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Rapid extension and active normal faulting in the western extremity of the Corinth Gulf are accompanied by fast coastal uplift. We investigate
Pleistocene uplift west of Aigion, by attempting to date remains of marine terraces and sedimentary sequences by calcareous nannoplankton
and U-series analyses. Net uplift initiated recently, due to abandonment of an older rift-bounding fault zone and increase in activity on the
presently active, coastal fault zone. This change apparently coincides with an abrupt slow down (or, termination) of secondary fault block
tilting within the broader hangingwall block of the older zone, indicated by an angular unconformity that dates in the early part of MIS10
(�390–350 ka BP, preferably, in the earlier part of this period). Net uplift driven by the coastal zone resulted in the formation of MIS9c
(330 ka) and younger terraces. The formation of the unconformity and the initiation of net uplift coincide temporally with a �300–400 ka
unconformity recognized by recent studies in a wide area offshore Aigion i.e. they could be part of an evolutionary event that affected the
entire western part of the Corinth Rift or, a large area therein. Uplift rate estimates at four locations are discussed with reference to the
morphotectonic context of differential uplift of secondary fault blocks, and the context of possible increase in uplift rate with time. The most
reliable and most useful estimate for uplift rate at the longitude of the studied transect is 1.74–1.85 mm/year (time-averaged estimate for the
last �240 ka, based on calcareous nannoplankton and sequence-stratigraphic interpretation). Copyright # 2009 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The estimation of rates of active crustal deformation over

geological timescales is a topic with implications for seismic

hazard assessment and for the understanding of related

geodynamic phenomena. It presents challenges that require

multi-disciplinary approaches involving, for example,

geomorphology, Quaternary stratigraphy, geochronology

and structural geology (e.g. Burbank and Anderson 2001;

Keller and Pinter 1999). Examples of successful multi-

disciplinary active-tectonic studies are abundant, but the

ideal ‘ingredients’ for such studies are often difficult to find

in a given area of interest. Geomorphic or geological
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ment, Athens, Greece. E-mail: palyvos@hua.gr
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features that can serve as markers for the measurement of

deformation rates may be very fragmentary and/or difficult

to date (or, to date where needed the most). In areas where

deformation rates are constant in space or, when a regular

pattern of deformation is reflected in the geometry of

geomorphic or geological markers, deformation rates from

given localities can be extrapolated to nearby areas of

interest and chronological constraints obtained in one

location can provide cross-checking of dating results at

another. These advantages are lost in areas of increased

tectonic complexity, where datable markers may be

necessary in very specific locations if meaningful estimates

of broad-scale deformation rates are to be obtained and,

chronologies established at one locality cannot be extrapo-

lated to other localities due to uncertainties about the

structural context. Non-constant deformation rates over time

may further complicate matters. Nevertheless, even when all
Copyright # 2009 John Wiley & Sons, Ltd.
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the above factors come into play, conservative interpret-

ations of preliminary data may still provide useful

constraints on deformation rates (minima/maxima) and

guidance for the targeting of further studies.

This case study from the Gulf of Corinth encounters all of

the above problems, in an attempt to quantify long-term

coastal uplift rates, a classic topic of active tectonics studies

(e.g. Lajoie et al. 1991; Ota et al. 1996). The interaction

between coastal geomorphic/sedimentary processes and an

uplifting fault block, can lead to the formation and

preservation of a geomorphic and stratigraphic record of

the uplift through time, consisting of uplifted marine terraces

and associated marine deposits (e.g. Keller and Pinter 1999).

Dating of such uplifted marine features provides estimates of

the rate of coastal uplift. If any existing ‘regional’ component

of this uplift is removed, coastal uplift then becomes a measure

of fault footwall uplift, which can be used to estimate fault slip

rate (an important element for the assessment of the seismic

hazard posed by the fault that causes the uplift). Such

estimations can utilize fault dislocation models (e.g. Armijo

et al. 1996; De Martini et al. 2004; Cianetti et al. 2008) or

ratios between observed cumulative footwall uplift and

hangingwall subsidence (e.g. McNeill and Collier 2004).

The westernmost part of the Corinth Gulf (west of Aigion

in Figure 1b) lies in the part of the Corinth–Patras Rift

system where present extension rates are highest (reaching

14–16 mm/year, e.g. Avallone et al. 2004). Highly active

coastal faults accommodate a significant part of this

extension. The footwall blocks of these coastal faults are

subjected to rapid uplift, the long-term rates of which are not

yet fully resolved. Whereas well-preserved series of

Pleistocene marine terraces have allowed robust quantifi-

cation of coastal uplift rates at the eastern and central part of

the North Peloponnesus coast (e.g. Dufaure and Zamanis

1980; Keraudren and Sorel 1987; Armijo et al. 1996; Leeder

et al. 2003), moving towards the western extremity of the

Corinth Gulf (CG), terrace remnants are generally scarce

due to intense erosion, intensely faulted and/or difficult to

date (De Martini et al. 2004; McNeill and Collier 2004;

Trikolas et al. 2004a, referring to the footwall blocks of the

Eliki and Aigion faults; Efz and Af in Figure 1b).

Middle-Late Pleistocene uplift rates along the south coast

of the Corinth Gulf (from Aigion westwards) and along the

Rion Straits apparently increase towards Mount Profitis

Elias (�745 m, PE in Figure 1b; e.g. Kontopoulos and

Zelilidis 1997; Sorel and Lemeille 2003; Palyvos et al. 2007

and references therein), where the highest remains of

Middle-Late Pleistocene marine deposits occur (Doutsos

and Poulimenos 1992). Conservative interpretations of

available data in the Profitis Elias area suggest an uplift rate

of 1.6–1.8 mm/year minimum (time-averaged estimate since

MIS11, and from uplifted Holocene shorelines; Palyvos

et al. 2007; Palyvos et al. 2008 and references therein). It is
Copyright # 2009 John Wiley & Sons, Ltd.
unknown just how much higher the uplift rate is in the fastest

uplifting areas. West of Profitis Elias, published uplift rate

estimates range from 0.4 to 4 mm/year or more (Stamato-

poulos et al. 1994; Houghton et al. 2003; Stamatopoulos

et al. 2004; Palyvos et al. 2007). The smallest values

(Houghton et al. 2003; Stamatopoulos et al. 2004) refer to

small fault blocks at the intersection of the Psathopyrgos and

Rion–Patras fault zones and are thus minima for uplift rate

farther inland. The highest values could reflect apparently

younger ages from U-series dating of corals and molluscs in

loose clastic deposits (Stamatopoulos et al. 1994; Stama-

topoulos et al. 2004; Palyvos et al. 2007). In the area

between Aigion and Profitis Elias, data on late Middle-Late

Pleistocene uplift rates do not exist.

This paper regards the fragmentary record of late Middle-

Late Pleistocene uplift (< 400 ka) along a transect in the area

between Aigion and Profitis Elias (Figure 1b). It discusses

remnants of marine terraces and shallow marine depositional

sequences, the results of dating attempts and the constraints

that we obtain on time-averaged coastal uplift rate at

different locations and for different time-spans. We estimate

the timing of the recent initiation of uplift, which was caused

by migration or focus of fault activity (sensu Collier and

Jones 2004) on the presently active coastal fault zone

(ANELfz; Figure 1b). The final goal being the provision of

data that are useful for the estimation of the slip rate of this

active coastal fault zone, we evaluate local uplift rate

estimates in this respect, with reference to the morphotec-

tonic context of differential uplift of secondary fault blocks

and of possible increase in uplift rate with time.

2. ACTIVE TECTONIC CONTEXT

Currently, the most active part of the Corinth Rift coincides

with the CorinthGulf basin, which hasa WNW–ESE trend and

consists of roughly E–W-striking, predominantly N-dipping,

right-stepping normal fault zones (Figure 1b/c) both on land

(e.g.DoutsosandPoulimenos 1992;Roberts andKoukouvelas

1996; Goldsworthy and Jackson 2001; Zygoyri et al. 2008)

and below sea-level (e.g. Brooks and Ferentinos 1984;

Stefatos et al. 2002; Lykousis et al. 2007; Bell et al. 2008),

which accommodate N–S extension (e.g. Sebrier 1977;

Mercier et al. 1979; Briole et al. 2000). Active deformation is

accompanied by intense seismicity, both historical (e.g.

Ambraseys and Jackson 1997; Papadopoulos et al. 2000) and

instrumental (e.g.Hatzfeld etal.2000;Lyon-Caenetal. 2004).

At present, the westernmost part of the Corinth Rift is

deforming the fastest, with geodetic extension rates reaching

up to 14–16 mm/year (e.g. Briole et al. 2000; Avallone et al.

2004; Bernard et al. 2006). In the area of interest, the main

fault zones on land are the Lakka fault zone (hereafter

referred to as Lkfz; see Figure 1b for location; Doutsos and

Poulimenos 1992; Flotté 2003) and the Aigion–Neos
Geol. J. 45: 78–104 (2010)
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Figure 1. (a) Location of the Corinth Rift in the broader geographic and geodynamical context. (b) The western part of the Corinth Gulf area, with on-land and
submarine fault zones. (c) Structural cross-section along line shown in (b), by Ghisetti and Vezzani (2005). (d) Geological sketch map of the onshore part of the
western part of the Corinth Gulf Rift. ANELfz: Aigion-Neos Erineos-Lambiri fault zone, Af: Aigion fault, Lkfz: Lakka f.z., Pfz: Psathopyrgos f.z., RPfz: Rion-

Patras f.z., Efz: Eliki f.z., PMfz: Pyrgaki-Mamoussia f.z. and PE: Mount Profitis Elias peak.
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Erineos–Lambiri fault zone (hereafter ANELfz; Palyvos

et al. 2005; Palyvos et al. 2007), which includes the

‘Kamares fault’ (Bernard et al. 2006; ‘Selianitika fault’ in

Flotté 2003), and the Aigion fault (e.g. Koukouvelas and

Doutsos 1996; Af in Figure 1b). The Pleistocene deposits
Copyright # 2009 John Wiley & Sons, Ltd.
that accumulated on the hangingwall of the Lkfz (Figure 1d)

are found today uplifted up to 745 m above sea level (at

Mount Profitis Elias; PE in Figure 1). This indicates that the

Lkfz is no longer active as in the past (e.g. Flotté 2003). The

active or, most active fault zones today, are the coastal
Geol. J. 45: 78–104 (2010)
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ANELfz (on the footwall of which part of the Pleistocene rift

fill has been uplifted) and offshore faults to its north (e.g.

Bell et al. 2008). This configuration is either the result of a

basinward migration of faulting, i.e. abandonment of the

Lkfz and development of the ANELfz on its hangingwall

block (a process described elsewhere in the Gulf of Corinth

e.g. by Sorel 2000; Goldsworthy and Jackson 2001; Flotté

et al. 2005) or, strain localization on the ANELfz, following

earlier stages when rift activity was distributed to both the

Lakka fault zone and the ANELfz (a process described

farther east in the CG, at a broader scale, by Collier and

Jones 2004).

3. EXISTING LITHO- AND CHRONO-

STRATIGRAPHIC DATA

In the study area (Figure 2) the rift fill between the Lkfz and

the ANELfz is dominated by lacustrine/ fluvio-lacustrine

and brackish deposits, with at least one purely marine

intercalation. These deposits were assigned an Early

Pleistocene age in the earlier literature (Frydas 1989, in

Poulimenos 1991). In the following, we refer to all of these

deposits in Figure 2 as the ‘Synania formation’ (Sf, an

informal, polygenic lithostratigraphic unit). The Sf is

predominantly fine-grained, containing intercalations of

littoral sands and gravel. Poulimenos (1991) also reports

large-scale cross-beds (foresets) and slump folding in fine-

grained lacustrine deposits ‘NE of the Aravonitsa area’.

The Sf deposited in conditions of fluctuating salinity

(Frydas 1989, in Poulimenos 1991; Frydas 1991), due to the

existence of sills on both the W and E extremities of the

Corinth and Patras Gulfs basins (e.g. Keraudren and Sorel

1987; Piper et al. 1990a; Frydas 1991 and references

therein). Since the late Middle-Late Pleistocene, sea level in

the Patras and Corinth basins has been controlled by the

Araxos and Rion Sills (e.g. Piper et al. 1990a; Chronis et al.

1991; Perissoratis et al. 2000), and by the emergence of the

Corinth Isthmus (Collier and Thompson 1991).

In the area of Mount Profitis Elias, the rift fill is dominated

by a formation of gravels (Figure 1d) �600 m thick (Doutsos

et al. 1988), which were deposited in alluvial fan and

braided river environments (Kontopoulos and Zelilidis

1997). These gravels are considered of Pleistocene age

(Symeonidis et al. 1987, in Frydas et al. 1995; Kontopoulos

and Zelilidis 1997). Predominantly fine-grained lacustrine,

brackish and marine deposits that are equivalent to the upper

part of the Sf, overlie the alluvial gravel in the Profitis Elias

(Ano Zeria) area (Figure 1d). Frydas (1991) studied diatom

assemblages within these Sf deposits, specifying that they

are equivalent to biozone MNN20 (440–270 ka; Lourens

et al. 2004 or 467–265 ka; Raffi et al. 2006). He proposed an

age estimate of ‘around 400 ka’ indicating that the Sf

includes deposits younger than previously believed.
Copyright # 2009 John Wiley & Sons, Ltd.
In the area of the Aravonitsa plateau (Figure 2), the Sf is

overlain by a formation of gravels and sands (the Aravonitsa

formation—Af—an informal lithostratigraphic unit). The Af

overlies unconformably the Sf (Poulimenos 1991), which dips

here 18–308 to the South (Figures 2a and 3a). Poulimenos

(1991, 1993) mapped the Af as alluvial fan deposits, whereas

Flotté (2003) mapped it as marine fan-delta deposits and

attributed the emergence of the fan-delta to the shifting of fault

activity from the Lkfz to the presently activecoastal fault zone.

Based on the chronology that Flotté (2003) proposed for the

Aravonitsa plateau (MIS7, from extrapolation of uplift rates

reported in neighbouring—but distant—areas, not direct

dating), he placed this transition at ca. 200 ka BP.

Other previously recognized post-Sf deposits (not dated)

include a gravel formation at Neos Erineos (Figure 2,

considered to be alluvial fan deposits by Poulimenos 1991;

Poulimenos 1993, and fan-delta deposits by Ghisetti and

Vezzani 2004), and marine deposits related to terraces at

Galatas and Andraousta (just SE of Figure 2, Flotté 2003;

Ghisetti and Vezzani 2004; Trikolas et al. 2004a).

4. STUDY METHODS

Geomorphological and geological observations for the detec-

tion of marine terrace remnants and the determination of their

morphotectonic context were carried out in the field, on aerial

photographs and DEMs constructed from 1 : 5000 and

1 : 50 000 maps of the Hellenic Army Geographical Service

(HAGS). Inner edge elevations of mapped terrace remnants

were derived from 1 : 5000 HAGS topographic maps (contour

interval: 4 m), and the associated errors are estimated to be of

the order of 4–8 m (map error and error due to burial by

colluvium). Atkeyoutcrops, stratigraphic logsweremeasured,

analysed in situ and interpreted, with particular attention paid

to sedimentary, palaeontologic and palaeoenvironmental

features. Extensive and repeated searches for material

potentially suitable for U-series dating were conducted. Age

estimates for marine deposits were obtained by: (a) U-series

dating of corals and synsedimentary carbonate crusts (hard

grounds) retrieved from non-cemented clastic sediments

(because no other, more suitable material could be found)

and (b) calcareous nannoplankton analyses of fine-grained

deposits.

Samples of fine marine deposits were examined by SEM

and light microscope for calcareous nannoplankton content

following standard methodology (Thierstein et al. 1977;

Perch-Nielsen 1985). U-series dating was conducted with

the total sample dissolution method following the pro-

cedures in Bischoff and Fitzpatrick (1991), and the isotopic

composition of samples was determined by a spectroscopy.

The mineralogical composition of coral skeletons and crust

samples was checked by X-ray diffraction prior to U-series

analysis. Some coral specimens had traces of calcite and
Geol. J. 45: 78–104 (2010)
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Figure 2. Topography of the Aravonitsa plateau (a) and the Neos Erineos-Selianitika area (b), with lithostratigraphic map, faults and possible faults. Fault traces
are based on geomorphic or/and geological evidence (where available). Topographic contours taken from 1 : 5000 maps of the Hellenic Army Geographical
Service (HAGS). White colour (0) indicates areas covered by vegetation, colluvium or soil, not allowing identification of the underlying lithology. 0: non-
mapped areas, 1: Holocene/Late Pleistocene fluvial deposits (or colluvium derived from terra rossa, on Aravonitsa plateau), 2a: terra rossa (red soil), 2b: brown
soil, 3: post MIS9 cemented gravel (on marine terraces: regressive littoral gravel), 4a/b: MIS7 and younger marine deposits sand/gravel dominated, at
Selianitika/Neos Erineos (respectively), 4c: post MIS7 fluvial gravel (Selianika, L31), 4d: post MIS7 fluvial deposits (Selianitika, L31), 5: transgressive gravel
of post MIS9 marine sequences, 6: post MIS8e alluvial fan deposits, 7: marine sands, gravel and silts (MIS9 at the Aravonitsa plateau area –parasequences 2 and
3 in the Aravonitsa formation-, MIS7e at location 11), 8a: lacustrine fan-delta gravel with large-scale cross bedding (MIS10, parasequence 1), 8b: alluvial fan
gravel (belonging to the same fan-delta depositional system as 8a), 8c: gravel belonging to the same system as 8a/8b, not discriminated and 9: lacustrine/
brackish/marine deposits (Synania formation, MIS10 and older). Occurrences of marine/brackish macrofauna include locations where the fauna was found in

colluvium, slid deposits and surfaces of ploughed fields.

Copyright # 2009 John Wiley & Sons, Ltd. Geol. J. 45: 78–104 (2010)
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Figure 2. Continued
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magnesian calcite, which clearly confirms contamination

from weathering processes or from other organisms infilling

the septa.

Nannoplankton analyses were employed in order to have

independent chronological constraints against which to

compare U-series dating results, considering that the

geological context of the analysed samples does not guarantee

a chemically closed system (a basic prerequisite of the U-

series method), and that none of the existing mineralogic,

textural and isotopic criteria for evaluating possible open-

system behaviour of the U–Th isotopes are self-consistent

(Stirling et al. 1995). Even after rigorous screening of coral

samples prior to U-series analyses, erroneous ages can still be

obtained, even with high-precision dating methods such as

TIMS (e.g. Dia et al. 1997) and even in apparently closed

systems, with coral skeletons of pure aragonite, incorporation
Copyright # 2009 John Wiley & Sons, Ltd.
of secondary aragonite can still occur (Lazar et al. 2004). In

addition, a decay can result in the fragmentation of particles

into smaller recoil nuclei, which cause a selective migration of

radioisotopes (Thompson et al. 2003). The above consider-

ations suggest that the U-series results obtained herein should

be interpreted with extra caution.

5. THE ARAVONITSA PLATEAU AND THE

ARAVONITSA FORMATION

The Aravonitsa plateau is a remnant of a flat depositional

geomorphic surface at 500–520 m above sea level (hereafter

referred as asl); Figure 2a. Most of the plateau surface is

capped by a thick ‘terra rossa’, a soil that formed under

warm and humid Mediterranean climate (e.g. Durn 2003).

The deposits of the Aravonitsa formation (Af) that underlie
Geol. J. 45: 78–104 (2010)
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Figure 3. (a) The Aravonitsa plateau at �500–520 m asl. The Aravonitsa formation (Af) is clearly discernible below the surface, above strongly tilted strata of
the Synania formation (Sf). (b) The deposits of the Af exposed at a vertical cliff at the northern part of the Aravonitsa plateau. Location 1 in Figure 2a, indicated
by rectangle in (a). Apparent dips of stratigraphic contacts are given as apparent dip direction/apparent dip. The thickness (approximately 21 m) of the lower
parasequence (lacustrine foresets) was calculated from clinometer measurements from a point of known distance from the cliff. For stratigraphic log of the
exposed section see Figure 4a. See the text and Figure 4a for facies descriptions/interpretations and sequence-stratigraphic subdivision. (c) Close-up view of

area shown with rectangle in (b).

Copyright # 2009 John Wiley & Sons, Ltd. Geol. J. 45: 78–104 (2010)
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the Aravonitsa plateau, belong to different depositional

environments and to several high-frequency depositional

sequences or parts of sequences, internally partitioned by

unconformities (sequence boundaries). As discussed in the

following, they contain both alluvial fan (Poulimenos 1991)

and fan-delta deposits (Flotté 2003), as well as nearshore

deposits.
5.1. Fan-delta and nearshore deposits

A large cliff at L1 (Location 1; Figure 2a) provides a

characteristic view of the stratigraphy at the northern part of

the Af (Figure 3b and c). The exposed strata at the uppermost

part of the section were initially sub-horizontal, and now

have an apparent dip of 171/06 (apparent dip direction/

apparent dip) due to tilting. The tilting at L1 does not seem to

have affected the whole plateau area. It appears to be local,
Figure 4. (a) Stratigraphic log of part of the Aravonitsa formation outcropping at th
at location 5 (fine-grained foresets). (c) Log of section exposed at a roadcu

Copyright # 2009 John Wiley & Sons, Ltd.
related to a N-dipping fault (e.g. F2 or a non-visible fault

along the valley �250 m to its north).

At L1, the Af is subdivided into three facies successions

(Walker 1990) or parasequences (Van Wagoner et al. 1990),

labelled p1–p3 in Figures 3b/c and 4a. The lower

parasequence (p1) is about 21 m thick and is composed of

medium-sized clinostratified gravels. These gravels are

organized into parallel, concave up, large-scale cross-beds,

truncated at their top by a planar erosive surface (gently-

dipping to the N, before tilting). At the distal part of p1, the

gravel cross-beds become finer down-dip and pass laterally

to gentler dipping, planar layers of predominantly fine-

grained deposits (area indicated with star in Figure 3b).

These fine-grained deposits belong to the uppermost part of

the Sf in our lithostratigraphic subdivision, but in a

sequence-stratigraphic context, they belong to p1. Para-

sequence 1 is interpreted as a Gilbert-type fan-delta, with the
e cliff at location 1 (Figure 3b/c). (b) Log of the lower part of parasequence 1
t at location 11. The upper part of the section is shown in Figure 8b.

Geol. J. 45: 78–104 (2010)
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clinostratified gravels corresponding to delta front deposits

(foresets) and the chronostratigraphically equivalent Sf fine-

grained deposits to the lowermost part of foresets, to

bottomsets and distal pro-delta deposits. Gilbert-type fan

deltas occur commonly in both the uplifted ancient rift fill

(e.g. Poulimenos et al. 1993; Dart et al. 1994; Malartre et al.

2004; Ford et al. 2007; Rohais et al. 2007) and the actively

depositing one (e.g. Piper et al. 1990b). The foresets in p1

dip 17–228 to the E or NE (Figure 2a), implying a fan-delta

depositional system that was fed by an ancestor of the

Phoenix River (Figure 1b).

Robust evidence of the depositional environment of the p1

gravel foresets is lacking. Flotté (2003) mentions marine

macrofauna in them, but he does not give further details. In all

accessible foreset outcrops, we could not find any trace of

marine macrofossils or ichnofossils. Absence of such

evidence of course, does not necessarily suggest that the p1

fan-delta was not marine. More robust evidence comes though

from fine-grained p1 deposits, exposed on roadcuts at L5.

These deposits comprise a light brown/beige package, which

caps whiter-coloured fine-grained lacustrine deposits. Within

the p1 package at L5, large-scale cross-bedding as well as

slump folding are observed (Figure 4b). Poulimenos (1991)

presumably refers to L5 when he reports such features ‘in

lacustrine deposits NE of Aravonitsa’. The clinostratified fine-

grained p1 deposits at L5 are interpreted as the lowermost part

of fine-grained p1 foresets. Their dip is 005/35, whereas

gentler-dipping pro-deltadepositsbelow them, dip�208 to the

N/NNE. Initial dips were smaller (the package is tilted to the

north). The northerly dip direction of the p1 fine-grained

foresets at L5 is consistent with the direction of p1 gravel

foresets immediately to the SWof L5. The L5 foresets contain

occasional ‘floating’ large pebbles and at least one gravel

layer, features identified also by Malartre et al. (2004) and

Ford et al. (2007) in fine-grained bottomset-prodelta deposits

of the uplifted Gilbert delta of the Vouraikos River further East

(Figure 1d). The fine-grained foresets at L5 contain the

lacustrine bivalve Dreissena polymorpha, indicating that the

p1 fan-delta prograded during a period when the Corinth Gulf

was a lake, i.e. during a period when eustatic sea-level was

lower than the elevation of the sill at the time (i.e. not only

duringa eustatic sea-level low-stand). Brackish fauna (Mytilus

sp.) was found within the pro-delta deposits underlying the

foresets at L5 (Figure 4b).

Parasequence 2 (p2) is up to �7 m thick and consists of

cross-bedded, coarse sands, which interfinger upwards with

clinostratified, prograding gravels (see small-scale foresets

and topsets in Figure 3c). On the basis of recognized

geometrical and sedimentological characters, p2 is interpreted

as a coarsening-up, progradational, gravel beach sequence

(sensu Massari and Parea 1988), developed in a coastal, wave-

dominated environment under microtidal regime and high rate

of sediment supply. P2 is marked at the base by a transgressive
Copyright # 2009 John Wiley & Sons, Ltd.
surface, followed upward by shoreface sands laterally

interfingering with clinostratified gravels. The oblique–

sigmoidal pattern of clinostratification (Figure 3c) is a typical

feature of the gravel beachface sub-environment, with foresets

corresponding to high relief ramps of the lower beachface (or

plunge steps) and topsets to the upper beachface and foreshore

(Massari and Parea 1988; Bardaji et al. 1990). Parasequence 2

is also interpreted as a single small-scale regressive R cycle

(Zecchin 2007), with the transgressive phase represented by

the basal bounding surface. The offlap break between foresets

and topsets precisely marks the ancient base level position.

Parasequence 3 (p3) is up to 10 m thick and consists of coarse

sands, with a few gravel intercalations mostlyclose to the base,

arranged in planar, initially horizontal beds that are attributed

to the shoreface environment. Parasequence 3 is considered to

be marine, on the basis of palaeontologic content: very rare

specimens of Ostrea sp. were found at L2 on the ploughed

surface of a vineyard and rich marine nannoflora is present in a

fine-grained intercalation at L3 where the lower part of p3 is

exposed in an accessible outcrop (where no marine macro-

fauna or ichnofossils were found).

5.2. Sequence stratigraphic interpretation

In the following, we discuss the Af deposits in a sequence-

stratigraphic context (e.g. Van Wagoner et al. 1990; Emery

and Myers 1996), with reference to relative base level

changes. Relative base level changes reflect both base level

changes and vertical tectonic movements. Past base levels in

the sill-controlled CG have corresponded to either sea or

lake level. The scenario given below is based on the

assumption that base level changes were the dominant

control on relative base level change, causing relative base

level changes that were much faster than those caused by

vertical tectonic movements. This assumption is not

arbitrary, since the discussed deposits accumulated during

the transition from a regime of tectonic subsidence to one of

uplift, i.e. when vertical tectonic movements were expect-

edly relatively mild (see the Discussion section).

Fan-delta progradation during the deposition of p1

indicates that sedimentation rate outpaced the rate of

creation of accommodation space, which in our scenario is

predominantly controlled by the rate of relative base level

change. The simplest possible interpretation is that this

happened during a relative base level still-stand that

corresponds to a base level still-stand (lake level still-stand

in this case, because p1 is lacustrine). Consequently, the p1

gravels are interpreted as regressive and are attributed to a

lacustrine Highstand Systems Tract (Figure 4a). This

‘lacustrine highstand’, should not be confused with ‘eustatic

sea-level highstand’, since it took place when eustatic sea

level was lower than the lowest-lying sill that was

controlling the communication of the Corinth Gulf with

the open sea at the time. The upper part of the p1 foresets is
Geol. J. 45: 78–104 (2010)
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truncated by an initially N-dipping erosive surface, which is

interpreted as a Sequence Boundary (SB1, separating

sequences S1 and S2; Figure 3b). Erosion of p1 complies

with a relative base level fall (lake level fall, or tectonic

uplift). Whether topset strata existed in p1, is unknown

because of erosion.

Parasequences 2 and 3 belong to a younger marine

sequence (S2). The basal bounding surface of parasequence

2 is interpreted as a transgressive surface (TS) that is

superimposed on and coincident with sequence boundary

SB1. The clinostratified gravels of p2 indicate progradation,

i.e. that sedimentation rate outpaced the rate of relative base

level change, the simplest interpretation being that this

happened during a base level still-stand. Judging from the

thickness and fining-up trend of facies within p3, we infer

that p3 was deposited under a phase of relative base level

rise, arguably caused by base level rise. Base level rise

corresponded to eustatic sea-level rise, since marine micro-

and macro fauna in p3 indicate that the sill was overtopped

by sea level at the time. The surface between p2 and p3 is

interpreted as a flooding surface. At L1, p3 is composed of

deeper shoreface sands; beachface deposits are lacking.

Farther SW, at the more landward L2, nearshore deposits

occur at a higher stratigraphic position, suggesting a

retrogradational facies pattern for p3. The general stacking

pattern of p2 and p3 together, from shoreface/beachface (p2)

to shoreface (p3 at L1) and nearshore deposits (p3 at L2), is

also retrogradational, p2 corresponding to an episode of

progradation during a short-lived base level still-stand

superimposed on a general trend of base level (eustatic sea

level) rise. We, thus, attribute p2 and p3 to the Transgressive

and probably to the Highstand Systems Tracts (respectively)

of the upper, marine sequence in the Af (Figure 4a). In this

interpretation, p3 records the highest-reaching marine

transgression in the area of Aravonitsa.

5.3. Parasequence 3 as a past sea-level

highstand marker

The highest-reaching part of p3 can be used as a sea-level

highstand marker (a depositional terrace), accepting that the

Aravonitsa plateau and p3 have not been subjected to more

than a few metres of denudation (as the well-preserved

plateau morphology seems to suggest). A pronounced scarp

trending NNW–SSE that traverses the plateau immediately

to the NE of the Aravonitsa village, could be the remnant of a

palaeo–coastal cliff, i.e. an erosional feature coeval with the

sea-level highstand the p3 deposits correspond to. However,

it could also be the geomorphic expression of a fault (F1 in

Figure 2a). For example, Poulimenos (1993, 2000) traces a

fault here with a similar direction. Faulting has most

probably affected the plateau at L2 (F2), as suggested by a

gentle scarp on which p3 deposits outcrop at the surface
Copyright # 2009 John Wiley & Sons, Ltd.
(terra rossa has been eroded away). Flotté (2003) includes F2

in a longer structure extending farther NW (we consider it a

small, local fault instead).

If F1 is presumed to be a fault, p3 marine deposits would

be preferentially preserved on its downthrown block, and

conversely, p3 deposits on the upthrown block may have

been eroded away. However, if our map trace of the Af/Sf

limit is correct, then the possible throw on ‘F1’ on either side

of the plateau is less than 10 m. The ‘F1’ scarp on the plateau

may also be—at least partially—a fault-line scarp resulting

from erosion along a possible small fault, as suggested by

the presence of a small erosional depression in front of it

(containing Holocene deposits; Figure 2a). Given the high

elevation of the plateau (500–520 m), limited denudation

and small potential throw on ‘F1’ would introduce an error

in the determination of the elevation of the p3 highstand

shoreline that would be small for the purposes of this study

(even if it were of the order of 20–30 m).

5.4. Alluvial fan deposits

Alluvial fan deposits were recognized in the area of L25

(Figure 2a), overlying the fan-delta gravelofp1.Thesealluvial

fan deposits are the youngest stratigraphic unit (sequence) in

the Af. In the proximal part of the Aravonitsa formation,

alluvial fan deposits, presumably belonging to the same

sequence (S1) as the fan-delta gravel, are exposed on a roadcut

at L27; in Figure 2a, a grey colour is used for areas where

alluvial fan/fan-delta deposits were not discriminated.
5.5. The Aravonitsa unconformity

The lower part of the Sf deposits below the Af in general, and

at L8 and L9 in specific (i.e. very close to L1), are strongly

tilted (17–308) towards the south (Figures 2a and 3a). In

contrast, the Sf deposits at L1 have a sub-horizontal apparent

dip in a N–S direction (Figure 3b, the cliff trends N–S). The

exposure is not enough to identify the relationship between

these Sf deposits and the deeper, strongly tilted Sf deposits

(exposed at L8). In at least one nearby location though, on a

large NNW–SSE oriented cliff at L4 (Figure 6), an angular

depositional unconformity between the two is discernible

(the ‘Aravonitsa unconformity’). The true dip of the deposits

below the unconformity (the lower Sf or ‘lSf’) is estimated

at 193/24 (dip direction/dip) based on apparent dip

measurements on the cliff at L4 and nearby ones. This

estimate agrees with a large number of true dip measure-

ments at accessible outcrops in the surrounding area

(Figure 2a). In contrast, the Sf deposits above the

unconformity (the upper Sf or ‘uSf’) have an apparent

dip of 345/01–02 (direct measurement or estimate of their

true dip was not possible).
Geol. J. 45: 78–104 (2010)
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Figure 5. Simplified geological cross-section at the Aravonitsa plateau area
(schematic, not to scale). Sf: Synania formation (Lower Sf: MIS10 and
older, Upper Sf: MIS10). Af (grey shade): Aravonitsa formation (MIS10-9
and younger). Thick vertical lines indicate parts of the stratigraphy that are

exposed in different locations in the study area (discussed in the text).
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Apart from L4, the same angular unconformity within the

Sf can also be discerned on the cliff at L8. On the cliffs

between L5 and L6, an angular unconformity between uSf

deposits (fine-grained foresets and underlying brackish and

lacustrine strata) and lSf deposits was not identified. In the

broader area of L5, L6 and L28, both the uSf and lSf deposits

have the same northerly dip direction, varying locally due to

small faults and minor warping. The change from southerly

lSf dips all over the broader Aravonitsa plateau area, to

northerly in the area of L5, L6 and L28, seems to be abrupt

(Figure 2a). This indicates that the latter area belongs to a

different secondary fault block within the broader hanging-

wall block of the Lkfz, highlighting the structural complex-

ity of this area. In this context, an angular unconformity like

that in L4 may not exist in the area of L5, L6 and L28, or, it

may be much less pronounced and difficult to discern,

considering also the orientation of cliff outcrops and the

available viewpoints.

5.6. Marine deposits at the periphery of the

Aravonitsa plateau

Near the western side of the Aravonitsa plateau, at L10 in

Figure 2a, a very well-defined marine layer occurs within

strongly (308) south-tilted lacustrine deposits of the lower Sf
igure 6. The angular depositional unconformity within the upper part of the Synania formation (Sf), below the Aravonitsa formation (Af) (Location 4 in
igure 2a). The deposits in the upper Sf and the part of the Af that is visible in the photograph, are mapped in different lithostratigraphic units, but they belong to

the same sequence-stratigraphic unit (Sequence S1).
F
F
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(see also Figure 5). The relevant outcrop exposes a

deepening-upwards succession with littoral sands at the

base giving way to nearshore silts and sands with a very rich

marine macrofauna assemblage including Cladocora cae-

spitosa corals (details in Figure 7a). The assemblage is

typical of temperate-warm, shallow sea and of mixed

carbonate-terrigenous, infralittoral environment (Peirano

et al. 2004, and references therein). The nearshore marine
Geol. J. 45: 78–104 (2010)
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Figure 7. (a) Stratigraphic log of the Synania formation (Sf) deposits at Location 10, where the oldest known layer with purely marine macrofauna occurs.
Marine deposits pass upwards to brackish and then lacustrine deposits without any intervening unconformity, reflecting the salinity fluctuations within the sill-
controlled Corinth Gulf. The log comes from an outcrop with strongly tilted (175/30 [dip direction/dip]), lower Sf deposits. (b) Log of an occurrence of a marine
layer within Sf deposits at Ano Zeria (Mount Profitis Elias area), which is in all probability correlative to that in (a). (c) Log of outcrop with marine layer

correlative to that in (b), dated with the U-series method by Sorel et al. (2005).
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deposits are �2.5 m thick and change quickly to sands and

silts with abundant brackish-water macrofauna, followed by

marls with purely lacustrine macrofauna. The palaeoenvir-

onmental change recorded in a few metres (�4 m), from

purely marine to brackish and then to lacustrine environ-

ment, without any intervening unconformity, can be

attributed to the salinity fluctuations in the CG driven by

eustatic sea-level fluctuations, as proposed by Frydas (1991)

on the basis of micropalaeontological studies in neighbour-

ing occurrences of the Sf. From a stratigraphic standpoint,

the marine layer at L10 is the oldest layer with clearly

marine macrofauna that we could find within the lSf in the

study area.
Copyright # 2009 John Wiley & Sons, Ltd.
Around the Aravonitsa plateau, marine or brackish

macrofauna is found at several other locations (squares in

Figure 2), either reworked in colluvial deposits or in situ in

outcrops. Very rich marine macrofauna is found at L11 on a

scraped field surface, in strata with apparent dip to the SE

(Figure 8a). The large variety of species (details in

Figure 4c) includes Flabellum sp. corals (very rare). The

fossiliferous layer correlates with fine-grained deposits

�1.5 m thick with marine macrofauna that crop out at a

roadcut 30 m to the NE (Figure 8b, Figure 4c). The entire

marine package (a small depositional sequence) overlies

with angular unconformity strongly SSE-tilted (328)
lacustrine Sf deposits (just outside Figure 8b, to the right)
Geol. J. 45: 78–104 (2010)
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Figure 8. (a) Ploughed field at location 11, where very rich marine macrofauna was found, including Flabellum sp. corals that were dated with the U-series method.
(b) Roadcut 30 m NE of the scraped field shown in (a). The roadcut exposes the upper part of the section shown in Figure 4b. Marine sandy silts with nannoflora within

the lower part of biozone MNN21a, correlate with those on the scraped field shown in (a). (c) Emiliania huxleyi coccoliths from location 11 (410 m asl).

90 n. palyvos ET AL.
and it is covered by very coarse gravels, which correlate with

alluvial fan deposits that outcrop further west along the road

to Aravonitsa (unit 6 in Figure 2a).

The stratigraphic relationship of the marine layer at L11

with other marine deposits in the broader Aravonitsa area

(p2 and p3 within the Af, or the marine layer at L10 within

the lSf) is not apparent, due to lack of adequate exposures.

The very rich macrofauna at L11 is similar to that at L10, but

the angular unconformity between the marine deposits at

L11 and the underlying Sf deposits, as well as the lack of

gradual upwards transition to lacustrine deposits (observed

at L10), suggest that the marine deposits at L11 may belong

to a younger sequence. It is only micropalaeontological

analysis (next section) that verifies this definitively though.
6. CHRONOLOGICAL CONSTRAINTS ON THE

MARINE DEPOSITS IN THE BROADER

ARAVONITSA AREA AND UPLIFT RATE

ESTIMATES

6.1. Chronological constraints on marine deposits

Because the water level and salinity of the CG has been sill-

controlled since at least MIS11, marine conditions in the

Gulf may be expected during, and close in time to eustatic

sea-level highstands, when the controlling sill was over-

topped by rising sea level. This context helps the

establishment of the chronology of marine deposits not

associated with marine terraces, because these deposits are
Copyright # 2009 John Wiley & Sons, Ltd.
expected to date close to sea-level highstands. We note that,

if the controlling sill had a general shallowing trend moving

back in time, only the highest-reaching highstands will be

present in the stratigraphic and geomorphic (terrace) record

as one moves back to older periods.

Nannoplankton analysis of silts within the nearshore

sands of p3 at L3 identified biozone MNN20 (440–270 ka;

Lourens et al. 2004, or 467–265 ka; Raffi et al. 2006).

Nannoplankton analysis of the oldest layer with purely

marine macrofauna that is known within the lower Sf (L10),

also identified biozone MNN20. Biozone MNN20 encom-

passes the MIS11 and MIS9 eustatic sea-level highstands. U-

series dating of four samples of Cladocora caespitosa corals

from L10 provided anomalously young ages of 160–200 ka

(Table 1). Given the stratigraphic context, these U-series

ages clearly contradict the micropalaeontological results at

both L10 and L3. X-ray diffraction analyses of samples 4507

and 4607 indicate calcite and high magnesian calcite in the

corals, demonstrating diagenetic processes. Thus, we

conclude that the U-series ages at L10 refer to a diagenetic

episode, rather than to the time of coral growth.

The lacustrine deposits between p3 and the marine layer at

L10 were deposited when sea level was lower than the

elevation of the sill that controlled the communication of the

CG with the open sea at the time. These lacustrine deposits

include a fan-delta sequence (p1) that corresponds to a

considerable amount of time, judging from the amount of

fan-delta progradation involved. Given this stratigraphic

context (Figure 5), the most likely (or the only plausible)
Geol. J. 45: 78–104 (2010)

DOI: 10.1002/gj



T
ab

le
1

.
R

es
u

lt
s

o
f

U
-s

er
ie

s
d

at
in

g
s

w
it

h
th

e
to

ta
l-

sa
m

p
le

d
is

so
lu

ti
o

n
m

et
h

o
d

,
fo

ll
o
w

in
g

th
e

p
ro

ce
d

u
re

s
o

f
B

is
ch

o
ff

an
d

F
it

zp
at

ri
ck

(1
9

9
1

)

R
ef

er
en

ce
S

am
p

le
S

am
p

le
ty

p
e

E
le

v
at

io
n

(m
as

l)

2
3

8
U

(p
p

m
)

2
3

2
T

h
(p

p
m

)
2

3
0
T

h
/2

3
2
T

h
2

3
0
T

h
/2

3
4
U

2
3

4
U

/2
3

8
U

A
g

e
(k

a)

T
S

(1
0

0
6

)
S

el
ia

n
it

ik
a

C
al

ci
te

cr
u

st
1

4
0

0
.1

4
0

.0
2

2
2

.2
3

9
�

1
.6

1
4

0
.7

2
�

0
.0

2
1

.4
1
�

0
.0

3
1

2
7

.5
5
þ

6
.4

/�
6

.1
T

S
(6

0
6

)
S

el
ia

n
it

ik
a

C
al

ci
te

cr
u

st
1

4
0

0
.1

7
��

�
��

��
�

0
.6

5
�

0
.0

5
1

.2
5
�

0
.0

7
1

0
9

.2
þ

1
3

.2
/�

1
1

.9
T

S
(2

8
0

6
)

A
ra

v
o

n
it

sa
L

o
ca

ti
o

n
1

1
F

la
b

el
lu

m
sp

.
(c

o
ra

l)
4

1
0

3
.7

0
.8

9
8

.7
8

1
�

7
.5

0
6

0
.9

5
�

0
.0

2
1

.0
8
�

0
.0

1
2

8
3

.6
þ

4
0

.0
/�

2
9

.6
4

6
0

7
A

ra
v
o

n
it

sa
lo

ca
ti

o
n

1
0

C
la

d
o

co
ra

sp
.

4
1

2
2

.6
4

0
.4

1
6

.6
5
�

0
.3

0
.7

8
�

0
.0

2
1

.0
3
�

0
.0

1
1

6
1

.8
þ

8
.0

/�
7

.5
5

0
0

7
A

ra
v
o

n
it

sa
lo

ca
ti

o
n

1
0

C
la

d
o

co
ra

sp
.

4
1

2
2

.7
6

0
.1

9
3

4
.7

7
�

2
.0

2
0

.8
0
�

0
.0

2
0

.9
8
�

0
.0

1
1

7
7

.9
þ

1
0

.2
/�

9
.3

4
5

0
7

A
ra

v
o

n
it

sa
lo

ca
ti

o
n

1
0

C
la

d
o

co
ra

sp
.

4
1

2
2

.8
4

0
.2

6
2

8
.7

2
�

1
.1

8
0

.8
4
�

0
.0

3
1

.0
2
�

0
.0

1
1

9
7

.3
þ

1
9

.0
/�

1
6

.2
4

9
0

7
A

ra
v
o

n
it

sa
lo

ca
ti

o
n

1
0

C
la

d
o

co
ra

sp
.

4
1

2
2

.6
0

.3
8

1
8

.5
7
�

1
.0

2
0

.8
5
�

0
.0

2
1

.0
3
�

0
.0

2
2

0
0

.9
þ

1
7

.7
/�

1
5

.
2

T
S

(3
3

0
6

)
N

eo
s

E
ri

n
eo

s
C

la
d

o
co

ra
sp

.
2

7
6

1
.8

8
0

.1
5

3
7

.3
8

5
�

3
.1

0
4

0
.8

5
�

0
.0

2
1

.1
6
�

0
.0

2
1

8
7

.4
9

2
þ

1
2

.9
/�

1
1

.6

Is
o
to

p
ic

co
m

p
o
si

ti
o
n

w
as

d
et

er
m

in
ed

b
y
a

sp
ec

tr
o

sc
o
p

y.
T

h
e

‘R
ef

er
en

ce
’

co
lu

m
n

li
st

s
la

b
o
ra

to
ry

re
fe

re
n

ce
n

u
m

b
er

s
(I

JA
/C

S
IC

,
B

ar
ce

lo
n

a,
S

p
ai

n
).

T
h

e
T

S
6

0
6

ag
e

d
o

es
n

o
t

re
su

lt
fr

o
m

fu
ll

an
al

y
si

s
(e

x
te

n
d

ed
co

u
n

ts
),

d
u

e
to

el
ec

tr
ic

it
y

p
o
w

er
fa

il
u
re

at
2

0
0

0
m

in
.

‘�
��

’
an

d
‘�
��
� ’

in
d
ic

at
e

th
at

sa
m

p
le

T
S

6
0

6
w

as
fr

ee
o

f
2
3
2
T

h
co

n
ta

m
in

at
io

n
,

an
d

th
at

th
e

2
3
0
T

h
/2

3
2
T

h
ra

ti
o

w
as

in
fi

n
it

e
(r

es
p
ec

ti
v
el

y
).

Copyright # 2009 John Wiley & Sons, Ltd.

pleistocene coastal uplift, corinth gulf 91
interpretation of the available data is that the marine layer in

the lower Sf belongs to the MIS11 highstand and p3, which

corresponds to the oldest marine ‘terrace’, to one of the

MIS9 highstands (arguably MIS9c, the oldest of the two).

The stratigraphic context of the marine layer at L10

presents striking similarity with that of the oldest known

layer with purely marine macrofauna inside the Sf in the

nearby area of Ano Zeria (in Profitis Elias area,

Figure 1d, outcrop described in Figure 7b). Both marine

layers pass gradually to lacustrine deposits, without any

intervening unconformity. The marine layer within the Sf at

Ano Zeria has an age bracketed between 440–350 ka, based

on micropalaeontological determinations by Frydas (1991),

who reports diatom assemblages equivalent to nannofossil

biozone MNN20 and gives an age estimate of ‘around

400 ka’, and on U-series ages >350 ka obtained from

Cladocora sp. corals in a correlative marine layer by Sorel

et al. (2005, location described in Figure 7c). The only

highstand included in this age range is that of MIS11 (around

400 ka). Based on these data, the correlation of the L10

marine layer with MIS11 is supported even further.

In the proposed interpretation, the lacustrine fan-delta

parasequence (p1) can only correlate with MIS10. More

specifically, to a period that corresponds with the MIS10

eustatic sea-level lowstand and to larger or smaller

neighbouring parts of the eustatic sea-level curve that lie

below the (unknown) elevation of the CG sill at the time.

Based on the present-day elevation of the sill at Rion

(Perissoratis et al. 2000), this period would correspond to ca.

40 kyr (according to the curves of Siddall et al. 2003, 2006 in

Figure 9), and more, if a higher-than-today sill is assumed

during MIS11-10. Considering the above, the Aravonitsa

unconformity dates within the early part of MIS10, i.e.

sometime between �390 and �350 ka BP. Older ages in this

range are preferable, to allow more time for progradation of

the fan-delta in p1.

Micropalaeontological analyses of calcareous nanno-

plankton in two samples from the fine-grained shallow

marine deposits at L11 (Figure 8b) yielded nannoplankton

assemblages in highly diluted terrigenous material, with rare

specimens (approximately 1%) of Emiliania huxleyi

(Figure 8c) in countings of ca. 300 placoliths, enabling

the biostratigraphic correlation with MNN21a biozone.

According to the astronomically tuned biozone timescale of

Lourens et al. (2004), the base of the MNN21a, which is

defined by the lowest occurrence of Emiliania huxleyi, is at

270 ka in the eastern Mediterranean (265 ka, according to

Raffi et al. 2006). Based on four sea-level curves in Figure 9,

the lowest occurrence of Emiliania huxleyi in the strati-

graphic record of the eastern Mediterranean falls within a

period of low sea-levels. During this period, the Corinth Gulf

was expectedly a lake, isolated from the sea by a sill.

Depending on the elevation of the sill at the time, the lowest
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Figure 9. Average uplift rate estimates at different locations on the ANELfz footwall block, using different sea-level curves. L11, L22 and L32: locations 11, 22
and 32 (Figure 2a/b). p3: Parasequence 3 on the Aravonitsa plateau. MIS: Marine (Oxygen) Isotope Stage. Only Scenarios 2a/b are depicted for the Selianitika
area (L32), because only these scenarios provide a useful proxy for the uplift rate at the broader ANELfz footwall block (rather than on a secondary fault block
within it). See text for explanations and interpretation. The graphical depiction of ‘uplift paths’ follows Keller and Pinter (1999). Light grey shading indicates the
parts of the obtained U-series age ranges that are unlikely, based on the present-day depth of the sill that controls the communication of the Corinth Gulf with the
open sea (Rion Sill). These parts correspond to lowstand and low eustatic sea levels. The controlling sill (Rion or other) was expectedly at different depths in

different periods in the past, so the limit between dark grey/light grey shading is schematic.
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occurrence of Emiliania huxleyi in the Corinth Gulf is thus

expected more or less close to the MIS7e highstand (i.e. a

few kyr before 240 ka), because only then sea water with

Emiliania huxleyi had the chance to enter the gulf. This

places the marine deposits at L11 at the MIS7e or a younger

highstand. In all probability the MIS7e, otherwise Emiliania

huxleyi would expectedly be more abundant. Considering

the above, and also that the stratigraphic configuration at

L11 suggests an age close to a highstand of relative sea level

(arguably, corresponding to a highstand of eustatic sea

level), we consider that the likeliest age of the marine

deposits at L11 is �240 ka.

U-series dating on corals from L11 (Flabellum sp.;

Figure 8d) gave an age of 283.621 þ 40.040/�29.558 ka

(Table 1). The minimum possible U-series age (�254 ka) is

safely older than the local lowest occurrence of Emiliania

huxleyi that is predicted in the context of sill-controlled

communication of the CG with the open sea. Based on this

context, we infer that the U-series age is in all likelihood an

apparently older age, or, that the dated corals have been

reworked from pre-MIS7e marine deposits.

6.2. Uplift rate estimates

As discussed earlier, the highest-reaching part of p3 under the

Aravonitsa plateau (500–520 m) can be taken as a proxy for a

past sea-level highstand. Based on the chronology established

in the previous section, this highstand can either be MIS9c

(preferred) or MIS9a. If we assign p3 to the MIS9c highstand,

we obtain average uplift rates (AURs) of 1.47–1.61 mm/year

(using the four curves in Figure 9). If we assign p3 to the

MIS9a, AUR estimates rise to 1.67–1.87 mm/year. These

values are minima (expectedly close to true values), due to

erosion of p3. We prefer correlation of p3 with the MIS9c

highstand, because if we correlate p3 with MIS9a, we need to

accept that all of sequence S2 (Figure 4a) belongs to MIS9a,

and that all of the MIS9c sequence has been eroded. With the

MIS9c highstand at 500–520 m, the MIS9a highstand terrace

would be expected at 440–460 m asl. The fact that we cannot

recognize remains of a marine terrace or depositional

sequence at these elevations means little, given the very

intense erosion all around the Aravonitsa plateau.

Assigning L11 to MIS7e, translates to an AUR of 1.71–

1.85 mm/year (Figure 9), or slightly higher, to allow for

displacement by faults and uncertainty about the exact

highstand shoreline position. Displacements on exposed

faults are small though, of the order of 1–2 m or less (one of

the faults shows in Figure 8b) and the highstand shoreline

could well be at L11, considering L11’s stratigraphic

configuration (Figure 4c).

With the uplift rate we obtain at L11, there is a good

correlation of p3 with the MIS9a highstand (allowing for

some erosion of p3 and thus, somewhat higher highstand

shoreline elevation). As mentioned previously, we do not
Copyright # 2009 John Wiley & Sons, Ltd.
favour this correlation. This apparent contradiction stems

from the assumption of constant uplift rate between MIS9

and MIS7e, an assumption that is not at all necessarily valid

in our area. On the contrary, uplift rate can be reasonably

expected to increase with time, especially between MIS9

and MIS7e, a period close to the initiation of uplift (see the

Discussion section).
7. THE SELIANITIKA TRANSECT

7.1. Marine deposits and terrace remnants

At the Selianitika transect, the highest remnant of marine

deposits are cemented conglomerates with very rare

fragments of marine bivalves that occur at 348 m asl

(Figure 2b). These conglomerates are discordant above tilted

Sf deposits and are interpreted as transgressive littoral

(beach) deposits. A fault (F3) downthrows the gravel by a

few metres, whereas it has accommodated a larger throw in

the underlying Sf deposits. Farther NW, the interfluve along

profile A steps down abruptly by �60 m. This down-

stepping coincides with the NW tip of a continuous and

straight, NW–SE trending, N-dipping fault that Koukouvelas

and Doutsos (1996) have mapped as the western part of the

Aigion fault (their trace is shown with thick white line in

Figure 1d). In Figure 2b, we include two possible fault traces

in this area (collectively labelled FZ2), which are based

though on morphological indications only. Constraints on

the cumulative throw on FZ2 are not available. The down-

stepping of the interfluve could correspond—in part at

least—to a palaeo–coastal cliff formed during a sea-level

highstand by marine erosion. Erosion is indeed suggested by

the absence of the 348 m conglomerates on the hangingwall

block of FZ2.

Along profile A (the Selianitika transect sensu stricto),

coastal terrace remnants—CTRs—are found at six levels to

the NE of FZ2. Their inner edges lie at �260, �248, �218,

�156, 124/112 and 76–80 m asl. A well-defined CTR occurs

also at 116–120 m in the area of L30. It is certain that at least

some CTR or bench inner edges correspond to faults rather

than highstand shoreline angles. Faults and associated tilting

of strata were observed in outcrops (red squares in

Figure 2b; Figure 10c–e; Figure 11a) e.g. at the inner edges

of the 152–156, 124 and 112 m CTRs or benches. In all cases,

only minimum fault throws can be estimated. Faulting is very

likely along the 116–120 m CTR inner edge and possible also

along the 218 m CTR inner edge and between the 260/248

CTRs. Due to faulting, the number of CTRs can be larger than

the true number of initial coastal terraces. Along profile A and

the neighbouring interfluve to the SE, more or less well-

defined benches of unknown origin also occur, at various

elevations (indicated with purple outlines in Figure 2b).
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Figure 10. (a) Gravel foresets of the Neos Erineos uplifted marine fan-delta, right below the 108 m terrace remnant at location 23. (b) Depositional marine
terrace remnant at the Selianitika transect. The terrace is the topset surface of a small gravel fan-delta. The characteristic terra rossa (palaeosoil) is locally
preserved, and very thick and large Ostrea sp. are found in the topset gravel. (c, d, e) The outcrops of marine sands and underlying deposits at location 31

(Selianitika transect, 152–156 m terrace remnant).
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The 260/248, 218 and 116–120 m CTRs consist of

cemented gravel with terra rossa on top. One Ostrea sp.

piecewas found in the 248 m CTR slopewash.The218 m CTR

corresponds to a small fan-delta, with well-preserved foresets

and topsets (Figure 10b). Large and thick Ostrea sp. shells are

found within the topset gravels and also in the slope wash
Copyright # 2009 John Wiley & Sons, Ltd.
deposits derived from them. Below the gravel foresets, in

nearshore sands and silts exposed in a freshly ploughed slope

at L32, marine macrofauna includes recrystallized Cladocora

sp. and Spondylus sp. The size and thickness of the Ostrea

shells in the topsetsof this fan-delta, togetherwith thepresence

of Spondylus sp. in the nearshore deposits below the foresets
Geol. J. 45: 78–104 (2010)
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Figure 11. (a) Geological cross-section along the Selianitika transect (profile A in Figure 2b). Lithological units are numbered as in Figure 2. (b) and
(c) Possible restorations of cross-section in (a), in accordance with interpretation Scenario 2b (see the text). The restorations are simplistic in that they do not

account for warping and fault block rotations.

Figure 12. (a) View of calcite crusts within the transgressive marine sands at Location 31 (L31 in Figure 10c). U-series analyses of these crusts indicate a MIS5
age. Ostrea sp. shell (b), ichnofossils (c) and vermetids (d) on the calcite crusts indicate their syn-sedimentary formation. (e) prismatic crystalline structure

(formed during early diagenesis) across well-developed crust laminae (also shown in f).
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(Spondylus sp. has been found only here), suggest the

relatively warmest water conditions among all of the marine

deposits in the study area and make the 218 m fan-delta a

possible candidate for the MIS5e terrace.

The 152–156 m CTR is capped by a thin veneer of East-

prograding foreshore gravel with Lithophaga perforations

which overlies a thick marine sequence of transgressive

shoreface and beachface sands (‘sequence A’; Figures 10c

and 12a). The term ‘sequence’ is used informally here and in

Section 7.2. The marine nature of sequence A is testified by

relatively rare Pecten jacobaeus at an outcrop at about 88 m

asl and rare Ostrea edulis, Anomia ephippium, Chlamys

proteus and Patella sp. at L31 (Figure 10c). The nature of the

contact between the transgressive sands of sequence A and

the thin veneer of the overlying regressive gravels is not

known, since this contact is not exposed in outcrop. Thus, it

is not known whether the gravels represent the topmost layer

of a depositional terrace (hypothesis 1) or, whether they

cover an erosional terrace, i.e. a shore platform cut onto the

soft sands of sequence A (hypothesis 2). In hypothesis 1, the

gravel/sands contact would correspond to a boundary

between vertically continuous facies, in hypothesis 2 to

an erosional unconformity or paraconformity. Which of the

two hypotheses is the case for the 152–156 m CTR, is very

important with respect to the interpretation of U-series

dating results discussed in the next section. Hypothesis 2 is

not at all unlikely, considering the soft lithologies at

Selianitika (Sf and sequence A), which favour the formation

of erosional coastal terraces. The regressive marine gravel

on the 116–120 m CTR rest on strongly back-tilted Sf

deposits (Figure 2b) indicating an erosional CTR. This CTR

correlates with the 124 m bench immediately to its NW, the

elevation difference reflecting SE-tilting of the fault block

these surfaces rest on. The 76–80 m CTRs are also erosional,

cutting across strongly tilted Sf deposits, whereas also the

two prominent, large benches at 168 and 124 m on the

interfluve SE of profile A, in all probability correspond to

erosional CTRs.
7.2. Chronological constraints and uplift rate estimates

At L31, syn-sedimentary CaCO3 crusts up to �1.5 cm thick

were found inside the transgressive sands of sequence A, just

below the 152–156 m CTR (Figure 12a and b). As

determined by X-ray diffraction, the crusts consist of pure

calcite. Ichnological evidence, namely sponge and bivalve

borings and worm tracks, as well as vermetid tubes and an

Ostrea sp. shell that were found stuck on the crusts

(Figure 12b–d), indicate that their formation was syn-

sedimentary. Prismatic crystalline structure perpendicular to

the crust microlaminae, with elongate crystals extending

across microlaminae (Figure 12e and f), indicates recrys-

tallization. In small-magnification (15X) visual examin-
Copyright # 2009 John Wiley & Sons, Ltd.
ation, bio-erosional traces seem to cut the calcite crystals

also, suggesting that recrystallization possibly preceded

bio-erosion, i.e. that recrystallization occurred shortly after

the initial formation of the crusts.

Two samples of crust were analysed. The TS606 age

(109þ 13.2/�11.9 ka; Table 1) does not result from full

analysis (extended counts), due to electricity power failure at

2000 min, and is thus not discussed in the following. The

fully analysed sample (TS1006 in Table 1) gave an age of

127.5þ 6.4/�6.1 ka, according to which, the dated deposits

correlate with MIS5e. Cross-checking of the TS1006 U-

series age by independent dating evidence is not available

and, we cannot use the goodness (or non-goodness) of the

correlation between successive marine terraces and peaks in

the sea-level curve that results from the AUR derived from

this age as a means to independently validate (or invalidate)

it. This is so, because the CTR staircase at Selianitika has

been affected by faults with appreciable throws. Only

minimum throw estimates are available, thus, no specific

restoration can be given with certainty. Based on the

negligible amount of contamination by 232Th (Table 1), we

consider that the TS1006 U-series age can be considered as a

fairly safe indication of a MIS5 age though, especially if we

also consider the TS606 age (even though it does not result

from full analysis). Uncertainty remains, however, as to

whether the stand-alone TS1006 U-series age can be taken

as a safe indication of a MIS5e age.

Average uplift rate (AUR) estimation depends on: (a)

whether the 152–156 m CTR is depositional or erosional

(hypothesis 1 or 2), (b) the exact age of the crusts (not

known) and (c) further considerations discussed in the

following. In hypothesis 1, the crust age is practically the age

of the depositional terrace (shoreface sands of L31 and the

gravel veneer together). In hypothesis 2, it is a maximum-

limiting age for the erosional terrace and regressive gravels.

AUR-wise, the most conservative interpretation of the field

observations (‘Scenario 1’) stems from hypothesis 1 (a

depositional 152–156 m CTR) and by taking the TS1006 age

literally (MIS5e). This way, we obtain AURs of 1.11–

1.21 mm/year using different sea-level curves. Because the

CTR inner edge does not correspond to a highstand shoreline

angle (since it is fault-controlled), the above AUR is a

minimum for the 152–156 CTR area, arguably, a minimum

that is reasonably close to the true AUR in this specific area.

Because of throw on fault 7, the AUR at the 152–156 m CTR

area is in any case a minimum for the footwall block of fault 7.

A controversial point about Scenario 1 is that it obliges us

to correlate the fan-delta at 218 m with MIS7a (or, less

likely, to an older highstand). Yet, the 218 m fan-delta

topsets and the sands below the fan-delta at L32, contain the

relatively warmest fauna found in all the study area, a fact

that suggests possible correlation with the MIS5e highstand,

even though it does not definitively prove it. This correlation
Geol. J. 45: 78–104 (2010)
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(Scenario 2) translates to 1.66–1.79 mm/year minimum

AUR at the 218 m CTR. Minimum AUR, because the

elevation of the highstand shoreline angle may not be at the

218 m CTR inner edge due to faulting. This AUR estimate

is not at all unrealistic, given: (a) the results at the

Aravonitsa plateau, L11 and Neos Erineos (next section)

and, (b) that throw on FZ2 (the western termination of

the Aigion fault according to Koukouvelas and Doutsos,

1996) is unknown and could well be small during the last

125 kyr. In the above scenario, the 248/260 m CTRs could

either be separate MIS6e terraces, the same MIS6e terrace

disturbed by faulting, or even parts of the MIS5e terrace. In

the latter case, AUR at the 260 m CTR would be around 2.0–

2.1 mm/year.

There are two ways to reconcile all available obser-

vations with a MIS5e fan-delta at 218 m. One way is to

accept a depositional 152–156 m CTR belonging to

MIS5c, in which case the TS1006 age is an apparently

older age due to diagenesis (Scenario 2a). A second way

(Scenario 2b) is to consider that: (a) the 152–156 m CTR is

a remnant of an erosional marine terrace cut onto sequence

A (hypothesis 2) and, (b) the dated sands of sequence A

and those below the 218 m fan-delta at L32 (informal

‘sequence B’), belong to the same, faulted sequence

(‘sequence AB’). In Scenario 2b, the TS1006 age can be

taken literally, since in three out of five sea-level curves, it

includes the MIS5e highstand only marginally (Figure 9).

That is, it complies better with the hypothesis that the

L31 sands correspond to an early part of the MIS5e

transgressive sequence AB (as Scenario 2 suggests), rather

than with Scenario 1, where we need to assume that the

L31 sands belong to the MIS5e highstand.

Scenario 2b is possible structurally, considering the

minimum vertical displacement of the base of fluvial unit 4d

(Figure 11a) on fault 7. It also complies with the constraints

that the existence of a sill poses on the elevation difference

between the MIS5e highstand shoreline and the lowest

occurrence of marine deposits in sequence AB. Based on the

present-day sill depth (�62 m), and considering þ5 m of

highstand elevation during MIS5e, this limit is about 67 m.

This constraint is easily met with realistic (minimum)

throws on faults 7, 5 and 2, as shown in the—crude—cross-

section restoration in Figure 11b. This restoration does

not take into account syn-sedimentary faulting during the

deposition of sequence AB, which would allow for more

than 67 m of elevation difference between the highstand

shoreline and the lowest occurrence of sequence AB in the

restored section. In the restoration scenario in Figure 11b,

the highstand shoreline angle of the erosional terrace that the

down-thrown 152–156 m CTR corresponds to, is placed at

the inner edge of the 180–184 m bench on the footwall block

of fault 7. This bench does not necessarily correspond to a

coastal terrace though; it could be merely due to the litho-
Copyright # 2009 John Wiley & Sons, Ltd.
logical change from cemented fan-delta gravel to the softer

deposits in front of them. An alternative location is the inner

edge of a less well-defined bench (more of a knick point on

the interfluve) at 168 m. Considering that a very well-

developed bench occurs at 168 m on the interfluve SE of

L32, this may be a more likely elevation for the original

highstand shoreline of the 152–156 m CTR (before this CTR

was downthrown by fault 7). In fact, with uplift rate

obtained by assigning the 218 m fan-delta to the MIS5e

highstand, the MIS5c shoreline on the footwall block of

fault 7 would be at about 168 m (based on most curves in

Figure 9). Figure 11c depicts a restoration scenario with the

152–156 m CTR restored to a 168 m highstand shoreline. In

this case, fault 7 needs to be allowed syn-sedimentary slip

during the deposition of sequence AB. Alternatively, a non-

exposed fault between faults 6 and 7, which does not affect

the 152–156 m CTR but only sequence A below it, can

account for the remanent vertical displacement in the

restored section.

The uncertainties in all the above, do not allow for a robust

conclusion. Namely, there is uncertainty in the U-series

results, uncertainty about the nature of the 152–156 m CTR

(erosional vs. depositional), lack of fauna suitable for U-

series dating at the 218 m fan-delta, lack of enough data on

fault displacements, and, the hypothesis that sequences A

and B are parts of the same ‘sequence AB’ cannot be proved

or disproved due to erosion and non-exposure of ‘sequence

AB’ on the footwall block of fault 7. In the final discussion

of AUR estimates, we include both the most conservative

interpretation (Scenario 1; most conservative only AUR-

wise) and the AUR estimate that results from correlation of

the 218 m fan-delta with MIS5e (Scenarios 2a/b).

8. THE NEOS ERINEOS TRANSECT

8.1. Marine deposits and terrace remnants

Along the Neos Erineos transect, the highest remains of

marine deposits NE of L7 are shallow marine silts and sands

with bivalve and gastropod macrofauna at L22 (290 up to

�302 m asl; Figure 2b). About 250 m to the NE of L22, these

marine deposits are capped by cemented gravels about 30 m

thick that reach up to 308 m asl. In small accessible exposures

of the upper part of these gravels no marine macrofauna or

ichnofossils were found. The gravel lithofacies character-

istics comply with a littoral environment, although a fluvial

origin cannot be firmly excluded. Based on the above, and

given the flat morphology of the gravel-capped top of the

interfluve and the resemblance to well-defined coastal terrace

remnants (CTRs) in the Neos Erineos and Selianitika areas,

the 308 m gravel could correspond to a depositional CTR that

correlates with the same highstand as the marine deposits at

L22, or a younger highstand.
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A small N-dipping fault traverses the 308 m possible CTR

and downthrows it to 300 m, whereas at L22 another N-

dipping fault has downthrown the underlying marine

nearshore silts by a few metres (less than ten). According

to Poulimenos (1993, 2000), this fault is the NW tip of a much

longer, NW–SE trending, N-dipping secondary fault zone that

continues all the way to Aigion. This fault zone passes along

FZ2 and coincides with the Koukouvelas and Doutsos (1996)

trace of the western part of the Aigion fault (thick white line in

Figure 1d). Abrupt lithological changes anddistinct anomalies

in the morphology of the interfluve (saddles alternating with

highs) suggest faulting also in the area between L20 and L22.

The strikes of probable faults traced in Figure 2b in this area

(collectively labelled ‘FZ1’) are approximate, as in all other

cases of poor outcrop or/and lack of laterally extensive

geomorphic signature. Displacements are possibly minor at

L21, considering that in an (inferred) graben structure the

marine deposits of L22 were not observed. Between L19 and

L20, the interfluve exhibits a down-step of 108 m. As with the

60 m step acrossFZ2, it isunknownhow much of this elevation

difference may be due to displacement by ‘FZ1’, since this

could be the area of the highstand shoreline of the L22 marine

sequence. That is, a part of the interfluve down-stepping may

well be the result of marine erosion.

Moving to lower elevations, a succession of CTRs and

inconclusive benches is found all the way down to the Neos

Erineos village (at 108 m asl). These surfaces are typically

underlain by cemented gravel, with terra rossa on them.

Fault zones between them are observable in outcrops, and/or

suggested by distinct geomorphic anomalies (Poulimenos

1993; Poulimenos 2000; Palyvos et al. 2005 and new data

from this study). Contrary to the Selianitika area, where

lithologies are soft, geomorphic expression of faults in the

Neos Erineos area is favoured by the dominance of gravels

that are more or less cemented and cohesive.

Marine macrofauna is generally restricted to sands and

silts below the gravels that are exposed in the SE part of the

coastal range-front. In one case (L23), imprints (casts) of

marine bivalves were observed within the latter gravels.

Thick Ostrea sp. shells, comparable to those at the 218 m

fan-delta at Selianitika and very rich and diverse macrofauna

were found at L33 and L34, in silty and sandy shoreface

deposits associated to faulted, correlative CTRs at 180–

200 m (and possibly 220 m) asl. Gravel foresets several

metres high can be observed below the 108 m CTR (a

Gilbert-type fan-delta of the Phoenix R.; Ghisetti and

Vezzani 2004), e.g. at L23 (Figure 10a).

8.2. Chronological constraints and uplift rate estimate

Just south of L22, at an elevation of about 276 m asl, two

small pieces of Cladocora sp. corals were retrieved from

colluvium coming from a remnant of the shallow marine
Copyright # 2009 John Wiley & Sons, Ltd.
silts farther uphill. U-series dating of these corals yielded an

age of 187.5þ 12.9/�11.6 ka. Considering the anomalous

ages by Cladocora sp. corals from the same type of

sedimentary context at L10 and L11, cross-checking of

the reliability of the U-series age at L22 by independent

evidence is very desirable. No independent dating evidence

exists, and, as at Selianitika, the correlation between

successive marine terraces and peaks in the sea-level curve

that results from the AUR derived from this age cannot be

used as a means to independently validate it, due to faulting.

In four out of five eustatic sea-level curves in Figure 9, the

obtained age range includes only the MIS7a highstand. By

correlating the marine deposits at L22 with MIS7a, we

obtain an AUR of 1.55–1.65 mm/year. As the elevation of

the dated deposits is not the elevation of the actual highstand

shoreline, this AUR estimate is a minimum for L22. If the

308 m gravels are considered marine and if we assume that

they belong to the same sequence as the marine deposits at

L22 (we have not seen their relationship in outcrop), by

assigning them to MIS7a, AUR would rise to 1.59–1.68 mm/

year. The above AUR estimate would again be a minimum

for L22, but closer to the true value than the AUR from the

dated marine deposits because the actual highstand shoreline

(the terrace inner edge) is not preserved, and thus its actual

elevation is unknown. The above values are in agreement

with the AUR derived at L11 (and with Scenarios 2a/b at

Selianitika), but whether this agreement can be considered

an independent validation of the obtained U-series age at

L22 depends on the—unknown—amount of throw on FZ1

since the deposition of the L22 marine sequence.
9. DISCUSSION

9.1. The Aravonitsa unconformity and the

initiation of uplift

The existence of the Aravonitsa unconformity suggests an

abrupt decrease in the tilt rate of a secondary fault block

that lies within the broader Lkfz hangingwall block. The

Aravonitsa unconformity thus reflects an abrupt ‘death’ of

the secondary faults that were responsible for the tilting of

this secondary block. This event dates within the early part

of MIS10, i.e. sometime between �390 and �350 ka BP,

most likely in the earlier part of this period. It was followed

shortly after by net uplift of the broader Lkfz hangingwall,

which resulted in the formation of MIS9 (p3 on the

Aravonitsa plateau) and younger marine terraces. A possible

indication that net uplift may have initiated before MIS9 (i.e.

within MIS10), is the erosion of the upper part of the p1

lacustrine foresets (the alternative to uplift being lake-level

fall). Assuming a constant rate of regional uplift initiation of

net uplift in the study area implies an increase in the uplift on
Geol. J. 45: 78–104 (2010)
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the ANELfz. Presumably, this resulted from the ANELfz

taking up the strain accommodated by the de-activated

secondary faults at the Lkfz hangingwall block, in

combination with a decrease in hangingwall subsidence

rate on the Lkfz. This event (the ANELfz taking up more

strain and causing net uplift of the Lkfz hangingwall block)

may be the result either of migration of fault activity from

the Lkfz on a young, growing ANELfz or, increase (focus) in

activity on an ANELfz which was already a large structure

and previously ‘co-existed’ with the Lkfz (see model—at

different scale—by Collier and Jones 2004).

The formation of the Aravonitsa unconformity and the

initiation of uplift, appear to coincide temporally with the

formation of an unconformity that Bell et al. (2008) report in

a broad offshore area East of Aigion. According to Bell et al.

(2008), this unconformity dates between 300–400 ka. This

coincidence suggests that the migration/focus of activity on

the ANELfz is probably part of an evolutionary event that

affected the entire western part of the Corinth Rift, or at

least, a large area therein.
9.2. Uplift rate estimates interpretation

Average uplift rate (AUR) estimates were obtained at four

different locations and they refer to four different time spans

(Figure 13). AUR estimates based on non-independently

validated U-series ages in two of these locations (Neos
Figure 13. Topographic profiles from Aravonitsa to Neos Erineos and Selianitika
zones. Thicker fault traces denote faults with larger displacements and vice ver
morphological steps observed along them due to faulting or marine erosion during p
fault blocks is more or less distorted. Local average uplift rate estimates (AURs) re
uncertainty introduced by lack of independent cross-checking of U-series ages by ot

the involved geologic

Copyright # 2009 John Wiley & Sons, Ltd.
Erineos, Selianitika) are subject to an unknown amount of

uncertainty and are depicted with grey colour in Figure 13.

In the overall interpretation of the AUR estimates from

different locations, we need to consider: (a) the uncertainties

involved in each of these estimates, (b) the context of the

recently active, secondary fault zones in the footwall block

of the ANELfz and their effect on the spatial and temporal

variation of local AURs, (c) uncertainties about the

secondary fault zones (throws, variation of slip rate with

time), (d) the distance of AUR estimation locations from the

main surface trace of the ANELfz (consideration of

possible effects of broad-scale footwall block back-tilting)

and (e) the possibility that AURs referring to different

periods may record changes of uplift rate with time, in the

context of the recent initiation of net uplift. Locally, uplift

rate may change with time also due to temporal variation of

slip rate of secondary faults in the ANELfz footwall block.

By ‘recently active’ in (b) above, we refer to secondary

fault zones hosting displacements after the deposition/

formation of the oldest marine deposits/terrace used for the

derivation of AURs (i.e. after MIS9). Figure 14a schema-

tically depicts the effect of such secondary fault zones,

which is a discontinuous and differential field of uplift

(Figure 14b). In this tectonic context, we cannot assume a

pattern of regular increase in uplift rate towards the ANELfz.

The regular increase in uplift rate that is predicted by

theoretical dislocation models (e.g. King et al. 1988; Armijo
(profile traces in Figure 2), with probable configuration of secondary fault
sa. Profile traces were chosen to follow interfluves, in order to show the
ast sea-level highstands. Consequently, the spacing of faults and the width of
ferring to different periods are also indicated. Grey colour is used to indicate
her dating methods and, in the case of ‘Scenarios 2a/b’ at L32, uncertainty in
al assumptions.
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Figure 14. (a) Schematic representation of the uplifting footwall block of the ANELfz (the hangingwall block of the Lkfz), and of secondary fault zones on it.
Only secondary fault zones shown that are associated with recent displacements (during the last �330 ka) are shown. Older faults that are probably responsible
for a complex structure of tilted secondary fault blocks are not depicted. (b) Indicative uplift rate field (pattern) on the ANELfz footwall. The structural
complexity introduced by secondary fault zones, results in this pattern being one of discontinuous and differential uplift. Solid circles indicate those uplift rate
estimates that better approximate the uplift rate at an idealized ANELfz footwall without secondary faults. The idealized pattern of uplift is shown with a dashed

line.
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et al. 1996; Cianetti et al. 2008) at an idealized footwall

block (without secondary fault zones) is depicted schema-

tically by the dashed line in Figure 14b. The AUR estimates

that better approximate idealized uplift rate pattern (drawn

with filled circles in Figure 14b) should be those that are

more useful for the estimation of the slip rate on the

ANELfz. If the context of secondary fault zones is ignored

or underestimated, erroneous conclusions can easily be

reached. For example, a small local AUR referring to a

secondary downthrown block within the broader ANELfz

footwall block (e.g. ‘S’ in Figure 14a) may be wrongly

considered characteristic of the latter, leading to under-

estimation of the true strain rate accommodated by the

ANELfz. Or, a small AUR from such a secondary fault

block, if obtained from a young marine terrace remnant or

deposits, may lead to false inference of reduction of uplift

rate with time when compared to local AURs from older

marine terraces or deposits farther inland.

If we consider the most conservative AUR estimate at

Selianitika (1.11–1.21 mm/year, ‘Scenario 1’ at L31) as the

correct one, we end up with a local AUR for the last 125 kyr

that is smaller than the 240 kyr AUR estimate at L11 (1.71–

1.85 mm/year), Figure 13. Rather than reflecting a decrease

in uplift rate with time, this difference in AUR can equally

well (and much more likely does) reflect the fact that the

152–156 m coastal terrace remnant (CTR) lies on a

secondary, downthrown fault block in between secondary

faults near the main trace of the active ANELfz. In

Figure 14a, the location of the Selianitika terraces would

correspond to the block labelled ‘S’. The same goes for the
Copyright # 2009 John Wiley & Sons, Ltd.
125 kyr estimate from ‘Scenarios 2a/b’ at Selianitika (L32),

which is still smaller than the 240 kyr AUR at L11, possibly

reflecting minor slip on FZ2, and non-visible faults between

FZ2 and L32. Conversely, if we were to attempt dating a

CTR low in the Neos Erineos CTR staircase, we would expect

lower AUR estimates than at L22 because of the multitude of

intervening secondary faults (unless all these faults died

before the deposition/formation of the marine deposits/

terrace used for AUR estimation).

Increase in uplift rate with time, during the earlier stages

of net uplift at least, is probable in the study area. Take-over

by the ANELfz does not preclude the Lkfz still hosting some

subsidence after net uplift started, unless we assume that the

Lkfz ‘died’ abruptly. This assumption would be arbitrary,

considering the lack of relevant data. If instead, subsidence

on the Lkfz has been dying out progressively, AURs from

marine deposits or terraces dating close to the time of

initiation of uplift (�330 ka or somewhat earlier) would

underestimate the uplift rate in more recent periods.

The AUR obtained at L11 for the last 240 kyr (1.71–

1.85 mm/year) is substantially higher than that at the

Aravonitsa plateau (1.47–1.61 mm/year) for the last 330 kyr

(Figure 13), in agreement with the hypothesis of increase in

uplift rate with time during early periods of uplift. Yet,

uncertainty is involved in the comparison of AUR estimates

at L11 with those on the Aravonitsa plateau, because the

estimate at Aravonitsa is minimum-limiting. So the question

gets down to how much smaller is the minimum AUR

estimate at Aravonitsa compared to the true AUR there, i.e.

whether erosion of the upper part of p3 has been more than
Geol. J. 45: 78–104 (2010)
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we have allowed for in our calculations or not. We have

allowed for up to 20 m higher elevation for p3, by

considering the highest elevation of the plateau rather than

the elevation of the highest occurrence of p3 (which in

reality is 500 m asl). Considering the uncertainty involved in

the above, increase in uplift rate between MIS9 and MIS7e is

likely, but not proven. The available data, neither allow for a

robust check of whether post-MIS7e uplift rate has been

more or less stable (or not). The AUR estimate at L32 (1.66–

1.79 mm/year, from Selianitika Scenarios 2a/b) cannot

firmly establish stability or change of uplift rate since

MIS7e, because it relies on geological assumptions that

require more data to be proven and, because of lack of data

on the throws on FZ2 and possible secondary faults between

FZ2 and L32 (more specifically, the throws post-dating the

accumulation of the marine deposits at L32).

Summing things up, with the available data, the local

AUR of 1.71–1.85 mm/year (close minimum) obtained at

L11 from nannoplankton provides at the moment the most

reliable approximation of uplift rate at the ANELfz footwall

block (dashed line in Figure 14b), at the longitude of the

study area. At L11, the effects of secondary fault zones like

FZ1 and FZ2 are avoided, as well as the uncertainties about

the non-cross-checked AUR estimate at L22 or Scenarios 2a/

b at Selianitika. The estimated AUR at L11 compares well

with minimum AUR estimates of �1.6–1.8 mm/year

obtained from both Pleistocene and Holocene marine

deposits and coastal landforms farther NW, where, at the

fastest-uplifting areas, present-day AUR may be expected to

be higher than at the longitude of Aravonitsa.

Attempts to translate the AUR estimate at L11 to slip rate

on the ANELfz, should take into account the distance from

the main trace of the ANELfz, and also the fact that uplift

rate may contain a component of broader-scale uniform

(‘regional’) uplift (e.g. Collier et al. 1992; Armijo et al.

1996; Stewart and Vita-Finzi 1996; Westaway 2002; Leeder

et al. 2003). Because the AUR at L11 is a time-averaged

estimate for the last 240 kyr, it encompasses periods close to

the time of initiation of net uplift, when the uplift rate may

have been smaller than today. That is, present-day uplift rate

at L11 could be slightly higher at present, and consequently,

also the uplift rate closer to the ANELfz.

10. CONCLUSIONS

Structural complexity, intense erosion and a lack of datable

material at key locations makes the geomorphic and

stratigraphic record of Middle-Late Pleistocene coastal

uplift in the study area a fragmentary one. Even so, it is

the record that so far provides the clearest information in

the area between Aigion and the western termination of the

Corinth Rift (Mount Profitis Elias) regarding: (a) average

coastal uplift rates in late Middle-Late Pleistocene time-
Copyright # 2009 John Wiley & Sons, Ltd.
scales (the last 240 kyr) and (b) the timing of the take-over

by the presently active coastal fault zone (ANELfz), and of

the initiation of net uplift of the part of the rift fill that

accumulated on the hangingwall block of the previously

dominant fault zone (Lkfz).

An angular unconformity within the uplifting rift fill

corresponds to abrupt slow-down (or termination) of

secondary fault block tilting within the broader hangingwall

block of the Lkfz. Based on biostratigraphic correlations of

relevant marine deposits with nannoplankton biozones and

on stratigraphic considerations, this unconformity dates

sometime within the early part of MIS10 (�390–350 ka BP,

preferably in the earlier part of this period). Net uplift, driven

by the ANELfz taking over from the Lkfz, initiated shortly

after, resulting in the formation of MIS9 and younger marine

terraces. Considering that recent studies identify a �300–

400 ka unconformity in a wide offshore area East of Aigion,

the take over by the ANELfz could be part of an evolutionary

event that affected the entire western part of the Corinth Rift

(or, a large area therein).

Dating attempts by the U-series method were made in

conjunction with nannoplankton analyses, in order to obtain

uplift rate estimates. Stratigraphic constraints and compari-

sons with calcareous nannofossil analyses, verify that U-

series ages of material (including corals) from loose (non-

cemented) clastic deposits cannot be considered reliable

a priori, due to open-system behaviour of U-series nuclides,

and that validation by independent evidence is necessary.

This implies that the non-independently validated U-series

ages that have been obtained by different workers (including

our group) from corals in similar geologic contexts farther

West of the study area should perhaps be considered

‘suspect’ too, until more data become available.

Time-averaged estimates of coastal uplift rate were

obtained at four locations. They refer to different time spans

and may record changes (increase) in uplift rate with time, in

the context of the recent take-over by the ANELfz. However,

the uncertainties in the available data do not allow for a

robust test of this hypothesis.

The local average uplift rate estimate at the Aravonitsa

plateau area (1.74–1.85 mm/year, Location 11), is at the

moment the only estimate that (a) allows for good

approximation of the uplift rate at the ANELfz footwall

block (and not just of a secondary fault block within it) at

the longitude of Aravonitsa and (b) is based on robust

dating evidence from calcareous nannoplankton. The

estimate at Aravonitsa refers to a location 3.8 km away

from the trace of the ANELfz, and it thus may somewhat

underestimate the uplift rate that would be observed closer

to the ANELfz, if secondary faults were not accommodat-

ing collapse of the edge of the ANELfz footwall block.

Furthermore, being a time-averaged estimate for the last

240 kyr, it encompasses periods close to the time of
Geol. J. 45: 78–104 (2010)
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initiation of net uplift, when the uplift rate may have been

smaller than today. That is, present-day uplift rate could be

slightly higher at Aravonitsa, and more so closer to the

ANELfz.
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atschefte Mh. H10: 607–630.

Poulimenos G. 2000. Scaling properties of normal fault populations in the
western Corinth Graben, Greece: implications for fault growth in large
strain settings. Journal Structural Geology 22: 307–322. PII: S0191-
8141(99)00152-2

Poulimenos G, Zelilidis A, Kontopoulos N, Doutsos T. 1993. Geometry of
trapezoidal fan deltas and their relationship to extensional faulting along
the south-western active margins of the Corinth rift, Greece. Basin
Research 5: 179–192.
Geol. J. 45: 78–104 (2010)

DOI: 10.1002/gj



104 n. palyvos ET AL.
Raffi I, Backman J, Fornaciari E, Palike H, Rio D, Lourens L, Hilgen F.
2006. A review of calcareous nannofossil astrobiochronology encom-
passing the past 25 million years. Quaternary Science Reviews 25: 3113–
3137.

Roberts GP, Koukouvelas I. 1996. Structural and seismological segmen-
tation of the Gulf of Corinth fault system: implications for models of fault
growth. Annali di Geofisica X(3): 619–646.

Rohais S, Eschard R, Ford M, Guillocheau F, Moretti I. 2007. Strati-
graphic architecture of the Plio-Pleistocene infill of the Corinth Rift:
implications for its structural evolution. Tectonophysics 440(1–4): 5–28.
DOI:10.1016/j.tecto.2006.11.006

Sebrier M. 1977. Tectonique recente d’une transversale a l’arc egéen. Le
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