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Upper-plate normal faults along forearcs often accumulate slip during >Mw 6 earthquakes. Such normal faults traverse the forearc of the Hellenic Subduction System (HSS) in Greece and are the focus of this study. Here, we use detailed field-mapping and analysis of high-resolution Digital Elevation Models (DEMs) to study 42 active normal faults on the islands of Kythira and Antikythira in the Aegean Sea. Onshore fault kinematic data are complemented by seabed bathymetry mapping of ten offshore faults that extend along the Kythira-Antikythira Strait (KAS). We find that normal faults in the KAS have lengths of ∼1–58 km and scarps ranging in height from 1.5 m to 2.8 km, accommodating, during the Quaternary, trench-orthogonal (NE-SW) extension of ∼2.46 ± 1.53 mm/a. Twenty-eight of these faults have ruptured since the Last Glacial Maximum, with their postglacial (16 ± 2 ka) displacement rates (0.19–1.25 mm/a) exceeding their Quaternary (≤0.7–3 Ma) rates (0.03–0.37 mm/a) by more than one order of magnitude. Rate variability, which is more pronounced on short (<8 km) faults, is thought to arise due to temporally clustered paleoearthquakes on individual KAS faults. When displacement accumulation is considered across the entire onshore fault network, rate variability between the two time-intervals examined decreases significantly (2.79 ± 0.41 vs 1.29 ± 0.99 mm/a), a feature that suggests that earthquake clustering in the KAS may occur over ≤16 ka timescales.
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1 INTRODUCTION
Forearc regions along active convergent plate boundaries are broken up by normal and reverse faults which are located at depths of <20 km and are often associated with M < 7 earthquakes (Kelsey et al., 1998; Kato et al., 2011; Mouslopoulou et al., 2014; Robertson et al., 2019; Nicol et al., 2020a). As these upper-plate faults are located above the subducting plate-interface, their activity and kinematics appear to be intimately linked to the mega-thrust seismic cycle (e.g., Mountjoy and Barnes, 2011; Shirzaei et al., 2012; Cortes-Aranda et al., 2015; Menant et al., 2020; Mouslopoulou et al., 2020), while their geometries are largely controlled by the orientation of the subduction trench (Armijo et al., 1992; Moore et al., 2013). Indeed, rupture on upper-plate normal or reverse faults may closely precede (Schurr et al., 2014), follow (Farias et al., 2011; Kato et al., 2011) or occur in conjunction with megathrust events (Wang et al., 2018; Mouslopoulou et al., 2019). Thus, understanding better this interaction is a pre-requisite to better assessing the kinematics and seismic potential of forearc basins.
The Hellenic Subduction System (HSS) is the fastest converging plate-boundary in the Mediterranean, accommodating ∼35–40 mm/a of the relative motion between the African and Eurasian plates (McClusky et al., 2000). Historically, the southern section of the HSS has been the locus of large-magnitude (6<M<8) earthquakes (Papazachos and Papazachou, 1997; Konstantinou, 2010; Andinisari et al., 2020) but also mega-earthquakes (M > 8), such as the AD 365 and the AD 1303 events offshore Crete (Flemming, 1978; Pirazzoli et al., 1982; Ambraseys, 2009) (Figure 1). The former events were mostly forearc events produced by extensional faults at shallow depths (<20 km) whereas the latter were mega-thrust earthquakes that ruptured large splay faults within the plate-interface zone (Shaw et al., 2008; Mouslopoulou et al., 2015a, Saltogianni et al., 2020) (Figure 1). The upper-plate normal faults studied here are commonly located in the immediate hanging-wall of these thrust systems (Alves et al., 2007; Shaw and Jackson, 2010; Kokinou et al., 2012; Mouslopoulou et al., 2015a, 2020), forming distinct horst and graben topography in the Hellenic forearc, both onshore (Caputo et al., 2010; Veliz et al., 2018; Nicol et al., 2020a) and offshore (Alves et al., 2007; Sakellariou and Tsampouraki-Kraounaki, 2019). Despite the detailed accounts on the kinematics and seismic potential of the faults within the plate-interface zone (Shaw et al., 2008; Tiberti et al., 2014; Mouslopoulou et al., 2015a; Howell et al., 2017; Saltogianni et al., 2020), to date, little is known about the presence, kinematics and associated seismic hazard of upper-plate normal faulting along the southwest Hellenic forearc (i.e. the islands of Kythira and Antikythira).
[image: Figure 1]FIGURE 1 | (A) Map illustrating the main morphotectonic elements of the Hellenic Subduction System (HSS). The study area is indicated by red polygon. Black-dashed lines are isodepths to the top of the plate-interface (from Bocchini et al., 2018). Late Pleistocene marine terraces are indicated by yellow lines (Mouslopoulou et al., 2015b; Howell et al., 2017). Red and yellow stars indicate the epicentres of the AD 365 (M8.3) and AD 1303 (M8) earthquakes, respectively. GPS velocities relative to the Eurasian plate are shown by white arrows (McClusky et al., 2000). The splay-thrust faults that define the Hellenic Trough are indicated (modified from Mouslopoulou et al., 2015a). KTF is Kefalonia Transform Fault. (B) Fault map of the Kythira and Antikythira Strait (KAS). The 2006 Mw 6.7 and the 2019 Mw 6.1 earthquakes are shown by green and blue stars, respectively. Numbers within the stars indicate hypocentre depth. Numbers in white squares correspond to fault IDs presented in Supplementary Table S1. The location of the profile B-B′ used to calculate extension rate across the KAS, is indicated.
Here, we report on the geometries and kinematics of 52 normal faults that traverse the forearc of the southwestern HSS, onshore and offshore the islands of Kythira and Antikythira (Figures 1, 2). We find that at least 26 of these faults that outcrop onshore have ruptured since the Last Glacial Maximum (LGM) (16 ± 2 ka) with average displacement rates up to 12 times faster than their long-term (≤0.7–3 Ma) rates, especially on short (<8 km) faults. This variability is less pronounced when fault growth is examined over greater spatial scales.
[image: Figure 2]FIGURE 2 | Fault map of Kythira (A) and Antikythira (B). Lines on the shaded relief map indicate active normal faults with resolvable activity during the last ∼16 years (postglacial scarps are also highlighted in pink) and late-Quaternary activity alone (with no resolvable postglacial displacement). Numbers next to faults correspond to fault ID’s in Tables 1, 2. Eye-shaped symbols indicate the localities on Kythira and Antikythira where each of the photos illustrated was taken (c, d, e, f, g, and h). The solid black line indicates the location of the Profile A-A′ presented in Figures 10A,B.
1.1 Geological Setting of the Kythira-Antikythira Strait
The Kythira-Antikythira Strait (KAS) extends for about 130 km along the western segment of the HSS, connecting western Crete with southern Peloponnese via a bathymetric ridge (Figure 1). The KAS ridge trends ca. N30°W parallel to, and located ca. 50–60 km to the east of, the Hellenic Trough (Figure 1). The ridge is 40–50 km wide with an average water-depth of 150–200 m at its crest and is above sea-level on numerous islands, the largest of which are Kythira (maximum altitude ∼500 m a.s.l.) and Antikythira (maximum altitude ∼370 m a.s.l.). The geometries of Kythira and Antikythira are partly controlled by uplift and subsidence associated with normal faulting (Lyberis et al., 1982; Papanikolaou and Danamos, 1991). Both islands are located on a horst that runs parallel to the ridge and are crossed longitudinally by normal faults, with Kythira (∼280 km2) being ∼14 times larger than Antikythira (∼20 km2). Faulting of these islands is the focus of this study.
The Neogene sedimentary cover in the study area is of Miocene and Pliocene age and rests unconformably on alpine basement rocks of Mesozoic age (limestone, phyllite-quartzite and flysch) (Petrocheilos, 1966; Lyberis et al., 1982; van Hinsbergen et al., 2005). On Kythira, two sedimentary groups are identified: 1) upper-Miocene sedimentary rocks that outcrop near the village of Mitata and are of fluvial, lacustrine and (towards the top) shallow-marine origin; 2) Late-Pliocene marine sediments (Petrocheilos, 1966). Pliocene sedimentary rocks unconformably overlie the basement and the Miocene deposits (Meulenkamp et al., 1977). The sedimentary cover on the island of Antikythira consists of sandy marls, marly clays and calcarenites as old as of Tortonian age (Lyberis et al., 1982; early Late Miocene).
Van Hinsbergen et al. (2006) reconstructed the vertical movements of the island of Kythira using stratigraphic constraints from Meulenkamp et al. (1977) and found that subsidence followed by rapid uplift occurred over timescales of hundreds of thousands of years. Today, marine terraces are recorded on the islands of Kythira and Antikythira at elevations ranging from 0 to 320 m (Figure 2) (Gaki-Papanastassiou et al., 2011), indicating long-term uplift. Although these marine terraces have not been dated, based on stratigraphic relationships they are inferred to be Late Quaternary in age (Gaki-Papanastassiou et al., 2011).
During the Alpine orogeny, the KAS experienced mainly contractional deformation and associated thrust faulting (a process known as nappe stacking; Le Pichon et al., 2002 and references therein). Upper-plate post-Miocene deformation in the KAS is dominated by extension and normal faulting (Lyberis et al., 1982). Normal faults in the KAS have been mapped both onshore (Lyberis et al., 1982; Papanikolaou and Danamos et al., 1991; Doutsos and Kokkalas, 2001; Lekkas et al., 2008; Gaki-Papanastassiou et al., 2011) and offshore (Lyberis et al., 1982; Le Pichon et al., 2002; Kokinou and Kamberis, 2009; Sakellariou and Tsampouraki-Kraounaki, 2019), using a combination of fieldwork, analysis of seismic-reflection lines and bathymetric profiles. Normal faulting on the exhumed Alpine nappe-stack started to dominate, forming a characteristic basin-and-range topography, in the mid-to late-Miocene. Normal faulting was then characterised by a NNW-SSE strike and accommodated extension approximately orthogonal to the trench (Lyberis et al., 1982; Papanikolaou and Danamos, 1991; Marsellos and Kidd, 2008). Post-Miocene ductile and brittle-ductile structures associated with the Potamos Detachment Fault (Figure 2A) indicate that significant trench-parallel extension occurred locally in Kythira, possibly during the Pliocene (Papanikolaou and Danamos, 1991; Marsellos and Kidd, 2008). This local change in the kinematics may be associated with the unconformity recorded between the Miocene and Pliocene deposits (Meulenkamp et al., 1977).
The most recent period of deformation commenced in the early Pleistocene (∼2.5 Ma) and is, again, associated with extension orthogonal to the trench (Lyberis et al., 1982; Marsellos and Kidd, 2008), which reactivated some of the NW-SE faults. Pleistocene extension and associated normal faulting characterises the entire HSS forearc down to crustal depths of ∼20 km and is thought to have produced most of the normal fault displacements recorded in the Hellenic forearc (Angelier et al., 1982; Lyberis et al., 1982; Shaw and Jackson, 2010; Nicol et al., 2020a).
The seismic hazard on the islands of Kythira and Antikythira remained largely unconstrained until the 2006 Mw 6.7 Kythira Earthquake (Figure 1). Although that was an intermediate-depth event (60 km) (Konstantinou et al., 2006) (Figure 1), unrelated to the faults studied here, it caused significant damage to buildings and infrastructure at the Kythirian village of Mitata (Lekkas et al., 2008), raising public awareness about the potential seismic hazard in the region. The most well-known examples of historical M > 6 earthquakes in the KAS, include those of 800, 1630, 1750, 1789, 1866, 1889, and 1903 AD (Papadopoulos and Vassilopoulou, 2001 and references therein). From the above list, only the 1866 AD event may be unequivocally characterised as an upper-plate event (Papadopoulos and Vassilopoulou, 2001). The 1889 earthquake may have also been generated in the upper-plate, however, some uncertainty relating to its hypocentral depth remains (Papadopoulos and Vassilopoulou, 2001). The remaining five earthquakes are thought to be deep-sourced events (i.e., either intra-slab or subduction-thrust earthquakes) (Ambraseys et al., 1994; Papazachos and Papazachou, 1997; Papadopoulos and Vassilopoulou, 2001). Besides, no large (M > 6) upper-plate earthquake has occurred within the KAS during the instrumental period (the last approx. 50 years) (https://bbnet.gein.noa.gr/HL/).
2 DATA AND METHODS
We have identified and characterised 42 faults that outcrop on the islands of Kythira and Antikythira (Tables 1, 2), together with a further ten offshore faults located within the KAS (Figure 1; Supplementary Table S1). Onshore fault analysis is based on structural field observations, which were complemented by analysis of a high-resolution DEM (5 m pixel size—data derived from the Greek cadastre agency) from the islands of Kythira and Antikythira using ArcGIS 10.6 (Figure 2). Field data include measurements of fault geometries (strike/dip), striations and, scarp heights (vertical fault displacement or throw). Digital mapping of topography on the DEM was used to initially define lineaments which were subsequently ground-truthed during fieldwork. DEMs were also used to estimate fault length and cumulative (long-term) fault displacement, using the topographic changes across fault traces as a first-order proxy for displacement (for details see Nicol et al., 2020a).
TABLE 1 | Table illustrating the main structural and kinematic characteristics of each fault on the island of Kythira (*error is calculated as +40% and −20% of the total throw measurement; see text for details).
[image: Table 1]TABLE 2 | Table illustrating the main structural and kinematic characteristics of each fault on the island of Antikythira (*error is calculated as +40% and −20% of the total throw measurement; see text for details).
[image: Table 2]The main parameters used to assess fault-slip accumulation through time include fault displacement (D) and fault length (L). Fault displacements were measured in the field using tape-measure (±0.2 m) and on the DEM (±1 m) by collecting topographic profiles along and across faults (Figure 3; Supplementary Figure S1). Fault displacements were assessed over two distinct time-intervals: 0–16 ± 2 ka and 0–0.7–3 Ma (age constraints are discussed below). As there is no record of creep on normal faults in Greece (Nicol et al., 2020a), while there is plenty of evidence for co-seismic rupture of the ground surface during historic and prehistoric normal fault earthquakes (Papazachos and Papazachou, 1997; Benedetti et al., 2003; Mouslopoulou et al., 2014; Mechernich et al., 2018), the scarps measured here are considered to be the product of repeated large-magnitude (M > 6) earthquakes that have been accrued on faults since the Last Glacial Maximum (LGM), either due to primary or secondary fault-slip. Nevertheless, some creep cannot be completely discounted. The idea of using the carbonate fault scarps in Greece as a measure of postglacial fault activity was first introduced by Benedetti et al. (2002), who dated an active fault scarp near Sparta, using cosmogenic nuclides (36Cl). Subsequently, this methodology was applied on numerous other faults in Greece (Benedetti et al., 2003; Mouslopoulou et al., 2014; Mechernich et al., 2018) and eastern Mediterranean (i.e., Benedetti et al., 2013; Tesson et al., 2016; Mozafari et al., 2019; Goodall et al., 2021) to constrain the timing of the exhumation of these scarps. 36Cl dating from these studies showed that scarp ages consistently ranged between c. 14–20 ka. Here, we adopt the age of 16 ± 2 ka for the onset of normal fault scarp formation, as estimated on the neighbouring island of Crete using 36Cl dating (Mouslopoulou et al., 2014). This age is within the range of other published 36Cl ages of fault scarps in Greece (Benedetti et al., 2002, 2003; Mechernich et al., 2018).
[image: Figure 3]FIGURE 3 | Displacement accumulation profiles along two faults in Kythira over the last 0.7–3 Ma (A) and 16 ± 2 ka (B): The Gerakianika Fault (ID = 31 in Table 1) from Group A and the Kapsali Fault (ID = 23 in Table 1) from Group C. Across-strike profiles on the same faults over the last 0.7–3 Ma (C).
Cumulative displacements measured across faults on the two islands postdate the age of the oldest marine sediments, the planation of the islands and, thus, the formation of the oldest (highest) marine terraces. Therefore, the maximum timing of the long-term fault displacements may be indirectly constrained (as no direct age constraints are available) from data presented by Meulenkamp (1985), who identified marine Pliocene deposits (as young as Late Pliocene, ∼3 Ma, based on planktic foraminiferal zonation) near the village of Mitata (Kythira) at elevations up to 350 m. This age of marine sediments pre-dates the formation of the highest marine terrace on Kythira. The minimum age for the oldest marine bench can be estimated by direct correlation of marine terraces to Marine Isotopic Stages (MIS). Gaki-Papanasstasiou (2011) traced six terraces below the highest terrace of Kythira (at ∼320 masl). In estimating a minimum time interval represented, we interpret that broad and well-developed benches represent sea-level high stands of significant duration, separated by time and uplift from previous high stands. Assuming that the lowest of these marine benches represents MIS 5, counting back, with each preceding odd-numbered MI stage represented by a single high stand, the seventh bench correlates with MIS 17, representing an age of ∼700 ka (Lisiecki and Raymo, 2005; Rabineau et al., 2006). At that time (∼700 ka), sea-level is estimated at between −10 and −30 m amsl (Rabineau et al., 2006). Therefore, despite the lack of direct age constraints for the marine benches on the studied islands, indirect age estimates provide first-order observations on the timing of their emergence at 0.7–3 Ma (or 1.85 ± 1.15 Ma).
Post-glacial displacements have been measured for 26 individual faults (∼65% of the onshore fault population; see red faults in Figure 2). For the remaining onshore faults (n = 16), we measured long-term displacement only, as these faults displayed no postglacial activity (i.e. see green faults in Figure 2). Despite the lack of evidence of post ∼16 ka displacement on these faults, they are typically associated with steep geomorphic slopes, hanging valleys with reversed drainage and convex across-strike displacement profiles (Supplementary Figure S1), features similar to those recorded on faults with proven postglacial activity (e.g. Kapsali and Gerakianika faults in Figures 3A,C); when one or more of these features are combined, they are indicative of active normal faulting (Wallace, 1977). The absence of postglacial scarps along some active faults may indicate that they either have not accommodated any surface-rupturing earthquake in the last 16 ± 2 ka, that the scarps produced were rapidly modified by surface processes or that fault throws are too small to be resolved in the DEM (<2 m height). Therefore, all of the mapped fault traces presented in Figure 2 are inferred to be active (although some have not ruptured during the last ∼16 ka).
The discrimination between postglacial from older scarps on the active faults studied is supported by the presence of ‘fresh’, polished exhumed planes along the base of older (eroded) scarps. For most faults examined, postglacial scarps were clearly distinguishable from older scarps as they carried striations produced in response to the most recent extension direction (see Section 3.5), and were continuous for several hundreds of meters to kilometres (Figure 2). To minimise the impact of erosion and deposition that can locally affect the estimates of the postglacial displacements, an effort was made to sample fault scarps along intact fault traces (i.e. where there is no evidence of significant erosion or burial). Scarp height was routinely measured at two to five localities along each fault and preferably near the fault’s centre. To minimize uncertainty, between 10 and 20 measurements were collected at each locality (for the range of these values see Supplementary Table S4). The postglacial displacements presented for each fault in Table 1 (Kythira) and Table 2 (Antikythira) represent the average of the maximum throw recorded in these profiles.
Topographic profiles have been collected along (Figure 3A and Supplementary Figure S1) and across (Figure 3C and Supplementary Figure S1) locally over-steepened slopes produced by normal faults. The along-strike profiles represent the hangingwall-footwall separation (i.e. fault throw on each topographic profile was extracted by subtracting the elevation of the hangingwall from the elevation of the footwall). In our effort to minimise uncertainties on the along-strike profiles, we chose a suitable distance from the fault trace (within 250 m from the fault) to avoid youthful landscape features (i.e. streams, manmade features, etc). In circumstances where a fault involved numerous fault strands/segments, the displacements were aggregated along/across each fault (e.g. the southern tip of Fault 15 in Figure 2A or the northern tip of Fault 37 in Figure 2B). Maximum fault throw derives from numerous (n = 10) across strike profiles near the fault’s centre (e.g. Figure 3B). However, the topographic difference between the top and bottom of each range-front should be considered as a minimum, as footwall erosion and hangingwall sedimentation both tend to decrease topography and, hence, could lead to underestimates of the maximum measured long-term throw (Zhang et al., 2017; Nicol et al., 2020a). On the other hand, pre-existing topography could lead to overestimates of fault throw. Here, we are conservative and assign uncertainties of +40% and −20% to maximum fault throws derived from the topography. Post-glacial and cumulative vertical displacements have been subsequently converted into net-displacements on each fault, using the measured fault dips (Figure 4).
[image: Figure 4]FIGURE 4 | Shaded relief maps highlighting faults in Kythira and Antikythira with (red) and without (green) postglacial activity for Group A (A), Group B (B) and Group C (C). The white faults in each panel represent all other fault types. Fault-dip histograms for Kythira (red) and Antikythira (blue) are shown below each fault group.
Offshore faults were derived from analysis of a ∼150 m resolution DEM (portal.emodnet-bathymetry.eu/?menu = 19) coupled with published bathymetric maps (Lyberis et al., 1982; Sakellariou and Tsampouraki-Kraounaki, 2019) and seismic-reflection profiles (Kokinou and Kamberis, 2009). As the resolution of the offshore DEM (∼150 m) is more than one order of magnitude lower than that onshore (5 m pixel size resolution), here, we were only able to target the larger offshore faults and derive first-order estimates on their throws and geometries to complement the analysis performed onshore. For this reason, our offshore dataset is biased towards the larger faults in the KAS. Bathymetric profiles have been collected across scarps (Supplementary Figure S2) recorded on sea-bed and interpreted to result from normal fault-slip at depth. To derive the across-strike profiles for the offshore faults (Supplementary Figure S2), the same procedure as for the onshore faults was followed using the bathymetric DEM. The measured cumulative displacements across these faults must postdate initiation of the gently east-dipping East Peloponnese and Kythira detachment systems in the late-Miocene to early Pliocene (Papanikolaou and Royden, 2007). Normal faulting in the KAS is contemporary with development of Pliocene to Quaternary basins east and west of the KAS (Kokinou and Kamberis, 2009; Sakellariou and Tsampouraki-Kraounaki, 2019). Hence, the same age-constraints used for the timing of onshore normal faulting (0.7–3 Ma) is used here to constrain the displacements observed on the sea-floor. Further, we reiterate that the resolution of bathymetric data, coupled with the lack of available subsurface geophysical information that could corroborate our interpretations, may result in uncertainties in the offshore fault length and displacement measurements presented here.
Fault length is an important parameter for estimating earthquake magnitudes and single-event displacement on faults (Wells and Coppersmith, 1994; Wesnousky, 2008). Surface ruptures produced along faults during one or more historic/prehistoric earthquakes often affect only a section of the actual fault length established over thousands to million years of activity (e.g. topographic fault lengths are greater than the length of historic/prehistoric fault traces; Wesnousky, 2008; Mouslopoulou et al., 2012; Nicol et al., 2016). This may result from a number of reasons, including erosion/burial of small-sized (<2 m) fault scarps, especially along the fault tips where displacements are often small, or earthquakes did not rupture the ground surface along the entirety of the fault (Begg and Mouslopoulou, 2010). The section of faults characterized by postglacial scarp produced during one or more paleoearthquakes is here referred to as the “postglacial length,” whereas the section of the fault (with or without a postglacial scarp) associated with a clear topographic signature (with often locally over-steepened slopes and perched valleys) is here referred to as “topographic fault length” (see Nicol et al., 2020a for a detailed discussion). In our calculations of earthquake/fault parameters (Section 4), we always use the “topographic length,” although to assess the impact of biases in the fault length measurements we have compared “topographic fault lengths” with “postglacial fault lengths” (Figures 3, 5A). In addition, ∼60% of the onshore “topographic fault lengths” represent minima as the corresponding faults extend offshore (with three notable exceptions: faults 31, 32, and 34 in Table 1, for which the offshore length was traced using bathymetry and seismic-reflection profiles; Kokinou and Kamberis, 2009).
[image: Figure 5]FIGURE 5 | (A) Plot illustrating the relationship between the topographic fault length and the postglacial fault length. (B) Displacement vs. topographic length for the faults in the KAS during the last 1.85 ± 1.15 Ma. (C) Displacement vs. length for faults in the KAS during the last 16 ± 2 ka. Grey points indicate D-L data from a global fault dataset (Nicol et al., 2020b and references therein). The contours on (B)/(C) represent the number of surface-rupturing earthquakes (N) required to produce Slip per Event (D) and lengths (L) following the relevant equation from Wells and Coppersmith (1994). Green datapoints illustrate single-event displacement rupture lengths for historical earthquakes (Wesnousky, 2008).
The type of bedrock may also influence the formation and preservation of fault scarps. The faults in the southern section of the island of Kythira traverse mostly limestone, a rock type that enhances scarp preservation, whereas along the northern section of the island the faults, due to the occurrence of the Potamos Detachment (Papanikolaou and Danamos, 1991; Marsellos and Kidd, 2008; Figure 1), traverse mainly strongly deformed phyllites-quartzites and flysch (Petrocheilos, 1966), rock types which are both prone to erosion. Thus, fault slip is preferentially preserved at the central-south Kythira with the apparent decrease in the number of active faults in the north of the island possibly relating to rock type (Figure 2A). For further discussion on the sampling biases associated with fault and/or earthquake parameters see Nicol et al. (2020a).
2.1 Fault Geometries
2.1.1 Fault Strike and Dip
Faults have been classified into three groups based on their strike (Figure 4). Group A faults have an average strike of N10°W–N30°W, approximately parallel to the average trend of the Hellenic Trench, the Hellenic Trough and the KAS ridge. These are named “Master Faults” here and include four faults on the island of Kythira and two on the island of Antikythira (Figure 4A; Tables 1, 2). The Master Faults control the large-scale topography on the islands and have all ruptured during the last 16 ka (Figure 4A). Two of these faults on Kythira, the Drimodas and Strapodi faults (faults 33 and 34, respectively, in Figure 4A), are analysed jointly as their geometries suggest that they likely merge at depth and are, thus, expected to accrue displacement interdependently (Walsh et al., 2001; Nicol et al., 2006). For the same reasons, displacements have also been aggregated for the Potamos and Alexandrades faults (faults 29 and 32, respectively in Figure 4A and Table 1). Based on their strike, the majority of the offshore KAS faults belong also to Group A (Figure 1 and Supplementary Table S1).
The Group B faults strike approximately N-S to N20°E, intersecting the Master faults about 30° clockwise of their trend. On Kythira, these faults are mainly located in the eastern part of the island (Figure 4B and Table 1). The available bathymetric data do not permit the mapping of the offshore extension of many faults in Group B, although some short-length faults offshore correlate with faults in Group B (e.g., Fault 52 in Figure 1B; Supplementary Table S1). Onshore Group B faults appear to displace late Pleistocene sediments and marine terraces and about half of them (n = 9) have postglacial scarps.
Group C faults strike N60°W (Figure 4C), typically terminating against Group A faults. Some of them (e.g. Faults 19 and 3 in Figure 2A and Table 1) displace faults of Group B to form a structural arrangement that Lyberis et al. (1982) described as “en echelon”. The majority of these faults (n = 8, Supplementary Table S2) appear to have ruptured during the last ∼16 ka, as indicated by their impressive postglacial scarps (up to 19 m; Figures 2E,F and Table 1). Although the Master Faults (Group A) control the large-scale topography of the islands, it is the small-sized faults (<8 km) of groups B and C that impact the detailed rugosity of the coastline.
Fault dips in the onshore KAS are primarily steep (>60°) (Figure 4). Average fault dips measured on exhumed limestone scarps on Kythira range from 60° to 68° (Group A = 64°, Group B = 68°, and Group C = 60°), while on Antikythira these dips range from 64 to 68° (in Groups A and B, respectively; Figure 4). Measured onshore dips agree with the average normal fault dips imaged on offshore seismic reflection lines within the western Hellenic forearc (65 ± 5°; Le Pichon et al., 2002; Kokinou and Kamberis, 2009; Mouslopoulou et al., 2020).
2.1.2 Fault Lengths
Fault lengths defined by topography (or bathymetry) range in our study area from 1 to 58 km, with faults of Group A generally being longer than those in groups B and C. On the islands of Kythira and Antikythira we have mapped a total of 42 normal faults or fault segments, ranging in length from 1 to 21 km (Table 1; Figures 2A, 4A–C). Most of these faults extend offshore, however, their offshore extension could be resolved in only three cases (Faults 31, 32, and 34 in Figure 2A) (Figure 1B and Table 1). Group B onshore fault lengths range from 1 to 8 km while Group C faults have lengths from 1 to 5 km (Tables 1, 2). Offshore fault lengths are constrained by bathymetric data and range from ∼10 to 58 km (Supplementary Table S1). These faults belong mainly to Group A. The absence of shorter faults offshore (e.g. < 10 km), likely reflects the poorer quality of the bathymetric data compared to the resolution of the DEMs on the islands and for this reason, the offshore dataset should be regarded as incomplete. Nevertheless, analysis of the largest of these faults (Supplementary Table S1) contributes to the understanding of fault growth in the KAS.
To assess biases associated with fault-length measurements (see Section 2), we compare in the graph of Figure 5A the postglacial length of each fault to its corresponding topographic length. We find that postglacial fault lengths are typically up to a factor of 3 shorter than fault lengths defined by their topographic expressions (Figure 5A). This finding is in agreement with many studies of active faults globally that show that trace lengths severely underestimate the total fault length (Wesnousky, 2008; Mouslopoulou et al., 2012; Nicol et al., 2016, 2020a). We follow these studies in suggesting that over multiple seismic cycles the differences between topographic and postglacial fault-trace lengths reflect incompleteness in the sampling of fault-scarps. For this reason, earthquake parameters on individual faults (such as slip per event, earthquake recurrence interval, earthquake magnitude, etc.), are calculated using the topographic fault length.
3 RESULTS
3.1 Fault Kinematics
Fault horizontal (heave) and vertical (throw) displacements have been determined from postglacial scarps (16 ± 2 ka) and topographic markers (0.7–3 Ma) (see Section 2 for details). These data have been supplemented by slickenside striations from limestone fault surfaces that define postglacial fault scarps. Fault slip vectors for the last ∼16 ka were determined from a total of 115 striations measured on 22 faults (∼65% of the total population) in Kythira and 22 striations on three faults (∼40% of the total population) in Antikythira (see Section 3.5). The sense of fault movement was resolved using displacement of the ground surface and the Petit criteria (Petit, 1987). Striations were mostly recorded at the base of exhumed carbonate scarps (i.e. within <3 m of the ground surface) and near the fault’s centre, likely recording movement during their most recent surface-rupturing paleoearthquakes. In general, these striations suggest that onshore faults in the KAS are primarily normal dip-slip with a minor component (<10°) of left-lateral (LN) or right-lateral (RN) strike-slip (Tables 1, 2). Of the three groups of faults, Group A, with average strike of N10°W to N30°W, typically accommodates the greatest amount of strike-slip (which is nevertheless negligible).
3.2 Long-Term Displacements (0.7–3 Ma)
Long-term displacements provide a measure of fault growth on 100 ka to million-year timescales and of fault finite displacements. The 0.7–3 Ma (long-term) displacements for Group A faults range from 146 to 336 m for Kythira (Table 1) and from 81 to 162 m for Antikythira (Table 2), while in Group B long-term displacements range from 16 to 181 m for Kythira and from 23 to 69 m for Antikythira. The long-term displacements in Group C faults, which are only present in Kythira (e.g. Kapsali Fault, 23 in Table 1 and Figure 2A), range from 15 to 203 m, while displacements on the offshore faults range from 110 to ∼2800 m (Supplementary Table S1).
To explore the growth of faults during the last 0.7–3 Ma, we have plotted the long-term displacements for all faults in the KAS as a function of their topographic length (Figure 5B). As expected, the graph shows a clear positive relationship between displacement and length, indicating that faults with larger displacements also generally have greater lengths. For comparison, we have plotted on Figure 5B the global dataset for inactive normal faults from Nicol et al. (2020b), and instrumentally recorded historical earthquakes (Wesnousky, 2008). The contours on Figure 5B represent the number of surface-rupturing earthquakes (N) required to produce Slip per Event (D) and lengths (L) following the Wells and Coppersmith’s (1994) equation D = 5 × 10–5 L for normal faults [e.g. once Slip per Event “D” was calculated, the number ‘N’ of surface breaking earthquakes was calculated as N = D/(5 × 10–5 L)]. We find that the KAS data plot within the field occupied by the global dataset of normal faults with an approximate slope of about 1 (Figure 5B). Interestingly, the largest faults in the study area, including those of Group A on the island of Kythira and some of the offshore KAS faults, plot mostly in the lower part of the data field defined by global faults, perhaps indicating that some of these faults are under-displaced (relative to faults sampled globally). Independent of this, the available data support the view that longer faults in the system generally move faster than shorter faults (Nicol et al., 1997).
3.3 Short-Term Displacement (16 ± 2 ka)
Short-term displacements commonly provide information on slip accumulated during the most recent ground-rupturing earthquakes (Benedetti et al., 2002; Townsend et al., 2010; Mouslopoulou et al., 2014). Here we have measured (in the field) fault displacements for the last ∼16 ka (the postglacial time period) (Figures 2, 3). All Group A faults in Kythira and Antikythira, together with about 50 and 80% of faults in groups B and C, respectively, have ruptured the ground surface in the last ∼16 ka (Figure 5C; Tables 1, 2). Maximum vertical postglacial displacements on Group A faults range from 4 to 20 m in Kythira (Table 1) and from 6 to 9 m in Antikythira (Table 2). Faults in Group B have postglacial scarps that range in height on both islands up to 8 m (Tables 1, 2), while Group C faults, which were only observed in Kythira, have postglacial scarps up to 19 m in height (Table 1).
Fault segmentation on individual faults was assessed using the location, strike, dip and along-strike extent of their postglacial scarps. Only the Master Faults (Group A), which are the longest faults on both islands, appear to be segmented (Figures 2A,B; Table 1). The Gerakianika Fault (Fault 31 in Figures 2A, 3A,B), for example, has two segments: the southernmost segment shows no evidence of rupture during the last ∼16 ka, while the northernmost segment has a postglacial scarp of up to 4 m height. Similarly, the Xeronomiata Fault has three segments (Fault 35 in Figure 2A and Table 1): the southernmost segment has a cumulative postglacial throw of ∼13 m across four parallel strands; the central segment has no post-glacial scarp, possibly in part due to poor preservation of fault-slip in flysch, while the northernmost segment has a clear continuous postglacial scarp for ∼7 km that reaches up to 8 m in height (the largest displacement on a discrete slip surface along the Xeronomiata Fault). In Antikythira, only faults in Group A appear to be segmented (ruptured only partially during the last ∼16 ka; Figure 2B).
To further explore the postglacial growth of faults on Kythira and Antikythira, we have plotted their postglacial displacements against their topographic length (Figure 5C). Unlike the positive relationship between D and L for the long-term data, there is no clear relationship for these variables on Kythira and Antikythira over millennial timescales (Figure 5C). We also compare here the D-L relationships of the KAS faults with global data for inactive faults (Nicol et al., 2020b) (Figure 5C). It is intriguing to observe that, even during this relatively short time-interval (≤16 ± 2 ka), several faults from all groups plot within (although mostly at the lower-end of) the distribution defined by the global D-L dataset (Figure 5C). Assuming that the measured slip is primarily seismic, the earthquake contours reveal that, for faults in Group A the observed postglacial scarps require mostly ≤20 paleoearthquakes, consistent with other paleoearthquake datasets from normal faults in Greece (Mouslopoulou et al., 2014; Mechernich et al., 2018) and globally (Nicol et al., 2006; Townsend et al., 2010; Benedetti et al., 2013). Fault traces in groups B and C, however, which are all <10 km in length, would require >100 events in the last ∼16 ka (Supplementary Table S3; Figure 5C). This is unrealistic and possibly reveals that (scenario 1) most faults included in Groups B and C are elements (i.e. segments) of larger structures that rupture jointly (Figure 2). It may also reflect (scenario 2) triggered secondary fault rupture due to slip on neighbouring faults (e.g. Group A faults). Both of these scenarios are further supported if we consider that most of these small-sized faults in groups B and C are located at the tips of (or proximal to) Group A faults. The implications of multi-fault rupture (scenario 1) and double-counting of paleoearthquakes (scenario 2) to seismic hazard assessment is further discussed in Section 4.
3.4 Fault Displacement Rates
Displacement rates (DR) were calculated over two distinct time-intervals (0.7–3 Ma and 16 ± 2 ka, using maximum fault displacements accrued over the corresponding time periods (Figures 6, 7A). The Quaternary displacement rates range on Kythira from 0.02 ± 0.01 to 0.38 ± 0.29 mm/a and on Antikythira from 0.03 ± 0.02 to 0.18 ± 0.14 mm/a (Tables 1, 2 and Figure 6A). The post-glacial (∼16 ka) displacement rates range from 0.09 ± 0.02 to 1.25 ± 0.34 mm/a on Kythira, and from 0.32 ± 0.07 to 0.57 ± 0.08 mm/a on Antikythira, with these rates being faster compared to their long-term Quaternary rates, and Group A faults moving on both islands faster than small faults (groups B and C, with faults in group B being the slowest) (Supplementary Table S2 and Figures 6A,B). Nonetheless, Figure 6B shows that some faults in Group C, despite their short lengths, have post-glacial rates which are not too dissimilar to those recorded on the Master faults of Group A. Further examination of Figure 6A suggests that the majority of the fault growth curves for faults in groups B and C in Kythira and Antikythira are sub-parallel to one another (blue and red dashed lines, respectively, in Figure 6A), suggesting uniform growth rates for the same group faults over the last ∼0.7–3 Ma. Displacement rates for the offshore faults have been calculated using bathymetric data and an average dip of 65° calculated from offshore seismic studies (Kokinou and Kamberis, 2009). We find that offshore faults have accumulated displacements at rates ranging from 0.13 ± 0.10 to 3.25 ± 2.49 mm/a (Figure 5B; Supplementary Table S1). The generally faster rates on some of the offshore faults (compared to those onshore) mainly reflect sampling bias towards the longer faults in the system, which are also the faults characterised by greater slip-per-event values. This is because KAS forms a tectonic horst (Figure 1B), with the islands of Kythira and Antikythira located at its highest section and large offshore normal faults (several of which were sampled here) forming its flanks.
[image: Figure 6]FIGURE 6 | (A) Log-log plot of displacement accumulation on each fault over the last 0.7–3 Ma. (B) Plot of displacement accumulation on individual faults for each island over the last 16 ± 2 ka. Fault displacements on Kythira and Antikythira are highlighted red and blue, respectively.
[image: Figure 7]FIGURE 7 | (A) Log-log plot illustrating the relationship between the short-term (16 ± 2 ka) and long-term (0.7–3 Ma or 1.85 ± 1.15 Ma) displacement rates on individual faults on Kythira (red) and Antikythira (blue). (B) Plot comparing the recurrence intervals calculated on individual faults over the two distinct time-intervals examined here. (C) Semi-logarithmic plot showing, for each onshore fault, the ratio of “long-term” over “short-term” recurrence interval calculated in (b), as a function of fault length. Black dashed black line highlights likely trend, suggesting that the variability in earthquake recurrence may decrease with increasing fault-length.
To explore better the variability in displacement rates on individual faults through time, we have plotted the long-term (0.7–3 Ma or 1.85 ± 1.15 Ma) displacement rate for each KAS fault against its short-term rate (16 ± 2 ka) (Figure 7A). These data suggest that, within the uncertainties, most faults in the system appear to have accumulated displacements faster recently (i.e. within the last ∼16 ka) compared to the Quaternary, with this variability exceeding one order of magnitude (Figure 7A). While the size of this rate variability directly reflects the age uncertainty for the onset of faulting (0.7–3 Ma), even the most conservative scenario (that of faulting initiating at 0.7 Ma) would still produce long-term rates which are, on average, up to seven times lower than their equivalent postglacial rates.
The variability in fault displacement rates (DR) is also reflected in the average earthquake recurrence interval (RI) on these faults (Figure 7B), when RI is calculated using both their long-term and short-term displacement rates in conjunction with the calculated slip per event on each fault (RI = (5 × 10–5 *L)/DR, with L being the topographic fault length for all time periods examined; Supplementary Table S3). Data suggest that, with the exception of two faults (ID’s 21 and 22) for which the Quaternary earthquake recurrence interval may be shorter than their postglacial recurrence interval (0.6 and 0.7), for all other faults studied the postglacial (16 ± 2 ka) recurrence interval is between ∼1.5 and ∼50 times shorter compared to their recurrence averaged over the last ∼0.7–3 Ma (Figures 7B,C and Supplementary Table S3). The dashed black line in Figure 7C reveals that the variability in earthquake recurrence decreases with fault-length (e.g., Nicol et al., 2010), suggesting that for longer faults (>∼8 km), the RI’s that derive from postglacial displacements may be closer to their average (more representative) values.
3.5 Regional Extension Direction and Rates
The extension (strain) and tension (stress) directions for individual faults calculated across the normal fault system (Figure 8), provide kinematic and dynamic information about individual earthquakes and regional tectonics. The principal stress axes on both islands were inverted from fault slip using the software SG2PS (Sasvari and Baharev, 2014), with equal weight given to each measurement, while shortening (P) and extensional (T) axes were calculated for each set of striation-fault plane measurements and plotted as contours using the software FaultKin 7.7.4 (Figure 8) (Marret and Allmendinger et al., 1990; Allmendinger et al., 2012). Conventionally, slip linear plots are used to reveal subdivision of stress regions by separating crosscutting sets of striations. However, due to the geometric relationships of the studied fault groups (active faults of different orientations appear to mutually intersect one another), all striations have been here analysed jointly, as local fluctuations in the stress field are expected to arise from fault interactions (see Section 4). Still, the results illustrated in Figure 8 show that on both islands σ1 is sub-vertical, σ2 is sub-horizontal and parallel to both the KAS and the Hellenic Trough, while σ3 is sub-horizontal and perpendicular to the KAS. The σ1 and σ3 plot at the centre of the P-T axes contours (Figure 8). Thus, the P–T and stress axes on both islands are broadly consistent with NE-SW extension, in agreement with the geometries of normal-fault moment tensor solutions at < 20 km depth from historic seismicity (Figure 9) (Konstantinou et al., 2017).
[image: Figure 8]FIGURE 8 | Plot showing the extension direction derived from striations collected on exhumed postglacial fault scarps in Kythira (A) and Antikythira (B). The main stresses are plotted with red (σ3), green (σ2) and blue (σ1) diamonds. Red and blue shading represent P-T axes density contours. White arrows indicate the average extension direction within the KAS while the average strike of the KAS is indicated by black arrow.
[image: Figure 9]FIGURE 9 | Map illustrating the main normal faults along the southwest Hellenic Forearc (this study; Sakellariou and Tsampouraki-Kraounaki, 2019; Nicol et al. 2020a). Moment tensor solutions are from Kontantinou et al. (2017) and are colour-coded according to depth. Present-day stress field indicators are from the World Stress Map Database (Heidbach et al., 2016) and are colour-coded according to stress regime.
Although there is some local variability in the orientation of the σ3 and T axes derived from faults across the study area, on a regional scale they both trend NE-SW, approximately orthogonal to the trench and to the strike of the subducting plate (Figure 9). The fault and moment tensor data together with the parallelism between the Group A faults and the subduction margin, support the notion that normal faults in the KAS form in response to subduction processes, however, this topic is not addressed here.
To calculate the amount of extension across this section of the Hellenic forearc, we have summed the normal fault displacements accrued on the largest faults in the onshore and offshore KAS along a margin-perpendicular transect (see Profile B-B′ in Figure 1B) and have subsequently converted these displacements into extension rate. The Profile B-B’ extends for ∼80 km perpendicular to the trench and crosses 14 onshore and offshore KAS faults. The summed throw on these faults is ∼6 km (0.8 km for the onshore and 5.2 km for the offshore faults), which produces a long-term fault throw rate of 5.3 ± 3.3 mm/a. Using an average dip of 65° (Kokinou and Kamberis, 2009), we derive a trench-normal extension rate across the KAS of 2.46 ± 1.53 mm/a. Likely, this is a lower bound as smaller undetected faults and distributed strain are neglected due to resolution limitations in the bathymetric data.
4 DISCUSSION
Upper-plate faults that are elements of a single fault system are expected to interact over a range of spatial and temporal scales (i.e. Walsh and Watterson, 1991; Nicol et al., 2006, 2010, 2020b; Dolan et al., 2007). Fault-interactions may be supported by the mostly uniform displacement profiles that arise when the spatial and/or temporal scale of sampling increases to include, respectively, the majority of faults in a system or numerous earthquakes cycles on a fault (Walsh and Watterson, 1991; Nicol et al., 2006, 2010, 2020b; Mouslopoulou et al., 2009; 2012). To assess the degree to which faults in Kythira interact, we have aggregated along the profile A-A’ (Figure 2A) displacements produced by each fault over the two distinct time-intervals examined (Figure 10).
[image: Figure 10]FIGURE 10 | Plots illustrating the aggregated 0.7–3 Ma (A) and 16 ± 2 ka (B) displacement distribution along the profile A-A’ (see Figure 2A for location) for the faults in Kythira. The bold dashed line indicates the aggregated displacement accumulated by Group A faults alone. The bold black line indicates the total displacement accrued by all faults on the island of Kythira, while the grey dotted horizontal line on each graph, indicates the maximum cumulative displacement.
Figure 10A illustrates the displacement accumulation on all faults on the island of Kythira during the last ∼0.7–3 Ma (long timescales) while Figure 10B illustrates the displacement accumulation over the last ∼16 ka (short timescales). A first order observation is that displacement accumulation is more variable on shorter than longer timescales on any given fault. Specifically, over short-timescales, displacement accumulation is discontinuous, with some fault sections accommodating large throws while neighbouring segments accruing no displacement (Figure 10B). In contrast, throw accumulation on the same faults over long timescales is more uniform, with the wavelength of variability defining distinct fault segments (with individual tips and local maxima; Figure 10A). It is interesting to note that, while the Group A faults (e.g., the largest faults in the system) accommodated most displacement over the long-term, it is faults in groups B and C that have produced the greatest displacements during the last ∼16 ka (Figure 10A) and appear to have higher postglacial than Quaternary rates (Figure 7A).
Similar fault behaviour (elevated Holocene rates compared to longer-term rates) has been increasingly observed on many normal fault systems globally (Mouslopoulou et al., 2009, 2012; Nicol et al., 2009), including Greece (Nicol et al., 2020a), where it is ascribed to a combination of earthquake clustering and preferential sampling of those faults that have ruptured recently (Nicol et al., 2009). This phenomenon, which is the earthquake equivalent of the “Sadler Effect” (Sadler, 1981) reported for sedimentary systems, likely conceals from our fault record a significant number of active faults due to resolution/preservation issues for which the postglacial rates will be lower than their Quaternary rates. The comparison of rates on individual faults that derive from different timescales, also suggests that rate variability decreases with increasing fault length (Figure 7A). This feature likely suggests that for the longer faults (>∼8 km) in the system, the time-window of ∼16 ka approaches (or, in some cases, exceeds) the duration of earthquake clustering.
While displacement accumulation along individual faults is to a lesser or greater extent variable on both timescales, the aggregated (across all faults) displacement profile along A-A’ appears to reproduce a large semi-triangular profile, centred at ∼7 km (black lines in Figures 10A,B, respectively), that may typify normal faults (Manzocchi et al., 2006). Despite the incompleteness of the dataset, this finding suggests that faults on the island of Kythira interact to produce coherent growth patterns over spatial scales of ∼20 km and over temporal scales of ≥16 ka. The approximately uniform fault growth over greater length (temporal and/or spatial) scales is reflected in the comparable, within the uncertainties, displacement rates on Kythira through time (1.29 ± 0.99 mm/a over ∼0.7–3 Ma and to 2.79 ± 0.41 mm/a over ∼16 ka) (Figure 10). This, in turn, suggests that while large-magnitude earthquake clustering on individual faults span timescales >16 ka, when most faults in the system are considered, clustering of large-magnitude earthquakes within the system occurs over timescales ≤16 ka. Both short-term earthquake clustering on individual faults (e.g. Figure 7B) and system-wide stability in displacement accumulation (e.g. Figures 6A, 10A) are features that characterise normal fault systems and require fault interactions (Nicol et al., 2006; 2010). Fault interactions have been independently confirmed by multi-fault ruptures during large-magnitude earthquakes in various geotectonic settings, such as the M6.4 1987 Edgecumbe and M7.8 2016 Kaikoura earthquakes in New Zealand, the M6.6–6.7 1981 Alkyonides Earthquake Sequence in Greece, the ∼M8 Lisbon earthquake, etc (Jackson et al., 1982; Vilanova et al., 2003; Wesnousky, 2008; Begg and Mouslopoulou, 2010; Mouslopoulou et al., 2019).
To assess the seismic hazard associated with rupture of faults in the KAS we have calculated the maximum earthquake magnitude using the empirical equation of Wells and Coppersmith (1994), assuming negligible creep (Mw = 4.86 + 1.32*log(L); Supplementary Table S3). Analysis shows that the faults in the KAS that belong to groups B and C are not capable of producing ground-rupturing earthquakes alone, as the maximum earthquake magnitudes range from M < 5 to M 5.9. In contrast, all six faults of Group A may produce ground-rupturing earthquakes, the magnitude of which may range from M6 to M6.9 (Supplementary Table S3). When scenarios of combined rupture are considered (Group A faults together with faults from groups B or C), earthquakes of up to M7 may be achieved. But as the total length of most faults in the KAS remains unconstrained, these magnitudes should be considered as minima.
Considering only the faults of Group A, ∼85 large-magnitude (M > 6) paleoearthquakes may have ruptured the ground surface in the onshore KAS during the last ∼16 ka (Supplementary Table S3). Although this would require one event in the KAS every about ∼190 years (Supplementary Table S3), which contradicts the historic record (that suggests one or two events in the last 1000 years; see Section 1.1), many of these events are expected to occur in clusters. It is also possible that the estimated number (∼85) of large-magnitude earthquakes in the KAS overestimates the actual number of events that ruptured the ground surface because some paleoearthquakes may have produced slip on more than one faults of Group A, leading to double counting of events. Uncertainties in the onshore fault length, from which the number of paleoearthquakes is indirectly calculated, may have also contributed to this mismatch. Post-glacial slip on the remaining faults (groups B and C) is thought to have resulted either from their combined rupture with faults from Group A or as secondary slip due to primary rupture on the neighbouring faults of Group A. In any case, the role of multi-fault ruptures during Aegean earthquakes and their impact on seismic hazard assessment warrants further investigation.
5 CONCLUSION
Normal faulting in the KAS accommodates extension approximately orthogonal to the trench in the brittle upper crust of the Hellenic forearc and is associated with a wide range of fault lengths and displacements. Upper-plate faulting is here examined over two distinct time intervals (0.7–3 Ma and 16 ± 2 ka). We find that, over million-year timescales, large faults (Group A) accumulate larger displacements and move faster than small faults (Group B & C faults). However, over millennial timescales (∼0–16 ka), large and small faults in the KAS accumulate displacements in a highly variable manner. Analysis shows that small faults (<8 km) have, on average, up to 12 times faster displacement rates (compared to their long-term rates) although only ∼80% of these faults have ruptured in the postglacial times. We also find that when the spatial scale of observation is increased to sample most faults in the KAS, displacement rate variability decreases significantly, possibly due to fault interactions. The latter is found to have significant impact on the calculation of seismic parameters, especially on small faults.
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