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Highlights (2 bulets, max 85 ch per bullet inc spaces):

1 New age controls from Cape Heraion show wawueplatforms are linked to 125 ka
1 Distributed faulting has deformed waxgit platforms since 125 ka

1 High summed throw rates in the fault tip zone may be linked to fiatétraction

1 Deformation rates from tip zones are needed for fault based hazard assessment
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In order to investigate the geometry, rates and kinematics of active faulting in the region close
to the tip of a major crustascale normal fault in the Gulf of Corinth, Greece, we have mapped
faults and dated their offsets using a combination?#J/>3°Th coral dates anah situ3¢Cl
cosmogenic exposure ages for sediments and waitglatforms deformed by the faults. Our
results show that deformation in the tip zone is distributed across as mamyghsfaults
arranged within ~700 m across strike, eachwdiich deforms deposits and landforms
associated with the 125 kaarine terraceof Marine Isotope Sage5e. Summed throwrates
across strike achieve values as high asl063nm/yr, values thaare relatively high compared

to that at the centre of the crustl-scale fault(2-3 mm/yr from Holocene palaeoseismology
and 34 mm/yr from GPS geodesylhe relatively high deformation rate and distributed
deformation rate in the tip zone are discussed in terms of stress enhancement from rupture
of neighbouring crustiascale faults and in terms of how this should be considered during

fault-basedseismic hazard assessment.

1. Introduction

Understanding the deformation that occurs thie tips of normal faultss important
becausga)it contributes to knowledgen faut growth andlinkage(e.g Cowie and Shipton,
1998 Peacock and Sanderson, 19%¢lLeod et al. 20M; Peacock, 2002 (b) has the
potential to informfault-basedseismic hazard analysibout fault connectivity and maximum
rupture extent (Scholz and Gupta&2000) and (c) influences our understanding diid
connectivity or otherwise of faulted hydrocarbon reservoirs (Yieldirg., 1996)One of the
key observations from studies on #gone deformation is that the shape of the displacement

gradientsdiffers between isolated and interacting faultss a result of perturbation to the
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surrounding stress fielPeacock and Sanderson, 1991; Willemse et al., 108fright and
Mansfield, 1998Cowie and Shipton,9B8; Scholz and Lawler, 20p4n particular, steeper
displacement gradients occur close to fault tips where adjacent faults are in close proximity
(Gupta and Scholz, 200®jowever, it is not knowhow these steep displacement gradients
develop through timewhether displacementsialways localised on a single fault or spread
across several fault strands, and how tip deformation should be incorporated into studies of
seismic hazard.To answer these questions, this paper provides measurements of
deformation rates across all faults witha tip zone over timescales that allow one to
recognise how many individual faults are active simultaneously.

Ourinterest was raised fathis topic because we note that the tips ofsomecrustal
scale faultsdistributed faulting dominatess networks of splay faultsthat form at acute
angles to the main faulfMcGrath and Davison, 1993°errin et al., 2016(Figure 1)It is
unclear whether hese fault patterns and the resultant deformation can be more complex
where the tips of two crustadcalefaults overlapalong strikeand interaction occurs between
neighbouring faults (Gupta and Scholz, 20p0 Moreover, although ypically fault
displacement decreases to minimal values toward thé@ipwie and Roberts, 20 shared
tip zone can hoshigh displacement gradientselative to the main fault(Peacock and
Sanderson, 19911994; Schlische et al., 199@nd 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 zohas the capacity to
contribute to fault-basedseismic hazard assessmefetg. Pace et al., 2016)f tip zones
contain relativelyhigh displacements, distributed across multiple faults, or isedl on a
single fault, this may influence whether ruptures can cross the tip zone oiiter

neighbouring faults (e.g. Field et al. 2014), influencing estimates of maximum earthquake
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magnitude(Wells and Coppersmith, 1994jowever the lack oimeasured tsplacementata
within tip zonesmeansthat historicfault-based seismic hazaapproaches typicallyely on
throw/slip rate data fromoutside the tip zoneand the assunption that displacement
gradients decrease toward the tips accordingpte-ordainedfault shapes (Faure Walker et
al., 2018) The aboveassumptiongroducesignificant uncertainty iPSHAPace et al., 2016)
and have been shown to result in largéifferences betweencalculations of recurrence
intervals and grounghaking exceedance probiities for different fault geometriegFaure
Walker et al.2018). Constraining theates of deformatiorat multiple locations along a fault
includingwithin the tip-zone is therefore a vital component akducing the uncertainty in
PSHAFurthermore this may be particularly important this analysis is carried oiurt an area
where overlapping tip zonesoccur, higher displacement gradientsand consequently
slip/throw rates may mean thatcumulative slip ratesnay berelatively high, even when
comparedtow2y Tl dzZf 6 Q @I f dzSa o

One of the main challengeto gaining insights of how tipone deformation
accumulates through time, over timescales relevant to earthquake rupture, is to derive
knowledge of the timescales over which faulting occurs. Bgistapproachesuse
measurements ofertical displacementoupled with theages of offset strata/landform&.g.
Sieh et al. 1989; Armijo et al. 1991; Roberts and Michetti, 2004; Galli et al. S08genhauf
et al., 2010 Mozafari et al. 2019Robertsonet al., 2019. In tip zones wheredistributed
faulting dominatesand slip-rate along individual faultsnay be(a) relatively low,and (b)
difficult to detect it may be advantageous to concentrate on techniques that average the slip
over relatively longiime periods Inhvestigations using deforme@Quaternarymarine terraces
and their associated wawveut platforms €.g. Armijo et al., 199@®oberts et al., 2009, Roberts

et al., 2013Binnieet al., 2016 JaraMunoz et al., 201 7Meschiset al., 2018 Robersonet al.,



96 2019)allow deformation rates to be measured over*®@ears, and therefore displacement
97 associatedvith the very low slip rates of individual tipone faultscan be resolved

98 The western tip area of thenorth dipping South Alkyonides FaulBystem (SAFS)
99 (Morewood and Roberts, 199,/ocated on the Perachora PeninsutagternGulf of Corinth,
100 Greece)provides aropportunitydl 2 & G dzR& i BT HIINRD RS TUZSNEY 14 A 2 v
101 interaction with neighbouring faultsA set of distributé faultsat CapeHeraion,in the far

102 west of the Perachora Peninsutapresents the western tip zone of the SAM8rewood and

103 Roberts, 199y (Figure 2. While this area has beetudiedbefore Morewood and Roberts,
104 1997), this study lacked the detailed mappimd displacement gradients along individual
105 faults, and the age constraintseededto be able tofully examine the rate and spatial
106 variationof deformation Morewood and Roberts (1997) identified faulted offsetswdfat

107 they claim is a singlmarine terrace Othershave made an alternative interpretation where
108 marine terraces at different elevations are not faulted, but rather date from different sea
109 level highstands (Leedet al., 2003; Leeder et al., 2005This ésagreement could not be
110 resolved because although some age constraints were available ff8di3°Th dating of

111 corals Vita-Finzi et al., 1993, Leeder et al., 2003; Leeder et al., 2005; Roberts et at., 2009
112 Houghton, 201 ages were not available fararine terrace deposits at different elevatians
113 Our breakthrough reported herein, is that our detailed mappregealedthat the

114  coratbearing strata can be mapped along strike inavecut platforms and wavecut

115 platforms can be dated using in sfCI cosmogenic exposure studies (Robertson et al. 2019)
116 Here we test thehypothesis of Morewood and Roberts (1997) of single, faulted
117 palaeoshoreline by (igonstrainng the ages of marine terrace deposits and landforms at
118 different elevations (ii) calalating individual and cumulative fault throw values an(ii)

119 exploiinghow these vary spatially within the tip zoaedhow they compare to other normal
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fault tip zones The results ofheseanaly®gs are combined with those frol@oulomb stress
change mdelling to explorehe interactionof the tip of the SAFS with neighbouring faults
These findings are then discussedthe context offault-basedprobabilisticseismic hazard

assessment

2.Background

2.1 Tectonicsetting

The Perachora Peninsuis locatedwithin the eastern Gulf of Corint{Figure 2)one
2F (KS 62NX RQa Tl & ivih@iensdbiratéhstiRdeny<admngk andlo-a & a G Sy
15 mm/yr (Davies et al., 1997Clarke et al., 1998; Briole et al., 2000he 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 sétnorth and south dipping faultstom
the Late Quaternary to the present dagrth-dipping failts located along the rift system that
borders the south of the guliire predominately responsible faxtensionwith other faults
less active or ceasing adty (Sakellariou et al., 200Bell et al., 2009Roberts et al., 2009
Nixon et al., 2016FernandeBlanco et al., 2019 The northdippingfaults havebeen shown
to havestarted to dominate the deformatiobetween340-175ka(Roberts et al., 200Nixon
et al., 2016).

The Perachora Peninsutalocatedoetween the Alkyonides Guib the north and the
Lechaion Gulfo the south (Figure 2a This area is dominated o crustatscale, north
dipping, active fault systemshe East Xylmastro Fault System (EXE&) named in this study)

and the South Alkyonides Fault System (SAFH§Wre 2a) The EAFSs formed by theEast



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

XylocastroNorth Kiato and Perachora faujt®cated offshore and arranged eathelon The
linkage of these threéaults is unclear (Bell et al., 2009) with some authors suggesting fault
connections at depth (Armijo et al., 2006; Nixon et al., 2016) and others suggesting that they
are isolated faults (Stefatos et al., 2002; Moretti et al., 2003; Sakellariou et ar).dbhe
presence of a set of coherent terraces in the footwall of the East Xylocastro, North Kiato and
Perachora faults (Armijo et al., 2006) combined with the formation of a single depocentre
bounding the northdipping faults on the south side of the §(@Nixon et al., 2016) has been
cited as evidence to support a througjoing fault that is connected at depth.

The predominantly onshore;40 km longSAFS is comprised of the Pisia, Skinos, East
Alkyonides and Psatha faulfSigure 2Roberts, 1996aViorewood and Roberts1997;1999
2001;2002 Leeder et al., 200FRoberts et al., 2009Analysis of the fault system shows that
slip vectors converge toward its centi@dberts, 1996a; Roberts, 1996khere a maximm
cumulative throw of 2500n is recordedMorewood and Roberts, 2002which decreass
toward both tips(Roberts, 1996 Morewood and Roberts, 199®oberts et al., 2009In the
western sectionof the SAFSdecreasing offsets reflected in deformed Late Quaternary
palaeoshorelines and Holocene notches in the footwall (Cooper et al., 2007; Roberts et al.,
2009, where uplift ratesdecreasefrom 0.52 mm/yr to 0.25 mm/yr from east to west in the
most western 5 km of the faulRoberts et al.Z009) identified that theSAFS experienced an
increase in slip rate since ~175 ka by a factor osu§gested to béinked to the cessation of
faulting on neighbouringcrossstrike faults.

Evidence fromecent earthquakesombined withHolocene throw ad slip ratedata
provide insight into the activity of faults within the SAM@r decadal to 10year timescales
Specifically, analysis pbstLGMslip on the Pisia fault revealedaximumslip rates of 2.3

mm/yr during the Holocene (Mechernich et al., 2018). Palaeoseismic trenching along the
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Skinodault yielded throw rates of 1:2.5 mm/yr over~1500 yeargCollier et al., 1998)wo
>Ms 6 earthquakes on the #4nd 25" February 198aAre reported to havepartially ruptured
faults withinthe SAF$®Jackson et al., 1982; Roberts, 1896ollier et al., 1998Rupturesin
bedrock and alluviunthat extendfor 1520 km (Jackson et al., 198Bornovas et al., 1984,
Roberts, 1998) were observed following thé&ebruary 198%arthquakes, with maximum
coseismic throw values df50 cm and 100 cmidentified on the Pisia and Skinos faults
respectively(Jackson et al., 1982)

The February 1981 earthquake ruptures wenapped to a throw miima along the
souh of Lake Vouhgmeni (Figure 2c([Bornovas, 1984Roberts, 1998 Morewood and
Roberts, 1990 ¢ K SNX (i K Somarfihic BdréssibnyadRostlie! C{ 6 ( SY R
(Morewood and Roberts, 1999) amere used to conclude that the SAFS does not eate
beyond thewestern end of théake. Consequently, this location was identified as the western
fault tip of the SAFS (Morewoahd Roberts, 199Figure 4)(YQ 2y QAN RkdaE&o H O
the west ofthislocation Cape Heraians deformed by numerous normal faulfgovidingan

excellent opportunity to explore deformation close to the tip of a normal fault.

2.2 CapeHeraion, Perachora Peninsula

Theextreme westof the Perachora Peninsul@apeHeraion is located beyond the
western tip of the SAR@s defined by Morewood and Roberts, 19B8ure 2c)lt is bounded
to the north bythe Perachora faulsegment the most eastern fault within the EXFE®d to
the south by the south dippingctive Heraion fault Taylor et al., 2011Charalampakis et al.,
2014; Nixon etlp, 2016 (Figure 2a The geology of Cape Heraion is comprisea siccession

of deposits from theMesozoicto the Late Quaternarwyith more recentLate Quaternary

g2
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Holocenegeomorphic featuregmprinted such as waveut platforms and Holocene sdavel
notches.

The stratigraphic succession of the CapenprisesMesozoicbasement limestones
unconformably overlain bRlio-Pleistocenemarlsand sandstoneghat are, in turn, overlain
by algal moundbioherms(also known as cyanobacterial mounds) above whidhoclastic
shallowmarine coralbearingsediment occus (Bornovas, 1984; seeortman et al., 2005 for
descriptiors of each lithology. The bioherms are dominated by freshwater branched
cyanobacteriumRivulariahaematites suggested to have formed when the Gulf of Corinth
was a lakéKershaw and Gy@001,2003,2006) Domaitopped bioherms in the hangingwall
and flattopped bioherms in thb footwall suggest they gre up towater level during faulting
with restrictedvertical growth in the footwallKewshaw and Guo, 2006). Subsequent relative
sealevel rise resulted in the presence of a marine bioclastic layer above the bioherms
(Portman etal., 2005; Roberts et al.,, 2009) andves containing marine biota within the
bioherms(Kershaw and Guo, 2006ljaken together, the abovevidenceis suggestivehat
faults were active during initial freshwater conditignbat were subsequently changed to
marine by a relative selevel rise However, these lines of evidence are debated by other
authors (Leeder et al., 2005; Portman et al., 2005; Andrews et al., 2003 ¥avour that the
bioherms grew in a marine environment.

The observed geomorphology on Cape Heragsemblesi K| 0 2 F | W& S LIS
with horizontal surfaces (terraces) separated by steep slogessiibhorizontal surfaceare
interpreted as marine terracebecause they are associated witloralliferous sdiments,
marine shoreface depositsiith Quaternarymarine fossilsand wave-cut plaforms that are
commonly bored bynarinelithophagid boringgMorewood and Roberts, 1997, 199%eder

et al., 2003; Leeder et al., 200Bpberts et al., 2009Quaternary narine terraces typically
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form duringglaciceustaticsealevel highstands that occur as a response to glacial melting
during interglacial periods\t the updip terminations of themarine terracesit is common to
find wave-cut notches andglatformsthat host features such as lithophagid borings amter-

tidal millholes, indicative of formatiomt palaeoshorelinegWestaway 1993Griggs et al.,
1994;Miller and Mason, 1994Roberts et al., 200Robertson et al., 2019)

Although the marine terraces anitertidal palaeoshoreline indicators amidely
accepted, the explanation for the steep slopes separating marine terradebatedon Cape
Heraion The slopes are interpreted in two ways by different auth(t¥aspalaec seacliffs,
cut by waveaction by three successive Quaternary glacioeustatic -t®ael highstands
(Leeder et al., 2003; Leeder a&it, 2005) (Figure&s; (2) the locations offaults offsetting a
single terrace surfacewherethe up-dip termination of a terrace surface at a s®s the
hangingwall cubff of the marine terracalong the fault (Figure 3iMorewood and Roberts,
1997) In thislatter interpretation, the age of the marine terrace is suggested to be ~125 ka,
associated wittMIS 5e(Morewood and Roberts, 199Robertset al., 2009) (Figureb3, with
the presence of complex faulting representing a Segment Boundary Zone between the EXFS
and SAF®oth of these explanations rely on age constraints that link a veatglatform at
~29 m to MIS 5e (125 ka highstand) datethgdJ)series coral ages (Vianzi et al., 1993,
Leeder etal., 2003; Leeder et al., 2005; Houghton, 200Mcality FFigure 4), but no age
constraints have been available for higher elevation examples, and this is needed to
differentiate between the ompeting hypotheses.

We undertook detailed mapping and dating in an attempt to resolve the debate of
successivepalaeoshorelines versus faultk particulayr we tried to identify whether the
slopes between terrace locations were continuous along strike, consistent with the

suggestion that theyepresent a succession of palaeoshorelines, or whether the offset of the



239 slopes varied along strike and displayed Zgnes and relay ramps, suggestive of faulting.
240 Later we present the results of field mapping and dating that supports the hypothesis of
241 Morewood and Roberts (1997) that the observed variation in terrace elevation is as a result
242  of faulting.

243 The significane of Holocene waveut notchescut into the cliffs along the most
244  western point of Cape Heraiomasalsobeen thesubject ofdebate (Pirazzoli et al., 1994;
245  Stiros, 1995; Stiros and Pirazzoli, 1998; Kershaw and Guo,@00fer et al., 2007; Boulton
246 and $ewart, 2015;Schneiderwind et al., 2057 Schneiderwind et al.,2017blt is clear that
247 these notches form as a result thfe chemical, biological and physical wave action eroding
248 the cliffsin the intertidal zone along palaeoshorelin@Birazzoli, 1986)The agesof four
249 notches observedn Cape Heraiowere dated to between 19440A.D.and 44404320 A.D.
250 and usedto infer coseismic footwallplift increments of 0.8 m from earthquakesith

251 recurrence intervals of ~1600 yedRirazzoli et al., 1994However,0.8m has been suggested
252 to be a relativelyhigh valuefor coseismidootwall uplift (Cooper etal., 2007; Boulton and
253 Stewart, 2015 Schneiderwind et al.,2017Meschis et al., 20)9Whatever their mode of
254  formation, we show below that the notcheseadeformed by active faulting and use this as
255 part of our explanation of the geological history of Cape Heraion.

256

257 2.3Usingmarine terraces and waveut platformsto obtain age constraints

258 Exploring thedeformation of marine terraces and wawveut platforms relies on
259 obtaining age controls for terraceaccurate geomorphic mapping of terrace features and
260 knowledge of the timing and relative elevations of dewel highstandsRobertson et al.,
261 2019. Existing coral geson Cape Heraiomat localities C and H-igure 4) dated using

262 2%4U/?°Thdating reveahgesthat agree to coral growth duringliS5e from a platform at 7 m
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(Roberts et al., 2009) and a platform at 29@ollier et al., 1992/ita-Finzi et al., 1993; Leeder
et al., 2003; Leeder et al., 2005ja et al., 2007; Houghton, 20100 augment these ages,
this study provides new coral ages, aindsitu36Cl cosmogenic exposure ages for waue
platforms, inspired by the work of Stonet al. (1996)that can be mapped along strike onto
corakbearing marine terrace sediment¥he 36Cl cosmogenic exposure ages will be cross
checked against new and existing coral ages.

Integral tostudies of Quaternary marine terraces and palaeoshorelisésiowledge
of sealevel elevationchanges linked to sedevel highstandsand the time when sedevel
reached its maximum elevatiqe.g.Waelbroeck et al., 2002; Lambeck et al., 2002; Siddall et
al., 2003;Grant et al., 2014; Spratt and Lisiecki, 201®%) Cape Heraionxesting coral ages
constraintwo wave-cut platformsto MIS 5¢(125 ka sedevel highstanji(LocalitiesCandF,
Figure 4). The timing of MIS 5eccurred between 13816 ka Muhs and Szabo, 1994; Stirling
et al., 1998Hearty et al.2007T h Q[ S| NE Duten et-af, @015 witmtivearigjority
(80%) of sedevel rise suggested to have occurred ptiorl35 ka (Muchs and Szabo, 1994;
Gallup et al., 2002 Understanding the elevations and timings of past sea lasdigneficial
because it provides an additional check againstafes obtained from®Cl exposure dating

which should fall withikknown highstand time periods

3. Methods

3.1Field mapping
Detailed field mappingnd sampling foP34U/23°Th and in-situ 3¢Cl exposuredating
was carried out during field campaigns throughout 2015 and 2B@&i7the field mapping we

concentrated on key criteria that would diffemtiate between the palaeeseacliff versus fault



287 interpretations for the steep slopes between terraaecdtions.In particular, if the steep
288 slopes are palaeseacliffs they ought to be continuous along strike (Figurég 8i contrast,
289 if the steep slopes are fault scarps, they may display +etene geometries where it would be
290 possible to walk continualy on a single surface, along strike, around fault tips, up relay
291 ramps onto the higher parts of the same terrace surface (Figure 3b).

292 In order to constrain the geometriend continuityof the marine terracegFigure 3)
293 58 spot-height elevations weremeasuredthroughout the field area using a handheld
294  barometric altimeter(3 m vertical error) that was regularly calibrated at seavel These
295 measurements were supplemented by 40 additioakdvation values obtained from a 5 m
296 digital elevation model (DNE) (4 m vertical error). The combination of spot heights, outer
297 edges and fault tracenaps hasallowed us to identify displacement gradients, fault tips to
298 individual faults and relay zones separating individual faligpture tracesrom recent
299 (possiblyl981) faultingvere mappedusinga barometric altimeter andneasured withrulers
300 to identifythe vertical offsetqthrow) observedn colluvium and on bedrock fault scarps and
301 the horizontal extension observed fromiercing points This was carried ows per the
302 approach outlinedn lezzi et al(2018).

303

304 3.222U/2°Thsampling approach and preparation

305 We focussed ouattention on a0.5-1 m thickcoratbearing,bioclasticlayer overlying
306 the bioherms.The bioclastic deposits are comprised of coaaedand contain corallites of
307 Cladocoracaespitos. Whole corallite samples were removednd prepared as per the
308 approachoutlined in Roberts et al.2009. Eachcorallite sample was split and the septa
309 removed and discarded aeptahave been shown to eperience greater postiepositional

310 alteration (Roberts et al., 2009; Houghton, 2Q10hdividual samples were thedragmented
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and analysed under a binocular microscope for signs of alteration that appear as patches of
brown colouration and small crystalaywths. The corallites werphysicallycleanedusing a
scalpelto remove areas of alteration and any sedimamnid then placed in 10% hydrochloric

acid for 23 seconds after which they were immediately rinsed in ultrapure water. This process
was repeated unt all signs of alterationwere removed. Following this process fragments
from each corallite weranalysedor 234U/?3°Thas per the methodietailedin Crémiereet al.

(2016,

3.336Cl sampling approach and preparation

For3¢Cl dating we focussed our attention on wameat platforms that could be mapped
along and across strike into the cotaaring, bioclastic layer, suggesting they would be close
in age.Obtaining the absolute ages of wawat platforms usingcosmogenic®Cl exposure
dating relies or(i) sampling from a surfaceomprised of a calciunnich lithologythat has(ii)
experienced minimal erosiaince exposurerhis is because thgrimaryproductionpathway
of cosmogenic®Cl occurswhen 4°Ca undergoes spallaticiollowing the collision of high-
SYSNH& ySdzi NPy & (PunajZ0K0$ ThS dpallitidnenétiondsomdsily imdes
to the upper 2 m of rock below exposed surfacdecreasng exponentially with depth
(Licciardi et al., 2008)»0 high levels oérosion would remove the highest concentrations
producing misleadinglyoung ages.Other pathways of3¢Cl production that must be
considered arefrom low-energy neutrons (Schimmelpfennig et al., 2009) arehative
muons,which are the dominant productiomechanism forf®Cl at greater depthgDunai,
2010).We use the approach dlined in Robertson et al. (20) %o identify surfaceshat have
experienced minimal erosiobased on the presence qreserved lithophagid borings and

millholes The depth of lithophagid borings upon formation is betweeh@n (Peharda et al.,
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2015) while millholesthat is, erosional hollows formed by pebble agitation in the intertidal
zone,are usually a few centimeters sofewdecimetres deep. Thereforéhe preservation of
these features allows us to be confident that we can constrain erosidas® than a few
millimetres or centimetresThe low rates of erosion mean that t88CI concentration depth
profile, determined by thé®Cl production rate depth vation from spallation, will be intact
and amenable to age derivation using modelling.

We sampled from waveut platformscomprised of differing lithologieat a range of
elevations: 62 m, 60 m, 46,M2 m and 29 mincluding one location where there is existing
age control fron?34U/23°Th coral ageqLocalityF, Figure 4) from sediments formed quasi
contemporaneously with the waveut platform (Vita-Finzi et al., 1993 eeder etal., 2003;
Leeder et al., 2005; Hougin, 201Q. All samplesvere removed using a mallet and chisel
Shielding valuesvere noted every 30 of azimuth(as per the method in Dunai, 201&nd
used in the age exposure calculations to account for the shielding of cosmogenic rays on the
sample site by the surrounding topography (Dunai, 20E6)lowing removal, samples were
analysedn thin section todeterminetheir lithology, washed in distilld water in an ultrasonic
bath, then crushed and prepared fof®Cl exposure dating usindccelerator Mass
Spectrometry(AMS) as per the methoaolutlined by Schimmelpfennig et al. (20D9The data
obtained from AMS wasput into CRONUScalc (Marrero et al., 20568)online calculator
that usesmeasuredinputs from data such as®Cl concentration, elemental composition,
elevation, shieldingwater contentand appropriate uncertainties to calculate the age of the

samples withuncertaintyvalues attached

4. Results
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This sectiorexploresthe results of our detailed geological mapping@dépeHeraion
and the absolute ages obtained from odfCl cosmogenic exposudating and 234U/23°Th
dating Alongside existing published ages, these new absolute ages are usaustoain the
ages of surfaceat different elevations on Cape Heraion in order to show that faulting is
responsible for offsetting a marine terrace linked to the 125 ka highstatidn MIS 5e The
results of the dating are used to drivlerow rate analysesn order to calculate cumuteve

throw within the tip zonesincel25 ka.

4.1Field mapping

Detailed field mappingeveak complicated, but linked spatial relationships between
lithologies, the stratigraphy and geomorphic featuoesCape Heraior{Figures4, 5, Appendix
1, whichcontains a description of the stratigraphyVave-cut platformfeatureshave been
cut into the stratigraphy (Figure 4a) amade widespreadhroughout thecapeat elevations
from 6 m t099 m (Figures 4, 5 and). These horizontal to suborizontal surfacegxhibit
millholes and lithophagid borings, which are particularly well preserved orplitorms
composedof bioclastic packstonéFigures 4a, 6e). Associated with the waveut platforms,
severallocalitiesdisplay coastal notches where the waxait platforms impinge on steep
outcrops. The notches are marked with lithophagid borings, for example close to location B
at ~41m, with anothernotch observed at92 m(Locaity J Figure 4).

Our mapping suggests that the lithologic, the stratigraphic gedmorphic features
can be interpreted as due to the effect of wageosion, at the time of wawveut platform
formation, impinging on palaecCape Heraion, characterised that time by Quaternary
sediments onlapping onto an upstanding inlier of Mesozoies$tone (Figure 5b). The lateral

stratigraphic variationsvere denuded by the waverosion so that the wave cilatform



383 formed on different stratigraphicinits across the mapped area. The stratigraphy, and the
384 wave-cut platform, have been subgeently ofset by faulting that, thereforepost-dates the
385 wave-cut platform, the Cladocorhearing bialastic sands and the Rivulab@&oherms(Figure
386 7).

387 To gain further insights into the faulting, we have studied the steep slopes that occur
388 along the faults, andh particular thebreaks of slopgFigure 4, c) The map pattern produced
389 by the breaks of slopes revegbatterns that resemblalisplacement variations along the
390 faults,with slip maximum close to the centres of the map tracas] the positions of rela
391 ramps at fault tips(Figure 4c)Hence we interpret these breaks of slope to represent
392 hangingwalland fodwall cut offs.Crosssections across the faults are shown in Figir&o
393 crosscheck theinterpretation of fault segmentatiom Figure 4cwe used the elevation data
394 shown in Figure 4b to measure the vertical offsets across the faults, checking thataelpy
395 and fault tips identified on Figure 4c are markeddecreased vertical offset&igure 9)This
396 crosscheck confirms thakocatiors where the hangingwall and footwall eoffs converge in
397 map view (e.g. the relasamps and faults tips in Figure $tave low or zero vertical offsets,
398 consistent with our fault segmentation model

399 As a final check on the geometries of the faults weeheampared their displacement
400 (d) to length [ ratios to those in a global database (Schlische et al. 1996), bedatige
401 where g= 0.020.1 with a preferred value of 0.03. We have analysed faults wheraave
402 identified both fault tipsand faults wkere we consider that the centre of tHault has been
403 mapped, assuming that the displacement profiles will be symmetritia. find valuesof
404 g between 0.010.1 (Table J), suggesting that the vertical extents of the steep slopes
405 separating terrace locations are consistevith the interpretation that they are fault scarps.

406 The exception is fault, which has al/L ratio that is comparatively higher (0.2°possibly as
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a restut of being linked at depth with faults and 1Q(see the individual fault throw profiles in
Figure 9a for faults 4 and 10). Consequentlythe combinedd/L ratio of these three faults is
not representative because the fault continues offshore to west (Figure 4a, b)

We describe the details of the faulting beloWith the exception of three faults that
strike approximately P& not consideed in this study all of the faultsstrike parallelsub
parallel to the averaga c nx 2F 0B KBS E YV ¢ R o (Fgunex2,4). The faults in
the north of thecapeare all north dipping and exhibghort fault lengths(100-400 m) and
offsets of 220 m. South of Fault 1 the presence of aorth dipping fault isnferred owing to
the 20 moffset of biohermsobseaved along the scarp of fault {Figure 4, b). Faultalong
the south of thecapeare longer, and extend outside of the mapping area to the east and
offshore tothe west(faults 1, 17 and )3Figures 4a-c, 7a-c). Along the south of theape
there ae four southdipping faults (1, 410 and 18 (Figures 4b, 7a-c, g, 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 Meoed and Robert$1999) father to
the eastfor ~2 km South dipping faultg, 4 and 10appear to be en echelon to one another
andexhibitlimestone fault scarpthat decrease imffset from west to east

Strike and dip values, andihere visible, fault striations were measured along the
limestone fault scarp of Faults 1, 2, 10 and {Figure 4l). Thefault dip for these faultgange
between 43c c b placedaults display evidencef activityin a marine settingtaults 1 and
4 displaypost-slip marine cementatiof submarine screes coating the fau(&cott, 199%.
Along north dipping faults 2 antll, offset algalbioherms have horizontal lines of abundant
lithophagid boringsat 34 mand 41m respectivelyagain suggesting slgostdates wavecut

platform formation



430 In summary, our geomorphological observations and elevation measurements
431 suggesthat a pattern of distributed faulting is visible on Cape Heraion. In the context of the
432 north-dipping SAFS and its approximat®VEstrike, thefaulting on Cape Heraion displays a
433  setof synthetic and antithetic faults thad® A & LJt | & | inwstrike Widle iedhdigphg v
434  faultsare more numeroustheyappear tohave smaller lengths and offsets compared to the
435  four south dipping faults.

436

437 4.2 2%4/?3°Th coral dating

438 The Cladocora caespitoseorallites sampled from Cape Herai@86U/Th, S7U/Th)
439 (Figure 4 were removed from within a death assemblage on #em wavecut platform

440 predominantly composed of friable sedimergEgures 6b, 7aResults of34U/23°Th datingon

441 S6U/Th and S7U/Tevealgrowth agef 137kaand 136 ka respective(frigure8a, Table2).

442  The age presented fd86U/Th is comprised of the average of theswlyses from the same
443  corallite, a fourth age was also obtained from this corallitet we have excluded it as the
444  age of 173.7 ky suggesthat it is an outlier (Table)2The average age of sample S7U/Th is
445  obtained from six analysdsom the same corallite (Table.Zrhe?*4U/?*°Thcoralagessupport

446  growth during MIS 5and are similar to existing coral growth ages from Cape Herkigarge

447  8a;VitaFinzi et al., 1993 eeder et al., 2005; Roberts et al., 2088®ughton, 2010 Note that

448  all samples haveelatively highd |  dzSHU o21%91-214 (a commonway to representthe

449 initial activity ratios 0f3*U/?%8U) compared to modern seawater the Gulf of Corinti{value

450 of 151; Roberts et al., 2009)t is expected that the samples should havé*U valuessimilar

451 to modern seawater. However, previous studies of coral ages in the Gulf of Corinth, which
452  successfully produced ages of independeskiipwn glacieeustaic sealevel highstands,

453 have tended to show elevated valuesd. Collier et al., 199%¥/ita-Finzi et al., 1993yIcNeill



454  and Collier, 1994Dia et al., 1997Leeder et al., 2005; Roberts et al., 2088ughton, 2010;
455  Turner et al., 201)) probably due tdhe fact that it is a restricted basin with freshwater input.
456 The analyses hereialso suggest an age similar to a wealbwn glacieeustatic sedevel

457 highstand at ~125 ka. Thus, like previous studies, wehesenplied age in our later analysis,
458 despite the relatively high initialctivity ratio for our samples

459

460 4.336Cl exposure dating of waxait platforms

461 Cosmogeni®Cl exposure dating is used to indicate the time period that sampled
462  surfaces have been subaerially exposed and thus accumulating significantly higher values of
463 3Cl compared to prexposure.Five samples were removed frolimestone, bioclastic
464 packstone ad algal biohermwave-cut platformsat different elevationson Cape Heraion
465 (Figures 4a, 6). Our fieldobservations araised to inform the erosion rate used as an input
466 parameter intoCRONUScalwhich is used to calculate the exposure age of the sampihes
467 preservation of lithophagid borings and millholes on bioclastic packstone and limestone
468 surfaceqFigure 6)ndicate total erosion values ofiuch less tha®.2-0.3 m, whilst samples
469 from the tops of bioherms are expected to have experientmdl erosional value similar

470 with the removeddepth of bioclastic packstone eroded from the surfade-0.6 m. These
471 limestone/packstoneand biohermvaluesequate to erosion rates of 0.4nd ~6.0 mm/ky

472  respectivelyThe 0.1 mm/ywalue is the same abkat usedon limestone wavecut platforms

473  dated using?®Cl exposure dating in south Crete (Robertson et al., 2019).

474 Assuming the erosion rates stated above are corrdu,36Cl expsure ages of five
475 samplesftigure &, Table3) are: S1 ({imestone,sampled att0 m) 122+ 29 ka; S2bioherm,

476 sampled at62m) 108 + 3&a; S3 (bioclastic packstorsampled at42 m) 109 + 24 ka; S4

477  (bioherm,sampled a6 m) 120 + 4&a; S5bioherm,sampled a29 m) 112 + 3%ka. These



478 results agree with the new and existing-¢¢ries ges presented abovesuggesing late
479 Quaternary ages close to the agetloé 125 kahighstand The errorbarson the agesappear
480 relativelylarge, butare comprised of internal (analytical) and external (total) uncertainties
481 that are associated with measen input parameters into CRONUScg@ay. H:O content,
482 elevation, shieldingerosion ratesand the production ratg Marrero et al., 2016)Where
483 samples are removed from the same geographical locatgng the same methqdhe error
484  valuesof the inputparametersused to calculate the external uncertaingll be very similar
485 (i.e shielding) or even the same (i.e production rate, elevation val@es)sequentlyyarrero
486 et al. (2016 suggess that the external uncertainty value linked to the exposure aggey be
487 overestimated when comparing results from the same geographical aerapled using the
488 same method (see Dunai, 2010hispossible overestimate or uncertainties should be borne
489 in mind when considering the relativelgrge error barsassociated \th the exposure ages
490 but we have chosen to report the full range of possible uncertainty herein

491 We suggest that all our exposure ages for the waweplatform are associated with
492 MIS 5e, and we discuss this belo@ur exposure ageresults link Sland S4 and their
493 associatedvave-cut platformsto MIS 5e, but thevave-cut platformsthat S2 8and $ were
494 removed from might, at first sightbe linked toeither MIS 5¢ (100 ka highstand) MIS 5e
495 (125 kahighstand)(Figure &). However,usingthe exposureages obtained from S160 m)
496  and S446 m),new?*U/?*°Thages fronS6 and S7 (44 m) and existiigeries dating of corals
497  on platforms a7 m (Roberts et al., 2008nd29 m(Vita-Finzi et al., 1993 eeder et al., 2003;
498 Leeder et al., 2005ioughton, 201Palongside sedevel curve datave suggest thait is more
499 likely thatS2 (62 m), S3 (42) and S5 (29 mgre associated wittMIS 5e(Figure 8c)Ow
500 reasoning ighat it is difficult to reconcile that platforms at 60 mé4n, 4 m, 29 m ad 7 m

501 were formed by the MIS 5e 125 ka highstand, yet platforms at similar elevations (62 m, 46 m



502 and 29 m) were formed by the MIS 5c 100 ka highstand. This is especially unlikely, given that
503 the maximum sea level during the 100 ka highstand in MIS 5e2basrelative to todayand

504 this is 30 m lower than the 5 m relative sea level during the 125 ka highstand of MIS 5e (Siddall
505 etal., 2003)Kigure &).

506 Theresults of our dating, combined with existing age controls and detailed geological
507 mapping strongly supports that the observed wang platforms onCape Heraion werall

508 formed duringthe 125 ka highstand dflIS Seand have beersubsequentlyfaulted sincehis

509 time (Figure 8).

510

511 4.4 Holocene displacements

512 Offset Holocene notches and surface faulting that may be associated with the 1981
513 earthquake suggest occurrence ldblocene faultingpn Cape HeraiofFigure 7. An offset

514 notch existaalongthe base of aliff at the south west of the capaf as a result olip on Rult

515 1 (Figures 4b, ). The highest notchis offset by 1.08 nbetween the footwall and the

516 hangingwall but it does not appear that lower notch is also offset (Figure B). Our

517 exphnation for this is thataulting occurred on Fault fbllowing the formation of the upper

518 notch between 44404320B.C (Pirazzoli et al., 1994yior to the formation of the lowest

519 notch (at ~1.4 m)oetween 440190 A.D, thismay be interpreted as evidence of Holocene
520 faulting on this part of theape

521 Evidence ofe@centsurfacefaulting may also be preserdn the north of thecapeasa

522 several metredeep fractureoffsettingthe bioherms The fracture (Locality | Figure 4a, and
523 CA 3dzNB 71 RO K I &orizontal aif$édof 43 céndl adireatipnxoBopehingfo o H x
524 as measured by matching piercing points on both hangingwall and footwalFalt 17

525 between localities J and (kigure 4), the occurrence of surfackulting is suggested by
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fresh, lichenrfree stripe at the base of a carbonate fault plane. These possiloface ruptures
were mapped over a distance 6800 m along strikeBetween localities J andwe observed
seven locations that displdyesh lichenfree stripes orbedrockfault planegFigure & andf).
Bedrock offsets (measured as vertical throw) appear as a light grey stripe at the base of a free
face, preservingvhat appears to béhe relative coseismic movement of the colluvium along
the fault rupture, rangng from 3-12 cmof throw. In places, e surfacerupture has also
stepped forward ito the hangingwalllocated a fewcentimetresto decimetresaway from
the carbonatefault plane to offset the hangingwall colluvial depos{fsigure 2); vertical
offset in the colluviumranges between -28 cm measured at eight locations between
localities J and Ke{gure 4).

As the 1981 earthquakes are the most recentdsult in surface rupturesn the Pisia
fault (Jackson et al. 198Zaymaz et al.1991; Hubert et al., 1996Roberts 1996a), and
ruptures were reported as close by as along the shore of Lake Vouliagmeni (Bornavas et al.
1984; Figure 2c), we suggest thaplausible thatthe ruptureson Cape Heraiommay have

alsooccurred coseismidgiduringthe 24" and/or 25" February 1981 earthquakes

4.6 Throw ratesand uplift rates

The dsolute ages of waveut platformsgained in this paperonstraintheir formation
to the 125 ka highstand within MIS 5&hismears that we canquantify the throw-rate and
uplift-ratessince 125 kgFigure 9. To constrain the fault geometries, we usddwation data
for the footwall and hangingwall ctdffs along the strike ofault traces from the geological
and geomorphologicahap (Figure 4 to construct hrow profilesacross eacliault. Plots of
the individual throvefor all faults show thataults have maximum offset value§<40 m with

two faults exceeding this value (17 and) IBigure @). When all ofthe fault throwvaluesand
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ratesare summedcrossstrikethey show a pattern 6decreasing displacemefrom east to
west (Figure @). We emphasisdéhat the data in the grey area oRigure @ should be
interpreted with more cautiordue to the lack ofbsolute age control obtained for the wave
cut platform located in thefootwall of fault 17(Figures 4, 9a), but here weinfer that the
notch andsmallwave-cut platform at ~9299 m (Locality Figure 4) ait into the footwall of
Fault 17represensthe 125 kapalaeoshorelingFigure8c, profile 3) and we include this in
our summel values

When fault throw and throw rates are plotteseparatelyfor the north- and south
dippingfaultsthey mirror the pattern of summed values decreasing from east to \Weagure
9c). It is interesting to note thatfour southdipping faults accommodate more throw
compared to 4 north-dipping faultswith the exception between 1960800 m to the west of
the W2y T dzf (0 Q FigukeN®. HVe Noatylake ¥Hathisimay bea reflection of the
broader faulting patternwithin the Gulf of Corinth where the polarity of faulting switched
from southdipping faults to northdipping faults during the late QuaternaiRoberts et al.,
2009;Nixon et al., 2016). Specifically, Roberts et al. (2009) suggested that thednopihg
SAFS experienced an increase in slip at ~175Thka. short fault lengths and small
displacemens of the north dipping fault®n Cape Heraiomay indicatehat they may be less
mature compared to theirsouth-dippingcounterparts As the summed throw values do not
decreasdo zeroin the mapped areave suggesthat the point of zero vertical offset may lie
offshore to the west of Cape Heraipunless the faulting is actually halidked to offshore
EXFS

Another way to consider the regalis toexplorehow throw across active faults has
produced spatial variation in uplift relative to presesay sedevel. In other words, the

absolute ages of waveut platforms andknowledge of their elevationsllows calculation of



574 spatial variation iruplift rates sincel25 ka Uplift rates since 125 ka from the highest and
575 lowest dated wavecut platforms are calculated as 0.46 mm/yr (S2, 62 m) @@ mm/yr
576 (Sample P1CWall, 7 mplserts et al., 2009) respectiveliFigure 4a)lf our assertion that the
577 observed notch at 92 niLocality ,JJ Figure 4amarks the palaeoshoreline of thE25 ka is
578 correctthen a maximum uplift rate of 0.7 mm/yr on Cape Heraiodagvedusing the 92 m
579 elevation(N.B these calculationtake into account hat the sealevel elevation of theMIS 5e
580 highstandwas +5Y NXBf | (A @S -leived) THe 2x@éme GadiabibtySrt uplift rate over
581 distances of tens of metres or less precludes simple interpretations of regional tectonic signals
582 in our opinion, as the local uplift is clearly dominated by local faulting@eider et al2005).
583 While the ags obtained in this study and the existing coradasies link the formation
584  of the wavecut platforms to the MIS 5e highstand, field observatisnggesthat some faults
585 were already activerior to MIS 5e Evidence for this is in the form @) marinecementation
586 within submarine screes coating the fault plamesFaults 1 and,4b) stratigraphic variations
587 across faults imnd belowthe bioherms and (c)flat-topped bioherms in the footwall versus
588 domedtopped bioherms in the hangingwall that are segted to have grown up toward
589 water surface levels during formatioffrigure 5)also observed biKershaw and Guo, 2006)
590 This evidencsuggests that faulting on Cape Heraion was agin@ to the beginning of the
591 MIS 5¢(~138 kapnd continued throughouthe marine stage and beyond.

592

593 5.Discussion

594 Detailed fault mapping and absolute dating on Cape Heraion revealshbatdstern
595 tip zoneof the SAF&ccommodatesleformation via distributed faulting along synthetic and
596 antithetic faults. Importantly, our findings provide evidence of faultinlyring the Late

597 Quaternary, specificallgver decadal, 10and 1@ year timescaleshat is ongoing into the



598 Holocene angerhaps everas recently as 198 Dffset marine terraces and thewave-cut

599 platformsthroughout the entiremappedareacan be linked to the 25 kahighstandwithin

600 MIS 5e The findings presented in this study, therefore, provide evidence of significant late
601 Quaternary faultingon Cape Heraion. This outcomeinsdirect contrast to thefindingsof

602 Leeder et al.(2003 and Leeder et al(2005 who refute the notion ofdisplacement of

603 Holocene and late Quaternary shoreline deposits within the study, aebconcludethat the

604 Perachora Peninsula is uplifting atanstant, low, uniform rate of 0:2.3 mm/yr possibly

605 linked to angle of dip of the subducting African plate beneath the eastern Gulf of Corinth
606 O SSRSNJ S Ff®dX unnp0d FYyR NBLNBaSyiAy3d | wol
607 Our fault throwanalyseshow that summedthrow ratesin the tip area appear to be

608 relatively high, up te-1.6 mm/yr(Figure 9, compared to throw and slip rategear the centre

609 of the Pisia and Skindaultsof up to 2.3 mm/yr (Mechernich et al., 201&8)d0.7-2.5mm/yr

610 (Collier etal., 1998 over the Holocene and 1-2.3 mm/yr over the longer term (Collier et al.,
611 1998) From the findings presented here, veenclude that detailed across strike mapping
612 within the tip zone of a fault is imperative in order to constrain accurate rafdeng-term

613 faulting that could otherwise be underestimatetlVe show thatthe tips of faultsshould be

614 consideredas zones of deformation, rather than localised surface features where a fault stops
615 as they contain multiple active faults

616

617 5.1High throw rates orCape Heraion

618 Our findingslead us to questionwhy the throwvaluesobtained in thewesterntip

619 zone over 125 ka are anomalously high compared to those obsatwead the localised fault

620 (Figure 1@). Studies of tip displacement gradients commonly suggest high gradients occur

621 where the tips of two fault®verlap as a consequence of the interaction between the stress
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fields of the fault§e.g.Peacock and Sanderson, 1991; Huggins et al., W8kEmseet al.,
1996; Carivright and Mansfield, 1998Cowie and Shipton, 199&upta and Scholz, 2000;
Ferrill and Morris, 2001Scholz and Lawler, 200Bpssen andRotevatn, 2015 Analysis of an
isolated fault tip by Cowie anihipton (998)revealed an averagip displacement gradient
of 0.018 whereas Cawtright and Mansfield (1998) obtained gradients between 0.0164 to
0.25 in their study of20 normal faults comprised of a mixture of isolated and interacting
faults. In comparisonthe tip displacement gradidrfor the investigatedwesterntip zoneof
the SAFS is 0.23Bigure 10), at the upper range of those observatiove

An explanation of the relatively higeummedthrow rateson Cape Heraion may be
due to fault interaction between the stress fieldsthe EXS and the SAK$ated along strike
to one arother andwhose eastern and western fault tips overléipigure2a). While this
suggestion has been proposed by Morewood and Robd997), it has not been
guantitatively investigatedOne way of exploring fault interaction between overlapping faults
relies onmodelling thecalculatedCoulomb stresgransfer fromrupturinga sourcefault onto
a receiver faultStudies of @ulomb stress transfefKing et al., 1994; Toda at, 2005xhowv
that following an earthquakechanges in theteessaround the slipping patcbn the source
fault occur that may influence seismicitpn neighbouringreceiver faults, with positive
Goulomb stress transfer brinigg areceiverfault closer to failure and negativ@oulomb stress
transfer resultingin stress shadowsThe presence of a stress shadow on the tip zone of a
receiverfault may result in deceleration of the propagation of thg of the receiverfault,
which consequenyl results in displacement accumulating né@rinteracting tips,causing
steeper displacement gradients (Gupta and Scholz, 2000, Figurehk4leceleration occurs
because the fault at the interacting tip must overcome the rupture resistance and st@ss d

imposed by the adjacent fauftValsh and Watterson, 1991; Scholz and Lawler, 2004
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We explore whether the location of the eastern EXFS tip @éigeire 2agould perturb
the stress field of the western tip zone of the SAF#&bgelling the Coulomb etss changes
following an earthquakeon the EXFS (source fault) onto the SAESe{ver fault) using
Coulomb 33.01 software We use the approach and updated code of Mildon et al. (2016)
within Coulomb 3.3.01hat allows strikevariable faults to be useas Coulomb stress transfer
is particularly sensitive to changes in the strike of receiver fgiiglon et al., 2016) An
accuratefault trace drawnusing Google Earti" and geometrieqdip, strike, rakepf the
source (EXFS) and receiver (SAFSk{dabled) were input into the code from Mildon et al.
(2016). The source fauliasthen ruptured toLINE RdzOS | Wadl yRIF NRQ SI NI
using faultscaling relationships toalculatethe 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 SAFStwihe exception of the western 2lm 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) (Figure 2a). Scenario (1) was modelled in order
to establish the Coulomb stress transfer imparted frorpaatial rupture of afault onto its

own tip area(e.g. Roberts 1996).dte that within the Coulomb stress trarsf scenarios, the
western tiparea of the SARS defined as the westerd.5km sectionof the SAFS, from Point

A (Figure 2a) to the wetip of CapeHeraion.

The results of Coulomb stress transfer modelling slstn@ss enhancement on the
shallow portionsof faults in the region of Cape Herajoor stress enhancement to greater
depths, depending on the exact sourceréxeivergeometry Rupturing the entire SAFS with
the exception of the westerr2.5 km section(Scenario 1)results ina significant positive
Coulomb stress changaf 2 bas onto the entire fault plane of theSAFS wester@.5 km

section(Figure 1b). Rupturing the entire EXFSaenario (9)results in the upper and lower 2
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km of the SAFS westefh5 km section experiencingositive stress transfer & bars while

the majority of thewestern2.5km section of thdault planedisplaysegative stress transfer

of up to -2 bars (Figure 1t). Similarly, in scenario (3), rupturing only the Perachora fault
segment of the EXFS aleesults in negative stress transfer-@fbars over almost all of the
western2.5km sectionof the faultwith the exception of the upper 1 km, which experiences
positive stress transfer values of-21 bars Figure 1#). Overall, the high values of
displacement observed on Cape Heraion over 125kg beexplained byfault interaction

between the overlapping tips of the EXFS and the SAFS

5.2Impacts orseismic hazard

Our findingshave implicationgor fault-basedprobabilisticseismic hazardssessment
(PSHA) We showhere that the tip zoneof a crustatscalenormal fault can accommodate
AAIAYATAOLY G RAALX F OSY Possibly ked B intéraCton itk @+ £ A 4 S|
neighbouring fault If these patterns of deformation are assumed ke typical for other
normal crustaiscale faultsvithin fault systemghat overlap along strike, such asoge in the
Centraland Southern ItaliarApennines(Roberts and Michetti, 2004apanikolaou et al.,
2005 Papanikolaou andRoberts, 2007 lezzi et al.,, 2019and Basn and Range Bwrince
Western USAe.g.Machette et al., 1991Anders and Schlische, 198khlische and Anders,
1996,and references therejrihen our findingsmay help shed light ohow to incorporate
slip/throw values into egional datasets, an@vhether 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;, P2 et

al., 2010; 2016; Valentini et al., 2017). However, due to a sparsity of data, it is common to
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extrapolate slip rate data from measurements collected on a single location along a fault. This
is predominantlydone by assuming that displacement deases 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 anomaloushpigh displacemenin the tip zone, so that throw and slip rates do not
simply decrease along strike. Thus, calculation of recurrence rates and the probabilities of
given shaking intensities may be in error in such situations.

If our suggestionthat high values of displacgent in the overlapping tip zones
between the EXFS and the SAHE as a result ofault interactionis correct then the
possibility that earthquake ruptures may jump between the EXFS an SAFS alsould
explored. Fault interaction has the capacity dffect rupture sequences whereby seismic
SpSyiGa YI @& Y eadiNg Bmits | caubiiy matauk gaithuakesd.g. Gupta and
Scholz, 200; lezzi et al., 20)9For instancefrom analysis of the source parameters of the
1981 earthquake sequenc@Abercrombie et al. (1995uggested that the 1981 earthquake
sequence might represent a muftiult rupture between the SAFS and EXFS (or a segment of
the EXFS), during which the rupture might have originated offshore and propagated eastward
onshore.Howe\er, this analysis was carried out without consideration of the distributed
faulting reported hereinlt isbeyond the scope of this pap&r confirm or denywhether the
presence of distributed faulting may make jusmpetween cdocated faultsmore or less
likely. Howeverthis topicisimportant becausehe recent UCERF 3 model (Field et al., 2017)
recognises the potential of ruptures to jump between faults that ardomated along strike
separated by small distances (5 kayalue similar tahoseidentified by empirical studies of
normal faulting earthquakelsetween 57 km(e.g.DePolo et al., 1991; Wesnousky, 2003)e

maximumstep between the SAFS and EXFS is ~4 km (Figuvgh®), the values reported
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above.Moreover, he observation that anomalously high displacembasaccumulatel in

the Cape Heraion tip zormaay be evidence that earthquake ruptures do cross the tip zones
but their presence is onlygetected if detailed mapping is conductec&nd excellent age
constrants are available to gain rates of deformation.

We contrast the wealth of observations we provide in the Cape Heraion tipwithe
the more typical situation away from sdevel, where transverse bedrock ridgesnd to
occupy tip zones, and these ridga® made of monotonous, uniform pirét lithologies with
sparse Quaternary or Holocene sediments to stadgl gainevidence for active faultingnd
rates of deformation €.g. Rderts and Koukovelasl996, elsahere in central Greece;
Roberts and Michetf2004, Italian Apennines; Zhang et &D91;Crone and Halled991; Wu
and Bruhn, 1994vestern USAfor examples of such transverse bedrock riggésnay be that
displacements remain undiscovered in tip zones between major active faults, and this
warrants moreinvestigation becauseheir study may be one of the few ways to observe

whether ruptures cross tip zones to produce hazardous, Afialtit earthquakes.

6. Conclusions

1. Cape Heraion, in thevestern tip zone of the South Alkyonides Fault Systdsforms via a

aSt 2F RAAGNRAOMzOSR FldzZ Ga GKIFG INBE aeyaKSGA
active over decadal,G yr and 10 yr timescalesNew ageconstraints using®Cl cosmogenic

exposure dating ané**U/?°Th age dating of coralseinforce thatthe marine terraces and

associated waweut platforms onCape Heraioarelinked tothe 125 ka highstand withiNlIS

5erather than a set of terraces from three successive MIS phases
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2. OnCape Heraion,usnmed throw values (214 35m), throw rates (1.8 ¢ 0.25mm/yr) and

uplift rates (maximum 0.7 mm/yr) appear to exceed thosported on the main faultThese
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 EX&&l the SAFS.

3. Our findings have implications for probabilistic seismic hazard calculations as they show
that the tip zones of crustadcale faults may host high deformationtea caused by
distributed faultingand as such should be mapped in detailogsrstrike. This is particularly
important for fault systems worldwide where crustsdale faults may over lap and where the

slip rates are typically propagated along strfkem one or two measurements assuming a

fault that linearlydecreases to zero ahe tips.
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1133

1134 Figure 1 Schematic diagram of a possible tip zone deformation where thetfipvgo along
1135 strike faults overlap.
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1137 Figure 2: (a) Map of the eastern Gulf of Corinth and the Perachora Peninsula, surface trace
1138 of the South Alkyonides Fault system (SAFS) (red) (Morewood and Roberts, 2002), East
1139 Xylocastro Fault System (EXFS) trac&lBs per Nixon et al., 2018l other faults as per

1140 Nixon et al., 2016. (b) Location of the Gulf of Corinth and Hellenic subduction trench taken
1141 from Kreemer and ChamdRooke (2004), GPS data from Nocquet (2012). (c) 5 m Digital
1142 Elevation Model showinthe western surface trace of the SAFS as per Morewood and
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Figure3: Comparison of two explanations for the observed geomorphologg ape

Heraion. (aJGeological 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 MorewoodRaberts (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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1155 Figure 4: (aj>eological and geomorphological map of Cape Heraion, age tofriom this

1156 study and other coral studies (Vitanzi et al., 2003; Leeder et al., 2005; Roberts et al., 2009;
1157 Houghton, 2010). (b) Fault map of Cape Heraion and spot height elevaieddo plot the

1158 fault displacement irfc). (d) Stereonet plots for fdts 1, 2, 10 and 17, rose diagram

1159 representing all measured strike values.



(a) Stratigraphic and structural relationships at dated localities from west to east at Cape Heraion
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1161 Figure 5: (a) Stratigraphic and structural relationslaipd (b) stratigraphic loger dated
1162 localities from West to East, see Figure 4 faaldgies
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1164 Figure 6: (a) overview 8fCl sample locations. {§p) Photographs oCl and?34U/3°Th
1165 sample locations. See Figure 4a for locations of samples.



