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Abstract 11 

Mega-streamlined landforms on Earth and Mars have been attributed to aeolian, glaciogenic, 12 

fluvial, and tectonic processes. Identifying the forces that shaped these landforms is paramount 13 

for understanding landscape evolution and constraining paleo-climate models and ice sheet 14 

reconstructions. In Arabia, east-northeast, kilometer-scale streamlined landforms were 15 

interpreted to have been formed by Quaternary aeolian erosion. We provide field and satellite-16 

based evidence for a Late Ordovician glacial origin for these streamlined landforms, which were 17 

exhumed during the Red Sea–related uplift. Then we use Late Ordovician paleo-topographic data 18 

to reconstruct the Late Ordovician ice sheet using identified and previously reported glacial 19 

deposits and landforms. Our reconstruction suggests these glacial features are part of a major, 20 

topographically controlled, marine-terminating ice stream, twice the length of the largest known 21 
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terrestrial ice streams. Our results support models that advocate for a single, major, and highly 22 

dynamic ice sheet and provide new morphological-based constraints for Late Ordovician climate 23 

models. 24 

Introduction 25 

The Late Ordovician glaciation event remains one of the most enigmatic climatic events in the 26 

Earth’s history. The ice sheet initiation, duration, and extent of glaciation are subjects of debate. 27 

Lifetime estimates for the Late Ordovician glaciation range from a short-lived (0.5–1 Ma) 28 

Hirnantian ice sheet1,2 to a ~10 Ma event in which the Hirnantian represented the climax of a 29 

much longer glacial period3,4 to a long-lived glaciation that was initiated in the Middle 30 

Ordovician (Darriwilian) age5–7.  31 

Two models were proposed for the distribution of the Ordovician ice sheet(s): (1) a single, major 32 

ice sheet over Gondwanaland extending across North Africa, Arabia, South Africa, and South 33 

America5,8,9, or (2) small ice caps in South Africa and South America separated from the 34 

northern ice sheet in North Africa and Arabia10,11. Late Ordovician glacial deposits and 35 

landforms are well reported from North Africa, Arabia, southern Europe, South Africa, and 36 

South America10–13. However, their localized and dispersed nature5 hindered proper 37 

reconstruction of the ice sheet extent and the development of a comprehensive understanding of 38 

the Late Ordovician glaciation and ocean dynamics.  39 

The vast extent of the Late Ordovician ice sheet (LOIS), with its Cenozoic-style climatic 40 

cyclicity14 and its voluminous continental ice accumulations exceeding those of the last glacial 41 

maximum3 (LGM) suggest a highly dynamic ice sheet with significant outlet glaciers and ice 42 

streams. However, the reported Late Ordovician ice streams15 are confined to the Saharan 43 
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(western) part of the LOIS (Fig. 1A) and are limited in number compared to those reported from 44 

recent analogue ice sheets (e.g., the 117 ice streams in the Laurentide Ice Sheet16).  45 

Ice streams—focused, fast-flowing ice conduits—are the “arteries” of ice sheets from which 46 

most (up to 90%) of the ice mass is discharged17–19. Identifying the position, extent, and length of 47 

paleo ice streams and the factors controlling their distribution is fundamental for reconstructing 48 

paleo ice sheets and delineating their geometries, intensity, and dynamics. Fortunately, paleo ice 49 

streams left behind clues (mega-streamlined morphologies) that were preserved for hundreds of 50 

millions of years on Earth17 and apparently on other planets as well. Nevertheless, not all mega-51 

streamlined landforms are glacial in origin18,20; multiple erosional processes such as aeolian and 52 

fluvial processes21,22 or tectonic and magmatic activities23 could have played a role in their 53 

formation.  54 

Despite the early discoveries of the Late Ordovician glacial deposits in Arabia24,25, no ice 55 

streams have been identified. Recently, Late Ordovician glacial deposits and exhumed subglacial 56 

mega-lineations (MLs) and landforms were reported from southeast Egypt over the 57 

Neoproterozoic basement rocks of the Arabian Nubian Shield12. On the other side of the Red 58 

Sea, and along the postulated extension of the newly reported glacial MLs, similar east-59 

northeast–trending streamlined ridges were recognized in northwest Arabia over the 60 

Neoproterozoic basement of the Arabian Nubian Shield and the Cambro-Ordovician Saq 61 

Sandstone and were widely interpreted as mega-yardangs26–28. 62 

In this study, we provide evidence for a Late Ordovician glacial origin for the mega-streamlined 63 

landforms in Arabia. We then overlay these landforms together with previously reported glacial 64 

deposits and landforms on a Late Ordovician paleo-geomorphological reconstruction to identify 65 

the position and geometry of the largest known terrestrial ice stream, hereafter referred to as the 66 
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Late Ordovician Arabian Ice Stream (AIS). We show that our findings favor the single major 67 

LOIS model. Finally, we explain how our results could be used to constrain Late Ordovician 68 

climate models. 69 

Geological Evolution 70 

Four main lithologic packages (Neoproterozoic basement complex, Paleozoic sedimentary 71 

succession, Cenozoic Harrat basalts, and Quaternary An Nafud dunes; Fig. 1C) cover the study 72 

area. The Neoproterozoic basement complex was formed by protractive accretions during an 73 

extensive, prolonged (~300 My), convergent tectonic event forming the Arabian Nubian 74 

Shield29. The elevated land of the newly formed orogenic belt triggered intensive continental 75 

weathering and peneplanation processes, which resulted in thick clastic sedimentary successions 76 

of the Cambrian Siq Sandstone, the Cambro-Ordovician Saq Sandstone, and the Ordovician 77 

Qasim Formation30,31 (Fig. 1). Northwest Arabia was then uplifted and the depositional processes 78 

were interrupted during the Middle to Late Ordovician in response to far-field effects of the 79 

Taconic orogeny, which incised valleys and canyons (paleo-valleys) within the Qasim Formation 80 

and exposed the underlying Saq Sandstone and basement complex32. Following the Taconic 81 

orogeny, the LOIS extended across North Gondwana, including the study area12,25, and eroded 82 

and polished the exposures of the Neoproterozoic basement and the Saq sandstone, forming 83 

subglacial streamlined landforms, tunnel valleys and filled the paleo-valleys and canyons. The 84 

ice sheet retreated, sea levels rose, and Early Silurian shale was deposited over glacial sequences; 85 

together, they formed a glaciogenic petroleum system15,33. The Gondwana continent witnessed a 86 

second, longer (>70 My), Permo-Carboniferous glacial event, that was reported in southern, but 87 

not northern Arabia12. The south pole migrated in a southwest direction across Gondwana from 88 

northwest Africa in the Late Ordovician to central Antarctica during the Permo-89 
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Carboniferous9,34. While the Gondwana continent was on the move, northwest Arabia was 90 

stationed during the Paleozoic and Mesozoic Eras in a near-shore location (i.e., coastal plains to 91 

continental shelf) where thick, shallow-to-slightly-deep marine clastic deposits were laid down 92 

over the Late Ordovician glacial deposits and landforms. Paleozoic rocks are exposed today in an 93 

arcuate belt around the margin of the Neoproterozoic basement32 and can be divided into: (1) 94 

pre-glacial deposits comprising Cambrian to Ordovician Siq and Saq Sandstones and Qasim 95 

Formation; (2) glacial deposits (Zarqah and Sarah Formations); and (3) post-glacial Paleozoic 96 

deposits. The Late Ordovician glacial deposits and landforms were buried underneath the thick 97 

Paleozoic and Mesozoic post-glacial deposits until the onset of Red Sea–related uplifting in the 98 

Cenozoic, when the shoulders of the Red Sea rift were elevated and the crystalline basement and 99 

the overlying thick sedimentary successions including the glacial deposits were exposed35. Red 100 

Sea rifting was accompanied by emplacement of asymmetric flood basalts (Harrat) along the 101 

eastern flank of the rift starting some 30 Ma and extending into the Holocene period36,37. During 102 

the Pleistocene, the climate of northwest Arabia alternated between dry and wet periods38, where 103 

wind erosion prevailed during the dry periods forming the great An Nafud dunes, and lake 104 

deposits were laid down within interdune depressions during the wet periods39. The prolonged 105 

geological evolution of the rock exposures in northwest Arabia suggests a complex landscape 106 

evolution, and thus interpretation of the formation mechanisms of different landforms must be 107 

considered with caution and should take the geological evolution of the area into account. 108 

Results and Discussion 109 

MLs shape and distribution 110 

Landsat 8 multispectral images, together with Advanced Land Observing Satellite (ALOS) 111 

Phased Array L-band Synthetic Aperture Radar (PALSAR) radar and digital elevation model 112 
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(DEM) (SRTM 30 m and ALOS 12.5 m) data were utilized to map the streamlined MLs over the 113 

Neoproterozoic basement and the Saq Sandstone in northwest Arabia (Figs. 2A and B). The 114 

PALSAR data, with its deep penetration capabilities (up to 2 m), and sensitivity to roughness40 115 

was particularly useful in mapping the MLs in areas proximal to dunes. MLs were found to 116 

extend over the Neoproterozoic basement and the pre-glacial Saq Sandstone along an east-117 

northeast trend for ~400 km. The MLs over the Neoproterozoic basement display the following 118 

morphometric parameters: subparallel valleys (mega-grooves; negative topography) separated by 119 

parallel ridges extending for tens of kilometers in length, a few hundreds of meters in width, and 120 

tens of meters in depth (Figs. 2C and E), and length-to-width ratios ranging from 50:1 to >100:1. 121 

Some of the megagrooves show a parabolic U-shaped valley morphology with hanging valleys 122 

cutting the side walls (Figs. 2D and F). The MLs extend over crystalline basement rocks units of 123 

varying compositions, textures, and modes of emplacement and deposition (e.g. massive, 124 

foliated, intrusions, volcanics, and metasediments41; Fig. 2).The MLs over the Saq Sandstone 125 

found to the north and east of the basement MLs  have similar orientation trends, but display 126 

different morphometric parameters (length: 1–6 km; width: few hundred meters and up to 1 km; 127 

height: 5–50 m; length/width ratio: ~10:1; Fig. 1C). The consistency of MLs trends, but not their 128 

morphometric parameters, over both the crystalline rocks and Paleozoic sandstones, indicates 129 

bedrock control on mega-lineated landform distribution. Similar bedrock controls on 130 

morphometric parameters of subglacial landforms were documented in recent glacial 131 

landforms18.  132 

Origin of the MLs 133 

The east-northeast trends of the streamlined MLs are different from the reported northerly and 134 

northwesterly structural trends36 in the area (Fig. 1C), which rules out a possible tectonic origin 135 
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for these MLs. This suggestion is further supported by the absence of  extensive deformation 136 

(brittle or ductile) along the east-northeast trend in the mapped area on both sides of the Red 137 

Sea12,36,41 (Fig. 1). Also, the fact that the mapped MLs maintain consistent trends for hundreds of 138 

kms over crystalline rocks of varying compositions, textures, and modes of emplacement and 139 

deposition argues against structural control of the MLs orientation by specific internal features of 140 

rock units (e.g. bedding orientations, fracture patterns, foliations, or other linear fabrics).  141 

Earlier studies which considered these streamlined landforms as mega-yardangs26–28 were biased 142 

by the presence of transverse barchan dunes along and orthogonal to the extension of the MLs in 143 

the northern part of the study area (Fig. 3A). Here, we provide evidence in support of a Late 144 

Ordovician glacial origin of these streamlined landforms and argue against an aeolian origin. 145 

First, the streamlined beds are sub parallel to the wind directions (southwest to northeast; 146 

inferred from the barchan dunes orientation in An Nafud desert) in the northern part of the study 147 

area27,28 (Fig. 3A), but not in the central and southern sections, where the MLs are at high angles 148 

to the wind direction (from northwest to southeast; inferred from the longitudinal dune trend; 149 

Fig. 3B). Second, the mapped MLs were identified over the preglacial rock units 150 

(Neoproterozoic basement and the Cambro-Ordovician Saq Sandstone) but not over glacial or 151 

post-glacial deposits (Figs. 1C, 3C and 3D). Third, the morphometric parameters (elongation 152 

ratios 10 to >100) of the MLs are similar to those reported for subglacial MLs over hard beds18 153 

but different from the ratios reported for yardangs (3.5 to 5)28,42. Also, their morphology over the 154 

basement (parallel U-shaped valleys interpreted here as glacial mega-grooves; Figs. 2C, D, E and 155 

F) is different from the morphology of yardangs (parallel ridges), a difference that was realized 156 

by Brown et al.26 and led them to classify them as trough yardangs instead of normal yardangs. 157 

Fourth, yardangs are formed over soft beds and are largely composed of fluvial/lacustrine 158 
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sediments28,43. To the best of our knowledge, the only exception comes from a questionable 159 

remote sensing–based study in which mega-yardangs were reported over crystalline basement in 160 

Namibia43,44.  Fifth, the mapped MLs are parallel to the reported glacial striation and tunnel 161 

valley trends25 and align with the recently reported Late Ordovician MLs in southeastern Egypt12 162 

(Fig. 1B). Sixth, numerous well documented, preserved, small-scale, glacial features (e.g. 163 

striated and grooved glacial surfaces, roche moutonnées, and tunnel valleys) are found within the 164 

area where the MLs are mapped25,45,46. The above-mentioned observations are consistent with a 165 

glacial origin for the MLS and the presence of Neoproterozoic basement cobbles and boulders 166 

(up to 1 m in diameter) within the lower tillite layer of the glacial deposits of Sarah Formation in 167 

the eastern part of the shield25,46  is consistent with the LOIS being in direct contact with the 168 

crystalline basement. 169 

On the other side of the Red Sea, in the southern part of the Eastern Desert of Egypt (SED), 170 

similar MLs were observed and reported by our research team12 (Fig. 1B). The MLs of the SED 171 

extend for over 200 km in an east-northeast-direction, a direction orthogonal to the reported 172 

north to south wind trajectories47. The streamlined landforms display morphometric parameters 173 

(megagrooves: length 10s km; width 100s m; and depth 10s m) and field relations (observed over 174 

Neoproterozoic crystalline basement, but not over post-Ordovician deposits) similar to those 175 

observed in northern Arabia12.   176 

Several outcrops of glacial deposits (i.e., diamictites) and features (i.e., glacial polished 177 

pavement) were observed by our team in the SED, in areas where MLs were mapped. Those 178 

include massive, unsorted, boulder rich (up to 1 meter in diameter) and matrix-supported 179 

diamictites that unconformably overly the crystalline basement (e.g. Wadi El-Naam, and Korbiai 180 

areas; Figs. 4A and B). Most of those deposits were eroded during the Red Sea-related uplift, but 181 
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a few were preserved in paleo-topographic depressions within basement rocks (e.g. Betan area: 182 

Fig. 4C). Glacial polished pavements over the Neoproterozoic granitic intrusions were observed 183 

in Jebel Hagar Zarqa at the Gerf area, SED (Figs. 4D and E). Again, these observations from the 184 

SED and those reported from northern Arabia are consistent with the LOIS being in direct 185 

contact with the crystalline basement of the Arabian-Nubian Shield. 186 

The pre-Gondwana breakup (pre-Jurassic) morphological features and landforms were thought to 187 

be less likely to be preserved and exposed in Afro-Arabia especially in the tectonically active 188 

areas as the Red Sea rift48,49. Our observations, however, indicate that the Late Ordovician MLs 189 

were protected by the overlying thick Paleozoic clastic sedimentary cover until the Cenozoic 190 

when the Red Sea–related uplift began. The uplift led to exhumation of the basement complex 191 

and the overlying sedimentary sequences (5–15 km) and landforms along the Red Sea Hills and 192 

shoulders35,50,51. No MLs were recognized over the rugged basement outcrops near the rift 193 

shoulders on both sides of the Red Sea, possibly due to the high exhumation rate. A few tens of 194 

kilometers away on both sides of the Red Sea, the Late Ordovician landforms were exposed on 195 

gently dipping Neoproterozoic peneplains (Figs. 1B and 1C), but remained buried underneath the 196 

overlying Paleozoic clastic successions a few hundred kilometers further away (Fig. 1)12. The 197 

above-mentioned observations support a Late Ordovician glacial erosional origin for the 198 

streamlined features, which were later exhumed by the Red Sea–related uplift. Many of the 199 

streamlined features over the Saq Sandstone in the northern part of the study area were polished 200 

and widened by wind erosion. 201 

Late Ordovician Arabian Ice Stream (AIS) 202 

The identification of Paleozoic ice streams has been almost exclusively based on the presence of 203 

long subglacial bed forms (elongation ratio 10–100)20. The presence of long bed forms is 204 
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indicative of fast ice flow52,53, yet they do not fully portray the extent and type of the ice stream 205 

in question. This is especially true for Paleozoic ice streams, where many of the streamlined beds 206 

may have not been completely preserved or might not have been exposed for mapping. To 207 

address this issue, we first reconstruct the distribution of the mapped glacial MLs and the 208 

reported glacial deposits in the Late Ordovician using a paleo-geomorphologic (paleo-DEM) 209 

dataset (445 Ma; resolution: 1º × 1º; Supplementary materials) 54, then identify the factors (e.g., 210 

topographic focusing and calving margins) that control the extension and the distribution of ice 211 

streams in recent analogues16,55,56, and finally use these factors to map ice streams and their 212 

projected extension in areas where the streamlined morphologies are not exposed.  213 

Our analysis revealed the presence and distribution of an impressive ice stream extending over a 214 

distance of 3000 km from southeastern Egypt into northern and central Saudi Arabia across the 215 

Arabian Peninsula and terminating in the paleo-Tethys (Fig. 5A). The proposed distribution of 216 

the AIS is supported by the following observations. First, the initiation of the ice stream in 217 

southeast Egypt is based on the presence of a high topographic obstacle (>2000 m)54,57,58 218 

represented by the orogenic belt of the Arabian Nubian Shield, which apparently impeded the 219 

west-to-east advancement of the LOIS south of the identified ice stream and focused ice flow at 220 

the ice stream location (Fig. 5A), a phenomenon known as topographic focusing (the most 221 

influential control on recent ice streams)16,17. Our interpretation of the Arabian Nubian Shield as 222 

a topographic barrier blocking the advancement of the ice sheet south of the AIS is further 223 

supported by the presence of Late Ordovician glacial deposits in Eritrea and Ethiopia (west; Fig. 224 

1A)59,60 and their absence in southern and central Arabia (east; Figs. 1C and 3). Second, 225 

subglacial meltwater routing along the proposed east-northeast–trending AIS is supported by the 226 

presence of tunnel valleys trending in similar directions25 and by the presence of the glacial gold 227 
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placer deposits that were formed by the action of subglacial pressurized meltwater in southern 228 

Egypt12. Third, the proposed extent of the ice sheet hundreds of kilometers over the continental 229 

shelf in the reconstructed Late Ordovician geographical maps (Fig. 5A) is supported by the 230 

discovery of glaciomarine and iceberg deposits to the east of the ice stream (present-day location 231 

in western Iran; Fig. 1)61 that indicate the presence of a calving margin at the AIS terminal. The 232 

paleo-slopes measurements reported from the incisions in the Dargaz Formation in western 233 

Iran61, are consistent with the orientation of the tunnel valleys25 and the advocated AIS in Saudi 234 

Arabia. Additional evidence in support of the advocated distribution of the AIS comes from the 235 

Hirnantian graptolite assemblages recovered from the Dargaz Formation in western Iran, where 236 

high abundance of Normalograptus ajjeri and rare occurrence of Normalograptus persculptus 237 

were reported61, a pattern that is diagnostic of graptolite associations from North African and 238 

Arabian Ordovician rocks61,62.  239 

The above-mentioned lines of evidence, together with the highly attenuated landforms 240 

(elongation ratio 10 to >100; Figs. 2A and B), suggest that these glacial features are a part of an 241 

extensive, topographically controlled, marine-terminating Late Ordovician ice stream (>2500 km 242 

in terrestrial extent and up to 500 km on the continental shelf). The identified AIS of the LOIS is 243 

more than twice the length of the longest Quaternary ice streams (Fig. 5B). The Quaternary 244 

Laurentide Ice Sheet has the longest known ice streams, extending for ~1000 to 1300 km (e.g., 245 

M’Clure Strait and Hudson Straits, Canada). The presence of MLs and subglacial landforms over 246 

crystalline hard beds, which is the case with the AIS, has been cited as evidence for long-lived 247 

ice streams18.  248 



12 

 

Ice sheet reconstruction 249 

Continental ice sheets are significant components of paleoclimatic models. In deep-time climate 250 

modeling, the surface air temperatures, continental ice volume, atmospheric circulation, ice-251 

ocean interactions, and CO2
 threshold values for glacial onset are significantly affected by the 252 

change in the ice sheet extent and ice surface elevations that are largely controlled by ice stream 253 

geometry and distribution5,63,64. Ordovician climate models showed that the ice stream 254 

distribution and topographic elevations can exert significant controls on ice volume estimates, 255 

where the addition of ice streams reduced the estimated ice volume by some 40%5. A northern 256 

ice sheet model covering north Gondwana (Africa-Arabia) with small isolated ice caps in 257 

southern Africa and South America was proposed by Le Heron and Dowdeswell10 who based 258 

their suggestion on the limited sedimentary fluxes that were estimated from the previously 259 

identified ice streams across the Saharan part of the ice sheet only. The stability of mid-latitude 260 

ice caps was challenged by recently published climatic models for the Late Ordovician period 261 

that called on a single major ice sheet covering Gondwanaland from the pole to tropics and 262 

extending from North Africa–Arabia to South Africa and South America5,9,63. Our findings of a 263 

major AIS supports the single major LOIS models and is inconsistent with others that call on a 264 

smaller ice sheet extent in northern Gondwana. We cite two lines of evidence. First, the earlier 265 

estimates for the ice volume of the smaller ice sheet was based on the cumulative ice stream 266 

fluxes from the Saharan ice streams only10,65. Adding a new major long-lived ice stream, namely 267 

the AIS and possibly others yet to be discovered, will significantly increase the estimates of ice 268 

stream fluxes and ice sheet volumes. Second, a general correlation has been recognized between 269 

the volume of ice sheets and the length of their ice streams; the larger the volume of ice, the 270 

longer the length of the ice streams16,55,56. Thus, the large extension of the AIS—more than twice 271 
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the length of the longest of the Quaternary ice sheets—supports an extensive Late Ordovician ice 272 

sheet compared to the Quaternary ice sheets.  273 

The eastern Gondwana peripheral glacial and glacio-marine occurrences from the Late 274 

Ordovician ice sheet in western Iran and southern Turkey were thought to have originated from 275 

isolated and elevated ice caps over the Arabian Nubian Shield61,66 or from an ice lobe connected 276 

with the main LOIS67. Our reconstruction indicates a similar origin for the western Iran glacio-277 

marine deposits; it originated from the main ice sheet and was transported by the AIS (Fig. 5). 278 

The reconstruction also confirms the connection between the Saharan and Arabian part of the 279 

Late Ordovician ice sheet given juxtaposition of the MLs in Africa and Arabia and the alignment 280 

of their trends. 281 

Our Late Ordovician ice sheet reconstruction suggests extensive mid-latitude (~ 40°) calving 282 

margins at the front of the AIS in the continental shelf of northeast Gondwana (Fig. 5A). This 283 

suggestion is consistent with the newly reported Late Ordovician iceberg deposits from the 284 

subtropical shelf of Baltica sourced from the Northern African–Arabian margin8. Moreover, the 285 

presence of the AIS calving margins in the eastern margin of  Gondwana resolves the dilemma 286 

raised from the fact that the isopach map of the icebergs in Baltica shelf indicates southeast 287 

sourced icebergs that were driven northwestward and adds a line of evidence in support of the 288 

suggested cold water linkage between the Arabian margins and Baltica as a “source to sink” 289 

route for the Late Ordovician eastern margin icebergs8.  290 

Implications 291 

Most of the subglacial landforms of the Paleozoic ice sheets are not preserved or are unexposed. 292 

The MLs, although indicative of the presence of ice streams, do not on their own provide a 293 

comprehensive understanding of the ice sheet dynamics and extent65. The Late Ordovician 294 
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reconstructions for the identified landforms and striation trends that we developed and their 295 

spatial correlations with paleo-topographic datasets address—at least in part—these apparent 296 

shortcomings. It allows the identification of topographic controls for the investigated ice streams 297 

and provides a more realistic distribution and extent for the Late Ordovician ice streams. Our 298 

findings potentially provide additional constraints and refinements for a wide range of Late 299 

Ordovician climate models; the presence of extensive ice streams, similar to the one described 300 

here (the AIS) provides evidence for a highly dynamic LOIS. The major calving margins 301 

identified in eastern Gondwana in the front of the AIS confirm the recently suggested Late 302 

Ordovician counter-clockwise ocean circulation northwestward from Arabia (source) to Baltica8 303 

as a new constraint for Late Ordovician climate models.  304 

Our findings show that subglacial AIS-related MLs were misclassified as mega-yardangs and 305 

raise the question of whether similar misinterpretations could have been made in other parts of 306 

the arid and hyper-arid world, and possibly more so on Mars, where MLs are much less likely to 307 

be obscured or modulated by tectonic activities. Ice streams could have carved mega-lineated 308 

flutes in the Martian outflow channels during earlier warmer climatic periods on Mars68,69; 309 

discoveries of liquid water beneath the Martian south polar layered deposits70 suggest recent 310 

basal melting of Martian ice sheets71. The long glacial cycles due to the Earth’s high amplitude 311 

obliquity modulation in the Ordovician (>106 yr)14 that compared well with the Martian 312 

amplitude modulation72,73 and the presence of the large polar landmass of Gondwana raises the 313 

suggestion that the AIS-related landforms could potentially present a better analogue to Martian 314 

glacial landforms than Quaternary landforms74,75.  315 

The identified AIS could have significant implications for hydrocarbon exploration. Oil and gas 316 

are being produced from the Late Ordovician ice stream deposits in the Saharan part of the LOIS 317 
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(Libya and Algeria)15,33. Given the large size of the identified AIS and the voluminous 318 

sedimentary flux hosted within it, significant untapped hydrocarbon reserves could be residing 319 

within the AIS.  320 

Methods 321 

A threefold methodology was adopted. First, we mapped the MLs and extracted their 322 

morphometric parameters (length/width ratio) using the following remote sensing products: (1) 323 

multispectral Landsat 8 images (bands 7, 5, and 3) to map the large-scale morphological trends 324 

(ridges/valleys) over the basement and Saq Sandstone; (2) Advanced Land Observing Satellite 325 

(ALOS) Phased Array L-band Synthetic Aperture Radar (PALSAR) data downloaded from the 326 

global PALSAR-2/PALSAR mosaic (25 m spatial resolution) to validate the Landsat-based MLs 327 

distribution, especially in areas where the mega-ridges (rough surface: high backscatter, bright) 328 

interleaved with valleys partially filled with fine-grained sand and silt (low backscatter, dark) 329 

(Fig. 3C); (3) high-resolution (spatial resolution: up to 30 cm) multispectral base map imagery 330 

available on the Arc GIS Online base map and Google Earth to map the smaller linear features 331 

over the Saq sandstone and to obtain high resolution topographic profiles (Figs. 2C, D, E and F), 332 

the ALOS PALSAR DEM (spatial resolution: 12.5 m) to delineate and visualize (in 3D) the 333 

mega-ridges and to map the distribution of dunes (linear and barchan) and infer wind directions 334 

(Fig. 3B), and Shuttle Radar Topography Mission (SRTM) DEM mosaics (spatial resolution: 30 335 

m) to enable 3D visualization in areas where the ALOS PALSAR DEM is not available (Fig. 336 

3A). 337 

Second, we generated a GIS platform to host all relevant data in a unified geographic projection 338 

(datum WGS-84: using ESRI ArcMap V. 10.6.1), integrate observations extracted from these 339 

datasets, and conduct spatial correlations and analyses to investigate the origin of the MLs. The 340 
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GIS encompasses the following spatial datasets: (1) published data including geologic maps 341 

(scale: 1:1250,000 and 1:1000,000) and the associated field observations and explanatory 342 

notes45,46,76–78, (2) mosaics of the remote sensing data sets and the interpreted east-northeast MLs 343 

features, (3) structural trends extracted from the 1:250,000 quadrangle maps, and (4) reported 344 

Late Ordovician glacial deposits, landforms, striation trends, and ice streams.  345 

Third, we used the GPlates software to generate a Late Ordovician (450 Ma) reconstruction that 346 

displays the distribution of the mapped MLs in northwest Arabia and southeast Egypt, as well as 347 

the previously reported striation trends, tunnel valleys, subglacial, and glaciomarine deposits in 348 

the Arabian part of the ice sheet. All of these elements were plotted onto a paleo-topographic 349 

map initiated using Paleo-Digital Elevation Model data sets (Paleo-DEM, 1° x 1° resolution)54. 350 

 351 
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Figures 550 

 551 

Fig. 1. Location and geologic maps for the Late Ordovician glacial deposits and landforms. 552 

(A) Location map showing the reported Late Ordovician glacial deposits, landforms, and paleo 553 

ice streams [Elhebiry et al.12; Le Heron et al.15; and references therein]. (B) Enlargement of the 554 

area covered by the central box in Fig. 1A showing the distribution of MLs and glacial deposits 555 

recently mapped in the SED12. (C) Simplified geologic map for northwest Arabia, showing the 556 

difference in the directions of the MLs and the structural trends. Note that the MLs were not 557 
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reported over the post-Ordovician rock units in southeast Egypt and northwest Arabia. The 558 

exhumed MLs extended for 600 km along their strike on both sides of the Red Sea (~200 km in 559 

southern Egypt and 400 km in northern Arabia). 560 

 561 
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 562 

Fig. 2. East-northeast–trending streamlined features in northwest Arabia. (A) Landsat 8 563 

multi-spectral image (RGB, Landsat; bands 7, 5, and 3) showing the east-northeast–trending 564 

MLs over the Cambro-Ordovician Saq Sandstone. (B) Landsat 8 multi-spectral image showing 565 

the east-northeast trending MLs over the Neoproterozoic basement. (C) Google Earth image over 566 
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area outlined by box ”C” in Fig. 2A showing sub-parallel ENE-oriented megagrooves incised in 567 

a granitic body. (D) Google Earth image over area outlined by box “D” on Fig. 2A showing 568 

ENE-trending, parabolic U-shaped valley, incised in Neoproterozoic metavolcanics and a N-S-569 

trending hanging valley on its northern side. (E) Topographic profile along the cross-section B-570 

B’ in Fig. 2C showing the depth and width of the sub-parallel steep-sided megagrooves (negative 571 

topography) separated by megaridges.  (F) Topographic profile along cross-section A-A’ in Fig. 572 

2D showing the depth and width of the U-shaped valley. Locations of Figs. 2A and 2B are 573 

shown in Fig. 1. 574 

 575 

576 

Fig. 3. DEMs and radar images showing the orientation of the MLs, barchan and 577 



30 

 

longitudinal dunes. (A) SRTM DEM data over the northern part of the study area showing sub-578 

alignment of the streamlined features with the wind direction (southwest to northeast; inferred 579 

from the distribution of the barchan dunes in the Nafud dunes). (B) ALOS DEM (12.5 m 580 

resolution) over the eastern sections of the study area showing wind directions (northwest to 581 

southeast; inferred from the longitudinal dune elongation direction) that are at high angles to the 582 

MLs trends (east-northeast). (C) ALOS PALSAR image showing the Sarah Formation (bright 583 

areas outlined by red lines) overlying the MLs; the radar data enables differentiation of linear 584 

ridges with rough surfaces (bright, high backscatter) from the valleys floored with fine-grained 585 

sand (dark, low backscatter). (D) Interpretation map of 2E. Sarah Formation paleo-valleys 586 

display inverted topographies25,46 and are acting as corner reflectors that are characterized by 587 

high radar backscatter (bright areas). Locations of Figs. 3A to 3D are shown in Fig. 1C. 588 
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 589 

Fig. 4. Field photographs for glacial deposits and polished pavements over the 590 

Neoproterozoic basement of the Arabian-Nubian Shield in the SED of Egypt. (A) Thick 591 

glacial deposits (~15m) of massive, unsorted, boulder-rich, and matrix supported diamictites 592 

(Dmm) unconformably overlying the basement rocks in Wadi El-Naam area, SED, Egypt. (B) 593 

Contact between the basement (B) and the overlying unsorted, matrix supported glacial and 594 
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boulder rich glacial diamictites (Dmm), Korbiai area. (C) Glacial diamictites preserved in the 595 

paleo-topographic depressions (area ~ 0.5 km2) within the Neoproterozoic basement in Betan 596 

area. (D) Enlargement to the area outlined by blue box on Figure 4E, showing glacial polished 597 

pavements with crescentic gouges over a Neoproterozoic pluton in the Jebel Hagar Zarqa area. 598 

(E) Field photograph for the Late Ordovician glacial polished pavements over granitic rocks in 599 

the SED. Locations of Figs 4A–4E are shown in Fig. 1B. 600 

 601 

 602 

Fig. 5. Reconstruction and delineation of the AIS in the Late Ordovician. (A) A detailed 603 
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paleo-geomorphological reconstruction for the eastern part of the LOIS and the AIS. All 604 

topographic features interpreted from the (1° × 1°) PaleoDEM data54. The map indicates the 605 

topographic controls for the identified MLs, and the marine terminations of these features. The 606 

southern boundary of the AIS was constrained by the location of a topographic high (the 607 

Arabian-Nubian shield), whereas the northern margin is not well-defined. Inset map shows 608 

paleo-reconstruction for the reported deposits and striation trends from the LOIS plotted over the 609 

Gondwana paleo-geographic base map58. (B) Correlation between the size of the AIS from LOIS 610 

and Hudson Strait Ice Stream and M’Clure Strait Ice Stream of the Laurentide Ice Sheet16, the 611 

largest known terrestrial ice streams. 612 
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