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Abstract

The long historical record of earthquakes, the physical effects on ancient building structures and the
palaeoseismology provide a unique opportunity for an interdisciplinary tectonic analysis along a major plate
boundary and a realistic evaluation of the seismic hazard assessment in the Middle East. We demonstrate with micro-
topographic surveys and trenching that the Dead Sea fault (DSF) offsets left-laterally by 13.6£0.2 m a repeatedly
fractured ancient Roman aqueduct (older than AD 70 and younger than AD 30). Carbon-14 dating of faulted young
alluvial deposits documents the occurrence of three large earthquakes in the past 2000 years between AD 100 and 750,
between AD 700 and 1030 and between AD 990 and 1210. Our study provides the timing of late Holocene
earthquakes and constrains the 6.9 £ 0.1 mm/yr slip rate of the Dead Sea transform fault in northwestern Syria along
the Missyaf segment. The antepenultimate and most recent faulting events may be correlated with the AD 115 and
AD 1170 large earthquakes for which we estimate My, =7.3-7.5. The ~ 830 yr of seismic quiescence along the Missyaf
fault segment implies that a large earthquake is overdue and may result in a major catastrophe to the population
centres of Syria and Lebanon.
© 2003 Elsevier Science B.V. All rights reserved.
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Fig. 1. (A) Map showing the tectonic setting and instrumental seismicity from 1963 to 1997 (International Seismological Centre
data file, M >1) of the study area along the Missyaf segment of the DSF. Focal mechanisms along the DSF are of moderate
earthquakes (5< My, <6; from CMT Harvard and MEDNET-INGV Rome). PFB, Palmyride fold belt; EAF, East Anatolian
fault. (B) Map of fault segments interpreted from structural pattern along the northern section of the DSF and inferred ruptures
of the main historical seismic events (see also Table 1) [1,4,6,17]; B is Beirut and D is Damascus. The historical seismicity that
documents the sequence of AD 1157, 1170 and 1202 large events is based on original Arabic sources [4-6,24]; their spatial distri-
bution suggests a structural control of coseismic ruptures associated with a fault segmentation along the DSF. (C) Shaded topo-
graphic image from radar interferometry of the northern DSF; arrows denote the Missyaf fault segment, which is limited by the
Ghab pull-apart to the north and Qalaat Al Hosn pull-apart to the south; the square is the location of Fig. 2.

earthquake geology for a more refined assessment
of the seismic hazard. This approach is particu-
larly important along the Dead Sea fault (DSF)
that corresponds to a major plate boundary (Fig.
1). However, the fault produced very few large
continental earthquakes during the past 8 centu-
ries and this low level of seismic activity contrasts
with written accounts of large devastating histor-
ical earthquakes [1].

The identification of seismic gaps and sequences

along major fault systems requires an accurate
knowledge of the seismicity catalogue ideally cov-
ering several large earthquakes. A time-averaged
slip rate and an understanding of the related seis-
mic cycle also contribute to better constrain the
long-term faulting behaviour and recurrence inter-
val of large seismic events. Hence, for equal rates
of fault slip, the fault zone with the longest period
of seismic quiescence is therefore considered as an
earthquake-prone area where the hazard is a func-
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Fig. 1 (Continued).

tion of the elapsed time since the last seismic
event and the physical dimensions of the related
active fault segment.

The occurrence of large earthquakes and their
associated damage in the Middle East are fre-
quently reported during the Greek, Hebrew, As-
syrian, Roman, Byzantine and Islamic times (Fig.
1A,B) [1-4]. In particular, Arab chroniclers de-
scribe with details main shocks, aftershocks, sur-
face breaks and related damage distribution in the
Middle East as early as the 7th-8th centuries [4—
6]. Hence, the DSF provides a rare opportunity of

correlating the historical descriptions of seismicity
with field investigations in active tectonics, ar-
chaeoseismology and palaeoseismology.
Compared to other worldwide major strike-slip
faults, the DSF is poorly understood as an active,
seismogenic structure, and recent studies consider
its northern section in Lebanon and Syria as in-
active [7]. The late Quaternary tectonic activity
along the DSF is characterised by: (i) faulted
young alluvial, colluvial and lacustrine deposits,
(i1) deflected streams with consistent left-lateral
displacements of tens to hundred of metres, and
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(iii) evidence of large shutter ridges and small
pull-apart basins along strike. Both geologic and
geodetic studies along the fault poorly constrain
its kinematics, as demonstrated by the wide range,
2-10 mm/yr slip rates [2,8-12].

Here, we present results from palaeoseismic and
archaeoseismic investigations along the 70 km
long Missyaf segment of the northern section of
the DSF. Historical Arabic documents allow the
identification of an ~ 830 yr seismic gap along the
fault since medieval times and help in identifying
damaged areas. Total station mapping, archaeo-
seismology and palaeoseismology provide new
constraints on the seismic slip history during the
past 2000 yr along the fault and related seismic
slip deficit. Finally, we discuss the consistency of
the results, the fault segmentation and the slip
model along the northern DSF. The multidiscipli-
nary approach is emphasised for a realistic assess-
ment of the seismic hazard along the DSF in the
Middle East.

2. Seismotectonic setting

The DSF is a large continental strike-slip fault
corresponding to the boundary between the Ara-
bia and Africa plates. It is a left-lateral transform
fault system, striking north-south and extending
for ~1000 km from the Gulf of Aqaba to join
the East Anatolian fault zone in southern Turkey
(Fig. 1A). The tectonic deformation associated
with the DSF began in the early Pliocene with
initiation of sea-floor spreading in the Red Sea

Table 1

\EII‘Harif stream

250 m

Fig. 2. Morphotectonic map showing the DSF and location
of the ancient aqueduct and trench site west of the shutter
ridge (in grey). Numbers denote elevation (in metres). Thick
contour lines are for 50 m and dashed lines are for 10 m.
The shutter ridge (shaded area) indicates the fault location
and related cumulative left-lateral movement. The ~200 m
deflection of the Al Harif stream is about 40-50 times the in-
dividual coseismic displacement inferred from the aqueduct
(Fig. 3).

Large historical earthquakes along the northern section of the DSF (see also Fig. 1B)

Date (AD) M (estimated) Areas with maximum damage and related fault segment

749 7.0-7.5 Southern Bekaa-Hula basin, Yammouneh—Ghab (two events)
859 7.0-7.5 Antioch, Lattakia, Homs, Sergilla segment

1063 6.5-7.0 Qalaat Hosn (Crak), Tripoli, northern Yammouneh segment
1157 7.0-7.5 Apamea, Hama, Aleppo, Apamea segment

1170 ~17.5 Missyaf, Shaizar, Homs, Hama, Missyaf segment

1202 >17.5 Mt. Lebanon, Bekaa Valley, Hula basin, Yemmouneh segment
1408 >17.5 Qalaat Blatnes, west of Aleppo, Lattakia segment

1759 ~74 Bekaa Valley, Anti-Lebanon, Golan Heights, Serghaya segment

Surface faulting reports and a rich description of damage exist in original Arabic sources [1,3-6,17]. Estimated magnitudes are
from Ambraseys and Jackson [1]. We have interpreted the associated fault ruptures in terms of possible segmentation of the

northern DSF.
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Fig. 3. (A) Detailed map of the aqueduct, trench site, and surrounding area based on precise mapping with a total station (red
crosses are points levelled on the aqueduct, small crosses are the background levelling points for the alluvial terrace). A 13.6 m
total left-lateral displacement is measured between straight sections of the aqueduct. The 4.3 m are interpreted as resulting from
the first coseismic slip after building the aqueduct and after projecting the eastern wall on the fault. Additional breaks in the tra-
vertine wall (see also Fig. 4B) and rebuilt phases inferred from two different types of building stones, and the remaining fallen
piece of wall near the fault attests to repeated coseismic movements (see text). The trench exposes the fault zone and the archeo-
trench excavates the wall foundation (red area) orthogonal to the fault (Fig. 4A). (B) Photograph of the aqueduct looking west.
The aqueduct used to bring fresh water from the wet western high mountains to wheat and olive oil mills and local cities and vil-
lages located in the eastern plains. In the foreground, the bridge allows the aqueduct to cross the El Harif River (see also Fig.
4B). It has been faulted three times and displays a total left-lateral offset of 13.6%£0.2 m (note the trench nearby and related log
in Fig. 5A). Radiocarbon dating of travertine accumulation and unit e below its foundation indicate that the aqueduct may be
younger than AD 30 and older than AD 70 (see text for explanation).
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[13,14]. The total left-lateral displacements along
the DSF since the Pliocene and the initiation of
sea-floor spreading of the Red Sea are estimated
to be 45 km to the south and 20-25 km to the
north [15]. This difference in displacements may
be explained by up to 20 km of shortening in the
NE-SW-trending Palmyride fold belt (Fig. 1A)
[16].

The low level of instrumental seismicity as ob-
served from 1900 to the present and the scarce
focal mechanisms along the central and northern
DSF may suggest the idea that the DSF is mod-
erately active (Fig. 1A). However, this view is in-
consistent with historical records of large, devas-
tating earthquakes that attest to the activity and
seismogenic potential (Fig. 1B and Table 1), and
with field observations, as described below. One

of the best-documented and most recent events
occurred in 1759, affecting the Bekaa Valley of
Lebanon (M =7.4) with a rupture length of at
least 100 km [3]. Other significant seismic events
with probable surface faulting occurred in the
past and ruptured different segments of the DSF
[17]. Fault segments can be delimited according to
the structural pattern of strike-slip faults (e.g.
main pull-apart basins, steps, releasing and re-
straining bends). The northern DSF follows a rel-
atively narrow trace between the Qalaat Al Hosn
(Crak des Chevaliers) pull-apart basin at the Sy-
rian/Lebanese border to the south and in the
Ghab Valley to the north (Fig. 1C). Tectonic in-
dicators include faulted alluvial fans, small and
large stream deflections (tens to a few thousand
metres), and the faulted Neogene and Quaternary
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Homs basaltic flows [18]. The Ghab Valley is a
large pull-apart basin with up to 3.5-4 km of
Pliocene and Quaternary fill [19]. Between the
Ghab Valley and the Qalaat Al Hosn plain to
the south the DSF forms the ~ 70 km long Mis-
syaf segment. Historical data suggest that this sec-
tion of the DSF may presently exhibit seismic
quiescence and has not experienced a large earth-
quake since the 12th—13th century (Fig. 1A,B).

3. Historical constraints of the seismic gap

The historical record of seismicity of Syria and
surrounding regions is one of the richest because
of the numerous archaeological and historical
sources dating back at least to BC 1365 [1,4-
6,20-22]. Among the most important seismic
events, a southward-migrating sequence of large
earthquakes took place in 1157, 1170 and 1202
along the Apamea, Missyaf, and Yammouneh
segments of the DSF, respectively (Fig. 1B). Sev-
eral contemporaneous accounts describe the suc-
cessive land-shaking and related destructions of
cities and villages. The 12 August 1157 (4 Rajab
552 Hegirian) earthquake is extensively described
by Ibn El Qualansi (AD 1073-1160) who reported
in detail a long period of seismic activity that
affected Damascus and its surrounding regions
between 28 September 1156 and 30 May 1159
[4]. In particular, El Qualansi mentions the differ-
ent localities that were badly damaged by the
main shock of 1157. This description allows the
assessment of the area of maximum damage,
which constrains the earthquake parameters, in-
cluding the location of the epicentre area near
Apamea (see Fig. 1B) and the size that may reach
an intensity IX (MKS scale). Reported details re-
flect the severity of the damage in a north—south-
elongated area that is consistent with El Qalansi’s
report in the region of Apamea [4]. According to
the distribution of maximum intensity, this event
corresponds with the Apamea segment of the
DSF.

The 29 June 1170 (12 Shawwal 565 Hegirian)
earthquake is reported primarily by Ibn El Athir
(1160-1232), who describes in his book ‘El Kamil
fi El Tarikh’ more than 56 felt earthquakes in the

region [23]. Despite his young age at the time of
the 1170 earthquake, he kept in his memory the
‘terrible’ feeling of the quake and later on, during
his travelling, investigated the earthquake dam-
age. Ibn El Athir provides numerous detailed de-
scriptions of strongly damaged cities such as
Homs and Hama, which define an area of max-
imum damage in the region named ‘bilad el Fi-
ranj’, literally ‘country of the Christians’ or the
crusaders’ region located in Crak des Chevaliers,
Missyaf Fortress and Borj Safita (Fig. 1B,C).

Fig. 4. (A) Excavation of the western section of the aqueduct
(archeo-trench in Fig. 3A) and the prominent travertine ac-
cumulation on the wall. Although a section of the wall above
the ground surface is missing (stones were probably removed
to construct nearby fences), the aqueduct foundation indi-
cates a straight line (white arrows) and reaches to the east
the fault trace (black arrows). (B) Details of the warped sec-
tion at the west side of the bridge showing travertine filling
ruptures and cracks of building stones (see black arrows).
The excavation below the rupture (white arrow) does not
show any faulting. Ruptures in travertine filling previous
cracks indicate at least two episodes of deformation since the
building of the aqueduct.
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Fig. 5. (A) Photograph of the V-shaped structure of the fault zone visible in the trench walls. White string grid is spaced 1 m.
The white lines delimit unit e interrupted and vertically displaced at the fault zone. (B) Trench log of the fault zone and related
alluvial terrace deposits. Multiple ruptures with displacement of units b, ¢, d and e mark the three most recent faulting events at
this site. Repeated small depressions (likely small pull-apart basins filled by units ¢ and b) with coarse deposits mixed with debris
flow probably from previous flood events and thickening of units d and b are visible in the shear zone. Squares depict the loca-
tions of dated charcoal samples. The vertical separation visible from unit e results from cumulative movement on the fault.

These rich descriptions allow us to define the epi-
centre area with an estimated maximum intensity
IX (MKS) between the well-known historical sites
of Crak des Chevaliers and Missyaf Fortress [4],
and to associate the AD 1170 event with the Mis-
syaf segment of the DSF.

The 20 May 1202 earthquake took place mostly
in Lebanon along the Yammouneh fault and has
been extensively studied by Ambraseys and Mel-
ville (Fig. 1B) [24]. The related surface rupture
has been confirmed by palacoseismic studies along
the DSF near the Hula depression [9].

4. Faulted aqueduct and holocene palaeoseismic
timing at Al Harif site

Faulting of late Pleistocene and Holocene de-
posits, prominent fault scarps and shutter ridges
with stream deflections, and faulted archaeologi-
cal sites provide the best location for palaeoseis-
mic and archaeoseismic studies (Fig. 2). We con-
ducted a combined study in archaeoseismology
with excavation and detailed descriptions and
mapping (with a total station) of the faulted aque-
duct and the related evidence of deformation
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Fig. 5 (Continued).

(Figs. 3 and 4). In parallel, palacoseismic investi-
gations consisted of a 20 m long and 3.5 m deep
trench near the aqueduct and across the fault
(Fig. 5A,B). The faulted aqueduct and the trench
provide an interesting opportunity for investigat-
ing both the vertical and lateral offsets along the
fault.

4.1. Archaeoseismic evidence

Of particular interest is the Al Harif shutter-
ridge site, which shows an ancient aqueduct cut
and displaced left-laterally by the fault (Figs. 2
and 3). This latter observation is apparently men-
tioned by Trifonov [18] in his work along the
DSF, but curiously with only 0.6 m of displace-
ment. An excavation, § m long and 1 m deep,
along the western wall and at the intersection
with the fault constrains the rupture pattern and
stratigraphic age of the ancient building. The
aqueduct wall foundation was found to end to
the east against the discrete fault rupture while

about 2.5 m of aqueduct wall above the ground
is missing west of the fault (Figs. 3A and 4A). At
about 0.8—-1 m depth, the wall is built into unit d
and above unit e, which predate the aqueduct (see
also trench log description below and in Fig. 5B).
The large fallen piece of wall (made of small stone
pieces) found in between the two prominent east-
ern and western aqueduct sections, has no foun-
dation, and most likely corresponds to a piece
from the rebuilt eastern section that was rotated
and dragged along the fault. According to local
witnesses many of the aqueduct stones are reuti-
lised for nearby fences.

The maximum age for the aqueduct may be
bracketed from the age of the sedimentary units
below its foundation and from early travertine
accumulation on its wall. The 1-2 m deep exca-
vation at the base of the aqueduct wall clearly
show that the foundation stones are within unit
d and rest on the uppermost layers of unit e (BC
210-AD 30, 20 calibrated age, Table 2). The max-
imum possible age of the aqueduct is best defined



46 M. Meghraoui et al. | Earth and Planetary Science Letters 210 (2003) 35-52

Table 2

Characteristics of radiocarbon dating of samples of the aqueduct site

Sample name  Material Amount of carbon  APC Radiocarbon age (BP) Unit Calibrated age AD
(mg) (%) (—=BC; 20 age range)

TA N31 Charcoal 2 —24.16 874+34 a 1030 1260
TA N23 Charcoal 5.9 —27.90 1013£36 c 960 1060
TA S33 Charcoal 4.3 —25.90 1237£36 d 680 890
TA N25 Charcoal 2 —22.95 209150 e —210 30
TA S7 Charcoal - —25.5 2195+40 e -390 —160
TA N21 Charcoal 0.3 —33.06 2718+73 d-R —1010 =791
TA N27 Charcoal 4.1 —23.61 2337+31 f —520 —350
TA N47 Charcoal 1.7 —25.93 7409 + 46 f —6395 —6095
TA N61 Charcoal 1 —26.52 4553142 b-R —3490 —3098
TrB13 Travertine 3.7 —28.57 1880£25 Aqueduct 70 230
TrDS5 Travertine 1.1 —27.97 1865+ 30 Aqueduct 80 240

All dating methods are AMS. R is for reworked and units are illustrated in Fig. 5B. All samples have been calibrated using the
Oxcal programme v3.5 [25] and calibration curve INTCAL98 [26]. Adopted age ranges are equivalent to calibrated 26 ranges
(94.5%), in AD and BC and without taking into account ranges with probability of 1% and less.

by the minimum age of uppermost deposits of
unit e, AD 30. In addition, organic fractions ex-
tracted from two early sections of cores of the
~0.40 m thick travertine deposits on the aque-
duct wall yield nearly identical radiocarbon cali-
brated ages of AD 80-240 and AD 70-230. These
travertine ages indicate a building period younger
than AD 70. Hence, the initial building of the
aqueduct can be bracketed between AD 30 and
AD 70 and may probably correspond to the early
Roman period in the Middle East (post BC 64).
A detailed topographic survey of the area
around the aqueduct accompanies the detailed
mapping of the aqueduct itself (one point mea-
sured every 0.5 m at the base and on the top of
each wall face). The straight original shape of the
building is attested by: (i) the linear and orthog-
onal foundation of the aqueduct wall immediately
west of the fault (Figs. 3 and 4A), (ii) the warped
section east of the fault zone with rotated blocks
and the dragged and fallen block, (iii) the rup-
tured travertine filling previous ruptures and
cracks at the warped section (Fig. 4B), (iv) the
two ~20 m long and linear parallel sections of
the aqueduct and related bridge. Projecting the
aqueduct walls into the NO7°E-striking DSF dis-
plays a total left-lateral displacement of 13.6+0.2
m between the two pieces of the faulted aqueduct
(Fig. 3A,B). In addition, the eastern warped wall
shows a deflection of 3.9%0.2 m, reaching

431202 m when projected on the fault line
(Fig. 3A). This observation suggests 4.0-4.5 m
left-lateral coseismic slip for the successive fault-
ing events. Furthermore, the aqueduct is built on
a bridge across the river, which displays at least
two kinds of building stones, suggesting rebuild-
ing episodes. At the warped section, the numerous
ruptured stones and cracks filled with brecciated
and ruptured travertine indicate at least two epi-
sodes of deformation, indicating the abandon-
ment of the aqueduct before the third event
(Fig. 4B). Rebuilt phases and cracks in travertine
help in documenting the two first successive fault-
ing events. It is likely that no travertine accumu-
lation and rebuilding phase were present any lon-
ger after the second event.

4.2. Palaeoseismic trenching

The trench was dug in an alluvial terrace made
of 4-5 m thick young sediments likely deposited
by the nearby stream (Figs. 2, 3 and 5A). The
terrace rests approximately 5 m above the current
streambed that flows across bedrock, forming a
dogleg offset of about 200 m. The trench walls
expose sediments with different units, illustrated
by the log of Fig. 5B. The trench bottom shows
unit g, which consists of a massive and plastic
grey clay with some scattered breccia elements
(mainly limestone). Unit f, which covers unit g,
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corresponds to a massive alluvial deposit with 1-2
m thick dark-brown sandy clay with breccias and
rounded gravels and about 0.3 m thick stratified
pebbles. Deposit f shows a dramatic increase of its
thickness to the east and the coarse gravel and
pebble at its base suggest the location of an old
channel. Unit e is 0.10-0.25 m thick dark-brown
silt-clay. Well-sorted reddish fine gravels with
cross-bedding correspond to unit d, which shows

Table 3

a variable thickness of 0.10-0.50 m due to the
above truncation surfaces. Unit ¢ is a thin sandy
clay deposit with a limited extension below unit b
that corresponds to a chaotic deposit with mixed
gravels and clastic (limestone) elements in a sandy
clay matrix. Unit a, which shows clearly stratified
gravels and pebbles at its base, truncates units b
and d all along the wall. Unit a also forms a 0.20-
0.40 m thick coarse gravel deposit on which de-

Probability distribution of calibrated '*C ages (in cal yr BC/AD) obtained from sequential radiocarbon dates (BP) using Oxcal

v3.5 [24] and INTCAL98 calibration curve [25]

- Radiocarbon date Aqueduct
2337431BP (unitf) |k . T
2195+40BP (unit e) Al
2091+50BP (unit e) "
1880+25BP (travertine) LL
Event X S 1 P
1287+36BP (unit d) Zﬁ M
Event Y AT
1013+36BP (unit ¢) A
Event Z S
874+34BP (unit a) v .-
_ | | L L | | L], | | | LN |
1500 1000 500 0 500 1000 1500

Calibrated date (BC/AD)

As indicated in Table 2, calibrated dates are presented with 26 age range (95.4% density). The age of the aqueduct is estimated
considering unit e, which pre-dates the building (see text for explanation), and the travertine age, which post-dates the building.
Age ranges of seismic events X (AD 100-750), Y (AD 700-1030) and Z (AD 990-1210) are determined using Bayesian analysis
(probability distribution of the ages). Arrows show our preferred ages associated with two historical large earthquakes in AD

115 and AD 1170.
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Fig. 6. (A) Central shear zone of the fault with vertical offset
visible at the interface between units f and e (see also Fig.
5B). Note the flat-lying coarse gravel and pebbles of unit a,
and the oriented clasts in unit b. (B) Event X shown by the
fault displacement of unit e eroded (white arrows) and
buried below unit d (black arrows show the easternmost
fault branch in Fig. 5B).

velops the present soil. All interfaces of units
above f are erosion surfaces except between b
and c.

Pottery shards and detrital fragments of char-
coal are well distributed through the trench walls
and were collected for dating (Table 2). Eight
samples of charcoal from the north wall were
dated using the *C accelerator mass spectrometry

(AMS) methods and calibrated with 2c age range
using Oxcal v3.5 [25]. Six of the collected charcoal
fragments were of large size and angular shape
(suggesting limited transport or initial deposition
and no reworking) and revealed a fairly large
amount of carbon fraction after laboratory treat-
ment (Table 2). In Fig. 5B, samples of units a, c,
d, e and f gave 2, 5.9, 4.3, 2 and 4.1 mg of carbon
content, respectively, and the A*C attests to the
good quality of radiocarbon dating. Only two
samples show out-of-sequence ages in units b
and d, but they yielded 1 and 0.3 mg of carbon,
respectively (see BC 3490-3098 and BC 1010-791
in Fig. 5B and Table 2) and are therefore inter-
preted as reworked detrital charcoal in mixed de-
posits. Additional constraints on the timing of
individual palaeoseismic events is provided by
considering the stratigraphic superposition and
applying Bayesian analysis (conditional probabil-
ity for the stratigraphic succession and datings) to
the age ranges obtained from calibration of radio-
carbon ages (Table 3) [27].

Both walls reveal a 2 m wide fault zone that
consists on intensely sheared sedimentary deposits
(Fig. 5A,B). No other shear zone or minor fault-
ing exists in trench walls (the northern trench wall
joins the edge of the river and exhibits a large
stratigraphic section). While motion on the fault
is mostly left-lateral, it bears a small but signifi-
cant vertical component at this site, as pointed
out by the vertical offset of ~1 m of units e
and d in the trench. Some fault strands are clearly
truncated by the successive deposits that register
the faulting episodes (Fig. 6A,B). Furthermore,
the intense deformational structures visible along
the shear zone and the numerous rupture strands
that affect the successive sedimentary units testify
that the palaeoearthquakes were large faulting
events. The successive truncated fault strands
that can be recognised in Fig. 5B represent, there-
fore, past large earthquakes in the trench wall:

Event Z: Unit a caps the entire fault zone and
post-dates all coseismic movements which appear
to have occurred before AD 1030-1260; AD 1260
provides a minimum age for unit a and a maxi-
mum age for the most recent large earthquake
along the fault. The most recent large seismic
event can be defined within the large age bracket
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Fig. 6 (Continued).

between units a and c. After Bayesian analysis,
this event is constrained at the 95% confidence
limit by radiocarbon dating between AD 990
and 1210 (Table 3). This result is consistent with
the occurrence of the historical earthquake of 29
June 1170 along the Missyaf fault segment.

Event Y: The penultimate event is visible imme-
diately west of the shear zone, where unit b trun-
cates two fault strands and related shear zone that
affect unit d. Unit d is dated at AD 680-890.
Applying Bayesian analysis determines the occur-
rence of a large event between AD 700 and 1030
(Table 3). This time range of about 340 yr is quite
large. The historical seismicity, however, allows us
to infer that the earthquake took place during the
Byzantine time or at the very beginning of the
Islamic time (> AD 680). Several candidate his-
torical earthquakes (see [4-6]) can be associated
with the faulting event, but further palaeoseismic
and historical investigations with precise dating
are needed for a reliable correlation.

Event X: The third faulting event visible in the
trench occurred between units e and d, according
to the easternmost rupture and associated shear
zone buried below d. Although the step is eroded,
the top stratigraphic line of unit e shows a clear
displacement capped by unit d (Fig. 6B). This
erosional truncation of the fault suggests a dis-
tinct palaeoseismic event and not simply a plung-
ing tip line within the strike-slip shear zone. The
larger offset of unit e within the shear zone and
with respect to the offset bedding in unit d, im-
mediately below unit b (west branch of the fault
zone), also attests to the occurrence of event X.
Radiocarbon dating of units e and d, along with
Bayesian analysis, indicates that the seismic event
occurred between AD 100 and 750 (Table 3).
However, this event may also be correlated with
the large earthquake that destroyed the ancient
city of Apamea and damaged Beirut on 13 De-
cember 115 [4,6].

In summary, Table 3 shows that the antepenul-
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timate event X probably took place during the
Roman occupation after AD 70 and perhaps in
AD 115, the penultimate event Y after the Byzan-
tine period and perhaps during the early Islamic
period (AD 690-1030), and the most recent event
most likely in AD 1170.

The 13.6 m total horizontal offset of the aque-
duct likely results from successive displacements
during seismic events X, Y and Z that occurred in
the last 2000 yr (Fig. 7). The age of the aqueduct,
bracketed between AD 30 and 70, implies a late
Holocene slip rate of 6.8-7.0 mm/yr along the
Missyaf segment of the DSF. Furthermore, ar-
chaeoseismic and palaeoseismic data suggest a
comparable coseismic slip of 4.0-4.5 m for the
last three events (X, Y and Z), consistent with
an M =7 size of historical earthquakes as as-
signed by Ambraseys and Jackson [1]. The slip
rate and mean coseismic displacement suggest an
average recurrence interval for large earthquakes
of 550 yr, and the 830 yr that have elapsed since
the most recent earthquake suggest a short time
left until the next large earthquake (Fig. 7).

5. Implications of the 830 yr seismic quiescence for
the seismic hazard evaluation

Historical documents show that several large
earthquakes have occurred along the northern
strand of the DSF from AD 749 to 1408 (Fig.
IB). In particular, the sequence of historical
earthquakes in AD 1157, 1170 and 1202 took
place in continuity along three fault segments in
Syria and Lebanon, with a migration toward the
south in relatively short time intervals (13 and 32
yr). Several fault segments are defined and among
them the Missyaf fault segment, which is identi-
fied as a 70 km long earthquake fault along the
DSF.

The correlation between palaeoseismological
and archaeological investigations offers an oppor-
tunity for a quasi-3D study along a seismogenic
fault. Trench results and total and first displace-
ments of the aqueduct imply a left-lateral slip per
event at Al Harif site of about 4.0-4.5 m. A sim-
ilar amount of coseismic slip has been observed
along other major continental faults, e.g. the
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Fig. 7. Cumulative left-lateral offset over the last 2000 yr
along the Missyaf segment of the DSF obtained from pa-
lacoseismic and historical data. The succession of past earth-
quakes is deduced from radiocarbon dating of faulted units
in trench (Fig. 5B). The first coseismic displacement (4.3 m)
and the cumulative slip for the three events (13.6 m) were
measured from the faulted aqueduct (Fig. 3A). The late Ho-
locene slip rate of 6.8-7.0 mm/yr and mean coseismic dis-
placement suggest an average recurrence time for large earth-
quakes of about 550 yr. 833 yr has elapsed since the last
earthquake in AD 1170. Following a time-predictable earth-
quake recurrence model, the slip-rate line projects from the
last event to suggest that failure of this segment of the DSF
fault may perhaps be imminent, or possibly overdue.

North Anatolian fault in Turkey and the related
My, =17.3, 1999 Izmit earthquake [28]. Using scal-
ing laws for large earthquakes [29] we obtain a
range of M, between 7.0 and 7.5 for the events
along the Missyaf segment. The analysis of fault-
ing episodes and dated units in the trench reveal
that three large seismic events have occurred in
the last 2000 yr (Table 3): (i) the antepenulti-
mate event between AD 100 and 750 that may
be correlated with the 13 December 115 earth-
quake, (i) the penultimate event between AD
690 and 1030, and (iii) the most recent event,
between AD 990 and 1210, that may be correlated
with the large earthquake of 29 June 1170 along
the DSF.
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The slip rate deduced from the displaced aque-
duct and trench dating ranges between 6.8 and
7.0 mm/yr for the past 2000 yr, and is consistent
with predicted values along the northern DSF
from plate motions between Arabia and Africa
[12]. Recent geological investigations along the
southern DSF (Wadi Araba fault zone) indicate
various late Pleistocene and Holocene slip rates of
2-6 mm/yr [9], 3.9-6 mm/yr [30], 10 mm/yr [31]
and 2.5 mm/yr [32]. They denote the complex
fault zone and the difficulty in characterising
and dating offset of alluvial fan and gullies. Ow-
ing to the short time period spanned by the aque-
duct, it is clear that further palacoseismic studies
that cover the Holocene and late Pleistocene are
needed for better constraining the slip rate along
the DSF.

The seismic behaviour of the northern DSF
appears to involve long periods of seismic quies-
cence punctuated by infrequent, large earth-
quakes. Three events are interpreted to have oc-
curred between AD 70 and 1170 (1100 yr)
followed by about 830 yr without a major earth-
quake along the Missyaf segment. The 6.8-7.0
mm/yr slip rate at depth would accumulate a
slip deficit of 5.6-5.8 m on the locked upper
part of the fault, which exceeds the average esti-
mated past coseismic slip (Fig. 7). Due to our
single observation concerning the amount of slip
at the aqueduct site and complicated fault seg-
mentation along strike, the rupture history of
the DSF can be driven by either slip patches or
characteristic slip behaviour [33]. However, a
large earthquake with M >7 along the Missyaf
and adjacent fault segments would induce severe
damage to the region. We interpret the seismic
quiescence during the past 830 yr to possibly rep-
resent a high level of seismic hazard in Syria and
Lebanon.
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