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Key Points  18 

• Several earthquake horizons are revealed by mapping visual weathering features and 19 
terrestrial laser scanning (TLS) analysis 20 

• At least six events with 25-110 cm of coseismic displacement (Mw 6.2-6.7) ruptured 21 
the Pisia fault within the last 7.3 ± 0.7 kyr 22 

• The Holocene slip rate decreased from 0.8-2.3 mm/yr (early Holocene) to 0.5-23 
0.6 mm/yr (mid and late Holocene)  24 
  25 
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Abstract 26 

The deformation of the eastern Corinth rift (Greece) is distributed along several E-W trending 27 
active normal faults. Here, the 25-km-long Pisia fault experienced up to 150 cm of coseismic 28 
displacement during the 1981 Alkyonides earthquake sequence (M = 6.7, 6.4, 6.3). Using 29 
terrestrial laser scanning, coupled with analyses of color changes, lichen colonization and 30 
karstic features, we identify differentially weathered horizontal stripes on the exposed Pisia 31 
fault plane. The stripe boundaries occur at scarp heights of 1.10 m, 2.05 m, 2.85 m, 3.60 m, 32 
4.15 m, and 5.15 m, with two additional possible boundaries at 3.10 m and 4.65 m (ca. 33 
± 0.1 m respectively). This indicates that six to eight paleoearthquakes have exhumed the 34 
fault plane in a series of distinct coseismic slip events. A vertical profile of cosmogenic 36Cl 35 
measurements is used to constrain age models of the exhumation. The results imply that, in 36 
addition to the last earthquake of 1981 (EQ1), exhumation events occurred at ~2.0 kyr (EQ2), 37 
~3.1 kyr (EQ3), ~4.5 kyr (EQ4/4a,b), ~6.0 kyr (EQ5), and ~7.3 kyr (EQ6/6a,b), with modeled 38 
age uncertainties of ~0.7 kyr. Bayesian modeling provides a mid and late Holocene slip rate 39 
of 0.5-0.6 mm/yr (last 7.3 ± 0.7 kyr), while the upper part of the 8.45-m-high fault plane was 40 
exhumed at a higher rate of 0.8-2.3 mm/yr (7.3 ± 0.7 kyr to 10.2 ± 1.9 kyr). This slip rate 41 
variability suggests an increased seismicity or larger slip events during the early Holocene. 42 

 43 

1 Introduction 44 

Active normal faults in carbonates are frequently preserved as bedrock fault scarps, 45 
particularly in the Mediterranean region. Their exhumation occurs periodically during 46 
cumulative surface rupturing earthquakes generating free-faces that are several meters high 47 
[e.g., Bosi, 1975; Stewart and Hancock, 1990; Armijo et al., 1992; Benedetti et al., 2002; 48 
Papanikolaou et al., 2005; Mason et al., 2016, 2017]. Recently in the Italian Apennines, the 49 
Mw 6.0 Amatrice earthquake (24th August 2016) and the Mw 6.5 Norcia earthquake (30th 50 
October 2016) exhumed an additional portion of up to 15-20 cm and up to 1-2 m of the 51 
respective fault planes [Livio et al., 2017; Pucci et al., 2017; Pizzi et al., 2017]. These 52 
earthquakes confirmed that the majority of coseismic deformation is accumulated on the 53 
bedrock free-face, as similarly shown for the 1981 Alkyonides earthquake sequences 54 
(M = 6.7, 6.4, 6.3; Corinth rift, Greece) [Jackson et al., 1982]. 55 

The periodic exhumation of the fault plane by distinct earthquakes results in 56 
differential grades of weathering (karstification, bio-erosion, degradation) [e.g., Giaccio et 57 
al., 2003; Carcaillet et al., 2008; Wiatr et al., 2015]. Therefore, the upper parts of fault scarps 58 
are usually characterized by more intense weathering in comparison to the base In addition, 59 
abrupt changes in fault plane features, such as colour contrast and micro-karstification 60 
features, can appear as discrete horizontal stripes [e.g., Wallace, 1984; Giaccio et al., 2003; 61 
Wiatr et al., 2015; Mildon et al., 2016]. In the past years such stripes were identified by color 62 
and roughness contrasts using different methods such as visual findings [Wallace, 1984; 63 
Caputo et al., 2004; Mildon et al., 2016], in-situ micro-roughness measurements [Stewart, 64 
1996], photographic studies [Giaccio et al., 2003], rare-earth-element analysis [Carcaillet et 65 
al., 2008], and terrestrial laser scanning (TLS) [Wei et al., 2013; Wiatr et al., 2015; He et al., 66 
2016]. TLS in particular has become an established tool to analyze fault scarps since it 67 
provides high spatial and temporal resolution data [e.g., Jones et al., 2009; Wilkinson et al., 68 
2015, Mason et al., 2016; Cowie et al., 2017]. 69 

The most frequently applied technique for earthquake analysis on limestone bedrock 70 
fault scarps is exposure dating using cosmogenic 36Cl [e.g., Zreda and Noller, 1998]. A 71 
regular and dense distribution of 36Cl samples can be used to statistically determine the 72 
location of earthquake horizons on the fault plane using probability density functions [e.g., 73 
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Schlagenhauf et al., 2010; Benedetti et al., 2013; Tesson et al., 2016]. The determined 74 
location of event horizons allows earthquake event ages to be calculated based on the 75 
temporal accumulation of 36Cl concentrations. 76 

In this study, paleoearthquake offsets of the Pisia bedrock fault scarp (eastern Corinth 77 
rift, Greece, Figure 1) are determined using a range of weathering features, and these 78 
earthquake horizons are then dated using 36Cl exposure age dating. We evaluate the 79 
robustness of our coseismic displacement and earthquake age determinations and use the 80 
results to outline the earthquake recurrence intervals and slip rate variations of the Pisia fault. 81 

 82 

2 Seismotectonic context of the eastern Corinth rift and the Pisia fault 83 

The Corinth rift in Greece is 110 km long and 30 km wide and displays strong 84 
seismicity hosted by both north and south dipping normal faults (Figure 1a,b) [Moretti et al., 85 
2003; Zygouri et al., 2008]. According to Global Positioning System (GPS) data, the Corinth 86 
rift is extending ~10-15 mm/yr in its central part and 6.4 ± 1.0 mm/yr for the eastern part 87 
between 22.5-23.1°E [e.g., Clarke et al., 1997; Briole et al., 2000; Reilinger et al., 2010]. 88 

The latest surface rupturing earthquakes in the eastern Corinth rift occurred during the 89 
1981 Alkyonides earthquake sequence (Figure 1). This earthquake sequence comprised three 90 
earthquakes on February 24, 25 and March 4, 1981 with M = 6.7, 6.4 and 6.3, respectively 91 
[Jackson et al., 1982; Hubert et al., 1996]. All of these earthquakes were normal faulting 92 
events with extension in N-S direction that fits the orientation of mapped fault traces and 93 
striations (Figure 1) [Morewood and Roberts, 2001]. While the first two shocks ruptured the 94 
northward-dipping Pisia and Skinos faults, the third ruptured the southward-dipping Kaparelli 95 
fault farther to the NE (Figure 1c) [Hubert et al., 1996; Morewood and Roberts, 2001]. The 96 
detailed 1981 slip distribution was observed directly after the earthquakes and revealed up to 97 
150 cm of displacement on the Pisia fault plane, and up to 100 cm of displacement on the 98 
Skinos and Kaparelli fault planes (Figure 2a) [Jackson et al., 1982; Mariolakos et al., 1982; 99 
Bornovas et al., 1984]. 100 

In addition to the 1981 earthquake events, two major earthquakes on April 22 1928 101 
(Mb 6.3) and February 21 1858 (M 6.5) caused strong shaking in the eastern Corinth rift 102 
[Drakopoulos et al., 1978; Ambraseys and Jackson, 1990; Papazachos and Papaioannou, 103 
1997; Koukouvelas et al., 2017]. The area of shaking during both events was located south 104 
and southwest of the Pisia fault in the wider area around Corinth. The reported shaking area, 105 
together with the observation of fallen blocks from the southern Gerania Mountains during 106 
the 1928 earthquake, suggests that a south-dipping fault hosted this rupture [Drakopoulos et 107 
al., 1978]. During the 1858 earthquake, enormous fallen blocks from Acrokorinthos and 108 
Oneia Mountains suggest a hypocenter on the Kenchreai fault [Koukouvelas et al., 2017]. No 109 
indicators for historic earthquakes that ruptured the Pisia and Skinos faults are reported, 110 
except for the 1981 events. However, it cannot rule out that additional historical events have 111 
occurred on these faults because the seismic catalogues of Greece are only considered 112 
complete for events of M 5.5-6.5 since 1911 [Papanikolaou et al., 2015b]. 113 

The Pisia and Skinos faults represent the western and central segments of the South 114 
Alkyonides Fault System (SAFS), which continues farther eastwards with the offshore East 115 
Alkyonides fault and the predominantly onshore Psatha fault (Figures 1c) [Roberts, 1996a]. 116 
Based on the recent earthquakes in 1981 and on slip direction analyses, it is assumed that 117 
earthquakes rupture parts of the SAFS and not the whole system at once; [Roberts, 1996; 118 
Deligiannakis et al., 2018]. Available slip rate determinations are restricted to the central and 119 
eastern half of the SAFS, which cover significantly different timescales from 1.5 kyr to 120 
~2.2 Myr, with calculated slip rates of 0.2-2.75 mm/yr [Armijo et al., 1996; Collier et al., 121 
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1998; Leeder et al., 2002, 2008; Sakellariou et al., 2007]. Further research is required to 122 
determine a clear image of the time-dependent slip distribution along the SAFS. So far, the 123 
analysis of paleoearthquakes is limited to paleoseismic trenching at the Skinos fault 124 
suggesting an earthquake recurrence of 330 years during the past 1.5 kyr [Collier et al., 125 
1998]. 126 

Although the 25-km-long Pisia fault has been widely investigated, slip rates and ages 127 
of paleoearthquakes for this fault remain unknown [e.g., Bastesen et al., 2009; Roberts and 128 
Stewart, 1994]. The Pisia fault is best exposed in its central section (8-17 km from its western 129 
tip), where it runs through Triassic to lower Jurassic carbonates of the Boeotian zone [IGME, 130 
1984].  The central section is characterized by a pronounced geomorphologic relief of up to 131 
600 m, including some degraded triangular facets (Figure 2b,c). The distribution of the 132 
surface offsets during the 1981 earthquakes appears to correlate with the escarpment height 133 
(Figure 2a). The largest observed coseismic displacement of 1981 was 150 cm, which 134 
occurred 15 km from the fault’s western tip in a very steep area of exposed Mesozoic 135 
limestone (Figure 2a,b,c) [Jackson et al., 1982]. In this area colluvial sediments cover the 136 
fault trace. The high erosion and sedimentation rate is continuous along the eastern part of the 137 
Pisia fault where 20 cm of coseismic displacement was found in upper Jurassic ophiolites 138 
[Jackson et al., 1982; Bornovas et al., 1984; own findings]. In the western third of the Pisia 139 
fault, coseismic displacements of 2-40 cm was generated along a fault scarp formed in 140 
cohesively weak lithologies, including alluvial sediments, flysch and volcanic-sedimentary 141 
mixed units [e.g., Bornovas et al., 1984; Maroukian et al., 2008]. 142 

The center of the fault is located around the village of Pisia, where coseismic 143 
displacements of ~60-100 cm were reported (Figure 2a). An excavated ~50-m-high limestone 144 
fault scarp in Pisia shows the offset of the 1981 earthquake by its change in lichen 145 
colonization. In the section 1 to 3 km east of Pisia, the fault exhibits a continuous fault scarp 146 
along a forested ~36° slope of limestone lithologies (Figure 2b,c). A well-preserved limestone 147 
free-face of 3-9 m height occurs frequently. Partly, surface ruptures displaced the colluvium 148 
in the hanging wall leading to soft-rock fault scarps. These sections are related to a significant 149 
decrease in the height of the free-face. At a site where surface deformation is limited to the 150 
main fault trace, the study of Wiatr et al. [2015] detected stripes of different ruggedness 151 
parallel to the scarp base (site W15 in Figure 2b). Stripe identification imply a periodical 152 
exhumation of the fault plane due to earthquakes with coseismic displacements between 30-153 
60 cm. Five similar sized stripe heights emphasize that several earthquakes of M~6.4-6.7 154 
occurred during the past few thousand years. Structural measurements on the fault plane 155 
within 2 km of the site of Wiatr et al. [2015] revealed a fault dip of 60° towards 350°, with 156 
significant corrugation deviating ±40° from the fault strike (Figure 2d). Striations plunge on 157 
average 57° towards 350°, confirming the pure normal faulting character (Figure 2d). 158 
 159 

3 Site selection 160 

We mapped the trace of the Pisia fault to identify suitable study sites and to search for 161 
indicators of past offsets. Ideally, the fault plane should have only been exhumed by 162 
earthquakes and remained exposed since each respective exhumation.Suitable sites should not 163 
have been affected by denudation processes (e.g., channel incision, landsliding events and/or 164 
fault scarp degradation), depositional processes (e.g., alluvial or scree deposits) or 165 
anthropogenic processes (e.g., agriculture, road construction, quarries) [Schlagenhauf et al., 166 
2010, Bubeck et al., 2015]. For uncertainty minimization, we favored locations with high 167 
amounts of coseismic slip and minor strike-slip components, which predestinates the fault 168 
center. We excluded locations near segment boundaries and breached relay bands since their 169 
associated slip rates are not representative of the main fault [Faure Walker et al., 2009]. 170 
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For instance, site P6 is located away from rivers and gullies, so that erosion and scarp 171 
exhumation by incision can be excluded (Figure 2b). Furthermore, at this site the hanging 172 
wall surface has been well preserved without significant erosion or deposition. A ground 173 
penetrated radar (GPR) grid covering the first 30 m of the hanging wall shows slope-parallel 174 
reflectors for the uppermost ~5 m of subsurface, which rules out landsliding events. No 175 
indicators of anthropogenic activity occur since the site is far away from the village, roads 176 
and even paths (Figure 2b). We observed a deviation of 11° between the striation azimuth and 177 
the fault dip direction (i.e., a rake of 79°) within ±5 m of site P6 (Figure 2e). This is related to 178 
the local corrugation of the fault plane, since the direction of the fault dip and striation show 179 
dip-slip movement when averaged over a larger area (Figure 2d). A ~13 m high fault scarp is 180 
exposed for 25 m along strike, whose geometry is revealed from topographic profiles. The 181 
profiles show all the typical features of bedrock fault scarps, with the hanging wall being the 182 
shallowest slope, followed by a steep free-face, a shallower degraded upper scarp and a 183 
footwall that is slightly steeper than the hanging wall (Figure 3) [compare to Stewart and 184 
Hancock 1990b, 1991; Papanikolaou et al., 2005; Mason et al., 2016; Cowie et al., 2017]. 185 

 186 

4 Weathering analyses and surface property changes 187 

Previous globally distributed studies identified several surface properties that indicate 188 
distinct periods of fault plane exhumation and these surface properties are summarized in 189 
figure 4. For instance, horizontal stripes of different colors have been described on recently 190 
exposed fault planes by Lyon-Caen et al. [1988], Benedetti et al. [2003], Giaccio et al. 191 
[2003], Caputo et al. [2004], Wiatr et al. [2015], Mildon et al. [2016], and Pizzi et al. [2017]. 192 
These different colors are probably related to a combination weathering crusts and/or lichen 193 
colonization [e.g., Török, 2003]. Statistical investigations of the lichen colonization using 194 
their different size, amount of surface coverage and amount of species types can reveal 195 
relative exposure durations in the range of a few to hundreds of years [e.g., Bull et al., 1994, 196 
Bradwell, 2009; Wiatr et al., 2015] (Figure 4). For longer time scales, different grades of 197 
karstification have been related to weathering and exposure. For instance, the studies of 198 
Wallace [1984] and Giaccio et al. [2003] described horizontal bands of high surface 199 
roughness on fault planes (pitted bands), which they interpret as biokarstic weathering 200 
features. These features probably developed in the contact zone of the fault plane with the 201 
vegetated area (Figure 4). The pitting took place until the section was raised above the 202 
biogenic weathering influence zone. Subsequently, the next stripe of pitting could be formed 203 
at the fresh part of the fault plane. Another product of limestone weathering on fault planes is 204 
the development of solution flutes (karren) due to water runlets is [e.g., Mottershead and 205 
Lucas, 2001]. Water runlets cease when reaching the soil level, so that developed solution 206 
flutes terminate at the scarp base (Figure 4). After an exhumation of the fault plane, the 207 
location of water runlets can shift or they continue in the old runlets resulting in abrupt 208 
changes of solution flute depth and/or width at the ancient scarp base (Figure 4). 209 

4.1 Methods 210 

Along a 1.6 km section of the central Pisia fault, we used visual observations on the 211 
exhumed free-face to detect color changes, lichen colonization changes, and different 212 
karstification features. Scale bar measurements were used to determine the height of the 213 
stripes above the local scarp base. These measurements were limited to locations where 214 
markers are well preserved. At larger sites, structure-from-motion photogrammetry using 215 
Agisoft PhotoScan® helped to keep the undistorted overview of the fault plane. Uncertainties 216 
in the horizon height are only given for sites where multiple measurements of different 217 
features were possible. Here, a maximum – minimum measurement range is considered. 218 
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At the best-preserved site (site P6), a terrestrial laser scanning (TLS) survey was 219 
performed to study changes of surface properties independently from the visual mapping. The 220 
scan was taken after excavating 2 m of soil at the scarp base to compare the surface properties 221 
between the weathered and unweathered fault plane. The Faro Focus 3D laser system 222 
calculated the distance and stored the backscatter signal intensity of each scanned point. 223 
Subsequently, the data was reduced to a raster cell size of 5x5 mm. 224 

The spatial data images the fault plane in 3D and high-resolution and the surface 225 
morphology was analyzed using the terrain ruggedness index (TRI) after Riley et al. [1999]. 226 
The backscatter signal intensity provides information on a mixed range of surface properties. 227 
These include moisture, roughness, the range between sensor and target, and the angle of 228 
incidence [Wiatr et al., 2015; Schneiderwind et al., 2016]. The backscatter intensities were 229 
treated by hierarchical unsupervised clustering, meaning that all data points are assigned to 230 
existing cluster centers during each iteration, and that the new means are then recalculated for 231 
every class (ISO, iterative self-organizing clustering). Different combinations of backscatter 232 
ISO clusters were analyzed to highlight surface property changes on the fault plane. 233 
Furthermore, two vertical profile lines were analyzed for their surface property changes using 234 
(i) peaks and breakpoints, (ii) the variability pattern of the data, and (iii) the recognizability of 235 
patterns across most of the profiles. Further details of the TLS methodology are given in the 236 
supplementary material (text S1). 237 

4.2 Results of the visual mapping 238 

At most bedrock fault scarp locations a ~1.1 m high horizontal stripe of different color 239 
is visible at the scarp base (Figures 5, S1, S2a). This stripe is either lighter or darker than the 240 
upper part of the free-face. Its measured height variability is ±0.05 to ±0.20 m. On higher 241 
parts of the fault plane, color changes are not significant with the exception of site P4 242 
(Figure 5a). Only 0-5% of the lower stripe is colonized by lichen, which is in marked contrast 243 
to the >95% of lichen cover on the fault plane above this stripe (Figure S3a,c,d). With 244 
increasing height, the number and size of different lichen species increases; for instance, 245 
various species reach 15 cm in diameter at >4 m scarp height (Figure S3). However, due to 246 
their arbitrary distributed growth locations it is not possible to narrow down precise stripe 247 
boundaries except for the one at ~1.1 m height. 248 

Horizontally pitted bands were found at several sites and at a range of free-face 249 
heights (Figure 5c, d, e). The band at a height of ~2 m is particularly well developed at site 250 
P6, where it is ~10 cm wide. Another clearly pitted band occurs at a height of 3.6-3.9 m 251 
(horizon EQ4, Figure 5d). In addition to pitting, a progressive evolution of solution flutes was 252 
mapped at several locations. For instance, at 4.15 m above the scarp base at site P6, at least 253 
three flutes terminate and one flute decreases significantly in width and depth 254 
(Figures 5d, S2f). 255 

At the westernmost part of the mapped fault trace (1.6 km west of Pisia village), the 256 
absence of a fault scarp and of coseismic 1981 surface ruptures indicate the end of a fault 257 
segment [Jackson et al., 1982] (Figures 2a, 6a). Towards the east, the free-face heights 258 
increase together with the height of the lowest horizontal stripe. The stripe height increases 259 
from 0.3 m to 1.1 ± 0.2 m within 300 m and afterwards this height is continuous for at least 260 
1.3 km (Figure 6b). The measurements were limited to stable locations without parallel 261 
deformation features like the soft rock fault scarp east of site P7. Reliable indicators for upper 262 
horizons are limited to five locations since the higher part of the fault plane is either poorly 263 
preserved or inaccessible due to vegetation cover (trees, bushes, moss). The height of the 264 
second horizon (EQ2) at these locations indicates the same trend of increasing eastward until 265 
reaching ~2.1 m height at site P6. At three locations a third horizon was identified up to 3.0 m 266 
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height (Figure 6b). At the best-preserved location (site P6) a pitted band and solution flute 267 
terminations indicate further horizons at heights of ~3.60 m, ~4.15 m, ~5.15 m, and possibly 268 
also at ~4.65 m (Figures 5c,d, S1, S2). 269 

4.3 Results of terrestrial laser scanning (TLS) 270 

At site P6, the analyses of the TLS data reveal high resolution surface properties on 271 
the fault plane up to a height of 3.7 m (Figures 7, S4). Above this height, the data resolution 272 
is too low for an independent and precise analysis due to the dragging footprint of data points. 273 
While no clear spatial variation can be detected on the map of the TRI data (Figure 7a), the 274 
backscattered signal indicates variable and lower intensities from -1.9 m to +1.1 m height 275 
compared to >1.1 m height (Figure 7b). The classified backscatter signal reveals a ~25 cm 276 
high stripe above the scarp base (dominated by cluster #3, Figure 7c) and an abrupt change of 277 
the cluster combinations at ~1.1 m height. Furthermore, the map of the classified backscatter 278 
signal is evidence for surface property changes bounded at ~2.03 m height and possibly at 279 
~2.85 m height (Figure 7c). 280 

The TLS data of two sample ladders (yellow boxes from -1.9 to +3.7 m in figure 7a-c) 281 
were analyzed and shown as the red and blue profiles in figure 7d-g. Both profiles show the 282 
same trend with an overall identical roughness and an increasing backscattered signal from 0-283 
3.7 m. They do not correlate in some peaks, particularly in the scarp section between 0-1.1 m. 284 
These peaks can be related to local pores of karstification or shear fractures and hence they 285 
are not suitable to indicate features related to the exposure (Figure 5c, 7d,e). 286 

Above 1.1 m scarp height, the textural TLS data has a constant trend with the 287 
exception of some discrete locations of higher micro-roughness (>4 mm) and peaks into 288 
respective higher TRI classes (Figure 7d, e). Most of these peaks are not related to observable 289 
pre-exposure fault plane features and they likely indicate surface roughness changes due to 290 
fault plane exposure (e.g., micro-pitting). The changes towards roughness peaks occur at 291 
heights of ~2.0 m, ~2.8 m, ~3.1 m, and ~3.6 m (Figure 7d, e). The height of the changes and 292 
peaks in the right and left profiles agree within ±5 cm. In addition, with the height of the 293 
sample boxes of 5 cm, we are confident that the locations of changing roughness are accurate 294 
to within ±10 cm. 295 

 The profiles of the TLS backscatter data (Figure 7f, g) indicate a strong signal rise 296 
from 0-1.1 m scarp height (~800 to ~1500, clusters 3 to 8), followed by a uniform distribution 297 
of clusters 6-8 from 1.1-2.0 m height. The subsequent higher section between 2.0 and 2.8 m is 298 
characterized by a wider variety of classes with influences from clusters 6 to 9 (Figure 7c, g). 299 
While the section between 2.8 and 3.1 m also shows a certain influence from lower 300 
backscatter intensities, the uppermost section (3.1-3.6 m) is characterized by an almost 301 
constant backscatter value of ~2000 with very low standard deviations corresponding to 302 
cluster 9 (Figure 7f, g). Even the trenched parts are allocated to a certain combination of 303 
backscatter ISO clusters, which refer to distinct spectral characteristics. The profile appears 304 
highly variable due to the appearance of clusters 1, 2 and 10, which is a significantly different 305 
signature compared to the other sections (Figure 7c, g). 306 

 In summary, the TLS data analyses at site P6 suggest distinct surface properties 307 
changes at 1.1 m, 2.0 m, 2.8 m, 3.6 m, and possibly also at 3.1 m (all with ~0.1 m 308 
uncertainty) (Figure 7). 309 

4.4 Interpretation of the horizon formation 310 

The visual field observations and the TLS measurements at site P6 reveal identical 311 
horizon heights (Figure 7h). For instance, the increase in roughness observed in the profiles 312 
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of textural TLS data agrees with the mapped occurrence of micro-pitting. The good 313 
correlation of the results from the different methods underlines the significance of the 314 
detected features as progressive exhumation event indicators. 315 

Since we only used sites where erosion of the soil cover at the scarp base can be 316 
largely ruled out, the major part of the fault plane exhumation can be related to coseismic 317 
displacement during earthquake ruptures. The height of the lowermost horizon EQ1 agrees 318 
with the amount of reported coseismic displacement during the 1981 earthquake series 319 
[Jackson et al., 1982; Roberts and Ganas, 2000; Wiatr et al., 2015] (Figure 6a). The observed 320 
horizon heights at site P6 appear to be representative for coseismic offsets along the central 321 
part of the Pisia fault (Figure 6b). Since this site shows the best record of earthquake 322 
horizons, it was sampled for cosmogenic 36Cl exposure dating. 323 

 324 

5 36Cl sampling and chemical analyses  325 

The 36Cl cosmic ray exposure dating was used to measure the timing of the 326 
progressive exhumation events of the Pisia fault plane. The technique is based on the 327 
accumulation of in situ-produced 36Cl on the fault plane at a constant rate after exhumation to 328 
the surface. This method has been highly improved during the past years and has been 329 
successfully used to date earthquakes and calculate slip rates for several limestone fault 330 
scarps [e.g., Zreda and Noller, 1998; Benedetti et al., 2002, 2003; Schlagenhauf et al., 2010, 331 
2011; Benedetti et al., 2013; Tesson et al., 2016; Cowie et al., 2017]. 332 

The fault plane at the most suitable site P6 of the central Pisia fault was sampled for 333 
36Cl analysis. The samples were taken in the best-preserved line on the fault plane at a 334 
bearing of 351° (Figure 5d), which deviates from the average orientation of the striation by 335 
only 4°. Additionally, the buried portion of the fault plane (-1.95 to 0 m) was sampled at a 336 
bearing of 347° parallel to local striations. These subsurface samples are required to allow a 337 
precise analysis of the 36Cl pre-exposure concentrations. At the boundary between the surface 338 
and subsurface, a sampling step of 30 cm was required to avoid an outcropping bow-shaped 339 
fracture (Figure 5c). 340 

The sample ladders for 36Cl analyses were cut with an angle grinder and sample 341 
blocks were removed using a hammer and chisel. The samples were taken in a continuous 342 
column unless surface preservation was poor, in which case gaps were left (max. 45 cm). The 343 
samples were prepared at the Institute of Geology and Mineralogy of the University of 344 
Cologne. Weathered parts, reprecipitated minerals and pore surroundings were carefully 345 
removed with a rotary tool before crushing and sieving. The following chemical treatment 346 
and the measurement at the CologneAMS facility was performed as described in Rixhon et al. 347 
[2018] and Gromig et al. [2018]. Unused sample material was archived. Resulting 36Cl/35Cl, 348 
36Cl/37Cl and 35Cl/37Cl ratios were used to calculate the concentrations of 36Cl and natural 349 
chlorine (Clnat). Their reliability is confirmed by the simultaneous preparation of CoCal-N 350 
36Cl standard material [Mechernich et al., 2017] and blanks in the respective batches. The 351 
blank subtractions were 1.4-13.7% (Table S1). The calculated 36Cl concentrations of the 38 352 
analyzed samples range from ~1 x 105 at/g rock at 1.9 m below the scarp base to ~5 x 105 at/g 353 
rock at a height of 8.4 m. In general, the concentrations are continuously increasing with fault 354 
scarp height (Figure 8). The natural chlorine concentrations are very low, from 6-17 µg/g 355 
with an average of 9.5 µg/g (Table S1). Five replicate samples were prepared and measured 356 
on Cologne AMS; two additional replicates were prepared at the University of Cologne and 357 
measured at the French national AMS facility Accélérateur pour les Sciences de la Terre, 358 
Environnement, Risques (ASTER, France) (white-green data points in Figure 8; Table S1). 359 

An aliquot of each dissolved sample was analyzed by in-house ICP-OES at the 360 
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University of Cologne to determine the concentrations of the principal 36Cl target elements, 361 
Ca, K, Ti and Fe. To characterize the thermal and epithermal neutron flux and thus constrain 362 
production of 36Cl on 35Cl, we selected bulk non-treated material; five from the free-face and 363 
two colluvial samples. Trace element analysis was undertaken on these samples at Actlabs 364 
(Canada) and their respective average values were used for the 36Cl production estimates 365 
(Table S2). While the bedrock is a limestone with 55.6 ± 0.6 % CaO; 0.9 ± 0.4 % MgO, and 366 
0.06 ± 0.01 % SiO2, the soil comprises 35.6 ± 1.8 % CaO, 2.2 ± 0.6 % MgO and 22.6 ± 3.9 % 367 
SiO2 (Table S2). Uncertainties for the Ca measurements on the ICP-OES range between 1.5 368 
and 2.5%. The nominal Ca concentrations range from 37.9% to 40.3%, indicating local 369 
variabilities (Table S2) with a minor impact on the 36Cl production rate. 370 

 371 

6 36Cl data modeling 372 

To determine earthquake ages from the 36Cl concentrations we used the Matlab® code 373 
of Schlagenhauf et al. [2010] that models synthetic 36Cl concentrations while accounting for 374 
all influencing factors, i.e., the time-dependent variability of the fault scarp geometry, the 375 
chemical composition and the respective amount and timing of progressive exhumation steps. 376 
All input parameters are described in detail in the supplementary material (Text S2.1, Tables 377 
S1-S3) and the major ones are listed in Figure 8a. 378 

Two different methods were applied to evaluate the most likely exhumation history. 379 
First, we used an iterative and manual approach by successively adapting the event ages 380 
along the height of the fault scarp from oldest to youngest (see text S2.2). The statistically 381 
more likely scenarios were revealed by the lowest weighted-root-mean-square (RMSw), Chi-382 
square (χ2), and Akaike Information Criterion (AICc) values [Schlagenhauf et al., 2010]. 383 
Secondly, we applied the Bayesian Markov Change Monte Carlo (MCMC) modeling 384 
approach presented by Cowie et al. [2017], that implements the Matlab® code of 385 
Schlagenhauf et al. [2010] and obtains the best-fitting model automatically and objectively 386 
(for details see text S2.2 and supplementary information of Cowie et al., 2017). 387 

6.1 Manual iteration 388 

The most likely exposure history of the manual iteration approach results in 389 
exhumation ages of 2.0+0.5

-0.6 kyr (EQ2), 3.1+1.4
-0.6 kyr (EQ3), 4.4+0.6

-0.4 / 4.3+0.7
-0.3 and 4.5+0.5

-390 
0.5 kyr (EQ4/4a,b), 6.0+0.3

-1.0 kyr (EQ5), and 7.1+0.6
-0.9 / 6.8+0.4

-0.7 and 7.3+0.5
-0.7 kyr (EQ6/6a,b) 391 

(Figure 8a). The statistical control indicates RMSw=5.32, AICc=1844, and χ2=14.2. To show 392 
the influence of different earthquake recurrence intervals on the modeled 36Cl concentration, 393 
we highlight an example with a longer time interval between EQ2 and EQ3 (2.4 kyr in the 394 
pink scenario in Figure 8b), which appears to be likely because of the clear exponential 395 
decrease of the 36Cl concentrations. The best data fit for a longer time interval between EQ2 396 
and EQ3 results in shorter recurrence periods for the earthquakes before and after. Although 397 
the exponential character of the 36Cl curve is clearly modeled in the pink scenario, the data 398 
points between 1 and 2 m scarp height show a poorer fit compared to the best fitting scenario 399 
shown in blue (Figure 8b). 400 

To estimate the overall robustness of the earthquake ages, Figure 8c indicates the 401 
range of modeled 36Cl concentrations for earthquake scenarios with RMSw < 7.0, 402 
AICc < 1870, and χ2 < 25. These models correspond to ages ranging within ~±0.7 kyr (1σ 403 
uncertainties) (Figure 8c). 404 

The modeling of the exhumation history of the upper part of the free-face (5.15 –405 
 8.45 m) suggests event ages of 8.2 kyr, 8.3 kyr, 8.5 kyr, 9.1 kyr and 10.2 kyr in the most 406 
likely model (Figure 8a). This is based on an assumed coseismic slip amount of 66 cm, which 407 
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is the average value of the detected event horizons. These ages have higher uncertainties 408 
compared to the lower part of the fault scarp due to (i) the unknown location of the 409 
earthquake horizons, (ii) a significant impact of the estimated pre-exposure component 410 
(inheritance), and (iii) the apparent slip history of the degraded scarp. The calculated age 411 
range variability of up to +1.8/-1.9 kyr includes all likely models (RMSw < 7.0, AiCc < 1870 412 
and χ2 < 25) for the range of tested pre-exposure durations and apparent slip rates of the 413 
degraded fault scarp (Figures 8c, 9a). 414 

The slip evolution resulting from the manual iterative modeling is visualized in 415 
Figure 9a. It implies that the 8.45 m high free-face was exhumed at an average rate of 0.6-416 
0.9 mm/yr within the last 10.2 +1.8

-1.9 kyr (orange line in Figure 9a). However, this rate does 417 
not fit the data well, suggesting some slip rate variability. The data suggests that it is 418 
reasonable to use the paleoearthquake horizon EQ6b (5.15 m height) as slip rate interval 419 
separation. This results in a slip rate of 0.5-0.6 mm/yr for the last 7.3+0.5

-0.7 kyr, and a 420 
preceding accelerated tectonic phase that exhumed the upper part of the free-face (5.15-421 
8.45 m) at a rate of 0.8-2.3 mm/yr during the early Holocene. 422 

6.2 Bayesian MCMC modeling 423 

The MCMC modeling code of Cowie et al. [2017] allows a Bayesian analysis of the 424 
Matlab® code of Schlagenhauf et al. [2010]. We adapted the published MCMC code to allow 425 
the input of variable exhumation steps and hence the use of the same input parameters as used 426 
in the manual iterative approach (see text S2.2). After a representative amount of 101,000 427 
iterations, the best-fitting scenario revealed an RMSw value of 5.56 (Figure 9b, for criteria 428 
see text S2.2). The range of the 100 most likely scenarios indicate slip rate variations with 429 
0.50-0.65 mm/yr for 1.10-5.15 m scarp height, 0.66-2.0 mm/yr for 5.15-8.45 m scarp height, 430 
and an apparent rate of 0.37-0.51 mm/yr for the degraded fault scarp (8.45-14.6 m height) 431 
(Figure 9b). Please note that the implication of the slip rate of the degraded part of the fault 432 
scarp is highly related to erosional and resulting sedimentary components. It is therefore not 433 
possible to only obtain information on the tectonic rate. Hence, the interpretation of the 434 
seismic history is limited to the free-face, where the slip rate during the early Holocene 435 
appears to have been almost twice as high as during the mid and late Holocene. 436 

 437 

7 Discussion 438 

Bedrock fault scarp analyses have been increasingly used in recent times for 439 
paleoseismologic interpretations because new dating techniques have allowed the fault plane 440 
to be investigated directly. As stated by Bubeck et al. [2015] and Cowie et al. [2017], a 441 
careful site selection using geomorphologic and structural mapping is crucial to understand 442 
the processes responsible for bedrock exhumation. We used only sites where erosion of soil 443 
cover can be largely ruled out as a control of scarp exhumation. Furthermore, the slope 444 
erosion in the study area is generally low, since even at sites with an uneven scarp base the 445 
lowest horizontal stripe has a constant height (e.g., site P7, Figure 5b). 446 

7.1 Earthquake horizons 447 

In addition to the selection of a suitable site, the determination of event horizons is the 448 
controlling factor for interpreting the earthquake history. The largest uncertainty is the 449 
possibility of overseeing earthquakes, which occurs particularly if the earthquakes have a low 450 
recurrence period. Combining different methods to allow the most complete detection of 451 
earthquake horizons should always be undertaken. 452 

Different fault plane appearance based on color contrast and lichen colonization are 453 
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the best indicators of the 1981 earthquake horizon. At sites P4 and P19 the distince fault 454 
plane appearance could also be used to visualize the earthquake horizons for the penultimate 455 
earthquake (Figure 5a, e). This suggests that their use as horizon detection criterion has  a 456 
temporal resolution of ~2 kyr in this climatic environment. 457 

Since lichen produce a smooth calcium oxalate patina [Chen et al., 2000], significant 458 
colonization can have effects on the roughness of the fault plane (Figure S3c, d). For instance, 459 
TLS data at site P6 shows that the fault plane has a constant roughness at the completely 460 
colonized scarp heights of 1.1 to 5.4 m. Simultaneously, the fault plane is slightly smoother 461 
on the uncolonized parts (-1.9 to 1.1 m; Figure 7a, d, e). Hence, the expectation of an 462 
increasing roughness with exposure duration needs to be applied carefully [e.g., Wallace, 463 
1984; Stewart, 1996; Giaccio et al., 2003; Brodsky et al., 2011; He et al., 2013]. 464 

The use of limestone-weathering features like solution flutes and pitted areas suggests 465 
a millennial time frame for horizon detection. Their formation appears to require more than 466 
33 years according to the overall lack of weathering features on the stripe exhumed during the 467 
1981 earthquakes. Most earthquake recurrence intervals were modeled around 1 ± 0.5 kyr 468 
(Figure 8c), which appears to be sufficiently long to allow the development weathering 469 
features. This is in agreement with the findings of Mottershead and Lucas [2001]. As 470 
weathering is an anisotropic process depending on local factors of water runoff and biotic 471 
activity, it is unlikely to find the features at each site and at each time step. For example, the 472 
development of horizontal pitted bands (EQ2, EQ4 at site P6) required a several decimeter 473 
thick biogenic influence area at the base of the fault scarp, which is not occurring nowadays. 474 
This might be the reason why there is no pitted band directly above the 1981 earthquake 475 
horizon, even though this horizon defined the scarp base for 2.0+0.5

-0.6  kyr. These variabilities 476 
emphasize the need for detailed mapping along the fault to avoid overseeing horizon 477 
indicators. 478 

In the middle of the free-face at site P6 (4.15-5.5 m, EQ5, EQ6a, EQ6b; Figure 5d), 479 
the short solution flutes of ~50 cm length might suggest a new flute development after each 480 
earthquake. This might be related to reorganized pathways of water runoff in the porous and 481 
partly fractured limestone. While four and six of these flutes are interpreted to mark the 482 
horizons of EQ5 and EQ6b, the horizon of EQ6a at 4.65 m height was identified based on 483 
only two of these short flutes. It is likely that they indicate an earthquake horizon; however, 484 
the possibility of a coincident termination at the same height should not be excluded. 485 

The analysis of the TLS data revealed a possible additional event horizon EQ4a at 486 
3.1 m scarp height. It is shown in the textural data of both profiles with similar roughness 487 
changes to those observed at horizons EQ3 and EQ4 (Figure 7d, e). This horizon would imply 488 
two displacement events of ~25 (EQ4a) and ~50 cm (EQ4b), instead of ~75 cm in one event 489 
(EQ4).The methodological uncertainties in the height of the detected horizon are in the range 490 
of ±10 cm for the TLS data and ±5 to ±20 cm for the visual observations at the respective 491 
sites (Figures 5, 7). These uncertainties account also for the horizon height variation along 492 
fault strike (Figure 6b), which implies a remarkably low scatter compared to the highly 493 
variable coseismic displacements observed after the 2016 Italy earthquake sequence [Villani 494 
et al., 2017]. 495 

Based on the obtained horizon heights, the most likely average coseismic offsets 496 
along the central Pisia fault were: 110 cm (EQ1 in 1981); 95 cm (EQ2); 80 cm (EQ3); 75, or 497 
25+50 cm (EQ4/4a,b); 55 cm (EQ5); and 100, or 50 + 50 cm (EQ6/6a,b). Towards the 498 
western segment boundary these values appear to decrease continuously for each 499 
paleoearthquake. This is confirmed by our visual observations and the TLS study of Wiatr et 500 
al. [2015] (Figure 6b), who determined offsets of 60 cm (EQ1 in 1981), 50 cm (EQ2), 50 cm 501 
(EQ3), 30 cm (EQ4) and >30 cm (EQ5) for a location 180 m to the west of site P6 and 150 m 502 
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away from the segment termination. The observation of such quickly decreasing offsets 503 
emphasizes the need for a carefully chosen study location to allow realistic paleomagnitude 504 
and slip rate calculations. 505 

So far, most studies used a regular distribution of 36Cl samples to statistically 506 
determine the location of earthquake horizons on the fault plane using probability density 507 
functions [e.g., Schlagenhauf et al., 2010; Benedetti et al., 2013; Tesson et al., 2016]. Ten 508 
samples per meter are commonly taken, making a time and cost intensive operation. At the 509 
Pisia fault, the production rate of 36Cl is rather low due to the low altitude and latitude, which 510 
lowers the sensitivity of the earthquake detection. At today’s scarp base, the distribution of 511 
36Cl concentrations indicates an exponential shape (Figure 8), although it was only exposed 512 
for 33 years before the sampling. In contrast, no change in 36Cl concentrations is observed 513 
around ~1.1 m height (Figure 8), which served as the scarp base for at least 70 years 514 
preceding the 1981 earthquake according to historical earthquake reports. This suggests that 515 
the apparent pattern of 36Cl concentrations along the free-face height is related to chemical 516 
differences in sample composition and the 36Cl measurement uncertainties, rather than 517 
exposure duration. Hence, apparent 36Cl patterns should not be mistaken as earthquake 518 
horizon indicators at the Pisia fault and other exposed sites. 519 

The distinction of multiple smaller sized earthquake events in short time periods 520 
(temporal clustering of <200 years) remains problematic in all these applied methods. 521 
Therefore, the number of detected events represents the minimum number of earthquakes, 522 
while the estimated displacements are maximum bounds and thus refer to maximum 523 
earthquake magnitudes. Assuming that the slip values represent the maximum displacements 524 
in the study area, the corresponding magnitudes were Mw 6.2-6.7 (standard deviation ±0.4) 525 
based on the Wells and Coppersmith [1994] equation of Mw = 6.69 + 0.74 x log(maximum 526 
total displacement) (Figure 7h). A very similar range of magnitudes, i.e. Ms 6.4-6.7, is 527 
calculated using earthquake data of Aegean normal faults (Ms = 0.59 x log(maximum vertical 528 
displacement) + 6.675) [Pavlides and Caputo, 2004]. Using the upper and lower envelope of 529 
all the Aegean data results in uncertainties of ±0.3 Ms [Pavlides and Caputo, 2004]. These 530 
calculated magnitudes correspond to the measured moment magnitudes of the 1981 531 
earthquakes that affected the Pisia fault with Mw 6.7 and Mw 6.4.  532 

7.2 Significance of 36Cl modeling results 533 

The significance of the 36Cl modeling results depends on both the used parameters and 534 
the modeling method. Changes of the input parameters concerning the 36Cl production rate 535 
would be most dominant and shift the modeled earthquake ages to older or younger values, 536 
without changing the relative recurrence interval. This shift is around 10% (see text S2.2), 537 
and since the modeled 1σ age uncertainties are mostly larger than 10%, the consideration of 538 
these parameter uncertainties would result in only slightly higher overall uncertainties.  539 

The two different modeling methods (manual and Bayesian) result in similar good fits 540 
for the 36Cl data, with the best-fitting scenarios having RMSw values of 5.32 and 5.56, 541 
respectively (Figure 9, for fitting-criteria see text S2.2). The resulting earthquake ages of the 542 
two approaches agree well within their uncertainties. For instance, the earthquake horizon 543 
EQ6b (5.15 m height) was most likely exhumed 7.3+0.5

-0.7 kyr ago based on manual modeling, 544 
and 7.2 ± 0.9 kyr ago based on the Bayesian modeling (Figure 9). Both models reveal a 545 
change in slip rate with 0.8-2.3 mm/yr (manual modeling) and 0.66-2.0 mm/yr (Bayesian 546 
modeling) during the early Holocene, compared to 0.5-0.6 mm/yr (manual modeling) and 547 
0.50-0.65 mm/yr (Bayesian modeling) during the mid and late Holocene (Figure 9). Please 548 
note that these slip rate uncertainties do not include the uncertainties of the input parameters, 549 
which would result in an overall shift of the rates, without changing the internal slip rate 550 
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variation. Since the manual modeling includes at least the uncertainties of the pre-exposure 551 
and apparent slip of the degraded scarp, we argue that their rates are more accurate. Tests of 552 
different pre-exposure durations highlight that the 5-9 m height interval indicates slightly 553 
lower slip rates for shorter pre-exposure durations, whereas the modeled ages and slip rates 554 
remain unaffected in the lower 5 m of the fault plane (Figure S5a-c). 555 

The significance of the derived slip rates regarding the amount of coseismic offsets 556 
during each exhumation event was tested using the original Bayesian MCMC code. When 557 
using 100 cm coseismic offsets (arbitrary realistic value), the slip rates are 0.60-0.68 mm/yr 558 
for 1-5 m scarp height and 0.64-0.97 mm/yr for 5-9 m scarp height (Figure S5b). In a 64-cm 559 
coseismic scenario, the revealed slip rates are 0.62-0.73 mm/yr for 1.28-5.12 m scarp height 560 
and 0.66-0.99 mm/yr for 5.12-8.32 m height (Figure S5d). Hence, both scenarios result in 561 
very similar rates, implying that the amount of coseismic offset is not the driving factor of the 562 
slip rate calculation. On the other hand, these tests suggest only slightly higher slip rates 563 
during the early Holocene, which contrasts the twice as high rate obtained from the input of 564 
the mapped coseismic offsets. This suggests that the variability of offsets is significant and 565 
that the detection of earthquake horizons results in an improved slip rate calculation. 566 

7.3 Slip rate implications 567 

The slip rate of the Pisia fault varied most likely from 0.5-0.6 mm/yr during the mid 568 
and late Holocene to 0.8-2.3 mm/yr during the early Holocene (Figures 9, 10). Such slip rate 569 
variations during similar timescales have been reported for several faults worldwide [Roberts 570 
et al., 2002; Friedrich et al., 2003; Koukouvelas et al., 2005; Schmidt et al., 2011; Benedetti 571 
et al., 2013; Cowie et al., 2017; D’Amato et al., 2017], highlighting the importance of 572 
detailed slip rate calculations integrating over different time intervals. The higher slip rate of 573 
the Pisia fault during the early Holocene (7.3 ± 0.7 to 10.2 ± 1.9 kyr) suggests either an 574 
increased seismicity compared to today (e.g., 5 earthquakes with ~66 cm displacement), or 575 
the occurrence of larger slip events (e.g., 3 earthquakes with ~110 cm displacement). 576 

The Pisia fault overlaps with the Skinos fault, which runs 1.2-1.6 km farther north 577 
(Figure 10), and bothfaults are most likely linked at depth [Roberts, 1996b]. The combined 578 
results of three trenches across the Skinos fault show that the 1981 earthquake and four 579 
similar sized paleoearthquakes recurred every ~330 years during the past ~1.5 kyr [Collier et 580 
al., 1998] (Figure 10). Since we modeled an age range of 1.4-2.5 kyr for the penultimate 581 
event on the Pisia fault (Figure 9c), at least three of the reported paleoeaerthquakes on the 582 
Skinos fault were not accompanied with surface ruptures of the Pisia fault. This implies that 583 
at the last two earthquakes behaved differently to the 1981 earthquake events. It remains open 584 
whether each rupture of the Pisia fault is accompanied by a rupture of the Skinos fault.  585 

The average throw rate of the Skinos fault of 0.7-2.5 mm/yr during the past ~1.5 kyr 586 
[Collier et al., 1998] is in the same range as the Pisia fault slip rate between 7.3 ± 0.7 and 587 
10.2 ±1.9 kyr. The decreased slip rate of the Pisia fault since 7.3 ± 0.7 kyr might be related to 588 
the Skinos fault releasing most stress during this time. So far, no paleoseismologic data from 589 
the Skinos fault exists beyond 1.5 kyr; it remains unknown if the fast slip rate and the low 590 
earthquake recurrence intervals are representative over tens of thousands of years. Other 591 
investigations of the SAFS are limited to indirect slip rate estimations covering time ranges of 592 
at least 12 kyr (Figure 10, text S3). Further studies are required to test the hypothesis of a 593 
time-dependent transfer of slip between the fault segments of the SAFS. 594 

 595 

8 Conclusions 596 
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The combined analysis of different surface property changes (color, lichen, 597 
karstification, roughness, backscattered laser intensity) on the free-face of the Pisia fault 598 
allows event horizon detection representing the last several thousand years. Analysis of these 599 
exposure duration features on naturally exhumed fault planes is a valuable method to restore 600 
the amount of coseismic slip during paleoearthquakes. A big advantage of this method is that 601 
the study site is perfectly preserved for future investigations. 602 

At the central Pisia fault, the mapped coseismic offsets ranged between 25 and 603 
110 cm, implying recurring earthquakes with magnitudes of Mw 6.2-6.7 (±0.4). The analysis 604 
of one 36Cl sample every 0.3-0.8 m on the free-face reveals a robust age frame with modeled 605 
age uncertainties of ~0.7 kyr for each earthquake event. Further or even continuous 36Cl 606 
sample analyses are not expected to improve the ages significantly, since the uncertainties of 607 
the 36Cl concentrations are widely overlapping at different scarp heights. This is also expected 608 
for other bedrock fault planes at low altitudes and with intermediate to fast slip rates. 609 

The modeling of the 36Cl concentrations revealed that the last 6-8 earthquakes on the 610 
central Pisia fault occurred within the last 7.3 ± 0.7 kyr. This is associated with a slip rate of 611 
0.5-0.6 mm/yr. During the early Holocene the Pisia fault had a higher slip rate of 0.8-612 
2.3 mm/yr, suggesting increased seismicity or larger slip events from 7.3 ± 0.7 kyr to 613 
10.2 ±1.9 kyr. 614 

 615 
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Figure captions 982 

Figure 1. (a) Location of the Corinth rift in SE Europe. (b) Seismotectonic map of the wider Corinth 983 
rift area. Major active faults from Jolivet et al. [2013] and seismicity from 1900 to 2017 (International 984 
Seismological Center (ISC)). (c) Major faults in the eastern Corinth rift on ASTER-GDEM V2 985 
topography. Offshore faults after Papanikolaou et al. [1988]; Bell et al. [2009]; Charalampakis et al. 986 
[2014]; Sakellariou et al. [2007]; Zygouri et al. [2008]. Onshore faults after Goldsworthy et al. 987 
[2002]; Tsodoulos et al. [2008]; Papanikolaou et al. [2015a]; Koukouvelas et al. [2017], and our own 988 
fieldwork. Available extension rates are from Charalampakis et al. [2014], Deligiannakis et al. 989 
[2018], Koukouvelas et al. [2017] and own observations.  990 

Figure 2. (a) Neotectonic map of the Perachora Peninsula drawn on the geomorphic map of 991 
GeoMapApp Version 3.6.3. The sections, which ruptured during the 1981 earthquakes, are indicated 992 
as bold lines. HER: Heraion fault; LL: Lower Loutraki fault; UL: Upper Loutraki fault. C98: Collier 993 
et al. [1998]; J82: Jackson et al. [1982]; MR02: Morewood and Roberts [2002]; W15: Wiatr et al. 994 
[2015]. (b) Oblique view of the central Pisia fault on the Google Earth image from 09/30/2014. The 995 
white lines point to the main study sites and the viewpoint of the photo in c is indicated. The distance 996 
from W15 to P7 is 200 m, and 480 m from P7 to P19. (c) Photograph looking along the Pisia and 997 
Skinos normal fault scarps. (d, e) Orientation of the Pisia fault dip direction and striation for (d) the 998 
central Pisia fault within 2 km from the site of Wiatr et al. (2015), and (e) within 5 m of the sampling 999 
site. 1000 

Figure 3. Topographic profiles at sites P6 and P7 obtained from measurements using a clinometer and 1001 
a scalebar. The profiles reveal the fault scarp height and geometry, which are used as input parameters 1002 
for the cosmogenic nuclide modeling. 1003 

Figure 4. Sketch of an active bedrock fault scarp with different characteristic features on the fault 1004 
plane [after Giaccio et al., 2002 and Wiatr, 2015]. Features like contrasting surface color, biokarstic 1005 
pitting, lichen colonization and solution flute development often correlate with relative exposure 1006 
duration. This allows the discrimination of several exhumation steps on the fault plane (EQ1, EQ2, 1007 
etc.). Note that not all features need to occur for each exhumation step. Structural and textural features 1008 
need to be identified to avoid a misinterpretation as weathering features. 1009 

Figure 5. Visually detected horizons on the fault plane of the Pisia normal fault (unedited 1010 
photographs are provided in Fig. S1). The colored arrows point to the major detection criteria and the 1011 
numbers refer to the height of the stripes above the scarp base. The sites occur along 600 m of the 1012 
central Pisia fault and their location is marked in figure 2b. (a) Site P4: horizons 1 and 2 (EQ1, EQ2) 1013 
were identified by color and lichen growth differences, horizon EQ3 by degradation and erosion. (b) 1014 
Overview of site P7 in the foreground and site P6 in the background. (c, d) Details of site P6. Horizon 1015 
EQ1 was identified by color differences, horizon EQ2 by a clear horizontal pitting band, horizon EQ3 1016 
by pitting and terminating solution flutes, horizon EQ4 by a pitting band, and horizons EQ5, EQ6a, 1017 
and EQ6b by terminating solution flutes. Several horizontal orientated fractures intersect the main 1018 
fault plane at ~15°, meaning they are likely Riedel shears, or tensile fractures. Additional photographs 1019 
of this site are shown in figures S2 and S3. (e) Agisoft PhotoScan merge of site P19, horizon EQ1 is 1020 
identified by color and lichen growth differences, horizon EQ2 by increasing lichen size and 1021 
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additional lichen species as well as pitting and solution flute size. The location of horizons EQ3 and 1022 
EQ4 is less certain due to the limited amount of solution flute indicators. 1023 

Figure 6. (a) 1981 coseismic displacement along the Pisia (red dots) and Skinos faults (blue dots) and 1024 
their extrapolation (colored lines) [after Jackson et al., 1982 and Roberts and Ganas, 2000]. The exact 1025 
measurement locations of Jackson et al. [1982] are not available so that their comparison at specific 1026 
locations is not possible. The colored arrows show the 1981 slip direction after Jackson et al. [1982]. 1027 
(b) Mapped coseismic displacements for the three lowermost horizons on the central Pisia fault using 1028 
the criteria of color, lichen and karst development. The horizons at location W15 are derived from the 1029 
laser scanning study of Wiatr et al. [2015]. Photographs of the sites P4, P6, P7, and P19 are shown in 1030 
figure 5. 1031 

Figure 7. Terrestrial laser scanning (TLS) analyses at site P6; The unedited data is provided in 1032 
figure S4. (a-c) Spatial visualization of surface characteristics. Subhorizontal dashed lines mark 1033 
detected changes of surface properties on the TLS maps (black), or from the visual observations 1034 
(grey). The legend below the maps defines the seven classes of TRI ruggedness, the relative 1035 
backscatter intensity, and the ten iterative self-organizing (ISO) clusters of the backscattered data. The 1036 
significance of the ISO clusters is shown in the dendrogram where all ten clusters are of comparable 1037 
distinction and do not significantly vary in intercluster similarity linkage. (d-g) Profiles of the average 1038 
TLS data along the scarp height using the yellow boxes on each side of the rock sampling profile 1039 
shown in (a-c). The blue and red lines represent the average values of the respective profile and the 1040 
dotted lines show their 1σ deviations. Vertical turquoise lines indicate locations of surface property 1041 
change related to the surface exposure duration. Dashed turquoise lines are set for orientation of 1042 
additional detected changes from the visual detection and TLS maps. (h) The table on the upper right 1043 
provides a scaled summary of the detected horizons using different methods. The colored bars show 1044 
the uncertainties on horizon height for the respective method. Lighter bars indicate possible horizons 1045 
with few indicators. The respective earthquake magnitudes were calculated after Wells and 1046 
Coppersmith [1994] using the horizons as coseismic offset indicators. 1047 

Figure 8. 36Cl concentrations (1σ deviations) as a function of the height up the scarp (distance 1048 
measured on the free-face). Horizontal lines correspond to major discontinuities identified by the 1049 
surface weathering analyses and were modeled as earthquake event horizons. Minor fluctuations in the 1050 
shape of the modeled 36Cl concentrations (orange envelope) derived from chemical differences and 1051 
their effect on the production rates. The two samples measured by ASTER (French AMS) highlight 1052 
the measurement reliability (they were excluded from the modeling). (a) Manually approached model 1053 
of highest likelihood according to the RMWs, AiCc, χ2 criteria. (b) Close-up view; blue circles are as 1054 
in (a), whereas pink circles are modeled using different ages and recurrence intervals for EQs2-4. The 1055 
likelihood of case (b) is only slightly lower. The upper part of the fault scarp is not influenced by this 1056 
change. (c) Range of scenarios with a fit of RMSw < 7.0, AiCc < 1870 and χ2 < 250 and according 1057 
age ranges. 1058 

Figure 9. The exhumation history of the free-face at site P6. (a) Modeling results of the manual 1059 
iteration (see figure 8a,c). The slip rate was 0.5-0.6 mm/yr for the last ~7.3 kyr (1.1-5.15 m). For the 1060 
upper part of the free-face (5.15-8.45 m; hypothetical earthquake offsets) the exhumation occurred at a 1061 
significantly higher rate. (b) Earthquake history modeling scenarios using the MCMC Matlab® code 1062 
of Cowie et al. [2017]. The range of slip rates for the 100 most likely models are given in turquois. 1063 
Please note that the apparent slip history of the degraded scarp and the scarp age are hypothetical due 1064 
to significant erosion, sedimentation at the scarp base and a lack of cosmogenic data. 1065 

Figure 10. Neotectonic faults and their slip rate estimates in the Perachora area (eastern Corinth rift) 1066 
drawn on the geomorphic map of GeoMapApp Version 3.6.3. The latest ruptured fault segments are 1067 
indicated in bold. The SAFS is composed of the north-dipping colored faults. The slip rates were 1068 
partly updated compared to the original publications (see text S3). Areas with observed coastal uplift 1069 
and subsidence indicate the dominance of nearby respective faults. HER: Heraion fault; LL: Lower 1070 
Loutraki fault; UL: Upper Loutraki fault. A96: Armijo et al. [1996]; B09: Bell et al. [2009]; C98: 1071 
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Collier et al. [1998]; J82: Jackson et al. [1982]; L02: Leeder et al. [2002]; L05: Leeder et al. [2005]; 1072 
MR02: Morewood and Roberts [2002]; R11: Roberts et al. [2011]; S07: Sakellariou et al. [2007]. 1073 
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