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Abstract

The Dead Sea Transform Fault constitutes the northwestern boundary of the Arabian plate, accommodating the
plate’s lateral movement relative to the African plate. A complete and homogeneous catalogue of historical
earthquakes has been compiled and used in the subdivision of the fault area into the following segments: 1)
Araba segment, which extends along Wadi Araba and the southernmost part of the Dead Sea (29.5°-31.3°N) and
trends SSW-NNE with scarce historical and instrumental seismicity; 2) Jordan-valley segment, which extends
along the central and northern parts of the Dead Sea and the Jordan valley to the Huleh depression (31.3°-
33.1°N) and trends S-N with moderate historical seismicity; 3) Bega’a segment, which extends along the western
margin of the Beqga’a valley in Lebanon (33.1°-34.5°N) and trends SSW-NNE with strong historical seismicity;
4) El-Ghab segment, which extends along the eastern flank of the coastal mountain range of Syria (34.5°-35.8°N)
and trends S-N with moderate historical seismicity: 5) Karasu segment, which extends azlong the Karasu valley in
SE Turkey (35.8°-37.3°N) and wends SSW-NNE, exhibiting the strongest historical seismicity of the area.
Probabilities for the generation of strong (M > 6.0) earthquakes in these segments during the next decade are
given, by the application of the regional time and magnitude predictable model.

Key words FEastern Mediterranean — Dead Sec bian plate to the east, and the African plate to
Transform Fault — historical seismicity — seismic the west, running 1'oughly from south to north
zonation — probabilities for about 900 km. It extends from the northern

tip of the Gulf of Aqaba through Wadi Araba,
the Dead Sea, the Jordan valley, the Huleh de-

1. Introduction pression, the Beqa’a valley and the El-Ghab
graben to the Karasu valley. At the northern end
The casternmost Mediterranean region is of this valley, DSTF merges with the East Ana-
characterized by low seismicity, at least during tolian fault, which constitutes the boundary
the instrumental era. However, this region has between the African and Arabian plates to the
suffered from many destructive earthquakes in south, and the Anatolian plate, to the north
the past which, from all accounts, have originat- (fig. 1).
ed along the Dead Sea Transform Fault (DSTF). Geological, geomorphological and geophysi-
Being one of the most interesting examples of cal evidence indicate that since the carly or
continental transform I‘ﬂlll[illg in the world, this middle Miocene the left lateral strike th mo-
fault delineates the boundary between the Ara- tion along DSTF resulted in a relative displace-

ment ranging between 105-110 km in its south-
ern segment and about 60 km in its northern
. e 939- . 0 1984
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Fig. 1. Map of the Eastern Mediterranean region showing the extension of the Dead Sea Transform Fault and
the location of the epicenters of earthquakes with M > 3.0 (taken from the ISC and NEIC catalogues) that occurred
in the past 35 years (1964-1998) in the area between 34° and 38°E meridians. The data can not be considered
complete, but they indicate the low seismicity of the area.
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et al., 1981; Joffe and Garfunkel, 1987, Girdler,
1990; Chaimov ef al., 1990). The average total
displacement rate along this fault in the past
20000 years has been found to be about 6 mm/yr
(Zak and Freund, 1966; Freund er al., 1970;
Garfunkel and Bartov, 1977; Ben-Menahem,
1981a), while Garfunkel er al. (1981) estimated
that this rate was only 1.5-3.5 mm/yr in the last
[000-1500 years. Radwan er al. (1992) estimat-
ed an average rate of about 5 mm/yr of sintstral
displacement in the northern segment during
upper Pleistocene.

Most of the studies on this area refer to the
zone between the Gulf of Aqaba to the Huleh
depression as the southern segment and the re-
maining part to the north as the northern seg-
ment (Barazangi et al., 1993; Khair er al., 1997).
However, some studies consider the Lebanese
part an additional central segment (Butler et al.,
[998). Although these subdivisions had some
tectonic basis, they were mainly applied for
orientation in referring to some areas.

In a series of studies Ben-Menahem (1981a,
1991) defined four segments along DSTF, aim-
ing at rendering the seismicity of each segment
more or less uniform. On the other hand, he
identified seven segments on the basis of tecton-
ic features only (Ben-Menahem, 1991). Salam-
on et al. (1996) concluded that the DSTF exhib-
its variable characteristics: along the Yammon-
eh bend the seismogenic belt is wide, while in
the south it narrows and the seismic activity
tends to be concentrated in the deep depression
of the Dead Sca basin. Further to the south, the
seismicity of the Araba segment is very low.
Papazachos er al. (1997a) divided the DSTF
into two seismogenic regions on the basis of the
meizoseismal area of the May 20, 1202 earth-
quake (Ambraseys and Melville, 1988) and of
a spatial cluster of strong earthquakes at the
Syrian-Turkish borders.

This study analyzes the seismicity reflected
in the historical and instrumental records, with
a greater emphasis on the first. Based on the
geometry, geomorphology, structural geology
and historical seismicity of the Dead Sea Trans-
form Fault arca, the region has been divided into
five seismogenic zones. Moreover, probabilities
for the generation of strong mainshocks in these
zones during the next ten years are determined.

2. Compilation of the earthquake catalogue

Seismicity studics depend largely on the
available information and completeness and re-
liability of the earthquake catalogue used. In the
present study, as far as completeness is con-
cerned, an attempt was made to include all sig-
nificant earthquakes reported in the literature,
cven those with inadequate description of focal
parameters. As regards the reliability of the data,
it needs to be borne in mind that since no prima-
1y sources were used but rather published cata-
logues were reviewed, credit was given to data
including all basic focal parameters.

Table I lists all known strong (M, = 5.9) carth-
quakes since 2150 B.C. which occurred in the
area of the Dead Sea Transform Fault. In addi-
tion, it gives information on earthquakes with
magnitudes M, = 5.5 for the period 1900-1909,
and with M, 2 5.0 since 1910. The data reviewed
in the catalogue were collected from 23 cata-
logues and individual articles (see table T for
references) with the main goal of this task being
to include all significant historical earthquakes
with magnitudes estimated by the authors of the
catalogues and articles on the basis of damage
reports found in chronicles. In the case of events
for which no magnitude and/or epicenter coor-
dinates were given, their selection was based
either on the damage description or whether
they have been encountered in other independ-
ent sources.

In the cases where different estimates for the
same event are given in different sources, pref-
erence was given to those sources providing all
basic focal parameters. However, in several cas-
es these parameters were adopled from different
sources rather than from a single source. This
selection was based on the fact that some relia-
ble sources, in terms of date or date and magni-
tude, do not report other parameters, which could
be encountered in other sources. Moreover, some
parameters {especially magnitudes) were adopl-
ed from sources with values close to the average
value of most sources and hence extreme values
were mostly discarded. Nevertheless, the last
column of table [ (references and remarks) gives
the source of the adopted values and the dis-
carded ones, the parameter of disagreement and
sometimes its value given in the source. Wher-
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ever M, values appear in the table, they were
used to calculate the M, values of magnitude by
an equation derived by Ben-Menahem et al.
(1977). It is worth noting that all M, values were
obtained from studies authored or co-authored
by Ben-Menahem (1981a, 1991} and that the
most thorough catalogues which incorporate
most of the data for this area were compiled by
Ambraseys and his colleagues (Ambraseys,
1992, 1997; Ambraseys and Melville, 1988,
1995; Ambraseys and Barazangi, 1989; Ambra-
seys and Jackson, 1998).

The ambiguous nature of historical seismic
records is well reflected in the discrepancies of
earthquake parameters found in different sourc-
es. This fact requires a skeptic approach in the
collection of data in order to remove the uncer-
tainties and build up the data on a solid ground.
However, this approach should invite us to blind-
ly ignore events with incomplete data as this
might negatively affect our conclusions. Hence,
and for the sake of completeness, the table in-
cludes events that are listed in other catalogues
without assigned coordinates and/or magnitudes.

3. Seismicity of the study area

The slow rate of motion along the DSTF has
great impact on the seismicity of the area. The
instrumental records in the 20th century show
that the region has very low seismicity. Figure |
shows the epicenters of earthquakes with mag-
nitudes equal to or larger than 3.0 taken from
ISC and NEIC bulletins that occurred in the past
35 years (1964-1998) in the broader area of the
DSTF (34°-38°E). It can be observed, without
claiming completeness for small magnitude
earthquakes that, in general, the scarcity of events
is obvious, though for the El-Ghab and NE
Beqa’a regions it may be artificial due to a lack
of recording stations in Syria before 1996. Qut
of 1 events of magnitude larger than 4.9, three
occurred along the East Anatolian Fault and
four at the northern end of Karasu. The south-
west extension of the East Anatolian Fault into
the Cyprus arc is well delineated by a consider-
able number of earthquakes with varying mag-
nitudes. Moreover, the northern extension of the
two leaky fault branches, namely, the Carmel
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and Roum faults, into the Mediterranean Sea is
outlined (fig. 1) (Ben-Menahem and Aboodi,
1981; Shapira and Feldman, 1987; Van Eck and
Hofstetter, 1990; Hofstetter et al., 1996; Butler
et al., 1997),

As mentioned in the previous paragraph, the
lack of recording seismic stations and the short
period (35 years) of observation may account
for the low background seismicity depicted in
fig. 1, since the historical seismic record indi-
cates that the region suffered from many de-
structive earthquakes in the past 4200 years.

Figure 2a shows a plot of the cumulative
number of ecarthquakes with M, > 3.9, which
occurred along the DSTE as a function of time,
It is observed that few events were reported in
the literature before the Christian era while data
since 184 B.C. seem to be accumulated rather
regularly. Therefore, fig. 2b shows similar plots
for different cut-off magnitudes since 200 B.C.
It can be seen that there are quiescent periods
with duration of a few centuries alternating with
periods with high seismic activity which last
several decades. If, for instance, carthquakes
with M > 6.3 are considered, it emerges that
there are three periods with low activity and
three periods with high activity, as shown in
table II. During the low seismic activity periods.
the mean recurrence time, 7, ,, for earthquakes
with M =63, equals 83 + 20 years, whereas
during the high seismic activity periods, 7,, =
= 16 + 5 years. Ambraseys (1989) already iden-
tified this pattern in the DSTF as well as in other
areas in Middle East (East Anatolian Fault,
Zagros). He concluded that deformations asso-
ciated with earthquakes in these zones seem to
occur every few hundred years during relatively
short paroxysmal periods of strong events.

Table T shows that in the past 2000 years
there have been nine earthquakes of M >7.3,
three of which (551, 1201 and 1759) occurred in
Lebanon and the remaining six (115, 245, 859,
1139, 1170 and 1822) in Karasu. This table also
shows that the largest earthquake in the area of
El-Ghab occurred in 1157 (M, = 7.2), and that
the last relatively strong earthquake (M, = 6.6)
occurred in 1796, Concerning the Jordan valley
and the Dead Sea, table I shows that the largest
earthquake in the past two millennia occurred in
746 with a surface wave magnitude equal to 7.2.
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Fig. 2a,b. @) The cumulative number of earthquakes with M, >3.9 as a function of time during 2150 B.C.-
1998. Since historical earthquake information seems to be regularly accumulated from about 200 B.C., the
cumulative number of earthquakes with M, equal to or larger than 5.9, 6.3, 6.7, 7.0 and 7.3, respectively, as a
function of time during 184 B.C.-1998 is plotied in (b). It is observed that low seismic activity periods alternate
with high seismic activity periods, indicated by arrows,
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Table 1. A catalogue of earthquakes that occurred in the area of the Dead Sea Transtorm Fault, during the past
four millennia.

Year Zone  Date  Time M, M, Lat. Long. References and remarks
-2150 A - 5B BLT 33 N R '
- 1566 A 315 353 N
-1365 G 77 1.8 BM.91.79; B; PK(X)

- 1250 1 6.3 65 320 355 BM798Ib:N

— 1050 A 6.0 62 BM?79 {near Timna)

-854 | 6.4 6.6 BM79.81b

-759 B 1011 7.2 73 332 357 BMOILTYAF= 1200 km), 81b; N; G(-750)

-199 B G

-84 K 6.6 68 362 361 BMY9

- 140 K 0221 6.8 7.0 BM79,91; G (-148); PK(VIII)

- 64 K 74 75 362 36.1 BMYLT79(Af > 500 km), 81a; AAT; N(7.0)

=33 A 31.2 342 NOC

-3l I 0902 6.5 67 320 355 BMY1,798lab; G: PK(VID): AAT(X): N

-9 A BMYi

37 K 0323 63 65 360 360 G(D): BM8laM); AJ(C)

47 K G

48 A 6.0 6.2 BM79.81a

52 K 361 361 N

115 K 1213 7.3 74 36,1 361 BM79.91.81a; N(C); Al(2C); G;
PK(VII); AAT

130 B 59 ol BM79.81a; AAT

233 B 6.1 63 BM79.81a

245 K 74 75 BM79.81a

306 B 332 351 N

334 K 68 7.0 BM79.81a

341 K 6.0 62 362 361 BMSlaNC): G

3438 B 339 355 N

362 A 0524 6.5 67 313 356 BM9L,79.8lab: N(6.4); G(361); AAT(363)

394 K 360 36.1 N9D

419 A 6.0 62 312 342 BM79.81a; N(C); G; AAT

425 J 315 351 N

447 I 31,5 351 N(C); AAT

450 B G(450-457)

457 K 0914 6.3 65 361 361 BMS8la; N(C): G(458)

494 B 345 355 Ny PK(VID

500 K 7.2 7.3 362 361 BM91,79(Al= 1100 km), 81a

522 K 36.2 361 N

525 K 0900 36.1 361 N

526 K 0520 6.8 70 362 36.1 BMY91.8la(6.5):G

528 K 1129 69 7.1 362 361 BMO91,79(Af=800km), 8la; G;

PT(X-XD: N(7.5)
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Table I (continued).

7‘_[;;11- Zone Datc  Time M, M, Lat. Long. References and remarks
539 K 1129 6.6 6.8 G:; BM8la (M.532) -
551 B 0706 7] 339 355 B(M); N(C): G; BM79(7.8L); PR(XI); AAT
557 K 0709 36.1 361 N
565 K 6.5 6.7 362 361 BM7991(Af =850 km); N(C); G(567)
579 K 59 ol BMS8la
581 K 36.1 36.1 N;G(380/81)
587 K 0930 63 6.5 BMS1la
588 K 1031 36.1 361 N:G
632 I G; AAT
634 K 60 6.2 PT(VIIL): G; BM81a (639)
658 ] 0615 6.4 6.6 325 355 BM798lab, PK(VII). AAT
659 J 59 6.l BM81a; G: AAT
713 K 0320 6.8 7.0 360 360 N():BM7981a; PT(IX); G
716 K (825 36.0 360 N
717 G 1224 59 6.l G: BM8la
718 K 0914 G
722 K 0619 G
723 G 1224 G
746 J 0118 160000 7.2 7.3 32.0 355 BM7991(Af=1200 km).8lab: N: G
748 B 0831 335 363 N(O),; PT(747.1X)
749 B 0118 110000 PT(C); G: PK(748; VID); AAT (X)
758 A 312 342 N
765 i) 0503 60 6.2 BM79,81a; G(756)
813 G G
835 K 0105 59 6.1 360 360 BMS8la: N(C); PT(VII-IX): G
844 B 0918 6.3 65 335 363 BMSIla;N(C) G
845 K PT(IX)
847 B 0400 60 6.2 335 363 BM79.81a; N(C)y: PT(VID, G
847 B 1124 335 363 N
854 I PT(X-XI)
859 K 0408 79 80 362 36,1 BM7991(Af = 1500 km),8la: Ny PT(X-XI):
G P; AAT
951 K PT(VIII-IX)
963 K 0722 6.1 63 365 37.0 BMS8la; N(O); GSep 951)
972 K 59 6.1 36.1 36.1 PT;BM81a(973); N(C);, G
974 B PT(VII-IX): G
991 B 0405 6.5 67 333 362 BMYLTYAl =500 km).8la; N; PT;
G; PK(VII)
995 G G; PT
1002 B AAT: PT(IX)
1016 J AAT
1029 B 0120 PK(VID)
67
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Table I (continued).

Year Zone Date Time M, M, Lat. Long. References and remarks

1033 I 1205 6.5 067 325 355 BM9IL79Af =500 km),81b; AJ(C);
NC&D); AAT(IX-X)

1060 J 59 6.l BM79,81a

1063 G 0420 69 7.1 BM79,81a; B; PK(IX); AAT

1067 A 0420 6.3 6.5 BM79,81a

1068 A 0318 318 350 N

1070 A 0225 63 65 BM79.91,81a; AAT

1091 K 0917 36.1 36.1 N(C); PTIX)

1105 B 1224 59 6.l BMT79(Af = 200 km), 81a; AAT

1106 K 36.1 36.1 N

1109 K 36.1 3601 N

1113 ) 0718 AAT

1113 J 0809 AAT

1114 K 0810 6.8 7.0 371 36.0 BM91,79,81a; AAT

1115 K 1225 36.1  36.1 N(C); AAT

1117 ] 0626 AAT

1137 K 0913 7.0 7.2 BM79(NE of Aleppo).81a

1139 K 1012 73 74 36,1 371 BM9L: PT(X-XD)

1151 J 0928 6.0 62 326 367 BM79,81a;N;PT(VIL); AAT

1156 G 1005 PT(IX-X)

1157 B 0715 59 6.1 345 365 BM79.81a; PK(VII); N(1155,C)

1157 G 0815 010000 72 73 351 363 AB(C); BM79(M),91(Aug.12; #C).81a;
AJ(#C); AAT

1160 J 59 61 320 353 BM79.81a; N(C);, AAT

1170 K 0629 010000 7.4 7.5 359 364 AB(C);B; BMOI(M), 79.81a: Al(zC);
PK(IX); AAT; PT(IX-X)

1182 J 6.5 67 326 367 BM79,81a; AAT; N(1183)

1183 B 345 365 N

1201 B 0602 040000 7.5 34.1 36.1 AB(C&M of 1202); BM79,
81b (Af = 1000 kin); N: AAT; PT(X-XI)

1202 J 0520 010000 6.8 325 355 BM79; N(C); Al(zC); PK(X); AAT

1203 B 333 352 N

1212 A 0502 PT(VIII-IX)

1284 B 333 362 N(O);PTIX-X)

1287 G 7.0 7.2 BM91,79,81a; PK(VI); PT(VII-IX)

1293 J 0111 320 349 N(C); PT(VIIL1292)

1339 B 7.0 343 355 N(C); BIM); PK(IX); PT(VIII)

1343 B 0101 333 362 N(C); PTIX)

1354 G 35.1 364 N

1402 G 350 370 N

68




Seismic zonation of the Dead Sea Transform Fault area

Table I (continued).

Year  Zone Date Time M, M, Lat Long. References and remarks

1404 K 0222 010000 5. 6.1 359 363 AB;BMSIa; PT{IX) o

1407 G 0429 010000 7.0 357 363 AB;B; BM91; N(C36; 36)

1408 K 1229 7.2 7.3 359 363 AM2;AJ; BM91; PK(IX); B; PT(X-XT):
N(C35.1; 36.8)

1457 1 AAT(1456 or 1459)

1546 I Ot14 110000 6.0 32.0 353 AK;BM79,81a(7.0L); PK(VI); AAT; N(7.0)

1588 A 0114 PT(IX)

1640 B PK(VI)

1656 G 0200 68 7.0 349 362 BM79918la; PK(VIL): N(C34.3; 35.5)

1712 I 0616 030000 AAT

1752 A 312 342 N

1752 G 0621 350 360 N

1759 B 343 355 N

1759 1 1030 034500 6.6 33.1 35.6 AB; BM79.81a(6.5L); PK(VIII); AAT(X);
PT(X-XI); N

1759 B 1125 192300 7.4 33.7 359 AB;AJ; BM79,91,81a(6.8L); PK(X)

1796 G 0426 010000 6.6 35.7 36.0 AB;AJl; BM8la(6.1L); N(C35.2; 35.8)

1802 B 6.0 62 340 362 BM798la

1810 B PE(VID

1822 K 0813 010000 7.4 36.7 36.9 AB; Al(zC); BM91(7.2L),79,8la(7.1L);

N(C36; 36)
1834 A 0523 040000 6.1 6.3 31.3 356 BMO9L(M),79,81a; AAT; N

1837 J 0101 143400 7.0 33.0 355 A2 AJ(#M&C); BM79.91,81a,b(6.4);
N(6.4); PK(IX)

1838 J 320 345 N

1872 K 0403 074536 7.2 364 36.5 AB;Al; BM79.91,81a(7.3L); N(7.5)

1902 I 0309 230500 5.5 318 352 K

1902 J 0329 223000 5.6 322 354 K

1903 J 0329 230000 52 5.5 320 355 BM79; BMA; PK(6; 1o = VIII); AAT: N

1924 ] 0227 202420 5.5 33.0 360 CP;A(4.8); BM79; BMA(5.0ML);
PK(5.8); AAT

1927 J 0711 130355 6.0 320 354 AM; CP(6.1); BM79,91: BMA; AAT;
PK(7.2,C31.9; 35.8); N

1928 J 0222 175048 5.5 32.0 355 CP; BM79; BMA(5.0L); PK(4.6); AAT

1936 K 0614 170134 5.5 36.5 36.0 CP

1951 K 0408 213805 5.8 36.6 36.1 CP; K(M5.7; C36.5;35.7)

1952 K 1022 170000 5.0 365 353 N

1953 K 0324 211732 5.1 37.0 37.0 CP

1954 A 0913 214631 5.0 30.8 35.5 CP; BM79 (5.0L); BMA(4.5L);
PK(5.2,C-: 36.0); AAT

1956 B 0316 193240 6.0 33.6 355 CP;BM79; BMA; PK(C; 5.5); A1(M4.8):
AAT;N
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Year Zone Date Time M, Lat. References and remarks

1956 B 0316 194328 5.7 33.6 CP; PK(C; 5.8), A1(5.1); BM79; BMA

1956 I 1218 173303 ¢ 31.6 CP; BM79; BMA(4.8L; C31.3: 35.6);
PK(5.7). AAT

1971 K 0629 090812 5.0 37.1 [SC; CP(5.2)

1971 K 0711 201256 5.0 37.2 ISC; CP(3.3)

1971 K 0817 042933 5.0 37.1 ISC: CP

1679 A 0423 130156 5.0 31.2 ISC; BM79; BMA; AAT

1984 1 0824 060222 5.1 32.8 ISC

1997 B 0326 042251 3.6 334 MLIJER

1997 B 0326 132021 5.0 33.7 MLIJER

Historical earthquakes: M 2 5.9. 20th century instrumentally recorded earthquakes: M 2 5.5 (1900-1910); = 5.0 ¢ 1910-1997).

2) A, L. B, G, and K are the respective designations of Araba, Jordan, Bega®a, E-Ghab and Karasu seismogenic zones.

3
4
5

The first two digits represent the month, and the third and fourth digits show the date: 00 — unknown dare,
Every two digits represent a value: from left (o right: hours, minutes and seconds; 00 — unknown minutes and seconds.

All M, values are taken from papers authored or co-authored by A. Ben-Menahen. These values were used to calculate M.

6) Al - Ambraseys (1992); A2 - Ambraseys (1997); AB - Ambraseys and Barazangi (1989); AJ - Ambraseys and Jackson

=

(1998): AK - Ambraseys and Karcz (1992); AM - Ambraseys and Melville (1988); AM2 - Ambraseys and Melville (1995):
AAT - Amiran ef al. (1994); BM79 - Ben-Menahem (1979); BM81a - Ben-Menahem (1981a); BMS(b - Ben-Menahem
(1981b); BM91 - Ben-Menahem (1991); BMA - Ben-Menahem and Aboodi (1981): B - Beydoun (1997); CP - Comninakis
and Papazachos ¢1978): G - Guidoboni (1989): ISC - International Seismological Center: K - Karnik (1969-1970); MLJER -
Local Magnitude of Jerusalem Observatory; N - (NEIC) National Earthquake Information Center: PK - Plassard and
Kogoj (1981); PT - Poirier and Taher (1980) (only earthquakes with intensities larger than VII were taken); TSP - Tsapunos
et al. (1990),

Semi-colons separate the references and their relevant remarks that are given between brackets. Most of the information.
especially year, date and time. was taken (rom the first reference(s) in the list; when (M) or (C) follow a reference, this
means that the given magnitude or coordinates were taken from this reference, respectively. When the information given in
the catalogue are different from the data of the reference concerned, then: (6.5 or 5.5 L) — surface or local magnitude; (361
or large integer number) — year of oceurrence; (C-; 36.8) — coordinates «longitudes: (D) — dilferent date. Moreover, (X) and
(f'= 1000 km) — intensity and the average diameter of the area, over which the event was felt, respectively.

Table II. Information on the low and high seismic activity periods along DSTE The first column gives the time
period and the second column gives its duration. The number of events with M, = 6.3 is shown in the third

column while the mean return

period for earthquakes with M, = 6.3 is given in the fourth colum.

B Years J)Ll]‘él[iwcm‘) Ev511ts with M, 2 6.3 _7 (ye;i-s) - Rem:{ksj

184 B.C.-326 710 11 65 Quiescent period
526-387 61 6 10 Active period
587-1033 446 6 74 Quiescent period
1033-1202 169 12 14 Active period
1202-1759 557 5 111 Quiescent period
1759-1872 113 5 23 Active period
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It also shows that the last strong event (M, = 7.0)
occurred in 1837, Table T also shows that the
largest earthquake in the area of Wadi Araba and
southern Dead Sea occurred in 362 (M, = 6.5)
while the last relatively strong earthquake
(M, = 6.1) occurred in 1834,

4, Segmentation of the Dead Sea Transform
Fault

Figure 3 is a map of the Eastern Mediterra-
nean region showing the extension of the DSTF
and some fault branches. It also shows the loca-
tion of the epicenters of earthquakes with as-
signed magnitudes and coordinates, for the pe-
riods: 1-1900 with M, 25.9; 1900-1910 with
M, =5.5;and 1910-1998 with M, = 5.0 (table I).
The longitudinal extent of the five seismogenic
zones into which the broader DSTF area has
been divided on the basis of the geometry, geo-
morphology, structural geology and historical
seismicity, 1s also shown. These zones are: Ara-
ba, Jordan, Beqa’a, EI-Ghab and Karasu.

1y The Araba segment extends along Wadi
Araba and the SE part of the Dead Sea between
29.5°-31.3°N for about 210 km. Tt trends in an
almost straight SSW-NNE direction. In addition
to the fact that historical records do not mention
destructive earthquakes along this segment,
which covers a sparsely populated area, the rel-
atively low seismic activity is indicated by the
instrumental record (Ben-Menahem, 1981a;
Ben-Menahem and Aboodi, 1981).

2) The Jordan valley segment extends along
the central and northern parts of the Dead Sea to
the Huleh depression between 31.3°-33.1°N
for about 200 km. It trends S-N in an almost
straight direction. Its northern end coincides
with the zone where the DSTF bifurcates into
the Lebanese fault branches Yammouneh, Roum,
Serghaya and other fault branches. On the other
hand, in a more recent regionalization (Ben-
Menahem, 1991), the northern limit of the Ara-
ba-Dead Sea and Jordan River region was put at
33.4°N. Tectonically, this segment is character-
ized by the pull-apart basins of the Dead Sea
and Lake Tiberias, and has suffered several his-
torical destructive earthquakes. At present, it is
considered to be of relatively moderate seismic-
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ity (Ben-Menahem, 1981a). However, Rotstein
(1987) dividing the Jordan valley into two zones
(northern and southern zone), concluded that
the northern zone has high probability for the
generation of a strong carthquake during the
next 50 years.

3) The Bega'a segment extends along the
western margin of the Beqa’a plain, following the
Yammouneh-fault trend, between 33.1°-34.5°N
for about 170 km. It trends SSW-NNE with
very open curving. The northern end of this
segment is at the site where the trend of the
DSTF changes from SSW-NNE to S-N. Geo-
morphologically, this segment is characterized
by the highest mountain elevations along the
whole zone, and some compressional (due to
transpression) structures. The historical record
shows numerous very destructive earthquakes
in this area, such as the 551, 1202, and 1759
(Plassard and Kogoj, 1981; Ambraseys and
Melville, 1988; Ambraseys and Barazangi, 1989;
Beydoun, 1997). Although Ben-Menahem
(1981a) considered this zone almost as moder-
ately active as the Jordan segment, ils strong
historical seismic record indicates that it is more
active.

4y El-Ghab segment extends along the east-
ern flank of the Syrian coastal mountain range,
along the Salita-fault trend in the south and El-
Ghab pull-apart basin in the north, between
34.5°-35.8°N latitude for about 145 km. It trends
S-N in an almost straight direction. Tectonical-
ly, this segment is characterized by the EI-Ghab
graben, which is considered by many investiga-
tors as a pull-apart basin (Radwan ef al., 1992).
Although the historical record indicates that in
the area of this segment very destructive earth-
quakes have occurred, this could be due (o events
outside the area of the segment. In fact, all
earthquakes studied by Ambraseys and Bara-
zangi (1989) with epicenters located in this area
had magnitudes M = 7.0 or more. However,
stronger events with magnitudes M, = 7.4 and
more were originated either to the south, or to
the north of the arca. Therefore, this segment is
considered to be of moderate seismicity.

5) Karasu segiment extends, together with
the East Anatolia Fault, along the Karasu valley
in SE Turkey between 35.8°-37.3°N. In this
segment the Dead Sea Transform Fault merges
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Fig. 3. Map of the Eastern Mediterranean region showing the Dead Sea Transform Fault and the epicenters of
earthquakes for the periods: 0-1900 with M, = 5.9; 1900-1910 with M; = 5.5; and 1910-1998 with M, = 5.0. The
five seismogenic regions in which the area has been divided, are also shown.
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with the Eastern Anatolian fault for about 170 km,
in a SSW-NNE direction with wide open curv-
ing. Tectonically, the area of this segment i
very complicated because it constitutes, in ils
northern part (Golbasi basin), the meeting point
of the African plate to southwest, the Arabian
plate to the east and southeast, and the Anato-
lian plate to the north and northwest. Historical
seismic records show that this area is the most
active along the DSTF, as it has accomodated
very destructive carthquakes. This is because
the southwestern segment of the East Anatolian
fault passes through this area as well. Therefore,
the high seismic activity is due, most probably,
not only to the Karasu segment, but also to the
southwestern segment of the East Anatolian
Fault.

5. Time dependent seismicity

Searching for seismicity patterns along the
DSTF, Papazachos et al. (1997a) identified two
seismogenic regions in this area, which corre-
spond to the segments south and north of 34.7°
north latitude. By using the regional time- and
magnitude predictable seismicity model it was
found that the probabilities for the generation of
strong (M, = 6.5) earthquakes for the tlime inter-
val 1993-2002 in these segments were low (0.13
and 0.22, respectively). An attempt is made in
the present paper to re-cxamine the time de-
pendent seismicity in this area, since new zona-
tion is proposed and a new catalogue is used by
applying this model (Papazachos, 1989; Papaza-
chos and Papaiocannou, 1993).

As it is known, the time predictable model
(Bufe et al., 1977; Shimazaki and Nakata, 1980;
Sykes and Quittmeyer, 1981) suggests that the
interevent times of large earthquakes in simple
plate boundaries or single faults are proportion-
al to the displacement of the preceding large
events. Recent work on the repeat times of strong
earthquakes indicated that the interevent time
for a seismogenic region, which includes the
main fault where the largest earthquakes occur
and other smaller faults where smaller earth-
quakes occur, also increases with the magnitude
of the preceding mainshock (Papazachos, 1989,
1993). Further work on mainshocks which oc-

3

cur in the continental fracture system led to a
model which is expressed by the two relations
that give the repeat time, 7, and the magnitude,
M, of the following mainshock in a certain
region as a function of: the magnitude, M_ , of
the smallest mainshock considered, the magni-
tude, M, of the preceding mainshock and the
moment rate, #, (per year) in this region. By the
application of a technique (Draper and Smith,
1966; Weisberg, 1980) which is widely used for
the solution of similar problems and with a data
set consisting of 1811 observations (T, M_,

M, M) the following empirical relations were
found (Papazachos er al., 1997b):

logT, = 0.19M

mio

+0.33M,-0.39 logm, + ¢
5.

M, = 0.73M . —0.28 M{_ +0.401logm, + m

(5.2)

iy

The parameters ¢ and s must be determined by
the available data in each case. The application
of the model includes zonation, determination
of the annual seismic moment release and de-
clustering of the complete data sample, exami-
nation of the time distribution of mainshocks,
determination of the parameters g and m of
relations (5.1) and (5.2) and calculation of
the model probabilities. Detailed discussion on
these topics can be found in Papazachos et al.
(1997a,b). The basic tenet of this model, which
is called regional time — and magnitude — pre-
dictable seismicity model, is that the main factor
which controls the duration of the mainshock
interevent times in a certain region is the mag-
nitude of the preceding mainshock. This is ex-
pressed by the positive value of the term 0.33 M,
in relation (5.1).

Table IIT lists the values of the parameters a
and 5" of the Gutenberg-Richter law (1944),
M, . and logm, for each of the five seismogenic
regions of the area studied. A reliable b’ value,
equal to 0.86, was estimated for the whole DSTF
area (Ben-Menahem and Abocedi, 1981; Ben-
Menahem, 1991). By using this value and the
completeness magnitude thresholds mentioned
previously (part 4), the a values were determined.
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Table III. Data of the five segments into which the DSTF has been divided. The first two columns give the
names of the geographical coordinates of region vertices (north latitude, east longitude). Columns 3-6 give the
parameters #” and a of the Guienberg-Richter relation, the yearly seismic moment release rate m, and the maximum
carthquake magnitude M, observed in the region. The probabilities for the occurrence and the expected magnitudes
for the next strong (M > 6.0) mainshocks in each seismogenic region of the Dead Sea Transtorm Fault area are
given in the next two columns while the last two columns list the year of occurrence and the cumulative magnitude
of the mainshocks of the region.

Logm, M P, M Year M

St:ismgge;lic C(mrd_inatcs b’ a it "
region vertices

Araba 29.5, 36.0 0.86 241 23.60 7! 0.04 6.8 32 63
29.5,34.0 1834 6.1

31.35, 345

B 31.35. 36,5 3
Jordan 31.35, 34.5 0.86 3.03 24.16 72 0.06 6.8 658 6.4
31.35, 363 746 72
33.15,36.5 1033 6.5
33.15,34.5 1159 5.9
1202 6.8
1546 6.0
1759 6.6
1837 7.0
1902 5.8
1924 Bl
1927 6.0
) 1956 5.6
Beqa’a 33.15, 345 0.86 3.10 24.40 73 0.07 6.9 551 7.5
33.15, 36.5 844 6.4
34.55,373 991 6.5
34.55,353 1157 5.9
1201 7]
1338 7.0
1759 74
1801 6.0
1956 6.1
) 3 1997 5.6
El-Ghab 34.55,37.3 0.86 2.98 24.40 7.7 0.05 6.7 1157 L2
34.55, 353 1407 7.0
358,353 1656 6.8
35.8,373 1796 6.6
74
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Table 1L {continued).

Sei_s;nggenic Coordinates b a
region vertices
TKarasu  35.8.35.3 086 336
358,373
37.3,379
37.3, 359

The seismic moment rate, m, (dyne-cm yr'),
expressing the tectonic loading excrted in the
region, was calculated by a method proposed by
Molnar (1979), that takes into account a and
b’ parameters as well as the magnitude M, of
the largest earthquake ever to occur in this
region.

For the area under consideration [83 obser-
vations are available that can be considered a
quite satisfactory data sample. The values of ¢
and m parameters and the corresponding stand-
ard deviations are:

g=28.16,0,=0.40
and m=-5.53,0,=0.45.

In addition to relation (5.1) the probability den-
sity function of the observed interevent time, 7,

Logm,

Year

M P, M, M
24.90 7.9 005 7.1 37 63
115 73
340 60
457 63
499 72
528 7.1
564 6.3
713 6.8
835 59
859 79
963 6.1
971 59
1114 638
1139 73
1170 74
1404 5.9
1408 7.2
1822 74
1872 72
1936 5.5
1951 58

to the calculated one, T, has to be defined in
order to proceed in the determination of the
model probabilitics. Once this function is de-
fined, earthquake repeat time estimates can be
presented in terms of a conditicnal probability
describing the likelihood of failure within a cer-
tain time interval 1 + At, provided that the event
has not occurred during the time, ¢. Relation
(5.2) can be used to estimate the magnitude of
the expected mainshock in each seismogenic
region.

The name and the geographic coordinates of
the vertices of cach seismogenic region are giv-
en in the first two columns of table III. The
probabilities, P,,, and the magnitudes, M,, of the
expected mainshocks are given in the seventh
and eighth columns, where the model probabil-
ities, P, were calculated with M, = 6.0. The
vear of occurrence and the cumulative magni-
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tude of the main shocks, that is, the representa-
tive magnitude determined by summing up all
seismic moments of the shocks of each seismic
sequence (Papazachos et al., 1997a.b), are giv-
en in the last two columns.

6. Discussion

The historical seismic record of the Dead
Sea Transform Fault area indicates that large
and destructive earthquakes have occurred in
the past 2000 years (table I). The strongest events
occurred in the Karasu and Bega’a seismogenic
zones (fig. 3). In the Karasu zone, the epicenters
of the largest events are dispersed in a wide
zone (about 100 km), and two of them were
probably originated along the East Anatolian
Fault rather than the Karasu segment of the
Dead Sea Fault. The cluster of events between
the two faults could be due to a fault branch
bifurcating from the northern end of EI-Ghab
towards NNW similar to the branching of Car-
mel and Roum faults to the south (fig. 1). Chron-
ologically, table I shows that the largest events
M, > 7.2 have occurred in long «swarms» with
quiescent periods of about 450 to 700 years as
Ambraseys and Barazangi (1989) also noticed.
These periods of high seismicity have recur-
rence intervals of about 450-700 years. In the
Beqa’a seismogenic zone, the epicenters of the
largest seismic events are located along the Yam-
mouneh fault, the main fault strand of the DSTF
in Lebanon. Smaller events originated in a rela-
tively broader zone, and especially along the
Roum fault and its northern extension (fig. 1).
Chronologically, from table [ it is evident that
the largest seismic events in this zone have re-
currence intervals of 550 to 650 years. In the
past 2000 years, each of the Jordan and EI-Ghab
seismogenic zones accommodated one earth-
quake with magnitude equal to 7.2, The second
highest magnitude in both regions was 7.0
(table T). The uniqueness of these events and the
skeptic approach towards historical seismic data
suggest that these earthquakes (of M 7.2) may
have been overestimated. However, in the appli-
cation of the time- and magnitude-predictable
model these events are considered as they ap-
pear in the table. The scarcity of seismic events,
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and the lack of earthquakes with M_ > 6.5, in the
Araba zone indicates, as Ben-Menahem (1981a)
also concluded, that this seismogenic region has
low seismic activity and high ascismic slip. As
for the whole region, the long recurrence rate of
strong seismic events in all seismogenic zones
is probably responsible for the scarce instru-
mental record in the 20th century.

From the preceding discussion, it is suggest-
ed that, in terms of seismicity, the Dead Sea
Transform Fault seismogenic zones could be
classified into three groups. The first group in-
cludes only the Araba zone, which is character-
ized by low seismic activity, and the absence of
significant transtensional and transpressional
features except for the southern part of the Dead
Sea, which constitutes a transitional area into
the Jordan zone. Therefore, the Arabian and
African plates are probably sliding aseismically.
The second group includes the Jordan-valley
and El-Ghab zones. This group is characterized
by left stepping, creating in left-lateral trans-
form faults, pull-apart basins, which are found
in both zones. This group is characterized by
moderate seismic activity. The third group in-
cludes the Bega’a and Karasu zones. Transpres-
sional features duc to the zones’ diversion to the
right are cvident in this group, which is charac-
terized by strong seismic activity.

Figures 2a.b, which depict the rate of seis-
mic activity along the DSTF, also show that
large swarms of earthquakes of varying magni-
tudes occurred three times during the 6th, 12th,
and the end of [8th — beginning of 19th centu-
ries with a recurrence period of 450-700 years.
These long cycles of quiescence were disrupted
during the middle of 4th and 9th centuries and
the closure of l4th century. During the time
interval 1408-1656 there was not any reported
event with magnitude larger than 6.0. Although
this interval falls within the 13th-18th century
quicscent period, it might be artificially im-
posed by lack of historical descriptive records.
However, the detection of 1546 (M = 6.0) earth-
quake in Palestine, suggests that very strong
earthquakes could not be simply missed, even if
they originated at relatively large distances from
that area.

In contrast to different segmentations and
regionalizations of Ben-Menahem (1981a, 1991)
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and Ben-Menahem and Aboodi (1981), this study
takes into account the geometry, geomorpholo-
gy and structural geology of the Dead Sea Trans-
form Fault area together with historical seismic-
ity. The instrumental record was not given a
significant role in the zonation due to its scarci-
ty which is, probably, inherited by the fact that
the whole region is currently (20th century)
passing through a seismically quiescent period.
Hence, the segmentation results of this study
can be considered reliable for any seismicity
model studies, as well as for seismic hazard
assessment.

7. Conclusions

The aforementioned results and discussion
led to the following conclusions:

— The Dead Sea Transform Fault area is sub-
divided into five seismogenic zones, namely:
1) Araba segment extends along Wadi Araba
and the southernmost part of the Dead Sea be-
tween the latitudes 29.5° and 31.3° N, and trends
SSW-NNE; 2) Jordan-valley segment extends
along the central and northern parts of the Dead
Sea and the Jordan valley to the Huleh depres-
sion between the latitudes 31.3° and 33.1°N,
and trends S-N; 3) Beqa’a segment extends along
the western margin of the Bega’a valley in Leb-
anon between the latitudes 33.1° and 34.5°N
and trends SSW-NNE; 4) El-Ghab segment ex-
tends along the eastern flank of the coastal moun-
tain range of Syria between the latitudes 34.5°
and 35.8°N and trends S-N; 5) Karasu segment
extends along the Karasu valley in SE Turkey
between the latitudes 35.8° and 37.3°N and
trends SSW-NNE.

— These seismogenic zones do not exhibit
the same seismic activity: the Araba zone is
characterized by low seismic activity, and the
absence of transtensional and transpressional
features; the Jordan-valley and El-Ghab zones,
however, are characterized by moderate seismic
activity and the presence of pull-apart basins;
on the other hand, the Bega’a and Karasu zones
are characterized by high seismic activity (events
with M =7.0) and the presence of transpres-
sional features.

Tl

— In the past two millennia, three large re-
gional swarms of earthquakes of varying mag-
nitudes occurred during the 6th, 12th, and the
end of 18th and the beginning of 19th centuries
with a recurrence period of about 600 years,
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