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A B S T R A C T   

The geometry, rates and kinematics of active faulting in the region close to the tip of a major crustal-scale normal fault in the Gulf of Corinth, Greece, are investigated 
using detailed fault mapping and new absolute dating. Fault offsets have been dated using a combination of 234U/230Th coral dates and in situ 36Cl cosmogenic 
exposure ages for sediments and wave-cut platforms deformed by the faults. Our results show that deformation in the tip zone is distributed across as many as eight 
faults arranged within ~700 m across strike, each of which deforms deposits and landforms associated with the 125 ka marine terrace of Marine Isotope Stage 5e. 
Summed throw-rates across strike achieve values as high as 0.3–1.6 mm/yr, values that are comparable to those at the centre of the crustal-scale fault (2–3 mm/yr 
from Holocene palaeoseismology and 3–4 mm/yr from GPS geodesy). The relatively high deformation rate and distributed deformation in the tip zone are discussed 
in terms of stress enhancement from rupture of neighbouring crustal-scale faults and in terms of how this should be considered during fault-based seismic hazard 
assessment.   

1. Introduction 

Understanding the deformation that occurs at the tips of normal 
faults is important because (a) it contributes to knowledge on fault 
growth and linkage (e.g. Cowie and Shipton, 1998; Peacock and Sand
erson, 1991; McLeod et al., 2000; Peacock, 2002), (b) has the potential 
to inform fault-based seismic hazard analysis about fault connectivity 
and maximum rupture extent (Scholz and Gupta, 2000), and (c) in
fluences our understanding of fluid connectivity or otherwise of faulted 
hydrocarbon reservoirs (Yielding et al., 1996). One of the key observa
tions from studies on tip-zone deformation is that the shape of the 
displacement gradients differs between isolated and interacting faults as 
a result of perturbation to the surrounding stress field (Peacock and 
Sanderson, 1991; Willemse et al., 1996; Cartwright and Mansfield, 
1998; Cowie and Shipton, 1998; Scholz and Lawler, 2004). In particular, 
steeper displacement gradients occur close to fault tips where adjacent 
faults are in close proximity (Gupta and Scholz, 2000). However, it is not 
known how these steep displacement gradients develop through time, 
whether displacement is always localised on a single fault or spread 

across several fault strands, and how tip deformation should be incor
porated into studies of seismic hazard. To address these questions, this 
paper provides measurements of deformation rates across all faults 
within a tip zone over timescales that allow one to recognise how many 
individual faults are active simultaneously. 

Our interest was raised for this topic because we note that at the tips 
of some crustal-scale faults, distributed faulting dominates as networks 
of splay faults that form at acute angles to the main fault (McGrath and 
Davison, 1995; Perrin et al., 2016) (Fig. 1). It is unclear whether these 
fault patterns and the resultant deformation can be more complex where 
the tips of two crustal-scale faults overlap along strike and interaction 
occurs between neighbouring faults (Gupta and Scholz, 2000). More
over, although typically fault displacement decreases to minimal values 
toward the tip (Cowie and Roberts, 2001), a shared tip zone can host 
high displacement gradients relative to the main fault (Peacock and 
Sanderson, 1991, 1994; Schlische et al., 1996) and it is unclear if this is 
accommodated by deformation spread across multiple faults or localised 
on a single fault. 

A detailed analysis of the deformation within a fault tip zone has the 
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capacity to contribute to fault-based seismic hazard assessment (e.g. 
Pace et al., 2016). If tip zones contain relatively-high displacements, 
distributed across multiple faults, or localised on a single fault, this may 
influence whether ruptures can cross the tip zone onto other neigh
bouring faults (e.g. Field et al., 2014), influencing estimates of 
maximum earthquake magnitude (Wells and Coppersmith, 1994). 
However, the lack of measured displacement data within tip zones 
means that historic fault-based seismic hazard approaches typically rely 
on throw/slip rate data from outside the tip zone and the assumption 
that displacement gradients decrease toward the tips according to 
pre-ordained fault shapes (Faure Walker et al., 2018). The above as
sumptions produce significant uncertainty in Probabilistic Seismic 
Hazard Assessment (PSHA) (Pace et al., 2016), and have been shown to 
result in large differences between calculations of recurrence intervals 
and ground-shaking exceedance probabilities for different fault geom
etries (Faure Walker et al., 2018). Constraining the rates of deformation 
at multiple locations along a fault, including within the tip-zone, is 
therefore a vital component of reducing the uncertainty in PSHA. 
Furthermore, this may be particularly important if this analysis is car
ried out in an area where overlapping tip zones occur; higher displace
ment gradients, and consequently slip/throw rates, may mean that 
cumulative slip rates may be relatively high, even when compared to ‘on 
fault’ values. 

One of the main challenges to gaining insights of how tip-zone 

deformation accumulates through time, over timescales relevant to 
earthquake rupture, is to derive knowledge of the timescales over which 
faulting occurs. Existing approaches use measurements of vertical 
displacement, coupled with the ages of offset strata/landforms (e.g. Sieh 
et al., 1989; Armijo et al., 1991; Roberts and Michetti, 2004; Galli et al., 
2008; Schlagenhauf et al., 2010; Mozafari et al., 2019; Robertson et al., 
2019). In tip zones where distributed faulting dominates and slip-rate 
along individual faults may be (a) relatively low, and (b) difficult to 
detect, it may be advantageous to concentrate on techniques that 
average the slip over relatively long time periods. Investigations using 
deformed Quaternary marine terraces and their associated wave-cut 
platforms (e.g. Armijo et al., 1996; Roberts et al., 2009; Roberts et al., 
2013; Binnie et al., 2016; Jara-Mu~noz et al., 2017; Meschis et al., 2018; 
Robertson et al., 2019) allow deformation rates to be measured over 
104� 5 years, and therefore displacement associated with the very low 
slip rates of individual tip-zone faults can be resolved. 

The western tip area of the north dipping South Alkyonides Fault 
System (SAFS) (Morewood and Roberts, 1997), located on the Perachora 
Peninsula (eastern Gulf of Corinth, Greece) provides an opportunity to 
study the throw rate, ‘off-fault’ deformation and possible interaction 
with neighbouring faults. A set of distributed faults at Cape Heraion, in 
the far west of the Perachora Peninsula, represents the western tip zone 
of the SAFS (Morewood and Roberts, 1997) (Fig. 2). While this area has 
been studied before (Morewood and Roberts, 1997), this study lacked 
the detailed mapping of displacement gradients along individual faults, 
and the age constraints needed to be able to fully examine the rates and 
spatial variation of deformation. Morewood and Roberts (1997) iden
tified faulted offsets of what they claim is a single marine terrace. Others 
have made an alternative interpretation where marine terraces at 
different elevations are not faulted, but instead date from different 
sea-level highstands (Leeder et al., 2003, 2005). This disagreement 
could not be resolved, because although some age constraints were 
available from 234U/230Th dating of corals (Vita-Finzi, 1993; Leeder 
et al., 2003, 2005; Roberts et al., 2009; Houghton, 2010), ages were not 
available for marine terrace deposits at different elevations. 

Our breakthrough reported herein, is that our detailed mapping 
revealed that the coral-bearing strata can be mapped along strike into 
wave-cut platforms, and wave-cut platforms can be dated using in situ 
36Cl cosmogenic exposure studies (Robertson et al., 2019). Here we test 

Fig. 1. Schematic diagram of a possible tip zone deformation where the tips of 
two along-strike faults overlap. 

Fig. 2. (a) Map of the eastern Gulf of Corinth and the Perachora Peninsula, surface trace of the South Alkyonides Fault system (SAFS) (red) (Morewood and Roberts, 
2002), East Xylocastro Fault System (EXFS) trace (Bold) as per Nixon et al. (2016), all other faults as per Nixon et al. (2016). (b) Location of the Gulf of Corinth and 
Hellenic subduction trench taken from Kreemer and Chamot-Rooke (2004), GPS data from Nocquet (2012). (c) 5 m Digital Elevation Model showing the western 
surface trace of the SAFS as per Morewood and Roberts (2002) and Cape Heraion. ‘A’ marks the location of the ‘on-fault’ tip of the SAFS (Morewood and Roberts, 
1999). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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the hypothesis of Morewood and Roberts (1997) of a single, faulted 
palaeoshoreline by (i) constraining the ages of marine terrace deposits 
and landforms at different elevations, (ii) calculating individual and 
cumulative fault throw values and, (iii) exploring how these vary 
spatially within the tip zone and how they compare to other normal fault 
tip zones. The results of these analyses are combined with those from 
Coulomb stress change modelling to explore the interaction of the tip of 
the SAFS with neighbouring faults. These findings are then discussed in 
the context of fault-based probabilistic seismic hazard assessment. 

2. Background 

2.1. Tectonic setting 

The Perachora Peninsula is located within the eastern Gulf of Corinth 
(Fig. 2), one of the world’s fastest extending rift systems, with extension 
rates between <5 mm/yr and 10–15 mm/yr (Davies et al., 1997; Clarke 
et al., 1998; Briole et al., 2000). The presence of a complex basin 
structure (e.g. Moretti et al., 2003; Sachpazi et al., 2003; McNeill et al., 
2005; Sakellariou et al., 2007; Bell et al., 2009; Nixon et al., 2016; 
Gawthorpe et al., 2018) is a consequence of extension accommodated 
along sets of north and south dipping faults. From the Late Quaternary to 
the present day, north-dipping faults located along the rift system that 
borders the south of the gulf are predominately responsible for exten
sion, with other faults less active or ceasing activity (Sakellariou et al., 
2007; Bell et al., 2009; Roberts et al., 2009; Nixon et al., 2016; 
Fern�andez-Blanco et al., 2019). The north-dipping faults have been 
shown to have started to dominate the deformation between 340-175 ka 
(Roberts et al., 2009; Nixon et al., 2016). 

The Perachora Peninsula is located between the Alkyonides Gulf to 
the north and the Lechaion Gulf to the south (Fig. 2a). This area is 
dominated by two crustal-scale, north-dipping, active fault systems, the 
East Xylocastro Fault System (EXFS) (so named in this study) and the 
South Alkyonides Fault System (SAFS) (Fig. 2a). The EAFS is formed by 
the East Xylocastro, North Kiato and Perachora faults, located offshore 
and arranged en-echelon. The linkage of these three faults is unclear 
(Bell et al., 2009) with some authors suggesting fault connections at 
depth (Armijo et al., 1996; Nixon et al., 2016) and others suggesting that 
they are isolated faults (Stefatos et al., 2002; Moretti et al., 2003; 
Sakellariou et al., 2007). The presence of a set of coherent terraces in the 
footwall of the East Xylocastro, North Kiato and Perachora faults 
(Armijo et al., 1996) combined with the formation of a single depocentre 
bounding the north-dipping faults on the south side of the gulf (Nixon 
et al., 2016) has been cited as evidence to support a through-going fault 
that is connected at depth. 

The predominantly onshore, ~40 km long SAFS is comprised of the 
Pisia, Skinos, East Alkyonides and Psatha faults (Fig. 2, Roberts, 1996a; 
Morewood and Roberts, 1997, 1999; 2001, 2002; Leeder et al., 2005; 
Roberts et al., 2009). Analysis of the fault system shows that slip vectors 
converge toward its centre (Roberts, 1996a, 1996b) where a maximum 
cumulative throw of 2500 m is recorded (Morewood and Roberts, 2002), 
which decreases toward both tips (Roberts, 1996a; Morewood and 
Roberts, 1999; Roberts et al., 2009). In the western section of the SAFS, 
decreasing offset is reflected in deformed Late Quaternary palae
oshorelines and Holocene notches in the footwall (Cooper et al., 2007; 
Roberts et al., 2009), where uplift rates decrease from 0.52 mm/yr to 
0.25 mm/yr from east to west in the most western 5 km of the fault. 
Roberts et al. (2009) identified that the SAFS experienced an increase in 
slip rate since ~175 ka by a factor of ~3, suggested to be linked to the 
cessation of faulting on neighbouring across-strike faults. 

Evidence from recent earthquakes combined with Holocene throw 
and slip rate data provide insight into the activity of faults within the 
SAFS over decadal to 103 year timescales. Specifically, analysis of post- 
LGM slip on the Pisia fault revealed maximum slip rates of 2.3 mm/yr 
during the Holocene (Mechernich et al., 2018). Palaeoseismic trenching 
along the Skinos fault yielded throw rates of 1.2–2.5 mm/yr over ~1500 

years (Collier et al., 1998). Two >Ms 6 earthquakes on the 24th and 25th 

February 1981 are reported to have partially ruptured faults within the 
SAFS (Jackson et al., 1982; Roberts, 1996a; Collier et al., 1998). Rup
tures in bedrock and alluvium that extend for 15–20 km (Jackson et al., 
1982; Bornovas et al., 1984; Roberts, 1996a) were observed following 
the February 1981 earthquakes, with maximum coseismic throw values 
of 150 cm and 100 cm identified on the Pisia and Skinos faults respec
tively (Jackson et al., 1982). 

The February 1981 earthquake ruptures were mapped to a throw 
minima along the south of Lake Vouliagmeni (Fig. 2c) (Bornovas et al., 
1984; Roberts, 1996a; Morewood and Roberts, 1999) where the “throw 
and geomorphic expression across [the SAFS] tend to zero” (Morewood 
and Roberts, 1999) and were used to conclude that the SAFS does not 
extend beyond the western end of the lake. Consequently, this location 
was identified as the western fault tip of the SAFS (Morewood and 
Roberts, 1999, Fig. 4a) (‘A’ on Fig. 2c). The area to the west of this 
location, Cape Heraion, is deformed by numerous normal faults, 
providing an excellent opportunity to explore deformation close to the 
tip of a normal fault. 

2.2. Cape Heraion, Perachora Peninsula 

The extreme west of the Perachora Peninsula, Cape Heraion, is 
located beyond the western tip of the SAFS (as defined by Morewood 
and Roberts, 1999, Fig. 2c). It is bounded to the north by the Perachora 
fault segment, the most eastern fault within the EXFS, and to the south 
by the south dipping, active Heraion fault (Taylor et al., 2011; Char
alampakis et al., 2014; Nixon et al., 2016) (Fig. 2a). The geology of Cape 
Heraion is comprised of a succession of deposits from the Mesozoic to 
the Late Quaternary with more recent Late Quaternary-Holocene 
geomorphic features imprinted such as wave-cut platforms and Holo
cene sea-level notches. 

The stratigraphic succession of the Cape comprises Mesozoic base
ment limestones unconformably overlain by Plio-Pleistocene marls and 
sandstones that are, in turn, overlain by algal mound bioherms (also 
known as cyanobacterial mounds) above which a bioclastic shallow- 
marine coral-bearing sediment occurs (Bornovas et al., 1984; see Port
man et al., 2005 for descriptions of each lithology). The bioherms are 
dominated by freshwater branched cyanobacterium Rivularia haematites, 
suggested to have formed when the Gulf of Corinth was a lake (Kershaw 
and Guo, 2001, 2003, 2006). Domal-topped bioherms in the hanging
wall and flat-topped bioherms in the footwall suggest they grew up to 
water level during faulting with restricted vertical growth in the foot
wall (Kewshaw and Guo, 2006). Subsequent relative sea-level rise 
resulted in the presence of a marine bioclastic layer above the bioherms 
(Portman et al., 2005; Roberts et al., 2009) and caves containing marine 
biota within the bioherms (Kershaw and Guo, 2006). Taken together, 
the above evidence is suggestive that faults were active during initial 
freshwater conditions, that were subsequently changed to marine by a 
relative sea-level rise. However, these lines of evidence are debated by 
other authors (Leeder et al., 2005; Portman et al., 2005; Andrews et al., 
2007), who favour that the bioherms grew in a marine environment. 

The observed geomorphology on Cape Heraion resembles that of a 
‘stepped’ profile with horizontal surfaces (terraces) separated by steep 
slopes. The sub-horizontal surfaces are interpreted as marine terraces 
because they are associated with coralliferous sediments, marine 
shoreface deposits with Quaternary marine fossils, and wave-cut plat
forms that are commonly bored by marine lithophagid borings (More
wood and Roberts, 1997, 1999; Leeder et al., 2003, 2005; Roberts et al., 
2009). Quaternary marine terraces typically form during glacio-eustatic 
sea-level highstands that occur as a response to glacial melting during 
interglacial periods. At the up-dip terminations of the marine terraces, it 
is common to find wave-cut notches and platforms that host features 
such as lithophagid borings and inter-tidal millholes, indicative of for
mation at palaeoshorelines (Westaway, 1993; Griggs et al., 1994; Miller 
and Mason, 1994; Roberts et al., 2009; Robertson et al., 2019). 
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Although the marine terraces and intertidal palaeoshoreline in
dicators are widely accepted, the explanation for the steep slopes 
separating marine terraces is debated on Cape Heraion. The slopes are 
interpreted in two ways by different authors: (1) as palaeo-sea-cliffs, cut 
by wave-action by three successive Quaternary glacioeustatic sea-level 
highstands (Leeder et al., 2003, 2005) (Fig. 3a); (2) the locations of 
faults offsetting a single terrace surface,where the up-dip termination of 
a terrace surface at a slope is the hangingwall cut-off of the marine 
terrace along the fault (Fig. 3b; Morewood and Roberts, 1997). In this 
latter interpretation, the age of the marine terrace is suggested to be 
~125 ka, associated with MIS 5e (Morewood and Roberts, 1997; Roberts 
et al., 2009) (Fig. 3b), with the presence of complex faulting repre
senting a Segment Boundary Zone between the EXFS and SAFS. Both of 
these explanations rely on age constraints that link a wave-cut platform 
at ~29 m to MIS 5e (125 ka highstand) dated using U-series coral ages 
(Vita-Finzi, 1993; Leeder et al., 2003, 2005; Houghton, 2010) (Locality 
F, Fig. 4a), but no age constraints have been available for higher 
elevation examples, and this is needed to differentiate between the 
competing hypotheses. 

We undertook detailed mapping and dating in an attempt to resolve 
the debate of successive palaeoshorelines versus faults. In particular, we 
tried to identify whether the slopes between terrace locations were 
continuous along strike, consistent with the suggestion that they 
represent a succession of palaeoshorelines, or whether the offset of the 
slopes varied along strike and displayed tip zones and relay ramps, 
suggestive of faulting. Later we present the results of field mapping and 
dating that supports the hypothesis of Morewood and Roberts (1997) 
that the observed variation in terrace elevation is as a result of faulting. 

The significance of Holocene wave-cut notches cut into the cliffs 
along the most western point of Cape Heraion hasd also been the subject 
of debate (Pirazzoli et al., 1994; Stiros and Pirazzoli, 1998; Kershaw and 
Guo, 2001; Cooper et al., 2007; Boulton and Stewart, 2015; Schneider
wind et al.,2017a, 2017b). It is clear that these notches form as a result 
of the chemical, biological and physical wave action eroding the cliffs in 

the intertidal zone along palaeoshorelines (Pirazzoli, 1986). The ages of 
four notches observed on Cape Heraion were dated to between 190 and 
440 A.D. and 4440-4320 B.C. and used to infer coseismic footwall uplift 
increments of 0.8 m from earthquakes with recurrence intervals of 
~1600 years (Pirazzoli et al., 1994). However, 0.8 m has been suggested 
to be a relatively high value for coseismic footwall uplift (Cooper et al., 
2007; Boulton and Stewart, 2015; Schneiderwind et al., 2017b; Meschis 
et al., 2019). Whatever their mode of formation, we show below that the 
notches are deformed by active faulting and use this as part of our 
explanation of the geological history of Cape Heraion. 

2.3. Using marine terraces and wave-cut platforms to obtain age 
constraints 

Exploring the deformation of marine terraces and wave-cut plat
forms relies on obtaining age controls for terraces, accurate geomorphic 
mapping of terrace features and knowledge of the timing and relative 
elevations of sea-level highstands (Robertson et al., 2019). Existing coral 
ages on Cape Heraion at localities C, F and H (Fig. 4a) dated using 
234U/230Th dating reveal ages that agree to coral growth during MIS 5e 
from platforms at 7 m (Roberts et al., 2009), 29 m (Collier et al., 1992; 
Vita-Finzi, 1993; Leeder et al., 2003, 2005; Dia et al., 1997; Houghton, 
2010) and 15 m (Burnside, 2010). To augment these ages, this study 
provides new coral ages, and in situ 36Cl cosmogenic exposure ages for 
wave-cut platforms, inspired by the work of Stone et al. (1996), that can 
be mapped along strike onto coral–bearing marine terrace sediments. 
The 36Cl cosmogenic exposure ages are cross checked against new and 
existing coral ages. 

Integral to studies of Quaternary marine terraces and palaeoshore
lines is knowledge of sea-level elevation changes linked to sea-level 
highstands, and the time when sea-level reached its maximum eleva
tion (e.g. Waelbroeck et al., 2002; Lambeck et al., 2002; Siddall et al., 
2003; Grant et al., 2014; Spratt and Lisiecki, 2016). On Cape Heraion 
existing coral ages constrain three wave-cut platforms to MIS 5e (125 ka 

Fig. 3. Comparison of two explanations for the observed geomorphology on Cape Heraion. (a) Geological map redrawn from Leeder et al. (2003) and interpreted 
schematic 3D diagram, Leeder et al. (2003) suggest a sequence of palaeoshorelines from MIS 5a/c (76.5 ka/100 ka) to 7e (240 ka). (b) Geological map redrawn from 
Morewood and Roberts (1997) and interpreted schematic 3D diagram, Morewood and Roberts (1997) suggest Cape Heraion is linked to the MIS 5e 125 ka highstand 
and has been latterly faulted. 
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sea-level highstand) (Localities C, F and H, Fig. 4a). The timing of MIS 5e 
occurred between 138-116 ka (Muhs and Szabo, 1994; Stirling et al., 
1998; Hearty et al., 2007; O’Leary et al., 2013; Dutton et al., 2015), with 
the majority (80%) of sea-level rise suggested to have occurred prior to 
135 ka (Muhs and Szabo, 1994; Gallup et al., 2002). Understanding the 
elevations and timings of past sea levels is beneficial because it provides 
an additional check against the ages obtained from 36Cl exposure dating, 
which should fall within known highstand time periods. 

3. Methods 

3.1. Field mapping 

Detailed field mapping and sampling for 234U/230Th and in situ 36Cl 
exposure dating was carried out during field campaigns throughout 
2015 and 2017. For the field mapping we concentrated on key criteria 
that would differentiate between the palaeo-sea-cliff versus fault in
terpretations for the steep slopes between terrace locations. In partic
ular, if the steep slopes are palaeo-sea-cliffs they ought to be continuous 
along strike (Fig. 3a). In contrast, if the steep slopes are fault scarps, they 

Fig. 4. (a) Geological and geomorphological map of Cape Heraion, age controls from this study and other coral studies (Vita-Finzi, 1993; Leeder et al., 2005; Roberts 
et al., 2009; Burnside, 2010; Houghton, 2010). (b) Fault map of Cape Heraion and spot height elevations used to plot the fault displacement in (c). (d) Stereonet plots 
for faults 1, 2, 10 and 17, rose diagram representing all measured strike values. 
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may display relay-zone geometries where it would be possible to walk 
continuously on a single surface, along strike, around fault tips, up relay 
ramps onto the higher parts of the same terrace surface (Fig. 3b). 

In order to constrain the geometries and continuity of the marine 
terraces (Figs. 3), 58 spot-height elevations were measured throughout 
the field area using a handheld barometric altimeter (3 m vertical error) 
that was regularly calibrated at sea level. These measurements were 
supplemented by 40 additional elevation values obtained from spot 
heights from a 5 m digital elevation model (DEM) (4 m vertical error) in 
ArcGIS. The combination of spot heights, outer edges and fault trace 
maps has allowed us to identify displacement gradients, fault tips to 
individual faults and relay zones separating individual faults. Rupture 
traces from recent (possibly 1981) faulting were mapped using a baro
metric altimeter and measured with rulers to identify the vertical offsets 
(throw) observed in colluvium and on bedrock fault scarps and the 
horizontal extension observed from piercing points. This was carried out 
as per the approach outlined in Iezzi et al. (2018). 

3.2. 234U/230Th sampling approach and preparation 

We focussed our attention on a 0.5–1 m thick coral-bearing, bio
clastic layer overlying the bioherms. The bioclastic deposits are 
comprised of coarse sand and contain corallites of Cladocora caespitosa. 
Whole corallite samples were removed and prepared as per the approach 
outlined in Roberts et al. (2009). Each corallite sample was split and the 
septa removed and discarded as septa have been shown to experience 
greater post-depositional alteration (Roberts et al., 2009; Houghton, 
2010). Individual samples were then fragmented and analysed under a 
binocular microscope for signs of alteration that appear as patches of 

brown colouration and small crystal growths. The corallites were 
physically cleaned using a scalpel to remove areas of alteration and any 
sediment and then placed in 10% hydrochloric acid for 2–3 s after which 
they were immediately rinsed in ultrapure water. This process was 
repeated until all signs of alteration were removed. Following this pro
cess fragments from each corallite were analysed for 234U/230Th as per 
the method detailed in Cr�emi�ere et al. (2016). 

3.3. 36Cl sampling approach and preparation 

For 36Cl dating we focussed our attention on wave-cut platforms that 
could be mapped along and across strike into the coral-bearing, bio
clastic layer, suggesting they would be close in age. Obtaining the ab
solute ages of wave-cut platforms using cosmogenic 36Cl exposure dating 
relies on (i) sampling from a surface comprised of a calcium-rich li
thology that has (ii) experienced minimal erosion and negligible burial, 
under soil for example, since exposure. This is because the primary 
production pathway of cosmogenic 36Cl occurs when 40Ca undergoes 
spallation following the collision of high-energy neutrons at the earth’s 
surface (Dunai, 2010). The spallation reaction is mostly limited to the 
upper 2 m of rock below exposed surfaces, decreasing exponentially 
with depth (Licciardi et al., 2008), so high levels of erosion would 
remove the highest concentrations producing misleadingly-young ages. 
Other pathways of 36Cl production that must be considered are from 
low-energy neutrons (Schimmelpfennig et al., 2009) and negative 
muons, which are the dominant production mechanism for 36Cl at 
greater depths (Dunai, 2010). We use the approach outlined in Rob
ertson et al. (2019) to identify surfaces that have experienced minimal 
erosion based on the presence of preserved lithophagid borings and 

Fig. 5. (a) Stratigraphic and structural relationships and (b) stratigraphic logs for dated localities from West to East, see Fig. 4a for localities.  
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millholes. The depth of lithophagid borings upon formation is between 3 
and 9 cm (Peharda et al., 2015) while millholes, that is, erosional hol
lows formed by pebble agitation in the intertidal zone, are usually a few 
centimeters to less than a few decimetres deep. Therefore, the preser
vation of these features allows us to be confident that we can constrain 
erosion to less than a few millimetres or centimetres. The low rates of 
erosion mean that the 36Cl concentration depth profile, determined by 
the 36Cl production rate depth variation from spallation, will be intact 
and amenable to age derivation using modelling. 

We sampled from wave-cut platforms comprised of differing lithol
ogies at a range of elevations: 62 m, 60 m, 46 m, 42 m and 29 m, 
including one location where there is an existing age control from 
234U/230Th coral ages (Locality F, Fig. 4a) from sediments formed quasi- 
contemporaneously with the wave-cut platform (Vita-Finzi, 1993; 
Leeder et al., 2003, 2005; Houghton, 2010). All samples were removed 
using a mallet and chisel. Shielding values were noted every 30� of az
imuth (as per the method in Dunai, 2010), and used in the age exposure 
calculations to account for the shielding of cosmogenic rays on the 
sample site by the surrounding topography (Dunai, 2010). Following 
removal, samples were analysed in thin section to determine their li
thology, washed in distilled water in an ultrasonic bath, then crushed 
and prepared for 36Cl exposure dating using Accelerator Mass Spec
trometry (AMS) as per the method outlined by Schimmelpfennig et al. 
(2009). The data obtained from AMS was input into CRONUScalc 
(Marrero et al., 2016), an online calculator that uses measured inputs 
from data such as 36Cl concentration, elemental composition, elevation, 
shielding, water content and appropriate uncertainties to calculate the 
age of the samples with uncertainty values attached. 

4. Results 

This section explores the results of our detailed geological mapping 
of Cape Heraion and the absolute ages obtained from our 36Cl cosmo
genic exposure dating and 234U/230Th dating. Alongside existing pub
lished ages, these new absolute ages are used to constrain the ages of 
surfaces at different elevations on Cape Heraion in order to show that 
faulting is responsible for offsetting a marine terrace linked to the 125 ka 
highstand within MIS 5e. The results of the dating are used to drive 
throw rate analyses in order to calculate cumulative throw within the tip 
zone since 125 ka. 

4.1. Field mapping 

Detailed field mapping reveals complicated, but linked spatial re
lationships between lithologies, the stratigraphy and geomorphic fea
tures on Cape Heraion (Figs. 4 and 5, Supplementary data 1, which 
contains a description of the stratigraphy). Wave-cut platform features 
have been cut into the stratigraphy (Fig. 4a) and are widespread 
throughout the cape at elevations from 6 m to 99 m (Figs. 4–6). These 
horizontal to sub-horizontal surfaces exhibit millholes and lithophagid 
borings, which are particularly well preserved on the platforms 
composed of bioclastic packstone (Figs. 4a and 6f). Associated with the 
wave-cut platforms, several localities display coastal notches where the 
wave-cut platforms impinge on steep outcrops. The notches are marked 
with lithophagid borings, for example close to location B at ~41 m, with 
another notch observed at ~92 m (Locality J, Fig. 4a). 

Our mapping suggests that the lithologic, the stratigraphic and 

Fig. 6. (a) overview of 36Cl sample locations. (b–h) Photographs of 36Cl and 234U/230Th sample locations. See Fig. 4a for locations of samples.  
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geomorphic features can be interpreted as due to the effect of wave- 
erosion, at the time of wave-cut platform formation, impinging on 
palaeo- Cape Heraion, characterised at that time by Quaternary sedi
ments onlapping onto an upstanding inlier of Mesozoic limestone 
(Fig. 5b). The lateral stratigraphic variations were denuded by the wave 
erosion so that the wave cut-platform formed on different stratigraphic 
units across the mapped area. The stratigraphy, and the wave-cut plat
form, have been subsequently offset by faulting that, therefore, post- 
dates the wave-cut platform, the Cladocora-bearing bioclastic sands 
and the Rivularia-bioherms (Fig. 7). 

To gain further insights into the faulting, we have studied the steep 
slopes that occur along the faults, and in particular the breaks of slope 
(Fig. 4a, c). The map pattern produced by the breaks of slopes reveals 
patterns that resemble displacement variations along the faults, with slip 
maximum close to the centres of the map traces, and the positions of 
relay-ramps at fault tips (Fig. 4c). Hence, we interpret these breaks of 
slope to represent hangingwall and footwall cut offs. Cross-sections 
across the faults are shown in Fig. 8. To cross-check the interpretation 
of fault segmentation in Fig. 4c, we used the elevation data shown in 
Fig. 4b to measure the vertical offsets across the faults, checking that 
relay-ramps and fault tips identified on Fig. 4c are marked by decreased 
vertical offsets (Fig. 9). This cross-check confirms that locations where 
the hangingwall and footwall cut-offs converge in map view (e.g. the 
relay-ramps and faults tips in Fig. 9b) have low or zero vertical offsets, 
consistent with our fault segmentation model. 

As a final check on the geometries of the faults we have compared 
their displacement (d) to length (L) ratios to those in a global database 
(Schlische et al., 1996), because d ¼ γL, where γ ¼ 0.01–0.1 with a 
preferred value of 0.03. We have analysed faults where we have 

identified both fault tips, and faults where we consider that the centre of 
the fault has been mapped, assuming that the displacement profiles will 
be symmetrical. We find values of γ between 0.01 and 0.1 (Table 1), 
suggesting that the vertical extents of the steep slopes separating terrace 
locations are consistent with the interpretation that they are fault scarps. 
The exception is fault 4, which has a d/L ratio that is comparatively 
higher (0.27), possibly as a result of being linked at depth with faults 1 
and 10 (see the individual fault throw profiles in Fig. 9a for faults 1, 4 
and 10). Consequently, the combined d/L ratio of these three faults is not 
representative because the fault continues offshore to the west (Fig. 4a 
and b). 

We describe the details of the faulting below. With the exception of 
three faults that strike approximately N–S not considered in this study, 
all of the faults strike parallel-sub parallel to the average 260⁰ of the 
SAFS between 230⁰ and 300⁰ (Figs. 2 and 4). The faults in the north of 
the cape are all north dipping and exhibit short fault lengths (100–400 
m) and offsets of 2–20 m. South of Fault 11 the presence of a north 
dipping fault is inferred owing to the 20 m offset of bioherms observed 
along the scarp of fault 11 (Fig. 4a and b). Faults along the south of the 
cape are longer, and extend outside of the mapping area to the east and 
offshore to the west (faults 1, 17 and 18) (Fig. 4a–c, 7a-c). Along the 
south of the cape, there are four south-dipping faults (1, 4, 10 and 18) 
(Figs. 4b, 7a-c, e, f). The scarp of fault 18 is not accessible and the offset 
of this fault is a minimum value as its hangingwall is offshore, however, 
this fault has been mapped by Morewood and Roberts (1999) farther to 
the east for ~2 km. South dipping faults 1, 4 and 10 appear to be en 
echelon to one another and exhibit limestone fault scarps that decrease 
in offset from west to east. 

Strike and dip values, and, where visible, fault striations were 

Fig. 7. (a) View of Fault 1 offsetting a wave-cut platform at 60 m and 15 m. (b) Annotated photograph of offset wave-cut notches on Fault 1. (c) Fault plane and 
annotated direction of fault slip for Fault 1. (d) North-south horizontal offset of 43 cm on a bioherm on the north side of Cape Heraion at Locality I, Fig. 4. Offset 
colluvium (e) and bedrock (f) along fault 17 between localities J and K, Fig. 4, UTM location: 663350/4210630. 
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measured along the limestone fault scarps of Faults 1, 2, 10 and 17 
(Fig. 4d). The fault dip for these faults range between 43 and 66⁰. In 
places faults display evidence of activity in a marine setting, faults 1 and 
4 display post-slip marine cementation of submarine screes coating the 
faults (Scott, 1995). Along north dipping faults 2 and 11, offset algal 
bioherms have horizontal lines of abundant lithophagid borings at 34 m 
and 41 m respectively, again suggesting slip pre-dates wave-cut platform 
formation. 

In summary, our geomorphological observations and elevation 
measurements suggest that a pattern of distributed faulting is visible on 

Cape Heraion. In the context of the north-dipping SAFS and its 
approximate E-W strike, the faulting on Cape Heraion displays a set of 
synthetic and antithetic faults that display a 70⁰ variation in strike. 
While north-dipping faults are more numerous, they appear to have 
smaller lengths and offsets compared to the four south dipping faults. 

4.2. 234U/230Th coral dating 

The Cladocora caespitosa corallites sampled from Cape Heraion (S6U/ 
Th, S7U/Th) (Fig. 4) were removed from within a death assemblage on 

Fig. 8. (a) 36Cl exposure ages and 234U/230Th coral ages (where error bars are not visible, the value of error is smaller than the plot marker). Ages are plotted against 
the sea level curve from Siddall et al. (2003), orange and black lines represent different cores used to construct the sea-level curve. (b) Fault map and the location of 
profile lines from Fig. 4a and b that are shown as schematic cross sections in (c). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 9. (a) Throw profiles for individual faults constructed using elevation data (shown in (b)). Throw values for Fault 19 is not plotted owing to a lack of elevation 
data. (c) Summed throw values and rates for all faults with uncertainties, summed throw values for north- and south-dipping faults. For (a) and (c) throw for each 
fault is plotted against the distance from the ‘on-fault’ tip (A) shown in Fig. 2c from Morewood and Roberts (1999). 
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the 44 m wave-cut platform predominantly composed of friable sedi
ments (Figs. 6c and 7a). Results of 234U/230Th dating on S6U/Th and 
S7U/Th reveal growth ages of 137 ka and 136 ka respectively (Fig. 8a, 
Table 2). The age presented for S6U/Th is comprised of the average of 
three analyses from the same corallite, a fourth age was also obtained 
from this corallite, but we have excluded it as the age of 173.7 ky sug
gests that it is an outlier and not representative of the age of the corallite 
(Table 2). The average age of sample S7U/Th is obtained from six an
alyses from the same corallite (Table 2). The 234U/230Th coral ages 
support growth during MIS 5e and are similar to existing coral growth 
ages from Cape Heraion (Fig. 8a; Vita-Finzi, 1993; Leeder et al., 2005; 
Roberts et al., 2009; Burnside, 2010; Houghton, 2010). Note that all 
samples have relatively high values of δ234U of 191–214 (a common way 
to represent the initial activity ratios of 234U/238U) compared to modern 
seawater in the Gulf of Corinth (value of 151; Roberts et al., 2009). It is 
expected that the samples should have δ234U values similar to modern 
sea-water. However, previous studies of coral ages in the Gulf of Corinth, 
which successfully produced ages of independently-known glacio-eu
static sea-level highstands, have tended to show elevated values (e.g. 
Collier et al., 1992; Vita-Finzi, 1993; Collier et al., 2000; Dia et al., 1997; 
Leeder et al., 2005; Roberts et al., 2009; Burnside, 2010; Houghton, 
2010; Turner et al., 2010), probably due to the fact that it is a restricted 
basin with freshwater input. The analyses herein also suggest an age 
similar to a well-known glacio-eustatic sea-level highstand at ~125 ka. 
Thus, like previous studies, we use the implied age in our later analysis, 
despite the relatively high initial activity ratio for our samples. 

4.3. 36Cl exposure dating of wave-cut platforms 

Cosmogenic 36Cl exposure dating is employed to calculate the time 
period that sampled surfaces have been subaerially exposed and thus 
accumulating significantly higher values of 36Cl compared to pre- 
exposure. Five samples were removed from limestone, bioclastic pack
stone and algal bioherm wave-cut platforms at different elevations on 
Cape Heraion (Figs. 4a and 6). Our field observations are used to inform 
the erosion rate used as an input parameter into CRONUScalc, which is 
used to calculate the exposure age of the samples (see Supplementary 
data 2 for CRONUScalc input data). The preservation of lithophagid 
borings and millholes on bioclastic packstone and limestone surfaces 
(samples 1 and 3) (Fig. 6b, f) indicate total erosion values of less than 
0.2–0.3 m, whilst samples from the tops of bioherms (samples 2, 4 and 5) 
are expected to have experienced total erosional values similar with the 
removed depth of bioclastic packstone/grainstone eroded from the 
surface of ~0.6 m. These limestone/packstone and bioherm values 
equate to erosion rates of 0.1 and ~6.0 mm/ky respectively. We note 

Table 1 
Displacement length (d/L) ratios for mapped faults 
on Cape Heraion, with the exception of Fault 19 
due to a lack of elevation data and Faults 1, 2, 3, 17, 
18, 20 as both tips could not be mapped.  

Fault number d/L ratio 

4 0.27 
7 0.06 
8 0.08 
9 0.05 
10 0.08 
11 0.04 
12 0.01 
13 0.02 
14 0.06 
15 0.03 
16 0.03 

No data for. 
Fault 19 due to a lack of elevation data. 
Faults 1, 2, 3, 17, 18, 20 as both tips cannot be 
mapped. 
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that the 0.1 mm/yr value is the same as that used on limestone wave-cut 
platforms dated using 36Cl exposure dating in south Crete (Robertson 
et al., 2019). 

Assuming the erosion rates stated above are correct, the 36Cl expo
sure ages of five samples (Fig. 8a, Table 3) are: S1 (limestone, sampled at 
60 m) 122 � 29 ka; S2 (bioherm, sampled at 62m) 108 � 36 ka; S3 
(bioclastic packstone, sampled at 42 m) 109 � 24 ka; S4 (bioherm, 
sampled at 46 m) 120 � 40 ka; S5 (bioherm, sampled at 29 m) 112 � 35 
ka. These results agree with the new and existing U-series ages presented 
above, suggesting late Quaternary ages close to the age of the 125 ka 
highstand. The error bars on the ages appear relatively-large, but are 
comprised of internal (analytical) and external (total) uncertainties that 
are associated with measured input parameters into CRONUScalc (e.g. 
H2O content, elevation, shielding, erosion rates and the production rate; 
Marrero et al., 2016). Where samples are removed from the same 
geographical location using the same method, the error values of the 
input parameters used to calculate the external uncertainty will be very 
similar (i.e. shielding) or even the same (i.e. production rate, elevation 
values). Consequently, Marrero et al. (2016) suggests that the external 
uncertainty value linked to the exposure age may be overestimated 
when comparing results from the same geographical area, sampled using 
the same method (see Dunai, 2010). This possible overestimate of un
certainties should be borne in mind when considering the 
relatively-large error bars associated with the exposure ages, but we 
have chosen to report the external uncertainties herein. 

While the erosion rates used to calculate exposure ages are based 
upon field observations, we recognise that they form an uncertainty in 
the ages obtained. Therefore, we examine the sensitivity of the exposure 
age results to uncertainties in the estimated erosion rates. For samples 1 
and 3, we tested erosion rates from 0.1 to 1 mm/ky and for samples 2, 4 
and 5 we tested erosion rates from 5.5 to 6.5 mm/ky (�0.5 mm/ky of 
our estimated erosion rates). The results of these analysis (Supplemen
tary data 3) reveal that the exposure ages may all be allocated to the 125 
ka highstand even if our chosen erosion rate is adjusted within the range 
of �0.5 mm/ky. Values for erosion rate larger than this would not be 
consistent with our field observations of features such as preserved 
millholes and lithophagid borings. We therefore suggest maximum and 
minimum values for rates of erosion for samples 1 and 3 of 0.1–1 mm/ky 
and for samples 2, 4 and 5 of 5.5–6.5 mm/kr. These results support our 
contention that our erosion rate estimates (samples 1, 3: 0.1 mm/ky and 
samples 2, 4 and 5: 6 mm/ky) are acceptable. 

We suggest that all our exposure ages for the wave-cut platform are 
associated with MIS 5e, and we discuss this below. Our exposure age 
results link S1 and S4 and their associated wave-cut platforms to MIS 5e, 
but the wave-cut platforms that S2, S3 and S5 were removed from, 
might, at first sight, be linked to either MIS 5c (100 ka highstand) or MIS 
5e (125 ka highstand) (Fig. 8a). However, using the exposure ages ob
tained from S1 (60 m) and S4 (46 m), new 234U/230Th ages from S6 and 
S7 (44 m) and existing U-series dating of corals on platforms at 7 m 
(Roberts et al., 2009), 15 m (Burnside, 2010) and 29 m (Vita-Finzi, 
1993; Leeder et al., 2003, 2005; Houghton, 2010) alongside sea-level 
curve data we suggest that it is more likely that S2 (62 m), S3 (42 m) 
and S5 (29 m) are associated with MIS 5e (Fig. 8c). Our reasoning is that 
it is difficult to reconcile that platforms at 60 m, 46 m, 44 m, 29 m, 15 m 
and 7 m were formed by the MIS 5e 125 ka highstand, yet platforms at 
similar elevations (62 m, 46 m and 29 m) were formed by the MIS 5c 100 
ka highstand. This is especially unlikely, given that the maximum sea 
level during the 100 ka highstand in MIS 5c was � 25 m relative to today, 
and this is 30 m lower than the 5 m relative sea level during the 125 ka 
highstand of MIS 5e (Siddall et al., 2003) (Fig. 8a). 

The results of our dating, combined with existing age controls and 
detailed geological mapping strongly supports that the observed wave- 
cut platforms on Cape Heraion were all formed during the 125 ka 
highstand of MIS 5e and have been subsequently faulted since this time 
(Fig. 8c). 
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4.4. Holocene displacements 

Offset Holocene notches and surface faulting that may be associated 
with the 1981 earthquake suggest occurrence of Holocene faulting on 
Cape Heraion (Fig. 7). An offset notch exists along the base of a cliff at 
the south west of the cape of as a result of slip on Fault 1 (Figs. 4b and 
7b). The highest notch is offset by 1.08 m between the footwall and the 
hangingwall, but it does not appear that a lower notch is also offset 
(Fig. 7b). Our explanation for this is that faulting occurred on Fault 1 
following the formation of the upper notch between 4440 and 4320 B.C. 
(Pirazzoli et al., 1994) prior to the formation of the lowest notch (at 
~1.4 m) between 440 and 190 A.D.; this may be interpreted as evidence 
of Holocene faulting on this part of the cape. 

Evidence of recent surface faulting may also be present on the north 
of the cape as a several metre-deep fracture offsetting the bioherms. The 
fracture (Locality I Figs. 4a, and Fig. 7d) has a strike of 245⁰, a horizontal 
offset of 43 cm, and a direction of opening of 332⁰, as measured by 
matching piercing points on both hangingwall and footwall. On Fault 17 
between localities J and K (Fig. 4a), the occurrence of surface faulting is 
suggested by a fresh, lichen-free stripe at the base of a carbonate fault 
plane. These possible surface ruptures, if extrapolated along-strike, 
cover a distance of ~300 m along the fault. Between localities J and K 
we observed seven locations that display fresh lichen-free stripes on 
bedrock fault planes (Fig. 7e and f). Bedrock offsets (measured as ver
tical throw) appear as a light grey stripe at the base of a free face, pre
serving what appears to be the relative coseismic movement of the 
colluvium along the fault rupture, ranging from 3 to 12 cm of throw. In 
places, the surface rupture has also stepped forward into the hanging
wall, located a few centimetres to decimetres away from the carbonate 
fault plane, to offset the hangingwall colluvial deposits (Fig. 7e); vertical 
offset in the colluvium ranges between 7 and 28 cm, measured at eight 
locations between localities J and K (Fig. 4a). 

As the 1981 earthquakes are the most recent to result in surface 
ruptures on the Pisia fault (Jackson et al., 1982; Taymaz et al., 1991; 
Hubert et al., 1996; Roberts, 1996a), and ruptures were reported as close 
by as along the shore of Lake Vouliagmeni (Bornovas et al. 1984, 
Fig. 2c), we suggest that it is plausible that the ruptures on Cape Her
aion, may have also occurred coseismically during the 24th and/or 25th 

February 1981 earthquakes. 

4.5. Throw rates and uplift rates 

The absolute ages of wave-cut platforms gained in this paper 
constrain their formation to the 125 ka highstand within MIS 5e. This 
means that we can quantify the throw-rate and uplift-rates since 125 ka 
(Fig. 9) to the present day. To constrain the fault geometries, we used 
elevation data for the footwall and hangingwall cut-offs along the strike 
of fault traces from the geological and geomorphological map (Fig. 4) to 
construct throw profiles across each fault. Plots of the individual throws 
for all faults show that faults have maximum offset values of <40 m with 
two faults exceeding this value (17 and 18) (Fig. 9a). When all of the 
fault throw values and rates are summed across strike they show a 
pattern of decreasing displacement from east to west (Fig. 9c). We 
emphasise that the data in the grey area on Fig. 9c should be interpreted 
with more caution due to the lack of absolute age control obtained for 
the wave-cut platform located in the footwall of fault 17 (Figs. 4a and 
9a), but here we infer that if the notch and small wave-cut platform at 
~92–99 m (Locality J, Fig. 4a) cut into the footwall of Fault 17 repre
sents the 125 ka palaeoshoreline (Fig. 8c, profile 3), we can constrain the 
throw rate, and we include this in our summed values. 

When fault throw and throw rates are plotted separately for the 
north- and south-dipping faults they mirror the pattern of summed 
values decreasing from east to west (Fig. 9c). It is interesting to note that 
four south-dipping faults accommodate more throw compared to 14 
north-dipping faults with the exception between 1900 and 1800 m to the 
west of the ‘on fault’ throw minima (Fig. 9c). We postulate that this may 

be a reflection of the broader faulting pattern within the Gulf of Corinth 
where the polarity of faulting switched from south-dipping faults to 
north-dipping faults during the late Quaternary (Roberts et al., 2009; 
Nixon et al., 2016). Specifically, Roberts et al. (2009) suggested that the 
north-dipping SAFS experienced an increase in slip at ~175 ka. The 
short fault lengths and small displacements of the north dipping faults 
on Cape Heraion may indicate that they are less mature compared to 
their south-dipping counterparts. As the summed throw values do not 
decrease to zero in the mapped area, we suggest that the point of zero 
vertical offset may lie offshore to the west of Cape Heraion, unless the 
faulting is actually hard-linked to offshore EXFS. 

Another way to consider the results is to explore how throw across 
active faults has produced spatial variation in uplift relative to present- 
day sea-level. In other words, the absolute ages of wave-cut platforms, 
and knowledge of their elevations, allows calculation of spatial variation 
in uplift rates since 125 ka. Uplift rates since 125 ka from the highest and 
lowest dated wave-cut platforms are calculated as 0.46 mm/yr (S2, 62 
m) and 0.02 mm/yr (Sample P1CWall, 7 m, Roberts et al., 2009) 
respectively (Fig. 4a). If our assertion that the observed notch at 92 m 
(Locality J, Fig. 4a) marks the palaeoshoreline of the 125 ka is correct 
then a maximum uplift rate of 0.7 mm/yr on Cape Heraion is derived 
using the 92 m elevation (N.B. these calculations take into account that 
the sea-level elevation of the MIS 5e highstand was þ5 m relative to 
today’s sea-level). The extreme variability in uplift rate over distances of 
tens of metres or less precludes simple interpretations of regional tec
tonic signals in our opinion, as the local uplift is clearly dominated by 
local faulting (c.f. Leeder et al., 2005). 

While the ages obtained in this study and the existing coral U-series 
link the formation of the wave-cut platforms to the MIS 5e highstand, 
field observations suggest that some faults were already active prior to 
MIS 5e. Evidence for this is in the form of (a) marine cementation within 
submarine screes coating the fault planes on Faults 1 and 4, (b) strati
graphic variations across faults in and below the bioherms, and (c) flat- 
topped bioherms in the footwall versus domed-topped bioherms in the 
hangingwall that are suggested to have grown up toward water surface 
levels during formation (Fig. 5) (also observed by Kershaw and Guo, 
2006). This evidence suggests that faulting on Cape Heraion was active 
prior to the beginning of the MIS 5e (~138 ka) and continued 
throughout the marine stage and beyond. It is possible that along the 
faults with smaller offsets (such as those in the north) any coseismic 
offset prior to 125 ka may have either been consequently covered by 
syn-wave-cut platform sediments or eroded prior to or during the for
mation of the 125 ka platform; this is particularly plausible given that 
between the start of MIS 5e at ~138 ka and the highstand at 125 ka any 
fault offset on the peninsula over this time would have been subject to 
the erosive forces of rising sea level. Furthermore, coseismic offsets on 
the faults on the peninsula are expected to be relatively small (a few cm) 
and therefore easier to erode or obscure with sediment. 

5. Discussion 

Detailed fault mapping and absolute dating on Cape Heraion reveals 
that the western tip zone of the SAFS accommodates deformation via 
distributed faulting along synthetic and antithetic faults. Importantly, 
our findings provide evidence of faulting during the Late Quaternary, 
specifically over decadal, 103 and 105 year timescales that is ongoing 
into the Holocene and perhaps even as recently as 1981. Offset marine 
terraces and their wave-cut platforms throughout the entire mapped 
area can be linked to the 125 ka highstand within MIS 5e. The findings 
presented in this study, therefore, provide evidence of significant late- 
Quaternary faulting on Cape Heraion. This outcome is in direct 
contrast to the findings of Leeder et al. (2003) and Leeder et al. (2005) 
who refute the notion of displacement of Holocene and late Quaternary 
shoreline deposits within the study area, and conclude that the Per
achora Peninsula is uplifting at a constant, low, uniform rate of 0.2–0.3 
mm/yr possibly linked to angle of dip of the subducting African plate 
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beneath the eastern Gulf of Corinth (Leeder et al., 2005) and repre
senting a ‘background’ uplift rate for the region. 

Our fault throw analyses show that summed throw rates in the tip 
area appear to be relatively high, up to ~1.6 mm/yr (Fig. 9), compared 
to throw and slip rates near the centre of the Pisia and Skinos faults of up 
to 2.3 mm/yr (Mechernich et al., 2018) and 0.7–2.5 mm/yr (Collier 
et al., 1998) over the Holocene and 1.2–2.3 mm/yr over the longer term 
(Collier et al., 1998). From the findings presented here, we conclude that 
detailed across strike mapping within the tip zone of a fault is imperative 
in order to constrain accurate rates of long-term faulting that could 
otherwise be underestimated. We show that the tips of faults should be 
considered as zones of deformation, rather than localised surface fea
tures where a fault stops as they contain multiple active faults. 

5.1. High throw rates on Cape Heraion 

Our findings lead us to question why the throw values obtained in the 
western tip zone over 125 ka are anomalously high compared to those 
observed along the localised fault (Fig. 10a). Studies of tip displacement 
gradients commonly suggest high gradients occur where the tips of two 
faults overlap, as a consequence of the interaction between the stress 
fields of the faults (e.g. Peacock and Sanderson, 1991; Huggins et al., 
1995; Willemse et al., 1996; Cartwright and Mansfield, 1998; Cowie and 
Shipton, 1998; Gupta and Scholz, 2000; Ferrill and Morris, 2001; Scholz 
and Lawler, 2004; Fossen and Rotevatn, 2016). Analysis of an isolated 
fault tip by Cowie and Shipton (1998) revealed an average tip 
displacement gradient of 0.018, whereas Cartwright and Mansfield 
(1998) obtained gradients between 0.0164 and 0.25, in their study of 20 
normal faults comprised of a mixture of isolated and interacting faults. 
In comparison, the tip displacement gradient for the investigated west
ern tip zone of the SAFS is 0.233 (Fig. 10b), at the upper range of those 
observed above. 

An explanation of the relatively high summed throw rates on Cape 
Heraion may be due to fault interaction between the stress fields of the 
EXFS and the SAFS located along strike to one another and whose 
eastern and western fault tips overlap (Fig. 2a). While this suggestion 
has been proposed by Morewood and Roberts (1997), it has not been 
quantitatively investigated. One way of exploring fault interaction be
tween overlapping faults relies on modelling the calculated Coulomb 

stress transfer from rupturing a source fault onto a receiver fault. Studies 
of Coulomb stress transfer (King et al., 1994; Toda et al., 2005) show 
that following an earthquake, changes in the stress around the slipping 
patch on the source fault occur that may influence seismicity on 
neighbouring receiver faults, with positive Coulomb stress transfer 
bringing a receiver fault closer to failure and negative Coulomb stress 
transfer resulting in stress shadows. The presence of a stress shadow on 
the tip zone of a receiver fault may result in deceleration of the propa
gation of the tip of the receiver fault, which consequently results in 
displacement accumulating near its interacting tips, causing steeper 
displacement gradients (Gupta and Scholz, 2000, Figure 14). The 
deceleration occurs because the fault at the interacting tip must over
come the rupture resistance and stress drop imposed by the adjacent 
fault (Walsh and Watterson, 1991; Scholz and Lawler, 2004). 

We explore whether the location of the eastern EXFS tip zone 
(Fig. 2a) could perturb the stress field of the western tip zone of the SAFS 
by modelling the Coulomb stress changes following an earthquake on 
the EXFS (source fault) onto the SAFS (receiver fault) using Coulomb 
3.3.01 software. We use the approach and updated code of Mildon et al. 
(2016) within Coulomb 3.3.01 that allows strike-variable faults to be 
used, as Coulomb stress transfer is particularly sensitive to changes in 
the strike of receiver faults (Mildon et al., 2016). An accurate fault trace 
drawn using Google Earth™ and geometries (dip, strike, rake) of the 
source (EXFS) and receiver (SAFS) faults (Table 4) were input into the 
code from Mildon et al. (2016). The source fault was then ruptured to 
produce a ‘standard’ earthquake, determined using fault-scaling re
lationships to calculate the maximum magnitude from the length of the 
fault rupture (Wells and Coppersmith, 1994). Three source fault rupture 
scenarios are modelled: (1) the rupture of the SAFS with the exception of 
the western 2.5 km of the SAFS; (2) the rupture of the entire EXFS; (3) a 
partial rupture of the EXFS, which involves only the most eastern 
segment (the Perachora fault) (Fig. 2a). Scenario (1) was modelled in 
order to establish the Coulomb stress transfer imparted from a partial 
rupture of a fault onto its own tip area (e.g. Roberts 1996a,b). Note that 
within the Coulomb stress transfer scenarios, the western tip area of the 
SAFS is defined as the western 2.5 km section of the SAFS, from Point A 
(Fig. 2a) to the west tip of Cape Heraion. 

The results of Coulomb stress transfer modelling show stress 
enhancement on the shallow portions of faults in the region of Cape 

Fig. 10. (a) Summed throw of Cape Heraion faults plotted alongside cumulative throw of the SAFS (modified from Morewood and Roberts (1999)). (b) Tip zone 
throw and displacement gradient from Cape Heraion. See Fig. 2c for the location of A (‘on-fault’ tip of the SAFS). 
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Heraion, or stress enhancement to greater depths, depending on the 
exact source to receiver geometry. Rupturing the entire SAFS with the 
exception of the western 5 km section (Scenario 1), results in a signifi
cant positive Coulomb stress change of 2 bars onto the entire fault plane 
of the SAFS western 5 km section (Fig. 11b). Rupturing the entire EXFS 
(Scenario (2)) results in the upper and lower 2 km of the SAFS western 5 
km section experiencing positive stress transfer of 2 bars, while the 

majority of the western 5 km section of the fault plane displays negative 
stress transfer of up to � 2 bars (Fig. 11c). Similarly, in scenario (3), 
rupturing only the Perachora fault segment of the EXFS also results in 
negative stress transfer of � 2 bars over almost all of the western 5 km 
section of the fault with the exception of the upper 1 km, which expe
riences positive stress transfer values of 1–2 bars (Fig. 11d). Overall, the 
high values of displacement observed on Cape Heraion over 125 ka may 

Table 4 
Inputs for Coulomb stress change modelling. Slip at the surface is set at 0.1 (10%) of the slip value at depth. This value is based upon the relationship between surface 
slip (Vittori et al., 2011) and maximum slip values at depth (Wilkinson et al., 2015) for the Mw 6.3 2009 L’Aquila Earthquake, Italy.  

Fault name Fault information (fault trace, kinematics) Length 
(km) 

Depth of 
seismogenic 
zone (km) 

Dip 
⁰ 

Facing 
direction ⁰ 

Rake 
⁰ 

Sub-surface 
maximum slip 
value (m) 

Max. 
Mw 

Figure 

East Xylocastro 
Faut System 
(EAFS) 

Whole fault length is used combining fault traces 
of the East Xylocastro Fault, North Kiato Fault and 
Perachora Fault as per Nixon et al. (2016). 

29 15 55 010 � 90 1.6 6.53 11b 

Perachora Fault 
(EXFS) 

Fault trace from Nixon et al. (2016) 11 15 55 350 � 90 1.4 6.21 11c 

South Alkyonnides 
Fault System 
(SAFS) 

Whole fault length is used as per Roberts et al. 
(2009) (rupturing the Pisia, East Alkyonides and 
Psatha faults), with the exception of western 5 km 
tip zone. Dip data averaged from Jackson et al. 
(1982) (45�) and Mechernich et al., 2018 (60�) 

38.7 15 55 345 � 90 2.4 6.74 11a  

Fig. 11. (a) Map of eastern Gulf of Corinth showing the fault traces modelled in Coulomb stress change (b–d) for the South Alkyonides Fault System (SAFS) and East 
Xylocastro Fault System (EXFS) (adapted from Fig. 2a). See Table 4 for inputs into Coulomb modelling. (b) Coulomb stress change from rupturing the source fault 
(entire SAFS with the exception of the western 5 km) onto the receiver fault (western 5 km section of the SAFS). (c) Coulomb stress change from rupturing the source 
fault (entire EXFS) onto the receiver fault (SAFS), (i) shows the source fault rupture, (ii) shows the source fault outline only. (d) Coulomb stress change from 
rupturing the source fault (Perachora segment of the EXFS) onto the receiver fault (SAFS), (i) shows the source fault rupture, (ii) shows the source fault outline only. 
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be explained by fault interaction between the overlapping tips of the 
EXFS and the SAFS. 

5.2. Impacts on seismic hazard 

Our findings have implications for fault-based probabilistic seismic 
hazard assessment (PSHA). We show here that the tip zone of a crustal- 
scale normal fault can accommodate significant displacement ‘off the 
localised fault’, possibly linked to interaction with a neighbouring fault. 
If these patterns of deformation are assumed to be typical for other 
normal crustal-scale faults within fault systems that overlap along strike, 
such as those in the Central and Southern Italian Apennines (Roberts and 
Michetti, 2004; Papanikolaou et al., 2005; Papanikolaou and Roberts, 
2007; Iezzi et al., 2019) and Basin and Range Province, Western USA (e. 
g. Machette et al., 1991; Anders and Schlische, 1994; Schlische and 
Anders, 1996, and references therein) then our findings may help shed 
light on how to incorporate slip/throw values into regional datasets, and 
whether displacements can jump from one major fault to another. 

It is known that measurements of slip rate are key inputs into PSHA 
calculations to gain recurrence intervals and probability of shaking 
events (e.g. Boncio et al., 2004; Pace et al., 2010, 2016; Valentini et al., 
2017). However, due to a sparsity of data, it is common to extrapolate 
slip rate data from measurements collected on a single location along a 
fault. This is predominantly done by assuming that displacement de
creases towards fault tips (Faure Walker et al., 2018). The present study 
shows that this approach can be problematic, because the interaction 
between overlapping and interacting fault tips of neighbouring faults 
might result in anomalously-high displacement in the tip zone, so that 
throw and slip rates do not simply decrease along strike. Thus, calcu
lation of recurrence rates and the probabilities of given shaking in
tensities may be in error in such situations. 

If our suggestion that high values of displacement in the overlapping 
tip zones between the EXFS and the SAFS are as a result of fault inter
action is correct, then the possibility that earthquake ruptures may jump 
between the EXFS and SAFS should also be explored. Fault interaction 
has the capacity to affect rupture sequences whereby seismic events may 
‘jump’ across interacting faults, causing multi-fault earthquakes (e.g. 
Gupta and Scholz, 2000; Iezzi et al., 2019). For instance, from analysis of 
the source parameters of the 1981 earthquake sequence, Abercrombie 
et al. (1995) suggested that the 1981 earthquake sequence might 
represent a multi-fault rupture between the SAFS and EXFS (or a 
segment of the EXFS), during which the rupture might have originated 
offshore and propagated eastward onshore. However, this analysis was 
carried out without consideration of the distributed faulting reported 
herein. It is beyond the scope of this paper to confirm or deny whether 
the presence of distributed faulting may make jumps between co-located 
faults more or less likely. However, this topic is important because the 
recent UCERF 3 model (Field et al., 2017) recognises the potential of 
ruptures to jump between faults that are co-located along strike sepa
rated by small distances (5 km), a value similar to those identified by 
empirical studies of normal faulting earthquakes between 5 and 7 km (e. 
g. DePolo et al., 1991; Wesnousky, 2008). The maximum step between 
the SAFS and EXFS is ~4 km (Fig. 2), within the values reported above. 
Moreover, the observation that anomalously high displacement has 
accumulated in the Cape Heraion tip zone may be evidence that earth
quake ruptures do cross the tip zones, but their presence is only detected 
if detailed mapping is conducted, and excellent age constraints are 
available to gain rates of deformation. 

We contrast the wealth of observations we provide in the Cape 
Heraion tip zone with the more typical situation away from sea-level, 
where transverse bedrock ridges tend to occupy tip zones, and these 
ridges are made of uniform pre-rift lithologies. In these locations, sparse 
Quaternary or Holocene sediments may make it difficult to study and 
gain evidence for active faulting and rates of deformation (e.g. Roberts 
and Koukouvelas, 1996, elsewhere in central Greece; Roberts and 
Michetti, 2004, Italian Apennines; Zhang et al., 1991; Crone and Haller, 

1991; Wu and Bruhn, 1994 western USA, for examples of such transverse 
bedrock ridges). It may be that smaller distributed displacements remain 
undiscovered in tip zones between major active faults, and this warrants 
more investigation, because their study may be one of the few ways to 
observe whether ruptures cross tip zones to produce hazardous, 
multi-fault earthquakes. 

6. Conclusions 

1. Cape Heraion, in the western tip zone of the South Alkyonides 
Fault System, deforms via a set of distributed faults that are synthetic 
and antithetic to the ‘main fault’ and have been active over decadal, 103 

yr and 105 yr timescales. New age constraints using 36Cl cosmogenic 
exposure dating and 234U/230Th age dating of corals reinforce that the 
marine terraces and associated wave-cut platforms on Cape Heraion are 
linked to the 125 ka highstand within MIS 5e rather than a set of terraces 
from three successive MIS phases. 

2. On Cape Heraion, summed throw values (211–35 m), throw rates 
(1.68–0.25 mm/yr) and uplift rates (maximum 0.7 mm/yr) appear to 
exceed those reported on the main fault. These deformation rates are 
reflected in an anomalously high displacement gradient of 0.233. 
Coulomb stress change modelling suggests that this is a consequence of 
the fault interaction between the overlapping tips of the EXFS and the 
SAFS. 

3. Our findings have implications for probabilistic seismic hazard 
calculations as they show that the tip zones of crustal-scale faults may 
host high deformation rates caused by distributed faulting and as such 
should be mapped in detail across strike. This is particularly important 
for fault systems worldwide where crustal-scale faults may over lap and 
where the slip rates are typically propagated along strike from one or 
two measurements assuming a fault that linearly decreases to zero at the 
tips. 
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