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The Sparta Fault system is a major structure approximately 64 km long that bounds the eastern flank of the
Taygetos Mountain front (2407 m) and shapes the present-day Sparta basin. It was activated in 464 B.C., dev-
astating the city of Sparta. This fault is examined and described in terms of its geometry, segmentation, drain-
age pattern and post-glacial throw, emphasising how these parameters vary along strike. Qualitative analysis
of long profile catchments shows a significant difference in longitudinal convexity between the central and
both the south and north parts of the fault system, leading to the conclusion of varying uplift rate along strike.

gl)(/(\;vnoi;ds. Catchments are sensitive in differential uplift as it is observed by the calculated differences of the steepness
Slip-rates index ks, between the outer (ks;<83) and central parts (121<ks,<138) of the Sparta Fault along strike the
Active faults fault system. Based on fault throw-rates and the bedrock geology a seismic hazard map has been constructed
Taygetos that extracts a locality specific long-term earthquake recurrence record. Based on this map the town of Sparta
Evrotas

would experience a destructive event similar to that in 464 B.C. approximately every 1792 + 458 years. Since
no other major earthquake M~7.0 has been generated by this system since 464 B.C., a future event could be
imminent. As a result, not only time-independent but also time-dependent probabilities, which incorporate
the concept of the seismic cycle, have been calculated for the town of Sparta, showing a considerably higher
time-dependent probability of 3.0 + 1.5% over the next 30 years compared to the time-independent probabil-
ity of 1.66%. Half of the hanging wall area of the Sparta Fault can experience intensities >1X, but belongs to
the lowest category of seismic risk of the national seismic building code. On view of these relatively high cal-
culated probabilities, a reassessment of the building code might be necessary.

© 2012 Elsevier B.V. All rights reserved.

Conditional probabilities

1. Introduction

In 464 B.C. a major earthquake devastated the city of Sparta
(~20,000 fatalities, >X MS intensity Galanopoulos, 1961; Papazachos
and Papazachou, 1997), causing great social unrest. This event is
regarded as the oldest well-defined event in the Hellenic historical re-
cord and is described by plethora of ancient authors such as Thucydides,
Diodoros, Aelianos and Plutarch (e.g. Galanopoulos, 1961; Papazachos
and Papazachou, 1997). This major event is clearly associated with the
Sparta Fault (Armijo et al.,, 1991), which is located only a few km west-
wards from the city of Sparta and forms the only major seismic source
that can generate such a strong earthquake.

Despite this strong event, the area of Sparta is characterised by
low seismicity over the last 25 centuries since no other major event
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has occurred in the town of Sparta since 464 B.C. (Papanastassiou,
1999). Therefore, since sufficient time has elapsed for stress to grad-
ually re-accumulate, a future event on the Sparta Fault could be immi-
nent. This is also supported by cosmogenic isotope dating techniques
applied on the Sparta bedrock scarp, showing that the central and
southern part of this fault did rupture repeatedly (at least six times
over the past 13 kyr), with time intervals ranging from 500 to
4500 yr (Benedetti et al., 2002).

This fault is studied based on its post-glacial scarp, the analysis of
the drainage network and the major catchments that are influenced
by footwall uplift. In addition, we provide a seismic hazard map
based on the geological fault slip-rate data from the Sparta Fault
and estimate how many times the town of Sparta has received
enough energy to shake at intensities >IX since the last glaciation.
Moreover, by combining the long-term earthquake recurrence record
with the historical record and the paleoseismological data, we have
extracted time-independent and time-dependent probabilities for
large (characteristic) earthquakes. Time dependent probabilities in-
corporate the most basic physics of the earthquake cycle, are thus
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important considering the prolonged elapsed time since the last
event on the Sparta Fault.

2. The Sparta Fault system

The Sparta Fault system (Figs. 1-3) bounds the eastern flank of the
Taygetos Mt (2407 m) and shapes the western boundary of the
Sparta-Evrotas basin (Fig. 2). This fault zone belongs to the arc parallel
normal faults with a NNW-SSE to N-S trend from the Ionian to the
Aegean Sea that create the alternation of neotectonic horsts (Methoni,
Taygetos/Mani, Parnon) and grabens (Kalamata/Messiniakos Gulf,
Sparta/Lakonicos Gulf) (Mariolakos and Papanikolaou, 1981;
Lyon-Caen et al., 1988; Papanikolaou et al., 1988). The Taygetos Mt is
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a tectonic horst that is constantly uplifted and bounded by the Sparta
and Kalamata Fault systems eastwards and westwards, respectively
(Mariolakos and Papanikolaou, 1981). Both fault systems ruptured in
historical times. The 1986 (Ms=6.2) Kalamata earthquake ruptured
one of the segments of the Kalamata Fault system producing surface
ruptures over a few km and a maximum displacement of 20 cm
(Lyon-Caen et al., 1988; Mariolakos et al., 1989).

The Sparta Fault trends NNW-SSE and has a length of 64 km. Its
southern tip is located close to the Gerakari catchment approximately
3-4 km southwards from the Potamia village, whereas its northern
tip towards the Alfios river, a couple of km westwards from the
Kamaritsa village in the Megalopolis basin (Fig. 1). This active fault
largely follows the Miocene detachment of East Taygetos Mt which
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Fig. 1. Simplified geological map of the area of Sparta. Arrows represent fault slip directions. Catchments' profile numbers correspond to Fig. 6. Coordinates are in EGSA 87 which is
the official Greek Coordinate System. It is metric, uses GRS 80 as a reference ellipsoid and it is a Transverse Mercator Projection which covers the whole country.
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is also parallel to the main low angle extensional structure of the East
Parnon Mt (Papanikolaou and Royden, 2007). However, the Sparta
Fault can be divided in segments with different throws as this is re-
vealed by the changes along strike of the Alpine units cropping out
in the footwall as well as in the hanging wall (Fig. 2a). The nappe
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pile in Taygetos and Parnon comprises the Mani autochthon and the
nappes of Arna, Tripolis and Pindos (Papanikolaou and Royden,
2007). Thus, the fault between Anogia and Mystras villages separates
the Mani autochthon at the footwall and Plio-Quaternary sediments
overlying the Arna metamorphics in the hanging wall. A similar
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Fig. 2. a) Simplified geological map showing the geotectonic units outcropping the area. b) Distant view of the Sparta Fault. It uplifts the Taygetos Mt on its footwall and shapes the
basin of Sparta towards its hanging wall. There are two ridges shown in the photo, a lower one in front bounded by the Sparta Fault, and a higher summit ridge behind; in between

lies the relic of the easily erodible Arna unit, consisting of schists.
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view is observed towards the central part of the fault between tip, southwards Anogia village, the footwall is comprised of the Arna

Vordonia and Kastori villages. However, towards the central part be- metamorphics and the hanging wall consists of the Plio-Quaternary
tween Mystras and Vordonia villages as well as towards the southern sediments overlying the Arna metamorphics, implying a lower total
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Fig. 3. a) View of the antithetic Sparta Fault from the west. It forms a topographic relief of a couple of hundred metres and defines the eastern boundary of the Sparta basin and the
Evrotas river channel. b) Slope dip map of the study area where the linear traces of the main and antithetic Sparta Fault are clearly revealed.
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throw. In addition, between Mystras and Vordonia the Quaternary
sediments are thin or absent, so that the Arna unit outcrops in the
hanging wall. Finally, towards the northern tip, northwards Logkanikos
village, the footwall is composed of the Tripolis Mesozoic carbonates
and the hanging wall the Tripolis Eocene flysch and in places the over-
lying Pindos nappe, implying a lower total throw (less than 1 km).
Overall, this is a complex structure that has accommodated up to
5-6 km of throw. However, a significant part of this throw relates to
the detachment activity in Upper Miocene-Lower Pliocene time, where-
as its Quaternary throw varies from several hundred metres up to 2 km,
forming a smaller portion of the total throw.

The immediate hanging wall of the Sparta Fault is characterised by
major alluvial fans and steep triangular facets (e.g. Armijo et al., 1991;
Pope et al,, 2003), whereas in the immediate footwall highly incised
catchments and wineglass canyons are the evidence of the high uplift
rates (Fig. 2b). Moreover, particularly towards its central and southern
part it has a fault zone up to 3 km wide in places with older fault planes
existing towards the footwall, attesting to its long history of rupturing. It
is clear following the boundary between Alpine rocks and Pleistocene
sediments, as well as from the well exposed post-glacial scarp, that activ-
ity has shifted eastwards to a more basinward fault plane, following a
progressive hanging wall directed migration within the fault zone
(e.g. Stewart and Hancock, 1994). The post-glacial age of the scarp is
confirmed by the 3°Cl cosmogenic isotope dating by Benedetti et al.
(2002). The post-glacial scarp offset smooth hillsides that are typical
of former periglacial processes, providing a regional marker of known
age (Fig. 4). Even though no glaciers exist today, periglacial processes
represent an important geomorphological agent on the highest peaks
(Hughes et al., 2006). The Peloponnese and Crete display evidence of
former glaciation and intense periglacial activity (Mastronuzzi et al.,
1994; Hughes et al., 2006). In particular, Mastronuzzi et al. (1994) de-
scribe glacial landforms (e.g. cirques, morainic arcs and preserved
unweathered moraines) towards the eastern flank of the Taygetos Mt
on the footwall of the Sparta Fault, estimating a Wurmian (ELA)
(mean equilibrium line altitude or snow line) lower than 2000 m. It is
clear that periglacial activity extended down to much lower altitudes
(Hughes et al., 2006). Similar post-glacial scarps have also been described
southwards towards the island of Crete (Caputo et al.,, 2006). The Sparta
Fault is made up of several en echelon segments of different lengths.

However, two major faults are traced within this structure. The northern
segment is about 14 km long and characterised by lower slip-rates. No
post-glacial scarp was identified in the northern segment of the fault, im-
plying that slip-rates are low and most probably less than <0.3 mm/yr
(e.g. based on the comparison between trench sites and post-glacial
scarps in the Apennines; Papanikolaou, 2003). On the other hand, the
southern segment is 50 km long and leaves the most impressive imprint
in the topography, showing signs of recent intense activity. The southern
segment can be divided into two major sub-segments. In the recent past
they were probably two individual structures that are now hard-linked
(see justification in the Discussion section). Although local oblique or
strike-slip motions occur near fault tips, as is common in extensional
areas (Roberts, 1996; Roberts and Ganas, 2000), extension in the Sparta
Basin based on fault slip data is predominantly ENE-WSW dip-slip
(Fig. 1). Roberts and Ganas (2000) proposed two faults within this system
based on the slip-directions which coincide with the two sub-segments
we have divided in this study. This fault exhibits an impressive
post-glacial scarp that can be traced for many km (Fig. 4). In particular,
from the village of Anogia up to the area of Mystras, it is continuous
and displays an 8-12 m high post-glacial scarp (Armijo et al., 1991;
Papanastassiou, 1999; Benedetti et al., 2002).

The northern segment of the Sparta Fault that is characterised by
lower activity and where no post-glacial scarp is revealed, displays a rel-
atively low dip fault plane that ranges from 38° up to 52° (a mean of 43°),
whereas the southern longer segment displays steeper fault planes dip-
ping westwards from 38° up to 80° (a mean of 62°). The southern seg-
ment is characterised by an extensive post-glacial scarp of several
metres. The maximum post-glacial throw of 8-12 m is displayed to-
wards the centre of the segment from Anogia to Parori and gradually de-
creases towards the tips (Fig. 5). In Logkanikos village the post-glacial
scarp is estimated at 5 m (Fig. 5¢c), the fault plane dips at 65° towards
ENE (075°), whereas the striations are plunging at (63°) towards east
(097°), thus converging towards the hanging wall centre. Two detailed
topographic profiles were constructed perpendicular to the post-glacial
fault scarp in Anogia, in localities that display the maximum and mini-
mum observed throw, a few tens of metres distant from each other.
These localities are undisturbed by erosion or deposition and the upper
and lower slopes are adequately exposed. Striations are plunging to-
wards NE (058°) and fault plane dips at 63° towards east (088°), thus

Fig. 4. Distant view of the post-glacial scarp of the Sparta Fault in the Kalyvia-Sochas locality. The post-glacial scarp offset smooth hillsides that are typical of former periglacial

processes, providing a regional marker of known age (15 kyr ago43 kyr).
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Fig. 5. a) Detailed topographic profile of the post-glacial scarp of the Sparta Fault near
the village of Anogia, where the highest throw is observed. It is a 9.7 m high free face,
where no imprint of a degraded scarp is traced (e.g. degraded scarp; the eroded
lower-angle extension of the bedrock fault plane). b) Detailed topographic profile of
the post-glacial scarp of the Sparta Fault near the village of Anogia, where the lowest
throw is observed. This is an 8.2 m high scarp with approximately 6 m of free face
and 2 m of degraded scarp. c) View of the 5-6 m high post-glacial scarp of the Sparta
Fault near the Logkanikos village.

converging towards the hanging wall centre, implying that it is predom-
inantly a normal fault. The profile with the maximum throw in Anogia,
exhibit 9.7 m that comprises entirely the free face (Fig. 5a). No signs of
the degraded scarp were traced, as is usually the case where it could rep-
resent 30 or even 40% of the scarp (Papanikolaou et al., 2005). The profile
with the minimum throw exhibits 8.2 m (Fig. 5b). This variation of 1.5 m
that represents the inherent surface throw variability is rather small and
accounts for less than the usual 20% variability in such measurements
(Papanikolaou et al., 2005; Papanikolaou and Roberts, 2007). The latter
implies that surface ruptures maintained a relatively constant throw
exhibiting more or less the same cumulative slip pattern from successive
events over time.

It is also interesting to note that beyond the main Sparta Fault system
there is also a significant antithetic structure approximately 5 km east-
wards from the main fault (Fig. 3a). Both structures shape the present
day Sparta basin forming linear features as this is also evident from the
slope dip map (Fig. 3b). This map shows not only the dominant control
that the main Sparta Fault exerts in the topography, but also the signifi-
cant influence of the antithetic Sparta Fault. The Sparta-Evrotas basin is a
neotectonic basin with post-alpine sediments. The easternmost bound-
ary of the old neotectonic basin is now traced towards the Parnon Moun-
tain front, it is fragmented, widely distributed and is characterised by low
activity. The present-day active antithetic fault zone that bounds east-
wards the Evrotas-Sparti basin appears towards the centre of the older
neotectonic basin and is located approximately 10 km west from the
Parnonas Mt. The antithetic structure is trending NNW-SSE has a length
up to 18 km and dips westwards. It controls the topography of the area
(Fig. 3a), forming a ~150 m throw based on the topographic variation
and the thickness of the Plio-Pleistocene sediments (estimated a couple
of hundred metres). This antithetic structure is active, linear, forming a
topographic relief of a few hundred metres, defines the eastern boundary
of the Sparta basin and bounds not only the Upper Pleistocene-Holocene
sediments, but also controls the Evrotas flow. No clear estimate on the
slip-rate can be made. Due to its short distance (~5 km) from the Sparta
Fault, this antithetic structure most probably is linked at depth with the
main Sparta Fault.

3. Tectonic geomorphology; catchments and tectonic uplift

The Evrotas river flows through the Sparta Basin, parallel to the
Sparta Fault, trending NNW-SSE, while the secondary branches of
this fluvial system consist of transient rivers which flow perpendicu-
lar to the main structure. The asymmetry of the drainage basin and
this combination of fault parallel and fault perpendicular flow, indi-
cates a strong tectonic control to the drainage pattern and is charac-
teristic of active normal faulting settings (e.g. Gawthorpe and Hurst,
1993; Eliet and Gawthorpe, 1995). Landscape response to various up-
lift rates has been widely studied in terms of mountain fronts and
catchments profiles (Kirby and Whipple, 2001; Silva et al., 2003;
Cowie et al., 2008; Turowski et al., 2009). In this section, we examine
the drainage network and the major catchments that are influenced
by footwall uplift. In order to examine the transience of the streams
across the Sparta Fault, cross sections perpendicular to the river
flow in the headwaters and within the downstream convex reach
were analysed (Figs. 6 and 7). This analysis may offer information re-
garding differential uplift rates (e.g. Kirby and Whipple, 2001).

3.1. Methodology

Fluvial long profiles of the transient rivers crossing different seg-
ments of the Sparta Fault were constructed in order to examine their
longitudinal convexity and its variation along strike. Such profiles
were also compared to the longitudinal profiles of neighbouring catch-
ments that are not influenced by any fault. Geological data of the area, in
conjunction with a 25 m resolution digital elevation model (DEM) were
digitised, transformed into raster data and imported in ArcGIS Version
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9.3. Slope map and catchments profiles were extracted by DEM surface
analysis elaboration, while interpretation and calculation of the ks, of
catchment profiles was rendered by the combination of ArcGIS Profiler
Toolbar and codes in Matlab version 7.10.0.499 (Whipple et al., 2007).
We also calculated the normalised steepness indices, ks,, using a
reference value of concavity index () in the power low function:

S=ksA "
where A represents the drainage area, S is the local channel gradient or
river slope and ks and 6 are referred to as steepness and concavity indi-

ces, respectively. The use of the normalised steepness index was
proposed by Duval et al. (2004), as more significant in case of
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undergone an increase in throw rate within the last 1 Myr, have signifi-
cant long-profile convexities. They also established that this relationship
holds for throw rate variation along strike the same fault segment, as
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Fig. 6 (continued).

well as between faults. Moreover, Boulton and Whittaker (2009)
suggested that rivers crossing active faults are undergoing a transient re-
sponse to ongoing tectonic uplift and this interpretation is supported by
typical signals of transience such as gorge formation and hill slope reju-
venation within the convex reaches.

While river long profile convexities can lead to the observation of
the ongoing tectonic uplift, differential erosion of geological forma-
tions may also cause the same pattern. Thus, in order to exclude the
latter phenomena and emphasise the tectonic uplift, the rivers to be
examined must fulfil some restrictions. Whittaker et al. (2008) sug-
gest that the selected rivers should discharge a drainage basin larger
than 10 km? above the fault and the upstream length should be at
least 5 km for extracting meaningful results. These restrictions are
applicable in the south and central parts of Sparta Fault, as well as
in the antithetic structure and areas of high topography, but with no
active faulting. However, in the northern part of the Sparta Fault
catchments are not long enough to fulfil these criteria, due to the
proximity of the watershed of Evrotas Basin to the NW part of the
fault.

3.2. Results

In total 9 profiles of transient rivers crossing different parts of the
Sparta Fault were constructed (Fig. 6a). All these 9 catchments have
an approximately E-W trending flow direction, due to headward ero-
sion, draining the footwall of the Taygetos Mt across the fault into the
hanging wall and merge with the N-S fault parallel flow direction of
the Evrotas river, due to hanging wall subsidence. In addition, such
profiles were constructed in 2 catchments crossing the antithetic
Sparta Fault structure and were also compared to the longitudinal
profiles of 3 neighbouring catchments crossing high topography, but
no apparent faults (Fig. 6b).

Qualitative analysis of long profiles showed a significant difference
in longitudinal convexity between the central and both the south and
north parts of the fault, leading to the conclusion of varying uplift rate
along strike (Fig. 7). A minor convex reach of 205 m in Potamia catch-
ment long profile (southeast part of the Sparta Fault) can be clearly
observed although it seems to have propagated upstream in relation
to the fault. This could happen as the channel successively adjusts
to the imposed uplift field (Whipple and Tucker, 2002). On the
other hand, Anogia river's flow with significant deviations down-
stream and through a rapid variation of different geologic formations
upstream creates a long profile convexity that appears in a smaller
scale (101 m) than the other profiles. The northernmost of the two
above catchments, Kalyvia-Sochas catchment long profile revealed a
convex reach of 246 m, which is in contact with the Sparta Fault, in
contrast to Potamia catchment's convex reach that is located 3 km
away from the present day fault trace in the footwall. The Parori
and Kalyvia-Sochas catchments are the localities where extensive al-
luvial fans outcrop (Pope et al., 2003).

Parori catchment long profile convex reach appears to consist of
three separate knickzones that are possibly related to lithological var-
iations, but could be interpreted as cumulative convexity with a
height of 536 m. Located in the central part of the Sparta Fault, catch-
ments near Soustianoi and Kastori villages have convex reaches
whose downstream ends are in contact with the fault, outreaching
876 m and 590 m, respectively.

In the northern part of the Sparta Fault, the Agios Konstantinos
catchment seems to have a concave-up channel profile, possibly indi-
cating a constant and low slip rate, since it is located towards the
northern tip of the fault. The lack of profile convexity of Agios
Konstantinos can also be attributed to the lithology factor since it
flows through the higher erodible schists rather than the limestones
(Fig. 6a). Logkanikos and Falaisia catchment long profiles have signif-
icant convexities. However, as previously stated, their drainage basins
above the fault are too small and the upstream lengths are too short
to extract meaningful results.

On the other hand, catchments crossing the antithetic structure as
well as neighbouring areas where no active faults are traced display
similar characteristics, such as typical concave up profiles with small ex-
ceptions related only to differential erosion (Fig. 6b). Such examples
form a minor convexity that does not exceed 100 m on a catchment
near Koniditsa (Fig. 6b, profile 2), due to profile long alterations in li-
thology and a 30 m high knickzone appearing in the last few hundred
metres downstream Kolliniatiko river, related to the same lithological
conditions that mark the transition from limestone to flysch or alluvial
deposits. In both cases the convexity coincides with the transition
from limestone to flysch or alluvial deposits, indicating the strong con-
trol of the lithological factor.

Finally, the normalised steepness index, ks, using a reference con-
cavity of 0.45, was calculated for six catchments crossing all Sparta
Fault parts, as well as for the two catchments crossing the antithetic
structure and two catchments that cross no fault. The kg, values for
the catchments closer to the tips of the Sparta Fault (F3-Agios
Konstantinos and F9-Potamia) were 90 and 82.7, respectively, while
in the central part the steepness rates are higher and vary from 121
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Kalyvia-Sochas (central part) catchments' profiles. b) Diagram showing the convex height variability of the catchments along strike the fault system, with higher values towards its
centre that diminish towards its tips. Error bar represents the 100 m convex height that can be attributed to differential erosion. There are 8 data points due to the lack of profile
convexity of Agios Konstantinos that is attributed to the lithology factor since its entire footwall consists of the higher erodible schists rather than the limestones.

to 138 (121<ks,<138). On the other hand, ks, values for the catch-
ments AF1 and AF2, crossing the antithetic structure, were 26.2 and
27.9, respectively, while the same normalised steepness index in
catchments 2-Koniditsa and 3-Sellasia were 48 and 31.7, respectively.
It is interesting to note that the profiles where no active fault is
crossed exhibit higher values of ks, than the profiles that cross the
antithetic Sparta Fault. This is a lithological effect since the catch-
ments that cross the antithetic fault erode Quaternary sediments,
whereas the catchments that cross no fault, flow through the alpine
bedrock, which is more resistant to erosion.

4. Seismic hazard map from geological fault slip-rate data

Seismic hazard assessment tends to follow fault specific approaches
where seismic sources are geologically constrained active faults
(WGCEP, 1990, 1999, 2002; Ganas and Papoulia, 2000; Roberts et al.,
2004; Papanikolaou and Papanikolaou, 2007; Pace et al, 2010) in
order to address problems relating to the incompleteness of the histor-
ical records, obtain higher spatial resolution and realistic source locality
distances, since seismic sources are accurately located. Thus, fault

specific approaches are becoming very important for the seismic hazard
assessment, by providing quantitative assessments through measure-
ment of geologically recorded slip on active faults, providing a more
reliable estimate of hazard than the historical earthquake record (e.g.
Yeats and Prentice, 1996; Papoulia et al., 2001; Michetti et al., 2005).
Based on slip-rate data and the fault geometry, we can construct seismic
hazard maps purely from geological data (Papanikolaou, 2003; Roberts
et al.,, 2004).

4.1. Data

Throw rates are extracted from the Sparta post-glacial fault scarp,
using as a reference the last major glacial retreat phase that initiated
18,000 years ago (Giraudi, 1995; Allen et al., 1999). Also, *°Cl exposure
dating of a fault plane associated with a scarp revealed that the scarps
are indeed post-glacial (Benedetti et al., 2002). Due to the uncertainty
on the exact age we have used as post-glacial age an estimate of
15 kyr + 3 kyr, whereas 18 kyr is the initiation of the last glacial retreat
(Allen et al., 1999) that dominates the present geomorphology of the
region and 12 kyr is the youngest reported age in the literature since
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some small magnitude glacial re-advances followed by retreat phases
have been recorded between 12 kyr ago and predominantly between
14 and 18 kyr ago (e.g. Giraudi and Frezzotti, 1997). The 1:50,000 geo-
logical maps (IGME Sheets Tataris et al., 1970; Psonis and Latsoudas,
1983; Psonis, 1986; Dimadis and Taktikos, 1989; Psonis, 1990;
Papadopoulos, 1997; Zindros and Exindavelonis, 2002) were used for
the generation of the digital geological layer (Fig. 1) and three types of
bedrock geology have been differentiated that are associated with dif-
ferent shaking intensities during an earthquake: (a) Mesozoic/Tertiary
limestone bedrock; (b) Tertiary Flysch and extensional basin-filling de-
posits; and (c) Quaternary sediments.

4.2. Methodology

This methodology was developed and is explained in detail in
Papanikolaou (2003) and Roberts et al. (2004). Herein, it has been
modified to fit the properties of the Sparta characteristic event that
dominates the seismic moment release and has been recorded by
the geological fault slip data. According to the cosmogenic isotope
studies that are also confirmed by the 464 B.C. historical event, the
Sparta Fault produces systematically maximum surface displace-
ments of about 2 m that correspond to M 6.9-7.0 events. Such magni-
tude corresponds to approximately 30 km long ruptures. These
ruptures float along the 64 km long fault, following the along strike
variation of the fault slip-rate. The input data that governs the earth-
quake recurrence are fault throw-rates.

In particular, fault throw-rates are firstly converted into earth-
quake frequencies, assuming that each fault ruptures in “floating”
earthquakes (e.g. WGCEP, 2002), which are distributed around a
mean magnitude of fixed size. Then, this information is turned into
a hazard map (see Papanikolaou, 2003; Roberts et al, 2004) after
using: i) empirical relationships between coseismic slip values, rupture
lengths and earthquake magnitudes, ii) empirical relationships between
earthquake magnitudes and intensity distributions, and iii) attenuation/
amplification functions for seismic shaking on bedrock compared to
flysch and basin-filling sediments. The final product is a high spatial res-
olution seismic hazard map showing how many times each location has
been shaken at a certain intensity value (e.g. intensity IX) over a fixed

@ Dimension of a single Ms 7.0 event
(30km rupture length, 2 m throw

Maximum Fault throw in m

time period (e.g. since the last glaciation), which can be easily
transformed into a map of recurrence intervals (Fig. 8).

Considering both the surface ruptures of the 464 B.C. historical
event and the cosmogenic isotope dating where the mean displacement
was 1.7 min Anogia and 2.1 m in Parori, it is clear that the Sparta Fault
ruptures in major earthquakes of approximately M= 7.0 (Benedetti et
al., 2002). Moreover, the Parori that exhibits higher mean displacement
is closer to the centre of the fault. Two of the seismic events (4.5 kyr ago
and 5.9 kyr ago) were recorded in both sampling localities. Cosmogenic
isotope dating showed that two events recorded in Parori were not
recorded in Anogia and vice versa. Both localities are 10 km apart,
confirming that different parts of the fault system were ruptured. Here-
in, it has to be acknowledged that some events towards the northern
part of the fault may have not been traced in both cosmogenic site sam-
pling localities, if surface ruptures did not reach or were of low displace-
ment (less than 20 cm). Papanastassiou et al. (2005) support that the
Sparta Fault ruptures approximately every 2000 years providing a
M~7.0 event that ruptures more than 22 km and based on some sedi-
mentation rate variations supported that it might also produce moder-
ate earthquakes M ~6.0, that may rupture a small part of the fault, but
without substantial surface ruptures and displacements.

Therefore, following the above it is assumed that all surface slip is
the result of floating earthquakes of magnitude M~7.0, which are
known to produce about 2 m of maximum slip with rupture lengths
of about 30 km (e.g. regression from magnitude to SRL, Wells and
Coppersmith, 1994; Pavlides and Caputo, 2004). Assuming a triangu-
lar throw profile for the fault (Cowie and Shipton, 1998) and earth-
quake surface ruptures, and that the maximum throw is observed at
the centre of the fault (Fig. 8a), the number of surface faulting earth-
quakes of fixed size (M=7.0), that the fault has experienced in a
certain time period can be calculated (Fig. 8b). Therefore, since our
time marker is the last glaciation then the bigger triangle simply
represents the post-glacial cumulative seismic moment summation.
Based on the inputs for the Sparta Fault approximately 13 M=7.0
earthquakes have been extracted since the last glaciation. After calcu-
lating how many M~7.0 earthquakes the fault has experienced dur-
ing the past 15 kyr+ 3 kyr, modelled earthquakes are distributed
according to the fault throw variation along strike of the fault trace.
Taking into account the 3D normal fault geometry (e.g. Roberts et al.,
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Fig. 8. Schematic representation for the construction of the hazard map, illustrating the concept of the methodology. a) Assuming that there is a triangular throw profile for the
faults and ruptures and that the maximum throw is observed at the centre of the fault the number of surface faulting earthquakes of Ms=7.0 can be calculated. b) Throw in
this profile represent the slip that the fault has accumulated during the post-glacial period (since 15 kyr ago+3 kyr). c) Epicentres are plotted 12 km away from the fault in the
hanging wall and circles with 18 km radius of intensity IX (representing “isoseismals”) are added.
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2004), hypothetical epicentres are plotted 12 km away from the fault in
the hanging wall, assuming a 45° dipping fault and hypocentres at
12 km (Fig. 8c). These are realistic values because large seismogenic
normal faults have dips in the range 30°-60° (Jackson and White,
1989) and large earthquake ruptures tend to nucleate close to the
base of the seismogenic layer at 10-15 km depth (e.g. Sibson, 1984).
These isoseismals are then attenuated/amplified by the bedrock
geology, altering their shapes, producing mostly elliptical shapes
that result from the fact that the Quaternary basins are generally
elongated in the direction of fault strike. Quaternary sediments are
less dense and rigid compared to basement rocks so that their physical
restraints on ground accelerations are limited and ground motions are
enhanced in both amplitude and duration, resulting in higher damages
and consequently to higher intensity values (e.g. Bolt, 1999). Finally, a
simple model of three different shaking intensity levels was used,
each one corresponding to different bedrock types (one for the bedrock,
one for the flysch/foredeep deposits and another one for the Quaternary

340000 356000

sediments). This classification of the geologic units into three major
groups was chosen to correspond to the site conditions in terms of
ground motion attenuation equations that are divided into hard rock
(bedrock), soft rock (flysch and foredeep) and alluvium (Petersen et
al., 1997; Park and Elrick, 1998). Several datasets that link surface geol-
ogy and shaking intensity values suggest that there is approximately
one degree of intensity difference between Mesozoic-Neogene lime-
stones and pre-Quaternary sediments (such as flysch deposits or
foredeep sediments) and another degree of intensity difference be-
tween pre-Quaternary and Quaternary sediments near the epicentral
area (Medvedev, 1965; Evernden and Thomson, 1985; Degg, 1992).

4.3. Magnitude-intensity empirical relationships
For the Greek territory, magnitude-intensity laws and attenuation

relationships are extracted from statistical elaboration of historical and
instrumental data. However, there are significant differences between

372000

388'000

Settlements

4136000

Ll
4136000

4120000

4104000

4088000

356000

4120000

4104000

4088000

372000 388000

Fig. 9. Seismic hazard map for the Sparta Basin showing the maximum expected intensities that could occur in an infinitely long time period. The maximum intensity locations are

defined by the proximity to the active faults and the bedrock geology.
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published data regarding the relationship between magnitude, epicen-
tral intensity and its attenuation with distance (Papaioannou, 1984;
Theodoulidis, 1991; Papazachos and Papaioannou, 1997). More impor-
tantly, for an M= 7.0 earthquake, that a structure similar to the Sparta
Fault is able to generate (Benedetti et al., 2002), only Theodoulidis's
(1991) equations result in an epicentral intensity X, as has been clearly
demonstrated by the Sparta 464 B.C. macroseismic field (Papazachos
and Papaioannou, 1997). Theodoulidis (1991) proposes that a shallow
earthquake with epicentral intensity X has a mean radius of 6-7 km
for the X isoseismal and a mean radius of 16-18 km, for the isoseismal
IX. Papaioannou (1984), and Papazachos and Papaioannou (1997) for a
M=7.0 earthquake estimate that intensity IX will cover an 8 km and
9 km radius from the epicentre intensity, respectively. Despite the differ-
ences, Theodoulidis' (1991) outcomes are also consistent with other
worldwide intensity attenuation relationships in similar extensional tec-
tonic settings such as central Apennines (Grandori et al., 1991) and south
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Korea (Lee and Kim, 2002) and are considered as more representative for
the Sparta case study.

4.4. Results

4.4.1. Maximum expected shaking intensities

Fig. 9 shows which locations are expected to experience high or
low intensities, but without specifying the possibility or probability
of the assessment. The maximum intensity locations are defined by
the proximity to the active fault and the bedrock geology. This map
is useful because it can delineate areas that could experience severe
shaking, from other areas which are situated further away from active
faults and/or founded on bedrock, implying that they should experi-
ence less damage. Changing the dip of the fault or the seismogenic
depth would slightly change the isoseismals even though the site's
distance to the fault surface trace has not changed. However, the
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Fig. 10. Seismic hazard map for the Sparta Basin, showing how many times a locality receives enough energy to shake at intensities IX in 1543 kyr, assuming homogenous bedrock

geology, a circular pattern of energy release and an 18 km radius of isoseismal IX.
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map is highly sensitive to the expected intensity at a site and its at-
tenuation with distance from the epicentre as also described in the
previous section. This forms a major source of uncertainty in seismic
hazard maps that in some cases overshadows all the other factors of
uncertainty, even fault slip-rates, which govern the earthquake oc-
currence (Papanikolaou, 2011).

4.4.2. Quantitative-frequency of shaking seismic hazard maps

Fig. 10 shows how many times each locality receives enough ener-
gy to shake at intensity IX and higher over the past 15+ 3 kyr assum-
ing an homogeneous bedrock geology, a circular pattern of energy
release and an 18 km radius of isoseismal IX. Highest hazard is ob-
served, as expected, towards the hanging wall centre of the Sparta
Fault (12 times in 1543 kyr) and diminishes towards the tips, fol-
lowing the slip-rate variability.

Fig. 11 shows the maximum expected intensities after considering
the amplification due to the surface geology. Therefore, this map
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offers a locality specific shaking recurrence record rather than a
fault specific record. The simple attenuation model decreases the in-
tensity by: i) a single value, if two localities are equidistant from an
epicentre, but one lies on Mesozoic or Tertiary limestone and the
other lies on flysch/foredeep deposits and ii) two single values if
two localities are within 18 km from the epicentre, but one lies on
Mesozoic limestone and the other lies on Quaternary sediments.
The town of Sparta lies closer to the hanging wall centre and is
founded on Quaternary sediments, whereas surrounding villages are
founded on alluvial fans and triangular facets which are regarded as
highly vulnerable. Therefore, it will receive enough energy to shake
at intensity X, 8 or 9 times (lies on the boundary) over 15+ 3 kyr
(therefore having a recurrence interval ranging from 1334 up to
2250 years). The latter implies that it experiences a destructive
event similar to the 464 B.C. approximately every 1792 4458 years.
As a result, the time independent and time dependent probabilities
calculated for the town of Sparta are based on this locality specific
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Fig. 11. Seismic hazard map for the Sparta Basin offering a locality specific shaking recurrence record rather than a fault specific record. It shows: a) the maximum expected inten-

sities and their recurrence over the past 154 3 kyr, after considering the bedrock geology.
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Fig. 11. Seismic hazard map for the Sparta Basin offering a locality specific shaking recurrence record rather than a fault specific record. It shows: b) the estimated site specific mean

recurrence intervals for intensities >IX.

shaking recurrence, rather than the total fault specific recurrence, as
is normally calculated in seismic hazard studies.

5. Time independent and time dependent probabilities for the
town of Sparta

Average recurrence intervals are the main input data for the prob-
abilistic seismic hazard analysis and should represent the long-term

shaking record. The average recurrence intervals extracted from this
study represent the long-term shaking record in a more complete
way than the historical/instrumental catalogue since they incorporate
several seismic cycles.

Probabilities can be extracted based on these average recurrence
intervals, following the stationary Poisson model or a time dependent
renewal statistical model. According to the Poisson model the proba-
bility of earthquakes is uniform in time. On the other hand, a time
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Fig. 11. Seismic hazard map for the Sparta Basin offering a locality specific shaking recurrence record rather than a fault specific record. It shows: c) 3D view of the southern part of
the seismic hazard map, showing the number of times a locality receives enough energy to shake intensities >1X, in 15+ 3 kyr.

dependent renewal model is based on the elastic rebound concept
according to which the occurrence of a large earthquake releases
the accumulated seismic energy and therefore decreases the proba-
bility for a near-future similar size event in the same region. However,
as time since the last event increases, so does the probability.

5.1. Time independent probabilities

The simplest and most widely used probability model is the Poisson,
which assumes that the probability does not vary in time and is thus
fully determined by the long-term rate of occurrence of the rupture
source (e.g. Reiter, 1990; Udias, 1999; WGCEP, 1999). The stationary
Poisson model has no memory and it is the model of least information
(Evison, 2001). If \ is the rate of occurrence of earthquakes of a given
magnitude (M~7.0) within a time t, the probability that n earthquakes
take place within such interval is Poisson = 2"¢, If the occurrence of
earthquakes follows a Poisson distribution, then the intervals of time t
between consecutive earthquakes have an exponential distribution
(Udias, 1999). In this case the equation for the probability density func-
tion is: P(n) = Ne =™, whereas the cumulative distribution function is
P=1—e M (Papoulis, 1991; Udias, 1999). This model is usually ap-
plied when no information other than the mean rate of earthquake pro-
duction in known (WGCEP, 1999).

Overall, the best feature of the Poisson probability is that a forecast
can be made without knowing when the last significant earthquake
occurred, so according to this model odds do not change with time
(Stein, 2003). Following the model of Poisson a time-independent

Table 1

probability of having shaking of intensity X is calculated for the
town of Sparta of 0.56% for the next 10 years, 1.66% over the next
30 years and 2.75% over the next 50 years (Table 1).

However, the Poisson distribution has no memory and thus fails to
incorporate the most basic physics of the earthquake cycle, according
to which following a major earthquake another earthquake on the
same fault segment is unlikely until sufficient time has elapsed for
stress to gradually re-accumulate (e.g. Ellsworth et al., 1999; Ogata,
1999; WGCEP, 1999; Stein, 2002). The earthquake cycle is considered
by the following time dependent renewal model.

5.2. Time dependent renewal model

The renewal model incorporates the concept of elastic rebound as
described by Reid (1910). Large earthquakes are associated with a
cycle of major stress drop and stress recovery, implying that recurrence
intervals should follow a temporal pattern associated with a relatively
narrow probability distribution (WGCEP, 1990). In a time dependent
renewal model the occurrence probability of the next event only de-
pends upon the time since the last event, the parameters of the renewal
process, and of course the time interval of interest (WGCEP, 1999). Each
renewal model is specified by a probability density function that defines
the chance that failure will occur in the infinitesimal interval from t to
t+ At, where t is the time measured from the date of the last earth-
quake (WGCEP, 1999). Several statistical models have been proposed
that are mathematical well-developed functions with well known statis-
tical properties such as the Poisson, the Double exponential, Gaussian,

Seismic hazard assessment for the town of Sparta. Time independent probabilities of having intensity X shaking at Sparta and input parameters for the time dependent probabilities

(see Table 2).

Times shaken over 1543 kyr at intensity >X based on

map of Fig. 11 interval

T (in years) average recurrence

Date of the last ~ Elapsed time
event (in years)

Poisson probabilities for the next 30 years
(2012-2041)

8or9 1792 +458 yr

464 B.C. 2475 0.0166 or 1.66%
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Weibull, Gamma, Brownian Passage time and lognormal (e.g. Ellsworth
et al.,, 1999). However, with the exception of the Exponential model or
Poisson process, which is rejected (e.g. Ellsworth et al., 1999; Ogata,
1999), all other models display generally similar probability density
functions (Ellsworth et al., 1999). The choice of a probability density
function can have an influence on the calculated value for a given fault,
but unfortunately this decision is somewhat arbitrary because there is
little quantitative basis for making it (Parsons, 2005). Despite the latter
the lognormal and Brownian distributions are very similar and both are
widely used (Parsons, 2005). A lognormal distribution has a long history
since was initially proposed and applied by Nishenko and Buland (1987)
and Nishenko and Singh (1987), confirmed by modelling (Brown et al.,
1991) and also fitted the recurrence times of the repeating earthquakes
near Parkfield (Nadeau et al., 1995). In this study the lognormal distribu-
tion has been used that is also favoured in extensional settings such as
the Basin and Range (Chang and Smith, 2002).

Thus, a random variable x is lognormally distributed if its loga-
rithm Inx is normally distributed. Since Inx is normally distributed,
its mean, median, and mode are equal to Ty, but the mean, median
and mode of x are distinct (Campbell, 1995). T, and ¢ denote the
mean and variance of Inx, respectively. The two parameters are di-
mensionless since they relate to the logarithm; therefore the distribu-
tion of x is fully determined by these two parameters (Campbell,
1995). The lognormal distribution approaches the normal distribu-
tion as the variance approaches zero (Shimizu and Crow, 1988).
Input parameters for the calculation of the probability are: i) T. the
elapsed time since the last event, ii) Ty, the median recurrence inter-
val; and iii) 0, a measure of the dispersion or spread in the recurrence
time distribution (WGCEP, 1999). Time is set to zero at the occur-
rence of the most recent earthquake. The fraction of all earthquake
recurrence times in an interval (t, t + AT) is obtained from the lognor-
mal probability density function by integration (WGCEP, 1990):

t+At 2
1 —[lnu/Tm]
P(t<T<t+ AT) = exp{ du.
-! uov2mn 202

o is the uncertainty parameter and represents the standard devia-
tion of the natural logarithm of the recurrence time. The uncertainty
parameter o is the square root of the sum of the squares of two com-
ponents: a) the parametric uncertainty arising from uncertainties in
the date of the last event and the slip-rate and b) the intrinsic uncer-
tainty that reflects the event to event variability in recurrence time if
T is perfectly known (Nishenko and Buland, 1987; WGCEP, 1990).
The two sources of variability are independent, so the total variance
is:

0=,/03 +0%

If the date of the previous earthquake is known the conditional prob-
ability that the earthquake will occur in the next interval (T, T+ AT) can
be determined, provided that it has not occurred prior to Te (e.g. the time
since the last earthquake) (Scholz, 2002).

Now the probability conditional on the earthquake not having oc-
curred prior to Te is (WGCEP, 1990):

P(T.<T<T, + AT)

P(T.<T<T, +AT[T > T,) = “pfe it

The conditional probability is determined by dividing the area
under the density function in the interval of interest by the area of
the density function at times equal to or greater than the start of
the interval of interest (WGCEP, 1999). Fig. 12 shows the lognormal
probability density function and how conditional probabilities are
calculated.

A

Probability density

Y

N

Te Te + AT

Fig. 12. Probability density function for earthquake recurrence. Conditional probability
in interval (T.<T<T.+T), given the elapsed time T, since the last event, is the ratio of
the area of dark shading to the sum of the areas with dark and light shading.

After WGCEP (1990).

Probabilistic results depend strongly on the value of the uncer-
tainty parameter 0. As O increases the probability density broadens,
its peak value decreases and is shifted away from T, and closer to
zero. Overall, with higher values of ¢ the probability density flattens
and is insensitive to the precise value of Ty, (Savage, 1992). The
value of o dictates the sensitivity of the forecast to the elapsed time
so that as o approaches to 1, becomes independent of the elapsed
time (WGCEP, 1999). The latter implies that the value of sigma is crit-
ical for the calculated probabilities. The uncertainty parameter o is
the square root of the sum of the squares of the: a) parametric uncer-
tainty and b) the intrinsic uncertainty. The town of Sparta experi-
ences a strong event M~7.0 every 1792 +458 years, implying a
parametric uncertainty of 0.255. Parametric uncertainty embodies
only the uncertainty regarding the slip-rates, because the date since
the last event (e.g. 464 B.C.) is accurately known based on the histor-
ical record. The intrinsic uncertainty that forms the major source of
uncertainty reflects the natural event to event variability in recur-
rence. The intrinsic variation in the length of recurrence intervals
from cycle to cycle, reflects the complexities in the accumulation
and release of strain (Nishenko and Buland, 1987). According to
Nishenko and Buland (1987) the standard deviation of recurrence in-
tervals is a fixed fraction of the average recurrence interval, implying
a relatively uniform, well behaved scale independent physical struc-
ture underlying the characteristic earthquake cycle. The value of the
intrinsic variability of the recurrence intervals is one of the major
unknowns and possibly different of each fault. There are several
values reported worldwide ranging from 0.21 to 0.36 (Nishenko and
Buland, 1987; McCalpin and Slemmons, 1998), implying a highly
periodic behaviour up to 0.75 (Toda et al., 1998) which is closer to
time-independent.

As far as the Sparta Fault is concerned, the cosmogenic isotope
dating allows the recognition of several surface faulting events on
the fault and offers a unique opportunity to extract its recurrence his-
tory. Indeed, the cosmogenic isotope dating provides a valuable re-
cord of the last 6 events that occurred before 12,900, 8400, 5900,
4500, 4000 and 2800 years ago (Benedetti et al., 2002). As a result,
the recurrence intervals are 4500, 2500, 1400, 500 and 1200 years,
respectively, exhibiting a poor periodic behaviour, with periods of
clusters followed by periods of anticlustering. This implies an intrinsic
variability of 0.77 which lies towards the extreme upper end of the
values used worldwide (e.g. 0.75 from Toda et al., 1998). For such
high intrinsic variability value, the total uncertainty o is practically
insensitive to the parametric uncertainty. Therefore, for the calcula-
tion of the conditional probabilities we used a o value (aperiodicity)
which is equal to the standard deviation divided by the mean recur-
rence time (or COV — coefficient of variation) of 0.77. Moreover, the
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COV of 0.77 that has been extracted, most probably overestimates the
intrinsic variability of recurrence through time, because it still contains
both measurement error and intrinsic variability (e.g. McCalpin, 2009)
and therefore we support that it represents the total uncertainty.

However, the recurrence intervals extracted from both cosmogen-
ic localities do not represent the series of all characteristic earth-
quakes on the Sparta Fault, but a subset of them. This is because
events occurring towards the northern part of the fault may have
not been traced in both cosmogenic site sampling localities located
southwards (see Figs. 10 and 11a), if surface ruptures did not reach
the sites or were of low displacement (less than 20 cm). The latter
is also highlighted if we consider that cosmogenic isotope dating
showed that the two events recorded in Parori were not recorded in
Anogia and vice versa, even though both localities are only 10 km
apart. Moreover, Benedetti et al. (2002) did not sample the 2-3 m
upper part of the free face in Parori, whereas in Anogia they report
some smaller approximately 2-3 m high possible scarps in the imme-
diate hanging wall. Missing events could severely modify the COV
value. Indeed, McCalpin and Slemmons (1998) support that as the
paleoearthquake chronologies get longer and contain more succes-
sive recurrence intervals, the spread of COVs among them decreases
steadily. The longer a time window the more representative it will
be of the complete fault history, which is expected to have a COV be-
tween 0.3 and 0.4. The latter may explain why the COV in Sparta dis-
plays such a high value. Overall, COV tends to be higher when the
strain is partitioned on more than one fault, thus in areas where the
fault pattern is complex and the deformation distributed (Sykes and
Menke, 2006; Cowie et al., 2012). Specifically, lower values of COV
are expected where the deformation is more localised and the
long-term fault slip rate is higher (Cowie et al,, 2012). In our study
area, strain is localised on the Sparta Fault (see also Discussion), imply-
ing also a lower COV value. Following the above concerns, two addition-
al lower COV values have been used, a 0.5 and a 0.36 (Table 2).

As discussed previously the coefficient of variation of the inter-event
times is a major source of uncertainty and its exact value is unknown.
Nishenko and Buland (1987) examined 53 recurrence intervals of char-
acteristic events from segments of Circum-Pacific plate boundaries with
histories of two or more recurrences, supporting a sigma value of
0.21. However, this value has been questioned by other workers
(e.g., Savage, 1992; Toda et al., 1998). Goes (1996) analysed 52 recur-
rence series and concluded that the COV of recurrence (aperiodicity)
was greater than 0.4. Ellsworth et al. (1999) analysed 37 worldwide se-
ries of recurrent earthquakes with at least four closed intervals (5 events)
on the same fault segments and calculated a significantly higher value of
0.5 for the coefficient of variation compared to the value of 0.21 obtained
from Nishenko and Buland (1987). In particular, Ellsworth et al. (1999)
calculated a value of 0.58 for the aperiodicity of the Irpinia normal fault
in the Southern Apennines based on paleoseimic data from Pantosti et
al. (1993) and constitutes one of the few normal faults in his catalogue
and the only one from the Mediterranean. On the other hand, Sykes
and Menke (2006) after analysing several time intervals between large
earthquakes for several fault segments along plate boundaries in Japan,
Alaska, California, Cascadia, and Turkey concluded that the COV (aperio-
dicity) of 0.5 that is widely used in hazard analysis in the USA is an
overestimate, and that faults are more regular in recurrence, supporting
lower COV values similar to the McCalpin and Slemmons (1998) who
promote a value of 0.36. Studies more recent than Nishenko and

Table 2
Conditional probabilities for the town of Sparta calculated for the year 2012 and the
next 10, 30 and 50 years for different values of sigma.

o 2012-2021 (10 years)  2012-2041 (30 years)  2012-2061 (50 years)

0.77  0.57% 1.69% 2.80%
0.50 1.00% 2.99% 4.93%
036 1.61% 4.76% 7.82%
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Fig. 13. Diagram showing the probability density for the town of Sparta immediately
after the 464 B.C. event and the conditional probability density of future shaking of in-
tensity >IX, considering that no event occurred since 2011. A sigma value of 0.5 is
used.

Buland (1987), even though they acknowledge that the o value is highly
unknown, tend to use higher values ranging from 0.28 to 0.75 (McCalpin
and Nishenko, 1996; Toda et al.,, 1998; Ellsworth et al., 1999; WGCEP,
1999; Cramer et al., 2000; Parsons, 2005) so that the uncertainty on re-
peat times is not underestimated. Finally, recently Cowie et al. (2012) in-
troduce a new measure, the slip-rate variability (SRV) and suggest that
both the SRV and COV (coefficient of variation) are required to fully char-
acterise the variability in fault behaviour.

Fig. 13 shows the probability density immediately after the
464 B.C. event as well as the conditional probability density, knowing
that no event took place over the past 2475 years (up to the year
2011). The time-dependent probability for the next major event in
the town of Sparta is 3.0% for the next 30 years and 4.9% over the
next 50 years based on a COV=0.5 that is preferred. Table 2 calcu-
lates the conditional probabilities for the year 2012 and the next 10,
30 and 50 years.

Following Table 2 and Fig. 14, by decreasing the sigma value from
0.77 to 0.5 and 0.36 the time-dependent probability for the next
major event in the town of Sparta is increased from 1.7% to 3.0%
and 4.8% for the next 30 years and from 2.8% to 4.9% and 7.8% over
the next 50 years, respectively. This occurs because for smaller values

Probability density for different ¢ values in Sparta

0,0016 5 - ——
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14 after the 464 B.C. event
0,00 == 0=0.77 emfpm 6=0.50 ¥~ 6=0.36
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Years after the 464 B.C. event

Fig. 14. Diagram showing the probability density and the conditional probability den-
sity for 0=0.77, 0=0.50 and 0=0.36. When higher o values are applied, uncer-
tainties are increased, the probability distribution broadens, lowering the peak value
and as a result the probabilities are less sensitive to the mean recurrence interval.
This graph explains why higher conditional probabilities are calculated, when lower
values of o are introduced.
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of 0, uncertainty regarding the irregularity of the inter-event times
lessens and thus the probability density is strongly peaked and re-
mains close to zero longer. The latter shows the significant influence
that the sigma value exerts on the final results.

6. Discussion

The Sparta Fault system is a major structure that dominates the
eastern flank of the Taygetos Mt and shapes the geological and geo-
morphological pattern of the region. The Evrotas river flows parallel
to the Sparta Fault towards its hanging wall. Overall, fault slip-rates
exceed sedimentation rates all along the basin. Therefore, the genera-
tion of extra volume due to successive large earthquakes is significantly
higher compared to the sediment supply to the basin, implying that the
Sparta-Evrotas basin is underfilled. This is also confirmed by several
large alluvial fans that exist towards its fault trace. These fans are locat-
ed between the present day sedimentation base of the basin and the
fault trace where additional volume is created, forming a transfer zone
or a bridge between the knick point and the base of sedimentation.
The higher the discrepancy between basin widening-deepening rates
and sediment supply rates, the higher the height of the alluvial fans.
In addition, the occurrence of these alluvial fans in the immediate hang-
ing wall of the fault prevents the Evrotas river from flowing towards the
immediate hanging wall of the Sparta Fault, where the maximum sub-
sidence is expected and divert it a few km eastwards towards the anti-
thetic Sparta Fault. The antithetic Sparta Fault also produces subsidence,
but has no such alluvial fans. Due to its short distance (~5 km) from the
Sparta Fault, this antithetic structure most probably is linked at depth
with the main Sparta Fault. The latter explains why this structure has
not been treated as an independent structure and seismic source. The
antithetic fault has a low slip-rate that is also confirmed by the long
catchment profiles that cross this fault and exhibit no convexities as
well as from the low ks, values (ks,<30).

Overall, long profile convexities can be revealed in all but one
(Agios Konstantinos) rivers crossing the Sparta Fault. Moreover, the
documented large scaled along-strike variations show that the central
part of the Sparta Fault system appears to have undergone an increase
in relative uplift rate compared to the north and southern part of the
fault, indicating that the uplift rate diminishes as approaching the tips
of the fault. Indeed, catchments are sensitive to along-stream varia-
tions in differential uplift as it is observed with changes in the profile
concavity or steepness index along strike the fault system (Fig. 7). The
latter is also confirmed by the calculated differences of kg, between
the outer (ks;<83) and central parts (121<k;,<138) of the Sparta
Fault. Moreover, the height of the convex reaches in Soustianoi and
Kastori channel profiles that outreaches 590 m, indicate that the
Sparta Fault has been tectonically active as one hard-linked structure
probably for the last few hundred thousand years. Prior to this linkage
there were two separate segments with different lengths and dis-
placements. This recent modification and linkage can potentially
explain the absence of Upper Pleistocene sediments and alluvial
fans and the smaller finite throw of the Vordonia-Kastori segment.
In a few words, towards the central part of the Sparta Fault system,
where no alluvial fan deposits and talus cones outcrop and the total
throw is smaller, the Vordonia and Soustianoi catchment convex
heights record the highest values as measured from the fault. This in-
dicates that these high uplift rates recorded in the catchments are
fairly young so that the geological pattern has not followed yet. This
high uplift rate is probably the result due to the segment linkage so
that the central part of the newly linked fault has to re-adjust to the
new rates (e.g. Cowie, 1998; Gupta and Scholz, 2000; Cowie and
Roberts, 2001). On the other hand, rivers crossing the antithetic struc-
ture, or localities where no significant active faults exist, appear to
have typical concave up profile geometry. The above described excep-
tions of Koniditsa and Kolliniatiko catchments with small convexities
along different lithological units help us set the criteria on

discriminating whether these convexities are due to an increase of
uplift rate or due to differential erosion in this area. It is clear that dif-
ferential erosion in our study area can account up to 100 m, a value
similar to Whittaker et al. (2008) for the similar setting of the south-
ern Apennines. It is clear that the ks, values correlate with the uplift
rate of the fault, but no numerical relationship has been extracted.
As a result, the ~0.8 mm/yr Sparta Fault exerts a significant impact
on the ks, values, whereas the antithetic lower slip-rate fault has no
such influence. Therefore, one of the questions concerns the
slip-rate threshold from which ks, values are influenced. Considering
the along strike slip-rate variations and the response of the convex
reach, the threshold is estimated at approximately 0.4-0.5 mm/yr,
but this needs further study. The geomorphological analysis demon-
strated that the Sparta Fault behaves as one structure and that all seg-
ments have now been hard-linked. This is important for the seismic
hazard analysis, since the fault is modelled as one seismic source.

Based on geodetic data, the central and southern Peloponnese shows
little internal deformation (<2 mm/yr), suggesting that to first order this
area is moving coherently with the wider Aegean (McClusky et al., 2000).
GPS stations towards the eastern (LEON Station) and the western part
(XRIS Station) of the Southern Peloponnese exhibit a 1.4 mm/yr velocity
difference regarding the E-W direction. Within this area two major ac-
tive fault systems are traced, the Sparta and the Kalamata Faults. This
low geodetic deformation is also confirmed by recent data that shows
an east-west arc-parallel extension in the southern Peloponnese with a
velocity difference of 0.9 mm/yr from the Sparta GPS station to XRIS sta-
tion and approximately 30 nstrain/yr on E-W extension has been calcu-
lated for the Sparta basin (Hollenstein et al., 2008). These values are in
agreement with the ~0.8 mm/yr (12 m/15 kyr) post-glacial geological
rates of the Sparta Fault and indicate that deformation is indeed localised.

Fig. 11 is a quantitative fault specific seismic hazard map based
solely on geological data showing the maximum expected intensities
after considering the amplification due to the surface geology. This
map offers a locality specific shaking recurrence record rather than
a fault specific record. This locality specific approach can be proved
valuable in settings where more than one fault source exists so that
each locality might experience damages from multiple faults (e.g. in
Central Apennines several faults are closely spaced both along and
across strike, see Roberts et al., 2004). The Sparta Fault is estimated
to have generated 13 strong earthquakes in 15+ 3 kyr that can pro-
duce intensities >IX. However, the town of Sparta which is the
main population centre, due to its location in respect to the fault,
should have experienced 8 or 9 times intensities >IX. The latter im-
plies that the town of Sparta experiences a destructive event similar
to the 464 B.C. approximately every 1792 4458 years from which time
independent and time dependent probabilities have been extracted.
These events dominate the seismic moment release. Considering that
no other major earthquake has been generated by this fault since
464 B.C,, so that the elapsed time (2475 years) exceeds the recurrence
interval for the town of Sparta (1792 4-458 years), then a future event
could be imminent. The latter makes a time dependent assessment crit-
ical. Therefore, conditional probabilities were calculated based on a time
dependent renewal model. As the elapsed time increases and more elas-
tic strain is accumulated, so does the likelihood for the next earthquake.
Time dependent conditional probabilities incorporate the elastic re-
bound concept and are preferred in localities where hazard is governed
by one major structure such as the Sparta Fault.

Following the above, a considerably higher time-dependent proba-
bility ranging from 1.69% to 4.76% over the next 30 years is calculated
for the town of Sparta compared to the time-independent probability
of 1.66%. The time dependent clearly exhibits higher values because
the elapsed time since the last event (2475 years) has exceeded the
mean recurrence interval (1792 years). Therefore, the choice of proba-
bility model (Poisson or time dependent) has a significant effect on the
results. Cornell and Winterstein (1988) showed that in practice, appli-
cation of the Poison (exponential) model would be inappropriate
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where the hazard is controlled by single features if the elapsed time ex-
ceeds the average recurrence time between such events.

Additionally, probabilistic results depend strongly on the value of in-
trinsic variability of recurrence intervals. The coefficient of variation of
the distribution or the aperiodicity is a measure of the irregularity of
the length of the intervals between successive events (Ellsworth et al,,
1999). The poor periodic behaviour of the Sparta Fault, as extracted
from the cosmogenic isotope studies, is represented by the very high
value of COV (0.77). In this study, conditional probabilities were calculat-
ed based on: i) a 0.77 COV value which is extracted directly from the
Sparta Fault rupturing record, but it is highly probable that is based on
an incomplete series of earthquakes, ii) a lower conservative COV value
of 0.5 which is widely used from most researchers worldwide
(e.g. Ellsworth et al., 1999; Cramer et al., 2000; Chang and Smith,
2002; Parsons, 2005) and iii) a value of 0.36 which is regarded by
several researchers as more representative (McCalpin and Slemmons,
1998; Sykes and Menke, 2006) particularly for localised structures such
as the Sparta Fault. It is also common that different values for aperiodicity
are used to tackle this problem (e.g. Chang and Smith, 2002). For exam-
ple, the WGCEP (1999) used three different values for aperiodicity (0.3,
0.5 and 0.7) which are similar to the values used in our case. Following
Section 5.2, time dependent probability results based on a 0.5 COV
value are preferred. This value is used if no adequate catalogue exists to
estimate the coefficient of variation (e.g. Parsons et al., 2000). The 0.36
COV value is more unlikely despite the fact that the Sparta Fault is a local-
ised structure due to the irregularity of earthquake time intervals based
on the subset extracted from the cosmogenic sites.

Fig. 14 shows the probability density for the town of Sparta for
these three different o values. When higher o values are applied, un-
certainties are increased, the probability distribution broadens, low-
ering the peak value and as a result the probabilities are less sensitive
to the Tm (e.g. Savage, 1992). The probabilities then become less time
dependent, approaching the time independent Poisson values. This is
evident also from Tables 1 and 2 whereas with higher sigma values con-
ditional probabilities approach the Poisson probabilities.

This time-dependent pattern clearly shows one major weakness
that current seismic hazard maps retain since they have no memory,
disregarding the seismic cycle concept. Another weakness concerns
the incompleteness of the historical record where current hazard
maps are based on it. In the Sparta case study we are indeed lucky sim-
ply because the 464 B.C. earthquake occurred soon after the Greek his-
torical record was established. It demonstrates once again that major
events M~7.0 can have recurrence intervals that clearly exceed not
only the completeness period of the historical catalogues (which is con-
sidered less than 500 years for M~7.0 in Greece, Papazachos et al., 2000),
but even the length of the Greek historical catalogue, one of the longest
worldwide. However, this was not the case with the damaging earth-
quake in Kozani-Grevena, Greece, 1995 (Ms=6.6) (Chatzipetros et al.,
1998; Ambraseys, 1999), that occurred in a region characterised as
aseismic, according to the existing national hazard map (E.P.P.O.,
1995), due to the absence of earthquakes in the historical record. This re-
gion following the earthquake was later re-assessed as an area of higher
risk (E.P.P.0.-A.C.E.G,, 2001). Even today half of the hanging wall area of
the Sparta Fault that could experience intensities >IX belongs to zone I
(lowest category of seismic risk 0.16 g) of the national seismic building
code (EAK-2003).

Overall, these probability values that are extracted from this study,
both time independent and particularly time dependent are consid-
ered fairly high. Nevertheless this judgement is also highly subjective
and varies from country to country, from researcher to researcher and
possibly also from what is at stake. However, in Japan, one of the
countries with the highest seismicity rates worldwide, thus similar
to Greece, active faults are considered as high risk, if they have prob-
abilities of rupturing > 3% over the next 30 years (HERP, 2005). The
conditional probabilities for the town of Sparta equal this value for
the same time period, if a 0=0.5 is used. Finally, despite the

probabilities calculated above, it is inevitable that a large earthquake
will occur sooner or later in Sparta. Therefore, local communities and
civil protection agencies should maintain high quality building stan-
dards and awareness and should consider some medium to long-term
retrofit projects for major public buildings that are considered weak.

7. Conclusions

The Sparta Fault has been examined in terms of its geometry, seg-
mentation, drainage pattern and post-glacial throw, emphasising also
how these parameters vary along strike. The geomorphological anal-
ysis demonstrated that all segments have now been hard-linked over
the past few hundred thousand years and that the Sparta Fault be-
haves as one structure. This is important for the seismic hazard anal-
ysis, since the fault is modelled as one seismic source. Qualitative
analysis of long profile catchments shows a significant difference in
longitudinal convexity and the height of the convex reaches between
the central and both the south and north parts of the fault system,
leading to the conclusion of varying uplift rate along strike. Catch-
ments are sensitive to along-stream variations in differential uplift
as it is observed by the calculated differences of the steepness index
ks, between the outer (ks,<83) and central parts (121<ks,<138) of
the Sparta Fault along strike the fault system.

By combining the long-term earthquake recurrence record with the
historical record and the paleoseismological data, derived from fault
scarp analyses, a high spatial resolution seismic hazard map has been
constructed for the region of Sparta, predicting how many times each
location should have been shaken by intensity >IX or higher over the
past 15+ 3 kyr considering also the bedrock geology. This map can be
easily transformed into a map of recurrence intervals and following sev-
eral assumptions, time-independent and time-dependent probabilities
have been extracted. Time dependent probabilities are important be-
cause they incorporate the most basic physics of the earthquake cycle.
A time-independent probability of 1.66% over the next 30 years and
2.75% over the next 50 years is calculated for the town of Sparta. A con-
siderably higher time-dependent probability ranging from 1.69% to
4.76% over the next 30 years and from 2.80% to 7.82% over the next
50 years has been calculated (values of 2.99% and 4.93%, respectively
based on a COV=0.5, are preferred). The time dependent probability
follows the seismic cycle concept and exhibits higher values because
the elapsed time since the last event (2475 years) has exceeded the
mean recurrence interval (1792 years). Finally, despite these relatively
high calculated probabilities, half of the hanging wall area of the Sparta
Fault that could experience intensities >IX, belongs to the lowest cate-
gory of seismic risk (0.16 g) of the national seismic building code,
underestimating the hazard. Therefore, a reassessment of the national
seismic building code should be considered.
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