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Abstract

Results from a multidisciplinary investigation at the Lastros-Sfaka Graben located in
eastern Crete are presented. 1.3 km of the Lastros fault was scanned with t-LiDAR
and we identified areas with minor external influences (anthropogenic, depositional
or erosional) to extract throw rates. Preliminary postglacial throw rates are 0.67 +
0.15 mm/yr., which is significantly less than stated in the literature. Cemented
colluvium is located on the Lastros fault, forming hanging-wall talus lobes and sheets
of varying thickness attached to the fault plane. Stable isotope analysis on the cement
indicates that it has a meteoric origin and precipitated from water at temperatures
between 5 and 8°C. Field mapping and GPR shows that cemented colluvium, is also
present within the hanging-wall subsurface. Trenching (road cut) investigations on
the Sfaka fault identified fill material most likely deposited soon after the last
palaeoearthquakes that occurred on the fault; *C dating is currently being carried
out to date this fill material.
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Hepiinyn

2y mopodoa epyacia usletnOnke n tekToVIKY TAPPOS Xpdka - Adotpog otnv
ovatodikiy Kpitn. Me v ypijon evig t-LIDAR, capdbnrov covolixa 1.3 ylu. tov
KPHUvoD T00 pryuatos oto AGoTpog Kol EVIOTIOTNKAV TEPIOYES TOV OEV ELYOV
ennpeaotel amo elwyevig diepyaoies (avBpwmoyevels emeufaocels, oiafpwon kai
omobson viikov). Toa mpokotopktikd amoteléouoto Jdeiyvovy mwws o pobuog
KOTaropoens uetatomiong eivar 0,620,15 mmiyr. ard v televtaio wayetwon mepiodo,
ONUOVTIKG. [IKPOTEPOS OTO OTL AVOPEPETOL OTHV TPovITmapyovae. Piflioypagia. Xto
PHYUO DTEGPYOVY TOUTOYOTOIUEVOL KOJLODPLOL CYNUOTIONUOL TOD TYNUATIOVY KOVOVG
KOPHUATMOV KOUOIVOUEVOD TOY00¢ TV atov kalpémty tov pnyuotog. H epyootnproxn
elétaon tov kollobfiov aynuatiouod eivar vmo eCéMiln wote va mpoodiopiotel
owadikooio oynuationod. Toa dedopéva omo to yewpoviap édgiéov v mopovsio TV
KOALOOf100 aynuotiounod Kol 6To VIEIOPOS TOV KATEPYOUEVOD TEUGYOVS. XTO PHYLO.
Xpaxa, péoa oe davoryuivo opoyua, Ppébnke vlikd oc  pwYUES OEDTEPOYEVAS
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npoélevong, mbava uetd amd ramoiov oeioud. H ypovoldynon tov viicod ue C* efvou
oo eCEML.

Aééerg Kierdia: kobpémng piyuortog, t-LIDAR, xollodfior oynuotiouol, yewpavidp,
OEVTEPOYEVHS DAIKO OE POYLLES.

1. Introduction

The active extensional regime of the Aegean has produced many normal faults throughout the
region. On the island of Crete (Fig. 1), many of these normal faults comprise footwall limestone
bedrock scarps which are mainly juxtaposed against hanging-wall Quaternary colluvial and/or
marine sediments, forming prominent features within the mountainous landscape. The preserved
fault scarps (Fig. 2) are most likely postglacial (as described on mainland Greece by Benedetti et
al., 2002; Papanikolaou et al., 2005) and result from cumulative earthquake events on the individual
fault plane. These faults are considered to be capable; a capable fault is defined as a fault that has
significant potential to cause displacement at or near the ground surface (IAEA, 2010). There are
over 20 known bedrock normal faults/fault segments (Caputo et al., 2010) located throughout Crete
(Fig. 1) which are considered to be capable and have large exposed bedrock fault scarps.

This paper presents the preliminary results of a multidisciplinary investigation at the Lastros-Sfaka
Graben located within the lerapetra Fault Zone (IFZ), eastern Crete (Fig. 1). The Graben consists of
two opposing faults - the Lastros fault and the Sfaka fault (Figs. 1 and 2). Both these faults strike
approximately NNE - SSW and have prominent limestone fault scarps. The Quaternary hanging-
wall colluvium of these faults mainly comprises unconsolidated material that has fallen from the
footwall mountain above the scarp; in various locations this colluvium has become cemented. To
date there have been no investigations into this phenomenon. Various methods including geological
mapping, trenching (road cuts), terrestrial Light Detection And Ranging (t-LiDAR), and ground
penetrating radar (GPR) were used on the footwalls and hanging-walls of these faults. Laboratory
analyses including thin section analyses, stable isotope and “C dating are ongoing.
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Figure 1 - Relief map of Crete showing the locations of the major capable bedrock faults and
fault zones throughout the island (fault locations from Caputo et al., 2010; Gallen et al.,
2014).
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2. Seismotectonic setting

Crete has been designated as having a high seismic risk due to the island’s location close to the
Hellenic Arc and Trench System (LePichon and Angelier, 1979; Armijo et al., 1992; Jolivet et al.,
2013). The island has a long record of destructive earthquakes with countless historical reports of
damage and destruction (Papadopoulos, 2011; Papazachos and Papazachou, 1997). Throughout the
Aegean, crustal back arc extension is occurring and interpreted as a response to the southward slab-
rollback of the Hellenic margin, the southwestward expulsion of the Aegean microplate and the
anticlockwise rotation of the African lithosphere relative to Eurasia (Meulenkamp et al., 1988). The
deformation history of geological units within Crete can be summarised as: (i) compressional
deformation producing arc-parallel east-west-trending south-directed thrust faults in the Oligocene
to Early Miocene; (ii) extensional deformation along arc-parallel, east-west-trending detachment
faults in Middle Miocene time, with hanging-wall motion to the north and south; and (iii) Late
Miocene-Quaternary transtensional deformation along high-angle normal and oblique normal faults
that disrupt the older arc-parallel structures (Papanikolaou and Vassilakis, 2010). The study area is
the Lastros-Sfaka Graben located in eastern Crete and forms part of the lerapetra Fault Zone (IFZ;
Fig. 1) which consists of a roughly 25 km long zone of faults segments (Gaki-Papanastassiou et al.,
2009).

SSW Lastros Fault

Figure 2 - a) View of the Lastros Fault; b) View of the upper segment of the Sfaka Fault.

3. The Lastros Fault

The Lastros fault is located on the western side of the Graben and strikes NNE-SSW (020° - 200°).
The fault comprises two segments separated by a step over; in the south the fault steps back into the
footwall by around 300 m (Fig. 2a). Manual measurements show that the upper segment in the south
has an average dip angle of c. 70° and the lower northern segment has an average dip angle of c. 65°.
A clear bedrock fault plane was mapped for approx. 5 km.

In many places along strike the hanging-wall colluvium, which is mostly loose material that has
fallen from the footwall mountain above the scarp and settled on the hanging-wall, has become
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cemented (Fig.3). This cemented colluvium can be described as a breccia/conglomerate with
subrounded to angular clasts (implying short transport distances) in a relatively hard, carbonate
matrix. The cemented colluvium forms different geomorphological structures: a large talus lobe is
located towards the northern end of the fault (Figs. 3a, 4), and at many locations along strike the
cemented colluvium forms sheets or slices orientated parallel to the fault plane ranging in thickness
from decimetres to several metres (Fig. 3b,c).
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Figure 3 - a) View of the Lastros Fault (yellow arrows) showing the Lobe of hanging-wall
cemented colluvium; b) sheets of cemented colluvium up to 40 cm thick; c) sheets of
cemented colluvium up to 80 cm thick.

3.1. Methods and Results

t-LiDAR was undertaken on approximately 1.3 km of the lower segment of the fault. This was done
to accurately calculate scarp heights which can then be used to infer post glacial throw rates (e.g.
Papanikolaou et al., 2005). The point clouds from 12 scan windows were combined and
georeferenced using GPS data taken in the field and converted into a 1 x 1 m resolution raster format
in GIS. The t-LiDAR derived digital elevation model (DEM) showing slope angle is shown in figure
4. The DEM clearly shows man made terraces within the hanging-wall and large catchment gullies
cutting the fault. Throw calculations show maximum projected throws (Papanikolaou et al., 2005)
of around 10 m in areas where there is little evidence of anthropogenic activity, erosion, or
sedimentation.
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Figure 4 - t-LiDAR scan of 1.3 km of the lower segment of the Lastros fault showing slope
angle. Note the gullies and the terraces in the hanging-wall; long term throw rate calculation
should not be undertaken at or near these locations.

The cemented colluvial lobe at the northern end of the fault (Fig. 3a) was sampled every 5 m from
the fault scarp (see Fig. 4 for location). This was done to determine the composition of the cement
and also whether the cemented colluvium changes with distance from the scarp. The cement is
predominantly calcite containing varying amounts of mud/clay. Stable isotope analysis of §'C and
5180 indicate that the source water has a meteoric origin and the deposit can be classified as a
meteogene. The average 5'°C value for all three facies is -7.95 %o which falls within the typical
range for meteogenes (Pentecost, 2005). Palaeotemperature calculations based on the equations of
Hays and Grossman (1991) show parent water precipitation temperatures ranging from 5 to 8°C. As
groundwater temperatures are generally equal to the average annual air temperature above the land
surface, the palaeotemperature results indicate a significantly cooler climate at the time of
precipitation compared to present day temperatures.

To determine whether the cemented colluvium was present in the hanging-wall subsurface, GPR
was also undertaken. GPR profiles were carried out perpendicular to strike (for location see Fig. 4).
The profiles show a number different radar facies (Neal, 2004) within the hanging-wall subsurface.
The very low reflectance properties of one of these radar facies compared to the surrounding material
(Fig. 5), its geometry and its continuity in multiple profiles leads us to infer cemented colluvium
buried in the hanging-wall shallow subsurface.

4. The Sfaka Fault

The Sfaka fault (Figs. 1, 2b) is located on the eastern side of the Graben. It strikes at NNE-SSE (020°
- 200°) and is antithetic to the Lastros fault. The Sfaka fault was mapped for approx. 5 km and the
fault plane has an average dip of 63°. The Sfaka fault also comprises two segments separated by a
step over; in the south the fault steps approx. 500 m to the west into the hanging-wall. The footwall
of the fault comprises crystalline limestone, and the hanging-wall also comprises this limestone often
overlain by colluvium; only in the north of the upper segment are phyllites present in the hanging-
wall, which are again overlain by colluvium.

During mapping of the northern part of the upper segment, we followed the Sfaka fault along a
narrow valley in which a dirt road has been constructed to access nearby olive groves. Here the dirt
road cuts the fault plane at two locations, one approximately 40 m from the other. These two road
cuts are essentially acting like vertical shallow angle trenches opened approximately 70° from the
fault’s strike. Here we briefly present some preliminary results from the lower road cut, herein
referred to as Trench 2.
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Figure 5 - Uninterpreted and interpreted GPR profile at the Lastros fault showing cemented
colluvium present in the subsurface.

4.1. Methods and Results

At Trench 2 the exposure was cleaned of vegetation and the outermost 10 - 15 cm of soil and gravel.
The trench was logged and photographed and samples were taken from identified displaced layers
and other horizons for subsequent classification analyses. Trench 2 (Fig. 6a, b) shows fissure fill
material located between the fault gouge and the colluvial layers. The fissure fill material has both
a high amount of fines and gravel. The fill is most likely not scarp derived but from palaeosols that
developed on the surface of the hanging-wall. Orientated clasts at the boundary between the fill and
the fault gouge are further evidence for a tectonic origin. The fissure fill material has been sampled
for *C dating which is ongoing. Within the hanging-wall there are a number of small displacement
antithetic faults that have developed within the colluvial gravels, which are typical of extension in
unconsolidated sediments. Cemented colluvium is also present in the trench beginning c. 6m from
the fault scarp.

5. Discussion and Conclusions

Previous work has been carried out on the Lastros and Sfaka faults by Caputo et al. (2006, 2010).
The authors calculated long-term slip rates for both the Lastros and Sfaka faults based on scarp
heights and a 13 ka (post glacial) date for first exhumation. The authors estimated a slip rate of 1.3
mm/yr for the Lastros fault using a maximum throws of 15 m. However, our preliminary t-LiDAR
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results show that the maximum throw is around 10 m when measurements are undertaken in areas
not influenced by anthropogenic activity and erosion. When using a 13 ka post exhumation date the
estimated throw rate is 0.8 mm/yr for a scarp with 10 m of throw. However, there is no evidence for
13 ka representing the change from glacial to post-glacial conditions. 15 + 3 ka is more commonly
used for throw rate estimations (e.g. Papanikolaou et al., 2012). This 15 + 3 ka range comes from
research in Italy and is due to the uncertainty on the exact post-glacial age estimate; 18 ka is the
initiation of the last glacial retreat (Allen et al., 1999) that dominates the present geomorphology of
the region, and 12 ka is the youngest reported age in the literature since some small magnitude
glacial re-advances followed by retreat phases have been recorded between 12 and 18 Ka,
predominantly between 14 and 18 ka (e.g. Giraudi and Frezzotti, 1997). Therefore using a 10 m
throw and 15 + 3 ka for first exhumation, a throw rate of 0.67+ 0.15 mm/yr is produced for the
Lastros fault.
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Figure 6 - a) Photomosaic of Trench 2 at the Sfaka Fault; b) Trench 2 log interpretation,
CFL indicates crack fill material, C2 — C6 represent uncemented colluvial layers, C1
represents cemented colluvium.

Further work on the t-LiDAR DEM will determine whether more representative areas can be found
for throw rate calculations. Work will also continue on the Sfaka fault to determine if the throw rate
of 1.0 mm/yr. (Caputo et al., 2010) can be confirmed by our studies. This was calculated using a 12
m scarp height, and from initial observations in the field, scarps of this height are heavily influenced
by erosion. The dating of the fissure fills and trench retrodeformation will produce a recurrence
interval for the Sfaka fault. As the Sfaka fault is antithetic to the Lastros fault, the possibility that
fissure fills represent slip from accommodation events rather than seismogenic ruptures must be
considered.
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