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Abstract:   24 

 25 

Intense glaciation during the end of Cryogenian time (~635 million years ago) marks 26 

the coldest climate state in Earth history - a time when glacial deposits accumulated 27 

at low, tropical paleolatitudes. The leading idea to explain these deposits, the snowball 28 

Earth hypothesis, predicts globally frozen surface conditions and subfreezing 29 

temperatures, with global climate models placing surface temperatures in the tropics 30 

between -20°C and -60°C. However, precise paleosurface temperatures based upon 31 

geologic constraints have remained elusive and the global severity of the glaciation 32 

undetermined. Here we make new geologic observations of tropical periglacial, 33 

aeolian and fluvial sedimentary structures formed during the end-Cryogenian, 34 

Marinoan glaciation in South Australia; these observations allow us to constrain 35 

ancient surface temperatures. We find periglacial sand wedges and associated 36 

deformation suggest that ground temperatures were sufficiently warm to allow for 37 

ductile deformation of a sandy regolith. The wide range of deformation structures 38 

likely indicate the presence of a paleoactive layer that penetrated 2-4 meters below 39 

the ground surface.  These observations, paired with a model of ground temperature 40 

forced by solar insolation, constrain the local mean annual surface temperature to 41 

within a few degrees of freezing. This temperature constraint matches well with our 42 

observations of fluvial deposits, which require temperatures sufficiently warm for 43 

surface runoff. Although this estimate coincides with one of the coldest near sea-level 44 

tropical temperatures in Earth history, if these structures represent peak Marinaon 45 

glacial conditions, they do not support the persistent deep freeze of the snowball Earth 46 
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hypothesis. Rather, surface temperatures near 0°C allow for regions of seasonal 47 

surface melting, atmosphere-ocean coupling and possible tropical refugia for early 48 

metazoans. If instead these structures formed during glacial onset or deglaciation, 49 

then they have implications for the timescale and character for the transition into or 50 

out of a snowball state.   51 

 52 

1. Introduction:   53 

 54 

Observations of globally-distributed glacial sediments deposited at sea-level in low 55 

paleolatitudes (Harland, 2007; Hoffman and Schrag, 2002; Williams, 1975) gave rise to 56 

claims that Earth’s late Neoproterozoic glacial climate must have been radically different 57 

from that of Phanerozoic glacial intervals (Hoffman and Schrag, 2002; Hoffman et al., 58 

1998; Kirschvink, 1992; Williams, 1975). The origin and significance of these glaciogenic 59 

deposits has been debated for nearly a century (see review in Harland, 2007), but the 60 

snowball Earth hypothesis has emerged as a unifying hypothesis to explain the evidence. 61 

The snowball Earth model proposes that Cryogenian climatic events drove equatorial 62 

temperatures to below -20°C, temperatures sufficient to freeze Earth’s oceans from pole to 63 

equator (Hoffman and Schrag, 2002; Kirschvink, 1992). Variants on the snowball Earth 64 

model propose that the equatorial regions of Earth’s oceans remained open and Earth’s 65 

surface temperatures, though cold, were not sufficient to freeze the entirety of Earth’s 66 

surface (Abbot et al., 2011; Crowley et al., 2001; Peltier et al., 2007).  Direct geological 67 

constraints on surface temperatures during this period are missing, and evidence supporting 68 

any one hypothesis has thus far been equivocal.  69 
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 70 

Although abundant glacial sediments deposited at low latitudes during Cryogenian time 71 

provide the primary evidence for a cold global climate, significant differences in the 72 

environment are expected depending on the temperature of Earth’s surface. For example, 73 

at the temperatures expected by the end-member model of a snowball Earth, the range of 74 

active sedimentary processes during the peak glacial periods would be limited (Allen and 75 

Etienne, 2008). Wind-blown sediments may be made unavailable for transport because of 76 

ice burial or ice cementation. Temperatures would be too cold for fluvial activity and 77 

modification of continental shelf sediments by tidal and wave action would be greatly 78 

attenuated  (Hoffman and Schrag, 2002).  Models that do not require deeply frozen 79 

temperatures allow a wider range of sedimentary environments associated with an active 80 

hydrologic cycle and open oceans to be active throughout the glaciation and, in certain 81 

localities, such sedimentary environments have been highlighted as counter evidence to the 82 

presence of a snowball Earth during the Cryogenian (Allen and Etienne, 2008).   83 

 84 

Periglacial sand wedges and associated regolith deformation and fluvial deposits found in 85 

the Marinoan Whyalla Sandstone in South Australia, are a primary focus of this study (Fig. 86 

1). This suite of sedimentary structures forms under a relatively narrow thermal regime 87 

(Mellon, 1997; Pewe, 1959) and can be used to refine equatorial temperature estimates 88 

during the Marinoan glaciation.  Models and modern observations of sand wedges indicate 89 

that wedges form by sediment infilling of thermal contraction cracks, which occur when 90 

the ground cools and induces a tensile stress that exceeds the strength of frozen regolith 91 

(Maloof et al., 2002; Mellon, 1997; Pewe, 1959). Large seasonal temperature variations 92 
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found at high latitudes, very cold ground (mean annual temperature < 0ºC), and a dry 93 

climate are key characteristics of these models and observations that indicate crack and fill 94 

cycles that give rise to vertically laminated, sand-filled wedges, which may be associated 95 

with deformed ground (Fig. 2). (Black, 1976; Hallet et al., 2011; Pewe, 1959; Sletten et al., 96 

2003).  Deformed ground associated with sand wedge growth occurs because sand fills the 97 

open fracture and during a warm phase of the cycle the ground expands; the fracture cannot 98 

close and compressive stresses propagate horizontally to deform the ground surrounding 99 

the wedge (Hallet et al., 2011).   100 

 101 

Some of these structures have long presented a conundrum for reconstructing Earth’s 102 

equatorial climate during the Marinoan glaciation in South Australia.  The presence of sand 103 

wedges in particular, because they are thought to require a strong seasonal temperature 104 

variation, are difficult to explain at equatorial latitudes where seasonal temperature 105 

variations are low.  Their presence in the low latitudes, along with low-latitude glacial 106 

deposits, inspired the proposal that Earth’s obliquity was higher prior to the Cambrian 107 

Period (Williams, 1975; Williams, 2007).  An alternative hypothesis suggested that the 108 

wedges formed by diurnal temperature variations under severely cold equatorial conditions, 109 

consistent with the snowball Earth hypothesis (Maloof et al., 2002).  110 

 111 

Here we revisit the origin of these sand wedges in the context of other co-existing 112 

sedimentary structures and paleoenvironments. In order to explain these features and place 113 

constraints on the paleotemperatures during the Marinoan Glaciation in South Australia, 114 

we pair geologic observations with a model of ground temperatures forced by solar 115 
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insolation.  The model provides a better understanding of the expected temperature change 116 

within which low-paleolatitude sedimentary deposits develop, and it is used along with 117 

observations of periglacial sand wedges to constrain temperatures. Observations of an 118 

active fluvial system corroborate the primary conclusion of this work that temperatures 119 

during the Marinoan glaciation in South Australia were warmer than anticipated by a 120 

snowball Earth and were likely near 0°C.   121 

 122 

2. Geologic Background  123 

 124 

The Cryogenian Whyalla Sandstone and Cattle Grid Breccia contain abundant sand wedges, 125 

periglacial deformation structures, and aeolian and fluvial deposits. These deposits sit on 126 

the Stuart Shelf, which is adjacent to the Adelaide Rift Complex (ARC) (Preiss, 1987; 127 

Williams and Tonkin, 1985; Williams, 1998). During Late Neoproterozoic time, the Stuart 128 

Shelf and ARC were part of a broad continental margin undergoing episodes of rifting and 129 

thermal subsidence, which provided accommodation for a 7-12 km succession of 130 

Neoproterozoic to Cambrian deposits, directly overlying Paleo- and Mesoproterozoic 131 

basement (Preiss, 1987). The relatively undeformed Stuart Shelf lies to the west of the 132 

ARC and preserves thin, Neoproterozoic to Cambrian cratonic cover that onlaps the Gawler 133 

Craton (Fig. 1).  134 

 135 

2.1 Stratigraphy 136 

 137 
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The Whyalla Sandstone is part of the Umberatana Group, which is the primary Cryogenian 138 

glaciogenic sedimentary succession in South Australia.  The Whyalla Sandstone is 139 

interpreted as a periglacial aeolian sand sheet and thought to correlate down stratigraphic 140 

dip to the laminated siltstones and tillites of the syn-Marinoan, glacio-marine Elatina 141 

Formation (Preiss, 1987).  Outcrop exposure between the Stuart Shelf and the ARC is poor 142 

and the correlation is primarily based upon the cold-climate facies association between the 143 

glacial Elatina Formation and periglacial Whyalla Sandstone (Preiss, 1987; Williams et al., 144 

2008).  The correlation between the Whyalla Sandstone and the Elatina Formation is 145 

strengthened by subsurface cores that demonstrate that the Nuccaleena Formation cap 146 

carbonate, which overlies the Elatina Formation, also overlies the Whyalla Sandstone in 147 

the subsurface (McGlown et al., 2012; Williams, 1998).  The Nuccaleena Formation is part 148 

of the younger Wilpena Group: the base of the formation is associated with post-glacial 149 

transgression and marks the beginning of the Ediacaran Period (Preiss, 1987; Rose and 150 

Maloof, 2010). The Nuccaleena has been correlated globally by distinctive lithofacies and 151 

chemostratigraphic analysis to other Marinoan-age cap carbonates (Hoffman, 2011).   152 

 153 

Our analysis focuses on periglacial structures located at and near the Mt. Gunson Mine on 154 

the Stuart Shelf (Fig. 1). This area of the Stuart Shelf is thought to have been a paleo-high, 155 

denoted as the Pernatty Upwarp, during deposition of the Whyalla Sandstone and 156 

generation of the periglacial structures (Preiss, 1987; Williams and Tonkin, 1985; Williams, 157 

1998).  At the mine, the underlying basement is the Mesoproterozoic Pandurra Formation, 158 

which consists of very coarse fluvial sandstone and pebble conglomerates.  The upper 159 

Pandurra Formation at the mine is highly brecciated and known as the Cattle Grid Breccia 160 
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(Williams and Tonkin, 1985).  The breccia is thought to represent long-term exposure to 161 

cryogenic processes during the Cryogenian period (Williams and Tonkin, 1985), and it 162 

does not appear in outcrops or drill cores elsewhere on the Stuart Shelf away from the 163 

Pernatty Upwarp.  164 

 165 

2.2 Age and Palegeography 166 

 167 

Paleomagnetic constraints have not been determined directly from the Whyalla Sandstone, 168 

but constraints from the Elatina Formation and overlying Nuccaleena Formation place the 169 

ARC at < 15° North paleolatitude, with best current estimates between 7° and 14° North 170 

paleolatitude (Evans and Raub, 2011; Hoffman and Li, 2009; Schmidt et al., 2009; Sohl et 171 

al., 1999; Sumner et al., 1987).  The precise paleogeographic location of the Elatina 172 

Formation is a subject of some debate based upon the stratigraphic relationship between 173 

the Elatina Formation, which is estimated at 10° North (Schmidt et al., 2009), and the 174 

overlying Nuccaleena Formation which is estimated at 14° North (Evans and Raub, 2011).  175 

Preiss (2000)  and Williams et al. (2008) report a basin-wide sequence boundary at the 176 

contact between the formations.  However, Rose and Maloof (2010) conclude that no 177 

regional unconformity exists between the Elatina Formation and Nuccaleena Formation 178 

based upon forty-one measured stratigraphic sections from outcrop across the ARC. In 179 

their study, no angular relationship was observed that indicated an unconformity, the 180 

thickness of the Nuccaleena Formation was largely constant across the Flinders Ranges, 181 

and the contact varied from sharp and winnowed to transitional with silt and ice-rafted 182 

debris.  Despite a debate over the precise location, all studies place the Elatina Formation 183 
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and hence the correlative Whyalla Sandstone at less than 15° North paleolatitude (Evans 184 

and Raub, 2011; Hoffman and Li, 2009; Schmidt et al., 2009). 185 

 186 

Although absolute age constraints for the Whyalla Sandstone remain elusive, the minimum 187 

age is reasonably well constrained by regional correlation to the Elatina Formation and by 188 

global chemo and litho stratigraphic correlation of the Nuccaleena cap carbonate (Hoffman, 189 

2011). The Whyalla Sandstone is thought to have been deposited during the Marinoan 190 

glaciation prior to 635 Ma; this date is constrained by radiometric ages associated with cap 191 

carbonates in Namibia and China (Bowring et al., 2007; Condon et al., 2005; Hoffmann et 192 

al., 2004). Recent detrital zircon (DZ) analysis by Rose et al. (2013) demonstrates that the 193 

youngest DZ ages within the Elatina Formation approach 635 Ma, consistent with the 194 

Elatina Formation being a syn-Marinoan glacial deposit, whereas the youngest DZ ages 195 

from the Whyalla Sandstone cluster near 680Ma.  In addition to the difference in the 196 

youngest ages, the DZ age spectra between the Elatina Formation and the Whyalla 197 

Sandstone are different. The Whyalla Sandstone shows a distinct peak that matches that of 198 

the Pandurra Formation, suggesting the Pandurra is a primary source for the Whyalla 199 

Sandstone sediments.  The Elatina Formation has no such peak and overall different age 200 

spectra from that of the Whyalla Sandstone.  Given the stratigraphic constraint of the 201 

overlying Nuccaleena Formation that ties the Elatina Formation and Whyalla Sandstone, 202 

the origin of the difference in the youngest ages and the provenance between the Whyalla 203 

Sandstone and the Elatina Formation remains unclear, although some evidence points to a 204 

difference in sediment provenance.  205 

 206 
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3. Periglacial, Aeolian, and Fluvial Sedimentology  207 

 208 

3.1 Mt Gunson Mine, South Australia  209 

 210 

Our primary observations of aeolian stratigraphy, sand wedges, and periglacial 211 

deformation structures were made from the NW and NE pits of the Mt. Gunson Mine, 212 

South Australia, which are separated by less than 1km.  Sand wedges and deformation 213 

structures at this locality are developed on the Cattle Grid Breccia and within overlying 214 

aeolian sand sheet and dune strata of the Whyalla Sandstone  (Fig. 3).  Within the NW pit, 215 

the Whyalla Sandstone consists of three well-exposed sedimentary facies (Fig. 4a).  The 216 

lowermost facies consists of large sand wedges, contorted bedding, diapirs, and periglacial 217 

involutions developed within a medium- to coarse-grained sandstone with matrix-218 

supported clasts of the underlying, brecciated Pandurra Formation ranging up to 50 cm.  219 

Sand wedges range up to 3.5 m in width and 2.5 m deep within the Cattle Grid Breccia in 220 

the NW and NE Pits (Fig. 4, b, c and d). This facies is overlain by a medium- to coarse-221 

grained sandstone with minor sand wedges and wind ripple lamination, which is interpreted 222 

as a periglacial aeolian sand sheet (Williams, 1998).  Sets of aeolian cross-stratification 223 

ranging up to 12 m thick with rare minor sand wedges sit above the wind rippled facies and 224 

form the bulk of the Whyalla Sandstone at this locality (Fig. 3 and 4).  Dry accumulation 225 

of the aeolian strata is indicated by the absence of damp or wet interdune flat strata as 226 

primary set bounding surfaces, which is characterized by wavy lamination, soft-sediment 227 

deformation, biotic crusts and evaporites (Kocurek and Havholm, 1993).  Within the NE 228 

Pit, the Cattle Grid Breccia with sand wedges and convolute bedding comprises the lower-229 
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most facies. Aeolian sand sheets with minor sand wedges overly the breccia and large sets 230 

of aeolian cross-strata sit above the sand sheet (Fig. 3 and Fig. 4, b and c).  At several 231 

locations within the NE pit, the deformation of the Cattle Grid Breccia gives way 232 

downward to undeformed Pandurra Formation sandstone, with only minor brecciation.  233 

 234 

The largest wedges in both locations terminate upward into a deflation surface with pebble 235 

lag  (Fig. 3), suggesting that these wedges were either epigenetic, having persisted for an 236 

extended period on a stable surface, or anti-syngenetic, with the wedges forming during 237 

deflation of the surface (Mackay, 1990; Murton and Bateman, 2007). Sand sheet 238 

laminations onlap relict topography along this surface and reveal that this lag surface is the 239 

paleoground surface (Fig. 4e).  Within the overlying sand sheet facies in the NE Pit, nested, 240 

syngenetic sand wedges (Fig. 4c) record a continuity of periglacial features during 241 

aggradation of the aeolian sand sheet.  Sand wedges within the overlying sand sheet and 242 

dune facies are developed on internal bounding surfaces throughout and not along clearly 243 

defined horizons previously described and interpreted to represent generations of sand 244 

wedges related to long-term climatic oscillations (Williams and Tonkin, 1985; Williams, 245 

1998).  This is consistent with our observations outside of the mine where sand wedges are 246 

found throughout the Whyalla Sandstone aeolian stratification on set bounding surfaces.   247 

 248 

In contrast to the brittle deformation and frozen ground recorded by the sand wedges, a 249 

wide range of sedimentary structures indicate ductily deformed sediments—including 250 

convolute bedding (Fig. 4, a and d), periglacial involutions (Fig. 4f), and diapiric structures 251 

(Fig. 4e) (Sharp, 1942; Swanson et al., 1999; Williams and Tonkin, 1985; Williams, 2007).  252 
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The convolute bedding appears to be coeval with the growth of the sand-wedges, whereby 253 

the host strata are progressively deformed as the wedge expands with each crack and fill 254 

cycle. The synchroneity of the sand wedges and the collocated contorted beds is 255 

demonstrated by the wedge position within the nexus of isoclinal folds of the contorted 256 

bedding (Fig 4d).  The minimal deformation of the wedges and the absence of a second, 257 

superimposed generation of folds preclude the formation of the wedges pre- or post-258 

deformation.   259 

 260 

The involutions and diapiric structures could be interpreted as part of an overall 261 

permanently frozen suite of structures that lie below the permafrost table and form 262 

coincident with the wedges, or they could be interpreted to form with seasonal freeze and 263 

thaw processes that would deform the ground.  In the latter scenario, the depth of the 264 

involution would indicate the top of the permafrost table (Vandenberghe, 2013), and the 265 

base of the active layer, which is 4 m below the paleosurface. Typically, however, 266 

involutions of this scale are thought to relate to degrading permafrost on time scales longer 267 

than seasonal (Vandenberghe, 2013). The diapiric structures are likely formed by frost 268 

heave, but could be part of a thaw cycle.   269 

 270 

Prior work by Williams and Tonkin (1985) in a now in-filled Mt. Gunson Mine pit revealed 271 

a similar suite of periglacial structures.  Williams and Tonkin (1985) interpret many of the 272 

deformation structures to form by liquefaction and freeze-thaw action, and they go on to 273 

determine a paleoactive layer depth of around 2 m (Williams, 2007).  Their interpretation 274 

was used in support of severe seasonal climatic amelioration related to Williams (1975) 275 
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high obliquity hypothesis.  Although involutions and diapirs have also been widely 276 

interpreted as indicators of surface melt within an active layer in the literature describing 277 

Holocene and Pleistocene periglacial horizons (Sharp, 1942; Swanson et al., 1999), the 278 

colocation of these structures along the same stratigraphic horizon as the sand wedges, 279 

which are thought to require permanently frozen ground to form, is difficult to explain.   280 

Given the challenges associated with interpreting a paleoactive layer, in our discussion of 281 

paleotemperatures we explore the implications for both entirely frozen ground and the 282 

active layer model.  283 

 284 

3.2 Stuart Shelf Sand wedges 285 

 286 

Outcrop of the Whyalla Sandstone across the Stuart Shelf is limited, but every outcrop 287 

studied contained sand wedges (Fig. 5).  Sand wedges in localities outside of the Mt. 288 

Gunson mine were not identified in previous studies of the Whyalla Sandstone (Preiss, 289 

1987; Williams, 1998).   290 

 291 

Sand wedges outside of the Mt. Gunson mine bear resemblance to narrow syngenetic sand 292 

wedges formed within the aeolian sand sheet and dune cross stratified facies of the mine, 293 

as well as to Cryogenian sand wedges reported in Mali, West Africa (Deynoux, 1982).  The 294 

sand wedges range in width from 2 to 120 cm measured orthogonal to the axial plane of 295 

the wedge, and filled with mm-scale internal, vertical laminations.  In several localities the 296 

wedges could be traced from the maximum width to the point of the wedge taper, and in 297 

others, the wedges are better described as sand veins, with minimal apparent taper (Murton 298 
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and Bateman, 2007).  Wedge depths ranged from less than 10cm to greater than 150cm. 299 

Sand wedges outside of the mine displayed far less deformation than those within the mine. 300 

At the Whittata locality (Fig. 1), sand wedge polygons were exposed in plan-view at the 301 

surface with an average polygon diameter of 3m (Fig. 5a,b).  302 

 303 

Sand wedges were consistently found along the first-order bounding surfaces of the aeolian 304 

stratification and within thick packages of wind ripple stratification that compose the base 305 

of the majority of the dune sets we studied. We interpret the thick basal wind rippled 306 

packages to represent a dune plinth formed under an oblique to longitudinal wind regime 307 

(Kocurek, 1991).  Wedges are not present in the grainfall and grainflow stratification that 308 

comprised the upper portion of the dune sets.  Wedge development on the first order 309 

bounding surfaces (Fig. 5a,b,e) and within the wind ripple strata (5c,d,f,g,h) likely reflects 310 

the tight sand grain packing associated with the both of these types of strata.  Tight grain 311 

packing during deposition promotes cementation (Schenk and Fryberger, 1988) – ice 312 

formation in this case – which is an essential ingredient for the formation of thermal 313 

contraction cracks and wedge development.  In contrast, grainfall and grainflow strata are 314 

more loosely packed when deposited, more poorly cemented, and are thus less likely to 315 

develop thermal contraction fractures.  The largest wedges tended to develop along first 316 

order bounding surfaces indicating long exposure times and the stability of these surfaces, 317 

and the smaller wedges formed within the more mobile, wind ripple strata of the plinth. 318 

The absence of the sand wedges within the grain fall and grain flow strata may also reflect 319 

the degree of activity of the dune during the time of wedge formation, where dune 320 

avalanching and grainfall events would outpace seasonal ice cementation.   321 
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 322 

The widespread presence of sand wedges within aeolian strata outside of the Mt. Gunson 323 

mine highlights the continuity of active aeolian processes during cold climate conditions.  324 

The aeolian activity points to the absence of an entirely frozen regolith or a land surface 325 

that was buried in snow or ice.  If ground ice was present, climate alternated between 326 

periods of freezing and some degree of surface thaw that would allow aeolian transport to 327 

occur or severely dry conditions in which little ice would have accumulated on the surface.  328 

The significance of the degree of deformation in sand wedges is not well understood, but 329 

the minimal deformation observed in the sandsheet and dune facies may relate to the 330 

packing of the sand and the amount of pore ice, where greater open pore space and less ice 331 

can accommodate wedge expansion without significant deformation (Murton et al., 2000).  332 

This could indicate an overall dryer climate than was present during the formation of the 333 

highly deformed sand wedges at the base of the mine, which likely formed under constant 334 

ice saturation or in the presence of water.  Alternatively, the change in wedge type may 335 

reflect spatial variability in the local paleogeography, where conditions at the Mt. Gunson 336 

Mine promoted ice formation more readily than elsewhere on the Stuart Shelf, perhaps by 337 

proximity to a glacial system, water table, or a fluvial or marine system.   338 

 339 

3.3 Fluvial Deposits  340 

 341 

Two outcrop localities within our study area of the Whyalla Sandstone show the 342 

juxtaposition of fluvial and periglacial activity.  These localities are near Pernatty Lagoon, 343 

9 km due south of the Mt. Gunson Mine (31°31'42.17"S, 137° 8'46.21"E), and at Island 344 
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Lagoon and Lake Finniss, 50km west of the mine (31°38'5.20"S, 136°40'1.48"E).  The 345 

most recent and widely accepted interpretation of the Whyalla Sandstone is a cold climate 346 

periglacial, aeolian sand sheet (Williams, 1998). However, our observations suggest a 347 

reinterpretation of the Whyalla Sandstone as a glacio-fluvial-aeolian formation.  348 

 349 

The outcrop south of the Mt. Gunson Mine covers less than a square kilometer and displays 350 

a key stratigraphic relationship between a periglacial facies, similar to those recognized in 351 

the Mt. Gunson Mine, and the newly recognized fluvial facies.  The base of the outcrop is 352 

characterized by sand wedges formed within an extensively deformed sandstone that 353 

contains subangular, pebble to cobble-sized clasts of Pandurra Formation (Fig. 6 and 7a).  354 

The interior of the wedge has vertical laminations and is surrounded by deformed beds 355 

with a crinkled texture that appears to be deformed ripple cross-lamination (Fig. 7a).  The 356 

convolute bedding gives way upward into flat lying crinkled bedding composed of 357 

discontinuous, subparallel laminations formed of medium to very coarse, very well 358 

rounded, highly spherical sand grains.  The crinkled beds with subparallel laminations also 359 

appear to contain deformed ripple cross-lamination.  Pebble-sized clasts of Pandurra appear 360 

within the crinkled bedding and decrease in concentration upward. The crinkled bedding 361 

gives way upward to planar bedding and ripple cross-lamination formed within the same 362 

medium to very coarse sandstone and absent the clasts of Pandurra.  Although most of the 363 

ripple cross lamination appears to be formed by the migration of asymmetrical bedforms 364 

indicating unidirectional flow (Fig. 7b), a single instance of symmetrical ripple forms (Fig. 365 

7c) may indicate oscillatory flow from wave action and a different paleoenvironment.  The 366 

sands that compose the planar bedding and ripples are similar in size and shape to those 367 
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within the sand wedges and convolute bedding, indicating fluvial reworking of poorly 368 

consolidated sands of the sand wedge and convolute facies.  The highly spherical grains 369 

suggest aeolian cycling of the sand. 370 

 371 

The upper portion of the outcrop south of the Mt. Gunson Mine is characterized by dune 372 

cross stratification ranging between 20 and 60 cm set thickness formed in a medium to 373 

coarse sandstone (Fig. 7d).  Tabular and trough cross-stratified beds are truncated laterally 374 

by channels ranging up to 3 m in depth and 20 m in width and composed of dune trough 375 

cross stratification with cobble to boulder size angular clasts of Pandurra Formation at the 376 

base of the channels (Fig. 7e).  Paleocurrent analysis indicates the overall transport 377 

direction of the fluvial system was toward the south with a mean resultant paleotransport 378 

direction of 202°.  Despite the clear indicators of unidirectional currents, a single instance 379 

of symmetrical ripple forms indicating oscillatory flow were found and may indicate wave 380 

action in a standing body of water.  A laterally discontinuous 20-50 cm thick pebble to 381 

cobble conglomerate caps the sequence (Fig. 7f,g,h).  The cobble clasts are nearly all very 382 

well-rounded and composed of megaquartz dissimilar to the clasts of Pandurra Formation 383 

found within the channels or at the base of the section.  A single striated cobble (Fig. 7g) 384 

was found among the conglomerate, indicating the cobbles may have been part of a nearby 385 

glacial system.   386 

 387 

The outcrops at Island Lagoon and Lake Finniss do not exhibit the channelized fluvial 388 

facies, but rather have two distinct packages of low-angle and trough cross-stratification 389 

formed in a medium to very coarse, very well-rounded, highly-spherical, poorly cemented 390 
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subarkose sandstone. No Pandurra clasts are found in this area: the deformation is entirely 391 

within the Whyalla Sandstone. The low-angle cross-stratification at Island Lagoon was 392 

originally interpreted as an aeolian sand sheet (Williams, 1998). However, asymmetrical 393 

fluvial ripples and dune-scale sets formed in coarse to very coarse grained sand found in 394 

the outcrops indicate that at least some of the outcrop is fluvial, although we could not 395 

eliminate the possibility that other areas of the outcrop were aeolian.  The outcrop is 396 

separated by two erosional surfaces marked by truncated dune-scale cross sets, some of 397 

which appear fluvial in origin, as well as sand wedges and convolute bedding.  Typically, 398 

only the lower, tapering portion of the sand wedges and upturned deformed strata are 399 

preserved.  The erosional contacts are sharp and uniform in elevation across the outcrop.  400 

The upper erosional surface marks the top of the outcrop and is highly silicified.  The origin 401 

of the erosional surface is not clear and could indicate fluvial erosion down to a permafrost 402 

table, aeolian deflation, or a glacial surface, though no other glacial-like features are found 403 

along these horizons.  404 

 405 

 406 

 407 

4.0 Discussion  408 

 409 

4.1 Sand wedge formation and models to explain low-latitude sand wedges  410 

 411 

One of the paleoclimate centerpieces in the South Australia Marinoan sedimentary record 412 

that can be used to constrain paleotemperatures is periglacial sand wedges surrounded by 413 
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deformed ground (Fig. 2).  Sand wedges are widespread in Cryogenian (720-635 million 414 

years ago) sedimentary successions in West Africa (Deynoux, 1982), Norway (Edwards, 415 

1975), Scotland (Spencer, 1971), and South Australia (Figs. 2, 4a-f, 5a-h)(Williams and 416 

Tonkin, 1985).  The sand wedges in South Australia, however, are the only reported 417 

Cryogenian sand wedges developed at less than 30° paleolatitude (Hoffman and Li, 2009), 418 

and cannot be explained readily using modern high-latitude analogs where seasonal 419 

temperature variations are extreme.  420 

 421 

In an effort to explain South Australian sand wedges and the wide-spread glacial deposits 422 

at the paleoequator, Williams (1975, 2007) developed the prominent precursor to the 423 

snowball Earth hypothesis, the high-obliquity hypothesis (Schmidt and Williams, 1995; 424 

Williams et al., 1998; Williams, 2007, 1975).  This hypothesis purported that during the 425 

Precambrian, Earth’s obliquity (i.e., the angle between the Earth’s axes of rotation and its 426 

axis of orbit around the sun) was greater than 54°, as compared with about 23° today, and 427 

this configuration allowed mean annual temperatures at the equator to drop below 0°C.  428 

Importantly, this would have increased equatorial seasonality, thereby allowing sand 429 

wedge growth. Based on the presence of sand wedges and the temperature regime within 430 

which sand wedges form today, Williams and Tonkin (1985) suggested a temperature range 431 

from -20C to +4C.  Criticisms of the high obliquity model highlight the absence of an 432 

explanation for the meridional distribution of the entire suite of Precambrian climate-433 

sensitive rocks, including evaporites and the Cryogenian pre- and post- glacial carbonates 434 

(Evans, 2006), and for a rapid shift of Earth’s obliquity between Cryogenian and Cambrian 435 

times (Hoffman and Li, 2009), when Earth’s orbital configuration is better constrained. 436 
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 437 

The South Australian wedges also engendered a potential challenge to a snowball Earth 438 

climate state because strong equatorial seasonality would not be expected for a modern 439 

orbital configuration (Hoffman and Li, 2009; Hoffman and Schrag, 2002).  This was 440 

partially reconciled by a low-latitude sand wedge hypothesis with a model proposing that 441 

thermal contraction fractures, a key ingredient of sand wedges, could form under snowball-442 

Earth conditions by diurnal temperature fluctuations (Maloof et al., 2002). In this 443 

hypothesis, diurnal temperature swings drive thermal contraction cracking in the upper 444 

decimeter or so of the ground, and because the regolith is sufficiently cold and brittle at 445 

snowball Earth temperatures, fractures propagates to several meters depth.  Although 446 

temperatures predicted by a snowball Earth climate could generate brittle ground and allow 447 

cracking at several meters depth by diurnal temperature oscillations, the cold temperatures 448 

and brittle ground also preclude the formation of ductily deformed ground during sand 449 

wedge development over daily time scales, which is inconsistent with our observations. 450 

 451 

4.2 Model of ground temperatures 452 

 453 

Current models to explain low-latitude wedges are fundamentally built upon an assumption 454 

that seasonal temperature fluctuations near the equator in the modern orbital configuration 455 

are insufficient for sand wedges to form (Maloof et al., 2002; Williams and Tonkin, 1985).  456 

Here we relax this constraint and explore temperature fluctuations near the equator to better 457 

understand the range of expected temperatures associated with low-latitude wedge 458 

formation.  The two most likely mechanisms to produce the repeated temperature 459 
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oscillations within the ground are solar-forced (1) diurnal and (2) annual temperature 460 

fluctuations with the expectation that at the equator diurnal temperature variations are the 461 

strongest and the annual temperature variations are weaker.   462 

 463 

We apply a simple thermodynamic model of the atmosphere and underlying regolith with 464 

solar insolation forcing that varies as a function of latitude and examine the resulting 465 

patterns of temperature variability within the ground for both the current and high-obliquity 466 

scenarios. The model is described in the Supplementary Material. It includes surface 467 

temperatures computed assuming a linear response to solar insolation and thermal diffusion 468 

within the sandy regolith below. The model results illustrate that the original notion that 469 

seasonality at the paleolatitude of the sand wedges was weak for the current 23.4° obliquity 470 

(Williams, 2007, 1975), which motivated both the high-obliquity hypothesis and diurnal-471 

mechanism, applies only to a narrow range of latitudes near the equator (Fig. 8). The annual 472 

cycle in surface temperature rapidly strengthens away from the equator, and it exceeds the 473 

amplitude of the diurnal cycle, even at the ground surface, for latitudes greater than about 474 

12º latitude (Fig. 8b,d). Heat diffuses into the regolith to a characteristic depth of ~3 m for 475 

the annual cycle, compared with 20 cm for the diurnal cycle, suggesting that at all latitudes 476 

the temperature variability is primarily annual at the meter-scale depths where the sand 477 

wedges and deformation structures are found. Figure 8c and 8d demonstrate that a high-478 

obliquity Earth would generate strong seasonal temperature variations at the equator 479 

sufficient for sand-wedge formation. However, in comparison, the calculation also 480 

demonstrates that the expected temperature ranges under a normal orbital configuration 481 
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provide a reasonably high temperature change for the constrained paleolatitudes, and the 482 

high-obliquity scenario is not a necessary condition.  483 

 484 

These calculations demonstrate that if only diurnal temperature variations are considered 485 

(Fig. 8b,d), the ground at meter-scale depths would remain virtually isothermal and brittle 486 

under the cold snowball Earth conditions (Maloof et al., 2002). The absence of temperature 487 

variability at meter-scale depths in brittle ground does not allow for the formation of the 488 

ground deformation we observe associated with the wedges, limiting the efficacy of the 489 

diurnal model for the full suite of periglacial features in the South Australia Cryogenian 490 

succession.  491 

 492 

If the tropical paleolatitude is broadly correct, we hypothesize that the wedges can still be 493 

explained by the annual temperature cycle, which is at least as strong as the diurnal cycle 494 

at the surface and propagates far deeper within the ground.  We calculate the maximum 495 

annual temperature change within the range of paleolatitudes of the Whyalla Sandstone to 496 

be about 8° C (Fig. 8b). These temperature ranges match approximately that of today at the 497 

same latitudes. Given the damping of temperature oscillations with depth, we calculate the 498 

annual temperature range at 4 m depth, which is the depth to which we observe ground 499 

deformation, to be around 2.5° C (Fig 8b).  The stresses induced by such a small 500 

temperature change in frozen ground at temperatures suggested previously (-20°C or 501 

colder) are unlikely to be sufficient to deform the ground surrounding a sand wedge. Thus, 502 

we propose the alternative hypothesis that temperatures must have been warmer than 503 

currently estimated to allow ductile deformation of frozen ground.  Minimally, this places 504 
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temperatures at 4 m depth at the brittle-ductile transition of an ice-rock mixture. Although 505 

the temperature at which this occurs depends on a range of the ice-rock mixture properties, 506 

ice-rock mixtures tend to increase regolith brittleness at warmer temperatures, as compared 507 

to pure ice, thereby raising the minimum temperature at which ductile deformation can 508 

occur.  The severity of the deformation we observe would be most easily accomplished if 509 

partial melt was present in the ground, which could occur with the seasonal formation of 510 

segregation ice or freeze and thaw of an active layer. If the ground were to annually cross 511 

the melting point at several meters depth, our calculations highlight that mean annual 512 

surface temperatures would be within a few degrees of 0°C. This temperature estimate also 513 

readily explains our observations of fluvial deposits generated by surface runoff.   514 

 515 

4.3 Fluvial activity during the Marinoan Glaciation 516 

 517 

The presence of an active fluvial system within the Whyalla Sandstone places an important 518 

constraint on the climate during the Marinoan glaciation. Temperatures were sufficiently 519 

warm to allow surface runoff in at least two localities. In one locality, near the Mt. Gunson 520 

Mine, the fluvial system had well-developed channels and transported boulder-sized clasts.  521 

At another, near Island Lagoon and Lake Finniss, distinct erosional horizons mark the 522 

alternation of periglacial processes and aeolian and fluvial activity. In another 523 

interpretation, the fluvial component of the Whyalla Sandstonse could arise from 524 

subglacial melt, but direct evidence of glacial activity is limited to the Elatina Formation 525 

and not found on the Stuart Shelf.  Importantly, all of this activity was occurring prior to 526 
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deposition of the post-glacial Nuccaleena Formation cap carbonate and constrains this 527 

activity to have been part of the Marinoan glacial interval.  528 

 529 

The presence of surface runoff could be interpreted as seasonal or longer-term climatic 530 

amelioration during a dominantly glacial interval.  If seasonal, the runoff suggests 531 

temperatures at least rose above the melting point long enough during the summer for well-532 

evolved fluvial system to develop.  Based upon our temperature calculations, this 533 

constrains minimum mean annual surface temperatures to be -8°C, in order to allow 534 

temperatures to cross the melting point.  This temperature is consistent with ground ice 535 

being sufficiently ductile for the development of the deformation we observe.  If the fluvial 536 

deposits are related to flooding events, the outcrop at Pernatty Lagoon is difficult to explain 537 

because of the absence of a significant erosional horizon between the periglacial and fluvial 538 

contact. A flood may better explain the erosional surfaces at Island Lagoon, but larger 539 

clasts that might be expected with a flood are absent.  Lastly, the fluvial deposits may 540 

indicate intervals of widespread warming during the glaciation, which could imply that part 541 

of the Cryogenian had a style of glaciation similar to that of the Pleistocene in which 542 

temperatures oscillate between warm and cool on tens-of-thousands of year timescales.  543 

 544 

Though stratigraphic relationships place the fluvial activity within the Whyalla Sandstone, 545 

this activity could have occurred before or after peak glaciation as reported elsewhere for 546 

fluvial and deltaic deposits in the Elatina Formation (Le Heron et al., 2011; Rose et al., 547 

2013; Williams et al., 2008).  If the deposits are generated by climatically-driven warming 548 

and occur pre- or post-glacial, then the punctuated periglacial and fluvial activity records 549 
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temperature oscillations, rather than continuous rapid glacial onset or deglaciation.  550 

Alternatively, the fluvial activity could be explained by the spatial variations in local 551 

environments occurring within a dynamic glacial outwash system in which sand dunes, 552 

fluvial environments, and periglacial environments co-existed.  If this occurred prior to 553 

peak glaciation, then there is no record of the peak glaciation or post-glacial environment 554 

prior to deposition of the Nuccaleena Formation.  If part of the post-glacial sequence, then 555 

deglaciation in South Australia was cold enough for sand wedges to form and occurred 556 

over a time-scale that allowed the development of fluvial systems and the accumulation of 557 

nearly two hundred meters of aeolian sediments.  558 

 559 

4.4 Implications for snowball Earth hypothesis 560 

 561 

If the Whyalla Sandstone spans part of the peak Marinoan glacial sequence as others have 562 

suggested (Williams et al., 2008), our observations imply that the Marinoan glaciation in 563 

South Australia was less severe than suggested by the snowball Earth hypothesis.  We 564 

explore a range of implications for the snowball Earth hypothesis below:  565 

 566 

1.  Ice did not cover the land surface during the time the wedges formed and the dunes were 567 

active. Though models and geologic evidence differ on the amount of ice and snow 568 

accumulation at the equator (Hoffman, 2011; Pierrehumbert, 2002; Pierrehumbert et al., 569 

2011), ice sheets are thought to cover all continents (Hoffman, 2011).  Our observation is 570 

compatible with Williams (2007), who also highlights the presence of dunes and sand 571 

wedges as evidence of an ice-free land surface. 572 
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 573 

2.  Surface water was present in sufficient quantities for a well-developed fluvial channels 574 

to form on the Stuart Shelf.  This observation is incompatible with the snowball Earth 575 

climate, in which the hydrologic cycle is minimal and no significant surface runoff is 576 

present. The association of the channel deposits with the wedge-generated convolute 577 

bedding suggests an ongoing cold climate associated with surface melt.  The runoff may 578 

be associated with the presence of a nearby glacier indicated by the striated clast found in 579 

one locality.  These observations also highlight that the Whyalla Sandstone should be re-580 

evaluated as a glacio-fluvial-aeolian formation and not only periglacial-aeolian formation, 581 

as proposed by Williams (1998). Our paleoenvironmental interpretation is similar to what 582 

was envisioned by Preiss (1987) in his reconstruction of the Stuart Shelf and implied by 583 

others in their discussion of the fluvial component to the Elatina Formation (Le Heron et 584 

al., 2011; Rose et al., 2013).   585 

 586 

3.  Temperatures were warm enough for ground ice to deform ductily, which provides a 587 

temperature constraint for the Whyalla Sandstone.  A temperature near 0°C is higher than 588 

predicted in the current snowball model and inconsistent with most GCM simulations of 589 

snowball Earth conditions (Pierrehumbert et al., 2011). This temperature is compatible 590 

with temperature estimates of the variants on the snowball Earth including the slushball 591 

models (Abbot et al., 2011; Peltier et al., 2007).  The periglacial diapirs and involutions we 592 

observe could form within an active layer or degrading permafrost conditions indicating 593 

that freeze-thaw or melting may have occurred to several meters depth.  Our estimates of 594 

an active layer are consistent with Williams (2007), who reports the presence of a 2m active 595 
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layer and widespread melt structures.  Given the equatorial paleolatitude constraint, our 596 

calculations indicate that with paleoactive layer depth ranging from 2 to 4m, mean annual 597 

surface temperatures would have been within 2-5 degrees of 0°C.  598 

 599 

5.0 Conclusions  600 

 601 

The geological observations of periglacial structures – sand wedges, convolute bedding, 602 

involutions and diapiric structures – indicate that the ground was sufficiently warm to 603 

ductily deform or melt during the Marinoan Glaciation.  These observations, paired with a 604 

model of annual ground temperature change in the low latitudes, narrows the bounds on 605 

the range of environmental conditions expected during the Marionan Glaciation in South 606 

Australia.  Temperature estimates around 0°C match well with the occurrence of fluvial 607 

deposits associated with the periglacial structures and indicate that significant melt was 608 

present on the land surface during the glaciation.  The presence of fluvial deposits in several 609 

localities on the Stuart Shelf, along with wide-spread periglacial and aeolian deposits, point 610 

to an environment like a sandy braid plain that may have drained a nearby glacial 611 

environment.  Although the Whyalla Sandstone has long been considered as part of the 612 

peak Marinoan Glacial suite, there is insufficient outcrop to link the Whyalla Sandstone 613 

with the Elatina Formation and place definitive bounds on the timing.  Despite this, the 614 

facies present and our temperature calculations show that South Australia during the 615 

Marinoan Glaciation was one of the coldest tropical climates in Earth’s history and 616 

highlight the need for more geological constraints of temperature to constrain the glacial 617 

severity during the Cryogenian Period.  618 
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Figure Captions: 760 

 761 

 762 

 763 

Figure 1.  Generalized geological map of the Stuart Shelf and Adelaide Rift Complex in 764 

South Australia. Outcrop localities are labeled.  Inset map shows paleolatitude of Australia 765 

(Evans and Raub, 2011; Schmidt et al., 2009; Sohl et al., 1999; Sumner et al., 1987).  766 

 767 

Figure 2.  Images of sand wedges from different times and localities. Sand wedge formed 768 

in Marinoan-age aeolian Whyalla Sandstone, South Australia (a), Pleistocene sand-sheet 769 

deposits in Arctic Canada (Murton and Bateman, 2007) (photo courtesy J. Murton) and (c) 770 

Holocene deposits in Antarctica (photo courtesy R. Sletten). Upturned, convolute bedding 771 
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is present in each image adjacent to the sand wedge. Sand wedge in (c) is shown in cross-772 

section and plan view and shows relief generated from the wedge expansion. This relief 773 

has been eroded and buried in the (a) and (b). White circle encompasses a coin for scale in 774 

(a) and a 20cm ruler is visible on the left side of the image in (c). 775 

 776 

Figure 3. Composite stratigraphic column of the Whyalla Sandstone and Cattle Grid 777 

Breccia at the Mt. Gunson Mine. (a) Contorted bedding in Whyalla Sandstone. (b) Anti-778 

syngenetic sand wedge. (c) Pebble lag surface. (d) Cattle Grid Breccia. (e) Diapiric 779 

structure. (f) Onlapping relationship of sand sheet facies with diapiric structure. (g) 780 

Syngenetic genetic sand wedges. (h) Sand wedge within aeolian dune cross-stratification.  781 

 782 

Figure 4. Photographs of periglacial structures within the Mt. Gunson Mine in South 783 

Australia. (a) Contorted bedding and involutions extends 4 meters below paleoground 784 

surface (black line). Stippled line is dune - sand sheet contact. (b) Epigenetic or anti-785 

syngenetic sand wedge at contact between the Cattle Grid Breccia and sand sheet. Solid 786 

black arrow indicates wedge margin. (c) Syngenetic sand wedges indicate sand sheet 787 

aggradation at the time of wedge formation. Wedges indicated by dashed black arrows (d) 788 

Epi or anti-syngenetic sand wedge. Left side parallels limb of fold indicating synchronous 789 

formation. (e) Diapiric structure protruding into overlying sand sheet. Note upturned and 790 

onlapping sand sheet strata on either side of the diapir axis. (f) Periglacial involution. Flat 791 

base implies an impermeable layer, such as the permafrost table.  792 

 793 
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Figure 5. Sand wedges formed within the Whyalla Sandstone on the Stuart Shelf outside 794 

of the Mt. Gunson Mine.  (a) Planview of polygonal wedge structure at Whittita locality. 795 

Dashed white line outlines the polygonal wedge. (b) Planview of intersection of polygonal 796 

sand wedge approximately 40cm in width at Whittita locality. Folding measuring stick is 797 

60cm in length. (c) Crossectional view of sand wedge formed in wind ripple stratification 798 

noted by the parallel lamination at Whittita locality. White arrow points to edge of the 799 

sandwedge truncating the wind ripple lamination.  Bleached appearance of sandstone is 800 

typical of localities with abundant sand wedges around the Stuart Shelf.  (d) Highly sand 801 

wedge fractured outcrop at Whittita. Hammer along axis of fracture.  Note upturned 802 

bedding along sides of wedge. The rock hammer circled in white lies at the center of the 803 

wedge. (e)  Sand wedge with granules (circled in white) composing interior. Coin sits at 804 

the edge of the wedge and wind ripple laminae. (f) Sand wedge at Island Lagoon locality.  805 

Note the upturned bedding along the edges of the wedge and the vertical laminae in the 806 

interior of the wedge (white arrow). (g) Deformed sandstone at Island Lagoon truncated 807 

and overlain by wind ripple stratification.  (h) Deformed sandstone at Island Lagoon. 808 

 809 

Figure 6. (a) Composite stratigraphic section of sand wedge, deformed strata and fluvial 810 

facies of Whyalla Sandstone near Pernatty Lagoon. Dip direction arrows show 811 

measurements from ripple forms and ripple and dune cross-stratification (n = 68). Dip 812 

direction is corrected for paleogeographic configuration and indicates an overall southern 813 

transport direction.  (b) Photograph of one section of the fluvial facies.  Letters in the photo 814 

indicate the different facies in the photograph and match those shown in the stratigraphic 815 

column.  Note the prominent channel (e) cuts through the dune and ripple facies.              816 
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 818 

Figure 7.  Sand wedge, deformed strata, and channelized facies of Whyalla Sandstone near 819 

Pernatty Lagoon.  (a) Sand wedge and deformed strata overlain by channelized facies.  820 

Wedge and defomed strata are highly altered denoted by bleached color. Overlying 821 

channelized facies are dark and oxidized.  Note clasts of Pandurra Formation within wedge 822 

circled in white. (b) Asymmetrical, stoss-depositional ripple cross-lamination (white 823 

arrows indicate ripple crests). (c) Symmetrical ripple forms (crest indicated by white 824 

arrows). (d) Dune trough cross-stratification. Dashed white lines highlight troughs. (e) 20-825 

30cm subangular boulders (indicated by white arrows) within structureless sand. (f) Well-826 

rounded cobble conglomerate capping sandy dune facies. (g) Cobbles within sandstone.  827 

(h) Striated cobble found within conglomerate. 828 

 829 

Figure 8. Idealized thermodynamic model results. (a) Annual-mean net solar forcing and 830 

range of variability at annual, semiannual, and diurnal frequencies. (b) Range of 831 

temperature variability at surface and at 4m depth within the regolith at annual and diurnal 832 

frequencies. (b,d) As in (a,c) but for obliquity of 54° rather than 23.4°. The model is 833 

described in the Supplementary Material. The temperature variability at depth assumes a 834 

dry sandy regolith. Plotted values for each frequency are the range between the maximum 835 

and minimum values in the cycle, i.e., two times the amplitude of variability. Dark gray 836 

bars show range of paleomagnetic constraints on paleolatitudes, and light grey area shows 837 

approximate range of minimum and maximum errors on the range of measurements. 838 
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