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[1] Using 36Cl cosmic ray exposure dating we obtained

continuous exposure histories for 7–12 m-high limestone

surfaces at two sites (10 km apart) on the Sparta normal fault

scarp. As each major earthquake adds new surface to the

cumulative scarp exposing new material to cosmic-ray

bombardment these exposure histories allow the slip history to

be constrained. The results show that an earthquake occurred on

this fault 2800 ± 300 yr ago. We infer that this is the seismic

event that destroyed ancient Sparta in 464 B.C. Four earlier

earthquakes ruptured the Sparta fault in the last 13 ka with

similar slip amplitudes of about 2 m and with time intervals

ranging from 500 yr to 4500 yr. The observations also confirm

that the Sparta scarp is post-glacial, supporting the hypothesis

that similar scarps elsewhere in the Mediterranean region have a

comparable age. The absence of any event since 464 B.C. could

suggest a future event is imminent. However, the irregularity of

earthquake time intervals could also be due to changes of loading

with important consequences for the mechanics of continental

deformation. INDEX TERMS: 1242 Geodesy and Gravity:

Seismic deformat ions (7205); 1035 Geochemist ry:

Geochronology; 7221 Seismology: Paleoseismology; 7223

Seismology: Seismic hazard assessment and prediction; 7230

Seismology: Seismicity and seismotectonics

1. Introduction

[2] The Sparta fault is located in the southern Peloponnese and
passes less than 5 km west from the city of Sparta. It is part of a
major normal fault system, 150 km or more in length, that
separates the most easterly part of the Peloponnese from the central
part of the peninsula (Figure 1). Near Sparta the fault bounds the
eastern front of the Taygetos Mountains (2409 m), (Figure 2a).
[3] The mountain front shows evidence for uplift throughout the

Quaternary with triangular facets up to 750-m-high sloping
between 20�–40�, wineglass canyons and perched valleys [Armijo
et al., 1991], (Figure 2a). At the base of this escarpment, a
continuous fresh scarp cuts limestone bedrock and indurated
conglomerates. The scarp is nearly continuous with a steepness
of 65–68� and well-preserved slickensides (Figure 2b). The
maximum height of the scarp is 10–12 metres, progressively
decreasing towards the ends. The few local variations are associ-
ated with active streams and in these places hangingwall erosion
causes the scarp to be locally higher. The regularity of the scarp
(see Figure 2a) is powerful evidence that the footwall and hanging-

wall surfaces were originally continuous and the scarp surface
represents fault slip alone. It also suggests that there was no
significant erosion or deposition on the hanging-wall (except near
active gullies) since the scarp began to form.
[4] A number of authors have suggested that numerous well-

preserved limestone escarpments around the eastern Mediterra-
nean, similar to those in Sparta, are post-glacial in age [Armijo
et al., 1992]. The hypothesis is that during the cold and dry
climate that prevailed during the last glaciation [Allen et al.,
1999; Peyron et al., 1998] the slopes were unstable so that free-
faces formed during repeated earthquakes were immediately
buried (Figure 3a). Depositional layering in the hanging-wall,
considered to be associated with this process, can be seen in
many places. At the end of the glaciation, as a consequence of
the wet and warm climate, slopes stabilized and earthquake slip
began to accumulate and to form the present day cumulative
escarpments (Figure 3b). Confirmation of this hypothesis will
facilitate regional correlations throughout the Mediterranean
region greatly enhancing our ability to assess the rates of
Holocene deformation.
[5] Plutarch reports that in 464 B.C. ‘‘a greater earthquake than

any before reported rent the land of the Lacedomonians into many
chasms, shook Taygetos so that sundry peaks were torn away, and
demolished the entire city (of Sparta) with the exception of five
houses’’. Armijo et al. [1991] suggested that the fault described
above was the source of this earthquake. Morphological evidence
at the base of the scarp suggests that the last event had a maximum
slip of 3 m, consistent with a magnitude of about 7.2 [Armijo et al.,
1991].

2. 36Cl Cosmogenic Dating of Limestone Fault
Scarps

[6] We have used 36Cl cosmic ray exposure dating to assess the
earthquake slip history of the Sparta fault by determining exposure
ages as a function of height on the cumulative scarp [cf., Zreda and
Noller, 1998; Gran Mitchell et al., 2001]. 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 is thus mostly accumulated near the surface (Figure 3c). On an
active fault scarp, each new earthquake exposes a new section of
material. The amount of 36Cl on the scarp is the sum of 36Cl
accumulated before the earthquake, at depth, and 36Cl accumulated
after the earthquake, when the scarp is exposed above the surface
(Figures 3b and 3c). Since the upper parts of the scarp will have
been exposed longest they have the highest 36Cl concentrations and
concentrations decrease toward the base.
[7] A continuous 20 cm wide sample was collected at two

locations separated by 10 km. At Anogia the sample extended the
full height of the scarp. At Parori all but the upper 2 meters of the
scarp was sampled. The continuous samples were then divided into
10 cm sections for analysis (Figure 2b). The 36Cl and chloride
concentration in the carbonate was determined for 82 Parori sub-
samples and 64 Anogia sub-samples by isotope dilution accelerator
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mass spectrometry at the Lawrence Livermore National Laboratory
CAMS facility (Figure 4a and supplementary materials).
[8] To assess the seismic history of the fault it is necessary to

compare the data to synthetic 36Cl profiles calculated for different
earthquake times and slip amplitudes. In these calculations we
included all sources of production (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 deposition has
occurred on the hanging-wall during faulting.
[9] In both profiles four prominent steps in 36Cl concentration

can be visually identified (Figure 4a). We asssociated each of these

with individual earthquakes. The modelling was carried out sepa-
rately for the two profiles. The best fit is obtained with 4 events at
each site (RMS of 6% and 5% for Parori and Anogia respectively,
Figure 4a). Other models with smaller or larger number of events
gave similar or higher RMS values. We consider the model pre-
sented in figure 4a the best fit as it best satisfies both the 36Cl data,
fitting the most prominent discontinuities in the 36Cl distribution,
and the morphological observations, yielding the expected value of
2–3 m for the slip of the 464 B.C. earthquake [Armijo et al., 1991].

3. Slip History of the Sparta Fault

[10] Our results give evidence for four events at Anogia at 4.5 ka,
5.9 ka, 8.4 ka and 12.9 ka, and four events at Parori at 2.8 ka, 4 ka,
4.5 ka and 5.9 ka. The 4.5 ka and 5.9 ka events are observed at both
sites (Figure 4a).
[11] The age of the most recent earthquake in Parori at 2.8 ± 0.3

ka is consistent with the 464 B.C. date of the destructive Sparta
earthquake. This age is obtained using the 36Cl production rate
from Ca calculated by Stone et al. [1998] for all the various
production mechanisms. Other published production rates (Swan-
son and Caffee [2001] and other references there in) are higher
than the Stone et al. value and would lead to lower ages.
[12] The most recent and penultimate event (4 ka) are not

observed on the Anogia surface, where slip apparently ceased at
4.5 ka. However evidence for small scarps (total offset 2–3 m)
cutting the slope can be found 10–20 m below the main Anogia
scarp. It is therefore probable that the Sparta earthquake (464 B.C.)
and possibly the earlier event bypassed the main scarp at Anogia.
[13] At Parori, the top 2.7 meters of the 10.7 meter-high scarp

were weathered and were not sampled. This may explain the
absence of the earliest event seen at Anogia (12.9 ka). Moreover,
this weathering contrast could be associated with a seismic event.
In that case the age of the highest samples taken at Parori, 8.9 ka,
might correspond to the 8.4 ka seismic event observed at Anogia.
The two ages would differ by only 0.5 ka, within the uncertainty of
those model ages (s � 500 yr).
[14] The form of the upper part of the Anogia profile is

flattened. This is the result of cosmogenic nuclide accumulation
‘‘inherited’’ from shallow exposure during the glacial and possibly
earlier periods, prior to the exhumation of the measured fault scarp,

Figure 1. Map of active faults of southern Greece, modified from
Armijo et al. [1991].

Figure 2. (a) The Sparta fault. The prominent triangular facets in this view are about 500 m high. Arrows outline the scarp trace. Note
the regularity of scarp height and the continuity of the scarp along the range front. (b) Photograph of sampling site at Anogia. 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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an effect that has been included in the exposure model (Figure 4a).
This ‘‘inheritance’’ is not apparent in the Parori profile since the
upper 2.7 m of the scarp is absent.
[15] To illustrate the concordance of the profiles at the two sites,

we show in Figure 4b a possible seismic history that includes the
missing events at Anogia. The 2.8 ka and 4 ka events (age and slip)
are added to the base of Anogia profile, and the 12.9 ka event
added to that at Parori (Figure 4b). The inheritance that flattens the
top of the Anogia profile has also been accommodated in the Parori
model profile. The RMS of these ‘‘completed’’ profiles is the same
as that obtained in the previous model (Figure 4).
[16] The slip amplitude for all the events is quite similar with an

average slip amplitude from all events equal to 1.9 ± 0.3 m. When
considered separately, the slip amplitude of events at Parori
(2.1 ± 0.1 m) is slightly larger than that at Anogia (1.7 ± 0.3 m),
in agreement with the difference in total scarp height.

4. Discussion and Conclusions

[17] Since the slip of all the events is similar to the 464 B.C.
earthquake one, scaling laws for large earthquakes [Scholz, 1982;
Wells and Coppersmith, 1994] suggest that those events ruptured
about the same fault length and therefore were about the size of the
Sparta earthquake, M � 7 [Armijo et al., 1991].
[18] The data show a sequence of earthquakes separated by

intervals of 4500 yr, 2500 yr, 1400 yr, 500 yr, and 1200 yr, from
the earliest earthquakes to the most recent (Figure 4b inset). The
historical record contains no event since the Sparta earthquake in 464
B.C. in agreement with our data. Hence, the minimum recurrence
interval between the Sparta earthquake and a future event on this
fault is 2500 yr. The four previous recurrence intervals are shorter or
equal to the time that has elapsed since the 464 B.C. earthquake. If
this recurrence time sequence continues, it might imply that a major
event is imminent or overdue. This sequence would also suggest a
clustering of events that starts about 5000 yr B.P. On the other hand,

the time intervals that we obtained vary between 500 yr and 4500 yr
which could suggest that they are random.
[19] What is the slip rate of this fault? Slip accumulated during

the last 13 ka yields an integrated slip-rate of about 1 mm/yr.
However, if we reduce the observation interval, the slip-rate on
the fault seems to have increased with time from 0.5 mm/yr to 2 mm/
yr (Figure 4b inset). There may be real temporal variation in the
millennial slip rate as opposed to what could be construed as
technique-induced bias between geodetic (5–50 yr) and morpho-
chronological (10–100 ka) slip rate determinations. The long-term
and short-term slip rates on major continental faults may not always
be the same. If so, this has major consequences for the mechanics of
continental deformation and for the behaviour of seismogenic faults.
[20] The changes could be the result of variations in the loading

rate. Such changes due to either long distance stress interactions
between faults or changes of motion on aseismic structures at depth
have been previously inferred on the basis of earthquake clustering.
For example, over the last 15ka the East Anatolian Fault system has
been active when the North Anatolian fault system has been
inactive and vice versa [Ambraseys, 1989; Ambraseys and Melville,
1995]. Major changes of activity have also been proposed along the
Dead Sea fault [Ben-Menahem, 1991] and in Iran [Ambraseys and
Melville, 1982]. Recently, paroxysms of activity encompassing the
whole of the eastern Mediterranean have been proposed [Nur and
Cline, 2000]. Doubts about the constancy of loading rates have also
been highlighted by differences between geodetic and morphochro-
nological rates for the Kunlun [Van Der Woerd et al., 2000; Chen et
al., 2000], Altyn Tagh [Bendick et al., 2000; Meriaux et al., 1998]
and Garlock faults [Peltzer et al., 2001].
[21] The observation that the Sparta scarp is post-glacial supports

the view that all such similar scarps in the eastern and central
Mediterranean are of similar age. These scarps are easily mapped
and using the same method that we presented, their slip history can
be assessed. This will allow post-glacial deformation rates to be
calculated over a wide region with considerable accuracy. When
compared with the deformation of the dense GPS networks in the

Figure 3. (a) During the cold and dry climate, that prevailed during the last glaciation, slopes were unstable. Free-faces formed during
repeated earthquakes were immediately buried. Note layering in the hanging-wall, associated with this process. (b) At the end of
glaciation, the wet warm climate stabilized the slopes and earthquake slip began to accumulate and to form the present day escarpments.
(c) Synthetic profiles for a scarp created by three earthquakes with 4 m of slip each at 5000 yr intervals. 36Cl concentration is given by the
equation with l the 36Cl decay constant (2.303 � 10�6 yr�1) and P(x) the 36Cl production rate. At sea level and high latitude the 36Cl
production rate by fast neutrons is 48.8 ± 3.4 atom/gCa/yr and by muons is 2.1 ± 0.4 atom/gCa/yr [Stone et al., 1996, 1998]. See
supplementary materials for additional information.
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region [McClusky et al., 2000], this will provide a unique view of the
deformation field at different time scales and provide unprecedented
information onwhich to assess seismic risk in this densely populated
region. Moreover, for faults such as the Sparta fault, displacement
profiles could be taken every 100 meters or even less resulting in
detailed slip evolution histories. This could resolve major questions
about the mechanics of earthquakes and fault evolution.
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Figure 4. The 36Cl data and the models. Crosses are 36Cl
concentrations per gram of rock for each sample with error (7%
RMS for Parori and 4% RMS for Anogia, see details in
supplementary materials), lines are synthetic profiles. Green
indicates Parori, red Anogia. (a) Four earthquakes fit Parori and
Anogia with 6% RMS at Parori and 5% RMS at Anogia (see inset
with deviance for details). (b) Reconstructed profiles with 2.8 ka
and 4 ka events added for Anogia and 12.9 ka event and
inheritance added for Parori. Note that events at Parori now fit with
the ones at Anogia. The RMS residuals are the same. Inset is time
per slip of event deduced from the models.
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