ANNALI DI GEOFISICA, VOL. XXXIX, N. 3, May 1996

Late Holocene relative sea level changes
in SW Crete: evidence of an unusual
earthquake cycle
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Abstract

Coastal changes in West Crete in the last 4000 years can be described as a series of 11 relatively small (25 cm
on the average) land subsidences alternating with short (150-250 year long) relatively still stands of the sea
level. At 1500 B.P. an up to 9 m episodic relative land uplift and tilting of this part of the island occurred, but
since then no significant coastal changes have been identified. There is strong evidence that these Late
Holocene coastal changes are not a product of fluctuations of sea level, but reflect palaeoseismic events. The
sequence of the latter is at variance with models of seismic deformation deduced from a wide range of obser-
vations in different tectonic environments, including coastal uplifts near major trenches: according to these
models, strain buildup and release through earthquakes is described as a cyclic and rather uniform process, the
earthquake cycle. In this process, the permanent seismic deformation accumulates after each earthquake to
produce geological features, while the long-term deformation rate is approximately equal to the short term one.
Obviously this is not the case with West Crete. The unusual pattern of seismic deformation in this island has
been observed in other cases as well, but its explanation is not easy. The juxtaposition of different earthquake
cycles, variations in the source and rate of stress or internal deformation of the uplifted hanging wall of a
thrust in the pre-seismic period are some possible explanations for this unusual pattern of earthquake cycle in
Greece.

Key words relative sea level changes — Holocene — ton, 1982). Yet, various detailed studies re-
Crete — earthquakes — uplift — subsidence — earth- vealed that the situation is even more remark-
quake cycle — palaeoseismic event able: while a series of about 11 earthquakes
were associated with minor coastal subsidence,
1. Introduction a subsequent great earthquake at around 1550
B.P. pushed a 200-km wide lithospheric block
Late Holocene raised beaches of West Crete ~ upwards, bringing the signs of the former tran-
were first identified more than 100 years ago  gressive shorelines to heights up to 9 m above
(Spratt, 1865; Raulin, 1869), and since then  the water (Pirazzoli, 1986a)!
have been a matter of study and debates. In re- This long and extraordinary uplift history is
cent years especially, Crete was recognized as ~ at variance with existing models of fault-re-
one of the most quickly uplifting parts of the lated deformation: according to these models

world (Lajoie, 1986), with rates probably simi- small movements caused by the reactivation of
lar to those of climatic sea level rise (i.e., of a fault are uni-directional (for instance, always
the order of 10 mm/yr, van Andel and Shackle-  uplift or always subsidence for a specific site)

and accumulate through repetitive earthquakes
to produce geological features (Shimazaki and
(*) e-mail: STIROS @ quartz.igme.ariadne-t.gr Nakata, 1980; Thatcher, 1984; Schwarz and
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Coppersmith, 1984; Wallace, 1987; see fig. 1).
The uplift history of Crete therefore raises two
questions: can some of the relative sea-level
changes observed be simply the result of fluc-
tuations of the sea-level and not of bi-direc-
tional seismic movements? Can the observed
fossil shorelines reflect not the seismic history
of a specific fault (or fault segment), but the
cumulative effect of the movement of different
overlapping faults (or fault segment) with dif-
ferent uplift histories?

An answer to these two questions is neces-
sary to document the palacoseismic signifi-
cance of the Holocene shorelines in SW Crete,
and is the subject of this paper.
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Fig. 1. Two different models for fault displacement
versus time. a) Clustering of events separated by a
quiescence period. b) Regular recurrence of slip
events. A dashed line indicates the average slip rate
over tens of thousands of years, a dotted line the av-
erage slip rate during clusters of events. In both
models seismic slip is in one single direction, and
short-term slip rate (measured between two events
or two clusterings of events) equals the long-term,
average slip rate (after Wallace, 1987). These models
were inspired by the San Andreas Fault and in-
traplate faults in the Western United States. The pat-
tern of permanent deformation in each earthquake
cycle is, however, similar to that observed in other
environments and other type of data (e.g., coastal
uplifts near major trenches; see Shimazaki and
Nakata, 1980; Thatcher, 1984).
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2. The uplift history of SW Crete

2.1. Tectonic background

Crete, especially its western part, lies
close to the Hellenic Trench. More precisely, a
more than 2 km deep bathymetric escarpment
defining the northern margin of this Trench
is about 30 km away from the Cretan coasts
(fig. 2). This bathymetric escarpment probably
indicates a major reverse fault zone (Angelier,
1979; Taymaz et al., 1990) and is likely to con-
trol the geomorphological and tectonic evolu-
tion of the island. The most important aspect of
this evolution is probably the tectonic uplift of
the island, of the order of 2-3 km in the last
13 my. Uplift is still active, for Late Pleisto-
cene sediments and fossil shorelines have been
found at the height of a few tens of meters
(Angelier, 1979; Pirazzoli, 1986a).

On land, normal faults dominate in the neo-
tectonic period. The western part of the island,
however, seems to behave as a rather rigid
block (fig. 2); a result consistent with the pat-
tern of Late Holocene uplifts in West Crete
(see fig. 3).

2.2. Fossil shorelines

A number of fossil shorelines can be ob-
served along the SW part of Crete (fig. 4).
They reach the height of about 9 m in the SW
corner of the island, but their elevation dimin-
ishes to the east, and disappears about 100 km
away (fig. 3)

Since these fossil shorelines correlate with
ancient ruins, they have been dated to the his-
torical period (Spratt, 1865; Raulin, 1869;
Flemming, 1978). Hafemann (1965) based on a
number of radiocarbon dates estimated that the
uplift of this part of the island occurred after
1685 B.P., while Flemming (1978), based on a
study of notches and coastal archaeological re-
mains, concluded that it can be analyzed to 14
uniformly distributed steps that occurred in the
last 1500 years. On the contrary, other work-
ers, including Keraudren (1971), interpreted
the Holocene raised shorelines of SW Crete as
remains of a mid-Holocene («Versilian») sea-
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Fig. 2. Structural map of the area around Crete, sim
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Fig. 3. Contours of the highest Holocene shorelin
1550 B.P. (after Kelletat, 1991).
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Fig. 4. Ripple notches at Sougia (the site where 6 m isolines of fig. 3 cut the south coast of Crete).

level highstand higher than present; an hypothe-
sis, however, subsequently abandoned by most
workers (Keraudren, 1979).

More recently, Thommeret et al. (1981),
Pirazzoli et al. (1982; 1992; 1996a), Pirazzoli
(1986a) and Kelletat (1991), based on inte-
grated geomorphological and biological studies
and numerous radiocarbon datings, showed
that:

i) at least 11 raised parallel ripple notches
(fig. 4), obviously relics of fossil shorelines,
can be traced along the nearly tideless coast of
the western part of Crete. These ripple notches
are products of marine bio-erosion at sea level,
and bear traces of marine erosion and deposi-
tion. From their dimensions (a few centimetres
deep), it can be concluded that they were
formed during periods of relative sea level sta-
bility, at least 100-150 years long (Pirazzoli,
1986b). This estimate is consistent with that
deduced from the ratio of the length of the pe-
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riod during which the notches were formed and
their number, i.e., ca. 200-250 years;

ii) these fossil shorelines define a tilted
band, about 2 m wide, which reaches its maxi-
mum height, about 9 m, at the SW edge of the
island, and disappears about 100 km to the east
(fig. 3);

iii) ripple notches are a product of marine
bio-erosion at the time when sea level was at
their middle. In the study area, signs of marine
erosion and deposition can be observed even at
their higher parts. These signs of bio-erosion
postdate the notch formation and are more in-
tense at the lowermost notches, but are absent
in the uppermost notch. This most likely indi-
cates that ripple notches in SW Crete were
submerged after their formation for a period
increasing in time as their elevation dimin-
ishes; a result confirmed by numerous, consis-
tent radiometric datings showing that the up-
permost shoreline is the youngest (ca. 1500
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years old) and the lowermost one the oldest
(ca. 4000 years old). The ages of the interme-
diate shorelines are roughly speaking uni-
formly distributed between these two dates, with
an average spacing of approximately 250 years;

iv) the examined ripple notches are discon-
tinuous, and only some of them (usually 3 to 4,
but occasionally 2 to 9) can be observed in each
site; they were probably formed and preserved
where lithological conditions were favourable.
However, from geomorphological and biological
correlations and radiometric datings, these fossil
shorelines seem to be laterally continuous along
the whole coast of West Crete;

v) the sharp profile of ripple notches indi-
cates that the passage from one notch to the
other was rapid enough, otherwise their traces
would have been obliterated (fig. 5a,b). Espe-
cially the last, major phase of uplift was ex-
tremely rapid, conspicuously seismic, so that
some very fragile marine organisms of the in-
fralittoral zone were not exposed to bio-erosion
of the midlittoral zone, and have been pre-

\ \
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Fig. 5a,b. a) Ripple notches are formed when short
periods of relative sea level stability alternate with
episodic changes in the sea level. b) On the con-
trary, in the case of gradual relative change of the
sea level the signs of individual shorelines are oblit-
erated (after Pirazzoli, 1986b, simplified).
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2.3. Kinematic interpretation

The available data and results discussed
above can be used to reconstruct the sequence
of relative sea level changes in SW Crete: be-
tween 4000 and 1550 B.P. about 11 small 25
cm on the average) relative subsidence move-
ments following short (250 years on the aver-
age) (relative) stillstands of the sea level oc-
curred; it is during these (relative) stillstands
that the ripple notches were excavated. At
around 1550 B.P., the part of the coast that was
previously (relatively) subsiding was (rela-
tively) uplifted by up to 9 m and tilted. Since
then, no significant (relative) sea level changes
have been identified.

This scenario is diagramatically shown in
fig. 6, which summarizes the kinematic history
of the oldest notch assuming a fixed sea level.
Does this graph simply reflect sea level fluctu-
ations, or it may also have a certain palaeo-
seismic significance? We try to provide an
answer to this question in the following para-
graph.

2.4. Effect of possible sea level ﬂuciuations

Various lines of evidence indicate that the
sea level was stabilized at approximately its
present position by ca. 6000 B.P. (Chappel and
Pollack, 1991; Flemming, 1978; Pirazzoli et
al., 1989; Ota et al., 1993), and any climatic
oscillations in the last 4000 years do not ex-
ceed the amount of a fraction of a meter, or the
rate of 0.20 mm/yr. For instance, from the
study of about 160 different sites in the
Aegean, SW Turkey and Cyprus showing rela-
tive land subsidence, uplift or stability, Flem-
ming (1978) estimated a rate of relative
sealevel rise of 0.14+1.05 mm/yr (see fig. 7).
Since most of the observations of relative land
subsidence come from margins of actively ex-
tending basins, it is quite reasonable to assign
at least a major part of this small relative land
subsidence to tectonic effects.

Consequently, the hypothesis of a nearly sta-
ble sea level during the last 4000 years assumed
in fig. 6 is reasonable. Yet, a more detailed study



Stathis C. Stiros

T T T
L 6m |
5, =7
2Q
B Peloponnests @ 4
1)
bKithira Theéta <
- o Antikithira Aegean Sea 4 -
c.1550BP
r uplift 7]
| | Moni Chrysoskalitisas 2
50km
| sea level o
1.
St
L.—_l_L_..

L -2

4kaBP 2 0

1 | 1 1 1

Fig. 6. Uplift history of the oldest (lowermost) notch at Moni Chrisoskalitisas, assuming a fixed sea-level.
Based on data from Thommeret et al. (1981) and Pirazzoli et al. (1982).
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of the impact of possible sea level fluctuations on
the coastal evolution of Crete is necessary.

The best approach is to examine which pos-
sible sea level change models and under which
circumstances could produce the graph of fig. 6.
These models must be based on the assump-

Fig. 7. Frequency of occurrence of sites showing
rate of uplift or submergence relative to present sea
level in the Aegean and and the Eastern Mediter-
ranean, after Flemming (1978). Skewness of the his-
togram towards submergence is smaller than ex-
pected, for most sites are in an actively extending
environment, where tectonic subsidence is expected.
New data on Holocene sea level changes to be re-
ported elsewhere support Flemming’s conclusions.
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tion that the short (150-250 years long) periods
of relative sea level stability, necessary for the
formation of notches, were uniformly dis-
tributed in time and were followed by periods
of relative sea level rise, during which notches
were drowned.

Two endpoint hypotheses for the sea level
rise are examined herein. According to the first
hypothesis, the rate of sea level rise was con-
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Fig. 8. A scenario for the explanation of the ob-
served relative sea level changes in West Crete,
based on the hypothesis of a constantly rising sea-
level and an intermittently rising land. Four notches
are formed during periods of relative sea level sta-
bility (land and sea level are both rising with the
same rate), but during periods of no land uplift, the
uppermost notch is submerged. Notches shown with
an average spacing of 25 cm and 250 years, values
similar to those in Crete.
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stant until 1550 B.P., and then sea level stabi-
lized. The second one assumes that no tectonic
movement between 4000 and 1550 B.P. oc-
curred, and the observed ripple notches are
simply an artifact of sea level fluctuations. For
simplicity, these two alternative hypotheses are
shown in graph form and for a period of 1000
years in figs. 8 and 9. Each figure shows hypo-
thetical graphs of land uplift and sea level rise,
the cumulative result of which is the graph of
observed relative sea level changes. The vari-
ables in the graphs in both figures were calcu-
lated on the basis of the constraints analyzed
above.

Neither of these two endpoint hypotheses
can explain the observed sea level changes: the
first hypothesis (fig. 8) requires an unrealistic
amplitude of sea level rise in the period 4000-
1500 B.P. (5 m for 2500 years or 2 m every
1000 years), and it implies a complicated pat-
tern of tectonic motions for which there is no
easy reasonable explanation.

The second hypothesis also requires an un-
realistic amplitude of sea level rise (2.5 m in
2500 years, or 1 m in 1000 years), and a pat-
tern of sea level rise (fig. 9) for which no ex-
planation can be proposed. Furthermore, both
hypotheses assume a gradual, and not a rapid
subsidence of the notches, and this is at vari-
ance with the notch profiles indicating rapid
subsidences (fig. 5; Pirazzoli, 1986b; Pirazzoli
et al., 1996b). Consequently, both these two
endpoint hypotheses, as well as any other com-
bination between them should be excluded as a
possible interpretation for the pattern of ob-
served relative sea level changes in West Crete.
Hence, we may conclude that the latter, as
shown in fig. 6, primarily reflect tectonic
movements. Since these movements were
rapid, they conspicuously reflect palacoseismic
events.

2.5. Individual seismic uplifts or overlapping
uplifted segments?

As has been mentioned above, notches in
West Crete are discontinuous, and only some
of them can be observed in each site. Further-
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Fig. 9. A second scenario for the explanation of the
uplift history of West Crete, based on the hypothesis
of no land uplift and an intermittently rising sea
level in the period of formation of four hypothetical
notches.

more, since datable material can only rarely be
identified, the available radiocarbon datings do
not determine the precise uplift history of each
coastal segment. Yet, based on geomorphologi-
cal and biological criteria, a correlation be-
tween raised shorelines was made, and was
confirmed by radiocarbon datings (Pirazzoli et
al., 1982, 1996a).

Hence, within the accuracy of numerous,
carefully made radiocarbon analyses, the ob-
served uplifted coastal segments seem to corre-
spond to a number of events that affected the
whole study area; this indicates that the possi-
bility of each coastal segment having a differ-
ent uplift history, and some of the observed
fossil shorelines reflecting overlapping adja-
cent segments of uplifted shorelines should be
rejected.
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3. Palaeoseismic implications

The evidence discussed above indicates that
tectonic motions responsible for the observed
relative sea level changes in SW Crete were
rapid, most likely seismic. Fossil shorelines in
this part of the island can therefore be regarded
as a record of at least 11 successive palaeoseis-
mic events. Most of the latter were associated
with small-amplitude vertical motions, 25 cm
of coastal subsidence on the average, and seem
to have affected only the southwestern part of
the island, as well as the adjacent Antikythira
island. The palaeoseismic event at around 1550
B.P., on the contrary, was associated with up-
lift with an amplitude varying between 0-9 m
(fig. 3). This last event seems to correlate with
seismic destruction observed in several archae-
ological sites in Crete in ca. A.D. 360 and
some vague historical reports of a great earth-
quake in A.D. 365; it also correlates with
events associated with coastal uplifts in an East
Mediterranecan-wide scale (Pirazzoli, 1986a;
Pirazzoli et al., 1996a).

The palacoseismic events in Crete can
therefore be divided into two different groups.
A group of earthquakes producing relatively
small subsidence was followed by a strong
earthquake producing uplift and tilting, while
subsequently, no earthquake producing coastal
changes occurred. This seismic history is re-
markable, and it recalls the theory of the earth-
quake cycle first documented by Fedotov
(1968) for the great trench earthquakes in the
western Pacific: a great earthquake is followed
by a period of seismic quiescence, and then by
a period of increased seismic activity to the
time of the next great earthquake. Yet, the case
of Crete is even more remarkable, as will be
explained in the following.

4. Discussion

4.1. The earthquake cycle in Crete
and elsewhere

Studies in different (plate boundaries-in-
traplate) environments reveal that if the source
of stress is constant, the process of strain
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buildup and release through earthquakes is
cyclic and repetitive, and is usually described
as the earthquake cycle. Each individual cycle
is associated with relatively small crustal de-
formations (fault offsets in a strike slip fault,
coastal uplift in the vicinity of a trench, etc.;
Shimazaki and Nakata, 1980; Thatcher, 1984:
Schwarz and Coppersmith, 1984; Wallace,
1987) which accumulate after each earthquake
to create geological structures (e.g., Valensise
and Ward, 1991).

According to one of the simplest and most
popular models, major faults slip either at reg-
ular time intervals, or during clusterings of
earthquakes separated by relatively long inter-
vals of seismic quiescence (fig. 1). The basic
characteristics of all these models are first, that
the short-term deformation rate (rate between
two successive major events, or clusterings of
events) is constant and equal to the long-term
deformation rate. Second, at any specific point
seismic deformation is uni-directional (e.g., al-
ways uplift).

For instance, in the characteristic earth-
quake model, originally developed in the San
Andreas and the Wasatch Faults in the USA, at
a point the amount of displacement during suc-
cessive surface faulting earthquakes remains
essentially constant (Schwarz and Copper-
smith, 1984); in the time-predictable model,
originally developed from observations of re-
peated coastal uplifts in Japan, the amount of
vertical uplifts in each earthquake tends to cor-
relate with the time that subsequently elapsed
until the next event (Shimazaki and Nakata,
1980).

The uplift history of Crete discussed above
(fig. 6) is certainly different from that de-
scribed by the models of fig. 1 in two as-
pects.

First, it involves earthquakes that produce
both seismic uplifts and subsidences.

Second, uplift rates are not constant: be-
tween 4000 B.P. and 1500 B.P. the trend dif-
fers from that after 1500 B.P., or the trend
since 4000 B.P. (see fig. 6).

Certainly, the deformation pattern associ-
ated with earthquake cycles in single intraplate
faults is rather simple, while near major
trenches it is more complex; factors influenc-
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ing it vary spatially and observations of slip
are necessarily indirect. Consequently, in such
cases, departure from the idealized behaviour
sketched in fig. 1 is not atypical (Thatcher,
1984).

In the case of West Crete, however, the
available data certainly do not permit a recon-
struction of each earthquake cycle with much
detail, but record the permanent deformation
associated with each of the twelve seismic
events. It is therefore clear that the case of
Crete cannot be regarded as an «atypical de-
parture from an idealized model», but a partic-
ular behaviour.

4.2. Possible explanations

The basic assumption for the idealized be-
haviour earthquake cycle of fig. 1 is that the
rate of application and source of stress is con-
stant. The deviation of West Crete from this
idealized behaviour may therefore indicate that
this assumption may not be valid. In an area
with a complicated tectonic fabric and history
such as Crete, this may be a possibility.

Another alternative explanation is that ma-
jor thrusting events producing up to 9 m uplifts
have long recurrence intervals, but during the
interseismic (or better the preseismic) period,
smaller earthquakes, reflecting internal defor-
mation of the hanging wall (i.e., the uplifting
block) of the major thrust zone may produce
small stepped subsidences (compare with
Fedotov, 1968; Savage and Prescott, 1978).

A third alternative is that the observed pat-
tern of uplift reflects the superimposition of
two different earthquake cycles (see Savage
and Prescott, 1978). Slip on a thrust fault re-
sults in uplift of its hanging wall and subsi-
dence of its footwall. If a second parallel and
homothetic thrust cutting through the hanging
wall of this first fault moves, some subsidence
is expected at the area that was uplifted during
the first earthquake. This hypothesis, however,
requires a clustering of earthquakes at one
fault, separated by a rather long quiescence in-
terval, the beginning of which coincides with
the reactivation of a second, major fault.
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However, for lack of data, all the above
possible explanations for the particularities of
the uplift history of Crete are only specula-
tions.

4.3. Parallels for the uplift of Crete

The remaining question is: is the case of
SW Crete unique, or do there exist other cases
of seismic deformation, not consistent with the
models of fig. 1? It is true that to date, no such
information exists in the literature. Recently,
however, K. Sieh et al., based on the study of
growth of corals, documented stepped uplifts
and subsidences in Sipora Island (Sumatra, In-
donesia) in a period of 200 years (K. Sieh, oral
presentation, 1995).

It is therefore likely that the sequence of up-
lifts and subsidences in Crete, testifying to an
unusual pattern of earthquake cycle in Greece,
or simply of Crete, may not be a privilege of
this area at all. For instance, the uplifted and
submerged notches in the NE coast of Euboea,
central Greece (Stiros et al., 1992) may testify
to a similar, still rather unexplained and com-
plicated tectonic situation.
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