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Hit or miss: Glacial incisions of snowball Earth 1	

 2	

Ross N. Mitchell1, Thomas M. Gernon2, Adam Nordsvan1, Grant M. Cox3, Zheng-Xiang Li1, and 3	
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 5	

Estimated at ~58 Myr in duration, the Sturtian snowball Earth (ca. 717-659 Ma) is one of the 6	

longest-known glaciations in Earth history. Surprisingly few uncontroversial lines of evidence for 7	

glacial incisions associated with such a protracted event exist. We report here multiple lines of 8	

geologic field evidence for deep but variable glacial erosion during the Sturtian glaciation. One 9	

incision, on the scale of several kilometers, represents the deepest incision documented for 10	

snowball Earth; another much more modest glacial valley, however, suggests an erosion rate 11	

similar to sluggish Quaternary glaciers. The heterogeneity in snowball glacial incisions reported 12	

here and elsewhere were likely influenced by actively extending horst-and-graben topography 13	

associated with the breakup of supercontinent Rodinia. 14	

 15	

Introduction 16	

[1] Unlike Phanerozoic ice sheets that are exclusively restricted to high-to-mid-latitude glaciations 17	

(Evans, 2003), several Precambrian glaciations show an affinity for “snowball Earth” conditions (Evans, 18	

2000; Evans et al., 1997; Hoffman et al., 1998; Kirschvink, 1992), whereby an ice albedo bifurcation 19	

allowed polar ice caps to expand into the tropics and meet at the equator (Budyko, 1969; Sellers, 1969). 20	

Two globally correlative snowball events occurred in the Neoproterozoic Era, the ca. 717-659 Ma 21	



“Sturtian” and ca. 650-635 Ma “Marinoan”, defining Cryogenian time (Bao et al., 2018; Macdonald et 22	

al., 2010; Rooney et al., 2015; Shields-Zhou et al., 2016). The glacial-periglacial origin of Cryogenian 23	

diamictites is widely accepted and the snowball Earth hypothesis has gained favor since globally 24	

synchronous glacial terminations are increasingly supported radiometrically (Cox et al., 2018; Rooney et 25	

al., 2015). The longer of the two Cryogenian glaciations, the ~58-Myr-long Sturtian glaciation (Cox et 26	

al., 2018; Rooney et al., 2015), thus represents one of the longest-known glaciations in Earth history. 27	

 28	

[2] There is little consensus over how much glacial erosion occurred during the Cryogenian snowball 29	

Earth events. Recently, a provocative hypothesis links Cryogenian snowball events the origin of the 30	

Great Unconformity (Keller et al., 2019). Citing anomalies in zircon geochemistry as well as the absence 31	

of shallow impact craters older than Cryogenian age, the lines of evidence presented for Neoproterozoic 32	

glacial erosion by Keller et al. (2019) are arguably independent of whether their inferred link with the 33	

Cambrian Great Unconformity is indeed proven viable. If the geochemical inferences of Keller et al. 34	

(2019) are correct, and their estimate of ~4 km of globally-integrated Neoproterozoic glacial erosion is 35	

accurate, then presumably abundant geologic field evidence for such glacial erosion should exist. To 36	

date, surprisingly few documented examples of Cryogenian incisions have been documented (Hoffman 37	

et al., 2017). It should be noted that the presence of localized glacial incisions does not equate to basin- 38	

or continent-scale erosion, and understanding how such localized incisions integrate globally and relate 39	

to broader (typically slower) erosion rates is complex. Because of the kilometer-scale fall in global mean 40	

sea level associated with snowball Earth (Liu and Peltier, 2013), both localized incision and regional 41	

erosion both likely took place and are not mutually exclusive, even though they are distinct. 42	

 43	



[3] In this paper we report two lines of internally consistent geologic field evidence from the Flinders 44	

Ranges of South Australia for significant but variable glacial erosion associated with the Sturtian 45	

glaciation. Localized large-scale erosion on the order of several kilometers is shown to have occurred in 46	

a glacial trough, possibly enhanced by tectonic uplift. Elsewhere, however, considerably less erosion 47	

occurred (<<1 km). Heterogeneity of glacial erosion on the relatively small scale of the Northern 48	

Flinders Ranges documented here is further supported by variable depths of Cryogenian incisions 49	

compiled from around the world, suggesting an underlying influence of the breakup of supercontinent 50	

Rodinia on glacial erosion. 51	

 52	

Geologic setting 53	

[4] The Adelaidean Inlier of south Australia is a thick late Neoproterozoic sedimentary succession (Fig. 54	

1), correlative with similar deposits in the Centralian Superbasin to the northwest (Preiss, 1987). 55	

Neoproterozoic strata exposed at Arkaroola of the Northern Flinders Ranges represent the northern limit 56	

of the Adelaidean Inlier, and Sturtian tillites of the Yudnamutana Subgroup have been noted for their 57	

exceptional, fault-related thicknesses (Young and Gostin, 1989), presumably indirect evidence of 58	

significant incision. In the sedimentary sequence of Tillite Gorge (30.3˚S, 139.4˚E), the Sturtian 59	

glaciation is represented by the Merinjina Formation (Fig. 2). Le Heron et al. (2014) refer to the Tillite 60	

Gorge section as Bolla Bollana Formation, but that unit may be distinct in age from the Merinjina 61	

Formation. A well-developed, 2.5-4.5-m-thick cap dolomite including apparent shallow-water bedforms 62	

overlies the glacial facies in the Tillite Gorge area. Glacial facies thin basinward, away from the Stuart 63	

Shelf, ranging in thickness from ~780 m at Mount Jacob ~2.5 km north of “Wooltana” (Mawson, 1949) 64	

to ~660 m in Tillite Gorge (Fig. 2), to ~500 m to the south (Preiss, 1987). The most common glacial 65	

facies are tillites characterized by clasts ranging in size from pebbles to boulders and ranging in 66	



composition, including dominantly quartzite, basalt, and dolomite clasts (Preiss, 1987) (Fig. 3). Sources 67	

of such lithologies are unlikely to be far-traveled and are attributable to immediately older and directly 68	

underlying units found both locally (the Skillogalee Dolomite, the Wortupa and Copley Quartzites, and 69	

the ca. 825 Ma Wooltana Volcanics; Fig. 1) and regionally in the Centralian Superbasin (e.g., the Bitter 70	

Springs Formation, the Heavitree Quartzite, etc.) (Preiss, 1987).  71	

 72	

Fig. 1 Map of South Australia depicting the ca. 820-830 Ma Gairdner large igneous province (modified from 73	
Huang et al. (2015)). Star indicates location of Tillite Gorge, Arkaroola. 74	
 75	

[5] This study focuses on the mafic clasts in the Sturtian tillite presumably derived locally from the 76	

underlying Wooltana Volcanics. The arcuate Gairdner dykes dated at 827 ± 6 Ma (Wingate et al., 1998) 77	

are the longest swarm on the continent and represent the main expression of the ca. 820-830 Ma 78	



Gairdner large igneous province that includes the Wooltana Volcanics, Beda Volcanics, and the Little 79	

Broken Hill Gabbro (Zhao et al., 1994) (Fig. 1). Furthermore, the identification of northwest-southeast 80	

trending dykes underground at both the Olympic Dam and Broken Hill mines (Huang et al., 2015), 81	

suggest the width of the giant Gairdner dyke swarm is as significant as its considerable length and now 82	

extends as far northeast as Arkaroola. From previous geologic mapping of the Arkaroola area alone 83	

(Coats, 1973), one can glean evidence for highly variable glacial erosion during the Sturtian glaciation, 84	

as deep as the Wooltana Volcanics in places (Fig. 2). Comparison of the magnetic susceptibility of 85	

Wooltana clasts in the Sturtian tillite to the values of nearby stratigraphic sections of the Wooltana 86	

Volcanics allows us to further deduce the maximum depth of glacial erosion. 87	

 88	

Fig. 2 Geologic map of the Arkaroola area (modified from Coats, 1973) indicating three measured stratigraphic 89	
sections: (A and B) the Wooltana Volcanics and (C) the Merinjina Formation. Sections A and B constitute a 90	
composite section of the entire exposed Wooltana Volcanics, supported by magnetic susceptibility measurements 91	
(Fig. 6A). Section C is Tillite Gorge (Fig. 5). Both deep and shallow glacial troughs are interpreted (a and b), 92	
respectively. Thick solid lines, faults; thin solid lines, geological boundaries; dashed lines, roads and tracks. 93	



Geologic mapping of glacial erosion 94	

[6] Evidence for glacial troughs is observed in the detailed mapping in the Arkaroola area (Fig. 2). East 95	

of Arkaroola, the specific field area of this study, the large proportion of basaltic clasts observed at all 96	

levels in Tillite Gorge implies that the underlying Tonian stratigraphy was incised as deep as the 97	

Wooltana Volcanics (Fig. 3). At Merinjina Well, the contact between the Merinjina Tillite and the 98	

underlying Wooltana Volcanics is striated and interpreted as a glacial pavement (Mirams, 1964) (Fig. 4). 99	

Although a tectonic origin for the striated surface was also suggested (Daily et al., 1973), the weight of 100	

evidence indicates that the grooved pavement at Merinjina Well is glacial in origin (Preiss, 1987). The 101	

base of the Merinjina Tillite lies unconformably on several underlying units, down to the level of the 102	

Wooltana volcanics, implying deep, but localized glacial erosion. 103	

 104	

Fig. 3. Merinjina Formation at Tillite Gorge (Fig. 2). Note flat surfaces important for measuring susceptibility 105	
with hand-held meter. Examples of clasts of Wooltana Volcanics measured indicated. Other clasts (e.g., dolomite 106	
and quartzite) have multiple possible provenances mentioned in the text. 107	



 108	

Fig. 4 Striated glacial pavement in Wooltana Volcanics at Merinjina Well. The grooved surface is a cast of the 109	
Wooltana pavement preserved at the base of a synglacial (basal Merinjina Formation) siltstone with ice-rafted 110	
debris, exposed on an overhang where the underlying basalt has fallen away. 111	

 112	

[7] Using geologic relationships, we estimate the thicknesses of underlying, eroded units in the areas 113	

closest to each of the two glacial incisions documented (Fig. 2). West of Arkaroola at ‘b’ on the map 114	

(Fig. 2), where Merinjina Formation is in contact with the Myrtle Springs Formation (700-800 m thick), 115	

we estimate the smaller glacial trough to be only 500-600 m deep, i.e., eroding most, but not all, of the 116	

Myrtle Springs Formation. East of Arkaroola at ‘a’ on the map (Fig. 2), where Merinjina Formation is in 117	

contact with the Wooltana Volcanics (Fig. 4), the entire Tonian sedimentary cover has been removed. 118	

However, the synsedimentary Paralana Fault bisecting Arkaroola appears to have strongly affected 119	

deposition, with much thicker strata west of Arkaroola and thinning to the east (e.g., Copley Quartzite 120	

does not even occur east of Arkaroola; Fig. 2) (Mawson, 1949; Paul et al., 1999; Preiss, 1987). The 121	

Callana Group is the only unit whose whole thickness is preserved on the east side, allowing for 122	

comparison across the fault: 1.2 km (west) and 0.37 km (east), implying a ~69% reduction in thickness 123	

across the Paralana fault. Assuming a similar thinning for other formations implies east-side thicknesses 124	



accordingly: Myrtle Springs Formation (0.7 km, west; 125	

0.215 km, east) and Skillogalee Dolomite (1.7 km, west; 126	

0.52 km, east). Collectively then, the thickness of Tonian 127	

sediments eroded at incision ‘a’ on Figure 2 east of 128	

Arkaroola is ~1.1 km. 129	

 130	

Fig. 5 Summary stratigraphic log of Tillite Gorge, Arkaroola 131	
(Fig. 2). Glacial deposits overlie conglomerates.  132	
 133	

Magnetic susceptibility methods and results 134	

[8] Geologic constraints east of Arkaroola require that 135	

some, but not all, of the stratigraphically “deeper” 136	

Wooltana Volcanics were eroded (Fig. 2). To evaluate the 137	

intra-Wooltana Volcanics depth of erosion, we compare 138	

magnetic susceptibility values of basaltic clasts in the 139	

Tillite Gorge glacial deposits with nearby sections of 140	

Wooltana Volcanics. Magnetic susceptibility, the measure 141	

of magnetizable minerals in a rock, is widely used for 142	

mineral exploration due to both its affordable and 143	

expedient results and its ability to fingerprint  “magnetic 144	

petrology” (Bleeker, 2012; Clark et al., 1992). The 145	

magnetic susceptibility of a protolith changes 146	

systematically over several orders of magnitude according 147	

to progressive metamorphism, hydrothermal alteration, 148	



and chemical weathering. Glacial erosion of exposed, chemically-weathered Wooltana basalt, could 149	

therefore leave a systematic stratigraphic signature due to progressively deeper incision. 150	

 151	

[9] Two reference sections of the Wooltana Volcanics (A and B; Figs. 2 and 6) were sampled on either 152	

side of Tillite Gorge, and together constitute a composite Wooltana section. Section A is 153	

stratigraphically lower and the base of section B is offset laterally along strike approximately where 154	

Section A leaves off (Fig. 2). Magnetic susceptibility measurements were done on standard 155	

palaeomagnetic specimens using a Bartington MS2 meter and averaged for each stratigraphic height (n = 156	

3 to 8 samples). Correlation of sections A and B into a composite Wooltana section is further supported 157	

by matching magnetic susceptibilities of the top of A and the bottom of B (Fig. 6A and B). In both 158	

Wooltana Volcanics sections, magnetic susceptibility values systematically decrease upsection, by 159	

orders of magnitude in Section A (Fig. 6A) and along a steady linear reduction in Section B (Fig. 6B). 160	

 161	

[10] In Tillite Gorge, hand sampling basalt clasts that have been river-polished would be difficult and 162	

gas-powered drills are not allowed in the Arkaroola Wilderness Area. Consequently, susceptibility was 163	

measured on flat, river-polished facets of mafic clasts using a standard-calibrated KT-10 hand-held, field 164	

magnetic susceptibility meter. Flat surfaces optimize the precision of such handheld susceptibility 165	

meters, making Tillite Gorge ideal (Fig. 3). Measurements were made on ≥20 mafic clasts per site and 166	

averaged, with obvious outliers excluded (i.e., one or more orders of magnitude from mean). Each site 167	

sampled approximately 10 m in stratigraphic thickness or less. Magnetic susceptibility values were 168	

normally distributed and varied little from clast-to-clast at any given stratigraphic level (Fig. 6C), 169	

yielding comparable scatter to sites of Wooltana protolith (Fig. 6A and 6B). In the Tillite Gorge basaltic 170	

clasts, magnetic susceptibility values increase significantly upsection (Fig. 6C). 171	



 172	

Fig. 6 Magnetic susceptibility of three measured stratigraphic sections east of Arkaroola (Fig. 2): (A and B) the 173	
Wooltana Volcanics and (C) the Merinjina Formation. Sections A and B constitute a composite section of the 174	
entire exposed Wooltana Volcanics, supported by magnetic susceptibility measurements. Section C represents 6 175	
sites of mafic clasts measured through the Sturtian glaciation exposed in Tillite Gorge (Fig. 5). Mafic clasts in the 176	
Sturtian Merinjina Formation are derived from the nearby ca. 825 Ma Wooltana Volcanics. Note different x-axis 177	
scale in (A) due to high susceptibility values of Wooltana Volcanics at section A. Error bars represent 2σ values 178	
of site averages. 179	
 180	

Magnetic susceptibility interpretation 181	

[11] Due to an abundance of primary Fe-oxides including magnetite and titanomagnetite, magnetic 182	

susceptibility is initially high (~10-100 x 10-3 SI units) in fresh, unmetamorphosed basalt and decreases 183	

(~1 x 10-3 SI units) with low-grade metamorphism, chemical weathering, or hydrothermal alteration 184	

(Bleeker, 2012; Clark et al., 1992; Riveros et al., 2014). Magnetic susceptibility can therefore be used as 185	

a proxy to identify such processes. It is of course conceivable that the upsection decreases in magnetic 186	

susceptibility in the Wooltana Volcanics reference sections (Figs. 6A and 6B) could represent a primary 187	



magmatic trend, but we consider it more likely that the systematic reductions, slowly in upper section A 188	

and quickly in lower section B, simply indicates less chemical weathering with increasing depth.  189	

 190	

[12] We would therefore consequently interpret the conversely increasing upsection trend in measured 191	

magnetic susceptibility values in Tillite Gorge basaltic clasts as the Sturtian glaciation progressively 192	

eroding deeper, less weathered levels of the Wooltana Volcanics. At the base of the Sturtian glacial 193	

deposits in Arkaroola, low susceptibility values are akin to weathered basalts, but upward through the 194	

glacial succession, magnetic susceptibility increases to values akin to unweathered lava (Fig. 6C). It is 195	

not likely a coincidence that the Wooltana Volcanics is eroded only as deep as its low susceptibility 196	

values (Fig. 6), suggesting that chemical weathering accompanied physical erosion. 197	

 198	

[13] An alternative explanation is that the trend in magnetic susceptibility could relate to differential 199	

hydrothermal alteration through the volcanic sequences. Volcanic systems generally exhibit increased 200	

alteration intensity with depth (e.g., carbonatisation, sericitisation, chloritisation), owing to the 201	

availability of relatively high temperature (typically acidic) magmatic-hydrothermal fluids in the vicinity 202	

of the conduit (e.g., John et al., 2008) and subvolcanic magmatic plumbing system (e.g., Arnórsson et 203	

al., 2007). However, upon incision this would be expected to yield an opposite trend, with ‘fresh’ 204	

material liberated early and more heavily altered basalt at later stages of glacial erosion, which is not 205	

observed. Our observations are consistent with early erosion of fractured and weathered basalt flows, 206	

followed by progressively ‘fresher’, i.e., deeper, lavas. 207	

 208	

[14] Whether the upward increase in magnetic susceptibility is due to a trend in chemical weathering is 209	

moot with respect to the evidence for progressive glacial erosion. Since reference stratigraphic sections 210	



were sampled in the Wooltana Volcanics, one can simply compare and correlate the clasts values with 211	

those from the reference sections. The basaltic clasts (Fig. 6C) exhibit a “reverse stratigraphy” of the 212	

Wooltana Volcanics (Fig. 6B), as one would expect from progressively deeper glacial erosion. 213	

Furthermore, clast susceptibility values only match the Wooltana stratigraphy as deep as section ‘B’ 214	

south of Tillite Gorge (Fig. 6B), but do not yield the significantly higher values of the stratigraphically 215	

lower section ‘A’ north of Tillite Gorge (Fig. 6A). The intra-Wooltana erosive level as deduced from 216	

magnetic susceptibility and geological constraints is internally consistent with an estimate of ~500 217	

meters of erosion. Since the lowest diamictite strata include clasts of the Wooltana Volcanics, subglacial 218	

weathering must have occurred long before the first glacial deposits were preserved. The upsection 219	

increase in tillite magnetic susceptibility values can only be explained due to progressively deeper 220	

erosion of the Wooltana Volcanics during glaciation. This constraint is unique for snowball diamictites 221	

in that we know that the majority of the Merinjina Formation is synglacial. On the basis of our estimated 222	

~500-m-thick erosion of the Wooltana Volcanics (on top of the ~1.1-km erosion of overlying Tonian 223	

sedimentary units; Fig. 2), we can further constrain the maximum depth of glacial erosion in the east 224	

Arkaroola area to be ~1.6 km.  225	

 226	

Discussion 227	

[15] Given a ~58-Myr-long Sturtian glaciation (Cox et al., 2018; Rooney et al., 2015), how much glacial 228	

erosion might we expect? Depending predominantly on latitude and altitude, glacial erosion rates for the 229	

Quaternary ice ages vary across several orders of magnitude (Delmas et al., 2009; Hallet et al., 1996). A 230	

minimum estimate of glacial erosion for the Sturtian glaciation based on very low erosion rates (~10 m 231	

Myr-1) representative of polar glaciers and thin temperate plateau glaciers (Hallet et al., 1996) would 232	

result in only ~600 m of glacial erosion. Such relatively limited erosion is characteristic of the glacial 233	



trough west of Arkaroola (Figs. 2 and 7). If faster rates of Quaternary glacial erosion are applied, as can 234	

occur in localized glacial trough incisions, significantly greater depths are expected, on the scale of 235	

kilometers. Such deep incision is characteristic of the glacial trough east of Arkaroola (Figs. 2 and 7).  236	

 237	

Fig. 7 (A) Schematic cross section of glacial troughs on either side of the Paralana Fault, illustrating how incision 238	
appears to be significantly increased by tectonic uplift. Sedimentary thicknesses (except that of the thin Copley 239	
Quartzite) and glacial incisions are shown to scale. Fault offset unknown. Although depicted in (A) as apparently 240	
two glacial troughs, the two incisions documented here actually represent the same glacial trough (Fig. 2) with 241	
variable depths of incision, as depicted in the block diagram (B). According to the interpretation of a single 242	
trough, equal ice mass flux at both incisions is depicted by their equal cross-sectional areas. 243	
 244	

[16] Less evidence for glacial incision during snowball Earth has been documented than one may expect 245	

for such protracted glacial epochs (Hoffman et al., 2017). Whether the apparent lack of evidence of 246	



incision is an artifact due to insufficient study on the topic or reflects the hypothesized weakened 247	

snowball hydrologic cycle (Partin and Sadler, 2016) is unclear. Table 1 summarizes the documented 248	

cases of Cryogenian glacial troughs. Interestingly, 70% of documented glacial incisions are Sturtian 249	

(30% are Marinoan) and all examples of deep erosion are Sturtian. Future work must test whether this 250	

apparent disparity is significant or not. The most obvious explanation for greater incision during the 251	

Sturtian than the Marinoan is its longer duration (Partin and Sadler, 2016). The stark contrast in depth of 252	

incision between the two glaciations could also reflect the long-term effects on paleotopography of the 253	

rift-to-drift transition of the vanishing Rodinia supercontinent. 254	

 255	

Table 1. Evidence and depths of Cryogenian glacial incision 
Locality Glaciation Depth (m) References 
Namibia, Duurwater trough Marinoan 100 (Hoffman, 2005) 
Central Australia, Ellery Creek Sturtian 120 (Lindsay, 1989) 
South Australia Marinoan 150 (Dyson and von der Borch, 1994) 
South Australia Marinoan 200 (Rose et al., 2013) 
Oman Sturtian 210 (Kellerhals and Matter, 2003; Rieu et al., 2006) 
Utah, USA Sturtian 425 (Christie-Blick, 1997) 
Namibia Sturtian 450 (Hoffman et al., 2017) 
South Australia, W. Arkaroola Sturtian 500-600 This study 
Utah, USA Sturtian 900 (Christie-Blick, 1997) 
South Australia, E. Arkaroola Sturtian 1600 This study 
 256	

[17] Our estimate of maximum glacial incision east of Arkaroola represents the deepest glacial trough 257	

documented for snowball Earth (Table 1). We must emphasize that this degree of incision (~1.6 km) was 258	

heavily localized to define a deeply incised valley and does not integrate to basin-scale erosion. Several 259	

factors can affect glacial erosion including: (i) temperature, (ii) precipitation, (iii) frictional heating 260	

(cold- vs. wet-based glaciers), (iv) ice velocity and bedrock character (soft vs. hard), and (iv) tectonic 261	

uplift. Comparison between the depth of incision of glacial valleys on either side of the Paralana Fault 262	



bisecting the Arkaroola area suggests strongly that the deep glacial trough of the east side incises a 263	

tectonically uplifted horst (Fig. 7). Mawson (1949) first noted the difference of erosion across the 264	

Paralana Fault. Indeed, greater thicknesses of equivalent formations west of the Paralana Fault have 265	

been interpreted as a graben (Paul et al., 1999), where glacial erosion is significantly less (Fig. 7). The 266	

deepest glacial troughs of West Greenland of similar >1 km depth are similarly attributed to uplift-267	

enhanced incision (Bonow et al., 2006). It is tempting to argue that the deep, tectonically uplifted glacial 268	

trough documented east of Arkaroola is exceptional. Although it would be incorrect to globally integrate 269	

such a ~1.6-km-deep incision since it only occurs locally, it is also possible that such glacial troughs 270	

were not uncommon for snowball Earth. The nearby, exceptionally thick Sturtian diamictite (>3,000 m) 271	

of the Yudnamutana trough is a fault-controlled basin and supports the idea of synsedimentary and 272	

synglacial extensional tectonics (Young and Gostin, 1989). Like the eastern Arkaroola ice stream 273	

documented here, the Yudnamutana trough overlies multiple underlying units (Burra Group, Callana 274	

Group, and crystalline basement), implying significant glacial incision, consistent with its exceptional 275	

thickness. 276	

 277	

[18] Cryogenian glaciations occurred during the rifting of supercontinent Rodinia (Gernon et al., 2016; 278	

Hoffman and Li, 2009; Kirschvink, 1992) and tectonic rifting is commonly invoked to explain the 279	

accommodation of Cryogenian glacial rainout (Eisbacher, 1985; Eyles and Januszczak, 2004; Prave, 280	

1999), particularly for thick diamictites (McMechan, 2000; Young and Gostin, 1989). Substantial 281	

topography created by uplifted rifted margins (Garfunkel, 1988) should have facilitated relatively 282	

efficient glacial incision. Thermochronology indicates ~6-km of exhumation on the North American 283	

continent between 850-680 Ma, corresponding to the breakup of Rodinia and potentially due, at least in 284	

part, to Cryogenian glaciation (DeLucia et al., 2018). Active tectonics of the time, combined with the 285	



thick pre-Sturtian regolith (Swanson-Hysell et al., 2012), may have allowed for deep glacial troughs to 286	

develop despite the cold, dry snowball climate (Partin and Sadler, 2016). 287	

 288	

Conclusion 289	

[19] Estimating the degree of glacial erosion during snowball Earth is a relatively recent topic of study 290	

(Partin and Sadler, 2016). The Sturtian snowball Earth, the first and longer of the two Cryogenian 291	

events, is one of the longest-known glaciations in Earth history and therefore had the potential to have 292	

promoted deep physical weathering over the protracted interval. We present evidence for increasing 293	

magnetic susceptibility values of mafic clasts for a portion of the Sturtian glaciation that we interpret as 294	

progressively deeper erosion of nearby volcanic complexes. Assuming conservative erosion rates 295	

associated with Quaternary ice ages, the ~58-Myr-long Sturtian glaciation may have removed ~600 m. 296	

Our field observations indicate such an estimate is a minimum in the field area. Where active tectonic 297	

uplift related to Rodinia rifting appears to have accelerated glacial incision in our field area, a deep ~1.6 298	

km incision is also inferred. The highly spatially variable rates of glacial incision observed in the 299	

northern Flinders Ranges of South Australia are consistent with Cryogenian glacial incisions 300	

documented elsewhere in the world, and may be the hallmark of active tectonics and horst-and-graben 301	

topography associated with the breakup of supercontinent Rodinia. 302	

 303	
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