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Abstract 30 

The El-Dabbah Group is a > 7500m-thick sequence of metavolcanic rocks, volcaniclastics, and 31 

banded iron-formation located within the Nubian Shield, Central Eastern Desert, Egypt. The sequence 32 

preserves lower greenschist-facies island arc rocks. We used detailed mapping to reconstruct the 33 

stratigraphic and tectonic history of the El-Dabbah Group and the surrounding sedimentary basins. The 34 

El-Dabbah Group was identified as deposition at central rift zone of an oceanic island arc and was 35 

overlies by the subaerial sedimentary rocks (the Atshan Formation and the Hammamat Group). Four 36 

faulting were distinguished within the El-Dabbah area: (1) top-to-the-S low-angle thrusting; (2) NNE side 37 

down normal faulting; (3) sinistral displacement on north–south faults; and (4) WNE trend N-side-down 38 

normal faulting with the Hammamat Group. We obtained the crystallization ages of a granite (638.1 ± 2.9 39 

Ma) and a quartz porphyry (659.6 ± 3.0 Ma). The detrital zircon age of the Hammamat Group show peaks 40 

at 650, 680, and 790 Ma. These evidences suggest, three sedimentation-deformation stages were 41 

identified in this area. Stage 1 involved sedimentation of island-arc-derived volcaniclastic rocks at 770-42 

700 Ma and to thrust related accretion at 700–680 Ma. Stage 2 involved collisional and transtensional 43 

deformation related to formation of the subaerial basin that contains the Atshan Formation at 670-640 44 

Ma, the normal fault, the strike-slip fault and granite intrusion during 660–620 Ma. Stage 3 involved 45 

orogenic collapse, regional strike-slip-related sedimentation and deformation of the Hammamat Group at 46 

610–570 Ma. We show that the El-Dabbah Group records a history of oceanic island arc accretion, 47 

collision, and collapse within the northern East African Orogeny during 770-570 Ma in Neoproterozoic. 48 

Keywords: Neoproterozoic, El-Dabbah Group, Hammamat Group, oceanic island arc, volcaniclastic 49 

sequence, accretion, transtension,   50 

 51 

Highlights 52 

• Three stages of sedimentation and deformation were identified in the El-Dabbah area 53 

• A 7500 m-thick sequence of metavolcanic and volcaniclastic rocks formed in an oceanic 54 

island arc setting 55 

• Three stages of sedimentation (Sed 1-Sed 2) and deformation (D1–D3) occurred in the El-56 

Dabbah area 57 

• Granite and quartz porphyry intrusions crystallized prior to D2, at 660–640 Ma. 58 

 59 

1. Introduction 60 

The Eastern Desert of Egypt is an escaped tectonic block within the northern part of the East African 61 

Orogeny which was older part of the Pan-African Orogeny (Fritz et al., 2013), the escape of the block 62 

occurred during collision between East and West Gondwana (e.g., El-Gaby et al., 1984, Stern 1994). The 63 

Egyptioan Eastern Desert contains well-preserved accreted sections of island arc rocks, granitic rocks, 64 

and exhumed metamorphic rocks, and has been subdivided into three terranes: Northern Eastern Desert 65 



(NED), Central Eastern Desert (CED), and Southern Eastern Desert (SED), based on rock types and ages 66 

(Stern and Hedge, 1985, Fowler and Hamimi, 2020).  67 

Low-grade metamorphic assemblages are well preserved within the basement rocks of the CED, 68 

which include ophiolitic mélange, metavolcanic island arc rocks, subaerial sedimentary rocks, and 69 

granites that are older and younger than the accretion event (e.g., Egyptian Geological Survey, 1981; El-70 

Shazly and Khalil, 2016). The area records lower pressures than the NED and the SED, so the pre-71 

metamorphic relationships amongst the units are well preserved.  72 

The basement rocks of the CED can be divided into three major sections; (1) a gneiss complex; (2) 73 

island arc metavolcanic rocks and sediments; and (3) late- to post-orogenic Hammamat Group sediments 74 

(El-Gaby et al., 1984). The gneiss complex has been interpreted as an extensional core complex dome or 75 

early thrust-stacking with later folding dome models (e.g., Fritz et al., 1996, 2002; Fowler et al., 2007; 76 

Hamimi et al., 2012). Thick sequences of island arc metavolcanic rocks and sediments, and a tectonic 77 

mélange that contains ophiolitic rocks, were accreted at the early stage (Stern et al., 2004; Fritz et al., 78 

2013). Early stage accretional deformations are still difficult to distinguish.  79 

Most of the island arc metavolcanic rocks and sediments, other than those of the Hammamat Group, 80 

experienced greenschist-facies metamorphism with brittle deformation and minor brittle–ductile 81 

deformation (e.g., El-Shazly and Khalil, 2016). These low-grade island arc metavolcanic rocks and 82 

sediments sequence might be preserved early stage deformations. 83 

A sequence of low-grade metavolcanic and volcaniclastic rocks are exposed in the Wadi El-Dabbah 84 

area of the CED (e.g., Maurice, 2006; Ali et al., 2009). These rocks are located between the well-studied 85 

El-Sibai complex area (e.g., Fowler et al., 2007) and the Kareim basin (240 km2) containing the 86 

Hammamat Group within the CED. Subaerial sediments of the Hammamat Group unconformably overlie 87 

the arc metavolcanics at southern margin of the Kareim basin. Therefore, the metavolcanic–volcaniclastic 88 

sequence was emplaced prior to sedimentation of the Hammamat Group (Wilde and Youssef, 2002; Abd 89 

El-Wahed et al., 2010) and might record the tectonic and sedimentary history of this area, which includes 90 

formation of the island arc, tectonic mélange, thrust nappes, post-accretion deformation, and granite 91 

intrusion (e.g., Ali et al., 2009; Khalil et al., 2015). 92 

However, detailed geological mapping and stratigraphic studies have not been conducted in this area. 93 

We performed detailed mapping, structural investigations, stratigraphic reconstructions, and 94 

geochronology analyses. We did not observe a mélange similar to those recorded accreted tectonic 95 

mélange within Japanese accretionary complexes (e.g., Kiyokawa, 1992). The metavolcanic–96 

volcaniclastic sequence of the El-Dabbah area contains well-preserved volcano-sedimentary structures 97 

(such as, pillow lava, accretionary lapilli, graded volcanic tuff, parallel laminated tuff and iron sequence) 98 

that were used to reconstruct a continuous stratigraphy, and on this basis we inferred that the sediments 99 

were formed in an island arc setting. New detrital zircon U–Pb ages of the Hammamat Group sandstone, 100 

and igneous zircons from two intrusions constrain the timing of sedimentation and fault movement. 101 



Finally, we compare the tectonic histories of the sedimentary basin, gneiss complex, and the 102 

metavolcanic–volcaniclastic sequence. 103 

 104 

2. Regional tectonic history of the Central Eastern Desert 105 

2.1. Tectonic framework of the Eastern Desert 106 

The Eastern Desert of Egypt is part of the Arabian–Nubian Shield. It was previously part of the 107 

Arabian Plate, and part of the Rodinia supercontinent prior to its breakup at ~900–850 Ma. This breakup 108 

event is recorded by ~870 Ma Neoproterozoic juvenile volcanic rocks, which include an island arc 109 

sequence (Stern, 1994) that was accreted during collisional events related to the East African Orogeny 110 

which was older part of the Pan-African Orogeny and closure of the Mozambique Ocean (Stern 1994; 111 

Cawood, 2005; Fritz et al., 2013; Fig. 1). The tectonic history of the Arabian–Nubian Shield comprises 112 

seven stages: (1) breakup of Rodinia (900–850 Ma); (2) seafloor spreading to form oceanic lithosphere 113 

(870–750 Ma); (3) subduction and formation of island arc volcano-sedimentary sequences (760–720 Ma); 114 

(4) accretion and collision of the island arc sequence; (5) intrusion of older granites (760–610 Ma); (6) 115 

exhumation and orogenic collapse (600–570 Ma); and (7) intrusion of alkalic, post-orogenic younger 116 

granites (570–474 Ma) (Stein and Goldstein, 1996; Johnson and Woldehaimanot, 2003; Meert, 2003; 117 

Stern, 2003; Fowler and Osman, 2013; Fritz et al., 2013; El-Shazly and Khalil, 2016; Hamimi et al., 118 

2020; Fowler and Hamimi, 2020). 119 

Most of the Arabian–Nubian crust was generated by circum-Mozambique Ocean intra-oceanic arc 120 

systems (Tadesse et al., 1999; Woldehaimanot, 2000). When the Mozambique Ocean closed, these 121 

juvenile island arc and oceanic plateau terranes were amalgamated by collision and accretion to form 122 

larger tracts of juvenile crust that probably accreted onto pre-existing juvenile continental crust (Stein and 123 

Goldstein, 1996; Stern, 2003). Continued collision produced arc–arc sutures and composite terranes that 124 

formed the juvenile Arabian–Nubian Shield (Johnson and Woldehaimanot, 2003; Fowler and Hamimi, 125 

2020). 126 

Convergence among the fragments of East and West Gondwana, and the resulting East African 127 

Orogeny, continued with increasingly intense deformation during the Ediacaran (630–550 Ma; Veevers, 128 

2003). The northern East African Orogeny formed strike-slip shear zones and tectonic collapse structures 129 

in Egypt, Sudan, and northern Arabia, and generated and exhumed high-grade gneisses and a granulite 130 

complex (Abdelsalam and Stern, 1996; Fritz et al., 1996, 2002, 2013; Neumayr et al., 1996, 1998; Abd 131 

El-Wahed, 2007, 2008). 132 

In the Eastern Desert, the NED contains serpentinites, post-orogenic younger granites (<570 Ma), the 133 

Dokhan volcanic arc rocks (602–593 Ma; Wilde and Youssef, 2000), and faults and joint sets (Hamimi et 134 

al., 2019). The CED is composed mainly of a 750–700 Ma rocks that comprises disrupted ophiolitic 135 

mélange, a relatively low-grade volcanic–volcaniclastic sequence with iron formations, shallow-water 136 

basin sediments, and high-grade metamorphic complexes. (Hamimi et al., 2019). The SED is composed 137 



mainly of the older granites (>630 Ma), a high-grade metamorphic sedimentary sequence, and 138 

voluminous gneiss and migmatite. Deformation within the SED is dominated by folding related to 139 

thrusting, and is overprinted by regional-scale transpression (Hamimi et al., 2019). Subduction is thought 140 

to have been towards the N-NNE during the early stages of collision (e.g., Abd El-Naby and Frisch, 141 

2002; Abdeen and Abdelghaffar, 2011; Fowler and Hamimi, 2020), based on the presence of ophiolite 142 

fragments within the suture.  143 

2.2. Tectonic framework of the Central Eastern Desert 144 

Thrusting related to collision, and subsequent intense strike-slip deformation affected the accreted 145 

island arc metavolcanic sequence of the CED (Loizenbauer et al., 2001; Shalaby et al., 2005; Abd El-146 

Rahman et al., 2009; El-Shazly and Khahlil, 2016; Abd El Wahed et al., 2019; Hamimi and Abd El-147 

Wahed, 2020). High-grade metamorphic rocks of the El-Sibai and Meatiq complexes were exhumed by 148 

12–15 km during crustal extension at ~620–580 Ma to form gneiss dome (core) complexes (Loizenbauer 149 

et al., 2001; Hamimi et al., 2019). The complicated metavolcanic sequence was emplaced above crustal 150 

rocks (Fritz and Messner, 1999) and has been interpreted as an ophiolitic mélange (e.g., Stern et al., 2004; 151 

Ali et al., 2009; Khalil et al., 2015), or collision–accretion nappe sheets related to the Pan-African nappe 152 

complex (Bregar et al., 2002).  153 

Intense strike-slip deformation on the Najd fault system, which extends into Saudi Arabia, overprinted 154 

earlier deformation (e.g., Johnson, 2014). The strike-slip fault system exhumed high-grade rocks to form 155 

core complexes that contain mid-crustal, amphibolite–granulite-facies rocks that record extensional 156 

deformation (Fritz et al., 1996, Loizenbauer et al., 2001). Fowler et al. (2007) suggested that the El-Sibai 157 

gneiss complex consists of folded nappe sheets rather than an exhumed mid-crustal core complex. Rocks 158 

within the gneiss complex yield ages of 685–680 Ma, which are interpreted as the timing of arc-related 159 

thrusting on an early low-angle thrust system that is preserved within the gneiss complex (Fowler et al., 160 

2007; Augland et al., 2012). The causes of the deep crustal deformation, early accretion, and collision are 161 

debated (e.g., El-Bialy, 2019). 162 

The El-Dabbah area also contains a well-preserved strike-slip shear zone that includes crustal-scale 163 

wrench faults. Northwest–southeast-trending strike-slip transtensional deformation affected the 164 

metamorphic gneiss complex and the Hammamat Group (Fritz et al., 1996; Fritz and Messner, 1999; 165 

Loizenbauer et al., 2001; Abd El-Wahed, 2010). This younger deformation of the crustal basement rocks 166 

and covering sediments was related to post-deformation orogenic collapse on the Najd fault system in the 167 

CED (e.g., Fritz et al., 2013). 168 

2.3. Distribution of the Hammamat Group 169 

The Hammamat Group was formed on the subareal sedimentary basins, which was 25 exposed area 170 

preserving mainly in the CED (Fowler and Osman, 2013). These are inferred to have formed in a range of 171 

tectonic settings (e.g., continental margin, transpressional, extensional rifts; Fowler and Osman, 2013). 172 

The Kareim Basin is one of the largest sedimentary basins that preserves the Hammamat Group within 173 



the CED. Rocks of the Kareim Basin are well exposed in a synform that consists of shallowly N- and S-174 

dipping strata in the northwest Wadi El-Dabbah area. The basin contains a coarsening-upward mega-175 

sequence of ~7500 m of continuous lacustrine to coarse alluvial facies sediments (Fritz and Messner, 176 

1999). The basin is interpreted as a tectonically controlled pull-apart basin that formed in response to 177 

strike-slip deformation on the Najd Fault system (Stern, 1985). Basin sedimentation, which constrains the 178 

timing of onset of strike-slip deformation, is thought to have been linked to movement on the NW–SE-179 

trending Najd fault system, which caused regional deformation (e.g., the East Arabian Orogeny; Fowler 180 

and Osman, 2001; Shalaby et al., 2005; Fritz et al., 2013). However, detailed structural studies indicate 181 

that early sedimentation within the Kareim basin occurred within a subsiding basin adjacent to the 182 

exhumed core complex and associated igneous rocks (Fritz et al., 1996; Fritz and Messner, 1999). The 183 

subsiding deformation to make the Kareim basin was related to oblique convergence and transtensional 184 

deformation (Fritz et al., 1996; Fritz and Messner, 1999). However, strike-slip deformation only occurred 185 

toward the end of sediment deposition within the Kareim basin, based on observed fault offsets and the 186 

distribution of coarse grain sediments in the upper part of the sequence (Fritz and Messner, 1999). 187 

The detrital zircon U–Pb age spectra of the NED Hammamat Group samples from Gebel Umm Tawat 188 

are characterized by primary peaks at 680 and 640 Ma and a minor peak at 585 Ma (Bezenjani et al., 189 

2014). The ages of the primary peaks are similar to the ages of older granites related to island arc 190 

formation, and the age of the minor peak is similar to the age of the Dokhan volcanic rocks of the NED 191 

(602–593 Ma; Wilde and Youssef, 2000, 2002). In addition, sandstones of the Igla Basin near Masa Alam 192 

in the SED preserve young zircon ages (628 Ma) (Bezenjani et al., 2014). The Hammamat Group was 193 

deposited at 620–580 Ma over a wide area that included multiple basins (Shalaby et al., 2006). The 194 

Hammamat Group sediments constrain the timing of exhumation of the sediment source area and the 195 

timing of basin formation. 196 

 197 

3. Structural interpretation of the Wadi El-Dabbah area 198 

To identify the stratigraphy in this area, reconstructed structural frameworks should be prepared from 199 

detail mapping. Based on detailed geological maps and structural observations, we identified four 200 

geological units in the Wadi El-Dabbah area, (Figs. 2, 3): (1) a metavolcanic–volcaniclastic sequence, 201 

assigned to the El-Dabbah Group that consists of island-arc-related metavolcanic and volcaniclastic rocks 202 

(Fritz and Messner, 1999); (2) a metamorphosed subaerial sedimentary basin defined as the Atshan 203 

Formation; (3) a less-deformed terrigenous sedimentary basin (the southern Kareim basin) that is 204 

interpreted as the Hammamat Group sediments (Fritz and Messner, 1999; Wilde and Youssef, 2002); and 205 

(4) weakly deformed granite and porphyry intrusions. 206 

The metavolcanic–volcaniclastic rocks of the El-Dabbah Group experienced lower greenschist-facies 207 

metamorphism under pressure–temperature conditions of 373°C ± 61°C and 1.1–2.2 kbar (El-Shazly and 208 

Khalil, 2016). The rocks can be subdivided into four fault-bounded domains (Fig. 3): the northeast (NE), 209 



southeast (SW), northwest (NW), and southwest (SW) domains. The El-Dabbah Fault is located within 210 

the N–S-trending Wadi El-Dabbah and the E–W-trending and N-dipping normal faults are subdivided 211 

into four domains. The eastern boundary of the metavolcanic–volcaniclastic sequence is a NW–SE-212 

trending fault and the western boundary is a N–S-trending fault that separates the sequence from the 213 

Atshan Formation. The northern boundary is an unconformable contact with the overlying Hammamat 214 

Group and the southern boundary is an intrusive contact with granite (Fig. 3).  215 

 216 

3.1. Faults 217 

Four generations of faulting were identified in the Wadi El-Dabbah area, based on mapping and field 218 

observations (Fig. 3). The first generation, F1, affects rocks of the El-Dabbah Group and produced thrust 219 

faults that are sub-parallel to layering and dip shallowly to the north (Fig. 4A). Asymmetric tight to 220 

isoclinal folds with sub-horizontal NW–SE- axes are preserved along the faults (Fig. 4B). Asymmetric 221 

folds shape record top-to-the-south slip. The footwalls volcaniclastic rocks, sometimes contain sub-222 

vertical fault plane open-crack quartz veins (such as, tension gash, comb fractures), however, slikenline or 223 

stretching lineations on the fault planes are not well preserved. 224 

The second generation of faulting, F2, produced normal faults that dip to the NNE and form the 225 

boundaries between the NE domain and the SE domain and the NW domain and the SW domain. Some of 226 

the normal faults occur within the metavolcanic–volcaniclastic sequence (Fig. 4C, D). The fault planes 227 

are well preserved with slikenline or stretching lineations with fibers steps which features record 228 

northside down movement. The volcaniclastic beds are observed in drag-folds related to the normal 229 

faults. Moderately to intensely developed stretching fabrics occur in the footwall sequence. 230 

Boundary between the El-Dabbah and Atshan formations (Fig. 4E) is also identified as a NW-side-231 

down F2 normal fault. This fault cuts the stratigraphically lower parts of the El-Dabbah Group 232 

metavolcanic–volcaniclastic sequence and the conglomerate–sandstone sequence of the Atshan 233 

Formation. A quartz porphyry that intrudes the Atshan Formation is truncated by this fault (Fig. 3).  234 

The third generation of faulting, F3, is represented by the El-Dabbah Fault, a N–S-striking sinistral 235 

strike-slip fault (Fig. 3). The total displacement on this fault is ~800 m, based on offsets between domain 236 

boundaries and F2 faults of the east and west domains. It is also identified as a displacement of iron-237 

formation marker beds with mappable asymmetric folding at Wadi El-Dabbah (Fig. 4F), and 238 

displacement of a massive hornblende–biotite granite (Fig. 4G). The north-south striking El-Dabbah Fault 239 

is not observed at the northern end of the wadi outcrops in wadi branch RW 00 (Fig. 3). This indicated the 240 

F2 fault between the El-Dabbah and Atshan formations and at the RW 00 branch may be cut of the El-241 

Dabbah Fault. The F2 between the El-Dabbah and Atshan formations also preserves shallow dipping 242 

sheared lineation and may be overlapped by sinistral deformation. In this way, the F2 between the El-243 

Dabbah and Atshan formations may be reactivated by F3 faulting strike-slip deformation.  244 



The fourth generation of faulting, F4, is represented by small normal faults in the NW domain that 245 

record 10–20 m of displacement. The unconformity between the volcaniclastic rocks of the El-Dabbah 246 

Group and the red sandstone beds of the Hammamat Group is truncated by a normal fault of this 247 

generation. Movement on this fault has displaced the unconformity by tens of meters. 248 

3.2. Structure of the metavolcanic–volcaniclastic sequence 249 

3.2.1. Northeast domain 250 

The NE domain of the metavolcanic–volcaniclastic sequence is bounded by a NW–SE-trending F2 (3) 251 

strike-slip fault to the east of the Atshan Formation, and the El-Dabbah Fault to the west. The total 252 

thickness of the El-Dabbah Group in the NE domain is 600–1000 m. The strata in this domain are 253 

relatively undeformed, dip at 20°–40°, and form an open fold that plunges shallowly to the east (Fig. 3). 254 

The lowest unit within the southern and southeastern parts of the NE domain contains thick metavolcanic 255 

rocks that consist of stratified lavas and pillow lavas (Fig. 5A). A thin layer of iron formation is preserved 256 

within the volcaniclastic rocks. The middle unit occurs in the central parts of this domain and contains 257 

massive pillow lavas and massive yellow volcaniclastic sediments. The uppermost unit occurs in the 258 

northern part of this domain and consists of a bedded volcano–sedimentary sequence. 259 

3.2.2. Southeast domain 260 

The SE domain is bounded by the El-Dabbah Fault to the west, a WNW–ESE-trending and north-261 

side-down F2 normal fault to the north (Fig. 4A), and an intrusive contact with massive granite to the 262 

south. Contact metamorphic evidences of the granite intrusion are not well preserved in this area. The 263 

total thickness of the El-Dabbah Group within this domain is ~5 km. This domain is divided into a 264 

massive volcanic rock unit (>4-km-thick) and a volcaniclastic sedimentary rock unit (600–1000 m thick). 265 

The massive volcanic rock unit consists of massive coarse basalt and foliated coarse basalt (Fig. 3). 266 

The strata in this domain commonly dip at 40°–70° towards the N and NE. This unit contain massive 267 

coarse basalts, fine dolerite and or microgabbro (Fig. 5B). Layers within the massive volcanic rocks are 268 

commonly >40 m thick. The rocks contain brittle joints, but columnar jointing was not observed. 269 

Individual lava flows were not recognized, and we interpret this unit as a crystallized subvolcanic body or 270 

a magma chamber that formed below the volcanic rocks. This unit is the stratigraphically lowest unit of 271 

the El-Dabbah Group. 272 

The volcaniclastic sedimentary rock unit is 600–1000 m thick and consists of a sequence of well-273 

preserved bedded and laminated rocks that include a greenish shale that was interpreted as a volcanic tuff, 274 

iron formations (Fig. 4A, F), thick layers of metavolcanic rocks, and pillow lavas (Fig. 5C). The 275 

stratigraphy is well constrained by continuous exposure from the massive volcanic rock unit to the 276 

volcaniclastic sediment unit. The well-bedded volcaniclastic rocks and the banded iron formation (BIF) 277 

are well exposed on the eastern wadi bluff between branches RE 03 and RE 08 of Wadi El-Dabbah (Fig. 278 

4F). The volcaniclastic sedimentary unit is more intensely foliated in this domain than in the other 279 

domains. 280 



3.2.3. Northwest domain 281 

The NW domain is transected by a well-preserved N-dipping F2 normal fault and bounded to the east 282 

by the El-Dabbah Fault. The northern boundary is an unconformity between the NW domain and 283 

conglomerate and sandstone of the Hammamat Group. North-dipping normal faults occur in this domain 284 

(Fig. 4C, D). A well-stratified volcaniclastic sedimentary sequence well preserved and total thickness of 285 

is 700–1200 m. Massive greenish volcanic tuffs and pillow basalts are well preserved within this 286 

sequence. Thin iron formations, 5–10 cm thick, are preserved within thick beds of massive volcanic tuff 287 

bed. Volcaniclastic beds oriented shallowly dipping and NW- shallow plunge open folds structure (Fig. 288 

2). Red sandstones of the Hammamat Group lie unconformably above the metavolcanic unit at 289 

topographic highs (Fig. 5D). The NE-dipping, small-scale normal faults (F4) shows offsets of 290 

unconformity plane up to several meters.  291 

3.2.4. Southwest domain 292 

The SW domain is bounded to the north by a N-dipping fault (F2), to the east by the El-Dabbah Fault 293 

(F3), and to the west by a N–S-trending F3 fault within the Atshan Formation, which consists of muddy 294 

sandstone and conglomerate. The southern boundary of this domain is an intrusive contact against an 295 

undeformed hornblende–biotite granite (Fig. 4G). Contact metamorphic evidences of the granite intrusion 296 

are not well preserved in this area. The strata in this domain commonly dip to the N at 40°–60°, and 297 

stratigraphic repetition caused by faulting was observed within the continuous exposure.  298 

The total estimated thickness of the El Dabbah Group in this domain is ~4200 m, excluding 299 

duplication by thrust faulting. Three stratigraphic units occur in this domain: massive volcanic rocks, BIF 300 

rich volcaniclastic rocks, and tuff rich volcaniclastic rocks. The massive volcanic rocks unit is ~800 m 301 

thick and comprises layers of metavolcanic rocks, microgabbros, and small amounts of volcaniclastic 302 

rocks that include thin iron-rich beds. Lowest boundary is intruded contact with granite. 303 

The BIF rich volcaniclastic rocks unit consists of pillow lavas, bedded tuffs (Fig. 5E), black shales, 304 

iron-rich beds within the shales and BIF (Fig. 5F). Accretionary lapilli tuffs occur within the 305 

volcaniclastic layers (Fig. 5E). Isoclinal fold is preserved within the BIF (Fig. 4B), which also records 306 

thrusting sub-parallel to layering. Duplication of the stratigraphy was not observed within the thrust 307 

faults, and the unit is about 2400 m thick, based on the minimum thickness calculated from exposed 308 

stratigraphic sequences in this domain. 309 

The tuff rich volcaniclastic unit is >1000 m thick and comprises massive basaltic lavas, pillow lavas 310 

(Fig. 5H), and thick fine bedded tuffs with minor iron-rich beds. Upper portion was divided by north 311 

dipping normal fault.  312 

 313 

4. Stratigraphy of the Wadi El-Dabbah area 314 

We undertook a detailed stratigraphic reconstruction of the El-Dabbah Group, Atshan Formation, and 315 

Hammamat Group in the Wadi El-Dabbah area (Figs. 3, 6). 316 



4.1. El-Dabbah Group 317 

The El-Dabbah Group is defined for the first time in the present study. It is a metavolcanic–318 

volcaniclastic sequence that has been interpreted as a Pan-African nappe sequence or an accreted section 319 

of island arc material (e.g., Ali, 2009; El-Shazly and Khalil, 2016). We integrated stratigraphic data from 320 

the NE, SE, NW, and SW domains to produce the stratigraphic framework. Distinctive beds (e.g., BIF, 321 

thick basaltic pillow lava) were identified and used to correlate the strata in each domain to define the 322 

stratigraphy. The formation thicknesses are approximate and based on current exposures. 323 

The El-Dabbah (ED) Group is divided into the Lower ED, Middle ED, and Upper ED formations 324 

(Fig. 6). The total thickness of the group is ~7500 m, stratigraphic overlap portion in each domain is 325 

shown in Fig. 6. 326 

The massive volcanic rock unit represents the Lower ED Formation in the SE and SW domains. The 327 

total thickness is ~4000 m. This unit consists of coarse-grained massive volcanics and microgabbro 328 

interbedded with thin layers of volcaniclastic rocks and minor fine-grained dolerite. The lower boundary 329 

of this unit is poorly constrained because the lowest parts of the stratigraphy are intruded by the 330 

hornblende–biotite granite (Fig. 4G). The upper parts of the Lower ED Formation consist of thin layers of 331 

volcaniclastic rocks and iron-rich and jasper-bearing beds. The well-preserved pillow basalts and thin 332 

graded tuff beds indicate that the unit youngs towards the north. 333 

The Middle ED Formation is represented by the ~2500-m-thick, from volcaniclastic sedimentary rock 334 

unit in the SE domain and the volcaniclastic–BIF unit of the SW domain. It contains numerous massive 335 

basaltic lavas, pillow lavas, and a metavolcanic–volcaniclastic sequence that is interbedded with fine-336 

grained tuff beds, iron-rich beds, and BIF. This formation is subdivided into the BIF Member and the 337 

Volcaniclastic Member (Fig. 6). The BIF Member consists of basal massive lava flows, pillow lavas, and 338 

thick-bedded volcaniclastic rocks, with a number of fine-grained sedimentary sequences that include 339 

finely laminated volcanic rocks, black shales, iron-rich beds, and BIF. The volcaniclastic rocks and 340 

basaltic pillow lavas form beds that are a few meters thick (Fig. 5C, H) and occur within tuffs and BIF. 341 

The BIF includes thin jasper layers, typically 2–4 m thick, that crop out on both banks of Wadi El-342 

Dabbah (Figs. 4F, 5G). A fine-grained mudstone section with graded bedding is preserved within the thin 343 

volcaniclastic tuff and black shales (Fig. 5F). The Volcaniclastic Member contains a thick (10–40 m) 344 

succession of volcaniclastic rocks, basaltic pillow lavas and some BIF. The well-preserved basaltic pillow 345 

lavas show flow and sag features, and horizontal lava tubes occur on one side of the pillow lavas. These 346 

structures record younging to the north. The volcaniclastic sequence contains accretionary lapilli beds that 347 

are one to three meters thick with well round 0.5 to 1 cm diameter grains with few mm thick fine material 348 

coated texture (Fig. 5E). Some BIF (less than 1m) preserved within fine volcaniclastic sequence. 349 

The Middle ED Formation within the SW domain is at least three times thicker than the comparable 350 

volcaniclastic sedimentary unit of the SE domain (600–1000 m). This difference in thickness might be 351 

related to late-stage normal faulting (see below). 352 



The Upper ED Formation is represented by the volcanic lava–volcaniclastic unit of the SW domain 353 

and the metavolcanic–volcaniclastic sequence of the NE and NW domains. The total thickness is at least 354 

1000 m, and the formation comprises volcaniclastic sediments, minor basaltic pillow lavas, and 355 

extensively reworked cross-stratified volcaniclastic rocks. Accretionary lapilli tuffs are partly preserved 356 

within greenish volcaniclastic sediments. Thin iron-rich beds and black shales are intercalated with 357 

greenish volcaniclastic rocks and basaltic pillow lavas (Fig. 5C). The upper boundary of the formation is 358 

defined by the unconformity below the Hammamat Group (Fig. 5D). Fault contacts with the Atshan 359 

Formation are also observed. 360 

4.2. Atshan Formation 361 

The Atshan Formation occurs to the east and west of the El-Dabbah Group, and in the Wadi Atshan 362 

area. This formation is bounded by faults and is weakly to intensely foliated and deformed. 363 

To the west of the SW domain of the El-Dabbah Group, the Atshan Formation comprises a muddy 364 

matrix-supported conglomerate with cross-bedded and laminated sandstone (Fig. 7A). The conglomerate 365 

comprises angular–subangular clasts of greenish and black volcanic rocks in a mud-rich matrix (Fig. 7B). 366 

Vesicular volcaniclastic breccias occur within the conglomerate. The conglomerate and sandstone 367 

unconformably overlie steeply dipping metavolcanic rocks of the El-Dabbah Group and are cut by a 368 

basaltic dike with an irregular contact (Fig. 7A). The Atshan Formation is unconformably overlain by 369 

well-sorted sandstones and conglomerates of the Hammamat Group on flat hilltops. 370 

Well-preserved bedded sandstones containing mud drapes and well-sorted laminated sandstones with 371 

layers of rounded pebbles are exposed in cliff sections within Wadi Atshan, 2 km north of Wadi El-372 

Dabbah (Fig. 7C–E). This sequence is intensely folded in places and cut by normal faults (Fig. 7C). The 373 

sandstone sequence is unconformably overlain in places (e.g., the middle of the cliff section) by muddy 374 

conglomerates of the basal Hammamat Group (Fig. 7C, E). 375 

Northeast of the NE domain of the El-Dabbah Group, the Atshan Formation comprises well-bedded 376 

sandstone containing mud drapes, rhythmically laminated sandstones and mudstones interpreted as 377 

varves, beds of well-rounded pebbles, and debris flow sediments with a muddy matrix (Fig. 7F, G). This 378 

portion identified as lacustrine condition. The total thickness of the Atshan Formation is ~1000 m, and the 379 

rocks are folded and dip steeply (Fig. 7F). The Atshan Formation is intruded by a quartz porphyry that is 380 

strongly foliated cut by strike-slip related normal fault (F2 and F3) that also cuts the NW and the SW 381 

domains of the El-Dabbah Group. The intense folding, shearing, and poor exposure prevented a detailed 382 

evaluation of the stratigraphy of the Atshan Formation. 383 

4.3. Hammamat Group 384 

The Hammamat Group occurs on the southeastern margin of the Kareim basin in the Wadi El-Dabbah 385 

area, where it is represented by a red fluvial–lacustrine sedimentary sequence (Fig. 7H) that 386 

unconformably overlies the El-Dabbah and Atshan formations. A well-preserved unconformity between 387 

the Hammamat and El-Dabbah groups occurs within hilltops of the NW domain of the El-Dabbah Group. 388 



The basal parts of the Hammamat Group are dominated by coarse sandstones with quartz pebbles that 389 

occur within a few meters of the base. Thick red–purple shales and sandstones occur above the basal 390 

sequence. The sandstone sequence is tilted northward by small-scale normal faults (F4) in the NW 391 

domain. The red and purple shales show a strongly developed fold-related cleavage. 392 

 393 

5. Uranium–lead zircon geochronology 394 

Zircon U–Pb dating of the Hammamat Group basal sandstone (Fig. 5D), a quartz porphyry intrusion, 395 

and the hornblende–biotite granite (Fig. 4G) was used to constrain the relative ages of sedimentation, 396 

fault movement, and magmatism in the Wadi El-Dabbah area. 397 

The Hammamat Group was deposited after the Atshan and El-Dabbah groups were deformed. The 398 

quartz porphyry intruded the Atshan Formation along a strike-slip normal fault (F2 and F3) that cuts the 399 

El-Dabbah Group, so the age of the porphyry constrains timing of the Atshan Formation sedimentation 400 

and strike-slip normal fault movement (Fig. 4E). The hornblende–biotite granite (Fig. 4G) intruded the 401 

southern margin of the El-Dabbah Group and constrains the age of granitic magmatism and the El-402 

Dabbah Fault (F3). 403 

5.1. Analytical methods 404 

The samples were cleaned with deionized water in an ultrasonic bath for >5 min, and then 405 

disaggregated using a high-voltage pulse–power fragmentation device (SELFRAG Lab) at the National 406 

Institute of Polar Research (NIPR), Japan, which eliminates contamination during crushing and 407 

pulverizing. The zircon grains were concentrated using conventional mineral separation techniques, 408 

including heavy liquid separation with methylene iodide and magnetic separation. The zircon grains were 409 

handpicked and we ensured that the selected grains were representative of the zircon population. 410 

Approximately 200 zircon grains were mounted within an epoxy resin disc along with the reference 411 

material. After curing, the disc was polished to expose cross-sections through the grain centers and coated 412 

with carbon for observation. Back-scattered electron (BSE) and cathodoluminescence (CL) images were 413 

obtained using a JEOL JSM-5900LV scanning electron microscope (SEM) with a Gatan mini CL detector 414 

at the NIPR, and used to characterize the internal zoning and identify suitable analysis sites within each 415 

zircon grain. Subsurface mineral inclusions and cracks were identified using an optical microscope under 416 

transmitted light. Prior to analysis by sensitive high-resolution ion microprobe (SHRIMP-II), the surface 417 

of the grain mount was washed with dilute HCl and ultrapure water, and coated with gold. After SHRIMP 418 

analysis, the grain mounts were coated with carbon and true-color CL images were obtained using a 419 

Gatan ChromaCL2 with a field-emission SEM (JEOL JSM-7100F) at NIPR, using an electron beam 420 

current of ~2.7 nA and acceleration voltage of 3 kV. 421 

The U–Pb dating was undertaken using a SHRIMP-II ion microprobe at NIPR. An O2– primary ion 422 

beam of 3.2–5.2 nA was used to sputter analytical spots of ~25 μm diameter on each polished zircon 423 

grain. The procedures for Pb and U isotope analyses follow those of Horie et al. (2013) and references 424 



therein. In this study, TEMORA2 (206Pb/238U age = 416.78 ± 0.33 Ma; Black et al., 2004) and SL13 (U = 425 

238 ppm; Claoué-Long et al., 1995) were used as reference zircons to calibrate the 206Pb/238U ratios and U 426 

concentrations, respectively. Zircon standards FC1 (1099 Ma; Paces and Miller, 1993) and OG1 427 

(207Pb/206Pb age = 3465 Ma; Stern et al., 2009) were also analyzed periodically with TEMORA2 to 428 

monitor the U/Pb signal and instrumental mass fractionation. The U–Pb data were reduced following the 429 

procedures of Williams (1998), using the SQUID2 Microsoft Excel macro developed by Ludwig (2009). 430 

Common Pb was corrected using measured 204Pb and the model of common Pb of Stacey and Kramers 431 

(1975). The ages were calculated after correction for common Pb using the Isoplot/Ex software 3.76 432 

(Ludwig, 2012). The analytical uncertainties are one standard deviation (1σ), and include uncertainties 433 

related to measurement and common Pb correction. 434 

5.2. Uranium–lead zircon dating results 435 

5.2.1. Hammamat Group 436 

Sample 15-0320-06 is a pale purple quartz sandstone of the Hammamat Group. The sandstone is well 437 

sorted, and is typically separated from the underlying metavolcanic rocks of the El-Dabbah Group by an 438 

unconformity. The beds are weakly deformed and have a single cleavage. The sample was taken several 439 

meters above the basal unconformity. One hundred and forty-five randomly selected detrital zircon grains 440 

yielded ages of 1100–640 Ma, with a high proportion of younger ages (650–640 Ma) (Fig. 8A-1, A-2). 441 

Three Archean grains (~2660 Ma) and one Mesoproterozoic grain (1870 Ma) were identified. The zircon 442 

age distribution shows five main peaks at ~838, ~784, ~745, ~680, and ~650 Ma. The age peak at ~680 443 

Ma is the largest, followed by those at ~640 and ~650 Ma. This U-Pb zircon age data is deferred to 444 

Section 7. 445 

5.2.2. Ages of the intrusions 446 

Samples 16-0320-52 (Figs. 3, 4E) and 16-0320-53 (Fig. 3) are from the quartz porphyry that intrudes 447 

the Atshan Formation within the NW domain. Zircons from sample 16-0320-52 yielded a mean age of 448 

659.6 ± 3.0 Ma (Fig. 8C-1, C-2) and sample 16-0320-53 yielded two age peaks at ~650 and ~680 Ma 449 

(Fig. 8B-1, B-2). These ages constrain the timing of the sedimentation of the Atshan Formation. 450 

Sample 16-0318-45 is from a hornblende–biotite granite on the southern margin of the SW domain 451 

(Figs. 3, 4G). The granite is massive, homogeneous, lacks a strong foliation (Khudeir et al., 1995), and 452 

was deformed by the El-Dabbah Fault (Fig. 2). Zircons from the hornblende–biotite granite yielded a 453 

mean age of 638.1 ± 2.9 Ma (Fig. 8D-1, D-2). This U-Pb zircon age data is deferred to Section 7. 454 

 455 

6. Sedimentary environment 456 

A reconstruction of the sedimentary environment that formed the metavolcanic–volcaniclastic 457 

sequence in the CED indicates that the rocks formed in an island arc setting, based on the geochemistry of 458 

the volcaniclastic rocks and granites, and the presence of ophiolitic material (e.g., El-Bialy, 2019). A 459 

number of different tectonic models have been proposed to account for the north-directed subduction, 460 



based on the characteristics of the ophiolitic material and the high-grade metamorphic complex (e.g., 461 

Loizenbauer et al. 2001; Abd El-Naby and Frisch, 2002). The rare earth element concentrations and Ti/V 462 

values are consistent with an island arc, MORB, back-arc (Ahmed et al., 2001; Farahat, 2010), or forearc 463 

setting (Abd El-Rahman et al., 2009). The composition of relict Cr-spinel in the serpentinized mantle 464 

peridotites, the high Cr contents, and high values of Mg/(Mg + Fe) in olivine indicate that the peridotites 465 

are highly depleted residual mantle, consistent with a forearc setting (Azer and Stern, 2007; Khalla and 466 

Azer, 2007). 467 

The tectonic setting and stratigraphic characteristics of the volcano-sedimentary sequences are not 468 

well understood because these rocks are strongly deformed in many areas, so they could not be used to 469 

constrain the tectonic models. In contrast, the El-Dabbah Group is relatively low-grade and weakly 470 

deformed, so it might provide useful constraints on this sequence, which is inferred to have formed at the 471 

margins of an island arc. 472 

In our stratigraphic reconstruction, the El-Dabbah Group is constrained by the following observations. 473 

1) There is a total thickness of >5 km of volcanic–volcaniclastic rocks. 2) The grain size decreases 474 

upward through the sequence. The Lower ED Formation contain thick massive lavas and pillow lavas 475 

with some dolerites; the Middle ED Formation contains pillow lavas, volcaniclastic rocks, iron-rich beds 476 

that record hydrothermal activity, and accretionary lapilli. The Upper ED Formation contains altered fine-477 

grained volcaniclastic rocks and some lava flows. This sequence is typical of the sequence of sediments 478 

deposited proximal to island arc volcanoes. The multiple pillow lavas and eruptive accretionary lapilli 479 

tuffs indicate that sedimentation occurred close to an active submarine or subaerial volcano. The iron-rich 480 

sediments, BIF, and diamictite beds within the CED volcaniclastic sequence formed during the Sturtian 481 

glaciation, and record Snowball Earth conditions (Ali et al., 2010; Stern et al., 2013; Stern, 2017). 482 

Diamictites were not observed in association with the BIF of the El-Dabbah Formation within the study 483 

area. The combination of thick layers of volcaniclastic rocks, pillow basalts, and beds of precipitated iron-484 

rich material record hydrothermal activity and proximal volcanic activity. The proportion of material 485 

associated with island arc volcanism decreases within the upper unit. Previous dating of the volcaniclastic 486 

and metamorphic rocks of the CED indicates that island arc accretion (D1) occurred at ~700–680 Ma (Ali 487 

et al., 2009; El-Shazly and Khalil, 2016). After volcanism, the El-Dabbah Group was exhumed during 488 

collision and thrusting, and the Atshan Formation was deposited before 660 Ma. 489 

The Izu–Bonin–Mariana island arc provides a well-characterized example of a typical sedimentary 490 

sequence formed within a modern oceanic island arc setting, where the record of sedimentation extends 491 

back to 29 Ma in the Mariana arc and 27 Ma in the Izu–Bonin arc (e.g., Taylor, 1992; Taira et al., 1998; 492 

Ishizuka et al. 2006). Four sedimentary environments have been identified in oceanic island arc systems: 493 

trench slope (accretionary prism), forearc basin, central rift zone (e.g., Sumisu Rift; Taylor et al., 1991), 494 

and back-arc basin. Detailed seismic imaging and ODP drilling (Legs 125 and 126; Taylor et al., 1991) of 495 

these sedimentary basins of oceanic island arc system have revealed the following sedimentary features 496 



(e.g., Taylor, 1992). Mounds of serpentinite occur on the trench slope, and these have been interpreted as 497 

forearc ophiolites. The sediments are not thick or coarse-grained, because the forearc basin traps most of 498 

the sediment derived from the oceanic island arc. The trench slope in the oceanic island arc is further in 499 

typical continental or subaerial island arcs.  500 

The forearc basin contains a 1500-m-thick sequence of pumiceous gravels and sandstones that overlie 501 

a >200-m-thick pyroclastic sequence with andesitic lavas (ODP Leg 126, Site 793; Taylor, et al. 1992). 502 

The cyclic volcaniclastics within this basin record front- and back-arc volcanism and hydrothermal 503 

circulation (Taylor, 1992). In general, forearc basins are likely to contain mostly volcaniclastic 504 

sedimentary rocks with minor lava and intrusions.  505 

The central rift zone is well preserved in the northern section of the Izu–Bonin arc (e.g., Smith rift; 506 

Taylor et al., 1991; Taira et al., 1998). It formed close to the volcanic front and is inferred to record the 507 

syn-rift stage of back-arc basin formation. An 800-m-thick volcano–sedimentary sequence lies above 300 508 

m of thick basaltic lavas that include lapilli tuffs (ODP 126, Site 791; Taylor 1992). More intense periods 509 

of volcanic activity produced pumice gravels and sands that are preserved within silt- and clay-dominated 510 

hemipelagic sediment that were deposited during quiescent periods (e.g., 400 kyr, Smith rift). 511 

Hydrothermal circulation in the central rift zone is more intense than at other sites. Parts of the Smith rift 512 

basin yield heat fluxes as high as 397 mW m–2, compared with 13–27 mW m–2 fore arc and back arc 513 

basins (Yamazaki, 1988; Taylor, 1992). 514 

Back arc basins are well developed with the Shikoku and Mariana basins. The sediments resemble 515 

those of the central rift zone sequence during the initial stages of spreading. However, the depth of 516 

sedimentation increases after spreading is established, and hemipelagic–pelagic fine-grained sediments 517 

are deposited. 518 

The El-Dabbah Group is most similar to the sediments of the central rift zone, based on the following 519 

observations: (1) a very thick volcano-sedimentary sequence records long-lived volcanic activity and 520 

subsidence during volcanism; (2) continuous cyclic volcanic lava flow sequences with fine-grained 521 

volcanic tuffs and thick accretionary lapilli indicate that sedimentation occurred very close to the volcanic 522 

front; and (3) the BIF within the Middle ED Formation might record hydrothermal activity within a rift 523 

valley environment. In this way, total >5 km of volcanic–volcaniclastic rocks sequence may be identified 524 

crustal section of the central rift zone of oceanic island arc succession.  525 

 526 

7. Tectonic reconstruction 527 

We used our new detailed observations of geological relationships and age data to reconstruct the 528 

geological and tectonic history of the El-Dabbah area, including the stratigraphy and deformation of the 529 

accreted island arc sequence. We identified four fault systems (F1 to F4) and three sedimentary sequences 530 

(El-Dabbah Group, Atshan Formation, and Hammamat Group) in the Wadi El-Dabbah area. We used the 531 

new zircon U–Pb age data and the reported sedimentation age of iron formation (Khalil et al., 2015; Abd 532 



El-Rahaman et al., 2019) to recognize three stages of sedimentation (Sed 1–3), quartz porphyry and 533 

granitic magmatism, and three phases of deformation (D1–D3) (Fig. 9). 534 

7.1. Stage 1 535 

Stage 1 comprises a island arc-related volcanic sedimentation (Sed 1) and a island arc accretion (D1). 536 

Sed 1 is recorded by the volcano–sedimentary sequence, which is inferred to have formed in an island arc 537 

setting. The island arc accretion (D1) is recorded by thrust faulting (F1) that caused stacking of the 538 

metavolcanic rocks and lower greenschist-facies metamorphism. This involved oblique thrusting during 539 

NW–SE-directed convergence at ~690–670 Ma (Fritz et al., 1996; Augland et al., 2012; El-Shazly and 540 

Khalil, 2016). The El-Sibai gneiss complex, which lies to the south of the El-Dabbah area, records NW-541 

ward displacement on extension shear zones. The early stages of deformation are well preserved and 542 

involved the formation of low-angle ductile shear zones and mylonites (Fowler et al., 2007; Mohamed 543 

and El-Wahed, 2008). The accretion is also represented by the ophiolitic rocks, which were emplaced 544 

during the early stages of deformation and record NNW–SSE shortening that formed imbricate structures 545 

and a thrust nappe in the gneiss complex (Bregar et al., 2002; Mohamed and El-Wahed, 2008). After this 546 

deformation, NE-directed thrusting caused ENE–WSW compression and NE–SW oriented shortening 547 

(Bregar et al., 2002; Mohamed and El-Wahed, 2008). 548 

In the El-Dabbah area, layer-parallel shear zones that contain asymmetric folds and record top-to-the-549 

south shearing small scale thrust faults are partially identfied, but the stratigraphy of the volcaniclastic 550 

sequence is still relatively well preserved. The lower boundary of the autochthon within this 551 

volcaniclastic sequence is not preserved. However, a top-to-the-south displacement is inferred from 552 

asymmetric folds and shear zones within NNE-dipping beds, consistent with movement of the footwall 553 

(southern domain) toward the NNE. These structures record an opposite sense of movement to the F2 554 

normal faults. Mohamed and El-Wahed (2008) also reported NNW–SSE shortening followed by NE–SW 555 

compressional deformation related to NE-directed thrusting in the El-Dabbah area. This structure might 556 

be related the NE-SW compressional deformation with NE dipping subduction sense. 557 

7.2. Stage 2 558 

Stage 2 involved the intrusion of granites, regional sedimentation in a transtensional setting, and 559 

deformation related to continental stabilization after island arc accretional deformation. In the area around 560 

the El-Sibai gneiss complex, NW–SE-trending extension formed low-angle normal ductile shear zones 561 

and mylonites after the early stages of nappe formation (Fowler et al., 2007; Mohamed and El-Wahed, 562 

2010). This extension is roughly contemporary to NW–SE-oriented strike-slip shearing during the early 563 

stages of movement on the Najd fault system at 660–580 Ma. 564 

Stage 2 is subdivided three events: (1) sedimentation of the Atshan Formation (Sed 2), (2) intrusion of 565 

porphyritic granites, and (3) NNE–SSE-oriented extension (D2). The first event involved sedimentation of 566 

the Ashtan Formation (Sed 2) in a shallow water setting. This formation includes debris flows, 567 

conglomerates, angular volcanic pebbles within a muddy matrix, and fluvial–lacustrine sediments. We 568 



infer that these rocks were deposited in a subaerial sedimentary basin proximal to mountains that were 569 

undergoing active uplift and erosion. The Sed 2 event might record the early stages of crustal stabilization 570 

after island arc accretion, in which case the sedimentary basin can be thought of as a collision-related 571 

molasse basin that formed during the mountain building phase, at the same time as transpressional 572 

deformation within the El-Sibai shear zone. 573 

In the second event, quartz porphyry intruded in the Atshan Formation along the NW domain at 660–574 

650 Ma. Deposition of the Atshan Formation is constrained to ~680–660 Ma, and the granites intruded 575 

the SE and SW domains at ~630 Ma. 576 

The third event, D2, involved two types of faulting, F2 and F3. The F2 normal faulting is represented in 577 

the El-Dabbah area by a N- to NNE-dipping normal fault. Faults that formed during this event trend 578 

WNW–ESE and divide the El-Dabbah Group into northern and southern domains. The strike of the F2 579 

faults is sub-parallel to the stretching direction recorded by the El-Sibai gneiss complex (Fig. 3).  580 

The boundary between the NE domain of the El-Dabbah Group and the Atshan Formation is a NNE 581 

side-down normal F2 fault that records overlapping sinistral shearing on northwest trend which might be 582 

affected later stage strike-slip deformation. A weakly-foliated quartz porphyry (659.6 ± 3.0 Ma) intrudes 583 

the boundary and is considered to be syn-deformation. Therefore, the regional silicic magmatism is 584 

related to crustal extension at ~660–638 Ma (e.g., Johnson et al., 2011). 585 

The El-Dabbah Fault (F3) is a sinistral displacement on north-south fault that runs through the Wadi 586 

El-Dabbah. It cuts the hornblende–biotite granite (638 ± 2.9 Ma) and joins the F2 boundary fault that 587 

separates the El-Dabbah and Atshan formations. The N–S orientation might record transtension during 588 

the extension recorded by the El-Sibai gneiss complex. We infer that the El-Dabbah Fault (F3) and the 589 

NNE side down normal faults (F2) are transtensional transfer faults that formed while the El-Sibai shear 590 

zone was active, and prior to sedimentation of the Hammamat Group (Fig. 10). 591 

It is plausible that the different stratigraphic thickness of the Middle ED Formation within the SW and 592 

SE domains is related to extensional normal faulting (F2) and sinistral movement on the El-Dabbah Fault 593 

(F3). Extension related to the normal faulting is more pronounced in the NE and SE domains than in the 594 

NW and SW domains (Fig. 10). The south end of the SE domain is situated to the north of the El-Sibai 595 

gneiss complex and is more strongly foliated than the SW domain. Therefore, it might represent deeper 596 

parts of the crust than the SW domain. If the SE domain experienced more exhumation than the SW 597 

domain, then truncation of normal faults within the middle of the Middle ED Formation might explain 598 

why the Middle ED Formation is thinner in the SE domain than in the SW domain (Fig. 10).  599 

These regional transtensional deformation at ~638–600 Ma was associated with early activity on the 600 

El-Sibai shear zone and might have been related to movement on the regional Najd fault system 601 

elsewhere on the Arabian shield (Fig. 1; Fritz et al., 1996; Abd El-Wahed et al., 2007, 2008, 2010; Fowler 602 

et al., 2007). The regional transtensional deformation might have been related to crustal thickening 603 



associated with granitic intrusion in the East African Orogeny (e.g., Stern, 1985; Shalaby et al., 2006; 604 

Abd El-Wahed, 2010, Fritz et al., 2013). 605 

7.3. Stage 3 606 

Stage 3 can be divided into two sub-stages: Hammamat Group sedimentation (Sed 3) and 607 

transtentional deformation (D3). Sed 3 in the El-Dabbah area involved the formation of the ~12 -608 

kilometer-wide Kareim basin, which preserves a >8000-m-thick section of the subaerial Hammamat 609 

Group sediments (Fritz et al., 1996). The Kareim basin experienced two periods of deformation (Abd El-610 

Wahed, 2007). The first period involved the formation of NW and SE sides down -normal faults in 611 

response to orogen-parallel extension and the generation of granitic magmas intruded in the Sibai 612 

metamorphic complex at ~650 ± 10 Ma (Fritz and Messner, 1999; Abd El-Wahed, 2007). The second 613 

period involved regional sinistral NW–SE-oriented shearing on the Najd fault system, and the 614 

development of a pull-apart regime in response to NNW–SSE-oriented tensional stress. Pebbles sequence 615 

within the conglomerates are identified at the upper part of the sequence which source come from the 616 

strike-slip transpressional mountain building event (Fritz and Messner, 1999, Mohamed and El-Wahed, 617 

2010).  618 

In the El Dabbah area, the Hammamat Group occurs on hilltops and above a well-preserved 619 

unconformity. Sandstones with occasional pebbles commonly occur on the contact. The absence of a 620 

thick basal conglomerate indicates that this group might have formed toward the center of the 621 

sedimentary basin. 622 

The D3 is represented by NNE-side-down normal faults (F4) within the NE and NW domains. The F4 623 

faults are ten-meter-scale displacement with the Hammamat Group, recording NNE-SSW extension. The 624 

F4 faults formed during the first period of deformation that is recorded on the southern margin of the 625 

Kareim basin (Fritz and Messner, 1999, Mohamed and El-Wahed, 2010). Strong NW–SE-trending strike-626 

slip deformation was reported the north side of the Hammamat Basin and the El-Sibai shear zone (Fritz 627 

and Messner, 1999). F4 faults may be related as transtension deformation of this strike-slip deformation. 628 

The detrital zircon U–Pb age spectra of sandstones from the lower parts of the Hammamat Group in 629 

the El-Dabbah area show a peak at 680 Ma and minimum ages of 650–640 Ma. These ages are similar to 630 

the crystallization age of the quartz porphyry that intrudes the Atshan Formation (660–650 Ma). 631 

Therefore, the Hammamat Group was deposited after intrusion of the quartz porphyry (660–650 Ma). 632 

Detrital zircon age spectra of other Hammamat Group samples also show peaks at 680 and 650 Ma 633 

(Wilde and Youssef, 2002), and detrital zircons from samples of the Hammamat Group from the North 634 

Eastern Desert yield a mean age of 585 ± 13 Ma, consistent with a Dokhan volcanic rock source (Wilde 635 

and Youssef, 2002). However, the sample from the basal sequence exposed in the southern Kareim basin 636 

does not yield 585 Ma zircons. Therefore, it is likely that 680 and 650 Ma granitic rocks were exposed in 637 

the Eastern Desert, that these rocks were not affected by the Dokhan volcanic activity, and that deposition 638 

of the Hammamat Group began at ~620–590 Ma in this area. The D3 sub-stage might be equivalent to the 639 



syn-sedimentary deformation related to the formation of the Kareim basin that occurred after 640 

sedimentation of the Hammamat Group and after ~580 Ma. 641 

In our reconstruction, strike-slip deformation continued for an extended period subsequent to 642 

accretion of the island arc sequence. The Atshan Formation was deposited within a collision-related 643 

transpressional strike-slip sedimentary basin, and the Hammamat Group was deposited in a continental 644 

strike-slip basin formed by continuous strike-slip transtentional deformation, which might have been 645 

related to orogenic collapse after the East African Orogeny (Fig. 9; Stern and Johnson, 2010; Johnson et 646 

al., 2011). 647 

 648 

8. Conclusions 649 

1) Three stratigraphic units were defined in the Wadi El-Dabbah area, based on detailed mapping: 650 

the El-Dabbah Group (~770–700 Ma), the Atshan Formation (~680–650 Ma), and the Hammamat 651 

Group (~620–580 Ma). The hornblende–biotite granite intruded the El-Dabbah Group at 638 Ma 652 

and the quartz porphyry intruded the Atshan Formation at 650–640 Ma. 653 

2) The El-Dabbah Group consists of >7500 m of well-preserved volcano-sedimentary rocks. The 654 

group was divided into three formations. The Lower ED Formation consists of massive coarse-655 

grained metavolcanic rocks and thin volcaniclastic sequences. The Middle ED Formation 656 

comprises basaltic massive rocks, pillow lavas, and volcaniclastic rocks, with thinly bedded iron-657 

rich beds and greenish-black shales. The Upper ED Formation consists of a fine volcaniclastic 658 

sedimentary sequence. The very thick volcaniclastic sequences, the fining upward and massive 659 

volcanics to fine volcaniclastic stratigraphy are identified as this sequence are formed a shallow 660 

portion of crustal section of a intra arc central rift zone associated with an oceanic island arc. 661 

3) The Atshan Formation consists of subaerially deposited sedimentary rocks, including debris flow 662 

conglomerates and a sandstone and shale sequence with lacustrine varves. Deposition occurred 663 

prior to deposition of the Hammamat Group. This formation may have been deposited as a 664 

collision-related sedimentary basin that formed during the mountain building phase 665 

transpressional deformation.  666 

4) Three stages of sedimentation and deformation were recognized, based on structural observations, 667 

stratigraphic relationships, and the ages of the granitic intrusions. 668 

Stage 1 was characterized by the El-Dabbah Group deposited within island arc-related 669 

volcano–sedimentary sequence (Sed 1) and it affected thrust deformation (D1). This stage was 670 

related to sedimentation and accretion of the oceanic island arc. The El-Dabbah Group was 671 

affected by top-to-the-south low angle thrusting during accretion. 672 

Stage 2 involved sedimentation of the Atshan Formation and deformation with NW–SE-673 

trending transtension, N-dipping normal faulting (F2), and N–S-trending strike-slip faulting (F3) 674 

which related the El Sibai shear zone. This stage was associated with movement on the Najd 675 



fault system elsewhere on the Arabian Shield and regional deformation. Deformation was also 676 

associated with exhumation of high-grade mid-crustal core complexes and plutonic rocks. 677 

Depositional timing of the Atshan Formation are early stages of crustal stabilization during the 678 

collisional stages of the East African Orogeny, which involved oblique transpressional 679 

convergence of the northern parts of east and west Gondwana. 680 

Stage 3 involved sedimentation of the Hammamat Basin and transtensional deformation of 681 

strike-slip deformation of continuous active of the El Sibai shear zone. This stage might have 682 

been related to orogenic collapse after the East African Orogeny.  683 
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Figure Captions 915 

Fig. 1 A. Tectonic map of Afro-Arabia modified after Johnson et al. (2011) and superimposed on a 916 

Google Maps image. The white rectangle indicates the location of the geological map on the left.  917 

1 B. Simplified geological map of the Nubian Shield, North and Central Eastern Desert, Egypt (after 918 

Basta et al., 2011). The black rectangle shows more detail map at Fig. 2. Modified after EGSMA (1996, 919 

2002) 1:250,000 Geological Map series, Johnson et al. (2011) and Hamimi and Abd El-Wahed (2019).  920 

 921 

Fig. 2. Simplified geological map of part of the Central Eastern Desert, Egypt (modified after El-922 

Ramly, 1972, Fowler et al., 2007, Fritz et al., 2002, Augland et al., 2012, Hamdy et al., 2013, Hassan et 923 

al., 2017). The rectangle potion indicates the location of the geologic map in Fig. 3. 924 

 925 

Fig. 3. Geological map of the Wadi El-Dabbah area superimposed on an image from Google Earth 926 

map of 2011 version. RW and RE indicate the dry gorge branch names mentioned in the text and figure 927 

captions (e.g., RW 12). Right image from map shows N–S cross-section of the NW and SW domains. 928 

Scale of the cross-section is same as map. See 90º clockwise rotation. 929 

 930 

Fig. 4. 931 

A) Overview, looking east from Wadi El-Dabbah, of the well-stratified upper sedimentary sequence of 932 

Middle ED Formation, SE domain, on the eastern side of Wadi El-Dabbah, northern part of the SE 933 

domain. F1 thrust faults cut a volcaniclastic sequence within the El-Dabbah Group. The small-scale 934 

thrust faults are sub-parallel to bedding. A N-dipping normal fault is visible in hilltop on the left of 935 

the image. The scale is shown by the car on the right hand side of the image, indicated by the arrow. 936 

B) Overview, looking north, of layer sub-parallel isoclinal tight folding within the BIF at RW8, Middle 937 

ED Formation, SW domain. The fold axes are E–W-oriented and the asymmetry is top-to-the-south. 938 

The fault plane is sub-parallel to the shallowly N-dipping bedding. The cliff face is oriented E–W. 939 

C) North-dipping normal fault with an unknown displacement observed in cliff sections at Wadi El-940 

Dabbah between RE 3 and RE 4, Upper ED Formation, NW domain. Looking west from Wadi El-941 

Dabbah. The rectangle indicates the location of Fig. 4D. 942 

D) Close-up of the N-dipping normal fault (Fig. 4C), NW domain, looking west. The beds in the 943 

hanging-wall were dragged to the north on the fault. The well-preserved fault plane contains N-944 

dipping slickensides with normal direction several slip steps. Sub-horizontal volcaniclastic rocks in 945 

the hanging wall overlie the bedding in the footwall, which dips to the N at 50°–60°. The hanging 946 

wall volcanics beds also bended to downside. Hanging beds move down to north side. 947 

E) Fault (F4) in a valley on the boundary between the Atshan Formation and the eastern margin of the 948 

NE domain. Looking southeast. The quartz porphyry (sample 16-0320-52) crops out within this 949 



valley. The El-Dabbah and Atshan formations and quartz porphyry are on the right and left, 950 

respectively. 951 

F) Steeply dipping N–S-trending iron formation of the Middle ED Formation on the El-Dabbah Fault, 952 

between RE 4 and RE 5 on the east side of Wadi El-Dabbah, SE domain. Looking southeast in the 953 

Wadi El-Dabbah..  954 

G) Massive hornblende–biotite granite (sample 16-0318-45), SW domain. The granite is bounded by the 955 

southern El-Dabbah Group. The granite is not affected by strong shear deformation and is truncated 956 

by the N–S-trending El-Dabbah Fault. Looking southeast of small gouge in the granite hill. 957 

 958 

Fig. 5. Stratigraphic and structural features of the metavolcanic–volcaniclastic sequence of the El-959 

Dabbah Group. 960 

A) Stratified sequence of less-deformed massive metavolcanic rocks and pillow lavas above a sub-961 

horizontal volcaniclastic sequence, Upper ED Formation, near RE 01, Wadi El-Dabbah, NE domain, 962 

looking north at entrance of the RE-01. 963 

B) Coarse-grained massive volcanic rocks (microgabbro) of the Lower ED Formation, RE 11, SE 964 

domain. 965 

C) Well-preserved pillow basalts of the Upper ED Formation, RE 5, Wadi El-Dabbah, SE domain. View 966 

to northeast along Wadi El-Dabbah. 967 

D) Well-preserved unconformity at the top of a hill above the volcaniclastic sequence, between RW 1 968 

and RW 2, NW domain. Looking west at upper most part of the hill cliff along Wadi El-Dabbah. 969 

E) Accretionary lapilli beds within a fine tuff sequence within the Middle ED Formation, RW 7, SW 970 

domain. Looking northwest. 971 

F) Well-bedded greenish shale with graded bedding, younging to the northwest, Middle ED Formation, 972 

near RW 7, Wadi El-Dabbah, SW domain. Looking northeast.  973 

G) Iron formation within the volcaniclastic sequence, Middle ED Formation, near RW7, Wadi El-974 

Dabbah, SW domain. Looking southwest along Wadi El-Dabbah. 975 

H) Pillow lava sequence (>30 m thick), Middle ED Formation, middle of RW6, SW domain. Looking 976 

southwest at the small branch or RW6. 977 

 978 

Fig. 6. Composite stratigraphic column of the Wadi El-Dabbah area (left), and a more detailed 979 

stratigraphic column of the SW domain (right). Gray bars with numbers preceded by ‘RW’ and ‘RE’ 980 

show the locations of the western and eastern branch gorges that lead into Wadi El-Dabbah. The locations 981 

of the wadi branches are shown on Fig. 3.  982 

 983 

Fig. 7. Sedimentary rocks of the Atshan Formation and the Hammamat Group. 984 



A) Overview of the Atshan Formation on the western margin of the El-Dabbah Group, SW domain. The 985 

lower parts are poorly sorted sandstones and mudstones. The upper boundary is a basaltic dike 986 

(orange rock in the photograph). Hilltops in this area commonly expose the unconformity that 987 

separates the Atshan Formation from the sandstones and conglomerates of the Hammamat Group. 988 

View to northeast along wadi. 989 

B) Close-up view of muddy matrix-supported conglomerate. The clasts are poorly sorted and include 990 

angular–subangular green and black volcanic rocks. View to east along wadi cliff  western margin 991 

of SW domain. 992 

C) Overview of the sandstone–conglomerate sequence of the Atshan Formation at Wadi Atshan. The 993 

lower part consists of bedded fluvial–lacustrine sandstone, which is folded and offset by normal 994 

faults. The rectangles labeled ‘D’ and ‘E’ indicate the locations of Fig. 7D and E, respectively. 995 

Looking south. 996 

D) Close-up view of fluvial sandstone of the Atshan Formation at Wadi Atshan, with pebbly layers and 997 

mud drapes in the lower part of the cliff shown in Fig. 7C. Looking south from Wadi Atshan. 998 

E) Close-up view of muddy matrix-supported conglomerate above fluvial sandstone, Wadi Atshan. The 999 

clasts are poorly sorted and angular. The photograph shows a large block that fell from the cliff (Fig. 1000 

7C). Looking south from Wadi Atshan. 1001 

F) Close-up view of well-bedded mudstone and poorly sorted sandstone of the Atshan Formation, NE 1002 

domain, containing fluvial–lacustrine sediments with mud drape layers. Looking south from small 1003 

wadi at NE domain. 1004 

G) Close-up view of muddy matrix-supported breccia of the Atshan Formation, Wadi El-Dabbah, 1005 

eastern NE domain. This is a >20-m-thick debris flow deposit that formed in a channel within the 1006 

bedded mud and sandstone sequence. Looking south at Wadi El-Dabbah. 1007 

H) Well-bedded red bed sequence within the Hammamat Group. The alternating red sandstones and 1008 

shales contain ripple marks, desiccation cracks, and rain drop structures. Main stream of Wadi 1009 

Atshan, western NE domain. Looking east along west branch of Wadi Atshan. 1010 

 1011 

Fig. 8. 1012 

A-1) Tera–Wasserburg concordia plot of zircon age data from the Hammamat Group sample (150323-1013 

06). Three Archean grains (~2660 Ma) and one Orosirian grain (~1870 Ma) were analyzed. 1014 

A-2) Histogram and relative probability distribution of zircon ages from sample 150323-06 (146 1015 

analyses, 145 grains). Most of the grains record ages of 1100–640 Ma, with peaks at 790, 680, and 650 1016 

Ma. 1017 

B-1) Tera–Wasserburg concordia plot of zircon age data from the quartz porphyry (sample 160320-1018 

53). B-2) Histogram and relative probability distribution of zircon ages from sample 160320-53 (49 1019 

analyses, 49 grains). There are two age peaks at ~650 and 680 Ma. 1020 



C-1) Tera–Wasserburg concordia plot of zircon age data from the quartz porphyry (sample 160321-1021 

52). 1022 

C-2) Histogram of single-zircon age data, sample 160321-52 (50 analyses, 50 grains). The mean age1023 

is 659.6 ± 3.0 Ma. 1024 

D-1) Tera–Wasserburg concordia plot of zircon age data from the hornblende–biotite granite (sample1025 

160318-45). 1026 

D-2) Histogram of single-zircon age data, sample 160318-45 (48 analyses, 48 grains). The weighted-1027 

mean age is 638.1 ± 2.9 Ma. 1028 

1029 

Fig. 9. Chronostratigraphy of the Wadi El-Dabbah area. Detrital zircon ages, in Ma, of the Hammamat 1030 

Group are shown by the colored ovals. The Geological stratum show the stratigraphic and intrusion ages. 1031 

Labels A–D indicate the units from which new zircon ages were obtained. The Geological events and 1032 

Stages in the El-Dabbah area shown in middle portion. Three main geological stages were identified and 1033 

each stage was associated with sedimentation (Sed 1–3), Intrusion (Int.) and deformation (D1–3) . 1034 

The right column shows the regional deformation events recognized within the Arabian–Nubian Shield 1035 

(Stern and Johnson, 2010; Fritz et al., 2013). 1036 

1037 

Fig. 10. Model of D2 extension. The NNE side down normal fault (F2) and the north-south oriented 1038 

sinistral strike-slip Wadi Dabbah fault (F3) were active after intrusion of the granite and the quartz 1039 

porphyry. 1040 

1041 

1042 
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