
ANNALS OF GEOPHYSICS, 56, 6, 2013, S0670; doi:10.4401/ag-6226

S0670

Late Quaternary paleoseismic sedimentary archive from deep
central Gulf  of Corinth: time distribution of inferred
earthquake-induced layers

Corina Campos1,2,*, Christian Beck2, Christian Crouzet2, Eduardo Carrillo3, 
Aurélien Van Welden4,2, Efthymios Tripsanas5

1 Universidad Simón Bolívar, Departamento de Ciencias de la Tierra, Sartenejas, Baruta, Venezuela
2 Grenoble-Alpes University, Laboratoire ISTerre, UMR CNRS 5275, CISM, Le Bourget du Lac, France
3 Universidad Central de Venezuela, Instituto de Ciencias de la Tierra, Caracas, Venezuela
4 Fugro Survey AS, Skøyen, Oslo, Norway
5 Institute of  Oceanography, Hellenic Centre for Marine Research (HCMR), Anavyssos, Greece

ABSTRACT

A sedimentary archive corresponding to the last 17 cal kyr BP has been
studied by means of  a giant piston core retrieved on board R/V MAR-
ION-DUFRESNE in the North Central Gulf  of  Corinth. Based on previ-
ous methodological improvements, grain-size distribution and Magnetic
Susceptibility Anisotropy (MSA) have been analysed in order to detect
earthquake-induced deposits. We indentified 36 specific layers -Homogen-
ites+Turbidites (HmTu) - intercalated within continuous hemipelagic-
type sediments (biogenic or bio-induced fraction and fine-grained
siliciclastic fraction). The whole succession is divided into a non-marine
lower half  and a marine upper half. The “events” are distributed through
the entire core and they are composed of  two terms: a coarse-grained
lower term and an upper homogeneous fine-grained term, sharply sep-
arated. Their average time recurrence interval could be estimated for
the entire MD01-2477 core. The non-marine and the marine sections
yielded close estimated values for event recurrence times of  around 400
yrs to 500 yrs. 

1. Introduction
Following different studies achieved in tectonically

active areas, lake and restricted marine basins have
demonstrated their potential for the sedimentary
recording of  seismic shocks [e.g. Hempton and Dewey
1983, Siegenthaler et al. 1987, Van Loon et al. 1995,
Syvitski and Schafer 1996, Mörner 1996, Chapron et al.
1999, Shiki et al. 2000, De Batist et al. 2002]. Two major
mechanisms may account for this recording: i) in situ
disturbances (micro-fracturing, micro-folding; lique-
faction, injection; [e.g. Rodriguez-Pascua et al. 2000,

Marco and Agnon 1995, Levi et al. 2006], ii) slope fail-
ures and gravity redeposition, associated, or not, to
tsunamis or seiche effects. Our investigations concern
the second case.

Mass wastings (triggered, or not, by seismic
shocks) evolving into gravity flowing (density/turbid-
ity currents) may provide large areas for spreading and
produce “classical” turbidites (with the differents terms
defined by Bouma [1962] or Mutti and Ricci Lucchi
[1978]; Piper and Normark [2009]). Conversely, when
occurring in more confined (or restricted) basins (lakes
or isolated marine basins) re-depositional processes
may result into specific complex layers, due to reflec-
tions on steep slopes and/or to oscillations of  the
whole water mass (reflected tsunami, seiche effect).
More often, a significant seismo-tectonic activity is re-
sponsible for the second type of  sedimentary “event”,
the reason for which it is particularly searched for pa-
leoseismic purpose and contribution to seismic hazard
estimation. 

The main characteristics of  these sedimentary
events are: i) a sharp limit at the top of  a coarse graded
lower part, ii) a structureless highly homogenous fine-
grained upper part [Sturm et al. 1995, Siegenthaler et
al 1987, Chapron et al. 1999, Beck et al 2007]. Addi-
tionally, a mixed term-indicating to-and-fro particle dis-
placements-is often observed in between; it may be
directly visible trough X-ray imaging [Beck et al. 2007]
or be detected with high-resolution grain-size evolu-
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tion (which is proposed for the here-presented exam-
ples). The basal layer is coarser-grained and may vary
from very thin silty laminae to thick sandy/gravelly
normal graded layer as the lower term of  a turbidite
sensu Bouma [1962] and Mutti & Ricci Lucchi [1978]; it
may consist of  several pulses with an overall grain-size
decrease. The upper unit is a fine-grained homoge-
neous term, named “homogenite” (Hm) in reference
to the concept of  Kastens and Cita [1981]. After the dis-
covery of  the Mediterranean tsunami-induced fine-
grained “homogenite” [Kastens and Cita 1981, Cita et
al. 1996], similar homogeneous layers have been re-
ported in lakes and closed marines basins and have
been associated to subaqueous earthquake-effects
[Sturm et al. 1995, Chapron et al. 1999, Beck et al.
2007, Bertrand et al. 2008, Carrillo et al. 2008, Çağatay
et al. 2012]. This interpretation (especially the impor-
tance of  a long-lasting suspension settling under oscil-
latory conditions at the beginning) has been confirmed
by recent observations made immediately after major
earthquakes in the Cariaco Trough [Thunell et al.
1999] and north-west Haiti [McHugh et al. 2011]. They
indicate the presence of  a long-lasting “cloud” of  fine
particles that remained in suspension for several
weeks, and which is responsible for the deposition of
homogeneous layers. Thus, in this work we will focus
on the occurrences of  such associations homogen-
ite+turbidite (named here HmTu) and their time-dis-

tribution along a long core from the Gulf  of  Corinth
[Moretti et al. 2004, Lykousis et al. 2007].

2. Geological setting
The Aegean region is one of  the most active exten-

sional continental regions around the world [McKen-
zie1972, 1978, Le Pichon et al. 1981]. It is moving up to 30
mm/yr to the southwest with respect to Eurasia and pro-
gressively migrates to the south [McClusky et al. 2000,
Jolivet 2001]. Within this framework, the Gulf  of  Corinth,
a semi-enclosed marine basin located in Central Greece
(Figure 1), represents one of  the most recent extensional
features in the area. It is an active half-graben and is
bounded by E-W striking, en echelon faults located on-
shore and offshore [Brooks and Ferentinos 1984, Armijo
et al. 1996, Sakellariou et al. 2001]. The focal mechanism
solutions indicate a main direction of  extension N-S
[McKenzie 1978, Jackson et al. 1982, Bernard et al. 2006].
Geodetic data show that the active extension is focused
offshore, increasing from 11 mm/yr in the central part of
the rift (near Xylocastro) to 16 mm/yr in its western part
(near Aigion) [Avallone et al. 2004]. The gulf  has a maxi-
mum uplift rate of  1.3 mm/yr in the southemargin
[Armijo et al. 1996]. It is 115 km long, ∼30 km wide, with
a 900 m maximum depth (Figure 1). It is characterized by
steep north and south dipping slopes (8°-25°) [Stefatos et
al. 2002]. To the west, the gulf  is separated from the open
marine Ionian Sea by the Rion-Antirion strait (2 km wide
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Figure 1. Simplified geodynamic setting of  the Gulf  of  Corinth with the location of  the MD01-2477 core. The locations of  major faults and the
bathymetry are from Moretti et al. [2003] (200 m isobaths intervals); onshore relief  is an extract from NASA/SRTM. Motion vectors of  the North
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and 65 m deep). To the east, it is linked with the Saronikos
Gulf  and the western Aegean Sea through an artificially-
dredged channel (the Corinth Canal), which is 6.3 km
long, 21 m wide and 8 m deep.

3. Methodology 
The paleoseismic record in the Gulf  of  Corinth

was studied using the MD01-2477 long piston core, re-
covered during a R/V MARION-DUFRESNES cruise
as part of  GEOSCIENCES-II program, carried out in
October 2001. This Calypso piston core was taken in
the central part of  the Gulf  of  Corinth at 38°13.28’N,
22°33.53’E and 867 m water depth. The core is 20.08 m
long (Figure 2), and it is supposed to represent the last
25.3 cal. kyr BP of  sedimentation [Moretti et al. 2004,
Lykousis et al. 2007]. Shipboard processing included
GEOTEK core logger profiles and splitting; further lab-
oratory samplings and measurements were done on
half  cores horizontally stored at 4°C. 

To characterize and discriminate homogenites
from other fine-grained deposits, analysis of  the tex-
tural parameters is the most common tool [Chapron et
al. 1999, Beck et al. 2007, Carrillo et al. 2008, Bertrand
et al. 2008], especially those depending on particles ar-
rays. The combination of  grain size, undrained shear
stress, and magnetic fabric has been used to get a well-
constrained characterization of  the homogenites and
their temporal distribution [Chapron et al. 1999, Car-
rillo et al. 2008, Bertrand et al. 2008, Beck 2009]. Recent
works show the importance of  the application of  the
Magnetic Susceptibility Anisotropy (MSA) in the study
and identification of  post-depositional disturbances re-
lated to earthquake triggering [Levi et al. 2006, Mörner
and Sun 2008]. When previously settled deposits in-
clude hemipelagites, the fine-grained resuspended frac-
tion (incipient homogenite) may be very similar
(grain-size and composition) to these hemipelagites.
MSA appears to be a useful tool to establish this dis-
tinction [Campos et al. 2011, Campos et al. 2013], and,
thus, precisely measure the thickness of  a hemipelagic
interval. The latter represents the time elapsed between
two successive reworking events; its duration may thus
be considered as an earthquake recurrence time inter-
val [Adams 1990, Gorsline et al. 2000, Goldfinger et al.
2003, Huh 2004].

The here-used age/depth curve is based on this as-
sumption: sedimentation rates estimated from
hemipelagic thicknesses, zero-time applied to ho-
mogenites+turbidites (HmTu) “events” [e.g. Goldfin-
ger 2009, McCalpin 2009 and references therein, Beck et
al. 2012]

After visual identification of  specific sedimentary
“events” (HmTu), a detailed textural characterization

was applied to selected ones. Two of  them (blue rec-
tangle on Figure 2) are presented and discussed here: i)
the thickest one, which permitted a high resolution
analysis with respect to the thickness, ii) a thinner one
more representative of  the whole “events”.

3.1 Grain size and shape analysis
The grain size-analyses were conducted using a

laser diffraction microgranulometer MALVERNTM

Mastersizer 2000, which has a 0.02 to 2000 �μm range.
Measurements were performed in the ISTerre labora-
tory, Savoie University, France, with sampling intervals
varying from 0.5 to 2 cm. The distribution parameters
have been calculated following Folk and Ward [1957]:
skewness index (Sk), sorting index (So), kurtosis. Sk
and So were plotted on simple binary diagrams. Per-
centiles 99 (Q99=C) and medians (Q50=M) were plot-
ted on the CM Passega [1964] diagram. Both diagrams
were used, as proposed in Beck [2009], to display and
analyse bottom-to-top paths. Shape analyses were per-
formed on silt-clay fraction using a Sysmex FPIA-2100
size and shape particle image analyzer, with a sampling
interval of  ∼ 50 cm.

3.2 Magnetic properties
High-resolution bulk magnetic susceptibility data

(Figure 2) was collected using a BartingtonTM MS2
contact sensor every 5 mm. The magnetic susceptibil-
ity anisotropy (MSA) samples were collected into 8
cm3 non-magnetic plastic boxes and a total of  263
samples were analysed. The measurements were car-
ried out in the CEREGE Magnetism Laboratory (Aix
- Marseille University, France) using the MFK1-FA
Kappabridge of  AGICO (spinning specimen method).
For each sample, the system reconstructs the AMS
tensor ellipsoid, defined by three eigenvectors (kmax,
kint and kmin) [Hrouda 1982, Tarling and Hrouda
1993]. This susceptibility ellipsoid represents the com-
bined result of  the susceptibility anisotropy produced
by individual grain shape and/or crystallography in a
sample [Joseph et al. 1998]. The shape of  the MSA el-
lipsoid is illustrated by several parameters defined by
Jelinek [1981], such as L = kmax/kint and F = kint/kmin.

Only the major events (6 to 74 cm thick) were
sampled for textural (every 5 mm) and MSA (every 20
mm) studies; two of  them were selected (A and B in-
tervals, position on Figure 2) as representative of  the
whole set. Figure 3 and 4, respectively, present the re-
sults for a 74 cm thick event (30 cm thick basal Tu
term and 44 cm thick upper Hm term) and a 17 cm-
thick event (8 cm thick basal Tu term and 9 cm thick
upper Hm term). For the first event, a total of  185
measurements were performed (148 for grain-size dis-
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tribution and 37 for MSA parameters).

3.3 Chronology
Two sets of  Accelerator Mass Spectroscopy 14C

measurements are used: 1) published preliminary dat-
ing performed by Moretti et al. [2004] and Lykousis et
al. [2007] in BETA ANALYTIC Laboratory (USA). 2)
A new set of  radiocarbon ages obtained at Poznan Ra-

diocarbon Laboratory (Poland). The measures were
performed on plant debris and wood fragments from
coarse to fine turbidites (7 measures, Table 1) and par-
ticulate organic matter collected from organic rich
muds (1 measure). Radiocarbon ages were calibrated
using OxCal-v4 software [Bronk Ramsey 2001]. As the
samples were taken in subaquatic environments
(marines and non-marine), we use the Marine09 cali-
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bration curve [Reimer et al. 2009], and the local ma-
rine reservoir correction (ΔR) proposed by Reimer
and McCormac [2002] for the Aegean Sea. They pro-
posed a ΔR =35±50 yr for Nafplio, Greece (at 70 km
from the Gulf  of  Corinth) and ΔR =143±41 yr for Pi-
raeus, Greece (at 30 km from the Gulf  of  Corinth). To
use a single value of  ΔR we calculate the average
value of  both ΔR with their average errors: ΔR=
89±58. We applied this ΔR to the whole sedimentary
sequence (marine and non-marine conditions;
Holocene and Late Pleistocene). This assumption is
probably simplistic, but the lack of  data does not allow

us to make more precise corrections. Results are sum-
marized in table 1 and represented in figure 2. They
correspond to 95% of  confidence (2σ).

4. Results

4.1 Sedimentological observations and sedimentary
events recognized in the MD01-2477 core

The MD01-2477 sediment infill is Holocene-Late
Pleistocene and it represents both marine and non-ma-
rine environments. The marine - non-marine transition
is considered to have occurred between 12 kyr BP
[Perissoratis et al. 2000, Collier et al. 2000] and 13.2 kyr
BP [Moretti et al. 2004, Lykousis et al. 2007]. The stud-
ied core is composed of  olive grey (5Y5/2) to dark yel-
lowish brown (10YR4/2) calcareous muds interlayering
with millimetric to decimetric layers of  yellowish
brown (10YR4/2) sand and silt. In the non-marine sec-
tion, few centimetres of  laminated mud (olive grey,
dusky yellow, greyish yellow and brownish black (5Y4/1,
5Y6/4, 5Y8/4, 5YR2/1)) are present. These layers have
been interpreted as varves by Moretti et al. [2004] and
Lykousis et al. [2007].

Microscopic observations of  coarser sediments
(binocular) and fine-grained smear slides show sedi-
ments principally composed of  terrigenous compo-
nents (carbonates and siliciclastics), being the carbonates
the most abundant. Aragonite crystal (abundant in the
top of  the non-marine section) and traces of  micas,
glauconite (marine section), pyrite (predominant in the
non-marine section) and flakes of  organic matter are
present. Biogenic and bio-induced particles mainly
compose the silty/clayey fraction (nannofossil,
foraminifers, diatoms and bio-induced micrite). In this
core all granulometric fractions have angular to
rounded grains with medium sphericity. 

In the MD01-2477 core, two types of  deposits
linked to density currents and reworking processes have
been identified, intercalated within the predominant
mud. These depsosits are:

1) Turbidites (Tu); they are present as 0.5 to 2 cm
thick layers, made of  silt to very fine sand. They can
show sharp (sometimes clearly erosive) bases, slight
normal grading typical of  classical turbidites defined by
Bouma [1962], and Mutti & Ricci Lucchi [1978]. Oth-
erwise, they locally present inverse gradations;

2) Homogenite+Turbidite associations (HmTu):
They are composed by two main terms (see introduc-
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tion) with a sharp contact. At this level, oscillation sed-
imentary structures, that may be direcly eye-visible in
between [Beck et al. 2007], were detected here through
high resolution microgranulometric profiles and MSA
following the methodology proposed by Campos et al.
2013. In the following paragraphs, these textural prop-
erties - used as criteria to address relationships between
sedimentation and seismicity - are detailed.

4.2 Textural properties of the HmTu events
In the MD01-2477 core, 36 HmTu events (6 to 74

cm thick) were identified through sedimentological ob-
servations. We will focus on the two selected events
(see 3.2), detailing first the larger one (Event B, Figure
3) and then comparing the results with the smaller
one’s (Event A, Figure 4). Other events, with interme-
diate thicknessses, are similar to the here-presented
ones, and are not detailed hereafter.

For Event B, The basal term (Tu) has a main grain
size which progressively decreases from 500 to 9 μm.
The parameters as sorting (2.364± 0.418), skewness (-
0.369 ± 0.120) and kurtosis (1.321± 0.340) are highly
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variable. Their variability gradually decreases to the top
of  this unit (Figure 3a). Contrary to Tu, the upper Hm
term (44 cm thick) have parameters highly constant
(mean = 5.486± 0.470 μm, sorting = 2.758 ± 0.987,
skewness = -0.150 ± 0.034 and kurtosis = 0.945 ± 0.035).
As the Hm term, the above hemipelagic deposits show
almost constant parameters (mean = 5.860 ± 1.167 μm,
sorting = 2.346 ± 0.431, skewness = -0.066 ± 0.043 and
kurtosis = 0.964 ± 0.027). The grain-size parameters do
not clearly separate the hemipelagic deposits from the
upper homogeneous unit; at the opposite, the limit is
neat on magnetic foliation profile (see after). The bot-
tom-to-top grain-size distribution displays a three-step
evolution both on skewness/sorting and CM (Passega’s)
diagrams (Figure 3-b and 3-c): (1) Basal turbidite (dark
blue triangles). (2) Intermediate term (light blue trian-
gles). (3) Homogenite (pink dots). Red arrows underline
detail evolutions within the three terms. The following
has to be underlined:

- a neat separation between three steps: especially
between Hm and underlying terms well evidence on
both diagrams;

- a neat separation between Tu and intermediate
term;

- complex variations within the Tu term
- the individualisation of  the intermediate terms

with internal variations corresponding to oscillations;

we propose to call it “to-and-fro” interval. 
An additional remark concerns the Hm and the

hemipelagites, which are not separated, especially on
the CM diagram, and which may indicate similar com-
position and slow settling from suspension. 

In the studied section (Figure 3a), the MSA meas-
urements show a low anisotropy (mostly oblate type el-
lipsoid), excepted in the homogenite. The magnetic
lineation is very low and relatively constant (L= 1.005 ±
0.002). At the difference, magnetic foliation displays sig-
nificant variations and anomalously high values with
respect to expected compaction in the Hm term (F=
1.069 ± 0.005) compared to the basal Tu term (F= 1.032
± 0.011). The hemipelagic deposits (F= 1.047 ± 0.009)
appear significantly lower than for the Hm term, with
a neat limit. This difference has been previously under-
lined by different authors [Beck 2009, Campos et al.
2013] in marine and lacustrine settings. These authors
have shown magnetic foliation in Hm up to 1.090, in
similar sediments with same age and depth in cores
with the same coring device. 

The second - thin-HmTu (Event A, Figure 4), has
been analyzed following the same sampling intervals
and measurements as the first - thick - one. The general
bottom-to-top evolution appears similar, although not
so complex within the lower term. The intermediate
term is present; the fact of  not displaying the “to-and-

Table 1. Radiocarbon dating from the MD01-2477 core. The sample denoted by the letter “a” was carried out by Lykousis et al. [2007]. The
14C ages were calibrated using OxCal software [Bronk Ramsey 2001], the Marine09 calibration curve [Reimer et al. 2009]; and applying the
local marine reservoir correction (ΔR) proposed by Reimer and McCormac [2002] for Aegean Sea. Samples in italic overestimate the ex-
pected age. PDOM= plant debris and wood fragments extracted from fine and coarse turbidites; POM= particulate organic matter extracted
from organic rich muds.

Depth in core (m) Age Age Calibrated Material
in core (m) (yr) error 14C age (2�σ)

2.63 3190 40 3071-2730 PDOM

3.9 3355 34 3301-2907 PDOM

5.16 5590 40 6082-5701 PDOM

6.5 12420 60 13990-13493 PDOM

11.07 8500 50 9251-8763 PDOM

16.33 12470 60 14040-13614 PDOM

17.66 14000 100 16946-15987 PDOM

20.08a 21133 110 25005-24300 POM



fro” signature may be due either to its actual lack, or to
a too low sampling frequency unable to evidence it. 

The characteristics displayed by the two here-pre-
sented HmTu sedimentary “events” may be extended
to the 36 HmTu occurring along the MD01-2477 core.

5. Discussion

5.1 Interpretation of  the sedimentary HmTu event
The analyzed textural parameters show a clear

difference between the two main terms which con-
stitute the HmTu deposit. The basal coarse term
shows that this unit was deposit by processes of  trac-
tion and fall-out [Passega 1964, Lowe 1982, Mutti et
al. 1999]. This term in the CM diagram (Figure 3c, 4c)
shows a progressive transformation of  the transport
mechanism of  the sediments. The base is character-
ized by an intense near-bed transport of  coarse parti-
cles (coarse sand) forming a traction load, in a density
flow [Passega 1964, Mulder and Alexander 2001]. In
the middle and upper part of  this term, composed
mostly by fine sand and silt, the sediments are mainly
transported in suspension by turbulent flows [Mutti
et al. 1999]. Furthermore, the high variability in the
skewness and sorting (Figure 3b) indicate fluctuations
in the depositional dynamic. Additionally, the pres-
ence of  two fining-upward sequences within the
same basal unit could reflect different pulses of  the
gravity current, as described by Shiki et al. [2000] and
Nakajima and Kanai [2000] in seismo-turbidites from
Japan.

The upper homogeneous term shows a highly
constant distribution of  the textural parameters (Fig-
ure 3b, c, Figure 4b, c), indicating a stabilization of
the energy of  the depositional environment, and fall-
out from a suspended load. Three interesting points
have to be explained: the sharp separation of  the Hm
term, its thickness and extreme homogeneity, and the
intermediate “to-and-fro” term. As previously pro-
posed [Chapron et al 1999, Beck et al 2007], we ex-
plain the latter as fluctuations within a high-density
suspension whose relative stability is due to lateral os-
cillatory displacements of  the whole water column;
coeval partial settling is inferred. This intermediate
episode is considered responsible for an increased “ex-
traction” of  the finer-grained fraction, which will be
the major component of  a long-lasting (almost sta-
ble) suspension. Based on base-to-top evolutions on
the two types of  binary diagrams, Arnaud et al. [2002]
and Lignier [2001], in: Beck [2009] identified, in a lake
infill, two different paths deciphering “flood tur-
bidites” from “slump turbidites”, respectively related
to tributary flooding and to collapse of  deltaic fore-

sets. The here-obtained paths clearly resemble their
“slump turbidite” path, but with a significant differ-
ence, the intercalation of  the intermediate “to-and-
fro” term.

The MSA foliation parameter (F) also confirms
the difference between the lower (Tu) and the upper
(Hm) terms; a major difference also appears between
the Hm term and the overlying hemipelagic deposit. 

In summary, the here-used textural characteriza-
tion points out a particular and complex depositional
mechanism involving, for each event, density/turbid-
ity current (mass wasting and fluidisation), to-and-fro
bottom current (related to water mass oscillation),
and quiet long-lasting settling of  fine-grained ho-
mogenous suspension. Seismic shocks and/or sub-
aqueous landslides in closed basins may account for
the whole process, especially the whole water column
movement (constrained tsunami or seiche effect).
This interpretation has been proposed for different
marine or lacustrine basins developed in areas with
frequent and strong seismic activity [Sturm et al.
1995, Chapron et .al. 1999, Beck et al. 2007, 2012,
Bertrand et al. 2008, Carrillo et al. 2008, Çağatay et
al. 2012].

5.2 Triggering mechanism of  sedimentary HmTu
events

HmTu associations were found throughout the
whole MD01-2477 (Figure 2). These units, resulting
from gravity re-depositional processes, represent a
specific evolution of  slope failures and mass-wasting.
The Gulf  of  Corinth is well known for the numerous
submarines gravitational mass movements as slides,
slumps and debris/mud flows [Brooks and Ferentinos
1984, Papatheodorou and Ferentinos 1997, Hasiotis
et al. 2002, Lykousis et al. 2007]. In the Gulf, the main
mechanisms responsible for these observed mass
movements are: (1) the frequent seismic activity in
the region, (2) the development of  rapid prograding
prodeltas associated with high sedimentation rates of
the numerous river mouths, (3) the steep slopes and
(4) the presence of  gas-charged sediments [Hasiotis
et al. 2002, Lykousis et al. 2009].

Additionally, historical observations in the Gulf
of  Corinth give evidence of  earthquake induced
nearshore sediment failure. Several may be cited,
among others: the 373 BC, 1817 and 1861 events [Pa-
padopoulos 2003 and references therein], the 1965
event [Ambraseys 1967], the 1981, 1989 and 1995
events [Perissoratis et al. 1984, Papadopoulos 2003,
Ambraseys and Synolakis 2010]. Beside, few aseismic
submarines gravitational slide have been reported as
the 1963 and 1996 events [Galanopoulos et al. 1964,
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Papadopoulos 2003]. Despite the presence of  sedi-
ment failure of  aseismic origin, earthquakes remain
the main cause of  submarine failure. In the Gulf  of
Corinth the earthquakes and the sediment failures of
seismic or aseismic origen can generate high ampli-
tude tsunami waves [Dominey-Howes 2002, Pa-
padopoulos 2003, Ambraseys and Synolakis 2010].
These authors have reported a high frequency oscil-
lation (amplitude of  20-30 cm) immediately after the
1981 earthquake, with a gradual attenuation during
four days after the earthquake [Papadopoulos 2003].

In this study, the gravity-reworked deposits
HmTu present in the MD01-2477 core occured far-
ther back in time, when no historical data are avail-
able. Therefore, it is not possible to correlate them
with the documented historical earthquakes. Despite
this, several arguments led us to consider HmTu de-
sposits as earthquake-induced: (1) the drilling site lo-
cation in the basin plain, avoiding coarser fluxes at
tributary river mouths, (2) the high seismic activity in
the region, (3) the well known earthquake-induced
sediment failures during the last 2000 yrs (4) and the
similarities of  the HmTu deposits with previous doc-
umented earthquake-triggered homogenites+tur-
bidites deposits in marine and lacustrine
environments. 

The specific planar array in the homogenites
(high magnetic foliation values), the sharp contacts
within HmTu, and the sedimentary structures typi-
cal of  to-and-fro currents fit with the hypothesis of
major earthquakes inducing coeval gravity reworking
and seiche effects [Chapron et al. 1999, Beck 2009 and
references therein, Campos et al. 2013]. In these cases,
the seiche effect is responsible for: (1) the increase of
suspended load by the additional extraction of  the
clayey-silt matrix from the initial flux, (2) the genera-
tion of  a sharp contact between the two HmTu main
terms by oscillatory bottom currents, (3) and the cre-
ation of  specific settling conditions, producing the
specific planar array (phyllosilicates homogeneous
orientation) in the homogenites. 

6. Time distribution of the sedimentary “events”
On Figure 5, we represent the vertical and tem-

poral distribution of  all HmTu events recognized in
the MD01-2477 core, and the sedimentation rates for
the hemipelagic deposits (blue colour). The age vs.
depth graph was constructed using six radiocarbon
ages, assuming a constant sedimentation rate in be-
tween, which is most probably oversimplified. The
mean rates of  sedimentation - and the estimation of
the main HmTu recurrence time interval - were esti-
mated for the first 17.75m (0 to 17 kyr BP) of  the

MD01-2477 core. The last 2.32m (17.75 to 20.07 m
depth) are made of  a homogeneous mud displaying
highly constant MS, MSA, and grain size distribution.
This basal section does not show deformation or sed-
imentary structures. Due to its characteristics (high
homogeneity and absence of  a coarser sediments
layer), this section could represent the upper term
(Hm) of  a major HmTu association whose lower part
was not retrieved. The measured low values of  MSA
may be related either to the low content of  magnetic
minerals in this interval (low MS values) or to an ac-
tual weak magnetic foliation. For these reasons, this
2.32 m thick interval is not taken in account for the
statistical distribution.

In the MD01-2477 core, the magnetic susceptibil-
ity curve and the occurrence of  the reworking events
(Tu, HmTu) are different between the marine and
non-marine succession (Figure 2). In the non-marine
section the values of  MS are highly variable compared
to the marine section. Higher values of  MS are pres-
ent in the non-marine section (>1000 S.I.x10-5). The
reworking events are thinner in the non-marine sec-
tion, compared to the marine one. But the HmTu de-
posits in both environments represent more or les the
same fraction of  the total sedimentation (∼32.5%).

In the non-marine section the total mean sedi-
mentation rate (hemipelagic + instantaneous de-
posits) is about 0.68 mm/yr, whereas the hemipelagic
deposits have a sedimentation rate between 0.31 and
0.82 mm/yr. In the marine section, the total main rate
of  sedimentation is higher: about 1.1 mm/yr, show-
ing rates of  sedimentation in the hemipelagic deposits
between 0.32 and 3.68 mm/yr. 

In the non-marine section the total mean sedi-
mentation rate (hemipelagic + instantaneous de-
posits) is about 0.68 mm/yr, varying from 0.31 and
0.82 mm/yr (using hemipelagic deposits only). In the
marine section, the mean sedimentation rate is about
1.1 mm/yr, varying from 0.32 and 3.68 mm/yr. 

This difference in the rates of  sedimentation be-
tween the marine and non-marine section can be ex-
plained by a climatic influence. The non-marine
section was developed in a lowstand phase during the
last glacial period (70 to 12 kyr BP) [Collier et al. 2000,
Lykousis et al. 2007, Bell et al. 2008] characterized, in
the Mediterranean realm, by a dry and cold climate,
with absence of  significant tree cover (presence of
steppe vegetation) [Leeder et al. 1998, Collier et al.
2000]. These climatic conditions are inferred to favour
higher mechanical erosion and subsequent higher ter-
rigenous material production. However, due to lower
transport capacity of  the rivers (associated to the dry
conditions), these sediments were probably accumu-
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lated in the fluvial system or in the margin of  the
basin as deltas. Otherwise, during the transgressive to
highstand phases associated to the Holocene glacio-
eustasy (12 to 0 kyr BP) [Collier et al. 2000, Lykousis
et al. 2007, Bell et al. 2008], these sediments were re-
mobilized and transported from the fluvial systems to
the margin of  the basin. It provides a greater amount
of  sediments available to be transported to the deep
basin by seismic destabilization, compared to the last
glacial period. Similar conditions were reported for
post-glacial lakes in the French Alps and the Andes
[Beck et al. 1996, Carrillo et al. 2008]. Despite this,
rapid tectonic uplift, especially the southern side of
the Gulf  of  Corinth (see Paragraph 2), has also con-
trolled the sediment supply during the whole Quater-
nary. This basin combined uniform regional uplift of
0.3 mm yr-1 [Collier et al. 1992] with 1.3 mm yr-1 south
footwall uplift [Armijo et al. 1996].

36 HmTu events are distributed through the
MD01-2477 core, corresponding to the last 17 cal kyr
BP. At the top of  the core (0 to 2 m depth) and at the
base of  the marine section (11.2 to 12.8 m depth) no
HmTu were detected, although abundant thin tur-
bidites (0.5 to 1.5 cm thick) are present. The later ones
are not thick enough to apply the here-used textural
analyses, and no clear evidences for seismic origin can
be assumed. 

To define the recurrence time interval between
two HmTu events, an age/depth curve (Figure 5) was
constructed. In the 17 to 11.7 cal kyr BP period (non-
marine section and in the marine and non-marine
transition), 13 events were identified, representing a
∼400 yr average recurrence interval. In the marine
section (11 cal kyr BP to Present), 22 events were rec-
ognized, representing a ∼500 yr average recurrence in-
terval. According to chronological precision, the
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Figure 5. Proposed time distribution of  HmTu events based on 14C dating. Deduced sedimentation rate is applied to “hemipelagic” constant
supply, without the supposed instantaneous deposits.
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difference between the sections is not significant.
These recurrence intervals are compatible (same
order) with, or slightly larger than those proposed for
the last 2 kyr period concerning the Aeghion, Skinos
and Eliki Faults using palaeoseismological trenches.
The later ones displayed respective recurrence inter-
vals of  360 yr [Pantosti et al. 2004], 330 yr [Collier et
al. 1998], and 200 to 600 yr [McNeill et al. 2005]. 

Using the HmTu events may both represent:
- an over-estimation of  the number of  recorded

earthquakes, as part of  them may be only due to sub-
aqueous lanslides. Some historical examples occurred
on delta fronts on the southern coast with tsunami im-
pact on the northern coast. In recently retrieved short
cores [Mortier 2012, Beckers et al. 2013] one of  these
events [1963] displays a clear signature;

- an under-estimation; first, we did not include clas-
sical turbidites in our list; second, some homogenites
may be not detected when a basal coarser layer is lack-
ing. As described in the Sea of  Marmara [Beck et al.
2007, Eriş et al. 2012] or in Lake Le Bourget [Chapron
et al. 1999] a homogenite may just have a very thin
laminae of  silt/very fine sand at its base, only visible
on a high resolution X-ray picture; the homogenite it-
self would possibly be characterized with detailed pro-
file of  MSA. These types of  events have not yet been
investigated here. 

With respect to intensities or magnitude of  in-
volved paleo-earthquake, previous works [e.g. Aude-
mard and De Santis 1991, Rodrı́guez-Pascua et al.2000,
McCalpin 2009 and references therein, Rodríguez-Pas-
cua et al., 2010] indicate that a Mw > 5 or 5.5 earth-
quake is necessary to produce noticeable geologic
effects, especially pore water pressure sudden increase
(driving force for liquefaction, failures, injections,
etc.). Additionally, the compilation of  historical data
in the Gulf  of  Corinth [e.g. Ambraseys 1967, Pa-
padopoulos 2003, Ambraseys and Synolakis 2010 and
references therein] indicates, for the last 2.3 kyr, sur-
face wave magnitudes comprised between Ms= 7.0
and Ms=6.0. Most of  them have generated submarine
landslides and tsunamis. Based on all data, a precise
estimate of  paleo-magnitudes remains speculative;
Mw> 6 and reaching 7 may be proposed as a realistic
estimate.

7. Conclusion
Based on high resolution analyses of  layering,

composition, and, overall, textures (magnetic suscepti-
bility, and Magnetic Susceptibility Anisotropy, grain-size
distribution), the sedimentary succession sampled
through the MD01-2477 core is considered as a paleo-
seismic archive for the last 17 cal kyr BP, for the central

part of  the Gulf  of  Corinth. Among used criteria to dis-
cuss depositional processes (instantaneous and contin-
uous) MSA appeared to be a useful tool to identify the
instantaneous homogeneous deposits (Hm), and to dis-
tinguish them from normal hemipelagic deposits. This
textural parameter also permits to precisely measure
the time-equivalent of  the hemipelagic interval which
separates two events inferred as co-seismic (HmTu).

In this core, 36 earthquake-induced HmTu (ho-
mogenite associated to turbidite) were detected, inter-
calated within a continuous sedimentary recording.
They can be explained by the combination of: 1) a con-
stant seismo-tectonic activity in the Gulf  of  Corinth
during the Late Pleistocene-Holocene. 2) terrigenous
sedimentary feeding of  shelves and upper slopes dur-
ing the same time.

These HmTu events have a minimum average re-
currence interval between 17 to 11.7 cal kyr BP of  ∼400
yr; whereas, the marine sequence, show a minimum av-
erage recurrence interval between of  ∼500 yr. A 6.0 to
7.0 Mw approximate magnitude is considered as re-
sponsible for these sedimentary events.

In order to improve these paleoseismological stud-
ies, future investigations should include in situ geot-
echnical measurements to assess slope failure potential
[Strasser et al. 2006, Stegmann et al. 2007]. A search of
a method to discriminate earthquake-related HmTu
and HmTu only due to landslides is also needed.
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