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ABSTRACT 18 

In northeastern Oman, within the Neoproterozoic Huqf Supergroup, well-exposed sedimentary 19 
formations spanning the Cryogenian to Ediacaran periods, lie beneath the late Palaeozoic "Hercynian 20 
Unconformity". These rocks bear the marks of the distant Cadomian Orogeny. Among these, the youngest 21 
correspond to the diverse Ediacaran Fara Formation, a member of the Ara Group. Our study extensively 22 
examined Fara Formation's lithologies, stratigraphy, and syndepositional deformation features to shed light on 23 
the Neoproterozoic geological evolution of eastern Arabia. Through meticulous analysis, several key findings 24 
emerged from our investigation: (1)Fara Formation can be categorized into three distinct members (FA1-FA3); 25 
(2) while FA1 and FA2 show signs of Cadomian D1 deformation, FA3 conceals these deformed layers with an 26 
angular unconformity; (3) the entire Fara Formation is of Ediacaran age, dating back over 538 million years; (4) 27 
the volcaniclastic rocks within Fara Formation are geochemically similar to Hormuz´s volcanics from the same 28 
period ; (5) carbonates and siliciclastic rocks of FA1 and FA2 formed within a NW-SE striking back-arc basin 29 
associated with Cadomian deformation, while FA3's shallow-marine siliciclastic rocks unconformably overlie 30 
the latter members, and (6) Fara Formation documents the deepening of a stable carbonate platform, reflecting 31 
a major event in the geological history of Eastern Arabia. 32 
 33 
KEYWORDS: Active continental margin, Back-arc basin, Cadomian, Angudan, Palaeopascichnus 34 
  35 
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INTRODUCTION 36 
The Neoproterozoic Era is a geological time interval characterized by significant changes in terms of 37 

climate, biological and tectonic evolution. These last were brought about alongside the formation and breakup 38 
of the supercontinent Rodinia, as well as the first stage of the assembly of Gondwana, from ca. 730 Ma to ca. 39 
500 Ma. This process culminated in the collision of East and West Gondwana to form the Pan-African orogeny 40 
(Mallard and Rogers, 1997; Veevers, 2004, Xiao and Kaufman, 2006, Thomson et al., 2015). In this era, 41 
extensive glaciations occurred in tandem with the development of metazoan multicellular animals; a major 42 
milestone of the Earth systems’ history (Xiao and Kaufman, 2006). 43 

In this work, we revise the tectonostratigraphy of the Late Ediacaran lithologies in Eastern Arabia. More 44 
specifically, Ediacaran outcrops in Oman are sparse and restricted to the cores of the Jabal Akhdar and Saih 45 
Hatat domes of the Oman Mountains (Fig. 1), and to the Huqf and Salalah areas in Central and South Oman, 46 
respectively. Ediacaran rocks are present also in the subsurface of Oman, and they have been the subject of 47 
geophysical and well studies due to their potential for hosting hydrocarbons (e.g., Amthor et al., 2005; Schröder 48 
and Grotzinger, 2007; Forbes et al., 2010; Cozzi et al., 2012; Grotzinger and Al-Rawahi, 2014; Osburn et al., 49 
2014). The excellent outcrop conditions of the Ediacaran rocks in the Jabal Akhdar Dome and the fact that 50 
these rocks were only moderately deformed during the Late Cretaceous plate convergence, make them a prime 51 
target to study the stratigraphy and tectonic evolution of the Neoproterozoic. The Late Ediacaran has been 52 
described by Allen (2007) in the context of a passive margin, eventually becoming active at the top of the 53 
sequence.  54 

This article intends to contribute significantly to the causal understanding of sedimentation, volcanism, 55 
and tectonics of the eastern Arabian Plate, through stratigraphic, structural, and petrological investigations, 56 
focusing on the associated time constraints and the significance of angular unconformities. At the same time, 57 
we investigated new and excellent outcrops, which enabled further detailed observations. A rare fossil of a 58 
skeletal macroscopic organism from the upper part of Late Ediacaran Fara Formation is also here presented 59 
and discussed for the first time. Finally, the present work´s detailed and revised stratigraphy/lithostratigraphy 60 
of the Fara Formation, alongside geochemical analyses of volcanogenic rocks provide new insights on the 61 
Neoproterozoic geological evolution of Eastern Arabia. 62 
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 63 
Figure 1. Geological overview map of the north-eastern Arabian Peninsula. Map modified after (Forbes et al., 64 
2010). Parts of the northern Oman Mountains are drawn after the geological map from the United Arab 65 
Emirates (UAE) (Styles et al., 2006). FSB-Fahud, GSB-Ghaba and SOSB-South Oman Salt Basin: 66 
Infracambrian salt basins. 67 

 68 
  69 
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GEOLOGICAL SETTING 70 
The Oman Mountains contain a complex assemblage of Neoproterozoic to Neogene mostly siliciclastic 71 

rocks and carbonates, with the Neoproterozoic lithologies exposed in the cores of the Jabal Akhdar and Saih 72 
Hatat domes (Fig. 1; e.g., Béchennec et al., 1992). While the eastern Saih Hatat area was intensely affected by 73 
continental subduction during the Late Cretaceous, the Jabal Akhdar region was only shallowly dragged into 74 
the respective subduction zone, displaying mostly sub-greenschist facies conditions (e.g., Breton et al., 2004; 75 
Agard et al., 2010; Hansman et al., 2021) or possibly blueschist-facies conditions (Zuccari et al., 2023). Thus, 76 
the Ediacaran rocks of the Jabal Akhdar Dome preserved the original pre-subduction deformation structures 77 
(Callegari et al., 2020).  78 

The oldest formation of the Jabal Akhdar Dome is the siliciclastic >1500-m-thick Mistal Formation 79 
(subsurface equivalent is the Abu Mahara Group and Masirah Bay Formation), consisting of an alternation of 80 
siltstones, sandstones and diamictites (Beurrier et al., 1986). The lower section of the Mistal Formation contains 81 

tuffaceous beds, which yield U-Pb zircon ages of ∼720 Ma (Brasier et al., 2000; Bowring et al., 2007; Allen et 82 

al., 2011). The top of this formation has an age of ~635 Ma, marking the boundary between the Cryogenian 83 
and the Ediacaran (e.g., Allen and Leather, 2006; Allen et al., 2011). The next and younger Ediacaran Hajir or 84 
Khufai Formation (subsurface name) comprises dark carbonates with stromatolites, and yields <100 m of 85 
thickness (Beurrier et al., 1986). This formation is followed by the siliciclastic Mu’aydin or Shuram Formation 86 
(subsurface name) with a thickness of 800 m (Beurrier et al., 1986; Mattern and Scharf, 2019). Above Mu’aydin 87 
Formation, limestones and dolostones of the Kharus or Buah Formation (subsurface name) follows, with a 88 
thickness of <245 m.  89 

The youngest Neoproterozoic to earliest Cambrian(?) formation within Jabal Akhdar Dome is Fara 90 
Formation, with a thickness of ~380 m (Beurrier et al., 1986). This formation encompasses diverse lithologies, 91 
including carbonates, cherts, volcaniclastic rocks, siltstones, sandstones, and conglomerates (Beurrier et al., 92 
1986). The Fara Formation overlies Kharus Formation conformably (Béchennec et al., 1992) and is itself 93 
overlain by the Upper Permian Saiq Formation at an angular unconformity. This “Hercynian Unconformity” 94 
separates the Saiq or Khuff Formation (subsurface name) from the various underlying Neoproterozoic 95 
formations (Fig. 2). More details on the pre-Permian stratigraphy and tectonics of the Jabal Akhdar Dome are 96 
provided in Scharf et al. (2021b, c). 97 

The age of the Fara Formation is correlated to Ara Group´s and presumed to be of Neoproterozoic 98 
(Beurrier et al., 1986) to earliest Cambrian age (Bowring et al., 2007; Forbes et al., 2010 and references therein). 99 
The lithologies of Fara Formation in the Jabal Akhdar Dome differs from the supposed age-equivalent 100 
subsurface rocks from the interior and southern Oman. 101 

The Ara Group in the subsurface is characterized by a carbonate-evaporite sequence (FSB, GSB and 102 
SOSB, respectively Fahud Salt Basin, Ghaba Salt Basin, and South Oman Salt Basin in Fig. 1) with thick salt 103 
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deposits (e.g., Mattes and Conway-Morris, 1990) which accumulated in a transpressional/transtensional basin 104 
setting (Forbes et al., 2010 and references therein). Some shale and silica-rich sedimentary deposits (silicilyte in 105 
Amthor et al., 2005 and Stolper et al., 2017) occur in the South Oman Salt Basin (e.g., Amthor et al., 2005). The 106 
thick Ara evaporites were deposited in geographically confiend and NNE/SSW-striking basins (i.e., South 107 
Oman Salt Basin, Ghaba Salt Basin) during periods of low relative sea level, where stratified, anoxic conditions 108 
periodically prevailed and organic-rich sediments and salt were deposited (e.g., Mattes and Conway-Morris, 109 
1990; Edgell, 1991). The silicilyte formed at times of low siliciclastic input in reducing, possible anoxic intra-110 
cratonic basins below wave base at a depth of >~100-200 m (Amthor et al., 2005; Stolper et al., 2017). The 111 
rocks of the subsurface Ara Group record the segmentation of the regionally extensive Nafun Basin into three 112 
smaller units, represented by the subsurface salt basins in Oman (Fahud-, Ghaba- and South Oman Salt basins). 113 
The carbonate–evaporite succession of the Ara Group in the South Oman Salt Basin (Schröder et al., 2003) is 114 
the potential age-equivalent of a peritidal carbonate succession in the Huqf area (Nicholas and Brasier, 2000), 115 
and Fara Formation of the Jabal Akhdar Dome (Rieu et al., 2007).  116 

The Neoproterozoic formations of the Jabal Akhdar Dome were affected by two pre-Permian 117 
deformation events (D1 and D2 in Callegari et al., 2020). The first (D1) generated ~NW/SE-oriented folds, 118 
refolded by a second deformation event (D2) that produced NE/SW-oriented folds (Callegari et al., 2020; 119 
Scharf et al., 2021a). The D1 interval is related to the Cadomian Orogeny (Callegari et al., 2020; Scharf et al., 120 
2021a). The D2 episode is related to the contractional Angudan event at 525 ±5 Ma (Droste, 2014), which 121 
ensued after deposition of the upper member of Fara Formation. The D2 event is marked by the Angudan 122 
Unconformity, coinciding with the final stage of the East African Orogeny (~550–510 Ma; Loosveld et al., 123 
1996; Al-Husseini, 2000; Immerz et al., 2000; Koopman et al., 2007; Forbes et al., 2010; Al-Kindi and Richard, 124 
2014; Droste, 2014).  125 

An early Palaeozoic rifting interval produced accommodation space for the deposition of the ∼3 km thick 126 

Cambro-Ordovician Amdeh Formation (Lovelock et al., 1981; Oterdoom et al., 1999; Heward et al., 2018). 127 
However, the siliciclastics of the latter formation are only exposed east of the Jabal Akhdar Dome and there is 128 
no evidence of the presence of these rocks in the Jabal Akhdar area (e.g., Mattern et al., 2018).  129 

Arabia was affected by large-scale arch formation during the Late Palaeozoic (Faqira et al., 2009), resulting 130 
in the widespread “Hercynian Unconformity” (e.g., Glennie et al., 1974). Above this angular unconformity, the 131 
Permian Saiq Formation, consisting of a basal conglomerate and a thick carbonate succession, accumulated in 132 
the future Jabal Akhdar region (Béchennec at al., 1992) while the late Palaeozoic rifting of Pangea affected 133 
northeastern Oman (e.g., Blendinger et al., 1990; Chauvet et al., 2009). Following the latter event, seafloor 134 
spreading led to formation of the Neo-Tethys Ocean and the Hawasina deep-sea basin NE of Oman (e.g., 135 
Glennie et al., 1974). During the Cenomanian, another spreading centre within the Neo-Tethys Ocean 136 
produced new oceanic lithosphere, corresponding to the future Semail Ophiolite (e.g., Tilton et al., 1981; 137 
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Stampfli and Borel, 2002). Coeval with its formation, the Neo-Tethys lithosphere was subducted towards the 138 
NE, while the Semail Ophiolite was thrust towards the SW, at first above the oceanic lithosphere of the Neo-139 
Tethys (e.g., Tilton et al., 1981; Rioux et al., 2016) and eventually overlying the continental Arabian lithosphere 140 
of the Hawasina Basin and Arabian margin. The ophiolite emplacement was completed at ~75 Ma (Searle, 141 
2007) and the autochthonous rocks of the future Jabal Akhdar area were dragged into the subduction zone 142 
during the Late Cretaceous (Breton et al., 2004; Zuccari et al., 2023). Posteriorly, the Arabian lithosphere was 143 
exhumed from the subduction zone (e.g., Breton et al., 2004; Al-Wardi and Butler, 2007; Grobe et al., 2018, 144 
2019; Scharf et al., 2019). This exhumation correlates with extensional shearing and exhumation of the Saih 145 
Hatat Dome lasting from the latest Cretaceous until the early Eocene (e.g., Hansman et al., 2017). During the 146 
same period little to no exhumation of the Jabal Akhdar Dome occurred (Hansman et al., 2017). This changed 147 
during the late Eocene, when the surface uplift of the Jabal Akhdar Dome amounted to 4-6 km (Hansman et 148 
al., 2017), forming the broad anticline of the Jabal Akhdar Dome. Doming resulted in a NE-ward tilting with 149 
~20° of the units exposed in Wadi Bani Awf, including rocks of the Kharus and Fara formations (Beurrier et 150 
al., 1986).  151 

 152 
Review of the Kharus (Buah) and Fara formations 153 

In Wadi Bani Awf of the Jabal Akhdar Dome, deposition of the Kharus Formation preceded that of Fara 154 
Formation (Fig. 2). The Kharus Formation was deposited in a tidal flat environment (Beurrier et al., 1986) and 155 
is characterized by stromatolite-bearing carbonates, showing an upward-shoaling trend from sub-wave base to 156 
sabkha deposits.  157 
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Figure 2. Simplified geological map of Wadi Bani Awf after Beurrier et al. (1986). Note that the age of Fara 159 
Formation is assumed to be Ediacaran and earliest Cambrian (Beurrier et al., 1986). 160 

 161 
The upper part contains slump features and brecciated beds of a ramp slope, with thick breccia units 162 

representing slope failure deposits (Mc Carron, 1999). El-Ghali et al. (2020) dated carbonate samples collected 163 
from the lowermost and uppermost parts of the Kharus Formation in Wadi Bani Awf, utilizing U-Pb 164 
radiometric methods. The obtained ages were 573 ±28 and 564 ±4.5 Ma, respectively (error margin, i.e., sigma 165 
1 or 2 not provided). Based on U–Pb zircon ages from volcaniclastic rocks of the overlying Fara Formation, 166 
Bowring et al. (2007) interpreted the age of the top of Kharus Formation to be >547–544 Ma. Cozzi et al. 167 
(2004) constrained an age for the top of Buah Formation (the equivalent of Kharus Formation in the Huqf 168 
area) of 550 Ma, based on global chemo-stratigraphic correlations and the sediment accumulation, dating the 169 
deposition of Buah Formation as a whole between ca. 555 Ma and 550 Ma. 170 

The 380-m-thick Fara Formation, exposed in Wadi Bani Awf, has been divided in three members in other 171 
studies (Beurrier et al., 1986; Béchennec et al., 1992). The lower member consists of 60-m-thick black cherts 172 
interbedded with grey dolostones (Béchennec et al., 1992), the top part containing meter-thick layers of banded 173 
silicic tuff (Béchennec et al., 1992). The 200-m-thick middle member is characterized by conglomerates, 174 
siltstones, breccias, grit, sandstones, sandy limestones, stromatolites, and abundant phosphate grains (Beurrier 175 
et al., 1986). The 120-m-thick upper member is also lithologically diverse consisting of quartzose siltstones, 176 
grey-green argillaceous siltstones, green silicic tuffites, greywackes, sandstones, and carbonate-cemented 177 
conglomerates (Béchennec et al., 1992). Based on stratigraphic observations, Al Rawahi et al. 92018) proposed 178 
subdividing Fara Formation in five members. 179 

The change from the stromatolite-bearing limestone deposits of the Kharus Formation to the silica-rich 180 
sedimentary deposits (or silicilyte of Al-Rawahi et al., 2018; see also Amthor et al., 2005; Stolper et al., 2017) of 181 
Fara Formation reflects a basin deepening (Allen, 2007; Bowring et al., 2007).  182 

The Fara Formation is considered by previous authors as a partly time-equivalent sedimentary sequence 183 
to the Ara Group (e.g., Forbes et al., 2010). Brasier et al. (2000) described an ignimbrite level within Fara 184 
Formation, 200 m above the base of the formation, which yielded 544.5 ±3.3 Ma U–Pb zircon ages. Bowring 185 
et al. (2007) determined two additional U–Pb zircon ages from volcanic rocks of the Fara Formation. The 186 
weighted mean ages of 547.23 ±0.28 and 542.54 ±0.45 Ma are from the base and top of the formation, 187 
respectively. 188 

The above descriptions of the Kharus and Fara formations and the subdivision of Fara into members 189 
derived from studies in Wadi Bani Awf (Beurrier et al., 1986; Béchennec et al., 1992), but a recent road cut has 190 
offered superbly exposed new outcrops, allowing the additional detailed stratigraphic observations developed 191 
in this study. 192 
 193 
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The Ara Group from Interior Oman 194 
U–Pb zircon dating of a tuffite from the subsurface of the lower and middle parts of the Ara Group, 195 

occurring in the South Oman Salt Basin, revealed ages of 546.72 ±0.21 Ma, 548.9 ±0.98 Ma (Bowring et al., 196 
2007) and 542.6 ±0.3 (Amthor et al., 2003), respectively. The overall age of the Ara Group is ~547–538 Ma 197 
(Forbes et al., 2010). In contrast to Fara Formation, the southern Ara Group consists of six cyclic evaporite-198 
carbonate sequences with shales, embodying a high potential for hydrocarbon seals (e.g., Mattes and Conway 199 
Morris, 1990; Amthor et al., 2003; Schröder et al., 2003; Forbes et al., 2010). Evaporites of the Ghaba Salt Basin 200 
may extend north of the thrust front of the Hawasina nappes below the south-eastern Oman Mountains, but 201 
still south of the Saih Hatat Dome (Mount et al., 1998; Heward and Penney, 2014). No sedimentary rocks of 202 
the Ara Group have been mapped or reported so far from the latter dome. 203 
  204 
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METHODS 205 
This work is based on the detailed bed-by-bed description of five logs of Fara Formation in Wadi Bani 206 

Awf, with a cumulative thickness of 415m. The respective lithostratigraphic columns are provided in the 207 
Appendix section (logs 1-5, appendices 1 and 2). Structural measurements were carried out, providing dip 208 
direction, dip angle, trend, and plunge data. To better define the tectonostratigraphic evolution of Fara 209 
Formation, eight samples (FA1, FA2, FA4, FA5a, FA5b, FA6, NF1 and NF2 - Appendix 1 for the stratigraphic 210 
positions) were collected, each representing a different stratum of volcaniclastic lithologies within Fara 211 
Formation, for major- and trace-element determinations, performed at Activation Laboratories Ltd. (Ancaster, 212 
Ontario, Canada). The major elements were measured using an ICP-OES (0.2 g of sample pulp by lithium 213 
metaborate/tetraborate fusion), yielding detection limits in the 0.001-0.01% range. Trace element compositions 214 
were determined with an ICP-MS, following dilution of fused samples in 5% HNO3. The analysed sample 215 
sequence included calibration and verification standards, alongside reagent blanks. Reported trace element 216 
detection limits fall in the 0.01-0.5 ppm range.  217 
  218 
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FIELD RESULTS  219 
Lithostratigraphy and interpretations of depositional environments 220 

Bed-by-bed analyses and descriptions were carried out from the top the Kharus Formation (23°16 ꞌ45ꞌꞌ N 221 
- 57°27ꞌ47ꞌꞌ E; see the coordinates of starting point in Appendix 1 and for the locations see Appendix 2). The 222 
top of the Kharus Formation is characterized by massive dark fetid grey dolostones with centimetric phosphate 223 
nodules (Fig. 3a and 3b), firstly described by Beurrier et al. (1986). A disconformity marks the contact with the 224 
overlying Fara Formation (Fig. 3a), due to an erosional/non-depositional interval at the boundary between the 225 
two formations. The bottom of the latter begins with an alternation of decimetric to sub-metric, well-bedded, 226 
laminated, dark coloured dolostones with centimetric grey and brownish siltstones, fine-grained sandstones, 227 
and thin layers of light grey laminated volcanic ash material, weakly laminated dolomitic limestones and 228 
boudinage dolomite beds. The beds generally dip towards the N with a dip angle of 40˚. 229 
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 230 
Figure 3. (a) – Contact between the Kharus and Fara formations (FA1 member). (b) – (FA1) Well-bedded grey 231 
dolostones in the wadi with phosphate nodules (black round objects, diameter 1-3 cm). (c) - (FA1) Slumped 232 
debritic/mud-flow deposit (dashed blue lines). (d) - (FA1) Details of a slump level. (e) - (FA1) 2-m-thick slump 233 
level. 234 
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Six meters above the base of the formation, a slumped debrite/mud-flow deposit occurs (Fig. 3c blue 236 
dashed line), comprising grey volcanic ash, dolostone lenses, laminated dolomitic limestones and rusty fine-237 
grained clastic sedimentary rocks (Fig. 3d and 3e). Verging slump folds indicate a transportation to the 238 
N/NNW. The early diagenetic structures indicate some gravitational slope instability, possibly caused by uplift 239 
to the S/SSE. Further slope instability is documented in the lower and middle members of Fara Formation 240 
(FA1, FA2). This is followed by an alternation of grey dolomitic limestones, fine-grained sandstones with 241 
crossbedding, a debritic level with dolostone clasts and some centimetric grey mudstone beds. After some non-242 

exposure of ∼10 m, the lithostratigraphy of Fara Formation is represented by ∼90 m of laminated, dark, rusty, 243 

and finely laminated silicilyte, containing <2-m-thick dark brown dolomitic boudins (Fig. 4a).  244 
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Figure 4. (a) – (FA1) Thick-bedded dark grey silicilyte with a brown dolomite boudin (blue line). (b) – (FA1) 246 
Thick- to thin-bedded (from left to right) dark grey silicilyte. (c) - (FA1) Grey sedimentary breccia with clasts 247 
of grey and white dolomite. (d) - (FA1) Dark grey stromatolitic dolostone, (d1) detail irregular and folded 248 
stromatolitic structures, (d2) detail of a stromatolitic structure. (e) and (f) - contact between FA1 and FA2. 249 
Contact is marked by an onlap of fine-grained deposits onto the underlying stromatolitic dolostone in (e), and 250 
by a filled fracture within the dolostones in (f). 251 

 252 
The thickness of the silicilyte layers decreases towards the top, from decimetric to a few centimetres (Fig. 253 

4b, bedding 350/45). This unit is characterized in the middle/upper part by a 2-m-thick slump with a transport 254 
direction to the ESE, followed by an alternation of silicilyte with very thin-bedded claystone. After 10 m of 255 
thin- to medium-bedded silicilyte with dolomitic boudins, the lithology changes to a ~10 m thick sequence of 256 
laminated dark grey dolostones, followed by a 1-m-thick horizon of sedimentary breccia (Fig. 4c) with dolostone 257 
clasts (<15 cm in diameter). The upper part of the latter unit is characterized by fetid, very-thin laminated 258 
stromatolitic dark grey dolostones with typical low domal and irregular stromatolitic structures (Fig. 4d1 and 259 
4d2). Towards the W (50 m along the strike direction N50; Appendix 2), dark grey, well-laminated fetid 260 
stromatolite-bearing dolostones are exposed with pockets and dikes of volcaniclastic/volcanic rocks (Fig. 4e 261 
and 4f). The dolostones appear disassembled in blocks, separated by fractures filled with pinkish-ochraceous 262 
fine-grained deposits, testifying fracture opening during sedimentation in response to the onset of brittle 263 
deformation (Figs. 4e, 4f and 5a). 264 
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 265 
Figure 5. (a) - Contact between dark grey stromatolitic dolostone with a quartz-filled fracture (FA1) and 266 
overlying light grey to pinkish fine-grained volcaniclastic sediments (FA2). (b) - Detail of a coarse-grained 267 
neptunian sandstone dike, cutting thin-bedded cherty siltstone (FA2). (c) - Detail of a folded Neptunian dike 268 
(FA2). (d) - Fold-and-thrust structure in thin-bedded cherts (FA2). (e) - Asymmetric boudins of conglomerates 269 
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and sandstone with D2 thrusts, testifying shortening (FA2). (f) - Details of the terminal portion of a grey 270 
sandstone boudin (FA2). (g) - Details of a conglomerate, consisting of grey dolostone clasts (FA2). (h) – Current 271 
markers at the base of a grey sandstone, denoting a NW-directed paleocurrent (FA2). 272 

In the present study, the top of the stromatolitic dolostones is considered as the top of the ~130-m-thick 273 
FA1 member. Overall, at the base FA1 consists of shallow-marine carbonates, marking the transition from the 274 
shallow-marine Kharus Formation. The stromatolites further up indicate a shallow-marine depositional 275 
environment as well. The silicilyte formed under more basinal conditions, with reduced siliciclastic input, as 276 
part of a transgressive to high stand system tract, and in a reducing, probably anoxic environment (Amthor et 277 
al., 2005). FA1 displays gravitational slope sedimentary features (slumps, sedimentary breccias). The very top 278 
of FA1 is characterized, again, by shallow-marine carbonates.  279 

The pinkish, fine-grained volcaniclastic rocks overlying the stromatolites are considered as the base of 280 
FA2 (Fara Formation member). In general, the basal volcaniclastic rocks, followed by a clastic succession, 281 
characterize FA2, starting with 20 m of thin- to thick-bedded alternations of light grey to pink thin-bedded 282 
chert, siltstones, and sandstones with carbonate grains and carbonate matrix. In places, such grading is reversed. 283 
This alternation contains Neptunian dikes (Fig. 5b) consisting of coarse-grained sandstones, probably formed 284 
during slumping (Fig. 5c). Further up in the sequence, FA2 is reveals a 22-m-thick alternation of fine-grained 285 
and medium- to thick-bedded rusty sandstones, displaying metric folds and thrusts (Fig. 5d). The following 286 
succession is laterally discontinuous, with lenticular rock units. To the west, a 5-m-long lens of a polymictic, 287 
poorly sorted conglomerate with sandstone matrix is exposed. Towards the east, the abundance of 288 
conglomerate lenses gradually increases, but assuming smaller sizes, giving rise to symmetric and asymmetric 289 
boudins, which indicate a tectonic transportation towards the SE, (Fig. 5e-g). This unit is topped by a 30-m-290 
thick succession of brownish and thin- to medium-bedded sandstones with carbonate matrix. Basal NW/SW-291 
trending non-polar paleocurrent indicators are common (Fig. 5h), caused by suspension currents. This 292 
succession ends with a metrically thick layer of oligomictic conglomerates/breccias of black fetid limestone and 293 
light grey dolostone clasts. The top FA2 consists of a tuffite of variable thickness, followed by a ~50-m-thick 294 
alternation of grey sandstones and fine-grained sandstones with carbonate matrix (Fig. 6a).  295 
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 296 
Figure 6. (a) -Alternation of grey sandstone and fine-grained sandstone (FA2). (b) – Load casts at the base of a 297 
2-m-thick sandstone bed (FA2). (c) and (d) - Lower part of FA3, characterized by a 2-m-thick very fine-grained 298 
well-bedded and thinly bedded volcanic ash. (e) - Alternation of thick-bedded fine-grained sandstones and thin-299 
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bedded siltstones (FA3). (f) - Detail of 1-m-thick graded tempestite bed (FA3). (g) - Grey sandstone with prod 300 
marks, indicating SE-directed suspension current transport (FA3). 301 

 302 
This homogeneous succession ends with a single 2-m-thick bed of grey sandstones displaying load casts 303 

(Fig. 6b) beneath 2 m of grey, very fine-grained volcanic ash (Fig. 6c and 6d). The sandstone bed represents the 304 
top of FA2, which has a thickness of ~175 m, while the ash layer marks the base of FA3 (Fara Formation 305 
member 3).  306 

Overall, FA2 consist of mostly siliciclastic and volcaniclastic rocks. The breccias and slump folds indicate 307 
considerable tectonic uplift of FA2 during deposition accompanied by subsequent volcanic activity. The 308 
paleocurrent marks indicate that the paleo slope was dipping towards the NW. Suspension deposits (tempestite 309 
and/or turbidites) and the absence of stromatolites could indicate a deeper depositional environment compared 310 
to FA1´s. 311 

FA3 starts with an alternation of grey thin- to medium-bedded, fine-grained sandstones with thin-bedded 312 
siltstones (Fig. 6e), followed by a 1.2-m-thick tempestite (turbidite?) (Fig. 6f) and 5 m of bedded grey siltstones. 313 
This sequence is followed by a 12-m-thick alternation of grey, thin- to medium-bedded, fine-grained sandstones 314 
and thin-bedded siltstones with carbonate cement. Overlying the latter, decimetric grey sandstones with vortex-315 
type wave-ripples (Figs. 6g, 7a) and flame structures are covered by 12 m of poorly bedded grey sandstones, 316 
followed by 1 m of grey siltstones, an alternation of thin- to medium-bedded, fine-grained sandstones and thin-317 
bedded siltstones, and 1 m of a light grey volcaniclastic ash horizon (Fig. 7b and 7c). 318 
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 319 
Figure 7. (a) - Grey sandstone with symmetric, wave-formed, vortex ripples (FA3). (b) - Alternation of medium- 320 
and fine-grained sandstones with light grey thin-bedded siltstones (FA3). (c) – One-m-thick light grey 321 
volcaniclastic bed (FA2). (d) - Fine-grained rippled sandstones with paleocurrent direction W-E (FA3). (e) and 322 
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(f) - Upper part of FA3, characterized by an alternation of light grey siltstones with grey sandstones. (g) - 323 
Angular unconformity between folded FA2 and the overlying Permian rocks. 324 

 325 
Fine-grained rippled sandstones top the ash bed (Fig. 7d), displaying current ripples, indicating a focal 326 

paleocurrent direction towards N98. An alternation of grey siltstones and medium-bedded sandstones follows 327 
this succession (Fig. 7e and 7f). Towards the top of the siltstone/sandstone alternation, a single Palaeopascichnus 328 
specimen was discovered (see below). The succession is followed by a 5-m-thick alternation of grey 329 
volcaniclastic, fine- to medium-grained sandstone, 4-m-thick fault breccia and 10 m of light grey, medium-330 
bedded, fine-grained sandstones. Furthermore, a 12-m-thick section of poorly bedded, cross-bedded, fining-331 
upwards laminated grey sandstones, with basal scours in some layers, occurs, ending with a grey, medium to 332 
thick-bedded sandstone. FA3, with a total thickness of ~107 m, ends with 20 m of a monotonous sequence of 333 
fine- to medium-bedded, fine-grained sandstone beds, with some levels of well laminated grey siltstones.  334 

The total thickness of Fara Formation amounts to ~412 m, which represents the minimum thickness 335 
because the top parts of the formation are truncated below an ungular unconformity (Figs. 7g, 8a and 8b). The 336 
overlying Permian Saiq Formation consists of a few-meters-thick basal conglomerate (Fig. 8c) and coarse-337 
grained sandstones (1-2 m in thickness) followed by bluish grey bioclastic dolostones and limestones. The clastic 338 
components of the basal conglomerate are well-rounded, exhibiting grain support. Considering the erosional 339 
gap at the angular unconformity as well as both the clast rounding and support fabric, we interpret the basal 340 
conglomerate as a transgression/beach conglomerate. 341 
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 342 
Figure 8. (a) – Unconformity between FA3 and the Permian Saiq Formation. Note the basal conglomerate of 343 
the Saiq Formation. (b) – Panoramic photograph of the “Hercynian” unconformity (white dashed line) and the 344 
Cadomian angular unconformity (red dashed line), dipping towards the NE. NE tilting of the unconformity 345 
relates to Cenozoic doming of the Jabal Akhdar. (c) – Basal conglomerate of the Saiq Formation. 346 
 347 
Palaeontology – Palaeopascichnus linearis 348 

A carbonate body fossil of 7 cm length (Fig. 9) was discovered in the upper part of FA3 member (see 349 
above and Appendix 1 for location). Grading within the host rock suggests that this lifeform was fossilized at 350 
the base of a siltstone/fine-grained sandstone bed. The elongate fossil is characterized by a uniserial 351 
arrangement of oriented saucer-shaped discoidal structural elements (Fig. 9a), each single disc measuring <1 352 
cm in diameter. The concave sides of the discoidal segments are systematically facing the same direction (Fig. 353 
9a and 9b). Moreover, the arrangement is displaying the onset of segment bifurcation (right side of Fig. 9a). We 354 
consider the fossil as a rare example of Palaeopascichnus jiumenensis (Fig. 9b) or Palaeopascichnus linearis, based on 355 
the morphological comparison (Dong et al. 2008; Kolesnikov et al. 2018). Based on morphological features, 356 
Dong et al. (2008) argue that Palaeopascichnus may be phylogenetically related to agglutinated foraminifers. This 357 
fossil, discovered in FA3, represents the first known occurrence of a macroscopic Ediacaran body fossil at the 358 
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surface of Oman, therefore assigning an Ediacaran age to the top of Fara Formation. Wells targeting the 359 
subsurface Ara Group (A1-A3 carbonate unit) in Interior Oman report the presence of Cloudina and 360 
Namacalathus (Amthor et al., 2003). 361 

 362 
Figure 9. (a) – Fossil discovered in FA3 at the base of a siltstone/fine-grained sandstone bed. The fossil itself 363 
corresponds to a carbonate filling, displaying the onset of segment bifurcation on the right-hand extremity 364 
(white arrows). GPS coordinates of locality: 23°17ꞌ14ꞌꞌ N - 57°27ꞌ59ꞌꞌ E. (b), Palaeopascichnus jiumenensis as 365 
described by Dong et al. (2008). 366 

 367 
.  368 
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Structural geology 369 
Field studies demonstrated that a low-angle angular unconformity occurs between FA2 and FA3 members. 370 

The bedding planes at the top of FA2 dip 110/74, while at the base the bedding attitude of FA3 is 090/70. The 371 
orientation of the angular unconformity is 090/65.  Fara Formation´s members FA1 and FA2 display a variable 372 
bedding orientation and two sets of cleavage (Figs. 10 and 12; S1 and S2).  373 

 374 
Figure 10. Lower hemisphere stereographic equal-area projection of S0. Measurements taken from FA2 and 375 
FA3. (a) stereoplot - 83 poles of S0 (red), 19 poles of S1 (black). (b) stereoplot - 15 poles of S2 (blue). 376 

 377 
S1 orientation is variable but dips in general moderately to the NE. S2 is mostly steeply dipping and strikes 378 

NE/SW.  379 
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 380 
Figure 11. (a) - The black folded line highlights the overall structural style of S0 inside FA2 (not a geological 381 
boundary), showing the effect of D1 deformation (Cadomian event in Callegari et al., 2020). D1 developed AP1 382 
axial planes with fold axes trending N135. These folds are refolded by D2 event (Angudan event). (b) Lower 383 
hemisphere stereographic equal-area projection of 83 poles of S0, on point 3 the trend and plunge of D2 fold 384 
axis: 057-36, dashed blue line is the D2 axial plane: 147/89. (c) Lower hemisphere stereographic equal-area 385 
projection of 24 poles of S0 The S0 poles from FA1 and FA2, FA3 and the Permian are marked in green, red, 386 
and black, respectively. The red great circle represents the focal orientation of the Cadomian Unconformity 387 
(090/65). The black great circle depicts the “Hercynian Unconformity” and the Angudan Unconformity. 388 

 389 
Furthermore, FA1 and FA2 members contain tight cylindrical folds (hereafter F1) with an amplitude of a 390 

few meters. The trend of these folds axes changes from N135 in the north-western sector to N045 in the south-391 
eastern sector (Figs. 13 and 14), a variation is attributed to refolding (Fig. 10 left).  392 
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 393 
Figure 12. Lower hemisphere stereographic equal-area projection of 83 poles of S0. Red great circles represent 394 
19 S1 measurements, and the blue line is the axial plane of the D2 open fold. Shortening directions during D1 395 
(Cadomian) and D2 (Angudan) events. FA1 and FA2 record D1 and D2 structures, while FA3 records D2 396 
structures, only. 397 

 398 
The dominant S2 cleavage strikes N50-N70, with variable dip angles, but mostly steep (Fig. 10 right). 399 

D1
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 400 
Figure 13. Geological map of Fara Formation and its surroundings in Wadi Bani Awf. Equidistance of contour 401 
lines is 100 m. 402 
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 404 
Figure 14. Geological cross sections of the Fara Formation in Wadi Bani Awf. Note that F1 folds are only 405 
observed in FA1 and FA2 but not in FA3. HU - “Hercynian Unconformity”. For the legend see Appendix 4. 406 
 407 

The F1 fold axial planes dip shallowly to the NW in the southern part of the study area (AP1 in Fig. 11), 408 
and to the SE close to the “Hercynian Unconformity” in the northern sector (Fig. 11), and were refolded by an 409 
open F2 syncline, with an amplitude of some hundred meters (Fig. 11). The axial plane of the F2 fold (AP2 in 410 
Fig. 11) is oriented 140/85. 411 

In FA1 and FA2 members, we recognized and confirmed two pre-Permian deformation events (compare 412 
Callegari et al., 2020; Scharf et al., 2021a). As demonstrated by Callegari et al. (2020) and Scharf et al. (2021a), 413 
who studied the western-central Jabal Akhdar Dome, the interpretation of the pre-Permian folds and structures 414 
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reveals a superimposed fold structure. F1 folds are well exposed in FA2 due to the overall shaly lithology. F1 415 
hinges are often truncated by ductile shear zones and thrusts. The orientation of D1 structures indicates that 416 
the maximum shortening direction related to D1/F1 was ~NE/SW-directed, with the fold vergence towards 417 
the NE. D1 structures were refolded by D2 structures.  418 

The F2 syncline differs in style and orientation from the F1 folds. The F2 fold axial plane is sub-vertical 419 
and strikes NE-SW, indicating a sub-horizontally NW/SE-oriented shortening direction (D2 event in Fig. 12). 420 
The F2 fold axis plunges ~55–60° to the NE (left side in Fig. 11). Moreover, the superimposed fold structure 421 
in the study area has been rotated ~30° along a WNW/ENE-trending horizontal rotation axis, during the 422 
Cenozoic D3 doming (Scharf et al., 2021a).  423 

D1/F1 structures can be observed in FA1 and FA2 members, but not in FA3. Furthermore, the base of 424 
FA3 is marked by an angular unconformity. This demonstrates that the D1/F1 event predates FA3 deposition, 425 
i.e., D1/F1 is of latest Ediacaran age.  426 

The entire Fara Formation has been affected by the D2/F2 open syncline. This syncline, with a wavelength 427 
of hundred meters, displays a steeply dipping north-western limb and a moderately, steeply dipping south-428 
eastern limb (Figs. 13, 14). 429 
  430 
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Petrography of volcaniclastic rocks 431 
We collected eight samples of volcaniclastic rocks belonging to Fara Formation. Two samples (NF1, NF2) 432 

where collected from the bottom of FA2 member, while the remaining six are from the lower part of FA3 433 
member (see Appendix 1 for sample locations). 434 
 435 
Samples NF1 and NF2 436 

The two samples of volcaniclastic lithologies from FA1 member both display fine-grained textures 437 
(siltstone). Their mineralogy is dominated by sub-angular to angular quartz grains in a matrix of sericitized 438 
plagioclase/alkaline feldspar, with minor amounts of chlorite and interstitial opaque microliths. Among the 439 
latter, leucoxene and rutile are the predominant phases. These rocks are crosscut by microscopic veins with 440 
varied mineral contents, such as secondary quartz, carbonates, barite, and reddish opaques (Fe and Ti oxides). 441 
At instances, both carbonate and barite veins reveal mineralogical zonation, with opaques occurring along the 442 
walls of microfractures, and carbonates/barite occupying the central areas. The observed secondary mineral 443 
paragenetic associations indicate that the primary assemblages were subjected to hydrothermal alteration in a 444 
multistage process, which included sericitization, chloritization, silicification, and carbonatization underpinned 445 
by a change in fluid redox conditions towards a more oxidizing media.  446 

 447 
Samples from FA1 to FA6 448 

A detailed petrographic analysis of the volcaniclastic lithologies from the FA3 member is included in Pinto 449 
et al. (2020), and the same strata have been re-sampled for the present study. Similarly, to FA2 member volcanic 450 
rocks, these lithologies are characterized by fine-grained textures but reveal notable variations concerning 451 
mineral contents. In comparison to samples NF1 and NF2, FA3 lithologies show a less conspicuous prevalence 452 
of quartz, higher contents of sericitized plagioclase/alkaline feldspar, and contain shards of devitrified glass 453 
(Fig. 15a and 15b).  454 
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 455 
Figure 15. Optical micrographs of lithologies from FA3: (a) glass shard and zircon bearing ash tuff (plane-456 
polarized light), (b) quartz-rich ash tuff (crossed-polarizers), with an oriented fabric of phyllosilicates (inset, 457 
plane-polarized light), (c) vein of siderite in an ash tuff (crossed nicols), displaying zoning and intergrown {011 458 
̅2} twins (inset, plane-polarized light), (d) zircon individuals in lithic ash tuff, embedded in a saussuritized matrix. 459 
Sid = siderite, Zrn = zircon. 460 

 461 
A particular dark-coloured bed corresponding to a zircon-bearing lithology was the subject of previous 462 

geochronological investigations (Bowring et al., 2005; Brasier et al., 2000), with the purpose of determining the 463 
absolute age of this formation. The different FA3 volcaniclastic rock occurrences reveal heterogeneous 464 
hydrothermal alteration features, both in terms of mineral products and extent of replacement of the original 465 
assemblage, with some lithologies displaying a nearly complete obliteration of primary phases by hydrothermal 466 
reaction products. FA3 samples display evidence of silicification, saussuritization, sericitization, epidotization, 467 
chloritization and carbonation, with different degrees of alteration intensity. The inset of Figure 15b is a plane 468 
polarized-light micrograph illustrating the preferential orientation of phyllosilicates (sericite and chlorite) in 469 
these lithologies. Given the clastic nature of these rocks, it is very unlikely that the incipient fabric is an inherited 470 
feature and should instead reflect a response to a stress field. The opaque grains, present in all lithologies, 471 
correspond to associations of goethite, TiO2 phases, and leucoxene. FA3 lithologies seem to become more 472 
“ignimbritic” upwards in the stratigraphic succession, with glass shards included in the clastic fraction, alongside 473 
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quartz-filled amygdules. Regardless of the involved volcanic phenomena and associated variations in transport 474 
mechanisms, the observed grainsizes allow to classify these rocks as “tuffs”. In the current study, during both 475 
field and petrographic investigations, we did not find any welding or black flame features as described by 476 
McCarron (1999) and mentioned by Bowring et al. (2007). The extensive hydrothermal alteration frequently 477 
obscures both primary mineralogy and textural features of the protolith, except for relicts and pseudomorphic 478 
replacements. Sericitization, silicification, and carbonatization alteration products can mostly be found in the 479 
matrix of these rocks, while fine-grained saussuritization assemblages replace glass shards and plagioclase. The 480 
occurrence of carbonate and quartz veins crosscutting these rocks is another testimony of intense hydrothermal 481 
activity having affected these rocks. Quartz veins commonly display ondulose extinction, while siderite veins 482 
have also been observed (Fig. 15c). Siderite occurs in open druses, as euhedral intergrown and zoned 483 

individuals, commonly displaying the {011"2} twin law, increasing in coarseness and becoming progressively 484 
idiomorphic from the fracture walls inwards, following a typical geometrically selective growth pattern. In 485 
lithologies rich in glass shards, such as exemplified by figure15a, zircon crystals with maximum lengths of <200 486 
μm are found dispersed throughout the clastic fraction of the rock. Figure 15d depicts two zircon individuals 487 
under crossed nicols, embedded in a saussuritized matrix. In the observed zircons, the common combination 488 
of the tetragonal prismatic and (bi)pyramidal forms is discernible, though frequently the sections’ outlines are 489 
not fully idiomorphic, revealing curved edges. Furthermore, zircon individuals are seldom devoid of cracks, 490 
especially transversal to the crystals’ lengths.  491 

 492 
Whole Rock Geochemistry 493 

As evident from the thin-section analyses, considerable hydrothermal alteration affected all sampled 494 
lithologies, precluding the use of major element classification schemes, especially those based on alkali elemental 495 
contents. Nevertheless, the six analysed samples of FA3 yield values of 64.23 < wt.%SiO2 < 78.04, 0.75 < wt.% 496 
K2O < 6.46 and 0.41 < wt.% Na2O < 6.11 (Appendix 3 for complete analytical results). In agreement with the 497 
petrographic observations and compared to the results obtained for FA3 volcaniclastic rocks, the two samples 498 
of FA2 member volcaniclastic rocks contain higher levels of SiO2 (~85-90 wt.%), and lower contents of both 499 
K2O (~0.7-0.8 wt.%) and Na2O (~0.05-0.12 wt.%).  500 

Considering the limitations imposed by alteration on the use of whole rock geochemical tools, immobile 501 
elemental composition may offer alternative clues and insights for the geodynamical contextualization of the 502 
igneous materials. Error! Reference source not found.16a is a Th/Yb vs. Ta/Yb plot, as defined by Gorton 503 
and Schandl (2000), depicting data pertaining to both volcaniclastic lithologies of the Fara Formation (FA2 and 504 
FA3) and rhyolites from Hormuz Island (Faramarzi et al., 2015).  505 
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 506 
Figure 16. Th/Yb vs. Ta/Yb tectonic discriminant criteria according to (a) Gorton and Schandl (2000) and (b) 507 
Pearce (1983), displaying the compositional ratios of both FA2 and FA3 volcaniclastics and Hormuz Island 508 
rhyolites (Farmarzi et al., 2015). The included REE chondrite-normalized (McDonough and Sun, 1995) diagram 509 
in (a) is referent to highly altered samples, plotting within the compositional range of ‘within plate volcanic 510 
zone’ (WPVZ). OA=Ocean Arc, ACM=Active Continental Margin, WPVZ=Within Plate Volcanic Zone, 511 
WPB=Within Plate Basalts. 512 

 513 
The latter yielded zircon ages of ~558 Ma (Faramarzi et al, 2015), near to the values of ~543 and 545 Ma 514 

determined by Bowring et al. (2007) and Brasier et al. (2000), respectively, which alongside the geographical 515 
proximity to the sampled locations, point towards the possibility of a shared tectogenetic setting. According to 516 
the criteria of Gorton and Schandl (2000), all samples but three reveal characteristics of igneous rocks formed 517 
at active continental margins (ACM), and plot together in the same field as representatives of rhyolites from 518 
Hormuz Island. The two data points in the ACM field with lower Th/Yb and Ta/Yb correspond to samples 519 
from FA2. A closer inspection of the three FA3 samples plotting inside the ‘within plate volcanic zone’ (WPVZ) 520 
reveals that these were affected by the highest intensity of hydrothermal alteration, especially sericitization. The 521 
inset in figure 16a shows the chondrite normalized REE (McDonough and Sun, 1995) compositions of these 522 
samples, providing clues on the degree of mobilization of trace elements by fluids. A striking feature of the 523 
displayed REE-normalized patterns is the large negative Eu anomaly coupled with a low LREE enrichment 524 
(0.73 < La(n)/Sm(n) < 1.14), a combination which cannot be attributed to magmatic evolutionary processes. 525 
Taking into consideration the high silica concentrations (64.23 < wt.%SiO2 < 78.04) in tandem with the defined 526 
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mineralogical compositions of these samples, such REE characteristics point towards an important degree of 527 
trace element mobilization by fluids, and, therefore, they should be disregarded in the application of 528 
geochemical tectonic discriminant tools. The remaining dataset plots within the medium- to high-K calc-529 
alkaline fields in the Pearce (1983) tectonic discriminant diagram, as displayed in figure 17b: the FA3 within the 530 
medium to high calc-alkaline basalts field together with the Hormuz Rhyolites, and the FA2 near the boundary 531 
between ocean arc and active continental margin compositions. The latter samples of volcaniclastic rocks 532 
include higher amounts of clastic quartz, which has a dilutive effect over whole rock trace element 533 
concentrations. Furthermore, these lithologies may include volcanic products erupted during an earlier and less 534 
alkaline stage of arc development.  535 

Figure 17a documents the chondrite-normalized rare earth element (REE) patterns for the volcaniclastic 536 
lithologies of Fara Formation, together with those of three representative Hormuz Island rhyolites (Faramarzi 537 
et al., 2015). The applied normalization standard was the C1 chondrite REE composition from McDonough 538 
and Sun (1995). The obtained patterns display variable degrees of light REE (LREE) enrichment relative to 539 
heavy REE (HREE), as reflected by their wide range of overall slope values (2.60 < La(n)/Y(n) < 8.16). In the 540 
case of Fara Formation, the samples displaying both flatter patterns and lower levels of overall enrichment with 541 
respect to a chondrite standard are those belonging to the FA2, confirming the diluting effect of their high 542 
contents in quartz over trace element compositions. The HREE terminal section of all patterns is nearly flat, 543 
which alongside the strongly negative Eu anomalies point towards a shallow crustal magmatic source. 544 

 545 
Figure 17. (a) - REE chondrite-normalized (McDonough and Sun, 1995) compositions of Fara Formation 546 
volcaniclastic rocks and Hormuz Island rhyolites (Faramarzi et al., 2015). (b) - MORB-normalized (Sun and 547 
McDonough, 1989) trace element compositions of Fara Formation and Hormuz Island rhyolites, using Pearce 548 
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(1983) trace element seriation. For comparison purposes, the normalized compositions of an average OIB (Sun 549 
and McDonough, 1989) are included. 550 

 551 
Since the sampled lithologies correspond to crustal rocks, the mid-oceanic ridge basalt (MORB)-552 

normalized, multi-elemental (Pearce, 1983) graphical depiction included in figure 17b is most suitable for 553 
gathering further petrogenetic insights. The normalizing N-MORB and normalized ocean-island basalt (OIB) 554 
values are from Sun and McDonald (1989). The patterns of both, Fara Formation volcaniclastics and Hormuz 555 
Island rhyolites display a remarkable degree of similarity, with a decoupling between high field strength (HFS) 556 
and large ion lithophile (LIL) elements, typical of subduction-zone magmatic products, together with Nb and 557 
Ti negative anomalies. The FA2 samples reveal lower degrees of enrichment relative to N-MORB, except for 558 
Ba related to the hydrothermal barite mineralization affecting these rocks. The values of Sr and Ba of the 559 
Hormuz rhyolites have not been reported by Faramarzi et al. (2015). 560 
 561 
 562 
DISCUSSION 563 
Age of Fara Formation 564 

All volcaniclastic rock samples show evidence of hydrothermal alteration, which changed the whole rock 565 
geochemistry. Taking into consideration the type and extension of hydrothermal alteration affecting these 566 
lithologies together with all the described morphological issues in the zircon grains, it is worth considering the 567 
possibility that past geochronological determinations (Brasier et al., 2000; Bowring et al., 2007) have 568 
miscalculated the age of these lithologies, although both references report concordant values.  569 

U-Pb zircon ages from Fara Formation yield 547 and 545-543 Ma from the lower and the top sections, 570 
respectively (Brasier et al., 2000; Bowring et al., 2007). Our petrographic and geochemical investigations 571 
targeting those same volcanic beds, demonstrates that significant hydrothermal alteration affects all lithologies. 572 
This suggests that the real age of these rocks could be older than the previously reported U-Pb geochronological 573 
determinations. Furthermore, the occurrence of the Ediacaran Palaeopascichnus organism in the FA3 member, 574 
stratigraphically above the dated volcaniclastics (Fig. 18) demonstrates that the entire exposed Fara Formation 575 
is Ediacaran in age (i.e., >538 Ma). 576 
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 577 
Figure 18. Schematic stratigraphic column of Fara Formation and sample positions. Legend in figure 13. 578 

 579 
Ediacaran paleoenvironment and deformation 580 

The sediments atop Kharus Formation are interpreted to have been deposited in a shallow-marine 581 
intertidal to supratidal environment (surface study by Béchennec et al., 1992) or on a distally steepened storm-582 
dominated carbonate ramp (subsurface study by Cozzi et al., 2004). The lower section of FA1 member 583 
conformably overlies Kharus Formation, deposited in a similar shallow-marine environment. The Fara 584 
Formation starts where the first beds of siliciclastic rocks occur. The lower part of FA1 contains slumps and 585 
breccias, indicating an unstable paleoslope. Some volcaniclastic beds were deposited during early FA1 times. 586 
We suggest that slope instability could be related to the onset of uplift during the deposition of FA1, 587 
accompanied by distal volcanism. Above the 15-m-thick base of ara Formation, silicilyte is the predominant 588 
lithology of FA1, with a thickness of ca. 90 m. This rock type reflects low deposition rates and water depth 589 
around 100-200 m (Amthor et al., 2005; Stolper et al., 2017). Thus, FA1 accumulated during basin deepening 590 
(Allen, 2011). 591 

The culmination of a tectonic uplift, occurred during FA2 sedimentation, forming a relatively steep and 592 
unstable proximal slope (basin deepening) as advocated by the occurrence of slumps, massive breccias and 593 
neptunian dikes. The uplift was associated with proximal volcanism along an active continental margin, as 594 
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revealed by samples NF1, NF2, changing from a passive margin to an active margin setting. The paleocurrents 595 
were consistently directed towards the SW, and thus, the area to the NE was necessarily exhumed and shed 596 
material in a probable NW/SE-extending basin. 597 

The upper member of Fara Formation (FA3) consists of a heterogeneous, mostly clastic succession, with 598 
conspicuous volcaniclastic deposits at the base of FA3. Moreover, crossbedding, erosional surfaces and current 599 
ripple marks suggest a shallow ramp sedimentary environment affected by wave and current activities, receiving 600 
the sediments from a volcanic source area. Such was the paleoenvironment inhabited by the organism 601 
Palaeopascichnus. FA3 formed under stable tectonic conditions without uplift, sealing an angular unconformity 602 
between FA2 and FA3. However, volcanic layers at the bottom of FA3 indicate the occurrence of distal 603 
volcanism related with an active continental margin, based on the geochemical fingerprint of the studied 604 
volcaniclastic rocks. FA3 can be summarized as a sequence of fine-grained siliclastic rocks, including some 605 
volcaniclastic intercalations near the base. FA3 did not record any evidence of active tectonics/uplift during 606 
deposition. The wave ripples indicate high-energy conditions in a shallow marine setting (nearshore) as well as 607 
the current ripples (tidal influence). The suspension deposits represent tempestite (no turbidites) as there are 608 
only shallow marine indicators in FA3.  609 

The existing unconformity between FA2 and FA3 members, and the fact that D1/F1 structures occur in 610 
FA1 and FA2 but not in FA3 members, demonstrates that D1 deformation had ceased in FA3. The shortening 611 
direction of D1 was NE/SW and correlates with the Cadomian Orogeny (Callegari et al., 2020). The arising 612 
Cadomian deformation affected the Jabal Akhdar area during the late Ediacaran at ca. 555 Ma (top Kharus 613 
Formation) to 547 Ma (dated volcanic rocks from the base FA2), but pre-dates 545-543 Ma (volcanic rocks 614 
from the FA3) if the U-Pb ages are taken at face values (see above). The 545-543 Ma-old volcanic rocks within 615 
FA3 member demonstrate that volcanism distal to Jabal Akhdar took place, although Cadomian deformation 616 
had ceased in that particular area. 617 
 618 
Geodynamic Model 619 

The medium- to high-K calc-alkaline signatures of the volcaniclastic rocks from Fara Formation 620 
resemble the geochemistry of similar-aged samples of the Hormuz region in Iran, formed during the Cadomian 621 
Orogeny (compare Farmarzi et al., 2015). Discrimination diagrams classify the samples from both Iran and 622 
Jabal Akhdar as having formed in an active continental margin setting (Fig. 16). Their geochemical signature 623 
and ages show that FA1 and FA2 rocks accumulated during the Cadomian Orogeny, which is also supported 624 
by the NE/SW-directed D1 shortening direction recorded in the pre-FA3 rocks of the Jabal Akhdar region 625 
(Figs. 18, 19). 626 
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 627 
Figure 19. Geodynamic model for the Cadomian Orogeny of the study area. (a) – Cadomian Orogeny in 628 
northern Africa and Arabia (modified after Garfunkel, 2015). (b) left – Cadomian Orogeny (D1) in Arabia with 629 
shortening direction (s1) after Callegari et al. (2020). The green rectangle represents the Infra-Cambrian salt 630 
basins of the Ara Group. (b) right - Cross-section through the Cadomian Orogen and the Jabal Akhdar area. 631 
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(c) – Extended cross section of (‘b’). Note that FA1 and FA2 are affected by Cadomian shortening, while FA3 632 
seals it. MA=Magmatic Arc, CD=Cadomian Domain. 633 

 634 
Our data confirms that rocks of the Ara Formation from south Oman (overall time-equivalent to Fara 635 

Formation) formed in a different paleo-tectonic setting than the Fara´s rocks. The lithologies of Ara 636 
accumulated in NNE-striking restricted intra-continental basins, while Fara´s filled the probably NW-striking 637 
continental back-arc basin. It is likely that NNE-striking faults at the margin of the NNE-striking basins were 638 
(re)activated as pull-apart basins during the Cadomian Orogeny, leading to basin deepening (green rectangle in 639 
Fig. 19b). Reactivation might be the expression of a non-coaxial stress field in the back-arc during subduction. 640 
The NNE-striking faults occur in northern Oman and formed during Pan-African terrain accretion (Weidle et 641 
al., 2022; 2023).  642 

The onset of Cadomian deformation in the region of Jabal Akhdar triggered the development of a 643 
continental back-arc basin, alongside volcanism as recorded in FA1 member. At the same time, the slumps, 644 
breccias and siliciclastic input seen in the latter member illustrate the collapse of the former Kharus (Buah) 645 

carbonate ramp. Cadomian deformation in the Jabal Akhdar area postdates the ∼550 Ma-old top Buah 646 

Formation in the Huqf area, providing we establish that Kharus Formation is the time equivalent of the Buah 647 

Formation (Cozzi et al., 2004).  However, such deformation predates (∼545 Ma, U-Pb zircon ages) the 648 

volcaniclastic rocks of the post-Cadomian basal FA3. The medium- to high-K calc-alkaline volcanism, distal to 649 
the Jabal Akhdar area, strengthens the interpretation of an ongoing Cadomian Orogeny, probably northeast of 650 
that area (Fig. 19). 651 
  652 
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SUMMARY/CONCLUSIONS  653 

The ∼412-m-thick Fara Formation of the Jabal Akhdar Dome consists of three members (FA1, FA2, 654 

FA3) with distinct sedimentary and structural features. FA1 indicates the onset of tectonic uplift and basin 655 
deepening, conformably overlying the shallow-marine carbonate ramp of the Kharus Formation. FA1 marks 656 
the transition from a passive to an active margin. FA2 contains an alternation of volcaniclastic rocks with a 657 
variety of sedimentary rocks, associated with the culmination of tectonic activity. FA3 consists mostly of 658 
shallow-marine siliciclastic rocks with some volcaniclastic material at its base. This upper member testifies stable 659 
tectonic conditions, also indicated by an angular unconformity between FA2 and FA3 (Cadomian 660 
Unconformity). Geochemical analyses and thin section petrography of volcanoclastic from FA2 and FA3 661 
document that these rocks were strongly affected by hydrothermalism. Thus, the previously dated zircons from 662 
these rocks (547-543 Ma of Brasier et al., 2000; Bowring et al., 2007) are possibly older. 663 

Geochemical analyses of FA2 and FA3 volcaniclastic rocks suggest that Fara Formation is tectonically 664 
linked to Hormuz Island in present-day Iran (compare Faramariz et al., 2015). Fara Formation was deposited 665 
within a continental back-arc basin during the Cadomian Orogeny. This correlation indicates that Fara 666 
Formation and the time-equivalent Ara Group of Interior Oman formed within distinct tectonic basins: Fara 667 
Formation in a NW-striking continental back-arc basin and Ara Group in a possible intracontinental pull-apart 668 
basin, which opened during the reactivation of Pan-African NNE-striking faults, during the Cadomian 669 
NE/SW-directed deformation field. Based on the stratigraphical, paleontological (Palaeopascichnus linearis, within 670 
FA3), structural, and geochemical data presented in this study, we propose that the age of the Fara Formation 671 
is entirely Ediacaran, i.e., >538 Ma (Cohen et al., 2013; updated 2023/06). 672 

 673 
 674 
 675 
 676 
 677 

  678 
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APPENDICES 679 
 680 
Appendix 1 – Stratigraphic log description of Fara Formation with lithological and sedimentary features 681 

descriptions. 682 
 683 
Appendix 2. -Areal distribution of the field work, continuous red lines represent the tracks of stratigraphic 684 

analysis for the realization of Logs 1-5, the coloured rectangles represent different area of field work carried 685 
out in different time with structural and stratigraphic analysis. 686 

 687 
Appendix 3 – Whole rock analysis table 688 
 689 
Appendix 4 - Legend of the geological cross sections. 690 

  691 
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