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Introduction

Although the overall relationship bet-
ween active faults and plate tectonics
in Greece and Turkey is now relatively
well understood (Armijo et al., 1996,
1999; Reilinger et al., 1997; McClusky
et al., 2000), the long-term slip-rates
of many faults and their seismic his-
tory are poorly known (Collier et al.,
1998). The Gulf of Corinth, a 130-km-
long, E–W-orientated, north-dipping
half-graben, is one of the most exten-
sively studied features in Greece. GPS
data (e.g. Briole et al., 2000) and
morphological studies (e.g. Armijo
et al., 1996) show that it is one of
the most active extending regions
of the world, with an opening rate of
8–14 mm yr)1. This fast rate started
about 1 Ma and appears to be related
to the SW propagation of the North
Anatolian Fault into the Aegean
(Armijo et al., 1999).
Detail, however, is lacking. While

antithetic faulting of the downward
flexed hanging-wall of the northern
side of the Gulf is no more than 10%
of the major faults on the southern
side, total throws of many hundreds

of metres are common (Armijo et al.,
1996). Recent activity of those faults is
generally expressed by clear limestone
scarps that apparently result from
successive earthquakes. Armijo et al.
(1992) have suggested that these
escarpments are generally the result
of post-glacial fault slip while other
workers interpret them as erosional
features. In the absence of datable
indicators, it has been impossible to
resolve this controversy.
Exposure age dating based on the

abundances of cosmogenic isotopes in
exhumed earthquake scarps now pro-
vides a method for determining earth-
quake time-slip histories and slip-rates
(cf. Zreda and Noller, 1998; Gran
Mitchell et al., 20011 ; Benedetti et al.,
2002). In 1981, a sequence of three
earthquakes with magnitudes greater
than 6 struck the area of the eastern
Gulf of Corinth. (Fig. 1; Jackson
et al., 1982; King et al., 1985). The
first two events occurred during the
night of 4 February at 20:53 h and of
25 February at 02:35 h, and the third
one 7 days later, 4 March at 21:58 h.
Their magnitudes were M ¼ 6.7, 6.4
and 6.4 (USGS), respectively (Fig. 1).
The Kaparelli fault, an antithetic fault
on the north side of the Gulf of
Corinth, hosted the third event of this
sequence. We have applied 36Cl cos-
mic ray exposure dating to the lime-
stone scarp that characterizes the
recent movement of this fault.

The Kaparelli fault

The first two events of the 1981
sequence occurred on the north-
dipping Alepohori and Pisia faults
bounding the Alkyonides Gulf
(Fig. 1). All three events were associ-
ated with surface breaks (Jackson
et al., 1982; Hubert et al., 1996).
Those for Kaparelli occurred on two
segments, each about 5 km long
(Kaparelli-east and Kaparelli-west).
The Kaparelli-east segment lies

along the southern edge of a small
(385 m asl) E–W-elongated hill north
of the Livadostras river. The hill slope
is a smooth erosion surface composed
of Mezosoic limestones and conglom-
erates. The long-term activity of this
fault segment is expressed by the
presence of multiple fresh scarps that
cut the limestone bedrock and con-
glomerates. The main scarp segment,
continuous for about 4 km, is steep,
68–75�, and exhibits slickensides in
places (Fig. 2). The maximum height
of the scarp is 4–5 m, progressively
decreasing towards both extremities.
Except near active gullies, there is no
evidence for erosion or deposition on
the hanging-wall since the scarp began
to form (Fig. 2). The freshness of the
Kaparelli scarp suggests that move-
ment on the fault prior to the 1981
event is recent, probably post-glacial
(Armijo et al., 1992; Giraudi, 1995;
Benedetti et al., 2002).
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Along the Kaparelli-west segment,
there was a scarp prior to the 1981
event. Since its maximum height is no
more than 1 m, this part of the fault

could not have hosted more than one
or at the most two earlier events.
The Livadostras fault (inactive in

1981), on the other hand, forms an

escarpment up to 400 m high. It lies
north of the Livadostras River and
constitutes an important feature that
controls the morphology of the area.
The Livadostras River forms a water-
fall and incises bedrock and soft
Quaternary sediments before reaching
the Gulf of Alkyonides (Zamani et al.,
1981). Jackson et al. (1982) suggested
that this dramatic rejuvenation of the
river has resulted from recent motion
on the Livadostras fault. The presence
of �wineglass� canyons also suggests
that this fault has been active recently
(Armijo et al., 1992, 1996)2 .

36Cl production on the Kaparelli
limestone fault scarp

We have used 36Cl cosmic ray expo-
sure dating to assess the earthquake
slip history of the Kaparelli fault by
determining exposure ages as a func-
tion of height on the cumulative scarp
(cf. Zreda and Noller, 1998; Gran
Mitchell et al., 2001; Benedetti et al.,
2002). 36Cl is produced primarily
through interactions of cosmic ray
secondary neutrons and muons with
Ca in the scarp limestone (CaCO3)
(Stone et al., 1996). The production
rate decreases exponentially with
depth and 36Cl thus mostly accumu-
lates after the scarp has been exhumed
(Fig. 3). On an active fault, each new
earthquake exposes a new section of
scarp. The amount of 36Cl in the scarp

Fig. 1 Map of the epicentral region of the 1981 Gulf of Corinth earthquake sequence,
modified from Hubert et al. (1996). Quaternary faults are in red, with the ones known
to have moved in 1981 indicated by bold lines. Earthquake fault plane solutions are
from Harvard (http://www.seismology.harvard.edu/data/).

Fig. 2 The southern segment of the Kaparelli fault with pictures of sampling sites. Note that sampling sites were chosen at
sufficient distance from the alluvial fan to avoid any erosion or deposition at the base of the scarp. Samples are 15–20 cm wide, less
than 2.5 cm deep. They were divided into 10-cm blocks for measurement.
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is the sum of 36Cl accumulated at
depth, before the earthquake, and 36Cl
accumulated after the earthquake,
when the scarp is exposed above the
surface (Fig. 3c). Since the upper parts
of the scarp have been exposed longest
they have the highest 36Cl concentra-
tions. Concentrations decrease toward
the base of the scarp.
Continuous 20-cm-wide sample pro-

files were collected at two locations,
10 m apart along the fault (Fig. 2). The
continuous samples were divided into
10-cm sections for analysis. The 36Cl
and chloride concentration in the car-
bonate was determined for 80 subsam-
ples by isotope dilution accelerator
mass spectrometry at the Lawrence
Livermore National Laboratory
CAMS facility (Table 1).
We compare the data to synthetic

36Cl profiles calculated for different
faulting scenarios. In these calcula-

tions we included all sources of pro-
duction: energetic neutrons, negative
muon capture, capture of secondary
neutrons produced by muon capture,
fast muon reactions and U ⁄Th fission
(Stone et al., 1998). We have assumed
that no significant erosion or depos-
ition has occurred on the hanging-wall
during faulting.
To model accurately the accumula-

tion of 36Cl during faulting, we need
to estimate the initial 36Cl abundance
as a function of depth prior to dis-
placement on the fault. The footwall
of the scarp consists of Mesozoic
limestone that had been exposed and
eroded for several millions of years
prior to any movement on the fault.
About a few hundred thousand years
is required for a surface to reach
steady-state, the exact value depend-
ing on the erosion rate, equilibrium
(Fig. 3b) between the amount of 36Cl

produced and the loss by a combina-
tion of decay and erosion (Lal, 1991).
The amount of 36Cl accumulated on
the footwall surface can be used to
estimate the erosion rate of the faulted
surface (Fig. 3b, Lal, 1991). Lacking
this information, we used the 36Cl
concentration of a sample collected
near the top of the scarp. The 36Cl
concentration in this sample is a lower
limit to that of a sample from the
upper surface. The erosion rate
obtained is about 8 m Myr)1

(Fig. 3b); this value is a maximum
bound for the erosion rate experienced
by the footwall surface. The model
therefore assumes that prior to fault-
ing the surface was steadily eroding
with an erosion rate of 8 m Myr)1.
The attenuation length for cosmic

rays depends upon the density of the
target material (Lal, 1991). The higher
the density is, the greater is the

Fig. 3 a. 36Cl production as a function of depth and time from Lal (1991). b. Determination of the erosion rate experienced by
the footwall prior to exhumation of the scarp, during glacial conditions. The footwall surface is at steady state. An erosion rate
of 8 m Myr)1 yields a steady-state profile with 36Cl concentrations of surface samples in agreement with the one collected at the
top of the scarp. c. Synthetic profiles for a scarp created by two earthquakes with 4 m of slip each at 5000-year intervals. At
sea level and high latitude the 36Cl production rate by fast neutrons is 48.8 ± 3.4 atoms gCa)1 yr)1 and by muons is
2.1 ± 0.4 atoms gCa)1 yr)1 (Stone et al., 1996, 1998). Site latitude and altitude are 38�22¢N and 236 m. Scaling factors for
36Cl production by neutrons and muons are 1.1388 and 1.0264, respectively, derived from Stone et al. (1996, 1998) and
references therein. Dip of the fault is 70�S. Self-shielding by the scarp face is 0.61.
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Table 1 Accelerator mass spectrometry measurements and chemical composition of samples. Blanks had consistently low
36Cl ⁄ 37Cl ratios (2 · 10)14)8 · 10)15) compared to the measured sample ratios (1 · 10)12)6 · 10)13). Replicates for 36Cl ⁄g of rock
reproduces within less than 3%. 36Cl measurements were standardized relative to an NIST 36Cl standard

Sample name Height (cm) mrock (g) [Cl] p.p.m. 36Cl/37Cl in rock ± 36Cl/g of rock ±

K1-3 38 36.5 19.8 6.4E-13 2.3E-14 2.6E + 05 9.4E + 03

K1-4 51 37.3 20.0 6.6E-13 2.6E-14 2.6E + 05 1.0E + 04

K1-5 62 37.0 23.4 6.9E-13 1.4E-14 2.8E + 05 5.9E + 03

K1-6 71 37.0 22.3 7.4E-13 1.8E-14 3.0E + 05 7.1E + 03

K1-7 81 36.5 22.7 7.4E-13 1.8E-14 3.2E + 05 7.9E + 03

K1-8 91 38.0 23.9 7.4E-13 1.8E-14 3.1E + 05 7.5E + 03

K1-9 101 33.1 21.2 7.5E-13 1.8E-14 3.3E + 05 7.9E + 03

K1-10 111 34.9 20.3 7.6E-13 1.8E-14 3.2E + 05 7.7E + 03

K1-11 121 36.7 21.9 8.6E-13 2.4E-14 3.3E + 05 9.6E + 03

K1-12 131 35.8 22.7 7.8E-13 3.4E-14 3.3E + 05 1.4E + 04

K1-13 141 36.2 30.2 7.4E-13 2.6E-14 3.5E + 05 1.2E + 04

K1-14 152 35.4 25.2 7.9E-13 2.5E-14 3.5E + 05 1.1E + 04

K1-15 162 38.3 20.5 9.9E-13 2.3E-14 3.8E + 05 9.1E + 03

K1-16 172 34.9 22.7 9.0E-13 2.1E-14 3.9E + 05 9.3E + 03

K1-17 185 36.6 24.3 9.7E-13 2.3E-14 4.1E + 05 9.7E + 03

K1-20 215 36.7 28.4 9.9E-13 2.4E-14 4.5E + 05 1.1E + 04

K1-21 226 39.8 28.0 1.1E-12 2.6E-14 4.5E + 05 1.1E + 04

K1-22 235 39.1 30.0 1.1E-12 2.5E-14 4.8E + 05 1.1E + 04

K1-23 245 32.9 31.0 9.9E-13 2.5E-14 5.0E + 05 1.3E + 04

K1–23B 245 24.0 32.7 7.4E-13 1.6E-14 4.8E + 05 1.1E + 04

K1–23C 245 16.4 34.3 5.3E-13 1.2E-14 4.7E + 05 1.1E + 04

K1-24 256 34.0 31.7 1.0E-12 2.2E-14 5.2E + 05 1.3E + 04

K1-25 265 35.5 32.7 1.1E-12 2.2E-14 5.2E + 05 1.2E + 04

K1-26 276 33.9 31.9 1.2E-12 3.9E-14 5.6E + 05 1.9E + 04

K1-27 289 36.2 33.0 1.2E-12 2.6E-14 5.5E + 05 1.4E + 04

K1-28 299 37.4 34.5 1.2E-12 2.7E-14 5.8E + 05 1.6E + 04

K1-29 309 34.9 29.4 1.3E-12 2.7E-14 6.1E + 05 1.3E + 04

K1-30 320 37.8 32.7 1.4E-12 3.2E-14 6.1E + 05 1.4E + 04

K1-31 329 32.9 33.8 1.3E-12 2.8E-14 6.6E + 05 1.4E + 04

K1-33 350 34.0 33.6 1.5E-12 3.2E-14 7.1E + 05 1.5E + 04

K1-34 15 35.9 26.4 6.1E-13 1.5E-14 2.7E + 05 6.5E + 03

K1-35 4 29.3 21.9 5.0E-13 1.0E-14 2.5E + 05 5.3E + 03

K6-2 25 40.1 18.7 7.5E-13 2.3E-14 2.4E + 05 7.2E + 03

K6-3 34 40.4 14.5 7.2E-13 1.8E-14 2.3E + 05 5.5E + 03

K6-4 44 39.1 18.5 6.7E-13 1.9E-14 2.2E + 05 6.3E + 03

K6-5 55 30.8 21.1 5.8E-13 1.9E-14 2.4E + 05 8.0E + 03

K6-7 75 37.5 17.7 6.5E-13 1.6E-14 2.4E + 05 5.9E + 03

K6-8 85 38.9 19.6 7.4E-13 1.8E-14 2.5E + 05 6.1E + 03

K6-9 95 38.3 18.3 6.8E-13 1.7E-14 2.5E + 05 6.4E + 03

K6-10 105 31.3 17.4 6.4E-13 1.7E-14 2.5E + 05 6.7E + 03

K6-12 125 34.8 19.1 7.8E-13 1.9E-14 2.8E + 05 7.1E + 03

K6-14 145 36.7 15.8 8.1E-13 2.0E-14 2.8E + 05 7.1E + 03

K6-15 155 33.3 21.9 7.7E-13 2.6E-14 3.1E + 05 1.0E + 04

K6-16 165 27.0 17.6 6.4E-13 1.6E-14 3.0E + 05 7.9E + 03

K6-18 185 34.9 19.7 8.6E-13 2.2E-14 3.2E + 05 8.1E + 03

K6-20 205 41.1 19.4 1.0E-12 4.3E-14 3.4E + 05 1.5E + 04

K6-21 215 41.4 20.8 9.8E-13 2.4E-14 3.3E + 05 8.2E + 03

K6-22 225 33.5 26.4 8.9E-13 2.3E-14 3.7E + 05 9.8E + 03

K6-23 236 40.2 21.5 1.1E-12 2.8E-14 3.7E + 05 8.8E + 03

K6-24 245 18.8 22.6 6.4E-13 1.6E-14 4.1E + 05 1.0E + 04

K6-25 255 41.7 21.7 1.2E-12 3.0E-14 4.0E + 05 9.9E + 03

K6-27 277 30.4 21.4 1.1E-12 2.6E-14 4.6E + 05 1.2E + 04

K6-28 288 31.6 22.2 1.2E-12 2.9E-14 4.5E + 05 1.1E + 04

K6-29 297 33.2 23.3 1.2E-12 2.9E-14 4.6E + 05 1.2E + 04

K6-30 307 36.4 24.6 1.3E-12 3.1E-14 4.6E + 05 1.1E + 04

K6-31 317 36.5 19.6 1.4E-12 3.4E-14 4.9E + 05 1.2E + 04

K6-34 348 35.6 33.9 1.4E-12 3.5E-14 6.0E + 05 1.5E + 04

K6-35 358 33.8 27.2 1.3E-12 3.4E-14 5.6E + 05 1.4E + 04

K6-36 368 36.7 38.9 1.5E-12 5.2E-14 6.9E + 05 2.4E + 04
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attenuation of cosmic rays and the
lower the 36Cl production at depth
(Fig. 3a). At our sampling sites, the
footwall and the hanging-wall of the
scarp are of two different bulk densi-
ties. The footwall is composed of
limestone, with a density of
2.7 g cm)3 (Gosse and Philllips,
2001). The hanging-wall consists
mainly of fluvial fan deposits
(Fig. 2), with a lower density. To our
knowledge, there are no precise esti-
mates of the bulk density of fluvial
sediments. The density of soil, about
2 g cm)3 (e.g. Gosse and Philllips,
2001), is a lower limit to this value.
In our calculations we varied the
hanging-wall density between 2.1 and
2.7 g cm)3.

Seismic history of the Kaparelli

The 36Cl concentrations measured on
the scarp are high (> 2 · 105 atoms
per gram of rock). This suggests that
sections of the scarp have been ex-
posed for a long time. The 36Cl
concentrations at K1 and K2 are
homologous with two clear disconti-
nuities in the profile and one discon-
tinuity that is less well defined
(Fig. 4a). These discontinuities are
observed at the same 36Cl concentra-
tion – equivalent to age – on both
profiles. This suggests that these dis-
continuities are not caused by ero-
sional or depositional processes but by
a mechanism that has affected the
whole fault in the same way. We
associate these discontinuities with
earthquake faulting.
The two profiles were modelled

independently. We tested both uni-
form uplift and individual earthquake
models. Uniform uplift rate models
yield RMS deviations that are twice
those obtained for models that incor-
porate individual earthquakes (inset
Fig. 4).
The best fit is obtained with three

events of the same ages at both sites
(RMS of 4–5% at K1 and K2 inde-
pendently from the input density).

Table 1 (Continued)

Sample name Height (cm) mrock (g) [Cl] p.p.m. 36Cl/37Cl in rock ± 36Cl/g of rock ±

K6-37 378 34.8 26.9 1.7E-12 4.0E-14 6.8E + 05 1.6E + 04

K6-38 388 34.8 24.3 1.7E-12 4.1E-14 7.0E + 05 1.7E + 04

K6-39 398 34.5 30.4 1.6E-12 3.2E-14 7.1E + 05 1.4E + 04

K6-42 428 22.7 33.5 1.4E-12 3.3E-14 9.2E + 05 2.2E + 04

Fig. 4 The 36Cl data and the models. a. 36Cl concentrations per gram of rock for each
sample with error, blue is K2 and red K1. Arrows show discontinuities in the profile
that we associated with individual earthquake events. Calcium content in the samples4

was measured by Atomic absorption spectrometry and was found similar in most of
the samples with mCa ⁄mrock ¼ 0.39 ± 0.01. The contents of the other chemical
elements (K, Mg, U, Th, B) were measured every 20 cm on the scarp at both sites by
XRAL laboratories, Canada. b. The models. Lines are synthetic profiles for density of
2.1, 2.3, 2.5 and 2.7 g cm)3, from clear green to dark green, respectively. Inset: model
with a uniform uplift rate of 0.2 mm yr)1 yields RMS of 12% at both sites. Three
earthquakes fit both sites with 4–5% RMS. c. Time per slip of event deduced from the
models.
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Although models with other earth-
quake times and slip amplitudes yield
similar RMS values, we consider the
model presented in Fig. 4(b) to be
the best fit because it is the only
model that (1) yields the same ages for
the earthquake events at both sites,
(2) is in agreement with the 1981 slip
observations (Jackson et al., 1982)
and (3) yields reasonable values for
the slip of the earlier events (Scholz,
1982).
Our synthetic profiles yield lower

36Cl concentrations at the base of the
scarp than those we observed. This
discrepancy is probably due to sim-
plifications inherent to the model such
as our consideration of only vertically
penetrating muons as the source of
36Cl production by negative muon
capture (Stone et al., 1998).
Varying the hanging-wall density

does not affect the quality of the fit;
RMS values are similar for any den-
sity between 2.1 and 2.7 g cm)3. How-
ever, the higher the density, the older
are the modelled ages. For example,
with a hanging-wall density of
2.7 g cm)3, the model age for the
oldest event is 23 ka whereas a density
of 2.1 g cm)3 yields an age of 17 ka.
Since we cannot determine which
density better fits the data, we have
included this uncertainty in the error
estimate for the model ages.

Discussion and conclusions

Our results give evidence for three
events at both sites at 20 ± 3 ka,
14.5 ± 0.5 ka and 10.5 ± 0.5 ka.
The time intervals between those
events are 3000–9000 years, 4000–
5000 years and 10 000–11 000 years,
respectively. These results suggest that
the Kaparelli fault had remained quiet
for about 10 000 years before the 1981
earthquake.
To our knowledge this is the longest

recurrence time ever demonstrated on
a normal fault and shows that
although normal faults might not
exhibit evidence of recent movement
in the form of offsets of Holocene
deposits (alluvial fan or terraces), they
are capable, nonetheless, of producing
magnitude 6–7 earthquakes. Prior to
the 1981 earthquake, the only evi-
dence for the Quaternary activity of
this fault was the presence of a lime-
stone fault scarp. Many workers have
suggested that similar escarpments in

both Italy and Greece are erosional
features and are not indicators of
potential earthquake hazard. The cur-
rent study, combined with recent
dating of the Sparta escarpment (Ben-
edetti et al., 2002), makes this view
untenable. Direct fault scarp dating
has important consequences for the
way the seismic risk is assessed in the
many parts of the central and eastern
Mediterranean that are composed of
predominantly limestone rocks where
few potential trench sites exist for
palaeoseismological assessment.
The ages in this paper were calcu-

lated using the 36Cl production rates
from Ca of Stone et al. (1998) for all
relevant pathways. Other published
production rates (Swanson and Caf-
fee, 20013 and references therein) are
higher than the Stone et al. value and
would lead to younger ages (by about
20%). Our results therefore confirm
that the Kaparelli scarp is post-glacial,
supporting the hypothesis that similar
scarps elsewhere in the Mediterranean
region are also post-glacial (Benedetti
et al., 2002).
The slip associated with the earlier

events is between 0.6 m and 2.1 m,
more than the � 40 cm of average
displacement observed on this fault-
segment during the 1981 earthquake
(Jackson et al., 1982). The greater slip
suggests that the length of faulting in
previous events was greater (e.g.
Scholz, 1982). The Kaparelli-east fault
does not extend beyond the eastern
extent of the 1981 rupture and the
Kaparelli-west fault does not appear
to extend further to the west. Further-
more, the Kaparelli-west fault has
insufficient total throw to have hosted
earlier large events. It therefore seems
likely that the earlier events were
associated with motion on the Liva-
dostras fault. Together, the Kaparelli-
east fault and the Livadostras fault are
more than 30 km long.
The slip history yields an integrated

slip rate of � 0.2 mm yr)1 which is
about 10% of the rate of the main
north-dipping faults on the southern
side of the Gulf, but about the rate
expected for antithetic faulting (e.g.
Armijo et al., 1996). Antithetic faults
on the northern side of the Gulf of
Corinth and similar faults elsewhere
in the central and eastern Mediterra-
nean are capable of hosting destruc-
tive earthquakes with magnitudes up
to 7.
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