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Introduction
      The structural pattern of Jordan was affected by the opening of the Red Sea and Gulf of Aden. The study area is located in the Central Limestone Plateau that is covered mainly by sedimentary rocks from Cretaceous to Eocene age. Local areas are covered by Neogene basaltic flows (in the western part). The study area lies between the Dead Sea Transform (DST) in the west and Wadi Sirhan Depression in the east. It is bounded by Zarqa Ma'in Fault from the north and by the northwestern extremity of Karak Al Fayha Fault Zone from the south (Fig. 1). The area shows epeirogenetic, flat undulations and intersect by a network of numerous fault trends of different behavior and displacement. The regional dip of the area is gently to the ENE, whereas, local disturbances have occurred adjacent to the main faults. The dominated structures of the area are the E-W and NW-SE faults associated with faulted blocks as horsts, grabens and tilted blocks .

      The area was dissected by numerous fault trends which probably have already originated during the Palaeozoic or earlier and were covered by Palaeozoic and Cretaceous sediments. Renewed acting of the NW-SE compressional forces which had occurred during the late Cretaceous to Tertiary and Quaternary times have lead to the reactivation of the old faults and weakness zones. These forces are responsible for creating new faults, fractures and discontinuities. 

      Siwaqa Fault is a distinctive structural feature sub-perpendicular to the Dead Sea Transform Fault and can be seen even from space. It is trending E-W and crossing Jordan from the Sirhan Graben on the Saudi Arabia Border, in the east, to the Arabian Plate boundary in the west (in the Dead Sea vicinity) and represents the southern limit of the Azraq Basin in the east (Fig.1).

      The fault affects thick sedimentary sequence; and appears in the Cretaceous-Tertiary strata. The fault has affected the old basaltic flows of Shihan Basaltic Group during its Neogene reactivations (Masri, 2002). The downthrown is changes several times from the north to the south, but it is mainly to the south. This is due to its behavior as a dextral shear. Many criteria were listed in Masri (2002), Barjous (1986) and Khalil (1992) which demonstrate a dextral shear of the fault.

      Siwaqa Fault has been reactivated several times during its long history; this is evidenced by the presence of superimposed slickensides on the same fault plane (this study). Presence of several volcanic eruptions at different times from Shihan Volcano which is located on Siwaqa Fault and tilted of old flows. The regional tectonics of Jordan or parts of that have been studied through macrostructures, e.g.; large folds, fault systems…,etc.(e.g. Burdon, 1959; Bender, 1974;Mikbel and Zacher, 1981; Barjous, 1986; Atallah, 1992; Ruef and Jereasat, 1965). There are few analyses of the regional tectonics by mesostructures,(e.g.; Diabat, 1999 and 2002;Diabat et al.,2003); Salameh and Zacher, 1982).

      Mesostructures are considered to be accurate indicators of the stress or strain orientation (e.g.; Angelier, 1979; Angelier et al.,1985; Eyal and Reches, 1983; Eyal and Negev, 1990; Eyal, 1996; Delvaux et al., 1995 and 1997). 

      The aim of this study is to establish, through the study of mesostructures, the stress states and the relationships between stress fields during its deformation history .

Methods

      In ten stations along the Siwaqa Fault , the state of stress was determined by inversion of fault- slip data. The data were collected from quarries, road cuts, and trenches excavated in Cretaceous-Tertiary rock units.(Fig.2) Paleostresses are calculated by inversion of fault- slip data along minor faults( mesostructures).
Stress Inversion Method

      Fault plane and slip line orientation, including slip senses are used to compute the four parameters of the reduced stress tensor, as defined in (Angelier, 1989; Angelier, 1991): the principal stress axes σ1 (maximum compression), σ2 (intermediate compression) and σ3 (minimum compression) and the ratio R= (σ2-σ3)/(σ1-σ3). These four parameters are determined using an improved version of the Right Dihedral method of Angelier and Mechler (1977), and a rotational optimization method, using the TENSOR program developed by Delvaux (1993).
      These methods of stress inversion are used to determine the state of stress which could cause slip along a group of faults measured in the field, assuming that the slip along a fault occurs in the direction of maximum resolved shear stress. In consequence, separation of total fault populations into homogeneous subsets is often necessary, the best solution for each subset will be the tensor that gives the lowest mean angular deviation angles between the observed slips and theoretical shears, and the highest friction angle (or shear stress magnitude) for a maximum number of faults (Fig. 3).

Data and Stress Determination

      About 220 fault-slip data were measured during the field work, of which 198 were found to be useful for the paleostress analysis (i.e. 90 %of the measured data). Strike-slip faults and dip-slip faults with their corresponding sub horizontal or sub vertical slickensides were measured in all stations of the study area. The stress axes under which these faults developed could not be always determined in the field because determination of their sense of slip is impossible. For example, a set of steep E-W strike-slip faults could be either sinistral formed under ENE-WSW compression, or dextral developed under ESE-WNW compression. Discrimination between the two options is possible only if the sense of relative movement is known. Therefore, the two possible directions under which such faults could be formed were compared to known regional stress field. In the data presented below, only the stress tensors supported by field evidence or consistent with a regional known stress field with a reasonable results are presented.

      For each group of faults measured in the field, the general stress tensor and the slip deviation angles are determined several times; the tensor that is finally chosen is the one with the lowest mean slip deviation angle (or misfit angle). In this procedure, the original group may be separated into a primary and a secondary set, the faults of the primary set fit the general solution, whereas the faults of the secondary set do not. A stress tensor is also calculated for the secondary set, and in some cases it provides a sound solution which differs from the solution of the primary set. In other cases, there is either a small number of faults in the secondary set, or these faults do not fit any systematic solution and they are rejected.

Results of the stress analysis
      The following is a representation of the results in each station (Fig. 4 and Table 1):

Station (1)

      Sixteen fault-slip data were measured in Wadi As Sir Limestone Formation (Turonian). These faults were divided into two sets according to their sub horizontal and sub vertical slickensides and resulted in two stress tensors: the first tensor gives the maximum principal stress axis (σ1) 11/300, the intermediate principal stress axis (σ2) 65/053, and the minimum principal stress axis (σ3) 22/205, with stress ratio R equals 0.5. It belongs to the pure strike-slip system. It indicates an ESE-WNW compression and NNE-SSW extension. This stress tensor is resposible for the formation of E to ENE high angle dextral strike-slip faults.
      The second one is characterized by σ1: 63/271, σ2: 27/090 and σ3 : 01/180 with R=0.03. This subset belongs to radial extensive system, and indicates N-S and E-W extension. This stress tensor is responsible for the reactivation of the older dextral strike-slip faults of this station .
Table 1: Results of the stress analysis.

	#
	Fm
	N/No
	Orientation (Plunge/Azimuth)
	R
	α
	αm
	Tensor Type

	
	
	
	σ1
	σ2
	σ3
	
	
	
	

	1
	WSL
	7/16
	11/300
	65/053
	22/205
	0.5
	4.82
	10
	Pure strike-slip

	1
	WSL
	8/16
	63/271
	27/090
	01/180
	0.03
	4.43
	20
	Radial extension

	2
	ASL
	7/18
	26/186
	25/083
	53/316
	0.20
	17.08
	25
	Strike-slip compressive

	2
	ASL
	8/18
	01/334
	80/070
	10/244
	0.21
	18.66
	45
	Compressive strike-slip

	3
	WSL
	6/25
	29/313
	61/133
	01/223
	0.67
	4.34
	30
	Pure strike-slip

	3
	WSL
	8/25
	22/302
	65/153
	12/037
	0.39
	16.66
	40
	Pure strike-slip

	3
	WSL
	9/25
	21/346
	69/159
	02/255
	0.37
	3.55
	15
	Pure strike-slip

	4
	URC
	7/23
	14/313
	71/176
	13/046
	0.44
	4.06
	10
	Pure strike-slip

	4
	URC
	14/23
	01/164
	74/258
	16/074
	0.01
	2.74
	10
	Compressive strike-slip

	5
	URC
	8/30
	70/285
	08/037
	18/130
	0.14
	13.63
	30
	Radial extension

	5
	URC
	9/30
	07/278
	82/108
	01/008
	0.36
	1.13
	5
	Pure strike-slip

	5
	URC
	7/30
	01/320
	02/230
	88/059
	0.80
	2.58
	10
	Radial compressive

	6
	ASL
	20/20
	11/355
	61/244
	26/091
	0.25
	8.85
	25
	Compressive strike-slip

	7
	ASL
	6/16
	06/120
	80/351
	07/210
	0.60
	5.28
	10
	Pure strike-slip

	7
	ASL
	10/16
	24/345
	66/170
	02/076
	0.70
	8.33
	20
	Pure strike-slip

	8
	AHP
	10/51
	04/119
	70/017
	20/211
	0.57
	14.24
	30
	Pure strike-slip

	8
	ASL
	11/51
	04/307
	45/041
	45/213
	0.30
	6.97
	25
	Oblique-compressive

	8
	KJ
	25/51
	15/337
	72/120
	11/244
	0.42
	4.84
	25
	Pure strike-slip

	9,10
	AHP
	18/22
	05/277
	83/052
	05/187
	0.53
	10.53
	25
	Pure strike-slip


# -Station number; Fm = Geological Formation: WSL (Wadi As Sir), KJ (Khurayj Limestone); ASL (Amman Silicified Limestone); AHP (Al-Hisa Phosphorite ); and URC (Umm Rijam ); N/No= Number of Fault-Slip data used in analysis Versus number of measured faults; R= stress ratio (σ2-σ3/σ1-σ3); α=slip deviation angle;  αm= mean slip deviation angle.

Station (2)

      Eighteen fault-slip data were measured in the Amman Silicified Limestone Formation (Campanian) on a ridge like structure. Two stress tensors were separated from the total fault population: the first one is characterized by σ1: 26/186, σ2: 25/083, σ3: 53/316 with R=0.2. It belongs to strike-slip compressive system or transpression system. It indicates N-S compression and E-W extension. This stress tensor is responsible for the pressure ridge postdated the Siwaqa fault as a result of the accumulation of the compressional stresses and the younger reactivation as reverse components.

      The second tensor is characterized by σ1: 01/334, σ2: 80/070, σ3: 10/244 with R=0.21. It belongs to compressive strike-slip system. It indicates NNW compression and ENE extension. This stress tensor reflects the reactivation along Siwaqa fault in a later stage.

Station (3)

      Twenty five fault-slip data were measured in a quarry of Wadi As Sir Limestone Formation of Jabal Siwaqa. Three stress tensors were obtained: the first one is characterized by σ1: 29/313, σ2:61/133, σ3:01/223 with R=0.67. It belongs to pure strike-slip system. It indicates NW-SE compression and NE-SW extension.

      The second one is characterized by σ1:22/302, σ2: 65/153, σ3: 12/037 with R= 0.39. It belongs to pure strike-slip regime. It indicates WNW-ESE compression and NNE-SSW extension. 
      The third tensor is characterized by σ1: 21/346, σ2: 69/159, σ3: 02/255 with R=0.37. It belongs to pure strike-slip regime which indicate NNW-SSE compression and WSW-ENE extension.
Station (4)

      Twenty three fault-slip data were collected from  the Umm Rijam Chert-Limestone Formation (Eocene). Two stress tensors were obtained: the first one is characterized by σ1: 14/313, σ2: 71/176, σ3: 13/046 with R=0.44. It belongs to pure strike slip system. It indicates NW-SE compression and NE-SW extension. This tensor is responsible for the E-W dextral strike-slip faults. The second tensor is characterized by σ1: 01/164, σ2: 74/258, σ3: 16/074 with R=0.01. It belongs to compressive strike-slip system. It indicates NNW-SSE compression and corresponding ENE-extension. This stress tensor is responsible for the conjugated N-S sinistral strike-slip faults and the NW-SE dextral strike-slip faults.

Station (5)

      Thirty fault-slip data were collected from the Umm Rijam Chert-Limestone Formation. Three stress tensors were obtained: the first one is characterized by σ1: 70/285, σ2: 08/037, σ3: 18/130 with R=0.14. It belongs to radial extensive system forming small grabens and negative flower structures associated to strike-slip faults.

      The second one is characterized by σ1: 07/278, σ2: 82/108, σ3: 01/008 with R=0.36. It belongs to pure strike-slip system.

      The third tensor is characterized by σ1: 01/320, σ2: 02/230, σ3: 88/059 with R=0.8. It belongs to radial compressive system. This tensor is responsible for small scale thrust faults making ramps and flats as a result of NW-SE compressional stresses which have affected the area in later stages as reactivation of the strike slip faults.

Station (6)

      Twenty fault-slip data were measured in the Amman Silicified Limestone Formation. The stress tensor resulted is characterized by σ1: 11/355, σ2: 61/244, σ3: 26/091 with R=0.25. It belongs to compressive strike-slip regime. It indicates NNW to N compression and SSE to S extension. This stress tensor is responsible for the NW-SE dextral strike-slip faults and NE-SW sinistral strike-slip faults in later stages of reactivation.
Station (7)
      Sixteen fault-slip data were collected from the Amman Silicified Limestone Formation. Two stress tensors belong to pure strike-slip regime were obtained: the first one is characterized by σ1: 06/120, σ2: 80/351, σ3: 07/210 with R=0.6. It indicates ESE-WNW compression and NNE-SSW extension. This stress tensor is responsible for folding and fracturing; it forms a local NNE plunging anticline and is associated NNW sinistral strike slip faults and joints which are oblique to the fold axis.

      The second tensor is characterized by σ1: 24/345, σ2: 66/170, σ3: 02/076 with R=0.7. It indicates NNW-SSE compression and ENE-WSW extension. This tensor is responsible for the normal dextral strike-slip faults (oblique slip component), which resulted in an oblique slickenside set on low angle strike-slip faults in the later stage of reactivation. This set of fractures is normal to the fold axis in this station.
Station (8)

      Fifty one fault-slip data were measured in Al Hisa Phosphorite (Campanian - Maestrichtian), Amman Silicified Limestone and Khurayj Limestone (Coniacian) formations, of which 46 fault-slip data were found to be useful for paleostress analysis. Three stress tensors have resulted from the analysis: the first one is characterized by σ1: 04/119, σ2: 70/017, σ3: 20/211 with R=0.57. It belongs to pure strike-slip regime. It indicates ESE compression and SSW extension. This tensor is responsible for the formation of the NNW sinistral strike slip faults in the Al Hisa Phosphorite Formation .

      The second tensor is characterized by σ1: 04/307, σ2: 45/041, σ3: 45/213 with R=0.3. It belongs to oblique compressive system. It indicates ESE compression.

      It is noticed that a slight permutation exists between σ1 and σ3 of the two tensors, so that σ3 in the second tensor tends to vertical, whereas σ2 tends to be horizontal and the two axes have 45º plunge with σ1 constant as horizontal. This situation is responsible for the formation of transpressional structures as reverse faults associated with strike-slip faults in the Amman Silicified Limestone Formation of this station.

      The third tensor is characterized by σ1: 15/337, σ2: 72/120, σ3: 11/244 with R=0.42. It belongs to pure strike-slip system. It indicates NNW compression and WSW extension. This tensor is responsible for the formation of NNE sinistral strike-slip faults and ESE dextral strike-slip faults in Khurayj Limestone Formation.

Stations (9 and 10)

      Twenty two fault slip data were collected from the Al Hisa Phosphorite Formation. The data of the two stations were grouped because of the similarity between the tensors resulted from them. The new stress tensor which represents the two stations is characterized by σ1: 05/277, σ2: 83/052, σ3: 05/187 with R= 0.53. It belongs to pure strike-slip system. It indicates ESE-WNW compression and NNE-SSW extension. This tensor is responsible for the formation of the conjugated ENE dextral strike slip faults and ESE sinistral strike-slip faults in the two stations.

Discussion and Conclusions 
      Paleostress analysis indicates that two main stress fields have been distinguished in the investigated area. The first field is characterized by E-W to ESE-WNW compression, and corresponding to N-S to NNE-SSW extension. The second stress field is characterized by N-S to NNW-SSE compression corresponding E-W to ENE-WSW extension. Both stress fields belong to strike-slip regime; the first one is related to Syrian Arc Stress (SAS) which is started in the Turonian. The second one is related to Dead Sea Stress (DSS) which is still active since the middle Miocene. This produced three different stress states with respect to the major fault (Siwaqa Fault) in the study area (Fig.5):

· Sub- horizontal maximum compressive stress (σ1), sub parallel to the strike of the Siwaqa Fault, with sub vertical intermediate stress (σ2), and sub-horizontal minimum compressive stress (σ3), perpendicular to the strike of the fault. This stress state is found in station (5, 9 and 10). A stress state of this type is associated with normal faulting in the direction of the major fault.

· Sub-horizontal (σ1), oblique to the strike of the adjacent fault segment, with sub-vertical (σ2), and sub-horizontal (σ3). A stress state of this type is ideally associated with the right-lateral strike-slip faults in the direction of the major faults, with some reverse faulting components in most cases. This stress state is believed to be the cause of the E-W trending major faults in the area.

· Sub horizontal (σ1), perpendicular to the strike of the major fault, with sub vertical (σ2), and sub horizontal (σ3), sub parallel to the strike of Siwaqa Fault. A stress state of this type could be associated with reverse faulting along Siwaqa Fault and other E-W faults. Variation in the directions of the principal stresses may either reflect stress changes in time or changes due to the position along the major fault.

      To evaluate the possibility of temporal stress changes, enough measurements in rock units of different age are required. Since all the exposures along the faults are of late-Cretaceous to early-Tertiary, the present analysis cannot distinguish between faulting of different ages, and thus, cannot detect temporal changes in the stress fields with respect to  a distinct unit or formation. This is clear from the different stress tensors which have the same orientation to different rock units with no observed major difference in stresses according to different formations. So, the stress state at any point along the major fault is the superposition of the regional tectonic stresses which are generally uniform over relatively large areas (compared to the fault length) for a distinct tectonic event and a distinct stress field. The local fault-related stresses are affected by the displacement along the major fault and depend upon the position around it.

      It is observed that fifteen of the nineteen stress tensors (Table 1) belong to strike- slip regime mainly of pure to compressive, whereas only two stress tensors belong to radial extension which have resulted from the calculation (stations 1 and 5).

      The N-S trend of the minimum principal stress axis (station 1) and the E-W intermediate one, which reflect extensions in these directions, may be related to later reactivation of the two stress fields (SAS and DSS) respectively. Another stress tensor (Station 5) in which the minimum principal stress axis (σ3) trends NW-SE may be related to unknown stress field in the region.

      In conclusion, the dominant stress regime along Siwaqa fault is strike –slip with three dominant average stress states (Fig. 6): the first one is characterized by σ1 : 345/12, σ2 : 122/74, σ3 : 255/09 with R= 0.37, the second one is characterized by σ1 : 305/14, σ2 : 084/68, σ3 : 215/ 11 with R= 0.47, and the third stress state is characterized by σ1: 275/07, σ2 : 053/81, σ3 : 191/05 with R= 0.31.
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Caption of Figures:

Fig.1 : Structural map of Jordan showing the location of the study area.

Fig.2  Structural map of the study area showing the sites of the studied stations.

Fig.3 : Examples of stress inversion method and the stress tensors from the study area.

Fig 4 : A map shows the maximum horizontal shear stress (Sh max), and the three stress states at Siwaqa fault.

Fig.5 : A map shows the maximum horizontal shear stress (Sh max), and the three stress states at Siwaqa fault.

.

Fig.6 : Stereographic projection of the mean principal stress axes in relation to the mean orientation of Siwaqa Fault.

ملخص


      تقدم هذه الدراسة دراسة تركيبية اعتماداً على معلومات الصدوع المنزلقة والمقيسة بشكل أساسي على طول صدع سواقة.


      لقد تم استخدام طريقة التعامد الثنائي المتبوعة بالبحث الدوراني المطورة في تحليل هذه المعلومات؛ مما أدى إلى تحديد اتجاهات محاور الإجهادات الرئيسة الثلاثة إضافة إلى فرق الإجهاد (R).


      لقد بينت النتائج ثلاث حالات من الإجهادات تعود إلى حقلي الإجهادات الرئيسة في المنطقة. حل الإجهاد الأقدم يتميز بضغط باتجاه شرق – غرب إلى شرق جنوب شرق – غرب شمال غرب وشد باتجاه شمال – جنوب إلى شمال شمال غرب – جنوب جنوب شرق وهذا يتعلق بنظام إجهاد القوس السوري في عصر التوروني. أما حقل الإجهاد الأحدث فيتميز بضغوط باتجاه شمال – جنوب إلى شمال شمال غرب – جنوب جنوب شرق وشد باتجاه شرق – غرب إلى شرق شمال شرق – غرب جنوب غرب وهذا يتوافق مع نظام إجهاد البحر الميت التحويلي منذ منتصف الميوسين والحركة الأفقية اليسارية وانفتاح البحر الأحمر.


Abstract


      This study presents a structural analysis based on fault-slip data measured mainly along Siwaqa Fault. Stress inversion of fault-slip data is performed using an improved version of the Right-Dihedron method, followed by rotational optimization (TENSOR program). This determined the orientation  of the principal stress axes (σ1, σ2 and σ3), and the ratio of principal stress differences (R). Results show that three stress states belong to two main paleostress fields have been distinguished in the study area. The older paleostress field is characterized by E-W to ESE-WNW compression and N-S to NNW-SSE extension, which could be associated  with  the  formation  of  the




















































































































Syrian Arc fold belt that is started in the Turonian. The younger stress field is characterized by N-S to NNW-SSE compression and E-W to ENE-WSW extension, which is compatible with that known in Middle Miocene-Recent and related to the sinistral movement along the Dead Sea Transform and the opening of the Red Sea.
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