An-Najah Univ. J. Res. (N. Sc.),Vol. 19, 2005

Three-Dimensional Gravity Model of the Southern Jordan Dead Sea Transform

ÌœŞfl⁄<ª<ÌÈeÉ^¢]<l^¬Ö^äi<l^ÈŞ√π Ž<Å^√e˘]<Ím¯

Łm<ÍÒ^ËàÈ�ÁÈq<tÉÁ¥< kÈπ]<Üvf÷]<›]Ç„fic

Radwan El-Kelani

Earth Sciences and Seismic Engineering Center, An-Najah National University, Nablus, Palestine

E-mail: radwan@najah.edu

Received: (6/4/2005), Accepted: (22/11/2005)

Abstract

A three-dimensional interpretation of the newly compiled Bouguer anomaly map of the Dead Sea Transform (DST) is presented. A high-resolution 3-D model constrained with the seismic results reveals a possible crustal thickness and density distribution beneath the Rift. The negative Bouguer anomalies (-130 mGal) along the axial portion of the Rift floor, as deduced from the modelling results, are mainly caused by deep seated basins of light sediments (≥10 km). The inferred zone of intrusion coincides with the maximum gravity anomaly over the eastern flank of the Rift. The intrusion is displaced at different sectors along the NW-SE direction. The zone of the maximum crustal thinning (≤30 km) is attained in the western sector at the Mediterranean. The southeastern plateau, on the other hand, shows by far the largest crustal thickness in the region (38-42 km). Linked to the left lateral movement of ~ 107 km at the boundary between the African and Arabian plates, and constrained with recent seismic data, a small asymmetric topography of the Moho beneath the DST was modelled. The thickness and densities of the crust ranging from 2650-2900 kg/m suggest that the DST underlain by a continental crust. The deep basins, the relatively large nature of the intrusion and the asymmetric topography of the Moho, lead to the conclusion that a small-scale asthenospheric upwelling(?) might be responsible for the thinning of the crust and subsequent rifting of the DST during the left lateral movement.

Radwan El-Kelani

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

Key words: Bouguer anomalies, three-dimensional modelling, Dead Sea Transform, crustal densities.

:� �

<Ím¯m<tÉÁ¥<�^fle<Ìõ^âÁe<‘÷ÉÊ<HkÈπ]<Üvf÷]<›]Ç„fic<–õ^fl⁄<—Á�<Ì√Œ]Á÷]<4qÁe<l]É]Áé÷<ÌŞËÜ}<pÇu_<Ìâ]ÖÇ÷]<ÂÑ‚<lÜ

Ćäˇ� <ÌÈïÖ˘]<ÏÜéœ÷]<l^“^5<ÇËÇvj÷<ÏÜ�]Ájπ]<ÌÈ⁄àÈä÷]<sÒ^jfi<l^ÈŞ√⁄<pÇu_<›]Ç~jâ]<#<oÈu<JÌÈïÖ˘]<ÌÈeÉ^¢]<l^¬Ö^äj÷<Å^√e˘] < ÌÀÈÀ§]<l^ÈeÁâÜ÷]<‡

⁄<⁄^ïÁu<·_<ŸÇ√π]<tÉÁ€fl÷]<l^e^äu<lÖ^ç_<ÇŒÊ<JÍ÷Ê˘]<tÉÁ€fl÷]<�^fle<ª<›]Ç„fi~]<ÌœŞfl

⁄<k†<l^�^n”÷]<ƒËáÁiÊ <gfäjË<∞u<ª (-130 mGalE<Ìf÷^ä÷]<4qÁe<l]É]Áé÷<gfäπ]<Á‚<›]Ç„fi˝]<ÏÜÀu<Å]Çj

⁄c<k†<‹“<ML<‡

⁄<Ün“_<±c<^„j“^5<ÿíi <·_<±c<^ñË_<tÉÁ€fl÷]<l^e^äu<4éiÊ<JÌfqÁ

⁄<4qÁe<l]É]Áç<ÖÁ„æ<ª<›]Ç„fi¯÷<ÍŒÜé÷]<Ãj”÷]<–õ^fl

⁄<k†<4f“<ªÁq<ÎÖ^fi<‹äq<Çq]Ái <ÏÜéœ÷]<Ì“^5<ÿíi<∞u<ª<ºâÁjπ]<Üvf÷]<Ûõ]Áç<‡

⁄<hÜœ÷^e<‹“<OL<‡

⁄<ÿŒ_<±c<ÿíj÷<hÜ«÷]<Â^ü^e<ÿœi<ÌÈïÖ˘]<ÏÜéœ÷]<Ì“^5 <Üvf÷]<öÁu<k†<Á‚Áπ]<ÌÈ�]Ü∆Áfõ<ª<ÿm^≥<›Ç¬<tÉÁ€fl÷]<Ü„øË<^€“<<JÌÈŒÜé÷]<ÌÈeÁfl¢]<Ìfñ7]<k†<‹“<PN<–€¬<±]<ÌÈïÖ˘] <—Á�<ƒœË<kÈπ]<Üvf÷]<›]Ç„fic<·_<±c<

(2650-2900 kg/m^3) tÉÁ€fl÷]<‡⁄<ÌeÁä-]<ÌÈïÖ˘]<ÏÜéœ÷]<Ì�^n“Ê Ì“^5<4éi�<kÈπ] <ÜĆäÀ̌ŁË<Á‚Áπ]<ÌÈ�]Ü∆Áfõ<<ª<ÿm^€j÷]<›Ç¬Ê<H‘÷Ñ“<ÌœÈ€¬<ÌÈeÁâÖ<ö]Áu_<· ćÁ”iÊ<HÎÖ^

fl÷]<‹är◊÷<4f”÷]<‹r£]<Çq]Ái<·c<<JÌËÖ^Œ<ÏÜéŒ <ÌÈeÜ√÷]<∞jvÈÀí÷]<∞e<ÌÈœ�˘]<Ì“Ü£]<�^ flm_<<ÌÈïÖ˘]<ÏÜéœ◊÷<Í◊Àä÷]<�à¢]<k†<D4ÀâÁ flÈnâ~]E<·ÇĆ◊÷]<Õ¯«÷]<Å]Áπ<ÍÒàq<ÅÁ√íe JkÈπ]<Üvf÷]<›]Ç„fic<Â¯ ǐ<ÌÈïÖ˘]<ÏÜéœ÷]<– flŒÜi<ª<^ñË_< ⁄^ffâ<·Á”Ë<·_<‡”μ<ÎÑ÷]Ê<HÌÈœËÜ�~]Ê

1. Introduction

The unique geological setting of the Dead Sea Transform, where the inception of plate boundaries within the continental rift is clearly observed, makes the region the main focus of interest for geoscientific researchers. The nature of the crust underlying the eastern and western shoulders of the Rift as well as the Dead Sea depression (Jordan Rift Valley) have been controversial among researchers for the past five decades. Consequently, the crustal structure of the Dead Sea Transform and its both eastern and western plateaus have been well studied and documented (1-12). Based on both reflection/refraction seismic experiments and gravity data, there is a gradual transition from the continental crust of the eastern part of the rift (Arabian Plate) with thicknesses of 35-40 km (4, 6, 34) to the crust of the eastern Mediterranean (Palestine Sinia Plate), that is assumed to be partly underlain by typical oceanic crust with thicknesses smaller than 10 Km (1, 4, 12).

In the present work, an attempt is made to prepare a high-resolution 3- dimentional gravity model of the southern part of the Jordan Dead Sea Transform (Fig. 1). The results of the recent seismic reflection/refraction experiments in Wadi

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

187 Araba, which cross the eastern and western Jordan Rift Plateaus (13-19) have been used to constrain the initial 3-dimentional gravity model of the graben. The gravity data were mainly collected by the Natural Resources Authority (NRA) of Jordan and the Geophysical Institute of Israel (GII) during the period 1980-2002.

Figure 1 . Location map of the study area and the seismic experiments in the Middle East. The 260 km long wide-angle reflection/ refraction profile (WRR, blue dots) crosses Palestine and Jordan. The near-vertical seismic reflection profile (NVR, cyan) coincides with the inner 100 km of the WRR. A red line and two red arrows indicate the Dead Sea Transform (DST) between the Dead Sea and the Red Sea (i.e. Wadi Araba Fault). The white arrows indicate the left-lateral motion of 107 km between the African and Arabian plates. Red stars mark large earthquakes (modified after 13).

The present study incorporates additional gravity survey carried out during March-May 2002 by joint collaboration between several geophysical institutes: Germany (FU Berlin); Jordan (NRA) and Palestine (Earth Sciences and Seismic Engineering Centre (ESSEC) at An-Najah National University).

Wadi Araba

Radwan El-Kelani

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

The spacing of the gravity stations along lines and grids, for both gravity data sets collected by the NRA and the GII, and gravity survey performed by the joint collaboration between FU-Berlin, the NRA and the ESSEC, ranges from 0.05-5 Km, and the average accuracy of gravity data is about 0.01 mGal. The two data sets were

reduced using a density value of 2670 kg/m . Moreover, the gravity data are terrain corrected up to zone I (160 km) using topographic charts and Hammer Table (20).

2. Geological Setting

The general geological information of the study area has been incorporated both in the qualitative and quantitative interpretation stages of the observed Bouguer gravity anomalies. The available compiled geological map of Jordan and Palestine (Fig. 2), which covers only part of the modeling area, was used in determining the lateral dimension of the major rock units outcropping on the surface of the Rift floor and the adjoining plateaus (A compiled geological map of the whole study area is, unfortunately, not available because of the current political situation). Thus, the geological information needed for the northern part has been obtained from the NRA and the GII). A clear understanding of the regional geology of the Dead Sea Transform and the adjoining region is, therefore, necessary for the modelling and interpretation of the gravity data. A short account of the regional geology of the Dead Sea Transform is given below.

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

189

Figure 2. Geological Map of the modelling planes; the red line represents the nearvertical seismic reflection profile (35).

The Dead Sea Transform forms a part of the largest Tertiary-Quaternary rift system which extends from Gulf of Aqaba in the south to Syria and Turkey in the north (Fig. 1). The Rift, like the rest of the East African Rift System, has undergone a very complicated geological evolution and tectonic history. The regional geology and structural evolution of the Dead Sea Transform system have been extensively

Ara ba

Radwan El-Kelani

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005 described and well documented (8, 21-25). A simplified geological sketch map of the Dead Sea Transform, illustrating the main geological units and locations of the main structural trends, is shown in Figs. 1, 2. Volcanic rocks of Tertiary to Early Cambrian such as volcaniclastic, calc-alkaline granitoids and rhyolites are abundant within the Rift floor and the adjoining plateaus (26). The pre-Cambrian basement rocks in the Dead Sea Transform system, except in the northern Aqaba at the extreme south of the Transform, are mostly covered by more recent Tertiary volcanic rocks to Early Cambrian volcanosedimentary succession and Mesozoic sediments. The oldest sedimentary sequence, on the other hand, is masked by sediments of Middle to Upper Pleistocene age where light deposits of Pleistocene to Holocene age are common within the rift valley. The main trend of the tectonic structure in the graben is the same as of the Dead Sea Transform, which is dominantly of NNE-SSW direction (8, 27). Within the Rift floor, three major geotectonical provinces are recognizable: The Gulf of Aqaba; Wadi Araba and Dead Sea-northern region, (see Fig. 1).

3. Gravity data analysis

In order to interpret the gross crustal structure of the Dead Sea Transform, a Bouguer anomaly map at a constant contour interval of 5 mGal has been prepared (Fig. 3). The newly compiled Bouguer gravity map is based mainly on the regional gravity data collected by the Natural ResourcesAuthority (NRA) of Jordan and the geophysical Institute of Israel (GII). The general trend of the Bouguer gravity anomalies in the Rift is NNE-SSW. The map reveals a relatively large-scale local positive Bouguer anomaly over the eastern Dead Sea high lands. The anomaly increases in magnitude with a disappear in the relief of the topography and attends its maximum of -10 mGal along an axial of NW-SE trend. Closer geological and structural observation (Figs. 1 & 2) of the axes of the maximum anomaly suggests that its general trends follow an inferred zone of intrusion along the Karak-Wadi El-Fayha (KWF) fault system (33).

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

191

Figure 3. Compiled Bouguer anomaly map of the southern part of the Jordan Dead Sea Transform (contour interval 5 mGal). The solid lines a, b,c (white) show the locations of the 3-dimensional modelling vertical planes p4, p7, p11 among 14 modelled cross-section.

The quite different nature of the Bouguer gravity map (Fig. 3), on the two opposite facing plateaus, is marked by a steep gravity gradient along the eastern escarpment of the Rift floor and a relatively moderate gravity gradient along the western escarpment. The Bouguer gravity on the south eastern plateau (Fig. 3) reaches a minimum value of -90 mGal east of Ma’an (El-Jafr depression) whereas the gravity over the western

P11 P7

P11 P7 P4

mGal

Radwan El-Kelani

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005 plateau first decreases to a value of -40 mGal in the south western part, then gradually attends its maximum value of 20 mGal in the north. The minimum anomaly in the Rift floor is terminated at two places by NW-SE-trending gravity gradients. The first gravity gradient coincides with the boundary of the Dead Sea basin as full-graben. The second gradient marks the Miocene sediment deposits in Timna and Gharandal basins in Wadi Araba.

4. Three-dimensional gravity modelling 4.1 Methodology

As the general geological strike along the Rift floor is variable, a 3-dimensional modelling, covering an area of 66.2 × 10 km with 14 vertical cross-section (planes), was applied to investigate the density distribution beneath the southern part of the Jordan Dead Sea Transform. The 3-dimensional forward gravity modelling package IGMAS, Interactive Gravimetry and Magnetic Analysis System (28), was used to establish the geometry and density distribution of the graben. IGMAS is an extended new version of the Interactive Gravity Application System IGAS developed by Götze and Lahmeyer (29). The method is based mainly on transforming the volume integral involved in the vertical attraction of a homogeneous polyhedron into a sum of line integrals suitable for computer programming. The program requires an input data structure along a definite number of vertical modelling planes perpendicular to the general geological strike. In each plane, the vertices of the assumed subsurface structures are interconnected to form a line separating two media with different densities (see Fig. 4). Lines of the neighbouring planes separating identical medium densities are joined to form triangles and, hence, layer boundary surfaces. The model so developed gives a more realistic approximation of the geologic structures (29, 30). One of the advantages of this method is its ability to approximate a body with a small number of polyhedrons. Consequently, any change in the shape of the body can be achieved with only few data manipulations. Besides, the simplicity of approximation in data handling and manipulation pertaining to the changes of the shape of the body, the method considers the earth curvature during the computation of the effects of very large structures.

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

193

Figure 4. Presentation of a simple two-layer substructure (29).

The location and orientation of three selected vertical modelling planes are shown in Fig. 3. The orientation of the vertical planes is perpendicular to the general geological strike of the Rift. The vertical planes are parallel to each other, and the distances between the planes are variable along the Rift floor depending on the location of the anomalies, on the Bouguer map, and their corresponding causative bodies on the geological map.

4.2 Results and discussion

The sources of constraining data pertaining to the geometry and density of the initial gravity model are various published and unpublished studies (13-19, 31, 33-39). In particular, the determination of the initial crustal thickness and density values for the deep structure of the Rift are based on the results of DESERT Project: The seismic reflection/refraction lines (near-vertical incidence reflection and wide angel reflection refraction seismic) crossing the western and eastern Dead Sea flanks in the NW-SE direction (13); and the receiver function analysis (19). Table 1 shows (see also Fig. 5) the P-wave velocities of the structural units from the DESERT seismic experiment (13). Also shown are the estimated density values used for the regional 3-dimentional

Radwan El-Kelani

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005 gravity modelling of the southern part of the Dead Sea Transform. The density values were estimated from the seismic velocities using Sobolev & Babeyko method (32): velocity-density conversion under certain pressure and temperature conditions.

Figure 5. a) 2-D P-velocity model (velocities in km/s) for the WRR experiment. The shots (triangles at top) were recorded by 99 three-component instruments along the whole profile and 125 vertical component geophone groups in the Araba Valley. The hatched symbols near the Moho, the border between yellow and red colours, indicate the location of bands of strong reflections. b) Automatic line drawing of the depthmigrated seismic CDP section of the NVR experiment. The red band indicates the location of the Moho (crust/mantle boundary) as derived from the WRR experiment in (a). The black arrows mark the break-off of reflectivity, generally interpreted as the Moho in seismic reflection data (13).

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

195 The density measurements from several boreholes, drilled for geothermal investigations or oil exploration, have also been taken into consideration (33). Although the boreholes are not too deep to furnish density information on the large and deep crustal structure of the Rift, the measured density values have been used to control the densities of the shallow rock units incorporated in the model.

Table 1. The P-wave velocities of the geological units from the wide angle reflection/ refraction seismic experiment (13).

Geological Units Velocity Vp (km/s)

Density (kg/m )

Sediments 3.3 – 5.2 2500 –2650

Upper crust 6.2 – 6.1 2750– 2700

Lower crust 6.7 2900

Upper mantle 7.9 3300

Sections through the final model along planes 4, 7 and 11 are shown in Figs. 6-8. A section from the central sector of Wadi Araba (Fig. 6) was selected over the DESERT seismic line (refer to Fig. 3 for the locations of the modelling planes). The model portrays a possible crustal thickness and density distribution beneath the graben and eastern and western Rift flank. The model allows for a slight thinning of the crust beneath the western plateau, whereas a gentle dip in the NE direction is indicated. It shows a steady increase in the depth of the crust mantle transition (Moho) from ~ 29 km at the Mediterranean to ~ 42 km beneath the eastern plateau (19, 34). Also the model confirms the asymmetric topography of the Moho beneath the Dead Sea Transform (13).

Radwan El-Kelani

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

Figure 6. A vertical cross-section of the 3-dimensional model beneath the DESERT transect (p7). The density values of the geologic units are given in kg/m . The solid black circles indicate the Moho depth from the receiver function data (19).

The model consists of a density of 2150 kg/m (the graben deposits); 2550 kg/m (the Mesozoic carbonate platform); 2650 kg/m (Upper Cambrian/Lower Ordovician sandstone). A density of 2710-2720 kg/m for the crystalline basement (Upper Crust); 2900-3000 kg/m (Lower Crust) and 3300 kg/m for the upper mantle material. The model maps the seismic constrained sub-horizontal lower crust reflector (13) at a depth between 28 km and 32 km beneath the eastern flank.

3000

3300

2900

2720

2650

2550 2650 2550 2550 2550

2550

2721 2725

2879 2879

2718

2862

m k g / NW SE

Figure 6

Km

DST

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

197

Figure 7. A vertical cross-section of the 3-dimensional model beneath the Dead Sea basin (p11). The density values of the geologic units are given in kg/m . An intrusion with assigned density 2926 kg/m is modelled beneath the eastern highlands.

The modelling showed that the regional gravity trend towards NW-SE direction reflects the potential field effect caused by the density materials of the lower crust and upper mantle (Moho). The relatively long-wavelength negative anomalies explain sediment materials in the Rift floor (Dead Sea depression, Gharandal and Timna basins), and beneath Ma’an plateau (El-Jafr depression) to a depth range between 3 km and 11 km with density values of 2150 kg/mand 2550 kg/m . The relatively longwavelength positive anomalies were modelled using the density of 2710-2720 kg/m of different magmatic complexes basement rocks underlain the area at a very shallow depth (0-0.2 km). The local short-wave length positive anomalies are best explained in terms of non-modelled near-surface igneous intrusions of the basic type that are located at different depths within the basement or sedimentary cover.

2650

2550

2150

2550

2721

2879 2879

2725

3300

2718

2926 2550

2862

3000

2720

2900

m kg /

Km

NW SE DST

Radwan El-Kelani

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

Figure 8. A vertical cross-section of the 3-dimensional model from the southern sector of the Dead Sea Transform (p4). The density values of the geologic units are given in kg/m .

The model indicates a lateral variability of the density within the upper and lower crust (Figs. 6, 7 and 8) that might be attributed to the different stages of differentiation (different rock forming minerals) of the hot upper mantle material on its way to the lower crust as well as the crystalline basement. On the other hand, the local relatively long-wavelength positive anomaly over the eastern part of the modelling area (Fig. 7, see also Fig. 3) was explained as near-surface igneous intrusion. The gravity effect, caused by the intrusion, was determined by varying the geometry as well as its depth with fixed density of 2926 kg/m (see Fig. 7). The fit was, however, achieved also by using the assigned densities 3000 and 3100 kg/m , but of course with less depth. The density of the intrusive body, as deduced from the values 2930, 3000 and 3100 kg/m which are not much larger than the lower crust (2900 kg/m ) is most probably of mantle or crust-mantle origin. Such a situation, however, could arise as a result of p y

2550

2650

2720

2900 2879

2721

3300

2879

2725

2650

2550 2550

2550 2550 2550

2718

2862

m kg /

Km

NW SE DST

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

199 the petrologic differentiation of the mantle-derived material. The shallowest depth to the top of the intrusion is in the range 0.03 km (below zero level) and 0.32 km varies along 35 km axial plane in the NW-SE direction. The bottom of the intrusion, with assigned density 2926 kg/m , is located within the crystalline basement at depths between 4.7 km and 5.5 km.

The gravity model also incorporates the sediments of the Rift floor and Dead Sea depression (Fig. 7, see also Fig. 3), surrounded by crystalline basement rocks. As discussed above, the negative anomalies are attributed to local sediment basins. The lowest negative anomaly ~ -130 mGal over the Dead Sea is well explained (33, 36, 38 and 39) with a density value of 2150 kg/m attached to the Pleistocene light sediment fills of the Dead Sea depressions (Figs. 7 and 3). The total thickness of the Pleistocene sediments beneath the southern part of the Dead Sea depression, as obtained from the gravity modelling, is over 10 km (Fig. 7). However, recent results of 3-dimensional gravity modelling beneath the central part of the Dead Sea basin indicate great thickness of 12-16 km for the Pleistocene sediments of the basin (33).

The crystalline basement (Figs. 6, 7 and 8), which is considered here between ca. 20 km and the bottom of the sedimentary layer, has been modelled with density values in the range 2710 kg/m beneath the western flank and 2720 kg/m beneath the eastern plateau. The top interface of the crystalline basement beneath the Rift floor (Figs. 6, 7 and 8) is generally marked by the maximum thickness of the sedimentary layer (over 10 km; Fig. 7). The minimum depth has been observed beneath the eastern Rift flank, where the mantle or crust-mantle material exists in the form of an intrusion (Fig. 7). The unit generally thickens towards the adjoining plateaus (eastward and westward from the Rift floor). However, the crystalline basement has a thickness of ~9 km in central sector of the Rift (Fig. 7). This unit, even, attends further its minimum thickness under the northern part of the study area (33).

The Moho-depth map of the Dead Sea Transform is shown in Fig. 9 (IGMAS options allow to highlight the boundary between the crust and the upper mantle beneath the vertical cross-sections of the 3-dimensional model, where the computed depths given automatically in a data file and sent interactively by IGMAS to be drawn as a Moho depth map). The contour lines represent the crustal thickness distribution beneath the Rift as well as its eastern and western flanks. As expected, the computed depths to the crust-upper mantle interface (Fig. 9) resemble the general shape of the

Radwan El-Kelani

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

Bouguer gravity anomaly shown in Fig. 3 The asymmetric topography of the Moho beneath the Dead Sea Transform (Fig. 6) separates the thinnest part of the crust, which is shown as a morphological low (≤30 km) in Fig. 9 (the Moho depth map) beneath the western flank of the Rift, and the thickest crust beneath the south eastern plateau.

The morphological low trend of the Moho-depth map coincides with the maximum gravity anomaly over the western flank of the Rift (Fig. 3), whereas the morphological high (≤42 km) of the Moho-depth map correlates with the minimum gravity anomaly over the south eastern plateau. The general trend of the Moho deepening from west to east is confirmed by the DESERT Group (13), and by the interpretation of potential field data (34). Also, it is in a good agreement with the results obtained from receiver function study across the Dead Sea Transform (19).

Figure 9. Moho depth map beneath the 3-dimensional gravity modelling area of the Dead Sea Transform (contour interval 0.5 km, scale 1:30000). Also shown is the moho depth (circles) from the receiver function data (19).

35 36

30

31

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

201 The contour map, shown in Fig. 10, of misfit (gravity differences) between the measured Bouguer anomalies in Fig. 3 and the computed Bouguer anomalies obtained from the 3-dimensional modelling (Figs. 6-8) reveals a prominent modelling discrepancy of ±5 mGal (the histogram beneath the contour map in Fig. 10 shows a statistical display of the percentages of the gravity differences). However, for a regional gravity modelling, the computed Bouguer gravity map is acceptable.

Figure 10. Histogram of gravity differences between measured and computed Bouguer anomalies (correlation coefficient 0.98). Also shown is the misfit between the measured and computed Bouguer anomaly map of the study area (contour interval 1 mGal).

Radwan El-Kelani

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

5. Conclusions

The newly compiled Bouguer anomaly map of the Dead Sea Transform enabled us to establish a possible density model along the Dead Sea Transect (DESERT). The seismic information and the uniform ground coverage of the gravity points helped in modelling and interpreting the gravity data which reveals some aspects about the crustal structure of the Dead Sea Transform that are useful for supplementing other constrains in the geological synthesis. The gravity data have proved to be useful for delineating shallow and deep structures and helping the definition of models which agree with the basic information supplied by the previous geophysical investigations as well as from geological knowledge.

The Bouguer anomaly map of the study area is characterized by the presence of different anomalies that differ in their amplitudes, sizes and trends. These anomalies are caused by combination of various sources that are located at different depths. The most prominent feature of the Bouguer map is the presence of minimum anomaly in the Rift floor which coincides with the boundary of the Dead Sea basin as fullgraben and reaches a minimum value of -130 mGal over the northern part of the Dead Sea; negative Bouguer gravity on the south eastern plateau reaches a minimum value of -80 mGal east of Ma’an (El-Jafr depression); positive gravity anomaly over the western plateau attends a maximum value of 20 mGal in the north and correlates with a high density value of the upper crust material beneath the north western part of the modelling area; a relatively large-scale local positive Bouguer anomaly over the eastern Dead Sea highlands, with a maximum value of -20 mGal along an axial of NW-SE trend, where its general trends follows an inferred zone of intrusion along the Karak-Wadi El-Fayha (KWF) fault system.

The high-resolution 3-dimensional gravity model is constrained by seismic information from the DESERT seismic experiments in the southern part of the Dead Sea Transform. The final 3D gravity model indicates that the Rift floor and its eastern and western plateaus are underlain by a continental crust within assigned densities ranging from 2650-2900 kg/m . The negative Bouguer anomaly over the Dead Sea basin is modelled as internal sedimentary basins filled by light density young sediments with assigned density 2150 kg/m and depths in the range 8-12 km.

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

203 The local positive anomaly, on the other hand, is modelled as differentiated basic igneous materials (intrusion) within the upper most part of the crust (<1 km) using the assigned densities 2930, 3000 and 3100 kg/m which is most probably of mantel or crust-mantel origin. The gravity gradients, marking the two opposite facing escarpments of the Rift, are also well modelled.

The Moho-depth map indicates the thinning of the crust beneath the western flank of the Rift (≤30 km), and the thickest crust beneath the south eastern plateau (38- 42 km). On the other hand, a symmetric topography of the Moho is modelled beneath the Dead Sea transform.

Acknowledgements

The main part of the gravity measurements used for the 3-dimensional modelling was obtained from the Natural Resources Authority (NRA) of Jordan and the Geophysical Institute of Israel (GII). This study incorporates additional gravity data measured by joint collaboration between the Institute of Geology, Geophysics and Geoinformatics at Free University of Berlin, the NRA and the Earth Sciences and Seismic Engineering Center (ESSEC) at An-Najah National University, Palesitne. The gravity campaign was funded by the Deutsche Forschungsgemeinschaft (DFG). I am deeply grateful to the support and kindness of all these institutions. I wish to thank the DESERT Working Group at the GeoForscungszentrum (GFZ) Potsdam and particular thanks are due to Dr. D. Kesten and Dr. N. Maercklin for the useful discussions by suggesting the initial geological model. My appreciation goes to M. Weber of the GFZ, whose efficient logistic support made the task of carrying out new gravity measurements possible. The author would like to thank the Deutsche Forschungsgemeinschaft (DFG) and the GeoForscungszentrum (GFZ) Potsdam for financing him a sabbatical during this research.

Radwan El-Kelani

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

References

1. Ginzburg, A., Makris, J., Fuchs, K., Prodehl, C., Kaminski, W., Amitai, U., “A seismic study of the crust and upper mantle of the Jordan-Dead Sea Transform and their transition toward the Mediterranean Sea”, J. Geophys. Res., 84, (1979), 1569-1582.

2. Ginzburg, A., Makris, J., Fuchs, K., Prodehl, C., “The structure of the crust and upper mantle in the Dead Sea Transform”, Tectonophysics, 80, (1981), 109-119.

3.Garfunkel, Z., “Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics”, Tectonophysics, 80, (1981), 81-108.

4. Makris, J., Ben-Avraham, Z., Behle, A., Ginzburg, A., Giese, P., Steinmetz, L., Whitmarsch, RB., Eleftheriou, S., “Seismic refraction profiles between Cyprus and Israel and their interpretation”, Geophys. J. R. astr. Soc., 75, (1983), 575- 591.

5. Garfunkel, Z., Derin, B., “Permian-early Mesozoic tectonism and continental margin formation in Israel and its implications for the history of the Eastern Mediterranean”, The Geologic Evolution of the Eastern Mediterranean, Geol. Soc. Spec. Pub., Dixon JE., Robertson AHF. (eds.), (1984), 187-201.

6. El-Isa, Z., Mechie, J., Prodehl, C., Makris, J., Rihm, R.,“A crustal structure study of Jordan derived from seismic refraction data”, Tectonophysics, 138, (1987), 235-253.

7.Rotstein, Y., Yuval, Z., Trachtman, P., “Deep seismic reflection studies in Israel- an update”, Geophy. J. R. astr. Soc., 89, (1987), 389-394.

8.Atallah, M., “Tectonic evolution of northern Wadi Araba, Jordan”,Tectonophysics, 204, (1992), 17-26.

9. Amiran, DHK., Arieh, E., Turcotte, T., “Earthquakes in Israel and adjacent areas:

macroseismic observations since 100 BCE”, Israel Exploration Journal, 44, (1994), 260-305.

10. Frieslander, U., “The structure of the Dead Sea Transform emphasizing the Arava, using new geophysical data”, PhD Thesis, Hebrew University, Jerusalem, (2000), pp. 101.

11. Klinger, Y., Avouac, JP., Dorbath, L., Abou Karaki, N., Tisnerat, N., “Seismic behaviour of the Dead Sea fault along Araba Valley, Jordan,”Geophysical Journal International, 142, (2000), 769-782.

12. Ben-Avraham, Z., Ginzburg, A., Makris, J., Eppelbaum, L., “Crustal structure of the Levant Basin, eastern Mediterranean”, Tectonophysics,346, (2002), 23-43.

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

205 13) Weber, M., Abu-Ayyash, K., Abueladas, A., Agnon, A., Al-Amoush, H., Babeyko, A., Bartov, Y., Baumann, M., Ben-Avraham, Z., Bock, G., Bribach, J., El-Kelani, R., Förster, A., Förster, H-J., Frieslander, U., Garfunkel, Z., Grunewald, S., Götze, H-J., Haak, V., Haberland, Ch., Hassouneh, M., Helwig, S., Hofstetter, A., Jäckel, K-H., Kesten, D., Kind, R., Maercklin, N., Mechie, J., Mohsen, A., Neubauer, FM., Oberhänsli, R., Qabbani, I., Ritter, O., Rümpker, G., Rybakov, M., Ryberg, T., Scherbaum, F., Schmidt, J., Schulze, A., Sobolev, S., Stiller, M., Thoss, H., Weckmann, U., Wylegalla, K., “The crustal structure of the Dead Sea Transform”, Geophys. J. Int., 156, (2004), 655-681.

14) Haberland, Ch., Agnon, A., El-Kelani, R., Maercklin, N., Qabbani, I., Rümpker, G., Ryberg, T., Scherbaum, F., Weber, M., “Modeling of seismic guided waves at the Dead Sea Transform”, J. Geophys. Res., 108, (2003), no B7, 2342, doi: 10.1029/2002JB002309.

15) Naercklin, N., Haberland, Ch., Ryberg, T., Weber, M., Bartov, Y., DESERT Group “Scattering of seismic waves at the Dead Sea Transform”, Geophys. J. Int., 158, (2004), 179-186.

16) Ritter, O., Ryberg, T., Weckmann, U., Hoffmann-Rothe, A., Abueladas, A., Garfunkel, Z., DESERT Group, “Geophysical images of the Dead Sea Transform in Jordan reveal an impermeable barrier for the fluid flow”, Geophys. Res. Lett., 30, (2003) no 14, 1741, doi: 10.1029/2003GL017541.

17) Ruepker, G., Ryberg, T., Bock, G., DESERT Seismology Group, “Boundarylayer mantle flow under the Dead Sea Transform fault from seismic anisotropy”, Nature, 425, (2003), 497-501.

18) Sobolev, SV., Babeyko, AYU., Garfunkel, Z., DESERT Group, “Thermo-mechanical model of the Dead Sea Transform”, EPSL., (2003), Submitted.

19) Mohsen, A., Hofstetter, R., Bock, G., Kind, R., Weber, M., Wylegalla, K., DESERT Group, “A receiver function study across the Dead Sea Transform”, Geophys. J. Int., 160, (2005), 948-960.

20) Hammer, S., “Terrain corrections for gravimeter stations”, Geophysics, 4, (1939), 184-194.

21) Quennel.l, AM., “The structural and geomorphic evolution of the Dead Sea Transform”, Quarterly Journal of the Geological Society of London, 114, (1958), 2-24.

22) Quennell, AM., “Tectonic of the Dead Sea Transform”,Cong. Geol. Int. Maxico., 22, (1959), 385-405.

23) Quennell, AM., “Evolution of the Dead Sea Transform”, A review in Abed and

Radwan El-Kelani

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

Khaled (eds.), Proc. 1^{st} Jord. Geol. Conf., Amman, (1983), 460-482. 24. Bender, F., “Geologie von Jordanien”, Borntraeger, Stuttgart, (1974), pp. 196. 25. Jarrar, GH., Baumann, A., Wachendorf, H., “Age determinations in the Precambrian basement of the Wadi Araba, southwest Jordan”, Earth and Planetary Science Letters, 63, (1983), 292-304.

26. Jarrar, GH., “Late Proterozoic evolution of the Arabian-Nubian Shield in the Wadi Araba area, southwest Jordan”, Geologisches Jahrbuch Reihe, 61, (1985), 3-87.

27. Atallah, M., Mikbel, S., “Geology and structure of an area east of the Dead Sea”, Proceeding the 1^{st} Jordan Geol Conf , in Abed and Khaled eds, Amman, (1983), 392-414.

28. Schmidt, S., Goetze, HJ., “Integration of data constraints and potential field modeling- an example from southern lower Saxony, Germany”, Physics and Chemistry of the Earth, Part A, 24, No. 3, (1999), 191-196 29. Götze, HJ., Lahmeyer, B., “Application of 3-D interactive modelling in gravity an magnetics”, Geophysics, 53, (1988), 1096-1108.

30. Götze, HJ., “Über den Einsatz interaktiver Computergrafik in Rahmen 3- dimensionaler Interpretationstechniken in Gravimetrie und Magnetik”, Habiltationsschrift, TU Clausthal, (1984), pp. 236.

31. Bender, F., “Geological map of Jordan”, 1:500000. Government of Jordan and Geological Survey of the FRG, (1975).

31. Sobolev, SV., Babeyko, AYU., “Modelling of mineralogical composition, density and elastic wave velocities in anhydrous magmatic rocks”,Surveys in Geophysics, 15, (1994), 515-544.

33. Hassouneh, M., “Interpretation of potential fields by modern data processing and 3-dimensional gravity modelling of the Dead Sea pull-apart basin/ Jordan Rift Vally (JRV)”, Dissertation, Univ. Würzburg, (2003), pp. 110.

34. Al-Zoubi, A., Ben-Avraham, Z., “Structure of the earth’s crust in Jordan from potential filed data”, Tectonophysics, 346, (2002), 45-59.

35. Kesten, D., “Structural observations at the southern Dead Sea Transform from seimic reflection data and ASTER satellite images”, Dissertation, GFZ Potsdam, (2004), pp. 94.

36. El-Isa, Z., H., and Kharabsheh, A., R., “Magnetic and gravity studies of the northern Dead Sea Rift”, In Abed and Khaled (eds.), Proceeding the 1^{st} Jordan Geological Conference, Amman, (1982), 483-501.

37. Ginzburg, A., “The gravity map of Isreal”, Atlas of Israel, 2^{nd} edition, Survey of Israel, (1970), Elsevier, Amesterdam.

An-Najah Univ. J.Res.(N. Sc.),Vol. 19, 2005

207 38. Folkman, Y., “Structural features in the Dead Sea-Jordan Rift zone, Interpreted from combined magnetic-gravity study”, Tectonophysics, 80, (1981), 135-146.

39. El-Kelani, R., El-Isa, Z., Zaid, A., “Interpretation of gravity data in Zarqa Ma’in hot springs area, preliminary evaluation of the geothermal resources of Jordan”, 58 Conference of the German Geophysical Association, Goettingen, GG43, (1998), 81.