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ABSTRACT

Weinvestigatethelate Quaternary history
of dip on the Kamena Vourla and Arkitsa
normal faults, which are segments of a fault
system bounding the south coast of the Gulf
of Eviain central Greece, and which werefer
to as the Coastal Fault System. We examine
two river terraces, near the village of Molos,
which are found within the uplifted footwall
of the Kamena Vourla fault. The upper ter-
race is ~20 m above the present river level
and appears to represent fan deposition into
the main river channel from surrounding
tributaries. Thelower terrace, ~8 m abovethe
present-day river bed, represents an interval
of river-bed aggradation and correlates with
thesurfaceof adeltaon thehanging-wall side
of the fault. GPS profiles show a 6 + 0.1 m
vertical offset of the lower terrace surface as
it crossesthe fault. Preliminary dating of the
two terrace levels, using both optical lumi-
nescence and radiocar bon methods, provides
inconclusive results. The lower terrace, how-
ever, gradestoward the present-day sea level
and correlates with the surface of a delta on
the hanging-wall side of the fault; it is, there-
fore, likely to date from ~6 ka, when sea level
stabilized at its present-day highstand. With
an age of ~6 ka, the 6 m vertical displacement
of the lower terrace yields an estimate of
~1.2-2.0 mm/yr for the Holocene rate of dip
across the Kamena Vourla fault. Thisrate of
dip is comparable with an estimated rate of
~0.7-2.0 mml/yr for the central (Arkitsa) seg-
ment of the Coastal Fault System, and with a
0.4-1.6 mm/yr dlip ratemeasured on the east-
ernmost (Atalanti) segment. These estimates
of Holocene dip rates are consistent with the
1-3 mm/yr of present-day extension across
the Gulf of Evia measured by GPS, arguing
against large changes in rate of extension

through the Holocene. Both the Arkitsa and
Kamena Vourla faults are clearly active and
despite an absence of historical earthquakes
on either fault, they should be considered
to be a major hazard to local populations.
However, further dating studies and palaeo-
seismicinvestigationsarerequired beforethe
dip rateand history can befully quantified.

geomorphic expressions of this faulting are the
Gulfs of Evia and Corinth, each of which is
bounded by footwalls of order 1 km in height
(Fig. 1). GPS measurements show that the Gulf
of Corinth (e.g., Fig. 1 inset) is currently extend-
ing at a rate of ~12 mml/yr at its western end,
and 6 mm/yr in the east (Clarke et al., 1998;
Avallone et al., 2004), and a variety of estimates
of Quaternary and Holocene slip rates on the
bounding faults are consistent with these rates
(e.g., Armijo et al., 1996; Leeder et al., 2003;
Published estimates of slip rate on faults ifPirazzoli et al., 2004; Bell et al., 2008). In con-
central Greece are rare, but are important bottast, the geomorphically similar Gulf of Evia
for understanding the active tectonics of thés, according to geodetic measurements, extend-
region and for quantifying seismic hazard iring at a rate of only 1-3 mm/yr; that is up to 10
this region, where population centers are corimes slower than the Gulf of Corinth (Clarke et
centrated in the hanging walls of the normadl., 1998), raising the question of whether there
faults. We present a quantitative estimate of slimay be a discrepancy between geodetic and
rate across the system of faults that bounds tigeological measurements of slip rate here.
southern coast of the Gulf of Evia (Fig. 1). This
Coastal Fault System, comprising the LamiaACTIVE FAULTING IN THE LOCRIS
Kamena Vourla, Arkitsa, and Atalanti fault segHAL F-GRABEN
ments, is likely to accommodate the major pro-
portion of the <3 mm/yr of geodetically mea- The Northern Gulf of Evia is bounded to its
sured extension across the region (see sectisouth by three north-dipping, and segmented,
Active Faulting in the Locris Half-graben) andfault systems (hamed the Coastal, Kallidromon,
therefore poses a serious hazard to local popukd Parnassos fault systems, Fig. 1) that form
tions. There is no record of recent or historiced series of half-graben, collectively known as
destructive earthquakes on the Lamia, Kamerihe Locris half-graben. The Kamena Vourla
Vourla, and Arkitsa faults, and there are ndault, which is the principal focus of our study,
quantitative estimates of their average slip ratess, the central segment of the Coastal Fault Sys-
so the interval between earthquakes is unknowtem. Several exposures of late Quaternary fault
The lack of constraint on the fault slip rates iscarps in limestone are observed along the
due, at least in part, to the scarcity of suitabl€oastal Fault System (e.g., Jackson and McK-
measurement sites within the steep, mountaienzie, 1999). Jackson (1999) uses the geomor-
ous topography. phology of the region to suggest that the Coastal
Active normal faulting in Greece has a cleaFault System is both the most active, and also
geomorphic expression. The uplifted footwallgshe youngest, of the three fault systems in the
are frequently composed of resistant limestoné&pcris half-graben.
and large sedimentary basins form in the hang- The only recorded large earthquakes in the
ing walls (e.g., Jackson, 1994; Goldsworthyentire Locris region during the past ~300 yr
and Jackson, 2000). The two most promineratre two earthquakes in 1894 that ruptured the

INTRODUCTION

Geosphere; October 2010; v. 6; no. 5; p. 583-593; doi: 10.1130/GES00548utes; R tables.

For permission to copy, contact editing@geosociety.org

583
© 2010 Geological Society of America



. Gulf of =
%.quinth

21°E

Gulfof 24281
Corinth ;g7

SPERCHIOS 5 . A =
BASIN L R & \ 15Ma _ |
- Coastal Famt's‘i/stem Molos . volcanics ™

A e

GULF OF EVIA

38° 48'N

\ e -Arkitsa
<(Arkitsa F)2\o

'_’;:,-' ;5 " - ~ "\_ A
7 N Atalanti Scalgok,§

: G
: Atalanti F. %g
e a4

a3

=z s
© \Parnassos F\_ S:limitof W
0 p river incison WIE | S
o0 r
™ km i
—:*:—
0 5 0]
|
22° 24'E 22° 36'E 22° 48'E 23° 00'E

Figure 1. (A) Shaded-relief topography of the Gulf of Evia and surroundings (adapted from Goldsworthy et al., 2002). Fault-plane
solutions of instrumental earthquakes are from the Harvard CMT catalog (blue) and from body-waveform modeling (red). Epi-
centers of historical earthquakes (represented by blue stars in white circles) are from (Goldsworthy et al., 2002, and references
therein). Locations marked “UL” have lithophaga borings uplifted above sea level (Smith, 1994). Thick dotted lines mark loca-
tions of elevated shorelines (Stiros et al., 1992). (B) Geological and geomor phic map of the study area (adapted from Goldsworthy
and Jackson, 2001). Regions of M esozoic limestone bed-rock exposure are colored blue. Flat-lying sediments are green. Regions of
incised sedimentary cover are marked in white. Lithophaga borings uplifted above sea level at Kynosare marked “UL.” River ter-
races near thevillage of Molosare marked by “RT.”
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Holocene dip rate on faults of the Gulf of Evia, Greece

Atalanti fault (Figs. 1A and 1B; Ambraseys andand Middleton, 2001). The mineralogy of theresponds to a period of delta progradation into
Jackson, 1990; Cundy et al., 2000; Pantosti &trrace fi reflects the local geology, being pre-the Gulf of Evia.

al., 2001, 2004; Ganas et al., 2006). The largelominantly carbonate. The gradient of the present river is controlled
of these two earthquakes had a magnitude of Two separate terrace levels were foundy numerous small concrete dams that prevented
~6.8 (Pantosti et al., 2001). The occurrence dfhe two terraces were mapped in theldfi us from obtaining a complete riverbed plefi
these two earthquakes on the Atalanti fault raisesxd remotely using stereo aerial photographkhe dams have also caused sediment to aggrade
the question of what is the probable earthquak€&ig. 2). The terraces are paired and contairehind them, causing the river ptefio consist
repetition time of other nearby faults, includingseveral meters of sedimentary deposits (e.@f a series of short low-gradient sections sepa-
the Kamena Vourla and Lamia faults, which lieFig. 3). Precise heights were measured wittated by downward steps of several meters at
close to large towns (Fig. 1). The Atalanti liedifferential GPS in profes along several of the each obstruction. One of the dams is sited close
along strike from the Kallidromon fault (Fig. 1), terrace remnants. The locations of GPS sute the fault location and lowers the riverbed by
which lies inland from, and is subparallel to, therey points are marked as red lines on Figure 8everal meters (Fig. 4B). The riverbed is ~4 m
Coastal Fault System. Jackson (1999) argu&ecorded heights (Fig. 4) clearly show the highelow the terrace surface on the downthrown,
from the geomorphology that the Kallidromonand low levels of terrace on the southern sideorthern, side of the fault. The original river
fault is less active than the Coastal Fault Systerof the fault. The two terraces are, on averaggradient is approximated by drawing a straight
but if—as suggested by its close spatial asse20 m and ~8 m above the present-day riverbelihe between the two short surveyed parts of the
ciation with the Atalanti faultit retains some  The ~20 m terrace level consists of a serigdverbed. This assumed river piefis similar in
level of activity at the present day, the slip ratesf steep cones originating from short tributarygradient to those measured for the preserved ter-
on the coastal system will be lower than on thealleys of the main river channel. The terraceace remnants (Fig. 4).

Atalanti fault. It has been argued, however, thateposits consist of interbeddedvilal gravels

Atalandi is actually a segment of the Coastaind laterally continuous silt bodies. The deposbating the Fluvial Terraces

Fault System that has stepped to the south, tion of these thick fans may have caused block-

which case the slip rate on the Kallidromorages of the main channel and ponding of the Samples were collected for both OSL and
fault could be negligible, and the slip rate on thaver resulting in deposition of thenf-grained, radiocarbon dating. We sampled the lower Molos
Kamena Vourla and Lamia faults could be comand occasionally laminated, layers from whicherrace at two sites (Fig. 2B). Site 1 (381457N

parable to that on the Atalanti fault. radiocarbon and Optically Stimulated Lumi-22°4Y01"E) is located immediately south of the
nescence (OSL) samples were taken (sé@amena \Vourla faultand exposes ~2.5 m of lam-

SLIPRATE ON THE KAMENA later). Freshwater gastropodéviparidae and inated silts with occasional, isolated, small peb-

VOURLA FAULT Condrinidae were found within the high ter- bles (Fig. 3B). The laminated silts are overlain

race fll. The sediment fans were subsequentlipy ~1 m of coarse dlvial gravels. The contact

River terraces are commonly used to calculaiacised during a period of river downcutting thabetween silts and gravels is erosive in places, but
the late Quaternary and Holocene slip rates @appears to have continued, intermittently, to thehows interbedding in others, and indicates that
fault systems because they allow measuremegmtesent day. there is no unconformity between the two units.
of the displacement of the terrace surface as well A second prominent terrace, which probablBediments below the sampled horizons contain
as providing material that is useful for determinrepresents a period of channel aggradation awdlcretes. Two OSL samples were collected from
ing the age of the surface (e.g., Lavé and Avoualeteral cutting, is preserved at a height of ~8 rthe exposure (A at ~1.7 m below the surface and
2000). We describe twouiial terraces of a above the present-day river level (Figs. 3A anB at ~1.2 m).
small, unnamed, river near the village of Molog}). This lower terrace also contains freshwater A second sampling site (Sample Site 2;
(Fig. 1B); the lower of which is displaced as itgastropodsiscidae andHygromidae) as well 38°4828"N 22°40517E) is situated ~2 km

crosses the Kamena Vourla normal fault. as rare charcoal and bone fragments. The tewmuth of the fault. At this site, an exposure of
race has been heavily modifi by farming and the lower terracelfiwas found, which consisted
TheFluvial Terracesat Molos construction close to where it crosses the faultf ~3 m of interbeddeddVial gravels and silts

(Fig. 4B). We were, therefore, unable to producéigs. 3C and 3D). Two OSL samples, along

A prominent terrace level ~20 m above the&n uninterrupted GPS prlafiacross the fault. with gastropod shellsDiscidae) and a frag-
present-day bed of the river wassfireported We were, however, able to produce pesfi ment of charcoal, were taken from ~1.2t0 1.3 m
by Jackson (1999), who noted that the terracdong the low terrace on the southern, upthrowibelow the lower terrace surface in a 1-m-thick
has a similar gradient to the present-day rivesjde of the fault and along the surface of a singkélt and sand deposit.
and hence speculatively assigned an age pfominent terrace level, ~4 m above the pres- The high terrace was sampled at one site
~125 ka, based on an assumption that it formemht river level on the northern, downthrown(Sample Site 3, 38°485"N 22°4051”E) where
during the last inter-glacial when sea level waside of the fault (Fig. 4B). A westwardbfling a thick (~1 m), laterally continuous, silt layer
similar to today. We visited Molos in Septembetributary stream has cut a small channel into th@as exposed 4 m beneath the surface of the
2006 to survey the river terraces and to obtasurface of the low terrace on the upthrown sideerrace (Figs. 3E and 3F). Three OSL samples
samples for dating their depositional historyof the fault (Fig. 4B, also see Fig. 3G). The twavere collected from the same layer across a
The geology of the catchment area is predomierrace fragments have similar gradients but adepth range of ~50 cm. Gastropod shells were
nantly Mesozoic limestone, with relatively offset, vertically, by 6.0 = 0.1 m. The terrace oralso collected from the silt laye¥iyiparidae
minor outcrops of madi ophiolitic rocks and the downthrown side of the fault forms the surviviparus, Condrinidae).
deep sea cherts. Aeolian deposits derived froface of a delta (Fig. 1B). It therefore appears,
the Saharan region are a widespread featureibfour correlation of the terrace fragments tdOSL and Radiocarbon Dating Methods
the Quaternary deposition in Greece and consthe north and south of the fault is correct, that Samples for optical dating were collected in
tute a source oftiie-grained quartz (e.g., Goudiethe lower river terrace of the Molos River cor-opaque plastic tubing and stored in light-tight
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Figure 2. (A) An aerial photograph of the Renginion Basin just south of Molos. Two levels of terraces have been identified from stereo-
pairs. A high terraceismarked in dark green. Remnants of a low terrace, ~8 m above the present river bed, are marked in light green.
The approximate location of the Kamena Vourla fault is marked by a yellow dashed line. (B) An enlarged view of the study area. The
locations of GPS profiles are shown asred lines. The three sampling sites (two from the lower terrace and one from the higher terrace)
arelabeled. The two white arrows show the locations, and look directions, of the photographsin Figures 3A and 3G.
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A

Figure 3. Field photographs of the river terraces near Molos and sampling sites. (A) View downstream showing both
river terracelevels(seeFig. 2B for location). Both terracetopsare marked by vertical whitearrows. (B) View east at the
laminated siltsexposed at Sample Site 1. The positionsof thetwo OSL samplesaremarked. A 1 m scaleisvisible (asin all
later photographs). (C-D) Sample Site 2: low terrace. L ocation of thetwo OSL sampleswithin the deposit. (E-F) Sample
Site 3: high terrace. Locations of the three OSL samples within the terrace deposits. (G) View southwar ds along the low
terrace surface (immediately above Sample Site 1, see Fig. 2B for location). A small westwar d-flowing channel has cut
into the otherwise planar surfacein the foreground. This channel isvisible on the GPS profilesin Figure 4.
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bags until processed. We took care to minimize Sample preparation was conducted at theas isolated for analysis by settling according
exposure of the sediment to light during sam©Oxford Luminescence Dating (OLD) labora-to Stokes’ law. The sample was treated with
pling. The chosen surface in the terrace watbry under subdued red light. Thesfi3 cm of excess 35% hydrochloric acid until no further
was prepared by removing the outer surfacgediment from the top and bottom of the plaseaction was observed to remove the high con-
and then a plastic tube was hammered into thie sample tubes were removed due to potentiaéntration of carbonate, and then 37% hydro-
cleaned surface until completely full. Duct tapdight exposure, and used to determine moiggen peroxide in order to remove organic matter.
was used to seal the ends, protecting the samplee content by weighing, drying at 40 °C inTo remove feldspars, the samples wenalfy
from light exposure and moisture loss. Finalljthe laboratory, and reweighing. The remainingreated in 35% €lorosilicic acid for two weeks;
the sample was wrapped tightly in several layshielded sediment from the center of the tubthe long treatment time was selected to ensure
ers of opaque black plastic. At least two samplegsas then used for equivalent dose (De) detethat the dissolution of feldspars was complete.
were obtained from each of three locations. Almination. In view of the silt-rich nature of the The fine-grained samples, assumed to be com-

sample locations are shown in Figure 3.
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1 m vertical displacement of theterrace surface asit crossesthe fault.
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sediment, the 4-11 pm (f#¢-grain”) fraction posed of isolated quartz, were then mounted

on aluminum disks by evaporation from an
acetone suspension.

Measurements were conducted on a Riso
TL/OSL-DA-15 system (Botter-Jensen et al.,
2000). Initial tests (Duller, 2003) suggested a
persistent feldspar contamination, which, albeit
much reduced, was still present following a fur-
ther two weeks in florosilicic acid. Samples
were thus analyzed using a post-IR blue OSL
procedure (Banerjee et al., 2001) within the
single-aliquot regenerative (SAR) protocol
(Murray and Wintle, 2000) to minimize any
malign effects of feldspar luminescence. The
resultant luminescence signals were relatively
dim yet generally yielded usable growth curves;
the few aliquots that failed recycling or recu-
peration tests were rejected. Approximately ten
disks were analyzed from each sample, and dose
distributions from these are shown in Figure 5.

The environmental dose rate was determined
from ICP-MS/AES (inductively coupled plasma
mass spectrometry/atomic emission spectrom-
etry) of K, U, and Th concentrations at Royal
Holloway University of London. Radioisotope
concentrations were converted to dose rate
using the conversion factors of Adamiec and
Aitken (1998) and grain-size attenuation factors
of Mejdahl (1979). Cosmic dose rates, includ-
ing variations due to depth of burial, altitude,
and geomagnetic latitude, were calculated using
the equation of Prescott and Hutton (1994).
Attenuation of radioactivity dose by interstitial
water was corrected for using the absorption
coefficient of Zimmerman (1971). Estimating
the long-term water content of the sediment is
a signifcant source of error in luminescence age
determinations because of possible variations in
pore water content since burial. It was assumed
that present-day moisture content was represen-
tative of water contents throughout burial (per-
centage dry weight of sample) with a 5% error
to reflect uncertainty in estimation. The ages
calculated from these measurements are shown
in Table 1.

Both the upper and lower terraces contained
gastropods typical of freshwater faunas of the
region (Kerney and Cameron, 1979; Davies,
1971). To compliment the OSL dates, we



Holocene dip rate on faults of the Gulf of Evia, Greece

Site 1 A 050, SitelB
0401 (low terrace, 1.7 m depth) oas | (lowterrace, 1.2 m depth)
0.35 4 0.40 4 e
0.30 1 HH - 0.35 -
0.25 | ?i 0.30
& 020 | il & 0257
0.20
0.15 4
0.15 -
0.10 4
0.10 -
0.05 1 005 -
0.00 T T T T T T T 0.00 T T T T T T T —
0 100 200 300 400 500 600 70( 0 25 50 75 100 125 150 175 200
De (%) De (Gy)
Site 2A Site2 B
9307 (low terrace, 1.3 m depth) 020, (low terrace, 1.2 m depth)
i n
025 = - 0.25 o
it -
0.20 | s 0.20 1 il
ey i
- HH
o 0154 a 015 | ] . - .
Figure 5. Probability density plots of
010 1 010 | the equivalent dose from single-aliquot
regenerative (SAR) OSL for each of the
005 | 0.05 fluvial terrace samples listed in Table 1.
Standard error is reported for all sam-
000 ; ; 0.00 ‘ : ples except 3A and 3C, which show com-
0 20 40 60 80 100 0 20 40De(Gy)60 80 100 pIeX multlmodal and overdlspersed dO%
_ De (&) ] distributions, possibly suggestive of poor
Site 3A Site 3B bleaching or postdepositional sediment
0201 (high terrace, 4.0 m depth) 0304 (high terrace, 4.2 m depth) disturbance. For samples 3A and 3C, the
—0— HH weighted mean and the standard devia-
—a— 0.25 —— . - .
05 | - e tion provide a reasonable estimate of the
- 020 o major peak in each case, albeit at the
- ' - expense of very large uncertainties on
cow| M o 015 | the dose estimate.
n
L]
L] 0.10 4
0.05 -
0.05 4
0.00 . . . 0.00 T T T T ——
0 20 40 60 80 100 0 20 40 60 80 100
De (Gy) De (Gy)
*1 site3C
oss | (high terrace, 3.5 m depth)
0.20 - —_—
——
——
o 0.15 4 -y
=i
!
0.10 4 '_._||"|
0.05 4 /_/V\
0.00 T T T T
0 20 40 60 80 100
De (Gy)

Geosphere, October 2010 589



Walker et al.

(#002) e 1@ Jawiay wolj erep uonelqied Yim pue (£66T) Jawiay pue JaAins jo welboid ayr Buisn pawiopad sem sajep pajel

I[ed ojul sabe D, JO UOISIBAUOD 910N

'0'd 8GLT-0T6T 8T 0'TT SEFY86E 12°0¥06°09 ebeydoyn 011 60TET-OH3ANS

'0'd 299T-128T L'C T0T GEFE06E L2 0FTS'T9 ebeydoyi 61 80TET-O0HANS

‘avecr—ode 26 cct GEFSY6T Y€ 0+67'8L aeplosia ¢ 9IS LO0TET-Od3aANS

0’9 18912881 6,- 81T GEFSYYE 8C'0FET'G9 aepuedinn € dUS Y0TET-043NS

‘a'v LSyT-L6ET T'9¢- 6°0S GEF/8Y TWoFZTv6 [eodreyd Z Qs C0TET-O0d3ANS
(ewbis z ¥) ('m Ag %) (ewbis T ¥ dg sieak) (ewbis T ¥ uiapow 9p)

abe parelqied 2% De0 JU8U0D UogIe) abe uogJesoipel [eUOUBAUOD JUBWIYILUD Dyr [euarey Jaynuap| sidwes apod uonedlgnd

SONAM WOYH STTIHS VOVHJOHLIT ANV SOTOW 1V STTdINVS F0Vdd3L J3AIY FHL 04 S31vd NOgdvO0Idvy ‘¢ 319vL

‘(spoyrey Buireq uoguedoipey
pue 1SO U0N93s) 1x8) ay} Ul usAIb ae sajel asop Bune|ndjed 1oy sainpadsold ayy Jo s|relaq “(sedeulal [einn|4 ayi Buieq uondas ul UsAIB a1e suoedo| ‘g pue g 'sbiq) saNs aaiy) wolj palds||0d a1am sajdwes 810N

(aoeuia1 ybiy)

L'S¥9°LT 2'CT+.'8€ 0LT'0+¥6T'C G0'0+20°0 TTO0+€CT 0 090°'0+002'T €92°'0%05¢'S LS0'0F0ET'T g€ D gals 9T.LT-TXO
(s0eu19] YbIY)

V'¢¥9'TC 8'€F0'8Y 0LT0¥.TC'C S0'0F70°0 0TO'0¥CTT0 €90°0¥09¢'T 292°0%0€2’S 090°0+00C'T A4 d g 8us ST.T-TXO
(eoeuia1 ybiy)

8'2¥0°0C 9'v+6'8¢ 0ST 0FSV6'T G0'0¥10°0 0T0'0FSTT0 25007070’ T 802°0F09T' 25007070’ T (084 V € alS YTLT-1XO
(e9e1181 MO))

0T¥9'L 6'T¥0°LT 0LT°0¥¢€CC S0'0¥€0°0 YT0'0¥7.T°0 090°0¥002'T 2 0¥088'v 6G0°0F08T'T T g ¢ aus 8T.T-1XO
(a9®119] MO])

6°0¥9°L 9'T+2'8T 08T'0¥.6€'C S0'0¥€00 YT0°0¥2.T0 790°0¥0.LC'T 11,2°0¥0¥S'S €90°0¥09¢'T €T Y ¢3S LT.LT-TXO
(e9e118] MO))

TV¥56¢ €9¥8'/8 0LT0F¥2Z'C S0'0¥10°0 ¥T0'0¥ELT0 S90°0¥00€'T L¥2 0F0V6'Y #G0°0¥080°'T 2T aTaus 02.T-1XO
(29®1181 MO])

8°9T+L°0VT G'8C¢F9ETE 0.7T°0¥82¢'¢ G0'0¥T00 €T0°0¥09T°0 G90°0%062C'T €92°0%¥0G2'S 750°0¥0L0°T L'T V T alS 6T.LT-TXO

(&) (A9) (e3/A9) (wdd) (wdd) (%) (w)
aby asop useainbg  (exy/A9) arel asod (%) @insion aYel asop 2IWS0D n Ul M yidag al ajdwes al qel

SOTON 1V SFTdNVS 3OVHd3L TVIANTG 3HL 404 S31va 11SO ‘T dlqeL

Geosphere, October 2010

590



Holocene dip rate on faults of the Gulf of Evia, Greece

selected a single gastropod shell from each of The implausible ages of 40 and 140 ka fronface of the delta redtts stabilization of the sea
the 20 m and 8 m terrace levels, as well astao adjacent samples of the lower terrace aurface at its present-day maximum and subse-
small charcoal fragment found in the 8 m terSite 1 preclude any rfin conclusions being quent northwards progradation of the delta into
race, for radiocarbon analysis. The raw samplesawn from any of the OSL data. Although wethe Gulf of Evia. The lower terrace is then likely
were cleaned and photographed for idesdifi have two near identical OSL ages of ~7.6 k& represent aggradation within the river catch-
tion before undergoing further pretreatments dor the lower terrace at Site 2, and three sanment synchronous to progradation of the delta at
the NERC Radiocarbon Laboratory to preparples from the higher terrace at Site 3 that show6 ka. This argument, based on the changes in
the samples to graphité’C concentrations ages of ~20 ka, each of these could also lsea level during and after the last glacial period
were then measured at the SUERC (Scottishisleading and should be treated with cauand the likely consequences these changes
Universities Environmental Research Centrefjon. However, as we shall see in the sectiowould have on the hydrology of rivers drain-
AMS Facility (5 MV, National Electostatic Cor- Palaeoenvironmental Constraints on Terradeg into the Gulf, is the most probable scenario
poration). Results are reported as conventionalge, there are independent reasons from tlgiven the absence of robust dating results.
radiocarbon yr B.P. (relative to AD 1950) and %palaeo-environmental record for the OSL age The two near identical OSL ages of ~7.5 ka
modern“C, both expressed at the +1 sigma levedf ~7.6 ka to be roughly indicative of the depoat Site 2 are consistent with the above scenario
for overall analytical confience (Table 2). The sition age of the lower terrace. and, although caution should be applied in inter-
14C ages (yr B.P. + 1 sigma) were converted into In all cases, th&'C ages are younger, by apretation of the dating results, may be indicative
calibrated dates using the program of Stuivdarge factor, than the OSL ages for the equivaf the real deposition age of the lower terrace.
and Reimer (1993) (http://www.calib.org/) andent sites. Thé‘C ages should, however, alsoContinuing with this reasoning, if the three sim-
with calibration data from Reimer et al. (2004).be treated with a high degree of caution due itar OSL ages of ~20 ka from the upper terrace
the very small sample set and the discrepancias Site 3 also represent the real deposition age,
Summary of Terrace Age Data in age within this set (Table 2). The deposiit suggests that the upper terrace formation
Comparison of the data in Tables 1 and #onal environment of the river terraces is rictwhich is more accurately a series of small allu-
highlights considerable variation in the availin carbonate and the gastropod shells may havil fans originating from small tributaries
able age constraints, both amdff@ and OSL formed out of equilibrium with atmosphet€ occurred at or near the last glacial maximum.
dates from the same locations, and betweén.g., Goodfriend and Stipp, 1983; Goodfriend\t this time, a minimum is recorded in the arbo-
separate sampling sites. The large amount ahd Hood, 1983). It is unclear, however, whyeal/nonarboreal pollen ratio from three sepa-
variability in the age data precludes amynfi the dates would be skewed toward youngerate lake cores in Greece, which is interpreted as
conclusions being drawn from them on the ageather than older, apparent ages. The discregeflecting a collapse in the population of temper-
of the terraces. At Sampling Site 1, close to thency may in fact be due to the gastropod shelige trees (e.g., Tzedakis et al., 2004). In turn, this
Kamena Vourla fault (Fig. 2B), OSL samplesand charcoal used f&C dating having become change in vegetation could have destabilized hill
were obtained from depths of 1.7 m and 1.2 nmcorporated into the terracdl fafter deposi- slopes, leading to increased sediment supply to
within a single laminated silt body (Fig. 3B)tion such that they provide anomalously younghe Molos river channel. The rapid recovery of
that yielded ages 100 ka apart (~40 and 140 kages. With the small number of radiocarboithe temperate forest during the last deglaciation
Table 1). Although the two ages are in the codates available it is diffult to fully assess the (e.g., Okuda et al., 2001) could have terminated

rect stratigraphic order, it is unlikely that bothreliability of the ages. this period of aggradation.

ages represent real deposition ages at this site, We note, however, that a sequence of fan

because this would imply only ~60 cm of depoPalaeoenvironmental Constraintson deposition, incision, and delta progradation all

sition over a period of 100 ka. TerraceAge taking place during the last ~3.5 ka, as sug-
At Sampling Site 2 (Figs. 3C and 3D) we col- gested by the scarce radiocarbon data, is also

lected two OSL samples from the lower terrace. The available quantitative age data are toquite possible. For instance, the Sperchios delta
These samples, which were taken from approxécattered to be of use in forming conclusionéFig. 1) has prograded ~10 km into the north-
mately the same level within the depositspn the deposition age of the two river terracegrn Gulf of Evia since 480 B.C. (Kraft et al.,
yielded consistent ages of 7.6 £ 0.9 ka and 7.6However, the location and distribution of thel987; Eliet and Gawthorpe, 1995) showing that
1.0 ka (Table 1). Twd*C ages, also from the lower terrace hold clues to its likely age. relatively large amounts of sedimentation could
same stratigraphic level, yielded ages of ~2 ka Prior to stabilizing at its present-day level ahave occurred over rather short time scales. We
(3B.C.t0 128 A.D.) from analysis ofziscidae  ~6 ka, the water level in the Gulf of Evia wascannot, however, tie the radiocarbon ages to par-
gastropod shell and ~0.5 ka (1397-1457 A.Dgeveral tens of meters lower than today, and thieular climatic events in the past 3.5 ka.
from a charcoal fragment (Table 2). There is aver systems draining into it would thus grade
clear mismatch between the OSL af@ ages. to a lower baselevel. We would, therefore, ndEstimate of the Rates of Slip and Extension
There is also somewhat of a mismatch betweaxpect fuvial terraces formed prior to 6 ka toacrossthe Kamena Vourla Fault
the two radiocarbon ages, although both pladse preserved, as they would now have been
the deposition within the historical period. buried due to aggradation in the river system as We correlate the lower river terrace (on the
A similar mismatch between OSL aC  sea level rose. The lower terrace extends norteeuthern, upthrown, side of the fault) with the
ages is found for the upper terrace level (at Siteards to the Kamena Vourla fault, it is thereforsurface of a delta on the northern, downthrown,
3, Tables 1 and 2). Three OSL ages are conet a localized feature formed in response to €ide of the fault (see section The Fluvial Ter-
sistent with one another (20402.8 ka, 21.6 blockage within the river catchment, and it igaces at Molos). In the absence of wiéfie
2.4 ka, and 17.6& 5.7 ka). The singl&C age, highly probable that it connected with the deltage constraints on the lower terrace we assume
obtained from aiviparidaeMiviparus gastropod surface—which has the same gradient thoughhat it formed at ~6 ka when sea level stabilized
shell, provides a much younger age of ~3.5 ki is now displaced vertically by 6 -min the at its present-day maximum (see section Dat-
(1397-1457 B.C.; Table 2). immediate hanging-wall of the fault. The suring the Fluvial Terraces). The terrace is offset
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vertically by 6 m across the fault (Fig. 4); theregion, despite lying directly along strike fromDI CUSSION AND CONCLUSIONS
vertical component of displacement across thiae Kallidromon fault, which is known to be
Kamena Vourla fault is therefore estimated taslipping much less rapidly than the frontal Displacement of the lower of the two river
be ~1 mml/yr. faults (e.g., Jackson, 1999). terraces described in the section Slip Rate on
We now compare our estimate of vertical The only other quantitative estimate of slighe Kamena Vourla Fault, combined with an
displacement rate with the extension rates meeate of the Coastal Fault System comes fromssumption that the terrace dates from ~6 ka,
sured by GPS across the Locris half-grabeihe eastern end of the Arkitsa segment neardicates that the Kamena Vourla normal fault
and the Gulf of Evia; those rates are not wethe village of Kynos (Fig. 1B), where there arsslips at a rate of ~1.2—2.0 mm/yr and accommo-
resolved, but are probably no higher thamabundant indications of coastal uplift includ-dates ~0.6—1.7 mm/yr of extension. An estimate
1-3 mmlyr (Clarke et al., 1998). We placeang a coastal notch at ~1.4 m above present sefslip rate on the Atalanti fault segment sug-
bounds on the horizontal extension across thevel (Pirazzoli et al., 1999), marine terracegyests a similar slip rate of 0.4-1.6 mm/yr (Pan-
fault by assuming a fault dip of 30°-60°, whichand raised beaches (Dewez, 2003; Goldswaiesti et al., 2004). The slip rate of the Arkitsa
is the typical range observed for seismogenity and Jackson, 2001). Radiocarbon dafault is the least well-constrained of the three
normal faults (Jackson and White, 1989). A diping of Lithophaga shells preserved below thesegments, and is complicated by the location of
range of 30°-60° gives a rate of extension acros4.4 m coastal notch at Kynos by Pirazzolthe only study site at the tip of the fault segment,
the fault of 0.6—1.7 mm/yr. The estimated ratet al. (1999) yielded ages that were a maxbut if the uplifted coastal notches at Kynos are
of extension across the Kamena Vourla fault liesium of ~2.7-3.4 ka (800-1410 B.C.) at 0.5 nassumed to have formed at ~6 ka the corre-
within the range of extension rates (1-3 mm/yrabove sea level and which decreased upwardgonding slip rate is 0.7—-2.0 mm/yr.
for the region surrounding the northern Gulf oto ~1.7-2.3 ka (210 A.D.-360 B.C) at 1.4 m The simplest interpretation of these data is

Evia measured by GPS. elevation. Two new radiocarbon ages (prethat the Kamena Vourla, Arkitsa, and Atalanti
sented in Table 2), fdrithophaga shells from faults are the dominant active faults on the south

SLIPRATE ON THE ATALANTI AND ~1.2 m above sea level, yield calibrated ages obast of the northern Gulf of Evia, and that they

ARKITSA FAULT SEGMENTS ~3.6-3.7 ka (1662-1821 B.C.) and 2.1-3.7 kare all slipping at a similar rate of ~1-2 mml/yr.

(190-1758 B.C.) These ages are older than, bite are not aware of any estimates of slip rate on
We now discuss our estimate of the slip ratare from a level between, the elevations santhe Lamia fault, to the west of Kamena Vourla
for the Kamena Vourla fault in the wider setpled by Pirazzoli et al. (1999). and close to the conurbation of Lamia (Fig. 1),
ting of the northern Gulf of Evia. The Kamena The notch at ~1.4 m is likely to representput as it forms the western segment of the
Vourla fault continues eastwards for ~30 kmas has been measured in several other partsQiastal Fault System, and is morphologically
where it terminates at the western end of th@reece (e.g., Pirazzoli et al., 2004), uplift of thasimilar to the eastern segments, we might expect
Arkitsa fault (Fig. 1B). The next major fault coast relative to sea level since it stabilized & similar slip rate on that fault as well.
to the east is the Atalanti fault, beginning at a6 ka. TheLithophaga extracted from levels  The range of slip-rate estimates is at the lower
longitude of ~23°E (Fig. 1B), and 10 km to thebelow the notch represent emergence of thesad, though of the same order, as the 1-3 mm/yr
south of the Arkitsa fault. levels and the ages are hence younger thah present-day extension suggested by GPS
The Late Cenozoic slip rate of the Ata-6 ka. Using the assumption of a 6 ka age for trend suggests that the Gulf of Evia region is not
lanti fault was estimated at 0.1-0.5 mm/yr byoastal notch, Goldsworthy and Jackson (200%)bject to large temporal variations in extension
Pantosti et al. (2001) based on an assumetitained an estimate of ~0.2 mm/yr for the rateate over Holocene time scales. However, our
130-35 ka age of a terrace displaced verticallyf uplift relative to sea level at Kynos. The rangstudy shows the need for an improved geodetic
by 10-19 m across the fault. Palaeoseismif uplift rates can be converted into rates of totastimate of the extension rate across this region.
trenching across the Atalanti fault (Pantostvertical displacement by assuming a long-terrmihe total extension rate at the present day is
et al.,, 2004), with age control provided byuplift-to-subsidence ratio of between 1:2 and-1-3 mm/yr. If the true §ure is only ~1 mm/yr,
radiocarbon and archaeological dating, sudt:4 (e.g., Stein and Barrientos, 1985). Goldthen it seems likely that the segments of the
gests a repeat time of 660-1120 yr betweesworthy and Jackson’s (2001) estimate tran€oastal Fault System are the major active faults
earthquakes, with evidence for three eventfates to a slip rate of 0.7-1.2 mml/yr for a faulof the region. If, however, the geodetic rate is
one between 50 B.C. and A.D. 230, a secomdipping at 60°, as measured from exposures ofoser to 3 mm/yr, it suggests that other faults in
between A.D. 770 and 1160, and the historithe Arkitsa fault plane (Jackson and McKenziethe Gulf of Evia region, in particular those that
cal 1894 earthquakes. The results from palt999), or 1.2—2.0 mm/yr if the fault dips at 30°.are inferred to bound the northern coast of the
aeoseismology indicate an average slip rate Interpretation of the uplift rate at Kynos inGulf (Fig. 1), pose a comparable hazard.
of 0.4-1.6 mm/yr on the fault: consistent withterms of a slip rate on the Arkitsa fault is com-
its accommodating a large proportion of thelicated by the location of the site at the easfCKNOWLEDGMENTS
1-3 mm/yr of present-day extension across tharn tip of the fault segment: whether a slip-rate
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