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Abstract 28 

This paper reviews the different types of soft sediment deformation structures that can form in 29 

glacial and non-glacial settings and explores the potential use of these structures in resolving 30 

long standing debates in paleoenvironmental reconstructions of Neoproterozoic glacigenic 31 

successions.  Soft sediment deformation structures are created when compressional, gravitational 32 

or shear stress is applied to unlithified sediments during or shortly after deposition.  In subglacial 33 

or ice marginal glacial settings, shear and compressional stress imparted by ice moving on top of 34 

a deformable substrate or advancing ice buldozing unlithified ice marginal sediments can result 35 

in a wide range of folding, faulting and shear structures. In glaciofluvial or stagnant ice marginal 36 

setting, gravitational collapse and remobilization of sediments associated with the melting of 37 

buried ice can result in normal faulting and broad folding. In glaciolacustrine or glaciomarine 38 

settings, compressional, shear and gravitational types of deformation structures can occur as a 39 

result of grounding ice or icebergs, rapid sedimentation and reworking downslope associated 40 

with high sedimentation rates.  In non glacial settings, similar deformation structures can form as 41 

a result of slope instability and reworking of sediments downslope, rapid sedimentation, seismic 42 

shaking, wave induced shearing or loading.    43 

 44 

In this context, two case studies are presented to demonstrate the type of paleoenvironmental 45 

information that an analysis of deformation structures can provide.  In the first case study, 46 

analysis of deformation in the Port Askaig Formation (Scotland) reveals a distinctive 47 

stratigraphic distribution of deformation structures.  The types of deformation observed together 48 

with their recurrence over several 100s of metres and their basinal context are used to infer a 49 
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seismic origin for the deformation, which in turn suggests a significant tectonic control on 50 

sedimentation atop a record of ice margin fluctuations in a glaciomarine setting.  In the second 51 

example, analysis of deformation in the Smalfjord Formation (northern Norway) provides strong 52 

evidence for deformation by active ice overriding glaciofluvial deposits.  The types of 53 

deformation in this example, together with its complexity, scale and associated facies, provide 54 

the strongest case for ice marginal deformation.  In sum, analysis of deformation structures 55 

together with analysis of structural geology, stratigraphy, facies and facies associations can 56 

provide additional constraints on paleoenvironmental conditions at the time of deposition, which 57 

can help us refine or test paleoenvironmental models proposed for this critical time period in 58 

Earth history 59 

 60 

 61 

 62 

Key words: brittle deformation; ductile deformation; Neoproterozoic; soft sediment 63 
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1. Introduction 65 

Deformation of unlithified sediments occurs in a wide range of depositional settings and as a 66 

result of different syn- to post-depositional triggers including tectonic processes, downslope 67 

reworking of sediment, wave loading or frictional drag associated with currents, rapid 68 

sedimentation, thermal expansion and contraction in periglacial settings and stresses related to 69 

advancing, grounding or stagnating glacier ice.  In many studies of modern and recent glacigenic 70 

sediments, it is used to infer the presence and dynamics of active ice (e.g. Aber et al. 1989; 71 

Woodworth-Lynas and Guigne, 1990; Benn and Evans, 1996; Phillips et al., 2002; McCarroll 72 

and Rijsdijk, 2003).  In contrast, deformation in ancient glacigenic successions has primarily 73 

been attributed to non-glacial or periglacial processes, with much fewer studies referring to 74 

examples of ice marginal, subglacial or grounded ice deformation (Visser et al., 1984; Rocha 75 

Campos et al., 1994; Rocha Campos and Canuto, 2000; Le Heron et al., 2005; Arnaud, 2008, 76 

Domack and Hoffman, 2011).  This is likely in part due to a preservational bias towards 77 

glaciomarine facies in ancient strata (Bjørlykke, 1985; Eyles, 1993).  However, some 78 

Neoproterozoic successions do contain terrestrial facies (e.g. Deynoux, 1985; Rieu et al., 2006; 79 

Arnaud, 2008) and records of grounded ice or drifting icebergs should be preserved in relatively 80 

shallow marine settings, given sufficient accommodation space, and therefore preservation 81 

potential, as the basin develops over time.  In many Neoproterozoic successions, the focus 82 

however remains on identifying the more typical indicators of glacial conditions such as 83 

diamictite with striated, faceted or extrabasinal clasts, and laminated sediments with outsized 84 

clasts interpreted as ice rafted debris (Arnaud et al. 2011).  In some cases, excellent exposures 85 

have permitted a detailed facies approach where sedimentary facies associations are attributed to 86 

various glacial and interglacial settings (e.g. Allen et al., 2004; Rieu et al., 2006; Domack and 87 
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Hoffman, 2011; Le Heron et al., 2011).  But even in these, deformation, while mentioned in 88 

some cases, has rarely featured prominently.  The data presented here suggests that a detailed 89 

analysis of all types of deformation structures can yield significant paleoclimatic information by 90 

providing evidence for glacial, periglacial and/or non-glacial processes.  These data can then be 91 

used together with other sedimentary characteristics in their stratigraphic context to identify 92 

periods of time where deposition is dominated by glaciogenic, periglacial and/or non-glacial 93 

processes, allowing for more robust and refined paleoclimatic reconstructions.   94 

 95 

Deformation is defined as any change in form or shape resulting from an applied force (Twiss 96 

and Moore, 2007; Fossen, 2010). Deformation in unlithified sediments can be characterized as 97 

brittle or ductile and described using standard structural terminology to document the type, 98 

offset, strike and dip of fault planes as well as the scale and type of folding (Evans and Benn, 99 

2004; Twiss and Moore, 2007; Benn and Evans, 2010; Fossen, 2010).  Owen (1987) suggested 100 

that deformation structures in unconsolidated sand form as a result of a driving force (such as 101 

gravity, uneven confining load, tangential or vertical shear stress or reverse density gradient), a 102 

deformation mechanism (commonly liquefaction or fluidization) and a trigger (such as a seismic 103 

event, ice advance, or rapid deposition).  This framework underscores the fact that deformation 104 

structures, as with other sedimentary structures, are not diagnostic of any one depositional 105 

environment or trigger.  Although folds can be linked to a specific stress or driving force, they 106 

clearly occur as a result of a variety of triggers in a range of depositional settings (e.g. ice front, 107 

sediment gravity flow deposit, and seismically-active region).  Similarly, ball and pillow 108 

structures are known to develop in sediments that exhibit reverse density gradients but triggers 109 

include rapid sedimentation or seismic shaking.  Ultimately, the scale and types of deformation 110 
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structures and inferred paleostress orientations together with the associated undeformed facies, 111 

their stratigraphic context, and the nature of the depositional setting and sedimentary basin in 112 

which they formed must be used to infer the most plausible trigger for deformation and the most 113 

likely paleoenvironmental conditions associated with that deformation (McCarroll and Rijsdijk, 114 

2003; Owen et al. 2011). 115 

 116 

In this paper, deformation structures observed in two Neoproterozoic glacigenic successions are 117 

presented to demonstrate how these can be used to refine depositional models and shed light on 118 

the environmental conditions of Neoproterozoic glaciations.  The refined paleoenvironmental 119 

reconstructions can then be used more effectively to test existing global climate change models 120 

for the Neoproterozoic time period.   To provide context, deformation of unlithified sediments in 121 

glacial and non-glacial environments is first reviewed. 122 

 123 

2. Deformation in glacial environments 124 

Deformation of unlithified sediment can occur as a result of a variety of processes in glacial 125 

environments (Hart and Roberts, 1994; McCarroll and Rijsdijk, 2003; Evans et al., 2006; Benn 126 

and Evans, 2010) .  In some cases, the applied force is shear or compressional stress from the 127 

moving ice, whereas in others, the applied force is related to gravitational instability, 128 

gravitational collapse or reverse density gradients (Fig. 1).  Most research has focused on the 129 

former with many special volumes and case studies focusing on the glacitectonic forces common 130 

in subglacial and ice marginal settings (e.g. Croot, 1988; Aber et al., 1989;  Benn and Evans, 131 

1996; Maltman et al., 2000; Benediktsson et al. 2008).  The following review is by no means 132 

exhaustive.  Specific references have in part been chosen as they contain illustrations focused on 133 
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the sedimentary and structral characteristics of the deformation that in turn can become useful 134 

analogues for Neoproterozoic successions.  This review provides a summary of the various 135 

conditions that result in deformation, the types of deformation structures found in different 136 

glacial settings and the types of facies associations in which these are commonly found.  This 137 

will hopefully assist in future recognition and interpretation of deformation structures in 138 

Neoproterozoic glacigenic successions. 139 

 140 

2.1 Subglacial settings 141 

In subglacial settings, ice movement over an unlithified substrate creates shear stress that result 142 

in a variety of deformation structures (Figs. 1, 2 and 3).  Typically, deformation occurs in the top 143 

metre under the sediment-ice interface as shown by the seminal studies at Breiđamerkerjökull of 144 

Geoffrey Boulton and others, although deformation has been documented up to 10’s of metres 145 

below the interface (Rijsdijk et al., 1999; Evans et al., 2006).  The style and extent of 146 

deformation will in part depend on the ice characteristics (velocity and basal shear stress), 147 

sediment characteristics (texture, bedding, and degree of heterogeneity) and subglacial hydrology 148 

(Hart, 1995; Benn and Evans, 1996; Boulton et al. 2001; Evans et al., 2006).  Benn and Evans 149 

(1996) suggested that the increase in stress towards the ice-sediment interface would result in an 150 

upward increase in the severity of strain signatures.  As a result, a typical vertical facies 151 

succession would include a basal zone with visible deformation structures, transitioning 152 

gradually into an upper zone of completely homogenized sediments.  Although primarily 153 

affected by shear stress, subglacial sediments closer to the ice margin may experience 154 

compressional stresses (Hart and Boulton, 1991).   155 

 156 
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Deformation structures formed as a result of subglacial shear and compressional stress include 157 

attenuated bedding and boudins, shear folds and shear planes, and faulting (normal, thrust and 158 

reverse) (Figs. 2 and 3; Benn and Evans, 1996; Hart and Boulton, 1991; Boyce and Eyles, 2000; 159 

Philips et al. 2002; Evans et al., 2006).  These represent a continuum of strain with rooted or 160 

open folds representing low strain and highly attenuated bedding to tectonic laminae representing 161 

high strain  (Hart and Boulton, 1991). In addition, the confining pressure of the ice and a frozen 162 

substrate or foreland can lead to overpressurized subglacial conditions, hydrofracturing and 163 

injection of sediments that result in upward directed, downward directed or ‘burst out’ clastic 164 

dikes (Fig. 2; Larsen and Mangerud, 1992; Boulton and Caban, 1995; Dreimanis and Rappol, 165 

1997; Rijsdijk et al., 1999; Le Heron and Etienne, 2005, Benn and Evans, 2010).   166 

 167 

Subglacial deformation structures range in scale from cm to m and have been documented in 168 

subglacial tills and in a range of other sedimentary facies that have been overriden by ice such as 169 

glaciofluvial sand and gravel, variable ice marginal sediments or glaciomarine sand and mud.   170 

Micro-scale structures related to subglacial deformation have also been documented and are 171 

commonly used in the analysis of recent glacial deposits (see Menzies, 2000a for a review).  172 

However, considering the potential for post depositional overprinting by tectonic forces, micro-173 

morphological analysis has largely not been applied to ancient glacigenic deposits, with one 174 

exception known to the author (Menzies, 2000b).    175 

 176 

2.2 Ice marginal settings 177 

Ice marginal settings are highly dynamic, with sediments being affected by ice margin 178 

fluctuations, ice surging, gravitational instability or collapse related to differential melting of 179 
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buried ice and topographic inversion, as well as reworking by glaciofluvial processes (Boulton, 180 

1972; Lawson, 1982).  This results in high facies variability that, in turn, responds very 181 

differently to applied driving forces, forming a wide, and at times highly complex, range of 182 

deformation structures (Figs. 1, 2 and 3).  Advancing and surging ice may buldoze ice marginal 183 

sediments resulting in longitudinal and compressional deformation structures such as broad to 184 

recumbent folding, thrust faulting, nappes and decollement surfaces (Fig. 2F); Hart and Boulton, 185 

1991; Hambrey and Huddart, 1995; Boulton et al., 1999; Bennett, 2001; Phillips et al., 2002).  186 

These deformation structures can affect sediments up to several kilometres away from the 187 

advancing ice front (Boulton et al., 1999).   Chaotic bedding, remolded intraformational clasts, 188 

flow nose or flow lobes with deformation (shear or compressional) in adjacent or underlying 189 

sediments, as well as occasional attenuated lenses of silty clay,  will develop in subaerial 190 

sediment gravity flows as a result of sediment remobilization in this topographically-uneven and 191 

meltwater-rich setting, whereas normal faulting is commonly attributed to the melting of buried 192 

ice (Lawson, 1982, 1988; Benn and Evans, 2010).  Clastic dikes may form in the glacier foreland 193 

under high pore water pressures as meltwater accumulates between the advancing ice and the 194 

permafrost ahead of the ice margin (Boulton and Caban, 1995).  Ice marginal deformation 195 

structures range in scale from cm to 100’s of metres and are found in a wide range of 196 

sedimentary facies that are often spatially highly variable. 197 

 198 

2.3. Glaciofluvial settings 199 

In glaciofluvial settings, deformation is a relatively minor process and is primarily related to 200 

gravitational instability or collapse as buried ice melts over time (Fig. 1; MacDonald and Shilts, 201 

1975; Rust and Romanelli, 1975; Aitken, 1998).  Interestingly, Eyles (1977) describes an 202 
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example of deformation from melting buried ice developed in subaqueous outwash.  When it is 203 

well drained and cohesive, sand and gravel overlying melting ice will fail in a brittle manner, 204 

leading to extensional faulting (Fig. 4A).  When it is still water saturated or relatively non-205 

cohesive, the sediments become broadly folded as the supporting ice melts (Fig. 4B).  206 

Deformation in glaciofluvial settings range in scale from cm to m, though m-scale offsets along 207 

faults have been known to affect packages of glaciofluvial sediments 10’s of metres in thickness 208 

(E. Arnaud, unpublished data). 209 

 210 

2.4. Glaciomarine and glaciolacustrine settings 211 

In glaciomarine and glaciolacustrine settings, deformation occurs in both ice proximal and ice 212 

distal settings.  These range in scale from cm to 100’s of metres and occur in predominantly fine-213 

grained facies such as diamicton, and laminated or massive mud with or without ice rafted debris 214 

(Fig. 1).  Deformation associated with seasonal ice or iceberg grounding (Fig. 5) will be found in 215 

both ice proximal and shallow shelf distal settings as boulders or ice are dragged along the 216 

substrate (Thomas and Connell, 1985; Woodworth-Lynas & Guigne, 1990; Gilbert 1990; Lønne, 217 

1995; Dionne, 1998) and can be identified by cm - m scale plough and furrows features with 218 

faulting and folding of underlying sediment (Woodworth-Lynas and Guigne 1990; Eden and 219 

Eyles, 2001; Winsemann et al., 2003).  It may be difficult to identify these in ancient strata 220 

without a cross-sectional view of the plough and furrow feature, considering the associated 221 

deformation (sub-ice scour and ice keel turbates) will be very similar to those formed as a result 222 

of subglacial or ice marginal compression and shear stresses.  However, with good exposure, 223 

contextual information (facies associations and overall facies architecture) should allow 224 
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distinction between the two (see discussion of competing interpretations of deformation 225 

structures attributed to drifting ice in Eyles et al. (2005)). 226 

 227 

In ice proximal settings, shear structures, thrust faults and folds associated with advances of the 228 

ice margin’s grounding line have been documented and are similar to terrestrial glacitectonic 229 

structures (Fig. 6; Lønne, 1995; Benn, 1996).  However, deformation in these subaqueous 230 

settings tend to differ from their terrestrial equivalent due to the water saturated and unfrozen 231 

nature of the sediments.  In addition, glacitectonic or shear structures will be accompanied by 232 

deformation associated with abundant gravitational instability (Lønne, 1995; Plink-Björklund 233 

and Ronnert, 1999). 234 

 235 

In ice distal marine or lacustrine settings, deformation will also occur as a result of gravitational 236 

instability and reverse density gradients (Fig. 6).  Although these processes are common in non-237 

glacial water bodies, they can be even more common in glaciated basins as a result of high 238 

sedimentation rates, oversteepened slopes and the impact of calving icebergs.  Gravitational 239 

instability is often very common in steep sided fjords (e.g. Prior and Bornhold, 1990), 240 

oversteepened continental shelf edges (Weaver et al. 2000) or subaquatic fans (e.g. Lønne, 241 

1995).  In ice marginal lakes gravitational instability can also be enhanced as a result of rapid 242 

drainage associated with the failure of an ice- or moraine-dammed outlet.  This instability will 243 

result in sediment gravity flow deposits with slump structures, folding, chaotic, contorted and 244 

convolute bedding and deformed inclusions of other lithofacies as heterogeneous sediments are 245 

incompletely mixed during downslope transport (Fig. 6; Eyles and Eyles, 2000).  Shear planes, 246 

shear structures, flow noses and dish structures have also been reported from sediment gravity 247 
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flow deposits (Nardin et al., 1979; Mulder and Alexander, 2001), whereas clastic dikes have 248 

been reported intruding downward at the base of slump-generated megachannels (Eyles and 249 

Lagoe, 1998).   250 

 251 

Reverse density gradients commonly occur in marine or lacustrine settings where coarse-grained 252 

sediments are rapidly deposited on finer-grained sediments (e.g. flood flow discharge events, 253 

storm events, and sediment gravity flows; Anketell et al., 1970; Allen, 1982; Owen 1987).  In 254 

glaciated basins, fluctuations in discharge events associated with diurnal melting cycles and 255 

rapid changes in meltwater or lakewater discharge outlets can all increase the occurrence of rapid 256 

sedimentation events and the formation of reverse density gradients.  These conditions will result 257 

in the formation of load casts, ball and pillow structures and water escape structures (Fig. 6).   258 

 259 

2.5 Periglacial settings 260 

Lastly, deformation in periglacial settings occurs as a result of seasonal changes in the thermal 261 

characteristics of the substrate above permanently frozen ground or permafrost.  These thermal 262 

fluctuations and the resulting ground ice can lead to the formation of involutions, faulting, 263 

brecciated clasts, and ice and sand wedges (Figs. 1, and 7; French, 1986; van Vliet-Lanoe et al., 264 

2004).  Both ice and sand wedges are ultimately preserved as wedges of sand or silt with near 265 

vertical internal stratification; upturning of adjacent strata is also commonly reported (Fig. 7B).  266 

The wedges and involutions range in scale from cm to m and occur in a wide range of facies.     267 

 268 

Periglacial involutions are very similar in form to soft sediment deformation resulting from 269 

seismic shaking and rapid sedimentation (French, 1986).  Likewise, in the absence of a 270 
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periglacial context, sandstone wedges can be described as clastic dikes with a number of possible 271 

trigger mechanisms due to their similarity in form (see discussion in Eyles and Clarke, 1985).  272 

As such, confident identification of a periglacial setting will require multiple lines of evidence 273 

and careful analysis (French, 1986; Van Vliet-Lanoe, 2004).  In this context, the only 274 

Neoproterozoic sandstone wedges that have been convincingly shown to have formed under 275 

periglacial conditions were those documented by Williams (1986) in Australia.  In that case, the 276 

sand wedges were associated with anticlines and teepee structures, earth mounds, involutions and 277 

breccia,that are typically attributed to cold and arid climatic conditions.  In other cases, 278 

documented in Williams (1986), the origin of the wedges has remained contentious as these 279 

other indicators are not present (see discussion of the Port Askaig Formation wedges in section 280 

4.1.2).  281 

 282 

3. Deformation in non-glacial environments  283 

Deformation of unlithified sediments also occur in non-glacial environments as a result of 284 

various triggers and driving forces, leading to the formation of very similar deformation 285 

structures as the ones described above (Figs. 1 and 8).  This review is also by no means 286 

exhaustive but will alert readers to potential alternative driving forces and triggers that will need 287 

to be considered when assessing the significance of deformation structures in Neoproterozoic 288 

successions. 289 

 290 

3.1. Deformation from seismic shaking 291 

Seismic shaking is one of the most commonly-cited triggers for soft sediment deformation in 292 

non-glacial environments (Fig. 8; Owen et al., 2011).  Deformation structures interpreted as 293 
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seismites include convolute and contorted bedding, recumbently folded cross strata, water escape 294 

structures, load casts, ball and pillow structures, micro-faulting, clastic dikes and pseudonodules 295 

(Figs. 9A and 9B; Rosetti, 1999;Jones and Omoto, 2000; Moretti and Sabato, 2007; Berra and 296 

Felleti, 2011).  Although they can be larger, these are usually described as cm - 10 cm scale 297 

structures that affect different facies types within a single succession.  They can occur in a wide 298 

range of settings, but they are often reported from lacustrine deposits.  Several very useful and 299 

comprehensive reviews and case studies of seismites have been published in recent years 300 

providing various criteria against which to evaluate soft sediment deformation (e.g. Obermeir, 301 

1996; Jones and Omoto, 2000; Montenat et al., 2007).  Positive identification is confirmed by 302 

demonstrating the wide regional extent of the deformed stratigraphic horizon, the recurrence of 303 

deformation at distinct stratigraphic intervals, comparison with deformation structures produced 304 

using shaking tables under controlled laboratory conditions, independent evidence of tectonic 305 

activity in the region and discounting alternative triggers for deformation such as wave-induced 306 

shear, wave loading, reverse density gradients and sediment gravity flows (Rosetti, 1999; Moretti 307 

et al., 1999; Jones and Omoto, 2000).  In addition to this approach, Owen et al. (2011) emphasize 308 

the need to consider the relationship between the deformation structures and facies types as this 309 

can help distinguish between an endogenic vs exogenic origin.  310 

 311 

3.2. Deformation from current induced shear and wave loading 312 

A variety of folding in sand has been documented in shallow marine, lacustrine and fluvial 313 

settings and attributed to current-induced shear and wave loading (Fig. 8; e.g. Owen 1987; 314 

Owen, 1995; Molina et al., 1998; Røe and Hermansen, 2006).  These include broad open to 315 

recumbent folding produced by shear stresses at the upper contact of cross-bedded sand (Fig. 9C) 316 
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as well as load casts and water escape structures.  These structures range in scale from cm to 10’s 317 

of cm.  Molina et al. (1998) attributed load casts and water escape structures to wave loading 318 

rather than seismic activity because of the consistent association between deformations structures 319 

and the deposition of tempestites.  A strong association with hummocky cross stratification or 320 

the gradual lateral and vertical transition between deformed cross bedded sand to undeformed 321 

massive sand (Fig. 9C; Røe and Hermansen, 2006) would also warrant an autogenic rather than 322 

glacigenic or seismic origin.  The high lateral facies variability of ice proximal settings and the 323 

relative complexity of glacitectonic deformation is also notable compared to the relatively simple 324 

deformation found in non-glacial marine and fluvial deposits. 325 

 326 

3.3. Deformation in sediment gravity flows 327 

Sediment instability and downslope reworking of sediments can produce deformation structures 328 

within sediment gravity flow deposits (Fig. 8).  This process can occur in terrestrial settings, 329 

relatively shallow subaqueous fans in marine and lacustrine settings as well as in deeper 330 

subaqueous settings.  The deformation structures found in these deposits include slump 331 

structures, folding, chaotic, contorted and convolute bedding, deformed inclusions of other 332 

lithofacies, basal shear planes, shear structures, flow noses, and clastic dikes (Figs. 9D to 9F). 333 

Load casts and water escape structures form when reworked sediments are rapidly deposited and 334 

where reverse density gradients occur (Figs. 9G, 9H).  A glacial influence on deposition can be 335 

discerned only when lateral association with ice proximal deposits can be demonstrated, clasts 336 

that exhibit evidence of subglacial transport (e.g. striated, faceted or bullet-shaped boulders) are 337 

found within these deformed sediments or if the deposits are closely associated with ice rafted 338 

debris in laminated facies.  In addition, Plink-Björklund and Ronnert (1999) suggested that the 339 
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only difference between glacial and non-glacial coarse-grained subaquatic fans in relatively 340 

shallow water bodies is the presence of resedimented deformed diamicton originating from the 341 

ice margin.   342 

 343 

3.4. Deformation from post depositional tectonics  344 

Post depositional tectonic history can account for additional deformation, either as the deposits 345 

are still unlithified or much later as they have become lithified (Fig. 8).  Although most 346 

geologists would recognize tectonic deformation (Fig. 10), it can sometime resemble those 347 

formed under glacial or glacially influenced conditions.  Indeed much of the subglacial and ice 348 

marginal literature refers to glacitectonics, drawing upon advances made in structural geology.  349 

Common post depositional deformation structure of tectonic origin include augen structures and 350 

tectonic boudins, faulting and folding associated with collisional or extensional tectonics and 351 

shearing structures along fault planes and shear zones.  It is particularly important to consider 352 

this aspect of deformation considering the active tectonic setting of many Neoproterozoic basins 353 

and their long geologic history with great potential for post-depositional tectonic overprinting.   354 

 355 

4. The significance of deformation in Neoproterozoic successions 356 

Data from two Neoproterozoic glacigenic successions-the Port Askaig Formation (Scotland) and 357 

the Smalfjord Formation (Norway) are presented here to demonstrate how the analysis of 358 

deformation structures can contribute significantly to the reconstruction of depositional 359 

conditions and the identification of larger scale controls on sedimentation.  The signature of 360 

glacial processes and the relative importance of climate and tectonic controls on sedimentation 361 

has been, and continues to be, the subject of debate in these Neoproterozoic successions as 362 
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diamictites are attributed by some to sediment gravity flows related to sediment instability and 363 

tectonic activity in the basin, by others to sediment gravity flows related to glacigenic sediment 364 

instability and by others still as true tills or glacial deposits directly deposited by ice (Harland, 365 

1964; Crowell, 1964; Schermerhorn, 1974; Hambrey and Harland, 1978; Eyles, 1993; Crowell, 366 

1999; Arnaud and Eyles, 2002a, 2002b; Arnaud and Eyles, 2006).  In this context, and as 367 

demonstrated in these two case studies, deformation can be useful in identifying evidence to 368 

support and distingsuish between climatic and tectonic controls as well as glacial and non-glacial 369 

processes, so that together with all the other sedimentary evidence, a stronger case can be made 370 

for the most likely interpretation.   371 

 372 

4.1 Port Askaig Formation 373 

4.1.1 Geological Background 374 

The Port Askaig Formation consists of a thick succession of diamictite, conglomerate, sandstone 375 

and mudstone thought to record glaciomarine conditions (Fig. 11; Kilburn et al., 1965; Spencer, 376 

1971; Eyles, 1988; Arnaud and Eyles, 2006).  The excellent exposures of the Garvellach Islands 377 

provide the most continuous, laterally extensive and well preserved sections of the first three 378 

members of the the Port Askaig Formation (Fig. 11).  The first member is distinguished by a 379 

dominance of dolimitic diamictite, a very thick unit called the Great Breccia, and the overlying 380 

Disrupted Beds, which are most notable for their pervasive deformation.  The second member is 381 

identified on the basis of the appearance of extrabasinal clasts and thick packages of diamictite 382 

interbedded with stratified sediments (conglomerate, sandstone and mudstone). The third 383 

member caps the succession at this site and consists of thick packages of cross-stratified 384 

sandstone interbedded with relatively thin diamictite units.   385 
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 386 

The Port Askaig Formation occurs at the base of the Argyll Group, within the Dalradian 387 

Supergroup (Kilburn et al., 1965; Spencer, 1971).  The Argyll Group is thought to record the 388 

onset of extensional tectonic activity based on the presence of ‘slides’ interpreted as 389 

Neoproterozoic-age listric faults, increasing volcanic activity, abrupt lateral thickness changes, 390 

and seismites (Anderton, 1976; Harris et al., 1978; Soper and Anderton, 1984; Anderton, 1985; 391 

Harris et al., 1993).  Most recently, Arnaud and Eyles (2006) suggested that the Great Breccia, 392 

which they interpreted as a submarine mega-slump deposit (Arnaud and Eyles, 2002a), and the 393 

numerous horizons of soft sediment deformation structures within the Port Askaig Formation 394 

provided evidence of localized faulting, consistent with the onset of extensional tectonic activity 395 

during this time period.  While the tectonic setting of the Port Askaig Formation has been the 396 

subject of several studies, its paleogeography and paleolatitude remains unconstrained due to 397 

Caledonian overprinting (Stupavski et al., 1982) and the controversy related to the location of the 398 

Scottish promontory (Dalziel and Soper, 2001). 399 

 400 

The Port Askaig Formation is a classic and well studied Neoproterozoic glacigenic succession, 401 

with J. Thomson being the first to suggest its glacial origin in 1871.  It is constrained 402 

geochronologically by U-Pb dates in the underlying Grampian Shear Zone (c. 806 Ma) at the 403 

base of the Dalradian Supergroup and the overlying Tayvallich Volcanics (c. 601 Ma) at the top 404 

of the Argyll Group (Halliday et al., 1989; Noble et al. 1996; Dempster et al. 2002).  Both of 405 

these dates are far removed stratigraphically from the Port Askaig Formation, and thus provide 406 

only loose constraints on its age.   A recent Re-Os date on the underlying Ballachulish Slate 407 
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Formation (Appin Group) provides a maximum age of c. 650 Ma for the Port Askaig Formation 408 

(Rooney et al. 2011). 409 

 410 

Like other Neoproterozoic successions, the Port Askaig Formation is associated with carbonates 411 

with the underlying Lossit (Islay) Limestone and the dolomitic members of the overlying 412 

Bonnahaven Formation (Spencer, 1971; Spencer and Spencer, 1972; Fairchild, 1980), although 413 

the mixed siliclastic-carbonate nature of the Bonnahaven Formation and the thick package of 414 

clastic sediments between the last evidence of glacial conditions and the carbonate strata makes 415 

it an atypical cap carbonate.  Nonetheless, chemostratigraphic studies (C and Sr isotopes) have 416 

been used to try to constrain the age of the Port Askaig Formation based on comparison with 417 

geochemical signatures of other better dated successions (Brasier and Shields, 2000; Thomas et 418 

al., 2004; McCay et al., 2006; Prave et al., 2009; Sawaki et al. 2010).  Despite some concern 419 

over the primary nature of the carbon signatures, an early to Mid- Cryogenian age for the Port 420 

Askaig Formation was deemed most likely based on the strontium values and regional and global 421 

chemostratigraphic and lithostratigraphic correlations.  The recent Re-Os date however, is 422 

inconsistent with these data, prompting continued debate over the exact age of this glacigenic 423 

succession.   424 

 425 

The Garvellach Islands have been the subject of detailed sedimentological studies. Most of this 426 

work supports a glaciomarine setting for the accumulation of these sediments, though some 427 

emphasize fluctuations of a terrestrial grounded ice margin in this glaciomarine setting (Spencer, 428 

1971; Benn and Prave, 2006), whereas others emphasize a component of tectonically-driven 429 

sediment instability within a glacially-influenced marine basin (Eyles, 1988; Arnaud and Eyles, 430 
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2002a; Arnaud and Eyles, 2006).  In the model that emphasizes terrestrial conditions, some of 431 

the deformation structures are attributed to periglacial, subglacial or proglacial conditions, 432 

whereas others were attributed to seismic shaking and reverse density gradients (Spencer, 1971; 433 

Benn and Prave, 2006).  In contrast, Arnaud and Eyles (2006) focused on the stratigraphic 434 

context, facies associations and types of deformation structures and suggested that these are 435 

primarily related to localized seismic activity. 436 

 437 

4.1.2 Deformation structures 438 

4.1.2.1 Description 439 

The Port Askaig Formation is characterized by two deformed sedimentary units (the Great 440 

Breccia and the Disrupted Beds; Arnaud and Eyles, 2002a; Benn and Prave, 2006), as well as 441 

numerous horizons of deformation structures such as clastic dykes (Eyles and Clark, 1985), load 442 

casts, and contorted and convolute bedding (Fig. 12; Spencer, 1971; Arnaud and Eyles, 2006).    443 

 444 

The Great Breccia is up to 50 m in thickness and consists primarily of diamictite with matrix 445 

supported clasts ranging up to 100 m in diameter (Spencer, 1971).  It was subdivided into three 446 

distinct units based on detailed mapping of several wave-cut platforms and cliffs in the 447 

Garvellach Islands (Arnaud and Eyles, 2002a).  The first unit is a thick (10‘s of metres) 448 

diamictite with very large (up to 100 m in diameter) clasts of variable lithologies.  The second 449 

unit consists of diamictite interbedded with conglomerate, sandstone and mudstone, whereas the 450 

third unit consists of a single diamictite unit dominated by m-sized dolomite boulders.  451 

Deformation is observed at various scales (cm- 100 m) within the Great Breccia and affects the 452 

internal structure and/or outer geometry of clasts of all sizes, as well as the overall structure of 453 
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the diamictite (Arnaud and Eyles, 2002a).  Although clast composition is highly variable, brittle 454 

and ductile deformation primarily affects sandstone, dolomite or interbedded sandstone and 455 

siltstone clasts-typical facies of the underlying Port Askaig and Lossit (Islay) formations.  456 

Deformed clasts are generally broadly to tightly folded (including recumbent), or have contorted 457 

and convoluted outer margins, whereas some clasts exhibit severe and complex deformation 458 

ranging from broadly folded to disaggregated and brecciated with folded and angular blocks 459 

floating in a chaotically folded matrix (Fig. 13).  The diamictite in units 1 and 2 are massive or 460 

stratified, with some exhibiting chaotic bedding imparted by variable clast abundance or 461 

discontinuous folded to contorted sandstone or siltstone beds and stringers.  Benn and Prave 462 

(2006) also report the presence of listric faults and shear zones associated with the rafts in the 463 

Great Breccia. 464 

 465 

Another distinctive deformed sedimentary unit is the Disrupted Beds, which overlie the Great 466 

Breccia.  This unit is approximately 25 m thick and consists of interbedded units of siltstone, thin 467 

clast horizons, conglomerate and diamictite as well as discontinuous carbonate rich sandstone 468 

beds (Figs. 14 and 15).  The notable blue colour of the siltstone and diamictite matrix as well as 469 

the pervasive deformation found within the Disrupted Beds makes it a readily identifiable 470 

stratigraphic marker in the region.  Deformation within the Disrupted Beds, again ranges over a 471 

variety of scales (cm - 10’s of m) and includes m-scale chaotic folding of several interbeds, or 472 

cm to m scale chaotic bedding within diamictite beds, sedimentary boudinage and small scale 473 

folding (< 5cm) of carbonate-rich sandstone beds.  Other notable characteristics include lateral 474 

and vertical facies changes from deformed discontinuous sandstone beds in siltstone to 475 

chaotically stratified diamictite and on to massive diamictite observed in outcrop over 100’s of 476 



 

 22 

metres; alternating deformed and undeformed interbeds; and first appearance of outsized 477 

extrabasinal clasts in laminated siltstone facies  (Spencer, 1971; Arnaud and Eyles, 2002a; Benn 478 

and Prave, 2006).  Benn and Prave (2006) also document the presence of fragmented clasts, 479 

augen like structures and bifurcating laminae around boudins.  480 

 481 

In addition to these two thick intervals of deformed sediment, there are numerous discrete 482 

horizons of deformed sediment within the ~450 m succession exposed in the Garvellach Islands 483 

(Figs. 12, 16, 17, and 18; See Spencer, 1971; Eyles and Clark, 1985; Arnaud and Eyles, 2006 for 484 

detailed sedimentological descriptions).  Some of these deformed horizons are observed within 485 

certain outcrops and only extend laterally over 10’s of metres, whereas others can be traced 486 

across several of the Garvellach Islands over several kilometres (Fig. 17).  The more notable 487 

deformation structures are syn-sedimentary clastic dikes (Fig. 18), including those described as 488 

sandstone wedges by Spencer (1971), and focused on by Eyles and Clark (1985).  These are up 489 

to 4m in length and up to 30 cm in width and consist of sandstone or muddy sandstone with or 490 

without clasts intruding downward into finer grained facies (diamictite, mudstone).  They have 491 

sharp to diffuse outer boundaries that can be relatively planar to highly contorted and exhibiting 492 

flame-like structure.  Some exhibit internal stratification based on differences in texture or 493 

lithology; this internal stratification, like the outer contacts, can be relatively planar to highly 494 

contorted.  Most however are relatively massive, and none of the ones that intruded interbedded 495 

sediments show the upturning of adjacent laminae.  These clastic dikes are also notably found 496 

within the underlying Lossit (Islay) Formation.  In three cases, the dikes are expressed as 497 

polygonal nets on bedding plane surfaces (Fig. 18B).  Other common deformation structures 498 

include loading (referred to as downfold structures by Spencer (1971); cm to 10 cm scale), and 499 
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beds with convoluted, chaotic or folded internal stratification (cm to m scale; Spencer’s (1971) 500 

soft sediment folds), with less common examples of ball and pillow structures (cm - 10 cm scale; 501 

Fig. 16). These deformation structures occur at over 30 different horizons within the 450 m thick 502 

succession, bounded by undeformed sediments.  The deformed horizons are most common 503 

between the Disrupted Beds and the giant cross-beds (Fig. 12), a stratigraphic package 504 

characterized by variable sedimentary facies, compared to the lower diamictite-dominated 505 

member and the upper sandstone-dominated member of the Port Askaig Formation. 506 

 507 

4.1.2.1 Interpretation 508 

The three units within the Great Breccia were interpreted as recording the mass failure of Port 509 

Askaig and Lossit (Islay) limestone sediments along a localized fault scarp based on analogous 510 

stratigraphic and sedimentary characteristics in carbonate megabreccia (Arnaud and Eyles, 511 

2002a).  The Disrupted Beds were interpreted as continued sediment instability and gravity-512 

driven deformation, following the initial failure and a consequent deepening of water depths.   513 

The recurring horizons of soft sediment deformation were also interpreted as signature of 514 

tectonic activity within the basin based on their similarity in form to seismites, their recurring 515 

stratigraphic distribution, their extent, and the active tectonic setting of the Port Askaig 516 

Formation (Arnaud and Eyles, 2006).   517 

 518 

As suggested by reviews of the seismite literature, alternative triggers must be considered.  519 

Indeed, the diamictite of the Great Breccia has been interpreted as recording glacitectonic 520 

deformation and the wedge-like clastic dikes as periglacial in origin (Spencer, 1971).  Other 521 

interpretations of the clastic dikes include subglacial or proglacial hydrofracturing as well as 522 
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injection at the base of slump-generated megachannels (see above review).   Benn and Prave 523 

(2006) interpreted the Great Breccia and overlying Disrupted Beds as recording an ice advance 524 

with proglacial (Great Breccia) and subglacial (Disrupted Beds) deformation, though they 525 

conceded that the sedimentary characteristics of the Great Breccia could support both a slump or 526 

proglacial glacitectonic interpretation. 527 

 528 

A tectonic control on the deformation as proposed by Arnaud and Eyles (2002) is deemed most 529 

likely for the following reasons.  The detailed mapping of the Great Breccia revealed it is a 530 

composite unit made up of undeformed and deformed sedimentary facies typical of sediment 531 

gravity flow deposits such as grading, lenticular geometry and load casts.  The alternating 532 

deformed and undeformed character of these units also suggests intermittent syn-depositional 533 

deformation rather than deformation of all three units by an advancing ice margin.   534 

Stratigraphically, the flooding surface at the base of the Disrupted Beds is best explained by the 535 

tectonic model.  This change from coarse to fine grained sediments, as well as evidence for 536 

subaqueous sedimentary facies that are undeformed, is not well explained in Benn and Prave’s 537 

(2006) glacitectonic model.  In addition, typical facies associations with glaciofluvial and 538 

subaqueous outwash expected in subglacial and ice marginal settings are absent.  Benn and Prave 539 

(2006) suggested that the vertical change in the severity of deformation in the Disrupted Beds 540 

was typical of incremental strain profiles found in subglacial tills.  However, this does not 541 

explain the same changes that occur in the lateral dimension.  One possible scenario combines 542 

these two models in order to explain the shattered clasts and incremental strain profile reported 543 

by Benn and Prave (2006): the Disrupted Beds record sediment instability and reworking 544 

downslope in a marine setting as originally proposed by Spencer (1971) and these are 545 
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subsequently overriden by ice.  However, on balance, a glacitectonic origin for the Great Breccia 546 

is deemed unlikely. 547 

 548 

A stratigraphic and facies-based analysis of the deformation that occurs higher up in the 549 

succession supports a tectonic origin (Arnaud and Eyles, 2006).   Loading, ball and pillow 550 

structures and various soft sediment folding can result from a wide variety of triggers and 551 

conditions.  However, the horizons of deformation structures found above the Disrupted Beds 552 

affect a wide variety of facies, suggesting an external rather than endogenic trigger, unrelated to 553 

depositional processes.  The origin of the sandstone wedges has been discussed at length by 554 

Spencer (1971) and Eyles and Clark (1985) and close reading of the two comprehensive 555 

descriptions and interpretations of possible trigger mechanisms have left some undecided 556 

because the depositional model proposed for the overall succession (terrestrial and glaciomarine 557 

versus tectonically influenced glaciomarine) seems to play a key role in weighting one 558 

interpretation over another.  In view of the above review of deformation in different settings, the 559 

sandstone wedges and other clastic dikes are not associated with megachannels or other 560 

periglacial (teepee structures, breccia, involutions) or subglacial (shear structures or incremental 561 

strain profiles in associated diamictite) indicators, making a slump-generated, periglacial or 562 

hydroclastic fracturing origin unlikely.  In addition, recent seismite studies have clearly 563 

demonstrated the formation of sandstone wedges and more tabular clastic dikes as a result of 564 

seismic shaking (Montenat et al., 2007).  In the end, their stratigraphic recurrence and spatial 565 

extent, their similarity with other seismically-induced deformation structures, consideration of 566 

alternative triggers and the evidence for active extensional tectonic activity locally and regionally 567 
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in the Dalradian succession,  makes a seismic origin and a tectonic control most likely for the 568 

sandstone wedges, clastic dykes and other deformed horizons.   569 

 570 

4.2 Smalfjord Formation 571 

4.2.1 Geological background 572 

The Smalfjord Formation of the Vestertana Group is composed of diamictite interbedded with 573 

sandstone, conglomerate, and mudstone, which are best exposed along fjords in Finnmark, 574 

northern Norway (Føyn 1937; Spjedlnaes, 1964; Bjørlykke, 1967; Banks et al., 1971; Edwards 575 

1975; Føyn and Siedlecki, 1980; Edwards, 1984).  Stratigraphically, it uncomformably overlies 576 

fluvial and shallow marine deposits of the Vadsø and Tanafjord groups and is overlain by the 577 

deep water clastics of the Nyborg Formation (Reading and Walker, 1966; Bjørlykke, 1967; 578 

Banks et al., 1971). Its tectonic setting has been characterized as pericratonic, and influenced by 579 

the adjacent extensional Timanian basin (Siedlecka, 1975; Røe 2003; Siedlecka et al., 2004; 580 

Nystuen et al., 2008). 581 

 582 

The Smalfjord Formation is the oldest of two Neoproterozoic diamictite-bearing units in this 583 

region, and is constrained chronologically to the late Cryogenian using biostratigraphy (Vidal 584 

and Moczydłowska, 1995) and Rb-Sr dates of the underlying Klubbnassen (c. 807 Ma Siedlecka 585 

and Roberts, 1992) and of the overlying Nyborg Formation (c 650 Ma; Hambrey and Harland 586 

1985; Ghorokov, 2001).  Like the Port Askaig Formation, it is a classic locality with a long 587 

history of research starting with Reusch in 1891.  Its most notable and famous feature is that it 588 

overlies a striated pavement at Oaibacˇcˇannjar’ga (previously referred to as Bigganjargga; 589 

Jensen and Wulff-Pedersen, 1996, 1997; Rice and Hoffmann 2000; Laajoki, 2001, 2002). 590 
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 591 

The Smalfjord Formation is bounded by carbonates, as is common for diamictite-bearing units of 592 

Neoproterozoic age. The Grasdalen Formation, uppermost unit of the underlying Tanafjord 593 

Group, is characterized by sabkha facies, whereas a relatively thin ‘cap’ carbonate has been 594 

documented at the base of the Nyborg Formation at several localities (Edwards 1984; Siedlecka 595 

& Roberts, 1992; Siedlecka et al., 2004).  Limited chemostratigraphic data from the Nyborg 596 

Formation suggests a late Cryogenian age based on comparison with composite 597 

chemostratigraphic trends developed in other dated sections (Rice, 2004; Halverson et al., 2005). 598 

 599 

Early research on the Smalfjord Formation based its glacial origin on the striated pavement, and 600 

glacigenic facies such as diamictite and mudstone with dropstones. Edwards (1984) proposed an 601 

early phase of valley glaciation from the south-southeast followed by the advance of an ice sheet 602 

from the North, leaving behind subglacial tills, glaciofluvial and glaciomarine deposits. Ice 603 

margin fluctuations were inferred based on the interbedding of diamictite with other facies 604 

(Edwards, 1984).  However, as with many other Neoproterozoic successions, the extent of 605 

glacial influence on deposition has also been, and continues to be, the subject of much 606 

discussion.  These debates, with specific examples taken from the Smalfjord Formation, date 607 

back to Crowell (1964), during one of the earlier periods of intense Neoproterozoic research, 608 

through Schemmerhorn (1974) and Eyles (1993) who drew attention to the possible confusion 609 

over diamictites that formed as a result of non-glacial processes.  More recently the debates have 610 

focused over the origin of the diamictite that overlies the striated pavement at Oaibacˇcˇannjar’ga 611 

and the origin of other diamictite units in the Varangerfjorden and Tarmfjorden areas (Jensen and 612 

Wulff-Pedersen, 1996, 1997; Edwards, 1997; Rice and Hoffmann 2000; Laajoki, 2001, 2002; 613 
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Arnaud and Eyles, 2002b; Edwards, 2004; Rice 2004; Arnaud and Eyles, 2004).  Arnaud and 614 

Eyles (2002) showed that while the sediment source may have been glacial, depositional 615 

processes recorded in the lateral and vertical distribution of facies were primarily non-glacial at 616 

several sites around Varangerfjorden and in the Tarmfjorden area.  This distinction is important 617 

when considering the severity of glacial conditions proposed in some of the Neoproterozoic 618 

paleoclimate models. 619 

 620 

4.2.2. Deformation structures 621 

4.2.2.1 Description 622 

Subsequent analysis of other sections along Varangerfjorden revealed extensive deformation 623 

indicative of active ice as well as facies associations typical of ice marginal settings (Arnaud, 624 

2008). At Handelsneset, deformed conglomerate and sandstone is exposed in a series of 625 

contiguous outcrops or panels over a distance of approximately 50 m (Fig. 19).  The deformation 626 

is highly variable in style, complexity and scale, with some units being extremely deformed and 627 

others completely undeformed within metres of one another.  Deformation structures are 628 

primarily ductile and include contorted and convoluted bedding, broad to isoclinal folds, flow 629 

noses, attenuated bedding, tectonic laminations and shear folds (Figs. 19, 20 and 21). Several 630 

outcrops exhibit an upward decrease in deformation (Fig. 20a).  These deformation structures 631 

affect two of the four stratigraphic units identified at this site (Units A and C; Fig. 19).  Principal 632 

stress directions measured from the upper deformed zone suggest a paleostress applied from the 633 

NE.   634 

 635 

4.2.2.2. Interpretation 636 
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These deformation structures were formed under compressional and shear stress and as a result 637 

of high pore water pressures, loss of sediment shear strength and liquefaction.  Based on the 638 

styles, scale and complexity of deformation, Arnaud (2008) suggested that a combination of 639 

gravity-driven and glacitectonic reworking of these sediments in a proglacial setting was 640 

responsible for the observed deformation.  Several flow noses and substrate relief were 641 

consistent with gravity-driven processes, whereas the abundance of shear structures throughout 642 

the deformed zones, the complexity and scale of the deformation, the abundance of ductile 643 

deformation in such coarse-grained materials as well as the upward increase in strain typical of 644 

subglacial deformation profiles (Benn and Evans, 1996) all pointed to active ice as an important 645 

trigger of deformation.  The presence of deformed and undeformed stratigraphic units at the site 646 

suggests oscillations of the ice margin in this area.  647 

 648 

5. Discussion 649 

In the two case studies presented, the glacigenic origin of these successions remains undisputed.  650 

However, the analysis of deformation has significantly added to the understanding of the 651 

depositional processes and basin dynamic recorded in these sediments.  The deformation 652 

structures within the Great Breccia and the Disrupted Beds, the stratigraphic and regional 653 

distribution of other deformation structures within the Port Askaig Formation, together with 654 

other stratigraphic, structural and sedimentary data, suggest tectonic activity within the basin 655 

played an important role in determining the nature of sedimentation(Arnaud and Eyles, 2006).  656 

The distribution of deformation combined with sedimentary indicators of glacial conditions 657 

(appearance of extrabasinal clasts, evidence for rainout processes -dropstones and clast clusters- 658 

in diamictite and laminated mudstone facies) was then used to define intervals where 659 
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sedimentation was influenced by tectonic and/or climatic controls.  None of the diamictite units 660 

showed deformation characteristic of subglacial or ice marginal settings; most diamictite could 661 

be attributed to ‘rainout’ processes or sediment instability triggered by tectonic activity and/or 662 

abundant delivery of glacial sediments to the marine basin. This better understanding of larger 663 

scale controls showed that the signature of glacial conditions was most clear during tectonically 664 

quiet intervals of sedimentation and that this interval recorded fluctuations between ice-free and 665 

glacially-influenced depositional conditions (Arnaud, 2004; Arnaud and Eyles, 2006).  666 

In Norway, deformation structures at Handelsneset together with other outcrops of the Smalfjord 667 

Formation on Skjaholmen Island clearly demonstrate the role played by active wet-based ice 668 

(Arnaud 2008).  These provide details about terrestrial ice marginal processes rarely described in 669 

other Neoproterozoic successions, which tend to represent predominantly more distal, 670 

glaciomarine settings.  It also provides evidence for spatially variable coverage of ice: active ice 671 

at Handelsneset to limited or no glacial influence a few kilometres away across the 672 

Varangerfjord at Kvalnes and further afield along Tarmfjorden to the west (Arnaud and Eyles, 673 

2002).  674 

 675 

The review of deformation structures in glacial and non-glacial settings clearly demonstrates the 676 

need to collect as much information as possible considering no single deformation structure is 677 

diagnostic of any specific setting and trigger as they often occur in a number of different glacial 678 

and non-glacial settings (e.g. contorted and convoluted bedding, clastic dikes, compressional and 679 

shear folds, and faults; Figs. 1 and 8).  Analysis of deformation within the broader context of the 680 

succession is often very helpful in determining what trigger may have caused these non-unique 681 

deformation structures.  In this context the depositional setting and basinal context of the 682 
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deformation must be considered through an analysis of facies associations and regional 683 

stratigraphic and structural trends indicative of the overall development of the basin.  For 684 

example, are the associated facies typical of delta fronts, terrestrial ice margins or deep marine 685 

settings?  Is the geometry of the deposits associated with the deformation consistent with one 686 

depositional setting over another (e.g. high facies variability in ice marginal settings vs lateral 687 

continuity of subglacial or deep marine settings)?  Are the stratigraphic changes in facies 688 

associations and significant bounding surfaces recording base level or sea level changes 689 

consistent with ice margin fluctuations or tectonically active periods of basin development?  And 690 

how are all these sedimentary clues connected to the nature and distribution (lateral and vertical) 691 

of the deformation structures? These lines of questioning can provide information that can then 692 

be used to distinguish the most plausible of several competing triggers. In some cases for 693 

example, deformation will be associated with specific facies suggesting that the deformation is 694 

perhaps linked with the process of deposition or depositional setting (i.e. endogenic control; e.g. 695 

Molina et al., 1998; Røe and Hermansen, 2006), whereas in others, deformation will be observed 696 

in a wide range of facies suggesting a exogenic control (e.g. seismic activity) on their formation 697 

(e.g. Pratt, 1994; Arnaud and Eyles, 2006).  In terms of glaciogenic deformation, the structures 698 

tend to be associated with other sedimentary indicators of glacial conditions (e.g. faceted, striated 699 

or bullet shaped clasts, laminated mudstone with dropstones) or the associated facies and 700 

geometries are highly variable as is typical of ice marginal conditions.  In addition, documenting 701 

the style, scale and complexity of the deformation (McCarroll and Rijsdijk, 2003), carrying out a 702 

structural analysis of the succession to determine the extent of post-depositional tectonic 703 

overprinting, as well as measuring paleostress, paleoslope and paleoice flow directions, where 704 

possible, can also help constrain the most likely trigger of the deformation.  705 
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 706 

Ideal exposures for this kind of analysis are structurally simple, with enough lateral exposure to 707 

take full advantage of facies associations and to get a sense of the complexity and abundance of 708 

deformation structures.  This information must be considered with the possibility of polyphase 709 

deformation histories in mind for three main reasons.  First, oscillations of ice margins are 710 

common over seasonal to millenial time scales such that sediments may be deformed by active 711 

ice several times during one glacial period or ice age (Phillips et al. 2002).  Second, glacial 712 

settings are highly dynamic environments so that sediment may experience deformation from 713 

different triggers over time.  A succession may record compressional deformation related to 714 

gravity-driven remobilization of sediments as abundant glacial sediments are delivered to a 715 

subaqueous setting, followed by shear deformation from overriding ice and lastly, deformation 716 

by melting of buried ice during the full meltback of that ice margin (e.g. Weaver and Arnaud, 717 

2011).  Third, many Neoproterozoic successions are preserved in active tectonic settings 718 

(foreland or rift basins).  As such, seismic shaking should be considered as one of several 719 

possible triggers when stratigraphically-recurring deformation structures, which are similar in 720 

form to seismites, are observed.   With careful consideration, deformation structures can yield 721 

information that can strengthen and enhance the paleoenvironmental reconstruction proposed for 722 

any succession. 723 

 724 

Refined paleoenvironmental reconstructions can then provide information on the physical 725 

processes as well as the extent and nature of ice cover at the time of deposition and thereby 726 

provide context and constraints for the changes observed in the biological and geochemical 727 

spheres of the Earth system (e.g. the extent of ice cover and its effect on the carbon cycle and 728 
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marine life).  In addition, the different global climate change models that have been proposed for 729 

the Neoproterozoic (Fairchild and Kennedy, 2007) invoke a number of different scenarios 730 

ranging from total ice cover (‘hard’ snowball Earth) to partial ice cover (‘slushball’ or Zipper-731 

Rift model), such that the findings summarized above showing spatially and temporally variable 732 

ice cover constitute one of several similar sedimentary challenges to the snowball Earth 733 

hypothesis (Allen and Etienne, 2008).  In the end, a better understanding of the nature and inter-734 

connectedness of the physical, chemical and biological processes, together with tight 735 

geochronological and paleomagnetic constraints on the timing, location and rate of changes will 736 

provide a clearer picture of global Neoproterozoic climate change and early animal evolution.  In 737 

that context, clastic sedimentology plays an important part in evaluating and refining global 738 

climate change models proposed for this time period. 739 

 740 

6. Conclusions 741 

Analysis of soft sediment deformation structures can yield information about paleostresses that 742 

affected the sediments during or shortly after deposition.  This approach has been used 743 

extensively in recent glacial deposits and in non-glaciated basins affected by seismic activity, 744 

providing important constraints on the nature of ice dynamics and the recurrence interval of 745 

tectonically-active periods.  In glacial settings, shear and compressional stresses imparted by 746 

overriding, grounding or buldozing of ice, as well as gravitational stresses related to melting of 747 

buried ice and high sedimentation rates and oversteepening affect sediments in subglacial, ice 748 

marginal, glaciofluvial, glaciolacustrine and glaciomarine settings.  At the edge of glaciated 749 

basins, periglacial deformation structures develop as a result of changes in substrate thermal 750 

characteristics.  In non-glacial settings, soft sediment deformation is commonly attributed to 751 
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seismic shaking, current induced shear stress, wave loading, rapid sedimentation or incomplete 752 

mixing of remobilized heterogeneous sediments.  These different triggers can result in a wide 753 

range of non-unique deformation structures including various types of folding, faulting, shear or 754 

water escape structures, and clastic dikes, though careful analysis of the style, scale and 755 

complexity of deformation, the stratigraphic and facies context, as well as basin tectonic and 756 

glacial history can allow resolution of the most plausible trigger. 757 

 758 

Analysis of deformation structures in the Neoproterozoic Port Askaig Formation revealed they 759 

most likely recorded periods of tectonic activity within the basin based on their stratigraphic 760 

distribution, the basin’s tectonic setting, the facies in which they are found as well as the nature 761 

of the associated undeformed facies.  The Great Breccia shows strong similarities with carbonate 762 

megabreccia and most likely record subaqueous slumping of underlying Port Askaig and Lossit 763 

(Islay) formation sediments along an active fault.  The overlying Disrupted Beds and recurring 764 

horizons of soft sediment deformation up to the base of Member III are interpreted as continued 765 

tectonic activity in a glacially influenced marine setting.  Alternative interpretations (subglacial, 766 

ice marginal, periglacial) are deemed unlikely due to the stratigraphic recurrence of these 767 

deformed intervals regardless of facies type, the absence of facies associations typical of these 768 

settings and the nature of the deformation structures themselves.  In contrast, deformation of 769 

conglomerate in the Neoproterozoic Smalfjord Formation can clearly be attributed to 770 

gravitational, compressional and shear stresses in an ice marginal setting based on the 771 

complexity and scale of the deformation, as well as the associated undeformed facies. 772 

 773 
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This type of approach is best suited in sections where outcrop exposure allows the style and scale 774 

of the deformation to be well established as well as a comprehensive facies and stratigraphic 775 

analysis to be carried out. Post depositional tectonic overprinting or polyphase deformation from 776 

different sources and over time can make interpretations difficult.  However, useful 777 

paleoenvironmental information can be extracted from the analysis of deformation structures 778 

when combined with strong stratigraphic control and facies analysis of Neoproterozoic 779 

glacigenic successions. In successions where diamictite and sea level changes can be interpreted 780 

in the context of both tectonic activity or climatic changes and ice margin fluctuations, the 781 

analysis of deformation structures can provide additional information to better constrain their 782 

paleoclimatic significance. 783 

 784 

Acknowledgements: My research on deformation in clastic sediments and glacigenic 785 

Neoproterozoic successions is supported by the Natural Sciences and Engineering Research 786 

Council.  Work on the Port Askaig Formation was supported by funds awarded to the author by 787 

the Geological Society of America (Student Research Grant), Natural Sciences and Engineering 788 

Research Council (Post-graduate Scholarship-B), the Association of American Petroleum 789 

Geologists (Grant-in-Aid) and McMaster University (J.F. Harvey and H. S. Harvey Travel 790 

Scholarship). The project was also funded through a Discovery grant (Natural Sciences and 791 

Engineering Research Council) to C. Eyles. This financial support is greatly appreciated.  I 792 

would also like to thank Carolyn Eyles for sparking my interest in glacial environments and the 793 

Neoproterozoic as well as Lachlan MacLachlan, Christina Trotter, Steve Aspden, Kristi 794 

Markham, and Sandra Morrison who helped me in the field to carry out the original research on 795 

the Smalfjord and Port Askaig formations.  Geraint Owen, I. Peter Martini and Brian Pratt are 796 



 

 36 

also thanked for helpful papers, photographs and discussions about deformation in clastic 797 

sediments.  Comments from an anonymous reviewer improved the manuscript and are much 798 

appreciated.  Timothy Horscroft, Nick Eyles, and Matthew R. Bennett are thanked for 799 

coordinating and editing this special issue.  800 

 801 

802 



 

 37 

References 803 

Aber, J.S., Croot, D.G., Fenton, M.M., 1989. Glaciotectonic Landforms and Structures. 804 

Glaciology and Quaternary Geology. Kluwer Academic Publishers, Dordrecht, 200 pp. 805 

Aitken, J.F., 1998. Sedimentology of Late Devensian glaciofluvial outwash in the Don Valley, 806 

Grampian Region. Scottish Journal of Geology 34: 97-117. 807 

Allen, J.R.L., 1982. Sedimentary Structures: Their Character and Physical Basis. Developments 808 

in Sedimentology, 2. Elsevier Scientific Publishing Company, New York, 663 pp. 809 

Allen, P. A. & Etienne, J.L. 2008.  Sedimentary challenge to snowball Earth. Nature Geoscience 810 

1: 817-825. 811 

Allen, P.A., Leather, J., Brasier, M.D., 2004. The Neoproterozoic Fiq glaciation and its 812 

aftermath, Huqf Supergroup of Oman. Basin Research 16: 507-534. 813 

Anderton, R., 1976. Tidal-shelf sedimentation: an example from the Scottish Dalradian. 814 

Sedimentology 23: 429-458. 815 

Anderton, R., 1985. Sedimentation and tectonics in the Scottish Dalradian. Scottish Journal of 816 

Geology 21: 407-436. 817 

Andrzejewski, L., 2002. The impact of surges on the ice-marginal landsystem of Tungnaarjokull, 818 

Iceland. Sedimentary Geology 149: 59-72. 819 

Anketell, J.M., Cegla, J., Dzulynski, S., 1970. On the deformational structures in systems with 820 

reversed density gradients. Rocznik Polskiego Towarzystwa Geologicznego 40: 3-30. 821 

Arnaud, E., 2004.  Giant cross-beds in the Neoproterozoic Port Askaig Formation, Scotland: 822 

implications for snowball Earth.  Sedimentary Geology 165: 155-174 823 

Arnaud, E., 2008. Deformation in the Neoproterozoic Smalfjord Formation, northern Norway: an 824 

indicator of glacial depositional conditions? Sedimentology 55: 335-356. 825 

Arnaud, E., Eyles, C.H., 2002a. Catastrophic mass failure of a Neoproterozoic glacially-826 

influenced continental margin, the Great Breccia, Port Askaig Formation, Scotland. 827 

Sedimentary Geology 151: 313-333. 828 

Arnaud, E., Eyles, C.H., 2002b. Glacial influence on Neoproterozoic sedimentation: the 829 

Smalfjord Formation, northern Norway. Sedimentology 49: 765-788. 830 

Arnaud, E., Eyles, C.H., 2004. Glacial influence on Neoproterozoic sedimentation: the Smalfjord 831 

Formation, northern Norway - reply. Sedimentology 51: 1423-1430. 832 

Arnaud, E., Eyles, C.H., 2006. Neoproterozoic environmental change recorded in the Port 833 

Askaig Formation, Scotland: climatic and tectonic controls on sedimentation. 834 

Sedimentary Geology 183: 99-124. 835 

Arnaud, E., Halverson, G.P., Shields-Zhou, G., in press. The Geological Record of 836 

Neoproterozoic Glaciations. Geological Society of London Memoir 36. 837 

Banks, N.L., Edwards, M.B., Geddes, W.P., Hobday, D.K., Reading, H.G., 1971. Late 838 

Precambrian and Cambro-Ordovician sedimentation in East Finnmark. Norges 839 

Geologiske Undersokelse 269: 197-236. 840 

Benn, D.I., 1996. Subglacial and subaqueous processes near a glacier grounding line: 841 

sedimentological evidence from a former ice-dammed lake, Achnasheen, Scotland. 842 

Boreas 25: 23-36. 843 

Benn, D.I., Evans, D.J.A., 1996. The interpretation and classification of subglacially-deformed 844 

materials. Quaternary Science Reviews 15: 23-52. 845 

Benn, D. I., Evans, D.J. A., 2010.  Glaciers and Glaciation, 2
nd

 ed.  Hodder Education, London, 846 

802 pp.  847 



 

 38 

Benn, D.I., Prave, A.R., 2006. Subglacial and proglacial glacitectonic deformation in the 848 

Neoproterozoic Port Askaig Formation, Scotland. Geomorphology 75: 266-280. 849 

Bennett, M.R., 2001. The morphology, structural evolution and significance of push moraines. 850 

Earth Science Reviews 53: 197-236. 851 

Berra, F., Felleti, F., 2011. Syndepositional tectonics recorded by soft-sediment deformation and 852 

liquefaction structures (continental Lower Permian sediments, Southern Alps, Northern 853 

Italy): stratigraphic significance. Sedimentary Geology 235: 249-263. 854 

Bjørlykke, K., 1967. The Eocambrian Reusch moraine at Bigganjargga and the geology around 855 

Varangerfjord Northern Norway. Norges Geologiske Undersokelse 251: 18-44. 856 

Bjørlykke, K., 1985.  Glaciations, preservation of their sedimentary record and sea level changes. 857 

Palaeogeography, Palaeoclimatology, Palaeoecology 51: 197-207.  858 

Boulton, G.S., 1972. Modern arctic glaciers as depositional models for former ice sheets. Journal 859 

of the Geological Society, London 128: 361-393. 860 

Boulton, G.S., van der Meer, J.J.M., Beets, D.J., Hart, J.K., Ruegg, G.H.J., 1999. The 861 

sedimentary and structural evolution of a recent push moraine complex: 862 

Holmstrombreen, Spitsbergen. Quaternary Science Reviews 18: 339-371. 863 

Boulton, G.S., Dobbie, K.E., Zatsepin, S., 2001. Sediment deformation beneath glaciers and its 864 

coupling to the subglacial hydraulic system. Quaternary International 86: 3-28. 865 

Boyce, J.I., Eyles, N., 2000. Architectural element analysis applied to glacial deposits: internal 866 

geometry of a late Pleistocene till sheet, Ontario, Canada. Geological Society of America 867 

Bulletin 112: 98-118. 868 

Brasier, M.D., Shields, G., 2000. Neoproterozoic chemostratigraphy and correlation of the Port 869 

Askaig glaciation, Dalradian Supergroup of Scotland. Journal of the Geological Society, 870 

London 157: 909-914. 871 

Croot, D.G. (Ed.), 1988. Glaciotectonics: Forms and Processes. A.A. Balkema Publishers, 872 

Rotterdam, 212 pp. 873 

Crowell, J.C., 1964. Climatic significance of sedimentary deposits containing dispersed 874 

megaclasts. In: A.E.M. Nairn (Ed.), Problems in Palaeoclimatology. Interscience 875 

Publishers, London, pp. 86-99. 876 

Crowell, J.C., 1999. Pre-Mesozoic Ice Ages: Their Bearing On Understanding The Climate 877 

System, Geological Society of America, Memoir 192, 106 pp. 878 

Dalziel, I.W.D., Soper, N.J., 2001. Neoproterozoic extension on the Scottish Promontory of 879 

Laurentia: paleogeographic and tectonic implications. The Journal of Geology 109: 299-880 

317. 881 

Dempster, T.J., Rogers, G., Tanner, P. W. G., Buck, B. J., Muir, R. J., Redwood, S. D., Ireland, 882 

T. R., Paterson, B. A. 2002. Timing of deposition, orogenesis and glaciation within the 883 

Dalradian rocks of Scotland: constraints from U-Pb zircon ages. Journal of the 884 

Geological Society, London 159: 83-94. 885 

Deynoux, M. 1985.  Terrestrial or waterlain glacial diamictites? Three case studies from the Late 886 

Precambrian and Late Ordovician glacial drifts in West Africa. Palaeogeography, 887 

Palaeoclimatology, Palaeoecology 51: 97-141. 888 

Dionne, J.C., 1998. Sedimentary structures made by shore ice in muddy tidal-flat deposits, St. 889 

Lawrence estuary, Quebec. Sedimentary Geology 116: 261-274. 890 

Domack, E., Hoffman, P.F., 2011. An ice grounding-line wedge from the Ghaub glaciation (635 891 

Ma) on the distal foreslope of the Otavi carbonate platform, Namibia, and its bearing on 892 

the snowball Earth hypothesis. Geological Society of America Bulletin 123: 1448-1477. 893 



 

 39 

Dreimanis, A., Rappol, M., 1997.  Late Wisconsinan sub-glacial clastic intrusive sheets along 894 

Lake Erie bluffs, at Bradtville, Ontario, Canada.  Sedimentary Geology 111: 225-248. 895 

Eden, D. J., Eyles, N. 2001. Description and numerical model of Pleistocene iceberg scours and 896 

ice-keel turbated facies at Toronto, Canada.  Sedimentology 48: 1079-1102. 897 

Edwards, M.B., 1975. Glacial retreat sedimentation in the Smalfjord Formation, Late 898 

Precambrian, North Norway. Sedimentology 22: 75-94. 899 

Edwards, M.B., 1984. Sedimentology of the Upper Proterozoic glacial record, Vestertana Group, 900 

Finnmark, North Norway. Norges Geologiske Undersokelse Bulletin 394: 76 pp. 901 

Edwards, M.B., 2004. Glacial influence on Neoproterozoic sedimentation: the Smalfjord 902 

Formation, northern Norway - discussion. Sedimentology 51: 1-9. 903 

Evans, D.J.A., Benn, D.I., 2004. A Practical Guide To The Study Of Glacial Sediments. Arnold, 904 

New York, 266 pp. 905 

Evans, D.J.A., Phillips, E.R., Hiemstra, J.F., Auton, C.A., 2006. Subglacial till: formation, 906 

sedimentary characteristics and classification. Earth Science Reviews 78: 115-176. 907 

Eyles, C.H., 1988. Glacially and tidally-influenced shallow marine sedimentation of the Late 908 

Precambrian Port Askaig Formation, Scotland. Palaeogeography, Palaeoclimatology, 909 

Palaeoecology 68: 1-25. 910 

Eyles, C.H., Lagoe, M.B., 1998. Slump-generated megachannels in the Pliocene-Pleistocene 911 

glaciomarine Yakataga Formation, Gulf of Alaska. Geological Society of America 912 

Bulletin 110: 395-408. 913 

Eyles, C.H., Eyles, N., 2000. Subaqueous mass flow origin for Lower Permian diamictites and 914 

associated facies of the Grant Group, Barbwire Terrace, Canning Basin, Western 915 

Australia. Sedimentology 47: 343-356. 916 

Eyles, N. 1977. Late Wisconsinan glacitectonic structures and evidence of postglacial permafrost 917 

in north-central Newfoundland.  Canadian Journal of Earth Sciences 14: 2797-2806. 918 

Eyles, N., 1993. Earth's glacial record and its tectonic setting. Earth Science Reviews 35: 1-248. 919 

Eyles, N., Clark, B.M., 1985. Gravity-induced soft-sediment deformation in glaciomarine 920 

sequences of the Upper Proterozoic Port Askaig Formation, Scotland. Sedimentology 32: 921 

789-814. 922 

Eyles, N., Eyles, C. H., Woodworth-Lynas, C., Randall, T. A. 2005.  The sedimentary record of 923 

drifting ice (early Wisconsin Sunnybrook deposit) in an ancestral ice-dammed Lake 924 

Ontario, Canada. Quaternary Research 63: 171-181. 925 

Fairchild, I.J., 1980. Sedimentation and origin of a late Precambrian 'dolomite' from Scotland. 926 

Journal of Sedimentary Petrology 50(2): 423-446. 927 

Fairchild, I.J., Kennedy, M.J., 2007. Neoproterozoic glaciation in the Earth System. Journal of 928 

the Geological Society, London 164: 895-921. 929 

Fossen, H., 2010. Structural Geology. Cambridge University Press, Cambridge, 463 pp. 930 

Føyn, S., 1937. The Eo-cambrian series of the Tana District, north Norway. Norsk Geologisk 931 

Tidsskrift 17: 65-164. 932 

Føyn, S., Siedlecki, S., 1980. Glacial stadials and interstadials of the Late Precambrian Smalfjord 933 

Tillite on Lakesfjordvidda, Finnmark, North Norway. Norges Geologiske Undersokelse 934 

358: 31-45. 935 

French, H.M., 1986. Periglacial involutions and mass displacement structures, Banks Island, 936 

Canada. Geografiska Annaler 68: 167-174. 937 

Gilbert, R., 1990. Rafting in glacimarine environments. In: J.A. Dowdeswell, J.D. Scourse 938 

(Eds.), Glacimarine Environments: Processes and Sediments. Geological Society Special 939 



 

 40 

Publication, pp. 105-121. 940 

Gorokhov, I.M., Siedlecka, A., Roberts, D., Melnikov, N.N., Turchenko, T.L., 2001. Rb-Sr 941 

dating of diagenetic illite in Neoproterozoic shales, Varanger Peninsula, northern 942 

Norway. Geological Magazine 138: 541-562. 943 

Halliday, A.N., Graham, C.M., Aftalion, M., Dymoke, P., 1989. Short paper: The depositional 944 

age of the Dalradian Supergroup: U-Pb and Sm-Nd isotopic studies of the Tayvallich 945 

Volcanics, Scotland. Journal of the Geological Society, London 146: 3-6. 946 

Halverson, G.P., Hoffman, P.F., Schrag, D.P., Maloof, A.C., Rice, A.H.N., 2005. Toward a 947 

Neoproterozoic composit carbon-isotope record. Geological Society of America Bulletin 948 

117: 1181-1207. 949 

Hambrey, M.J., Harland, W.B., 1978. Analysis of Pre-Pleistocene glacigenic rocks: aims and 950 

problems. In: C. Schluchter (Ed.), Moraines and Varves. A.A. Balkema Publishers, 951 

Rotterdam, pp. 271-275. 952 

Hambrey, M.J., Harland, W.B., 1985. The late Proterozoic glacial era. Palaeogeography, 953 

Palaeoclimatology, Palaeoecology 51: 255-272. 954 

Hambrey, M.J., Huddart, D., 1995. Englacial and proglacial glaciotectonic processes at the snout 955 

of a thermally complex glacier in Svalbard. Journal of Quaternary Science 10(4): 313-956 

326. 957 

Harland, W.B., 1964. Evidence of a late Precambrian glaciation and its significance. In: A.E.M. 958 

Nairn (Ed.), Problems in Palaeoclimatology. Interscience Publishers, London, pp. 119-959 

149. 960 

Harris, A.L., Baldwin, C.T., Bradbury, H.J., Johnson, H.D., Smith, R.A., 1978. Ensialic basin 961 

sedimentation: the Dalradian Supergroup. In: D.R. Bowes, B.L. Leake (Eds.), Crustal 962 

Evolution in Northwestern Britain and Adjacent Regions. Seel House Press, Liverpool, 963 

pp. 115-138. 964 

Harris, A.L., Haselock, P. J., Kennedy, M. J., Mendum, J. R., Long, C. B., Winchester, J. A., 965 

Tanner, P. W. G, 1993. The Dalradian Supergroup in Scotland, Shetland, and Ireland. In: 966 

W. Gibbons, A.L. Harris (Eds.), A Revised Correlation of Precambrian Rocks in the 967 

British Isles. Geological Society, special report, London, pp. 33-53. 968 

Hart, J.K., 1995. Subglacial erosion, deposition and deformation associated with deformable 969 

beds. Progress in Physical Geography 19: 173-191. 970 

Hart, J.K., Boulton, G.S., 1991. The interrelation of glaciotectonic and glaciodepostional 971 

processes within the glacial environment. Quaternary Science Reviews 10: 335-350. 972 

Hart, J.K., Roberts, D.H., 1994. Criteria to distinguish between subglacial glaciotectonic and 973 

glaciomarine sedimentation, I.  Deformation styles and sedimentology. Sedimentary 974 

Geology 91: 191-213. 975 

Jensen, P.A., Wulff-Pedersen, E., 1996. Glacial or non-glacial origin of the Bigganjarga tillite, 976 

Finnmark, northern Norway. Geological Magazine 133: 137-145. 977 

Jensen, P.A., Wulff-Pedersen, E., 1997. Reply to discussion on glacial or non-glacial origin for 978 

the Bigganjargga tillite, Finnmark, northern Norway. Geological Magazine 134(6): 873-979 

876. 980 

Jones, A.P., Omoto, K., 2000. Towards establishing criteria for identifying trigger mechanisms 981 

for soft sediment deformation: a case study of Late Pleistocene lacustrine sands and 982 

clays, Onikobe and Nakayamadaira Basins, northeastern Japan. Sedimentology 47: 1211-983 

1226. 984 

Kilburn, C., Pitcher, W.S., Shackleton, R.M., 1965. The stratigraphy and origin of the Port 985 



 

 41 

Askaig boulder bed series (Dalradian). Geological Journal 4(2): 343-360. 986 

Laajoki, K., 2001. Additional observations on the late Proterozoic Varangerfjorden 987 

unconformity, Finnmark, northern Norway. Bulletin of the Geological Society of Finland 988 

73: 17-34. 989 

Laajoki, K., 2002. New evidence of glacial abrasion of the Late Proterozoic unconformity 990 

around Varangerfjorden, northern Norway. In: W. Altermann, P. Corcoran (Eds.), 991 

Precambrian Sedimentary Environments: A Modern Approach To Ancient Depositional 992 

Systems. Spec. Publs int. Ass. of Sediment., Oxford, pp. 405-436. 993 

Larsen, E., Mangerud, J., 1992. Subglacially formed clastic dikes. Sveriges Geologiska 994 

Undersokning 18: 163-170. 995 

Lawson, D. E. 1982. Mobilization, movement and deposition of active subaerial sediment flows, 996 

Matanuska Glacier, Alaska. Journal of Geology 90: 279-300. 997 

Lawson, D.E. 1988.  Glacigenic resedimentation: classification concepts and application to 998 

mass-movement processes and deposits. In: R. P. Goldthwait, C. L. Matsch (Eds.) 999 

Genetic Classification of Glacigenic Deposits.  A.A. Balkema, Rotterdam, 147-169.  1000 

Leeder, M. 1999. Sedimentology and Sedimentary Basins: From Turbulence to Tectonics.  1001 

Blackwell Publishing, Oxford, 592 pp. 1002 

Le Heron, D.P., Etienne, J.L., 2005. A complex subglacial clastic dyke swarm, Solheimajokull, 1003 

southern Iceland. Sedimentary Geology 181: 25-37. 1004 

Le Heron, D.P., Sutcliffe, O.E., Whittington, R.J., Craig, J., 2005. The origins of glacially related 1005 

soft-sediment deformation structures in Upper Ordovician glaciogenic rocks: implications 1006 

for ice-sheet dynamics. Palaeogeography, Palaeoclimatology, Palaeoecology 218: 75-1007 

103. 1008 

Le Heron, D.P., Cox, G., Trundley, A., Collins, A., 2011. Two Cryogenian glacial successions 1009 

compared: aspects of the Sturt and Elatina sediment records of south Australia. 1010 

Precambrian Research 186:147-168. 1011 

Lønne, I., 1995. Sedimentary facies and depositional architecture of ice-contact glaciomarine 1012 

systems. Sedimentary Geology 98: 13-43. 1013 

Maltman, A., Hubbard, B., Hambrey, M.J., 2000. Deformation of glacial materials. Geological 1014 

Society of London, Special Publication, 176. Geological Society of London, London 344 1015 

pp. 1016 

McCarroll, D., Rijsdijk, K.F., 2003. Deformation styles as a key for interpreting glacial 1017 

depositional environments. Journal of Quaternary Science 18(6): 473-489. 1018 

McCay, G.A., Prave, A.R., Alsop, G.I., Fallick, A.E., 2006. Glacial trinity: Neoproterozoic Earth 1019 

history within the British-Irish Caledonides. Geology 34: 909-912. 1020 

McDonald, B.C., Shilts, W.W., 1975. Interpretation of faults in glaciofluvial sediments. In: A.V. 1021 

Jopling, B.C. McDonald (Eds.), Glaciofluvial and Glaciolacustrine Sedimentation. SEPM 1022 

Special Publication, pp. 123-131. 1023 

Menzies, J., 2000a. Micromorphological analyses of microfabrics and microstructures indicative 1024 

of deformation processes in glacial sediments. In: A.J. Maltman, B. Hubbard, M.J. 1025 

Hambrey (Eds.), Deformation of Glacial Materials. Geological Society of London, 1026 

Special Publication, pp. 245-257. 1027 

Menzies, J., 2000b. Microstructures in diamictites of the lower Gowganda Formation 1028 

(Huronian), near Elliot Lake, Ontario; evidence for deforming-bed conditions at the 1029 

grounding line? Journal of Sedimentary Research 70(1): 210-216. 1030 

Molina, J.M., Alfaro, P., Moretti, M., Soria, J.M., 1998. Soft sediment deformation structures 1031 



 

 42 

induced by cyclic stress of storm waves in tempestites (Miocene, Guadalquivir Basin, 1032 

Spain). Terra Nova 10: 145-150. 1033 

Montenat, C., Barrier, P., Ott d'Estevou, P., Hibsch, C., 2007. Seismites: An attempt at critical 1034 

analysis and classification. Sedimentary Geology 196: 5-30. 1035 

Moretti, M., Sabato, L., 2007. Recognition of trigger mechanisms for soft sediment deformation 1036 

in the Pleistocene lacustrine deposits of the Sant'Arcangelo Basin (southern Italy): 1037 

seismic shock vs overloading. Sedimentary Geology 196: 31-45. 1038 

Moretti, M., Alfaro, P., Caselles, O., Canas, J.A., 1999. Modelling seismites with a digital 1039 

shaking table. Tectonophysics 304: 369-383. 1040 

Mulder, T., Alexander, J., 2001. The physical character of subaqueous sedimentary density flows 1041 

and their deposits. Sedimentology 48: 269-299. 1042 

Nardin, T.R., Hein, F.J., Gorsline, D.S., Edwards, B.D., 1979. A review of mass movement  1043 

processes, sediment and acoustic characteristics and contrasts in slope and base of slope 1044 

systems versus canyon-fan basin floor systems. In: L.J. Doyle, O.H. Pilkey (Eds.), 1045 

Geology of Continental Slopes. Society of Economic Paleontologists and Mineralogists, 1046 

Special Publication, pp. 61-73. 1047 

Noble, S.R., Hyslop, E.K., Highton, A.J., 1996. High precision U-Pb monazite geochronology of 1048 

the c. 806 Ma Grampian Shear Zone and the implications for the evolution of the Central 1049 

Highlands of Scotland. Journal of the Geological Society, London 153: 511-514. 1050 

Nystuen, J.P., Andresen, A., Kumpulainen, R.A., Siedlecka, A., 2008. Neoproterozoic basin 1051 

evolution in Fennoscandia, East Greenland and Svalbard. Episodes 31: 35-43. 1052 

Obermeier, S.F., 1996. Use of liquefaction-induced features for paleoseismic analysis - an 1053 

overview of how seismic liquefaction features can be distinguished from other features 1054 

and how their regional distribution and properties of source sediment can be used to infer 1055 

the location and strength of Holocene paleo-earthquakes. Engineering Geology 44: 1-76. 1056 

Owen, G., 1987. Deformation processes in unconsolidated sands. In: M.E. Jones, R.M.F. Preston 1057 

(Eds.), Deformation of Sediments and Sedimentary Rocks. Geological Society Special 1058 

Publication, pp. 11-24. 1059 

Owen, G., 1995. Soft-sediment deformation in upper Proterozoic Torridonian sandstones 1060 

(Applecross Formation) at Torridon, Northwest Scotland. Journal of Sedimentary 1061 

Research A65: 495-504. 1062 

Owen, G., Moretti, M., Alfaro, P., 2011. Recognising triggers for soft-sediment deformation: 1063 

current understanding and future directions. Sedimentary Geology 235: 133-140. 1064 

Phillips, E.R., Evans, D.A.J., Auton, C.A., 2002. Polyphase deformation at an oscillating ice 1065 

margin following the Loch Lomond Readvance, central Scotland, UK. Sedimentary 1066 

Geology 149: 157-182. 1067 

Plink-Björklund, P., Ronnert, L., 1999. Depositional processes and internal architecture of Late 1068 

Weichselian ice-margin submarine fan and delta settings, Swedish west coast. 1069 

Sedimentology 46: 215-234. 1070 

Pratt, B. R. 1994. Seismites in the Meoproterozoic Altyn Formation (Belt Supergroup), Montana: 1071 

a test for tectonic control of peritidal carbonate cyclicity.  Geology 22: 1091-1094. 1072 

Prave, A.R., Fallick, A.E., Thomas, C.W., Graham, C.M., 2009. A composite C-isotope profile 1073 

for the Neoproterozoic Dalradian Supergroup of Scotland and Ireland. Journal of the 1074 

Geological Society, London 166: 845-857. 1075 

Prior, D.B., Bornhold, B.D., 1990. The underwater development of Holocene fan deltas. In: A. 1076 

Colella, D.B. Prior (Eds.), Coarse-grained Deltas. International Association of 1077 



 

 43 

Sedimentologists Special Publication. Blackwell Scientific Publications, Oxford, pp. 75-1078 

91. 1079 

Reading, H.G., Walker, R.G., 1966. Sedimentation of Eocambrian tillites and associated 1080 

sediments in Finnmark, Northern Norway. Palaeogeography, Palaeoclimatology, 1081 

Palaeoecology 2: 177-212. 1082 

Rice, A.H.N., 2004. Glacial influence on Neoproterozoic sedimentation: the Smalfjord 1083 

Formation, nothern Norway - discussion. Sedimentology 51: 1-4. 1084 

Rice, A.H.N., Hofmann, C.-C., 2000. Evidence for a glacial origin of Neoproterozoic III 1085 

striations at Oaibaccannjar'ga, Finnmark, northern Norway. Geological Magazine 137: 1086 

355-366. 1087 

Rieu, R., Allen, P.A., Etienne, J.L., Cozzi, A., Wiechert, U., 2006. A Neoproterozoic glacially 1088 

influenced basin margin succession and 'atypical' cap carbonate associated with bedrock 1089 

paleovalleys, Mirbat area, southern Oman. Basin Research 18: 471-496. 1090 

Rijsdijk, K.F., Owen, G., Warren, W.P., McCarroll, D., van der Meer, J.J.M., 1999. Clastic 1091 

dykes in over-consolidated tills: evidence for subglacial hydrofracturing at Killiney Bay, 1092 

eastern Ireland. Sedimentary Geology 129: 111-126. 1093 

Rocha Campos, A.C., Canuto, J.R., 2000. Late Paleozoic glacitectonic structures in northern 1094 

Paraná Basin, Brazil. Sedimentary Geology 130: 131-143. 1095 

Rocha Campos, A.C., dos Santos, P.R., Canuto, J.R., 1994. Ice scouring structures in Late 1096 

Paleozoic rhythmites, Paraná Basin, Brazil. In: M. Deynoux, J. M. G. Miller, E. Domack, 1097 

N. Eyles, I. J. Fairchild, G. M. Young. (Eds.), Earth's Glacial Record. Cambridge 1098 

University Press, Cambridge, pp. 234-240. 1099 

Røe, S.-L., 2003. Neoproterozoic peripheral-basin deposits in eastern Finnmark, N. Norway: 1100 

stratigraphic revision and palaeotectonic implications. Norwegian Journal of Geology 1101 

(Norsk Geologisk Tidsskrift) 83: 259-274. 1102 

Røe, S., Hermansen, M., 2006. New asects of deformed cross-strata in fluvial sandstones: 1103 

Examples from Neoproterozoic formations in northern Norway. Sedimentary Geology 1104 

186: 283-293. 1105 

Rooney, A.D., Chew, D.M., Selby, D., 2011. Re-Os geochronology of the Neoproterozoic-1106 

Cambrian Dalradian Supergroup of Scotland and Ireland: implications for 1107 

Neoproterozoic stratigraphy, glaciations and Re-Os systematics. Precambrian Research 1108 

185: 202-214. 1109 

Rosetti, D.F., 1999. Soft-sediment deformation structures in late Albian to Cenomanian deposits, 1110 

Sao Luis Basin, northern Brazil: evidence for paleoseismicity. Sedimentology 46: 1065-1111 

1081. 1112 

Rust, B.R., Romanelli, R., 1975. Late Quaternary subaqueous outwash deposits near Ottawa, 1113 

Canada. In: A.V. Jopling, B.C. McDonald (Eds.), Glaciofluvial and Glaciolacustrine 1114 

Sedimentation. Society of Economic Paleontologists and Mineralogists, Special 1115 

Publication pp. 172-192. 1116 

Sawaki, Y., Kawai, T., Shibuya, T., Tahata, M., Omori, S., Komiya, T., Yoshida, N., Hirata, T., 1117 

Ohno, T., Windley, B. F., Maruyama, S., 2010. 87Sr/86Sr chemostratigraphy of 1118 

Neoproterozoic Dalradian carbonates below the Port Askaig glaciogenic Formation, 1119 

Scotland. Precambrian Research 179: 150-164. 1120 

Schermerhorn, L.J.G., 1974. Late Precambrian mixtites: glacial and/or non-glacial. American 1121 

Journal of Science 274: 673-824. 1122 

Siedlecka, A., 1975. Late Precambrian stratigraphy and structure of the northeastern margin of 1123 



 

 44 

the Fennoscandian shield (East Finnmark-Timan Region). Norges Geologiske 1124 

Undersokelse 316: 313-348. 1125 

Siedlecka, A., Roberts, D., 1992. The bedrock geology of Varanger Peninsula, Finnmark, North 1126 

Norway: an excursion guide. Norges Geologiske Undersokelse, Special Publication, 5. 1127 

Norges Geologiske Undersokelse, Trondheim, 45 pp. 1128 

Siedlecka, A., Roberts, D., Nystuen, J.P., Olovyanishikov, V.G., 2004. Northeastern and 1129 

northwestern margins of Baltica in Neoproterozoic time: evidence of the Timanian and 1130 

Caledonian Orogens. In: D. Gee, V. Pease (Eds.), The Neoproterozoic Timanide Orogen 1131 

of Eastern Baltica. The Geological Society of London, London, pp. 169-190. 1132 

Soper, N.J., Anderton, R., 1984. Did the Dalradian slides originate as extensional faults? Nature 1133 

307: 357-360. 1134 

Spencer, A.M., 1971. Late Precambrian glaciation in Scotland. Memoirs of the Geological 1135 

Society of London 6: 1-100. 1136 

Spencer, A.M., Spencer, M.O., 1972. The late Precambrian/Lower Cambrian Bonahaven 1137 

Dolomite of Islay and its stromatolites. Scottish Journal of Geology 8: 269-282. 1138 

Spjeldnaes, N., 1964. The Eocambrian glaciation in Norway. Geologisches Rundschau 54: 24-1139 

45. 1140 

Stupavsky, M., Symons, D.T.A., Gravenor, C.P., 1982. Evidence for metamorphic 1141 

remagnetisation of upper Precambrian tillite in the Dalradian Supergroup of Scotland. 1142 

Transactions of the Royal Society of Edinburgh, Earth Sciences 73: 59-65. 1143 

Thomas, C.W., Graham, C.M., Ellam, R.M., Fallick, A.E., 2004. 87Sr/86Sr chemostratigraphy of 1144 

Neoproterozoic Dalradian limestones of Scotland and Ireland: Constraints on 1145 

depositional ages and time scales. Journal of the Geological Society, London 161: 229-1146 

242. 1147 

Thomas, G.S.P., Connell, R.J., 1985. Iceberg drop, dump and grounding structures from 1148 

Pleistocene glacio-lacustrine sediments, Scotland. Journal of Sedimentary Petrology 55: 1149 

243-249. 1150 

Twiss, R. J. and Moore, E. M. 2007.  Structural Geology, 2
nd

 ed. W. H. Freeman and Company 1151 

New York, 736 pp. 1152 

van Vliet-Lanoe, B., Magyari, A., Meilliez, F., 2004. Distinguishing between tectonic and 1153 

periglacial deformations of Quaternary continental deposits in Europe. Global and 1154 

Planetary Change 43(1-2): 103-127. 1155 

Vidal, G., Moczydłowska, M., 1995. The Neoproterozoic of Baltica: stratigraphy, palaeobiology 1156 

and general geological evolution. In: A.H. Knoll, M. Walter (Eds.), Precambrian 1157 

Research special volume: Neoproterozoic Stratigraphy and Earth History, pp. 197-216. 1158 

Visser, J.N.J., Colliston, W.P., Terblanche, J.C., 1984. The origin of soft-sediment deformation 1159 

structures in permo-carboniferous glacial and proglacial beds, south Africa. Journal of 1160 

Sedimentary Petrology 54: 1183-1196. 1161 

Weaver, L., Arnaud, E., 2011. Polyphase glacigenic deformation in the Waterloo Moraine, 1162 

Kitchener, Ontario, Canada. Sedimentary Geology 235: 292-303. 1163 

Weaver, P.P.E., Wynn, R.B., Kenyon, N.H., Evans, J., 2000. Continental margin sedimentation, 1164 

with special reference to the north-east Atlantic margin. Sedimentology 47 (suppl. 1): 1165 

239-256. 1166 

Williams, G.E., 1986. Precambrian permafrost horizons as indicators of palaeoclimate. 1167 

Precambrian Research 82: 233-242. 1168 

Winsemann, J., Asprion, U., Meyer, T., Schultz, H., Victor, P., 2003. Evidence of iceberg-1169 



 

 45 

ploughing in a subaqueous ice-contact fan, glacial Lake Rinteln, NW Germany. Boreas 1170 

32: 386-398. 1171 

Woodworth-Lynas, C.M.T., Guigne, J.Y., 1990. Iceberg scours in the geological record: 1172 

examples from glacial Lake Agassiz. In: J.A. Dowdeswell, J.D. Scourse (Eds.), 1173 

Glaciomarine Environments: Processes and Sediments. Geological Society of London 1174 

Special Publication, pp. 217-223. 1175 

1176 



 

 46 

Figure Captions 1177 

Fig. 1: Two dimensional models showing nature and distribution of deformation in glacial 1178 

settings and associated facies (modified from Leeder, 1999).  A) terrestrial temperate glacial 1179 

setting, B) temperate grounded ice margin in a glaciomarine setting, C) polar floating ice shelf in 1180 

a glaciomarine setting. 1181 

 1182 

 Fig. 2: Deformation related to ice marginal or subglacial conditions. A) large scale shear 1183 

structures of fine sand underlying Quaternary till, Waterloo, Canada; B) sedimentary dike 1184 

underlying a Quaternary till, Waterloo, Canada; C) general view of Pleistocene glacitectonized 1185 

sediments, Tierra del Fuego, Argentina.  Cliff is less than 10 m in height.  Note the inclusions of 1186 

coarser grained material (arrows) and preferred orientation of some of them to the upper right 1187 

consistent with the overall large scale shear structures; D) close up of Pleistocene glacitectonized 1188 

sediments, Tierra del Fuego, Argentina. Note the shear structures and chaotic stratification; E) 1189 

complex glacitectonic deformation in Quaternary diamicton, sand and gravel, Drumbeg Quarry, 1190 

Scotland (after Benn and Evans, 1996; reproduced with permission from Elsevier); F) ice 1191 

marginal or proglacial deformation in recent glaciofluvial sand and gravel, Tungnaárjökull, 1192 

Iceland (after Andrzejewski, 2002; reproduced with permission from Elsevier).  Photos (C) and 1193 

(D) courtesy of I. Peter Martini. 1194 

 1195 

Fig. 3: Field sketch showing scale and style of deformation attributed to overriding by ice (shear 1196 

structures throughout) and gravitational collapse (graben-like structure in panel 7) associated 1197 

with melting of buried ice in an ice marginal setting (after Weaver and Arnaud, 2011, reproduced 1198 

with permission from Elsevier). 1199 
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SUI –SUV represent stratigraphic units at the site. 1200 

 1201 

Fig. 4: Normal faulting (A) and folding (B) in Quaternary glaciofluvial sediments, Ontario, 1202 

Canada.  Photo (B) courtesy of I. Peter Martini. 1203 

 1204 

Fig. 5:  Deformation by sea ice in glaciomarine deposits. A) boulder pushed along the recent 1205 

coast of James Bay, Ontario, Canada.  Note furrow, levee and plough morphology. Photo 1206 

courtesy of I. Peter Martini; B) large-scale furrow (circled) and deformed bedding (arrow) 1207 

created by iceberg grounding, glaciomarine setting; Late Miocene Yakataga Formation, Alaska; 1208 

Cliff is approximately 450 m in height.  Similar deformation is found in glaciolacustrine settings. 1209 

 1210 

Fig. 6: Deformation in glaciomarine or glaciolacustrine sediments. A) complex deformation in 1211 

diamictite including tectonic laminae (arrow) and fault (left of hammer); B) attenuated bedding 1212 

within diamictite; C) reverse faulting (arrows) in interbedded sand and mud underlying a 1213 

diamictite; D) normal faulting (arrows) in interbedded sand and mud underlying a diamictite;  E) 1214 

clastic dikes penetrating downward at the contact between two diamictite units; dikes consist of 1215 

coarser-grained sandstone that is more lithified than surrounding matrix of diamictite; F) chaotic 1216 

bedding in diamictite; G) glaciomarine diamictite interpreted as a debris flow based on clast 1217 

protruding at the upper contact and draped overlying fine grained sediments, early Proterozoic 1218 

Gowganda Formation, Ontario, Canada; H) loading and ball and pillow structures developed in 1219 

Quaternary glaciolacustrine sediments, Bowmanville Bluffs, Ontario, Canada; Structures in 1220 

Photo A to D are stratigraphically above and below a boulder pavement, which was interpreted 1221 
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by Eyles 1984 as evidence of ice advance onto the continental shelf.  Photos (A) to (F) - Late 1222 

Miocene Yakataga Formation, Middleton Island, Alaska.  Photo (H) courtesy of I. Peter Martini. 1223 

 1224 

Fig. 7: Deformation related to periglacial conditions. A) convolution in fine grained organic rich 1225 

marsh deposit uplifted inland, discontinuous permafrost area, recent coast of James Bay, Ontario 1226 

Canada.  Note peat above and metre stick with 10 cm increments; B) sand-filled wedge, 1227 

Pleistocene sediments, Tierra del Fuego, Argentina.  Note the upturned adjacent bedding to the 1228 

left of the wedge (arrow).  Photos courtesy of I. Peter Martini. 1229 

 1230 

Fig. 8: Diagrams showing nature and distribution of deformation unrelated to glacial activity.  A) 1231 

syn-depositional deformation resulting from (i) frictional drag associated with currents 1232 

(recumbent folding) and wave loading (load casts; tens of cm scale); (ii) seismic shaking (cm to 1233 

10’s of cm scale); (iii) rapid sedimentation and reverse density loading (cm to 10’s of cm scale); 1234 

(iv) slumping and gravitational instability (cm – 10’s m scale), which may include megaclasts 1235 

from large scale failure of clastic (fault scarp generated) or carbonate (sea level change and/or 1236 

tectonics) sediments. Note that the latter can also occur in relatively shallow depths. B) syn- to 1237 

post- depositional deformation associated with an extensional tectonic regime (modified from 1238 

Fossen, 2010); C) syn- to post- depositional deformation associated with a compressional 1239 

tectonic regime (modified from Fossen, 2010).  See Fig. 1 for key to symbols used, fn-flow nose, 1240 

rf-recumbent fold. 1241 

 1242 

Fig. 9: Deformation unrelated to glacial activity. A) micro-faulting attributed to seismic activity, 1243 

Mesoproterozoic Altyn Formation (Pratt, 1994); B) convolute bedding attributed to seismic 1244 
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activity, Plio-Pleistocene, Taranto, southern Italy; C) recumbent fold in Precambrian fluvial 1245 

cross-bedded sandstone of the Fugleberget Formation, northern Norway (Røe and Hermansen, 1246 

2006). Scale shows increments in cm (left) and inches (right); D) chaotic bedding in marine 1247 

sediments, Silurian Grimsby Formation, Lake Erie, Canada. Length of core in photo is 1248 

approximately 15.5 cm; E) geomorphic expression of debris flow nose (arrow), Farnham Creek, 1249 

British Columbia, Canada; F) cross-sectional view of Quaternary gravel debris flow nose 1250 

(arrow), Waterloo Moraine, Canada; G) ball and pillow structures, Silurian Thorold Formation, 1251 

Jolly Cut, Hamilton, Canada; metre stick with 10 cm increments for scale; H) loading in 1252 

Quaternary marine sediments, Vancouver, Canada.  Photos courtesy of Brian Pratt (A), Geraint 1253 

Owen (B) and I. Peter Martini (G). 1254 

 1255 

Fig. 10: Post-depositional deformation associated with tectonic forces. A) clast flattening and 1256 

development of cleavage in dolomitic diamictite associated with Mesozoic-age compression, 1257 

Neoproterozoic Toby Formation, Jumbo Creek, British Columbia, Canada; B) Large scale 1258 

folding of Precambrian Tanafjord Group, Giemaš anticline, Tanafjorden area, northern Norway. 1259 

 1260 

Fig.11: A) Composite graphic log of the Port Askaig Formation exposed on the Garvellach 1261 

Islands (modified from Arnaud and Eyles, 2006) showing changing nature of sedimentary facies 1262 

within the succession from a diamictite-dominated first member (0-180 m), through a transitional 1263 

member of diamictite interbedded with various facies (180-290 m) and the sandstone-dominated 1264 

uppermost member (290-445m). Bold number with prefix D refer to numbering of diamictite 1265 

units as done by Spencer (1971); GB-Great Breccia; DB-Disrupted Beds; XB-giant cross-beds; 1266 

B) symbols and lithofacies codes used in this paper.  1267 
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 1268 

Fig. 12: Generalized composite log showing stratigraphic distribution of soft sediment 1269 

deformation horizons and clastic dikes within the Port Askaig Formation, Garvellach Islands, 1270 

(modified from Arnaud and Eyles, 2006).  Abbreviations and diamictite numbering as in Fig. 9. 1271 

 1272 

Fig. 13: Photographs of deformation within the Great Breccia, Port Askaig Formation. A) 1273 

recumbent folding of mega-clast of dolomite (cliff is approx. 50 m in height), locally referred to 1274 

as the ‘Bubble’, Elieach an Naoimh; B) complex deformation of megaclast with disaggregated 1275 

blocks floating in a chaotically bedded matrix, A’ Chuli. 1276 

 1277 

Fig. 14: Partial graphic logs through the Disrupted Beds on the islands of A’Chuli (A) and 1278 

Elieach an Naoimh (B).  See Fig. 9B for symbols and lithofacies codes. 1279 

 1280 

Fig. 15: Facies and deformation structures within the Disrupted Beds. A) Cliff exposure (~20 m 1281 

thick) of sedimentary boudinage and folding of dolomitic sandstone beds, Garbh Eileach (after 1282 

Arnaud and Eyles, 2002a, reproduced with permission from Elsevier); B) diamictite with 1283 

discontinuous sandstone bed overlying mudstone, Eileach an Naoimh.  Note the dark blue fine 1284 

grained matrix; C) general view of cliff exposure (~ 17 m thick) of the Disrupted beds showing 1285 

broad folding of bedding, A’ Chuli. Note person at lower left for scale; D) close up view of cliff 1286 

exposure in (C). Note perched gulls for scale (circled); E) chaotically deformed interbeds of 1287 

diamictite, conglomerate, sandstone and mudstone, A’Chuli; lowermost beds are undeformed 1288 

and dipping regionally towards the lower right (after Arnaud and Eyles, 2002a, reproduced with 1289 

permission from Elsevier); F) Disrupted Beds on the island of Islay, 48 km away from the 1290 
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exposures on the Garvellach Islands-note the distinctive blue grey matrix. Exposed bedrock is 1291 

approximately 1.5 m high; G) undeformed siltstone with clast horizons overlain by dolomitic 1292 

conglomerate, Eileach an Naoimh.  1293 

 1294 

Fig. 16: Photographs of deformed strata in the Port Askaig Formation. A) contorted and 1295 

convoluted dolomitic sandstone (arrow); B) loaded basal contact (arrows) in interbedded 1296 

sandstone; C) chaotic bedding in interbedded sandstone and siltstone above D30, west Garbh 1297 

Eileach. Person for scale (circled) in lower right; D) contorted and convoluted finely laminated 1298 

dolomitic siltstone; E) horizon of ball and pillow structures (arrows). 1299 

 1300 

Fig. 17: Partial graphic logs from the islands of Garbh Eileach (A) and Eileach an Naoimh (B) 1301 

showing deformed horizons within sandstone and mudstone facies occurring between diamictite 1302 

D30 and the base of the giant cross-beds, and clastic dikes penetrating mudstone in the 1303 

uppermost part of log in (A).  See Fig. 9 for stratigraphic overview log, as well as symbols and 1304 

lithofacies codes. Number in bracket represents distance between the two sections (modified 1305 

from Arnaud and Eyles, 2006). 1306 

 1307 

Fig. 18: Photographs of sedimentary clastic dikes within the Port Askaig Formation.  A) 1308 

relatively tabular dike intruding diamictite; B) dikes expressed as polygonal net on bedding plane 1309 

surface.  1310 

 1311 

Fig. 19: Field sketches showing rapid lateral facies changes and variability of deformation in 1312 

deformed (Units A and C) and undeformed zones (Units B and D) of conglomerate and 1313 
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sandstone, Smalfjord Formation, Handelsneset (After Arnaud, 2008; reproduced with permission 1314 

from John Wiley and Sons Inc.).  Shading is used to highlight colour differences attributable to 1315 

variable matrix lithology.  Red arrows highlight apparent direction of shear structures.  Inset plan 1316 

view map shows relative position of panels or outcrop faces. 1317 

 1318 

Fig. 20: Photographs of deformed conglomerate, Neoproterozoic Smalfjord Formation, 1319 

Handelsneset. A) General view of panel 3, Handelsneset; B) close up view of shear structures 1320 

visible in (A); C) close up view of chaotic bedding and shear structures visible in (A).  Photo B 1321 

and C after Arnaud (2008); reproduced with permission from John Wiley and Sons Inc. 1322 

 1323 

Fig. 21: Field sketches and photographs of deformation in conglomerate, Neoproterozoic 1324 

Smalfjord Formation; Handelsneset. A) field sketch of outcrops (panels 7 and 8) showing large 1325 

scale geometry of units, shear structures at the base and within the middle unit, and overall 1326 

direction of stress (red arrows). Note that the two outcrops are almost perpendicular to one 1327 

another.  Colour of deformed and undeformed stratigraphic units as defined in Fig. 17;  B) 1328 

photograph of the outcrop on the left in (A); C) close-up photograph of the flow nose visible in 1329 

the outcrop on the right in (A).  Photo (C) after Arnaud (2008), reproduced with permission from 1330 

John Wiley and Sons Inc. 1331 



 

 

 
 
Table 1: summary of stress types and deformation structures in glacial settings 

Setting Stress type Deformation structure  Scale of 
deformation 

Facies 
Association 

subglacial shear stress with 
compressional 
stress near ice 
margin 

atttenuated beds, 
boudins, rooted and 
unrooted shear folds, 
shear plane, faulting 
(normal, reverse, 
thrust), clastic dikes 

cm - m diamictite with 
other variable 
facies depending 
on what substrate 
the ice overrides 

ice marginal compressional, 
gravitational and 
shear stress 

nappes, decollement 
surfaces, folding 
(chaotic, isoclinal to 
recumbent and shear), 
faulting (normal, 
reverse, thrust), clastic 
dikes 

cm - 100’s of m diamictite, 
conglomerate, 
sandstone, 
mudstone; high  
lateral facies 
variability 

glaciofluvial gravitational 
collapse of buried 
ice 

normal faulting, open 
folding 

cm - m conglomerate and 
sandstone 

glaciolacustrine and 
glaciomarine 

gravitational 
(slumping, sediment 
gravity flows), 
reverse density 
gradients and 
loading related to 
rapid sedimentation
 
 
 
compressional and 
shear stress from 
ice push and 
iceberg grounding 

chaotic bedding, ball 
and pillow structures, 
load casts, flow noses, 
convolute bedding, 
water escape 
structures, shear 
structures at base of 
sediment gravity flow 
deposits, clastic dikes 
 
folding, faulting, shear 
structures, plough and 
furrow structures 

cm - 10’s of m 
 
 
 
 
 
 
 
 
 
 
 
cm- 10’s of m 

diamictite, massive 
or laminated 
mudstone with or 
without outsized 
clasts 
 
 
 
 
 
 
same as above 

periglacial thermal expansion 
and contraction 

convolutions, ice-or 
sand wedge casts, 
faulting 

cm - m variable with 
breccia from frost 
shattering of clasts

 



 

 

Table 2: Summary of stress type and deformation structures in non-glacial settings. 
Setting Stress type/Trigger Deformation 

structure 
 Scale of 

deformation 
Facies Association

variable but best 
expressed in 
lacustrine or marine 
settings 

seismic shaking load casts, ball and 
pillow, pseudo-
nodules, contorted 
and convolute 
bedding 

cm - 10’s cm 
 

variable but often in 
interbedded 
sandstone and 
mudstone 

shallow water 
(marine or fluvial) 

frictional drag 
associated with high 
speed currents; 
wave loading 

recumbent folding; 
convolute bedding 

tens of cm cross bedded sand; 
sand 

unstable 
subaqueous 
settings 

gravitational 
instability, slumping

chaotic bedding, 
flow noses 
recumbent folding, 
contorted to 
convolute bedding, 
shear structures at 
base of sediment 
gravity flow deposits

cm - m 
 

diamicite, 
interbedded 
sandstone and 
mudstone  

subaquatic fans; 
delta front; pro-delta 

reverse density 
loading, rapid 
sedimentation 

ball and pillow, load 
casts 

cm - tens of cm interbedded 
sandstone and 
mudstone 

active tectonic 
setting 

post-depositional 
compressional, 
shear and 
extensional stresses

nappes, 
decollement 
surfaces, stretched 
out or elongated 
clasts, normal and 
reverse faulting, 
folding 

cm - km 
 

variable 
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