of kilo years, often over several seismic cycles (Lavé and Avouac, 2000).
Terrace Survey
We use two methods to obtain terrace elevation profiles: Field-based differential GPS and extraction from high-resolution DEMs. Survey lines are often in the middle of terraces, kept as straight lines, and avoid modified terrace surfaces (Figure 4). During fieldwork, the river flow was intercepted upstream by a reservoir, so we could directly measure the exposed modern riverbed. We extract elevation profiles of two terraces from the ALOS 12.5 m DEM. To evaluate the DEM accuracy, we put the differential GPS and the ALOS 12.5 m DEM in the same coordinate system. Our reference section (p1) crosses the complex and flat terrain of the high and low terrace, respectively. We calculate the elevation differences between the differential GPS and the ALOS 12.5 m DEM at the same points. The elevation differences form a normal distribution with a −0.6 m mean and a 1.6 m standard deviation (Figure 4, inset). The average difference reflects a change of a datum and does not alter our results.
Deformation Characteristics of Terraces
We project the terrace profiles to a reference line perpendicular to the fold axis (Figure 4). Stress concentration in the folding process leads to numerous bending moment faults in the Guman fold (Li et al., 2018). The strike of bending moment faults above a fold generally represents the direction of fold axis (Philip and Meghraoui, 1983; Li et al., 2018). In the study area, the average strike of the bending moment faults is 299° (Figure 3B, inset). On the north side of the Guman fold, rivers exit the fold zone and the valley suddenly narrow, likely due to fold uplift driving enhanced incision at the anticline axis. Similar patterns are seen in the Bashlangan, Pixina and Kuoshtagh Rivers. The connecting trend of these narrowing positions is ∼302° (Figure 4). These findings support a fold axis of ∼299–302°. We choose 029° (perpendicular to fold axis) as the projection reference line, similar to Guilaud et al. (2017). The reference line begins near the fold’s south side (Figure 4).
From the projected terrace elevation profiles, the deformation pattern of the terraces forms a simple step (Figure 5A). From km 0–18 (see coordinate system in Figure 5A), the terraces have surface slopes of 0.74–0.97°. Among them, the T3a and T2b terraces are deformed slightly from km 5–10, possibly due to minor bending of the underlying fault ramp or secondary faulting of the thrust sheet. After km 18, the surfaces tilt steeply northward, and the degree of tilting increases with terrace age. After km 25, the terraces and modern river beds meet on undeformed alluvial fans (T0) (Figure 5A). The seismic reflection profile shows that up to dozen kilometers of terraces above the fault ramp are parallel with each other (Figures 5A,B), indicating that the Guman fold grows by kink-band migration.
[image: Figure 5]FIGURE 5 | (A) Six terrace profiles and the modern Kuoshtagh river profile with 20× vertical exaggeration. All profiles are projected to the NE 29° reference line. The terrace surfaces above the underlying fault ramp are subparallel, consistent with a fault-bend fold that grows by kink-band migration. (B) Interpreted seismic reflection profile based mainly on the results from Lu et al. (2016) and Li et al. (2016). The underlying fault has a lower flat-ramp-upper flat geometry. The axial surface terminology is from Lu et al. (2016). The entry and exit axial surfaces define the hinge zone across the fault bend at the upper end of the fault ramp.
Fold and Fault Structure Inferred From the High Resolution Seismic Profile
Our seismic reflection profile interpretation mainly derives from Lu et al. (2016) and Li et al. (2016). The seismic profile shows that fold has a north-vergent geometry, a steeper (∼12–14°N) and narrow northern limb and a nearly horizontal (∼2–5°S) and broader southern limb (Figure 5B). The blind thrust fault shows a simple step shape. The seismic reflection layers are offset across the fault ramp, and there is no clear decrease of offset along the ramp (Lu et al., 2016; Ainscoe et al., 2017), so we infer that the fold is a fault-bend or wedged-thrust fold but not a fault-propagation fold.
The position of active axial surfaces relative to the geometry of the fold’s front limb can be used to distinguish type 2 fault-bend folds from wedge-thrust folds (e.g., Ishiyama et al., 2004; Ishiyama et al., 2007). We align the seismic profile with the projected terrace survey profiles using the intersection of survey line P2 and the seismic profile (Figure 5). We did not project the seismic profile to the reference section because their angle is 8°, and the projection would ony shorten the seismic profile by ∼170 m. This shortening is small and would not affect our results. The terrace deformation mimics the deformation of the underlying strata (Figure 5). The strongest deformation of the terrace surfaces, the location of fold scarps, is at 18–23 km section, which corresponds to the position on the seismic profile turning from fault ramp to upper flat (Figure 5). The terraces deform at the anticline hinge zone (Figure 5), not at the fault tip. This indicates that the anticlinal axis of fold is active, while the axial surface of fault tip is not. This supports that the Guman fold deformation is related to a type 2 fault-bend fold model (Figure 5, inset).
Constructing a Fold Kinematic Model
Based on the above discussion, the Guman fold is a type 2 fault-bend fold that grows by kink-band migration. However, we have not yet constrained the dip of the underlying fault ramp. For the seismic reflection profile, Li et al. (2016) estimated a ramp dip of 10–14° by assuming a uniform seismic velocity model of 3,000 m/s. Ainscoe et al. (2017) believe that this underestimates the velocity of the Pre-Cenozoic sediments and updated the profile by assuming 3,000 m/s and 5,000 m/s for the Cenozoic and Pre-Cenozoic units, respectively. They update the fault ramp dip to 16–20°. Lu et al. (2016) incorporate drill data and conclude that the fault ramp dips 20°. The Pishan mainshock fault parameters from earthquake catalogs, body wave modeling and a uniform Interferometric Synthetic Aperture Radar (InSAR) slip inversion (He et al., 2016; Wen et al., 2016; Ainscoe et al., 2017) indicate a dip of 20°–24°. Based on these results, we use a fault ramp of 20 ± 4°.
BLIND FAULT SLIP RATE AND GUMAN FOLD SHORTENING RATE
Method
Given that fault-bend folds (Suppe, 1983) grow by kink-band migration, the structural uplift (h) is proportional to the sine of the fault ramp dip angle (θ) and to the horizontal shortening (S) along lower fault flat (Figure 6; Lavé and Avouac, 2000; Yue et al., 2011).
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[image: Figure 6]FIGURE 6 | Kinematic model of type 2 fault-bend fold that grows by kink-band migration. The back limb dips are parallel to the fault ramp, with a limb length equal to the fault slip S. Slip is not preserved across the fault bend, because the deformation is consumed by the fold (S’ < S). S, slip or slip rate along the lower fault flat or fault ramp; S’, slip or slip rate along the upper fault flat; R, slip ratio; γ, axial angle; θ, fault ramp dip. Numerical relationships are from Suppe (1983).
Pre-growth strata have the same horizontal shortening, while the horizontal shortening of the growth strata (terrace surfaces) decreases with decreasing deposition age (terrace abandonment) (e.g., Suppe et al., 1992; Shaw and Suppe, 1994). If the ages of the growth strata (terrace abandonment) or the initiation age of deformation of a fold are known, the shortening rates can be calculated (e.g., Shaw and Suppe, 1994).
For type 2 fault-bend folds, hanging wall motion is parallel to the adjacent fault segments (Figure 6; Suppe, 1983; Yue et al., 2011). The fault slip (S) along the ramp is the same along the lower fault flat, but the slip along the upper fault flat (S′) decreases because fault slip is consumed by anticlinal folding of the thrust sheets (Figure 6). Simplifying Suppe (1983)’s equations shows the relationship between fault slip on both sides of the anticlinal bend (Figure 6).
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The slip ratio is R = sin (γ−θ)/sinγ. The relationship between the axial angle (γ) and the fault ramp dip (θ) is tanθ = sin 2γ/sin (2cos2γ+1). This formula can also be applied to growth strata and terraces (Le Béon et al., 2014).
Terrace Deformation
To compute the slip along the underlying fault ramp, we need to translate river relative incision revealed by terraces into incremental uplift. This needs corrections for base level, river gradient and sinuosity changes and to remove initial topographic gradients (Lavé and Avouac, 2000).
From the terrace morphology, there is no strong evidence for river sinuosity changes during the terrace formation and incision. The terraces remain approximately parallel to present riverbed (aside from the deformed portions; Figure 4). The incision profiles across the fold (Figures 5A, 7) have no strong residual baseline slopes that could indicate river gradient changes. Therefore, we make no corrections for changes in river sinuosity or gradient. It is still necessary to correct for erosion base level changes, due to sedimentation out of the fold, and for our case, north of the anticline. The deposits carried by the river immediately spread and accumulate into alluvial fans to the north of the anticline. The terraces converge and alluvial fans are at similar elevations to the current riverbed, which represents the local erosion base level. There are no previous constraints on the sedimentation rate in this area at the timescale of the uplifted terraces. We calculate the deposition rate from the youngest stratigraphy on the north side of the anticline based on the seismic reflection profile. The unit is 2.5 ± 0.2 km thick and its deposition began 3.6 Ma (Figure 5B; Li et al., 2018). Thus, the deposition rate is 0.69 ± 0.05 mm/yr. This value is consistent with the 0.5–1.0 mm/yr rate from other researchers in the Tarim Basin (Métivier and Gaudemer, 1997; Zheng et al., 2000; Jiang and Li, 2014). However, the rate is larger than 0.4 mm/yr from Guilaud et al. (2017) at the Guman fold. See the discussion for more detail. Further considering the uncertainty of the value, we use a 0.6–0.8 mm/yr deposition rate on the north side of the anticline.
[image: Figure 7]FIGURE 7 | Terrace profiles from Figure 5A after removing a 0.8° gradient. The residual slopes are less than 0.07°, suggesting that these profiles can be used to evaluate the tectonic uplift of the terraces.
As mentioned earlier, the terrace slopes are about 0.8 ± 0.1°, roughly consistent with the current riverbed slope (Figure 7), so we think that this slope represents the initial terrace state. This is also consistent with the ∼0.70–0.95° terrace gradient from Ainscoe et al. (2017). After removing this gradient, the residual terrace slopes are less than 0.07° and remaining elevation changes on individual terraces can be used to evaluate tectonic uplift of the terraces (Figure 7).
Fault Slip and Fold Shortening Rate From Terrace Deformation
We use a Monte Carlo simulation to calculate the slip and fold shortening rate (e.g., Thompson et al., 2002; Davis et al., 2005; Amos et al., 2007; Rood et al., 2011). This approach accounts for age, surface roughness, ramp dip, and deposition rate uncertainty. We use Oracle Crystal Ball, a worksheet-based software package designed for predictive modeling.
In the Monte Carlo simulations, each input is assigned a probability density function (PDF) that describes the variable uncertainty (Figure 8B; e.g., Thompson et al., 2002; Davis et al., 2005; Amos et al., 2007; Rood et al., 2011). The offset is estimated using a least-squares linear regression fit to the topographic survey points. The regression assumes a normal distribution. Surface age is given by a normal distribution with an average and standard deviation (250 ± 35 ka). A normal distribution is also used to estimate the error of the fault ramp dip (20 ± 4°). We use a boxcar PDF of the deposition rate of 0.6–0.8 mm/yr. These values define the mode and one standard confidence interval for slip and slip rate with 5,000 trial runs (Figure 8C).
[image: Figure 8]FIGURE 8 | Diagram depicting slip magnitude and rate calculations along the blind fault ramp under the Guman fold (A) The P2 survey line on the T1c terrace west of Pixina valley. Tectonic uplift along the underlying fault ramp is equal to the relative uplift measured from the survey after correcting for deposition thickness. The 250 ± 35 ka exposure age was determined by Guilbaud et al. (2017) using cosmogenic 10Be depth profile dating. (B) Relative vertical separation, fault ramp dip, terrace age and deposition are combined in a Monte Carlo simulation to estimate the slip magnitude and rate along the underlying fault ramp.
For the T1c terrace on the west bank of the Pixina River (Figure 8A), the part above the fault ramp is 74.1 m higher than base level. Given the surface roughness, we assign a 10% uncertainty to the elevation difference. Since the abandonment of the surface at 250 ± 35 ka, the deposition thickness on north side of the fold or equivalently the base level rise is 173.1 ± 26.7 m. Using this base level rise to correct for the incision of terrace T1c, the tectonic uplift of terrace T1c above the fault ramp is 246.0 ± 28.4 m (Figure 8A). We calculate a slip of 666.4+273.3/−103.6 m and a slip rate of 2.6+1.3/−0.4 mm/yr along the underlying fault ramp since the terrace abandonment (Figure 8B). For the lower flat-ramp-upper flat fault-bend fold with a 20° fault ramp dip, according to the fault-bend fold theory (Suppe, 1983), 87% of slip continues to pass forward along the upper fault flat and only 13% is absorbed by the fold above the fault ramp. Therefore, the shortening rate of Guman fold is 0.34+0.18/−0.06 mm/yr, while the slip rate along the upper fault flat is 2.3+1.1/−0.4 mm/yr.
Long-Term Fault Slip Rate From Pre-growth Strata
Combining the uplift of pre-growth strata across the underlying fault ramp and the fold’s deformation initiation age yields a long-term slip rate along the fault ramp. We estimate the initiation age of deformation for the Guman fold from the seismic profile and previous researches. At shallow depth, the Plio-Pleistocene strata thin southward from ∼3.0 km north of the fold to 1.5–1.6 km above the fold’s crest (Figure 5B; Lu et al., 2016; Ainscoe et al., 2017). The strata gradually thins to less than 500 m in front of the mountain (Figure 5B; Lu et al., 2016; Lu et al., 2016). The Pliocene and Pre-Pliocene strata have constant thickness across the fold. This suggests that the Plio-Pleistocene strata are growth strata, and that deformation of Guman fold initiated during the Plio-Pleistocene (Figure 5B; Guilbaud et al., 2017; Li et al., 2018). Based on seismic reflection profile, stratigraphic correlation and magnetostratigraphy results (Zheng et al., 2000), previous research suggested that the Guman fold’s deformation initiated at ∼2.14–1.8 Ma (Liu et al., 2004; Wu et al., 2004). This age is younger than the starting depositional age of 3.6 Ma suggested by Li et al. (2016, 2018) for the first unit due to growth strata being in upper half of the unit (Figure 5B; Guilbaud et al., 2017). The initiation age is consistent with that the frontal thrust ramp of the Guman fold initiated by ∼2–3 Ma (Guilbaud et al., 2017). The vertical structural throw is 1.1–1.4 km due to uplift of the pre-growth strata across the underlying anticlinal fault bend (Figure 5B). The slip along the fault ramp is 3.4+1.2/−0.5 km given the fault dip of ∼20°. This is consistent with ∼2.0–4.3 km of slip in previous studies (Li et al., 2016; Li et al., 2018; Lu et al., 2016). Finally, two boxcar PDFs are used to describe the uplift magnitudes and the deformation initiation age in the Monte Carlo simulations which yield a long-term slip rate of 1.7+0.6/−0.2 mm/yr along the fault ramp (Figure 9). This rate is lower than the short-term slip rate from terrace T1c, possibly because some deformation was absorbed by the imbricate structure during the formation of the leading ramp.
[image: Figure 9]FIGURE 9 | Long-term fault slip rate determined from pre-growth strata uplift and the initiation age of deformation of the Guman Fold. Two uniform PDFs were assigned for the uplift and the initiation age. The other parameter and the format of output results are the same as those in Figure 8.
DISCUSSIONS
Parameter Uncertainty
We used deformed terraces and a high-resolution seismic reflection profile to establish the kinematic model of the Guman fold. Furthermore, the Monte Carlo simulation is used to account for input parameter uncertainty. However, interpretation of the seismic reflection profile, deposition rate and terrace age are still the key points to build kinematic model and calculate slip or slip rates.
Our seismic profile interpretation is based on previous work (Li et al., 2016; Lu et al., 2016; Ainscoe et al., 2017). The stratigraphic boundary was divided at the rough same location, but the profile depth was different due to the assumed velocity models. Li et al. (2016) assumed a 3,000 m/s uniform velocity model that may underestimate the thickness of shallow strata (Ainscoe et al., 2017). Lu et al. (2016) interpreted the seismic reflection profile by incorporating drilling data from adjacent area, and the fault ramp is 10–13 km deep which is in good agreement with that suggested by Ainscoe et al. (2017). The Pishan earthquake depth is 10–20 km from the focal mechanism solution (Lu et al., 2016) and 10–19 km from a joint inversion of P and SH waves (Ainscoe et al., 2017). Therefore, we mainly refer to the seismic reflection profile interpreted by Lu et al. (2016). In addition, the intersection of the seismic reflection profile with the terrace elevation section (P2) ensures alignment accuracy.
Incremental uplift is estimated from terrace deformation across the fold by correcting for sedimentation at the river base level. Guilbaud et al. (2017) found a 0.4 mm/yr deposition rate by assuming a 2 km formation thickness and a 5 Ma initial deposition age of Pliocene-Quaternary unit. Despite a 50% uncertainty assigned to this value, 0.2–0.6 mm/yr deposition rate is still significantly lower than the 0.5–1.0 mm/yr rate from other researchers (Métivier and Gaudemer, 1997; Zheng et al., 2000; Jiang and Li, 2014). Guilbaud et al. (2017) estimated the deposition rate using the seismic reflection profile interpretation from Li et al. (2016) who may underestimate the formation thickness (Ainscoe et al., 2017). In addition, based on stratigraphic correlation in a nearby magnetostratigraphy study, Li et al. (2016, 2018) suggest that the deposition of the Pliocene-Quaternary unit started at ∼3.6 Ma, younger than 5 Ma (Guilbaud et al., 2017). Our 0.6–0.8 mm/yr rate is consistent not only with studies of previous sedimentation rates (Métivier and Gaudemer, 1997; Zheng et al., 2000; Jiang and Li, 2014), but also with the studies of sedimentology (Sun and Liu, 2006; Jiang and Li, 2014). After the late Miocene, the sedimentary environment in front of the Western Kunlun Mountains changed from a relatively calm river and lake to a higher-energy depositional Piedmont alluvial fan environment (Sun and Liu, 2006; Jiang and Li, 2014). According to our deposition rate, 172.4 ± 27.2 m of sediment was deposited since the T1c terrace abandonment (250 ± 35 ka). This correction for sedimentation accounts for 68+17/−11% of the 246.0 ± 28.4 m structural uplift of the terrace. The sedimentation greatly diminishes the impact of tectonic uplift on the fold, so the amplitude of the anticline is less obvious on the ground. Another reason is that the 20° fault ramp dip theoretically can cause only about 1/3 slip to translate into uplift. When using the sedimentation rate of 0.2–0.6 mm/yr proposed by Guilbaud et al. (2017), slip and slip rate would decrease by 1/3 and 1/4, respectively.
Our slip rate also depends on terrace ages which impact the calculated sedimentation and uplift rates. On terrace T1b east of Pixina valley, our exposure age is 350 ± 32 ka. Guilbaud et al. (2017) sampled a 5 m depth profile along the eastern bank of a wide post-depositional channel incising about 10 m into the terrace T1c and indicated an exposure age of 255 ± 35 ka with taking the erosion rate of 1 mm/yr. This age is less than our corresponding age, probably due to gully erosion of the original geomorphologic surface. Erosion is the main limiting factor for exposure ages, especially for an older terrace. Adding 25 cm of erosion to Guilbaud et al. (2017)’s calculation would roughly yield our result. However, when using a terrace age of 350 ± 32 ka, the slip would increase by 30% and the slip rate would only decrease by 5%, because the sediment correction increases with increasing age. The slip rate from the terrace age of 250 ± 35 ka represents the maximum value since terrace abandonment. This value is greatly impacted by the deposition rate and less by the terrace age. Nevertheless, more data are needed to clarify the terrace ages in the study area.
Comparing Our Results to Existing Research Results
Our analysis of terraces and pre-growth strata suggest a slip rate of 2.6+1.3/−0.4 mm/yr since terrace abandonment (250 ± 35 ka) and 1.7+0.6/−0.2 mm/yr since the early Pleistocene (2.14–1.8 Ma). Over a long time scale, our findings are consistent with other studies. Jiang et al. (2013) estimated crustal shortening of 54 and 24.6 km from a balanced cross-section of seismic reflection profile located 60 and 160 km, respectively, east of the study area (Figure 10). Cheng et al. (2017) estimated 34 ± 6 km of crustal shortening using the same seismic reflection profile as Jiang et al. (2013) 160 km east of the study area (Figure 10). Within this, 4 ± 2 and 23 ± 1 km of the shortening was absorbed by the Hotan anticline and Hotan detachment fault, respectively. Seismic reflection, well data, apatite fission track thermochronology, growth strata analysis and balanced cross sections indicate an initiation of thrusting in the Western Kunlun Mountains in the Early Miocene, ca. 23 Ma (Jiang et al., 2013; Jiang and Li, 2014; Cheng et al., 2017). Combined with the above shortenings and the initiation age of the early Miocene, a long-term crustal shortening rate is ∼2.3 mm/yr 60 km east of our study area (Figure 10), similar to our 2.6+1.3/−0.4 mm/yr rate since ca. 250 ka. At 160 km east of our study area, the long-term crustal shortening rate of ∼1.0 mm/yr or ∼1.5 mm/yr is lower than our results (Figure 10). This difference may reflect lateral variation of shortening rate or eastward weakening of tectonic deformation. The ratio of anticline shortening (4 ± 2 km) to slip along the upper fault flat (23 ± 1 km) is ∼1:6, consistent with our findings that only 13% of the slip is absorbed by the Guman fold, and 87% continues to pass forward along upper fault flat. Based on the seismic profile and the initiation age of deformation, Li et al. (2016, 2018) suggested that the minimum average slip rates along the fault ramp is 0.8–1.2 mm/yr (Figure 10). This is consistent with our findings from pre-growth strata, even though on the lower range.
[image: Figure 10]FIGURE 10 | Crustal shortening rate and slip rate studies in front of the Western Kunlun Mountain and Mazatagh Thrust.
In this research area, other evaluations of the deformation rates remain somewhat controversial due to interpretive models selection and uncertainties in the subsurface geometry. Guilbaud et al. (2017) extracted terrace elevation data from 20 m resolution SPOT and 30 m resolution SRTM DEMs over the terrace surfaces, and showed a fault ramp slip rate of 0.5–2.5 mm/yr based on excess-area conservation (Figure 10). The slip rate ranges widely and the excess-area conservation method may not be suitable for the Guman fold which is a type 2 fault-bend fold supported by our study and previous studies (Liang et al., 2012; Lu et al., 2016; Cheng et al., 2017; Guilbaud et al., 2017; Li et al., 2018). Avouac and Peltzer (1993) interpreted normal fault throw near Hotan (160 km east of our study area) as representative of the flexural subsidence of the Tarim Basin due to the over thrusting range. They estimated a minimum crustal shortening rate of 4.5 ± 3 mm/yr over the last ∼17 ka across the Western Kunlun (Figure 10). This value is greater than our results but must be considered with caution because Li et al. (2018) showed that the faults are bending-moment faults formed by tension above the anticline.
Based on fault-bend fold theory, the Guman fold shortening rate is 0.34+0.18/−0.06 mm/yr, consistent with the low strain of GPS sites north and south of the fold (Li et al., 2016). Researches show that the decadal geodetic rates based on GPS velocity profiles across faults are consistent with inferred long-term geological rates, because most of the elastic deformation takes place within the near-fault zone associated with locking depth (e.g., Savage and Burford, 1970; Meade and Hager, 2005; Zhang et al., 2007). Therefore, two GPS profiles span distances of at least 150 km on both sides of the Guman fold show no significant gradients, which may reflect structural deformation in the study area. Our result is also in the same order of magnitude as Pan (2008) who estimated the horizontal shortening rate of the Guman fold from area-balance theory (Epard and Groshong, 1993). From topographic profile, the height and width of the fold are 450 m and 20 km, respectively. Using a 14 km detachment depth (Xiao, 1996), the Guman fold has accommodated 300 m of shortening (Pan, 2008). Given initiation in the early Pleistocene (2.14–1.8 Ma; Liu et al., 2004; Wu et al., 2004), Pan (2008) proposed that the minimum shortening rate of Guman Anticline is 0.14–0.17 mm/yr.
Significance of Structural Deformation
Based on interpretation of seismic reflection profiles, three models for tectonic deformation in front of the Western Kunlun Mountains have been developed: structural wedge (Li et al., 2016), fault-propagation (Jiang et al., 2013) and fault-bend fold (Liang et al., 2012; Lu et al., 2016; Cheng et al., 2017; Guilbaud et al., 2017; Li et al., 2018). The comprehensive analysis of terrace deformation and subsurface structure is critical for differentiating between these models (e.g., Ishiyama et al., 2004; Ishiyama et al., 2007; Stockmeyer et al., 2017). We conclude that the growth mechanism of the Guman fold is kink-band migration from terrace deformation. By comparing the fold scarps and the subsurface geometry of the fold, we determine that the Guman fold is a type 2 fault-bend fold. From subsurface geometry of the fold revealed by the seismic profile, the Guman fold is likely in an early development phase. The length of the blind ramp supports that the Guman fold is a wide and shallow anticline on the surface. In this phase, the crest elevates with increasing fault slip and the topographic relief is a response to competition between folding and sedimentation (e.g., Shaw et al., 2004). The fold width continues to narrow before the end of crestal uplift stage (Figure 11).
[image: Figure 11]FIGURE 11 | Kinematic development of a fault-bend fold (Suppe, 1983; Shaw et al., 2004). (A) The fold is in the crestal uplift stage of growth, as fault slip is less than the ramp width. (B) Transition to crestal broadening stage when uplift stops and widening begins. (C) The fold crest widens with fault slip after the fault slip is greater than ramp width.
For a type 2 fault-bend fold that grows by kink-band migration, most of the slip will continue to pass forward along the upper fault flat. In the front of the Western Kunlun Mountain, we estimate a slip rate of 2.3+1.1/−0.4 mm/yr along the upper fault flat. The interpreted seismic profiles indicate that a detachment fault located at base of the Cenozoic sequence could be linked to the exposed Mazatagh Thrust located 200 km away in the hinterland of the Tarim Basin (Lu et al., 2016; Li et al., 2018). Based on the Pliocene strata and balanced cross sections, Pan et al. (2010) estimate a minimum shortening rate of 0.9 mm/yr for the Mazatagh Thrust. Considering that the distance of more than 200 km could consume part of the shortening rate, we propose that these two rates may be related and support a view that most of the crustal shortening of the Western Kunlun Mountain is transferred basinward and ultimately absorbed by the Mazatagh Thrust. This thrust fault is analogous to the low angle thrust structure in front of the Himalayas (Guilbaud et al., 2017). Although the Western Kunlun’s shortening rate is an order of magnitude lower than the Himalayan’s, large earthquakes are still possible in this area (Guilbaud et al., 2017).
CONCLUSIONS
We use terrace deformation and a high-resolution seismic reflection profile to establish a kinematic model of the Guman fold according to fault-bend fold theory. The fold’s deformation is explained as a fault-bend fold with lower flat-ramp-upper flat geometry (called “type 2 fault-bend fold” in this paper) that grows by kink-band migration and the underlying fault ramp dips 20 ± 4° to the south. From the T1c terrace deformation and the age west bank of the Pixina valley, we quantify the slip rate along the underlying fault ramp to be 2.6+1.3/−0.4 mm/yr since 250 ± 35 ka. Based on uplift of pre-growth strata across the fault ramp and the early Pleistocene initiation of deformation (2.14–1.8 Ma), the long-term slip rate along the underlying fault ramp is 1.7 +0.6/−0.2 mm/yr. According to the fault-bend fold theory, fault slip is not conserved across the fault-bend. For a type 2 fault-bend fold with fault dip of 20°, 87% of the slip will continue to pass forward along the upper fault flat and 13% will be absorbed by the fold above the fault ramp. Therefore, the shortening rate accommodated by the Guman fold is 0.34+0.18/−0.06 mm/yr, while the slip rate along the upper fault flat is 2.3+1.1/−0.4 mm/yr since the T1c terrace abandonment. This result explains why the GPS sites across the fold record little strain. The understanding gained in this study tends to support the view that most of crustal shortening of the Western Kunlun Mountains is transferred basinward along a detachment and is ultimately absorbed by the Mazatagh Thrust located 200 km away in the hinterland of the Tarim Basin.
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This study deals with the earthquakes which occurred in southeastern Sicily in 1693 (January 9 and 11, Mw ≈ 6.1 and 7.3, respectively). Although they have been largely studied, robust and commonly accepted seismic sources are still missing. We performed a revision of the 1693 macroseismic data and, for the fore and main-shocks, modeled new NNE-SSW trending seismic sources. In the Hyblean Plateau area, we carried out an analysis of DEM and aerial photos to map tectonic features. Then, we performed field surveys on the main faults, and a morphotectonic study with the aim of characterizing the activity of mapped faults. The study revealed the presence of three main fault systems. The first is the Palazzolo-Villasmundo Fault System, composed of NNE-SSW and NE-SW trending north-west-dipping normal faults. Some of these faults could be reactivated as reverse faults. The second is the Augusta-Floridia Fault System, made of NNW-SSE and NW-SE normal faults. The third is composed of faults which have never been mapped before: the Canicattini-Villasmundo Fault System that shows both a segmented and stepping pattern, almost N-S trending and west-dipping normal faults; some of these faults show a left-lateral movement. The morphotectonic study demonstrated that the fault systems are active. Furthermore, both strike and kinematics of the studied faults well match with the regional stress field characterized by a NW-SE σ1, which in the study area is probably both affecting some pre-existing faults, the Palazzolo-Villasmundo and the Augusta-Floridia Fault Systems, and causing the formation of new faults, the Canicattini-Villasmundo Fault System. The latter system lies across the Hyblean Plateau with a total length of 35 km and, due to its aligned segmented pattern, it can be the surface expression of a master fault that seems dividing the Hyblean Plateau in two blocks. Moreover, the Canicattini-Villasmundo Fault System well fits the southern part of the 1693 revaluated seismic sources and matches with a current alignment of shocks mainly characterized by left-lateral focal mechanisms on almost N-S fault planes. Considering the possible rupture length in depth, it could manage to release Mw ≈ 7.1 earthquakes, representing a valuable candidate source for the 1693 earthquakes.
Keywords: seismicity, active tectonics, faults, seismotectonics, Hyblean Plateau, morphotectonic analysis
HIGHLIGHTS
• The reappraisal of the southern Sicily 1693 mainshocks allowed obtaining two almost N-S trending, seismic sources.
• Fault mapping and morphotectonic analysis reveal a complex fault belt. Among these, a segmented N-S trending fault system (the Canicattini Villasmundo Fault System) could be a unique main fault, whose length in depth could reach about 35 km.
• The Canicattini Villasmundo Fault System well matches with part of the almost N-S trending seismic sources modeled for the 1693 earthquakes, representing a valuable candidate for these earthquakes.
• Geometry and kinematics of this system are compatible with SE Sicily instrumental seismicity and support the hypothesis of the Hyblean Plateau indenter segmentation.
INTRODUCTION
South-eastern Sicily was affected by some of the strongest earthquakes of the Italian history such as the 1169, 1542 and 1693, 1818 events, with epicentral intensity (Io) up to 11 (MCS) and equivalent moment magnitude up to Mw 7.3 (Rovida et al., 2019).
This study deals with the foreshock-mainshock pair of the 1693 seismic sequence, which began on January 9 with a strong foreshock (Mw ≈ 6.1), culminated with the catastrophic January 11, 1693 event (Mw ≈ 7.3) and continued for more than 2 years (e.g. Boccone, 1697). The extent of the damaged area, the great number of victims (more than 60,000), and the numerous coseismic effects make the 1693 mainshock one of the most destructive seismic events in the Italian seismic history. It was felt as far as northern Calabria and along the Africa coast (Guidoboni et al., 2018). The mainshock generated also a strong tsunami that hit the Ionian coast of Sicily, from Messina Strait to the southern coast of Sicily and, according to some coeval sources, reached the Maltese Islands (De Soldanis, 1746) (Figure 1).
[image: Figure 1]FIGURE 1 | (A) Eastern Sicily: principal geodynamic sectors, main stress axes (from Musumeci et al., 2014), and the main regional faults proposed as seismogenic fault of the 1693 earthquakes (DISS Working Group, 2018). SP = Subduction Plane (Gutscher et al., 2006), see the inset of (A); MEFS = Malta Escarpment Fault System (Piatanesi and Tinti, 1998; Azzaro and Barbano, 2000; Jacques et al., 2001; Argnani and Bonazzi, 2005); SRFS = Scicli-Ragusa Fault System (Sirovich and Pettenati, 2001; DISS Working Group, 2018); AF = Avola Fault (Bianca et al., 1999); SLGF1 and SLGF2 = Scordia-Lentini Graben Faults (D’Addezio and Valensise, 1991); GF = Gravina Fault (DISS Working Group, 2018); MLF = Monte Lauro Fault (DISS Working Group, 2018), which corresponds to MAFS = Monterosso-Agnone Fault System; SBT = Sicilian Basal Thrust (Lavecchia et al., 2007; DISS Working Group, 2018); STEP = Slab Transfer Edge Propagator fault system (Polonia et al., 2012); CP is the Catania Plain. Dashed square shows location of (B). (B) Southeastern Sicily DEM; black squares are the epicentres of the strongest historical earthquakes (from 1169 to 2015, after Rovida et al., 2019); focal mechanisms (balloons) for earthquakes with ML = 3.0 ML = 4.0 occurred from 1999 to 2011 (after Scarfì et al., 2013). Focal plane solution classification: red, strike-lateral fault; blue, normal fault; black, reverse fault. Yellow stars are the re-localized epicentres of the 1693 seismic sequence shocks; red and yellow rectangles are the new sources obtained by this work using the boxer method (Gasperini et al., 1999) employing the data of Figure 4 (see chapter 3). Red dashed square is the location of Figure 2.
Despite the catastrophic consequence and the extensive environmental effects, the causative source/s of these earthquakes is/are still matter of debate for several aspects, such as: 1) the occurrence of multiple shocks, which complicated the macroseismic field; 2) the proximity of the maximum damaged area to the coast; 3) the tsunami following the mainshock, suggesting that the earthquake source was located near or off-shore; 4) the lack in the contemporary sources of unequivocal description of surface ruptures; 5) the difficulty of identifying recent displacement in the mesoseismal area due to the limited outcrops of Quaternary deposits; 6) in the area of maximum effects, the lack of a continuous single fault trace long enough to produce an earthquake of M ≈ 7 (Surface Rupture Length 40–60 km according to empirical fault-scaling relationships, e.g. Wells and Coppersmith, 1994).
A number of geological, structural, seismological, geodetic studies, dealing with the seismotectonics of the region, tried to associate the 1693 seismic sequence to some of the kilometric faults cropping out in eastern Sicily (see Figure 1 and Supplementary Table S1 for the main seismic sources associated with the 1693 earthquakes). Based on the occurrence of a large tsunami that hit the coast of Eastern Sicily, the source of the January 11, 1693 earthquake is supposed to be located offshore. For some Authors it is the Malta Escarpment (MEFS in Figure 1A) (e.g., Bianca et al., 1999; Azzaro and Barbano 2000; Argnani and Bonazzi, 2005); for others either a portion of the Ionian subduction plane (SP in the inset of Figure 1A) (e.g., Gutscher et al., 2006) or a STEP fault (STEP in Figure 1A) (Polonia et al., 2012). The main question on these possible locations regards the discrepancy between the offshore source and the damage distribution, with the highest intensities mainly located inland and decreasing toward the coast. Furthermore, a seismic source located offshore should be capable to generate a magnitude eight earthquake, to cause damage such as those occurred in eastern Sicily in 1693 (e.g., Sirovich and Pettenati, 2001; Gutscher et al., 2006). According to structural and seismological data, some source models are located inland (Figure 1A) (e.g., Sirovich and Pettenati, 2001; Lavecchia et al., 2007). In this case, the tsunami could have been caused by earthquake-triggered submarine landslides off the Augusta shoreline (e.g., Billi et al., 2010; Tonini et al., 2011; Paparo et al., 2017). However, none of the faults proposed in literature well fits the location, extension, geometry, and kinematics of the seismic sources obtained by modeling the macroseismic field of these events and the distribution of the seismically induced geological effects (e.g., Barbano and Rigano, 2001; Sirovich and Pettenati, 2001; Visini et al., 2009). For example, the Scicli-Ragusa Fault System (SRFS in Figure 1A) is located several kilometres away from the area of maximum effects. Moreover, the DISS Working Group (2018) suggests the existence of two seismic sources, the Gravina Fault and the Monte Lauro Fault (GF and MLF in Figure 1A) to the north and to the south, the Scordia-Lentini Graben (SLGF1 and SLGF2 in Figure 1A), based on the two main clusters of the largest intensities of the 1693 mainshock and the lack of data points at the Catania Plain (see chapter 3). This area was uninhabited in 1693, because it was unhealthy and affected by a very hot weather, and it was reclaimed in the 1930s. As a result, today it hosts only cultivated fields and citrus groves. Therefore, the two main clusters of the largest intensities of the 1693 earthquake, as supposed by DISS Working Group (2018), is due to the two populated areas providing records.
By a revision of the macroseismic data of the 1693 shocks and the detailed relocation of the coseismic environmental effects, we obtained two new seismic sources extending from the northern part of the Hyblean Plateau northward up to the Catania Plain. Then, we performed a morphotectonic mapping through DEM and aerial photos analyses in the northern part of the Hyblean Plateau. A geological survey along the most relevant faults allowed us to define the possible fault geometry and to roughly estimate the related slip-rates. Then, in this area, we carried out both qualitative geomorphological and morphometric (quantitative geomorphological) investigations to highlight possible recent activity of the mapped faults. In detail, we analyzed geomorphic indexes, such as Stream Length gradient index SL, Asymmetry Factor AF, long stream-profile and so on, of four river basins (from north to south the Mulinello, Marcellino, Cantera, and Anapo Rivers, Figure 2). We focused in the Hyblean Plateau, which is crossed by the 1693 source models, because this is the more suitable area for this kind of studies. Indeed, here the river basins are overlapped for the most of their area by the two modeled seismic sources. On the contrary, in the Catania Plain the northern part of the January 11, 1693 box crosses only the mouths of the rivers. Finally, we considered our seismic source models in the frame of geodetic and seismicity literature data to infer a seismogenic fault capable to produce earthquakes, characterized by a magnitude comparable to those affecting south-eastern Sicily in historical time.
[image: Figure 2]FIGURE 2 | (A) Geological sketch map of the study area (modified after Lentini et al., 1994) and the analyzed fluvial basins: from north to south the Mulinello, Marcellino, Cantera and Anapo Rivers; cyan and light blue (B) lines represent the watersheds of the studied rivers. (B) Marine terraces (modified after Catalano et al., 2010) and the fluvial network of the analyzed rivers.
GEOLOGICAL, STRUCTURAL AND SEISMOLOGICAL SETTING OF THE SOUTH-EASTERN SICILY
Geological and Structural Setting
The current geological-structural setting of south-eastern Sicily must be considered in the complex tectonics of the Mediterranean basin, which is dominated by the NNW-SSE Neogene-Quaternary convergence between Nubia and Eurasia plates (Ben Avraham and Grasso, 1990; Lentini et al., 1994) (Figure 1). The Hyblean Plateau is a part of the Nubia continental margin (Dewey et al., 1989) and it represents the emergent fragment of a larger foreland domain, the Pelagian Block, of the Apenninic-Maghrebian orogenic Thrust Belt (Figure 1A). The Foredeep Domain and the Hyblean Foreland Domain are subject to a general strike-lateral faulting regime with a maximum horizontal stress trending from NW-SE to NNW-SSE, in agreement with the Eurasia–Nubia direction of convergence (Figure 1A) (Musumeci et al., 2014). The foreland is separated into two different tectonic crustal blocks (western and eastern) by the N-S striking, left-lateral Scicli-Ragusa Fault System (SRFS): the western block moves north-westwards in agreement with central Sicily, whereas the eastern one accommodates part of the contraction arising from the main Eurasia-Nubia convergence (Catalano et al., 2010; Musumeci et al., 2014). A narrow E-W-trending contractional belt characterizes the northern rim of the Hyblean Plateau, with a shortening up to 4.4 mm/yr (Palano et al., 2012). To the east, the Plateau is bounded by the Maltese Escarpment Fault System (MEFS), which is a kilometric fault system overprinting the pre-existing Mesozoic continent-ocean transition between the eastern block of the Plateau and the Ionian Basin, a portion of the foreland domain characterized by oceanic crust (Scandone et al., 1981). It has been interpreted either as an active right-lateral transtensional (e.g., Doglioni et al., 2001) or as a left-lateral strike-slip fault system (e.g., Adam et al., 2000; Musumeci et al., 2014). Nowadays, the motion direction of MEFS and its recent activity are still debated (e.g., Maesano et al., 2020), although several Authors refer to this structure as a major seismogenic fault (e.g., Argnani and Bonazzi, 2005).
At the eastern side of the Hyblean Plateau, the most important tectonic features are represented by almost parallel NW-SE trending normal faults (Figure 1), giving rise to several horsts and grabens (the Augusta and Floridia Grabens, Figure 2). The activity of the bounding faults of the Floridia Graben is persistent as documented by the offset of 125 ky-old marine terraces; on the contrary, the fault activity along the Augusta Graben stopped 330 ky ago. Indeed, the southern bounding fault is sealed by a 330 ky-old paleoshoreline (Catalano et al., 2010).
The north-western side of the Hyblean Plateau is crossed by a NE-SW - NNE-SSW- trending fault system, known as Monterosso-Agnone Fault System (MAFS in Figure 1) (Cultrera et al., 2015). According to Grasso and Pedley (1990), MAFS has accommodated the flexure of the foreland below the orogenic chain until the Lower Pleistocene. On the other hand, since Middle-Late Pleistocene, active NW-verging thrusting has been characterizing the north-western margin of the Plateau, also involving the previous extensional structures of MAFS (Catalano et al., 2010). The kinematic analyses of these faults constrain a prevalent NNW-directed compression, which is also confirmed by breakout data (e.g., Mariucci and Montone, 2018).
The widest deposits cropping out in the study area belong to the Mt. Climiti Fm., a thick carbonate sequence of sandstones dating back from middle Oligocene to Tortonian (CARB in Figure 2A), and to the Palazzolo Fm., a dated Serravallian-Tortonian to Messinian succession of yellowish calcarenites (CMIO in Figure 2A). In the northern sector, vulcanoclastites with the occurrence of carbonate sediments and sporadic lava belonging to the Carlentini Fm. (Tortonian) (VT in Figure 2A), crop out. In addition, basic vulcanites of either marine or, secondarily, subaerial environment, with age ranging from middle-late Pliocene to Pleistocene (VPP in Figure 2A), crop out. In the eastern sector, the Augusta and Floridia structural depressions are filled with calcarenites and sands, whose age ranges from lower Pleistocene up to upper Pleistocene (CSP in Figure 2A) (Lentini et al., 1994). Finally, late quaternary deposits (CAL in Figure 2A) are locally distributed in the northern sector of the study area. The Augusta and Floridia Basins show a composite polycyclic marine abrasion surface affecting the Upper Pliocene subaerial vulcanites (Schmincke et al., 1997) and different levels of the tertiary Hyblean carbonate succession. Overall, 11 paleo-sea level stands spanning in age from 850 to 570 ky (OIS 21–15) to 60 ky (OIS 3.3), among inner edges and marine terraces, were found (Bonforte et al., 2015 and reference therein) (Figure 2B).
Instrumental Seismicity
In the historical catalog (from 1000 to 2017, Rovida et al., 2019) a number of strong earthquakes striking eastern Sicily are reported (Figure 1B). Only an earthquake occurred with ML = 5.4 in instrumental time, on December 13, 1990. This was located about 10 km offshore from the northeastern edge of Hyblean Plateau (Amato et al., 1995). The current seismicity (spanning in time from 1994 to 2013) of SE Sicily is characterized by low to moderate magnitudes (1.0 ≤ ML ≤ 4.6) and hypocentres up to 25 km of depth (Musumeci et al., 2014) (Figure 3A). The highest number of earthquakes has occurred within a NNE-SSW to N-S oriented area (Figure 3A) along the eastern sector of the Plateau, as also shown by the earthquake density map (Figure 3B) provided by Cultrera et al. (2015). The typical seismogenic layer is between 15 and 25 km (Figure 3C). The velocity model of the foreland crustal sector, based on 3D P-wave and S-wave velocity maps (Musumeci et al., 2014), shows several sharp lateral velocity perturbations pointing out meaningful discontinuities in the crust, which can be related to major tectonic structures (Figure 3D). In particular, between the one related to the Gela-Catania foredeep by Musumeci et al. (2014), and the other related to the Malta Escarpment, a nearly N–S deep low-velocity zone highlights a discontinuity, which well matches with the almost NNE-SSW band of seismicity. Furthermore, the images resulting from the Vp/Vs ratio show widespread high values (1.8–1.9), which might be indicative of a highly fractured zone corresponding with the NNE-SSW seismic alignment (Figures 3D,E from Musumeci et al., 2014). Several low-magnitude (1.0 ≤ ML ≤ 3.7) seismic swarms (about 500 events) occurred between October 2011 and July 2012, west of Canicattini town (Scarfì et al., 2013) (Figure 3A). Focal mechanisms of the instrumental seismicity in eastern Sicily indicate a prevalence of right-lateral movements on WNW-ESE fault planes or, alternatively, left-lateral movement along N-S to NNE- SSW planes (Figure 1B).
[image: Figure 3]FIGURE 3 | (A) Seismicity during 1994–2013 (after Musumeci et al., 2014), yellow circle bounds the 2011–2012 Canicattini seismic swarms. (B) Map of earthquake density (modified after Cultrera et al., 2015); the blue thick line shows the probable location of CVFS. (C) In-depth distribution of shocks across CVFS (modified after Musumeci et al., 2014). (D) VP/VS models for six representative layers resulting from the 3D inversion. Contour lines are spaced 0.1. Red line is the representation of CVFS. On the 0 km layer the main structural features are reported with white lines. Gray circles represent the relocated earthquakes within half the grid size of the slice; red contour lines are the zones with DWS N 50, see Musumeci et al. (2014) for more detail. (E) VP/VS models, contour lines are spaced 0.1. Red curves contour the zones with DWS N 50. Relocated earthquakes, within ±10 km from the sections, are plotted as gray circles, see Musumeci et al. (2014) for more detail.
MACROSEISMIC AND ENVIRONMENTAL EFFECTS ANALYSIS
Macroseismic Reassessment and Boxer Method
Starting from the study reported in the CFTI5Med catalog (Guidoboni et al., 2018), we reanalyzed historical reports and reassessed the intensity of the two mainshocks by using the European macroseismic scale (EMS-98, Grünthal, 1998), which classifies damage according to its level and vulnerability class of buildings.
Then we applied the Boxer method (Gasperini et al., 1999) on the new macroseismic fields. According to Gasperini et al. (1999), the source orientation of significant earthquakes is reflected in the elongation of the associated damage pattern. Therefore, a seismic source can be represented as an oriented “rectangle,” whose length and width are obtained from moment magnitude through empirical relationships. The source can represent either the actual surface projection of the seismogenic fault or, at least, the projection of the portion of the Earth crust where a given seismic source is likely to be located (Gasperini et al., 1999).
Moreover, we tried to localize some of the about 1,800 aftershocks that contributed to the destruction of eastern Sicily (Figure 1B).
Results of the 1693 Seismic Sequence Reappraisal
The analysis of historical sources highlighted that only a few accounts report detailed effects on damage suffered by some localities for the foreshock (January 9). For example, in Augusta, Avola Antica, Noto Antica, the weaker structures collapsed and the stronger buildings cracked (e.g. Boccone, 1697). In fact, the poor quality of building materials, usually inhomogeneous rubble stones, together with the widely adopted “a sacco” constructive techniques (bare stones held together by poor quality mortar), have significantly influenced the damage distribution. As for Catania, the first event frightened the population and caused relevant damage in the whole city. In this case, damages affected not only the poorest houses (A vulnerability class), but also stronger constructions, such as mansions (B vulnerability class) and some monasteries (e.g., the Benedictine), which suffered extensive cracking, detachment of roofs and partial collapse (Azzaro et al., 1999). For the most damaged localities, we estimated a maximum intensity of 8–9 EMS according to the available MCS estimation (Guidoboni et al., 2018). Given the heavy damage and the relevant number of victims in some towns (altogether more than 1,021), it is likely that neighboring localities have suffered damage as well. Therefore, since the number of localities affected by the foreshock is probably higher, it is reasonable to hypothesize that the macroseismic field could be incomplete (Figure 4A).
[image: Figure 4]FIGURE 4 | (A) Revised January 9 foreshock. In the reported localities many fatalities occurred. The brown ellipse encloses the localities for which intensity I > 8 EMS-98 was estimated; the red ellipse encloses the localities for which intensity I = 7–8 and 8 EMS-98 was estimated. (B) Revised January 11 mainshock. The black ellipse encloses the localities for which intensity I = 10 and 10–11 EMS-98 was estimated; the gray ellipse encloses the localities for which intensity I = 9 and 9–10 EMS-98 was estimated; the red dashed ellipse shows the uninhabited Catania plain area.
The mainshock (January 11) destroyed about forty towns in the area between Catania, Siracusa and Ragusa (Figure 4B), where buildings had already been weakened by the previous event, and damaged most of the Sicilian towns and villages as far as the Malta Island. All the contemporary reports describe Catania as a pile of ruins, listing indeed few remaining buildings (e.g. Boccone, 1697; Bottone, 1718; Mongitore, 1743). Similar description is reported for most of the localities of southern Sicily. Intensity was estimated 10–11 EMS, although it has to be stressed that destruction was the consequence of the combined effects of the two events. The new macroseimic field of the January 11 shock (Figure 4B) shows few differences with respect to those available in CFTI5Med (Guidoboni et al., 2018). The key changes concern the intensity assessment in some localities, for which “total destruction” and an estimated intensity of 11 MCS are reported (Guidoboni et al., 2018). In this study, we assigned 10–11 EMS intensity to take into account that the lack of diagnostic buildings of vulnerability class C and D, may determine an overestimation of the intensity (Grünthal, 1998). Indeed, according to EMS scale buildings of Class A, B, C and D are destroyed under an 11 intensity. In this perspective, we assessed 10 EMS when the accounts report that some buildings did not collapse (Barbano and Rigano, 2001).
According to the revision of the macroseismic data, the foreshock epicentre is located near Sortino (Figure 4A), next to the one reported by the CPTI5 catalog (Rovida et al., 2019). On the other hand, the source of the mainshock seems to be located northward, compared to literature data. Indeed, the assessment of I = 10–11 rather than I = 11 implies a significant change in the earthquake location. According to CFTI5Med data, the epicentre is constrained by the five points of I = 11, and it is located near the January 9 shock. Whereas by evaluating the location using all points of I = 10 and I = 10–11, this would be located in the coastal area south of Catania (see Figure 1B for a comparison of the new and old epicentres). Assuming the mainshock northward with respect to the foreshock (Azzaro and Barbano, 2000; Barbano and Rigano, 2001), this location is also supported by the destruction of the villages located north of Catania, which were not damaged by the foreshock. However, cumulative damage effects bias the macroseismic field of the main event. Moreover, considering that the mainshock was followed by a strong tsunami, either the fault is partially located offshore or the coseismic tectonic subsidence/uplift could have propagated also in the sea.
The destruction followed by the mainshock makes hard to estimate intensity and location of the thousands of aftershocks. Only a few sources report day, time and effects of these shocks, although most of them are reasonably poorly accurate, because they were not written in the area of destruction, where survived people were rather busy in cleaning up debris, burying wounded and dead and getting water and food (e.g. Centorbi, 1694; Boccone, 1697; Bottone, 1718). Many localities damaged by the mainshocks were repeatedly shaken and further damaged by the following events. We also estimated parameters for some of the strongest aftershocks for which in the historical sources information about effects, at least for four localities, are reported (Figure 1B). Obviously, the quality of intensity values is poor because it is difficult to estimate intensity for almost completely destroyed towns (e.g. Azzaro et al., 2020). However, the location of some aftershocks can help to identify the seismic source.
The Boxer method application, on the revaluated macroseismic fields of the 1693 foreshock-mainshock pair (Figure 4), returned two partially interlaced, NNE-SSW directed, seismic sources (Figure 1B). This model suggests that the source responsible can be a unique, NNE-SSW oriented seismogenic fault affecting the eastern sector of the Hyblean Plateau as far as the south of Catania town, which broke twice: a southern segment, on January 9, and a northern segment on January 11. With respect to the CPTI15 catalog, we obtained slightly smaller values of the equivalent magnitude, Mw = 6.1 for the foreshock and Mw = 7.1 for the mainshock, respectively (Table 1).
TABLE 1 | Source parameters evaluated using intensities obtained herein by Boxer model (Gasperini et al., 1999). Ntot is the total number of data available for the earthquake; NEp is the number of intensity points used for computing the epicentre; I0 is the epicentral intensity; NR is the number of data used to compute Me; Me is the equivalent moment magnitude inferred using average radius (km) of different intensities; NAz is the number of intensity points used for computing the source azimuth with standard deviation; significance levels of the Rayleigh and Kuiper tests.
[image: Table 1]As the macroseismic field of the mainshock is cumulated with that of the foreshock, the box of the January 11 earthquake obviously follows and partly fits that of the January 9 earthquake. The main limitation of the macroseismic solution is represented by its inadequacy in considering consecutive multiple ruptures (Gasperini et al., 1999), because the damage pattern worsens after the strongest foreshock of the sequence. Furthermore, the macroseismic epicentres are not effective and do not capture the intrinsic complexity of the earthquake rupture. Usually epicentres are located at the tip of the fault and can cause an asymmetry in the distribution of the highest reported intensities with respect to the real location, as observed by comparing the seismic sources of recent Apennine earthquakes obtained by the Boxer method with instrumental data (Vannucci et al., 2019).
Environmental Effects and Environmental Seismic Intensity Scale (ESI 2007)
We analyzed and mapped coseismic effects caused by the mainshock and reported by historical accounts (such as landslides, liquefactions, secondary ground fracturing, and hydrological anomalies) (Figure 5A), also considering previous paleoseismological studies that identified such effects in several sites of eastern Sicily (Nicoletti, 2005; Pirrotta et al., 2007; Guarnieri et al., 2009; Barbano et al., 2010; Pirrotta and Barbano 2011; Pirrotta et al., 2013). Additionally, we used the Environmental Seismic Intensity scale (ESI 2007), based on the earthquake-triggered effects in the natural environment (Michetti et al., 2007). The coseismic effects, which are considered diagnostic elements for intensity evaluation, are surface faulting and tectonic uplift/subsidence (primary effects), landslides, ground cracks, liquefactions, tsunami and hydrological anomalies (secondary effects). The use of the ESI 2007 is recommended when the macroseismic scale is saturated (i.e., for intensity X to XII) losing its diagnostic value.
[image: Figure 5]FIGURE 5 | (A) Detailed relocation of the 1693 environmental effects. (B) A German copper incision showing the 1693 earthquake. In the foreground, we can see the damaged Hyblean cities, behind the plain of Catania and environmental phenomena and, at the bottom, the Etna Volcano.
Application of the Environmental Seismic Intensity Scale (ESI 2007)
Most of the coseismic environmental effects mainly occurred in the eastern Hyblean area and the Catania Plain (Figure 5A), where the new seismic sources lie. Moreover, some of the phenomena described in the historical accounts (e.g. Boccone, 1697; Bottone, 1718) are likely to be related to coseismic faulting (See Supplementary Table S2). Mapped coseismic environmental effects suggest an ESI 2007 intensity X - VERY DESTRUCTIVE. Indeed, although we did not find primary effects, most of the secondary effects listed in the scale (Michetti et al., 2007) were observed within an about 6,000 km2 wide area (Figure 5). Among such effects, we have detected:
(a) Significant changes in either the flow-rate or elevation of several springs. Temporary variations of water level in wells. Strong variations of chemical-physical properties of groundwater, such as temperature, measured at springs and/or wells. Water becomes muddy even in large basins, rivers, wells and springs. Gas emissions, often sulphurous.
(b) Temporary change of river courses in flood plains, also because of widespread land subsidence. Basins were emptied. Tsunamis reached the shores with runups exceeding 5 m, flooding flat areas for hundreds of meters inland. Widespread deep erosion along the shores, with relevant changes of the coastline profile.
(c) Open ground cracks, more than 1 m wide and up to hundred meters long, frequently occurred, mainly in loose alluvial deposits and/or saturated soils; incompetent rocks openings reached several decimetres.
(d) Several large landslides and rockfalls (>105–106 m3), caused temporary or permanent dams, giving rise to lakes. Riverbanks, artificial embankments, and sides of excavations collapsed.
(e) Liquefaction, with water upsurge and soil compaction, which changed the aspect of wide zones; sand volcanoes even more than 6 m large in diameter; vertical subsidence even >1 m; large and long fissures due to lateral spreading phenomena were largely observed (For a summary of the effects and historical sources see Guidoboni et al., 2018).
MORPHOSTRUCTURAL ANALYSIS
Methods
We mapped tectonic structures by analyzing the surface features that could be associated to fault scarps. The starting point is the known regional structural setting, along with the faults reported on available geological maps (Lentini et al., 1994; Catalano et al., 2010). Then, Digital Elevation Model (DEM) of the study area was set up by interpolating 2-m-interval contour lines, obtained from 1:2.000 scale topographic base maps of the Sicilian Region, using GIS software (ArcInfo by ESRI and Global Mapper). This DEM was integrated with a Digital Terrain Model (DTM) of the Sicilian Region through GIS tools and then analyzed to observe new morphological markers of possible unknown faults. With the aim of investigating in detail these new structures, aerial photos, by the Italian Military Geographical Institute (1:33.000 scale), were analyzed and unknown fault scarps were mapped. Finally, a field survey was carried out on the longest and most evident faults to both validate the achieved results and better estimate dislocation on faults for the slip-rate calculation.
Fault Mapping Results
The morphostructural analysis carried out herein highlighted that the longest faults, producing also an important imprint on the landscape, are arranged into three main systems. The first was named herein Palazzolo-Villasmundo Fault System (PVFS) and runs from Palazzolo to Villasmundo towns with a northwest-dip. It is composed of NE-SW to NNE-SSW trending parallel faults, about 10–14 km long: MF1, 2, and 3 and SF1, 2, and 3 (Figures 6A,B, 7; Table 2). Some of these faults were previously mapped in literature and belong to MAFS (Catalano et al., 2010). According to literature, PVFS is a normal fault system that accommodated the flexure of the foreland below the chain until Lower Pleistocene; then, some of these faults were reactivated as reverse faults (Catalano et al., 2010).
[image: Figure 6]FIGURE 6 | (A) Mapped faults draped on the DEM. PVFS is the Palazzolo-Villasmundo Fault System: MF1, MF2 and MF3 are the Melilli Faults; SF1, SF2, and SF3 are the Sortino Faults. AFFS is the Augusta-Floridia Fault System: MTF is the Monte Tauro Fault; AF is the Augusta Fault; FF is the Floridia Fault; NCF is the North Canicattini Fault; CF is the Canicattini Fault. CVFS is the Canicattini Villasmundo Fault System: WVF is the West Villasmundo Fault, ESF is the East Sortino Fault, MF is the Melilli Fault; SSF is the South Sortino Fault, WCF is the West Canicattini Fault, EFF is the East Floridia Fault and SFF is the South Floridia Fault. F1 and F2 are minor faults; all minor faults are from Lentini et al. (1994). Blue polygons indicate the watershed of the studied rivers. (B) Faults and geological formations; black rectangles refer to the location of Figures 7–9, 12 (rectangle 1, 2, 3, and 4 respectively).
[image: Figure 7]FIGURE 7 | (A) A detail of DEM west of Melilli town showing the morphological scarps created by MF, MF1, MF2 and ESF (figure location in Figure 6B). (B) Profile across MF2 and MF showing the dislocation of the marine terraces (see Figure 2B for terrace location). (C) Profile across MF1 showing the asymmetry of the valley with the rejuvenation of the valley profile side that lies at the fault footwall. (D) Profile showing ESF that displaces a valley and causes the shifting of a river course westwards.
TABLE 2 | Fault abbreviations and activity observed by different kind of analyses: Geom, activity observed by geomorphological analysis; Morph, activity observed by morphometric analysis; Geol, activity observed by geological analysis.
[image: Table 2]The second system, already known in literature, is the Augusta-Floridia Fault System (AFFS in Figures 6A,B and Table 2). It consists of NNW-SSE and NW-SE trending normal faults, giving rise to horst and graben structures, such as the Augusta Graben to the north-east and the Floridia Graben to the south-east (Lentini et al., 1994; Catalano et al., 2010), separated by the Augusta Horst (Figures 6A,B). The former is bordered by the Monte Tauro Fault (MTF) and the Augusta Fault (AF), while the Floridia Graben is bordered by the North Canicattini Fault (NCF) and the Floridia Fault (FF). The 15 km-long, NE-dipping, Canicattini Fault (CF) is the southernmost normal fault belonging to AFFS observed in the study area. Among the minor faults (Lentini et al., 1994; Catalano et al., 2010), the longest are WSF1, 2, 3, 4, and 5 (Figures 6A,B), located in the western sector, which probably belong to AFFS, although they currently show a few evidence of activity.
The third fault system is the Canicattini-Villasmundo Fault System (CVFS), composed of NNE-SSW to N-S-trending faults, never mapped before (Figures 6A,B; Table 2). The West Villasmundo Fault (WVF), the East Sortino Fault (ESF), the South Sortino Fault (SSF) and the West Canicattini Fault (WCF Figures 6A,B, 8), are arranged in a segmented pattern, with gaps shorter than 1–2 km, which is aligned for an overall length of 35 km. To the east of this alignment, the Melilli Fault (MF) (Figure 7), the East Floridia Fault (EFF) and the South Floridia Fault (SFF) (Figure 9) are arranged in an overstepping pattern.
[image: Figure 8]FIGURE 8 | (A) DEM showing WCF dislocating two ridges (figure location in Figure 6B). (B,C) photos of WCF northwest and west of Canicattini town, respectively.
[image: Figure 9]FIGURE 9 | (A) A detail of DEM south of Floridia town showing that SFF displaces the upper Pleistocene terrace (OIS 5.3) and the fault activity caused the deflection of the river course (figure location in Figure 6B). The yellow star indicates the location of (B,C): photos of the 10–20 m high fault scarp along profile D-D’. (D) profiles along SSF: C-C’ shows the morphological scarp, the slope increase of the terrace (OIS 5.3) and the westwards shifting of the river valley; D-D’ shows the fault morphological scarp and the asymmetry of the river valley with the rejuvenated profile at footwall.
This system shows a normal kinematics and is characterized by a 10–30 m high, west-dipping, morphological scarp. The most recent evidence of its activity is on SSF. South of Floridia, this fault downthrows westward the upper Pleistocene terrace (OIS 5.3, 100 ky old), with a maximum vertical displacement of 20 m, and it is responsible for both the terrace tilting and the steepness of its footwall (Figure 9). We calculated that the long-term (upper Pleistocene) slip-rates of CVFS is 0.3 mm/y, assuming that the beginning of the system activity was about 100 ky BP, which is the age of the youngest marine terrace dislocated by the faults. In addition, CVFS shows some evidence of lateral movement with the leftwards dislocation of AFFS: to the east of Sortino, MF likely dislocates FF; in the southern sector, WCF seems to dislocate leftward CF (Figures 6A,B). Moreover, CVFS displaces leftward river channels and ridges, as well (Figure 8).
AFFS can be considered an active system because some faults displace upper Pleistocene marker. The bounding faults of the Augusta Graben and the Floridia Graben were active during Pleistocene age, as suggested by the syntectonic sedimentation of CSP (lower-upper Pleistocene, Figure 2). However, some faults of AFFS seem to be characterized by a more recent activity. Indeed, the northern FF, bounding the Floridia Graben, displaces southward a 125 ky old marine terrace. On the contrary, according to Catalano et al. (2010), the activity of AF stopped during upper Pleistocene because it is sealed by a 330 ky old marine terrace. On the other hand, CVFS seems to be the youngest system of the study area because it, besides displacing a 100 ky old Pleistocene marine terrace (SFF in Figure 9), seems to displace also some structures of AFFS (WCF displaces CF and MF displaces FF). In addition, the present-day activity of the three studied fault systems is testified by the morphotectonic analysis.
MORPHOTECTONIC ANALYSIS
A morphotectonic analysis was performed herein, based on both quantitative morphometric and qualitative geomorphological studies, at the watershed-scale, of four basins of rivers flowing in the study area (the Mulinello, Marcellino, Cantera and Anapo Rivers) to detect evidence of a recent tectonic activity.
Morphometric Analysis
Morphometric Method
The morphometric analysis allowed us to quantify the relationships between faults and geomorphological features following the approach developed by Snyder et al. (2000) and Kirby et al. (2003). We mapped the drainage geometry and elaborated the DEM trough GIS software (Arc GIS) to extract channel and basin metrics, such as stream length, steepness, concavity. In particular, we computed hierarchical parameters, which describe the organization and maturity of the drainage network and can highlight anomalies due to active tectonics (Supplementary Table S3). Following the approach proposed by Pirrotta et al. (2016), we analyzed Strahler order (Horton, 1945; Strahler, 1952), Bifurcation ratio, Direct bifurcation ratio, Bifurcation index (R), Anomaly parameter, Hierarchical anomaly number (Avena et al., 1967) and Hierarchical anomaly index. The latter parameter has been conceived for this specific work, because it allows a better quantification of drainage anomalies. It is expressed as Δa = Ha/N1, where Ha is the number of the hierarchical anomalies and N1 is the number of first-order segments of the network. The Δa values approaching to 0 indicate a good hierarchical organization of the basin, while values approaching to 1 show a low degree of hierarchical organization. Description and meaning of the parameters are summarized in Supplementary Table S3.
In addition, the geomorphic indexes, such as the Asymmetry factor (AF) (Hare and Gardner, 1985; Cox, 1994; Pinter, 2005; Molin et al., 2004), the Transverse Topographic Symmetry factor (T) (Cox, 1994), the Basin Elongation Ratio (Re) (Bull and McFadden, 1977; Molin et al., 2004), the Hypsometric integral (Strahler, 1952), the Stream length-gradient index (SL) (Hack, 1973; Merritts and Vincent, 1989; Burbank and Anderson, 2001) and the Valley width-height ratio (Vf) (Bull and McFadden, 1977; Ouchi, 1985), were estimated. These indexes define the geometry of a basin and allow highlighting possible fault activity at local scale. Description and meaning of the indexes are summarized in Supplementary Table S4. Since the geomorphic indexes are influenced by lithology, local climate and human causes (Hack 1973), these factors were considered during the analysis and the parameters were related both to the lithology cropping out and to the Quaternary marine terraces (Figure 2). The longitudinal profiles of the channel were smoothed by applying a first-order polynomial loess filter with nearest neighbor’s bandwidth method, choosing a 0.1 sampling proportion. It allowed the removal of the artificial steps introduced in the DEM, keeping natural steps or knick points.
Morphometric Results
Mulinello River
The Mulinello River reaches the 3rd Strahler order. This river has high values of R parameter indicating that the fluvial network has not reached a good hierarchical organization. Moreover, Ha and Δa parameters show a low, but existing, hierarchical anomaly degree. AF index establishes a general symmetry of the basin, however a shifting of the main channel toward the dextral side of the hydrographic basin is observed. T index shows that the main channel locally flows next to the watershed, indicating the action of local geomorphological or structural features. This is particularly evident between MF1 and SVF, where the index exceeds the 0.50 value (Supplementary Table S5). Re index highlights an anomalous elongated shape of the basin, indicating fast uplift and head retreat of the drainage likely due to local activity of faults. However, the relatively high value of Vf index demonstrates that valleys are well modeled (Supplementary Table S5); this can be due to the fact that the drainage is not well developed and mainly represented by first-order segments, which gave rise to well modeled valleys over time (Figure 10A). SL peaks are observed at the hanging wall of MF1 (about 100–150 m a.s.l.) (Figures 10B,D,E). High values of SL are generally expected at the footwall of a normal fault; therefore, such element allows supposing an inversion of the movement along this fault. This anomaly occurs without lithological changes and it is often observed together with the important fluvial deflection of the river (Figure 10D). The local rejuvenation of the hypsometric curve of the Mulinello River at the hanging wall of MF1 (Figure 10C,E) should support the idea that this fault is actually active as a reverse one. All the geomorphic index anomalies occur within the same lithological formation (VPP) without the influence of lithological changes or the presence of marine terraces.
[image: Figure 10]FIGURE 10 | From (A–E) Mulinello River analysis. From (F–L) Marcellino River analysis. (A,F) Hierarchical parameters (R, Ha and Δa) and geomorphic indexes (AF, T average Re and Vf average). (B,G) SL index graph. (C,H) Hypsometric curve. (D,I) River and faults crossing the area. (E,L) Long stream-profile and litho-types on which the main channel of the river flows (colored bar, see Figure 2 for the key); the upward arrow on MF1 indicates the likely reverse kinematics of this fault.
Marcellino River
The Marcellino River reaches the 4th Strahler order. High values of R parameter indicate that the fluvial network has a scant hierarchical organization. In addition, Ha and Δa parameters establish a very high hierarchical anomaly degree (Figure 10F). AF value, greater than 50, shows that the main channel is shifted toward the hydrographic left, whereas T index highlights an important asymmetry of the basin, characterized by the main channel flowing next to the watershed (Figure 10F). The maximum asymmetry is reached in proximity of MF1 and MF2 interception. SL higher values have been observed at the hanging wall of MF1 (between 100 m and 150 m a.s.l.) and at the hanging wall of ESF and at the footwall of WVF (between 250 and 300 m a.s.l), likely prosecuting in depth (Figures 10G,I,L). Re index indicates an anomalous elongated shape that, along with the rejuvenation of the Hypsometric curve at the hanging wall of MF1 and MF2, suggests the uplift of the western side of the basins producing the fast fluvial head retreat (Figures 10F,H,L). Furthermore, Vf low value (Supplementary Table S5) indicates V-shape valleys caused by strong fluvial incision due to a fast uplift. Anomalies of the geomorphic indexes occur either within the same geological formation (VPP). However, the knick points at 420 m and 560 m a.s.l. (Figure 10L), occur where there is an alternation of VT and CARB and the river is crossed by minor faults WSF1 and WSF2. Since VT and CARB have similar lithological characteristics with a medium erodibility degree, these knick points can be due to the fault activity. These results allow us to affirm that MF1 and MF2 seem to be actually active as reverse faults.
Cantera River
The Cantera River reaches the 4th Strahler order. The value of R parameter indicates that the fluvial network has a not regular hierarchical organization but it is better than the other analyzed rivers. In addition, Ha and Δa parameters highlight an important hierarchical anomaly degree (Figure 11A). AF index shows a symmetric shape of the basin and Re value indicates a more regular and circular shape; however, the T index shows local asymmetries in the final tract of the drainage (close to the shoreline) (Supplementary Table S5). Vf value indicates the occurrence of V-shape incised valleys (Supplementary Table S5), suggesting that the basin is suffering a fast uplift. The mature stage is supported by the fact the drainage reaches the 4th Strahler order. However, this evidence of mature stage is in contrast with the young stage showed by the hypsometric curve (Figure 11C). In the Cantera River, SL high values are between 150 and 200 m a.s.l., indicating a local increase of the slope in a sector ranging between MF3 and MF (Figures 11B,D,E); then, values remain high indicating that the anomalous increase of slope persists as far as the upper stream. This evidence supports that MF3 is moving as reverse fault, as well. Long stream-profile shows four knick points in absence of lithological change. The first two well-shaped steps dip in the same direction of the slope and are due to the minor faults F1 and F2; the others are an inflection of the long stream-profile at the hanging wall of ESF. SL anomalies and knick points are observed without lithological change, in the CARB and VT terrains. Thus, lithological change as cause of these anomalies can be excluded.
[image: Figure 11]FIGURE 11 | From (A–E): Cantera River analysis. From (F–L): Anapo River analysis. (A,F) Hierarchical parameters (R, Ha and Δa) and geomorphic indexes (AF, T average, Re and Vf average). (B,G) SL index graph. (C,H) Hypsometric curve. (D,I) River and faults crossing the area; in (D) the rectangles labeled A and B refer to the location of Figures 12D,E, respectively. (E,L) Long stream-profile and litho-types on which the main channel flows (colored bar, see Figure 2 for the key).
Anapo River
The Anapo River reaches the 4th Strahler order. The R value indicates a scant hierarchical organization and Ha and Δa parameters show the highest degree of hierarchical anomaly with respect to the other rivers of the study area. AF and T indexes indicate an almost regular symmetry. Re suggests anomalous elongated shape, which can be associated to tectonic control (Figure 11F). Vf indicates the presence of incised V-shape valleys suggesting a fast tectonic uplift with respect to the base level (Supplementary Table S5). In the Anapo River, SL high values (between 150 m and 200 m a.s.l) support the activity of MF, ESF and MF3 (Figures 11G,I,L). Others anomalous values are observed (between 500 m and 550 m a.s.l and between 600 m and 650 m a.s.l.) where the drainage is intercepted by secondary faults. High values of SL at the hanging wall of MF3 support the inversion of movement of this fault. The rejuvenation in the central sector of the Anapo River, observed in the hypsometric curve, occurring at the hanging wall of MF3 and SF1, testifies the up-throwing of the hanging wall of these faults suggesting that they can be active as a reverse fault. Only a knick point, occurring on MF3, corresponds to a lithological passage between CARB and VT, but we consider that this knickpoint is rather due to the fault activity, because the presence and activity of MF3 is supported by other markers.
Geomorphological Analysis
Geomorphological Method
We mapped geomorphological markers of active tectonics, such as deflected streams, offset streams, offset ridges, fluvial captures and landslides, similar to those mapped in other active tectonic contexts of eastern Sicily (Guarnieri and Pirrotta, 2008; Pirrotta and Barbano, 2011; Pirrotta et al., 2016; Pappalardo et al., 2018) and of other areas worldwide (e.g., Ouchi, 1985; Kirby et al., 2003; Molin et al., 2004).
Geomorphological Results
In the fluvial basins analyzed herein, several markers of possible active tectonics have been observed, such as anomalous confluences, deflected streams, multiple confluences, fluvial catchments, slope anomalies, asymmetric valleys, hierarchy anomalies, deflected ridges and valleys where drainage is intercepted by faults. In addition, several landslides are observed along the river courses in proximity of the faults, testifying the strong link between tectonics, landslides and river path. The most remarkable capture affects the Anapo River, close to the Sortino town. Here EFS and FF caused the grow of the Augusta Horst, which acted as a barrier, hampering the fluvial course of the river and causing the abandonment of the old NE-SW drainage and the clockwise deflection toward the current NW-SE flow (orange arrow in Figure 12A). The Cantera River (yellow arrow on right in Figure 12A) now occupies the abandoned drainage path.
[image: Figure 12]FIGURE 12 | (A) DEM detail of the central part of the Anapo River (figure location in Figure 6B) showing the direction change of the drainage network due to ESF and FF activity, which caused the uplift of a block north of the Anapo River partially coincident with the Augusta Horst. Yellow arrows on the left indicate the present-day ENE–WSW direction of the western sector of the Anapo River; in the eastern sector, orange and yellow arrows indicate the present-day NW-SE direction and the old direction of the Anapo River, respectively. The latter corresponds to the actual Cantera River. White lines are the river watersheds. Yellow star is the location of the google earth image of Figure 8B. (B) Google Earth image showing ESF and MF3. (C) Detail of the DEM showing two paleo-landslides along FF to the east of Sortino, likely triggered by the 1693 earthquakes. Landslide bodies are eroded and incised by the Anapo River. (D) DEM and main channel profiles of the Cantera River, where it is intercepted by ESF and (E) by MF; (see Figure 11D).
It is evident that, initially, the western part of the Anapo River flowed into the current Cantera River, since these two rivers show the same mature stage. Indeed, although the Cantera River is small and its hypsometric curve indicates a young stage, it shows a mature hierarchical stage reaching the 4th Strahler order and it has incised V- shape valleys similarly to the western part of the Anapo River (similar Vf values). In this area, two paleo-landslides were mapped along FF, which are incised by the present-day fluvial network (Figure 12C). The 1693 earthquakes could have triggered the two landslides, as reported by historical accounts that describe several landslides occurred near Sortino (Figure 5). Moving southwards, the recent fluvial drainage suffers captures and shapes orthogonal deflections where it is crossed by SFF (Figure 9A). The river valley shows indeed an asymmetric path with a rejuvenated and steeper footwall side with respect to the hanging wall, which shows a concave profile (Figure 9D). Typical effects of the action of the mapped faults on the drainage are the morphological scarps, with an opposite dip if compared to the normal slope of the main river course (Figure 12D and 12E). Southwards, WCF shows some evidence of left-lateral component of movement, indeed this fault seems to dislocate two ridges and their valley northwest and west of Canicattini town, respectively (Figure 8A).
WHERE ARE THE 1693 SEISMIC SOURCES LOCATED?
Through the revision of the macroseismic data of the 1693 shocks, two NNE-SSW trending, partly interlaced seismic sources for the 1693 fore and main-shocks were obtained. According to the model presented in this paper, the January 9 seismic source is located south to Sortino, whereas the January 11 main-shock source is located northwards comprising also the Catania Plain (Figure 1B).
The fault mapping, the field survey and the morphotectonic analysis (qualitative geomorphological and morphometric study) of the rivers allowed observing three main active fault systems: i) the NW-SE-trending AFFS, characterized by normal dip-slip kinematics, responsible for the basins opening; ii) the NE-SW up to NNE-SSW-striking west-dipping PVFS with some faults (SF1, MF1 and MF3) showing inversion of kinematics from normal to reverse; iii) the CVFS with almost N-S-trending, W-dipping normal faults, some of which show left-lateral component of movement. The CVFS is characterized by a segmented pattern, with gaps and stepovers of few kilometres. Achieved results support the hypothesis that AFFS, PVFS and CVFS are active fault systems acting contemporarily. The activity of AFFS is also testified by active deformation of Holocene deposits and late Pleistocene marine terrace observed offshore in the Augusta Bay (Pirrotta et al., 2013). The coexistence and contemporaneity of contractional, extensional and strike-slip structures suggest a complex tectonic frame that can be resolved with the hypothesis of a left-lateral shear zone. In this model, the CVFS can be the segmented superficial expression of a unique NNE-SSW to N-S-trending master fault; that is the Y-shear along the deep shear zone axis. AFFS and PVFS should be the extensional and contractional structures associated to the propagating shear zone (Figure 13A). Indeed, according to the diffuse strike-slip experiments, the crustal sector into a shear zone can be deformed with the formation of both extensional and contractional secondary faults. Furthermore, upthrust blocks and open tensional basins, similar to that observed in the study area, characterize the bend surrounding the strike-lateral fault (e.g., Cunningham and Mann, 2007). The directions and kinematics of the shear zone, and of the annex structures at the surface (PVFS, AFFS, and CVFS) agree with the recent stress field, characterized by a maximum horizontal stress axis NW–SE to NNW–SSE oriented, that follows the Eurasia–Nubia direction of convergence. However, in the frame of the NW-SE plate tectonic convergence, the contraction seems to be accommodated by PVFS, which are located in the narrow, east-west-trending belt of the northern Hyblean Plateau, were contraction was observed by GPS data (Palano et al., 2012). On the other hand, the normal component of movement of the CVFS can be explained by the different velocity and direction of convergence of the two blocks separated by the shear, in the geodynamic frame of the north-westward movement. Alternatively, the extension on CVFS, with the lowering of the western sector, can be due to the persistent flexure of the Hyblean Plateau below the orogenic chain. CVFS lies across the southern part of the new-modelled boxes (Figure 13B) and well matches with some previously modeled seismic sources of the 1693 earthquakes (Figure 1) (e.g., Sirovich and Pettenati, 2001; Barbano and Rigano, 2001). Furthermore, CVFS runs along an NNE-SSW shocks alignment. Indeed, instrumental seismicity suggests that the highest number of earthquakes (Figure 3A) has occurred within an NNE-SSW oriented area running from west of Canicattini to Catania, crossing the Catania Plain. Both here and in the central sector of the Hyblean Plateau, a maximum of instrumental earthquake density (Figures 3A,B) is observed and the strongest historical earthquakes of south-eastern Sicily occurred (Figures 1B). Furthermore, PVFS and CVFS lie in correspondence of the fractured crustal sector detected analyzing Vp/Vs ratio map (Figures 3D,E, Musumeci et al., 2014). It is not excluded that CVFS can continue northwards in the Catania plain or offshore in the Ionian Sea. Indeed, the new-modelled seismic source of the January 11 shock extends as far as south of Catania. CVFS is composed by up to 10 km long segments, with a total length at the surface of about 35 km. It is demonstrated that the sub-surface rupture length (RLD) is longer than the surface rupture length (SRL) up to 35–45% (Wells and Coppersmith, 1994; Boncio et al., 2004). Therefore, considering the wide area of generated deformation, and that the fault can continue in the Catania plain, CVFS shows a suitable geometrical dimension (SRL ∼35 km; RLD more than 40 km) to generate earthquakes with magnitude greater than 7, as those occurred during 1693 (Mw 7.1–7.3). Moreover, upper Pleistocene slip-rate of the CVFS, estimated around 0.3 mm/yr, is comparable to the one observed on the Apenninic faults, responsible for the disastrous earthquakes occurred in the last twenty years (e.g. Pace et al., 2006). Ground deformation effects reported by the historical accounts (Supplementary Table S2) could be related to either the coseismic faulting, or secondary ruptures not directly connected with the seismogenic fault at depth, that we searched in the field, although these are no longer visible after more than three hundred years. Given the previous discussed evidence, the master fault related to CVFS is hypothesized as a possible candidate for the southeastern strong earthquakes and, in particular, for the 1693 seismic sequence. In our assumption, the January 9 foreshock nucleated south of Sortino, probably at the WCF segment, and strongly damaged the localities along the eastern side of the Hyblean Plateau (Figure 4A). The January 11 mainshock nucleated northwards, at either the ESF or WVF segment and propagated in the Catania plain, where the CVFS could continue buried by the alluvial deposits, and completely destroyed the previous damaged localities, along with the villages located north of Catania that were not damaged by the foreshock (Figure 4B). This model suggests a cascade-style rupture as already proposed by Burrato and Valensise (2008) for the 1857 Southern Italy earthquakes. The first shock nucleated in the southern segment, while the second shock in the northern one (Figure 13A). The arrows show the hypothesized rupture directivity, which could explain the anomalously extensive damage from the Sortino area, where sources are partially interlaced, moving toward the southern Etna, where most of the towns and villages were destroyed as well.
[image: Figure 13]FIGURE 13 | (A) South-eastern Sicily DEM; red and yellow rectangles are the new modeled seismic sources; arrows indicate the hypothesized rupture directivity and verse of propagation of the rupture. (B) Model of a transtensive fault with its associated extensional and contractional faults; black arrow indicates sigma 1.
The seismic sources modeled herein are more suitable to produce the observed seismo-induced effects and damage. Indeed, the EMS-98 based damage assessment gives a maximum intensity of X-XI and the evaluation of Seismic Intensity with the ESI 2007 scale, based on the effects triggered by earthquakes in the natural environment, returns an Intensity X ESI, since the affected area was about 6,000 km2 wide. At this intensity, frequent large landslides under the sea level in coastal areas can be triggered. Furthermore, coseismic effects are concentrated in the central part of Catania Plain (Figure 5) where there is a lack of intensity information (due to uninhabitability) (Figure 4A), whereas there are two maximum intensity concentrations at the margins of the plain. The large tsunami that followed the mainshock was probably triggered by coseismic tectonic subsidence or uplift, since the deformation could have propagated in the sea. Otherwise, the shock could have triggered the numerous sub-marine slides observed along the entire slope of the Malta Escarpment by geophysical surveys (e.g., Torelli et al., 1998; Pirrotta et al., 2013), which could have caused the wide tsunami. Sub-marine slides are induced effects expected at intensity X in the ESI 2007 scale and several Authors, who consider the 1693 seismogenic faults on land, have already suggested similar hypotheses (e.g., Billi et al., 2010). With respect to the faults located offshore (Figure 1; Supplementary Table S1), our new seismic sources (Table 1) are characterized by magnitude values that are similar to those reported in the Italian parametric catalog (Rovida et al., 2019) for the strongest Italian earthquakes. Seismic sources located offshore, such as both the Malta Escarpment and the subduction plane, should have generated much greater magnitude earthquakes to justify the 1693 distribution of damages (e.g. Sirovich and Pettenati, 2001; Gutscher et al., 2006).
CONCLUSION
In this paper, we propose a new fault model for the 1693 earthquakes based on a new analysis of the macroseismic historical data and morphotectonics constraints.
The analysis of historical data of the 1693 earthquakes allowed us to model two NNE-SSW trending, partly interlaced seismic sources for the fore and main-shocks, running from the Hyblean Plateau as far as the southern sector of Etna.
Fault mapping and morphotectonic analysis revealed a complex fault belt in the Hyblean Plateau. Among these, a segmented N-S trending fault system (the Canicattini Villasmundo Fault System) could be a unique main fault, whose length in depth could reach about 35 km.
This Fault System well matches with part of the almost N-S trending seismic sources modeled for the 1693 shocks, representing a valuable candidate for these earthquakes. Furthermore, CVFS has a suitable dimension to generate earthquakes with Mw up to 7.3. Achieved model suggests a cascade-style rupture for the 1693 seismic events, where the January 9 shock nucleated in a southern segment and the mainshock in a northern segment of CVFS (Figure 13A).
The geometry and kinematics of this system are compatible with SE Sicily instrumental seismicity and support the hypothesis of the Hyblean Plateau indenter segmentation with different movement of the adjacent crustal blocks, in the frame of the Africa-Eurasia convergence. This is in accordance with other regional master faults, i.e. the Scicli Ragusa Fault System and the Malta Escarpment Fault System.
As a final consideration, some questions remain to be addressed:
• Could the northern segment of the fault prosecute northwards? It could either be partially buried under the sediments of the Catania plain or continue offshore. This open question deserves to be the subject of future researches.
• Is the tsunami due to the propagation of the deformation offshore? If not, are the landslides mapped offshore capable to trigger a tsunami such as the January 11, 1693 one? The new fault model should be used to model the tsunami data.
Achieved results represent useful data for further geomorphic, geologic, paleoseismic, geophysical, and seismological research in the region aimed at proving the new proposed seismogenic model in southeastern Sicily and at resolving the open questions.
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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.
Keywords: Adriatic microplate, External Dinarides fold-and-thrust belt, earthquakes, active tectonics, geological mapping, Quaternary sediments
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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Gouges and cataclasites within exhumed fault zones are valuable indicators of past seismic events. Gouge layers, 40- to 100-cm-thick and decameters long, have been found within uplifted Cretaceous limestones in the Euganean Hills (SW of Padova, NE Italy), Cenozoic subvolcanic chambers intruded within a Meso-Cenozoic sequence. The main tectonic lineament in the area is the Schio-Vicenza Fault that bounds the Euganean Hills to the East. Micropaleontological analyses reveal that the gouges derive from the fragmentation and pulverization of the adjacent pristine carbonatic rocks. Stress tests on specimens from bedrock associated with gouges yielded a minimum dissipated strain energy of 0.3–0.5 MJ/m3 to shatter them. Henceforth, additional strain energy was necessary to pulverize these rocks within the gouge zones. Global navigation satellite system observations show that the present deformation pattern in this region of Italy is a few tens of nanostrain (10–30 1/y), not enough to generate such gouge layers. Therefore, the seismicity of the Euganean Hills (currently M ≤5) must be reconsidered in the light of the Schio-Vicenza Fault past activity. The gouges may imply that the Schio-Vicenza Fault had a more intense activity in the past, or this area was affected by remote events or tectonic structures. This article provides new clues on the evolution of the tectonic and morphological setting of the area, with relevant consequences on seismic risk assessment of the nearby urbanized area, including the cities of Padova and Vicenza.
Keywords: paleo-seismology, rock mechanic, Euganean Hills, Southern Alps, seismic hazard
INTRODUCTION
A territory hit by earthquakes generally exhibits distinctive landforms such as compressional and extensional features, ridges, shear planes with displacement, scarps, trenches and fragmented rocks, and gouges (powdered layers and pockets) within bedrock (i.e., Guerrieri et al., 2010; Michetti et al., 2012; Livio et al., 2014). These features have been observed in the central sector of the Italian Southern Alps (Vannoli et al., 2015). Before the recognition of paleo-seismic landforms indicative of earthquakes in the Southern Alps, it was generally accepted that no high-intensity seismic events, with exception of the well-known earthquake of Verona in 1117, occurred in this area in the last millennia and many of the Middle Age city destructions in the NE Italy were attributed to this event (Guidoboni et al., 2005; Rovida et al., 2016). Actually, several lines of evidence of paleo-seismicity have been recognized so far. In the Como Lake area (Figure 1), pseudotachylite veins in the Grigne Group (Viganò et al., 2011), co-seismic turbiditic lacustrine sequences (Fanetti et al., 2008) and liquefaction features in Late Pleistocene deposits near Como indicate important past earthquakes (Chunga et al., 2007). Near Brescia (i.e., Mt. Netto), a spectacular ground rupture due to the growth of a decameter-scale fold in Pleistocene fluvioglacial sediments (Livio et al., 2009; Livio et al., 2014) and other paleo-seismic structures near the Garda Lake confirm strong past seismic events (Scardia et al., 2015). Highly fragmented to powdered rocks within Mesozoic carbonates along the Schio-Vicenza and Foiana faults (Fondriest et al., 2012; Fondriest et al., 2015; Fondriest et al., 2017; Viganò et al., 2018) are also interpreted as paleo-seismic evidence. Rock avalanche deposits in the Adige and Sarca valleys and Garda Lake area have been recently interpreted as a consequence of earthquakes possibly related to the Southern Giudicarie Fault (Martin et al., 2014; Ivy Ochs et al., 2017a; Ivy Ochs et al., 2017b). In the area between Bassano and Pordenone, Miocene–Pliocene sequences have been deformed and uplifted in Pleistocene–Late Holocene due to the thrust activity of the Venetian-Friulian belt which was struck by earthquakes with magnitude M >5 (Galadini et al., 2005; Burrato et al., 2008; Fontana et al., 2010; Rovida et al., 2020). In the Po Plain, active blind thrusts and related transfer faults are present, and some of these are thought to act as potential triggers (i.e., Burrato et al., 2008; Vannoli et al., 2015).
[image: Figure 1]FIGURE 1 | Map of the Southern Alps and the Po plain. The dashed rectangle shows the location of the Euganean Hills (Figure 2). Active faults (yellow and red lines) BV: Bassano-Valdobbiadene, RB: Riviera del Brenta (dashed line is the presumed continuation); SV: Schio-Vicenza. Inset: Alps with main lineaments; ESA: eastern Southern Alps thrust system; FPT: Frontal Penninic thrust; AST: Alpine Sole thrust; VS: Valsugana thrust; IL: Insubric Lineament. Background maps derive from a 20-m cell DTM (open data released by ISPRA: http://www.sinanet.isprambiente.it/it/sia-ispra/download-mais/dem20/view, last access: September 3, 2020).
The discovery of cataclasites and powdered layers and pockets in carbonatic lithologies cropping out in the Euganean Hills (SW Padova; Figure 1) has led to important different questions including 1a) were these gouge structures generated by paleo-seismic events? 1b) are the fragmented and powdered rocks derived through shattering and pulverization processes from the surrounding pristine rocks? 1c) are these fragmented and powdered rocks the result of one single event or are rather related to multiple successive episodes? 2) what is the minimum energy necessary to produce powdered layers and pockets from carbonatic lithologies and which is the strength drop of the rocks? 3) which fault or faults triggered this (these) paleo-seismic event(s) and why these structures and material are now exposed in the frontal part of the Euganean Hills?
In order to answer these questions, we collected both pristine rocks and the related powdered material from layers and pockets cropping out in the Euganean Hills and carried out micropaleontological, chemical, geomechanical, and geotechnical analyses. In the laboratory, we attempted to reproduce the damage observed in the field (shattering and pulverization) through static compression performed on samples loaded to failure. The measurement of the energy dissipated when breaking the rocks at the failure coincides with the peak stress, and it is proportional to the damage of the specimens in the laboratory. This can give us an approximate idea of the energy consumed by the friction to produce gouge during an earthquake (Scholz, 2020).
The results of these studies were integrated with seismic tests (seismic survey: measurement of compressional P-wave and shear S-wave velocities) in the southern part of the Euganean Hills to verify if other cataclasite and gouge layers were recognizable in the underground. The Euganean Hills belong to the Schio-Vicenza Fault area and are bordered to the east by a master fault. This area is characterized by earthquakes of magnitude 4< M <5 (Viganò et al., 2015; Guidoboni et al., 2018). By contrast, earthquakes with M >5 are widespread in the Venetian-Friulian thrust belt and related strike-slip faults (Viganò et al., 2015). The Euganean Hills can be considered part of this thrust belt even if it has been displaced to the south by the Schio-Vicenza Fault (Figure 1).
Past seismicity of the Euganean Hills is documented by few moderate magnitude earthquakes occurred in the Padova district (Guidoboni et al., 2007; Guidoboni et al., 2018) as for instance the earthquake recorded in 1491 (M = 5), which generated severe damage to the cultural heritage of the city. Understanding the paleo-seismic structures of the area could provide insights into paleo-events and related sources and would be helpful to verify if the sources are the same for both past and recent earthquakes, possibly allowing the forecast of the future event consequences.
All analyses performed in our research were integrated with both a geomorphological analysis of the Euganean landforms and a geodynamic scenario based on GNSS (global navigation satellite system) in order to provide a reliable assessment of the tectonic/seismic risks of the study area. This approach helps constrain time, magnitude, and dynamics of prehistoric earthquakes and also provide important insights into the present seismic risk.
THE EUGANEAN HILLS
Tectonics and Magmatism
The Euganean Hills (∼300 km2, Padova Province, NE Italy) include a number of subvolcanic bodies of kilometric scale, belonging to the cluster of post-alpine magmatic intrusions within the Meso-Cenozoic carbonatic sequence (Figure 1). This magmatism followed the decoupling of the Northern and Southern Alps domains within the framework of late alpine geodynamic processes related to the indentation of the African Plate (Adria microplate) against Europe. At present, the African Plate underthrusts the European Plate below the Venetian-Friulian Prealps. In the Venetian Prealps, the shortening is accommodated by S- to SE-vergent thrusts, the most important of which is the SE-verging Bassano-Valdobbiadene thrust (BV in Figure 1, Doglioni, 1992a; Doglioni, 1992b) which is interrupted by the NW-SE oriented Schio-Vicenza Fault (SV in Figure 1), which borders to the east the Lessini Mountains (N of Verona), the Berici (S of Vicenza), and Euganean Hills (SW of Padova).
The Schio-Vicenza is the principal fault of this area. Its activity influenced the intrusion and tectonic evolution of the Euganean Hills and controlled their seismicity (Pola et al., 2014). The main plane originated as a high-angle normal fault during the Paleogene or before in the Mesozoic and was subsequently reactivated since late Miocene as a sinistral strike-slip fault (Finetti, 1972; Castellarin et al., 2006; Zampieri et al., 2003; Galadini et al., 2004; D’Agostino et al., 2008; Serpelloni et al., 2016; Fondriest et al., 2012) joining the Southern Alps with the Adriatic coast over about 120 km. The fault was completely buried by sediments in the Venetian Plain and is not traceable at the surface (Antonelli at al., 1990; Vannoli et al., 2015). His occurrence is indicated by seismic sections across the fault area including minor faults subparallel to the master fault (see Figure 5 in Pola et al., 2014; Figure 1). At Abano Terme, a small town near the Euganean Hills, buried extensional structures sealed by hydrothermal sediments suggest this fault was active ∼34 ka ago (Pola et al., 2014; Torresan et al., 2020). The Euganean Hills are elongated in an NNW-SSE direction between Bastia to the north and Monselice to the south (Figure 2A). Northward, the Euganean Hills are separated from the Berici Hills by the NE-SW–oriented Riviera dei Berici fault (RB in Figure 1; Piccoli et al., 1976; Antonelli et al., 1990) which played a very important role separating the Berici shallow sea setting from the Euganean pelagic domain. An NE-SW structural high is reported to be active from late Campanian to early Eocene across the Euganean Hills, separating the northern condensed sequences present in the Berici Hills from the northern Euganean Hills which instead show thicker sequences and enhanced terrigenous input with respect to the southern part of the Euganean Hills (Massari and Medizza, 1973). Other N-S, NW-SE, and E-W trending faults have been active almost since the early Oligocene, as indicated by the direction of the magmatic dykes, in an extensional tectonics scenario (Piccoli et al., 1976; Pola et al., 2014). Forty kilometer south of the Euganean Hills, the fold-and-thrust belt of the Northern Apennines, growing up since the Late Cretaceous, moved northward while deforming the Pliocene-Pleistocene sedimentary sequence of the Po Plain (Doglioni, 1993; Carminati et al., 2010; Govoni et al., 2014) (Figure 1).
[image: Figure 5]FIGURE 5 | Gouge layer from the Mt. Bignago outcrop of Scaglia Rossa (coordinates: N45°15’30.0’’ E11°42’51.6’’; site 7 in Supplementary Material 1). Folds are visible in the overlying Scaglia Rossa. A: Photograph; B: interpreted version of the frame A. Bedding (red) reactivated by N-dipping shear planes (green). Measurements are given in this format: dip direction/dip.
[image: Figure 2]FIGURE 2 | Maps of the Euganean Hills with permanent GNSS (Global Navigation Satellite System) station (red) and sampling sites (light blue). Names of the locations are bordered in white if referring to towns and in yellow if referring to peaks. Samples: VP from Val Pomaro, AP from Arquà Petrarca, Mt. Bignago and Baone, and T from Teolo. The lithologies, the tectonic lineaments, and the stratigraphic sketch are modified from Cucato et al. (2011). Faults (red lines): RB Riviera del Brenta and SV Schio-Vicenza faults. Background maps derive from a 5-m cell DTM (open data released by Regione Veneto: http://idt.regione.veneto.it/app/metacatalog/, last access: September 3, 2020). A: general frame; B: northern Euganean Hills; C: southern Euganean Hills.
The Euganean Hills derived from a single magmatic apparatus alimented by the Mt. Venda magmatic center in the area between the Schio-Vicenza and Riviera dei Berici faults (Figures 1, 2), suggesting a correlation between the tectonic and magmatic activity in the middle Eocene to early Oligocene time (Dieni and Proto Decima, 1970; Cucato et al., 2011; Cucato et al., 2012; Bartoli et al., 2015). Intrusions at a depth of around 8–10 km (Piccoli et al., 1976; Piccoli et al., 1981; Zaia et al., 1989) produced a first uplift of the Euganean crust followed by an erosional phase. After the cooling at a shallower depth, between 23 and 21 million years ago ((U-Th)/He apatite fission tracks data; Benà et al., 2019), the magmatic rocks have been brittle deformed. These intrusions are now exposed reaching a maximum elevation of 603 m (i.e., Mt. Venda) and looking like pyramidal volcanoes. The most known bodies, besides the Mt. Venda edifice, are located in the northern part, near the village of Teolo (i.e., Mt. Madonna and Mt. Grande), and in the southern part, near the village of Arquà Petrarca (i.e., Mt. Orbieso, Mt. Ventolone, and Mt. Ricco). Three samples of magmatic rocks were collected from dykes all over the area (rhyolite VP6, andesite VP15, and perlite AP17; Figures 2B,C; Table 1). At the slopes of these hills, the Maiolica (Upper Jurassic–Lower Cretaceous), Scaglia Variegata Alpina (Cretaceous), Scaglia Rossa (Upper Cretaceous-middle Eocene), and Torreglia Formation (upper Eocene–lower Oligocene) crop out (De Zigno, 1861; Massari and Medizza, 1973; Piccoli et al., 1976; Piccoli et al., 1981).
TABLE 1 | Samples from the Euganean Hills. Rock type and geomechanical and geotechnical characteristics are reported.
[image: Table 1]Lithostratigraphy
The area between Arquà Petrarca and Teolo is a kilometric-scale wide anticline with an ENE-WSW trending axis, parallel to the undulations of the Berici Hills and eastern Lessini Mountains (Piccoli et al., 1976). The adjacent syncline is located close to the village of Teolo (Figure 2A). The lithostratigraphic units cropping out in this area are the following (Figure 2A):
1) Maiolica (Tithonian pp.–Aptian). This unit is a white, light gray micritic limestone with black chert lenses, with a maximum thickness of ∼80–90 m; in the study area, it is strongly reduced if compared with the Venetian Prealps area (Astolfi and Colombara, 2003). Maiolica gradually transforms locally into the overlying Scaglia Variegata Alpina, but the contact between these two lithologic units are not always easily distinguishable. The most common microfossils found in Maiolica are calcareous nannofossils (Piccoli et al., 1976). Maiolica intact samples and gouges were collected north of the village of Arquà Petrarca (Val Pomaro: rock samples VP10, VP10bis, VP23, VP24, VP25, and VP26 and gouges VP9 and VP14; Figure 2C) and near the village of Teolo (rock samples: T13A-B, T14A-B; Figure 2B).
2) Scaglia Variegata Alpina (Aptian–Cenomanian). This unit is a micritic limestone white in color with black or red chert lenses lying on the top of Maiolica. The thickness is about 40–45 m. Bedding is thin, with plane joints and frequent stylolites. Locally, these rocks are composed of dark bituminous limestone; the boundary with the underlying Maiolica is globally characterized by Oceanic Anoxic Event 2, which is locally referred to as the Bonarelli event (Jenkyns, 2010). This unit crops out near Teolo (Cucato et al., 2011).
3) Scaglia Rossa (Turonian–Lutetian). This unit is a reddish and marly limestone; whitish/pinkish lithologies with red–brown–green chert lenses are typical of the southern part of the Euganean Hills. The thickness varies from 80 m in the north to 130 m in the south. The Scaglia Rossa is divided into two informal members: the lower one is mostly carbonatic with thicker layering (Scaglia Rossa 1; Table 1) and the upper one is generally more marly (Scaglia Rossa 2; Table 1) and is characterized by the presence of two hardgrounds of late Campanian-Maastrichtian age (Massari et al., 1976). Scaglia Rossa with very high clay content crops out in the southern part of the Euganean Hills and has an estimated age of early Eocene (Cucato et al., 2011). The decameter- to meter-scale folds present in the Scaglia Rossa were interpreted as being due to sub-marine slumping (Piccoli et al., 1976). Over the Scaglia Rossa, the sequence includes the clay-rich Torreglia formation, typical of basinal conditions of middle Eocene–early Oligocene age (Massari et al., 1976; Cucato et al., 2011). The thickness of the Eocene–Oligocene sequence, including the upper portion of Scaglia Rossa and the Torreglia Formation, is of ∼1,000 m (Piccoli et al., 1976).
In the southern part of the Euganean Hills, near Arquà Petrarca, discontinuous whitish, few tens of meters long and 0.4- to 1-m-thick powdered layers of gouge and whitish pockets occur within Scaglia Rossa and Maiolica. Similarly, in the northern part of the Euganean Hills near Teolo, a discontinuous white-colored gouge layer few tens of meters long and 1 m thick occurs within Scaglia Rossa. In these sites, the decametric slumping and synsedimentary structures are tectonically reactivated. The Scaglia Rossa samples were collected at different sites (Table 1 and Figures 2B,C): Mt. Bignago (rock: samples AP3, AP20, and AP28 from the side of the road and a quarry; samples AP29 and AP30 from the northern side of this hill; cataclasite AP1 and gouge AP4 from the side of the road), Mt. Mottolone (VP18), near the villages of Baone (AP32), and Teolo (rock T4 and gouges T1, T12).
Geomorphology
The Euganean Hills are considered as the product of subaerial erosion starting with the Miocene marine regression which exposed laccolites and dykes (Pellegrini, 1988; Pellegrini, 2006). Some weakly dipping morphological surfaces preserved at different altitudes were interpreted by Schlarb (1961) as remnants of relict surfaces due to different erosive cycles, after various uplift episodes of the hills, each one followed by a stability phase with smoothing (Reyer, 1877; Pellegrini, 2006). The uplift of the hills is indicated by valleys deeply incised and oversized with respect to their creeks (De Marchi, 1905; De Marchi, 1935). The uplift of the hills is suggested by the paleo-wandering of the Brenta River to the east and of the Adige River to the south (Nicolis, 1898). During Pleistocene, the Adige and Brenta rivers provided sediments which completely buried the foot of the Euganean Hills and overflooded some of the internal valleys (Castiglioni, 1982a; Castiglioni, 1982b; Castiglioni et al., 1987; Marcolongo and Zaffanella, 1987; Castiglioni and Pellegrini, 2001; Mozzi, 2001; Mozzi et al., 2010; Mozzi et al., 2013). To the east of the Euganean Hills, the Brenta River was recognized to have flown along three different main paths, which point out its migration from west to east since the middle Holocene (Castiglioni, 1982a; Castiglioni, 1982b; Fontana et al., 2014). Similarly, the Adige River migrated from north to south in an interval spanning from the Late Bronze Age to the High Middle Ages (II millennia BC and VII–VIII century AD; Ferrari et al., 2009; Piovan et al., 2010; Piovan et al., 2012).
METHODS
Field Survey
Field surveys consisted of direct observation of the outcrops at different sites of the Euganean Hills. Three of these, Val Pomaro and Mount Bignago near Arquà Petrarca to the south and Teolo to the northeast, were selected for collecting structural data and rock and powdered samples for laboratory analyses.
Val Pomaro
A few kilometers north of Arquà Petrarca, in Val Pomaro (Figure 2), Maiolica is intruded by the trachyte laccoliths of Mt. Orbieso (326 m a.s.l.) and Mt. Ventolone (408 m a.s.l.). On the western flank of these hills, the sedimentary formations are plunging to the west (Figure 2A; see sites 2, 3 in Supplementary Material 1). Here, an NW-SE–oriented fault borders the laccoliths to the west and cuts Maiolica (Figures 3A,C). This fault dislocates the NE-SW–oriented faults of the Riviera del Brenta system. According to Piccoli et al. (1976), in many places, slices of Maiolica have been moved from the underground to the surface by the magmatic intrusions. Quaternary cover on the top of the outcrop is ∼30 cm thick.
In upper Val Pomaro, the Maiolica bedding is 144/15–120/19 (dip direction/dip) (Figure 2A; site 4, map in Supplementary Material 1). Near the Val Pomaro restaurant, Maiolica is cut across by a normal fault with a plane dipping of 220/40 (photograph A and stereoplot C in Figure 3). Black calcite veins with a similar orientation (photograph B in Figure 3) and NNW-dipping shear planes (stereoplot C in Figure 3) are also present. Other NNW-dipping shear planes were measured near Arquà Petrarca (site 3, map and plot in Supplementary Material 1). Maiolica is characterized by the presence of cataclasite and gouge layers and pockets reaching a maximum length and width of 3 and 1.5 m, respectively (photograph D in Figure 3). The gouge (VP9) and the relative pristine rock (VP10 and VP10bis) were collected from, and close to, a pocket about 0.80 m long and 0.30 m high (photograph E in Figure 3). The transition from cataclasite to powder in the layers and in the pockets is gradual. The gouge appeared compact, but it crumbled easily when touched. This material also forms the silt matrix of the associated cataclasite. Other Maiolica samples (VP23, VP24, VP25, and VP26) and the gouge (VP14) were collected along the road bound for Arquà Petrarca (photograph F in Figure 3; sites 4, 5 in Supplementary Material 1). Rocks and gouges were classified as Maiolica on the base of micropaleontological analyses (Supplementary Material 2), while in the geological map, the indicated lithology is Scaglia Rossa (Cucato et al., 2011).
[image: Figure 3]FIGURE 3 | Photographs and stereographic plot from Val Pomaro outcrops of Maiolica (coordinates: N45°16’38.3’’ E11°42’34.9’’; site 4 in Supplementary Material 1). For the location of the cited samples refer to Figure 2C. A: normal fault and striae along SW-dipping fault plane; B: SW-dipping fault vein filled with black calcite; C: stereoplot of collected data (NE-SW trending bedding, NW-trending fault plane, ENE-trending shear plane, N-S trending fracture plane, and NW-trending black calcite vein); D: cataclasite and underlying gouge pocket in Maiolica; E: gouge VP9; F: gouge VP14.
Mt. Bignago
At Mt. Bignago, ca. 1 km south of Arquà Petrarca, an abandoned quarry (i.e., the Contarine quarry, 50 m a.s.l) excavated in the Scaglia Rossa is present (Figure 2; site 7, map and plot in Supplementary Material 1). Here, Scaglia Rossa has a high carbonate content, with rare clayey interlayers. It includes red chert lenses and bands deformed by metric to decametric isoclinal-like folds interpreted as synsedimentary (Massari and Medizza, 1973). The bedding in the quarry is N- to NW-dipping, but it is strongly altered by N-dipping shear planes. In the upper part of the quarry (photograph A in Figure 4), from bottom to top, we observe the following:
• a 5-m-thick pack of strata ascribable to Scaglia Rossa that is strongly fragmented and chaotically assembled in a cataclastic, clay-rich matrix (photograph A in Figure 4);
• a 2-m-thick cataclasite, cropping out also along the Mt. Bignago road over the quarry (photograph B in Figure 5);
• a 0.5- to 1-m-thick flour-like white gouge layer that is 30 m long where sample AP4 was collected (photographs C, D, E, and F in Figure 4);
• a strongly foliated and folded Scaglia Rossa at the top of the quarry where sample AP3 was collected (Figure 2C; photograph C in Figure 4).
[image: Figure 4]FIGURE 4 | Photographs from Mt. Bignago outcrops of Scaglia Rossa (coordinates: N45°15’30.0’’ E11°42’51.6’’; site 7 in Supplementary Material 1). For the location of the cited samples refer to Figure 2C. A: Disarticulated Scaglia Rossa below cataclasite; B: incohesive cataclasite; C: gouge layer below the uppermost folded Scaglia Rossa (sample AP3); D: detail of the folded gouge layer; E: grain-size of the gouge; F: AP4 sampling site in the gouge layer; G: synsedimentary fold at the border of the quarry in decolored Scaglia Rossa (sample AP1 from the cataclasite); H: detail of the synsedimentary fold, tectonically reactivated.
One of the isoclinal-like folds observed in Scaglia Rossa over the gouge layer has the axis oriented N310/10 (for details, see Via Bignago, site a, in Supplementary Material 1). Another fold shows a typical fracture cleavage. The overlying folded Scaglia Rossa, the gouge layer, and cataclasites are weakly undulated (photographs C and D in Figure 4). The gouge layer composed of flour-like material is zoned and consists of two sublayers: the external layer (∼0.2 m thick) is composed of randomly arranged material, while the internal layer (∼0.8 m thick) preserves the original bedding (photograph E in Figure 4). The flour-like material of the external sublayer is composed of very fine grain size and has been classified as silt (see paragraph Gouges). The gouge has the same biostratigraphic age, based on calcareous nannofossils, of the overlying Scaglia Rossa (Supplementary Material 2). The gouge shows a static setting, without fluidification or slip, but it is weakly folded with E-W axis together with the overlying pristine Scaglia Rossa (Figure 5). The site is absolutely dry.
At the southern border of the quarry, a decametric synsedimentary fold, similar to others observed here, has been recognized (photograph G in Figure 4). This fold has been reactivated by shear deformation, resulting in the development of a south-vergent asymmetric setting and C-planes (photograph H in Figure 4; stereoplots of Via Bignago, site b, in Supplementary Material 1). The cataclasite sample AP1 was collected below the hinge of this tectonically reactivated synsedimentary fold.
Slumping and synsedimentary deformation are common in the Mt. Bignago Scaglia Rossa of Campanian age (planktonic foraminifera Globotruncanita elevata zone; see Piccoli et al., 1976, p. 187). In the Euganean and Berici hills, the synsedimentary fold axes are consistent with the Schio-Vicenza Fault paleoactivity (slumping fold axes oriented N70 E were measured in the Cretaceous olistostrome enclosed in the middle Eocene marly limestone in the Berici Hills; Piccoli et al., 1976). Slumping and synsedimentary folding are indicative of a tectonic instability during Cretaceous and Eocene (Piccoli et al., 1976, p. 186), but a tectonic reactivation of this fault occurred during a successive activity phase. A drilling in the valley to the north of Mt. Bignago confirms the presence of strongly fragmented and disarticulated Scaglia Rossa below 40 m of peat and alluvial material (Cucato et al., 2012); this datum is consistent with the observation made in the quarry. The Quaternary cover on top of Mt. Bignago is about 0.3 m thick.
Samples were collected from pristine Scaglia Rossa and powdered layers (see Figure 2C for locations) to demonstrate that they are composed of the same material based on micropaleontological content (Supplementary Material 2). Rock (AP3), cataclasite (AP1), and gouge (AP4) samples have a similar chemical and mineralogical compositions (see Supplementary Material 3 for chemistry and Supplementary Material 4 for mineralogy data). These samples have a high carbonate content and consist of dominant calcite with the presence of quartz, white mica, and clay; the gouge sample (AP4) is the richest in nontronite (Figures 1A,B in Supplementary Material 4). Scaglia Rossa sample (AP20), coming from the upper part of the Mt. Bignago quarry, has a high carbonate content as sample AP3. On the contrary, samples collected from the top of the Mt. Bignago in the northern side (AP28, AP29, and AP30) and from Mt. Mottolone (VP18) are clay enriched.
Teolo
In the northeastern part of the Euganean Hills, approximately 1 km east of Teolo (70–80 m a.s.l.), a 30-m-long gouge layer is present within Scaglia Rossa (Figures 2A,B, 6). The Teolo valley is oriented about ENE-WSW, parallel to a weak anticline followed to the northwest by the Teolo syncline; the base of the succession is composed of subhorizontal not typical Maiolica which is characterized by a higher amount of clay and the presence of bituminous black sediments, overlying Scaglia Rossa and Torreglia formation (middle-upper Eocene).
[image: Figure 6]FIGURE 6 | Photographs from Teolo outcrops of Scaglia Rossa and Maiolica (coordinates: N45°20’53.9’’ E11°40’55.6’’). For the location of the cited samples, refer to Figure 3B. A: tectonically reactivated recumbent fold, with evidenced bedding, shear, and fracture planes plotted in the stereograms; B: cemented cataclasite; C: block of Scaglia Rossa from the cataclasite (sample T4); D: gouge layer (samples T1 and T12).
At the southwestern end of the valley, the Rocca Pendice trachyte dyke (Rocca Pendice peak is at an elevation of 320 m a.s.l.) cuts across the western limb of the Teolo syncline. The Rocca Pendice is one of the biggest dykes of the Euganean Hills (2.5 km × 200 m × 320 m of elevation). It is oriented NNW-SSE parallelly to the Schio-Vicenza Fault and ends at SSE against a fault of the NE-SW–oriented Riviera del Brenta system (Cucato et al., 2011).
To the west of the gouge layer, Scaglia Rossa is folded, as the underlying Maiolica, resulting in decametric complicated structures with red and black chert lenses and bands all deformed together (Figure 6A). The recumbent fold stays at the hanging wall of a thrust fault plane with a dip of 25° to the west, and the lower limb is pervasively foliated and elided by shear deformation. Hinges with two different geometries are recognizable: the first is rounded and typically found in synsedimentary folding, and the second is pointed. The rounded hinges are similar to the hinges of other folds observed in the Scaglia Rossa cropping out in this area either along the Euganean road bound to Teolo or in the Mt. Bignago quarry. These structures are interpreted as synsedimentary features or slumping. Maiolica cropping out in this area represents the upper part which typically ends with the Bonarelli event (Massari and Medizza, 1973; Gomez et al., 2002). Ten meters to the east of the fold, a ∼5- to 6-m-thick cemented breccia is present and consists of massive blocks of different lithologies (sample T4, Scaglia Rossa 1; Figures 6B,C). This breccia is covered by a cataclasite and a gouge layer about 1 m thick and 30 m long (samples T1 and T12; Figure 6D). This articulated package of rocks, breccia, and gouge is close to the thrust fault plane. Maiolica samples T13 (T13A and T13 B) and T14 are characterized by a black film over the surface and gray elements inside the rock. The gouge layer is covered by 0.3 m of Scaglia Rossa, largely disjointed by tree roots.
Geomechanical and Geotechnical Tests
Strength Tests
The behavior of the rocks and the processes which shattered and pulverized the Maiolica and Scaglia Rossa limestones have been investigated by means of uniaxial and triaxial compression and indirect tensile strength tests performed on cylindrical specimens with a length of 94.4–123.8 mm and diameter of 54 mm. These specimens were cored from anisotropic blocks of 20–80 cm in width and length. The height/diameter ratio for uniaxial and triaxial compressive tests ranges from 2 to 2.5 (ASTM D4543, 2005) or 2.5 to 3 times, following the International Society of Rock Mechanics standard methods (ISRM, 1978; ISRM, 1979; ISRM, 1983; ISRM, 2006). Many of the samples crumbled under coring or broke in disc-shaped samples so that the tests refer exclusively to the rock having stronger mechanical characteristics. The best specimens of each lithology were used for triaxial and uniaxial tests, while the disc-shaped samples were processed for indirect tensile strength tests (Brazil test). Laboratory coring operation over blocks and little boulders are reported in Supplementary Material 5, 6.
The compression tests were performed in stress control mode with a testing machine (Controls MCC 8 mod. 45-C8622 scale 0–2000 kN, resolution 0.2 kN) that includes a suitable compression frame and a servo-hydraulic control console for applying an axial load to the specimen.
In the triaxial compression test, confining pressure was applied to the specimen by the Hoek cell with additional servo-hydraulic control. The specimen was placed in a rubber sealing membrane, and through it, the fluid cell exerted the confining pressure σ3. In this study, pressures of 3, 5, and 8 MPa were applied. The confining pressure σ3 and the axial stress σ1 were increased simultaneously until the pre-established level of the confining pressure σ3 was reached, and then the axial stress was increased at a constant rate until the failure occurred after 300 s of loading (usually 100–200 kPa/s were applied).
During the tests, all measurements (elapsed time, axial load, cell pressure, and vertical and horizontal strains) were recorded with the following frequency: one record every 0.5 s or 0.5 kN of increase in force applied. Both in the uniaxial and the triaxial tests, strain gauges were used for determining the vertical (axial) and the diametric (horizontal) strain of the specimen. The plots of stress–strain curves allowed determining Young’s modulus and the Poisson ratio. However, in some cases, the horizontal strain measurements were not suitable due to the failure of the horizontal strain gauge, preventing the determination of the Poisson ratio. The tensile strength test (Brazil test) was carried out on standard NX wireline cylindrical core of about 54 mm. A disc-shaped rock sample with a thickness approximately equal to the radius was placed between two compressing steel jaws with a radius equal to 1.5, the radius of the rock specimen. The load was applied continuously to the specimen at a constant rate until the failure occurs. Particular attention has been taken to detect the load of primary failure. The tensile strength of the specimen, σt, was calculated by the following formula:
[image: image]
where p is the load at failure (N), D is the diameter of the specimen (mm), and t is the thickness of the specimen measured at the center (mm). According to the ISRM, the recommended number of specimens per sample is ten. In this work, we measured five specimens of Maiolica and six of Scaglia Rossa to obtain a significative average value.
Failure Criteria
A rough evaluation of the test results is done with the Mohr–Coulomb failure criterion (Labuz, et al., 2012). According to this criterion, the peak strength can be mathematically approximated by linear expressions in a limited range of σ3 according to [image: image]
The failure envelope for brittle material such as a rock is not linear (McClintock and Walsh, 1962; Hoek 1964; Cook 1965); thus, a linear envelope in the Mohr–Coulomb failure criterion is not suitable for rocks. Improving the research on the nonlinear failure criterion, Hoek and Brown (1980) proposed an empirical equation to fit the results of a wide range of triaxial tests on intact rock samples (Hoek and Brown, 2018):
[image: image]
where σ1 and σ3 are the major and minor principal stresses, respectively; σci is the unconfined compressive strength, and mi is a material constant for the intact rock. Then, the triaxial test results can be analyzed by linear regression of the Hoek and Brown equation (Figure 7)
[image: image]
The Hoek and Brown’s failure criterion allows determining the Mohr–Coulomb parameters for the assumed value of the confining pressure σ3 at which the Mohr–Coulomb parameters must refer. The position of the tangent line is fixed by the abscissa σ3, the slope m, and the intercept σc of the tangent can be used for determining the internal friction angle ϕ and the value of apparent cohesion c in the sense of Coulomb’s failure theory:
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[image: Figure 7]FIGURE 7 | Failure criteria. A (σ1-σ3)2 vs. σ3. Linear regression of the Hoek and Brown equation of Scaglia Rossa 1, Scaglia Rossa 2, and Maiolica. Β: σ1 vs. σ3 envelopes. Mohr–Coulomb parameters from Hoek and Brown failure criterion. C: Mohr–Coulomb parameters of Scaglia Rossa 1 at the assumed value σ3 = 4.0 MPa. The slope and the intercept of the tangent straight line give a friction angle ϕ = 51° and cohesion c = 19.0 MPa. Axes are the same as B.
Figure 7 shows the envelopes of Scaglia Rossa 1 (more carbonatic type), Scaglia Rossa 2 (clay enriched type), and Maiolica. The Mohr–Coulomb parameters for Scaglia Rossa 1 at the assumed value σ3 = 4.0 MPa are represented; the slope and the intercept of the tangent straight line at σ3 = 4.0 MPa give a friction angle ϕ = 51° and cohesion c = 19.0 MPa.
A number of samples were collected from each site but most of them crumbled during the coring or trimming operations. For this reason, the envelopes, at least in these cases, are constructed based on different samples from the same site (see samples VP23, VP24, VP25, and VP26 used for the indirect tensile strength (Brazil) tests, and specimens T4A and T4B from sample T4 used for the Brazil test). All the results obtained from geomechanical tests are reported in Table 2. Specimens ascribable to Maiolica generally show high values of Em (Young’s modulus) spanning from 30 to 48 GPa. The value measured on the sample AP20 (Scaglia Rossa) from Mt. Bignago is also high (36.7 GPa), while sample T4 (A and B) from Teolo shows an anomalous value of 55.6 GPa. The mechanical properties of Maiolica and Scaglia Rossa 1 are comparable and differ significantly from those of Scaglia Rossa 2 (see Figure 7). For comparison, the mechanical parameters of three magmatic rocks (samples VP6, VP15, and AP17) are reported in Table 1 and in the Supplementary Material 5. They show Em values ranging from 8.3 to 26.1 GPa, thus much lower than those obtained from Scaglia Rossa 1 and Maiolica. The geomechanical tests performed in the laboratory resulted in the splitting of sample VP6 (rhyolite) and the shattering of samples VP15 (andesite) and AP17 (perlite) (Supplementary Material 5).
TABLE 2 | Results from uniaxial and triaxial compression and indirect tensile strength tests. Colors corresponds to those used in Figures 7,8. Symbols: d = specimen diameter; L = specimen length; γ = unit weight; εAMAX = maximum axial strain; Ediss = dissipated strain energy up to the peak stress; σ3 = confining pressure applied in the triaxial tests or tensile strength value in the indirect tensile (brazil) tests; σ1 = peak axial stress; Em = Young’s modulus; ν = Poisson ratio. Damage: I = macroscopically intact; Sp = split; SH = shattered; F = incipient and prominent fragmentation; f = sample faulted.
[image: Table 2]An estimation of the dissipated strain energy up to the peak stress was possible by calculating the area below the axial stress vs. axial strain curves and the damage produce by the energy dissipation (Figure 8). This estimation was possible only for specimens where the vertical strain gauge was not subject to damage up to the failure. Shattered samples are generally characterized by much higher axial strain and higher energy dissipated up to the peak stress (Figure 8). The dissipated strain energy is proportional to the damage of the specimens; shattered specimens were obtained when the strain energy exceeded the threshold of about 0.5 MJ/m3 (Figure 8).
[image: Figure 8]FIGURE 8 | Results of geomechanical tests. A: Plot of dissipated strain energy at the peak stress vs. maximum axial strain. B: Shattered specimen of Maiolica T14 A (uniaxial test); C: incipient and prominent fragmentation of specimen of Maiolica T13 A-B (uniaxial test); D: split and faulted specimen of Scaglia Rossa 2 VP18 (triaxial test); E: intact specimen of Scaglia Rossa 1 T4A (triaxial test).
Gouges
Four samples were taken from the Scaglia Rossa gouges and cataclasites: AP1 and AP4 from Mt. Bignago, and T1 and T12 from Teolo (Figures 2, 6). In particular, 1) sample AP1 was collected from the cataclasite at the border of the quarry below the synsedimentary reactivated fold; 2) sample AP4 comes from the flour powder layer on the top of the Mt. Bignago quarry; 3) samples T1 and T12 were taken from the gouge layer along the road between the villages of Teolo and Villa di Teolo, to the east of the recumbent fold. Two further samples were collected from a gouge layer (VP9) and a pocket (VP14) within Maiolica, in Val Pomaro. From a geotechnical point of view, the material was considered comparable to soil, and it was therefore classified by performing, in most of the samples, the following geotechnical tests: 1) particle-size distribution (gradation) of soil using sieve analysis (ASTM D6913/D6913M - 17, 2005), 2) particle-size distribution (gradation) of fine-grained soil using the sedimentation (hydrometer) analysis (ASTM D7928‐17, 2005), and 3) liquid limit, plastic limit, and plasticity index of soil (ASTM D4318–17e1, 2005). Based on the Atterberg test, results carried out on 0.074 mm passing grain size material and using the plasticity chart, samples can be classified as silt with low plasticity (ML in the USCS classification; Figure 9A; ASTM D2487–17, 2005). T1 sample is the only exception, being classifiable as silty sand (SM). Nonetheless, the particle size distribution of T1 slightly differs from that of AP1 and T12 (Figure 9B), all of them having a percentage of fine material ranging between 40 and 51. These three specimens, coming from Mt. Bignago (AP1) and Teolo (T1 and T12), likely indicate a similar origin (Figure 9B). Sample AP4, instead, has a higher percentage of fine material (96%), probably due to more intense crushing and pulverization of the material.
[image: Figure 9]FIGURE 9 | Results of geotechnical tests. A: Plasticity chart. B: Grain size distribution curves of the Scaglia Rossa gouges.
Finally, ring shear tests (ASTM D6467-13e1, 2005) were performed on specimens obtained from samples AP1, AP4, T1, and T12. This test was used to determine the torsional ring shear by means of the residual shear strength of cohesive soil under drained conditions. The test is performed by deforming a reconstituted specimen at a controlled displacement rate until the constant drained shear resistance is offered on a single shear plane, fixed by the configuration of the apparatus. The drained residual failure envelope was determined by applying three different normal stresses in the range of 15.3–61.9 kPa. The rupture occurred along a fixed shear plane extremely thin, and the residual value of shear strength was determined to give a large amount of continuous shear displacement. The residual shear strength is between 34° and 35°, which are unusual values for similarly classified materials in the geotechnical field. These high values probably depend on the presence, along the shear plane, of high-resistance small rough pieces of poorly crushed material, derived from microfragmentation of Scaglia Rossa.
Seismic Survey
Seismic velocities of the fragmented, shattered, and pulverized Scaglia Rossa were measured at Mt. Bignago, over and laterally with respect to the quarry, along the road to Arquà Petrarca. The trace of the seismic surveys and the diagrams obtained are reported in Supplementary Material 7. The compressional P-wave and shear S-wave velocities were determined along the same seismic acquisition, allowing the in situ estimation of the Poisson module to be compared with the geotechnical tests on specimens.
For the seismic characterization, we used a Geode digital seismograph with 24 geophones, in both vertical and horizontal orientation (P-wave survey: geophone vertical, 15 Hz, spacing 2 m over 46 m in length; S-wave survey: geophone horizontal, 15 Hz, spacing 1.5 m over 34.5 m in length) and a 5 kg seismic hummer as the source. Since the target of the survey was to characterize the shallower layers, the total length was limited, increasing the spacing resolution between receivers. For both P-waves (vp) and S-waves (vs), survey refraction tomography based on first break methods was adopted. The source for P-wave was a vertical impacting hammer with electric trigger, while for the S-wave, we adopted a horizontal hammer/beam system, energized at both sides to help S-wave phase reconstruction.
The first arrivals were then inverted for P- and S-wave velocity distribution using a refraction tomography approach with Seisimager/2D software. The dynamic Poisson module (ν) was obtained from P- and S- wave velocities, with the formula (Lacy, 1997):
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where vp is the P-wave velocity and vs is the S-wave velocity of the surveyed layer.
Results of the seismic survey highlight that cataclastic material of the Mt. Bignago observed within the upper wall of the Contarine quarry (Figure 4) lies between an upper unconsolidated layer, with low vp and vs velocities (vp = 450–500 m/s, vs = 280–330 m/s), and a deeper consolidated rock layer at a depth greater than 5–7 m with vp = 2000 m/s and vs = 1,100 m/s.
In between, at a depth of 2–3 m, the cataclastic material layer object of this study presents an S-wave velocity of 600 m/s and a P-wave velocity of 1,100 m/s. The dynamic in situ Poisson ratio of the cataclastic material is 0.29, in agreement with the results of the geotechnical tests (Supplementary Material 7). The seismic acquisition so confirmed the presence of this semi-consolidated layer with poor mechanical quality and a thickness of 2–3 m.
Global Navigation Satellite System Analysis
To understand the dynamic processes presently active in the Euganean Hills, and whether they can be compared with the past processes responsible for the formation of gouges and/or for their exposure at the surface, we investigated the present geodynamic scenario of the Venetian region. We have estimated the horizontal and vertical kinematic patterns using the GNSS (global navigation satellite system) daily observations acquired in the January 1, 2001–December 31, 2019 time span. Data acquired with a 30-s sampling rate have been analyzed using the procedure described in Supplementary Material 8.
The horizontal Eurasia-fixed velocity field and deformation pattern are shown in Figures 10A,B. The most striking features of the deformation pattern are observed in the eastern sector of the Italian peninsula. A shortening regime with NNW-SSE pattern in the Eastern Alps, at the northern collisional border between the Adriatic Plate and the Eurasian domain, is visible. A roughly N-S compression occurs in the central area of the Po Plain eastern sector, overlying the outer buried Northern Apennine. The shortening axes (red arrows in Figure 10B) spin roughly in NE-SW direction in the easternmost area of the Po Plain, while a transcurrent regime (white area) mainly occurs in correspondence of the Schio-Vicenza Fault area. The strain rate values estimated in this area are ∼10–30 nanostrain per year as also estimated by other authors (Cenni et al., 2012; Riguzzi et al., 2013; Serpelloni et al., 2016). The present kinematic and deformation patterns suggest a sinistral movement of the Schio-Vicenza Fault, obtained with a distance decay factor of 50 km; the present distribution of GNSS permanent stations does not allow for investigation of tectonic processes with a wavelength lower than 50 km. The observed displacements are consistent with the inferred geodynamic role of the Schio-Vicenza Fault, that is, to accommodate to the east the indentation of Adria against the Southern Alps (e.g., Mantovani et al., 2020 and reference therein).
Figure 10C shows the present vertical kinematic pattern: the uplift in the alpine area and the lowering of the eastern sector of the Po and the Venetian plains are clearly observable. The GNSS results indicate that the Schio-Vicenza Fault area is interested by subsidence of ∼1 mm/y, with an enhanced lowering in the southern sector. The vertical displacements are the result of both natural and anthropogenic sources. Several studies proposed that anthropogenic factors prevail over tectonic processes in causing the subsidence of the Venetian Plain (e.g., Cenni et al 2013; Corbau et al 2019).
[image: Figure 10]FIGURE 10 | GNSS kinematic and deformation patterns in the study area and surroundings. A: Present horizontal pattern in the NE Italy with respect to fixed Eurasia, modeled using the Euler pole (Altamimi et al., 2016). Color of the circles indicating the position of the GNSS permanent stations is proportional to the modulus of the horizontal vector following the scale given on the left corner of the figure. White circles: seismic events (Rovida et al., 2020); black lines: the trace of the normal, reverse, and strike-slip faults from the Euro-Mediterranean database of seismogenic sources (SHARE project, Basili et al., 2013). Bold black lines: the Schio-Vicenza Fault planes (Pola et al., 2014). Yellow star: location of the Euganean Hills. B: Horizontal strain rate field in 10–8 1/y estimated using the grid strain rate approach (Teza et al., 2008; Pesci et al., 2010; Cenni et al., 2012). Red converging and blue diverging arrows indicate principal axes of shortening and lengthening, respectively. The strain rate field has been estimated using a decay factor of 50 km and a grid spacing of about 20 km. Color contour represents the trace of the strain rate matrix values following the scale given in the upper left corner. Blue and red areas indicate, respectively, where lengthening and shortening are the dominant deformation patterns. The strike-slip areas are highlighted in white color. Legend as in A. C: Vertical kinematic pattern in NE Italy. Color of the circles that indicate the position of the GNSS permanent stations is proportional to the modulus of the vertical values following the scale reported on the upper left corner of the figure. Legend as in A and B.
RESULTS AND DISCUSSION
Shattered Rocks, Cataclasites, and Gouges
In the study areas, rocks ascribable to Maiolica and Scaglia Rossa were found fragmented, shattered, and pulverized in three sites of the Euganean Hills. The gouges are classified as “pulverized rocks” because the fragmentation process produces centimeter-scale fractures (Dor et al., 2006). Even though the Euganean Hills are a thermal area (e.g., at Abano Terme and Montegrotto Terme), no alteration due to thermal water circulation has been detected in the three sampled sites.
At Mt. Bignago, the gouge layer of the main outcrop (site 7 and Via Bignago, site a, in Supplementary Material 1) does not show shear diagnostic microstructures (i.e., mirror-like slip surfaces or truncated clasts in the gouge) and this setting is “quasi-static” (photograph E in Figure 4). This evidence seems to exclude a significant shear deformation when the gouge AP4 formed under tensile load. In other sites where pulverized carbonate or intensely fractured rocks have been observed, such as in southern Italy (i.e., Mattinata Fault), pulverization has been interpreted as evidence of seismic fault slip (Billi and Storti, 2004). In the case of Mt. Bignago, if a slipping zone is present, it is covered by cataclasites. The absence of shear diagnostic microstructures in the visible portion of the outcrop does not exclude a dynamic shear rupture. The E-W trending fold deforming the Mt. Bignago gouge, the underlying cataclasite, and the overlying Scaglia Rossa look like as a fault-related fold, but the shear plane is not visible (photograph C in Figure 4). Similarly, the recumbent fold in Maiolica and Scaglia Rossa ramping up near breccia and cataclasite along a west-dipping thrust fault plane near Teolo seems to confirm a dynamic shear rupture associated with a transpressive activation of pre-existing fault planes (photograph A in Figure 6).
Pulverization
Pulverization of Scaglia Rossa 1 and Maiolica produced gouges having similar features (Figure 9B), but the Mt. Bignago gouge is found to be finer (LM in Figure 9B, grain size of <100 μm) than those of Val Pomaro and Teolo (grain size greater than 100 μm), suggesting either enhanced damage or a greater strain rate. Pulverization to fine grain size, like that present at Mt. Bignago, requires high energy and/or high strain rate. If the rock had been predamaged, it would be easier to pulverize it. Successive loadings might be able to produce similar results if compared with those obtained from a single shear event (Doan and d’Hour, 2012). Pulverization was not observed in the subvolcanic rocks (i.e., rhyolite, andesite, and perlite) and in Scaglia Rossa 2. These lithologies are both characterized by a relatively low Em value, in the range 8–26 GPa, that might explain the absence of pulverization.
In the Southern Alps, pulverization has been recently described along a strike-slip branch of the Schio-Vicenza Fault at Borcola Pass and along the Foiana strike-slip fault in dolostones (Fondriest et al., 2012; Fondriest et al., 2015; Fondriest et al., 2017). The Schio-Vicenza Fault branch is characterized by a >80-m-wide damaged zone which has been exhumed from a depth of ∼1.6–1.7 km. The Foiana Fault is ∼30 km long, characterized by a <300 m damaged zone exhumed from a depth >2 km. These types of pulverized rocks seem to form only at shallow depths (<3 km, Billi et al., 2003; Fondriest et al., 2017). In the Euganean Hills, the depth at which pulverization occurred could have been in the range 1–5 km. Here, a thickness of ∼1 km for the Eocene and Oligocene sequences is reported (Proto Decima and Sedea, 1970; Piccoli et al., 1976), and this suggests that the pulverization occurred at a minimum depth of 1 km. If the slip rate of the frontal part of the Euganean Hills was at least 0.4 mm/y, as estimated by Livio et al. (2020) for Mt. Netto near Brescia, and by Anderlini et al. (2020) for the Montello thrust, then ∼2^106 years could have been sufficient to deform and expose the Scaglia Rossa after the formation of the gouge layer.
Rocks can be pulverized under a tensional load such as that generated by an earthquake occurring within the tip of a fast propagating fault (Rice et al., 2005; Wilson et al., 2005). Pulverization usually occurs along strike-slip faults characterized by large earthquakes with M >7, such as the San Andreas, North Anatolian, and Arima-Takatsuki faults (Brune, 2001; Mitchell et al., 2011). According to Wilson et al. (2005), the parameters which govern the formation of the gouge can be related to the “earthquake processes” and not necessarily cumulative slip attrition. Therefore, a unique earthquake can pulverize the rocks by a sequence of fault-normal unloading and loading when the rocks are still deeper, during the earthquake passage, or at the tip of an earthquake rupture (Reches et al., 2005; Rice et al., 2005).
In the cases of Mt. Bignago or Teolo, the gouge layers are not far from the Schio-Vicenza Fault which has been active as a normal fault since the Cretaceous and has been reactivated as a strike-slip during the Neogene (Massironi and Zampieri, 2007). Its activity could have predamaged the rocks predisposing them to a successive pulverization (see discussion about pulverization along the SEMP fault, Schrockenfuchs et al., 2015; Fondriest et al., 2017). In the studied rocks, pulverization did not obliterate the mesoscopic sedimentary structures; thus, a unique event, rather than multiple, seems to have been responsible for the pulverization when Scaglia Rossa and Maiolica were confined below Eocene and Oligocene sequences.
[image: Figure 11]FIGURE 11 | Historical and instrumental earthquakes (database from INGV and OGS—http://terremoti.ingv.it, http://www.crs.inogs.it) in the area adjacent to the Euganean Hills.
Role of the Schio-Vicenza Fault and of the Prealps and Apennine Tectonics
The cataclasite and gouge development at depth and the successive deformations, as the folding observed at Mt. Bignago and the recumbent fold ramping up over the cataclasite at Teolo, can be attributed to the compression related to the sinistral strike-slip Schio-Vicenza Fault. This setting is similar to that of the S- to SE-vergent thrusts of the Venetian Prealps (Burrato et al., 2008; Fantoni and Franciosi, 2010; Vannoli et al., 2015). However, the final exhumation and exposure of Maiolica and Scaglia Rossa gouges and cataclasites at the bottom of the Teolo valley (50 m a.s.l.) and at Mt. Bignago (50–80 m a.s.l.) could also be attributed to the Northern Apennines thrust tectonics (Livani et al., 2018 and reference therein). These thrusts are still seismically active at shallow depth below the Po Plain as indicated by the Emilia earthquakes occurred in 2012 (Vannoli et al., 2015). The Po Plain sector lying to the west of the Schio-Vicenza Fault is indicated as an area where the Southern Alps and Apennine thrusts cannibalize the Adria foreland (Serpelloni et al., 2016; Brancolini et al., 2019). Since the early Pleistocene, the northern Adriatic region has been affected by significant subsidence (Ghielmi et al., 2013). This process has been linked to the NE-ward migration of the Apennine foredeep or, in the alternative, to the lithospheric flexure controlled by the northward motion of the Adria (Carminati et al., 2003).
The S- to SE-vergent thrusts westward of the Euganean Hills and the Hills themselves are interpreted as the consequence of the Adria Moho uplift, from 40, below Lake Garda, to 28 km, below the Euganean Hills, in depth (see Figure 3F in Scarascia and Cassinis, 1997). The shallow Moho depth is indicated by the deep-rooted positive gravity anomaly measured in correspondence of the Milano frontal thrust belt, the Berici, and Euganean hills (Morelli, 1951; Norinelli, 1963; Scarascia and Cassinis, 1997; Zanolla et al., 2006). In the Euganean and Berici hills area, relatively high-density rocks have been identified by tomography (Viganò et al., 2013).
Damage of Specimens and Dissipation of Energy
Maiolica and Scaglia Rossa 1 show comparable mechanical properties and are significantly different from Scaglia Rossa 2 (Figures 7,8). Maiolica shows greater variations both in the damage rate and in the peak axial strength (cf. specimens VP10 and T14). The presence of a micro-fragmentation in VP10, collected from an outcrop deformed by both NNW-dipping shear planes and SW-dipping fault planes (stereoplot C in Figure 3), decreases the mechanical properties of the sample.
The dissipated strain energy is proportional to the damage of the specimens. For our samples, energy was obtained when the strain energy exceeded the threshold of about 0.3–0.5 MJ/m3 (Figure 8) (Table 2). These measures demonstrate that higher strain energy (or more elevated strain rate) should be necessary to pulverize the rocks more than shattering them. According to Wilson et al. (2005), the energy consumed in “quasi-static” laboratory experiments is 0.2–0.3% of the supplied mechanical energy, while the energy consumed by friction to produce gouge during an earthquake is about 50% of the total earthquake energy (Scholz, 2002). This means that the pulverization observed in the field required much higher energy than that consumed in the laboratory experiments to produce shattering.
Seismogenic Sources
The studied sites of the central Venetian Plain have not been recently interested by relevant seismic activity (Poli et al., 2008). Nevertheless, in the past, few important earthquakes were located in the southern district of Padova (Guidoboni et al., 2007; Table 3). In particular, the earthquake occurred in 1491, with an estimated magnitude (M) equal to 5, generated severe damage in the city monuments. The damage observed in Maiolica and Scaglia Rossa (max: 0.5 MJ/m3) suggest the formation of the gouge to be related to one or more events with a magnitude bigger than the modern earthquakes (M <3.5).
TABLE 3 | Recent earthquakes (database from INGV and OGS - http://terremoti.ingv.it, http://www.crs.inogs.it) occurred in the province of Padova since 1977 and the relevant historical earthquakes that significantly damaged the city of Padova (e.g., the collapse of the Carmelite Church, Guidoboni et al., 2007).
[image: Table 3]On the other hand, several local weak seismic activities were recorded in the studied area during the last 40 years, since a seismographs network was installed (Priolo et al., 2007; Table 3). In particular in the Euganean Hills area, several small earthquakes occurred with hypocenter generally located in the first 6 km (Table 3). The local seismic events are concentrated in the western sector of Padova Province, revealing an ongoing activity in the Euganean Hills. This diffused seismic activity is probably linked to the Schio-Vicenza Fault that divides the eastern and western sectors of the low Venetian plain (Pola et al., 2014).
The area is characterized by a low-level distributed seismicity that is not enough to produce the pulverization of the rocks observed at the outcrops. The paleo-earthquake magnitudes in the studied area suggest moderate events that, considering classical energy distribution (Wells and Coppersmith, 1994), can hardly generate gouge. If these rocks were seismogenic in origin, they should be related to shallow moderate seismic events linked to the Schio-Vicenza Fault, with released energy comparable with the historical earthquake located in the area in the XV century (M = 5). In this case, we must take into consideration that comparable low energy may have led to rock pulverization in the carbonates, as supported by the results of the laboratory rupture analysis. An alternative hypothesis, as proposed for dolomite (Schrockenfuchs et al., 2015), is that the pulverization is not the evidence of a seismogenic source, but rather comes from induced slip on rough faults with heterogeneous stress conditions in the nearby of the main plane.
Deformation Pattern and Geomorphological Evolution of the Euganean Hills
Due to different degrees of erodibility of the sedimentary cover, the laccolites and dykes of the Euganean Hills were slowly exhumed at the end of Miocene, and a complex landscape made of gentle slopes and rounded peaks was shaped (Mozzi, 2001; Mozzi et al., 2013). On the contrary, the rare presence of acid volcanic rocks, more resistant to erosion, gave birth to subvertical rocky walls as for instance that of Rocca Pendice (Cucato et al., 2012). The Euganean Hills are connected to the alluvial plain by a widespread skirt of colluvium, mainly developed during the glacial phases due to frost weathering (ARPAV, 2005). The formation of the alluvial plain was influenced by megafan formation of the Brenta River, to the north and the east, and of the Adige River, to the south (Fontana et al., 2014). The alluvial plain mainly formed during the Last Glacial Maximum (LGM), when the Brenta River deposited up to 30–35 m of sediments (Cucato et al., 2012; Rossato et al., 2018) with a sedimentation rate ranging between 1.8 and 3 m/ky (Rossato and Mozzi, 2016). At the glacial decay (i.e., about 18 ka ago), these sediments were deeply and rapidly entrenched by the rivers that excavated several incised valleys up to 45 m below the surface of the plain (Fontana et al., 2014). At the apical portions of the megafans, the rivers flowed into such incised valleys since then, but in the lower tracts (near the Euganean Hills), the incisions were mostly filled, and aggradation took place once again over the LGM plain.
The estimated vertical slip rate of the Euganean Hills is at least 0.4 mm/y once compared with Mt. Netto (Livio et al., 2020) and Montello (Anderlini et al., 2020). Even though during glacial stages, the alluvial plain grew remarkably faster than the Euganean Hills (3–7.5 times faster during the LGM), the uplift of the latter could have filled the gap during interglacial times, when the alluvial sedimentation was lower.
During the Holocene, the Brenta River flowed some kilometers eastward of the study area, while the Adige River flowed just south of the Euganean Hills during the Bronze Age and the Roman times (Piovan et al., 2010). During the late stages of the LGM and the Holocene, there is no evidence that either the Adige or the Brenta rivers crossed the corridor between the Berici and the Euganean hills (ARPAV, 2005), in correspondence of the main Riviera del Brenta Fault. The uplift of the Euganean Hills most probably played a fundamental role in creating an effective watershed between the northern and the southern sedimentary domains.
CONCLUSION
A tectonic compressive deformation similar to that of the Venetian-Friulian thrust belt, and possibly of the same age (Pleistocene), is present in the Euganean Hills. This compressive tectonic setting is displaced southward by the sinistral activity of the Schio-Vicenza Fault. The Euganean Hills are positioned in front of the Apennine frontal thrusts, and their uplift is likely related to such tectonic regime.
The present kinematic and deformation patterns, estimated by the GNSS permanent sites, confirm the sinistral movement of the Schio-Vicenza Fault. This fault is characterized by a strain rate of a few tens of nanostrain (10–30 1/y), a result that is in agreement with the seismicity of this area. The present distribution of the GNSS sites (mean inter-distance of ∼50 km) does not allow for estimation of a more refined deformation pattern in the Schio-Vicenza Fault area. Alluvial sedimentation continuously covers the foot slopes of the Hills, hindering their deformation and uplift. Moreover, the Venetian Plain eastward of the Euganean Hills is influenced by a subsidence of ∼1 mm/y, due to both natural and anthropogenic processes.
In three sites in the Euganean Hills, shattered material, cataclasites, and gouges, similar to the pulverized rocks classically described from major faults with larger earthquakes (up to M >7), are found within Maiolica and Scaglia Rossa. Micropaleontological analyses indicate that the gouges derive from the fragmentation of the adjacent pristine carbonatic rocks. Outcrop observations show a “quasi-static” setting of the gouges. Geotechnical analyses confirm a silty sand to silty composition of the gouges and their anomalous high residual shear strength (34–35°). Structural analyses carried out in two localities located to the south (Mt. Bignago) and to the northeast (Teolo) of the Euganean Hills suggest that cataclasites and gouges are likely related to compression that occurred at shallow depths (1–2 km). A dynamic shear rupture is suggested by the recumbent fold in Maiolica and Scaglia Rossa ramping up over the cataclasite, along a west-dipping thrust fault plane near Teolo. At Mt. Bignago, no shear diagnostic microstructures or visible shear plane have been observed, but this cannot exclude the presence of this structure in the underground.
Geomechanical analyses on rocks near to gouges confirm the high strength of the Maiolica and carbonatic Scaglia Rossa 1 (Em: 30–48 GPa) in respect to clay-rich Scaglia Rossa 2 (Em: 8–24 GPa) and to subvolcanic rocks (Em: 8–26 GPa). Carbonatic rocks loaded to the failure through static uniaxial compression, split, and shattered; at failure, high energy was dissipated (0.3–0.5 MJ/m3). No pulverization occurred during these tests. If the pulverization observed in the field was caused by seismic deformation, the triggering earthquake(s) was (were) bigger than those recorded in the Euganean Hills area (M ≤5). Alternatively, the gouges might be the result of more distant seismic events (e.g., the Verona earthquake). Based on structural features and the presence of shattered and pulverized rocks in other sites along it (i.e., at Borcola Pass), the Schio-Vicenza Fault is the most probable source of the earthquakes which produced gouges and cataclasites present in the Euganean Hills.
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 Cucato, M., De Vecchi, G. P., Mozzi, P., Abbà, T., Paiero, G., and Sedea, R. (Eds.) (2012). Note illustrative della carta geologica D'italia alla Scala 1, 50,000. Foglio 147 Padova sud. ISPRA, 215.
 D'Agostino, N., Avallone, A., Cheloni, D., D'Anastasio, E., Mantenuto, S., and Selvaggi, G. (Eds.) (2008). Active tectonics of the Adriatic region from GPS and earthquake slip vectors, J. Geophys. Res. 113, B12413. doi:10.1029/2008JB005860
 De Marchi, L. (1935). Idrografia ed evoluzione morfologica.dei colli euganean. Atti e Mem. R. Acc. SS.LL.AA. Padova 1, 21–26.
 De Marchi, L. (1905). L’idrografia dei Colli Euganean nei suoi rapporti colla geologia e la morfologia della regione. Mem. Ist. Ven. SS.LL.AA 27, 1–76.
 De Vecchi, G., Gregnanin, A., and Piccirillo, E. M. (1976). Tertiary volcanism in the veneto: magmatology, petrogenesis and geodynamic implications. Geol. Rundsch. 65, 701–710. doi:10.1007/bf01808487
 De Zigno, A. (1861). Cenni sulla costituzione geologica dei Monti Euganean. Riv Periodica dei lavori della I.R. Acc. SS.LL.AA Padova 9, 93–108, Padova: G.B. Randi e Comp.
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 Ferrari, S., Peresani, M., and Perrone, R. (2009). Siti Mesolitici nella Valle di Mondonego (Comuni di Arquà Petrarca e Galzignano). “Dinamiche insediative nel territorio dei Colli Euganean dal Paleolitico al Medioevo”. Este-Monselice , 79–82.
 Finetti, I. (1972). Le condizioni geologiche della regione di Venezia alla luce di recenti indagini sismiche. Bollettino di Geofisica Teorica ed . Editor , Applicata14, 275–290.
 Fondriest, M., Aretusini, S., Di Toro, G., and Smith, S. A. F. (2015). Fracturing and rock pulverization along an exhumed seismogenic fault zone in dolostones: the Foiana Fault Zone (Southern Alps, Italy). Tectonophysics 654, 56–74. doi:10.1016/j.tecto.2015.04.015
 Fondriest, M., Doan, M.-L., Aben, F., Fusseis, F., Mitchell, T. M., Voorn, M., et al. (2017). Static versus dynamic fracturing in shallow carbonate fault zones. Earth Planet Sci. Lett. 461, 8–19. doi:10.1016/j.epsl.2016.12.024
 Fondriest, M., Smith, S. A. F., Di Toro, G., Zampieri, D., and Mittempergher, S. (2012). Fault zone structure and seismic slip localization in dolostones, an example from the Southern Alps, Italy. J. Struct. Geol. 45, 52–67. 10.1016/j.jsg.2012.06.014
 Fontana, A., Mozzi, P., and Bondesan, A. (2010). Late pleistocene evolution of the Venetian-Friulian plain. Rendiconti Lincei 21 (Suppl. 1), 181–196. doi:10.1007/s12210-010-0093-1
 Fontana, A., Mozzi, P., and Marchetti, M. (2014). Alluvial fans and megafans along the southern side of the Alps. Sediment. Geol. 301, 150–171. doi:10.1016/j.sedgeo.2013.09.003
 Galadini, F., Poli, M. E., and Zanferrari, A. (2005). Seismogenic sources potentially responsible for earthquakes with M ≥6 in the eastern Southern Alps (Thiene—Udine sector, NE Italy). Geophys. J. Int. 161, 739–762. doi:10.1111/j.1365-246x.2005.02571.x
 Galadini, F., Poli, M. E., and Zanferrari, A. (2004). A Seismogenic sources potentially responsible for earthquakes with M ≥6 in the eastern Southern Alps (Thiene—udine sector, NE Italy). Geophys. J. Int. 161 (3), 739–762. 10.1111/j.1365-246X.2005.02571.x
 Ghielmi, M., Minervini, M., Nini, C., and Rogledi, S. M. (2013). Late Miocene-Middle Pleistocene sequences in the Po Plain—northern Adriatic Sea (Italy): the stratigraphic record of modification phases affecting a complex foreland basin. Mar. Petrol. Geol. 42, 50–81. doi:10.1016/j.marpetgeo.2012.11.007
 Govoni, A., Marchetti, A., De Gori, P., Di Bona, M., Lucente, F. P., Improta, L., et al. (2014). The 2012 Emilia seismic sequence (Northern Italy): imaging the thrust fault system by accurate aftershock location. Tectonophysics 622, 44–55. doi:10.1016/j.tecto.2014.02.013
 Guerrieri, L., Baer, G., Hamiel, Y., Amit, R., Blumetti, A. M., Comerci, V., et al. (2010). InSAR data as a field guide for mapping minor earthquake surface ruptures: ground displacements along the Paganica Fault during the 6 April 2009 L'Aquila earthquake. J. Geophys. Res. 115, B12331. doi:10.1029/2010JB007579
 Guidoboni, E., Comastri, A., and Boschi, E. (2005). The “exceptional” earthquake of 3 January 1117 in the Verona area (northern Italy): a critical time review and detection of two lost earthquakes (lower Germany and Tuscany). J. Geophys. Res. Solid Earth 110 (B12), B12309. 10.1029/2005JB003683
 Guidoboni, E., Ferrari, G., Mariotti, D., Comastri, A., Tarabusi, G., Sgattoni, G., et al. (2018). CFTI5Med, Catalogo dei Forti Terremoti in Italia (461 a.C.-1997) e nell’area Mediterranea (760 a.C.-1500). Istituto Nazionale di Geofisica e Vulcanologia (INGV). 10.6092/ingv.it-cfti5
 Guidoboni, E., Ferrari, G., Mariotti, D., Comastri, G., Tarabusi, G., and Valensise, G. (2007). CFTI4Med, catalogue of strong earthquakes in Italy (461 B.C.-1997) and mediterranean area (760 B.C.-1500). Available at: http://storing.ingv.it/cfti4med/ (Accessed January 2007).
 Guidoni, E., and Soragni, U. (1997). “Lo spazio nelle città venete (1348–1509). Urbanistica e architettura, monumenti e piazze, decorazione e rappresentazione,” in Atti del I convegno di studio. Verona, Dicembre 14–16, 1995 . Roma: Edizioni Kappa.
 Herring, T. A., King, R. W., Floyd, M. A., and McClusky, S. C. (2018a). GAMIT reference manual, GPS analysis at MIT, Release 10.7. Cambridge: Massachusetts institute of technology.
 Herring, T. A., King, R. W., and McClusky, S. C. (2018b). Global kalman filter VLBI and GPS analysis program, GLOBK reference manual, Release 10.6. Cambridge: Massachusetts institute of technology.
 Hoek, E. (1964). Fracture of anisotropic rock. J. S. Afr. Inst. Min. Metall. 64 (10), 501–518.
 Hoek, E., and Brown, E. T. (1980). Empirical strength criterion for rock masses. J. Geotech. Eng. Div. 106 (GT9), 1013–1035.
 Hoek, E., and Brown, E. T. (2018). The Hoek-Brown failure criterion and GSI—2018 edition. J. Rock Mech. Geotech. Eng. 11, 445–463. doi:10.1016/j.jrmge.2018.08.001
 ISRM (1978). SM for determining tensile strength of rock materials.
 ISRM (1983). Suggested method for determining the strength of rock materials in triaxial compression: revised version.
 ISRM (1979). Suggested method for determining the uniaxial compressive strength and deformability of rock materials.
 ISRM (2006). The complete ISRM suggested methods for rock characterization, testing and monitoring ed . Editors R., Ulusay, and J.A., Hudson (Cham, New York: Springer), 1974–2006.
 Ivy-Ochs, S., Martin, S., Campedel, P., Hippe, K., Alfimov, V., Vockenhuber, C., et al. (2017b). Geomorphology and age of the marocche di dro rock avalanches (Trentino, Italy). Quat. Sci. Rev. 169, 188–205. doi:10.1016/j.quascirev.2017.05.014
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The Basin and Range province in the western United States hosts numerous low-slip-rate normal faults with diffuse and subtle surface expressions. Legacy aerial photographs, widely available across the region, can be used to generate high-resolution digital elevation models of these previously uncharacterized fault systems. Here, we test the limits and utility of aerial photograph-derived elevation products on the Drum Mountains fault zone—a virtually unstudied and enigmatic fault system in the eastern Basin and Range province of central Utah. We evaluate a new 2-m digital surface model produced from aerial photographs against other remotely sensed and field survey data and assess the various factors that contribute to noise, artifacts, and distortions. Despite some challenges, the new elevation model captures the complex array of cross-cutting fault scarps well. We demonstrate that the fault zone has variable net east- or west-down sense of displacement across a c. 8-km-wide zone of antithetic and synthetic traces. Optically stimulated luminescence ages and scarp profiles are used to constrain net extension rates across two transects and reveal that the Drum Mountains fault zone has average extension rates of c. 0.1–0.4 mm yr−1 over the last c. 35 ka. These rates are both faster than previously estimated and faster than most other faults in the region, and could be an order of magnitude higher if steep faults at the surface sole into a detachment at depth. Several models have been proposed for local and regional faulting at depth, but our data show that the offsets, rates, and geometries of faulting can be generated by the reactivation of pre-existing, cross-cutting faults in a structurally complex zone between other fault systems. This study highlights how legacy aerial-photograph-derived elevation products, in lieu of other high-resolution topographic datasets, can be used to study active faults, especially in remote regions where diffuse deformation would otherwise remain undetected.
Keywords: drum mountains fault zone, photogrammetry, legacy aerial photographs, eastern basin and range, Utah
INTRODUCTION
Photogrammetric techniques are commonly used to create dense point clouds and high-resolution digital surface models (DSMs) of faulted landscapes. Unmanned Aerial Vehicle (UAV)-based photo surveys are widely used because they can capture subtle geomorphic features and resolve cm-scale displacements on faults using Structure-from-Motion (SfM) algorithms (Bemis et al., 2014; Johnson et al., 2014; DuRoss et al., 2019). While these techniques are revolutionary in their ability to capture low-cost elevation data along faults (e.g., in comparison to lidar; Meigs, 2013), they are typically restricted to small spatial extents in regions with sparse vegetation, and are limited by access to remote or protected areas for piloting. These factors can limit the usefulness of UAV surveys for active fault studies in regions of subtle or diffuse deformation.
Optical satellite and aerial imagery present the opportunity to create c. 1-m-scale resolution DSMs remotely and over larger extents than UAV-derived data. Three-dimensional displacements in recent earthquakes have been resolved using pre- and post-event satellite (Zhou et al., 2015; Zhou et al., 2018; Barnhart et al., 2019; Zinke et al., 2019) and aerial imagery (Milliner et al., 2015; Lajoie et al., 2020; Howell et al., 2020). There are also global satellite-imagery-derived DSMs with 0.5–5 m resolution (e.g., AW3D from the Japan Aerospace Exploration Agency) and sub-meter aerial-photo-derived DSMs of the entire United States (e.g., HxGN content program: https://hxgncontent.com/coverage-map) that can be used to characterize active faults, but the expense of obtaining substantial data coverage may preclude the use of such products. In the western United States, legacy aerial photographs collected over the last c. 80 years present additional opportunities to stack multiple generations of data or create “time-stamped” DSMs to quantify deformation in historical earthquakes (Milliner et al., 2015; Lajoie et al., 2020; Lu et al., 2020). However, there have been few studies assessing the reliability and utility of these elevation products in active fault studies.
Within the Basin and Range province (Figure 1), active faults have variable surface expressions ranging from multi-meter, range-bounding fault scarps to <1-m-high scarps and fissures on basin floors. Recent discussion in balancing the extensional budget across the Basin and Range has revealed that while identified active faults can account for most of the observed deformation (using preferred values of fault dip; e.g., Koehler and Wesnousky, 2011), geologic rates might underestimate GPS-derived rates by 21–46% (Personius et al., 2017). While some of this permanent strain may be “hidden” in off-fault deformation or dike intrusions at depth (e.g., Athens et al., 2016; Personius et al., 2017), we propose that at least some of this deficit may be related to inadequate resolution of elevation datasets for detecting subtle deformation outside of, or even within, mapped fault zones (e.g., Shelef and Oskin, 2010). This issue is salient in the Drum Mountains fault zone of central Utah, USA, where assigned geologic slip rates of 0.01–0.2 mm yr−1 conflict with a regional moment rate deficit and 2 mm yr−1 slip rates estimated from GPS velocity gradients (Thatcher et al., 1999; WGUEP, 2016).
[image: Figure 1]FIGURE 1 | Location of the Drum Mountains and Crater Bench fault zones within the Sevier Desert of central Utah (UT), USA. The Sevier Desert is positioned in the eastern-most Basin and Range province (inset), where Quaternary normal faults (black lines) accommodate extension. The Wasatch fault zone accommodates the majority of the c. 4 mm yr−1 westward motion of the Basin and Range relative to the Colorado Plateau from continuous GPS measurements. Extension rates of Quaternary faults near Delta, Utah, are <1 mm yr−1 and < 0.1 mm yr−1 to the west in the House Range (HR) (Stahl et al., 2020). Seismic lines of Allmendinger et al. (1983) and Crone and Harding (1984), referred to in text, are shown as “Line U1” and “CH”, respectively. DM, Drum Mountains; LDM, Little Drum Mountains; HR, House Range; CR, Canyon Range; CL, Clear Lake fault zone; AE, Argonaut Energy well; GG, Gulf Gronning well.
This study uses high-resolution DSMs to investigate the tectonics of the Drum Mountains fault zone (hereafter DMFZ) in Utah, and consequently has two main focuses. First, we map faults and estimate vertical separations across deformed alluvial fans using two different photogrammetry-derived elevation products—a 5-m filtered digital elevation model (DEM) and a 2-m DSM derived from legacy aerial photographs. We validate these datasets using real-time kinematic (RTK) GPS/GNSS and terrestrial lidar scanning (TLS) data and assess their utility for fault mapping. Sparse vegetation, low-relief terrain, and scarps with vertical separations spanning three orders of magnitude make this location an ideal test case for evaluating the limits and utility of legacy aerial photographs in active fault studies. Second, we combine our remote fault maps and scarp profiles with field mapping and optically stimulated luminescence (OSL) dates to present a simple structural model and estimate time-integrated slip rates over the last c. 35 kyr for the DMFZ. Our results highlight that a significant portion of permanent strain in the Basin and Range can be accommodated by many faults with small offsets. The techniques and findings we present here could be applied throughout the Basin and Range, or other arid environments, to capture the full contribution of faults to continental deformation.
BACKGROUND
Regional Active Tectonics
The DMFZ is located near the eastern margin of the Basin and Range province in central Utah (Figure 1). Here, the Utah-Nevada border region (Figure 1) is moving westward at c. 4 mm yr−1 relative to a quasi-stable Colorado Plateau (as measured by GPS), with c. 80% of this extension accommodated by slip on the southern Wasatch fault (Bennett et al., 2003; Hammond and Thatcher, 2004; Niemi et al., 2004; Stahl and Niemi, 2017). Near the southern terminus of the Wasatch fault, within the Sevier Desert of central Utah (Figure 1), the spatial distribution of extension becomes more complex. An array of range-bounding and intrabasin normal faults with <1 mm yr−1 slip rates contribute to the extensional budget in this region, in addition to a minor contribution from local magmatism (Stahl and Niemi, 2017; Stahl et al., 2020). The Sevier Desert has been seismically quiescent over the last c. 150 years with no > M4 earthquakes and few other instrumentally recorded events (Pankow et al., 2020).
Three models have been proposed for the origin of active faults in the Sevier Desert. Following the collection of seismic reflection data in the 1970s and 1980s (McDonald, 1976; Allmendinger et al., 1983) several authors proposed that faults expressed at the surface sole into a prominent seismic reflector interpreted as being a regional low-angle detachment called the Sevier Desert detachment (Allmendinger, 1983; Wernicke et al., 1985; Planke and Smith, 1991; Coogan and DeCelles, 1996). If this is the case, high-angle normal faults at the surface would be kinematically linked to slip on the active detachment at depth (e.g., Niemi et al., 2004). Near the Drum Mountains (Figures 1, 2), another reflector was interpreted as a folded, or “domed,” detachment called the House Range detachment (Allmendinger et al., 1983; Wernicke et al., 1985; Hecker, 1993). The House Range detachment changes from shallowly west-dipping to shallowly east-dipping, but is interpreted to be nearly horizontal under the DMFZ (Wernicke et al., 1985; Royse, 1993). In a regional reconstruction, DeCelles and Coogan (2006) interpreted the domed reflector as being related to a duplex on the Sevier-aged (Cretaceous to Eocene) Canyon Range thrust. The relationship of the DMFZ to these various geometries and levels of detachments remains unclear.
[image: Figure 2]FIGURE 2 | Maps of the Drum Mountains fault zone and surrounding faults. (A) Hillshaded elevation model with Quaternary faults as mapped in the USGS Quaternary Fault and Fold database (USGS, 2020) and the reconstructed elevations of the Bonneville and Provo shorelines (note, these do not necessarily represent locations of landforms). The footprint of the legacy aerial photographs used in this study is shown in red. (B) Simplified geologic map (modified after Hintze and Davis, 2002) of the primary study area with fault traces mapped in this study. The locations of subsequent figures are shown in outlines and stars.
The second model relates surface faulting to salt tectonics, on the basis of thick evaporite units (sometimes exceeding 1 km thickness) observed in regional wells and seismic reflection lines with “pull-up” anticlines interpreted as salt domes (Anders et al., 1998; Wills et al., 2005). Proponents of this model also argue that the reflector previously interpreted as the Sevier Desert detachment is at least in part an unconformity displaced by high-angle faults traceable to the surface (e.g., Smithson and Johnson, 1989). If recent faulting is related solely to salt tectonics, significant tectonic extension and moment deficits within the eastern Basin and Range at this latitude would remain unaccounted for (WGUEP, 2016).
The third model proposes that late Pleistocene and Holocene faulting in the eastern Sevier Desert is associated with coeval volcanism, subsidence, and dike-injection (Wannamaker et al., 2008; Stahl and Niemi, 2017; Stahl et al., 2020). This model was put forward on the basis of (i) spatial coincidence of faults with volcanic centers, high-heat flow, and near-vertical low resistivity anomalies that extend to depths below the Sevier Desert detachment; (ii) temporal coincidence of some faulting events with the volcanism; (iii) surface expression of faulting and far-field displacements consistent with dike-induced faulting; and (iv) adequate elastic dislocation model fit to GPS velocities with a purely tensile dislocation located at the zone of recent volcanism (Stahl and Niemi, 2017). This model precludes post-Pliocene extension on the easternmost portions of the Sevier Desert detachment, but does not rule out the influence of saline fluids or salt mobility on recent surface faulting.
Regional Geomorphology
Late Pleistocene and Holocene alluvial fans, volcanic edifices, and lacustrine features in the Sevier Desert are important markers for measuring fault deformation. Landforms associated with Pleistocene Lake Bonneville (and subsequent lakes formed in sub-basins after the Bonneville flood; Oviatt, 2015) provide absolute and relative age control across most of western Utah. There are numerous studies that review the geomorphological and sedimentological legacy of Pleistocene Lake Bonneville (e.g., Oviatt, 2015; Chen and Maloof, 2017) and later lakes. Below, we provide an overview of the landforms relevant to assessing recent activity in the DMFZ.
Shoreline features such as wave cut benches and depositional gravel bars, the most prominent of which formed during the Bonneville (c. 18.5 ka) and Provo (c. 15–18.5) highstands (Oviatt, 2015), are present around the Sevier Desert. The Bonneville and Provo shoreline elevations, formed during highstands of the same name, represent originally horizontal datums that have been deformed by isostatic rebound, faulting, volcanism, and/or other mechanisms of local subsidence (Currey, 1983; Chen and Maloof, 2017; Stahl et al., 2020). Between these two shorelines, more subtle depositional shorelines mark the rise of Lake Bonneville between about 30 and 20 ka (e.g., Oviatt, 2015). These transgressive shorelines are best-preserved on pre-Lake Bonneville alluvial fan surfaces (Figure 2) between the elevations of the Provo and Bonneville shorelines.
In the Drum Mountains region, alluvial fans that post-date the Bonneville shoreline (Unit Qaf1; Figure 2) are marked by a lack of lacustrine sedimentary mantle, by sharper bar and swale topography, and by their inset positions within older, higher fan surfaces (Oviatt, 1989; Hintze and Davis, 2002). Both pre- and post-Bonneville alluvial fans show variable evidence for recent regrading or deposition of fine slope wash and eolian sand. A series of Provo-aged gravel spits (Qlg) ranging in length from 2 to 6 km are present adjacent to volcanic edifices (described below) on the eastern side of the fault zone (Figure 2) (Oviatt, 1989). At scattered locations around the study area, lacustrine silts and sands (Qlf), gravels (Qlg), and marl (Qlm) are exposed at the surface and are variably pre- and post-Provo highstand in age (Figure 2).
Volcanic units that pre- and post-date Lake Bonneville can be useful strain markers for tracking fault deformation (Johnsen et al., 2010; Stahl et al., 2020). Quaternary volcanism was most recently active to the southeast of the DMFZ in the Ice Springs Subfield of the Black Rock Desert volcanic field (nomenclature of Johnsen et al., 2010). Within the DMFZ, the Fumarole Butte subfield comprises ashfall, lava flows, and tuffs ranging in composition from basalt to rhyolite (Peterson and Nash, 1980; Turley and Nash, 1980). The field has been active since c. 6 Ma. The only known Quaternary units in the Fumarole Butte subfield are the basaltic andesite of Fumarole Butte (c. 880 ± 100 ka; Peterson and Nash, 1980) (Figure 1), the rhyolite of Smelter Knolls (310 ± 80 ka; Turley and Nash, 1980), and a basaltic ash possibly erupted from a maar near Smelter Knolls (c. 24 ka; Oviatt and Nash, 2020).
The Drum Mountains Fault Zone
The DMFZ is a maximum 8-km-wide zone of north and south-trending fault scarps on the eastern flank of the Little Drum and Drum Mountains (Figures 1, 2). The fault zone extends c. 52 km along strike and comprises over 200 linear km of north-south trending fault scarps. At its southern extent, the zone tapers in width until it is defined by a single west-facing fault scarp (Figure 1). In the north, the fault zone ranges between 2 and 5 km wide; however, many of the scarps are semi-continuous with those of the Crater Bench fault zone (Figure 2) which displaces the c. 880 ka basaltic andesite surface formed by the Fumarole Butte volcano. For the purposes of this study, we consider that these two fault zones (Drum Mountains and Crater Bench) are different in name only.
We focus our study on the central c. 35 km of the fault zone where scarps have formed on a bajada surface consisting of alluvial fans derived from the Little Drum and Drum Mountains. The fans that comprise this bajada, predominantly units Qaf1 and Qla, both pre- and post-date the Bonneville highstand at 18.5 ka (Figure 2) (Oviatt, 1989). In a few locations, gravel bars and tombolos associated with the Provo highstand of Lake Bonneville (c. 15–18 ka) are displaced by several meters. Bucknam and Anderson (1979) estimated some scarps to be early Holocene in age, or close to the age of the Provo shoreline. Individual fault traces vary in length from 100 to 200 m to c. 8 km. Scarps range in height from less than 0.5 to c. 7.5 m (Crone, 1983; Crone and Harding, 1984; Oviatt, 1989). Crone (1983) observed 3.7 m of stratigraphic separation within an enhanced natural exposure on the westernmost fault scarp (Figure 2).
Field reconnaissance (this study) and two 2–3 km-long microseismic reflection profiles (Crone and Harding, 1984) provide some constraints on the fault geometry. Seismic reflection studies of Crone and Harding (1984) (Figure 1) show reflectors with up to 80 m of offset on near-vertical faults that extend to at least 500 m depth. Strong reflectors at c. 200 m depth were interpreted to be the contact between Quaternary alluvium and Tertiary volcanic rocks. Crone and Harding (1984) also interpreted several faults at depth in their sections that are not associated with fault scarps at the surface, as well as a possible intrusion within the gently east-dipping Tertiary volcanic sequence at c. 200 m depth. Unpublished trench data demonstrate that at least some faults dip steeply (c. 75–90°) at the surface (e.g., Figure 3).
[image: Figure 3]FIGURE 3 | Annotated sample locations for optically stimulated luminescence (OSL) samples. (A) Photograph of a paleoseismic trench exposure showing faulting of pre- and post- Lake Bonneville strata. Qlm—lake marl deposited during the transgressive phase of Lake Bonneville (c. 20–30 ka). Qaf1—alluvial fan gravel and sand deposited during and after the overflowing stage of Lake Bonneville/Lake Provo, following the fall of the Bonneville highstand at 18.5 ka to the elevation of the Provo shoreline. Sample OSL-CF-26H3V was collected from silts and sands deposited in a channel on the hanging wall of the fault (red) and gives an indication of the age of youngest and most active deposition within map unit Qaf1. (B) Two samples (OSL-DM1017 and Drum-Fan1) were collected from sand beds within pre-Lake Bonneville alluvial fan sands and gravel (map unit Qla). Refer to Figure 2 for sample locations.
The DMFZ remains enigmatic within the context of the three models for surface faulting in the Sevier Desert. The faults could represent a shallow graben formed above the House Range detachment, which, if active, could drive net down-to-the-west extension and local uplift (e.g., Hecker, 1993). Wernicke et al. (1985), however, concluded that the House Range detachment has been inactive since c. 4 Ma due its domed geometry, interpreted as folding above an active Sevier Desert detachment. Alternatively, the Drum Mountains scarps may be related to recent volcanic subsidence or subsurface dike injections, although evidence for post-Lake Bonneville volcanic activity is absent near the Drum Mountains, and the DMFZ has unequivocally deformed post-Lake Bonneville landforms. Faulting may also be related to salt mobility or dissolution. Though there are no constraints on salt thicknesses or depths in the Tertiary sequence within the DMFZ, the Argonaut Energy well (Figure 1) encountered >1,500 m of halite and minor anhydrite within a graben c. 25 km east of the DMFZ (Lindsey et al., 1981). The Gulf Gronning well (Figure 1), located west of the Argonaut Energy well and c. 20 km east of the DMFZ did not encounter significant amounts of evaporites (McDonald, 1976); thus, any model proposing a salt tectonic influence on deformation within the DMFZ has to reconcile such deformation with the limited known spatial extent of evaporites within the Sevier Desert region.
METHODS AND DATA
We used a combination of field and remotely sensed datasets to characterize the DMFZ. Since one of the main objectives of this study was to assess the utility of DSMs produced from historical aerial photographs, three other topographic datasets were collected for comparison. We mapped faults remotely and in the field, but largely relied on previous mapping of late Quaternary surface geology by Hintze and Davis (2002). Alluvial fan surface ages were constrained using OSL dating of map units (Figure 2). We estimated fault separations and extension rates using topographic profiles, near- and shallow-subsurface constraints on fault geometry (e.g., from unpublished trench studies) and additional methods outlined below.
Topographic Data
5-m Automated Geographic Reference Center Digital Elevation Model
Our baseline dataset is a 5-m resolution DEM publicly distributed by the Utah Automated Geographic Reference Center (AGRC) (data and metadata available at https://gis.utah.gov/data/elevation-and-terrain/). To create this DEM, aerial photography from the National Agriculture Imagery Program (NAIP) was acquired in 2006 using an ADS40 airborne digital sensor. The camera simultaneously captured RGB, panchromatic and multi-spectral imagery at nadir, as well as looking forwards and backwards. On-board differential GPS and an inertial measurement unit were used to compute a navigation solution at 1 s epochs. Using the navigation solution and a camera calibration, location and orientation parameters of the camera (x, y, z and omega, phi, and kappa) were computed for each scan line. Imagery was then resampled to remove the effects of aircraft motion and to generate epipolar stereoimages with 1 m ground sample distance.
The resulting stereophotos have 100% overlap and multiple spectral bands available for aerotriangulation and terrain extraction. X, Y, and Z positions in point clouds were produced using the ISTAR/GPRO-Socet Set Automatic Terrain Extraction process. An auto-correlated DSM surface was then filtered to remove non-ground points (e.g., from vegetation) and a DEM was produced for each flight line at a grid resolution of 5 m. Reported horizontal and vertical accuracies are 3 and 4 m root mean square error (RMSE), respectively. The National Standard for Spatial Data Accuracy values, which define absolute accuracy at the 95% confidence level, are 5.2 m and 9.8 m in the horizontal and vertical, respectively.
2-m Legacy Aerial Photographs and Digital Surface Model
We created a DSM of the Drum Mountains from legacy single frame aerial photographs collected by multiple government agencies archived at EarthExplorer (http://earthexplorer.usgs.gov). Single frame aerial images were selected from three flight projects (Table 1) flown in the 1970s by the United States Geological Survey (USGS) and the United States Air Force (USAF). Nominal scales of the aerial images were between 1:20,000 and 1:34,000. Stereo overlap for each of the three flight projects was 60%. The images are all monochrome or infrared single band images. Camera calibration files were available for the USGS flight projects, and included camera and lens information, as well as calibrated lens focal lengths; however, this information was not available for the USAF flight project. No other camera calibration or aircraft orientation data were available for the images. Film negatives from the USGS flight projects were scanned at approximately 1,000 dpi resolution and corrected for scan distortions. Film negatives from the USAF flight project were scanned at approximately 400 dpi resolution and not corrected for distortions introduced by scanning.
TABLE 1 | Details of aerial photograph projects used to produce a 2-m DSM in Agisoft Metashape and LAStools.
[image: Table 1]Aerial image files were cropped in Adobe Photoshop to remove the negative frame and to standardize image sizes for each flight project. Final images used for DSM construction were c. 8k x 8k pixels for the USGS photographs and c. 2.5k x 2.5k pixels for the USAF photographs. These images were imported into Agisoft Metashape and grouped by flight project into separate Camera Groups. Each Camera Group was assigned the appropriate lens focal length, if known, and all other camera calibration parameters (i.e., interior and exterior orientations) were determined by optimization within the software. Images were aligned in Agisoft Metashape without the use of external tie points on an Intel 6-core i7 CPU with 32 GB of RAM, supplemented by a Tesla K40 GPU. From the aligned images, a dense point cloud was generated using an aggressive depth filtering technique. The resultant point cloud covered c. 800 km2 at a ground resolution of 73.6 cm/pixel. Typical image overlap across the Drum Mountains fault zone was >9 images, and nowhere less than 5 images.
The dense point cloud was georeferenced by identifying matching points on both the legacy aerial imagery and recent (2018) 60-cm color aerial orthophotographs produced by the USDA NAIP program. Coordinates of the matching points were extracted from the Utah 5-m autocorrelated DEM in the NAD83 UTM zone 12N (EPSG:26912) coordinate system using ArcGIS Pro. The X, Y, and Z coordinates of the tie points were then manually entered into Agisoft Metashape. The georeferenced point cloud was exported from Agisoft Metashape in .las format, and was subsequently used to generate a 2-m resolution DSM using the LAStools blast2dem tool as implemented in the LAStools toolbox.
Terrestrial Lidar
We collected TLS at two locations within the DMFZ. The raw scans show fault detail at the highest possible resolution and are a useful dataset with which to compare the 2- and 5-m models over the limited spatial extent of TLS data collection. Data were collected with a Riegl VZ-1000 scanner. At each site, multiple scans were tied together using fixed-point reflectors georeferenced with RTK GPS/GNSS control at the scan station and a continuously operating base station. We used LAStools blast2dem toolbox to process the merged and aligned point clouds into georeferenced 1-m DSMs. Vegetation was not removed due to the low vegetation cover present at field sites, negligible effect on DSM-based measurements, and the relative difficulty in removing vegetation from ground-based (as opposed to airborne) lidar data.
Real-Time Kinematic VRS GPS/GNSS
A Trimble R8 GPS/GNSS receiver was used to survey fault scarps along two transects. The Utah Reference Network base stations were used to provide Virtual Reference Stations and RTK corrections of survey data. Positions were recorded every second to collect a denser assemblage of points on subtle scarps; the resulting average ground spacing distance is 0.6 m. Elevations have accuracies of less than 10 cm (within the topographic profile; these are likely to be slightly higher due to antenna wobble during the traverse) with precisions expected to be less than 10 cm.
Mapping
Fault scarps were mapped in the field, on aerial photographs, and with the available digital elevation products at a range of scales (Figure 2). In some cases, short topographic disturbances identified in the DSM/DEMs were mapped as “suspected faults” as they were consistent with observations of the smallest scale, 10–50 cm-amplitude faults in the field. To assess patterns in fault orientations, we constructed a rose diagram of mapped fault traces. Strikes were calculated for east- and west-facing scarps (assuming east- and west-dipping fault planes for each, respectively) and trends were calculated for suspected fault scarps. For the latter, the quadrant depends solely on direction of the line we mapped in GIS and the orientations should be taken as symmetric about an E-W axis. Rather than fault frequency, each bin represents the cumulative length of traces with that orientation.
We found fan surfaces and shoreline features mapped by previous authors (Oviatt, 1989; Hintze and Davis, 2002) to be reliable and have not altered them (Figure 2). Three principal surface units are deformed by faulting—Pre-lake Bonneville alluvial fans with lacustrine mantle (Qla), Post-Lake Bonneville alluvial fans (Qaf1), and gravel spits of the Provo shoreline (Qlg) (Figure 2). The ages of these units are discussed in subsequent sections.
Fault Offsets and Displacements
Vertical Separation
We calculated net vertical separations of alluvial fan units in transects across the fault zone. This calculation reflects whether there is net down-to-the-east or down-to-the-west vertical separation. For example, two oppositely-facing scarps, each with the same vertical separation, would sum to have zero net vertical separation. East-west oriented transects were spaced 0.5 km apart and the offset on each fault scarp is measured where the mapped surface trace intersects a transect line. We limited the transects to regions where fault scarps displace young alluvial or pluvial surfaces to avoid large displacements recorded in the c. 900 ka volcanic rocks of Fumarole Butte (Fig. 2).
For the 5-m DEM and 2-m DSM, extracted elevations were taken from a profile swath 30 m wide, 300 m long, and oriented perpendicular to mapped fault traces. We then selected the elevation points that best represented the original up- or down-thrown surfaces and fit a line to the points. These linear fits were projected to the center of the scarp, where we measured the vertical separation and one standard deviation error. East-facing and west-facing scarps were assigned “positive” and “negative” vertical separation values, respectively. As a measure of uncertainty, we combined the standard deviations of elevations on both sides of the fault after detrending elevations by the lines of best fit. The vertical separations were summed along each transect, with uncertainties summed in quadrature.
Measuring vertical separation can have important implications for calculating the true displacement vector depending on the geometry of the displaced geomorphic surface and the interaction with the fault (Mackenzie and Elliott, 2017). The scarps measured here offset alluvial fan or playa surfaces, which do not exceed a 7° slope. Even with the steepest slope angles of 7°, and assuming a reasonable, relatively steep fault dip (>70°), the vertical separation differs from the throw by a maximum of 4.5%. At the resolution of our datasets, this is generally far below the scarp vertical separation measurement error.
The profile technique we used does not capture or incorporate any potential lateral component of slip. While we did not find consistent, measurable instances of lateral displacement within the study area, even small amounts of lateral slip can significantly influence the vertical separation across the fault scarp when the local topographic slope is not parallel to the lateral slip direction (Mackenzie and Elliott, 2017). However, here the scarps face the same direction as the geomorphic surface aspect and offset sub-horizontal surfaces. Thus, the effect of a small horizontal component of slip would have a negligible effect on the measured vertical separation and calculated fault throw values. There has been no strike-slip detected on other faults in the Sevier Desert (Stahl et al., 2020).
Optically Stimulated Luminescence Dating
We collected three samples for OSL dating—two from a natural exposure of unit Qla and one from an unpublished paleoseismic trench across Qaf1—to constrain (i) the age of near-surface fan deposits for largely intact pre-Bonneville highstand alluvial fans (Qla) and (ii) the age of recent, shallow deposits along fault scarps on post-Bonneville highstand alluvial fans (Qaf1). For the latter, we were interested in using the result as a representative minimum age for unit Qaf1 in one of the more active locations on the fan (see results section below). While the ages of near-surface deposits within these two units are likely to vary widely, we were most concerned with obtaining minimum and maximum bounds for ages of the fan surfaces rather than presenting a detailed chronology for each.
Samples Drum-Fan1 and OSL-DM1017 were collected from the same wash-cut exposure of alluvial fan sands and gravels at c. 2 m depth (Figures 2, 3B). The exposure was cleared of colluvium and pavement cover to 60 cm depth. Both samples were taken from sand lenses dipping in the same direction as the fan surface (Table 2). Sample OSL-CF-26H3V was taken from the hanging wall of a fault exposed in an unpublished trench (Figure 3A). The sample was collected at 55 cm depth from finely bedded silt and sand within channel fill that post-dates the most-recent earthquake on the fault.
TABLE 2 | OSL laboratory and dose rate information.
[image: Table 2]All samples were processed for single-aliquot quartz OSL at the Utah State University Luminescence Laboratory. Quartz was separated following standard mineral separation procedures to a grain size of c. 90–150 µm. The single-aliquot regenerative dose (SAR) procedure was used to bracket equivalent dose and correct for sensitivity (Murray and Wintle, 2003). We used central age models (Galbraith and Roberts, 2012) for determining equivalent dose as there was no evidence of partial bleaching. Dose rates were calculated from U, Th, K and Rb content, water content, and cosmogenic dose (Aitken and Xie, 1990; Aitken, 1998). OSL ages were then calculated and reported at 2σ error.
Net Extension Rates
We estimated the net extension rate in two transects across the center of the fault zone (Figure 2). At this location, both fan units span the entire width of the fault zone and we can therefore calculate time-integrated extension rates across both pre-Bonneville (Qla) and post-Bonneville fan (Qaf1) units. Topographic profiles across the fault scarps were drawn from the best available data at that site (RTK GNSS and 5-m DEM in all cases). The MCSST toolbox of Wolfe et al. (2020) was used to generate probability distributions of dip-slip and extension rates in a Monte Carlo approach (Thompson et al., 2002).
Dip-slip and extension rates provide two end member scenarios for the true extension rates across the fault zone at depth: (i) in the case that all faults sole into a sub-horizontal detachment, the dip-slip rate summed across all faults at the surface would be equal to the extension rate at depth; and (ii) in the case that all steeply-dipping faults do not become more gently dipping at depth, the extension rate at the surface is representative of the extension rate at depth. In our calculations, we used a uniform distribution of near-surface fault dip between 75 and 90 degrees and a scarp-fault intersection point of 50 ± 10% along the scarp, which is consistent with field observations. Age distributions were generated using the results and rationale in the sections below.
RESULTS
2-m Digital Surface Model From Legacy Aerial Photographs in Comparison to Other Elevation Products
A comparison of the 2-m DSM built with legacy aerial photographs with the other elevation products reveals clear differences and discrepancies (Figures 4, 5). The DSM returns poor or unrealistic elevations near the edges of the model, in areas of high relief (although in our case, those also correspond to the edges of the model), and over light-colored and more featureless surfaces (e.g., playa deposits) (Figures 4A,B,C) (Micheletti et al., 2014). The availability of multiple color bands and 100% photo overlap in production of the 5-m DEM seems to minimize these issues. Our SfM model (2-m DSM) returns the best results on textured surfaces, such as alluvial fans and active washes (e.g., with “unique” features for SfM matching) and features with low to moderate relief (Figures 4D,E). In general, the 2-m DSM is most useful for mapping fault scarps when used in conjunction with the aerial/satellite photography and when scarp heights exceed the 2-m grid resolution of the DSM. Additional vegetation filtering may improve the SfM models to some degree, but is challenging in the absence of spectral information and would likely degrade the resolution of the resultant DSM. Where our four elevation datasets overlap, the 2-m DSM yields results reasonably consistent with, but noisier, than the TLS, RTK, and the 5-m DEM data (Figures 5, 6). Fault scarps with >1 m height can be reliably identified and smaller scarps <1-m-high are shown as breaks in topography; however, these elevation breaks are of similar amplitude to sagebrush heights and therefore difficult to identify reliably. The 5-m DEM and RTK survey provide the least noisy data—the RTK survey points were collected while avoiding vegetation and the DEM in theory should have vegetation filtered out. The unfiltered TLS data are noisier and vegetation coverage at this particular transect means some of the scarps are not imaged well (Figure 6A). The RMSE of detrended data (to adjust for datum differences; Figure 6B) against the 5-m DEM data yielded values of 0.36, 0.70, and 0.48 for the RTK survey, 2-m DSM, and TLS datasets, respectively. Over the scale of the graben in Figure 6, non-linear distortions are present but minimal in the 2-m DSM, as indicated by the good fit to a 1:1 line between the 5-m DEM elevations and other datasets (Figure 6B).
[image: Figure 4]FIGURE 4 | A comparison of the 5-m AGRC DEM and 2-m DSM (produced from legacy aerial photographs) in different terrain and map units. (A) Map units from Hintze and Davis (2002) overlain on satellite photography. (B) and (C) demonstrate that the light-colored and reflective unit Qpm (playa mud) generates significant noise and artifacts in the 2-m DSM; color filtering in the processing of the 5-m DEM likely helps remove this effect. Surfaces that may be impacted by frequently occurring geomorphic processes (eolian transport/deposition; playa flooding and resurfacing) are also more likely to decorrelate over the decadal span of legacy aerial photograph collection than over the days or weeks needed to acquire the NAIP imagery. The 2-m DSM performs better in higher relief (D) but is still noisier and less ‘sharp’ relative to the 5-m DEM (E). Roman numerals (i–v) in (D) indicate the locations to compare and contrast to the 5-m DEM in (E). (I) Noise from unit Qpm; (ii) a fault scarp at the limit of detection in the DSM but clearer in the DEM; (iii) a fault scarp displacing a Provo-aged tombolo evident in both DSM and DEM; (iv) a radial fingerprint artifact generated by an area of flat terrain adjacent a ridge of basalt; (v) location of a sharp Provo shoreline bench inscribed into Smelter Knoll (not evident in (D) but visible in (E)); (vi) Shows a seamline artefact in the 5-m DEM not visible in (D). Refer to Figure 2 for locations of A–C and D–E.
[image: Figure 5]FIGURE 5 | A comparison of the 5-m DEM, 2-m DSM, and TLS DSM in a swath from the western-most fault trace (c. 7.5 m vertical separation) in the central part of the DMFZ. The traces of two cross-cutting antithetic faults are indicated by yellow arrows in all figures. Secondary traces within the graben are highlighted by light-colored, fine-grained alluvium in (C). Location of topographic profile A-A’ (Figure 6) shown in white. Scale and coordinates in (C) apply to (A) and (B).
[image: Figure 6]FIGURE 6 | (A) Detrended topographic profile A-A’ (Figure 5) from all elevation datasets at the cross-cutting faults shown in Figure 5 and (B) a comparison of unadjusted elevations to elevations in the 5-m DEM. Vertical exaggeration in (A) is 10x. Circles in (A) indicate the locations of mapped fault traces. All datasets roughly follow a trend line with slope=1, indicating negligible non-linear distortions over this small area. TLS and 2-m DSM datasets exhibit larger scatter, which is partially due to the lack of vegetation filtering.
Fault Geometries and Orientations
Overall, there are approximately equal length distributions of east- and west-facing scarps throughout the fault zone (Figure 7). Fault traces range in length from c. 20 m to 8 km with a median of 380 m and average of 600 m. There is a slight increase in the cumulative length of west-facing scarps from south to north (Figure 7). The cumulative length of faults we mapped as “suspected” are greater in the southern and northern sections of the fault zone.
[image: Figure 7]FIGURE 7 | Rose diagrams of strikes (for faults with dip directions, blue and red) and trends (for suspected faults, green) of faults/fault traces in the Drum Mountains fault zone. In each, the trends of suspected fault traces should be considered symmetric about the x-axis. East-facing faults (blue) and west-facing faults (red) are assigned strikes based on the dip direction. We arbitrarily created three sections to the DMFZ—North, Mid, and South—based on a qualitative assessment of the fault patterns along strike. For example, the boundary between North and Mid sections was specified based on the apparent “die out” of the eastern branch of faults in the central part of the fault zone. An analysis of all three sections is presented in the bottom diagram. Black and white arrows highlight interference pattern of NW and NE oriented fault sets, respectively. Note that the cumulative lengths of east and west-dipping faults are approximately equal over the fault zone.
There are a few more nuanced patterns to the orientations of mapped faults that could be relevant to interpreting the evolution of the fault zone. In the south, most fault traces follow a NNW (SSE) trend (Figure 7). Both west-facing and suspected scarps, and to a lesser extent east-facing scarps, progressively shift towards the NE (SW) towards the north. In the northernmost section, this is due to the orientation of scarps on Crater Bench. In our mapping, there is a clear cross-cutting pattern of c. 330–340° and 020–030° trending scarps (both east- and west-facing) that overlaps the overall N and NNW trend of the northern and central fault sections (Figure 7).
Along-Strike Variation in Vertical Separations
Trends in summed and net vertical separations over the length of the DMFZ were similar from the 2-m DSM and 5-m DEM (Figure 8). The 1σ uncertainties in net vertical separations derived from the 2-m DSM (shaded region in Figure 8) are everywhere larger than those of the 5-m DEM. In places, uncertainties in the magnitude of vertical separations exceed the measurements themselves, which we consider to be the result of noise, artifacts, and distortions (e.g., Figure 4). Thus, while the 2-m DSM results are noisy and are hindered by data quality near the edges of the model, the agreement between the datasets along much of the fault zone signals that the aerial photo-derived DSM does reliably pick up c. 1–7 m vertical offsets observed in the 5-m DEM.
[image: Figure 8]FIGURE 8 | Net vertical separations calculated in 500 m-spaced E-W transects in the 5-m DEM and 2-m DSM. In both the map and graphs, blue indicates east-down displacement (positive) and red indicates west-down displacement (negative). Shaded regions indicate the 1σ uncertainty of net separations. The results show a net east-down displacement along most of the fault zone, with a maximum of c. 10 m—which is evident in the 5-m DEM but not the 2-m DSM. Summed vertical displacement irrespective of scarp direction is shown by the grey dashed line (note different scale at top of graphs in grey). FB–Fumarole Butte. SK–Smelter Knolls.
The net vertical separations calculated from the 5-m DEM and 2-m DSM both show that there is a net east-down sense of displacement along most of the fault zone (Figure 8), but that in many places the value is indistinguishable from zero due to uncertainty. In the center of the fault zone (i.e., between 20 and 25 km along-strike), the fault zone has a maximum of c. 7 m net east-down displacement. Here, approximately 30% of the c. 20 m of summed separation results from c. 7.5 m of east-down displacement on the 10 km-long westernmost fault trace (Figure 7). The fault zone has net west-down displacements at its northern and southern tips, at c. 15 km along-strike (with a maximum of 6 m net west-down displacement), and sporadically in between. There is an overall parabolic form to the summed vertical separations (Figure 8).
Optically Stimulated Luminescence Dates and Surface Ages
Ages for pre-Bonneville alluvial fans (Qla) are constrained by two OSL dates near the top of the fan unit and the age of the Bonneville shoreline (c. 18.5 ka). OSL samples DrumFan1 and OSL-DM1017, yielded burial ages of c. 35.8 and 37.2 ka (Tables 2, 3). The sample ages are in reverse stratigraphic order, which is not surprising given the c. 8 ka 2σ age uncertainties. We accept the weighted average of the two ages, 36.5 ± 8.6 ka, as the “maximum age” of the pre-Bonneville alluvial fan surface. This is no doubt a simplification—the ages of alluvial fan surfaces within any map unit will vary. Nevertheless, a maximum surface age of 36 ka is consistent with transgressive Lake Bonneville shorelines that formed on the surface of Qla between 30–18.5 ka. We assign a minimum Qla surface age of 18.5 ka, the age of the Bonneville shoreline (Lifton et al., 2015). As a conservative approach, we use a uniform age distribution between these two constraints for our extension rate calculations.
TABLE 3 | OSL field, laboratory, and final age information.
[image: Table 3]The ages of post-Bonneville alluvial fans (Qaf1) are constrained by the age of the Bonneville flood, stratigraphic relationships near the Provo shoreline, and one OSL sample constraining recent fan activity. Sample OSL-CF-26H3V returned an age of 0.58 ± 0.15 ka, indicating relatively recent channel erosion and fill at the base of one of the tallest fault scarps on the post-Bonneville-aged fan surface. This particular location is c. 150 m away from the most active dry wash draining the Drum Mountains and directly along one of its subsidiary channels that flows along the main fault scarp (Figure 5). As such, we anticipate this is one of the most active locations on the Drum Mountains bajada surface, and the luminescence age of c. 600 years simply indicates ongoing but relatively slow rates of resurfacing on the post-Bonneville fan surface.
Stratigraphic relationships at the OSL sample location (Figure 3A) and in an exposure located c. 100 m down-fan (Figures 2, 9) show that post-Bonneville fans (Qaf1) began forming during occupation of the Provo shoreline and are subject to continued deposition. The sharp, erosional contact of fan sediments with underlying Lake Bonneville marl in the trench exposure (located immediately above the elevation of the Provo shoreline; Figure 3A) clearly indicates that subaerial fan gravels postdate the Bonneville highstand shoreline. Near the elevation of the Provo shoreline (Figure 2), an exposure shows Qaf1 fan gravels variably eroded into, or interbedded with lacustrine silts and sands that extend upwards to near the fan surface (Qlf; Figure 9), suggesting significant syn-Provo fan deposition. Pebbly sand-filled krotovina near the contact between Qaf1 and Qlf (Figures 9B,D) demonstrate that there were periods of some stability during initial deposition of Qaf1, whereas backset beds within Qaf1 indicate at least one episode of sheet flooding (Figure 9C). Finer channel fill deposits that cross-cut both Qaf1 and Qlf (Figure 9A), as well as the exposure of channel fill at sample OSL-CF-26H3V, demonstrate that the Qaf1 surface comprises a range of subsurface facies with different ages.
[image: Figure 9]FIGURE 9 | Outcrop showing the contact of post-Bonneville alluvial fan (Qaf1) over Provo shoreline–aged lake fines (Qlf) near the elevation of the Provo shoreline (1,460 m) and immediately down-fan of profile A-A' in Figure 5. The relationships in B-E demonstrate that Qaf1 began forming immediately following the fall of the Bonneville shoreline and, at this location, formed relatively rapidly during occupation of the Provo shoreline. In more active locations, post-Provo channels have been incised and filled within the Qaf1 surface (A) and Figure 3). (B) Lenses of Qaf1 sandy gravel are present within Qlf near the contact. (C) Cross-beds within Qaf1 indicate bidirectional flow (arrows; up-fan and down-fan). (D) Possible burrow at the basal contact between Qaf1 and Qlf. (E) Interbeds of Qlf and Qaf1 approaching the modern surface.
To synthesize this information and to account for the range of deposits making up unit Qaf1, we model the Qaf1 surface age as a triangular probability distribution. We assign the highest probability peak to the age of the Provo shoreline abandonment at 15 ka (Miller, 2016), based on our observation that lake fines are interbedded with fan sediments through much of Qaf1 (Figure 9E) and the interpretation that the majority of the Qaf1 unit formed during occupation of the Provo shoreline. We use a maximum age of 18.5 ka which represents the earliest possible time at which post-Bonneville shoreline alluvium could be deposited. We use a minimum age of 0.5 ka based on the age of sample OSL-CF-26H3V and the observation that the Qaf1 surface is in places underlain by very recent channel fill deposits. While highly uncertain, this age range is a conservative approach to assigning an age to a complex and actively forming fan surface.
Extension Rates
Extension rates were calculated and summed in two transects across units Qla and Qaf1. (Figure 10). We used elevations from RTK GNSS surveys (where available) supplemented with the 5-m DEM because these datasets both represent “bare Earth” elevations, have the highest accuracies, and follow a 1:1 line (Figure 6B). Transect 1 (Qaf1) contained 11 scarps in the topographic profiles and transect 2 (Qla) contained 13 scarps (Figure 10). The faults comprise both east- and west-facing scarps in all transects (e.g., Figure 10B).
[image: Figure 10]FIGURE 10 | Summed extension rates measured across two transects of the DMFZ within units Qaf1 and Qla. (A) Location of the two transect lines, mapped fault scarps, and individual profiles used to construct the elevation profiles along each transect. The profile combines RTK survey (orange lines) and 5-m DEM elevation data (yellow lines); profile locations were chosen as close to the transect lines as possible and are oriented perpendicular to the local scarp trend. (B) An example profile (location indicated in A) from the Qaf1 surface with schematic faults in cross-section and fault scarp components for one scarp profile. (C) Summed extension rates across the two transects in (A) in mm yr−1 for faults with steep dips (75–90°). (D) Summed extension rates across the two transects in (A) resolved onto a 0°-dipping detachment.
In the center of the DMFZ, the results show time-integrated extension rates of [image: image] mm yr−1 for Qaf1 and [image: image] mm yr−1 for Qla (mean and 1σ) (Figure 10C). While the age models we used are broad, and thus the resulting extension rate uncertainties are large, our results suggest an increase in extension rate since c. 18 ka at essentially the same position along the fault zone. Observed variability in time-integrated slip or extension rates could be due to a range of factors—including secular variation in fault slip rates, older offsets on Qla being obscured by fan processes, and/or that the current open interval (time elapsed since the last surface rupturing event) is shorter than the average recurrence interval, which would inflate the rate calculated across younger units. We cannot distinguish between these factors in this study, but we note that previous studies have identified and modelled faster slip rates on faults following the fall of Lake Bonneville at 18.5 ka, potentially related to isostatic adjustments (e.g., Hetzel and Hampel, 2005). It is possible that the approximately 3x faster rates across unit Qaf1 are related to these major and geologically abrupt changes in surface load.
Because there is the possibility that extension on these steeply-dipping faults at the surface is resolved onto a common “master” detachment at depth, extension rates at the surface might underestimate the true extension rate at depth. If, for example, the faults sole into a horizontal House Range detachment at depth, then the cumulative dip-slip rate summed across faults at the surface would be equivalent to the extension rate on the 0°-dipping detachment (e.g., Axen et al., 1999). We calculated these rates to be [image: image] and [image: image] mm yr−1 for Qaf1 and Qla, respectively. We consider that these represent conservative upper bounds on the extension rate across the DMFZ.
DISCUSSION
Evaluation of Historical Digital Surface Models for Characterizing Fault Deformation
With the availability of multiple topographic datasets and field data, the DMFZ presents an excellent test case for evaluating the utility of aerial-photograph-derived elevation products in neotectonic studies. Natural challenges of the area include low relief, diffuse deformation and the lack of fault trace continuity. Our 2-m DSM, derived from applying SfM photogrammetry to legacy aerial photographs, is affected by data artefacts and distortions in areas of limited photo overlap (e.g., near the edges of the model), open flat terrain with reflective surfaces (both of which complicate feature matching during processing) (Figure 4) (Micheletti et al., 2014), and noise from unfilterable, low-amplitude vegetation (e.g., Figure 5B). Despite these challenges, we can generally identify mapped fault scarps with ≥1 m vertical separation and several short traces with <1 m vertical separations in our 2-m DSM. More importantly, the vertical separations we calculate across the fault zone in the 2-m DSM match well with those calculated from the 5-m DEM (Figure 8). In making claims about the utility of the 2-m DSM, it is important to recognize that we had the advantage of field data, recent aerial and satellite imagery, and other high-resolution topographic products to guide our fault mapping—many of the traces could not have been identified using the 2-m DSM alone. Additionally, we recognize that the 5-m DEM provided by the Utah AGRC is a superior surface model due to 100% photo overlap (from photographs taken at three angles at every location), use of a modern digital camera with integrated camera calibration information in the metadata, and multiple spectral bands for processing.
In acknowledging differences between the datasets, it is important to consider how Agisoft Metashape optimizes and computes points in the generation of SfM models. Agisoft employs a mathematical (rather than physics-based) routine to estimate internal and external camera orientation parameters in the absence of that information being provided (e.g., in a camera calibration file) (Agisoft, 2020). The accuracy of those parameters and distortions in the final model will depend on several factors including the amount of overlap in the imagery. Agisoft will then optimize the surface model and camera parameters by minimizing residuals with reference coordinates. Thus, the quality of reference coordinates that are identifiable in the historical photos, availability of camera calibrations, and the details of the acquisition itself all play significant roles in the quality and resolution of the model.
Our results are significant because they highlight some potential limits of using legacy aerial photographs for neotectonic studies. Historical aerial imagery is widely available and easily processed to DSMs through SfM software. The actual resolution, accuracy, and precision of measurements and mapping on DSMs will depend on the factors above. However, in actively deforming terrain, or in the case of using pre- and post-event data to create difference models (e.g., Milliner et al., 2015; Lajoie et al., 2020), the quality of older photographs and the resulting DSMs must be considered in evaluating displacement uncertainties.
Style and Rates of Deformation in the Drum Mountains Fault Zone
The pattern of surface faulting in the DMFZ is unlike that of most range-front normal faults in the Basin and Range province. While the northern Drum Mountains do show a relatively sharp and faceted range front (e.g., Figure 7), the lack of a recent scarp there, with no strong net east-down component on fault scarps stepping away from the range (Figure 8), as well as a subdued range front in the Little Drum Mountains to the south, make it unlikely that the faults deforming the bajada surface have been responsible for the uplift and tilting of the Drum Mountains in the long term (Oviatt, 1989). Dommer (1980) interpreted that most Basin and Range fault-related tilting in the Drum Mountains has been negligible since the Miocene. Despite this observation, there is evidence of recurring motion on the faults in the DMFZ over at least c. 1 Ma (Crone and Harding, 1984) and of several paleoseismic events over the latest Pleistocene and Holocene (Crone, 1983; this study; unpublished trench data).
Interpreting the behavior of the DMFZ requires a more holistic review of the factors that make the fault zone unusual. Cross-cutting relationships indicate that a few fault sets have been active concurrently since the formation of post-Bonneville fan surfaces (Figure 7). As an example, at the location of our TLS survey, NE- and SE-striking faults cross-cut each other, resulting in an along-strike transition from graben in the south to horst in the north between the same two fault scarps (Figure 5C). Faults are steeply dipping to near-vertical in limited outcrop and trench exposures (e.g., Figure 3) and in seismic reflection to c. 500 m depths (Crone and Harding, 1984). Unpublished trench data shows that at least two faults have a significant component of opening (up to 50 cm) to at least 3 m depth, though this could just be due to observed near-surface mechanical stratigraphy contrasts (e.g., Ferrill et al., 2017). There is a net-east-down displacement across much of the fault zone with abrupt, intermittent shifts to net-west down displacement. However, in many places, net-displacement values are indistinguishable from zero within uncertainty (Figure 8). Surface extension rates across the center of the fault zone (Figure 10) range from c. 0.1–0.4 mm yr−1 over the last c. 36 ka, and are among the highest fault extension rates in the eastern Sevier Desert (Stahl et al., 2020). These rates are over an order of magnitude higher than the preferred geologic extension rates, assuming similar fault dips to ours, for the DMFZ (WGUEP, 2017).
Donath (1962) attributed similar patterns and styles of near-vertical normal faulting in the Basin and Range of Oregon to the reactivation of conjugate strike slip faults. Indeed, in the western Basin and Range more broadly, distributed intrabasin faults and mode 1 fractures are common and might be due to the interplay of strike-slip and extensional deformation (e.g., Caskey et al., 2004; Foy et al., 2012). While no unequivocal evidence of strike slip deformation exists in the modern tectonic context of the eastern Basin and Range of central Utah, reactivation of inherited faults could play an important role in guiding the pattern of DMFZ faulting.
Without yet speculating on the underlying mechanism driving extension, we believe the tectonic geomorphology and pattern of interfering surface faults in the DMFZ can be explained by (i) a series of fault-bounded basins and nascent relays between them (Figure 11) and (ii) reactivation of pre-existing failure surfaces observed as bedrock faults within the Drum Mountains. Within this framework, surface faults in the DMFZ accommodate the transfer of displacement between the N-trending Clear Lake-Delta graben and gravity lows to the east (Planke and Smith, 1991) and the NE-trending Crater Bench horst and gravity high to the north (Hardwick and Chapman, 2011) (Figure 11).
[image: Figure 11]FIGURE 11 | (A) Complete Bouguer gravity anomaly map with Quaternary faults and (B) a schematic interpretation of the pattern of faulting (B). The trace of the Joy fault—a caldera collapse fault of Oligocene age (Dommer, 1980)— is shown in white dashed line (thick where mapped and thin where inferred). Light blue lines in (B) demarcate the position and width of a negative gravity anomaly within the DMFZ and bounded by highs of Crater Bench and Drum Mountains to the east and west, respectively. Plus symbols in (B) indicate significant accumulations of evaporites in the subsurface. Our interpretation of the DMFZ is that it accommodates extension between a graben in the eastern Sevier Desert (prominent gravity lows near Delta and Clear Lake) and an obliquely trending horst under Crater Bench (Hardwick and Chapman, 2011). The subtle shifts in fault orientation along the DMFZ can be attributed to the formation of a relay zone and anticline in the south and north, as well as the reactivation of older, predominant fault sets observed in the Drum Mountains (Crittenden, 1961; Dommer, 1980). In the north, the rim of the caldera may also control fault orientations.
Northeast trending, predominantly west-down faults within the eastern DFMZ (Figure 11) are developing as the result of southward propagation of the Crater Bench fault zone above a horst interpreted from the complete Bouguer gravity anomaly Hardwick and Chapman, 2011; Figure 11). A negative gravity anomaly running N-S in the center of the DMFZ (Figure 11) could represent the formation of a nascent graben. We interpret NW-trending faults, particularly those in the south (Figure 7), to be nascent linking structures between the DMFZ and the “western basin-bounding fault” (Planke and Smith, 1991) to the east. This would result in broad surface warping between the DMFZ and basin-bounding fault that could explain the apparent localized uplift inferred at this location between the southern DMFZ and northern Cricket Mountain gravity high (Anderson and Barnhard, 1992; Hecker, 1993) (Figure 11). Similar patterns and orientations of surface folding within fault accommodation zones have been observed elsewhere in the Basin and Range (Egger et al., 2014).
Throughout the DMFZ, NE- and NW-trending faults may be reactivated pre-existing fault sets observed in basement rocks of the Drum Mountains (Crittenden, 1961; Dommer, 1980). The Joy fault (Figure 11), a caldera-collapse fault bounding the northern Drum Mountains, was interpreted by Lindsey (1982) to have influenced the structural style of early Basin and Range extension and the formation of NW-trending normal faults in the northern Drum Mountains. Minor NW-trending traces there could be related to the pre-existing caldera structure, but most surface traces that have been active since formation of the Provo shoreline cut across the underlying Joy fault (Figure 11), indicating the caldera does not exert a primary control on fault zone structure.
Insights Into Recent Surface Faulting
The data and model presented above have some bearing on what drives the diffuse deformation in the DMFZ—that is, whether the structural complexity we interpret could be produced by active volcanism, salt tectonics, regional tectonic extension (with or without an underlying detachment), or some combination of these processes. Given the lack of recent volcanism at the surface, but strong evidence for late Pleistocene and Holocene deformation on faults, we discount magmatic input as a driver of extension in the DMFZ. This is highlighted, at least in part, by the few fault scarps that transect the recent playa surface and continue onto Crater Bench, which shows no evidence of volcanic activity in the last c. 900 ka (Peterson and Nash, 1980).
We have no way of testing the role that low angle faulting or passive doming of the House Range Detachment (Allmendinger et al., 1983; Wernicke et al., 1985) might play on active faults at the surface. Assuming that there is a House Range detachment, we could accept the reasoning of Wernicke et al. (1985) that the detachment has likely not been active for the last 4 Ma. If this is the case, it is possible that steep faults of the DMFZ formed as bending moment normal faults above the passively doming detachment, as has been observed elsewhere and in models of low-angle faults (e.g., Parnell-Turner et al., 2017; Little et al., 2019; Mizera et al., 2019). This interpretation would require that the inactive but doming House Range detachment dies out rapidly to the north (cut by the Joy Fault) and to the south (since it is not evident in the Cricket Mountains), in addition to requiring a more recently active Sevier Desert detachment at the longitude of the Drum Mountains. Alternatively, the dome shape of the House Range detachment may be a geometry inherited from the Sevier-age development of this structure as a thrust duplex (DeCelles and Coogan, 2006). If this is the case, the structure could plausibly still be active, with the DMFZ representing the surface expression of low angle normal faulting at depth on this detachment. This model warrants further investigation.
Salt, or saline fluids lubricating faults at depth, may play some role in driving faulting; however, a direct link to salt tectonics is not yet established. The lack of any appreciable evaporite bodies encountered in the Gulf Gronning well (GG; Figure 1) or evidence for salt bodies in the gravity anomaly within the DMFZ (Figure 11), requires an indirect link to the salt body intersected by the Argonaut Energy well and coinciding with the Delta gravity low 25 km to the east (Figures 1, 11). Salt withdrawal from Eocene-Oligocene units underlying the DMFZ and towards the Delta graben is a hypothetical mechanism for surface deformation and may warrant further study; however, we expect that such a mechanism would manifest with a stronger sense of east-down displacement, with strain increasing towards the eastern part of the fault zone, neither of which we observe. Salt withdrawal or dissolution might also be expected to have anomalously fast extension rates (e.g., Gutiérrez et al., 2012a; Gutiérrez et al., 2012b; Guerrero et al., 2015), whereas the rates we observe are compatible with local tectonic extension rates (below).
The simplest model that explains our data is the one in which the complex, broadly distributed faults of the DMFZ represent reactivated, near-vertical faults in Basin and Range extension, situated at the junction of a N-S trending graben and obliquely trending horst (Figure 11). Time-integrated extension rates of 0.1–0.4 mm yr−1, while higher than observed on most faults in the eastern Sevier desert, are actually slightly slower than latest Pleistocene-Holocene extension rates in the Clear Lake and Tabernacle fault zones to the southeast (Stahl et al., 2020). Thus, while an underlying mechanism driving faulting cannot be fully resolved in this study, the interpretation of the DMFZ as the surface expression of recurrent faulting within a nascent and structurally complex graben is sound.
CONCLUSION
A new 2-m digital surface model (DSM) produced from legacy aerial photographs has been shown to be useful in characterizing the complex and diffuse deformation of the Drum Mountains fault zone. Despite some low-level noise, processing artefacts, and vertical distortions, we can reliably pick most meter-scale offsets across the network of west- and east-dipping faults. Profiles across the faults drawn from RTK GNSS, TLS, 2-m DSM and 5-m DEM data set show general agreement in the precisions of the datasets. Cumulative vertical separation measurements from the 2-m DSM, spaced every 500 m along strike and spanning the entire width of the fault zone, are similar to those measured in a superior quality (but coarser grid spacing) 5-m DEM. Thus, our study highlights that reliable DSMs can be generated from legacy aerial photographs using SfM in low-relief, desert environments. Legacy aerial photographs are available over wide swaths of the USA and globally, and therefore present an opportunity to study active fault systems over the last century, or where no other high-resolution elevation products exist.
The Drum Mountains fault zone exhibits net east-down displacement along most of its length, but this is variable and in many places the signal is indistinguishable from having no net vertical displacement. Extension rates of [image: image] and [image: image] mm yr−1 between 0.5–18.5 and 18.5–36.5 ka, respectively, indicate that the fault zone is slipping more rapidly than previously supposed (e.g., WGUEP, 2016) and more in line with relatively rapid rates on Holocene and Late Pleistocene fault zones to the southeast. Maximum rates of up to c. 3 mm yr−1 are possible if the faults sole into a horizontal detachment. New mapping shows that the faults generally transition from NNW in the southern section to NNE in the northern section, but that interference patterns of NW and NE trending scarps continue throughout the fault zone. We consider it unlikely that the fault zone represents the surface expression of a range-bounding fault responsible for the uplift of the Drum and Little Drum Mountains to the west—and equally unlikely that the fault system is related to Quaternary volcanism. While salt withdrawal might exert an influence on local extension, we propose that the unusually complex and diffuse faulting observed at the surface can be achieved by the reactivation of older faults within a structurally complex and relatively recently formed graben. The graben could be underlain by an active, low angle normal fault and should therefore be investigated further. The widespread availability of high-resolution elevation datasets across the western USA will no doubt reveal similarly complex fault systems and aid in resolving the rates and styles for deformation across the Basin and Range province (e.g., Foy et al., 2012).
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Active intraplate deformation as a far-field effect of the India-Eurasia convergence has led to four Mw∼8 earthquakes in western and southern Mongolia in the past century. Palaeoseismological and morphotectonic studies have shown that these earthquakes are characteristic events along transpressive fault systems with cumulative offsets. The tectonically active Gobi Altai and Hangay mountains are separated by the seismically quiescent Valley of Gobi Lakes, which consists of major perennial rivers draining into endorheic lakes. Despite the scarcity of recorded earthquakes, Quaternary deposits in the Valley of Gobi Lakes are crosscut by multiple fault scarps with significant, landscape-altering displacements. To assess past earthquakes and the potential seismic hazard of this area, we apply remote sensing, tectono-morphometric techniques and cosmogenic nuclide dating to estimate the amount of deformation the faults in the Valley of Gobi Lakes are accommodating, and to determine the effect of these faults on local landscape evolution. The Tuyn Gol (gol = Mongolian for river) is crosscut by four E-W to NE-SW trending fault scarps that display variable fault kinematics due to scarp orientation differences relative to a stable NE-SW principle stress direction. Mapping of the >40–90 km long Valley of Gobi Lake faults shows that they can accommodate M ∼ 7 earthquakes. Offset measurements of the Tuyn Gol deposits allow Middle Pleistocene to modern vertical slip rate estimates and M ∼ 7 earthquake recurrence intervals of 0.012 ± 0.007–0.13 ± 0.07 mm/yr and 5.24 ± 2.61–81.57 ± 46.05 kyr, respectively. Cumulative vertical displacement amounts to 0.27 ± 0.08 mm/yr, which is similar to that of major tectonic structures such as the Bogd fault in the Gobi Altai. This implies that the total active deformation accommodated by southern Mongolian faults may be larger than previously expected and distributed across more faults between the Hangay and the (Gobi) Altai mountain ranges. Geomorphological observations and surface exposure dating indicate that the Tuyn Gol drainage system developed over four to five 100 kyr climate cycles, during which active deformation played an important role in drainage reorganization. Our results demonstrate the dominant role of tectonics on local landscape dynamics, indicating the importance of studying regional geomorphology to adequately estimate the earthquake potential of faults that were considered inactive.
Keywords: active tectonics, tectonic geomorphology (morphotectonics), alluvial fans, landscape evolution, Valley of Gobi Lakes, Gobi Altai, Mongolia
INTRODUCTION
Palaeoseismological investigations typically focus on areas that have experienced instrumental or historical (surface-rupturing) earthquakes in the past 100 years (e.g. McCalpin, 2009). In remote, sparsely populated areas, these studies consist of the investigation of sedimentary deposits and geomorphological features that have been preserved in spite of erosional and climatic processes overprinting them (e.g., Burbank and Anderson, 2001; Bull, 2007). In (semi-)arid environments tectonic imprints on geomorphology are often well preserved (e.g., Arrowsmith and Zielke, 2009; Zielke et al., 2015), allowing for investigations further back in time than would be possible in, for example, temperate and humid climates. In slowly deforming continental interiors, such an expansion of the tectonic record is essential for the identification of palaeo-earthquakes with recurrence intervals that exceed the instrumental record (e.g., Walker et al., 2008; Clark et al., 2015; Landgraf et al., 2015). The preservation of fault scarps in (semi-)arid regions allows for tectonic activity to be studied within the context of climatic variations, thus providing insight into the balance between long-term climatic and tectonic processes. Bridging the gap between long-term tectonic processes (i.e., uplift and mountain building processes) and the instrumental or historical seismic record is especially essential in slow-slip regions that may be surrounded by instrumental seismicity but which are themselves considered seismically quiescent. In this contribution, we evaluate regional fluvial geomorphology in southern Mongolia to determine the Pleistocene to modern tectonic activity of seismically quiescent fault scarps. We determine the earthquake potential of the faults in the Valley of Gobi Lakes and analyze their role in the regional strain field.
The Valley of Gobi Lakes (VGL) in southern Mongolia is a tectonically quiescent foreland basin that is located between the seismically active Gobi Altai and Hangay strike-slip regimes (see Figure 1; e.g., Erdenetsogt et al., 2009; Lehmkuhl et al., 2018). The Quaternary alluvial fans of major rivers draining south from the Hangay into endorheic lakes display multiple terraces and, in some cases, as with the deposits of the Tuyn Gol (TG), are crosscut by semi-parallel ∼ E-W trending fault scarps (Mosionzd et al., 1988; Cunningham, 2013). The historical record of earthquakes in Mongolia is scarce (e.g., Dugarmaa et al., 2003; Walker et al., 2008) and the instrumental record of the VGL only shows minor local M ∼ 4 earthquakes in the past 100 years (Figure 1), which are unlikely to have contributed to the surface displacements visible today. We aim to identify the earthquake potential of the VGL faults (i.e., their potential magnitude, recurrence interval and slip rates), and determine how much (previously considered aseismic) slip they are accommodating, relative to the major fault systems in the Gobi Altai and Hangay. To do this, a full understanding of the processes that shaped the VGL is required, including a qualitative assessment of landscape evolution during the Late Pleistocene and Holocene. Regional aridity in southern Mongolia aids the preservation of cumulative surface displacements in the landscape (e.g., Baljinnyam et al., 1993; Vassallo et al., 2007; Walker et al., 2006; Walker et al., 2008), which makes this a suitable area to study the long-term (Pleistocene to modern) interplay of tectonic and geomorphological processes. The study area serves as an example for the expansion of spatial and temporal scales for studies aiming to understand slowly deforming intraplate regions, where previous palaeoseismological and tectonic studies have focused merely on faults that ruptured within the instrumental or historical seismic records.
[image: Figure 1]FIGURE 1 | Regional tectonic setting of the VGL located between the Gobi Altai and the Hangay. Inset shows tectonic setting within the Asian continent (yellow shape is Mongolia), earthquake focal mechanisms correspond to the four major earthquakes in the 20th century (1) Tsetserleg: Mw = 8.0, 1905; 2) Bulnay: Mw = 8.3, 1905; 3) Fuyun: Ms = 7.9, 1931 and 4) Gobi Altai: Mw = 8.1, 1957). Earthquake data from USGS and Munkhuu (2018); Bogd fault data from Kurushin et al. (1997). Abbreviations: TG, Tuyn Gol; ON, Orog Nuur; BH, Bayankhongor; J, Jinst; B, Bogd; GB, Gurvan bogd; BF, Bogd fault; BHF, Bayankhongor fault.
REGIONAL SETTING
The western and southern Mongolian landscape is dominated by the interplay of active tectonic terranes: the central Mongolian Hangay dome is a rigid block with margins along which far-field stresses related to the India-Eurasia collision (e.g., Tapponnier and Molnar, 1979) have caused transpressive strain localization in the form of the Altai and Gobi Altai mountain belts (i.e., Palaeozoic subduction and arc complex; Cunningham et al., 1997, Cunningham, 2001; Erdenetsogt et al., 2009). This has led to four major Mw ∼ 8 earthquakes in the 20th century (Figure 1; Tsetserleg: Mw = 8.0, 1905, Bulnay: Mw = 8.3, 1905, Fuyun: Ms = 7.9, 1931 and Gobi Altai: Mw = 8.1, 1957; Baljinnyam et al., 1993, Schlupp and Cisternas, 2007; references in Sodnomsambuu and Klyuchevskii, 2017). The area continues to deform under a NE-SW (49°) oriented maximum horizontal stress regime (SHmax; Heidbach et al., 2016). The Hangay itself lacks instrumental seismicity and was long considered an aseismic, non-deforming block (Baljinnyam et al., 1993; Cunningham, 2001; Walker et al., 2008). However, Walker et al. (2007); Walker et al. (2008) observed normal faults that indicate late Quaternary activity. In relation to the regional strain field, these normal faults were interpreted to be part of a large E-W (NW-SE and N-S further east) strike-slip system that indicates active Holocene faulting in the Hangay. The Valley of Lakes separates the Altai mountain ranges from the Hangay. It forms a longitudinal basin that stretches from the northern border with Russia (where it is known as the Valley/Basin of Great Lakes) to the Gobi desert in southern Mongolia (i.e., the Valley of Gobi Lakes; VGL; Figure 1; Lehmkuhl et al., 2018a). It initially formed as a Carboniferous foreland basin that acted as a depocenter for sediments throughout ongoing subsidence in Permian and Jurassic times (Erdenetsogt et al., 2009). Late Cenozoic uplift and mountain building created the current transpressive setting (e.g., Cunningham, 2010). Active fault kinematics in both the South Hangay and the Gobi Altai reflect the regional E-W left-lateral strain field (Calais et al., 2003). Surface expressions do vary between transtensive (in the Hangay) and transpressive (in the Gobi Altai) systems, respectively (Ritz et al., 1995; Cunningham et al., 1997; Bayasgalan et al., 1999; Cunningham, 2001; Walker et al., 2007). The restraining bends in the Gobi Altai and the releasing bends within the Hangay may result from localized stresses or from the overprinting of structural weaknesses in the underlying crust, which are respectively NE-SW and NW-SE oriented in the South Hangay and Gobi Altai (Walker et al., 2007).
The TG is one of the largest (∼250 km long) rivers in the VGL and it flows into the endorheic Orog Nuur Basin. Large alluvial plains previously described as abandoned terraces of the TG (Walther, 1998; Lehmkuhl and Lang, 2001; Lehmkuhl et al., 2018) characterize the river valley north of the lake. Lehmkuhl et al. (2018) and Walther (1998) identified three terrace sets, however, no detailed mapping of the TG deposits has been performed. Optically stimulated luminescence (OSL) ages determined by Lehmkuhl et al. (2018); (T2: >162 ± 20 ka, T1: >72 ± 7 ka) and Nottebaum et al. (in review); (highest river terrace: >133 ± 10 ka) likely underestimate the age of TG deposits due to limitations of the dating method. The shape of Orog Nuur (ON; nuur = Mongolian for lake) is dominated by the influx of alluvial fan sediments from the Gurvan Bogd range in the south and by active and inactive remnants of the TG fan from the north. Cenozoic aridification in southern Mongolia has been attributed to the uplift of the Hangay and Altai ranges (Caves et al., 2014) and has resulted in the preservation of Pleistocene to modern alluvial fan surfaces (e.g., Vassallo et al., 2007; Rizza et al., 2011; van der Wal et al., 2020). 10Be cosmogenic nuclide exposure dating of these fan levels has shown that alluvial fans aggrade prior to, and incise during glacial-interglacial transitions, every ±100 kyr (Vassallo et al., 2007; Lehmkuhl et al., 2018). Erosion rates of alluvial fans along the Gurvan Bogd range were estimated to be between 6 and 9 m/Myr (Rizza et al., 2011). The geomorphology of the Orog Nuur Basin reflects a Late Pleistocene to modern aridification with intermittent periods of higher lake levels, which are likely due to shifts in atmospheric moisture distribution (Nottebaum et al., in review). Remnants of multiple palaeoshorelines in the form of beach ridges or lake deposits indicate higher lake levels within and at the margins of the basin. Beach ridges occur up to 100 m above the current lake level and reflect a 100 kyr lake history. Most prominently, a 56 m highstand during late MIS 5 and a 14–18 m highstand during Mid-Holocene times (Lehmkuhl and Lang 2001, Komatsu et al., 2001; Lehmkuhl et al., 2018a; Nottebaum et al., in review), indicate that the volume of ON was respectively 153 and 25 times larger than today (Nottebaum et al., in review). Such high lakestands, sustained for tens of thousands of years (Nottebaum et al., in review), may result from a combination of low evaporation, high precipitation and increased meltwater from the Hangay range (Komatsu et al., 2001). The Gurvan Bogd range constitutes the northernmost expression of the Gobi Altai transpressional system and marks the southern border of the Orog Nuur Basin. The range is marked by the tectonically active Bogd fault, which ruptured along a length of >250 km during the 1957 Mw ∼ 8.1 earthquake (e.g., Kurushin et al., 1997). Palaeoseismological studies along the Bogd fault determined Upper Pleistocene 0.5–1 mm/yr horizontal slip rates (Rizza et al., 2011), <0.3 mm/yr vertical slip rates (Vassallo et al., 2005; Vassallo et al., 2007; Ritz et al., 2006; van der Wal et al., 2020), and showed that the 1957 earthquake was a characteristic event with 3–5 kyr recurrence intervals (e.g., Prentice et al., 2002; Rizza et al., 2011). At the TG fan apex, a low bedrock ridge with a linear mountain front cuts through the VGL and separates the outlet into ON from the abandoned alluvial fans of the TG further north (i.e., on either side of ‘B’ in Figure 1). Within the context of the surrounding deformation in the Hangay and along the Bogd fault (e.g., Vassallo et al., 2007; Walker et al., 2006; Walker et al., 2008; Cunningham, 2001; Cunningham, 2010), we explore the degree of tectonic activity along this bedrock ridge and along three sub-parallel ∼ E-W striking lineaments north of it, and we evaluate their effect on the TG drainage network and landscape evolution.
METHODS
We studied four fault scarps and their surrounding geomorphology to evaluate their tectonic history and earthquake potential. Field observations were complemented by analyses of 12 m resolution TanDEM-X data (German Aerospace Center, 2017).
10Be Cosmogenic Nuclide Analysis and Age Derivation
Ten samples from fan surfaces and river channels were analyzed for 10Be cosmogenic nuclide exposure dating. We sampled fluvially rounded, pure quartz pebbles from planar, unshielded fluvial surfaces that showed no evidence for recent surface modification. From the highest alluvial surface, i.e. the deposits west and east of the TG active channel, six samples, three each from two separate sites, were dated (black circles in Figure 2; labeled AF3 in tables); two samples were dated from the most recent deposit of a TG palaeochannel (gray circle in Figure 2; labeled PC in tables), and two samples from the active TG riverbed (white circle in Figure 2; labeled TG in tables) were analyzed to evaluate 10Be pre-exposure (Table 1; Figure 2). Following crushing, two replicates of one of the active TG riverbed samples were prepared and measured separately. At the University of Cologne, samples were crushed and the 250–500 μm size fractions were etched similarly to Kohl and Nishiizumi (1992). Following determination of low Al and Ti contents by in-house ICP-OES, the purified quartz samples and a corresponding laboratory blank were prepared as AMS (Accelerator Mass Spectrometry) targets following typical Cologne laboratory protocols and the single-step column approach detailed in Binnie et al. (2015). 10Be/9Be measurements were undertaken on CologneAMS (Dewald et al., 2013) and normalized to the revised standard values of Nishiizumi et al. (2007). Blank corrected sample 10Be concentrations were determined following Binnie et al. (2019) and used as input into v. Three of the online calculator of Balco et al. (2008); (Table 1). We report ages using the production rate scaling scheme of Lifton et al. (2014).
[image: Figure 2]FIGURE 2 | Concept for vertical offset measurements showing elevation measurement locations at 500, 1,500 and 3,000 m on either side of a fault (top). Total (minimum) offsets are then estimated from the maximum difference between the measured elevations and the elevations expected from the estimated unperturbed alluvial fan surface (black line/gradient between A and A’; below).
TABLE 1 | Input used in online calculator age estimatesa.
[image: Table 1]Morphotectonic Mapping
We developed a geomorphological map by analyzing satellite images and TanDEM-X elevation data with 12 m resolution (German Aerospace Center, 2017). A discrepancy of TanDEM-X elevations was observed by Boulton and Stokes (2018) and was attributed to a lack of referencing to the EGM96 vertical reference frame. Because we base the analyses in this contribution on relative differences in TanDEM-X elevations, we disregard the discrepancy of absolute elevation values.
Geomorphological surfaces were distinguished based on optical differences such as roughness, texture, incision depth of streams and relative elevation. Faults were mapped where perturbations were observed within alluvial fan surfaces and where we observed disruptions of fluvial patterns. Relatively continuous lineaments were considered for the measurement of fault length; the length of F1 was measured along the E-W trending lineaments up until the westernmost termination of the fault against F2 (i.e., a NW-SE trending lineament). We determined fault kinematics based on geomorphological observations such as vertical displacements of fan surfaces, and in relation to the regional stress field. Where possible, we cross-checked and confirmed remote observations of fault kinematics in the field; however, the degradation of fault scarps and associated wide-spread deformation complicates local field observations.
Offset Measurements
We measured the lengths of four sub-parallel VGL fault scarps along continuous lineaments, and used the Wells and Coppersmith (1994) regression formulae to determine potential earthquake magnitudes and average offsets that can be accommodated by these faults. The kinematics of each fault were determined by morphotectonic observations.
We measured vertical displacements along the VGL fault scarps. Lateral displacements could not be observed with confidence due to weathered surfaces and deposition of aeolian sediments along the scarps. To estimate these vertical offsets, we evaluated elevations on either side of a fault from the TanDEM-X data. Perpendicular and from both sides to an average azimuth of each fault, we extrapolated elevations at 500, 1,500 and 3,000 m distance at 500 m along strike increments. To account for degradation of fault scarps, and taking into account their imprint on the landscape, we assume that deformation is spread over a wide area and that elevations at 500 m and 1,500 m from each mapped fault are a good representation of non-degraded offsets. The elevations at 3,000 m distance from the fault were used to determine a linear trend line that is assumed to represent an average, undisturbed alluvial fan slope. Subsequently, the expected elevations at the 500 and 1,500 m intervals were calculated and compared to the measured elevations at these intervals. We assume that the maximum difference (i.e., sum of negative and positive displacement corrected for fan slope) between expected and measured elevations roughly indicates the effect of cumulative deformation on the fan profile (Figure 3). These measurements indicate a minimum estimate of cumulative vertical offset as post-seismic erosion and aggradation may have reduced the quantifiable offset. Finally, the tectonic offsets along each fault are estimated by averaging displacements at 500 m increments within each mapped geomorphological surface. Uncertainties are determined by the standard deviation of the along strike offset measurements. To simplify our interpretations, we assume that all deformation is vertical, coseismic, constant over time, and that it results from characteristic earthquake events. Additionally, we assume that fault displacements are equal along strike and that erosion has affected each mapped geomorphological surface homogeneously.
[image: Figure 3]FIGURE 3 | Morphotectonic map of the VGL faults (F1, F2, F3, F4) and alluvial surfaces associated with the Tuyn Gol. Gray outlines indicate former lake level highstands of Orog Nuur. 10Be sample locations are color coded based on the surface they represent: gray circle is the palaeochannel, black circles are the AF3 surface and the white circle is the active TG channel. White squares are the OSL dating locations of Lehmkuhl et al. (2018a) and gray squares are from Nottebaum et al. (in review). Abbreviations: PC, [alaeochannel; TG, Tuyn Gol; HN, Holboliin Nuur; ON, Orog Nuur; towns and settlements are abbreviated: BH, Bayankhongor; J, Jinst; B, Bogd.
In combination with the exposure ages determined from cosmogenic nuclide dating we use our offset measurements to estimate minimum vertical slip rates. Assuming that the offset per event is always purely vertical, the average displacement per earthquake calculated with the regression formulae from Wells and Coppersmith (1994) allows us to estimate recurrence intervals along each of the faults. The assumption that all offset is vertical probably leads to an underestimation of recurrence intervals. Additional methods required to incorporate lateral offsets for more accurate slip rate and recurrence interval estimates are beyond the scope of this contribution. Uncertainties of slip rates and recurrence intervals were determined by error propagation of the uncertainties in the ages and offsets (Bevington and Robinson, 2003).
RESULTS
Morphotectonic Observations
Three main alluvial fan levels (AF1 to AF3) are observed along the TG between the Hangay dome and the Orog Nuur Basin (Figure 2). Numerous inset terraces have been observed along the river profile, most abundantly near the Hangay outlet (Walther, 1998; Lehmkuhl and Lang, 2001). Remnants of the highest fan level (AF3) are mainly preserved east of the TG with elevations of 20–30 m above the present river channel (Figure 2). The fan surface spans between the Hangay and the Bogd settlement and is covered by a homogeneous desert pavement directly underlain by aeolian silty sand (Nottebaum et al. in review). West of the active TG channel the geomorphology is more variable: just south of the Hangay, two alluvial fans (AF2 and AF1) are recognized that are both at lower elevations than AF3 east of the river. These deposits show a westward tilt. Further south, between the Jinst and Bogd settlements, a remnant of the highest fan level AF3 separates the TG channel from a 20 km long, 100–2,500 m (i.e., includes floodplains) wide palaeochannel that runs approximately parallel to TG (Figure 2). Here, AF3 is around 20 m higher than the incised palaeochannel, and two inset terrace levels at +5 and +10 m are observed. At the outlet of the palaeochannel to the Orog Nuur Basin, we observe +52 and +56 m ON beach ridges to curve inward toward the palaeochannel. We interpret this intercalation of deposits to reflect coeval lacustrine and fluvial activity. No reliable offsets were observed in the active TG channel.
The TG alluvial fan deposits are cross-cut by four sub-parallel E-W striking lineaments which we further refer to as faults F1, F2, F3 and F4, from south to north, respectively (Figures 2, 4). Despite these lineaments being easily distinguishable from satellite imagery, the fault scarps are generally degraded and deformation is spread over a wide area (Figure 5A). The bedrock ridge bordering the northern margin of the Orog Nuur Basin (i.e., bounded by F1; west and east of the Bogd settlement) has a linear mountain front that implies active faulting, however no sharp fault scarps are observed. Satellite imagery shows that the bedrock ridge is cross-cut by multiple fault lines which have often been reused as fluvial pathways. At the mountain front, Quaternary deformation is less straight-forward. In some locations fluvial terraces and offset ridges may record active faulting, but the local deposition of aeolian sediments along the mountain front complicates the quantification of surface deformation. Lake deposits with liquefaction features (Figure 5C) indicate fault activity between 77.5 ± 5.3 ka and 86.8 ± 5.8 ka (Nottebaum et al., in review), but this may also reflect seismic activity along another fault, such as the Bogd fault ∼50 km further south. The lacustrine sediments, as well as some bedrock outcrops, are covered by fluvial pebbles which we interpret to be remnants of the AF3 fan level. The AF3 surface does not occur south of F1, implying either that the fan level was not deposited here, or that young sediments cover the downthrown AF3 deposit. F1 is an E-W striking fault with NW-SE trending splays that cut through bedrock. Some left-lateral offsets are observed along the E-W strands (Figure 6C), however the topography, also in relation to the regional strain field, points toward dominantly oblique, reverse kinematics (Figure 4). In some locations, striations or slickensides are observed within the bedrock, but they are not pervasive enough to analyze in further detail and they may also reflect a prior episode of deformation. Both the TG palaeochannel and the active TG run parallel to the F1 NW-SE trending fault lines, implying that their incision postdates tectonic activity. The fan apex of the modern, active TG fan coincides with a narrow ∼20 m wide gorge at the Bogd settlement, where TG flows perpendicularly to F1. The decrease in floodplain width from ∼3,500 m further upstream to 20 m indicates that the F1 fault still actively affects the modern day TG channel morphology. At the outlet of the palaeochannel, ca. 10 km further west, the F1 fault scarp cuts through the +5 m inset terrace and across a bedrock ridge that is clearly offset laterally. Nevertheless, no quantifiable offsets were observed in the field (Figures 6C,D).
[image: Figure 4]FIGURE 4 | Simplified tectonic map of the VGL faults with interpreted fault mechanisms within the framework of the Bayankhongor fault bounding the Hangay dome to its south, and the Bogd fault bounding the Ih Bogd mountain to the south (both in black). Cross section A-A’ is shown in Figure 7. SHmax is shown by large arrows, as determined by Heidbach et al. (2016).
[image: Figure 5]FIGURE 5 | Field photographs; locations are shown in Figure 4. (A) Overview of F2 toward Holboliin Nuur (looking NE) indicating the wide spread and degradation of the fault scarp. Black arrows indicate the fault line; (B) Liquefaction features in ON lake sediments along F1; (C) Side view of the F2 normal fault scarp displaying clear uplift of the southern block, looking (D,E) Minor offset observed within the palaeochannel, showing fine-grained sediments on the hanging wall that could indicate ponding; Samsung Galaxy J3 smartphone for scale (14.2 cm by 7.1 cm).
[image: Figure 6]FIGURE 6 | Detailed TanDEM-X imagery showing surface expressions of faults and beach ridges. (A) Sigmoidal ridges interpreted as strike slip offsets along F2 and two well defined fault scarps across the palaeochannel; black arrows indicate fault F2; (B) Beach ridges associated with Holboliin Nuur, and normal fault offset along F2; (C) Left-lateral strike-slip along F1 just west of the palaeochannel outlet into the Orog Nuur Basin; (D) Palaeochannel outlet interference with multiple beach ridges associated with Orog Nuur lake levels >56 m higher than the present lake level (Nottebaum et al., in review). 10Be sample locations are color coded based on the surface they represent: gray circle is the paleochannel, and black circles are the AF3 surface. Abbreviations: HN, Holboliin Nuur; PC, palaeochannel; TG, Tuyn Gol.
F2 has a variable orientation along strike, relative to the NE-SW direction of maximum principal stress, which has implications for the kinematics we observe along the fault. East of TG, and just south of Holboliin Nuur (Figure 6B), the fault has a NE-SW orientation and the AF3 fan here is upthrown in the south (Figure 5B); we interpret this to be a north-dipping normal fault. The homogeneity and desert varnish of the AF3 surface is easily recognized in the field, and a remnant of AF3 is clearly vertically offset by > 15 m between the active TG channel and Holboliin Nuur (Figure 6A). West of TG, the fault azimuth rotates to E-W and shows much less vertical displacement but rather a series of sigmoidal ridges (Figure 6A); we interpret the fault to be strike-slip here. Within the palaeochannel, two parallel fault strands are observed, which downthrow the southern block by a total of ∼8–10 m. A small, eroded outcrop within the palaeochannel shows a steep normal fault with finer sediments on the hanging wall, implying relatively recent (temporary) ponding as a result of ∼0.5 m vertical offset (Figure 5D). Further west, there seems to be a further rotation of the fault, with increasing uplift of the northern block, indicating a clear reverse component here. The curved nature and decreasing continuity of the surface expression of F2 toward the west may either indicate a change in kinematics or, more likely, point toward fault segmentation. The continuity of the scarp between the AF3 surface east of Holboliin Nuur and the area west of the palaeochannel implies that these segments did rupture together. We therefore regard F2 as a single fault. Tilting of Holboliin Nuur beach ridges (Figure 5B) has not been observed, which would have indicated simultaneous or postdepositional fault activity along F2. Nevertheless, the highest beach ridge remnants are observed in closest vicinity to the fault (Figure 5B) and detailed, higher resolution topographic analyses and dating would be necessary to confirm whether these beach ridges reflect a climatic signal (as seen at ON), or whether they reflect postdepositional tectonic uplift.
The kinematics of F3 and F4 remain ambiguous because minor drainages have localized along the scarps here, creating local erosion and a more variable topography and thus, less clear fault offsets. The preservation of AF2 alluvial fan remnants along F3 just west of the Jinst settlement (Figure 2), and the westward deflection and incision of a southward draining channel at F4, do imply uplift of the southern block. However, the lack of clear vertical displacements in combination with the orientation of these scarps relative to the regional stress field implies that they may be taking up a component of left-lateral slip. Overall, the four fault scarps are best defined within the AF3 fan level east of TG. Although F1 and F2 continue further west and also offset the palaeochannel (Figure 6A), the surface expressions of F3 and F4 are clearest east of TG and fade out toward the west.
Cosmogenic Nuclide Ages
Blank corrected sample 10Be concentrations vary between 5.61 × 106 and 9.50 × 105 at/g (Table 1). The in-batch reagent (laboratory) blank measurement amounted to less than 0.4% of the 10Be measured in the samples. The six exposure ages of fan level AF3 vary between 242 ± 17 ka and 488 ± 38 ka (Table 2; black circles in Figure 2). The samples from the palaeochannel (PC in figures, marked by gray circle in Figure 2) give two ages of 126 ± 9 ka and 144 ± 10 ka. The two samples from the active TG river show equivalent ages of 83 ± 6 ka and 90 ± 6 ka (white circle in Figure 2). Concentrations from the replicate samples (ON_005C-B and ON_005C-B2) collected at this site agree within uncertainties and we report the equivalent age from ON_005C-B (Table 1). In general, the exposure ages of the terrace sequence within the palaeochannel, as well as the ages from the modern channel, are in stratigraphic order, with the youngest originating from the lowest surface. Scatter in exposure ages from clasts taken at the surface of depositional fluvial features is common (Repka et al., 1997), and two of the six AF3 ages are notably younger. Underestimates of cosmogenic nuclide exposure ages from depositional landforms can derive from post-depositional erosion of the sample, or its burial and exhumation (Binnie et al., 2020). Alternatively, the pre-exposure history of clasts prior to their deposition on sampled surfaces can result in age overestimates (Anderson et al., 1996), and the results from the active channel indicate a significant portion of the 10Be concentration measured in the AF3 and palaeochannel samples could have been inherited during pre-exposure. In addition, depositional fluvial features can form over a period of time that is significant relative to the age of the surface (D’Arcy et al., 2019). More resolute definitions of nuclide inheritance and surface modifications at these sites would require measurements at several meters depth, but in the absence of such profile measurements we consider an arithmetic mean and standard deviation of 400 ± 102 ka (1 s.d.) to be the most appropriate first order estimate for the age of the AF3 surface. We note this range would account for inheritance in the oldest samples if it is similar to what we measure in the modern channel and we assume that younger ages derive from surface modification, e.g., burial. Younger ages due to clast erosion seem unlikely given the preserved fluvially rounded form of the samples. The two samples from the palaeochannel give a relatively good agreement but had more measurements been possible increased scatter might be expected. We suggest a mean of the two ages is the most appropriate for the timing of abandonment of the palaeochannel and use the same relative uncertainty (coefficient of variation) as is found for AF3, giving 135 ± 34 ka (1 s.d.).
TABLE 2 | 10Be exposure ages with associated morphological surfaces: PC, Palaeochannel (lowest terrace/most recent deposit); TG, Tuyn Gol active channel. Ages are derived from v.3 of the online calculator of Balco et al. (2008) and are based on the LSD scaling scheme of Lifton et al. (2014). Uncertainties quoted below are 1 standard deviation “external” values that include production rate as well as analytical uncertainties.
[image: Table 2]Tectonic Activity
The lengths of faults F1-F4 range between 40 and 90 km (Table 3). Despite the variability in fault kinematics along strike (especially at F2), scarp continuity indicates that potentially segmented faults are likely rupturing simultaneously or in clusters. Considering the kinematics we determined from morphotectonic analysis and the Wells and Coppersmith (1994) fault rupture length-magnitude regressions, the VGL fault lengths allow us to estimate their potential earthquake moment magnitudes between 6.95 and 7.32. Average displacements along the VGL faults range between 0.66 and 1.78 m per earthquake (Table 3). Vertical displacements of the AF3 terrace, associated with each fault scarp, amount to 52.2 ± 22.4 m (F1), 31.70 ± 7.97 m (F2), 4.87 ± 2.45 m (F3) and 20.4 ± 10.5 m (F4; see Table 3). Likely, measurements across F1 overestimate the true slip: no AF3 terrace remnants are observed on the southern side of the fault. Nevertheless, we use the 52.2 ± 22.4 m estimate as an indication of the total vertical offset along fault F1. Dividing the offset values per fault by the 400 ± 102 ka age for the AF3 surface leads to minimum vertical slip rate estimates of 0.13 ± 0.07 mm/yr, 0.08 ± 0.03 mm/yr, 0.012 ± 0.007 mm/yr and 0.05 ± 0.02 mm/yr, respectively. This means that these faults accommodate a total of 0.27 ± 0.08 mm/yr vertical slip, which is around the same order as the vertical slip taken up by the Bogd fault further south. Recurrence intervals estimated from the average slip per earthquake determined by the Wells and Coppersmith (1994) regressions, our offset measurements and the estimated 400 ± 102 ka age of AF3, are 5.24 ± 2.61 kyr (F1), 17.1 ± 6.1 kyr (F2), 81.5 ± 46.0 kyr (F3) and 34.9 ± 20.1 kyr (F4).
TABLE 3 | Earthquake potential estimates based on Wells and Coppersmith (1994) and fault length measurements across the 400 ± 102 ka AF3 surface east of the Tuyn Gol active channel. In combination with results from Table 2, recurrence intervals and slip rates were determined.
[image: Table 3]Reliable offset measurements of other surfaces are challenging, because either the surfaces are not large enough for elevation measurements that span 6,000 m, or because, in the cases of F3 and F4, the faults only show minor surface displacements outside of AF3. Along F2, we measured offsets within the strike-slip segment in AF3 west of TG, and within the palaeochannel. The AF3 terrace west of the river has vertical offsets of 20.4 ± 7.8 m, a slip rate of 0.05 ± 0.02 mm/yr and a recurrence interval of 28.7 ± 13.2 kyr. Within the palaeochannel we observed 10.2 ± 6.3 m vertical offset. Taking strike-slip kinematics and an average age of 135 ± 34 ka into account, we estimate a slip rate of 0.08 ± 0.02 mm/yr and a recurrence interval of 19.4 ± 4.9 kyr. Around 90 kyr of pre-exposure is suggested by the 10Be concentrations measured in the active channel (TG) samples, and if this is representative of the pre-exposure experienced by the TG samples then the palaeochannel is notably younger, and the slip rates faster than estimated above. Despite this, a comparison to estimates from the AF3 fan indicates that slip rates are relatively constant on a Middle Pleistocene to modern time scale.
DISCUSSION
Tectonic Setting
We studied faults in the VGL that cut across sediments deposited by the TG and evaluated their kinematics, earthquake potential and slip rates. To simplify interpretations of the fault system, we assumed that all offsets along the VGL faults are vertical. However, both remote and field observations showed that the tectonic structure of the VGL is complex and rather characterized by oblique slip. Although a lack of (temporally constrained) surface markers limits a reliable quantification of horizontal offsets, their importance may not be ignored in the interpretation of the regional tectonic setting. Most vertical offset is observed along the reverse F1 fault, which has a minor component of left-lateral slip. We interpret this fault to be the major transpressive fault within the VGL system. Faults F1 and F2 fit well into the regional stress regime, but the kinematics along F3 and F4 remain ambiguous. Possibly, their vertical offsets have been masked by erosion of the AF3 surface. Alternatively, these faults accommodate strike-slip movement, which could have been masked by the reworking of sediments within the active Tuyn Gol channel. The large vertical offset measured along F4 is likely the effect of the localization and incision of a fault-parallel stream rather than tectonic offset. The localization and rerouting of this stream from approximately N-S to E-W however implies relative uplift of the southern block, indicating either a southward dipping fault with a reverse component, or a northward dipping fault with a normal component. Potential earthquake magnitudes along each of the four faults are approximately M ∼ 7. However, F1 and F2 are in line with faults further west which could potentially be connected at depth, implying larger potential magnitudes and shorter recurrence intervals. Despite the lateral variation in kinematics as a result of differences in fault strike, the continuity of lineaments implies that potentially segmented faults are rupturing simultaneously or in clusters. The cumulative 0.27 ± 0.08 mm/yr vertical slip rate of F1-F4 is similar to the <0.3 mm/yr vertical slip rates estimated along individual fault strands of the Bogd fault, that lies ∼50 km further south (Vassallo et al., 2005; Ritz et al., 2006; Vassallo et al., 2007; van der Wal et al., 2020). The similarity of cumulative vertical slip rates of these two fault systems implies that the faults studied here are indeed important within the context of strain accommodation and partitioning in southern Mongolia. Nevertheless, analysis of lateral offsets is necessary to quantify this further. In comparison to recurrence intervals of major earthquakes along the Bogd fault (3–5 kyr; e.g., Rizza et al., 2011), the VGL faults are deforming much slower, at 5.24 ± 2.61 kyr to 81.57 ± 46.05 kyr intervals. The diffuse morphology of VGL fault scarps probably results from these long intervals of seismic quiescence. Likely, the difference in recurrence intervals between the Bogd fault and the VGL faults is the result of the shorter measured fault lengths in the VGL. The faults may in reality be longer; therefore, additional topographic- and depth analyses, both remote and in the field, are necessary to determine the potential linkage of the VGL faults to scarps further west. Depth data are also necessary to determine how the VGL faults fit within the framework of Gobi Altai and Hangay active faulting. The kinematics and the stress regime we observe in the VGL imply a dominantly oblique, strike-slip setting, similar to what is observed in the Gobi Altai and the Hangay (e.g., Ritz et al., 1995; Vassallo et al., 2005; Ritz et al., 2006; Walker et al., 2006; Vassallo et al., 2007; Walker et al., 2007; Walker et al., 2008; Cunningham, 2010; Rizza et al., 2011; Kurtz et al., 2018), although the geometry may also reflect a foreland basin setting (Erdenetsogt et al., 2009). We propose two tectonic models for the area (Figure 7). The first model (Figure 7A) assumes reactivation along foreland basin faults within the VGL, with F1 being the toe thrust and F2-F4 being minor faults within the hanging wall. This would be in line with geological maps published by Mosionzd et al. (1988) in which Neogene and Palaeogene sediments north of faults F1 and F2 tilt toward N with a northward younging direction, implying a piggy-back-like stacking of sediments (Figures 7A,C). In this model, F2 was then likely also a southward verging thrust fault that has now been reactivated as a normal fault. Alternatively, Cenozoic reactivation of foreland basin faults or other crustal weaknesses created a dominantly transpressive geometry (Figure 7B). This would fit well with the depth of the minor earthquakes in the instrumental record (Figure 1), and it would match the active structures observed in the Gobi Altai and the Hangay.
[image: Figure 7]FIGURE 7 | Two conceptual models for VGL fault geometry at depth (up to an estimated ∼5–10 km depth; see Figure 8) along the N-S profile indicated in Figure 4. Figure 7A implies a foreland basin system with thin-skinned southward verging faults; (B) suggests deeply rooted strike-slip faults that display vertical displacements at the surface. The interpreted continuation of strata at depth is based on strike-dip measurements by Mosionzd et al. (1988); (C) Simplified geological map by Mosionzd et al. (1988) showing ages of the deposits and their orientations. Cretacous-modern deposits are mostly sediments; Palaeozoic strata consist of volcanic, intrusive and metamorphic rocks.
Resistivity models and magnetotelluric data from Käufl et al. (2020) and Comeau et al. (2020) highlight that surface resistivity in the VGL is low. Although the authors attribute this to the conductivity of porous sediments and evaporites deposited here, a closer inspection shows that the anomalies seen in Käufl et al. (2020) align well with the faults described in this contribution. A contrasting high surface resistivity in the Hangay suggests that the VGL faults are more similar to the low resistivity faults of the Gobi Altai, yet the VGL is underlain by a resistive rather than a conductive lower crust (Käufl et al., 2020). The resistivity model of Comeau et al., 2020; (Figure 8) shows a decrease in resistivity directly below the VGL faults, implying that these faults are indeed upper crustal features. However, the major Gobi Altai and Hangay fault systems align with conductive zones that reach into the lower crust and maybe even the upper mantle (Cunningham, 2010 and references therein). These major fault systems are separated from the VGL faults by high resistivity zones, the base of which coincides with the depth of the M ∼ 4 instrumental earthquakes measured here (Figure 1). We regard it unlikely that the VGL faults are shallow upper crustal splays of either of the surrounding fault systems, or distal expansions of transpressional mountain belts, such as is observed in the Altai (Howard et al., 2006). Therefore, if the fault systems do connect at depth, they must do so below the resistive upper crust. The average orientation of the surrounding fault systems implies that further west, the Bogd fault may link up to the westward continuation of faults F1 and F2; further east, a SE-ward continuation of the Bayankhongor fault (BHF in Figure 4) forms a high angle with the VGL faults. We interpret from these observations, that the VGL faults are a diffuse northward continuation of the Gobi Altai deformation front and display stress transfer from the Bogd fault to the foreland. Similarly to surrounding fault systems, the localization of the VGL faults is related to underlying crustal fabrics that were overprinted or reactivated by Cenozoic transpression (e.g., Cunningham, 2005; Walker et al., 2008; Walker et al., 2015). Alternatively, the VGL faults highlight strain accommodation at the transition between the localized deformation in the basin-and-range Gobi Altai, and the passive indentor that is the Hangay. This seems likely considering both the active deformation and local expansion of the Gurvan Bogd mountain range (e.g., Bayasgalan et al., 1999; Vassallo et al., 2007; van der Wal et al., 2020), and the orientation of the VGL faults. Onset of deformation along the VGL faults would then have coincided with or followed shortly after the start of uplift along the Gurvan Bogd range at 5 ± 3 Ma (Vassallo et al., 2007a). This is also shown by the faulted Neogene sediments mapped by Mosionzd et al. (1988); (Figure 7C). The diffusivity, slow rates and long recurrence intervals observed along the VGL faults are in line with observations from Walker et al. (2007) and Walker et al. (2008) of faults in the Hangay, and they indicate intraplate strain partitioning across a larger area than previously envisaged (see also Meltzer et al., 2019). The N-S decreasing velocity gradient observed by Calais et al. (2003) indicates a clear decrease in the fault-parallel east velocity component north of the Gobi Altai between longitudes 96° and 104°E. Perhaps, this is the reason for the ambiguity of both the lateral slip along the VGL faults and their role in the regional structure. Because fault-perpendicular velocities are less well constrained (Calais et al., 2003) and we could only measure vertical offsets, it is challenging to infer a percentage of regional slip that is being accommodated by the VGL faults.
[image: Figure 8]FIGURE 8 | Conceptual cross section across the Hangay and Gobi Altai areas showing the suggested VGL fault geometry at depth in correlation with the resistivity model by Comeau et al. (2020). H, Hangay; VGL, Valley of Gobi Lakes; ONB, Orog Nuur Basin; GA, Gobi Altai; BHF, Bayankhongor fault; BF, Bogd fault; LAB, lithosphere asthenosphere boundary (Comeau et al., 2020).
Overall, the VGL faults reflect the wide spread of deformation in southern Mongolia and additional studies of such faults will increase our understanding of the development of intraplate tectonic settings, specifically in relation to the relatively new concept of transpressional orogens (Cunningham, 2005). Active deformation in Central Asia is known to occur by thrusting, oblique- and strike-slip faulting (Cunningham, 2005) and by the expansion of orogens by widening positive flower structures (Cunningham et al., 1997), however research of relatively minor faults such as those in the VGL is limited. In comparison to pure strike-slip segments of the same fault, transpressive deformation may be more complex and wide-spread and further research is necessary to understand the evolution of such structures. Especially in the vicinity of densely populated areas, the consequences of earthquakes along such faults may be disastrous and regional tectonic studies are necessary to provide reliable seismic hazard assessments. Tectonic geomorphology studies, complimented by depth data, elsewhere in the Valley of Lakes and in the foreland of neighboring transpressional mountain belts, will determine if the VGL faults reflect a systematic evolution of known fault systems (e.g., the widening of flower structures), or whether they are a (common) strain accommodation feature at the transition from rheologically weak crust to rigid basement blocks (Cunningham 2005).
Landscape Evolution
To determine the effect of tectonic activity along the VGL faults on local landscape evolution, we evaluated the fluvial geomorphology of the TG as well as its palaeochannel, and beach ridges related to lake level highstands of Orog Nuur and Holboliin Nuur. To evaluate changes in the drainage network over time, we combine results from our tectonic and geomorphological mapping to develop a reconstruction of landscape evolution since the deposition of AF3 TG fan (see Figure 9). We base the timing of our reconstruction on the cosmogenic nuclide surface exposure ages determined in this study. Additionally, we assume that alluvial fans are deposited either during glacial periods with higher sediment production, or at the transition to interglacial periods, when sediment stored behind the mountain front is removed by increasing stream power and deposited downslope (Nottebaum et al., in review; Lehmkuhl et al., 2018). Incision and abandonment of alluvial fans is assumed to occur at the transition to or during interglacial times, when precipitation and stream power increases. We adapt the interpretation by Vassallo et al. (2005) and Vassallo et al. (2007) that glacial-interglacial transitions, and hence, the development of new alluvial fan levels, occur every ∼100 kyr in the Gobi Altai. In this context, we interpret that the exposure ages determined from cosmogenic nuclide dating also represent the ages of alluvial fan abandonment. For simplification purposes, we assume the age of the AF3 surface to be 400 ka, i.e., disregarding its uncertainty. Overall, this reconstruction shows that the deposition of fluvial (and lacustrine) deposits is likely dominated by climate cyclicity, however drainage reorganization is highly susceptible to tectonic activity along the VGL faults.
[image: Figure 9]FIGURE 9 | Proposed landscape evolution of the VGL, since 400 ka on the top left, to the current situation in the bottom right. Lighter colors are associated with younger deposits, arrows indicate possible flow directions. The interpreted ages are based on 10Be cosmogenic nuclide dating in this contribution, OSL ages associated with lake level highstands (Nottebaum et al., in review) and the assumption that alluvial fans aggrade during glacial times and incise at the transition to, or during interglacial times (Vassallo et al., 2007). HN, Holboliin Nuur; ON, Orog Nuur.
We assume that the primary step in the evolution of this landscape is the abandonment of alluvial fan AF3 at around 400 ka (see top left frame in Figure 9). Because we observed fluvial pebbles on top of the bedrock ridge west of the Bogd settlement, we interpret that AF3 was abandoned after or during activity of fault F1. No remnants of the AF3 fan are found south of this fault which means that either 1) AF3 was not deposited there, or 2) remnants of AF3 have been covered by more recent deposits south of F1. Fault F2 was active after formation of AF3, and before AF2: this fan remnant is not found downstream (south) of the fault. Assuming a ∼100 kyr cyclicity for fan deposition, we tentatively assign an age of ∼300 ka to deposit AF2. The regional westward tilt of AF2 close to the Hangay and the overall occurrence of AF2 west of TG, likely reflect autogenic fan processes that prompt random deflections of channel morphology and sediment distribution (e.g., Ventra and Nichols, 2014). Alternatively, they may be the result of tilting due to activity along the Bayankhonghor fault before or during AF2 formation (e.g., Walker et al., 2007). Fault activity along the NW-SE striking components of F1 likely started before AF3 formed; the fault-parallel stream localization of the palaeochannel is strong evidence that these faults were active prior to AF1 deposition. The terrace remnants within the palaeochannel imply that multiple incision events occurred prior to 135 ± 34 ka, and thus, that it was active for an extended period. The interference of ON beach ridges with the palaeochannel deposits at its outlet to the basin reflect that the channel was active during the MIS 5 lake level highstand (80–130 ka; Lehmkuhl and Lang, 2001; Lehmkuhl et al., 2018a; Nottebaum et al., in review) and prior to the beach ridges that form an erosional scarp south of the palaeochannel. These latter beach ridges may reflect an MIS 3 (i.e., ca. 60–40 ka) lake highstand (Figure 6D; Nottebaum et al., in review), as was dated from a beach ridge with the same elevation in a basin west of ON. With regard to the ∼90 ka 10Be inheritance measured from the TG active channel, the palaeochannel could have been active up to MIS 3 or even Holocene times. However, taking into account an MIS 3 age for the erosional scarp that cuts off the most recent palaeochannel deposits, and the occurrence of at least two prior terraces/incision events, we interpret the channel to have been active ∼200–50 ka. Continued fault activity of F1 and F2 after abandonment of the palaeochannel is confirmed by minor fault scarps that cut across the palaeochannel sediments (Figures 6A,D, respectively). Considering the 0.08 ± 0.03 mm/yr slip rate of F2 estimated from the AF3 surface, the 10.2 ± 6.2 m offset measured within the palaeochannel confirms that the scarp developed over 129.0 ± 91.7 kyr. The abandonment of the palaeochannel likely occurred as a result of tectonic activity of faults F1, F2 and possibly F3, along which terrace remnants of AF2 are preserved within AF1. The timing of the subsequent eastward deflection of the Tuyn Gol to its modern channel cannot be constrained, yet the formation of Holboliin Nuur, probably as a result of ponding, indicates that activity along F2 was still ongoing. A high level of Orog Nuur, for example during MIS 3 (Lehmkuhl and Lang, 2001; Lehmkuhl et al., 2018a; Nottebaum et al., in review), could have also played a role in the formation of lakes north of F2: the high base level would have reduced the incentive for the river to incise through the uplifted AF3 surface here. A lowering of the lake level or an increase in stream power would then have allowed for the final incision of the TG channel and deposition of T0, toward its current apex at the Bogd settlement. Considering the trend of alluvial fan abandonment at the transition from glacial to interglacial times (Vassallo et al., 2007), incision and AF0 deposition south of the Bogd settlement and F1 may have occurred after the Last Glacial Maximum (21 ka; Lehmkuhl et al., 2018a). The overprinting of AF0 in the Orog Nuur Basin by mid-Holocene beach ridges (Lehmkuhl et al., 2018; Nottebaum et al., in review) suggests that AF0 had already been deposited at that time. A continued fault activity along F1 is suggested by the narrow gorge that is observed at the Bogd settlement: the outlet of the Tuyn Gol is less than 10% as wide as the river is further north (∼20 m vs. 3,500 m). The landscape evolution we suggest indicates that there may be a northward movement of the deformation front from fault F1 to F4, which would be in line with a strike-slip regime, and a northward expansion of the Gobi Altai.
The concept of qualitative studies of local landscape dynamics as a function of climatic and tectonic processes allows us not only to understand the interplay between these external factors, but also to evaluate the Middle Pleistocene to modern tectonic activity along fault scarps that have previously been overlooked in the regional structure. We argue that in addition to local tectonic geomorphology studies of historically or instrumentally seismic faults, regional studies of landscape dynamics can be valuable, especially in slowly deforming, seismically quiescent continental interiors.
CONCLUSIONS
The fault scarps in the VGL play an important role in the accommodation of stresses in southern Mongolia, and our studies show that they should be included in studies of regional active tectonics and landscape evolution.
• Kinematics of the VGL faults reflect the regional strain field and suggest a dominant strike-slip regime that fits with the geometries observed in the Gobi Altai and the Hangay. The reduced localization of faulting is likely due to a difference in underlying crustal structures along which deformation concentrates.
• The VGL faults take up a total of 0.27 ± 0.08 mm/yr vertical slip, which is around the same order of magnitude as is taken up by localized deformation along the Bogd fault (<0.3 mm/yr).
• Each of the four faults is long enough to accommodate M ∼ 7 earthquakes, however recurrence intervals of such earthquakes are an order of magnitude longer than the Bogd fault (3–5 kyr) at faults F2–F4 (17.1 ± 6.1–81.57 ± 46.05 kyr), and at least twice as long at F1 (5.24 ± 2.61 kyr).
• Landscape reconstructions reflect that tectonic activity has played an important role in the evolution of the TG and the infill of the VGL since 400 ± 102 ka.
We showed that, especially in slow-slip, intraplate regions, where instrumental seismicity is scarce, it is essential to undertake regional scale tectonic geomorphological studies. Additional dating of palaeo-earthquakes is necessary to determine the seismic hazard of such unknown faults.
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Fault slip rate variability over time is a crucial aspect for understanding how single faults interact among each other in fault systems. Several studies worldwide evidence the occurrence of high activity periods with clustering of events and synchronization among faults, followed by long periods of low activity (super-cycles). The increasing gathering of evidence of these phenomena is making fault hazard models quickly evolving and challenging seismic hazard assessment. However, in moderately active fault systems, a determination of fault slip rates can present large uncertainties, that have to be carefully considered when slip rate histories are determined. In this work, we estimate the variation of slip rate in the last ∼210 ky of the NE segment of the left-lateral reverse Carrascoy Fault, one of the main faults forming the Eastern Betic Shear Zone in SE Spain. We study two selected field sites where we have been able to measure offsets and date the sediments along with uncertainties. The first site shows a progressive discordance drawn by different calcretes developed on alluvial deposits. The vertical throw is calculated by modeling the growth of the discordance. The vertical slip rates are estimated dating the deformed calcretes by Uranium Series and by comparing them with a complete regional calcrete dates database compiled from the literature. On the second site, we analyze the geomorphology of different Upper Pleistocene alluvial fans, where three incised channels are offset by the fault, providing the net slip for the last ∼124 ky. We discuss the influence of different factors on the estimate of net slip rates using data from different sources. This analysis highlights the importance of determining an accurate fault geometry and how local data can provide misleading deformation rates. Our results suggest the existence of long periods of low activity disturbed by short high activity periods. Such a pattern of activity along time is defined for the first time in the Eastern Betic Shear Zone, with interesting implications in the seismogenic behavior of the rest of the slow faults within the region.
Keywords: active faulting, slip rate, geometrical modeling, fault-propagation fold, calcrete geochronology, seismic super-cycles, eastern betic shear zone
HIGHLIGHTS

Fault geometry controls the distribution of the slip vector components.
The Carrascoy Fault is one of the main structures of the Eastern Betic Shear Zone, an active slow fault system (<5 m/ky).
The NE segment of the Carrascoy Fault is a left-lateral fault with variable reverse component.
The slow Carrascoy Fault shows seismic supercycles formed by a long phase with low slip rates and a short phase with higher slip rates.
Calcrete formation correlates with the Alborán Sea interstadials of the last 210 ky.
INTRODUCTION
The identification of seismogenic faults and the characterization of their activity during the Late Quaternary is essential to address properly the seismic hazard at any site or region, (e.g. Stirling et al., 2012; Field et al., 2014; Woessner et al., 2015; Valentini et al., 2017; Pace et al., 2018). Slip rate determination is crucial for that purpose. In slow fault systems (slip rate <5 mm/y), e.g., the Dzhungarian fault (Campbell et al., 2013) or the Dead Sea Fault (Lu et al., 2020), the poor surface expression of the faults and long earthquake recurrence intervals implicates greater uncertainties in event identification and dating (García-Mayordomo et al., 2017).
Slow faults studies are mainly located in intraplate geodynamic setting, where geomorphological, geophysical and paleosismological studies are commonly combined, (e.g.: the 1928 Chirpan earthquake M 6.8 in southern Bulgaria, Vanneste et al., 2006; the large paleo-earthquakes in the Roer Graben, Camelbeeck and Meghraoui, 1998). Slip rates measured from different sources over different timescales on a slow fault usually show inconsistencies, (e.g. Oskin et al., 2008; Cowgill et al., 2009), either because recurrence intervals are large or deformation is distributed over many segments and faults (Faure Walker et al., 2010), indicating spatial and temporal variations in fault activity (Dolan et al., 2007) or the existence of seismic short cycles within large cycles, (e.g. Sieh et al., 2008; Benedetti et al., 2013). These discrepancies are also observed in the Eastern Betic Shear Zone, (e.g. Ferrater, 2016; Ferrater et al., 2017), a set of NE-SW active slow faults with long seismic loading cycles, which absorbs part of the convergence between the Nubian and Eurasian plates (5–6 mm/a) in the western Mediterranean under a transpressive regime, (e.g. DeMets et al., 2015) (Figure 1). The intense human activity in this region together with the uncertainties inherent in a slow fault makes it difficult to preserve a continuous record of slip rates over long periods of time (10–100 ky) and, consequently, to characterize their seismogenic behavior.
[image: Figure 1]FIGURE 1 | Geological setting of the Carrascoy Fault. EBSZ: Eastern Betic Shear Zone; SMF: San Miguel de Salinas Fault; BSF: Bajo Segura Fault; CAF: Carrascoy Fault; LTF: Los Tollos Fault; AMF: Alhama de Murcia Fault; PF: Palomares Fault; CF. Carboneras Fault; ACFZ: Alpujarrides Corridor Fault Zone; MF: Las Moreras - Escarpe de Mazarrón Fault. Geological mapping carried out from Continuous Digital Geological Map at scale 1:50.000 of the Internal Zones of the Betic Cordillera (Marín-Lechado et al., 2011). Fault traces are from an updated version of QAFI database (García-Mayordomo et al., 2012; IGME, 2012). Earthquake data corresponds to a declustered version of the Spanish national seismic catalog (IGN-UPM, 2013). The white lines show the identification of major earthquakes cited in the text. Location of the Carrascoy Fault and Figure 2A (red square).
Here we present the variation of the net slip rate for the last 210 ky of the NE Segment of the Carrascoy Fault, estimated from the study of two sites (Figure 2): 1) a progressive discordance drawn by different datable calcretes developed in alluvial deposits in Los Ramos site, and 2) geomorphic evidence of several alluvial fans offset by the fault in Torreagüera site.
[image: Figure 2]FIGURE 2 | (A) The Carrascoy Fault Zone defined in Martín-Banda et al. (2015): SW Segment in pink color (A-CNF: Algezares-Casas Nuevas Fault) and NE Segment in red color. (B) Detailed geological cartography of the NE Segment of the Carrascoy Fault marked in Figure A by the black polygon. Location of the Los Ramos quarry (green circle) and the Torreagüera alluvial fans (white square) are shown.
The Carrascoy Fault
The Eastern Betic Shear Zone is a 450 km large crustal structure (Banda and Ansorge, 1980) with sigmoidal morphology that extends from the Alboran Sea offshore to the NE of Murcia crossing the Internal Zones of the Betic Cordillera. It is a set of left-lateral faults with some reverse component, which progressively predominates toward NE and it is composed by the Carboneras, Palomares, Alhama de Murcia, Los Tollos, Carrascoy and the Bajo Segura faults, from south to north, (e.g. Bousquet, 1979; Silva et al., 1993). Catastrophic earthquakes have been related to these morphogenetic faults such as the 1829 Torrevieja earthquake (Mw 6.8, IEMS98 IX-X) associated with the Bajo Segura Fault, or the May 11, 2011 Lorca earthquake (Mw 5.2, IEMS98 VII) generated by the Alhama de Murcia Fault, (e.g.: García-Mayordomo and Álvarez-Gómez, 2006; Vissers and Meijninger, 2011; Alfaro et al., 2012; Martínez-Díaz et al., 2012; IGN-UPM, 2013) (Figure 1).
The current kinematics of the Eastern Betic Range, where the Eastern Betic Shear Zone is localized, is the result of a rotation of the direction of regional shortening from NW-SE and SW-NE, between the Burdigalian and the Lower Tortonian (Martínez-Martínez and Azañón, 1997; Rodríguez-Fernández et al., 2012), to NNW-SSE, at the end of the Messinian or beginning of the Pliocene (Ott D’Estevou and Montenat, 1985). This rotation caused the tectonic inversion of the marine Neogene basins of Lorca, Fortuna, Mazarrón and Vera and the generation of new sedimentary depressions in previously elevated areas such as ther current Guadalentín Depression (De Larouzière et al., 1987; Montenat et al., 1987; Vissers and Meijininger, 2011). There is a set of faults with inherited orientations and a current NE-SW direction of regional shortening from GPS data consistent with the current direction of convergence between the Eurasian and Nubian plates (Khazaradze et al., 2008; Echeverria et al., 2011).
There are numerous studies focused on the Quaternary activity of the Eastern Betic Shear Zone, (e.g. Bousquet, 1979; Sanz de Galdeano, 1983; Boccaletti et al., 1987; Montenat et al., 1987; Vegas et al., 1987; Masana et al., 2010; Buontempo and Wuestefeld, 2013), as well as on each of its faults: Carboneras Fault, (e.g.: Bousquet and Philip, 1976; Bousquet et al., 1975; Keller et al., 1995; Gràcia et al., 2006; Moreno et al., 2007; Rutter et al., 2012), Palomares Fault, (e.g.: Booth-Rea et al., 2003, 2004), Alhama de Murcia Fault (Silva, 1994; Silva et al., 1997; Martínez-Díaz, 1998), Los Tollos Fault (Silva, 1994; Leyva Cabello et al., 2010; Insua-Arévalo et al., 2012); Carrascoy Fault (Sanz de Galdeano, 1983; Silva, 1994; Amores et al., 2002; Calmel-Ávila et al., 2009; Leyva et al., 2010; Jerez et al., 2015) and Bajo Segura Fault (Catafau, 1994; Alfaro et al., 2002).
However, from the paleoseismological point of view, the works published so far are mainly focused on some faults of the Eastern Betic Shear Zone, such as: the Carboneras Fault, (e.g. Bell et al., 1997; Moreno et al., 2008; Masana et al., 2010; Moreno, 2011; Moreno et al., 2015; Moreno et al., 2016; López et al., 2018), the southern segments of the Alhama de Murcia Fault, (e.g. Hernández-Enrile and Martínez-Díaz, 2001; Martínez-Díaz et al., 2012; Ortuño et al., 2012; Ferrater, 2016; Ferrater et al., 2017; Martínez-Díaz et al., 2018) and the Bajo Segura Fault, (e.g. Alfaro, 1995; García-Mayordomo and Álvarez-Gómez, 2006; Alfaro et al., 2012; Perea et al., 2012). The results of these studies confirm the capacity of these faults to produce morphogenic earthquakes with Mw greater than 6.0 and recurrence intervals of a few thousand years (García-Mayordomo et al., 2012). In relation to the less studied faults, there are some works that preliminarily evaluated the seismic potential of the Carrascoy Fault (Amores et al., 2001; García-Mayordomo and Álvarez-Gómez, 2006) and recent paleoseismological studies in Carrascoy and Palomares faults (Martín-Banda et al., 2015; Roquero et al., 2019).
The Carrascoy Fault is a large reverse left-lateral structure that controls the northern edge of the Carrascoy Range (Silva, 1994; Sanz de Galdeano et al., 1998) (Figure 2). Martín-Banda et al. (2015) distinguished two overlapped segments, SW and NE, dating to ∼220 ka, when the SW segment started to develop a fold-and-thrust belt with the growth of a new mountain front towards the foreland, the Algezares-Casas Nuevas Fault. This new front presents an asymmetrical growth from the NE to the SW with a slip rate of 0.37 ± 0.08 m/ky, as well as the simultaneous lock on the surface of the reverse left-lateral strand, which previously controlled the main relief of the range. The Algezares-Casas Nuevas Fault merges at the surface with the NE segment of the left-lateral strand prolongation to the northeast in a linkage zone between the El Palmar and Algezares villages, where rupture styles of both segments are superimposed. From here, the NE segment extends in a N50E trend for 16 km until the Los Ramos village and forms a narrow fault zone that controls the conspicuous and sharp mountain front of the Cresta del Gallo Range (Figure 2). We deem that the complexity of the tectonic structure of the Carrascoy Fault and the proximity to the metropolitan area of the city of Murcia make the determination of slip rate of its NE segment highly needed.
DATA AND METHODS
The net slip rate (NSR) of a fault for a given time period may be calculated from its vertical slip rate (VSR), fault dip (β), and strike slip rate (SSR):
[image: image]
To determine SSR and VSR it is necessary to measure the vertical and lateral displacement experienced by the fault and the age of the deformed markers. The VSR for the NE segment of the Carrascoy Fault, including its variation in time, has been determined mainly by analyzing a progressive discordance in a quarry located at Los Ramos village (Figure 2). The SSR has been estimated by studying the lateral offsets of several channels incised on alluvial fans near the neighboring Torreagüera village (Figure 2).
Measurements of Displacement
Progressive Discordance
An abandoned quarry near the Los Ramos village exposes a progressive discordance defined by six alluvial-colluvial syntectonic units with 15° depositional slope (Figure 3A). Five of the alluvial units have developed pedogenic calcretes, which are crucial for dating purposes. The strike of the sedimentary layers varies between N070E and N057E with NW dip progressively decreasing towards the top in a rotational offlap-onlap relationship. The poles of these syntectonic stratigraphic horizons are contained in a N153E/85SW plane whose pole 063/05 (trend and plunge, respectively) marks the rotational axis of the layers (Figure 3B). This geometry is interpreted as a fault-propagation fold growth sequence (Figure 4). The fault responsible of the observed deformation does not crop out in the studied talus, but in another quarry wall located several meters eastwards (Figures 4A–4C). There, the fault shows a strike of N054E dipping 85° towards SE, consistent with the rotational axis of the proposed deformational model. No striae marks have been observed. The location of the structure in the proximal zone of the alluvial-colluvial deposits does not favor the preservation of its complete geometry due to the erosion of the anticline of the uplifted part. Thus, a limb rotation growth model (Erslev, 1991; Hardy and Poblet, 1994; Erslev and Mayborn, 1997; Storti and Poblet, 1997) has been assumed for the fault-propagation fold. Measuring the angles between every two deformational markers (sedimentary units and calcretes, Figure 3B) has allowed us to estimate the vertical slip and its variations over time, assuming that they all were originated on an equal inclination surface.
[image: Figure 3]FIGURE 3 | (A) Photographs and log of the Los Ramos quarry outcrop. (B) Scheme of the progressive discordance, identifying depositional phases and rotation angles of the limb of the propagation fold. Stereographic projection with the poles of the stratification (stratigraphic markers colours on figure A) and the rotational axis of the layer (or the plane containing the poles of the stratification).
[image: Figure 4]FIGURE 4 | (A) Aerial photograph of the Los Ramos quarry. Location of the studied outcrop and the fault. (B) Photograph of the studied outcrop with the scheme of the progressive discordance. (C) Photograph of the fault on the SE wall. (D) Graphic representation of the analogous and geometric models for detachment and thrust-propagation folds (β: depositional dip; y: vertical slip; s: horizontal shortening; L: limb length; φ: rotation angle). (E) Analogous model for inverse fault-propagation folds to which the progressive discordance adjusts and diagram of formation. (F) Geometrical characteristics of the Los Ramos propagation fold and its adaptation to the theoretical geometrical models (l: length of the synclinal part of the limb; x: horizontal slip). (G) Geometrical model of the Los Ramos propagation fold (V: vertical component of the net slip of the fault; a: vertical component of the depositional dip).
To quantify the fault-propagation fold deformation related to this discordance in terms of lifting or fault vertical slip a geometric modeling of the fold has been carried on. We have considered as starting geometric growth models those proposed by Hardy and Poblet (1994) and Butler and Lickorish (1997), based on simple limb-rotation with fixed hinge and constant limb length, both equivalent to the analogous model for thrusts of Chester et al. (1988). Despite its good fit with the geometric simple limb-rotation models, the Los Ramos outcrop shows some peculiarities that must be considered (Figure 4):
In theoretical models, the vertical slip (y) and the horizontal shortening (s) depend on the limb length (L) and the rotation angle (φ). These models are based on horizontal pre-deformational layers (Figure 4A). However, the depositional slope of alluvial-colluvial deposits at the Los Ramos outcrop shows 15° dip to the NW, which must be considered in the construction of the model (Figure 4B).
In addition, the starting models are based on thrust-propagation folds. In them, the estimation of the vertical slip (y) does not depend on fault’s structural position and its dip (Figure 4D). However, the studied fold at the Los Ramos outcrop is a high-dip reverse fault-propagation fold, where the fault’s structural position is crucial in determining limb length (L), one of the parameters that control the vertical slip (y) in theoretical models. According to the analogous reverse fault model of Friedman et al. (1980), the fault would be located at the point of inflection between the synclinal and anticlinal part of the limb (Figure 4E). Thus, the length of the synclinal part of the limb (L) is estimated from the position of the fault and the recovery point of the deposition slope in the synclinal part of the limb (unit I) (Figures 4A and 4F), while the length of the anticlinal part of the limb, eroded with each new deposition sequence, is unknown (Figures 4B and 4E). Assuming a symmetrical fold geometry, the length of the limb (L) may be calculated as twice the value of l (Figure 4F).
Finally, given the high dip of the fault (85° to the SE), we assumed the vertical slip due to folding equivalent to the vertical slip due to faulting (90° dip). So can be calculated the vertical component of the net slip of the fault (V) from the limb length (L), rotation angle (φ) and depositional dip (β) (Figure 4G).
Offset Channels
The Torreagüera site is located 700 m SW of the Los Ramos site along the fault trace (Figure 2). Three coalescing alluvial fans with thick calcretes on top present their main alluvial channels incised (Figure 5). The channels show aligned lateral offsets following two overlapping fault strands trending N035E (northern fault) and N056E (southern fault). The offset channels point out left-lateral slip at the northern fault, and right-lateral slip at the southern one, setting a northeastward displacement of the central block bounded by those faults.
[image: Figure 5]FIGURE 5 | (A) Map showing the displaced elements and theirs rectifications on the fault traces interpreted on the aerial photograph obtained during the year 1945 (black lines: channel edges; blue lines: thalwegs; white dotted lines: channel edge trend rectifications; white dashed lines: channel edge rectifications; yellow dotted lines: thalweg trend rectifications; yellow dashed lines: thalweg rectifications). Lateral displacement measurements. (B) Location of the swath profiles perpendicular to the fault traces (blue lines: perpendicular to the northern fault -NF- and green lines: perpendicular to the southern fault -SF). The thalwegs of the displaced channels are marked in dark blue. (C) Location of the swath profiles longitudinal to the thalwegs.
The lateral offset has been calculated by measuring the distance between homologous points on both sides of the fault trace related to morphological elements of the channel i.e.,: margins and thalweg (Zielke et al., 2015) (Figure 5A). To compare the values obtained in each channel and to estimate the fault lateral offset, we followed the methodology proposed by Ferrater (2016) based on the weighting of the quality of the measurements. Unlike Ferrater (2016), we considered the meander curvature rectification in all cases, although it coincides with the channel general trend, obtaining always 12 offset measurements. The channel offset is obtained by calculating the mean and standard deviation of a sample formed by 12 measurements (Figure 5A).
Besides, lateral offset, vertical slip has been also estimated at the Torreagüera site. Topographic swath profiles have been done to calculate statistical distributions of topographic profiles set perpendicularly to a defined baseline, stacking topographic heights along parallel, regularly spaced lines. The swath profile plugin of the QGIS software has been used to carry out this analysis. The altitude data (m.a.s.l.) has been taken from DEM (Digital Elevation Model), from the Instituto Geográfico Nacional (vertical accuracy <20 cm and horizontal point spacing of 1.4 m). We have used a 5 m parallel line spacing with data collection every 10 m along each line. Faults traces have been used as baselines to estimate the vertical slip on the alluvial fans surface, taking care not to include altitude data of the surrounding reliefs in the profiles. The software requires defining a profile length equal to each side of the baseline. Therefore, we chose the part of the fault trace that allows focusing the profiles only on the surface of the alluvial fans. The vertical slips of both faults can be identified in both profiles, but as they are not parallel structures, the correct measurement of the displacement must be done on the perpendicular profile corresponding to its trace (Figure 5B). In addition, swath profiles longitudinal to the thalwegs of the offset channels have been done by using a perpendicular line to each channel trend as baseline (Figure 5C).
Dating Methods
We used Optically Stimulated Luminescence (OSL) and Uranium Series method for dating the sediments and calcretes, respectively. OSL has been used for dating the only silty layer (unit I) found at the Los Ramos site (RA-OSL1), while the Uranium Series method has been used for dating the calcretes (Figure 3, Table 1). Three out of the five calcretes at the Los Ramos site have been dated: unit B1 (RA-UT7), unit C (RA-UT3) and unit G (RA-UT2). The other two calcretes (Unit A and B2) showed high clayey material because, after their formation, calcretes behave as an open system, exposed to erosion and dissolution, making Uranium Series dating unreliable. To determine the ages of these two calcrete levels, as well as the age of the uppermost calcrete of the Torreagüera alluvial fans (which marks the channels incision age), a relative dating method has been developed by creating a calcrete dates database including previously dated calcretes in the region and their correlation with climatic indicators.
TABLE 1 | Summary of the deformed marked on the Los Ramos quarry and Torreagüera alluvial fans, dating methods used, ages obtained and theirs uncertainty ranges. Rotation angles (φ) measured between deformed markers on the Los Ramos quarry and vertical offsets (V) estimated. Vertical (V) and strike (S) displacements measured in the channels incised on Torreagüera alluvial fans.
[image: Table 1]Calcretes Age Database of SE Spain
The morphological characteristics and properties of paleosoils are often used as paleoclimatic indicators. Correlation of different soil horizons with marine oxygen isotopic stages (OIS or MIS) is often used to establish the geochronology of the deformed and faulted soils in order to estimate deformation rates (Keller and Pinter, 1996; Van der Woerd et al., 2002; Ferry et al., 2007; Chevalier et al., 2012; Moulin et al., 2014). The lack of a detailed and continuous record of continental paleoenvironmental changes in SE Spain for the last 220 ky requires the comparison of these periods with marine isotopic patterns (Candy and Black, 2009; Moreno et al., 2015; Ferrater, 2016; Roquero et al., 2019).
Candy and Black (2009) correlate the formation of carbonate pedogenic horizons in SE Spain with warm MISs from the systematic dating of calcretes by Uranium Series in the Sorbas Basin (Almería). They observed that the age distribution of the calcrete main peaks correlate with the warm MIS1 (the last 12 ky) and MIS5 (130–75 ka) and suggested that the abundance of vegetation may favour sedimentary stability and, therefore, the development of pedogenic carbonate during the interglacial stages. In contrast, the scarce vegetation during glacial stages (cold and dry) may promote soil erosion, the instability of the landscape and incision and aggradation of the channels, which may be also favoured by the periods of glacial-interglacial transition. Moreno et al. (2015) and Ferrater (2016) reach these same conclusions dating sediments and calcretes sampled around the Carboneras and Alhama de Murcia faults, respectively. However, the ages obtained in our study show the formation of calcretes in the warm MIS3 (59–26 ka) (RA-UT2) and MIS5 (RA-UT3), but also during the cold MIS6 (185–130 ka), as some peaks identified in the age frequency curve of the Sorbas Basin calcretes (Candy and Black, 2009).
In order to shed some light on this correlation and also to estimate a relative age for the calcretes that could not be dated by the Uranium Series method (Unit A and B2; Figure 3), a database of published numerical ages of regional calcretes has been compiled (Supplementary Table S1): 1) Sorbas Basin, except for those results with high uncertainties and even higher than the measurement (Ranks 1, 3, 8, 22 and 24 of Table 1 in Candy and Black, 2009), 2) Carboneras Fault area (Moreno et al., 2015) and, 3) Alhama de Murcia Fault area (Ferrater, 2016), as well as those presented in the present study (4). A frequency distribution curve has been made from the age ranges (age ± 1σ) of all the data collected in the database, assuming a discrete uniform probability distribution. The main peaks represent the most likely periods of calcrete formation in SE Spain.
Estimating the Uncertainties
Uncertainty in the resulting slip rates, one of the main seismogenic parameters required to include active faults in modern seismic hazard studies, is typically treated as epistemic and quantified through the propagation of the measurement errors in both offset and time, (e.g. Bird, 2007; Zechar et al., 2009).
Uncertainties or errors in measurements made in the field are due to limitations or error in the accuracy of the measuring instrument. We assumed that the field measurement error is the minimum measurement unit of the instrument used (±1 cm or ±1° for each measurement made on the quarry wall, and ±1 m for measurements made in a GIS software). The age values provided by the laboratory are expressed by the mean value of all the instrumental measurements made ±1 or 2 standard deviations (σ), which indicates the dispersion of the measurement set, including also the precision error of the measuring instruments and the error propagation of the variables included in the mathematical functions used in the estimate.
When there is more than one variable with a normal distribution and they are correlated in a linear function, the standard deviation of the function will depend on the standard deviation of each correlated variable in the function. The error propagation allows the precise determination of the results of mathematical operations with variables whose values are derived from experimental measurements. In this way, the calculation of error propagation has been applied to all estimates needed to obtain fault-slip rates (Supplementary Table S2), considering in all cases ±1 standard deviation of each variable.
RESULTS
Estimating the Vertical Slip in Los Ramos Quarry
The progressive discordance of the Los Ramos quarry forms a rotational offlap-onlap relationship between units A and J: unit C is overlain units A-B2 in offlap, and units G-I again lie in offlap above unit C, followed by unit J in overlap on top of the sedimentary set (Figures 3 and 4). From the modeling proposed for the fault-propagation fold responsible for this geometric arrangement vertical slip (V) has been calculated for the periods defined by the different sedimentary markers (Table 1).
The vertical slips value obtained (Table 1) must be considered on the lower range, because the geometric model does not include deformations by dragging.
Estimating Net Slip on the Torreagüera Alluvial Channels
The analysis of the statistical values (minimum, maximum, mean, mode and standard deviation) obtained from the swath profiles made on the surface of the Torreagüera alluvial fans reveals that the mode value represents the most frequent height for each point of the profile and, therefore, the altitude value closest to the original surface of the alluvial fans. In addition, the minimum values of swath profiles made longitudinally to the channels have been taken to identify their respective thalwegs or depocenters.
Altitude values are usually well adjusted to a regression of exponential type. Therefore, the vertical slip has been estimated by comparing trend or exponential regression lines of the profiles on each side of the faults (Figure 6). In the swath profiles made on the surfaces of the alluvial fans, we identified an uplifted central block limited by both fault strands in a pop-up like structure. The vertical offset quantified for this central block is 2.0 ± 0.1 m in each profile (Figure 6A). In addition, we made swath profiles longitudinal to the channel thalwegs (Figure 5C). The western thalweg profile reveals an uplift of the central block of 2.0 ± 0.1 m with respect to the northern block and of 2.5 ± 0.1 m with respect to the southern block (Figure 6B). The central thalweg also records a 2.0 ± 0.1 m slip of the central block with respect to the northern block, while the vertical slip is insignificant with respect to the southern block (Figure 6C). Finally, the southern fault does not affect the eastern thalweg (Figure 5) and no vertical slip has been identified around the northern fault (Figure 6D). These results indicate that both faults form a pop-up structure, which loses vertical component towards the northeast. The average value of the vertical component of this structure may be quantified at 2.0 ± 0.1 m.
[image: Figure 6]FIGURE 6 | (A): Topographic profile of the mode value (swath profiles perpendicular to the traces of the faults). The dashed lines represent the trend lines (exponential regression with its corresponding function and constant) of the profile on both side of the faults. (B), (C) and (D): Topographic profiles of the minimum values (swath profiles longitudinal to the western, central and eastern thalwegs, respectively). The dashed line is the trend lines (exponential regression with its corresponding function and constant) of the profile on both side faults. Altitude measured in m. a. s l.
To estimate the strike displacement to northeast of this structure, homologous points have been identified on each side of the central block for the western and central thalwegs, and on both sides of the northern branch for the eastern thalwegs. The average lateral offsets measured on each thalweg are 60.43 ± 4.68 m, 59.84 ± 2.94 m and 63.35 ± 1.66 m, from southwest to northeast (Figure 5A). The analysis of objective and subjective qualities (Ferrater, 2016) of the three measurements indicates that are comparable and similar. Therefore, the offset of the northern fault is established from the average of all the measurements made on the three offsets (36 measurements). The uncertainty of measurement has been determined by calculating the mean standard error of the sample ([image: image], where σ is the standard deviation and N is the total sample number). Thus, the along-strike slip recorded in the Torreagüera alluvial fans is 61.21 ± 1.89 m.
With a vertical and along-strike slip of 2.0 ± 0.1 m and 61.21 ± 1.89 m, respectively (Table 1), the NE Segment of the Carrascoy Fault slip vector shows a clear dominant strike component in Torreagüera alluvial fans.
Dating the Deformed Units
The ages obtained by numerical dating methods for the upper calcretes of units B1 (RA-UT7: 164–184 ka), C (RA-UT3: 119.68–129.28 ka) and G (RA-UT2: 30.79–37.99 ka) (Uranium Series) and for the unit I silts (RA-OSL1: 25.90–29.70 ka) (OSL) from the Los Ramos quarry (Figure 3, Table 1) date the first depositional phase with offlap geometry (units A-B2) to the Middle Pleistocene, the onlap second phase (unit C) between the Middle Pleistocene and the Upper-Middle Pleistocene limit, and the offlap third phase (units D-I) after this limit to the top of the Upper Pleistocene.
The analysis of the calcretes age database of Spain SE may approximate the age of the non-numerically dated calcretes of the Ramos quarry (A and B2) as well as of the fluvial incision at Torreagüera. The frequency distribution curve of the ages of the calcretes displays 14 peaks or maximum frequency ranges for the last 220 ky (MIS1-MIS7) (Figure 7). The peaks are interpreted as the most likely periods of calcrete formation (C1-C14) in SE Spain (Almería and Murcia), although we expect there should be more ranges that were not included in this database because not all the existing calcretes have been dated. Comparing these peaks with global and regional marine patterns, like Benthic δ18O and Planktonic δ18O curves (Von Grafenstein et al., 1999; Lisiecki and Raymo, 2005), respectively, reveals the development of calcretes during all isotopic stages between MIS1 and MIS7, whether cold or warm. However, the comparison of the age of calcrete formation with the regional sea surface paleotemperature curve for the last and penultimate glacial-interglacial cycles (Martrat et al., 2004) provides a good correlation with millennial interstadials warm events identified in the Alborán Sea (Figure 8).
[image: Figure 7]FIGURE 7 | Frequency distribution of the geochronology of the SE Spain calcretes obtained by the U-Series method and published (pink line). The period of maximum frequency are interpreted as calcrete formation periods (C1-C14). Frequency distribution of the ages of the sediments (blue line) sampled along the Carrascoy Range and analyzed by OSL and 14C-AMS. Sedimentation periods (S1-S9). Frequency distribution of the ages of the paleosoils (red line) sampled along the Carrascoy Range and analyzed by 14C-AMS. Periods of formation of paleosoils (P1-P7).
[image: Figure 8]FIGURE 8 | Comparison of vertical slip rates (m/ky) (minimum values: blue line; mean values: black line; maximum values: red line) for the two hypotheses of the calcrete B2 age with the outcrop geometry (phase one: offlap (Rs < Rv), phase two: onlap (Rs > Rv), phase three: offlap (Rs < Rv) and phase four: overlap (Rs >> Rv), where Rs: sedimentation rate and Rv: vertical slip rate), the calcrete formation periods of the Spain SE (pink stripes, C1-C14), deposition and paleosoil formation periods around the Carrascoy Fault (blue and red stripes, respectively) and the paleoclimatic marine patterns.
Climate variations on a millennial scale have been documented during the last glacial in Greenland’s ice by Dansgaard et al. (1993), Grootes et al. (1993), and Andersen et al. (2004). These authors defined the Dansgaard/Oeschger (D/O) cycles or sequences of rapid warming (interstadials) and cooling (stadials) events observed in the Greenland profiles δ18O. Martrat et al. (2004) also identified Western Mediterranean sea surface temperature oscillations following a stadial-interstadial pattern from a continuous high-resolution alkenone record spanning the last 250 ky.
The 75% of the ages of the calcretes are correlated with the Holocene period and Alborán interstadials (AI2, 8, 11, 13, 21, 23, 25, 26, and AI3′-7′, 12′ for the last and penultimate climate cycles, respectively), except periods C2, C7 and C10 that correspond to the Alborán stadials (AS1, 16, 24, respectively) (Figure 8). It should also be noted that the period C13 includes several stadial-interstadial cycles due to the few overlapping age clusters (#2 samples) and the high uncertainty of these data.
To calibrate the results obtained from the ages of the calcretes, the numerical ages of sediments and paleosoils have also been incorporated into this correlation (Figure 7). They are deposits and clayey horizons (Bt) related to the Carrascoy Fault, whose numerical ages have been obtained by OSL and Radiocarbon Accelerator Mass Spectrometry (AMS) methods published in previous works (Insua-Arévalo et al., 2015; Martín-Banda et al., 2015; Martín-Banda et al., 2016).
The ages of alluvial sediments (S1-S9) and paleosoils (P1-P7) of the Carrascoy Range as well as regional calcretes (C1-C14) are well correlated (Figure 7). No overlaps between the different periods are observed, except for period C7 that is included within a large sedimentation stage (S8) (Figures 7 and 8). Although some periods of sedimentation are longer (S8 and S9), spanning several stadial-interstadial cycles, they are characterized by maximum cold events and minimum warm events. The comparison of the ages of sediments with the regional paleotemperature curve reveals a good correlation between the periods of sedimentation and the Alborán stadials (AS), while the age of the paleosoils, as well as the age of the calcretes, usually corresponds to the Alborán interstadials (Figure 8).
These results are consistent with conclusions of previous studies (Candy and Black, 2009; Boixadera et al., 2015; Moreno et al., 2015; Ferrater, 2016) suggesting that landscape stability and periods of calcrete formation in the Mediterranean region may be correlated with interglacial stages, and periods of fluvial incision and alluvial aggradation may be related to glacial stages and glacial-interglacial transition periods. In addition, the regional calcrete dates database has reduced the intrinsic uncertainty of the Uranium Series method which may be greater than 10 ky, depending on the sample. When many samples overlap the uncertainty is significantly reduced at intervals of several ky and even less than 1 ky, which allows us to refine the correlation between calcrete formation and fluvial incision processes with millennial warm and cold events, respectively.
DISCUSSION
Calcretes Age Database: Age of the Calcretes A and B2 and the Fluvial Incision
Based on the correlation between periods of calcrete formation and interglacial stages, the ages of calcretes A and B2 in the Los Ramos Quarry and the fluvial incision at Torregüera could be determined. The formation of calcrete A predates calcrete B1 (RA-UT7: 174 ± 10, Figure 3) i.e., the period C13 (146–172 ka). Therefore, it may correspond to an earlier interstadial (Figure 8): 1) to an interstadial between periods C13 and C14 (AI3′ to AI12′); 2) to the period C14 (202.9–215.3 ka); or 3) to an interstadial prior to period C14 (AI13′-AI15′). The age distribution curve of the calcretes does not show data between 183 and 196 ka (AI11′). This may indicate that the database could be incomplete and may point that not all calcretes in the region have been dated. Therefore, based on the available data, the most frequent ages of the pre-B1 calcrete correspond to period C14 (202.9–215.3 ka), being the most likely age range for the calcrete A (Table 1).
Calcrete B2 is younger than calcrete B1 and older than calcrete C (RA-UT3: 124.48 ± 4.8 ka, Figure 3) attributed to the period C12 (122–125.4 ka). The age of calcrete B1 is at the lower end of period C13. Therefore, calcrete B2 may have been developed during any interstadial younger than the age of calcrete B1 (AI1′-AI5′). Accordingly, two hypotheses may be established, it formed during (Figure 8, Table 1): 1) AI5’ (154–161 ka), the largest interstadial of period C13 above calcrete B1, and 2) AI1’ (132–138 ka), the most marked interstadial between periods C12 and C13.
The Torreagüera alluvial fans have been assigned by geomorphological correlation to the third generation alluvial fans in this sector of the Guadalentín Depression and deposited during the Upper Pleistocene (Figure 2) (Silva, 1994; Leyva et al., 2010). Due to the proximity of these alluvial fans to the Los Ramos quarry, their top calcrete could correspond to any one dated in the quarry belonging to the Upper Pleistocene (Table 1): the calcrete G (RA-UT2: 34.39 ± 3.6 ka, C4 period: 36–37.99 ka) and the calcrete C (RA-UTE3: 124.48 ± 4.8 ka, C12 period: 122–125.4 ka). Although they could also correspond to any of the periods of calcretes formation identified between both or even be more recent than the calcrete G (periods C3: 21.4–23.4 ka and C2: 11.77–12.81 ka), the similarity of the carbonation profile of Torregüera with the calcretes C and G and the lack of carbonate after unit I (27.8 ± 1.9 ka) in Los Ramos support the correlation of the Torreagüera calcrete with the calcrete G or C (Figure 8). The latter is located in the limit of the Middle-Upper Pleistocene, a period consistent with the penultimate glacial-interglacial transition, where the regional fluvial incision would be favourable.
Variation of the VSR in Los Ramos Quarry for the Last ∼210 ka
Once the vertical cumulative offset between the different stratigraphic markers of the progressive discordance in the Los Ramos quarry and their ages is estimated, we are able to estimate the VSR variation of the NE Segment of the Carrascoy Fault for the last ∼210 ka, assuming that the oldest deformed marker (calcrete A) was developed during the C14 period (AI12’). Considering a vertical cumulative offset of 71.59 ± 4.54 m for the last 210 ka (Table 1) the resulting VSR is 0.34 ± 0.02 m/ky (Table 2), equivalent to that estimated for the same period of time in the SW Segment of the Carrascoy Fault (0.37 ± 0.08 m/ky) (Martín-Banda et al., 2015).
TABLE 2 | Summary of the net slip rates estimated in the Torreagüera alluvial fans for the different hypothesis of the top calcrete age (hypothesis 1: calcrete G and hypothesis 2: calcrete C of the Los Ramos quarry). Vertical slip rates estimated in the Los Ramos quarry for these periods. Summary of the vertical slip rate variation estimated in the Los Ramos quarry. Summary of the net slip rate variation calculated for the NE Segment of the Carrascoy Fault based on the two hypothesis of the top calcrete age of the Torreagüera alluvial fans, considering the medium value of the sample ages (black numbers) and the maximum calcrete ages and minimum sediment age (green numbers and columns).
[image: Table 2]Whether by numerical or relative dating methods, the ages of all the deformed markers have been determined, except for the calcrete B2, which could be correlated with two interstadial (AI5’: 154–161 ka and AI1’: 132–138 ka). The evolution of the VSR for the last ∼210 ka is different depending on the hypothesis of the calcrete B2 age considered (Figure 8, Table 2). The VSR for the period A-B1 is 0.55 ± 0.19 m/ky. Hypothesis one assumes that the calcrete B2 was formed during AI5′, which provides a VSR of 0.79 ± 0.52 m/ky during the period B1-B2 and then decreases to 0.20 ± 0.06 m/ky until the formation of calcrete C (Middle-Upper Pleistocene limit). This last VSR remains similar during most of the Upper Pleistocene (0.21 ± 0.03 m/ky). Even though, this happens if we consider the maximum and medium values of the age range (red and black lines -hypothesis 1, Figure 8), while the minimum values (blue line -hypothesis 1, Figure 8) indicate a decrease of the VSR between the periods A-B1 and B1-B2, weakening the credibility of this hypothesis. On the other hand, hypothesis two considers that calcrete B2 was formed during interstadial AI1’. The results show that the VSR during period B1-B2 decreases (0.34 ± 0.10 m/ky) and afterwards, increases (0.63 ± 0.36 m/ky) until the development of calcrete C for the whole age range of the calcretes (red, black and blue lines -hypothesis 2, Figure 8), providing greater consistency to this hypothesis.
The variation of the VSR of both hypothesis has been compared with the geometry of the progressive discordance (rotational offlap-onlap) and the regional paleoclimate (Figure 8). Offlap geometries indicate lower sedimentation rates than uplift rates and, conversely, onlap geometries imply higher sedimentation rates than uplift rates (Suppe et al., 1992; Ford et al., 1997; Poblet et al., 1997; Storti and Poblet, 1997). In hypothesis 1, the increase in the VSR between markers A and B2 and the significant loss in thickness of the sedimentary bodies is coherent with the first offlap phase, as well as the following decrease in the VSR between markers B2 and C and increase in thickness of the unit C with the second onlap phase. However, the first increase in the VSR is only observed in the maximum and medium values of the range. The minimum values of the VSR decreases between markers B1 and B2. In hypothesis 2, the first offlap phase A-B2 occurs with a decrease in the VSR, but the drop in sedimentation appears to be greater than the decrease in VSR, which falls from 0.55 ± 0.19 m/ky to 0.34 ± 0.10 m/ky during this period. Later, although the VSR increases to 0.63 ± 0.36 m/ky, in this hypothesis it also coincides with the penultimate glacial-interglacial transition, a period of maximum sedimentation at the SE Spain (Candy and Black, 2009; Boixadera et al., 2015; Moreno et al., 2015; Ferrater, 2016), which could explain the onlap of unit C. The next offlap occurs with a drop in the VSR (0.21 ± 0.03 m/ky), but also during the warm MIS5, with a prolific development of calcretes and scarce sedimentation, supporting this geometry and giving consistency to hypothesis 2.
Estimating the NSR in the Torreagüera Alluvial Fans
The NSR of the NE segment of the Carrascoy Fault is estimated using the vertical and strike slips obtained in Torreagüera alluvial fans (Figure 5), as well as the age of the fluvial incision and the fault dip. Considering the age of the fluvial incision at Torreagüera during the penultimate glacial-interglacial transition, after the formation of calcrete C (124.48 ± 4.8 ka), the NSR obtained is 0.49 ± 0.02 m/ky (Table 2). Otherwise if the incision is correlated with the calcrete G (34.39 ± 3.6 ka), the resulting NSR is 1.78 ± 0.20 m/ky (Table 2), which is consistent with the SSR of 1.7–1.6 m/ky for the last 200 ky estimated in the Goñar-Lorca Segment of the Alhama de Murcia Fault (Ferrater, 2016) and with the VSR of 0.16–0.22 m/ky for the last 47–63 ky, distributed in all traces of its southern termination (Ortuño et al., 2012). These similar rates may support that the age of fluvial incision would postdate the development of the calcrete G, and, then, not correlated to the penultimate glacial-interglacial transition. However, the comparison of the NSR obtained in Torreagüera for two possible incision ages with those that would be obtained in the Los Ramos quarry for these ages (calcretes C and G) could shed light on the likely incision age as well as the NSR of the NE Segment of the Carrascoy Fault for this time.
Dependence of the Net Displacement Vector on the Geometric Characteristics of the Fault
The NE Segment of the Carrascoy Fault is a left-lateral fault dipping ∼85° to SE with variable reverse component depending on its orientation (Figure 2). At the Los Ramos quarry, with a N054E strike, the fault shows a progressive discordance, while in Torreagüera, with a N035E direction, it shows a clear dominance of the strike-slip component by lateral offsetting of incised fluvial channels. Therefore, the fault geometry strongly controls the spatial redistribution of strain when rupture occurs and its interaction with other adjacent structures (Cowie et al., 2012). On pre-existing reactivated faults, as the faults of the Eastern Betic Shear Zone, their current slip vector may differ along trace depending on their structural features i.e.,: fault strike, dip and length, as well as the relief or the rheology of the deformed materials.
However, the amount of net slip registered by a fault segment must be relatively constant along its entire trace during a certain time interval, (e.g. Choi et al., 2012). This implies that the slip vector also remains constant in time each fault section, as long as the regional stress field does not vary. Considering that the maximum horizontal shortening NNW-SSE has remained constant since Upper Miocene (Martínez-Díaz, 2002), the amount of NSR of the fault estimated in Torreagüera should be similar as that recorded in Los Ramos quarry during the same period of time.
The NSR may be estimated knowing the VSR together with the dip (β) of the fault and its slip vector rake (θ):
[image: image]
The NSR in Torreagüera has been calculated for two possible fluvial incision ages (Table 2): 1) 1.78 ± 0.20 m/ky considering the age of the calcrete G (RA-UT2: 34.39 ± 3.6 ka); and 2) 0.49 ± 0.02 m/ky when using the age of the calcrete C (RA-UT3: 124.48 ± 4.8 ka), whose formation occurs during the penultimate period of glacial-interglacial transition. With a vertical offset estimated of 2.0 ± 0.1 m (Table 1), the calculated VSR for both hypothesis is 0.06 ± 0.01 and 0.02 ± 0.01 m/ky (Table 2), and the resulting slip vectors rake is 1.9° and 2.4°, respectively, indicating pure left-lateral kinematics in both cases (61.21 ± 1.89 m along-strike offset, Table 1). However, the VSR calculated at Los Ramos quarry for both ages is 0.38 ± 0.09 and 0.26 ± 0.03 m/ky (Table 2) and the rakes of the slip vectors are 12.4° and 32°, respectively. The first rake indicates a slip vector close to pure left-lateral, while the 32° rake suggests a reverse left-lateral slip vector consistent with the deformation observed at the outcrop (a progressive discordance). The variation of the NSR obtained in the Los Ramos quarry for the last 210 ka, considering the age of the calcrete G (12.4° rake), shows periods with average NSR values higher than 2 m/ky and even 7 m/ky (Table 2). These values have been obtained taking into account the periods between medium age of every sample, as well as from the maximum calcrete ages and minimum sediment age. Since the convergence rate between the Eurasian and African plates is 4–6 mm/y (Argus et al., 2011; Serpelloni et al., 2007), these NSR values are not realistic for a fault within the Eastern Betic Shear Zone. However, if we consider the age the calcrete C as the incision age (32° rake), the average NSR values for all periods is less than 2 m/ky from the maximum calcrete ages and minimum sediment age, as we will discuss in the next section (Table 2). Therefore, the fluvial incision on the alluvial fans of Torreagüera occurred after 124.48 ± 4.8 ka (calcrete C) based on: 1) the correlation of the formation of calcrete C with the penultimate glacial-interglacial transition, favorable period for regional fluvial incision (Candy and Black, 2009; Boixadera et al., 2015; Moreno et al., 2015); 2) the correlation of the slip vector with the observed deformations; and 3) the NSR variation estimated in Los Ramos quarry.
NSR Variations on the NE Segment of the Carrascoy Fault for the Last 210 ky: Seismic Supercycles
Once we know the age of the fluvial incision at Torreagüera and the deformed markers at the Los Ramos quarry, as well as the slip vector in each place, we could estimate the NSR variation on the NE Segment of the Carrascoy Fault for the last 210 ka. This variation shows long periods of time (75–90 ky) with low slip rates (<1 m/ky), followed by short intervals (∼10ky) with high slip rates (>1 m/ky) (Figure 9, Table 2). This indicates a non-stationary seismic behavior with sudden accelerations during the last 210 ky, suggesting a cyclical seismic pattern.
[image: Figure 9]FIGURE 9 | Net slip rate variation (m/ky) on the NE Segment of the Carrascoy Fault for the last ∼210 ka obtained considering the average age of the samples (black horizontal lines) and the maximum calcrete ages and minimum sediment age (green horizontal lines). Vertical bars: uncertainty range of the net slip rates estimated (±1 standard deviation in both cases). Supercycles interpreted (red horizontal lines).
Given that the estimated NSR between periods A-B1 (1.04 ± 0.36 m/ky) and B1-B2 (0.64 ± 0.19 m/ky) show the overlap of their uncertainty ranges, the first long and slow phase observed (0.84 ± 0.20 m/ky) extends between the formation of calcretes A and B2 (74.1 ± 15.73 ky). This phase with slip rates less than 1 m/ky is followed by a shorter and more rapid phase between the development of the calcrete B2 and C (10.52 ± 5.66 ky) with slip rates of 1.19 ± 0.68 m/ky. A new slow phase (0.4 ± 0.06 m/ky) with a long duration (90.09 ± 6 ky) is observed between the formation of the calcretes C and G, followed by a faster and shorter phase between the development of the calcrete G and the silty deposits of unit I (6.59 ± 4.07 ky) with a NSR of 3.03 ± 1.95 m/ky. Finally, a current phase seems to be in progress with the lowest values of NSR (0.19 ± 0.13 m/ky). All these NSR values are represented in Figure 9 by black horizontal lines. The vertical lines located in its extremes show the range of error of these estimates.
The average and maximum range of the NSR of the last identified rapid phase (3.03 and 4.98 m/ky) are unlikely values for the Eastern Betic Shear Zone and may be overestimated due to the comparisson of ages of two elements with different geological significances. The age of the calcretes implies a maximum age of displaced unit, since they are equilibrium surfaces originating after the deposit. In contrast, OLS dates may provide minimum ages of the deformated surface, since the sediments deposited before the surface stabilization. Therefore, the NSR has been recalculated considering the maximum age of all the calcretes and the minimum age of the silts of the unit I (green dashed horizontal lines in Figure 9 and green columns in Table 2). The calcrete B1 is an exception, where the average value has been considered because it coincides with the maximum age of period C13 to which it belongs (Figure 8). The maximum age of the calcrete C, correlated with the top calcrete of the alluvial fans of Torregüera is more accurate, since it is before the limit of Middle-Upper Pleistocene, when the fluvial incision that postdates the development of this calcrete takes place. The NSR variation obtained for these ages shows the same cyclical behavior previously discussed. However, there are some differences: 1) closest NSR values in the periods A-B1 and B1-B2; 2) NSR differences between the first slow phase (0.79 ± 0.14 m/ky) and the first rapid phase (1.45 ± 0.3 m/ky) more marked; and 3) an NSR of 1.65 ± 0.31 m/ky in the last rapid phase, credible for the Eastern Betic Shear Zone.
Therefore, large supercycles, in the sense of the cycles defined by Sieh et al. (2008), are observed in this slow-slip fault, formed by a long phase with low slip rates, followed by a short phase with higher slip rates. At least, two complete cycles are observed for the last 210 ka (Figure 9). The last of ∼103 ky (from ∼129 to ∼26 ka), consisting in a long period of ∼91 ky with NSR values 0.40 ± 0.04 m/ky followed by a short period of ∼12 ky with a NSR of 1.65 ± 0.31 m/ky. Regarding the lasting of this complete supercycle, other possible complete previous one of ∼86 ky (from ∼215 to 129 ky) has been identified. It shows a similar pattern: a long period of ∼77 ky with higher NSR values (0.79 ± 0.14 m/ky) than those of the subsequent complete supercycle, and a short period of ∼9 ky with a slightly lower NSR (1.45 ± 0.30 m/ky).
Regarding the variation of the NSR values during the periods with slow slip rates, along the last 210 ka, we can observe a tendency to a decrease. Nevertheless, the only two complete observed supercycles suggests a pattern in which the lower the NSR values during the long period, the higher the NSR values at the end of the supercycle. Rates of the short phase are higher when rates of the short phase are lower and its duration is longer. The supercycles duration seems to increase over time. According to this pattern, the current phase, with the lowest NSR (0.20 ± 0.14 m/ky) registered for the study time period, could be part of a supercycle with a longer period with slow slip rate, or at least similar, to the long period of the last complete supercycle (∼91 ky). Likewise, a following short period with higher NSR than 1.65 ± 0.31 m/ky could occur during the next 75 ky. However, in areas of crustal deformation where there are several slow-motion active faults, the NSR of a fault may vary spontaneously about mean NSR by stress transfer to adjacent faults with the occurrence of an earthquake, (e.g. Cowie 1998; Robinson et al., 2009), changing the seismic cycle of the involved faults.
Implications of the Obtained Results within the Eastern Betic Shear Zone
The recorded NSR variations for the last 210 ka in the NE Segment of the Carrascoy Fault may be related to interactions with other faults of the Eastern Betic Shear Zone. The comparison of slip rates obtained in the NE Segment of the Carrascoy Fault with those estimated in other faults of the Eastern Betic Shear Zone (Figure 10) could reveal similar seismogenic patterns and possible synchronies between different faults.
[image: Figure 10]FIGURE 10 | Summary of slip rate values available for faults belonging to the Eastern Betic Shear Zone with indication of the time interval (modified from Ferrater, 2016). NSR: net slip rate. SSR: strike slip rate. VSR: vertical slip rate. CF: Carboneras Fault (Moreno, 2011; Moreno et al., 2015; Echeverría et al., 2015). PF: Palomares Fault (Weijermars, 1987; Booth-Rea et al., 2003; García-Mayordomo, 2005). AMF: Alhama de Murcia Fault (Ortuño et al., 2012; Ferrater, 2016). LTF: Los Tollos Fault (Insua-Arévalo et al., 2015). CAF: SO (Martín-Banda et al., 2015). BSF: Bajo Segura Fault (Alfaro et al., 2012; Borque et al., 2019). HSR (Geodetic) blank: horizontal slip rate of the set Alhama de Murcia Fault and Palomares Fault (Echeverria et al., 2013).
The comparison of NSR values obtained from other sources over different timescales usually presents discrepancies, (e.g. Oskin et al., 2008; Cowgill et al., 2009). From the morphotectonic and 3D-trenches paleoseismological analyses, SSR of 1.6–1.7 m/ky and 0.9 ± 0.1 m/ky have been obtained in the Goñar-Lorca and Lorca-Totana segments of the Alhama de Murcia Fault for the last ∼200 ka and ∼30 ka, respectively (Ferrater, 2016). The SSR value for the last ∼30 ka seems consistent with recent geodetic data that suggest a SSR for the set of Alhama de Murcia and Palomares faults of 1.5 ± 0.2 mm/y (Echeverria et al., 2013), of which one third may be absorbed by the Palomares Fault (Ferrater, 2016). This rate for the Palomares Fault is lower than the 2 mm/y estimated for the last 7 Ma by Weijermars (1987), based on the slip inferred from geological materials located along its trace. Likewise, it is much higher than the rate of 0.04–0.10 m/ky discussed by García-Mayordomo (2005) from vertical displacements measured in alluvial deposits (Thyrrenian terraces) (Booth-Rea et al., 2003). In any case, for the geodetic data to be consistent with those of Weijermars (1987), the Palomares Fault slip rate may have decreased over time, supported by the tectonic inversion that experienced the region around 5 Ma (Messinian) (Ott D’Estevou and Montenat, 1985).
It can be seen, therefore, that the long-period rates are higher than recent shorter-periods rates (Ferrater, 2016). However, for the Carboneras Fault, Moreno et al. (2015) calculated a SSR of 1.31 m/ky for the last 1,000 years in trenches dug onshore, and 1.3 m/ky for the last 130 ky, 1.8 My or 3.6 My from offset submarine channels. These estimates are consistent with the 1.3 ± 0.2 mm/yr geodetic rate obtained in the area by Echeverria et al. (2015). On the other hand, the NSR obtained in the NE Segment of the Carrascoy Fault for the last 34.39 ± 3.6 ka is 0.72 ± 0.17 m/ky, similar to the NSR of 0.64 ± 0.04 m/ka calculated for the last 210 ka also in the NE Segment and to the SSR of 0.9 ± 0.1 m/ky of the Lorca-Totana Segment of the Alhama de Murcia Fault for the last 30 ka, if we assume that the contribution of the vertical component to the net slip of this last segment is not significant. The similarity of rates estimated in the NE Segment and in Lorca-Totana Segment of the Alhama de Murcia Fault could indicate the occurrence of composite maximum earthquakes in both segments during the last ∼30 ka. The SSR estimated in the Alhama of Murcia for the last 200 ka could represent the average rate of similar cycles to those identified in the Carrascoy Fault.
Estimated NSR in southwestern faults of the Eastern Betic Shear Zone are higher and with a clear domain of the lateral component than those in the northeastern faults, which show a progressive increase in the vertical component to the NE depending on their trends. The estimated NSR by Insua-Arévalo et al. (2015) in the Los Tollos Fault is of 0.15 ± 0.03 m/ky for the last ∼9 ky with a rake of 15°SW. The rake of the slip vector of the faults is higher when the strike of the faults planes becomes E-W. Thus, the obtained NSR in the NE Segment of the Carrascoy Fault of 0.64 ± 0.04 m/ky for the last ∼210 ky is distributed in 0.55 ± 0.04 m/ky of lateral component, lower than that estimated in the Goñar-Lorca Segment of Alhama de Murcia Fault for the last 200 ka by Ferrater (2016), and in a vertical component of 0.34 ± 0.02 m/ky higher than estimated by Ortuño et al. (2012) for the same segment (0.16–0.22 m/ky) during the last 47–63 ky. However, the vertical component estimated in the NE Segment is consistent to that calculated by Martín-Banda et al. (2015) in the SW Segment of the Carrascoy Fault of 0.37 ± 0.08 m/ky for the last 210 ka. In this segment, the continuous and differential folding of the Carrascoy Range and the generation of a recent forward reverse strand indicate a clear domain of the vertical component.
The northernmost segments of the Alhama de Murcia Fault have a low geomorphological expression indicating that their Quaternary activity decreases towards the NE, and may be transferred to the Carrascoy Fault in this sector (Martínez-Díaz et al., 2012). However, considering that the slip rate values obtained in the Carrascoy Fault are lower than those from the southernmost faults, a distribution of the deformation between northern segments of Alhama de Murcia and Carrascoy faults could also be interpreted.
Finally, the lowest slip rates of the Eastern Betic Shear Zone are registered in its northernmost end, represented by the Bajo Segura Fault, where Alfaro et al. (2012) have calculated a VSR of 0.1–0.3 m/ky for the whole Quaternary. However, recently published geodetic data reveal a maximum shortening rate (NNW-SSE) that varies progressively from 0.2 to 0.7 mm/yr from W to E along the Bajo Segura Fault. Part of this deformation may be accommodated in the External Betic and Cartagena Basin, as well as in its offshore region (Borque et al., 2019).
The comparison of the slip rates of the faults of the Eastern Betic Shear Zone suggest that the deformation absorbed by the shear zone during the last ∼210 ky and the dominance of the lateral component decrease progressively towards the NE. This is due to the increase of the distribution of the deformation among a larger number of faults and segments. The number of faults absorbing the deformation also seems to affect slip rate values at different timescales. The Carboneras Fault, the only fault at the SW tip of the Eastern Betic Shear Zone, with a constant SSR for the last 3.6 My suggests this.
Recent magnitude-frequency models (Gómez-Novell et al., 2020), transfer of Coulomb stress models (Álvarez-Gómez et al., 2018) and earthquake simulators (Herrero-Barrero et al., 2019) reveal the possibility to occur simultaneous ruptures of different Eastern Betic Shear Zone faults, as long as their seismic cycles are synchronized at the time of rupture. In addition, the small gap (<3–4 km) between the Carrascoy Fault and Bajo Segura Fault may not act as rupture barriers and allow the propagation of the rupture from one fault system to the other, as supported by different studies (Boncio et al., 2004; Field et al., 2014; Biasi and Wesnousky, 2016).
Future studies at the Eastern Betic Shear Zone should be aimed at obtaining as much geological and paleoseismic data as possible from the least studied segments (the Palomares Fault and northern segments of the Alhama de Murcia Fault), as well as analyzing possible supercycles of shear zone faults. Recently, Salditch et al. (2020) proposed a model to simulate supercycles in a paleoseismic fault record (Long-Term Fault Memory, LTFM), applicable to complex fault systems, as well as for different geodynamic contexts, which could shed light on this field.
CONCLUSIONS
A detailed morphotectonic analysis of offset channels incised on alluvial fans, together with the reconstruction of a fault-propagation fold, have been used for estimating recent slip episodes in the NE Segment of the Carrascoy Fault, one of the main faults of the Eastern Betic Shear Zone.
The good correlation between periods of calcrete formation inferred from a regional database of calcrete dates compiled for this work and interstadials (millennial warm events) identified in the Alborán Sea for the last 250 ky, allowed us to date in relative terms the top calcrete on which the offset channels are incised, as well as some calcretes forming a progressive discordance related to a fault-propagation fold.
A net slip rate of 0.49 ± 0.02 m/ky has been obtained for the NE Segment of the Carrascoy Fault since the fluvial incision age (after 124.48 ± 4.8 ka; Middle-Upper Pleistocene limit), as well as the variation of the vertical slip rate for the last 210 ky.
The different deformation styles observed along the NE Segment of the Carrascoy Fault trace reveal the control that fault geometry plays in the distribution of slip vector components. However, assuming that the accumulated net slip registered during a given time interval at very close sites should be similar, we estimated the variation of the net slip rate for the last 210 ky. The estimated variation of the net slip rate indicates a pattern of cyclic seismic behavior of the NE segment of the Carrascoy Fault: large supercycles, formed by a long phase (70–90 ky) with low slip rates (<1 m/ky), followed by a short phase (∼10 ky) with higher slip rates (>1 m/ky). Two observed complete supercycles have allowed us to infer: 1) the duration of supercycles increases with time, and 2) the slip rates of the short phase are higher when the slip rate of the precedent long phase is lower.
The short periods with higher slip rates identified in the NE segment of the Carrascoy Fault could be an effect of stress transfer due to earthquake events occurred in adjacent faults. The unavailability of such a continuous slip rate record for other faults of the Eastern Betic Shear Zone precludes any interpretation of possible synchronization among faults.
The comparison of slip rates along the Eastern Betic Shear Zone suggests that the lateral component of the slip vector progressively loses dominance from southwest to northeast. Furthermore, the slip rate of the Carboneras Fault, in the southwestern part, remains stationary, while in the faults of the northeastern part it varies over time. These variations seem to be controlled by the distribution of the deformation among a larger number of faults towards the northeast.
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We developed a forward model using the Trishear module in MOVE to better understand the structure of the northwestern San Fernando Valley and the relationship among the Santa Susana, Hospital, Mission Hills and Northridge Hills faults. This study was motivated by the 1971 San Fernando earthquake and previous work that inferred a high slip rate on the Santa Susana fault, which is in apparent contrast to the lack of significant geomorphic expression of the fault in the Sylmar Basin region. We trenched the Mission Hills anticline from the crest to the base of slope and demonstrate that the Mission Hills anticline is an actively growing fault propagation fold. The associated thrust tip is either deeper than 15 m or sufficiently far to the south that the fault was not encountered in large diameter borings, but the minimum structural relief across the Mission Hills fault since the late Pleistocene is on the order of 37 m, suggesting a minimum uplift rate of 0.5 mm/yr. Our work presents a structural analysis that demonstrates how the Santa Susana fault system evolved in time, with the frontal thrust progressively migrating southward to the Mission Hills fault, and farther south to the Northridge Hills blind thrust. The progression of faulting towards the direction of vergence is compatible with the observed thrust front migration in the western Transverse Ranges of California, and other trust belts around the world.
Keywords: Trishear, Mission Hills Fault, Sylmar basin, Transverse Ranges, Hospital Fault, santa susana fault, Mission Hills Fault, Pleaoseismic trench
INTRODUCTION
Estimating the fault structure, and identifying earthquake sources in tectonically active regions is essential for hazard assessment and reliable ground motion modeling. Two of the most devastating earthquakes in southern California occurred in the San Fernando Valley: the 1971 Mw 6.7 San Fernando and 1994 Mw 6.7 Northridge earthquakes. Each of these events resulted in many millions of dollars in damaged infrastructure along with 60 causalities and thousands were wounded. Both earthquakes exhibited an oblique thrust focal mechanism, but indicated slip on fault planes with opposing dip (Hauksson et al., 1995; Oakeshott, 1975; Whitcomb et al., 1973). The 1971 San Fernando earthquake ruptured the ground surface around the Sylmar basin, which is located in the northern part of the San Fernando Valley (Figures 1, 2) (Oakeshott, 1975). The Northridge earthquake originated on a 35-degrees south dipping thrust at a depth of 19 km on a fault that was unknown prior to the earthquake (Hauksson et al., 1995). No surface rupture was produced as a result of the Northridge earthquake, and the little ground deformation that was reported was located on a secondary structure or due to shaking effects (Woods and Seiple, 1995).
[image: Figure 1]FIGURE 1 | A regional fault map of Southern California, USA. Location of our study area is marked by a black rectangle. The relative motion of the Pacific and North American plates (marked by the arrows) is right lateral and is on the order of 45–50 mm/yr. The Transverse Ranges, located south of the big bend of the San Andreas Fault, accommodate the shortening resulting from the geometry of the big bend. Faults are marked by red and orange lines.
[image: Figure 2]FIGURE 2 | A geological map of the northern San Fernando Valley, modified from Campbell et al., (2014). The stratigraphic column is showing only the mapped units; for a descriptive stratigraphic column of the San Fernando Valley, see Figure 3. The location of the cross section in Figure 4 is marked by the dashed black line. The location of Figure 5C is marked by the dashed rectangle. The location of the trench in Figure 6 is marked by a black arrow.
Mori et al. (1995) relocated aftershocks of the two earthquakes and showed the presence of two conjugate planes where the San Fernando plane cuts the Northridge plane and prevents it from reaching the surface. Later work (Tsutsumi and Yeats, 1999; Fuis et al., 2003) suggested that the San Fernando fault zone extends at depth southwestward of the 1971 surface breaks to the Northridge Hills fault and the Mission Hills fault, with the Santa Susana, Hospital and Sierra Madre faults interpreted as upward splays from the underlying décollement. The traces of the Mission Hills and Northridge Hills faults go through major infrastructure and residential areas in the greater Los Angeles region, and thus studying these faults is important.
The subsurface of the northern San Fernando Valley has been extensively studied (Shields, 1977; Davis and Namson, 1998; Tsutsumi and Yeats, 1999; Fuis et al., 2003; Langenheim et al., 2011). However, there are two hypotheses for the formation of the Sylmar basin, which is a small, deep basin at the Northern San Fernando valley. Tsutsumi and Yeats (1999) suggested that the thick accumulation of Plio-Pleistocene sediments in the Sylmar basin is a result of a near-surface expression of the forelimb of the fault propagation fold related to the blind, south-dipping Northridge fault. Langenheim et al. (2011) proposed that the deeply buried Miocene Verdugo-Canyon fault played a role in the formation of the basin. Neither are presented in the literature with satisfactory observations or modeling and are therefore not conclusive. Our structural model, in combination with the observations we review in this paper, demonstrate why the later hypothesis is more defendable.
In current earthquake risk assessments, the Santa Susana fault in the northern San Fernando Valley has one of the highest reported average slip rates in the Transverse Ranges, although with very large uncertainties (Field et al., 2014). The estimated geologic rate for the Santa Susana fault system is 0.5–10 mm/yr and it is based on structural analysis (Huftile and Yeats, 1996; Field et al., 2014). The calculation of the slip rate used ﻿magnetic stratigraphy of the fine-grained Saugus and Pacoima strata, with ages of 2.3 and 0.5 Ma for the base and top of the Saugus Formation and base of the Pacoima Formation, respectively (Levi and Yeats, 1993). Petersen and Wesnousky (1994) included the slip rate of the Santa Susana fault (2–8 mm/yr) in their review of active faults in Southern California, and indicated the lack of reported Holocene movement on the fault. Inverted geodetic and geological data in the western and central Transverse Ranges, using a kinematic model consisting of faults embedded in an elastic crust over an inviscid mantle, yield slip rate estimates of 2–6 mm/yr for the Santa Susana fault (Marshall et al., 2017; Johnson et al., 2020), and Yeats (1987) reported movement on a small segment of the fault during the 1971 earthquake. However, an exploratory trench study (Lung and Weick, 1987) speculated that no slip has occurred on the Santa Susana fault during the past 10,000 years, at least at their excavation site. These reported slip rates are much higher than the erosion rate in the San Gabriel Mountains 0.035–1.1 mm/yr (DiBiase et al., 2010), which is significant when considering the faults geomorphic expression.
Our recent work in the Western Transverse Ranges (Levy et al. 2019) showed how the southward verging system evolved in time. Marshall et al. (2017) summarized the slip rates of major faults in the Western and Central Transverse Ranges, and demonstrated how connectivity and variations in geometry can change the estimated slip rate in the Western Transverse Ranges. In this paper, we present new paleoseismic trenching observation on the Mission Hills fault, and a structural analysis that shows how the Central Transverse Ranges have experienced a similar deformational history to the Western Transverse Ranges during the period of shortening that has been occurring since the Pliocene (Shields, 1977; Dibblee, 1982a; Atwater, 1998). This structural analysis can add to the discussion on slip distribution along the different faults in the northern San Fernando region (e.g., Burgette et al., 2019; Davis, 2016; Numeric Solutions LLC, 2019; Reed et al., 2019), help reduce the large uncertainty on slip rates for some of these faults, and further our understanding of the formation Sylmar basin. Our results and the observations we discuss in this paper suggest that the slip rate of the Santa Susana fault system has been overestimated by prior investigations and that the observed strain might now be accommodated by the Mission Hills and Northridge Hills faults, which lie to the south of the Santa Susana fault.
MATERIAL AND METHODS
Geological Background
The San Fernando Valley is a Neogene basin in the Central Transverse Ranges of Southern California. The San Gabriel mountains that bound the basin in the north were formed by the compressional deformation regime attributed to the big bend of the San Andreas fault, located north of the San Gabriel Mountains and the San Gabriel fault zone (Dibblee, 1982a). A sedimentary and volcanic sequence of Cretaceous through Pleistocene rocks is present beneath extensive late Quaternary alluvium in the San Fernando Valley (Shields, 1977) (Figure 3). The Sylmar sub-basin, located at the northern end of the San Fernando Valley (Figure 2), is bounded by the Mission Hills and Mission Wells faults in the south and by the segments of the Santa Susana—Hospital—Sierra Madre fault system in all other directions. Gravity modeling suggests that the sediment thickness in the northern part of the Sylmar basin is 5–8 km (Langenheim et al., 2011).
[image: Figure 3]FIGURE 3 | Stratigraphic column (Modified from Shields, 1977) of the geological formations in the northern San Fernando Valley.
[image: Figure 4]FIGURE 4 | An interpretive geological cross section (location in Figure 2) with no vertical exaggeration. Close to the surface the well the section contains observations. The deep part of the section is our interpretation based on the model in Figures 5, 7 and geophysical observations (Langenheim et al., 2011). The steepened near-surface expression of the Mission Hills fault may result, in part, by motion on the Northridge fault which produced the Northridge earthquake. The black and blue stars are qualitative projections of aftershocks of the 1994 Northridge and 1971 San Fernando earthquakes respectively.
Stratigraphy
In this section, we present a short summary based on previous studies (Shields, 1977; Dibblee, 1991; Tsutsumi and Yeats, 1999; Langenheim et al., 2011; Campbell et al., 2014) of the stratigraphy of the San Fernando Valley (Figure 3). We follow the naming convention of Dibblee (1991) and specify additional names where the nomenclature in the literature can be confusing. We then present the relevant structures for our structural modeling and discuss the geological history.
The underlying basement of the San Fernando Valley is composed of Precambrian gneiss and Mesozoic intrusive rocks, which are exposed in the mountains north of the basin. Upper Cretaceous sedimentary rocks are exposed in the western boundary of the basin; the upper contact was encountered in a well (Well #2 in Figures 2, 4) but the thickness of these units is unknown. The Cretaceous rocks are predominantly marine sandstone with igneous and metamorphic cobbles (Shields, 1977; Langenheim et al., 2011). Paleocene and Eocene marine clastic rocks overlay the Cretaceous units in angular unconformity.
The Paleocene and Eocene sequence is exposed or penetrated by wells only in the Simi Hills, Chatsworth Reservoir and Horse Meadows Reservoir, which is located west of our focus area (Shields, 1977; Langenheim et al., 2011). The Paleogene Simi Conglomerate of the Calabasas Formation is overlain by the Santa Susana Formation with an angular unconformity. The Santa Susana and Llajas Formations are both siltstone with layers of sandstone. The contact between the Santa Susana-Llajas sequence with the overlying Topanga Formation is an angular unconformity of less than 10° in the San Fernando Valley (Shields, 1977).
The Topanga Formation is of mid-Miocene age and consists of marine clasts and grades eastwards into non-marine beds at the base. The middle units include extrusive basalts and fragmental volcanic rocks interbedded with sandstone. The upper Topanga Formation includes interbeds of marine sandstone and siltstone. The Topanga- Monterey contact in Aliso Canyon is conformable. The Monterey Formation (referred to as the Modelo in some studies) is exposed in Mission Hills (Figure 2) and was penetrated by wells in the subsurface throughout the region, with the exception of the northern part of the Sylmar basin. The Monterey Formation is thinly bedded diatomaceous marine shale with chert, siltstone, graded sandstone and laminated sandstone. Analysis of foraminifera indicate a middle- to late-Miocene age (Shields, 1977). Conformably overlying the Monterey Formation is the Towsley Formation, which includes poorly sorted sandstone strata, interbedded with shale and siltstone layers. It is of late-Miocene to early-Pliocene age ranging from 6 to about 3 Ma, where the Miocene-Pliocene boundary is at about 5 Ma (Boellstroff and Steineck, 1975). The contact with the overlying Pico Formation (referred to as Fernando in some studies) is generally conformable. The Towsley Formation is very thick along the Sylmar basin and it thins to the west and southwest. North of the Hospital fault, along its western portion, the lower Pliocene Towsley Formation unconformably overlies gneissic basement rocks.
The marine Pico Formation consists of sandstone and siltstone with layers of conglomerate. Wells in the Mission Hills area indicate two dominant facies within the Pico Formation: an upper, coarse-grained facies and a lower silty facies that may represent a regressive sequence. The Saugus Formation is divided into a lower shallow-water Sunshine Ranch member and an upper non-marine member. The upper member is composed of a coarse-grained sandstone and conglomerate that contains cobbles derived from the San Gabriel Mountains. The upper 9–20 m of the Saugus Formation includes sandstone and shale cobbles derived from the Monterey and Towsley Formations. In the Sylmar Basin, a well penetrated over 3 km of Saugus deposits. The Pacoima Formation overlies the Saugus in several locations and consists of alluvial gravel and sand derived from adjacent mountains to the north.
Figure 2 presents part of the map by Campbell et al. (2014) who mapped Quaternary units based on geomorphic expression, supplemented by description of the subsurface materials in numerous boreholes from throughout the valley area. Quaternary alluvial fans are presented in stratigraphic order in Figure 2, and show the deposition of young alluvial fans occurring south of the Mission Hills fault and that the Santa Susana fault is not producing young alluvium, as expected if the fault has mostly ceased motion and considering the estimated erosion rates of the region (Scott and Williams, 1978).
Structure
The shallow subsurface structure in the San Fernando Valley has been studied extensively (e.g., Shields, 1977; Davis and Namson, 1998; Tsutsumi and Yeats, 1999; Langenheim et al., 2011), but these structural models, with the exception of Davis and Namson (1998) do not attempt to model the deeper underlying structure.
Tsutsumi and Yeats (1999) divided the late Cenozoic faults into three groups, inactive Miocene normal faults, inactive reverse Pliocene faults (pre-Saugus) and Quaternary (post-Saugus) active faults. We focus our discussion to faults relevant to our study area.
The north Leadwell fault system (Figure 2) consists of a number of north-dipping normal faults. Langenheim et al. (2011) interpreted a seismic reflection profile with well constraints that shows the Leadwell fault zone offsetting basement and the top of the Topanga Formation just south of the Northridge Hills anticline. They interpret the Miocene to Quaternary units to be offset in reverse sense under the Northridge Hills by the northernmost fault in the system. The subsurface contacts north of the Mission Hills fault seem to be dipping and thickening north towards the fault (Langenheim et al., 2011). In their geological cross section, Langenheim et al. (2011) did not include the reverse sense of slip for the north Leadwell fault zone.
The Hospital fault is located between the Sierra Madre fault system, and the northeastern step of the Santa Susana fault (Figure 2). The Hospital fault exhibits reverse sense of motion and places basement or Towsley and Pico Formations in the hangingwall over the Quaternary sediments to the south, bounding the Sylmar basin on the north (Figure 2). The Hospital fault slipped a small amount (10–15 cm) during the 1971 earthquake, but this motion has been interpreted as the result of flexural slip as most of the surface deformation was located to the south (Lindvall and Rubin, 2008).
The Santa Susana fault is interpreted as an inverted normal fault (Huftile and Yeats, 1996) based on thickening of Towsley Formation towards the currently uplifted block and its absence from the other side of the fault: such a relation requires basin inversion. The Santa Susana fault is located well up on the hillside with bedrock in both the hanging and footwalls, rather than at the topographic break, indicating deformation and uplift of the footwall block of a deeper fault (Huftile and Yeats, 1996). This is similar to the San Cayetano fault in the Fillmore basin of the Western Transverse Ranges, where a southward propagation of the thrust system has been interpreted for the regional scale (Levy et al., 2019) and locally (Rockwell, 1983; Hughes et al., 2018; Hughes et al., 2020).
The Mission Hills fault is a steeply north-dipping reverse fault penetrated by wells located at the edge of the Mission Hills and its associated narrow anticline (Figure 2). The Mission Hills fault continues west, where it parallels the Santa Susana fault for about 2.5 km to the south of it, along the foothills of the Santa Susana Mountain range. It places Miocene rocks in the hangingwall over late Quaternary sediments in the footwall. An additional associated fault is the Mission Wells fault that ruptured to the surface during the 1971 earthquake (Oakeshott, 1975; Dibblee, 1991), and seems to be stepping north from the Mission Hills fault. There are additional smaller backthrusts and splays associated with the Mission Hills fault. We expand more on the Mission Hills in the following section.
The Northridge Hills fault and its associated anticline are located south of the Mission Hills fault. Baldwin et al. (2000) observed folding of young surficial deposits across the Northridge Hills fault that was interpreted as incremental fold growth produced by fault propagation. The surface expression is very minor, but the fault is observed in the subsurface (Shields, 1977; Baldwin et al., 2000; Langenheim et al., 2011). Shields (1977) and some of the later work (e.g., Langenheim et al., 2011) interpret it as a high angle reverse fault without assigning an actual dip to the fault. However, the cross sections presented in these papers (Shields, 1977; Tsutsumi and Yeats, 1999; Langenheim et al., 2011) show only the upper tip of the fault dipping at about 30° north. It has been suggested that the Northridge Hills fault and the Mission Hills fault merge at depth into a decollement (Tsutsumi and Yeats, 1999; Fuis et al., 2003); this relationship has not been observed but nevertheless seems likely considering the proximity and dips of the Mission Hills and Northridge Hills faults (Fuis et al., 2003).
A study (Fuis et al., 2003) that combined seismic imaging from the lower, middle and upper parts of the crust along with relocated aftershocks for the 1971 and 1994 earthquakes argues for a decollement extending north from the Northridge Hills fault close to the surface to as far north as the San Andreas fault.
Geomorphology
Landscapes experiencing active base level fall, as occurs in virtually all onshore normal and thrust fault terrains, display a common set of landforms that relate to their type of faulting and level of activity (Bull and McFadden, 1977; Keller and Rockwell, 1984; Rockwell et al., 1985; Bull, 2008). Vertical displacements on reverse and thrust faults result in relative base level fall that invokes incision in the uplifted regions and deposition along the mountain front (Bull, 2008).
Bull and McFadden (1977) and Bull (1977) used a three-part classification to identify tectonically active mountain fronts and to determine spatial patterns of late Quaternary deformation in Southern California. The mountain front class assignment is dependent on a number of factors in addition to uplift rate. These include the hardness or erodibility of the hanging wall rock, local and regional climate, vegetation type and density (a by-product of climate) and related factors (Bull, 2008). Class 1 thrust fronts are documented worldwide and generally require uplift rates in excess of 1 mm/yr (Keller and Pinter, 1996). Typical landforms along rapidly uplifting mountain fronts (class 1 front) are alluvial fans with fan-head deposition, presence of fault scarps along the front, low range-front sinuosity, low valley and height/valley width (Vf) ratios because most of the stream power is devoted to incision (Bull, 2008). The fault generally produces alluvium from erosion of the hangingwall, and overrides the alluvium in the footwall. For mountain fronts with low uplift rates, stream power and critical power (Bull, 1979) is matched for significant periods of time such that a substantial amount of stream power is used for incision into the downthrown block, resulting in fan-head incision, more sinuous mountain fronts due to lateral cutting, higher Vf ratios and in many cases, the lack of young fault scarps along the range front (class 2 front) (Bull, 2008). Stable tectonic environments (no base level fall) are typified by landforms that represent very low-energy environments where erosion is balanced with the lack of relative uplift. Stream power and critical power are balanced over long time periods to transport the meager amount of sediment supplied from the drainage basins, with the formation of broad pediments (class 3 front) (Bull, 2008).
The Santa Susana thrust fault displays characteristics of a class 2 front. Strands of the fault crop out along the hillslope with no apparent young alluvium in the footwall below the fault, which implies that the rate of erosion exceeds the rate of slip. The alluvial fans along the range front are old and all are incised (fan-head incision) and the younger alluvium is deposited to the south (Figures 2, 5), indicating that the uplift front has migrated southward. There is an obvious lack of young scarps associated with the surface traces of the fault, leading previous workers to suggest a complete lack of Holocene activity (Oakeshott, 1975). All of these characteristics indicate either a very low slip rate or that the fault has ceased activity altogether.
[image: Figure 5]FIGURE 5 | Oblique view from west and east (A,B, respectively) of the geological map in Figure 2 projected on a Digital Elevation Model (DEM) with a vertical exaggeration of 5. The young alluvium is almost entirely being deposited south of the Mission Hills fault. The Sylmar Basin is higher in elevation than the San Fernando Valley, which suggests it is being uplifted by an underlying thrust. In caption C: enlarged geological map (Dibblee, 1991) of the Mission Hills and trench site area.
Southward propagation of the locus of deformation has been documented in other parts of the Transverse Ranges: in the Western Transverse Ranges west of the Santa Susana fault system (Rockwell, 1983; Hughes et al., 2018; Levy et al., 2019; Hughes et al., 2020), and the central Sierra Madre system to the east of it (Burgette et al., 2019). Previous work on the Mission Hills and Northridge Hills faults, located south of the Santa Susana and Hospital faults (Figure 2), are estimated to be slipping at rates of 0.65–1 mm/yr and 0.35 mm/yr, respectively (Tsutsumi and Yeats, 1999). The reverse slip on the Mission Hills and Northridge Hills faults post-dates the inception of reverse slip on the Santa Susana fault (Tsutsumi and Yeats, 1999) and therefore could be the southern extension of the Santa Susana fault system (Fuis et al., 2003).
Geological History
Levy et al. (2019) demonstrated how a regional understanding of the evolution of geologic structure is important when constraining forward structural models. Therefore, a discussion of the geological history is warranted before presenting the forward structural model.
The Transverse Ranges accreted its basement rocks by subduction during the Late-Jurassic and into the Cretaceous (Dibblee, 1982a). In the Mesozoic and Early Cenozoic, the Transverse Ranges occupied the forearc region of a subduction complex collecting continental shelf sediments (Atwater, 1998). The Farallon plate was subducted under the North American plate since at least the Cretaceous and maybe earlier (Liu et al., 2008). The Cretaceous period in the San Fernando Valley appears to represent a period of northwestward flow of sediments from a granitic provenance (Shields, 1977). The Paleocene-Eocene aged units containing basal conglomerates overlies the Cretaceous with an angular unconformity, indicating a period of deformation and erosion close in time to the deposition of the Paleocene-Eocene formations (Shields, 1977). Deposition of the Paleocene-Eocene in the San Fernando Valley occurred in a shelf-environment with sediments flowing west (Shields, 1977).
During the Oligocene, the Pacific plate made contact with North America (Atwater, 1998), and the tectonic regime in the Western Transverse Ranges changed as the San Andreas transform plate boundary evolved over time (Crowell, 1979; Wright, 1991). Oligocene units, such as the Sespe and Vaqueros formations exposed in the Western Transverse Ranges (Dibblee, 1982a; Dibblee, 1982b) are missing in the San Fernando Valley (Tsutsumi and Yeats, 1999). The Global lowering of the sea level (Miller et al., 2005) probably exposed the surface at the northern San Fernando Valley and unlike other nearby localities in Southern California, it did not accumulate sediments, or that these sediments have been removed (Nilsen, 1984).
Early in the Miocene, subsidence and extension with some form of rotation began in the Transverse Ranges region (Nicholson et al., 1994; Schwartz, 2018). Either a spreading ridge associated with continued subduction (Tennyson, 1989) or the evolving transform plate boundary (Crowell, 1979), along with the associated northward migration of the triple junction (Furlong and Schwartz, 2004), caused this extensional tectonic regime. The presence of the volcanics in the lower to middle Miocene Topanga Formation, the transition to deep marine sedimentation later in the Miocene, and normal faulting during that period support the model of a regional transtensional tectonic regime during the Miocene in the Transverse Ranges and other regions in Southern California (Wright, 1991; Atwater, 1998; Ingersoll, 2001).
The angular unconformity between Eocene and Miocene rocks west of Mission Hills (Shields, 1977) might imply that tilting or folding occurred during that time period. The observation of thickening of the Miocene formations northward suggests that the normal faulting continued during the deposition of these units. The Leadwell fault zone was active at least until deposition of the middle Monterey/Modelo strata, and could have been reactivated as a reverse fault during the Late Pliocene (Langenheim et al., 2011). The Santa Susana fault was active as a normal fault during the Miocene and was reactivated as a reverse fault in the Pliocene (Huftile and Yeats, 1995). Additional normal faulting that extends north from the Leadwell system cannot be ruled out. Furthermore, it is likely that either the Mission Hills fault or some other fault at depth was active during the Miocene as a normal fault and contributed to the formation of the Sylmar basin, based on its thick accumulation of Miocene strata.
Analysis of the provenance of the Monterey/Modelo Formation and of the subsidence during the Late Miocene suggests that the submarine fans depositing sediments during this period originated from the unroofing of the San Gabriel block. This implies that the San Gabriel Mountains were a topographic high during that time (Rumelhart and Ingersoll, 1997). This observation helps explain the unconformity between Late-Miocene or Early-Pliocene units and the basement that is located just north of the Hospital fault along its western portion (Figure 2).
During the Pliocene, the tectonic regime changed to transpression as the big bend of the San Andreas plate boundary evolved (Crowell, 1979; Wright, 1991; Atwater, 1998; Ingersoll, 2001). Reverse faulting initiated prior to the deposition of the Saugus Formation by a number of both south and north dipping faults, including the Santa Susana fault (Tsutsumi and Yeats, 1999). A recent report on the seismic hazard in the Aliso Canyon gas storage facility (Numeric Solutions LLC, 2019) suggests that the slip on the Santa Susana fault might have started earlier than suggested by Tsutsumi and Yeats (1995). This report (Numeric Solutions LLC, 2019) also suggests that the rate might be higher and increases the range of estimated slip rates, but for the purpose of hazard evaluation, applies the average rate. The initiation of the Mission Hills and Northridge faults was interpreted to be post-base of Saugus by Tsutsumi and Yeats (1999) based on the constant thickness of the Pico (Fernando) Formation on both sides of the fault. Well data indicate a relatively constant thickness of the Pico Formation across the Mission Hills fault (Langenheim et al., 2011). Tsutsumi and Yeats (1999) estimated 1700–2300 m of total slip on the Mission Hills fault based on dip separation of geological contacts.
South of Mission Hills a number of low hills and folding of the subsurface mark the propagation anticline of the Northridge Hills fault (Shields, 1977; Tsutsumi and Yeats, 1999; Langenheim et al., 2011). The small size of the related folds and the small topographic expression suggest that the total amount of slip on this fault is not very large. The two faults are assumed to connect at depth (Davis and Namson, 1998; Tsutsumi and Yeats, 1999) despite the lack of direct observation (Langenheim et al., 2011).
The observations of thickening of Miocene strata southward and the observed offset through the Leadwell fault system suggest that the formation of the Sylmar basin initiated during the Miocene as an extensional or transtensional basin. In addition, it is likely the case that that the Mission Hills fault may represent an inverted normal fault, as it bounds the Sylmar basin from the south with thickened Miocene in the hangingwall of the fault. Past interpretations explain the presence of the basin as a result of two thrusts on opposite sides, the north dipping Hospital fault from the north side and the south dipping Northridge fault at 12 km depth in the south of the basin. This interpretation requires the regional subsidence rate to be very high everywhere in San Fernando Valley, with thrusts or reverse faults compensating for the vertical motion, with the exception of Sylmar basin. However, the Sylmar basin itself is higher in topographic elevation than the San Fernando Valley south of Mission Hills (Figure 5A), and streams incise the rising hangingwall block. These observations clearly indicate that the Sylmar basin is being uplifted at a faster rate than the San Fernando Valley, which contradicts the two opposing thrusts interpretation. In addition, these observations support the idea of connectivity of the north dipping faults at depth. The observed topographic relief in combination with the younger age of initiation for reverse slip on the Mission Hills and Northridge faults support an interpretation of an evolving fault system that is propagating south. We use all of these observations in the construction of a forward model, as presented below.
Interpretive Geological Cross-section
We constructed a geological cross section (Figure 4) based on observations from geological maps (Dibblee, 1991; Campbell et al., 2014), well interpretations (Shields, 1977; Davis and Namson, 1998), and geophysical studies (Langenheim et al., 2011). The upper part of the section is based on direct observations while the lower part is based on our interpretation. For the interpretation, we conserved thickness where we thought it is appropriate, but we thickened some sedimentary strata northwards toward the San Gabriel mountains. This thickening is observed for some units and is required for accommodating the Sylmar basin’s estimated basal depth (Langenheim et al., 2011).
In order for the Northridge Hills fault to be structurally consistent with the observed fold geometry, a flat is required to accommodate the shape of the anticline, therefore we incorporated a similar interpretation to the one made by Davis and Namson (1998) and interpret the north dipping faults as one fault system. The proposed decollement of Fuis et al. (2003) supports the interpretation of deep connectivity as it could be the surface into which the north dipping faults, such as the Santa Susana and Mission Hills fault, may root.
In the geomorphology section, we explained why the Santa Susana fault does not appear to slip anywhere close to the average rate assigned to it in the literature (Petersen and Wesnousky, 1994; Huftile and Yeats, 1996; Field et al., 2014). A plausible explanation for the lack of apparent activity on the Santa Susana fault trend is that the north-dipping faults are part of an evolving thrust system, and that the locus of deformation migrated southward, similarly to what is observed in the western Transverse Ranges (Levy et al., 2019).
Trenching
To test the activity of the Mission Hills fault, which we interpret as one of the currently active surface traces of the Santa Susana fault system based on its geomorphology, we excavated a series of trenches from the crest of the fold to the base of the slope in the only undeveloped property in the area (Located in Figure 2).
Age of alluvial deposits—The alluvium exposed in the three trenches at the site fall into one of three broad categories: terrace deposits associated with the strath surface cut across the growing Mission Hills anticline; alluvial fill that thickens in the southern forelimb of the fold near the base of slope; and young colluvial deposits at the south side of the project site that represent recent colluvial deposition on the south limb of the fold. The soil description (Table A1) was described near the crest of the fold where deposits are thickest, and characterizes the minimum age of the terrace alluvium and the uppermost part of the thickened alluvial deposits on the forelimb, but not the young colluvial deposits at the south side of the project area, which are considered Holocene in age based on their lack of significant soil development, dark color and high organic content. The soil age estimate is considered a minimum because the trench was excavated near the top of slope but on a sloping surface, which implies some erosion may have occurred from the site of the trench. Hence, the soil characteristics are considered minimum values in comparison to what they would have been on a completely stable surface.
TABLE A1 | Soil Description, Mission Hills anticline terrace soil.
[image: Table A1]Soil, in this context, is the weathering profile that develops at Earth’s surface over time (Birkeland, 1984; Rockwell, 2000). The expression of a weathering profile is affected by many parameters, including the characteristics of the parent material, the climatic conditions that prevailed during the period of development along with the associated vegetation that was dominant, the amount of surface slope and aspect that may affect surface stability, and the length of time that a stable surface has been exposed to weathering (Rockwell, 2000).
In this study, the parent material for the terrace alluvium is mostly derived from the San Gabriel Mountains and likely began as a sandy gravel based on its clast-supported character; this is expected for a fluvial terrace environment. The thickened older alluvium on the forelimb contains clasts from the San Gabriel Mountains along with some clasts derived from the Monterey Formation and is likely derived principally from the Pacoima Wash drainage system as it is mapped as Pacoima Formation, although the Pacoima is a general term that includes all post-Saugus fluvial and alluvial fan deposits that are not associated with modern drainages. The young colluvium fronting the forelimb is a silty clay loam interpreted to have been derived from erosion off of the forelimb face.
Variations in the climate in the Mission Hills/Los Angeles basin region are well documented: climate was substantially cooler and wetter in the late Pleistocene than today, with conifer forests growing throughout the coastal and inland region until early Holocene time, whereas the climate during the last interglacial was warm and probably drier than today (Huesser, 1978; 2000; and many other studies by the same author). These changes in climate over time are important in understanding and correctly assessing the ages of the alluvial units exposed in the trenches.
Trishear Modeling
In order to test our hypothesis of southward migration of the thrust front, we used Trishear forward modeling (Erslev, 1991) in Move© (Petroleum Experts Ltd., 2018) and applied the same approach used by Levy et al. (2019) of modeling according to the geological history and comparing to the observed geology. Trishear models produce balanced and retro-deformable sections, however in this work we forward model rather than invert a geological model.
A number of assumptions were made in order to simplify the initial conditions and justify the kinematic elements of our model. First, we assume that the stratigraphy prior to the deposition of the Miocene was a layer cake stratigraphy. We know it was not entirely the case from the different unconformities described in the stratigraphy section. However, these units were deposited on a continental shelf so the assumption seems reasonable at first order, and small unconformities would not significantly affect the model results. Further, the pre-Miocene sedimentary units in our cross section are mostly not directly observed, as most wells do not penetrate deep enough. Therefore, we made no attempt to model the deformation of these units, or assess the exact stratigraphic model during the early Miocene. Another assumption is that out of plane motion is negligible. There is a strike slip component, as was observed during the 1971 earthquakes (Whitcomb et al., 1973), but because the dominant sense of motion is dip slip and the stratigraphy does not dramatically vary laterally along the fault, our models will focus on the dip-slip deformation. An additional assumption is that we only model the main faults in the system, but it is important to remember that there may be additional faults, similar to the blind fault that moved in the Northridge earthquake (Hauksson et al., 1995). We do not model back thrusts because slipping faults in different directions can create discontinuities in the model. As we will discuss, we did change the direction of slip but avoided introducing any discontinuities that will make the model’s result unbalanced.
The parameters of Trishear in MOVE (Petroleum Experts Ltd., 2018) include: Slip and Propagation/Slip (P/S) ratio, which controls how far the fault tip propagates for a specific slip. The distribution of the trishear zone between the hangingwall and footwall of the fault is controlled by the Trishear Angle Offset parameter. A Trishear Angle Offset of 0.5 places the trishear zone symmetrically between the hangingwall and footwall, distributing fault-related deformation in both. Values of 0 or 1 attach the trishear zone to the footwall or hangingwall, respectively.
In MOVE, it is possible to simulate both homogeneous and heterogeneous trishear deformation (Erslev, 1991) to control how displacement vectors vary across the trishear zone. When the number of Trishear Zones is set to 1, homogeneous trishear will be simulated and displacement vectors will decrease linearly across one trishear zone. Values >1 signify that the main trishear zone should be sub-divided into an equivalent number of trishear zones and that heterogeneous trishear should be used. For heterogeneous trishear, variations in the displacement vectors are calculated across each of the trishear zones and typically results in the greatest displacement change occurring in the central portion of the main trishear zone
RESULTS
Paleoseismic Trenches
The trenches, which are presented as a composite trench in Figure 6, exposed folded Miocene Monterey Formation shale near the fold crest, capped by fluvial terrace deposits that fold over the anticline to the base of slope. The fluvial deposits thicken at the base of slope, indicating alluvial fan deposition at the local front of the south verging fault system. The trench was excavated close to the margin of the terrace, and in places cut the margin such that the terrace deposits were not continuously present on the western wall (Figure 6). Although not shown here, the terrace deposits were exposed continuously on the eastern wall of the trench as the alluvium thickens eastward into its paleo-channel. At the base of slope, the alluvium is buried by a progressively thickening wedge of colluvium to the southern end of the trench. The colluvium is interpreted to be entirely Holocene in age based on its dark color and high organic content, which should oxidize over time (Rockwell, 1983).
[image: Figure 6]FIGURE 6 | Composite trench log across the front of the Mission Hills anticline. The vertical exaggeration is x2. Bold line shows the base of trench, with the underlying geology inferred from the trench and boring exposures. The soil description in Supplementary Table S1 was completed at the top of the trench where the alluvium was thickest near the fold crest (marked by X). The terrace alluvium and Pacoima alluvium are identical in composition, implying that they are derived from the same source. There is an angular unconformity between the terrace and Pacoima deposits as observed in a portion of the trench, but much of the exposure containing the angular unconformity was removed by cutting of a pad. Qc—colluvium, Qf—fan deposit, Qpa—Pacoima, Tm—Monterey.
We bored two 60 cm-wide bucket auger holes (Figure 6) to test the thickness of the colluvial deposits and to try and penetrate the Mission Hills fault. Instead, we encountered the fluvial alluvium and Pacoima deposits beneath the colluvium, with the alluvium cut across a strath surface on the folded Monterey Formation shale; this provides a marker from which to estimate the minimum structural relief since deposition of the alluvium, as discussed below. It is a minimum because the bucket augers were drilled on the hangingwall and did not penetrate the fault. The equivalent strata on the footwall may be substantially deeper.
The trench excavated into the terrace deposits that cross the crest of the anticline varied in depth from about 1.5 m to nearly 5 m, depending on the depth to Monterey Formation bedrock. The described pedon (Table 1) is in the deepest part of the trench near the anticlinal crest where the alluvium extended to the bottom of the trench; the alluvium was probably thicker to the east, which is now eroded out by the modern channel and adjoining hillslope, so the variations in alluvial thickness are interpreted to result primarily from distance to the paleo-channel wall. That said, we chose to describe the soil at the crest of the fold where erosion should be less than on the fold forelimb.
The terrace surface preserves a 30–40 cm-thick A horizon (37 cm at the description locale) overlying a 1.2–2 m thick, moderately well-developed argillic horizon exhibiting 7.5YR hues and a sandy clay loam texture. There is moderately well developed angular blocky structure, extremely hard dry consistence, and plastic and very sticky wet consistence. Clay film development is strongly expressed with continuous thick clay films on ped faces and in pores, and many moderately thick clay films bridging grains in the matrix. These are common characteristics of gravel-rich late Pleistocene soils in non-arid regions of southern California, as discuss further below.
The argillic horizon grades downward into a transitional horizon, the BC horizon, which grades downward into the Cox horizon below about 3 m depth. The BC horizon exhibits typical 10YR hues, which is likely the initial color of the parent material, and massive to weak subangular blocky structure. This is consistent with the loamy sand texture, soft dry consistence and weakly developed clay film frequency and thickness.
The Soil Development Index (SDI) (Harden, 1982) was applied to the soil description, and the SDI value was compared to dated gravelly, coarse-grained soils in southern California (Rockwell, 1983; Rockwell et al., 1985). The SDI compares the current characteristics of the soil to that of the parent material, which in this case is inferred to have been loose gravelly sand with an initial color of 10YR x/2. The parent material for the A Horizon is assumed to be a loamy silt, as there appears to be a significant aeolian component to that horizon. Based on this, the SDI calculated for this profile is 123 at 380 cm depth, which is the depth used for comparison to the dated Ventura soil chronosequence (Rockwell, 1983) because the SDI calculation is depth dependent. The Maximum Horizon Index (MHI) (Ponti, 1985; Rockwell, 2000) can also be used for comparison to dated soils, and for this profile, a maximum value of 0.76 was calculated.
The Mission Hills soil is most similar to the Q6 soils of Rockwell (1983), which suggests that the age falls in the 40,000 to 90,000 year range. Recalculated SDI values (Rockwell, 1983) for the Merced soil chronosequence of Harden (1982) suggest an older age that is comparable to the Riverbank series, which is correlated to the last interglacial period at about 120,000 years. For comparison, the oldest dated soil in the Cajon Pass chronosequence (McFadden and Weldon, 1987) yielded SDI values around 70–75 for the 55,000 year-old terrace, supporting the older age range. However, in terms of parent material and proximity to the coast, the Ventura chronosequence is the closest match.
However, one factor that supports a late Pleistocene age of the terrace alluvium is the absence of a calcic horizon associated with the surface soil. Inland Los Angeles Basin region soils, and especially in the San Fernando Valley, experienced the extended dry period of the last interglacial period from about 130 to 115 ka, and perhaps as late as 80 ka, and typically exhibit a stage II to Stage II+ calcic horizon below the Bt and BC horizons. The absence of such a calcic horizon suggests that this soil is younger than 115–130 ka in age. It is possible that such a calcic horizon was leached out during the wetter late Pleistocene, but as a calcic horizon is preserved in last interglacial soils elsewhere in Los Angeles basin (Rockwell; unpublished catalog of dated soil profiles), this is not a satisfactory explanation. Consequently, we infer the likely age of the terrace deposits to be in the 60,000- to 80,000 year range, based on the soil profile characteristics. Considering that the upper part of the soil may be eroded or deflated, this soil age estimate should be considered a minimum, but again, there is no indication that the soil experienced the last interglacial dry period based on the lack of a calcic horizon, and the presence of a thick A horizon and a complete argillic horizon argue against a large amount of erosion.
Trishear Modeling Results
We first tried to model a layer cake stratigraphy and north dipping stratigraphy for the sequence of reverse faults, however these attempts proved to be unsatisfactory. The depth of the sedimentary formations in the Sylmar basin is known to be deep both from wells and as implied by gravity and seismic data (Langenheim et al., 2011). South of Mission Hills, units dip to the north and thicken towards the Sylmar basin. North of Mission Hills, the Quaternary is substantially thicker than to the south. Those observations and our lack of success with simpler models led us to add a period of normal faulting in our forward model. The different stages are presented in Figure 7. The first steps simulate the normal faulting that occurred during the Miocene. First, the faults slip from south to north for the normal faulting stage. The model does not allow separate faults to slip at the same time, and because the basin is north of the normal fault system, we chose this direction for the fault sequencing. After slipping the normal faults, we added another layer and repeated this step. This simulates the extension and normal faulting with continued deposition of growth strata. This period of simulated extension is followed by shortening represented by the reverse sense of slip on some faults. For our case, we create a new fault that represents the Hospital fault. However, it is important to mention that the Santa Susana fault west of the Hospital fault is interpreted as a reactivated normal fault (Huftile and Yeats, 1995) and it might be the case for the Hospital fault.
[image: Figure 7]FIGURE 7 | A Trishear forward model presenting the evolution of the Sylmar Basin since the Miocene. Caption descriptions: top left we present a legend and the initial conditions of the model, Pre-Miocene layer are horizontal. 1–3. During the Miocene normal faults (Leadwell fault system and possibly the Mission Hills fault) are slipping due to the regional extension and subsidence. 4. early during the Quaternary, reverse fault (Hospital fault) uplifts the basement in the north. 5. At some point during the late Quaternary the thrust system propagates southward and the normal fault south of the basin is reactivated as a reverse fault (Mission Hills fault), forming the Mission Hills anticline, as discussed in the text the back thrusting is not modeled. 6. Finally, a small amount of slip is distributed farther south on a splay or a new thrust (Northridge Hills fault). 7. During the present conditions a south dipping fault (Northridge fault is slipping at depth), but it is unclear when this fault was initiated. The model illustrates how the observed dips of the pre-Miocene and early Miocene strata south of Mission Hills were formed, and how the thick sedimentary column in the Sylmar basin could have been formed. South is to the left and north is to the right of each caption, as indicated in caption 1.
The next step in the model progression is to propagate slip to the Mission Hills fault, forming the anticline and topographic relief as observed in the southern boundary of Mission Hills. In our model, the Mission Hills is a reactivated normal fault but it does not have to be the case, as we will discuss. Then, we slip the Northridge Hills fault which has a very small topographic expression that is related to folding observed in the subsurface: both the fold and the fault have been penetrated by wells. Finally, we slip the Northridge fault at depth. We include the Northridge fault in the model but recognize that the depth of the Northridge fault and lack of subsurface control at those depths makes it impossible to determine when it initiated and how much it has slipped. Due to the lack of apparent structure close to the surface and the fact the fault is known to be active, we decided to include it last and assign a rather small amount of slip on the fault. However, we do recognize that the north dipping fault system and the south dipping Northridge fault are both active.
The model parameters we used are as follows. For each of the Leadwell normal faults we used 500 m of Miocene dip slip, P/S ratio of 1, 1 Trishear zone, and no offset for the Trishear angle. We then offset the Mission Hills fault in a normal sense by 1000 m with a P/S ratio of 1, 1 Trishear zone, and no offset for the Trishear angle and sediment horizon after slipping this fault. We repeated this process 4 times. We then slip the reverse faults from north to south. The parameters we used for the different faults are: 7000 m of slip for the Hospital fault, P/S ratio of 1, 1 Trishear zone, and no offset for the Trishear angle. We applied 3400 m of slip on the Mission Hills fault, a P/S ratio of 1.2, 9 Trishear zones, and 0.6 offset on the Trishear angle. For the Northridge Hills fault, we applied 700 m of slip, a P/S ratio of 1.2, 9 Trishear zones and 0.8 offset on the Trishear angle. The last stage was slipping the Northridge fault at depth by 1000 m with: P/S ratio of 1, 1 Trishear zone, and no offset for the Trishear angle.
Our model results (Figure 8) appear to be structurally consistent to the first order with our interpreted cross section and other published cross sections. The presented cross section includes both observations from the surface geology (Dibblee, 1991) a number of wells (Table A2) and our interpretation of the deep structure as constrained by our model and geophysical data (Langenheim et al., 2011). The depth of sedimentary units in the basin, folds and general relief are faithfully reproduced by the model. We do not try to match exactly every observed dip, mainly due to the number of steps required for each simulation and the general lack of observations that will determine exact thickness of the formations in the subsurface of the Sylmar basin. Under the back-limb of the Mission Hills anticline there is a significant stratigraphic discrepancy (the area of well number 6). This discrepancy is caused by the Trishear model that conserves the area of the unit, and this can result in extreme local thickness variations. Another discrepancy is in the basin, the exact thickness of units is not reproduced by our model; this flaw is related to the deposition of layers and not the order of faulting. Because matching the thickness of each unit across the model is extremely time consuming, we focused on matching the general thickness of units in the basin.
[image: Figure 8]FIGURE 8 | Comparison between the model result and the interpretive geologic cross section (Figure 2). To a first order the structures are compatible. For Geological units see the legend in Figure 2. To clarify, the Mission Hills fault is blind but the tip might be in the shallow subsurface.
TABLE A2 | The list of the wells used for constructing the cross section.
[image: Table A2]DISCUSSION
Late Quaternary Activity of the Mission Hills Fault
Terrace deformation—The terrace is cut across Miocene Monterey Formation bedrock and older Pacoima alluvium; the Monterey strata exhibits bedding dips up to ∼65° to the south whereas the Pacoima dip as much as 25°. The maximum terrace gradient is about 15°, based on trench observations, which implies that much of the folding occurred prior to formation of the strath terrace, and that there has been 12–14° of additional tilting or folding in the past 60–80 thousand years. Continued late Quaternary folding of the terrace suggests that some slip on the Mission Hills fault is blind, although we cannot resolve whether the folding has continued into the Holocene.
As we intercepted the strath surface in the bucket auger holes at an elevation of about 300 m, and the terrace lies at about 337 m elevation over the fold crest, we estimate that there has been 37 m of structural relief on the terrace deposit over the past 60–80 ka due to folding alone. This yields a long-term minimum uplift rate of about 0.5 mm/yr. However, as we did not encounter the fault in the auger borings, nor do we know how deep the late Quaternary alluvium is to the south of the frontal escarpment, this calculated rate is likely a gross minimum. Nevertheless, it demonstrates the possibility of slip distribution across the entire system. In this case, the system being the Santa Susana, Hospital and Sierra Madre faults as the initial fault front of the system, and the Mission Hills and Northridge Hills fault as the current fault front of the system. Both might slip in a large earthquake, however, as we mentioned in the introduction, Lung and Weick (1987) did not observe any evidence for activity in the Santa Susana fault during the past 10,000 years: therefore it is hard to explain the inferred high slip rate for the Santa Susana surface trace. We point out that the front along the Mission Hills trace is a class 1 front (Bull and McFadden, 1977; Keller and Rockwell, 1984) in that the modern drainages are incised only in the hanging wall, deposition is at the front, and topography to the north is rising. These characteristics are in marked contrast to that along the surface trace of the Santa Susana fault itself, which argues that the Mission Hills fault is considerably more active.
Propagation of the Santa Susana/Hospital/Sierra Madre Fault System and Formation of the Sylmar Basin
The observations we present in this paper suggest that the Santa Susana fault system propagated southward, as was established for other fault systems along the Transverse Ranges including the Sierra Madre fault (Burgette et al., 2019) and in the Western Transverse Ranges (Levy et al., 2019). Our structural model (Figures 7, 8) demonstrates how a southward propagation of the north dipping fault system could have taken place. Out of sequence thrusting (Butler, 1987) might occur, as well as flexural slip due to the proximity to the Mission Hills fault, but it is clear that to produce the observed geology, the system is evolving and propagating toward the south.
The slip rate used for the Santa Susana fault system in earthquake hazard estimates is based on estimation of displacement from structural cross sections and the age estimates of the Saugus Formation (Field et al., 2014). Levi and Yeats (1993) dated the deposition of the Saugus Formation from about 2.3 to 0.5 Ma based on magnetic stratigraphy and an ash horizon. However, in the eastern Ventura basin, results of a new study (Hughes, 2019)1 that applied cosmogonic dating methods indicate that the Saugus Formation is significantly older than estimated by Levi and Yeats (1993). Therefore, it is possible that the ages of Quaternary strata in the San Fernando Valley are older than previously estimated. This means that the long-term average slip rate estimates based on the structural cross sections for the Santa Susana fault will decrease. Further, it is possible that the Santa Susana fault is no longer active, at least at a significant rate, considering the geomorphological observations we presented above, and lack of paleoseismic observation to support activity in the last 10,000 years (Lung and Weick, 1987). In any case, if the fault is still active it clearly has a slip rate that is closer to the lower end of previously estimated slip rates (Petersen and Wesnousky, 1994; Huftile and Yeats, 1996; Field et al., 2014).
The recent geodetic and geologic inversions for the region that used kinematic model (Marshall et al., 2017; Johnson et al., 2020) estimate a slip rate of ∼0–2 mm/yr for both the Mission Hills and Northridge Hills fault, and 2–6 mm/yr for the Santa Susana. While the slip rate in these kind of models might change significantly due to undiscovered faults (e.g., Northridge), or by applying a different fault geometry (Marshall et al., 2017), they support the idea of distributed slip. However, due to the nature of modeling, the models cannot uniquely resolve which fault carries the dominant amount of displacement because they are closely spaced and only a few kms apart at the surface. Furthermore, our modeling suggests that they merge at depth so the strain accumulation will be a unified signal for all three faults.
The total slip we applied to the Mission Hills fault in our model exceeds previous estimates (Tsutsumi and Yeats, 1999) and implies a higher rate on that fault. Using the same ages of 2.3 to 0.5 Ma as Tsutsumi and Yeats, the slip rate for the Mission Hills fault will be 1.4–6.8 mm/yr. This exceeds prior estimates and could be explained by propagation of slip from the Santa Susana/Hospital fault to the Mission Hills fault. However, it is difficult to determine if our estimates in this model are close to the actual slip of this fault because we do not have a good marker horizon to make an accurate estimate of displacement. Our minimum estimate from the trench is 0.5 mm/yr, but this only accounts for folding and not fault slip, which is likely substantial, nor does it account for how deep the equivalent strata are in the footwall, which was not resolved in this study.
Using the amount of slip we assigned to the Northridge Hills fault from the Trishear model, and the ages used by Tsutsumi and Yeats (1999), we resolve a slip rate of 0.4–2 mm/yr, which agrees with prior estimates. However, if the Mission Hills fault evolved later, than this is also a minimum rate. The observation of folding of young surficial deposits across the Northridge Hills fault led Baldwin et al. (2000) to speculate that the fault exhibits secondary deformation during large magnitude earthquakes. Our structural analysis supports the idea that the north dipping faults are connected (Fuis et al., 2003; Langenheim et al., 2011) and that the shortening is distributing slip onto at least the two main faults, the Mission Hills and Northridge Hills faults. However, due to the observed activity on the Northridge Hills fault at depth (Woods and Seiple, 1995), both primary and secondary deformation should be considered for this fault system.
In the literature, there are two explanations for the formation of the Sylmar basin. Tsutsumi and Yeats (1999) suggested that a fault propagation fold related to the blind, south-dipping Northridge fault might be the cause to the thick sediment accumulation in the Sylmar basin. Langenheim et al. (2011) proposed that the deeply buried Miocene Verdugo-Canyon fault played a role in the formation of the basin. Our model supports the latter hypothesis that the Sylmar basin was formed during the Miocene due to normal faulting. Without initially slipping the normal faults, including the Mission Hills fault, we could not reproduce the observed stratigraphic relief or structure. This demonstrates how an inverted Mission Hills fault should also be considered as a fault that was active in the Miocene.
The Monterey Formation was deposited north of the Santa Susana fault and west of the Sylmar basin, but the lithology north of the Hospital fault does not allow us to determine if the Hospital fault was active as a normal fault during the Miocene. Furthermore, the unconformity between the Towsley Formation and basement rocks makes it difficult to determine how much reverse slip the Hospital fault accommodated because this contact does not match the stratigraphy to the south. The depth of sediments in the Sylmar basin is between 5 and 8 km (Langenheim et al., 2011); such a thick sedimentary column requires either the Monterey Formation to be much thicker than it is south of Mission Hills or that there was preservation of old strata beneath the Miocene section. Therefore, our interpretation of normal faulting extending north of the Leadwell fault system, at least to the edge of the basin or even into it, seems very plausible. It is possible, as demonstrated by our model, that east of the northeastern step of the Santa Susana fault, that the Mission Hills fault was active as a normal fault during the Miocene.
SUMMARY
Our proposed model for the structural evolution of the Sylmar basin demonstrates the likely connectivity of the north dipping reverse and thrust faults in the subsurface, and helps explain how slip can be distributed from the Santa Susana/Hospital/Sierra Madre fault system to the Mission Hills and Northridge Hills faults south of it. Out of sequence slip should not be ruled out and additional investigation on the local age of the Saugus Formation may help constrain the wide range of estimated slip rates. However, the line of evidence we included in combination with our interpretation of regional pattern of southward migration of the locus of deformation along the Western and Central Transverse Ranges, as demonstrated by our forward model, supports the lower estimates (<<1 mm/yr) for the current activity of the Santa Susana fault, with higher rates on the Mission Hills and possibly the Northridge Hills faults.
APPENDICES
In the Appendices we present the soil description (Table A1) and the wells we used for construction of the cross section (Table A2).
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The Lower Tagus Valley Fault, Portugal, has long been associated with the damaging earthquakes that affected the Greater Lisbon Area in historical times. These include a poorly documented earthquake that occurred in 1344, the relatively well-documented 1531 earthquake, and the most recent M6.0 1909 earthquake. In this work, we use a 0.5 m resolution LiDAR-based digital elevation model and a 0.5 cm resolution digital surface model based on UAV photogrammetry to accurately locate the fault scarps in the northernmost portion of the western fault strand and to select sites to perform paleoseimolological investigations. The paleoseismological and geochronological analysis performed in the Alviela trench site document the fault activity in the last 3000 years, including two earthquakes during historical times. We performed ground motion scenarios for 20 km, 40 km, and 60 km ruptures including the trench site. The ground motion fields obtained for the 40 km and 60 km ruptures are in agreement with most macroseismic intensity data available for the 1531 earthquake, implying a magnitude in the range M6.8–7.4. However, the degree of deformation preserved in the trench suggests a value closer to the lower magnitude bound. The intensity level observed in Lisbon in 1531 (IX) is lower than the modeled intensities for all considered scenarios and could be related to a particularly high level of vulnerability of the building stock.
Keywords: lower Tagus valley fault zone, Lisbon 1531 earthquake, active faulting, paleoseismology trenching, ground motion scenarios, macroseismic intensity, digital elevation models
INTRODUCTION
The association of historical events with specific faults is enormously important when defining seismic sources for seismic hazard analysis. The detailed knowledge of the fault's location and kinematics is fundamental to accurately estimate the level of ground motion expected in future earthquakes (e.g., Boore et al., 2014; Chiou and Youngs, 2014).
The Lower Tagus Valley (LTV) displays the highest levels of seismic hazard in Western Iberia (Vilanova and Fonseca, 2007; Giardini et al., 2014; Silva et al., 2014; Woessner et al., 2015). It has been affected by damaging earthquakes in 1344, 1531, 1755, and 1909, with magnitude estimates for local events ranging from 6.0 to 6.9. (e.g., Dineva et al., 2002; Stich et al., 2005; Vilanova and Fonseca, 2007; Fonseca, 2020). The 1531 earthquake was the first known event in Portugal for which the damages were reported in a set of different localities (Moreira, 1984; Justo and Salwa, 1998). The offshore 1755 Lisbon earthquake was the focus of detailed coeval inquiries and has a rich macroseismic database both in Portugal and Spain. Vilanova et al. (2003) proposed that one of the several shocks reported for this event occurred onshore, within the LTV to explain both the large degree of damage far away from the rupture and reports of ground deformation. The 1909 earthquake was subject to detailed geological and macroseismic investigations (Choffat and Bensaúde, 1912). The fault ruptures associated with these events have, however, never been documented.
The Lower Tagus Valley Fault (LTVF) is a left-lateral strike-slip structure that displays two nearly parallel strands along both river margins (Figure 1). The surface evidence of fault-activity in the region is subtle both due to the erosional processes related to the fluvial activity of the Tagus river, and the extensive anthropogenic modifications to the landscape shaped by urban expansion and intensive agricultural activities. Besana-Ostman et al. (2012) and Canora et al. (2015) mapped the fault traces using stereographic analysis of old aerial photographs, and the paleoseismological studies of Canora et al. (2015) at the eastern strand reported the occurrence of 6 earthquakes in the past 10.000 years.
[image: Figure 1]FIGURE 1 | General tectonic and geological setting of the study area. (A) Tectonic Plates and main basement faults of Western Iberia: PRVF- Penacova–Régua–Verin Fault; MVBF-Manteigas–Vilariça–Bragança Fault; LTVF Lower Tagus Valley Fault; MF- Messejana Fault; (B) LTVFZ traces (depicted in red) superimposed on the geological map and 0.5 m resolution DEM. The location of Figure 2 is outlined with a rectangle.
In this work, we use a 0.5 m resolution digital elevation model based on LiDAR and a 20 cm digital surface model based on UAV photogrammetry to identify and document the fault location at the Western Strand, and to select suitable sites to perform paleoseismological studies. We employed paleoseismological and geochronological techniques to identify the earthquake history recorded at the Alviela trench.
To test whether a rupture through the Alviela trench site is consistent with macroseismic intensity data, we performed seismic scenarios for different ruptures on the fault.
SEISMOTECTONIC SETTING
The Lower Tagus Valley (LTV) is an NNE–SSW trending valley located in the central part of Portugal, which comprises part of the densely populated Great Lisbon Area (Figure 1). The valley is located within the Lower Tagus Cenozoic Sedimentary Basin (LTB), a NE–SW elongated tectonic depression that includes up to 2000 m of Tertiary sediments (Paleogene to Pliocene), Pleistocene fluvial terraces, and up to 70 m of Upper Pleistocene to Holocene alluvial cover (Cabral et al., 2004; Cabral et al., 2013).
The LTV developed in the Neogene as a compressive foredeep basin linked to the tectonic inversion of the Mesozoic extensional Lusitanian Basin in response to the NW–SE Miocene compression (Ribeiro et al., 1990; Rasmussen et al., 1998). The area is currently affected by the NW-SE trending convergence between the Eurasian and African plates at a rate of 3.8–5.6 mm/yr (e.g., Fernandes et al., 2003; Nocquet and Calais, 2004; DeMets et al., 2010). In this tectonic context, some of the inherited basement faults in western Iberia are considered active or potentially active under the current stress regime, acting as reverse and strike-slip faults (Arthaud and Matte, 1975). Examples of this type of reactivated faults include the Manteigas–Vilariça–Bragança Fault, the Penacova–Régua–Vérin Fault, and the Lower Tagus Valley Fault (Arthaud and Matte, 1975). Moment tensor inversions for instrumental earthquakes indicate a preponderance of reverse and strike-slip faulting (Stich et al., 2010; Domingues et al., 2013; Custódio, et al., 2016).
Several moderate to large earthquakes affected the LTV during historical times. The 1344 earthquake is poorly documented and has been assigned M6.7 (Vilanova and Fonseca, 2007) based on the maximum Modified Mercalli Intensity of XI–X in Lisbon (Moreira, 1979). The 1531 earthquake caused widespread damage in the LTV with MMI values of IX spanning over 70 km along the valley, from Lisbon to Santarém (Justo and Salwa, 1998). Magnitude estimates for this event range from Mw6.5 (Stucchi et al., 2013) to M6.9 (Vilanova and Fonseca, 2007).
The most recent significant earthquake in the region occurred on April 23, 1909 (Choffat and Bensaúde, 1912; Fonseca and Vilanova, 2010; Teves-Costa and Batlló, 2011). Teves-Costa and Batlló (2011) assigned a maximum MMI intensity of X based on the original report of Choffat and Bensaúde (1912). Greatly damaged localities included Benavente, Samora Correia, and Santo Estevão, settled in the eastern margin of the Tagus river, around 40 km NE of Lisbon. The earthquake caused 47 fatalities, serious property damage, and extensive liquefaction effects within the Tagus alluvial sediments. Based on the scarce number of instrumental records available, Stich et al. (2005) computed a reverse-fault moment tensor solution with a NE–SW trending strike and Mw6.0 for the 1909 event.
An additional earthquake may have occurred within the valley on November 1755 (Vilanova et al., 2003; Fonseca, 2020), triggered by the Great Lisbon Earthquakes (e.g., Reid, 1914; Moreira, 1984; Johnston, 1996). Vilanova et al. (2003) stress that an additional shock would justify both the very high intensities reported for the valley (IX–X MMI according to Moreira, 1984), the reports of ground deformation, and the inconsistencies in the tsunami arrival times.
Despite the occurrence of moderate to large historical earthquakes, the LTV experienced very low levels of seismic activity during the last five decades (Borges et al., 2001; Vilanova and Fonseca, 2004; Custódio et al., 2015). Only a few micro-earthquakes have been recorded within the valley, down to a depth of 20 km (Fonseca and Long, 1991).
The Lower Tagus Valley Fault Zone as a Seismic Source
The LTVFZ is the main tectonic feature within the Lower Tagus Valley (LTV) based on its extension and seismic potential (Figure 1). This NNE–SSW trending fault zone is considered to be a major structure formed during the Carboniferous Laurasia and Gondwana collision, which was reactivated under the current stress regime (Arthaud and Matte, 1977).
Despite several efforts to characterize the fault zone (Cabral, 1995; Vilanova and Fonseca, 2004; Cunha et al., 2005; Cabral et al., 2013), the location and kinematics for the LTVFZ remained controversial and poorly constrained. Gravimetric and seismic reflection data suggest a complex geometry (Cabral et al., 2003). While Cabral et al. (2003) suggest that this structure is a blind reverse fault, Vilanova and Fonseca (2004) argue in favor of strike-slip kinematics.
The identification of active structures along the LTV is complex due to the high erosion/sedimentation rate of the Tagus River coupled with the moderate tectonic activity of the fault zone. Therefore, the evidence of active tectonics at the surface tends to be concealed by fluvial dynamics. Additionally, the valley is affected by intense anthropogenic modification due to agricultural activities and urban development. Despite the challenges, Besana-Ostman et al. (2012) and Canora et al. (2015) have successfully identified and mapped active tectonic structures along both river margins valley, using stereographic analysis of old aerial photographs and field surveys.
Besana-Ostman et al. (2012) produced the first map of active fault traces in the western margin of the Tagus River. They mapped the LTVFZ as an approximately 80 km-long strike-slip structure that transects Miocene to late Quaternary deposits. Following a detailed quantitative morphological analysis using the mountain-front sinuosity index (Bull and McFadden, 1977), they conclude that the mountain fronts associated with the northern and southern sections of the fault are rated as Class I (active fronts) and Class II (intermediate), respectively.
Canora et al. (2015) using geomorphological, paleoseismological, and seismic reflection analysis identified and characterized the Eastern strand of LTVFZ. They mapped the fault for around 70 km and found evidence of six surface fault ruptures in the last 10 ka, with a minimum slip rate of about 0.14–0.24 mm/yr for the fault zone and a mean recurrence interval for surface ruptures around ∼1.7 ka.
DATA AND METHODS
The Tagus river-dynamics is the main responsible for shaping the landscape in the study area, but so is the enormous amount of anthropogenic activity related to agriculture. Since the tectonic activity of the LTVFZ is moderate, the preservation of surface ruptures along the fault is relatively rare. Additionally, the ground surface is partially covered by vegetation, including evergreen forests and dense crops, further preventing the identification of fault-related features. For this reason, Airborne Light Detection and Ranging (LiDAR) data has been acquired in 2014 for two narrow bands including the northern and central parts of both the Eastern and the Western strands of the LTV. Based on the LiDAR point cloud data a 0.5 m-resolution bare-earth Digital Elevation Model (DEM) was derived for the study area (Foroutan et al., 2016).
In this work, we focused on the northernmost section of the western strand of the LTVFZ (Figure 1). We reviewed the fault traces identified by Besana-Ostman et al. (2012) using the 0.5 m-resolution DEM, 1:30,000 scale aerial photos, and 1:50,000 scale geological maps (Serviços Geológicos de Portugal, 1952; Instituto Geológico e Mineiro, 1999). The active faulting geomorphic features identified in the DEM were further investigated using detailed field surveys. Some of the features identified in the old aerial photos (1946–1950) were, however, no longer noticeable in the 2014 DEM due to the major landscape modifications that occurred in that time period.
Figure 2 shows 21 ± 1 m and 42 ± 1 m left-laterally offset river-channels located within the study area. The age of the channels affected by the fault activity is unknown. However, considering that the drainage network is incised in the deposits of the Q4 terrace (see Figure 2 for location), it is possible to approximate an age for the displacements. Martins et al. (2010) report Luminescence dating ages of 99 ± 6 ka for the Q4 terrace deposits. Therefore, we can estimate a horizontal slip-rate ranging from ∼0.21 ± 0.02 mm/yr to ∼0.42 ± 0.03 mm/yr. The uncertainties presented are based on 1) the river offset measurements performed on the DEM and 2) the uncertainties in the terrace deposits dating. However, the actual uncertainties are much larger, as it would be necessary to carry out detailed mapping to ratify the origin of the materials eroded by both rivers and, thus, to have a higher degree of reliability on the assessment of the slip rate.
[image: Figure 2]FIGURE 2 | The LTVFZ traces in the study area represented with a red line (dashed where inferred): (A) superimposed on the 1:50.000 scale geological map and 0.5 m resolution DEM; (B) detail showing two channels affected by offsets.
Other features that can be observed both on the LIDAR-based DEM and in the field are fault scarps, linear valleys, and oriented drainage channels (Figure 3). Those features while concurrent with left-lateral strike-slip faulting also suggest some degree of vertical displacement. Pliocene and Pleistocene materials display the most abrupt scarps, whilst in the areas filled with Holocene deposits, those structures are very subtle (Figure 2 and Figure 3). These latter areas are, however, ideal for carrying out paleoseismic studies for characterizing the most recent activity on the fault. In the ensuing section, we detail the sites selected for paleoseismological studies.
[image: Figure 3]FIGURE 3 | Fault trace and fault-related features over the 0.5 m-resolution DEM. The locations of Figure 4 and Figure 5 are outlined with rectangles.
For these sites, we produced very-high-resolution digital surface models (DSMs) derived from photogrammetry. The DSMs were built from 416 individual images captured with a DJI Phantom 4 PRO, equipped with an RGB camera, using front and lateral overlaps of 80%. The flights were performed using a double-grid design, at heights of 10 m above ground. The images were processed with Agisoft Metashape Professional Software, to build a DSM with a 0.5 cm resolution. Further details on the data processing can be found in Pereira et al. (2020).
PALEOSEISMIC STUDIES ON THE WESTERN LTVFZ
Field campaigns have enabled us to select two sites—Boavista and Alviela—to carry out detailed paleoseismic studies (Figures 4 and 5). In both cases, a fault scarp affects the most recent deposits. In the case of the Boavista site, the scarp is very prominent and places Plio-Pleistocene materials in contact with recent alluvial deposits (Figure 4). In the Alviela area, the fault scarp is located within Holocene alluvial deposits and its height is less than 2 m (Figure 5). Although the Boavista area was more promising in terms of morphology, the trench exposed a massive unit of clay deposits, 3 m thick, without any sedimentary indicator that could permit the identification of the fault. Due to the proximity of the Tagus River, the sedimentation rate in this area is tremendous, much higher than the deformation rate. The volume of sediments deposited during recent overflows in this area exceeded 2 m in thickness. In contrast, the Alviela trench has shown abundant paleoseismic information, despite the fault surface expression being very subtle, probably because is not located within the Tagus floodplain but in a smaller affluent.
[image: Figure 4]FIGURE 4 | Location of the Boavista trench-site: (A) aerial photograph superimposed on the 0.5 m-resolution DEM; (B) detail including the 1:50.000 geological map; (C) Photograph of the prominent fault scarp, facing NW.
[image: Figure 5]FIGURE 5 | Location of the Alviela trench-site: (A) aerial photograph superimposed on the 0.5 m-resolution DEM; (B) detail including the 1:50.000 geological map; (C) Photograph of the very subtle fault scarp, facing NW.
Alviela Trench
At the Alviela paleoseismological site (Figure 5), a 1-m NE fault scarp offsets the alluvial deposits of the Alviela River, an affluent of the nearby Tagus River. The scarp slightly uplifts the northwestern block creating an area of ponding, an optimum context for developing the fine sedimentation patterns that are critical to paleoseismological studies (Figure 5). The scarp is clearer in the old aerial photos than in the LiDAR DEM. Both in the field and in the 0.5 cm-resolution UAV photogrammetry-based DSM the scarp is extremely subtle, probably due to persistent plowing of the land (Figure 6).
[image: Figure 6]FIGURE 6 | Very high resolution DSM of the Alviela site, showing the trench and the direction of the fault within the trench, which is different from the general direction of the fault scarp.
A trench of 30 m long and 2 m deep was excavated at the Alviela site (Figure 6) perpendicular to the fault scarp identified on the LIDAR digital model. The trench exposed a sequence of alluvial layers (units A–E, Figure 7) corresponding mainly to clays and clayey sands typical of alluvial floodplain deposits, and a system of channels, filled by sands, clays, and silts, entrenched on top of it (units F and G; Figure 7). Unit H corresponds to the topsoil developed in different materials and has been greatly altered by anthropic activity (Figure 7).
[image: Figure 7]FIGURE 7 | Alviela trench SW-wall photograph (top) and corresponding log (bottom). As2, As3, As4, As5, As6, As7, As9, As10, As11, As12 and As13 correspond to samples processed with C-14 dating. Red lines indicate the mapped traces on the trench walls, dashed when inferred.
Age Control
We used the radiocarbon technique on charcoal samples to constrain the age of the units exposed in the trenches. The results are presented in Figure 8. We dated eleven samples, ten of which gave consistent ages for the materials. Only the relationship between samples As3 and As5 is irregular since the stratigraphic order indicates that unit A (2146–1996 cal BP) is older than unit B (2854–2755 cal BP). The reworking of the carbon in sample As3 may have caused that inconsistency. Otherwise, contamination could be affecting the age of one of the samples. At any rate, the ages of deposits A and B do not affect the seismic history recorded in the trench, as we will discuss next.
[image: Figure 8]FIGURE 8 | Scheme representing the relationship between the C14 calibrated ages for Alviela trench SW-wall samples and the historical earthquakes reported for the LTV.
Evidence of Paleoearthquakes
The Alviela trench exposed a sequence of deformed clay and sand strata, interpreted as deposited in an alluvial floodplain environment, and a sequence of channelized units entrenched into the top of the section (Figure 7). The 2 m-wide fault zone is mainly composed of vertical fault planes affecting all the strata (Figure 7). The cumulated deformation is larger for the older exposed units, suggesting the occurrence of consecutive surface ruptures. A minimum cumulative vertical displacement of 0.25 ± 0.05 m has been estimated for these units, which includes the offset observed on each fault strand. Tracing the fault location was straightforward on the youngest sandy sedimentary units and particularly difficult through the clayey layers. We have detected slickensides, N155°E/75°E, and 35°N rake, affecting the most recent trench deposits (Figure 7). Here, the fault offset is attenuated with a minimum vertical displacement of 0.12 ± 0.05 m and a net displacement of 0.21 ± 0.09 m for the most recent units (units F and G). The fault direction provided by the striations is different from the general fault trend (N45°E) observed in the LIDAR digital terrain model and the field probably due to the complexity of the surface rupture produced by the earthquakes in this type of poorly consolidated floodplain deposits. This direction is similar to that observed along the fault trace at other scales (Figure 6), as can be seen in Figure 2, related with a releasing step-over part of the main trace, where the movement of the fault generates directional displacements with a vertical component similar to those marked on the slickensides.
We infer the occurrence of at least two ruptures using structural (fault displacement), sedimentological (changes in the depositional environment), and stratigraphic criteria. The timing of these two events is very well constrained thanks to the good recent stratigraphy exposed in the trench, and a large amount of organic material available to date the deposits.
The oldest deposits in the trench (units A to D) bracket the oldest event E1. Although vertical offsets affecting the deposits are always small, these units are more deformed than the most recent ones (units E to G; Figure 7). The activity of the fault related to this first event (E1) generated a fault scarp that prevented the more recent deposits (units E to G) from sedimenting to the right side of the trench. We consider that event E1 is younger than unit D (664–552 cal yr BP) and older than unit E (514–428 cal yr BP; see Figures 7, 8). Event E2 is the latest that we can identify in the trench. It is affecting all units, including unit H (Figure 7), and shows a fairly small vertical displacement. This event is restraining and offsetting the small sand layers interbedding in unit F. The age of this earthquake is younger than unit H, which is dated around 500–315 cal yr BP (see Figure 8). The two events described above have been correlated with the historical earthquakes recorded in the region (Figure 8). Event E1 could eventually correspond to the 1344 earthquake. For event E2 there are three possibilities in the historical period: the 1531 historical earthquake, the 1909 Benavente earthquake, or the eventually triggered earthquake in 1755. There are no further historical records of damaging earthquakes affecting the LTV between those two events, despite many earthquake damages being reported all over Portugal in particular since 1700AD. The surface-rupture mean-recurrence interval is roughly estimated at 350 years, considering that two events occurred after the deposition of unit D (664–552 yr cal BP).
CONSTRAINTS FROM GROUND MOTION SCENARIOS AND MACROSEISMIC INTENSITY DISTRIBUTIONS
Earthquake scenarios are powerful tools for investigating the ground-shaking patterns of both future and past earthquakes. In this section, we develop a set of earthquake scenarios for different ruptures of the Western strand of the LTV fault. We compare the motions with the macroseismic intensity data available from the historical earthquakes in the time frame of the deformation identified in the trench.
We assume that the northernmost position of the rupture is located 7 km northeast of the trench site, at a small a stepover (Mato de Miranda), as it is generally acknowledged that geometric discontinuities may act as barriers to the rupture propagation (e.g., King and Nábělek, 1985; Scholz, 1990). We tentatively consider the southernmost position of the rupture to be located in the vicinity of Santarem, Azambuja, or Alhandra.
The ruptures considered are around 20 km, 40 km, or 60 km long, corresponding to magnitudes in the range Mw6.4, Mw7.0, and Mw7.2 respectively, according to the model of Leonard (2014) for stable continental regions. Leonard’s (2014) model uses the most extensive database on earthquake ruptures and relies on investigating empirical relationships between different fault rupture parameters (rupture width, rupture length, and displacement). Substituting those expressions into the definition of seismic moment, he retrieves scaling relationships that are self-consistent with each other and with the definition of seismic moment. Table 1 shows the estimates of Mw based on the length of the fault. The corresponding width values are also presented.
TABLE 1 | Ruptures dimensions used in the scenarios calculations according to Leonard (2014). SR is surface Length, W is down-dip rupture width, and CI is confidence interval.
[image: Table 1]Based on Besana-Ostman et al. (2012) and the field evidence discussed previously, we consider the fault to be vertical and use a dip value of 0–15° for modeling purposes. We assume a seismogenic depth of 24 km, based on the 95% percentile of the depth distribution for earthquakes in the region (Vilanova et al., 2014). When the vertical projection of the rupture width reaches the seismogenic depth the earthquakes become width-limited and scale differently according to Leonard (2014). For a seismogenic depth of 24 km, this corresponds to M7.5. Therefore all ruptures modeled are not limited by width.
Besides the geometric details of the fault, one needs to select which ground-motion models are most suitable to represent the level of shaking in the region. Vilanova et al. (2012) compared the regional ground motion data (Vilanova et al., 2009) with a set of ground motion models using the residual analysis proposed by Scherbaum et al. (2004). They conclude that, in general, models developed for stable continental regions better represent the ground shaking levels experienced in regional earthquakes. However, since the database comprehends mostly moderate magnitude earthquakes, (∼M5-6) recorded at large distances (larger than 150 km) they acknowledge that a considerable degree of uncertainty prevails regarding the shaking intensity of future earthquakes in the region.
Earthquakes in stable continental regions display higher levels of stress-drop and lower anelastic attenuation (high quality-factor Q) with respect to earthquakes in regions characterized by more active tectonics such as plate boundary regions. Given the limited amount of data available, it is unclear whether the relatively high motions recorded in SW Iberia are related to high stress-drop, low anelastic attenuation, or both. Chen et al. (2018) use a global dataset of 1 Hz Lg coda quality factor (Q0) for mapping the anelastic attenuation of ground motion attenuation. However, the coverage of SW Iberia in the underlying dataset is scarce (Mitchell et al., 2008). Vales et al. (2020) investigate the Lg coda Q for West Iberia. They find Q0 values varying from 72 to 220. However, as stressed by Havskov et al. (2016) the processing parameter choice significantly influences the results (e.g., the Q0 value computed by Havskov et al., 2016, for Norway is 124 whereas that calculated by Mitchell et al., 2008, is around 750). Therefore, it is difficult to perform global comparisons between studies performed with regional data.
Given these considerations, we evaluate the seismic scenarios using ground-motion models developed for both stable continental regions and for active tectonic regions. We selected ground-motion models for PGA and PGV whose domain of application includes the Mw range of interest, and that consider the influence of site-effects. We analyzed three sets of ground-motion models with regard to the underlying database. The NGA-West2 models are mostly based on California earthquakes (84% of the data). That dataset is complemented with records coming from other global regions characterized by active tectonics. European and the Middle East models are based on the RESORCE dataset (Akkar et al., 2014), which includes mainly data from Turkey, Italy, and Greece. Finally, models developed for Stable Continental Regions are based on either stochastic simulations or hybrid methods. Table 2 summarizes the models considered in the analysis.
TABLE 2 | Ground motion models used in the Scenarios Calculations.
[image: Table 2]We computed the following ground motion fields for the following parameters using the OpenQuake Scenario tool with 1-sigma standard deviation: peak ground velocity (PGV), peak ground acceleration (PGA), and response spectra acceleration (SA) at 0.2 s, 0.5 s, 1 s, and 2 s. We used the Vs30 site-conditions model for Portugal developed by Vilanova et al. (2018), based on correlations between the 1:500,000 geological map and the regional database of shear-wave profile data (Figure 9).
[image: Figure 9]FIGURE 9 | Site conditions map used for scenario calculations: F1 Vs30(mean/P50) = 829 m/s, 68%CI [523 m/s, 1315 m/s]; F2 Vs30(mean/P50) = 470 m/s, 68%CI [329 m/s, 672 m/s]; Vs30 = 237 m/s, 68%CI [144 m/s, 392 m/s].
In general, the models based on a specific dataset produce similar ground motion fields for the fault ruptures analyzed. This suggests that those magnitudes are well represented in the databases. Sensitivity studies demonstrated that slight variations in dip and moment magnitude (68% confidence interval) do not significantly affect the motions. The rupture width has a limited impact on the ground motions given the distance metrics used by the ground motion models (closest distance to rupture or closest distance to the surface projection of the rupture) and the fact that the fault is nearly vertical.
The results show that although Atkinson and Boore’s (2006) model predicts higher motions, this is restricted to the near field. Atkinson and Boore's (2006), Atkinson and Boore (2011) model reaches PGA∼2 g for M6.4 in the vicinity of the fault, while for the remainder models the maximum PGA is in the range 0.5–0.7  g at short distances. For PGV, Atkinson and Boore's (2006) model predicts values around 135 cm/s2, while the models developed for active tectonic regions estimate values in the range 50–70 cm/s2. At distances 30–100 km, the differences attenuate significantly and the model of Boore et al. (2014) for high Q predicts the lowest attenuation out of the models analyzed.
Figure 10 shows the PGV ground motion fields predicted by different ground-motion models and for different rupture lengths. We present results for PGV because that parameter is better correlated with macroseismic intensity for higher intensity levels than PGA (e.g., Boatwright et al., 2001; Caprio et al., 2015). We show the influence of a 68% confidence interval in the site conditions model for the Boore et al. (2014) model with high Q.
[image: Figure 10]FIGURE 10 | PGV Scenario calculations for hypothetical ruptures along the LTVFZ, including the Alviela trench site (located at the northernmost part of the rupture). The macroseismic intensity dataset for the 1531 according to Justo and Salwa (1998) converted to PGV through the Caprio et al. (2015) relationship for Italy is included.
Despite the qualitative nature of macroseismic intensities, these are often the only available data for studying earthquakes in the historical and early instrumental periods. The geochronological analysis of the Alviela trench indicated that both events in the stratigraphic records had a possible correlation with earthquakes that occurred in the historical period.
The oldest earthquake recorded might be the 1344 earthquake, which has partially destroyed the main chapel of Lisbon's cathedral (Moreira, 1984). However, with such limited data concerning a single location, it is difficult to draw further conclusions about this event.
Moreira (1985) estimated Modified Mercalli Intensities (MMI) for the 1531 earthquake at 18 locations and outlined the first macroseismic map for a seismic event in Portugal. Justo and Salwa (1998) re-evaluated the data and added few new records, both in Portugal and Spain, and estimated the intensities in the Medvedev–Sponheuer–Karnik scale. Finally, Baptista et al. (2014) performed a reevaluation of the data using the EMS-98 scale. The intensity database produced by Baptista et al. (2014) is, however, strongly model-driven since the final intensity values are assigned taking into account the source they propose for the earthquake (decreasing the intensities both in Lisbon and in Santarém). For this reason, we prefer to use in this study the dataset by Justo and Salwa (1998).
We converted the 1531 earthquake's macroseismic intensities to PGV through the relationships proposed by Caprio et al. (2015) for Italy. These authors explore the regional dependence of ground motion to intensity conversion using mixed intensity scales and derive invertible relationships for Italy, Greece, and California, besides that for the global dataset. We use the relationships for Italy due to the similarity of construction standards for localities with a significant amount of old buildings. Those relationships predict the highest degree of damage for the lowest value of ground motion (high vulnerability of infrastructures). The results are shown in Figure 10.
The lowest rupture analyzed, from Mato de Miranda to Santarém, which corresponds to M6.4, predicts PGV values significantly lower than those corresponding to the macroseismic intensities for most localities in the dataset with any of the models used in the analysis.
Ruptures of 40 km and 60 km, corresponding to M7.0 and M7.2 respectively, are in general, compatible with most observed intensities. The main exceptions to this are the Alviela and Alverca localities, which stand out in the 60 km scenario, displaying lower intensities that expected had the fault ruptured through those locations. On the other hand, the intensity for Lisbon is higher than estimated by all scenarios analyzed.
In Figure 11 we explore the possible influence of site conditions using the model of Boore et al. (2014) for high Q, which predicts the highest intensities at intermediate distances. The results suggest that an M7.0 rupture could explain both Alverca and Alhandra intensity values, considering higher than median V30 values for those locations.
[image: Figure 11]FIGURE 11 | Sensitivity of the PGV-based ground motion scenarios to site conditions. Locations for Santarém (S), Castanheira do Ribatejo (C) Alhandra (Al), Alverca (Av), and Lisbon (L), are included.
The geographic distributions of PGV values predicted by the M7.0 scenario for the localities of Santarém, Castanheira do Ribatejo, and Lisbon (see locations on Figure 11), by the ground motion models analyzed are illustrated in Figure 12. The dispersion includes both the aleatoric nature of the ground motions, and distinct site conditions within the localities, and the horizontal lines indicate the 1-sigma bounds for intensity IX according to Caprio et al. (2015). All the ground motion models used in the analysis predict PGV values that are compatible with intensities IX in Santarém and Castanheira do Ribatejo. However, the justification of that intensity value in Lisbon would require either favorable site conditions (low velocity/high impedance) or high vulnerability of the infrastructures.
[image: Figure 12]FIGURE 12 | Geographic distributions of PGV values predicted by the M7.0 scenario for the localities of Santarém, Castanheira do Ribatejo, and Lisbon by the ground motion models analyzed.
The macroseismic intensities for the 1909 earthquake are presented in Figure 13 together with the ground motion model of Kotha et al. (2016). Both the distribution of high intensities around Benavente, 45 km away from the Alviela trench site, and the moderate magnitude of the event (M6.0–6.2 estimated using early instrumental records, Dineva et al., 2002; Stich et al., 2005) make it most unlikely that the earthquake ruptured through the trench site. It is also unlikely that a triggered local shock associated with the Great 1755 Lisbon Earthquake would reach the trench site since the highest intensities (VIII–IX, IX, and IX–X) were located South of Vila Franca de Xira, 40 km away from the trench site (see https://www.emidius.eu/AHEAD, last visited December 2020), and the ground deformation was reported for the left river margin (Vilanova and Fonseca, 2007).
[image: Figure 13]FIGURE 13 | PGV Scenario calculation for a 20 km rupture (Mw6.4) including the trench site (located at the northernmost part of the rupture) and macroseismic intensity dataset for the 1909 according to Teves-Costa and Batlló (2011) converted to PGV through the Caprio et al. (2015) relationship for Italy. The location of Benavente (B) is included.
DISCUSSION
The paleoseismic study of the Alviela trench allowed us to establish that the Western strand of the LTVFZ is tectonically active, and to identify two earthquakes that have occurred during the historical period. The oldest event affected sediments could be associated with the 1344 earthquake, but that event is poorly documented. We propose that the most recent deformation detected in the trench corresponds to the surface rupture of the 1531 historical earthquake.
Based on the offset of the sediments recognized in the Alviela trench and using Leonard's (2014) empirical relationships, we have calculated some parameters for the last event recorded in the stratigraphy. For net displacements of 0.21 ± 0.09 m, we obtain a surface rupture length of approximately 6 km and a magnitude of Mw∼5.5. The 1531 earthquake macroseismic intensity dataset would then strongly disagree with any seismic scenario calculated for ruptures within this magnitude range.
Asymmetric offset distributions along fault ruptures have been reported for many seismic events (e.g., Stein et al., 1997; Lin et al., 2002; Manighetti et al., 2005; Wesnousky, 2008; Stirling et al., 2017). Hence, we consider that the displacement identified in the walls of the Alviela trench may not be representative of the overall surface displacement produced by the earthquake. Besides, the average displacement per event produced by an earthquake tends to decreases toward the extremes of the rupture (Choi et al., 2012). The location of the Alviela trench, near the end of the rupture (as modeled in the seismic scenarios and consonant with the local intensity data), could be limiting the extent of deformation found in the trench.
Assuming that no earthquake with magnitude large enough to produce significant damages (M ≥ 6) occurred since 1531, as suggested by the historical records, and taking into account the intensity distribution available for both the 1755 and the 1909 earthquakes, the paleoseismic study performed in this work constrains the rupture of the 1531 earthquake to include the Alviela trench-site. For this reason, we incorporate the fault portion containing the Alviela trench in all modeled seismic scenarios. However, we cannot rule out the possibility of an unrecorded lower-magnitude earthquake affecting the trench area since the M4.9 Teil earthquake ruptured to the surface (Ritz et al., 2020), despite that probably being a rare phenomenon.
The distribution of the intensities calculated for the 1531 earthquake is, in general, in agreement with the seismic scenarios produced for a rupture length around 40 km and Mw ∼7.0. The intensity estimated for Lisbon for that scenario is, however, lower than that reported by Justo and Salwa (1998). Baptista et al. (2014) suggested that the macroseismic intensity in the city of Lisbon could have been overestimated due to particularly strong site effects, since most greatly damaged buildings were located in the lower part of the city, in areas of sedimentary filling. In addition, these authors stress the weakness of the foundations of most of the affected buildings and the type of buildings as a possible cause of the extensive damage. This same argument is used by other authors such as Camelbeeck et al. (2014) to justify the extensive destruction suffered by masonry buildings in central and western Europe affected by moderate historical earthquakes. We, therefore, consider that the M7.0 scenario is the most plausible of the three presented here to justify both the paleoseismic data and the distribution of macroseismic intensities for the 1531 earthquake. The scenario calculations also show that it is unlikely that the 1531 earthquake had Mw∼6.5 as proposed by Stucchi et al. (2013) (see https://www.emidius.eu/SHEEC/sheec_1000_1899.html, last visited December 2020).
Current seismic activity in the Lower Tagus Valley area is remarkably low compared to the historical seismicity recorded in the area, with at least three moderate-to-large-magnitude earthquakes in the past seven centuries (1344, 1531, and 1909 events). The level of seismic activity from historical records may suggest recurrence periods of a few hundred years for moderate to large earthquakes if a quasi-periodic temporal model is assumed. However, clustering periods intercalated with quiescence periods are usual for intraplate faults that display low long-term slip rates and high-stress-drop earthquakes (Kenner and Simons, 2005). It has also been suggested that in intraplate regions, a moderate-to-large earthquake may weaken the regional lithosphere facilitating subsequent ruptures even in the absence of strong tectonic loading (Li et al., 2009), thus promoting the concentration of seismicity both in time and space.
The paleoseismological studies of Canora et al. (2015) for the Eastern strand indicate much longer mean recurrence periods for surface ruptures (1.7 ka) than that reported for the Alviela trench (0.6 ka). The active tectonic features are clearer for the Western strand of the fault, which could explain the contrasting recurrence values.
The slip-rate calculated assuming that the displaced drainage dates from Pliocene Q4 terrace deposits allowed us to estimate a slip-rate in the range 0.2–0.4 mm/yr. The morphometric calculations of Besana-Ostman et al. (2012) for the northern western segment of the LTVFZ indicate a Class-1 type fault, similar to that of the well-established Vilariça fault, for which a long-term slip rate of 0.3–0.5 mm/yr was reported (Rockwell et al., 2009).
The complexity of spatial-temporal patterns of the faults in intraplate regions significantly affects the assessment of both the seismic hazard and the seismic risk. The earthquake clustering phenomena may lead to overestimating the seismic hazard in areas where large events occurred in the recent past and underestimating it in regions experiencing long periods of seismic quiescence. It is critical to clarify whether the historical earthquakes affecting the area are part of a period of activity, followed by a long period of quiescence, or the seismic cycle of these faults is quasi-periodic, in which case the earthquake recurrence could be much higher. We consider the first option as the most plausible since, as suggested by Stirling et al. (2012), quasi-periodic seismic cycles are very unlikely for complex intraplate regions.
CONCLUSION
The paleoseismic study of the Alviela trench shed light on the recent seismic activity of the Western strand of the LTVFZ (past 3000 years) and allowed us to identify the occurrence of two earthquakes rupturing to the surface in historical times. The oldest event occurred between 664 and 552 cal yr BP and 514–428 cal yr BP and could eventually correspond to the poorly documented earthquake known to affect the city of Lisbon in 1344. The most recent deformed unit in the trench dates from 500 to 315 cal yr BP and was most probably affected by the surface rupture of the 1531 historical earthquake associated with the LTVFZ. It is unlikely it corresponds to the ruptures of the eventual triggered local rupture in 1755 or in the 1909 earthquake given the spatial distribution of macroseismic intensities. However, we cannot rule out the possibility that an event unreported in the historical catalog, is responsible for deforming the trench deposits. Seismic scenario calculations for ruptures including the trench site and for Mw6.8–7.4 are in agreement with the macroseismic field available for the 1531 earthquake. The degree of deformation found in the trench favors the scenario performed for 40 km-long rupture and Mw∼7.0. In any case, the intensity IX in Lisbon is underestimated, which could result from the fact that our model could not capture the particularly strong site-effects, or that the building stock had a higher degree of vulnerability than that assumed by the intensity scales.
Paleoseismological studies are critical to investigate the long-term behavior of active faults, including those located in difficult environments such as the LTV. We successfully performed a paleoseismological investigation in a challenging area by using a methodological approach that combines stereographic analysis of old aerial photographs, high-resolution DEMs, and field surveys. In the LTV low tectonic-rates are coupled with high degrees of erosion and sedimentation associated with the dynamics of a major river and large anthropogenic disturbances of the natural ground surfaces due to agriculture and urban development. We overcame these difficulties by 1) focusing on a site with condensed sedimentation, e.g., in an affluent of the Tagus River rather than on the Tagus floodplain, and 2) identifying and accurately locating in the field the subtle scarps recognized in the old aerial photographs.
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How structural segment boundaries modulate earthquake behavior is an important scientific and societal question, especially for the Wasatch fault zone (WFZ) where urban areas lie along multiple fault segments. The extent to which segment boundaries arrest ruptures, host moderate magnitude earthquakes, or transmit ruptures to adjacent fault segments is critical for understanding seismic hazard. To help address this outstanding issue, we conducted a paleoseismic investigation at the Traverse Ridge paleoseismic site (TR site) along the ∼7-km-long Fort Canyon segment boundary, which links the Provo (59 km) and Salt Lake City (40 km) segments of the WFZ. At the TR site, we logged two trenches which were cut across sub-parallel traces of the fault, separated by ∼175 m. Evidence from these exposures leads us to infer that at least 3 to 4 earthquakes have ruptured across the segment boundary in the Holocene. Radiocarbon dating of soil material developed below and above fault scarp colluvial packages and within a filled fissure constrains the age of the events. The most recent event ruptured the southern fault trace between 0.2 and 0.4 ka, the penultimate event ruptured the northern fault trace between 0.6 and 3.4 ka, and two prior events occurred between 1.4 and 6.2 ka (on the southern fault trace) and 7.2 and 8.1 ka (northern fault trace). Colluvial wedge heights of these events ranged from 0.7 to 1.2 m, indicating the segment boundary experiences surface ruptures with more than 1 m of vertical displacement. Given these estimates, we infer that these events were greater than Mw 6.7, with rupture extending across the entire segment boundary and portions of one or both adjacent fault segments. The Holocene recurrence of events at the TR site is lower than the closest paleoseismic sites at the adjacent fault segment endpoints. The contrasts in recurrence rates observed within 15 km of the Fort Canyon fault segment boundary may be explained conceptually by a leaky segment boundary model which permits spillover events, ruptures centered on the segment boundary, and segmented ruptures. The TR site demonstrates the utility of paleoseismology within segment boundaries which, through corroboration of displacement data, can demonstrate rupture connectivity between fault segments and test the validity of rupture models.

Keywords: paleoseismology, wasatch fault, segmentation, earthquake geology, seismic hazard


INTRODUCTION

The Wasatch fault zone (WFZ: Figure 1) is one of the most well-studied normal faults on Earth. Its earthquake history has been scrutinized since G.K. Gilbert’s early reconnaissance work on the Quaternary geology of the Basin and Range region (Gilbert, 1884, 1928). The WFZ was utilized as a primary example for the development of the characteristic earthquake hypothesis (Schwartz and Coppersmith, 1984), and it has been a prime site for developing and testing ideas about the role of segmentation (i.e., defined by changes along-strike fault structural complexities) in earthquake ruptures (e.g., Machette et al., 1991; McCalpin and Nishenko, 1996; DuRoss et al., 2016). Because of the long history of paleoseismic investigation across multiple sites on the central WFZ, the Fort Canyon segment boundary fault (FCSB: a ∼7 km-long fault bend across a mountain salient which separates the Salt Lake City and Provo segments of the central WFZ; Figure 1) is an excellent location to examine the importance of segmentation in the modulation of earthquake hazard.
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FIGURE 1. (A) The Fort Canyon segment boundary (FCSB) is the fault linking the Salt Lake City and Provo segments of the Wasatch fault zone (WFZ). Within the segment boundary the fault trace (yellow and black lines) is more complex than the adjacent fault segments (Toké et al., 2017). The Traverse Ridge site (TR site: this paleoseismic study) is located at the crest of Traverse Ridge, midway along the FCSB. Adjacent paleoseismic sites include the South Fork Dry Creek site (SFDC site: Schwartz and Lund, 1988; Black et al., 1996), the Corner Canyon site (CC site: DuRoss et al., 2018), the Three Falls Ranch site (3FR site: Western GeoLogic, 2004), the Alpine site (Alp site: Bennett et al., 2018), and the American Fork site (AF site: Forman et al., 1989). (B) The WFZ extends for more than 300 km along the urban areas of the Wasatch Front (black regions). This study focuses on the Salt Lake City and Provo fault segments (yellow lines) which cut along the eastern edge of the urbanized area, within 10 km of more than 50% of Utah’s residents. Other segments (red lines) of the central WFZ include the Brigham City segment (BCS), the Weber segment (WS), and the Nephi segment (NS). The FCSB study area (A) is shown with a white box. Waterbodies (blue) and other Quaternary active faults are shown as faint gray lines over a shaded relief base map.


In this paper, we present a paleoseismic investigation of the FCSB and a case study examination of the central WFZ that addresses the issue of how a normal fault structural segment boundary may modulate earthquake rupture. This is an important scientific and societal question to address. Global compilations of empirical data demonstrate that ruptures along normal faults can bridge relatively large steps and gaps in fault traces of up to 8 km (e.g., Wesnousky, 2008; Biasi and Wesnousky, 2016). Furthermore, the importance of segment boundaries in controlling fault rupture propagation has been relaxed in recent large-scale seismic hazard analyses in California (Field et al., 2014), and relaxing of segmentation has recently been explored along the WFZ (Valentini et al., 2019). Furthermore, notable recent earthquakes along strike-slip and subduction zone environments have ruptured across large along-strike structural complexities (e.g., Taylor et al., 2008), demonstrating that segment boundaries and characteristic earthquakes do not encapsulate earthquake behavior (e.g., Philibosian and Meltzner, 2020). In the case of the FCSB, a multi-segment rupture of the Provo and Salt Lake City segments presents a different, and possibly worse, scenario to overcome for the State of Utah than the rupture of a single fault segment. The population centers adjacent to these two fault segments contain the majority of Utah residents and commercial enterprises (e.g., Wong et al., 2016). Furthermore, how adjacent segments interact is a longstanding question that is related to fault geometry, rupture dynamics, fault maturity, and the state of stress within the system. Documenting the chronologies of prehistoric earthquake ruptures (i.e., paleoseismic records) that are arrested or transmitted between specific fault segments can provide data to test the importance of fault geometry, rupture directivity, and other parameters in controlling fault interaction.

Beyond correlating paleoseismic event chronologies from nearby sites and segments (e.g., Schwartz and Coppersmith, 1984; Machette et al., 1991; Weldon et al., 2004; DuRoss and Hylland, 2015; DuRoss et al., 2016), there are at least three ways to collect data about the role of fault segment boundaries in modulating earthquake rupture. The best data sources for understanding the role of fault segments and gaps in rupture dynamics are the historical record of field-documented large earthquakes (e.g., Sieh, 1978; Crone et al., 1987; Prentice and Schwartz, 1991; Pantosti et al., 1996; Taylor et al., 2008) and compilations of such data that permit the development of empirical relationships (e.g., Wells and Coppersmith, 1994; Stirling et al., 2002; Wesnousky, 2006, 2008; Manighetti et al., 2007; Stirling et al., 2013; Biasi and Wesnousky, 2016). However, the instrumental and historical records of well-documented events are limited to those events that have occurred during the last several hundred years and only a few well-documented case studies exist for normal faults (e.g., Biasi and Wesnousky, 2016). Another approach has been the utilization of high-resolution topography to map displacement gradients for historical and pre-historic events (e.g., Zielke et al., 2010, 2012; Haddon et al., 2016; DuRoss et al., 2019; Sare et al., 2019). Finally, one approach is to document paleoseismic histories directly within segment boundaries (e.g., Seitz et al., 1997; Toké et al., 2011; Wang et al., 2017). These types of records provide direct evidence of ruptures at a segment boundary that can then be compared to paleoseismic records on adjacent fault segments.

Previous investigations along the central WFZ include eight paleoseismic sites along the Salt Lake City (4) and Provo (4) segments. The Salt Lake City segment sites include the Penrose Drive site (DuRoss et al., 2014; DuRoss and Hylland, 2015), the Little Cottonwood Canyon site (Swan et al., 1980; McCalpin, 2002), the South Fork Dry Canyon site (Schwartz and Lund, 1988; Black et al., 1996), and the Corner Canyon site (DuRoss et al., 2018). The Provo segment sites include the Alpine site (Bennett et al., 2018), the American Fork site (Forman et al., 1989), the Rock Canyon site (Lund and Black, 1998), and the Mapleton North/South sites (Olig et al., 2011). Two of the most recent paleoseismic investigations on the WFZ were purposefully situated at the very northern end of the 59 km-long Provo segment (the Alpine Site: Bennett et al., 2018) and the very southern end of the Salt Lake City segment (Corner Canyon Site: DuRoss et al., 2018). These studies collected high-resolution event chronologies and displacement data immediately adjacent to the ∼7-km-long FCSB fault that strikes east – west and links the north – south striking Provo and Salt Lake City segments of the WFZ forming a large left step across the segment boundary (Figure 1). These investigations provide the data to begin assessing how this segment boundary may have modulated past earthquake ruptures. Results from the Alpine and Corner Canyon sites show that both sites have experienced three events in the past 1.4 ka and a total of six events since the mid Holocene (Bennett et al., 2018; DuRoss et al., 2018). Per-event displacements and age chronologies permit the interpretation that up to five of the events could be correlated across the FCSB. However, even at high-quality and well-studied sites such as these, geochronology results yield paleoseismic event chronologies with uncertainties that typically range from about 100 to more than 1000 years. Thus, a correlation of events crossing a segment boundary is difficult to distinguish from separate ruptures of adjacent fault segments that are spaced closely in time (e.g., Philibosian and Meltzner, 2020).

In this study, we used the approach of paleoseismology within a segment boundary to acquire an earthquake record that can be compared directly with high-resolution paleoseismic records on the neighboring Salt Lake City and Provo segments of the central WFZ. We excavated two trenches across sub-parallel traces of the FCSB fault at the Traverse Ridge paleoseismic site (TR site: 40.492°, -111.805°). The TR site is located near the center of this segment boundary, approximately 4 km from the Alpine site and 3 km from the Corner Canyon site (Figure 1). In the first section of the paper, we present the methods utilized in our paleoseismic investigation, including a discussion of site selection based upon previous mapping (Toké et al., 2017: Figures 1, 2). Then, we present the trenching results including soil, stratigraphic, and structural interpretation of the two trenches (Figures 3–6) as well as geochronology samples and results (Tables 1, 2). Next, we compare the event chronologies and displacements from the TR site (Figure 7 and Table 3) with the record from nearby paleoseismic sites (Figure 8). This comparison facilitates discussion about the frequency and dynamics of ruptures extending into the FCSB fault from the adjacent Provo and Salt Lake City segments of the WFZ. Finally, we discuss general challenges for site selection and interpretation of paleoseismic records from within segment boundaries owing to their complex faulting along many parallel fault traces. This paper demonstrates that three to four earthquakes have ruptured through the FCSB since the mid Holocene. This outcome supports the validity of including a diversity of rupture scenarios in seismic hazard analyses for the Wasatch Front (e.g., Wong et al., 2016).
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FIGURE 2. (A) The Traverse Ridge site (TR site) consists of seven ∼500-m-long paleoseismic trenches (T1-T7) that were originally investigated as part of a geotechnical investigation for a now abandoned housing development. In this study, we reoccupied the westernmost trench (T1). We re-excavated two portions of T1, which crossed two prominent fault traces. Trench 1 north (T1N: small blue rectangle) was cut across the northern fault trace and reoriented, extending fault-perpendicular for about 14 m along a 170° trend from the existing trench at approximately 40.49254°, -111.80467°. Trench 1 south (T1S: small green rectangle) was exposed along the southern fault trace by widening the existing trench, which was already well oriented, perpendicular to the fault. Base map is a lidar-derived shaded relief map with a 315° illumination angle. Fault traces (yellow lines) and queried slope discontinuities (dashed black lines) are from Toké et al. (2017). (B) Topographic profile and cross-sectional interpretation from X to X′. The northern and southern fault scarps cut through Tertiary volcanic (Tv) and alluvial fan (Taf) units (Biek, 2005). Quaternary colluvium (Qc) is observed on the hanging wall of the fault traces. The approximate locations and trench lengths are shown for T1N and T1S. (C) Three-meter contours overlain on a shaded relief map just to the west of the trench site. Here, it appears that the southern fault trace intersects and cuts the northern fault trace (within black box). This observation corresponds to trenching results that demonstrate a younger rupture in the T1S trench (Figures 3–7).
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FIGURE 3. The east wall of Trench One North (T1N) presents evidence for three earthquake-produced colluvial wedges (C0, C2, and C3) along three fault zones. Age ranges are constrained for the C2 and C3 events. Sample TR-7 (0.3 – 0.5 ka) on this wall is helpful for constraining the age of the event associated with C3 (Figures 7, 8 and Table 1). Other samples constraining these events are found on the west wall (Figure 4 and Table 1). Undated samples and samples that were not included in the event age modeling are shown in italics and smaller font.
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FIGURE 4. Trench One North (T1N) west wall presents evidence for three earthquake-produced colluvial wedges (C0, C2, and C3) along three fault zones. Ages are constrained for the C2 and C3 events. Samples TR16 (0.3 – 0.4 ka), TR17 (0.5–0.6 ka), and TR13a/b (3.4 – 3.5 ka and 3.6 – 3.8 ka) help constrain the age of the event that produced C3. Samples TR10a (7.0 – 7.3 ka), TR6 (8.8 – 9.3 ka), and TR-A (8.0 – 8.2 ka) help constrain the age of the event associated with C2 (Figures 7, 8 and Table 1). Stratigraphic relations of supporting samples are observed on the T1N east wall (Figure 3). Undated samples are shown in italics and smaller font.
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FIGURE 5. Trench One South (T1S), east wall. Paleoseismic logging interpretation and photomosaic. The most recent event at TR site occurred along fault zone B, forming the CB colluvial wedge. This event is constrained to between 0.2 and 0.4 ka by samples TR25a – d and TR28a – b (Figures 7, 8 and Table 2). The CB colluvial wedge has been significantly modified by erosion on the west wall (Figure 6). Based upon the presence of older soil A-horizon material within the fault zone B (FZB) fissure (TR29), we infer that an older Holocene event occurred along this fault between 1.3 and 6.2 ka. However, the primary evidence for this event has been removed due to erosion. The older CA colluvium is massive and was undifferentiable. We expect it is colluvium derived from recurrent motion along FZA, but we did not document any evidence to constrain events along this fault zone. Undated samples are shown in italics and smaller font.



[image: image]

FIGURE 6. Trench One South (T1S) west wall. Paleoseismic logging interpretation and photomosaic. The most recent event in T1S occurred along fault zone B (FZB) forming the CB colluvial wedge. This event is constrained to between 0.2 and 0.4 ka by samples TR25 and TR28 (Figures 5, 7, 8 and Table 2). The CB colluvial wedge has been significantly modified by erosion on this trench wall. The filled fissure, providing evidence of a prior event (Figure 5), is not present on this trench wall. The older CA colluvium is massive and was undifferentiable. We expect it is colluvium derived from recurrent motion along FZA, but we could not identify evidence to constrain events along this fault zone.



TABLE 1. T1N radiocarbon data arranged by stratigraphic order.
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TABLE 2. T1S radiocarbon data arranged by stratigraphic order.
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FIGURE 7. OxCal model (e.g., Lienkaemper and Bronk Ramsey, 2009; Bronk Ramsey, 2017) for TR site event ages are constrained by geochronology samples from bounding stratigraphic units within trench T1S (green shading) and trench T1N (pink shading). Geochronology ages (Tables 1, 2) were modeled either as single ages as a part of an overall sequence of events (i.e., TR-A, TR10a, TR29, TR28a, and TR28b), as a sequence within a stratigraphic unit (i.e., TR-13b, TR13a, TR17, TR7, and TR16), or as a combined age group (TR25a, TR25b, TR25c, and TR25d). The upper boundary of 1847, when Mormon Pioneers entered the region–and no strong earthquakes were felt–is used to help constrain the combined age of TR25 and therefore also helps constrain the age of the most recent earthquake (Event 1). Event ages, rounded to the nearest 0.1 ka, are presented here. Full 2σ modeled event ages are presented in Table 3. Evidence for Event 2 and Event 3 is from separate trenches and has overlapping age probability distribution functions. Therefore, we cannot be certain if these are the same event or separate events.



TABLE 3. Modeled event ages and earthquake inferences for the TR site.
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FIGURE 8. Space-time paleoseismic diagram extending along the southernmost Salt Lake City segment of the Wasatch fault zone, across the Fort Canyon segment boundary and the northernmost Provo segment. Distance is measured in kilometers along the fault trace south of the South Fork Dry Creek site (SFDC site). The fault trace mapping over combined digital hillshade and continuous three color aspect imagery (Toké et al., 2017) is rotated through the segment boundary bends to form a roughly linear scale and depict the approximate location of paleoseismic sites along the fault trace for the space-time graph. In addition to the TR site (this study), paleoseismic data have been collected from five other sites along this ∼23 km long reach of the Wasatch fault zone: the South Fork Dry Creek site (SFDC: Schwartz and Lund, 1988; Black et al., 1996), the Corner Canyon site (CC site: DuRoss et al., 2018), the Three Falls Ranch site (3FR site: Western GeoLogic, 2004), the Alpine site (Alp site: Bennett et al., 2018), and the American Fork site (AF site: Forman et al., 1989). Holocene event age constraints from each site, presented in thousands of years before present (ka) with 2σ confidence bounds (rounded to the nearest 0.1 ka), are plotted for comparison among sites. Gray dashed lines extend from the event age bounds of the TR site to facilitate comparison. It is important to note that the 3FR site was a consultancy investigation; the event data from this site are incomplete, and the one event plotted is only constrained with a stratigraphic age prior to that event.




MATERIALS AND METHODS


Site Selection and Mapping

As a part of a prior study (Toké et al., 2017), we conducted reconnaissance mapping of the Fort Canyon fault utilizing lidar elevation datasets acquired by the State of Utah. The Fort Canyon fault strikes east – west (nearly perpendicular to the neighboring fault segments) and dips to the south. It runs through the high topography of Traverse Ridge which is a mountain front salient that separates Utah and Salt Lake Valleys (Figure 1). Along the FCSB, Toké et al. (2017) found that the fault surface trace is more complex than on the neighboring fault segments. The segment boundary has a higher density (∼10 scarps-per-kilometer of fault length) of shorter fault scarp lengths (∼140 meters per individual fault scarp) than the neighboring fault segments which have lower fault scarp density (∼6 scarps-per-kilometer of fault length) and a more continuous fault traces (∼270 meters per individual fault scarp length). There are several likely reasons for the heightened complexity of the FCSB surface trace. First, segment boundaries often are associated with discontinuous surface fault traces through fault structural complexities (e.g., Sibson, 1986; Graymer et al., 2007; Toké, 2011; DuRoss et al., 2016). Second, the FCSB also contains many Quaternary landslide scarps (e.g., Biek, 2005) that could be misidentified as short fault scarps (e.g., Hart et al., 2012). Third, the Fort Canyon fault trends east – west, connecting the Provo and Salt Lake City segments that are west dipping and form a left step across the FCSB. This configuration includes broad ∼90-degree fault bends, resulting in a wide array of surface faults at each junction with the neighboring fault segment. Given this geometry, a component of right-lateral oblique slip may also be possible along the FCSB (e.g., Toké et al., 2017).

Within the array of segment boundary faults, we identified the crest of Traverse Ridge as one of the least complex areas (Figure 2). Here, two prominent fault scarps (a north and south trace) are crossed by the westernmost of seven large and unfilled consultant trenches that were excavated in 2005 as a part of a geologic investigation for a now-abandoned residential development. These scarps are not arcuate and are not associated with mapped landslides. We conducted reconnaissance-level hand-dug excavations of the faulted outcrops in these abandoned trenches and identified this area as the Traverse Ridge paleoseismic site (Toké et al., 2017). Observations from the westernmost trench revealed fault-derived colluvial wedge deposits composed of infilled dark soil A-horizon material mixed with footwall clasts, which we inferred to show strong evidence of Holocene earthquake rupture. Because of the promising deposits, the location near the center of the FCSB, and the area’s relatively low fault complexity, we determined that the westernmost trench, hereafter referred to as trench 1 (T1: Figure 2), showed the most promise for further paleoseismic investigation within the segment boundary.



Paleoseismic Trenching

In the summer of 2016, we re-excavated two sections of trench 1 along the north and south traces of the Fort Canyon fault at the TR site (Figures 2–6). The trench across the north trace of the fault (T1N: Figures 3, 4) was re-oriented from the preexisting exposure to be fault-perpendicular. The trench across the south trace of the fault (T1S: Figures 5, 6) required widening. The T1N re-excavation extended for approximately 13 m and the T1S re-excavation extended for ∼15 m. The trenches reached depths ranging from 1.5 – 3.5 m below the ground surface.

Paleoseismic logging was conducted on photomosaics of the trench walls in a style similar to that described in Bemis et al. (2014) and Reitman et al. (2015). The re-excavated faces of T1N and T1S were documented with 16-megapixel digital photographs from an Olympus Stylus Tough camera and a Panasonic Lumix DMC-FZ70. Photographs were taken approximately perpendicular to and at various distances from the trench wall (ranging from 0.5 to 4.0 m) to construct photomosaics of varying detail. Each photographic set was taken with more than 50% overlap. Photographs were processed with Agisoft Photoscan to produce point clouds and three-dimensional models of the trench walls. Photomosaic ‘textures’ were processed and co-registered with the three-dimensional models enabling us to produce and print orthophoto mosaics of the trench walls. We logged the walls using 8.5” x 11” prints of these mosaics at ∼1:5 scale in the field. We mapped lithologic units, soils, faults, animal burrows, clasts, and other trench features such as trench floors, benches, and excavation spoils where they overlay the modern soil A-horizon (because we were reoccupying trenches that had been dug more than a decade earlier and were not previously infilled). Mapping was digitized from field log scans using Esri ArcGIS software. Following the field work, a trench review was conducted on August 31, 2016, with participants from the Utah Geological Survey, Utah Valley University, and local geotechnical consultants.

Twenty-eight samples including charred plant material and bulk soil samples were collected for potential radiocarbon analysis (Figures 3–6 and Tables 1, 2). Seventeen radiocarbon samples were analyzed at the Woods Hole Oceanographic Institution National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility in Woods Hole, Massachusetts. Ten of these were preprocessed from six bulk soil samples at PaleoResearch Institute in Golden, Colorado. Radiocarbon ages were calibrated using the IntCal20 model (Reimer et al., 2020) and event ages were modeled following the approach of Lienkaemper and Bronk Ramsey (2009) and Bronk Ramsey (2017) in the program OxCal v. 4.4 (Figures 7, 8 and Tables 1–3). Two optically stimulated luminescence samples were collected, but they were not analyzed because they lacked suitable material (fine sand and silt) for analysis (e.g., Nelson et al., 2015).




RESULTS


Trench 1 North Stratigraphy and Faulting Events

The northern trench (T1N: Figures 2–4 and Table 1) was situated across a 390-m-long trace of the Fort Canyon fault that trends 260° and has a southeast facing scarp (Toké et al., 2017). T1N was cut roughly perpendicular to the fault trace extending for ∼13 m along a ∼350° trend from a point at the edge of the preexisting trench footprint (at approximately 40.49254°, -111.80467°). This trench extended to a maximum depth of ∼3.5 m below the ground surface.

The footwall lithology within T1N is comprised of Tertiary volcanic rock, including a range of deposits from welded block and ash flows to angular alluvium composed of reworked volcanic material (Biek, 2005). Paleosol development was apparent between some of the footwall Tertiary units, and one thin package of fault-derived colluvium (C0) was deposited across a fault zone within the footwall (FZ1). The hanging wall lithology is composed of scarp-derived, matrix-supported colluvium. Three distinct packages of colluvium were identified within the hanging wall of the T1N exposure (C1 – C3). The lowermost of these matrix-supported units (C1) was massive, highly weathered, clay-dominant colluvium with sparse, angular pebble- to cobble-sized volcanic clasts. Based upon field observations, this unit had the highest soil plasticity of the three colluvial packages. The C1 colluvium is likely associated with a paleoearthquake, but C1 extends below the depth of the trench, so its relationship to an age-controlled faulting event is uncertain. Two additional hanging wall packages of colluvium were deposited above C1. Both younger colluvial packages (C2 and C3) were derived from eroded fault scarp free faces, and each was overprinted with soil development, including a recognizable A-horizon indicating a period of relative slope stability after the packages of fault-scarp-derived colluvium were deposited across the fault.

Three fault zones containing evidence for recent earthquakes were identified within T1N, at meters 9.5 – 10 (FZ1 – oldest activity), meter 6 (FZ2), and meter 7 (FZ3 – youngest activity). Each of these fault zones extends upward into discrete fault-scarp-derived colluvial packages (C0, C2, and C3 – numbers increasing toward more recent events), which we infer to be colluvial wedge deposits that formed following surface ruptures along the FCSB (Table 3). The colluvial wedge overlying FZ1 (C0) is thin (0 – 50 cm), located within the footwall stratigraphy, and is composed of angular clasts ranging from coarse sand to small cobbles. Unlike the colluvial wedges identified within the hanging wall, C0 is more clast supported and does not include A-horizon soil development. Because of the lack of organics and evidence of soil A-horizon material within C0, we infer that it is the oldest of the fault-derived colluvial packages. The colluvial wedges overlying FZ2 and FZ3 (C2 and C3, respectively) are filled with colluvium that is generally darker in color than the C0 colluvial wedge. C2 and C3 are matrix supported and contain angular clasts of volcanic rocks, ranging in size from pebbles to cobbles. The larger clasts within C2 and C3 are generally more abundant near the base of the deposits. The upper part of C2 retains some character of a buried soil A-horizon, which helped distinguish the unit from the base of C3. Additionally, C2 is grayer in color than that of the overlying C3 deposit. C3 is close in color to the dark modern A-horizon of the Mollisol located on the footwall side of the fault. The top of C3 grades into the modern soil.

The oldest evidence for paleoseismicity at the TR site occurs along FZ1 in T1N (Figures 3, 4). Fault zone 1 strikes 279° and dips 84° to the southwest. An earthquake along FZ1 resulted in the deposition of the C0 colluvial wedge. We attribute the lack of reworked soil A-horizon material within the C0 colluvial wedge to its age and position above the recently active part of the fault scarp. Because of this position and an unconformity at the top of C0, we infer that any A-horizon deposited within the colluvial wedge was altered away from biological and soil weathering processes or it was eroded away with recurrent uplift and erosion across the footwall side of the fault scarp. Today, C0 is overlain by ∼40 – 50 cm of younger slope-derived colluvium which has a well-developed soil A-horizon. A single bulk soil sample was collected from within the C0 colluvial wedge, but this sample did not yield any datable material, so we are unable to constrain the timing of the earthquake responsible for the scarp erosion and production of C0. However, given its position within the footwall, directly overlying reworked Tertiary volcanic rock and the absence of organic soil material within the colluvial wedge, we infer that it is older than the events associated with C2 and C3, possibly prior to the Holocene.

The oldest event that is age constrained within T1N occurred along FZ2 and resulted in the deposition of the C2 colluvial wedge (Event 4: Figure 7 and Table 3). FZ2 strikes 277° and dips 76° to the southwest. This fault zone presents evidence for shear due to faulting that extends from the trench floor to about ∼10 cm above the contact between C1 and C2. Above 10 cm, the fault scarp free face was eroded back and progressively buried by the C2 colluvium. Radiocarbon sample TR-A (charcoal pieces) was collected within the faulted paleosol along a small fissure at the boundary of the C1 and C2 colluvial deposits. This sample was collected during the reconnaissance study of Toké et al. (2013). We infer that this charcoal originated from the soil which existed at the time of the penultimate event in T1N and constrains the maximum age of C2 to ∼8.0 − 8.2 ka. Radiocarbon sample TR10a was collected within the middle of C2, about 40 cm above the base of the colluvial wedge, indicating that it accumulated within the soil after the occurrence of the C2 event and constrains the minimum age to before ∼7.0 – 7.3 ka (Figure 7 and Tables 1, 3). Three additional samples (TR3, TR4, and TR6) were dated within the C2 deposit, but they are not useful for constraining events. TR3 was a piece of charred organic material found on the west wall (Figure 4). It yielded an unexpectedly young age of 0.3–0.5 ka. Therefore, we infer that it is either root material or was bioturbated into place. TR4 was a piece of charcoal found on the east wall of T1N (Figure 3). It yielded a calibrated age of 13.8–14.8 ka, which is older than any other age from T1N; thus, we infer that the TR4 sample had a relatively long history on the landscape, prior to its deposition within C2, and we do not consider this detrital age to be useful in constraining the age of any events in T1N. TR6 was also a piece of charcoal found on the east wall of T1N (Figure 3). Though stratigraphically above TR-A, it yielded an age that was significantly older (8.8–9.3 ka) than TR-A. We infer that TR6 has a significant detrital history, and thus it is not used to constrain the event found along FZ2.

The youngest event constrained along the northern fault trace (T1N) occurred along FZ3 (Event 2: Figure 7 and Table 3). This fault strikes 288° and dips 70° to the southwest. FZ3 juxtaposes the footwall units against the C3 colluvium. There is evidence for shear along the fault surface for ∼50 cm above the base of C3, beyond which the scarp is eroded back and buried by the C3 colluvium which overlies the paleosol at the top of C2. Charred radiocarbon samples TR13a (∼3.4 ka) and TR13b (3.6–3.8 ka) were extracted from a bulk soil sample within this paleosol. The younger of these ages, with the least detrital signal representing time spent on the landscape prior to deposition, constrains the maximum age of C3 to after ∼3.4 ka. Three charcoal samples including TR7 (0.4–0.5 ka), TR 16 (∼0.4 ka), and TR17 (0.5–0.6 ka) were collected from within the C3 colluvial wedge (Table 1). Together, these samples constrain the minimum age for the deposition of the C3 colluvium to before ∼0.6 ka.



Trench 1 South Stratigraphy and Faulting Events

The south trench (T1S: Figures 5, 6, and Table 2) was re-excavated across a ∼215-m-long fault trace that is about 175 m southwest of T1N. This southern fault trace trends 290° and the scarp faces southwest. To the west of the TR site, the south fault trace intersects and appears to topographically displace (crosscut) the northern fault (Figure 2). The re-excavation of T1S extended horizontally for more than 20 m and to a maximum depth of 2.5 m below the ground surface. The excavation was centered on the two primary fault zones FZA (older) and FZB (younger) observed within T1S during the investigation of Toké et al. (2017).

Fault zone A crops out at meter 11 (Figures 5, 6) within T1S, strikes 304°, dips 64° to the southwest, and juxtaposes footwall Tertiary alluvial fan deposits (e.g., Biek, 2005) against massive fault-scarp-derived, matrix-supported colluvium in the hanging wall (CA). The Tertiary alluvial fan deposits contain a significant component of soil carbonate which has coated some clasts completely. Calcium carbonate has infilled preexisting ground cracks within the footwall units and occurs as nodules within the matrix of the footwall lithology.

The massive hanging wall colluvium CA is faulted by FZB at meter 9.5. Here, FZB strikes 294° and is nearly vertical, dipping more than 85° to the southwest (Figures 5, 6). A fissure is filled with old A-horizon soil material along FZB (Figure 5). The fault zone extends from the base of the trench to ∼70 cm below the present-day ground surface. Clasts from footwall units and near-surface soil A-horizon material were deposited across the displaced paleo ground surface forming a prominent colluvial wedge (CB), which formed following the most recent event (MRE) along the southern fault trace (Event 1: Figure 7 and Table 3). Bulk soil samples were collected from the filled fissure (TR29), from the paleosol A-horizon below the CB colluvial wedge (TR28), and within CB (TR25). The bulk samples were processed to identify and extract datable material. Four separate samples of charred material were dated from within the MRE colluvial wedge (TR25a – d: Figure 5 and Table 2). These samples constrain the minimum age of the CB colluvial wedge to before 0.2 – 0.3 ka. Charred plant remains were dated from two samples within the pre-MRE paleosol (TR28a and TR28b) to constrain the maximum age of the MRE (Event 1) along the southern fault trace. TR28a yielded a much older, and presumably detrital age result (1.3–1.4 ka), whereas TR28b is much younger (0.3 – 0.4 ka) and represents a maximum constraint for the MRE. The dated material from within the fissure yielded a much older date than the MRE (6.2 – 6.4 ka: Table 1). This result is interpreted as an infilling of older soil material within the fissure during a prior event (Event 3) along the southern fault trace. This event is constrained to have occurred between 1.4-6.2 ka in our model (Figure 7 and Table 3). However, it is possible that this event may be complementary evidence of Event 2 (observed in T1N). Importantly, while it is clear from the fault scarp height at T1S (Figure 2), footwall shear zone (FZA), and massive colluvium (CA) that recurrent faulting has occurred across the T1S fault scarp, no good evidence was observed to differentiate CA and constrain older events along the southern fault trace.




DISCUSSION


Interpretations of the Earthquake Record at the TR Site

The TR site presents evidence for four earthquake-derived colluvial wedges and one earthquake-produced filled fissure within two paleoseismic exposures on sub-parallel fault traces that cut footwall rock types of disparate age and origin (Table 3). Addressing event correlations between the two trenches presents challenges. T1N presents scarp-derived colluvial wedge evidence for three separate earthquake events: two events along the main fault zone and one undated event that is preserved within the footwall deposits. T1S presents colluvial wedge evidence constraining one recent Holocene event and fissure fill evidence of a second older event, but the morphology of the fault scarp and massive fault zone colluvium points to other, possibly recent, events that ruptured this fault trace and are not preserved in the TR site paleoseismic record. This possibility of an incomplete record is an important consideration for comparisons with the earthquake record of nearby sites.

At least three, and possibly four, distinct paleoseismic events are certain and broadly constrained by the TR site’s record (Figure 7 and Table 3). The MRE (Event 1) occurred between 0.2 and 0.4 ka on the southern fault trace. The penultimate event (Event 2) ruptured the northern fault trace and is broadly constrained between 0.6 and 3.4 ka. From evidence of a filled fissure, we infer a third earthquake (Event 3) between 1.4 and 6.2 ka on the southern fault trace; however, this could also be interpreted as additional evidence of Event 2 having ruptured the southern fault trace. The oldest constrained earthquake (Event 4) at the TR site occurred on the northern fault trace between 7.2 and 8.1 ka.

If we consider the full range of age uncertainties, there is a very minor chance that the ages for Events 1 and 2 overlap (Tables 1, 2). However, we are fairly certain that the youngest event in T1N is the penultimate event at the TR site for the following reasons. First, the ages within C3, which are event minimum ages, are similar to the ages constraining the pre-MRE paleosol on the southern fault trace, which are event maximum ages. Second, the age gap between radiocarbon samples within the paleosol developed prior to the C3 colluvial wedge and the radiocarbon samples from within C3 is approximately 3000 years. This indicates that from the available geochronology data, there is much greater probability that the event ages on these two fault traces do not correlate. Third, where the two fault traces intersect, to the west of trench 1, it appears that the southern fault trace crosscut the northern fault trace (Figure 2C) in the most recent earthquake. Finally, at the 2σ probability level, our event modeling does not support this conclusion (Figure 7 and Table 3). In summary, our preferred interpretation for the event chronology at the TR site is (Table 3):

• Most Recent Event (Event 1):  0.2 – 0. 4 ka

• Penultimate Event (Event 2):  0.6 – 3.4 ka

• Event 3:           1.4 – 6.2 ka

• Event 4:           7.2 – 8.1 ka

It is important to note that we don’t refer to the two older events (Events 3 and 4) as antepenultimate or pre-antepenultimate, because we suspect that other event(s) may have occurred along the FCSB that were not preserved at the TR site due to erosion of the fault scarp evidence. The southern fault scarp at the TR site is among the most prominent within the segment boundary (Toké et al., 2017) – with more than 12 m of topographic relief, a maximum scarp slope exceeding 20°, and at least ∼20 m of apparent geomorphic surface displacement (Figure 2B). We infer that it is unlikely that only two Holocene events occurred on this trace of the fault. Furthermore, along the northern fault trace, we documented two fault-derived colluvial packages (C0 and C1) that occurred prior to Event 4 but have no geochronology age constraints. These are possibly Holocene events. Therefore, we suspect that the TR site earthquake record is incomplete over the entire Holocene and possibly incomplete since 7 ka.



Estimating Magnitudes, Fault Rupture Length, and Segment Connectivity

Colluvial wedge height maximum thicknesses (Figures 3–6 and Table 3) provide lower limits for vertical displacement in past earthquakes along the Fort Canyon fault. The four colluvial wedges identified within T1N and T1S ranged in height from 0.5 to 1.2 m. Given these displacement minimums, and considering the empirical relationships among rupture parameters and magnitude (e.g., Wells and Coppersmith, 1994), we infer that all of the Holocene events at the TR site were greater than Mw 6.6, and the largest of these colluvial wedges might be indicative of an earthquake equivalent to or exceeding Mw 7.0 (Table 3). These displacements are comparable to the displacement ranges observed at the two adjacent paleoseismic sites (0.5 – 1.3 m/event at the Alpine site and 0.5 – 1.4 m/event at the Corner Canyon site).

Normal faulting earthquakes with these displacement ranges (0.5 – 1.2 m/event) and magnitudes (M6.6 – M7) should be associated with rupture lengths ranging from at least 11 to more than 27 km (Table 3: Wells and Coppersmith, 1994; Wong et al., 2016). Given that the slip-per-event data from the TR site are colluvial wedge heights (i.e., minimum estimates), the Holocene surface ruptures along the FCSB likely extended onto one or both of the neighboring fault segments and should be correlative with events recorded at the nearby and recent paleoseismic investigations at the Alpine site (Bennett et al., 2018) and the Corner Canyon site (DuRoss et al., 2018), which are both within 5 km of the TR site. Furthermore, ruptures approaching M7 could extend beyond the next closest paleoseismic sites such as the South Fork Dry Creek site (10 km north of the TR site on the Salt Lake City segment: Schwartz and Lund, 1988; Black et al., 1996) and/or the American Fork site (∼13 km south of the TR site on the Provo segment: Forman et al., 1989).



Comparison of the TR Site With Nearby Paleoseismic Records

The South Fork Dry Creek site is located 10 km north of the TR site along the southern Salt Lake City segment (Figures 1, 8). The paleoseismic record at this site includes four events over the last 6000 years (1.1 – 1.5 ka, 1.5 – 2.5 ka, 3.2 – 4.4 ka, and 4.5 – 5.5 ka: Schwartz and Lund, 1988; Black et al., 1996). The American Fork site is located 13 km south of the TR site along the northern Provo segment and its paleoseismic record includes four events over the last 7000 years (0.2 – 0.6 ka, 1.2 – 2.8 ka, 2.8 – 5.8 ka, and 5.2 – 7.2 ka: Forman et al., 1989). Comparing the TR site record with these sites on the two adjacent fault segments allows for the following possibilities. The most recent event (Event 1) at the TR site (0.2 – 0.4 ka: Figures 7, 8) can be correlated with the youngest event at the American Fork site, but no young event is correlative at the South Fork Dry Creek site. The penultimate event at the TR site is not well constrained (0.6 – 3.4 ka) and could be correlated with the penultimate events at both the American Fork and South Fork Dry Creek site. Because of the poor age constraints, it could also be correlated with the antepenultimate events at these sites. Event 3 at the TR site is also poorly constrained and could correlate with the three older events at both the SFDC and AF sites. The oldest event observed at the TR site (7.4 – 8.2 ka) extends beyond the paleoseismic records of the nearby paleoseismic sites that typically go back 6–7 ka (Figure 8).

Over the last 6000 years, the TR site preserves evidence of two to three surface rupturing earthquakes (Table 3). This finding demonstrates that the TR site records fewer earthquakes than have occurred on the neighboring fault segments since the mid Holocene. Four events were observed at both the South Fork Dry Creek and American Fork sites. In even greater contrast, the records from the Alpine site on the Provo segment (Bennett et al., 2018) and Corner Canyon site on the Salt Lake City segment (DuRoss et al., 2018) indicate an even greater frequency of events at the endpoints of the neighboring segments. Both sites record six events during this time span (Figure 8). Thus, we observe that the TR site may only record approximately one-half of the ruptures observed at paleoseismic sites on neighboring fault segments.

There are at least four possible explanations for fewer earthquakes at the TR site since the middle Holocene. First, faulting within the FCSB is complex with numerous stepping fault traces and scarps that occur more than a kilometer away from the main Fort Canyon fault trace (e.g., Figure 1; Toké et al., 2017). Therefore, it is possible that ruptures have crossed through the segment boundary without rupturing the TR paleoseismic site due to small (∼1 km and less) gaps in the expression of surface rupture, leaving our record incomplete. Second, the Fort Canyon fault clearly has less total displacement than the adjacent fault segments. Along the FCSB mountain salient, Tertiary rocks crop out on the hanging wall with no Quaternary cover hundreds of meters above the nearby valley bottoms that also have significant Quaternary fill. This contrast in apparent displacement corresponds to the expectation that the linkage zones of fault segments should be sites of lower average displacement in individual earthquakes (e.g., Peacock and Sanderson, 1991). Therefore, some unrecorded events may have had small surface displacements (i.e., less than 50 cm). Such small ruptures, breaking through the high topography of Traverse Ridge that also includes numerous landslides, would be challenging to preserve in this erosion-dominant part of the landscape. Third, ground rupturing earthquakes sometimes have large gaps of multiple kilometers in their surface ruptures (e.g., Biasi and Wesnousky, 2016). A prominent example is the 1983 Borah Peak, Idaho, earthquake which crossed the Willow Creek structural salient with a 5-km-long rupture gap across this segment boundary (e.g., Crone et al., 1987). Therefore, it is possible that ruptures may be recorded at sites on adjacent fault segments (e.g., the Alpine or Corner Canyon sites) but not within an individual paleoseismic site along the segment boundary (e.g., the TR site). Finally, ruptures on the neighboring segments may terminate at or near the segment boundary and given that rupture endpoints tend to have displacement minima, some ruptures may not have propagated to the surface to be recorded at the TR site. This possibility is supported by recent surface trace mapping by the Utah Geological Survey which documents numerous branching fault scarps on the south side of Traverse Ridge (McDonald et al., 2020). These branching fault scarps may represent the termination of some Provo segment ruptures within a damage zone on the south side of the FCSB.



Evaluating Rupture Scenarios

At this point, the published event chronology data from the TR site and the neighboring parts of the Provo and Salt Lake City segments can help to evaluate a range of rupture scenarios (Figure 8). The most recent event ages observed along the northern Provo segment and the TR site all may have ruptured between 0.2 and 0.6 ka. This observation could be used to support the model of a spillover rupture, where much of the Provo segment ruptures and faulting continues north, breaking through the FCSB and possibly spilling over onto the southernmost parts of Salt Lake City segment. The 1983 Borah Peak earthquake is an example of a partial segment rupture with spillover across the segment boundary and onto the adjacent segment, although in that case rupture was minimal within the segment boundary (e.g., Crone et al., 1987; DuRoss et al., 2019). If this hypothesis is true for the most recent event at the TR site, then the Alpine site may constrain the age of this event to a narrow ten-year period about 370 years ago (Bennett et al., 2018).

Full multisegment rupture, breaking most or the entire Salt Lake City segment, the FCSB, and Provo segment is not well supported by the existing paleoseismic data adjacent to this segment boundary, but it cannot be completely excluded. Rupture ages overlap between 2.1 and 2.5 ka across all sites from the South Fork Dry Creek site to the American Fork site (Figure 8), and the third event at the SFDC site can also be correlated along the entire fault length. The paleoseismic data also permit the possibility of segmented rupture, with no rupture through the segment boundary. For instance, the oldest two ruptures on the northernmost Provo segment have, at most, only one correlative event supported by evidence from the TR site (however, this part of the record may be incomplete). Therefore, at least one of these two events possibly did not involve the segment boundary or the southern Salt Lake City segment (Figure 8). Finally, rupture originating from segment boundary faults (i.e., segment boundary ruptures) is supported by the overall higher recurrence rate observed at the Corner Canyon and Alpine sites (six events in 6 ka) as compared with the South Fork Dry Creek and American Fork sites (four events in 6 ka). An example of a segment boundary rupture could be represented by the penultimate events observed at the Corner Canyon, TR, and the Alpine sites, which may have occurred prior to 0.6 ka.

The occurrence of segment boundary ruptures and a higher recurrence of earthquakes at or near segment boundaries is not unexpected. An explanation for these observations is that large ruptures on the adjacent fault segments do occur. When these ruptures stop near the segment boundary, it distributes stress in a broad zone that includes the segment boundary (e.g., Chang and Smith, 2002; Bagge et al., 2019; Verdecchia et al., 2019). This stress transfer may result in subsequent smaller surface rupturing events within or next to the segment boundary. Alternatively, the rupture may not stop, but instead it may spill across the segment boundary. With these rupture mechanisms being driven from two sides, the segment boundary itself may experience more surface rupturing earthquakes than the center of the primary fault segments. This is important, because while the slip rate at endpoints of segment boundaries may be less, the frequency of damaging ground shaking may be higher in locations near fault segment boundaries.



The Utility of Paleoseismic Sites Within Segment Boundaries

The results from the TR site demonstrate that paleoseismic information may be obtained from within the high and varied terrain of normal fault segment boundaries. These data can confirm that spillover and segment boundary ruptures occur. However, the observation of fewer total events at the TR site in comparison to the well-placed Corner Canyon and Alpine sites that sit near the ends of fault segments brings into question whether this paleoseismic setting is adequate to record all events that rupture the segment boundary. Ideally, future attempts at utilizing segment boundary paleoseismic sites should (1) seek out the least complex parts of the fault zone, (2) trench all parallel and sub-parallel traces of the fault zone, and (3) attempt to trench paleoseismic sites with recent and recurrent deposition (e.g., montane basins or alluvial fans) to minimize the potential that paleoearthquake evidence was lost due to erosion. Finally, because of fault complexity and rupture variability, it may be necessary to trench at multiple locations within the segment boundary to obtain the same quality of record as recorded on adjacent segments at a single site. This type of endeavor may require a much larger geochronology budget than is typical for individual paleoseismic sites. Therefore, segment boundary paleoseismic sites are probably best utilized as complementary data to sites placed at the endpoints of fault segments.




CONCLUSION

At least three to four earthquakes have ruptured the Fort Canyon fault at the TR site during the Holocene. The most recent event occurred along the southern fault trace at the TR site between 0.2 and 0.4 ka. The penultimate event ruptured the northern fault trace between 0.6 and 3.4 ka. A third event is recorded on the southern fault trace between 1.4 and 6.2 ka, although this may be complementary evidence of the penultimate event. A fourth event ruptured the northern fault trace between 7.2 and 8.1 ka. The paleoseismic history revealed by the TR site shows that during the Holocene about half as many earthquakes were recorded here than the neighboring paleoseismic sites along the Provo and Salt Lake City segments of the WFZ. This may be due to distributed faulting, missing deposits due to erosion at the TR site, gaps in the surface rupture of some paleoearthquakes, or because less total slip reaches the surface within fault segment boundaries. Data from the two sites adjacent to the FCSB (Bennett et al., 2018; DuRoss et al., 2018) discount the notion that fewer earthquakes occur at fault segment boundaries. This study demonstrates the utility of paleoseismology within segment boundaries which, through corroboration of displacement data, can demonstrate rupture connectivity between fault segments, and test the validity of segment boundary rupture scenarios despite the wide uncertainties of most paleoseismic age constraints.
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Historical seismic catalogs report that the Gargano Promontory (southern Italy) was affected in the past by earthquakes with medium to high estimated magnitude. From the instrumental seismicity, it can be identified that the most energetic Apulian sequence occurred in 1995 with a main shock of MW = 5.2 followed by about 200 aftershocks with a maximum magnitude of 3.7. The most energetic earthquakes of the past are attributed to right-lateral strike-slip faults, while there is evidence that the present-day seismicity occur on thrust or thrust-strike faults. In this article, we show a detailed study on focal mechanisms and stress field obtained by micro-seismicity recorded from April 2013 until the present time in the Gargano Promontory and surrounding regions. Seismic waveforms are collected from the OTRIONS Seismic Network (OSN), from the Italian National Seismic Network (RSN), and integrated with data from the Italian National Accelerometric Network (RAN) in order to provide a robust dataset of earthquake localizations and focal mechanisms. The effect of uncertainties of the velocity model on fault plane solutions (FPS) has been also evaluated indicating the robustness of the results. The computed stress field indicates a deep compressive faulting with maximum horizontal compressive stress, SHmax, trending NW-SE. The seismicity pattern analysis indicates that the whole crust is seismically involved up to a depth of 40 km and indicates the presence of a low-angle seismogenic surface trending SW-NE and dipping SE-NW, similar to the Gargano–Dubrovnik lineament. Shallower events, along the eastern sector of the Mattinata Fault (MF), are W-E dextral strike-slip fault. Therefore, we hypothesized that the seismicity is locally facilitated by preexisting multidirectional fractures, confirmed by the heterogeneity of focal mechanisms, and explained by the different reactivation processes in opposite directions over the time, involving the Mattinata shear zone.

Keywords: gargano promontory, OTRIONS local seismic network, focal mechanisms, stress field, microseismicity, mattinata fault, gargano-dubrovnik lineament


INTRODUCTION

The high seismicity rate of the Italian territory periodically causes serious damage and human losses. The investigation of active tectonic structures is of fundamental importance for the mitigation of the seismic risk. An improvement in the knowledge is then required to gain further insights on the seismogenic structures of the area. In particular, the seismogenic structures of the Gargano Promontory (hereafter GP) are still under discussion; the peculiar geographical position of the GP, the long recurrence time for large earthquakes, and the poor instrumental coverage by the RSN are the main causes for the delay in the knowledge of this seismic sector. Geodynamically, the GP and the Apulia region are considered to belong to the Adriatic microplate or Adria plate (Anderson and Jackson, 1987; Figure 1A). This microplate seems to be originated as a result of the split-up of the old collision boundaries (McKenzie, 1972; Favali et al., 1990) and played an important role in this geodynamical context, being considered as the foreland of the Alps, Apennine, and Dinarides (Di Bucci and Angeloni, 2013).
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FIGURE 1. (A) Adria microplate (brown area) as reported by Mantovani et al. (2006). The red square indicates the area investigated in this paper. (B) Simplified geological map. The main stratigraphical and geological features are reported (Salvi et al., 1999; Chilovi et al., 2000; Bosellini and Morsilli, 2001; Patacca and Scandone, 2004); colors of the stratigraphic units refer to the ages of geological formations: Jurassic facies, light blue; Cretaceous facies, green; Eocene facies, orange. We reported in the map the Mattinata Fault (MF), the Apricena Fault (AF), the Candelaro Fault (CF), and the Sannicandro Fault (SF) as red lines, both continuous (that is observable on the ground surface) and discontinuous (that is hypothesized under the ground surface) and their dipping direction. (C) Enlargement on the red area of GP. The triangles refer to different seismic networks according to colors: green refers to RSN; light blue refers to OSN; yellow refers to National Accelerometric Network (RAN) managed by the Civil Protection Department (DPC).


The GP represents the highest sector of the Apulian foreland (around 1,000 m above the sea level) that extends to the East toward the Adriatic Sea (Figure 1B) and is mainly composed by slightly deformed carbonatic successions (Del Gaudio et al., 2007) as shown in the geological map in Figure 1B, where the main stratigraphical and geological features are reported. Based on previous geological maps (Bosellini and Morsilli, 2001; Cotecchia, 2014), we reported the main stratigraphical units of the area according to the typical depositional profile of the carbonate environment. Concerning the tectonic structures, many faults are recognized along the entire GP. However, the characteristics of these structures are poorly known. This is the reason why we included in the tectonic map only the main structures for which some information can be found: the Mattinata Fault (MF) (Chilovi et al., 2000), the Apricena Fault (AF) (Patacca and Scandone, 2004), the Candelaro Fault (CF) (Mongelli and Ricchetti, 1970), and the Sannicandro Fault (SF) (Salvi et al., 1999) as red lines.

The GP tectonic evolution is rather complex and is a topic of debate. Although many authors agree that the MF (Figure 1B) is the main structure involved in the development of the GP sector, its kinematics is controversial. Many authors reported that MF had a left-lateral strike-slip kinematics (Funiciello et al., 1988; Salvini et al., 1999), but several researchers considered the hypothesis of a reactivation with right-lateral motion during the late Pliocene until today (Chilovi et al., 2000; Tondi et al., 2005). In contrast, many other authors have always considered this structure as a right-lateral strike-slip structure (Piccardi, 1998). According to these authors, this structure was active since its first activation, recognized in lower Cretaceous (Piccardi, 1998), as confirmed also by the 2002 Molise earthquake (Valensise et al., 2004; Piccardi, 2005). Other studies ascribed the evolution of this area to a system of parallel E-W faults that border the promontory to the North and South (with the MF system) generating compressive stress (Brankman and Aydin, 2004) or that split this area promoting a general uplift linked to the high subduction angle of the Adria microplate (Doglioni et al., 1994). Recent results from the stress field inversion show active tectonics currently characterized by a compressive regime, with a NW-SE dominant shortening according to the NE-SW minimum horizontal stress axis orientation (Montone and Mariucci, 2016). Evidence of compression was also reported offshore, as inferred from the analysis of seismic profiles (Argnani et al., 1993, 2009; Scisciani and Calamita, 2009) and onshore with the study of well logs and geological data (Bertotti et al., 1999).

The GP and surrounding regions have been hit by several strong earthquakes, as the 1627 (Mw = 6.7 ± 0.1), the May 31, 1646 (Mw = 6.7 ± 0.3), and the March 20, 1731 (Mw = 6.3 ± 0.1) earthquakes (Rovida et al., 2019). All these historical earthquakes have an estimated magnitude larger than six. In the period 1985–2013, the RSN recorded a lot of microearthquakes in the GP (de Lorenzo et al., 2017), despite the small number of seismometers located in the area. Since 2013, cooperation between the University of Bari, the INGV (National Institute of Geophysics and Volcanology), and the INFN (National Institute of Nuclear Physics) in the frame of the OTRIONS project (Tallarico, 2013) allowed a further improvement in the seismic coverage of the area, with the installation of 12 new seismic stations (Filippucci et al., 2021a). Since then, a large number of microearthquakes have been recorded. This allowed us to gain several important geophysical results for this area.

In particular, de Lorenzo et al. (2017) collected the first earthquake database by using the recordings of the network stations in the period 2013–2014 and developed a 1D velocity model for GP. Furthermore, by using the same earthquake database, the rheological behavior of GP crust (Filippucci et al., 2019a), the level of energy absorption (Filippucci et al., 2019b), and the stress field (Filippucci et al., 2020) were analyzed. In 2015, the network geometry was updated: some stations were switched off, and other stations were added in the northern part of GP, allowing a better seismic coverage and a less azimuthal gap of the recorded earthquakes. In this paper, we added to this dataset the earthquakes recorded in the period from 2015 to 2020. The earthquake seismic recordings of the period 2013–2018 were recently released on the Mendeley data repository (Filippucci et al., 2021b); the earthquakes recorded in the period 2019–2020 can be found on the EIDA platform. In this paper, using a more robust earthquake database, we extended the region of interest moving to the northern sector of the GP and tried to find the relationships between the known fault structures and the present-day microseismicity of this area. Finally, we retrieve the stress field using first-motion polarities focal mechanisms.



MATERIALS AND METHODS


Seismic Database

The OTRIONS Seismic Network (OSN) (Figure 1C) is operating in the GP and Capitanata area since April 2013. The OSN stations are integrated, in real time, with those of the RSN (Figure 1C). During the first 6 years of OSN operation, a high number of microearthquakes, below the magnitude of minimum detection of the RSN, were recorded even if the event detection was affected by several problems of data transmission and archiving (Filippucci et al., 2021a). During the first 15 months of operation, a manual work of event detection was done (de Lorenzo et al., 2017). Since July 2014 to the end of 2018, the event detection was demanded to the SeisComP3 software (Helmholtz Centre Potsdam GFZ German Research Centre for Geosciences and gempa GmbH, 2008) with manual picking revision. Waveform data from 2013 to 2018, with picking times marked, were recently released (Filippucci et al., 2021b). From the beginning of 2019 to the present day, data are archived and distributed by INGV-EIDA. The waveforms were downloaded from the EIDA archive, and the picking was manually revised. Furthermore, for the period 2019–2020, seismic data were integrated with data from the National Accelerometric Network (RAN) (Figure 1C). Since these instruments operate with a triggering system, the recordings are not available for all the events, but, where possible, the azimuthal gap was significantly reduced, and the number of available first motion polarities was increased.

The collected events constitute a database of 1,894 microearthquakes. All the collected events were relocated using Hypo71 (Lee and Lahr, 1972) and a 1D velocity model computed for GP (de Lorenzo et al., 2017). Station corrections have been included in the analysis as computed by de Lorenzo et al. (2017). Hypo71 was run with different starting depths, in order to better explore the parameter space. The best location for each event was selected minimizing the following dimensionless parameter S (Michele, 2016):
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where RMS is the computed root mean square, RMS0 = 1 s is a reference residual time, ERH is the horizontal error of the estimated hypocenter, ERZ is the vertical error, dmin is the minimum source to the receiver distance, and Z is the foci depth. The network sensitivity allowed us to record thousand events. Earthquakes belonging to neighboring zones were discarded due to the high azimuthal gap, θ. We also recorded very small events, clustered around some active quarries and probably due to quarry explosions, which we removed from our database. Because of the GP geographical position, it is difficult to obtain earthquake location with θ less than 180°, especially for the events located along the coastline and offshore. For this reason, we considered acceptable all the solutions with θ < 240°. We also discarded all the solutions with RMS greater than 0.5 s. This selection process led us to reduce the database to 635 events, mapped in Figure 2 and listed in Supplementary Table 1. The quality of the database is described in Figure 3, where the frequency histograms of ERZ and ERH and the histogram of the event RMS are shown. The 99% of hypocenter locations have errors within 5 km; in particular, 93.5% of the horizontal errors and 92.4% of the vertical errors are less than 2 km, with an average horizontal error of 0.55 km and an average vertical error of 0.60 km; 73% of the residuals are less than 0.2 s with an average of 0.2 s. These histograms indicate the high quality of the localizations. Therefore, an update of the velocity model is not necessary.
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FIGURE 2. (A) Epicenters of the 635 microearthquakes recorded between April 2013 and June 2020 and listed in Supplementary Table 1. Different colors refer to depth as indicated in the color scale bar; (B) Frequency histogram of the hypocenters.
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FIGURE 3. Frequency histograms of the vertical (ERZ) and horizontal (ERH) localization errors and of the event RMS for all the 635 events recorded from April 2013 to June 2020.


Since December 2018, we estimated the vertical local magnitude (Mlv); from January 2019, the horizontal local magnitude (Ml) was considered as computed by INGV. The two major events recorded in the analyzed period are the April 23, 2017 with Mlv = 4.0 and the April 18, 2020 with Ml = 3.7 (respectively, ID = 333 and ID = 602, Supplementary Table 1). In particular, Mlv ranges between 0.1 and 2.8 and Ml ranges between 0.5 and 3.6 with the 90% of both Ml and Mlv < 2.0 (Supplementary Table 1).



Focal Mechanism Determination

We used the FocMec code (Snoke et al., 1984) to retrieve focal mechanisms from the inversion of P-wave first-motion polarities. Since we deal with earthquakes of magnitude from very low to low, the number of available polarities is very low too. Starting from a database of 635 earthquakes, we selected a total of 200 earthquakes having a minimum number of six P-wave polarities data to compute focal mechanisms.

We carried out several tests with different weights attributed to the polarity data. The FocMec code allows us to assign an error for each discrepant polarity observation according to the weight conditions imposed by the user (Snoke, 2017). Considering the small number of P-wave polarity data for each event of our database, the best choice consists of assigning a unity-weighting equal to zero; this choice is the most restrictive, since only fault plane solutions (FPS) without discrepant polarities can be accepted by the code. For each event, the code returns all the FPS compatible with the polarity data. In some cases, the acceptable FPS are so different that we cannot uniquely identify the best one, and the event must be discarded. In Figure 4, we show an example of accepted and discarded FPS, and all the 36 accepted focal mechanisms.
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FIGURE 4. FocMec solutions: (A) Example of an accepted event solution (case of the January 31, 2018 earthquake); (B) example of a discarded event solution (case of the July 15, 2017 earthquake). From left to right, the P-wave polarity distribution, the fault plane solutions, and the P-T axes distribution are shown in the focal spheres. (C) The 36 accepted focal mechanisms according to the criteria described in the Focal Mechanism Determination section. Dates below the solutions refer to the origin time of the event (Table 1).


Following the approach described by Hardebeck and Shearer (2002), for each event, the average of the inferred fault planes is considered as the preferred one, and the uncertainty is represented by the standard deviation Δϕ, Δδ, and Δλ of strike ϕ, dip δ, and rake λ. FPS is considered constrained only if the set of planes is tightly clustered around the average fault plane. At the end of this procedure, we accepted only solutions with Δϕ, Δδ, and Δλ ≤ 40° simultaneously. By using the above-described criteria, 36 well-constrained focal mechanisms were considered as acceptable. In Table 1, we reported the average value and the standard deviation for ϕ, δ, and λ of the 36 FPS couples (FPS 1 and FPS 2), together with the localization parameters. We also indicated the faulting type (FT) according to the classification of Zoback (1992) in the version modified by Frepoli et al. (2017) (Table 1). The accepted solutions are shown on the GP geographical map both as beachballs (Figure 5A), colored according to FT (Heidbach et al., 2016) and as P-T axes (Figure 5B) sketched according to FT too (Heidbach et al., 2016).


TABLE 1. List of accepted focal mechanism solutions.
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FIGURE 5. (A) Distribution on map of the 36 average focal mechanisms computed from our data. The different color identifies the kinematics according to the guidelines of the World Stress Map (Heidbach et al., 2016). Red, NF; Orange, NS; Green, SS; Cyan, TS; Blue, TF; Black, U. Focal mechanisms dimensions are scaled according to magnitude ranges (small for Ml < 3; big for Ml ≥ 3). (B) P-T axes distribution and orientation on map. Arrows represent P-T axes and colors refer to the Heidbach et al. (2016). P-axes are reported for TF, TS, SS, and U kinematics, while T-axes are reported for NF and NS kinematics. (C) The stress axis on the stereo-net with confidence regions for each principal stress axis for 23 focal mechanisms; π and τ angles of σ are reported. (D) The same as (C) for 20 focal mechanisms as described in the Error Propagation and Validation section. (E) Stress data interpolation provided with SHINE code (Carafa et al., 2015a). Thick black bars represent the SHmax computed by using our 36 focal mechanisms.


Although the S-polarities and amplitude ratios may improve the focal mechanism results, in our case, this improvement is not possible because there are several problems affecting the S-wave data. First of all, the very small magnitude of events reflects into uncertainty that affects the estimated S-wave arrival time: S-wave onset pickings are often associated to a SAC weight from 1 to 3 that corresponds to an uncertainty ranging between 50 and 300 ms. This error bar generally impedes to pick S-polarity. Moreover S-waves are affected by the splitting of the horizontal components. This effect is due to the medium anisotropy. Unfortunately, an anisotropic model of the GP crust is not yet available, and therefore, the S-waves cannot be used to compute the focal mechanisms. In order to use the S-wave information (polarities and amplitudes), it will be therefore necessary to perform a specific study on the anisotropy of GP and Northern Apulia, which is beyond the scope of this paper.



Error Propagation and Validation

The use of a 1D velocity model can bias the earthquake locations, especially in the complex tectonic GP area. In order to account the possible errors induced by the use of the 1D de Lorenzo et al. (2017) velocity model, we relocated the 36 events for which focal mechanisms were computed. We considered the error bar of the velocity model as retrieved by de Lorenzo et al. (2017) and computed a minimum (MIN) and maximum (MAX) velocity model by subtracting and by adding the half-error bar to the central values (AVG), at each depth Z. Then, we recomputed the 36 localizations (Supplementary Table 2). Hypocenters computed with MIN and MAX velocity models are distant from the hypocenter computed with the AVG velocity model, respectively, of 2 and 3 km on average. Epicenters computed with MIN and MAX velocity models are distant from the epicenters computed with the AVG velocity model, respectively, of 1.4 and 1.7 km in horizontal (ED in Supplementary Table 2); foci depths computed with MIN and MAX velocity models are distant from the foci depth computed with the AVG velocity model, respectively, of 1.2 and 2.3 km in vertical (VD in Supplementary Table 2). The distances ED and VD among hypocenters, due to the error bar of the velocity model, are comparable with the localization errors ERH and ERZ (Figure 3).

We also recomputed focal mechanisms by using the three hypocenters for each event (the MIN, the MAX, and the AVG) and plotted the results (Supplementary Figures 1–6). It can be observed that the three focal mechanisms for each event do not show significant variations, indicating stable results. It is worth to note that, since we set FocMec (Snoke et al., 1984) to return only solutions without discrepant polarities, errors in the velocity model can move the polarity to be discrepant and, in some solutions, can be not accepted (Ns = 15, 16, 17, 30, 32, and 34 in Supplementary Figures 3, 5, 6).



The Stress Tensor Inversion

We used the FMSI package (Gephart, 1990) to perform different tests on our focal mechanism database. By performing this inversion, we estimated four of the six components that describe the stress tensor; the three eigenvectors that represents the principal stress direction (σ1, σ2, and σ3, respectively, maximum, intermediate, and minimum compressive stress direction) and the stress ratio, R = (σ2−σ1)/(σ3−σ1), a dimensionless scalar quantity indicating the shape of the stress tensor.

The data set consists of 36 high-quality focal mechanisms: 7 TF and 15 TS, 4 NF, 1 NS, 5 SS, and 4 U (Figure 5A and Table 1). To constrain the results obtained by the stress tensor inversion, we assigned a weight for each nodal plane. We used the criteria described in Filippucci et al. (2020) and adapted the quality factors of FPFIT (Reasenberg and Oppenheimer, 1985) to the FocMec output. The fitting quality Qf quantifies how the solution fits polarity data. In this case, all the 36 returned focal mechanisms are perfectly compatible with the polarity observations, so we assigned a default Qf = 1 to all the events. The nodal plane quality factor Qp quantifies the quality of the retrieved nodal plane: Qp = A if (Δϕ, Δδ, Δλ) ≤ 20°; Qp = B if 20°< (Δϕ, Δδ, Δλ) ≤ 40°, and Qp = C if (Δϕ, Δδ, Δλ) > 40°. We used the corresponding standard deviation of these three parameters to describe the range of perturbations of △ϕ, △δ, △λ. We assigned Qp1 = Qp for FPS 1 and Qp2 = Qp for FPS 2, where FPS are the nodal planes identified by FocMec (Table 2). Qp12 is the total weight assigned to the two FPS: Qp12 = 3 for the AA class; Qp12 = 2 for AB, BA, BB, AC classes; Qp12 = 1 for BC, CB, CA classes was assigned to each event. We also considered the number of polarity data, Npol, to assign the weight Qpol to the focal mechanism. Since the number of available observations is very low, we assigned Qpol = 0 to focal mechanisms computed with Npol = 6 and Npol = 7. Then, by scaling for the maximum number of Npol per event, we assigned the following weights: Qpol = 1 for 8 ≤ Npol ≤ 10; Qpol = 2 for 11 ≤ Npol ≤ 15; Qpol = 3 for 16 ≤ Npol ≤ 20, Qpol = 4 for 21 ≤ Npol ≤ 25; Qpol = 5 for 26 ≤ Npol ≤ 30; Qpol = 6 for 31 ≤ Npol ≤ 35. WTOT = Qf + Qp12 + Qpol is the total weight used in the FMSI inversion for each focal mechanism.


TABLE 2. Quality classes and assigned weight for the focal mechanisms used in the FMSI inversion.

[image: Table 2]
The frequency histogram of foci depths Z (Figure 2B) shows one main seismogenic layer at 14 < Z < 30 km. Starting from this observation, we grouped focal mechanisms according to depth. A first inversion was performed with 23 events (listed in Table 2), but the misfit angle (Misfit = 8.56° in Figure 5C) was too high to accept this solution, according to the homogeneous criteria proposed by Lu et al. (1997). We then performed a second run by excluding three events (Ns = 7, 11, 26 in Table 2) located borderline of GP. We obtained Misfit = 6.74° (Figure 5D), which indicates a homogeneous compressive stress field with a sub-vertical σ3 and a maximum horizontal compressive stress, SHmax, trending NW-SE according to the Italian Stress Map for GP (Carafa and Barba, 2013; Carafa et al., 2015b; Montone and Mariucci, 2016). The misfit angle (Gephart and Forsyth, 1984) is computed through an angular rotation given by the angular difference between the observed slip direction on a fault plane and the shear stress on that fault plane derived from a given stress tensor; the stress tensor orientation that provides the average minimum misfit is assumed to be the best stress tensor for a given population of focal mechanisms (Frepoli et al., 2011).

Finally, in order to observe the distribution of the stress field within the GP area, we calculated the orientation of SHmax (Figure 5E) by interpolating all the 36 focal mechanisms; to this end, we used the method described in Carafa and Barba (2013) and the SHINE code (Carafa et al., 2015a).




RESULTS AND DISCUSSION

The seismicity collected in the period from April 2013 to June 2020 indicates a dense and sparse seismic activity along the whole GP. This seismicity is not related to any seismic sequence. The recorded seismicity (Figure 2A) is distributed throughout the GP following roughly a NE-SW direction, with deepest events located in the NE sector. From the frequency histogram of the hypocenter’s distribution (Figure 2B), a seismicity peak at 18 < Z < 27 km can be observed. At these depths, earthquakes are related to a diffuse seismicity without a clear time and/or spatial relation, with relative distances also greater than tens of km. We relocated with HypoDD (Waldhauser and Ellsworth, 2000) this deeper seismicity, but no significative change was observed, and we discarded this result.

We investigated the possible bias on locations and focal mechanisms of the 36 final events, due to the error bar of the velocity model of de Lorenzo et al. (2017). These tests led us to assess that the velocity model computed by de Lorenzo et al. (2017) gives rise to reliable results (Supplementary Table 2 and Supplementary Figures 1–6).

By dividing events into four depth classes, a substantial absence of shallow seismicity is visible in the NE of GP (Figure 6). For 0 < Z < 20 km, earthquakes are mainly located S of the MF zone and NW of the investigated area; for 20 < Z < 30 km, the seismicity is distributed along the whole GP; for Z > 30 km, the seismicity is located only NE in the GP. In Figure 6, it can be seen how the seismicity is distributed both S and N of the MF system.
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FIGURE 6. Geographical maps of epicentral distribution of all 635 earthquakes and 36 focal mechanisms, grouped by four depth ranges, as superimposed on each map. Epicenters are colored according to depth. described the different depth ranges. The black line is the MF System as reported by Zunino et al. (2012). Arrows represent the P-T axes with colors referring to kinematics, as shown in Figure 5.


Different kinematics can be observed at different depths (Figure 5). Normal to normal-strike events are detected at S in the GP, at shallow depths with different T-axis orientations. Twenty-two of the 36 focal mechanisms present thrust and thrust-strike kinematics, and many of them show a P-axis trending NW-SE (Figures 5B, 6). In Figure 5A, five strike-slip events, located W of the GP along the MF at Z = 20 km (except for the shallower event Ns = 18), show a right-lateral mechanism. The P-axes of these five strike-slip solutions (Figure 5B), except for the event Ns = 1, which is slightly rotated, are trending NW-SE similar to the majority of the thrust and thrust-strike P-axes. According to the results, we agree with the interpretation of the MF as a right-lateral strike-slip structure. Moreover, the inferred maximum horizontal compressive stress, SHmax, is SE-NW oriented (Figures 5C,D), and it is compatible with the recognized dextral strike-slip tectonics in the foreland sector of the Italian Apennines. As known from experiments, a strike-slip fault can produce a compression or an extension of the surrounding rock volumes according to its relative sense of shear; regarding the MF case, it is observed that a W-E right-lateral strike-slip structure can cause a NW-SE compression that occurs along the NE-SW-oriented strikes (Piccardi, 1998, 2005; Chilovi et al., 2000; Valensise et al., 2004; Tondi et al., 2005).

As shown in Figure 5A, nodal planes trend approximately NE-SW, with low to moderate dip angles, underlining a general compression toward NNW-SSE with NW–SE trending P-axes (Figure 5B) consistent with the data reported in the Italian Stress Map (Montone and Mariucci, 2016). Moreover, the stress inversion (Figures 5C,D) indicates a deep homogeneous compressive stress field with SHmax oriented NW-SE. This trend is also observed by computing the stress field in any point of the GP area. As shown in Figure 5E, the resulting SHmax orientation seems to be constant along the whole promontory, highlighting this NW-SE regional compression from the SW of GP to the Adriatic Sea, also according to the Italian Stress Map data (Montone and Mariucci, 2016) interpolated and shown in Carafa and Barba (2013).

Different kinematics are observed W of GP in contrast with previous studies (Carafa and Barba, 2013; Montone and Mariucci, 2016). In fact, from focal mechanism interpolation (Figure 5E), a change in the SHmax orientation is observed W of GP. According to Zoback (1992), this spatially concentrated variation of the maximum horizontal compressive axes may be associated to a “second-order” stress pattern due to a local perturbation of the stress field whose causes are still unknown.

The observed relation between seismicity distribution and faulting kinematics seems to suggest three hypothesis that we will investigate in the next subsections by performing vertical cross-sections: (1) the presence of a seismogenic layer trending toward NE (SW-NE cross-sections); (2) the role of the MF structure in the observed seismicity pattern (S-N cross-sections); (3) the presence of a seismogenic layer dipping toward NW (SE-NW cross-sections).


SW-NE Cross-Sections

We considered five SW-NE cross-section lines (Figure 7), orthogonal to the geomorphological evidence of compression (Bertotti et al., 1999) and parallel to the direction of surface heat flow, which decreases toward NE (Filippucci et al., 2019a) to investigate the existence of a seismogenic layer trending toward NE. Each cross-section line has a horizontal box-section with a length of about 52 and 16 km of width. Each earthquake and each focal mechanism falling into the box-section is plotted in the vertical cross-section map.
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FIGURE 7. (Top-right) SW-NE vertical cross-sections reported as numbered black lines in the geographical map; epicenters are colored according to the color scale bar. All cross-sections have 52 km length and 8 km semi-width per side. Hypocenters are plotted as black circles in the vertical cross-section maps. Above each cross-section, the topographic profile is reported. In each cross-section map, the focal mechanisms are projected in cross-section. Beachball colors are described in Figure 5 caption. Focal mechanisms dimensions are scaled according to magnitude ranges (small for Ml < 3; big for Ml ≥ 3). Green line represents the MF trace reported in depth. The surrounding area highlighted in light green represents the rock volumes involved in the MF shear zone. Red lines are for the Apricena AF, the Candelaro CF, and the Sannicandro SF Faults, dashed lines indicate that no information is available for the fault dip and/or for the fault depth.


From cross-sections 3 and 4 (Figure 7), it is evident that a great number of events, located at Z > 15 km, occur along a slightly tilted surface that seems to dip toward the NE. It is worth to note that this deepening of seismicity probably shows the trend of the Adriatic Moho, whose depth is reported to range between 35 and 40 km (Chiarabba et al., 2005; Piana Agostinetti and Amato, 2009).

Doglioni et al. (1994) identified the high angle of the subduction plane of the Adria plate below the Apennine chain as the cause of a partial rise of the Moho and of the general uplift of the GP sector. However, the majority of focal mechanisms projected in the vertical cross-sections show nodal planes NNW-SSE oriented orthogonally to the SW-NE observed seismicity trend; therefore, these plane solutions do not seem to highlight any seismic structure trending SW-NE.

SW in the GP, normal focal mechanisms and the related shallow seismicity seem to highlight a SW dipping structure, which, however, does not seem to be related to the CF (red dashed line in Figure 7), although these events seem to indicate that some stress release involves this fractured volume of the upper crust.

It can be also observed, in the vertical cross-sections 3 and 4 (Figure 7), that in the NE of GP, seismicity is not present above 20 km and that earthquakes seem to concentrate around the area of the MF system, whose depth is estimated to range between 15 and 20 km (Piccardi, 1998; Valensise et al., 2004; DISS Working Group, 2018). For the MF shear zone, we assumed a depth of 20 km and a width of 4 km (Figure 7, green line and rectangle in vertical cross-sections) smaller than that assumed by Salvini et al. (1999) in order to reduce over-interpretation errors.



S-N Cross-Sections

We considered five SN cross-section lines oriented orthogonal to this structure (Figure 8) to investigate the role played by the MF zone in seismicity pattern and stress field. Excluding cross-sections 1 and 5 that border the MF zone, from W toward E, there is a general increase in seismicity distributed along two main probable alignments. In these three cross-sections, a lack of shallow seismicity N to the MF zone is visible (Figure 8, green line and green rectangle in the vertical cross-sections). Deep seismicity is shown in all cross-sections, but it is dominant in cross-sections 3 and 4 (Figure 8). In fact, all earthquakes appear to be located along a submerging N surface with a slightly more inclined angle moving toward E.
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FIGURE 8. The same as Figure 7 for the N-S cross-sections. All cross-sections have 50 km length and 8 km semi-width per side.


The lack of shallow seismicity in the NE part of GP starting from the MF zone corroborates the hypothesis of a “natural barrier” role of the MF zone in the seismicity pattern. At the S of MF, earthquakes with normal to normal-strike faulting are observed. In cross-sections 2 and 3 (Figure 8), focal mechanisms do not allow to assert whether this seismicity belongs to CF (red dashed line in Figure 8). No events are localized along AF and SF.

Along the eastern segments of the MF at 15 < Z < 20 km (Figure 8, cross-section 3), it is possible to observe a large concentration of seismicity. This could be a hint of the presence of a splay of this deeper surface or could be caused by an area of extreme weakness that can facilitate the stress release. This second hypothesis can be confirmed by the heterogeneity of the focal mechanisms. The cross-section overlapping in Figure 9 permits to better identify the seismic horizons, the kinematic heterogeneity in the proximity of the MF structure, and the good correlation between seismicity distribution and focal mechanisms. In Figure 9A, the general seismicity trend is shown, revealing the presence of a deep surface. In fact, a great number of events appear to be aligned in depth along a slightly tilted surface. In Figure 9B, we plotted only focal mechanisms falling in proximity of the MF structure in order to highlight the kinematic heterogeneity in correspondence of the MF shear zone (Figure 9, green rectangle). The observed heterogeneity validates the idea of the existence of fractured rocks that could break with faulting kinematics, which are different from the strike-slip faulting ascribed to MF. In this frame, a focal mechanism of events located in and around the MF rectangle seems to show right-strike-slip kinematics and hints of partial reuse of the MF system in the compressive tectonic domain.
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FIGURE 9. Overlapped cross-sections 2, 3, and 4 of Figure 8. (A) focal mechanisms are projected in cross-section. Beachball colors are as described in the Figure 5 caption. (B) A selection of focal mechanisms as described in the text with red dots indicating the hypocenters, green rectangle indicates the MF shear zone.




SE-NW Cross-Sections

We considered four cross-section lines SE-NW oriented (Figure 10), perpendicular to those of Figure 7 in order to investigate the presence of a seismogenic layer dipping toward NW. Deep events are few and quite widespread along cross-section 1 (Figure 10) so any interpretation is not possible. In cross-section 2 (Figure 10), deep seismicity seems to follow the trend previously observed in Figures 8, 9, highlighting a slope slightly dipping toward NW. Along the MF zone (Figure 10 green line and green rectangle in cross-sections), an abrupt interruption of the shallower seismicity and a greater concentration of events at Z > 15 km is observed. These features are also shown in cross-section 3 (Figure 10) where the events, close to the MF, are more concentrated at Z = 20 km. Moving from cross-sections 2–4 (Figure 10), the maximum foci depth increases, highlighting the deepening of the Moho toward the Adriatic Sea, also shown in cross-sections 3 and 4 of Figure 7. The seismicity pattern seems to confirm the presence of a low-angle surface slightly dipping N-NW that hosts this seismicity. This hypothesis seems to find an additional constraint in the plotted thrust and thrust-strike focal mechanisms (Figure 10, cross-sections 2, 3, and 4) that show one nodal plane in agreement with this hypothesized structure.
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FIGURE 10. The same as Figure 7 for SE-NW cross-sections. All cross-sections have 69 km length and 8 km semi-width per side.


In Figure 11, the vertical cross-sections 2, 3, and 4 of Figure 10 are overlapped in order to highlight the presence of a high-angle shallower seismogenic layer and a low-angle deeper one, which trends SW-NE and slightly dips NNW. In Figure 11A, all focal mechanisms are plotted, excluding normal and normal-strike events. The seismic/aseismic transition seems to occur along a curved surface that is sketched in Figure 11B. Two interpretations can be advanced: the first one considers a low-angle deep surface (red solid line in Figure 11B), in agreement with kinematic data (red boxes, Figure 11B), with the seismicity distribution and with the general compressive/transpressive kinematic with SHmax NW-SE oriented; the second one considers as a seismic/aseismic transition the surface (orange dashed line in Figure 11B sketched by joining the focal mechanisms grouped in the orange boxes of, Figure 11B) around the MF shear zone (green rectangle in Figure 11B). This second interpretation agrees with a change in the dip angle of this transition surface and also agrees with the hypothesis of a local release of microearthquakes, rupturing on planes with different kinematics. The heterogeneity of the obtained focal mechanisms around the MF can be justified by the sequence of different reactivation processes over time. This observation is also confirmed by the seismicity distribution, which clusters around the MF (Figures 9, 11).
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FIGURE 11. Overlapped vertical cross-section maps 2, 3, and 4 of Figure 10. (A) Hypocenters are reported as black circles, focal mechanisms are projected in cross-section. Beachball colors are described in Figure 5 caption. (B) Green rectangle indicates the MF system. Refer to the text for explanation of the superimposed sketched lines and of the rectangles outside the cross-section map.





CONCLUSION

New insights of the GP seismicity have been presented in this paper. We used the micro-earthquakes recorded from April 2013 to June 2020, with the aim of understanding a possible correlation between the low-magnitude seismicity and the known seismogenic structures. From the seismicity pattern analysis, we found out that the whole crust is seismically involved up to about Z = 40 km with an earthquake concentration at 14 < Z < 37 km. We interpret the GP seismicity as generated by a deep compressive stress regime with SHmax oriented NW-SE with a deep faulting NE-SW oriented. This interpretation is verified by the focal mechanisms, the stress field inversion, and stress field interpolation. Our results agree with the Italian Stress Map (Montone and Mariucci, 2016) and do not agree with the extensional present-day interpretation of Billi et al. (2007) and with the surface fault lines, which the contractional tectonic evolution of the GP is attributed to Bertotti et al. (1999).

We hypothesize the presence of a low-angle seismogenic surface trending SW-NE and dipping SE-NW. This surface could also extend in the Adriatic Sea following the same trend, according to the focal mechanisms from Pondrelli et al. (2006), to the Italian Stress Map (Montone and Mariucci, 2016) and to the interpolated stress field computed by Carafa and Barba (2013). Moreover, the seismicity localized along the Adriatic sector (Giardini et al., 2014) seems to connect the GP with the Dinaric front, spreading with a SW-NE trend along the Gargano-Dubrovnik Fault (Battaglia et al., 2004; Figure 12B). Based on GPS data (Oldow et al., 2002), Adria is supposed to be divided into two microplates, Northern and Southern Adria plates (NAd and Sad, respectively), and connected by the G Fault (Figure 12).
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FIGURE 12. (A) Map of seismicity distribution in the Mediterranean area (gray dots, Giardini et al., 2014). (B) Segments (black solid lines) and modeled blocks from Battaglia et al. (2004) in a geographical map. The Gargano–Dubrovnik fault zone [G], outlined in red, was interpreted as alignment of the splits the Adria plate into two blocks: North Adria [N Ad] and South Adria [S Ad].


Regarding the role of the MF system, it cannot be stated that the whole MF is an active fault, but that some sectors of this structure are releasing the present stress field. Regarding the lack of shallow seismicity in the North-Northeast area of the GP, it can be hypothesized that deep seismicity (between 15 and 30 km) may be favored by the presence of weak preexisting fractures, lubricated by the circulation of deep fluids, as it happens in other Italian seismogenic areas (Miller et al., 2004). The presence of fluids in the upper crust was supported by geochemical analysis (Salvi et al., 1999) and resistivity imaging (Tripaldi, 2020) in proximity to CF and could explain the seismicity observed near the CF system. To disentangle this issue, which has important implications in seismic hazard, deep geophysical imaging and thermal–rheological modeling, which includes fluid convection, should be conducted.

Obviously, we cannot exclude that the lack of shallow seismicity at N will produce an earthquake energetic enough to affect the entire crustal volume, but at the same time, we cannot assert it. Some of the strongest historical earthquakes that affected this area, as the 1414 earthquake (Mw 5.8 ± 0.46), the 1646 earthquake (Mw = 6.72 ± 0.25) and also the 1889 and the 1893 events (Mw = 5.47 ± 0.12 and 5.39 ± 0.19, respectively) (data from Rovida et al., 2019), were located in this sector of GP without any information about foci depths. The September 30, 1995 earthquake (Mw = 5.15 ± 0.10) occurred at a depth of about 27 km (Del Gaudio et al., 2007), with a controversial kinematic, whether it is reverse faulting (Pondrelli et al., 2006) or E-W dextral strike-slip (Del Gaudio et al., 2007), both compatible with the stress field computed in this work.

Possible future developments of this research could be the integration of geodetic information, InSAR data (Atzori et al., 2007), and GPS data (Carafa et al., 2020), with seismic data to estimate the strain rates of the area. Moreover, new seismic data analysis and a more extended area under study around the GP could be useful to investigate how the GP is inserted in the Italian and Adriatic geodynamic context.
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Supplementary Figure 1 | Focal mechanism solutions obtained, respectively with the average, the minimum and the maximum velocity model. Ns is the identification number for each solution. Events with Ns 1–6 are shown.

Supplementary Figure 2 | Same as Supplementary Figure 1. Events with Ns 7–12 are shown.

Supplementary Figure 3 | Same as Supplementary Figure 1. Events with Ns 13–18 are shown.

Supplementary Figure 4 | Same as Supplementary Figure 1. Events with Ns 19–24 are shown.

Supplementary Figure 5 | Same as Supplementary Figure 1. Events with Ns 25–30 are shown.

Supplementary Figure 6 | Same as SupplementaryFigure 1. Events with Ns 31–36 are shown.

Supplementary Table 1 | List of localizations of the 635 earthquakes. ID: event identification number; Origin Time; Lon (decimal degrees), Lat (decimal degrees), Z (km): localization parameters; Ml: magnitude (see text for explanation); Ph: Number of P-wave and S-wave phases; θ: azimuthal gap; dmin: minimum distance; RMS: root mean square (s); ERH: horizontal error (km); ERZ: vertical error (km); QM: localization quality as output of Hypo71; S: dimensionless parameter (see the text for explanation).

Supplementary Table 2 | Localizations obtained with error propagation. Ns: focal mechanism identification number; Origin time: event origin time; Lon (decimal degrees), Lat (decimal degrees) and Z (km) computed with the average (AVG) velocity model, the minimum (MIN) and maximum (MAX), respectively (see the text for explanation); ED (m): epicentral distance; MIN difference between the epicenter computed with the average and minimum model; MAX difference between the epicenter computed with the maximum and the average model. VD (m): vertical distance: MIN difference between hypocenters computed with the average and minimum model; MAX difference between the hypocenters computed with the maximum and average model.
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We present the compilation of a new database of active faults in Slovenia, aiming at introducing geological data for the first time as input for a new national seismic hazard model. The area at the junction of the Alps, the Dinarides, and the Pannonian Basin is moderately seismically active. About a dozen Mw > 5.5 earthquakes have occurred across the national territory in the last millennium, four of which in the instrumental era. The relative paucity of major earthquakes and low to moderate fault slip rates necessitate the use of geologic input for a more representative assessment of seismic hazard. Active fault identification is complicated by complex regional structural setting due to overprinting of different tectonic phases. Additionally, overall high rates of erosion, denudation and slope mass movement processes with rates up to several orders of magnitude larger than fault slip rates obscure the surface definition of faults and traces of activity, making fault parametrization difficult. The presented database includes active, probably active and potentially active faults with trace lengths >5 km, systematically compiled and cataloged from a vast and highly heterogeneous dataset. Input data was mined from published papers, reports, studies, maps, unpublished reports and data from the Geological Survey of Slovenia archives and dedicated studies. All faults in the database are fully parametrized with spatial, geometric, kinematic and activity data with parameter descriptors including data origin and data quality for full traceability of input data. The input dataset was compiled through an extended questionnaire and a set of criteria into a homogenous database. The final database includes 96 faults with 240 segments and is optimized for maximum compatibility with other current maps of active faults at national and EU levels. It is by far the most detailed and advanced map of active faults in Slovenia.
Keywords: Southern Alps, Eastern Alps, active faults, seismic hazard, geologic data input, Dinarides, Pannonian Basin
INTRODUCTION
Modern seismic hazard assessment studies strive in incorporating state-of-the-art knowledge from its various input datasets. We report on the new map and database of active, probably active and potentially active faults in Slovenia through the lens of seismic hazard input model. Slovenia and its immediate vicinity is a seismically moderately active region with a number of damaging to very destructive historic earthquakes, including some of the strongest events in the broader Alpine area. Several historic earthquakes with moment magnitudes in mid to upper 6s and maximum intensities up to Imax = X have occurred in the past (e.g. 1348, 1511). Recent damaging earthquakes include the 1976 Ms 6.5, Ms 6.1 and Ms 6.0 Friuli earthquakes, 1998 Ms 5.7 Krn-Bovec earthquake and the 2004 Mw 5.2 Bovec earthquake (Aoudia et al., 2000; Bajc et al., 2001; Kastelic, 2008; Gosar, 2012; Gosar, 2019a; Gosar, 2019b) (Figure 1). The near-continuous tectonic activity in Mesozoic and Cenozoic spans rifting phases of Meliata and Vardar oceans and the complex Alpine orogeny phase, beginning in Cretaceous and still ongoing (Schmid et al., 2020, and references therein). The long and varied tectonic history has resulted in strong structural footprints and overprints.
[image: Figure 1]FIGURE 1 | Generalized seismotectonic map of the junction between the Alps, the Dinarides and the Pannonian Basin tectonic domains with plotted significant seismicity (Mw ≥ 5.0). Faults west of Slovenia are summarized after Poli and Zanferrari (2018). Earthquakes are from SHEEC catalogs 1000–1899 (Stucchi et al., 2012) and 1900–2006 (Grünthal and Wahlstrom, 2012). Focal mechanisms for Mw > 5.0 events (Bajc et al., 2001; Pondrelli et al., 2006; Kastelic, 2008). Earthquake induced phenomena: 1 - Dobratsch, 2 - Veliki vrh, 3 - Srpenica, 4 - Lake Bohinj.
Slovenia is located in a relatively quiescent part of the broad Eurasia-Africa collision zone. While the most active part of the collision zone is located further south in the central and eastern Mediterranean region, with historic earthquakes with Mw > 8 (e.g. Papadopoulos et al., 2007; Shaw et al., 2008; Stiros, 2010), the part at the junction of the Alps, the Dinarides and the Pannonian basin is nevertheless an area of noteworthy tectonic and seismic activity. The largest historic earthquakes in the region produced major damage even by modern standards. The 1348 Villach/Carinthia/Friuli earthquake may have resulted in as many as 5000–10 000 fatalities according to contemporary sources, although it may well be that part of the figure was the result of the devastating Black death epidemic of bubonic plague at the time (Hammerl, 1994). The same event resulted in two large landslides: the landslide/collapse of Mt. Dobratsch (∼1 km3) and most likely the Veliki vrh landslide (20–100 million m3) (Zorn, 2002; Merchel et al., 2014) (Figure 1). The 1511 Idrija/Friuli earthquake caused up to 12 000 fatalities and resulted in major damage in parts of Slovenia and northeast Italy (Ribarič, 1979; Cecić, 2011). These figures are large by modern standards and extremely large taking into account the much smaller medieval and early renaissance populations in the region. It should be noted that the epicenters of both, and in particular the 1348 event are comparatively poorly constrained and have been variously placed in Slovenia, northeast Italy or south Austria. Paleoseismic evidence strongly supports an epicenter of the 1511 in Slovenia (Bavec et al., 2013).
The damaging 1895 M 5.9-6.1 Ljubljana earthquake (Živčič, 2009; Stucchi et al., 2012). hit the urban, logistical and governmental center of the country, clearly demonstrating the earthquake hazard to the modern population (e.g. Lapajne, 1989; Vidrih and Godec, 1995). The Ljubljana skyscraper, built in 1933, used state-of-the-art earthquake-resistant construction. As part of former Yugoslavia, Slovenia enforced a new, strict earthquake-resistant building code following the destructive 1963 Mw 6.0 Skopje earthquake (e.g. Georgescu et al., 2013). Past seismic activity is rather extensively documented in several earthquake catalogs (Ribarič, 1982; Zivčić, 2009; Stucchi et al., 2012; Grünthal et al., 2013). The most recent and currently used earthquake hazard map was compiled and published nearly two decades ago (Lapajne, 2001). The map is mostly based on instrumental and historic seismicity, resulting in strong concentration of earthquake hazard in three areas affected by strong historic events: the extreme NW Slovenia, bordering on the Friuli region in Italy, central Slovenia, resulting from the 1895 event and the extreme SE part of the country, resulting from earthquakes in 1917, 1924 and 1928.
The contribution of fault earthquake sources had thus far not been systematically included in the national earthquake hazard map. The presence of active major regional strike-slip faults has been recognized for some time (Poljak et al., 2000, 2010; Vrabec & Fodor, 2006; Placer, 2008). The Idrija fault has long been tentatively linked with the 1511 earthquake (Ribarič, 1979; Fitzko et al., 2005). Active faults had never before been systematically mapped and cataloged on a national level. The last structural map of Slovenia that included active and inactive faults, the ‘Structural-tectonic map of Slovenia’ was published two decades ago. It used now obsolete concepts and methods and a rather limited data set based on the general geologic map of Slovenia, which was compiled from the 1960s to the 1990s (Poljak, 2000). Parts of Slovenian territory are included in other national or broader European databases. The western half of Slovenia is included in the Italian DISS database of seismogenc faults (DISS Working Group, 2018), while the majority of the country is part of the SHARE EDSF database of seismogenic faults, which covers a large part of Europe (Basili et al., 2013). Following the call by the Ministry of Environment and Spatial Planning for a new earthquake hazard map, the Office of Seismology and Geology of the Slovenian Environment Agency contracted the Geological Survey of Slovenia to produce a new active fault map as a geologic input into the new national earthquake hazard map. The goals in compiling a new active fault map and database included: compatibility with existing active fault and fault earthquake source maps and databases (e.g. SHARE, DISS), future expandability and adaptability through the use of state-of-the-art concepts and methods and full traceability of all input data, reasoning and argumentation for each spatial, geometric, kinematic and activity parameter. The project also coincides with compilation of the new European earthquake hazard map (ESHM20), for which this map and database is also being used as an indirect input (Basili et al., 2020). Our database is built upon the experience and well-established knowledge on active fault studies and data base compilations (e.g. Wallace, 1986; Yeats, 2012; Styron and Pagani 2020, and references therein) and reflects the current state of knowledge on active faults in Slovenia.
REGIONAL GEOLOGIC CHARACTERISTICS
General Structure and Regional Tectonic Subdivision
The regional tectonic subdivision follows a structural imprint formed over a complex history of Variscan orogenic cycle followed by Mesozoic rifting and the Alpine orogenic phase which has been ongoing since the late Mesozoic. The study region is characterized by a triple junction involving three distinct lithospheric domains: the European plate, the Adria microplate and the Pannonian domain (Brückl et al., 2010) (Figure 2). The Adria microplate, a fragment of the African plate, detached in the lower Jurassic is in long-term collision with the European plate (Anderson and Jackson, 1987). Its current GNSS data-derived motion is northwards at approximately 2-4 mm/yr, combined with counterclockwise rotation of approximately 0.30°/Myr an angular velocity around a pivot point underneath the western Alps (Weber et al., 2006, 2010; Serpelloni et al., 2016). The Pannonian domain consists of several structural blocks of different continental affinity, mainly the ALCAPA and Tisza crustal blocks/mega-units merged into one soft plate (Brückl et al., 2010; Schmid et al., 2020). The Pannonian domain underwent thinning due to crustal extension and thermal collapse in its Pannonian basin part (e.g. Handy et al., 2014; Horváth et al., 2015) that occupies the NE-most area of our study zone. The boundary between the European plate and the Pannonian domain is represented by strike-slip, with local transtensional and transpressional regimes and a general GNSS data-derived eastward motion of the Pannonian domain at approximately 1 mm/yr (Brückl et al., 2010; Serpelloni et al., 2016). The contact between the Adria microplate and the Pannonian domain is of transpressional nature (Brückl et al., 2010).
[image: Figure 2]FIGURE 2 | General structure and regional tectonic subdivision of Slovenia and its vicinity. The thick gray lines represent the boundary between the European plate (EU), the Adria microplate (AD) and the Pannonian Domain (PA) (from Brückl et al., 2010). Higher order units are compiled and simplified from Schmid et al. (2020).
The collisional triple junction has resulted in a complex regional tectonic structure comprised of higher-order Adria-derived units (Southern Alps, the Dinarides, ALCAPA mega-unit) and the complex Tisza mega-unit (Schmid et al., 2020). The Southern Alps are a thrust belt formed in the Oligocene to Early Miocene top-to-S thrusting on generally E-W striking thrust faults, extending from northern Italy across its NE territories into NW Slovenia and further across the central and eastern Slovenia where it is predominantly buried under thick Neogene sediments of Paratethyan origin of the Pannonian basin (Schmid et al., 2020, and references therein). Part of the thrust belt in the northern and northeastern Italy is active, accommodating the ongoing CCW rotation of the Adria microplate (e.g., Galadini et al., 2005; Monegato and Poli, 2015; Poli et al., 2018).
The Dinarides are an Adria passive margin-derived unit comprising a stack of top-to-SW thrusts and nappes, formed during latest Cretaceous to Eocene. The external Dinarides are composed of a very thick sequence of Paleo-Mesozoic platform carbonates of the Adriatic carbonate platform, while the Internal Dinarides are composed of composite nappes, derived from distal Adriatic margin and obducted Western Vardar ophiolites (Schmid et al., 2020). After Middle-Late Eocene the northward motion of the Adria microplate resulted in the formation of a narrow belt of steep reverse faults west of the External Dinarides, forming the boundary with the undeformed Adria foreland (Placer et al., 2001, 2010; Vrabec and Fodor, 2006). The extreme NW part of the External Dinarides and neighboring part of the Southern Alps are cross cut by the subvertical faults of the Dinaric dextral strike-slip system, formed in the Late Miocene, absorbing the NNW-SSE shortening due the CCW rotation of the Adria microplate and accommodating the eastward motion of the Pannonian domain (Poljak et al., 2000, 2010; Grenerczy et al., 2005; Vrabec and Fodor, 2006; Caporali et al., 2008; Kastelic et al., 2008; Weber et al., 2010).
The northeastern part of Slovenia is part of the ALCAPA mega-unit, divided from the Southern Alps by the Periadriatic fault system. The ALCAPA mega-unit comprises the Austroalpine unit of the Alps (Schmid et al., 2020, and references therein). The dextral strike-slip Periadriatic fault system has accommodated the still-ongoing left-lateral extrusion of the ALCAPA mega-unit since 21–23 Ma (e.g. Schmid et al., 2013). The structure and activity in the eastern part of Slovenia are mostly controlled by the interaction between the ALCAPA and Tisza mega-units. Tisza is an accreted tectonic block/mega-unit composed of composite terranes of Eurasian origin formed in the Mesozoic and finally emplaced in present-day configuration in Paleogene-Miocene (Csontos et al., 1998; Handy et al., 2014; Schmid et al., 2020). The boundary between the ALCAPA and Tisza mega-units is the Miocene-formed Mid-Hungarian Zone (MHZ) of which only the north-westernmost part is located in Slovenia. The northern edge of the MHZ, also referred to as the Balaton fault/line is the eastward continuation of the Periadriatic fault system. The MHZ is zone of repeated tectonic inversions (Csontos et al., 1998), currently in its south-westernmost part a sinistral strike-slip zone resulting from the Tisza eastward motion outpacing the eastward motion of ALCAPA (Serpelloni et al., 2016).
Geodetic Evidence
The N-S horizontal shortening rate across the territory of Slovenia has been estimated at 2–4 mm/yr, based on GNSS measurements (Weber et al., 2010; Serpelloni et al., 2016). Strong motion vector divergence is observed from west to east, with motion vectors in W Slovenia deviating counterclockwise from north and motion vectors in E Slovenia deviating clockwise from north, with E-W velocity components <1 mm/yr (e.g. Serpelloni et al., 2016). GNSS measurements have also been used to constrain slip rates on several faults (Pavlovčič Prešeren et al., 2005; Caporali et al., 2013). In the past decade some data on fault slip rates has also been obtained by PSInSAR. The method has mostly been used to detect and observe slope mass movement processes, however, motion along faults in NW Slovenia has been observed as well, with derived horizontal and vertical motion components on the order of 0.5–1 mm/yr (Milanič, 2010). Vertical motion has also been reported with leveling line polygons, in western and central Slovenia, which returned cumulative values of uplift up to 7 mm/yr (Rižnar et al., 2005; Rižnar et al., 2007).
Seismicity
Slovenia is considered a region of moderate seismicity. The historic record begins in 792 AD (Ribarič, 1982), however, reliable records are considered to begin in the 14th century (Živčić, 2009). Major historic earthquakes with epicenters in Slovenia or the immediate vicinity include the 1348 M 6.4–7.1 (Imax = IX-X) Villach earthquake, 1511 Mw 6.9 (Imax = X) Idrija earthquake, the 1689 Mw 5.6 (Imax = VIII) Šentvid pri Stični earthquake, the 1690 Mw 6.6 (Imax = VIII-IX) Carinthia earthquake, the 1699 Mw 5.6 (Imax = VIII) Metlika earthquake and the 1895 M 5.9–6.1 (Imax = VIII-IX) Ljubljana earthquake and more recently the 1917 M 5.7-6.2 (Imax = VIII) Brežice earthquake, the 1926 Mw 5.8 (Imax = VII-VIII) Cerknica earthquake and the 1998 M 5.4 (Imax = VII-VIII) Krn-Bovec earthquake (Ribarič, 1982; Postpischl, 1985; CPTI Working Group, 2004; Guidoboni et al., 2007; Živčić, 2009; BRGM-EDF-IRSN/SisFrance, 2010; Rovida et al., 2011; Grünthal et al., 2013; Stucchi et al., 2012; Tiberi et al., 2018). Evidence of prehistoric earthquakes is relatively sparse, with paleoearthquakes so far attributed to two known active faults, the Idrija fault and Vodice fault (Bavec et al., 2013; Jamšek Rupnik et al., 2015). No older events have been constrained beyond preliminary detection. Additional evidence of Late Pleistocene and Holocene earthquakes has been found in lacustrine sediments of past and current lakes in the Julian Alps of NW Slovenia. Rapuc et al. (2018) found in Lake Bohinj evidence of up to 29 events in the past 6600 years, including the large events in 1348, 1511 and 1690 (Figure 1). Two seismite layers dating to 12790 ± 85 BP have been found in lacustrine sediments in Srpenica, Julian Alps (Marjanac et al., 2001).
COMPILATION OF THE FAULT DATABASE
Objective
The objective was to compile a new map and database of active faults with the potential to generate Mw > 5.5 earthquakes, which translates into >5 km length assuming full-length rupture (Wells and Coppersmith, 1994). The primary use of this database is to provide geological input on active faulting for a new design ground acceleration map of Slovenia and the database format, parameter choice and constraints are determined by this use. Additionally, the aim was to produce a standalone database of active faults in Slovenia, at a level of systematic mapping and parametrization that had never been done in the past, and to provide a homogenous and uniform basis for research of individual faults and fault systems, including future structural, geodetic and paleoseismological investigations. The database is designed for use on a national level, such as input for the national seismic hazard map. It may serve as a starting point for more specific applications, such as fault displacement hazard analysis, however, only taking into account limitations of the database and considering that it was not mapped on a scale and with such detail to be directly compliant with seismic hazard models for the critical facilities (e.g. IAEA-SSG-9 guidelines; IAEA, 2010) neither does it include the distributed rupture data that are needed for fault displacement analyses (e.g. Youngs et al., 2003). In this aspect the presented active fault database can serve as a reference model.
Database Criteria, Format and Workflow
In setting up the criteria for the active fault database, we studied several regional/national compilations in order to comply with the accepted definitions and standards (e.g. Haller et al., 2011; Styron and Pagani, 2020, and references therein). Each fault is an individual database entry that includes all relevant spatial, geometric, kinematic and activity data. This includes full traceability of all geometric and seismotectonic parameters, including origin of parameter or input data, with references, and full history of changes. Given our regional setting and the fact our database is included in the new version of the European database of seismogenic faults (Basili et al., 2020), the fault geologic and seismotectonic parametrization is such that it supports direct translation into fault seismic sources in a format compatible with existing European databases such as SHARE (Basili et al., 2013) and DISS (Basili et al., 2008; DISS Working Group, 2018) by using the composite seismic source approach.
The workflow included extensive data mining, compilation and critical synthesis of available data, systematical identification and parametrization of faults, followed by preparation of the database (Figure 3). Data was systematically mined for geologic, paleoseismic, geodynamic, geophysical, geodetic and seismological data. Data sources included publishes papers, reports, internal (unpublished) reports in the archive of the Geological survey of Slovenia. Input data also includes published and unpublished geologic maps, field observations, shallow (high-resolution seismic reflection, seismic refraction tomography, electrical resistivity tomography, ground-penetrating radar) and deep geophysical (seismic data) and DEMs at various resolutions, most notably the national 5 m DEM (Public Information of Slovenia, the Surveying and Mapping Authority of the Republic of Slovenia, DEM 5, 2006) and to some extend the national LiDAR DEM (Ministry of the Environment and Spatial Planning, Slovenian Environment Agency, 2011). We evaluated older published data on faults by comparison with the latest data sets, including geomorphic analysis of shaded relief. We systematically identified faults with surface trace lengths of 5 km or longer and constrained their geometry using all available data. Each fault was mapped for individual segments. We constrained seismotectonic parameters for all faults and their segments.
[image: Figure 3]FIGURE 3 | Active fault map and database compilation workflow.
The final database is composed of three components: the fault map (.shp file), parametrization table (MS Excel spreadsheet, linked to the .shp file) and an explanatory report (240 + pages, currently only in Slovene). The .shp file includes all fault and segment traces. The parametrization table includes all geometric, kinematic and activity parameters for each individual fault and segment. It is accompanied by a .txt log of all changes in any parameter in the parametrization table, with each change fully documented, with argumentation. The explanatory report contains definitions and argumentation for the database format, parameter choice and definitions, as well as detailed discussion of all available data for each individual fault, separated into two sections–fault trace description with a fault trace map, geometric, kinematic and activity parameter discussion and definition. Parametrization, including the discussion of all available data and argumentation for the determined parameter values is thus fully traceable.
Criteria, Definitions, Parameters, Data Origin, Quality Designators
We defined all faults and fault segments according to a predetermined set of criteria, definitions and parameters.
Fault Activity
We classified faults by activity into three categories: active, probably active and potentially active. A fault is considered:
• Active, if there is direct evidence for its activity in Quaternary (2.6 Ma). This includes: paleoseismic evidence of activity, offset Quaternary geomorphic indicators, geophysical evidence of offset Quaternary strata, seismicity correlated with the fault and geodetic evidence of fault activity. Similar criteria were applied for southern alpine thrusts in north Italy (e.g. Galadini et al., 2012).
• Probably active, if there is indirect evidence for its activity in Quaternary. This includes: the presence of Quaternary sedimentary basins structurally related with the fault, effects of the fault on drainage systems (offsets, deflections, changes in stream behavior such as for example a change from incision to aggradation, etc.), offsets of geologic markers impossible to explain with preceding tectonic phases (assuming an inherited/reactivated fault).
• Potentially active, if it is in a favourable structural relationship with a known active fault or if it is in a favourable geometry for activity within the current stress field.
Direct evidence of Quaternary activity includes: results of geodetic observations (GNSS, leveling data, geodetic control/reference networks), geomorphic and age dating analysis (offsets of Quaternary surfaces), geophysical and age dating analysis (offsets of Quaternary strata), paleoseismological evidence and seismicity data. Any fault with Quaternary activity confirmed by one or several of these methods is considered active. Due to a general lack of Quaternary sediments overlaying the faults, small number of active faulting studies, and generally insufficient age constraints on Quaternary surfaces, evidence of activity during any time over the Quaternary period is considered as evidence of fault activity. Indirect evidence of activity includes: Quaternary sedimentary basins in structural relationship with the fault, with no quantitative data, and offsets of Neogene strata. Such faults are considered probably active. In potentially active faults, a favourable structural relationship with a confirmed active fault is considered such, that activity on the active fault can induce activity on the potentially active fault. Additionally, faults with no evidence of activity (but not evidence of inactivity) within an active fault system is considered potentially active. Also, a fault is considered potentially active if it is in a favourable geometry with respect to the current stress field.
Similar temporal constraints (e.g. Quaternary activity) have been used in a number of similar active fault databases, such as for example the active fault map of Turkey (Emre et al., 2018), the Quaternary active fault map of Iberia (García-Mayordomo et al., 2012), the Quaternary fault and fold database of the United States (U.S. Geological Survey et al., 2020) and to a lesser extent Greece (Ganas et al., 2013), where active faults show activity in Middle Pleistocene to Holocene, and Neogene syn-rift basins are also considered as evidence of very likely present activity. In areas where slip rates are higher, and/or more age data for Quaternary surfaces is available, generally shorter time spans are used (e.g. Langridge et al., 2016) or additional activity classes are added (e.g. Emre et al., 2018; U.S. Geological Survey et al., 2020).
Fault Segmentation
A fault segment is defined as part of the fault that is distinct from other parts in geologic criteria and is not necessarily an earthquake segment, e.g. not defined by the limits of historic coseismic surface ruptures. Fault segments were divided into five classes: earthquake, behavioral, structural, geologic and geometric, according to the classification by McCalpin (2009), Supplementary Datasheet S9. Where the fault trace was not evident on the surface and was presumably covered, we defined the segment as inferred.
Seismotectonic Parametrization
Seismotectonic fault parametrization was based on critical synthesis of all available geologic, geodynamic, geodetic, geophysical, geomorphic and seismicity data. We assigned each individual fault and fault segment full seismotectonic parameters (Table 1).
TABLE 1 | List of designators and seismotectonic parameters for each fault and fault segment in the database.
[image: Table 1]Every parameter is described with full argumentation for all faults (in the parametrization table and explanatory report). Where appropriate, parameters are defined with minimum, maximum and best estimate values. The best estimate of average slip rate is based on the evaluation of the amount and quality of direct and indirect evidence and available data. Where such argumentation is not possible due to a lack of data, the average was taken as the best estimate. An example of fault parametrization attributes is presented for the Idrija fault (Table 2).
TABLE 2 | Fault segment parametrization example (Idrija fault).
[image: Table 2]Data Origin and Quality Designators
Quality of estimated parameters, which include fault depth, strike, dip, rake, slip rate and maximum magnitude was adapted from the SHARE database (Basili et al., 2013) and is marked by the following designators: LD - Literature Data, OD - Original Data, ER - Empirical Relationship, EJ - Expert Judgement (Table 2). These quality designators make assessment of quality of each parameter easier.
RESULTS
Fault Database
As of mid-2020 the first full version of the map and database is considered complete and is available online at: tectonics.geo-zs.si. It includes 96 individual faults and 240 individual fault segments. Of the 96 faults in the database, 18 are confirmed active and 20 probably active (Figure 4). The remaining 58 are potentially active and, by definition, do not show direct or indirect evidence of activity. These may include incipient faults or older, exhumed faults from past tectonic phases. Incipient faults may not have accumulated sufficient offset to clearly show activity, while old, exhumed faults may produce distinct geomorphic expression, but no known direct or indirect evidence of activity.
[image: Figure 4]FIGURE 4 | Map of active, probably active and potentially active faults in Slovenia and the immediate vicinity.
We consider the database to be highly complete for active, probably active and potentially active faults with surface traces 5 km long or longer in areas with hard bedrock (carbonates, flysch, metamorphic and igneous rocks), including most of western, northern and central Slovenia. In these areas, fault traces are distinct and readily identifiable through geologic mapping and geomorphic analysis, even in the relatively limited areas of clastic rocks.
Areas with deep infill of Neogene clastic sediments and sedimentary rocks, mostly including northeastern Slovenia and to a lesser extent parts of central and southeastern Slovenia are considered less complete. Neogene sediment thickness locally exceeds 2 km in SE Slovenia and 6 km in NE Slovenia. While all available data has been included, large amounts of deep petroleum geophysical data remain publicly unavailable and once included may result in future changes in the fault map and database. Many faults in this environment are blind (e.g. Artiče fault, Ljutomer fault). While blind faults with relatively shallow fault tips (<1 km) may readily be detected at the surface by their narrow fault propagation folds, blind faults with deeper fault tips may produce very gentle fault propagation folds at the surface and without high-quality deep geophysical data may escape detection.
Challenges
The area of Slovenia is tectonically moderately active, and there are numerous factors that make systematic identification, mapping and parametrization of active faults comparatively difficult. The main compounding factors are high slope mass movement, erosion and denudation rates, and the very complex tectonic history of the region and resulting structural overprinting.
Slope Mass Movement, Erosion, Denudation
Large parts of Slovenia are highly susceptible to slope mass movement processes, which are orders of magnitude larger than expected tectonic movement (e.g. Komac and Ribičič, 2006; Komac, 2012; Žibret et al., 2012; Komac and Hribernik, 2015). Slope mass movement processes and erosion are likely to obscure surface fault traces, particularly any relatively recent geomorphic markers; this is particularly true in the clastic rocks in parts of western, central and eastern Slovenia.
Slip Rates–Data Set Heterogeneity
The slip rate data set is highly heterogeneous. Various methods, covering vastly different time spans are used to determine the slip rate on individual faults. Time spans range from several years (GNSS, PSInSAR, extensometer), to several decades (leveling data), to thousands and tens of thousands of years (paleoseismic, geomorphic, geologic) and even several million years (geologic). Table 3 presents available data for the Idrija fault, for which the largest dataset for slip rate evaluation was available.
TABLE 3 | Available slip rate data for the Idrija fault.
[image: Table 3]Data heterogeneity is the result of unharmonized data obtained in various projects and works with vastly different methods and goals. In general, a strongly harmonized effort, simultaneously encompassing all faults will be required for a more homogenous data set. This may involve short-term geodetic slip rate determination, longer-term slip rate from age dating of displaced surfaces or combination of both. While a significant uncertainty in slip rates is acceptable from a general scientific viewpoint, large uncertainties are problematic when data is used for fault activity parametrization in seismic hazard assessment.
Structural Overprinting
Structural overprinting during successive tectonic phases in Mesozoic and Cenozoic have led to the presence of numerous partly overlapping and reactivated faults and fault systems. Reverse faults in southeastern Slovenia have likely been active in the lower-Neogene and post-Neogene (e.g. Tomljenović and Csontos, 2001). Fortunately, some deep geophysical data is available in the area, indicating a very small to negligible contribution of the lower-Neogene phase (c.f. Gosar and Božiček, 2006; Gosar, 2008), allowing good constraints on the activity of these fault. Reverse faults in northeastern Slovenia are in most cases reactivated lower-Neogene normal faults, connected to inverted sedimentary basins (Fodor et al., 2002). Another area of very strong multiple structural overprints is the Sava folds, with at least two major folding phases and likely more. Paleostress analysis of faults in NW External Dinarides of Slovenia indicates four successive tectonic phases in which the faults were active (Žibret and Vrabec, 2016).
We may conclude from the surface data that a mapped fault is favorably oriented for activity in the current stress field, however, there is typically little data on the extent of the fault at depth. Geophysical data is typically lacking in all areas except in the Trieste gulf, Krško basin and in NE Slovenia. A fault with a clear surface trace may be exhumed and/or truncated or offset at depth by more recent faulting and thus inactive. Each fault requires detailed geologic mapping, geomorphic analysis and where possible also paleoseismic investigations. While in some cases, particularly with late-Neogene and post-Neogene reverse faults in thick clastic sediment successions, separation of individual tectonic phases and constraining recent activity is fairly straightforward, faults in zones with little or no young clastic sediments are much less well constrained. Poorly constrained fault histories (kinematic evolution through successive tectonic phases) reduce the confidence and validity of long-term slip rates estimated from offset geologic markers. It is likely that most potentially active faults have comparatively little contribution to the seismic hazard, due to their implied low slip rate (e.g. if slip rates were higher, the probability of detection of fault’s probable or confirmed activity would be higher). This is a major future challenge that will require extensive and detailed work on individual faults.
Fault Systems
Adriatic Foreland Fault System
The Adriatic foreland fault system is characterized by NW-SE striking thrusts and reverse faults, extending from northern Istria and the Trieste gulf (NE Adriatic Sea) into the western Karst region (Figure 5). The system includes one active (Palmanova-Črni Kal thrust), three probably active (Kubed thrust, Hrastovlje thrust, Socerb thrust) and five potentially active faults (Buje fault, Buzet thrust, Sočerga-Lupoglav thrust, Skadanščina fault). The longest faults are the Buje fault (73 km), the Buzet thrust (75 km) and the Palmanova-Črni Kal thrust (81 km), all of which run across the Istria peninsula into the Trieste gulf and potentially into the southernmost part of the Friuli plain, NE Italy. The longest faults are segmented by perpendicular, NE-SW running subvertical strike-slip faults. The comparatively short (<5 km) Sistiana and Monte Spaccato strike-slip faults are probably active, as indicated by offset late Quaternary strata on the Monte Spaccato fault (Carulli, 2011). These faults are interpreted as faults and imply activity of thrust and reverse faults.
[image: Figure 5]FIGURE 5 | Adriatic foreland fault system. The system comprises a thrust belt approximately 30 km wide. The dominant active fault is the Črni Kal–Palmanova thrust.
The westernmost faults (Buje fault, Buzet thrust) are very shallow angle thrusts (approx. 15°), and the dip increases toward the northeast. The easternmost fault in the system, the Skadanščina fault is a steeply (60°) dipping, SW-vergent reverse fault. The maximum depth of the fault system can be tentatively estimated from geophysical data, as deep seismic reflection data within the Trieste gulf suggest the faults are listric, with a maximum depth of approximately 7 km (Busetti et al., 2010; Carulli, 2011).
Assessment and quantification of fault activity within the system is much more difficult. Evidence of recent activity includes offset late Quaternary marine sediments along the Palmanova-Črni Kal fault in the Trieste gulf (Busetti et al., 2010). There is little additional quantitative data on slip rates within the fault system. Rižnar et al. (2007) published an analysis of leveling data across the fault system, which indicates large ongoing vertical displacement rates totaling 2–3 mm/yr across the system. We consider these values exceedingly high, with implied total slip rates up to 5–8 mm/yr and thus not reliable. There is little significant historic seismicity associated with this fault system. The largest historic earthquake located in the SE part of the system in the Croatian part of Istria is the Mw 5.6 1574 Lupoglav earthquake (CPTI Working Group, 2004; Rovida et al., 2011).
Dinaric Fault System
The Dinaric fault system (DFS), characterized by dominant, long NW-SE striking dextral strike-slip faults, extends from the Karst region in SW Slovenia across much of western into central Slovenia (Figures 6, 7). Within the DFS we have identified a total of seven active faults (Raša fault, Raša West fault, Predjama-Avče fault, Idrija fault, Ravne fault, Mišja dolina fault, Žužemberk fault), four probably active faults (Divača fault, Dražgoše fault, Ortnek fault, Dobrepolje fault) and 21 potentially active faults (Brestovica fault, Tomačevica fault, Kobjeglava fault, Vipava fault, Bate fault, Golek fault, Banjšice fault, Jesenovec fault, Zala fault, Podplanina fault, Čeplez fault, Vrhinka fault, Borovnica fault, Rakitna fault, Možice fault, Sorica fault, Ratitovec fault, Želimlje fault, Pokljuka fault, Zasip fault, Kranj fault). The DFS is dominated by two fault sets, centered on several large, active regional faults: the western and the eastern fault sets.
[image: Figure 6]FIGURE 6 | Western fault set of the Dinaric fault system. The dominant faults are the Raša fault, the Predjama-Avče fault and the Idrija fault.
[image: Figure 7]FIGURE 7 | Eastern fault set of the Dinaric fault system and the dextral strike-slip faults of the Sava compressive wedge. The dominant faults are the Mišja dolina fault, the Ortnek fault, the Dobrepolje fault and the Žužemberk fault.
The western fault set (Figure 6) is centered on three major regional active faults: the Raša fault (87 km), the Predjama-Avče fault (75 km) and the Idrija fault (124 km). The Raša fault is a subvertical dextral strike-slip fault with an average estimated slip rate of 0.7 mm/yr. The Predjama-Avče fault is a steeply NE-dipping dextral transpressive fault, with an average estimated slip rate of 0.7 mm/yr. The Idrija fault is the longest fault of the system, a subvertical dextral strike-slip fault with an average estimated slip rate of 1.0 mm/yr. Slip rates on all three faults were determined through age dating of displaced surfaces (Moulin et al., 2014, 2016) and long-term displacement of geologic markers (Čar, 2010). Paleoseismic evidence has linked the Idrija fault to the 1511 Mw 6.9 earthquake (Bavec et al., 2013). Additionally, the Idrija fault is also the likely source of the 1926 Mw 5.8 Cerknica earthquake (Ribarič, 1982). Significant events within the western fault set also include the 1998 Ms 5.7 Krn-Bovec earthquake and the 2004 Mw 5.2 Bovec earthquake on the Ravne fault (Bajc et al., 2001; Kastelic, 2008). The Raša and Predjama-Avče faults have not produced any significant historic earthquakes, although the 1956 ML 5.1 Ilirska Bistrica earthquake (Grünthal et al., 2013) might have been caused by the Raša fault (Ribarič, 1982). There is evidence of the presence of another active fault in this fault set, the Selce fault, located south of the termination of the Predjama-Avče fault (Vičič et al., 2019); at this time the total reliably known surface fault length is < 5 km (Gospodarič, 1989; Šebela, 2005) precluding inclusion into the database, however, the fault and surrounding area needs to be further investigated in the future.
The eastern fault set (Figure 7) encompasses a number of long active and probably active faults, including: the Mišja dolina fault (52 km), the Ortnek fault (57 km), the Dobrepolje fault (65 km) and the Žužemberk fault (79 km). It is noteworthy that the surface traces of the first three faults are contained within a corridor only 6 km wide. Average estimated slip rates across the four faults are 0.45 mm/yr, 0.45 mm/yr, 0.45 mm/yr, and 0.50 mm/yr, respectively. The slip rate on the Mišja dolina fault is estimated from offset Quaternary markers in geophysical data (Atanackov, 2013), while the slip rate on the Žužemberk fault is estimated from GNSS data (Vrabec et al., 2011). Slip rates on the Ortnek and Dobrepolje faults are estimated from the faults’ similarity to the other two faults. No major historic seismicity has been conclusively attributed to this fault set, however, the 1895 Mw 5.9–6.1 Ljubljana earthquake has recently been tentatively linked to the Želimlje or Ortnek faults (Tiberi et al., 2018).
The western fault set appears to define a corridor across which a significant slip rate occurs, with approximately 2.5 mm/yr of dextral strike slip across the 25 km wide zone encompassed by the three major faults. The eastern fault set appears to define another corridor, approximately 15 km wide, across which approximately 1–2 mm/yr of dextral strike slip occurs. The rest of the DFS, both to the west, in the central part between the two major fault sets and to the east includes faults with low estimated fault rates (Figure 8).
[image: Figure 8]FIGURE 8 | Dinaric fault system western and eastern sets indicating two corridors of comparatively high slip rates. The western fault set accommodates up to ˜ 2.5 mm/yr of dextral strike slip, while the eastern fault set accommodates up to ˜ 1–2 mm/yr of dextral strike slip. Slip rates on other faults within the system are estimated to be an order of magnitude lower.
We currently consider the Raša West fault an individual fault, distinct from the Raša fault due to the unclear potential connection between the two faults. The NW part of the Raša fault is relatively poorly constrained. The fault is well defined in the carbonates of the Karst plateau, where it splays with the main splay branches being the Kobjeglava and Tomačevica faults (Jurkovšek, 2008). The fault then likely progresses into the flysch and Quaternary lacustrine, alluvial and fluvial sediments of the Vipava valley. The Raša West and Raša faults are less than 4 km apart at their closest points and will likely be merged into a single fault pending further constraints on their geometries in the Vipava valley.
In its NW part the DFS transitions into the generally E-W striking reverse faults and thrusts of the Friuli region (Vrabec and Fodor, 2006; Poli and Zanferrari, 2017; Poli and Zanferrari, 2018). The Gemona-Kobarid fault is the only large reverse fault that pushes significantly into the area covered by the fault database. It terminates against the Idrija Fault in NW Slovenia (Figure 4). The fault is considered potentially active. The entire transitional area indicates areas of distinct uplift (Milanič, 2010). The uplift is currently not attributed to a specific structure or set of structures. It may potentially indicate larger-scale reverse faulting or minor pop-up structures within the transpressional transition area. Vertical displacement rate data from PSInSAR does not rule out local reactivation of structures in the South Alpine Thrust Front (Milanič, 2010).
Periadriatic Fault System
The Periadriatic fault system (PAFS) is characterized by dominant long, generally WNW-ESE striking dextral strike-slip faults, relatively minor E-W striking thrusts and reverse faults and SW-NE striking minor sinistral strike-slip faults (Figure 9). In the PAFS we identified five active (Sava fault, Vodice fault, Cerklje fault, Šoštanj fault, Labot (Lavantal) fault), four probably active (Stol (Hochstuhl) fault, Periadriatic fault, Celje fault, Velenje fault) and 12 potentially active faults (Srednji vrh fault, Košuta fault, Zelenica fault, Gornji grad fault, Logarska dolina fault, Menina fault, Olševa fault, Matkov kot fault, Podolševa fault, Savinja fault, Vransko fault, Northern Karavanke fault).
[image: Figure 9]FIGURE 9 | Faults of the Periadriatic fault system (PAFS), the Mid-Hungarian fault system (MHFS) and the Raba extensional fault system. Numbered faults include: 1 – Srednji vrh fault, 2 – Zelenica fault, 3 – Olševa fault, 4 – Podolševa fault, 5 – Matkov Kot fault, 6 – Logarska dolina fault, 7 – Studenec fault, 8 – Javornik fault, 9 – Menina fault, 10 – Vransko fault, 11 – Dravinja fault, 12 – Mlinišče fault.
The dominant faults of the PAFS are the Periadriatic fault, the Sava fault, the Šoštanj fault and the Labot fault (Figure 9). The dextral strike-slip Sava fault is confirmed active, 150 km long, with a geomorphic marker and age dating average estimated slip rate of 1 mm/yr (Vrabec et al., 2006; Jamšek Rupnik et al., 2012; Jamšek Rupnik, 2013). The dextral strike-slip Šoštanj fault is also confirmed active by offsets of Quaternary strata along the fault (Brezigar, 1985), with an estimated average slip rate of 0.5 mm/yr. GNSS data on the Šoštanj fault is so far inconclusive (Pavlovčič et al., 2005). The dextral strike-slip Labot (Lavantal) fault is 201 km long, confirmed active by GNSS measurements, with an average estimated slip rate of 0.75 mm/yr (Pavlovčič Prešeren et al., 2005). These major faults form a dextral-strike slip system/corridor with an average slip rate of ∼1–2 mm/yr.
Two minor reverse faults within the system have produced fault scarps within the Quaternary landforms: the Cerklje and Vodice faults (Verbič, 2006; Jamšek Rupnik et al., 2012, Jamšek Rupnik et al., 2013). The Cerklje fault is related to a restraining bend of the Sava fault (Vrabec, 2001), while the Vodice fault occurs at the transition from PAFS to the Sava folds structural style due east. Genetically, the Vodice fault is probably linked to the Sava folds (Jamšek Rupnik, 2013), although its position south of the Sava fault restraining bend and the Cerklje fault as part of it may suggest a linkage with the PAFS as well.
No major historic earthquakes have been attributed to the PAFS with certainty. The largest event to have been potentially produced by the PAFS is the 1348 M 6.4–7.1 Villach/Carinthia/Friuli earthquake (Stucchi et al., 2012). The earthquake caused significant damage in western Slovenia, southern Austria (Carinthia) and northeastern Italy (Friuli), including the two large landslides. The 1690 Mw 6.5-6.6 Carinthia earthquake was also potentially produced by a fault in the PAFS (e.g. Eisinger & Gutdeutsch, 1994; CPTI Working Group, 2004; Rovida et al., 2011). The 1857 Mw 5.1-5.2 Rosegg earthquake and the 1877 Mw 4.9–5.0 Valbruna earthquake (CPTI Working Group, 2004; Rovida et al., 2011) may also have been caused by the PAFS.
Mid-Hungarian Fault System
The Mid-Hungarian fault system (MHFS) includes regional dextral strike-slip and reverse faults, encompassing the northern part of eastern Slovenia. The MHFS is the northwesternmost part of the Mid-Hungarian Zone, extending to its transition into the PAFS. The MHFS includes one probably active fault (Ljutomer fault) and six potentially active faults (Haloze North and South faults, Dravinja fault, Cerovec fault, Mlinišče fault, and Donat fault) (Figure 9). All faults displace thick sequences of Neogene and Quaternary marine and fluvial clastic sedimentary rocks and sediments. Thus, geologic mapping returns comparatively limited data and more emphasis is put on geomorphic analysis and the very limited available 2D seismic reflection profiles. Consequently, there is more uncertainty in positional and kinematic parameters than with faults in western and central Slovenia.
The northernmost faults in the MHFS are relatively steeply dipping, north-vergent reverse faults, including: the probably active Ljutomer fault and the potentially active Haloze North and Haloze South faults. These faults have been interpreted as reverse faulting along the northern edge of the broader transpressive Donat fault zone (e.g. Fodor et al., 1998). The most distinct of the three reverse faults is the Ljutomer fault, a steeply (70°) southward dipping reverse fault on the northern limb of the large Ormož-Selnica anticline. It is considered probably active, with an estimated slip rate of 0.25 mm/yr. Its probable activity is implied by the dog leg offset of the Mura river. The northwestern part of the MHFS is defined by the potentially active Haloze North and Haloze South reverse faults, dipping southward at 50° and 65–75°, respectively. Estimated slip rates are low, at 0.05 mm/yr for each fault, respectively. The Boč mountain is interpreted as a pop-up structure at the restraining bend between the Labot fault (PAFS) and the Donat fault (MHFS).
The dominant fault in the (Slovenian part of) MHFS is the Donat faut. The fault is dextral strike-slip to dextral transpressive as evidenced by kinematic indicators (Fodor et al., 1998). It is considered potentially active, with the slip rate estimated at 0.65 mm/yr, tentatively based on the assumed slip rate continuity from the Labot and Šoštanj faults.
Historic seismicity in the MHFS is very limited. The 1838 Mw 4.5 Ormož Kog and 1839 Mw 4.8 Ormož Zavrč earthquakes are tentatively attributed to the MHFS, however, the presumed epicentral uncertainty is very large, precluding conclusive attribution (Stucchi et al., 2012).
Sava Compressive Wedge and Balaton Fault System
The Sava compressive wedge (SCW) and Balaton fault system (BFS) are part of a structurally complex zone, comprising diffuse structural transitions from neighboring fault systems and tectonic zones. Motion vectors diverge across the wedge, turning counterclockwise from the north in the western part of the zone, and clockwise from the north in the eastern part of the zone (Serpelloni et al., 2016). The main deformation mechanism in the zone is N-S shortening with several accommodating systems of faults and folds (Figure 10). The SCW and the part of the BFS in Slovenia corresponds to the Sava folds. The Sava folds comprise generally E-W to ENE-WSE trending folds and associated thrusts and reverse faults (Placer, 1998).
[image: Figure 10]FIGURE 10 | Dextral strike-slip faults within the Sava compressive wedge (SCW), faults of the Balaton fault system (BFS) and the Sava folds (from Placer, 1998): 1 - Pletovarje-Macelj anticline, 2 - Celje syncline, 3 - Motnik syncline, 4 - Trojane anticline, 5 - Laško syncline, 6 - Rudnica-Ivančica anticline, 7 - Planina-Desinice syncline, 8 - Litija anticline, 9 - Senovo syncline, 10 - Orlica anticline, 11 - Bizeljsko-Zagorje syncline, 12 - Brezina syncline, 13 - Marija Gorica anticline, 14 - Brdovec syncline.
Folding is confirmed to be ongoing in the SE part of the Sava folds system (Tomljenović and Csontos, 2001). The major Krško syncline is active, with an inferred long-term post-Pontian vertical displacement rate of approximately 0.4 mm/yr. Many studies were carried out on the structure of the Krško basin (e.g. Verbič, 2005; GeoZS, 2010; Cline et al., 2016; Jamšek Rupnik et al., 2016; Poljak, 2017; Atanackov et al., 2018; Bavec et al., 2018). The active 11-km long Artiče blind reverse fault is associated with folding of the E part of the north limb of the Krško syncline. Based on available data and to the best of our knowledge the Artiče and North Medvednica boundary faults are the only currently confirmed Quaternary active reverse faults in the system (the North Medvednica boundary fault is located in Croatia (Matoš et al., 2014)). No definitive evidence of active folding or reverse faulting has been found in the northern part of the Sava folds. This may well be due to the fact that large parts of the area are characterized by a thick succession of Neogene clastics, highly susceptible to weathering, erosion and slope mass movement processes, making identification of faults and their recent activity difficult. We have so far identified a number of short (<5 km) reverse fault and thrust fault segments, however, further work is ongoing to identify potentially related and additional structures. It is likely that extensive work, including geomorphic analysis, geophysical surveys and field mapping will be required to provide additional data.
While reverse faulting and folding is active in the southeastern part of the SCW with BFS (Matoš et al., 2014; Markušić et al., 2020), other parts of the system are overprinted by geometrically and kinematically different faults. In the northern part the structural trends from the SCW transition into the southern part of the PAFS. The nominal boundary is Celje fault, which we attribute to the PAFS mainly for historic reasons.
In the western part of the SCW there is an apparent continuation of dextral strike-slip faults from the DFS, which we consider to be diffusely delimited in the east by the Žužemberk fault. This fault set includes a total of eight dextral strike-slip faults (Figure 10): one active (Toplice fault), three probably (Stična fault, Zagorje fault, Hrastnik fault) and four potentially active faults (Litija fault, Trebnje fault, Ponoviče fault, Dobovec fault). The two longest faults in this fault set are the Toplice fault (37 km) and the Hrastnik fault (49 km). Inferred slip rates are very low on all faults, well below 0.1 mm/yr. Unlike the faults of the DFS, these faults are generally shorter and highly segmented. While these faults may be the diffuse tapering out of the DFS to the east, they may also be at least in part fortuitously aligned tear faults along presumed dominant E-W reverse faults and folds of the Sava folds, as interpreted in the E part of the Sava folds (Tomljenović & Csontos, 2001). Further work is needed on this.
The southeastern part of the SCW is characterized by faults of the BFS: WSW-ENE striking sinistral strike-slip and generally E-W striking reverse faults (Figure 10). The most active part of the system is in Croatia, comprising the major Sveta Nedelja fault and North Medvednica boundary fault. The Sveta Nedelja is a large, 28 km long, deep sinistral strike-slip fault with an estimated average slip rate of 0.22 mm/yr (Herak et al., 2009; Šumanovac et al., 2009). The North Medvednica boundary fault is a major reverse fault (24 km, active, 0.20 mm/yr) (Tomljenović et al., 2008; Basili et al., 2013; Matoš et al., 2014; van Gelder et al., 2015). To the north, in SE Slovenia, the BFS comprises 4 faults: one active (Artiče fault), two probably active (Orehovec fault, Orlica fault) and one potentially active (Poštena vas fault). Slip rates on all four faults are <0.1 mm/yr.
The SCW including BFS is characterized by significant historic seismicity concentrated in its SE part (Ivančić et al., 2006; Herak et al., 2009). The most recent earthquake in the region is the March 22, 2020 Mw 5.3 Zagreb earthquake, most likely produced by the North Medvednica boundary fault (Markušić et al., 2020). The largest event in the region, likely produced by the North Medvednica boundary fault is the 1880 MW 6.0 Zagreb earthquake (Herak et al., 2009; Stucchi et al., 2012). Further significant (M>∼5) events in the vicinity include the earthquakes in 1775, 1837, 1880, 1889 and 1893 (Stucchi et al., 2012). In SE Slovenia the following significant events have occurred: 1917 M 5.7 (Imax = VIII) Brežice earthquake, 1924 M 5.0 and 1928 M 4.8 Brežice earthquakes and the 2015 M 4.2 (Imax = VII) Kostanjevica ob Krki earthquake (ARSO, 2020). The NE part of SCW is characterized by lesser seismicity; the largest historic earthquake is the 1974 M 4.8 Kozjansko event (ARSO, 2020). None of these events have been attributed a causative fault.
Raba Extensional Fault System
The Raba extensional fault system comprises a WSW-ENE system of normal faults (Márton et al., 2002; Fodor et al., 2011). The fault system formed during the early Neogene rifting phase and some faults may have locally been reactivated. Two faults in the database have broadly been attributed to this system–the Lovrenc and Kungota faults in NE Slovenia (Figure 9), however, both are considered potentially active with no firm evidence of recent activity.
Slip Rates and Rate Distribution, Comparison With Regional GNSS Data
We compare slip rate distribution in our fault database to the most complete and most recent published analysis of regional GNSS motion vectors (Serpelloni et al., 2016). There are caveats to be addressed prior to comparison. While GNSS motion vectors are derived from recent and ongoing motion, most fault slip rates are obtained from longer-term data, including offset geomorphic and geological markers. Three distinct zones of ongoing displacement are evident in fault data. The DFS accommodates a total of ∼3.5–4.5 mm/yr dextral strike slip over a NW-SE oriented zone approximately 65 km wide (Figure 11). The PAFS accommodates approximately 1–2 mm/yr dextral strike slip, while the SCW including BFS is tentatively interpreted to accommodate approximately ∼0.5 mm/yr sinistral strike slip. Reverse faults in the SE part of the SCW and BFS and potentially over the entire system likely accommodate significant N-S shortening, however, data is too sparse for a reliable estimate.
[image: Figure 11]FIGURE 11 | Approximate cumulative horizontal displacement/slip rates across the most active fault systems in Slovenia. The Dinaric fault system contains two spatially well-constrained fault sets which concentrate most of the displacement.
GNSS-derived motion horizontal vectors across the DFS (in a fixed Eurasian reference frame) are generally directed northward, with some minor deviations both to the east and west (Serpelloni et al., 2016). The horizontal N-S motion velocity diminishes from approximately 2.5 to 1.5 mm/yr across the DFS western fault set, for an approximate shortening rate of 1.0 mm/yr. This compares to a total northward component of approximately 1.7 mm/yr that we derive from the estimated slip rates across the DFS western fault set. The slip rates across the three major faults of the DFS western fault set are based on long-term offsets of geologic and geomorphic markers and therefore indicate a longer-term average (over several hundred kyr to several Myr). On the other hand, the number of GNSS vectors across the entire DFS is quite limited. A similar consideration for the DFS eastern fault set produces a total northward component of approximately 0.7–1.4 mm/yr from the fault database. This compares to an approximate 0.5–1.0 mm/yr N-S shortening across the fault set indicated by GNSS data.
The GNSS-derived eastward speed increases from approximately 0.0–0.2 mm/yr to approximately 0.8 mm/yr across the PAFS, for a total dextral strike-slip rate of 0.6–0.8 mm/yr. This compares to 1–2 mm/yr derived from estimated fault slip rates. Part of the SCW that includes BFS is characterized by sinistral transpressive movement, with faults showing pure sinistral strike slip (e.g. Sveta Nedelja fault) and reverse motion (North Medvednica boundary fault). It appears the most active faults are at the southern margin of the system, including the Sveta Nedelja fault and the North Medvednica boundary fault. Slip rates appear to diminish toward the north, however, data for these faults is sparse.
CONCLUSIONS
We have compiled a new, state-of-the-art fault database for Slovenia. For the first time we have systematically mapped, characterized and parametrized all known active, probably active and potentially active faults in Slovenia, with surface fault traces >5 km. We have attributed individual faults to well-defined fault systems, including the Adriatic foreland fault system, the Dinaric fault system, the Periadriatic fault system, the Mid-Hungarian fault system, the Sava compressive wedge and Balaton fault system and the Raba extensional fault system. All faults are fully geometrically and seismotectonically parametrized. The format and parameters were optimized for translation into a database of composite fault sesimogenic sources. The current version of the fault database contains 96 faults and 241 segments and was compiled for the preparation of the new seismic hazard map in Slovenia. Of the 96 faults in the database, 18 are classified as active, 20 as probably active and 58 as potentially active.
The largest and most active faults in Slovenia the regional dextral-strike slip faults of the Dinaric fault system and the Periadriatic fault system. The longest faults include the Idrija fault (DFS, 124 km), the Sava fault (PAFS, 150 km), the Šoštanj fault (PAFS, 89 km) and the Labot (Lavanttal) fault (PAFS, 180 km; strongly segmented). The two fault systems also contain faults with the highest slip rates, on the order of 0.5–1.0 mm/yr. Reverse faults formed through inversion of Neogene and Quaternary sedimentary basins and therefore typically occur in conjunction with major folding. The systems in which reverse faults occur include the Periadriatic fault system, the Mid-Hungarian fault system, and the Sava compressive wedge and Balaton fault system. Their occurrence in clastic sediments and poorly lithified rock, which are highly susceptible to weathering and erosion, results in obscuration of fault traces and formation of blind faults. The only significant and consistent exception to this are the thrusts and reverse faults in the Adriatic foreland fault system and the Vodice and Cerklje faults in the Ljubljana basin.
We have identified ‘corridors’ where large amounts of deformation occur. The Periadriatic fault system accommodates approximately 1–2 mm/yr of dextral strike slip. The Dinaric fault system contains two distinct fault sets that likely accommodate over 75–95% of the total of approximately 4.5–5.0 mm/yr of dextral strike slip across the fault system. The western fault set accommodates approximately 2.5 mm/yr, about 50–55% of the total dextral strike slip across the fault system. The eastern fault set accommodates approximately 1–2 mm/yr of dextral strike slip, about 20–40% of the total dextral strike slip across the fault system. Lesser, less well constrained activity is noted across other fault systems. The Adriatic foreland fault system is particularly poorly constrained, with little available data. The Mid-Hungarian fault system, the Sava compressive wedge and Balaton fault system and the Raba extensional fault system also lack good data on slip rates, however, total slip rates on the order of ∼0.5–1.0 mm/yr are inferred with some certainty.
We have identified several areas where currently unknown active faults possibly or likely exist, however, their surface expressions are exceedingly vague or the faults are blind. These regions include the Sava folds, the region to the south of the termination of the Avče-Predjama fault, the northern part of the Ljubljana basin, southern Julian Alps and parts of southern Slovenia. The Sava folds require additional extensive, in-depth structural analysis to further constrain the presence, geometry and potential activity of reverse faults and thrusts associated with the formation of the folds. We expect that additional faults from these zones may be added in future versions of the database.
Reconnaissance geomorphic work on the national LiDAR dataset has indicated a number of potential paleoseismological investigation sites on multiple faults. At this time paleoseismological data is available for only a handful of faults and individual locations, insufficient to constrain past behavior of investigated faults. A side product of the fault database is a set of potential future paleoseismological investigation sites.
While the data for seismotectonic parameters has been compiled using a constant set of criteria, there is significant remaining heterogeneity. Slip rates are a particularly highly heterogeneous dataset, with values determined over widely ranging time spans. A significant discrepancy between estimated slip rate values and values based on modeling has been found (e.g. Kastelic and Carafa, 2012) and will need to be addressed in the future. Systematic and methodologically homogeneous nation-wide geodetic investigations will be required to further homogenize the fault slip rate data set.
The fault database has been translated into a database of fault seismogenic sources using the composite source approach, to provide one of geologic inputs into the new seismic hazard map of Slovenia. Seismicity data was extensively used to constrain geometries, kinematic and activity parameters of fault seismic sources. The methodology and results will be the subject of a future paper. Extensive cross-border harmonization of composite seismic sources has been done where possible, however, the fault map requires further cross-border harmonization. The database is being updated regularly with newly published data and results of ongoing research activities. The latest version of the fault database is accessible online available at: tectonics.geo-zs.si.
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The Apenninic chain, in central Italy, has been recently struck by the Norcia 2016 seismic sequence. Three mainshocks, in 2016, occurred on August 24 (MW6.0), October 26 (MW 5.9) and October 30 (MW6.5) along well-known late Quaternary active WSW-dipping normal faults. Coseismic fractures and hypocentral seismicity distribution are mostly associated with failure along the Mt Vettore-Mt Bove (VBF) fault. Nevertheless, following the October 26 shock, the aftershock spatial distribution suggests the activation of a source not previously mapped beyond the northern tip of the VBF system. In this area, a remarkable seismicity rate was observed also during 2017 and 2018, the most energetic event being the April 10, 2018 (MW4.6) normal fault earthquake. In this paper, we advance the hypothesis that the Norcia seismic sequence activated a previously unknown seismogenic source. We constrain its geometry and seismogenic behavior by exploiting: 1) morphometric analysis of high-resolution topographic data; 2) field geologic- and morphotectonic evidence within the context of long-term deformation constraints; 3) 3D seismological validation of fault activity, and 4) Coulomb stress transfer modeling. Our results support the existence of distributed and subtle deformation along normal fault segments related to an immature structure, the Pievebovigliana fault (PBF). The fault strikes in NNW-SSE direction, dips to SW and is in right-lateral en echelon setting with the VBF system. Its activation has been highlighted by most of the seismicity observed in the sector. The geometry and location are compatible with volumes of enhanced stress identified by Coulomb stress-transfer computations. Its reconstructed length (at least 13 km) is compatible with the occurrence of MW≥6.0 earthquakes in a sector heretofore characterized by low seismic activity. The evidence for PBF is a new observation associated with the Norcia 2016 seismic sequence and is consistent with the overall tectonic setting of the area. Its existence implies a northward extent of the intra-Apennine extensional domain and should be considered to address seismic hazard assessments in central Italy.
Keywords: distributed active deformation, Pievebovigliana fault, 2016 Norcia seismic sequence, intra-Apennines extension, central Italy
INTRODUCTION
Identification and geometric reconstruction of active faults are one of the major concerns in Italy given the evident earthquake hazard (MPS, Gruppo di Lavoro, 2004; DISS Working Group, 2018) and the occurrence of several earthquakes among the most energetic (MW≥6.5) in the Mediterranean region (Figure 1A). The majority of the hypocentral distribution (Chiarabba et al., 2005) concentrates at upper crustal depths along the intra-Apennine Quaternary active extensional belt which, in central Italy (Figure 1B), is mostly represented by W-dipping high-angle- and E-dipping low-angle normal faults (Boncio and Lavecchia, 2000; Collettini et al., 2006; Mirabella et al., 2011; Lavecchia et al., 2017; Lavecchia et al., 2020). The west-dipping faults are considered as responsible for the most energetic earthquakes (stars in Figure 1B, macroseismic epicentres from Rovida et al., 2021) occurring both historically and in the last decades (Galadini and Galli, 2000; Boncio et al., 2004; Roberts and Michetti, 2004; Chiaraluce et al., 2011; Lavecchia et al., 2011; Lavecchia et al., 2012; Valoroso et al., 2013; Chiaraluce et al., 2017).
[image: Figure 1]FIGURE 1 | Regional- and seismological background of the 2016 Mw6.5 Norcia earthquake. (A) Map of the most energetic normal fault earthquakes (M ≥ 6.5) occurred in the Mediterranean region since 1908 (focal mechanisms are from Heidbach et al., 2018). (B) structural sketch of the main west- and east-dipping extensional alignments known in central Italy (from Lavecchia et al., 2017) with the occurrence, starting from 1900, of the most energetic (M ≥ 5.9) historical earthquakes (from Rovida et al., 2021). (C) epicentral distribution of the historical- and instrumental events occurred in the Norcia 2016 seismic sequence epicentral area. Historical seismicity is from Rovida et al., 2021 (Mw ≥ 5.0–from 1005 AD to 2016/08/23) while instrumental seismicity is from Chiaraluce et al., 2017 (ML≥3.5–from 2016/08/24 to 2018/12/31). Focal mechanisms of the four major events are also reported. The main tectonic lineaments belonging to the SW- and NE-dipping normal fault systems are from the literature (Lavecchia et al., 2016; Pizzi et al., 2017; Brozzetti et al., 2019). Normal fault legend as in panel 1D. Fault key: CoF = Colfiorito fault; GF = Gorzano fault; NF = Norcia fault; VBF = Mt Vettore-Mt Bove fault. (D) Structural-geological sketch of the Umbria-Marche Apennines with the study area of Figure 2 and the traces (1–4) of the geological cross-sections reported in Figure 7. Insets bound the sectors investigated in this study: a) Mt Vettore; b) Cupi-Mt Val di Fibbia; c) Pievebovigliana-Fiastra. The geological boundaries rely on the Carta Geologica d’Italia at scale 1:100,000 (Regio Ufficio Geologico, 1941; Servizio Geologico d’Italia, 1959; Servizio Geologico d’Italia, 1967; Servizio Geologico d’Italia, 1968a; Servizio Geologico d’Italia, 1968b; Servizio Geologico d’Italia, 1969). Structural lineaments as in Figure 1C. Key: UM = Umbria-Marche domain, GS = Gran Sasso domain.
Central Italy was recently struck by the Norcia 2016 seismic sequence. Three normal fault earthquakes on 24 August (MW6.0, 01:36:32 UTC), 26 October (MW5.9, 19:18:07 UTC) and 30 October (MW6.5, 06:40:18 UTC) (hereinafter EQ1, EQ2, EQ3, respectively) nucleated along two late Quaternary active WSW-dipping faults belonging to the outer extensional alignment (Figure 1C): the northern strand of the Mt Gorzano (GF) fault and the Mt Vettore-Mt Bove (VBF) (Lavecchia et al., 2016; Pizzi et al., 2017; Brozzetti et al., 2019). Surface coseismic displacements, associated with both the August- and 30 October events, were extensively observed along the VBF (Emergeo Working Group, 2017; Pizzi et al., 2017; Pucci et al., 2017; Civico et al., 2018; Villani et al., 2018; Brozzetti et al., 2019).
The epicentral distribution of ML≥3.5 events is consistent with failure along the VBF (Figure 1C–from Chiaraluce et al., 2017 in the period 2016/08/24–2016/11/30 and from ISIDe Working group, 2007 in the period 2016/12/01–2018/12/31). Nevertheless, they show that the GF southern strand was activated with the January 18, 2017 (MW5.5) shock (hereinafter EQ4), extending the fault alignment activated by the sequence to ∼70 km along strike (Figure 1C).
The focal mechanisms of the main events (Figure 1C) (TDMT solutions from Scognamiglio et al., 2006) show predominantly normal-fault sense of motion consistently with the extensional tectonic regime in central Italy (Ferrarini et al., 2015; Carafa and Bird, 2016; Montone and Mariucci, 2016; Devoti et al., 2017; Carafa et al., 2020; Mariucci and Montone, 2020).
Several tectonic models for the earthquake sources have been proposed in the literature. Authors agree on the almost exclusive activation of the two main seismogenic sources related to the VBF and GF. In Lavecchia et al., 2016 the nucleation of the August 24 MW6.0 event at the linkage zone between the VBF and GF, has been advanced. On the other hand, the two sources are considered to be mechanically separated (Chiarabba et al., 2018; Suteanu et al., 2018) and/or also reactivating preexisting compressional/transpressional structures (Falcucci et al., 2018; Bonini et al., 2019). In Pizzi et al. (2017), the relay zones distributed along the main fault segments would have exerted a strong control on both the earthquakes nucleation and rupture propagation. A complex interaction between the main WSW-dipping sources with inherited primary- (Puliti et al., 2020) and/or secondary/antithetic structures (Scognamiglio et al., 2018; Cheloni et al., 2019) has been proposed to control extent and termination of the ruptures, while fluid diffusion may have had a significant role in the earthquake preparatory phase (Chiarabba et al., 2020), in their timing and reinitiation (Walters et al., 2018). Hangingwall gravity-driven processes along the main fault planes (Valerio et al., 2018; Bignami et al., 2019; Delorme et al., 2020) have been also considered to explain the whole deformation field observed in the area. However, notwithstanding the tectonic model complexity, all data even including remote sensing (InSAR, strong motion and GPS velocity data) (Lavecchia et al., 2016; Tinti et al., 2016; Cheloni et al., 2017; Chiaraluce et al., 2017; Huang et al., 2017; Liu et al., 2017; Xu et al., 2017; Cheloni et al., 2019; Brozzetti et al., 2020) confirmed that deformation is concentrated along and at the hanging wall of the VBF system.
The Norcia 2016 seismic sequence occurred after a long interseismic period (∼1,500 and 800 years for VBF and the GF, respectively) as estimated in trenching investigations (Galadini and Galli, 2003; Galli et al., 2019). The historical catalog provided in Rovida et al., 2021 also confirms as the most energetic earthquakes occurring in the sector date back to 1703 with two events on 14 January and 2 February, the former (MW6.9) involving the Norcia fault (Galli et al., 2019), the latter (MW6.7) the Upper Aterno Valley (Moro et al., 2002). The nearly total VBF and GF quiescence during more than 1ky before the 2016 sequence onset, combined with obvious geomorphic imprints on the landscape and considerable geological offsets (Calamita et al., 1992; Festa, 2005; Pierantoni et al., 2013; Porreca et al., 2018; Brozzetti et al., 2019), made clear the seismic hazard of the area.
In this paper, we first focus on an unexpected and not yet investigated outcome associated with the Norcia seismic sequence. We first provide evidence for the existence of a previously unmapped normal fault (hereinafter Pievebovigliana fault, PBF), which strikes beyond the northern tip of the VBF system. The sector (study area in Figure 1D) experienced a seismic activity during all 2017 and 2018, with an event up to MW4.6, on april 10, 2018 (Figure 2A, focal mechanism solution from TDMT, Scognamiglio et al., 2006).
[image: Figure 2]FIGURE 2 | Spatio-temporal evolution of seismicity from August 24, 2016 to December 31, 2018. (A) Epicentral distribution of earthquakes occurred during the Norcia seismic sequence with ML≥1.0 and depth<20 km reported by the Italian seismological Instrumental and Parametric database (ISIDe Working group, 2007). The colors of epicentres indicate four different time intervals following the main seismic events: August 24, 2016, Mw= 6.0 (EQ1; green); October 26, 2016, Mw=5.9 (EQ2; orange); October 30, 2016, Mw6.5 (EQ3; yellow); January 18, 2017, Mw5.5 (EQ4; blue). M refers to moment magnitude for the larger events and local magnitude for small earthquakes as reported by the cited catalog (B) Focus on the seismicity distribution in the study area (C) Focal mechanisms of significant earthquakes of the study area, divided into four sub-groups in accordance with the defined time intervals. The focal solution labels point out the temporal occurrence of the most significant event Mw ≥ ∼ 4.0. Source of data: TDMT database (Scognamiglio et al., 2006). The left upper inset represents the average focal mechanism, with T, P and B axes, computed by using the Bingham statistical procedure (FaultKin 8 software, Allmendinger, et al., 2012). (D) Number of earthquakes vs time and the corresponding cumulative curve for seismicity from August 24, 2016 to December 31, 2018 and shown in panel (A). (E) Number of earthquakes vs. time, cumulative curve and cumulative seismic moment release referred to seismicity spanning from August 24, 2016 to December 31, 2018 in the study area.
We present a multiscale-multidisciplinary analysis aimed at identifying the PBF and constrain its geometry, kinematics and seismogenic nature. Our approach combines: 1) morphometric analysis of high resolution topography (HRT) data; 2) field geology and long-term deformation constraints; 3) seismological validation of fault activity; and 4) Coulomb Stress modeling.
We develop evidence supporting the existence of the late Quaternary active PBF. We discuss the results in the light of the observed distributed deformation. We argue the hypothesis that PBF is the result of an immature stage of faulting and that it strikes along the continuation of the well-developed and adjacent active normal faults (VBF and GF). This can have significant implications in terms of seismic hazard assessment in central Italy.
REGIONAL AND SEISMOLOGICAL BACKGROUND IN THE 2016 MW6.5 NORCIA EPICENTRAL AREA
Structural-Geological Setting
The stratigraphic setting of the area containing 2016 Norcia seismic sequence is mostly represented by the successions belonging to the Umbria-Marche and (only marginally) Gran Sasso domains (UM and GS, respectively in Figure 1D). They reflect the evolution, starting from the late Triassic, of a passive continental margin characterized by platform-to-deep-water environments (Pierantoni et al., 2005; Cosentino et al., 2010; Barchi et al., 2012; Pierantoni et al., 2013 and references therein).
The units cropping out in the UM domain (Figure 1D) are represented, from the bottom to the top, by: Upper Triassic-Early Jurassic platform dolostones and limestones evolving to middle-late Jurassic basinal limestones and cherty limestones; Lower Cretaceous-Eocene (p.p) pelagic units marked by a significant increase of the pelitic content; early-middle Miocene hemipelagic successions (for a more detailed description we relate the reader to the focus provided in the next subsection).
In the Gran Sasso domain (GS in Figure 1D) the pre-orogenic stratigraphy is characterized by deposits settled along the transitional zone connecting the UM basinal domain and the carbonatic platform realm (Vezzani and Ghisetti, 1998; Cosentino et al., 2010; Adamoli et al., 2012; and references therein). The pelagic succession bears frequent calcareous-clastic turbidites interbeds. Levels of macroforaminifera-bearing breccias are also frequent in the middle Eocene p.p.-lower Miocene p.p. terms. Glauconitic limestones, calcareous marls alternating with calcareous-clastic gravity flows and by a late Miocene (p.p) clay interval rich in planktonic foraminifera predate the onset of the siliciclastic foredeep deposits. Typical Jurassic-Cretaceous carbonate platform succession crops out only in the GS westernmost sector.
The uppermost Miocene stratigraphy is mostly represented by the foreland basin deposits corresponding to the ‘Laga Flysch’ auctorum. The formation shows a complex internal architecture characterized by several vertical and horizontal transitions marked by changes in sandstone/pelite ratio and turbidite facies, by the presence of gypsum–arenite horizons (middle Messinian) and a volcaniclastic layer settled during the uppermost (5.5 Ma) Messinian (Scarsella, 1953; Crescenti, 1966; Ricci Lucchi, 1973; Ricci Lucchi, 1975; Centamore et al., 1991; Centamore et al., 1992; Odin et al., 1997).
The structural evolution of the area is the result of a late Miocene-early Pliocene compressional phase which originated the two arcuate regional thrusts (Figure 1D) of the Sibillini Mts (Koopman, 1983; Lavecchia, 1985; Barchi et al., 1988; Calamita and Deiana, 1988; Lavecchia et al., 1988) and the Gran Sasso Mt (Ghisetti and Vezzani, 1991). This phase was also responsible for doubling the UM sedimentary sequence, to the north, and for overthrusting of the UM succession on the GS, to the south (Olevano-Antrodoco line - Salvini and Vittori, 1982; Cipollari et al., 1997; Deiana et al., 2003). Folds and thrusts consequent to this phase define structural trends which are roughly N-S and E-W trending, in the Sibillini Mts- and Gran Sasso sectors, respectively.
The last tectonic phase recognizable in the area relates to the late Pliocene-Quaternary extensional tectonics (Brozzetti and Lavecchia, 1994; Lavecchia et al., 1994; Cavinato and and De Celles, 1999; Galadini and Galli, 2000).
Normal faults cross-cut the Mio-Pliocene folds and thrusts along NNW-SSE (to the North) to E-W (to the South) trending alignments with a prevalent western and southern dip, respectively. Their activity started in Lower Pleistocene (Calamita et al., 1994; Lavecchia et al., 1994; Cavinato and and De Celles, 1999) and promoted the formation of continental basins (e.g., the Norcia and Castelluccio basins) filled by hundreds of meters of lacustrine and fluvial deposits (Blumetti et al., 1993; Boncio et al., 1998; Boncio et al., 2004; Villani et al., 2019). Middle-Upper Pleistocene and Holocene successions (slope debris, alluvial fans interlayered with fluvial deposits, glacial- and fluvioglacial deposits) also occur within the continental basins and along the slopes of the main reliefs (Figure 1D).
Stratigraphic Setting of the Pievebovigliana Mt Val Di Fibbia Area
In this section, we briefly describe (Figure 1D) the stratigraphic succession cropping out in the study area (see location in Figure 1D) and reported in the geological sections discussed later (Methods and Materials and Discussion and Conclusions).
As highlighted in the available literature maps (e.g., Barchi et al., 2012; Pierantoni et al., 2013), here the basinal Umbria Marche succession includes, from the bottom: 1) Early Jurassic carbonate platform deposits (Calcare Massiccio Fm), 2) Early to-Late Jurassic pelagic limestones, marls and cherty limestones (Corniola Fm, Rosso Ammonitico Fm/Marne del Serrone Fm - Calcari e Marne a Posidonia Fm, Calcari Diasprigni Fm) and 3) Lower Cretaceous-Lower Miocene p.p. limestones, marly limestones and marls (Maiolica Fm, Marne a Fucoidi Fm, and the FMs of the “Scaglia group”).
The aforementioned stratigraphy refers to the so-called “complete” succession, which was settled in most of the subsiding sectors of the Umbria-Marche basin. Conversely, the Jurassic palaeo-highs, which suffered a very slow drowning, are characterized by “condensed” or “reduced” successions, in which the Bugarone Fm replaces the whole -or part of- Jurassic pelagites.
Upward, the early-middle Miocene hemipelagic succession (Bisciaro Fm, Schlier Fm) consisting of marly siliceous limestones and clayey-silty marls with calcarenitic intercalations, predate the siliciclastic sin-orogenic deposition which is locally represented by the Arenarie di Camerino Fm (Serravallian p.p.-Messinian p.p.; Calamita et al., 1979).
Several logs of deep wells for oil exploration (e.g. Trevi 1, Antrodoco 1, Perugia 2, ViDEPI, 2020) highlight that the succession described above lies above Upper Triassic evaporites (Anidriti di Burano) which pass below to continental metapelites and quartzite (Verrucano Fm., Late Triassic- Permian (?)).
Spatial-Temporal Evolution of the 2016–2018 Norcia Seismic Sequence
As recorded by instrumental seismicity, the Mt Vettore-Mt Gorzano area was characterized, by small earthquakes with magnitude ML≤4.0 and very low seismicity rate (1981–2016) (Supplementary Figure S1) while neighboring active fault systems generated intense and important seismic sequences as the Norcia, 1979, MW5.9, Colfiorito 1997, MW6.0, and L’Aquila 2009, MW6.3. The modern observations of such seismic sequences highlighted their multi-phase spatial-temporal evolution which progressively activated adjacent master faults, synthetic and antithetic segments and illuminates complex normal fault systems.
The Norcia 2016 seismic sequence showed similar characteristics. In fact, starting from EQ1, which occurred nearly 8 km NNW from the town of Amatrice, the seismicity migrated toward Cupi and Pievebovigliana towns, to the north, and to about 20 km south to Amatrice (see sect. Introduction).
The time-space analysis of the seismic sequence is shown in Figure 2. Here, we compare the seismicity, mainly associated with the VBF and GF (Figure 2A) with the ones of the study area (black inset in Figures 2A,B). The seismic sequence mostly occurred from August 2016 to the ending of June 2017 (75% of events, see Figure 2). An accelerated seismic release has been also later observed in April-May 2018 (about 10% of the total number of analyzed earthquakes).
The 2016–2018 seismicity vs time highlights that four significant periods (Figure 2D), in terms of number of earthquakes per day and seismic moment release, can be detected: 2016/08/24–2016/10/26, 2016/10/26-/10/30, 2016/10/30–2017/01/17 and 2017/01/18–2018/12/31, hereinafter called periods 1–4.
During period-1 (green circles), after the occurrence of EQ1, aftershocks migrated bilaterally. The study area (inset in Figures 1D, 2A) was not affected by seismicity (Figures 2A,B,D,E). For two months, the intense seismic activity (Figure 2D) remained confined between Mt Gorzano and the southern segment of VBF (Vettoretto-Redentore segment in Brozzetti et al. (2019)). After the occurrence of EQ2, the seismicity migrated to the northern segment of the VBF system and mainly concentrated in between Norcia and Pievebovigliana towns for about 30 km (Figure 2A). As shown in Figures 2B,E, only after EQ2, the Pievebovigliana sector became involved in the seismic sequence (period-2, orange circles). The major event (MW4.1) of this period occurred on 2016/10/27 in the southern part of the study area (focal mechanism n°1 in Figure 2C) and produced the first increase of the cumulative moment release (red curve in Figure 2E). The number of events per day was over 200 (Figure 2E), about one third of the total events (Figure 2D), with a noteworthy increase of seismicity with respect to the seismic activity that had previously characterized the study area (maximum number of events per day = 10, Supplementary Figure S1 - lower inset). After EQ3 (MW6.5), the VBF system was involved for about 65 km (period-3, yellow circles). During period 3, the study area was affected by more than 100 events/day and the seismicity extended to about 4 km north and west to Pievebovigliana (Figure 2B). This period was characterized by a significant increase of seismic moment release (red line in Figure 2E) with the occurrence of five earthquakes with MW≥3.9 (yellow beachballs in Figure 2C), never observed before the 2016 Norcia seismic sequence. In fact, in the instrumental period (1985–2016) the Pievebovigliana sector was mainly struck by earthquakes with ML≤3.5 (Supplementary Figure S1). The major event of the period-3 had a magnitude of MW4.8 and occurred on November 1, 2016. During the period-2 and -3, the study area was uniformly affected by aftershocks and the map distribution of earthquakes well correlate with the average trend highlighted by focal solutions (average focal mechanism in the inset of Figure 2C).
On January 18, 2017, period-4 began with the occurrence of EQ4 that involved the southern portion of Gorzano fault. The increase of seismic activity of the study area started on 2017/01/27, 9 days after the occurrence of EQ4 (Figure 2A). The number of events/day and cumulative seismic moment release highlight two main sub-periods, some minor peaks (black arrows in Figure 2E) and the average number of earthquakes that remained ten times over the one observed before the occurrence of the Norcia seismic sequence. It is very interesting to note that, in this phase, the seismicity was characterized by additional westward and northward migration from Pievebovigliana. During the sub-Period-4/2, the seismicity was mainly concentrated in the study area (compare Figures 2D,E). The most significant earthquake (MW4.6) of this period occurred on April 10, 2018 during the sub-period 4/2 (Figure 2E). This event represents the last significant increase in term of moment release.
All the focal mechanisms (TDMT solutions in Scognamiglio et al., 2006) in Figure 2C, show normal-normal oblique sense of motion with a SW-NE trending T axis, apart from a strike-slip cluster of small events MW≤3.5 located between Cupi and Fiastra with T axis compatible with the average one (inset in Figure 2C).
METHODS AND MATERIALS
Morphometric parameters derived by terrain analysis can be used to address different topics (see Wilson and Gallant., 2000 for a review). Among the primary topographic attributes, the profile curvature (second derivative of the elevation raster) indicates vigor of surface processes including flow acceleration/deceleration, aggradation/degradation processes, erosion/deposition rates (Zevenbergen and Thorne, 1987; Moore et al., 1991; Dietrich, et al., 2003; Hilley, et al., 2010) or can help in quantifying the spatial distribution of morphological features (scarps, linear valleys, oversteepened stream channels) able to provide details on complex fault zone deformation (DeLong et al., 2010). Analogously, we exploited this derivative to address a tectonic topic and to search for potential fault scarps (relative to other lithologically controlled slope breaks).
Given the successful results of using HRT data in assessing active tectonics topics (Hilley and Arrowsmith, 2008; Arrowsmith and Zielke, 2009; Zielke, et al., 2012; Langridge et al., 2014; Ferrater et al., 2015; Zielke, et al., 2015; Civico et al., 2016; Cirillo, 2020; Bello et al., 2021), we computed this derivative starting from the HRT data available in the 10m-px resolution Digital Elevation Model (hereinafter DEM) by Tarquini et al. (2007a). This DEM derives from the homogenization of heterogeneous vector datasets (elevation contour lines from technical cartography, airborne laser-scanner altimetry data, sparse GPS data) available for the Italian territory. Thus, it is particularly useful to investigate wide areas with relatively high accuracy (for details about the data processing and vertical accuracy we relate the reader to Tarquini et al. (2007b), Tarquini et al. (2012)).
Using the DEM, we tested in advance the effectiveness of the profile curvature metric in a key area represented by the sector belonging to the western slope of the Mt Vettore (Figures 1D, 3A–C) where the fault is topographically well exposed and has been newly (and recently) mapped following EQ1 and EQ2 (see sect. Introduction). Then, to help in directing our field survey around the PBF, we applied the methodology in the study area (Figures 1D and 4) where the increment of the seismic activity has been observed during period-4 (Figure 2E).
[image: Figure 3]FIGURE 3 | Mt Vettore western slope (inset a in Figure 1B) with topographic curvature analysis and comparison of results with the late-Quaternary active normal faults known for the sector. (A) hillshade from the 10 m-px resolution Digital Elevation Model of the area (Tarquini et al., 2007a) with superposition of the west- and east-dipping normal faults outcropping along the Mt Vettore western slope (from Brozzetti et al., 2019). Numbers refer to fault segments that match with the tectonic lineaments as inferred by the curvature analysis (panel (B)) and reported in panel (C). (B) Profile curvature map (derivative computed parallel to the slope) with positive (red) and negative (blue) values corresponding to concave and convex features in the landscape, respectively (C) match between the inferred tectonic lineaments from the curvature analysis (transparent light gray) and the fault segments reported in (A). Numbers correspond to the points discussed in the text.
[image: Figure 4]FIGURE 4 | Results of the curvature analysis in the study areas discussed in the text (insets b and c in Figure 1B) with interpreted lineaments and key criteria used in interpreting the maps. (A) Profile curvature map in the Cupi-Mt Val di Fibbia sector. (B) Profile curvature map (same as in A) with the overlapping interpreted lineaments. (C) Profile curvature map in the Pievebovigliana-Fiastra. (D) Profile curvature map (same as in (C)) with overlapping interpreted lineaments. Numbers 1 to 7 refer to the lineaments discussed in the text. (E) Detail on the palaeosurface remnant (PaS) as inferred by the (negative) curvature values defining a surface boundary cutting the stratigraphy (see positive–red–pseudo-linear curvature values coinciding with the bedding. (F,G) Details on the breaks of rock bedding suggesting possible tectonic lineaments. Note in (G) also the offset of a flat surface similar to PaS (point 7).
We also combined the derivative approach with slope- and aspect derivative analysis to point out offsets in geomorphic markers. In fact, evidence of a major planation surface (PaS hereinafter), younger than late Lower Pliocene and likely developed during climatic conditions favourable to areal erosion, has been reported across the Italian peninsula (Coltorti and Pieruccini, 2000 and references therein). In central Italy (with reference to the study area) this low-energy ‘summit surface’ stands mostly on calcareous reliefs, often cuts the stratigraphy and gently dips toward E-NE. In addition, besides being deformed by limited thrust re-activation, it has been displaced by high-angle normal faults since the Lower Pleistocene (Ciccacci et al., 1985; Dramis, 1992; Calamita et al., 1999). We pointed out remnants of PaS, and their displacement (Figure 5 and Supplementary Figure S2), and described a morphotectonic setting consistent with the late Quaternary extensional tectonics affecting the whole sector.
[image: Figure 5]FIGURE 5 | Morphometric- and morphotectonic analysis of the Cupi-Mt Val di Fibbia sector (inset b in Figure 1B). (A) Geological map of the sector with the main outcropping stratigraphic units as derived from the Carta Geologica d’Italia at scale 1:100,000 (Regio Ufficio Geologico, 1941; Servizio Geologico d’Italia, 1967). The profile traces from 1 to 5 refer to the topographic profiles (Tp1 to Tp5) shown in the panel (D). (B) Lower-hemisphere Schmidt projection of the bedding as reported for the sector, with poles. (C) Map the of height-classes showing colour-coded elevation ranges computed combining slope- and aspect derivative analysis (see text for detail). (D) Topographic profiles (along the traces in panel (A)) showing the top of the paleosurface remnants (PaS) and their lowering toward the south-west. Black numbers refer to the possible vertical offsets (in meters) of the morphological marker. Bold colored numbers refer to the interpreted lineaments from the curvature analysis as in Figure 4B. CUS = Cupi-Ussita sections of the VBF (as in Brozzetti et al., 2019).
We integrated the evidence gathered with the previous approaches with field survey (Figure 6) and we merged all the results into four new geological cross-sections (Figure 7) drawn starting from more detailed geological maps (1:25,000 and 1:40,000, from Barchi et al. (2012) and Pierantoni et al. (2013), respectively). We used them to relate the surface evidence of possible fault activity with the long-term deformation retraced for the area.
[image: Figure 6]FIGURE 6 | Field survey and evidence of normal faulting collected in the Pievebovigliana-Fiastra sector (inset c in Figure 1B). (A) Geological map of the sector with the main outcropping stratigraphic units as derived from Carta Geologica d’Italia at scale 1:100,000 (Regio Ufficio Geologico, 1941; Servizio Geologico d’Italia, 1967). Labels point to the photographs shown in panels (B–E). (B) Evidence of normal faulting showing the offset toward the south-west of the Bisciaro formation. (C) Meso-faults affecting the Arenarie di Camerino Fm causing discontinuities of the layers and juxtaposing intervals characterized by different sandstone/pelite ratio. (D) Lowering to SW (view from NNW) of the flat surface standing on the Arenarie di Camerino Fm (see details in the text). (E) Metric offset affecting channel-bordering benches. The location in longitude and latitude (projection WGS84/UTM 33N) is also reported for each outcrop. Notice the absence of the new-surveyed fault evidence in the available map from the literature–(A)).
[image: Figure 7]FIGURE 7 | New interpretative geological cross-section across the study area (traces in Figure 1B). drawn starting from published geological maps (1:25,000 and 1:40,000, from Barchi et al. (2012) and Pierantoni et al. (2013), respectively) and integrated with the evidence of faulting highlighted in this study. Segments (seg) are labeled as in Figure 9A.
Seismological validation of fault activity is crucial to point out earthquake/fault association (Plesch et al., 2007; Lavecchia et al., 2012; Valoroso et al., 2013; Hubbard et al., 2016; Walters et al., 2018) or to undoubtedly constraint the existence of buried/unknown seismic sources when no coseismic surface displacements occur (Govoni et al., 2014; Lavecchia et al., 2012; Lavecchia et al., 2017). Hence, we compared the structural and geological 2D features pointed out along the four cross-sections with the in-depth distribution of relocalized seismicity (Figure 8) made available in Chiaraluce et al. (2017). To this aim, we exploited the Move suite software by Petex-Petroleum Expert Ltd. (vers. 2019.1). We attempted to build a 3D block model associating the surface- and in-depth evidence of faulting deriving from the earthquake hypocentral distributions. A summary of the evidence pointed out with the different approaches and supporting the PBF existence and activity (at the surface and depth) is reported in Figure 9A and Table 1.
[image: Figure 8]FIGURE 8 | Block-diagram of earthquake/fault association and density contours of the seismicity along the cross-sections (1–4, traces in Figure 1B) drawn for the investigated area (hypocenters are from Chiaraluce et al. (2017)). (A) 3D block model showing the main stratigraphic units (at the surface) and the hypocentral distribution of the seismicity within a half-width of 2.5 km along the cross-sections reported in Figure 7. Stratigraphic information coming from the maps at different scales (see text for details) has been synthesized. Fault key as in Figure 1C. The normal fault segments highlighted in this study and ascribed to the Pievebovigliana fault (PBF) are presented and compared with the in-depth distribution of the most energetic events falling in the sector (the data frame reference system is WGS84/UTM 33N). (B) density contours along cross-sections 1 to 4 showing the seismicity density around the PBF and CUS (Cupi-Ussita sections of the VBF, as in Brozzetti et al. (2019)). The focal mechanisms with Mw≥3.9 falling within the considered buffer have been also projected. The hypocenter of the April 10, 2018 event (yellow stars) is from Scognamiglio et al. (2006). Numbers are the same as in Figure 2C.
[image: Figure 9]FIGURE 9 | Summary of the geological and morphotectonic evidence of the PBF with detail on its association with the main earthquakes that occurred in the sector. (A) Map (DEM overlaying the hillshade) with the normal fault segments (a to h) highlighted in this study and ascribed to the Pievebovigliana master fault (PBF–dashed gray line) activity. Evidence related to each segment is reported in Table 1. Possible (soft) linkage (question mark label) of the PBF with the CUS (Cupi-Ussita section of the VBF, as in Brozzetti et al. (2019)) is discussed in the text. The epicentral distribution of the seismicity (from Chiaraluce et al. (2017)), as well as the most energetic events (yellow stars) falling in the sector and occurred in the period 2016–2018 (Mw≥4.5 from Scognamiglio et al. (2006)), have been also projected on the map. (B) Early aftershock hypocenters for events with ML≥1.0 from high-quality automatic relocations of the 2016–2017 Central Italy seismic sequence (Michele et al., 2020), located within the boundary of the white rectangle in map view (see text for details). Key: Green and red hypocenters are the first 72 h after the 26 October (MW5.9) and 30 October (MW6.5) major events, respectively.
TABLE 1 | synoptic table summarizing the evidence collected along different segments associated with the PBF, according to the different approaches discussed in the text and previous hints from the literature. The focal mechanisms of the main events (MW≥4.5, from Scognamiglio et al. (2006)) possibly associated with the different segments are also reported. The color of the focal mechanism relates to the periods (seismicity vs time) shown in Figure 2 (yellow and blue – periods 3 and 4, respectively).
[image: Table 1]Finally, we performed Coulomb stress-transfer calculations (King et al., 1994; Stein et al., 1997) to test the favourable orientation of the PBF with respect to the stress redistribution induced by EQ1, EQ2, EQ3. We first computed Coulomb stress changes on optimally oriented normal faults, starting from EQ1-3 variable slip fault source models (Chiaraluce et al., 2017), along the cross-sections corresponding to the geological profiles and detected volumes undergoing increasing Coulomb stress. Then, we computed the stress induced on the reconstructed PBF model, both analyzing the contribution of the single seismic source and then the cumulative one. To these aims, we used the Coulomb 3.4 code (Lin and Stein 2004; Toda et al., 2005) considering as receiver source the ‘true’ fault geometry with variable trend of PBF and subdividing the fault with rectangular patches following the methodology proposed in Mildon et al., 2017 (Figures 10, 11 and Supplementary Figures S3–S9).
[image: Figure 10]FIGURE 10 | Map and cross-sections of Coulomb stress changes (see color bar), induced by EQ1 and EQ2, on a generic plane compatible with the main fault alignment, computed with heterogeneous slip models (Chiaraluce et al., 2017) at a depth of 8 km and along the geological cross-sections. On the map, the black rectangles represent the modeled fault planes and the red ones the sub-faults. The numbers 1–4 refer to geological cross-sections. The blue line on the map represents the fault trace of the reconstructed Pievebovigliana fault. The black dots along the cross-sections are the locations of aftershocks computed by Chiaraluce et al. (2017) occurring from 2016/08/24 to 2016/10/30 and projected on the cross-sections considering a half-width of 2.5 km.
[image: Figure 11]FIGURE 11 | Map and cross-sections of cumulative Coulomb stress changes, imparted by EQ1, EQ2 and EQ3, on a generic plane compatible with the main fault alignment, computed with heterogeneous slip models (Chiaraluce et al., 2017) at a depth of 8 km and along the geological cross-sections. On the map, the black rectangles represent the modeled fault planes and the red ones the sub-faults. The number 1–4 refer to geological cross-sections. The blue line on the map represents the fault trace of the reconstructed Pievebovigliana fault. The black arrows indicate the volume into which seismicity migrated during April-May 2018. The black dots along the cross-sections are the locations of aftershocks computed by Chiaraluce et al. (2017) occurring from 2016/08/24 to 2016/11/30 and projected on the cross-sections considering a half-width of 2.5 km.
Testing the Topographic Curvature Map Along the Vettore-Mt Bove and Application to the Study Area (Pievebovigliana - Mt Val Di Fibbia)
We tested the effectiveness of the topographic derivative first along the western slope of the Mt Vettore fault system (inset a in Figure 1D) where we explored the coherence between the curvature values with (already) mapped fault segments. In this study, we used those reported in Brozzetti et al. (2019). The workflow includes the following steps:
1) Apply a low-pass filter on DEM, to remove roughness in the surface (and/or local anthropic artifacts). We used the Focal Statistics tool and a Rectangular cell (50×50m) Neighborhood–Mean statistic setting;
2) Compute the Profile Curvature on the raster resulting from the first step. We used the Curvature tool and produced the resulting Profile Curvature map. To increase the ability to see differences in values throughout the dataset, we also applied a color map stretch (minimum-maximum) considering that in moderately steep mountainous areas the curvature values vary between -1 (upward convexity) and +1 (upward concavity) (blue and red values, respectively, in Figure 3B).
3) Combine the hillshade of the DEM with the profile curvature map (according to Kennelly, 2008), to enhance the continuity of naturally occurring tonal breaks (Figure 3C). Because the profile curvature is computed parallel to the slope (thus indicating the direction of maximum slope) a negative value corresponds to surface upwardly convex (at a cell) while a positive value indicates that the surface is upwardly concave; a value of zero indicates that a surface is planar. We interpreted the presence of faults on the curvature map pointing at:
− coupled pseudo-linear alignments of maximum- and minimum values. These would correspond to concave and convex edges (on the hanging- and footwall blocks, respectively) located at the intersection between an outcropping fault plane and the slope;
− breaks in the alignments of minimum- or maximum values that could correspond to offsets of mountain crests, geomorphic features, strata bedding, etc.
The interpreted lineaments are reported in Figure 3C. For ease of understanding, we refer to each fault segment to its number (from n°1 to 11)
Morphometric and Morphotectonic Analysis
Following the test along the Mt Vettore fault, we computed a curvature map also in the sector immediately ahead of the VBF northern tip, i.e., between the Pievebovigliana village and the Mt Val di Fibbia area (insets b and c in Figures 1D, 4A–D), where the seismicity did not correlate to any relevant discontinuity. We applied the same methodology and we interpreted the map according to the following criteria:
− comparing continuous (well evident) pseudo-linear tonal edges with the rock bedding and lithological boundaries as reported in available maps at scale 1:100,000 (Regio Ufficio Geologico, 1941; Servizio Geologico d’Italia, 1967) and 1:25,000 (Pierantoni et al., 2013), to ease the distinction between the latter and possible tectonic lineaments (Figure 4E–G);
− identifying pseudo-linear tonal edges corresponding to the rock bedding, boundaries of geomorphic markers, mountain crests, and looking for breaks in the signal (Figures 4E–G).
We mapped lineaments (1–7 in Figures 4B,D,F,G) and we also provided a preliminary dip direction of the inferred faults exploiting, locally, the ArcMap ‘Profile Graph’ tool to indicate the inferred raised and lowered blocks. Based on the trend and dip of the VBF system, our first attempt was to highlight possible W-dipping normal faults (NW-SE striking) considering the prevailing geometry of the active fault system in the epicentral area. Nevertheless, the existence of possible antithetic (E-dipping) structures was not ruled out from our map interpretation.
In the sector between the Cupi village and Mt Val di Fibbia (inset b in Figure 1D), resistant rock types crop out and flat surfaces on top of the Meso-Cenozoic carbonates appear to be offset (Figure 5A). The only mapped structural element is represented by the north-western tip of the VBF (Cupi-Ussita fault section–CUS in Brozzetti et al. (2019)) which affects partially the carbonates, and only toward the west.
According to the prevalent dip of the normal fault system responsible for the entire seismic sequence, we investigated the role that west-dipping (unmapped) normal faults may have in displacing possible PaS remnants in the sector. We integrated the previous analysis with the computation of combined slope and aspect maps to enhance the morphostructural setting. We computed the derivatives (in ArcMap environment) according to the following steps:
1) slope map - to isolate (flat) sub-areas dipping less than 15°;
2) aspect map - to isolate sub-areas dipping from NW to ENE (from N335° to N65°); the quadrants were chosen to take into account for the inherited dip of PaS and the possible effect of normal faulting on the morphostructural surfaces set over the general dome structure observable in the sector (see the strata bedding and their poles in Figure 5B);
3) we required that the computed raster had to satisfy both the conditions (steps 1 and 2);
4) we associated again (via ‘Extract by Value’ tool from the DEM) the heights to the final raster;
5) we color-coded the different height-classes to highlight discontinuities and/or shifts in the strips (Figure 5C).
Moreover, we drew five NE-SW oriented topographic profiles (labels Tp1 to Tp5 in Figure 1D). The profiles were drawn perpendicularly to the trend of the neighbor VBF system assuming, by analogy, that faults active in the late Quaternary should form within the same stress field acting along the central Italy extensional alignment. We computed a possible vertical offset (Figure 5C) and discuss them also by the light of the stratigraphic setting of the limestones.
Field Survey and Analysis of the Long-Term Deformation
A new geological field survey at scale 1:10,000 was carried out in the sectors neighboring the village of Pievebovigliana and the Mt Val di Fibbia (see insets b, c in Figure 1D). The survey was directed in the area where most of the interpreted lineaments concentrated and where topographic anomalies suggested the possible interference of active tectonic structures with the landscape evolution. The survey allowed us to differentiate between possible tectonic- or lithologic control on the curvature value outcomes.
We compared the survey outcomes with the long-term deformation reconstructed for the sector. In this perspective, we drew four 20 km-long interpretative geological cross-sections along transects perpendicular (N60°E) to the trend of the main tectonic structures (traces in Figure 1D, n°1 to 4). The cross-sections were drawn starting from available geological maps at scale 1:40,000 (Pierantoni et al., 2013) and 1:25,000 (Barchi et al., 2012). Where the coverage was not attempted by the previous cartography, available maps at scale 1:100,000 (Regio Ufficio Geologico, 1941; Servizio Geologico d’Italia, 1967) were used. Evidence of normal faulting as deduced from the previous approaches were also incorporated into the new geological cross-sections (Figure 7). For the in-depth interpretation of the cross-sections, we relied on the deformation style proposed in specific papers on the topic (Lavecchia, 1985; Barchi, 1991; Barchi et al., 1998; Lavecchia et al., 2016).
Earthquake-Fault Association
To validate the seismogenic nature of the PBF and to find evidence of an association between the PBF fault (at the surface) and the seismicity (at depth) during the evolution of the seismic sequence, we examined the relocated earthquake dataset available in Chiaraluce et al. (2017). We investigated the in depth-distribution of the hypocenters available for the study area in the time interval 2016/08/24–2016/11/30 and we compared the seismicity clustering with the collected geological and geomorphological evidence. We performed the analysis collecting the events with depth 10 km, within a half-width of 2.5 km starting from four transects (coinciding with the geological cross-sections reported in Figure 7) and moving northwestward. We imported all the layers (e.g., surface geology, geological cross-sections and earthquakes) in the Move Suite (see sect. Methods and Materials) to compare the data in a 3D environment (see the 3D block model in Figure 8).
Coulomb Stress Change
We investigate the location and geometry of the highest stress changes within the study area and assess if they were compatible with the PBF activation, computing the stress transfer induced by the largest subsequent earthquakes of Norcia 2016 seismic sequence EQ1, EQ2 and EQ3 on the study area. EQ4 was not considered because the interactions acting on volumes are proportional to the rupture dimension (e.g., Hardebeck et al., 1998). Hence, EQ4 being the least energetic (MW5.5) and the most distant event with respect to the study area, we considered the possible interaction negligible. The imparted stress was computed both considering the single events and their cumulative effects. We used the Coulomb code 3.4 (Lin and Stein 2004; Toda et al., 2005) and we analyzed the results considering the stress changes along a specific plane having the main geometric characteristic of the Mt Vettore-Gorzano fault System (method 1- M1), inserting into the calculations the influence of the regional stress (method 2- M2), and projecting the stress changes on the reconstructed PBF (method 3- M3).
To achieve our aims, we considered the EQ1, EQ2 and EQ3 source models, with variable slip, proposed by Chiaraluce et al. (2017), and a friction coefficient (μ) of 0.4 generally reported in the literature (Sibson, 2000) and previously used for central-southern Apennines studies (Troise et al., 1998; De Natale et al., 2011).
In M1, we choose to project stress changes on generical receiver faults having a 156° strike, 50° dip and –90° rake, that is the average geometry of the main active fault alignments constrained from the EQ1–3 source models (Chiaraluce et al., 2017).
To compute the stress imparted on the surrounding crust volume with optimally oriented stress calculations (M2) we considered the background regional stress field evaluated for central Italy by Ferrarini et al. (2015) (σ1 = 292/85, σ2 = 139/04, σ3 = 048/02).
We iteratively ran the stress changes considering the temporal evolution of seismic sequence and comparing, in map and cross-sections, the redistribution of stress after each significant event Specifically, the map and cross-sections represent the maximum value of Coulomb stress changes over the considered depth range (0–10 km, with an incremental step of 1 km). Figures 10, 11 show the map of cumulative stress changes (EQ1-EQ2 and EQ1-EQ3 respectively), computed at 8 km of depth, based on the hypocentral depth of the EQ1 and EQ2 main events, and the related in-depth sections spaced 5 km, distributed along the study area in correspondence of the four geological ones.
We overlaid to such stress cross-sections the aftershock locations made available in Chiaraluce et al. (2017) to verify the correspondence between the occurrence of earthquakes and the positive Coulomb stress lobes. In the Supplementary Figures S3–S9 are reported all the maps and related cross-sections obtained considering the consecutive occurrence of EQ1–3 and the single events.
We, then, focus on the stress imparted on Pievebovigliana geological structure defining a 3D fault model. To this aim, we used the Mildon et al. (2017) code, which allows variable strike faults, and we used the results obtained combining geological and seismological data (field data, geomorphological analysis, seismicity depth distribution and focal mechanisms). We used the same parameters of the previous calculations) and ran several tests varying the dip of receiver source model (50°–60°) and analyzed the stress imparted on PBF by the single-source models and by their cumulative effects. Figure 12 and the Supplementary Figure S9 synthesize the obtained results.
[image: Figure 12]FIGURE 12 | Coulomb stress transfer on Pievebovigliana (PBF) fault induced by the occurrence of the main events of the Norcia seismic sequence EQ1, EQ2, EQ3. Source parameters and the distribution of variable slip are from Chiaraluce et al. (2017). The yellow and white lines represent the traces of Gorzano-Vettore-Pievebovigliana fault systems. (A) EQ1 seismic source vs PBF (B) EQ2 seismic source on PBF (C) EQ3 on PBF (D) Cumulative stress transfer induced by EQ1–3 on PBF.
RESULTS
Validation of the Curvature Analysis Along Mt Vettore Fault System
Along the western slope of the Mt Vettore fault system (Figures 1, 3), the analysis of the curvature derivative successfully identified most of the active faults recently mapped in the literature. With the exclusion of the mountain topographic crests, the comparison between the fault segments reported in Figure 3A and the curvature value distribution pointed out that most of the outcropping fault traces correspond to (Figure 3B):
- intermediate curvature values between two pseudo-linear- and coupled maximum (red) and minimum (blue) ones. These latter have been found related to the concave and convex shapes (on the hanging- and footwall blocks, respectively) resulting from the intersection of the outcropping fault plane and the slope. Evident examples (transparent gray lines in Figure 3C) relate to the points n°2, 4 and 9;
- breaks in the minimum (blue) values (points n°1, the northern tip of the n°5, 6, 7 and 8), related to the fault offset affecting locally the pseudo-linear ridges of the mountain crests;
- breaks in the maximum (red) values widely outcropping in the sector even if with a weak “derivative signal” (points n°3, 10 and 11). These latter have been found related to fault planes often located along the mountain slopes and bearing slope deposits on the hanging wall blocks; and/or in the Castelluccio plain, thus often totally buried (see for detail the geological map provided in Figure 4 Brozzetti et al. (2019)). Most of the fault segments belonging to the VBF system with a length >1.5–2 km showed a good match with the anomalies observed in the profile curvature map. The results supported the effectiveness of this DEM derivative as a useful tool at least in the perspective to direct field survey where no other information is available from the literature background.
Morphometric- and Morphotectonic Analysis and Field Constraints of the Pievebovigliana Fault
Sector ‘Cupi-Mt Val Di Fibbia’
In the sector between Cupi and Mt Val di Fibbia (inset b in Figure 1D), the curvature higher (red) values define the fluvial network. Mountain crests, strata top’s edges with different strength or erodibility, and the borders of the morphostructural surfaces are indeed represented by the lowest values (blue). In a few cases, their interruption was useful to address the existence of tectonic lineaments. We observed the clear interruption of these features along the segments reported in Figure 4B (n°1–4) (blue and green are west- and east-dipping inferred normal faults, respectively).
Pseudo-linear negative curvature values are evident in the central part of the sector where they bound the Upper Cretaceous-Eocene limestones along with morphologically flat surfaces, cut by NW-SE trending valleys (Figures 4A, 5A). In addition, the different height-class strips reported on the map in Figure 5C depict the presence of the surfaces (see in detail the classes between 1440 and 960 m) which gently dip (<15°) from NNW to NE, according to the dome structure observed in the sector (Figure 5B). The height-class strips also result in a lateral offset.
The surfaces as depicted above cut the stratigraphy as the general dip of the Scaglia Rossa Fm is 10°–20°, and prevailingly toward E-NE (see in Figure 4E the bedding from the literature and from the positive (red) pseudo-linear curvature values). Following the remarks reported in Coltorti and Pieruccini, 2000, we ascribe these observed flat surfaces to the PaS remnants.
The topographic profiles (Tp1 to Tp5 in Figure 5D) highlight as the blocks of limestones (over which PaS remnants stand) appear lowered toward the southwest and the PaS morphotectonic setting has also obvious evidence in the field (Supplementary Figure S2). The offsets, computed measuring the vertical displacement affecting the surface envelopes, are estimated between 70 and 150 m (Figure 5D). This evidence also accounts for the (apparent) lateral offset of the height-class strips (Figure 5C), the latter coherent with normal faulting (planes dipping toward southwest) overprinting the geomorphic markers.
The profiles also confirm for some of the interpreted lineaments (n°1 to 4 in Figures 4B, 5D) the topographic offset, according to the east- and west-dipping inferred normal faulting. In particular, segment n°4 corresponds to the normal fault that puts in contact the Meso-Cenozoic marls with the older limestones (Scaglia Cinerea and Scaglia Rossa Fm in Perantoni et al., 2013).
We have to remark that most of the relevant displacements (and the related lineaments potentially affecting the planation surface remnants) have not been detected by the curvature analysis. We infer that the west-dipping normal fault segments (dashed red lines in Figure 5D) responsible for the surface lowering locate in the bottom valleys (under the slope debris), in-between the carbonatic blocks. Thus, possible curvature signals have been superimposed by the positive values related to the fluvial network. The topographic profiles confirm this hypothesis.
We advance that these fault segments represent part of the long-term localized deformation related to a major fault, hereinafter the Pievebovigliana fault (PBF) (Figure 9A and Table 1), whose evidence has been found also north-west (see next section).
Sector ‘Pievebovigliana-Fiastra’
Between the villages of Pievebovigliana and Fiastra (inset c in Figure 1D) the curvature analysis highlighted anomalies mainly corresponding to interruptions of the strata tops’ edges (blue arrows in Figures 4E–G). The relevant part of the lineaments was preliminarily interpreted as possible west-dipping normal faults (Figures 4C,D).
We also found interesting matches in the field between our interpretation and evidence of normal faulting along some of them (labeled n°5 to 7 in Figure 4D). All the evidence were located within the Miocene hemipelagic sequences and siliciclastic deposits (Figure 6A).
In the south of the sector (location on the picture in Figure 6B), we observed within a general NE-dipping succession anomalous contacts between the Scaglia Cinerea Fm and the Bisciaro Fm that have a general NE-dipping (15°–40°) bedding attitude. The contacts well agree with the interpreted lineaments on the curvature map (n°5 in Figure 4D) and also coincide with the location of small normal fault segments already reported in Pierantoni et al. (2013).
Hints of normal faulting, at the mesoscale, have been observed within the Arenarie di Camerino Fm (location on the picture in Figure 6C). Here, the normal fault sense of motion has been inferred from the south-westward offset of layers having a different sandstone/pelite ratio achieved by high angle planes (see lower left stereographic plot). The average fault attitude is N125/78 and field observation agrees with the lineaments interpreted on the curvature map (n°6 in Figure 4D).
In correspondence to the stop of the picture in Figure 6D a flat morphology (again within the Arenarie di Camerino Fm) is lowered to SW of ∼80 m (view from NNW). Even if no evident fault planes have been observed in the field, the bedding attitude (30°–40° dip toward NW) supports the tectonic nature of the offset. The difference in height of this surface, similarly to the PaS remnants observed in the ‘Cupi-Mt Val di Fibbia’ sector, can be ascribed in our opinion to the activity of a SW-dipping normal fault whose location, in the field, coincides with the interpreted lineament n°7 in the curvature map (Figure 4D and detail in Figure 4G).
Finally, in the stop shown in Figure 6E, suspicious metric offset (∼3.5 m) in channel-bordering benches have been observed. Here, the derivative analysis did not highlight anomalies in the topography, the maximum values corresponding with the stream channel bed. Nevertheless, we remark that the scale of the feature is lower than the DEM px-resolution. In addition, this evidence in the field (even if weak) aligns with the offset discussed in the previous stop (Figures 6D, 9A) and is consistent with the fault prosecution to the north as derived from the 3D spatial distribution of the seismicity (see next section).
Surface Data Comparison With the Long-Term Deformation and the Spatial Distribution of the Seismicity
In the interpretative geological cross-sections (Figure 7), it is possible to recognize the different deformation phases related to both the Neogene and Quaternary tectonics.
The pre-Quaternary deformation is overall recognizable in the compressional structures rooted in the Upper Triassic evaporites (see subsect. Structural-Geological Setting) and in the deeper basement (Lavecchia et al., 1988; Coward et al., 1999; Speranza and Chiappini, 2002; Porreca et al., 2018). They deform mostly the basinal succession giving rise to both cylindrical- and box anticlines, the latter localized in correspondence to the main thrust planes.
The Plio-Quaternary change of the tectonic regime is evident from the superposition of the normal faults which offset the pre-existing structures and led to the formation of the intra-mountain basins. Along the geological cross-sections, the Quaternary extensional system is recognizable (from SW to NE) in the Colfiorito (CoF, cross-sections n°1 and n°3), Norcia (NF in cross-sections n°4) and Cupi-Ussita (CUS) faults (cross-sections n°3 and n°4). The latter bears the northernmost evidence of coseismic displacements (Figure 9A, according to Brozzetti et al., 2019).
We also introduced the evidence of the PBF normal faulting as we deduced from the field survey and morphotectonic analysis. Our findings suggest that the deformation does not manifest at the surface as a single lineament but, rather, as distributed segments evident in the field as far as to the Pievebovigliana village (segments a to g Figure 9A and Table 1).
In fact, the earthquake-fault association along cross-section n°1 suggest the activation of a structure up to a depth of ∼5 km (Figure 8A), even where no surface evidence was observed. The source was illuminated starting from October 26 and the subsequent seismic activity, in the time window covered by the catalog (up to November 30, 2016) well aligned, also in map view, with the PBF strike and its suggested position (Figures 2A, 9A). No significant events fall within the buffer of cross-section n°1 (only one ML3.6 event on October 31, 2016, Figure 8A) and considering the time window explored. Nevertheless, if we also project the most energetic event (April 10, 2018, MW4.6) reported in Scognamiglio et al. (2006) (star in Figure 9A and Table 1) which felt in the study area and the buffer of the cross-section (see also Figures 1C,D, 2A) we could infer its association with the PBF at depth (Figure 8) and in correspondence of the inferred segment h, at the surface. For this reason, we suggest that the seismicity projected along cross-section n°1 intercepts the PBF northwestern tip.
Along cross-section n°2, we reported the evidence from stops discussed in sects. 4.2.2 (Figure 6B,E) while, along the section n°3, we considered the offsets affecting PaS remnants (see subsection Sector ‘Cupi-Mt Val Di Fibbia’ and Figures 5C,D). The deformation we depicted at the surface, along these cross-sections, found also confirmation in the 3D analysis of the hypocenter distribution (Figure 8). The seismicity projected shows clustering in correspondence of the PBF along both cross-sections n°2 and n°3.
In detail, along cross-sections n°2, the seismicity illuminates the suggested fault plane up to ∼7 km depth. The October 30 MW4.0 earthquake (event 2 in Figures 8A,B) locates along the PBF down-dip prolongation crossing the cross-section (segments d, e, f, g in Figure 9A and Table 1), while the November 3 (MW4.7) locates at greater depth (event 4 in Figure 8, star in Figure 9 and Table 1). This event could be associated to a deeper PBF patch (Figure 8B), even considering the low (24°) dip angle of the west-dipping plane, or being the result of the activation (at the PBF hanging wall) of minor discontinuities (e.g., ENE-dipping faults) whose existence and attitude are suggested also along the adjacent section n°3. The activation of antithetic structures in the study area has been recently highlighted also by the dataset Michele et al., 2020 (provided in Spallarossa et al. (2021)) and elsewhere in the epicentral area of the Norcia 2016 seismic sequence. Even if not outcropping, they have been associated also with energetic events (e.g., August 24, 2016, MW5.4), at the hanging wall of the VBF system (Porreca et al., 2018).
Along cross-section n°3, two clusters of hypocentres are evident in the first 5 km depth: the easternmost ones coincide with the segments associated to the PBF (b, c, d in Figure 9A), and the other with the CUS. Both PBF and CUS host M3.9 events (e.g., November 12 and 27) (Figures 2C, 8A). Most of the seismicity clusters around the CUS even if several M>3.5 earthquakes fall around the PBF. Minor antithetic discontinuities are also illuminated by the contours (Figure 8B) as well as an ENE-dipping low-angle (∼15°) plane possibly coinciding with a regional low-angle normal fault (see Chiaraluce, et al., 2017 and references therein).
Finally, along cross-section n°4, some scattered seismicity is observable around the CUS. Two moderately energetic events are reported (October 27 MW4.4 earthquake (event 1) and the November 1 MW4.8 one (event 3) (Figure 8, stars in Figure 9 and Table 1). Nevertheless, the location of the event 1 does not fit well the fault plane position and the event 3 has a very shallow location (Figures 8B), tentatively associable with the CUS inner splay (Figures 8, 9A) or suggesting possible linkage (at depth) of the PBF with CUS. In this sector, we did not find other evidence of normal faulting aside from an anomalous syncline at the hanging wall of the thrust T3. The back-limb fold reconstructed from the strata attitudes (Figure 7) could be explained with an ‘incipient’ (and/or distributed deformation) lowering of the PBF hanging wall, along the fault south-eastern tip. On the other side, the scattered seismicity located east of the CUS, including some M>3.5 earthquakes at a depth between 2 and 3 km, could be related to minor discontinuities activated during the sequence. We are not able to discriminate among these different hypotheses and we associated the southern tip of localized deformation to the last evidence found along segment a (Figure 9A and Table 1).
Considering all the collected results and imaging a single master structure responsible for observed distributed deformation, we propose as reliable geometry for the PBF that of at least ∼13 km-long master normal fault which strikes ∼ N155°E, dips SW and is arranged in right-lateral en echelon setting with respect to the VBF system (blue line in Figures 9, 10).
The average west-dipping focal plane we computed in the study area, where the PBF strikes within (Figure 2A), has a dip of 43°. On the other side, the fault attitude measurements reported in Figure 6C show an average dip of 78°. Besides, data collected in the surroundings of the CUS (Testa et al., 2019) show average dip of 65° while all along the central- and southern sections of VBF the structural data in Brozzetti et al., 2019 highlighted average dip values from 65° to 71° (associated to long-term- and coseismic planes, respectively). Considering the heterogeneity of the data source we used a PBF theoretical dip value of 60° to model this fault as input data for the Coulomb stress computation.
Coulomb Stress Along the Pievebovigliana Fault
The model calculations of the elastic stress change generated by EQ1 suggest that the stress imparted on the study area is negligible (<0.1 bar; see map and cross-sections 1–4, Supplementary Figures S3, S4). This result is also consistent with the lack of seismicity in the area during the period-1 (Figure 2).
On the contrary, the occurrence of EQ2 was important for the redistribution of stress. The largest Coulomb stress changes along a generic receiver fault (M1, subsect. Coulomb Stress Change) identify a well-defined volume of stress changes in the area where the PBF has been suggested (Figure 10). Along the cross-sections 2 to 4, it is possible to identify positive maximum Coulomb stress changes (0.5 bar) greater than the minimum (0.1 bar) commonly required to contribute to the triggering process (Reasenberg and Simpson 1992; Hardebeck et al., 1998). This result is also confirmed by M2 analysis performed along optimally oriented normal faults (Supplementary Figure S5). The negative stress changes on the cross-sections 3-4 are probably due to the high slip values of the causative source EQ2 (see also Figure 12). Moreover, selecting the seismicity of the relocated dataset (Chiaraluce et al., 2017) in the time interval 2016/10/26–2016/10/30, we note the high correlation of the aftershocks and the volumes undergoing increasing Coulomb stress.
The cumulative Coulomb stress changes imparted by EQ1, EQ2, EQ3 are shown in Figure 11 (Supplementary Figure S6) and depict a similar pattern of positive and negative lobes although with higher stress magnitudes. Additionally investigating the contribution of each large event on stress redistribution and modeling only the EQ3 occurrence, it is possible to observe (Supplementary Figures S7, S8) that the resulting cross-sections show evenly distributed stress changes and it is not possible to identify well defined positive stress volumes (cross-section 4 apart). Hence, we can argue that absolute values stress changes induced by EQ3 are added to the previous one enhancing and minimally perturbing the stress pattern induced by EQ2. Overlaying the seismicity, it is possible to observe that a high percentage of events occur on positive stress changes (Hardebeck et al., 1998).
Moreover, comparing the cross-section of Figures 10, 11, it is interesting to point out the westward enhanced stress, along a volume antithetic to the main one (black arrows in the cross-sections 2-3 of Figure 11) where the seismicity migrated and accelerated seismic release was observed in April-May 2018 (period-4 in Figure 2).
The results of stress changes modeling induced by EQ1, EQ2, EQ3 on the reconstructed Pievebovigliana fault (Figure 12) are fully consistent with the ones obtained with M1 and M2. The analysis indicates that the positive stress changes were transferred to the active Pievebovigliana receiver fault, after EQ1-EQ3, with different levels. The EQ1 minimally perturbed the fault while EQ2 and EQ3 imparted significant stress values greater than 0.5 bar along the southern portion of the fault. EQ2 was the crucial event in favouring the activation of PBF. EQ3 induced high-stress values around the southern tip of the PBF, and this result is particularly important because the tips of faults are typically the weakest zones. The cumulative effect enhanced the positive stress perturbation and made PBF a good candidate to accommodate this stress as demonstrated by the significant occurrence of seismicity in the study area until the end of 2018.
DISCUSSION AND CONCLUSION
Characterizing the seismic hazard of a region could represent a challenge when the location and geometry of the active faults are unknown. The study area investigated in this paper (Figure 1D) fits in this scenario. In fact, while the most energetic events of the Norcia 2016 seismic sequence (EQ1 and EQ3, and related aftershocks) nucleated along VBF and GF (whose associated seismic hazard have been longtime pointed out - Galadini and Galli, 2000), the northwestern tip of the active normal fault system has been illuminated only following one of the most energetic events, the October 26, 2016 (EQ2). Here, noticeable seismic activity was observed throughout the 2017 and 2018 (Figure 2) and no seismogenic source is reported in the literature, thus opening the question about the northward extent of the outer extensional fault alignment in central Italy (Figures 1C,D).
The multidisciplinary approach we exploited to address this question presents evidence, in the sector between the Mt Val di Fibbia and Pievebovigliana village (Figure 1D), of distributed normal faulting along a ∼2 km wide and (at least) 13 km-long deformation band. The deformation displays, at the surface, discrete segments giving rise to different types of evidence and markers in the landscape.
The analysis of the topographic profile curvature (Figure 4) had different results across the surveyed sectors, even within the same rock types. On one hand, the breaks in positive and negative values fit with many of the faults offsetting the south-western carbonate-rock slope and the crests falling in the test area of the Mt Vettore-Mt Bove (Figures 3B,C). On the other, in the Cupi-Mt Val di Fibbia sector (insets b in Figure 1B) they only highlighted a few small potential traces within the Meso-Cenozoic limestones (Figure 4B) and with no prevailing dip direction. Nonetheless, the negative values well defined the pseudo-linear border of PaS standing over the Scaglia Rossa Fm (Figures 5A,B). The integration of the curvature analysis with the map of height-classes (Figure 5C), the topographic profiles intercepting the morphological markers (Figure 5D), and their comparison with the general stratigraphic setting of the sector, suggest synthetic normal fault segments displacing PaS remnants toward the south-west. A prevailing west-dip along a distance of ∼4 km (segments a, b, c and c1 in Figure 9A and Table 1) is thus recognized in the sector.
The clues of deformation observed in the Cupi-Mt Val di Fibbia sector are consistent (in a north-westwardly direction) with those collected in the Pievebovigliana-Fiastra area (insets a in Figure 1B). Here, the curvature analysis (Figure 4D) highlighted hints of deformation along a prevailing set of (inferred) west-dipping fault planes. The field survey (Figures 6B–E) pointed out, along some of them, the existence of west-dipping lowering of stratigraphic- and morphological features along a distance of ∼5 km (segments d to g in Figure 9A and Table 1).
The long-term analysis of the deformation (Figure 7) and the earthquake-fault association confirmed not only the activation of some of the late Quaternary normal faults already known in the study area (i.e., the CUS) but also helped to confirm the existence of the new discontinuities whose evidence we collected in the field and/or inferred from the morphotectonic analysis. These discontinuities have been activated during the Norcia seismic sequence, in 2016 and beyond (Figures 2, 8) and were associated to some low-to-moderately energetic events, i.e., October 30, 2016 (MW4.0) and April 10, 2018 (MW4.6).
The PBF was involved in the seismic release since the early few hours after the nucleation of the 26 October (MW5.9) and 30 October (MW6.5) main events. In Figure 9B we show further detail on the down-dip distribution of high-quality seismic location for events with ML≥1.0 released in the early 72 h after each of the two events (location within the boundary of the white rectangle). The early aftershock data are extracted from a high-quality automatic catalog built on empirical criterion illustrated in Spallarossa et al., 2021. The events, located at the hanging-wall of the northern segment of the PBF depict a well clusterized hypocentral volume from about 8 km (at depth) to near surface, in correspondence with segments f, g, h. By this relocation, the hypocenter of the April 10, 2018 (MW4.6) aftershock (yellow star in map view and cross-section - Figure 9) is just located at the bottom of such a volume, opening to the hypothesis of a possible seismogenic role of the Pievebovigliana fault.
The distributed deformation we observed in the study area, at the surface and depth, is not uncommon in active tectonic contexts and has been observed elsewhere in the world, even associated with segments belonging to major active fault system (Arrowsmith and Zielke, 2009; Gold et al., 2013). In some cases, diffuse regions of deformation associated to an immature fault system (in an early stage of development) have been documented for energetic seismic sequences in different tectonic environments (Hino et al., 2009; Goldberg et al., 2020 and references therein).
The subtle evidence on the landscape of the PBF, the diffuse segmentation as well as the observed small (and not uniform) offset values affecting PaS (Figure 5D and Supplementary Figure S2) suggest that the PBF is an immature (incipient) structure. Its formation can be ascribed to a period as younger than the onset of the adjacent (and collinear) VBF and GF (Early and Middle-Late Pleistocene, respectively - Galadini and Galli 2003; Puliti et al., 2020 and references therein).
The absence of obvious fault scarps offsetting Quaternary deposits as well as of a developed Quaternary basin, at the fault hanging wall, could represent a counter-argument of the main statement of this work, i.e., the recognition of the PBF as a Late Quaternary active fault. Nevertheless, the presence of well-clustered seismicity (i.e., continuously for ∼13 km along the PBF) depicting a clear fault geometry at depth, represents one of the constraining factors in the identification and recognition of active structures in existing fault databases (e.g., Plesch et al., 2007; DISS Working Group, 2018).
In addition, similar geologic (and seismogenic) contexts are not uncommon along the Apennines extensional belt and even in areas adjacent to the investigated one. As an example, we mention the area locus of the April 3, 1998 MW5.1 earthquake, the latter being the last significant event in the 6-months-long Umbria–Marche 1997–98 seismic crisis (for a detailed analysis of this sequence we related the reader to Chiaraluce et al., 2003). The event and its aftershocks occurred in the area of Gualdo Tadino (light blue polygon n°3 in Figure 13B), where the absence of an outcropping normal fault, as well as of a Quaternary basin at the fault hanging wall, have been confirmed by recent, detailed geological mapping (Ciaccio et al., 2005 and reference therein). Nevertheless, the hypocentral location of the (MW5.1) mainshock and of the aftershocks, and the seismic reflection profile interpretation, support the existence of a (hidden) SW-dipping normal fault whose kinematics and seismogenic attitude is in agreement with the regional stress field active in the central-northern Apennines.
[image: Figure 13]FIGURE 13 | Tectonic sketch map and deformation field in central Italy showing the newly proposed Pievebovigliana (incipient) fault along the outer W-dipping Late Quaternary extensional front. (A) Tectonic sketch map reporting the Pievebovigliana (incipient) fault along the northward extent of the outer extensional alignment in the locus of the Norcia 2016 and L’Aquila 2009 seismic sequences. The events (M ≥5.0, from ISIDe Working group (2007)) related to the main seismic sequences striking the sector (i.e., the L’Aquila 2009 and Norcia 2016) are reported and compared with the distribution of the positive Coulomb stress changes as redrawn from (a) Falcucci et al., 2011 (see text for details) and computed in (b) this study (Figure 11). (B) Deformation field observable in central Italy and showing the velocity field from GPS data (black arrows) and the geodetic strain rate values as redrawn from Barani et al. (2017). In the map are also reported the Shmin (blue bars) trajectories from the focal mechanisms (FMs) of events (depth 12 km, MW≥ 3.0) occurred from 1981 to 2018 reported in RCMT (Pondrelli et al., 2006) and TDMT (Scognamiglio et al., 2006). Fault key: CoF = Colfiorito fault; GF = Gorzano fault; GuF = Gubbio fault; PBF = Pievebovigliana fault; VBF = Mt Vettore-Mt Bove fault.
Also, the seismicity analysis provided in Valoroso et al., 2017 and carried out starting from high-resolution earthquake catalog (TABOO seismic network - Chiaraluce et al., 2014), pointed out the existence of a (concealed) NE-dipping normal fault in the surroundings of Pietralunga (Figure 13B). The fault, neither associated with geomorphic markers on the landscape nor hosting Quaternary deposits at the hanging wall, was the locus of ∼four-years long seismic activity (light blue polygon n°1 in Figure 13B) in the period 2010–2014 and released a MW3.6 event on April 15, 2010 (Valoroso et al., 2017). In the neighbor area, similar (unknown) structures were illuminated by the hypocentres distribution during 2013–2014, at the footwall of the well-known W-dipping Gubbio normal fault (light blue polygon n°2 - in Figure 13B).
The above structures share analogies with the PBF, in terms of both structural location and seismogenic behavior. They locate along the (outcropping) outer W-dipping Quaternary extensional front in the central Apennines (Figure 13B), they nucleate often at the tip of well-known active faults and their existence has been advanced only by the onset of a seismic sequence. This evidence reconciles in our opinion with the subtle and distributed deformation we ascribe to the PBF. The duration of its activity has apparently not been sufficient for a coherent single fault or associated sedimentary basin to develop.
The ensemble of evidence pointed out can be explained by a newly identified master PBF which strikes for a total length of at least 13 km beyond the VBF north-western tip (Figures 9A, 13A). The PBF trend (∼N155°E) is similar to the adjacent active faults (VBF, GF) with which it is in a right-lateral en echelon setting.
The various approaches discussed in this work did not support a hard-linkage between the PBF and the VBF northwestern tip (CUS). We cannot exclude a priori soft-linkage. The easterly position of the most energetic earthquakes projected along the cross-sections (events n°3 and 4 in Figure 8) and the epicentral location of event n°3 (star in Figure 9A) could suggest such a hypothesis. In this case, the ∼13 km length estimated for the PBF could rise to ∼18 km, thus having important implications in terms of source dimension and expected magnitude. In fact, the surface rupture length (SRL) and the hypocentral depth of the April 10, 2018 MW4.6 event (Figures 8B, 9B) would be consistent with ∼MW6.0 (SRL = 13 km) to ∼ MW6.5 (SRL = 18 km) (Wells and Coppersmith, 1994). Even though the latter can be considered moderately energetic earthquakes they proved, in the Italian recent past, to be deadly and destructive (e.g., Molise 2002; ML5.4 - Di Luccio et al., 2005; L’Aquila 2009; MW6.3–Chiarabba et al., 2009; Emilia 2012, MW6.0 Govoni et al., 2014) as a consequence of the high vulnerability of the building heritage (Augenti et al., 2004; Ceci et al., 2010; Savoia et al., 2017). Consequently, even if during the period 2016–2018 the most energetic event nucleated on the PBF has been MW4.6, more energetic events cannot be ruled out.
The PBF, in fact, belongs to a sector of the Apennines extensional belt where both seismic and geodetic data agree in defining a homogeneous region characterized by a rate of deformation of approximately 40 nstrain/yr (Figure 13B- velocity field from GPS data and geodetic strain rates redrawn from Barani et al., 2017). The PBF fault trend and kinematics are consistent with the trend of the T-axes computed from focal mechanisms made available for the area, including those with MW≥4.5 (Figure 13B), the latter showing an active extension oriented normal to the Apennines chain axis (NE–SW). PBF is hence suitable for activation within the regional stress field (Ferrarini et al., 2015; Montone and Mariucci, 2016; Mariucci and Montone, 2020).
The Coulomb stress transfer computations support the previous inference. They agree, on the one hand, with the estimate of the modification in the stress field on the Mt Vettore fault, as proposed in Pino et al. (2019); on the other hand, they identify a well-defined volume following EQ2 and EQ3 compatible with the location and geometry of the PBF (map and cross-sections in Figures 10, 11).
Specifically, considering Pievebovigliana as receiver fault, the results highlighted an evident stress accumulation along its south-eastern tip (Figures 12, 13), providing a stress-transfer scenario common with other step-over fault settings, elsewhere in the world. In fact, as the fault step between the CUS and PBF (Figure 9A) is lower than the threshold (3–4 km) suggested to inhibit the earthquake rupture propagation Wesnousky, 2006), the discontinuities were able (already during the 2016–2018 seismic sequence) to enable the stress transfer northwards.
The step of the seismic activity along faults arranged in en echelon setting has been highlighted also during the most recent (and adjacent to the Norcia 2016) seismic sequence that occurred in central Italy, i.e., the L’Aquila 2009 (Lavecchia et al., 2011, 2012). Energetic events, soon after the mainshock, concentrated in areas of enhanced Coulomb stress (Falcucci et al., 2011, see Figure 13; De Natale et al., 2011), i.e. south-east of the Paganica fault (PF in Figure 13), in the Ocre area, and on the parallel GF. In the latter case, the seismicity stepped toward NE and several MW≥5.0 located along the GF southern strand from April 6 to April 9, 2009 (Figure 13, epicentres from ISIDe Working Group, 2007).
Analogously, for the Norcia 2016 seismic sequence, the Coulomb stress transfer computations (Figures 10, 11) highlight volumes of increased stress soon after the EQ1, toward the VBF and the Amatrice sector (Supplementary Figures S3, S4) and the GF. The Coulomb stress changes, induced by EQ1 and EQ2 (Supplementary Figure S5) highlighted the area locus of the ‘future’ October 30 MW6.5 mainshock as well as increased stress in the study area, between the villages of Cupi and Pievebovigliana. As even the GF northern strand has been already activated, on January 18, 2017, with four events with 5.0≤MW≤5.5, it cannot be excluded that the total stress accumulation (EQ1+EQ2+EQ3 - Figures 11, 13) on the distributed deformation ascribed to the PBF will induce a better localization along a plane capable of hosting larger-magnitude earthquakes (Manighetti et al., 2007; Thomas et al., 2013; Perrin et al., 2016).
Although the characterization of the PBF seismogenic potential needs additional investigations, even in the light of the different implications that hard-vs. soft-linkage (with the VBF) could entail, the multidisciplinary approach proposed in this study turned out successful in revealing the existence and the complexity of an immature fault zone.
Since the area surrounding the PBF has been seismically illuminated only following the Norcia 2016 seismic sequence, the fault is not reported in available databases of seismogenic/capable faults (DISS Working Group, 2018; ITHACA Working Group, 2019). Hence, our findings provide improvements in the knowledge of the seismotectonic setting of the area and emphasize the need to integrate multiple lines of investigations when addressing the identification and mapping of active faults. This being of practical importance to seismic hazard (in particular rupture hazard) analysis.
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Sample no Latitude/ Elevation  Thickness  Production Shielding Mass  °Be carrier 1°Be/’Be 1°Be concentration

Longitude (m) (cm) rate correction  qtz (g) (mg) (1079 (10°
(atoms/g/a)® atoms/g)
PST2-0 37.548N/TBOTIE 16275 2 16.39 1.00 302507 02891 7231271 46,16+ 1.73

PST2-0 (surface sample on the T1b terrace) age: 350 + 32 ka”

“Sample prepared in the Institute of Crustal Dynamics, China Earthquake Administration, and measured at Accelerator Mass Spectrometry Laboratory of the University of Arizona, United
States.

“Production rate from Hidy et al. (2010)'s method.

*19Be/’Be ratio was corected using a'’Be laboratory blank of (2.60 + 0.63)x10™'* atoms/g.

“Age was calculated by the CRONUS-Earth online age calculator version-3.0 (using time-dependent model; Lal, 1991; Stone, 2000) and was corrected by the inheritance of 8 x 10~*
sloms/g as suggesied by Guibaud et al, (2017).
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Event Age Event Age Trench Fault Colluvial Wedge Rupture Mw

201 (rounded)’ Observed Zone Wedge Height? Length® Empirical*

Most Recent 168-391 02-04 T1S FZb Cs 0.7 16 km 6.7
Event (MRE) ka
Penultimate 610-3375 0.6 —34 TIN FZ3 Cs 1:2 27 km 7.0
Event (PE) ka
Fissure Event in 1340-6224 1.3-6.2 T1S T1S FzZb ? ? ?
T1S ka
Older Event 7193-8107 7.2 -84 TIN Fz2 Co 1.1 25 km 6.9

ka
Unconstrained Unknown = T1S Fza Ca Unknown 22 22
Events
Unconstrained Pre - C1 and Cp TIN FZ1 0.5 8 km 6.6
Events Holocene

Refer to Figures 3, 6 and Tables 1, 2 for stratigraphic relationships, sample locations, and event age constraints. Refer to Figure 7 for OxCal model results and Figure 8
for relationships with other nearby paleoseismic sites along the Wasatch fault.
1- Event ages were modeled using OxCal 4.4 (e.g., Bronk Ramsey, 2017) and IntCal20 (Reimer et al., 2020). Ages reported here are 20 (95.4% probability); elsewhere in

the text and figures, we report ages rounded to the nearest 0.1 ka.
2- Colluvial wedge heights are minimum estimates of surface displacement. We use these minimum estimates to estimate rupture length and magnitudes, which therefore

are also likely lower bounds.
3- Rupture lengths (L) estimated using the empirical equation related to displacement (Daye) using the Length — Displacement linear regression calculated for the central

Wasatch fault zone: Wong et al. (2016): L = Daye/0.044.
4- Moment magnitudes (Mw) calculated following the empirical equation for average displacement along normal faults: Mw = 6.45 + 0.65%Log (AD), Wells and

Coppersmith (1994).
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Trench1S Sample NSF- Sample Type Trench and Unit Fraction + 3 14Cage (y BP) + 4 Uranodelled 20 Modeled 20

ID' NOSAMS# Coordinates (X,Y)? Modern calibrated age (y BP) calibrated age (y BP)

TR25a UVU2016 144288 charcoal T1S-EW (9.90, 4.26)  MRE Cg:Middle 0.9663 0.0020 275 15 289-426 yBP

TR25b UVU2016 144289 charcoal T1S - EW (9.90, 4.26) MRE Cg: Middle 0.9741 0.0028 210 25 Modern-305 yBP 155-309 yBP

TR25¢ UVU2016 144290 charcoal T1S - EW (9.90, 4.26) MRE Cg: Middle 0.9789 0.0020 170 15 Modern-285 yBP (Modeled as one age

R_Combine in OxCal)

TR25d UVU2016 144291 charcoal T1S - EW (9.90, 4.26) MRE Cg: Middle 0.9620 0.0020 310 15 307-436 yBP

TR28b UVU2016 144293 charcoal T1S-EW (8.99, 3.60)  Paleosol below 0.9583 0.0020 340 15 316-469 yBP 318-404 yBP
MRE

TR28a UVU2016 144292 charcoal T1S-EW (8.99, 3.60)  Paleosol below 0.84083 0.0017 1400 15 1289-1345 yBP 1289-1345 yBP
MRE

TR29 UVU2016 144294 charcoal T1S - EW (9.40, 2.30) Soil material in 0.5048 0.0014 5490 20 6215-6385 yBP 6215-6383 yBP
fissure

Pretreatment and analyses were performed at the Woods Hole NOSAMS lab. Calibrated and modeled ages within the text and figures are quoted to two significant digits in thousands of years before present (ka).
(1) ( )Assigned sample name based upon: (A) the year collected, (B) the site name, and (C) the order of collection.

(2) ()Samples Location by trench number and wall and coordinates (X-Horizontal, Y-Vertical) bottom-south corner is the origin.

(3) ( )Error value (20) assessed in the calculation of the modern fraction.

(4) ( )Error value (20) assessed in the calculation of 1*C years before present.

(5) ( )Determined using single samples in OxCal 4.4 (Bronk Ramsey and Lee, 2013; Bronk Ramsey, 2017) using the IntCal20 calibration curve of Reimer et al. (2020).
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Trench 1N NSF- Sample Type Trench and Unit Fraction +3 14C age +4 Unmodelled 20 Modeled 20

Sample ID' NOSAMS# Coordinate s (X,Y)2 Modern (years BP) calibrated age yBP  calibrated age yBP

TR16 UVU2016 142559 Charcoal Piece TIN - WW (6.05, 3.25) Upper Cz wedge 0.9653 0.0020 285 15 295-428 yBP 379-429 yBP

TR7 UVU2016 142558 Charcoal Piece TIN - EW (5.80, 3.47) Upper C3 wedge 0.9519 0.0020 395 15 335-503 yBP 449-503 yBP

TR17 UVU2016 142560 Charcoal Piece TIN - WW (6.25, 3.16) Middle C3 wedge 0.9347 0.0020 545 15 525-624 yBP 525-623 yBP

TR13a UVU2016 144287  Charred Wood pieces T1N - WW (5.00, 2.20) PRE MRE Soil, top Cp 0.6733 0.0015 3180 20 3369-3448 yBP 3368-3449 yBP

TR13b UVU2016 144295 Charred unidentified ~ T1N - WW (5.00, 2.20) PRE MRE Soil, top Co 0.6500 0.0017 3460 20 3642-3828 yBP 3641-3828 yBP
pieces

TR6 UVU2016 142557 Charcoal Piece TIN - WW (4.99, 1.86)  Middle Co Wedge 0.3652 0.0021 8,090 45 8777-9260 yBP -

TR10a UVU2016 144286 Charred Hardwood ~ T1N - WW (4.25,1.80)  Middle C, Wedge 0.4440 0.0015 6520 25 7023-7258 yBP 7023-7257 yBP
pieces

TR4 UVU2016 142556 Charcoal Piece TIN - EW (2.65, 1.43) Middle C2 Wedge 0.2202 0.0023 12,150 85 13796-14761 yBP =

TR-A UVU2015 142561 Charcoal Piece TIN-2014 Base of C, Wedge 0.4051 0.0020 7,260 40 7980-8175 yBP 7980-8175 yBP

TR3 UVU2016 142555 Charred Piece (root)  T1N - WW (0.80, 0.35)  Within Cy Colluvium 0.9573 0.0019 350 15 318-475 yBP -

Pretreatment and analyses were performed at the Woods Hole NOSAMS lab. Bold samples help constrain event ages. ltalicized samples are younger or older than expected based upon stratigraphic relationships and
not utilized in age modeling (Figure 7 and Table 3). TR3 may be a root that died as a result of burial from the MRE wedge. TR4 and TR6 may have had a long history on the landscape prior to deposition. Calibrated
ages within the text and figures are quoted to two significant digits in thousands of years ago (ka).

(1) ()JAssigned sample name based upon: (A) the year collected, (B) the site name, and (C) the order of collection.

(2) ()Samples Location by trench number and wall and coordinates (X-Horizontal, Y-Vertical) bottom-south corner is the origin.

(3) ( )Error value (20) assessed in the calculation of the modern fraction.

(4) ()Error value (20) assessed in the calculation of 1C years before present.

(5) ()Determined using single samples in OxCal 4.4 (Bronk Ramsey and Lee, 2013; Bronk Ramsey, 2017) using the IntCal20 calibration curve of Reimer et al. (2020).
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sample Location Material  Latitudenorth  Longitude  Classification  Liquidity  Plasticity ~ Residual ~ Ring  Uniaxial  Triaxial test Indirecttensile

WGSB4  east WGSS4 uscs. imit (%) index (%) shear  ftest  testa  orios(MPa) strength[MPa]
strength ¢ () (MPa)
VP M. Venda Riyolte cyke 95
VP9 Val Pomaro: Gouge lyer Meioica (Tithonian- ML u 5
Aptian)
VP10 Val Pomaro Maioica (Tithonian- ~ 45'16383" 114249 287
Aptar)
VP10bis Val Pormaro Maiolca (Tthonian- ~ 45'16383"  11°42:049"
Aptn)
VP14 Vel Pomaro: Cataciasite pocket  Maioica 45162497 1142'524" ML a o
VP15 Val Pomaro Andesite dyke 5162047 1192538 %5
VP18 M. Mottolone ScagiaRossa2 4516750 142213" 3930
(upper Ypresin)
VP23 Val Pomaro Mioica (Tithonian- ~ 45'1636.6"  114241.5" 11.658; 6.701
Aptian)
VP24 Val Pomaro Maioica 45°16966" az97
VP25 Val Pomaro Maioica 45°16292" 6806
VP26 Val Pomaro Maioica 45°16292" 13,236
AP1 M. Bignago: Cataclaste beow  Scagia Fossa 1 45'1526.1" ML a 9 347 %
the synsedimentary fod at e (Upper Cretaceous)
border of the quarry
AP3 M. Bignago: Main oufcrop along  Scagha Fossa 1 45'15300" 11742516
the road. From a fod over the  (Upper Cretaceous)
gouge layer (AP4)
AP4 M. Bignago: Main outorop dlong Scagia Rossa 1 45°15'300" 1142516 ML 2 12 350 x
the road. Gouge layer (Upper Cretaceous)
API7 M. Ricco Petite dye 45'1528" 113.0
AP20 M. Bignago: The quary ScagiaRossa 1 45'1528.7" 1056
(Santorian-
Campanian)
AP2S M. Bignago: Top of the cuarry  Scagia Rossa 1 45°1526.1"  11°42'549" 8167
(Santonian-
Camparian)
AP29 Mt Bignago: Topofthehil,  ScagiaFossa2  45'15322" 1142513 28
norther side (Santorian-
Campanian)
API) Mt Bignago: Topoftheil,  ScagiaRossa2  45°15322" 1142513 6950
northem side (Santorian-
Camparian)
APG2 Baone ScagiaRossa 1 4515405"  1141082" 4117543
(Santorian-
Campariar)
T Teoo: Gouge over catacaste  Scagka Rossa 1 140556" sv 3 6 350 x
T4A  Tedo: Block in conesive Scagia Rossa 1 1140556 - 167880 59455099
catackste
B idem Scagia Rossa 1 1140556 ~ 567
T2 Teoo: Gouge over cataciaste  Scagia Rossa 1 1140556 ML = 4 35 x
TISAA  Via di Teolo Meaioica a4 1430;80
TI3AB  idem Maiolca i 970
TI4A  Via di Teolo Maioica 1140599 169.9
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Ns Qp1 Qp2 Npor Qp12 onl Wror
3 A A 9 2 1 4
5 B B 8 1 1 3
7 A B 10 1 1 3
9 A A 8 2 1 4
11 A A 1 2 2 5
12 A A 10 2 1 4
13 A A 7 2 0 3
15 A A 10 2 1 4
19 A C 7 1 0 2
22 A A 8 2 1 4
23 A A 9 2 1 4
24 A A 1 2 2 5
25 A A 9 2 1 4
26 B A 1 1 2 4
27 B A 8 1 1 3
28 A A 10 2 1 4
29 A A 9 2 1 4
30 A B 23 1 4 6
31 A A 7 2 0 3
32 A A 8 2 1 4
33 A A 6 2 0 3
35 B A 10 1 1 3
36 A A 6 2 0 3

N, identification number of the focal mechanism,; Qp1 and Qp2, the quality factors
relative to the FPS 1 and FPS 2, respectively; Ny, the number of polarities; Qp12,
the weight assigned to Qp1 and Qpz; Qpo, is the weight assigned to Nyoi; Wror,
the total weight used in the FMSI inversion.





OPS/images/feart-08-586897/inline_1.gif





OPS/images/feart-09-589332/feart-09-589332-g012.jpg
Noty NoOy

0 50 100 km
-—

0 50 100 km
| —

16°E

12°E

20°E

16°E

12°E





OPS/images/feart-09-589332/feart-09-589332-g011.jpg
Z (km)

-10—

-20—

7 T -
0 10 20 30 40 50\ 60"
Length (km)

®/3/0, © ®
P 9 @ O

Z (km)

Overlapped cross-sections 2, 3 and 4

-10

-204

I
10 20 30

Length (km)

T | B
40 50\ 60

® ©

@ ©

o [ & & &






OPS/images/feart-09-589332/feart-09-589332-g010.jpg
Z (km)

-40 T J T |
0 30 40 50 60
Length (km)
Cross-section 2
0.10 4SE
0
-10
£ 204
N
=304
-40
0 30 40 50 60

Length (km)

42°N

Z (km)

Cross-section 3

% éé)éé@é

-40 T T T T T T
0 10 20 30 40 50 60
Length (km)
Cross-section 4
0.80 1SE NwW
0 | | 1 ! 1 1 /@
. =
-10- ’ ° - - // o ’/®
20 o @ Moo ) * @
o N0 & .,, ae ® .
R
=30 ° .0..0
e >
-40 T T T T T T —
0 10 20 30 40 50 60

Length (km)





OPS/images/feart-09-589332/feart-09-589332-g009.jpg
Z (km)

Overlapped cross-section 2, 3 and 4

Z (km)

Overlapped cross-section 2, 3 and 4

Length (km)





OPS/images/feart-09-589332/feart-09-589332-g008.jpg
Cross-section 1

@ 0

0.20 4g N
\
0 L \\
\
\
-10+ o
g %.. /
f:/ -20— o
° *
°
230
-40 I ] : :
0 10 20 30 40 50
Length (km)
Cross-section 2
080 7s M\N N
0 lf/ml |
A d ‘\ '_
® °
¥ o\
-10— Mo
@3 .

-20

Z (km)
°
°
°
°
o"
e 4

° o o ®
.30+
-40 I | I :
0 10 20 30 40 50
Length (km)
1.0 Cross-section 3
0_
-10—
g
X -20—
230
-40

Length (km)

42°N

16°E
Cross-section 5
T WMNW\W\A )
0 L
°
-10
°
£ .
< -
5 -20 o o . .. "
°
°
230 °
°
-40 I | | :
0 10 20 30 40 50
Length (km)
1.0 4g Cross-section 4 N
0

-104
E
= -20

30—

-40

Length (km)






OPS/images/feart-09-589332/feart-09-589332-g007.jpg
Cross-section 1

42°N

NE
0.10 SW
0
-10 4
B
o 20
-30
-40 T T T T T
0 10 20 30 40 50
Length (km)
0.60 SW Cross-section 2 NE
0 | | L |
P [
* °
-10
® o
E -
N n ® - % ®
e®e e
230
-40 T T T T T
0 10 20 30 40 50
Length (km)
1.00 {gw Cross-section 3 NE
0 | | |

Z (km)

/
210 4 }o

¥
2007 &
230 * .‘

|

]

A%

Z (km)

44

0| 30 0\ 50
Length (km

°
°®
20 ] .
° @ °

-30 - * .
-40 | | T T |

10 20 30 40 50

Length (km)

1.00 4 gw Cross-section 4






OPS/images/feart-09-589332/feart-09-589332-g006.jpg
42°N

42°N






OPS/images/feart-09-589332/feart-09-589332-g005.jpg
B 16°
05
42°
e
f T-axis

E
N. Ev. 23 N. Ev. 20 o \ \ \ \
Misfit 8.56° Misfit 6.74°
R0O.6 RO0.6
615/310 015/312

02 62 4/220 02 023/42

03 84/92 03 84/160

4”"

\

NN \\

16°

42°

42°





OPS/images/feart-09-589332/feart-09-589332-g004.jpg
2018-01-31 2017-07-15

2019-10-19 2020-03-14

N

2019-07-06 2019-10-20 2020-03-26

F"‘:;L’. | S
© Y
g}’/L _

2018-01-31

2017-10-03

2019-03-30
36

:

L ~ E h L, 4 ey oo Z ’,"
2018-01-11 2018-03-15 2019-06-06 2019-09-29 2020-01-21 2020-06-12





OPS/images/cover.jpg
UNVEILING ACTIVE FAULTS: MULTISCALE
PERSPECTIVES AND ALTERNATIVE APPROACHES
ADDRESSING THE SEISMIC HAZARD CHALLENGE

EDITED BY: Federica Ferrarini, Ramon Arrowsmith, Michele M. C. Carafa and
jathan Toke
PUBLISHED IN: Frontiers in Earth Science

P frontiers Research Topics





OPS/images/feart-09-589332/feart-09-589332-t001.jpg
Ns

©® NS ®N

1
12
13
14
15
16
17
18
19

21
22
23
2
2

8ELEBLEBBYSY

Origin time.
06/05/13, 04:33:38
13/11/16, 13:17:33
23/04/17, 04:25:36
0310117, 2202:42
06/01/18, 16:23:29
11/01/18,01:42:11
23/01/18, 235555
27/01/18, 01:40:11
31/01/18, 10:16:04
18/02/18, 11:11:22
10/03/18, 17:56:50
15/03/18, 00:44:05
02/04/18, 18:45:18
01/05/18, 17:08:25
05/06/18, 23:37:48
06/07/18, 04:07:08
30/08/19, 13:10:21
06/06/19, 15:24:04
28/06/19, 12:01:06
06/07/19, 21:34:18
24/08/19, 12:30:13
10/09/19, 20:36:19
28/09/19, 19:48:47
29/09/19, 19:17:32
19/10/19, 21:1000
2010119, 1233:03
201019, 13:27:34
04/11/19, 04:1009
08/12/19, 10:18:02
21/01/20, 032454
14/03/20, 00:04:43
26/03/20, 18:01:50
04/04120, 04:32:32
18/04/20, 02:57:27
24/05/20, 01:20:17
12/06/20, 21:02:02

Lon

15.86
15.98
1575
15.37
1577
1528
15.87
15.40
1578
15.72
1575
15.95
15,66
15.96
15.87
15.33
15.46
15.10
1581
15.77
15.59
15.96
15.79
1575
15,84
15.72
15.80
1594
1601
15.87
15.99
1581
1583
15.39
15.88
1591

Lat

4167
a7
4182
4167
4170
4167
4158
4153
4172
4162
a162
477
4170
4170
a181
4155
4186
4173
“n
4168
4157
4176
4170
4167
4170
4156
4187
a7
“n
4182
4178
4172
4173
4179
4190
4197

z

1398
1318
2667
14.48
17.29
1292
15.12
965
2031
238
17.18
2401
2096
850
2248
131
1956
19.08
1867
2.41
11.89
2191
19.08
2528
17.62
15.29
2502
2324
2108
2048
24.41
2048
2088
2237
3650
2207

MM

09
19
40
11
16
17
17
06
14
16
20
15
14
11
20
16
24
32
23
24
26
16
19
19
17
19
23
23
17
36
15
24
16
a7
2.1
13

Ph

17
2
2
16
20
15

16
15
16
21
2
17

2

SE8883

28
46
0
a7
43
32
a7
32
46
2
%
22
72
3
16

Noot

c3RoovBogezo

Py

332415
21433
4x18
12146
41425
8£4
336411
42£0
Mxa
20842
5410
3£7
1x4
84x4
3245
20246
214£16
197 +8
300+7
17246
204418
711
21£10
1916
12£9
142:£22
39426
5314
3ax12
3B£3
209+ 18
184£0
31614
1245
261£7
24348

FPS 1

sk A

83+5
2611
68+ 11
64:£10
38£6
6811
71£9
58+2
831
35£0
67x4
3b£2
82+2
81£3
a5%5
5042
4ax11
71412
86+3
63£5
37£15
41£7
65%4
38£13
78£7
38%3
a4x7
7349
718
7x2
5414
64%0
766
3646
8346
a8x7

Ak AL

139+ 10
53+42
29x4
-57£10
8020
7213
1069
84£0
1944
42410
o1x7
3H£18
44£5
73
5043
—4948
4023
6£10
96£18
1164
428
4556
a7£9
18+6
315
2911
100 18
6013
-3£18
826
17719
2440
5915
a7+4
64420
133 12

pxap

65+9
284£9
25011
204%9
233424
316425
114 £25
233%1
279%5
174 £10
18213
190 17
22346
320 %12
26245
59412
92450
105+9
33423
05x4
9849
20149
266:+9
8718
280£3
1815
206:£15
204416
30427
24621
a8+ 14
8340
203416
363+3
165 +17
1557

FPS2

sk A8

49+9
71£10
64£5
PIFSt]
5546
3tx11
27£7
3Bx2
72%4
6744
2445
7048
a7 %4
16£4
5843
5544
6314
82+6
187
a7 £2
T1E11
6346
4948
82£6
60£4
7046
a9£7
3k 14
T7ET
172
80£7
680
B£13
64£5
3419
58%7

Ak AL

177 %12
1009
155+ 12
—138:£10
97 £15
125425
127436
991
1721
M7£4
-8 15
197
16844
145+ 11
12345
12845
126420
167 + 18
~165+65
—131£10
130+36
12146
1457
12915
176+ 16
M7£4
81£17
147412
1564 11
120+20
45+9
15240
152 16
1165
17319
s4%11

P-axis
AT rEkAr
280£17 2011
316£13 26£13
31012  9+5
76£16 5745
318£21 945
20048 2249
260£20 6010
186£0  12£2
144£5  8x3
24148  18%3
278+20 684
258413 206
816 282
1864 B4xd
94 T4
26849  60£6
160421 1411
15358 11£7
27+12  45%3
12445 63%6
15429 21£13
3BE9 1247
140£9  10%5
15248 27%7
143+5  18£10
88£17  21%5
20£13 65
16410 2211
349£10 16£10
18445 81£2
162:£17 26+ 15
134£0  8x0
6817 2449
646 156
17510 8213
12548 84

T-axis
TEAT  mEAr
26+10 2646
157416 6212
20£9  85x7
18945  17£8
178437 73%7
30£19 6110
5811 20+8
28x4 7742
20744 18£8
1949 5846
®%£8 214
138413 5510
19264 36%4
39£7  52+3
206411 612
17549 2%3
52417 6515
5949 18£10
14£6  40£6
23x4  14%4
45418 50%9
27415 594
243413 507
@9 407
20045 24k 11
W41 566
53£35  74%9
288426 5148
268410 17414
20548 5748
260£27 B4£17
42£0 350
192411 48%9
304x7 6142
153£22 4010
205416 §8+10

cHFZFRAFTAAZIAG T

deddddcldidgddIdaFIcgdIA
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P-wave polarities used for fault plane inversion; FPS, the fault plane solution; For FPS 1 and FPS 2 we reported, o, 4, J: average stike, dip, rake; Ap, Ad, A, standard deviations; For P-T axes, . =, trend, plunge

angles; Ar, A, standard deviations; FT, Fault Type according o Frepoli et al. (2017) classification; NF, Normal Fault; NS, Normal Strike;

S, Strike-siip; TF, Thrust Fault; TS, Thrust Strike; and U, Unknown.
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Sample name In-situ H;0 (%)' Grain size (um) K (%) Rb (ppm) Th (ppm) U (ppm)?

Drum-Fan1 35 90-150 1.756 + 0.04 76.4 +3.1 wre1] 33+02
OSL-DM1017 4.8 126-212 1.95 + 0.05 93.5+37 154 + 1.4 33102
OSL-CF-26H3V 31 126-212 1.82 + 0.06 802+32 133+1.2 2702

"Moisture content assumed to be 5 + 2% over burial history.
2Radioelement concentrations determined with ICP-MS and ICP-AES—dose rates then derived using conversion factors from Guérin et al. (2011).

Cosmic dose (Gy/ka)

0.21 + 0.02
0.22 + 0.02
0.26 + 0.02
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Method

PSINSAR
Extensometer

Geomorphic
Geologic
Forward geodynamic FEM
modeiing

Value (mm/yr)

05
024 (+0.30/
-0.08)
1.0-1.4
1.0 (+1.0/-0.6)
0.1 (+0.12/-0.04)

Remarks

Horizontal displacement rate determined over a period of 8 years Mianit (2010)
Measured on a single fault plane within the inner fault zone of the dria falt over a period of 7 years Gosar et al.
(2009), Gosar et al. (2011)

Measurement of displaced surfaces, age 150-300 kyr Moulin et al. (2014), Mouiin et al. (2016)

Displaced geological markers (strata) over a period of 6 Myr Placer, (1982), Vrabec and Fodor (2006)
Average sip rate value based on crustal properties and stress orientation Kastelic and Carafa (2012)
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Fault name

Fault designation
Fault type

Min_depth [geo]

Max_depth [geo]

Max_depth

Strike [min/max/best estimate]

Dip [min/max/best estimate]

Rake [min/max/best estimate]

Total fault length [along trace/end-to-end]
Segmentation type

Total segment length [along trace/end-to-end]
Total fault area [min/max/best estimate]
Total segment area [min/max/best estimate]
Slip rate [mir/max/best estimate]

Mmeax fault [value + stdev]

Mmax segment [value + stdev]

Activity

Depth quality

Depth evidence

Strike quality

Strike evidence

Dip quality

Dip evidence

Rake qualty

Rake evidence

Siip rate quality

Slip rate evidence

Max mag quality
Max mag evidence

Idrija segment 4 [Idrija fault]

MAF.S1-023/4
Dextral strike-slip
Okm
NA
15 km
290/310/305°
70/90/85°
150/180/165/150°
172/124 km
Geometric
1747 km
2580/2746/2590 km?
255/271/256 km?*
0.06/2.0/1.0 mm/yr
7.66+0.28
654+028
Active
NA
NA
oD, Lb
Based on geologic and structural data Buser et al. (1967), Savic and Dozet (1985)
oD, Lb
Based on geomorphic, geologic and structural data Moulin et al. (2014)
LD, EJ
Inferred from Riznar et al. (2007), Mouin et al. (2014) and from regional structural and stress field data Heidbach et al. (2008)
LD, EJ
Assumed from geomorphological, geodetic and structural data Milanic (2010), Gosar et al. (2011), Kastelic and Carafa
(2012), Moulin et al. (2014), Moulin et al. (2016)
ER
Inferred from fault characteristics and empirical relationship by Wells and Coppersmith (1994)
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Fault/segment designators

Fault/segment geometric parameters

Fault/segment kinematic and activity parameters

® Name

 Numerical designation

Type

 Depth - geological (min/max/best estimate)

 Depth - seismological (min/max/best estimate)

« Strike (min/max, best estimate)

 Dip (min/max/best estimate)

« Fault length (along trace/end-to-end)

 Segment length (along trace/end-to-end)

 Segment type (structural/geometric/geologic/behavioral/earthuake)

o Fault area (min/max/best estimate)

 Segment area (min/max/best estimate)

« Slip rate (min/max/best estimate)

« Rake (min/max/best estimate)

 Fault maximum M, based on fault length (best estimate, standard deviation)

« Fault maximum M, based on fault area (best estimate, standard deviatior)

* Segment maximum M, based on fault length (best estimate, standard deviatior)
 Segment maximum M, based on fault area (best estimate, standard deviation)
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Acquisition parameters

Survey Number of Total Record Source Source Source Streamer  Streamer Shot point Group
lines length (km) length (s) type power (c.i.) depth(m) depth(m) length(m) interval (m) interval (m)

CA99 8 1581.0 6-12 Airgun Array 3410 6 8 6000 25 125
MEMO7 15 1514.3 12 Airgun Array 2200 8 7200 37.5 12.5
CROP 7 714.2 17-20 High Pressure Airgun 140 bar 6 12 4500 62.5 25
Etnaseis 6 333.0 1117 Airgun array 840 23 20! 4475" 4258 25

3810 212 23752 454 25

502

The acquisition source power is conventionally expressed in cubic inches (c.i.) except for the CROP survey (bar).

1E1. E2 E6:2E3 E5:3E6: 4E1, E2.

Etnaseis seismic line numbers as in Nicolich et al. (2000):
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Geologic description and seismo-stratigraphic facies

Age

References

Units U1

U2

u3

U4

us

ue

U9

Unconsolidated siliciclastic turbiditic and distal deposits
often associated with chaotic bodies at the base of the
succession. Analog of units PP and Q of Figure 1.
Well-layered HF-LA reflectors with the presence of
numerous unconformities.

Salt—bearing complex related to the tectonic stacking of
Messinian evaporites.

HA and quite continuous reflectors at the top, overlying a
highly homogeneous reflection-free zone bounded at the
base by a planar HA reflector.

Siliciclastic deposits (analog of outcropping units in Sicily
and Southern Apennines) marked by on-lap on U4.
Alternating HA-LF, subparallel reflectors, bounded at the top
by a continuous HA reflector; this unit can be differentiated
from the accretionary wedge only in the external regions.

Pelagic carbonate sediments (analog of outcropping units
in Sicily and Southern Apennines, AMU unit in Figure 1),
covering the lonian oceanic crust.

LA-LF subparallel reflectors characterized at the base by
high-amplitude reflectors 0.3 s TWT thick.

Noisy seismic facies located under HA-LF seismic
reflections at 8.5 s TWT in the external area of the
accretionary wedge.

Calabrian Accretionary Wedge made up by the tectonic
stacking of U3, U4 (AMU unit in Figure 1), and of the
Calabride units (KPU in Figure 1).

Chaotic and highly deformed LA seismic facies with some
LF-HA discontinuous reflectors.

Hyblean platform carbonates. Analog of HU unit in
Figure 1.

Layered HF seismic facies in the upper part; transparent
seismic facies in the lower part.

Pliocene — Holocene

Messinian

Paleocene (?) — Tortonian

Triassic — Cretaceous

Mesozoic — Pliocene

Mesozoic — Miocene

Minelli and Faccenna, 2010; Polonia
etal., 2011, 2016; ODP 160-964

Finetti and Morelli, 1972; Polonia et al.,
2011; Gallais et al., 2012; ODP
160-964; DSDP 42-374

Minelli and Faccenna, 2010; Gallais
et al., 2011; Polonia et al., 2011

Catalano et al., 2001; Stampfli and
Borel, 2002; Mller et al., 2008

Minelli and Faccenna, 2010; Polonia
et al., 2011; Gallais et al., 2012

HA, high amplitude; LA, low amplitude; HF, high frequency; LF, low frequency.
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Fault

F1
F2
F3
F4

Fault length
(km)

62.1
67.2
a1
85.1

Moment magnitude

719
7.27
6.95
7.32

Average offset
per event
m)

0.68
1.35
0.99
1.78

Measured offset
(m)

522 + 22.4
31.70 + 7.97
4.87 +2.45
20.4 + 10.5

Recurrence interval
(kyr)

5.24 + 261
171+ 6.1
81.57 + 46.05
34.9 + 20.1

Slip rates
(mmiyr)

0.13 + 0.07
008 + 0.03
0.012 + 0.007
0.05 + 0.02
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Surface

AF3

PC

TG

Sample ID

ON_002i
ON_002ii
ON_002iii
ON_004Ci
ON_004Gii
ON_004Giii
ON_004Ai
ON_004Aii
ON_005C-A
ON_005C-B
ON_005C-B2

Age (ka)

483 + 37
242 +17
444 +34
488 + 38
304 + 22
436 + 33
126+9
144 + 10
83+6
90+6
88+6
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sample site Lat. Long. Elev. Sample ID Average sample thickness "°Be conc. ™°Be conc. 15

Dec. Deg. m.as.l. cm x10° at/g
AF3 45.31366 100.82268 1,352 ON_002i 25 561 0.18
45.31366 100.82268 1,352 ON_002i 25 298 0.10
45.31366 100.82268 1,352 ON_002ii 3 519 0.17
45.20874 100.61554 1,294 ON_004Gi 25 539 0.18
45.20874 100.61554 1,204 ON_004Gii 2 354 0.12
45.20874 100.61554 1,294 ON_004Gii 35 484 0.16
PC 45.20847 100.61143 1,282 ON_004Ai 25 1.49 0.05
45.20847 100.61143 1,282 ON_004A 40 168 0.06
G 4519965 100.77969 1,265 ON_005C-A 30 095 0.03
45.19965 100.77969 1,265 ON_005C-B” 325 1.04 003
4519965 100.77969 1,265 ON_005C-82° 325 101 0.03

“Other inputinto the online calculator that was consistent for al the samples included: appiying the 'std flag for the atmospheric pressure model; applying the ‘07KNSTD' flag for the AMS
standards; a density of 2.6 g/om3; and a zero erosion rate. In al cases topographic shieiclng is negligible.
Duplicate samples. See main text.
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Sample Lab.no Description 13C/12C Measured Conventional
(o/00) radiocarbon  radiocarbon
age (a BP) age (a BP)
TC2C2 449346 Humic plant —28.7 16170 + 50 16190 + 50
TC2C4 449347 Humic plant —23.6 16280 + 50 16300 + 50
TC2C13 449345 Humic plant —27.0 1030 £+ 30 1000 + 30
TC2C18 436895 Charcoal -234 12450 + 40 12480 + 40
TC2C20 449348 Charcoal —24.0 12160 + 40 12180 £ 40
TC2C21 449349 Humic plant —26.7 440 £+ 30 410 £ 30
YSB-C1 485425 Charcoal —24.4 2540 + 30 2550 + 30
YSB-C6 476016 Charcoal -25.3 1940 + 30 1940 + 30
TC3C3 436892 Humic plant —26.1 1300 + 30 1280 + 30
TC3C5 436893 Humic plant —26.8 1750 + 30 1720 £+ 30
TC3C7 449352 Humic plant —26.0 1150 £+ 30 1130 £ 30
TC3C30 436894 Humic plant —25.7 270 £30 260 + 30
TC3C36 449351 Charcoal -27.9 1150 + 30 1100 + 30
TC4C2 436888 Humicplant —25.6 1720 £ 30 1710 £ 30
TC4C4 436889 Humic plant —25.3 1230 + 30 1230 + 30
TC4C5 449350 Charcoal —25.1 1180 + 30 1180 + 30
TC4C8 461578 Humic plant —27.5 1940 + 30 1900 + 30
TC4C9 436890 Humicplan —24.4 1750 + 30 1760 + 30
TC4C14 436891 Humic plant —27.3 156560 + 30 1510 £ 30
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Events

P4 mmp

P3 mmp

P2 wp

P] =)

Measured Conventional
. . . 14C Radiocarbon | d13C | Radiocarbon
Stratigraphic Units
samples Age (o/00) Age
(aBP) (aBP)
Us Modern soil
yellow reddish
U4b
_ sand-gravel
Yellow reddish TC3C30 | 270%30 -25.7 260130
coarse sand mixing
Uda
many fine-sand
lens
Ush Gray and reddish | TC4C4 1230+£30 | -25.3 123030
fine sand TC4C5 1180%+30 | -25.1 1180%30
Gray coarse sand
U3a containing many | TC3C36 | 1150+£30 | -27.9 110030
gravel lens
; Dark-brown coarse
U2b sand thatis rich in | TC3C3 130030 | -26.1 128030
organic material
Un Gray and reddish | TC3C7 115030 | -26.0 113030
2 coarse sand TC4C14 | 1550%+30 | -27.3 151030
Ulb Gray fine sand TC4C2 1720£30 | -25.6 171030
TC3C5 175030 | -26.8 172030
Dark-gray coarse
Ula TC4C9 175030 | -244 1760130
sand
TC4C8 194030 | -27.5 190030
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Rupture SL (km) W (km) [68% CI] M, [68% CI]

Mato de Miranda-Santarem 20 87,10 6.4(6.2,66]
Mato de Miranda-Azambuia 43 14 [12-18) 7.0(6.8,7.1]
Mato de Miranda-Ahandra 63 19[16-23) 7.2[7.1,74]
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Well number

i e e

API

3705974
3721802
3720519
3706330
3705892
3705449
3706034

Longitude

-118.4479
-118.4549
~118.4485
-118.4563
-118.4652
-118.486
-118.4666

Latitude

34.2038
34.2577
34.2702
34.2798
34.2833
34.2882
34.3258

Source

Tsutsumi and Yeats (1999
Tsutsumi and Yeats (1999
Tsutsumi and Yeats (1999
Tsutsumi and Yeats (1999
Davis and Namson (1998)
Tsutsumi and Yeats (1999)
Davis and Namson (1998)
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Horizon

Bt1

Bt2

Bench

Bench
Cox

Depth (cm)

0-37

37-80

80-160

160-230
230-280+

280-335
335-500+

Description

10 YR8/3 m, 4.5/3 d; slightly gravelly Loam texture; moderate, coarse subangular blocky structure; soft to slightly hard dry consistence, siightly
sticky and slightly plastic wet consistence; no clay fims observed; abrupt, irregular boundary to:

7.5-10 YR4/4 m, 7.5 YRA/6 d; very gravelly Sandy Clay Loam texture; strong, coarse angular block structure; extremely hard dry consistence,
very sticky and plastic wet consistence; continuous thick dlay fims on ped faces and within pores, many moderately thick to thick clay fims
bridging grains (clay fim colors range from 7.5 YR 4/3 to §/6 m); clear, wavy boundary to:

7.5-10 YR4/4 m, 4/6 d; very gravelly Sandy Loam texture; weak to moderately developed coarse subangular blocky structure; slightly hard diry
consistence, slightly sticky and non-plastic wet consistence; continuous, thick clay films lining pores, many thin to thick clay films bridging grains,
few thick clay films on ped faces (clay film colors 7.5 YR4/4 & 4/6 m, 10 YR 4/4 m), boundary in bench:

Bt2 material exposed in the bench, so the B2 s inferred to extend to about 230 cm depth.

10 YR4/6 m, 5/6 di; very gravelly Loamy Sand texture; massive breaking to weak, coarse subangular blocky structure; soft dry consistence, non-
sticky and non-plastic wet consistence; common thin clay films bridging grains in lams, few thin to moderately thick clay films on clast-matric
interfaces; boundary in bench;

BC in lower bench; gradual, iregular boundary to:

10 YRS/3 m, 5/4 d; very gravelly Sand texture; massive breaking to weak, medium subangular blocky and single grain structure; soft o loose dry
consistence, non-sticky and non-plastic wet consistence; Fe;O, and Mn,083 banding (indicating a fluctuating groundwater leve); boundary not
exposed but expected to be abrupt and smooth over Tm bedrock.

Notes: Field conaliions: soilis moist from previous nights’ rain. Soil exposure is in a benched trench with 4-5 foot risers. Soil was described over a deep “pit” into Tm, where deposits are
thickest. Alluvium is cobbly to boulder alluvium interpreted as fluvial deposits over a strath surface. Capping alluvium may be a debris flow deposit as it is more poorly sorted but contains
wel-rounded clasts. Clasts are rotted in Bt horizon: Most clasts in the upper part of the profile are easily cut with a scrapper although some show resistance but are cut with difficulty. Most
clasts are of granitic composition, with some mafic-rich clasts (basalt? Or dark, fine-grained amphibolite) —interpreted as sourced out of the San Gabriel Mountains.
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Events

ES mmp

E4 mp

E3 mmp

E2 mmp

E] mmp

Yo

Y5b

Y4b

Y4a

Y3

Y2b

Y2a

Y1

Measured Conventional
. . . 14C Radiocarbon | d13C | Radiocarbon
Stratigraphic Units
samples Age (o/00) Age
(aBP) (aBP)
Brown sandy soil
Brown-yellow
sand and small
gravel
Flavescens fine
_ sand with a
| certain horizontal
bedding
Variegated
ariegde YSB-C6 | 1940430 | 253 | 194030
sand-gravel
Livid fine sand | TC2C21 440+30 -26.7 410130
TC2C13 | 1030+30 | -27.0 1000+30
Gray-black loam YSB-C1 | 2540%30 | -244 2540+30
and finesand | 7000 | 12160440 | 240 | 12180440
TC2C18 | 12450+40 | -23.4 12480+40
Gray fine sand
layer
Dark-gray fine
sand layers and
sand-gravel
= ,V TC2C4 | 16280+50 | -23.6 16300%50
layers with a
certain thythm
characteristic.
Gray sand-gravel
and coarse sand | TC2C2 | 16170%+50 | -23.7 16190+50

layer
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Marker

Rumipamba, offset soils (Baize et al., 2015)
Rumipamba, offset of landscape features
inter et al., 1993)

Site A (deflected DAD incised valleys)

Site B (deflected DAD incised valleys)

SW flank Igualata volcano

z

Igualata volcano, incised gully
NE flank Igualata

Huisla DAD incised creek
Pisayambo moraine (Champenois et al., 2017)
Latacunga fold topography

D (km)

24
26
28
37
44
55
90
90

Offsets (m)

7.3-23
415

60-120
60-90
900-1500
68-78
2100-2500
60—
16-20
N/A

Time range (kyr)

6.25-0
330r 14-0
13 or 10-0*
60 or 45-0*
60 or 45-0
376-0
330r 14-0
376-0
180 or 15-0
330r 14-0
INSAR

SR min.

1.2
18
2.9
2.5%
2.5%
2.4
2.1
5.6
03
0.45
2

SR max

3
3
46
428
35%
4
5.6
6.6
4
1.4
2.4

SR mean

2.1
2.1
3.7
3.48
3$
3.2¥
3.85
6.1
215
0.925
2.2

Quality

Very reliable

Reliable

Ques

ionab

Speculative

Ques
Ques

ionab
ionab

Reliable

Ques

ionab

Speculative

Ques

ionab

Reliable

Comment

Timing and offsets are well constrained

Questionable age of incision

Very hypothetical age of incision

Age and amoun
Age and amoun
Age and amoun
Displacement is
Age and amoun
Age and amoun
Age and amoun

of displacemen
of displacemen
of displacemen
well constrained
of displacemen
of displacemen

of displacemen

Very short term assessment

are no
are no
are no
;ageis
are no
are no

are no

constrained

well constrained

well constrained
questionable

well constrained

constrained

well constrained

Related uncertainties and reliability. SR, slip rate (mm/yr). Age of landforms according to Winter et al. (1993) * and Samaniego et al. (2012)*; $ Slip rates includes apparent offset of ~110 m on parallel strand

(Baize et al., 2015).
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