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Abstract

A high-resolution Holocene seismic history of the Dead Sea Transform (DST) is established from laminated sedimentary

cores recovered at the shores of the Dead Sea. Radiocarbon dating and annual laminae counting yield excellent agreement

between disturbed sedimentary structures (identified as seismites) and the historical earthquake record: All recent and historical

strong events of the area were identified, including the major earthquakes of A.D. 1927, 1837, 1212, 1033, 749, and 31 B.C.

The total of 53 seismites recognized along the entire Holocene profile indicate varying recurrence intervals of seismic activity

between a few and 1000 years, with a conspicuous minimum rate at 2100–31 B.C. and a noticeable maximum during the past

six to eight centuries. Most of the epicenters of the correlated earthquakes are situated very close to the Dead Sea (within 150

km) or up to 400 km north of it along the DST. Between 1000 B.C. and A.D. 1063, and from A.D. 1600 to recent time the

epicenters are all located on the northern segment of the DST, whereas prior to 1000 B.C. and between A.D. 1000 and 1600

they appear to scatter along several segments of the DST. We establish how the local intensity exerts a control on the formation

of seismites. At historically estimated intensities greater than VII, all well documented earthquakes are correlated, whereas at

intensities smaller than VI none are matching.

The periods with enhanced earthquake rate along the DST correlate with those along the North Anatolian Fault as opposed to

the intervening East Anatolian Fault. This may indicate some elastic coupling on plate-boundary scale that may also underlie

escape and extrusion tectonics, typical of continental collision.
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Keywords: paleoseismology; earthquakes; Dead Sea Transform; Holocene sediments; varves; seismite; active faulting; recurrence interval;

Anatolian block; lateral extrusion

* Corresponding author. Tel.: +49-331-288-1381; fax: +49-331-288-1302.
0012-821X/$ - see front matter D 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.epsl.2004.02.015

E-mail addresses: migo@gfz-potsdam.de (C. Migowski), amotz@huji.ac.il (A. Agnon), revital@vms.huji.ac.il (R. Bookman),

neg@gfz-potsdam.de (J.F.W. Negendank), motis@vms.huji.ac.il (M. Stein).
1 Tel.: +972-2-6584743; fax: +972-2-5662581.
2 Tel.: +972-2-6584272; fax: +972-2-5662581.
3 Tel.: +49-331-288-1300; fax: +49-331-288-1302.
4 Tel.: +972-2-65314296; fax: +972-2-5662581.



C. Migowski et al. / Earth and Planetary Science Letters 222 (2004) 301–314302
1. Introduction

The Dead Sea Transform (DST), which separates

the Arabian and Sinai plates [1,2] (Fig. 1A), has

been the locus of tectonic and seismic activity over

timescales of several million years to historical

periods [2–4]. A long-standing problem in the

tectonic reconstruction of the DST is the apparent

gap between the long-term rate of plate movement

along the major faults and the seismic moment

release [5]. This gap possibly indicates that the

seismic activity is not uniform on a historical time

scale, with alternating periods of activity and qui-

escence [6,7]. More recent estimates of the long-

term rate [2,8] and geodetic measurements of the

current rate [1,9] confirm the gap with modern

estimates of the seismic moment release [10]. The

temporal alternation between activity and quies-

cence may be associated with spatial migration of

activity between adjacent plate boundaries, as

shown for the North and East Anatolian Fault

systems [3]. An assessment of this notion requires

detailed knowledge on the temporal occurrence of

the earthquakes, with constraints on rupture area

and magnitudes.

In the present study we examine the spatial and

temporal distribution of earthquakes that occurred
Fig. 1. (A) Map of major tectonic boundaries and plate motions in

the Eastern Mediterranean region [1]. The heavy arrow indicates the

convergence vector of the northern Arabian plate; NAF—North

Anatolian Fault; EAF—East Anatolian Fault; DST—Dead Sea

Transform. (B) Drilling sites along the Dead Sea shore and the

Ze’elim outcrop are shown.
along the Dead Sea Transform (DST) during the

Holocene period. The human development in the

Dead Sea basin and the Jordan Valley reflects to a

large extent the climatic and tectonic histories. As this

region was the locus of human settlement since the

early Pleistocene [11], rich historical documentation

of earthquake activity is available for the past 2800

years [12–15], allowing for comparison with the

geological evidence of paleo-earthquakes. This evi-

dence appears as disturbances in geological sections

of lacustrine sediments that were deposited in the

Dead Sea basin during the Holocene. The sedimentary

section at the Ze’elim gully (Figs. 1B and 2) exposes

disturbed sedimentary structures that were correlated

with the historical earthquakes of the region [16].

Nevertheless, the exposed Ze’elim section reveals

only parts of the Holocene paleo-seismic record

because it is located on a terrace, elevated relatively

to the level of the Dead Sea during much of the late

Holocene [17]. The location of the Ze’elim terrace is

sensitive to lake level fluctuations that induced hia-

tuses during low lake stands. In the Ze’elim record

several of the missing major earthquakes lie indeed in

periods of low lake stands and sedimentary hiatuses

[16,17].

In the present study, we extracted sediment cores

at different sites of recently emerged shorelines (Fig.

1B). These cores recovered sedimentary sections that

represent the deeper lacustrine environment of the

Holocene Dead Sea. The Ein Gedi site is less sensi-

tive to lake level changes and therefore should con-

tain a continuous depositional and seismite sequence.

We anticipated finding in the Ein Gedi core the

‘‘missing seismites’’ from earthquakes that corre-

spond to hiatuses in the Ze’elim section, thus com-

pleting the entire historical record. This would

provide a crucial test for the assessment of the

disturbed sedimentary structures as seismites. The

Ein Gedi core penetrated 21 m beneath the 1997

surface of the Dead Sea shore (at 413 m below mean

sea level) reaching at its bottom a thick salt layer (Fig.

2), which marks the base of the Holocene at several

sites in the region [18]. Thus, the Ein Gedi core

comprises the entire Holocene period. Another core

representing the lacustrine environment was recov-

ered in the Ein Feshkha site on the north-western side

of the Dead Sea (Fig. 1B) and its record is used for

comparison with the Ein Gedi core. In addition, we



Fig. 2. Lithology of the sediment cores and the established age-depth models of the different profiles. The Ze’elim coring profile is paralleled by

the Ze’elim gully wall [16]. The Ein Gedi chronology is based on 20 radiocarbon dates and on the varve counted section (black line) in the upper

part.
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recovered a core next to the exposed section of the

Ze’elim gully, which allows us to compare the sedi-

mentary record in a lake versus a nearshore environ-

ment. (Figs. 1B and 2).
2. The lithology and chronology of the cores

Textural and mineralogical properties of the cores

were examined in thin sections under microscopic

binocular. The thin sections were further used for

laminae counting.

The Ein Gedi core typically comprises laminated

clay-sized clastic sediments and authigenic aragonite

and gypsum. The laminae are 0.2–2 mm in thickness,

and the petrographic examination reveals clastic lam-

inae, often alternating in couplets with aragonite, or

appear as triplets of clastic detritus, aragonite and

gypsum. The clastic material was brought into the

lake by seasonal floods; the aragonite laminae precip-

itate from the upper surface water layer of the lake

following the supply of bi-carbonate to the lake [19]

by the floods from the Jordan river. The gypsum

laminae may represent drier years when the upper
water mass is diminished due to lower water input and

enhanced evaporation [19]. Between 10.5 and 16 m

sediment depth, the Ein Gedi core mainly consists of

the clastic component with sparse formation of pure

aragonite laminae, presumably because of a dry cli-

mate (Fig. 2).

Radiocarbon dating combined with laminae count-

ing allows constraining the absolute sedimentation

rate of the profile (Fig. 2). Along the entire Ein Gedi

profile, 20 wood fragments washed in by floods have

been AMS radiocarbon dated (Table 1, calibration

according to Ref. [20]). Additionally, the laminae in

the uppermost part of the profile were counted under

the microscope, and their thickness measured. With

that, we obtained a floating chronology of 1500

counted years between 0.78 and 3.02 m sediment

depth, in a range of f 700–2200 years ago. Within

the errors of radiocarbon dating, the clastic-aragonite

couplets and clastic-aragonite-gypsum triplets can be

defined as annual deposits, namely they are varves. A

similar conclusion was reached for the alternating

clastic-aragonite couplets in the late Pleistocene Lisan

Formation [21]. The working hypothesis that the

laminae are varves enabled us to establish an accurate



Table 1

AMS Radiocarbon dates from the Ein Gedi site

Lab. No. Depth

(m)

14C age

(a BP)

Calibrated
14C age 2r
(a cal A.D./B.C.)

Most

probable ages

(A.D./B.C.)

Shift of the

curve from

2r ranges

(a)

1 KIA11626 0.02 160F 33 A.D. 1660–1889 A.D. 1840–1850 0a

A.D. 1910–1950

2 KIA5841 0.22 800F 30 A.D. 1189–1204 A.D. 1700–1712 >418a

A.D. 1205–1282 recycled

material?

3 KIA11627 1.58 1528F 39 A.D. 427–623 A.D. 936–942 >299b

A.D. 630–637

4 KIA9122 1.70 1555F 30 A.D. 426–599 A.D. 854–860 >255b

5 KIA5842 2.50 2070F 30 171–16 B.C. A.D. 275–283 >274b

13 B.C.–A.D.1

6 KIA11628 2.86 2293F 29 400–356 B.C. 31–75 B.C. >158b

286–256 B.C.

243–233 B.C.

7 KIA11629 4.16 3065F 40 1426–1417 B.C. 1310 B.C. 0a

1413–1255 B.C.

1240–1212 B.C.

1196–1193 B.C.

1135–1133 B.C.

8 KIA9123 4.47 3545F 35 2005–2003 B.C. 1365–1570 B.C. >180a

1953–1766 B.C.

1759–1750 B.C.

9 KIA11630 5.35 4018F 31 2618–2609 B.C. 2050–2100 B.C. >365a

2596–2590 B.C.

2582–2465 B.C.

10 KIA5843 5.70 3680F 30 2184–2183 B.C. 2150–2184 B.C. 0a

2140–2005 B.C.

2004–1955 B.C.

11 KIA11631 6.08 3836F 40 2459–2194 B.C. 2450–2459 B.C. 0a

2173–2142 B.C.

12 KIA11632 7.28 4546F 32 3366–3262 B.C. 3300–3367 B.C. 0a

3239–3165 B.C.

3163–3099 B.C.

13 KIA5844 9.42 5280F 40 4224–3980 B.C. 4230 B.C. –

14 KIA11633 10.00 5595F 34 4495–4468 B.C. 4450 B.C. –

4463–4348 B.C.

15 KIA5845 11.44 5900F 40 4897–4891 B.C. 4800 B.C. –

4876–4873 B.C.

4849–4816 B.C.

4812–4690 B.C.

16 KIA5846 14.01 6460F 70 5555–5553 B.C. 5400 B.C. –

5533–5302 B.C.

17 KIA5847 15.88 6730F 40 5721–5612 B.C. 5660 B.C. –

5586–5559 B.C.

18 KIA11634 16.65 7874F 39 7026–7019 B.C. 6610 B.C. –

6999–6989 B.C.

6982–6967 B.C.

6948–6933 B.C.

6914–6881 B.C.

6828–6638 B.C.

6617–6610 B.C.
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Table 1 (continued)

Lab. No. Depth

(m)

14C age

(a BP)

Calibrated
14C age 2r
(a cal A.D./B.C.)

Most

probable ages

(A.D./B.C.)

Shift of the

curve from

2r ranges

(a)

19 KIA5848 18.40 8200F 40 7446–7437 B.C. 7150 B.C. –

7418–7411 B.C.

7396–7393 B.C.

7347–7076 B.C.

20 KIA11635 19.17 8644F 88 7959–7950 B.C. 7700 B.C. –

7943–7925 B.C.

7924–7539 B.C.

Calibration according to [20].
a Shift from radiocarbon dates to proposed ages according to earthquake correlation.
b Shift from radiocarbon dates to proposed ages according to earthquake correlation and varve counting.
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age-depth model, encompassing the last 10,000 years

(Fig. 2).
Fig. 3. Two typical examples of disturbed sediment sequences in the

Ein Gedi profile: The sequence between 0.65 and 0.78 m core depth

is correlated with the earthquake of A.D. 1458, whereas the earlier

event of the year A.D. 1408 is masked in the sequence (left). The

sequence between 1.35 and 1.42 m depth is identified as being

created during the earthquake of A.D. 1033 (right).
3. Development of a seismite chronology in the

Dead Sea sediments

The first earthquake records in the Dead Sea

region, using a sedimentary inventory [7,22], were

established from sediments of late Pleistocene Lake

Lisan. The Lisan Formation comprises sequences of

alternating laminae of authigenic aragonite and silty

detritus deposited during enhanced freshwater input to

the lake and sequences of sands and silts deposited

during low lake stands [16,23,24]. This sedimentary

pattern is punctuated by sequences with disturbed

sedimentary structures that typically consist of arago-

nite fragments ‘‘floating’’ in silty detrital matrix

(similar to those illustrated in Fig. 3) without any

indication of transport effect. Several sedimentary

structures could be associated with liquefaction and

earthquake activity [7], thus leading to the interpreta-

tion of the disturbed layers as being seismites. More-

over, the disturbed sedimentary structures in the Lisan

Formation were found in direct association with

syndepositional surface fault ruptures, lending strong

support to the seismite interpretation [25]. Marco et al.

[7,25] suggested that the original laminae were de-

formed during earthquakes at the water–sediment

interface. The sediments were fluidized, brecciated,

re-suspended, and then re-settled in their present

deformed sedimentary structure. The timing of each

event is constrained by dating the first undisturbed
layer overlying the disturbed sequence. The temporal

distribution of the seismites in the Lisan section was

determined by U-series dating obtained on adjacent

aragonite laminae [26]. It was found that intervals of

approximately 10,000 years of seismic activity alter-

nate with a similar time span of quiescence [7]. The

Lisan study was followed by the identification of

similar sedimentary disturbances in the exposed sec-

tion of the upper Holocene Dead Sea in the Ze’elim

gully [16]. There, the ages of the seismites were

determined by radiocarbon dating of organic remains

found within the seismites or in adjacent layers.



Table 2

Deformed sequences of the Ein Gedi site and their correlation with earthquakes

No. Depth

(m)

Thickness

(cm)

Type-I,

-II, -III

Date

(A.D./B.C.)

Magnitude Sources

1 � 0.13a 10 I A.D. 1927 6.3 [12,13,15,

16,29]

2 0.03 3 II A.D. 1837 7.4 [13,15,27]

masked A.D. 1834 6.4 [13,16]

3 0.08 3 II A.D. 1822 7.6 [13,15,27]

4 0.22 2 II A.D. 1759 7.4 [13,27,30]

5 0.27 12 I A.D. 1712 5.5 [13]

6 0.41 4.8 II A.D. 1656 7.1 [13,15]

7 0.52 1 II A.D. 1588 6.7 [12,15]

8 0.56 3 II A.D. 1546 6.1 [12,15,16]

9 0.66 13 I A.D. 1458 6.5 [12,13,16]

masked A.D. 1408 >7.5 [15,30]

Counted interval – A.D. 1303 8.0 [12,15]

10 0.9481 1 II A.D. 1293 6.6 [12,13,16]

11 1.0307 4.2 II A.D. 1212 6.7 [12,13,16]

masked A.D. 1202 7.5 [12,13,15,

27,28,30]

– A.D. 1170 7.5 [12,15,30]

– A.D. 1157 7–7.5 [15,30]

– A.D. 1139 7.4 [15]

12 1.23 0.8 III A.D. 1114 7.9 [13,15,27]

13 1.32 0.4 III A.D. 1068 6.9 [13,15,16,27]

masked A.D. 1063 6.5–7 [13]

14 1.34 0.8 III A.D. 1042 7.3 [15]

15 1.3531 7.4 I A.D. 1033 7.1 [4,12,13,15,

16,27]

masked A.D. 1032 6.9 [13,15]

16 1.495 0.2 III A.D. 991 6.7 [15]

17 1.698 0.8 III A.D. 859 7–7.5 [15]

18 1.9207 0.2 III A.D. 749 7–7.5 [4,12–16,30]

19 1.99 0.5 III A.D. 660 >6.0 [13,14]

20 2.2033 0.3 III A.D. 551 7.5 [4,12,13,

15,16]

21 2.2991 0.7 III A.D. 502 7.0 [13,15]

masked A.D. 500 7.8 [13,15]

22 2.3716 0.5 III A.D. 419 6.9 [13,14]

– A.D. 363 6.7 [13–16]

– A.D. 349 7.0 [15]

– A.D. 306 7.1 [13,15]

23 2.5562 0.66 III fA.D. 175 – –

24 2.6497 0.2 III A.D. 115 7.4 [13,15]

25 2.6565 0.5 III A.D. 112 6.2 [12]

26 2.6645 0.5 III fA.D. 90 – –

27 2.6820 0.4 III A.D. 76 7.0 [15]

28 2.7420 0.2 III A.D. 33 5.5 [13,16]

– A.D. 19 6.8 [13,15]

29 2.8386 9 I 31 B.C. 6.7 [13–16]

masked 64 B.C. 7.7 [13,15,16]

30 2.9493 1 II 92 B.C. 7.1 [13,15]

31 3.0248 1 II 140 B.C. 7.0 [15]

masked 148 B.C. [15]

32 3.41 1 II 525 B.C. 7.5 [15]
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Table 2 (continued)

No. Depth

(m)

Thickness

(cm)

Type-I,

-II, -III

Date

(A.D./B.C.)

Magnitude Sources

33 3.51 2 II f 700 B.C. – –

34 3.55 5 I 759 B.C. 7.3 [4,15]

35 3.79 5 I ca. 1050 B.C. 7.0 [15]

36 3.81 1 II f 1100 B.C. – –

37 4.3 7 I ca. 1365 B.C. 7.8 [15]

38 4.52 3 II ca. 1560 B.C. 6.8 [15]

39 4.62 11 I f 1800 B.C. – –

40 5.05 7 I f 2000 B.C. – –

41 5.36 9 I ca. 2050 B.C. 8 ? [15]

42 5.61 7 I ca. 2100 B.C. 6.8 [15]

43 6.42 7 I ca. 2700 B.C. >6.3 ? [4]

44 7.2 2 II 33–3600 B.C. >6.0 ? [15]

45 8.33 6 I 4000 B.C. >6.2 ? [4]

46 8.42 4 II f 4200 B.C. – –

47 10.19 3 II f 4450 B.C. – –

48 10.76 2 II f 4600 B.C. – –

49 15.80 14 I f 5600 B.C. – –

50 16.45 4 II f 6000 B.C. – –

51 17.27 13 I f 6500 B.C. – –

52 17.45 4 II f 6600 B.C. – –

53 17.96 2 II f 6800 B.C. – –

a Depth is a sub-bottom depth of the 21 m long core. Negative depth results from the profile extension by the additional 30 cm short

complementary top-core.
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The Ein Gedi core provides a continuous record

including 53 deformed layers that resemble the dis-

turbed sequences of the Lisan Formation, thus are

identified as seismites (Table 2). The ages of the

seismites were determined by radiocarbon dating,

and were further incorporated within the counting

age-depth calendar model. The floating annual chro-

nology was finally fitted by the correlation to the

historical strong earthquake record from the Dead Sea

area (Fig. 4). The counting curve between 0.78 and

3.03 m, was first matched within the two sigma ranges

of the radiocarbon dates. The gradients of both are in

good agreement. In the next step the top of each

disturbed sequence in the curve was matched to one of

the documented earthquake dates by shifting the curve

on the time-axis. This process was iterated searching

for a satisfactory match for the entire section. Due to

the non-repetitive character of both historic and sed-

imentary record there is a single choice of match for

which the congruence is significantly better than all

the others (Fig. 4). Account had to be taken for

magnitude and epicentral distance: earthquakes creat-

ing a disturbed sequence in the Dead Sea need to be
sufficiently strong, and also their epicenter should be

sufficiently close. The distance-magnitude plot (Fig.

5) of the available earthquake data [4,10–16,27–31]

is a tool for choosing among different events.

Within the counting interval of 1500 years, 27

historical earthquakes from the Dead Sea region can

be matched with the age-depth counting model.

Twenty-one of these events are correlated to the top

of deformed layers and six are masked by subsequent

deformation (Table 2). This finding is significant since

the chance for a random fit of a series of 20 intervals

between the identified events with a combined error of

20 years and a mean recurrence of 100 years is of the

order 10� 10 (additional matching the six masked

events by accident is even less likely). The best-fit

curve was slightly shifted to the left of the radiocarbon

ages, mostly by 50–200 years, with one exception of

350 years. This shift is reasonable because the Ein

Gedi site is located within the deeper lacustrine

environment. The small discrepancy between radio-

carbon ages and the counting-model ages in the Ein

Gedi core can be attributed to reworking of the

washed-in organic matter before it settled in the



Fig. 4. The age-depth model of the Ein Gedi profile is derived from radiocarbon dating (black bars indicate 2ó ranges) and varve-counting

between 0.78 and 3.03 m. The floating annual chronology is anchored by a systematic comparison and correlation of deformed sediment

sequences (grey bars) to a succession of historical strong earthquakes.
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bottom of the dense saline lake. This re-deposition

effect shows lower values in the Ze’elim section [16]

situated closer to the paleo-shoreline. There, eight

historical seismic events were matched with radiocar-

bon dating within one sigma [32]. The slightly longer

residence time inferred in the current study may also

reflect the tighter constraints provided by comparison

to a larger number of seismites and a very rigorous

chronological framework.

The disturbed sequences are classified to three

thickness types: Types I, II and III with respective

thickness of >5, 1–5, and <1 cm, the latter identified

only microscopically, hence restricted to the counted

interval. The seismites outside the counted interval are

identified by bare-eye examination of the core. For

estimating recurrence intervals in the entire core, we
therefore use only macroscopically observable seis-

mites (Types I and II). Our choice of the absolute

chronological matching for the counted interval (Fig.

4) anchors the chronology of the rest of the entire Ein

Gedi core. Out of the 53 disturbed sequences in the 21

m core, 31 can be correlated with historical earth-

quakes along the last three millennia. Additional eight

seismites can be matched with the less well-con-

strained archeoseismic record, totalling 39 deformed

sequences matched by independent records.

The uppermost-disturbed layer corresponds to the

A.D. 1927 earthquake [10,12,13,33,34], which is

consistent with the sedimentation rate, the top of the

profile representing the year A.D. 1997. The whole

match encompasses the past 2760 years (the upper

3.70 m of the core). Although historical documentary



Fig. 5. All available magnitudes of historical earthquakes for a distance of up to 1000 km around the Dead Sea on a logarithmic scale. The

correlated earthquakes (squares) plot into a field of intensities greater than VI (dashed line); beyond the intensity VII, all earthquakes are

correlated (except the A.D. 363 earthquake—see text). Uncorrelated historical events are represented by a cross (for historical record) and a

triangle (for instrumental record). The instrumental measurements are possible since 100 years [11]. According to some matching historical

earthquakes with an unknown magnitude, a critical magnitude MC = 5.5 is necessary to develop a disturbed sediment sequence.
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records prior to this period do not exist, radiocarbon

dated archaeological evidence has enabled us to

further extend the seismic record to f 6000 years

[4,35]. Moreover, the Ein Gedi core exposes addition-

al disturbed sequences that are still older (Table 2 and

Fig. 6A).

The spatial distribution of deformation in the Dead

Sea sediments can be examined by comparison of the

chronology of the Ein Gedi core to the other sites

along the Dead Sea shore. The Ein Feshkha core (Fig.

2) recovered some of the same period represented in

Ein Gedi core, albeit with a lower quality and with

over 10 coring discontinuities. Nevertheless, with the

available chronological information, all 18 disturbed

sequences identified in the Ein Feshkha core coincide
with seismites in the Ein Gedi core. Most of the events

missing in Ein Feshkha core but found in Ein Gedi

core happened during periods of hiatus in the former,

including 13 in the last 800 years (Fig. 2). The older

disturbances of the Ein Gedi record (f 5000–6000

and 6000–6800 B.C.) can be correlated with de-

formed units of the Darga valley sedimentary record

[29]. All eight earthquakes found previously in the

Ze’elim terrace [16], can be identified in the Ein Gedi

core. With some reasonable modifications, the agree-

ment between the correlated sections is also substan-

tiated in details. The two liquefied sand structures at

Ze’elim, representing the earthquakes of A.D. 1927

and 1834 [16], are correlated with very thick disturbed

sequences in the Ein Gedi core. Here we allow the



Fig. 6. (A) Classification of disturbed sediment sequences into three types based on thickness. The recurrence interval (RI) can be estimated

from the temporal distribution of Type-I and -II seismites, with one exception between 4500 and 5500 B.C. Within this sequence, the

macroscopical identification of seismites is delicate because of altered sediment characteristics. (B) North–South distribution of the epicenters

of the matched earthquakes.
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possibility that the correlated earthquake at both sites

is the A.D. 1837 event rather than the A.D. 1834

earthquake. In this interpretation the A.D. 1834 is

masked by the later event, which in turn is docu-

mented as a strong earthquake originating close to

Safed [13,27]. Further, very thin sequences exist at

both sites, reflecting the earthquakes of A.D. 419 and

33, and 64 B.C. The correlation of the A.D. 363

earthquake [16] was changed in favor of the A.D. 419

event at the Ze’elim profile, without any contradiction

of the former results. In addition, a relatively thick

sequence representing the event of 31 B.C., shows

similar appearance in both sections. The identification

of A.D. 363 was based on a catalogue [13] inferring a

large event for this year without support of historical

sources for rupture south of Beit Shean (Skithopolis;

32j30VN). Rather, reported damage in the Galilee

dated to this year was compiled with archaeological

damage in Petra, south of the Dead Sea, dated to

within a decade [35].

The magnitudes of all strong earthquakes in rela-

tion to their distance from the Dead Sea [27,36] as

shown in Fig. 5 were calculated from local intensities

according to former studies [10,13]. It appears that the

local intensity exerts a dominant control on the

formation of seismites. At historically estimated in-

tensities greater than VII, all earthquakes (with the

exception of the debatable A.D. 363 event) are match-

ing, whereas at intensities smaller than VI none are

matching. About 60% of the correlated earthquakes
that plot in the intermediate range are correlated.

These results corroborate both the historical magni-

tude and location estimates, albeit imprecise.

We find no correlation between seismite type (or

thickness) and calculated intensity. This suggests that

seismite generation is hysteretic, so once a threshold

of energy is exceeded, an undetermined fraction of

that energy can go to suspension and mixing of the

sediment.
4. Temporal distribution of the Holocene seismites

We can use only the deformed sequences of Types

I and II for analyzing the recurrence pattern of

seismites along most of the core, because the identi-

fication of Type-III events is restricted to the counted

interval. Within the span of the last 1000 years, ten

disturbed sequences could be identified (additionally

3 of Type-III), representing a mean recurrence interval

of 100 years. For the 1st Millennium (A.D. 0–1000)

only a single seismite of Type-I is identified, so the

recurrence interval changes to f 1000 years. Be-

tween 0 and 2100 B.C. six events of Type-I, and five

events of Type-II can be identified. Here, the mean

recurrence interval is approximately 190 years, where-

as during 2100–4600 B.C. only two of Type-I and

four of Type-II can be found, with the corresponding

recurrence interval of 420 years. The section from

4600 to 5500 B.C. was excluded from the evaluation
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because of the lithological characteristic of this inter-

val: Our means to identify disturbed sequences

requires the presence of alternating aragonite and

clastic laminae, while this interval contains mainly

clastic sediments, with a few aragonite laminae. Two

disturbed sequences of Type-I, and three of Type-II,

lead to a recurrence interval of 500 years for the oldest

part of the core, between 5500 and 8000 B.C.

Overall, the recurrence data from the Dead Sea

suggest that the rate of seismic activity along the DST

changed several times during the last 10,000 years:

There is a very active period within the past 500–600

years, whereas between 1000 and 2000 years ago the

seismic activity was significantly less frequent. The

pre-historical time span between 0 and 4600 B.C.

shows moderate seismicity, with a sub-clustering at

1000–2100 B.C. The lack of disturbed sequences in

the lower part of the Ein Gedi profile (5500–8000
Fig. 7. Map of severe (ML>5.5) earthquakes in the Eastern Mediterranea

matching instrumental (triangles) and historical record (crosses).
B.C.) indicates a relatively quiet time for seismic

activity (Fig. 6A).

Considering also the microscopically observed

Type-III seismites in the counted interval (140

B.C.–A.D. 1458), a quiescent period between A.D.

551 and 1033 is obvious. A similar relatively quiet

period (A.D. 520–940) was reported before for the

North Anatolian Fault (NAF), whilst by contrast a

cluster of frequent seismic activity along the East

Anatolian Fault was observed [3]. The similarity in

the behavior of the NAF and the Dead Sea Transform

and their dissimilarity to the intervening EAF is

discussed in Section 5 below.

Data of epicentral distance to farthest liquefaction

versus seismic moment have been complied for over a

hundred modern shallow focus earthquakes [36].

Thereby an envelope of maximum distance for a

given moment-magnitude was inferred (Intensity VII
n and the Dead Sea region; correlated earthquakes (stars), and not
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in Fig. 5). The intermediate intensity range (VI < I0 <

VII) highlights the limitations of the present method

and of the historical intensity estimate (based on

location and magnitude determinations).

Nevertheless, some older events with unknown

magnitude (4000, 3300 and 2700 B.C. and A.D.

660) which all match to the age-depth model, can

now be assessed more precisely. We calculated their

magnitude according to the distance of their epicen-

ters from the Dead Sea in Fig. 5. The fact that they all

can be matched is consistent with a minimum inten-

sity of VI. In addition a certain threshold magnitude

of f 5.5–6.0 seems to be essential for creating a

disturbed sequence in the sediment [7].

With a few exceptions, the epicenters of the

matched earthquakes are situated very close to the

Dead Sea (within 150 km) or up to 500 km north of it

along the DST (Fig. 7). Between 1050 B.C. and A.D.

1000, and from A.D. 1600 to recent time the epi-

centers are all located along the northern segment of

the DST, whereas prior to 1050 B.C. and between

A.D. 1000 and 1600 they appear to scatter along

several earthquake rupture segments of the DST

(Fig. 6B). This observation may be sensitive to the

distribution of settlements, as well as to the particular

location of the core along the western boundary of the

Dead Sea pull-apart, the one that continues to the

north.
Fig. 8. Cumulative number of severe earthquakes shown for A.D.

0–1700; the data from EAF and NAF according to Hubert-Ferrari et

al. [31]. The comparison with available data of earthquakes

generated along the DST reveals the similarity between DST and

NAF, and the dissimilarity to EAF within A.D. 0–900, and the

similarity between DST and EAF within A.D. 900–1700.
5. Comparison between seismic activity along the

DST and the Anatolian faults

The core data provide a means to evaluate the

timing of rupture events along the major plate bound-

aries in the region; the chronology of events can be

further applied for understanding of the broad scale

elastic coupling. The information from the Dead Sea

sediments can be combined with historical catalogues

and excavations of fault traces for recovering the

actual energy and seismic moment release, which

are currently in progress [8,28,30]. As discussed by

Marco et al. [7], clustering of earthquakes in time may

bias the estimate of slip rate based on short-term

seismic moment release. The present study reaffirms

this both by corroborating the seismic nature of

disturbed layers, and by showing clustering over the

millennial time scale. Nonetheless, we can compare
variations in seismicity rate in the earthquake chro-

nology recovered from the Dead Sea sediments with

data from adjacent plate boundaries. Fig. 8 displays

cumulative earthquake number versus years recorded

in the Ein Gedi core together with historical data from

the Anatolian faults. While the data does not detail the

size of the earthquake, an interesting correlation is

apparent. The record clearly shows that the strong

earthquakes expressed by the sedimentary structures

in the core are closely linked with the DST suggesting

temporal changes in locus of main seismic activity

along this fault. On a regional scale, both the DST and

the East Anatolian Fault (EAF) transform tectonic

displacement to the southern boundary of the Eurasian

Plate (Fig. 1). This boundary includes the North

Anatolian Fault (NAF) along which the Anatolian

continental block escapes westward [6,37]. The

long-standing suggestion of Ambraseys [3] regarding

alternation of seismic activity between the EAF and

the NAF [3,31] is echoed in this study by the

paleoseismic record of the DST (Fig. 8). During the

1st Millennium, it appears that the activity along NAF

is in tandem with the DST and both alternate with the

EAF: Between A.D. 500 and 1000 NAF and DST are

quiescent whereas EAF is active; the converse is

observed before A.D. 500 (Fig. 8).

Alternating activity along 103 km scale boundaries

over periods of several hundred years suggests broad-

scale elastic coupling: The alternation of activity

between the NAF/DST and EAF has been discussed
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in the context of the evolution of the fault system [37].

Elastic modeling suggests that activities on the two

branches of the Anatolian Block are mutually exclu-

sive. However, after slip propagates through the EAF,

this boundary becomes inactive, and elastic strain is

released by slip on the NAF.

Accordingly, the westward extrusion of the Ana-

tolian block by motion along the mutually locking

Anatolian fault system is eased by the alternation of

seismicity. Therefore broad scale elastic coupling

between DST and NAF may illustrate the mechanism

underlying lateral extrusion (escape) tectonics typical

for continental plate collision. This concept can be

tested by on-fault studies that will give better con-

straints on each of the ruptures that caused brecciation

in the Dead Sea sediments [8,28,30].
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