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Abstract 
 

The Neoproterozoic Era, 1000 to c. 540 million years ago (Ma), was an important 

transition in Earth’s evolutionary and climatic history. During its latter part, the 

Cryogenian (c. 720-635 Ma) and Ediacaran (c. 635-540 Ma) periods, it experienced 

glaciation for the first time in over a billion years. The extent, behaviour and severity of 

this glaciation, however, remain uncertain. The most extreme reconstructions posit thick 

ice from equator to pole for tens of millions of years, representing a challenge to the 

continuation of life on Earth. This uncertainty, therefore, represents a major barrier to our 

understanding of an important chapter in Earth’s history, with fundamental evolutionary 

implications.  

Subglacially striated pavements offer unique insights towards resolving this problem. 

They confirm the existence, position, flow direction, erosional efficacy and thermal 

regime of past grounded ice. The latter is perhaps the single most important control on 

ice movement, meltwater production and routing, sediment transport and deposition, 

erosion and resultant geomorphology. 

Neoproterozoic pavements are, however, globally rare and their interpretation beset with 

unresolved issues. First, there is misidentification. Several purported Neoproterozoic 

pavements have alternatively been interpreted as non-glacial features and their status 

remains uncertain. Second, previous publications have only provided general 

descriptions of striated pavements. No publication, prior to those associated with this 

thesis (see Declaration of Authorship and Appendix 4), has taken advantage of recent 

advances in technology to present high resolution photogrammetric data of Precambrian 

pavements. Consequently only simple interpretations have been offered for these 

pavements and scrutiny of those interpretations has been impossible without individual 

workers visiting remote outcrops. Third, although it is clear that striated pavements and 

associated strata independently provide different insights into past processes, it is less 

clear how these data may be combined to provide further insights into larger-scale 

questions. For example, those relating to depositional environment, sediment erosion 

and provenance, palaeogeographic setting and tectonic setting. This thesis addresses 

those issues. 

Chapter 4 reinterprets the only uncontested purported Neoproterozoic pavement on the 

North American continent as a non-glacial feature. To do so, I develop a novel approach 

that uses both traditional fieldwork and detailed photogrammetric surveys to record 

purported Precambrian geomorphology and, counter-intuitively, the surrounding modern 

landscape in equal detail. 
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Chapter 5 uses traditional fieldwork and detailed photogrammetric techniques to 

document Ediacaran pavements of the North China Craton, presenting geomorphic data 

at a level of detail far surpassing any previously attempted for a Precambrian pavement. 

Superficial examination shows clear signs of subglacial abrasion by warm-based ice and 

apparently clear signs of pervasive subglacial quarrying. However, our more detailed 

analysis reveals that subglacial abrasion was likely only a light erosional touch and that 

subglacial quarrying was minimal or absent. The stepped form of the pavement, 

observed today, is instead the result of later fault slip in a non-subglacial setting; it does 

not record subglacial quarrying. Overall, despite clear evidence for past warm-based 

glaciation, these findings paint a surprising picture of minimal erosion that is only 

revealed by our unusually detailed examination. 

Chapter 6 explores how a novel geochemical approach may be combined with the 

findings from the pavement of Chapter 5 to test this hypothesis of minimal erosion at a 

more regional scale. This reveals that the profound unconformity beneath the Luoquan 

Formation, correlated with the “Great Unconformity” documented globally, most likely 

already existed during Luoquan Formation deposition. It transpires that, in this instance, 

glacial erosion was not responsible for the disconformity. Therefore, whereas the 

pavement based study of chapter 5 supported minimal erosion at the local scale, the 

chemical study of chapter 6 confirms this minimal erosion at the regional scale. 

Chapter 7 combines data from pavements, analysis of overlying sedimentary facies, 

detrital zircon ages and published geochemical and tectonic data. With these it 

reconstructs Neoproterozoic erosional and depositional processes, evolving depositional 

environments, evolving palaeogeography and tectonic setting on the NW Tarim margin. 

This is the first attempt at Precambrian glaciological reconstruction at this level of detail 

on the Tarim palaeocontinent and reveals the potential of combining apparently disparate 

data types from pavements and associated strata. 

Chapter 8 discusses the combined findings  of chapters 4-7 in relation to the  aims of 

this study (Section 1.2) then presents recommendations to future workers based upon 

those findings.   

Chapter 9 presents brief summary conclusions in relation to Chapters 4-8.
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1 Introduction 

1.1 Rationale 

 

The Neoproterozoic Era, 1000 to ~ 540 million years ago (Ma), represented an important 

biotic and environmental transition in Earth history (Halverson et al. 2020; Xiao and 

Narbonne 2020). During its latter part, comprising the Cryogenian (~ 720-635 Ma) and 

Ediacaran (~ 635-540 Ma) periods, Earth experienced glaciation for the first time in over 

a billion years (Hambrey and Harland 1981; Arnaud et al. 2011). The extent, behaviour 

and therefore severity of this glaciation, however, remain uncertain. According to some 

workers, thick ice covered the planet from equator to pole for tens of millions of years, 

producing “a Neoproterozoic Snowball Earth” (Hoffman et al. 1998, 2017). Such a 

scenario would have presented an extreme evolutionary pressure for the continuation of 

life. For other workers, however, Cryogenian glaciation was far less extreme (Eyles and 

Januszczak 2004; Allen and Etienne 2008; Le Heron et al. 2020b). Similar uncertainties 

apply to the Ediacaran Period, for which only a preliminary attempt has been made at 

global glacial reconstruction (Retallack 2021). These uncertainties, from both periods, 

represent a major challenge to our understanding of an important chapter in Earth’s 

history, with fundamental evolutionary implications. 

Up until now, reconstructions of Neoproterozoic ice extent, behaviour and therefore 

severity have relied largely upon the analysis of sediments, deposited during the 

Neoproterozoic and preserved as sedimentary rocks. This “facies analysis” approach, 

however, often struggles to discriminate between glacially influenced and non-glacially 

influenced sedimentation, casting uncertainty upon the existence, extent and duration of 

past glaciation (e.g. Schermerhorn 1974; Eyles and Januszczak 2004; van Loon 2008; 

Le Heron et al. 2017; Kennedy and Eyles 2020). It is also rarely able to determine certain 

key components of ice extent or glacial behaviour with confidence. These components 

include the past existence and position of grounded ice, its flow direction, thermal regime 

and erosional efficacy. The importance of these components is outlined below, along 

with the challenges faced when trying to understand them using facies analysis.  Then a 

brief introduction to striated pavements is given, outlining how they might address the 

gaps in our knowledge left by facies analysis and how this thesis aims to further that 

cause. 

The existence, duration and extent of past ice lies at the heart of any reconstruction of 

the Cryogenian Earth (Hoffman et al. 1998, 2017) and the extent, synchroneity and 

influence of glaciation in the Ediacaran Earth remains uncertain (Retallack 2021). Facies 
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analysis rarely reveals the past position of Neoproterozoic ice and may tend to 

exaggerate its extent. This is because preserved glacially influenced sediments tend to 

be reworked, typically ice-rafted debris or sediment gravity flows, not directly deposited 

by glacial ice (Spence et al. 2016). In modern settings, ice-rafted debris may be carried 

for tens or thousands of kilometres by ice shelves or icebergs respectively (Andrews 

2000; Talley et al. 2011). Similarly, glacially influenced gravity flows may run out 

hundreds of kilometres from ice margins (King et al. 1998; Wilken and Mienert 2006).  

The location at which glacially influenced sediments are finally deposited may therefore 

relate more to ocean currents than the position and extent of grounded glacial ice. 

Additionally, indistinguishable sediment gravity flows may be generated by tectonic 

processes, with no climatic significance (e.g. Schermerhorn 1974; Eyles and Januszczak 

2004; van Loon 2008; Le Heron et al. 2017; Kennedy and Eyles 2020). Intercalations of 

Neoproterozoic stratigraphic intervals with and without clear evidence of glaciation have 

therefore been interpreted as glacial/non-glacial alternations or continuous glaciation, 

with very different implications for the severity of Neoproterozoic glaciation (Allen and 

Etienne 2008; Le Heron 2015). 

Ice-flow direction is an important component when reconstructing past ice behaviour. It 

provides insights into the spatial relationship between accumulation and ablation areas, 

the character of glacial ice and surrounding topography. For example multiple flow 

directions may hint at ice channelled by mountainous topography (Benn et al. 2003). 

Applied to the Cryogenian Period, this takes on an unusual significance in the form of 

“sea glaciers”. These are flowing bodies of thick sea ice, mantled by meteoric ice, 

hypothesised to have eroded the substrate during the Cryogenian Period (Warren et al. 

2002; Goodman and Pierrehumbert 2003; Hoffman et al. 2017). Although not proven to 

have ever existed, these feature strongly in some reconstructions of the Cryogenian 

Earth (Hoffman et al. 2017). Ice-flow direction is thought to provide a partial test for the 

past presence of sea glaciers, which would purportedly flow from pole to equator without 

respect for local continental configuration (Goodman and Pierrehumbert 2003). Some 

subglacial tills record ice-flow direction through preferred long axis alignment of their 

clasts (Benn 2013). However, similarly aligned fabrics may be produced by a range of 

non-glacial processes (Bertarn et al. 1997) and confirming in situ subglacial till in the rock 

record is often problematic. Ice direction has been inferred from subaqueous flow 

indicators, such as ripples and dunes (e.g. Christie-Blick 1982), although the assumption 

that ice and water flowed similarly is unsound. 

Thermal regime is the state of melting at the base of an ice body. It strongly influences 

ice movement, meltwater production and routing, sediment transport and deposition, 

erosion and resultant geomorphology. It is perhaps the single most important control on 
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glacial behaviour (Boulton 1972a, b). A warm-based thermal regime, implying the 

presence of meltwater, may represent an important flux of solutes to the world’s ocean, 

such as carbonate alkalinity (Graly et al. 2020). A cold-based thermal regime, 

conversely, would be associated with far less meltwater. On the posited “Snowball” 

Cryogenian Earth, ocean and atmosphere are globally separated by ice (Hoffman et al. 

1998, 2017). In this context, how alkalinity could accumulate sufficiently to globally 

deposit post-glacial “cap” carbonates is an active area of research (Yu et al. 2020). 

Facies analysis may shed some light on thermal regime, but is unlikely alone to be 

diagnostic (Hambrey and Glasser 2012).   

Glacial erosional efficacy is closely linked to thermal regime and may have played an 

important role in secular sediment preservation budgets (Ronov et al. 1980; Brenhin 

Keller et al. 2019). Subglacial erosion is posited to have delivered large fluxes of detrital 

phosphorous to the World’s oceans during the Cryogenian Period (Föllmi et al. 2009; 

Planavsky et al. 2010). Associated high oceanic phosphorous concentrations, during the 

Cryogenian, have been invoked as a catalyst for the global evolutionary switch from 

bacterial to eukaryotic primary production (Brocks et al. 2017). It remains an unresolved 

enigma, therefore, that deep glacial incision is only occasionally known from Cryogenian 

strata (Mitchell et al. 2019). Facies analysis may suggest effective glacial erosion but, as 

mentioned above, distinguishing between glacially eroded and tectonically eroded 

deposits is often problematic. Similarly, glacially influenced strata resting on an erosional 

surface may suggest glacial erosion yet such strata may equally rest upon pre-glacial 

fluvial incision (e.g. Warren House Formation: Davies 2008; Davies et al. 2012). 

Neoproterozoic subglacially striated bedrock surfaces (“pavements”) have the potential 

to overcome these limitations of facies analysis. Principally this is because, unlike most 

glacially influenced sedimentary rocks, they record direct erosion in contact with past 

glacial ice. Consequently they may provide confirmation of past grounded ice, its precise 

position, ice flow direction and thermal regime.  

These pavements are, however, globally rare and their interpretation beset with 

problems. First, there is misidentification. Several of the few known Neoproterozoic 

pavements have alternatively been interpreted as non-glacial features and their status 

remains uncertain (Table 2.2) (Christie-Blick 1982; Daily et al. 1973; Jensen and Wulff-

Pedersen 1996; Dey et al. 2020). Second, previous publications have only provided 

general descriptions of striated pavements. No publication, prior to those associated with 

this thesis, has taken advantage of recent advances in technology to present high 

resolution photogrammetric data of Precambrian pavements. Consequently only simple 

interpretations have been offered for these pavements and scrutiny of those 

interpretations has been impossible without individual workers visiting remote outcrops. 
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Third, although it is clear that striated pavements and associated strata independently 

provide different insights into past processes, it is less clear how these data may be 

combined to provide further insights into larger-scale questions. For example, those 

relating to depositional environment, sediment erosion and provenance, 

palaeogeographic setting and tectonic setting. The overarching goal of this study is to 

address these problems. This is subdivided into the following aims: 

1.2 Aims and Objectives 

 

Aim 1. To develop a new, highly detailed, approach to the correct identification of  

purported pre-Pleistocene subglacially striated pavements; 

Aim 2. To document striated pavements, at a level of detail far surpassing any previously 

attempted for a Precambrian pavement, using photogrammetric and traditional 

techniques practical for remote fieldwork; 

Aim 3. To interpret subglacial processes and conditions, at a level of detail far surpassing 

any previously attempted for a Precambrian pavement, using the data arising from Aim 

(2); 

Aim 4. To evaluate the possibility of producing interpretations at a range of scales, from 

local depositional processes and environments to regional palaeogeography and 

tectonic evolution, by combining data from pavements and associated strata. 

The following objectives were constructed to achieve the above aims: 

Objective 1. Collection and interpretation of field-based geomorphologic or 

sedimentologic data, including the first published use of drone and terrestrial 

photogrammetric data to document Precambrian pavements or purported pavements 

(Aims 1, 2, 3, 4); 

Objective 2. Interpretation of detrital zircon U-Pb data from sedimentary strata (Aim 4); 

Objective 3. Interpretation of whole rock geochemical data from sedimentary strata (Aim 

4). 
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1.3 Locations of study sites 

 

The study sites of this thesis are distributed across three ancient continents (Fig. 1.1), 

none of which are thought to have been connected at the time Neoproterozoic glaciation 

(Merdith et al. 2017). These are the Mineral Fork Formation (Utah, USA), deposited 

during the Cryogenian Period on the Laurentian palaeocontinent (Chapter 4); the 

Luoquan Formation (Henan, China), deposited on the North China Craton during the 

Ediacaran Period (Chapters 5, 6); the Yuermeinak Formation (Xinjiang, China) deposited 

on the Tarim Craton during the Cryogenian Period (Chapter 7).
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Figure 1.1: Modern positions of study sites.  A: World Map from ESRI ArcGIS Pro, see 

figure for individual sources. B: United States of America study site of Chapter 4. C: 

China study sites of chapter 5-7.  See individual chapters for greater detail of location.
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1.4 Thesis structure 

 

Chapter 2 reviews literature on pavement formation and the context of glaciation in the 

late Neoproterozoic. Palaeocontinent and site specific literature reviews are provided in 

individual data chapters, 4 to 7, described below. 

Chapter 3 describes the theoretical underpinning of the methods that I used in this 

thesis. The focus is on photogrammetry. Consideration is then given to points of interest 

and difficulties encountered in the “traditional” field techniques used in this study. 

Chapter 4 addresses Aim 1 and Aim 2 using Objective 1. It reinterprets the only 

uncontested purported Neoproterozoic pavement on the North American continent as a 

non-glacial feature. Although this finding has wider significance in its own right, 

discussed in the chapter, the importance of this chapter, in respect of Aim (1), is the 

novel approach developed to reach that conclusion. This approach uses both traditional 

fieldwork and highly detailed photogrammetric techniques to record not only purportedly 

Precambrian geomorphology, but also the surrounding modern landscape. It was this 

analysis of the modern landscape, most often dismissed at an early stage by workers on 

Precambrian strata, that revealed the surface in question to be most easily explained by 

recent processes. 

Chapter 5 addresses Aim 2 and Aim 3 using Objective 1. It uses traditional and highly 

detailed photogrammetric techniques to document Ediacaran pavements of the North 

China Craton. Interpretation of these pavements is presented at a level of detail far 

surpassing any previously attempted for a Precambrian pavement. This suggests that, 

although warm-based subglacial erosion played a role in its formation, overall the 

pavement records minimal erosion, including protection of delicate pre-glacial features. 

Chapter 6 addresses Aim 4 using Objectives 1 to 3. It explores how a novel geochemical 

approach may be combined with the findings from the pavement of Chapter 5 to test the 

hypothesis of minimal erosion at a more regional scale. This reveals that the profound 

unconformity beneath the Luoquan Formation, correlated with the “Great Unconformity” 

famous globally, most likely already existed during Luoquan Formation deposition. It 

transpires that, in this instance, glacial erosion was not responsible for the disconformity. 

Chapter 7 addresses Aim 4 using Objectives 1 and 2. It combines data from pavements, 

analysis of overlying sedimentary facies, detrital zircon ages and published geochemical 

and tectonic data to reconstruct Neoproterozoic erosional and depositional processes, 

evolving depositional environments, evolving palaeogeography and tectonic setting on 

the NW Tarim margin. This is the first attempt at Precambrian glaciological reconstruction 
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at this level of detail on the Tarim palaeocontinent and reveals the potential of combining 

apparently disparate data types from pavements and associated strata. 

Chapter 8 is a Discussion of the outcomes of Chapters 4 – 7 in relation the aims of the 

study. It considers the wider significance of these outcomes and provides 

recommendations to other workers.  

Chapter 9 summarises the Conclusions of the thesis.  

Appendix 1 provides a link to supplementary material from Vandyk et al. (2021). 

Supports Chapter 4. Comprises high resolution images, orthomosaics, hillshade and 

DEM along with movies of animated models to aid reader with visualisation of the 

described geometries. A detailed and illustrated description of Mill B South Fork is 

provided, although beyond the scope of this study. 

Appendix 2 provides tables and Supplementary material from Li et al. (2020). Whole 

rock geochemical and zircon isotopic data supporting Chapter 6.  

Appendix 3 provides a link to supplementary material from Vandyk et al. (2019). Clast 

count data and images and zircon isotopic supporting Chapter 7.  

Appendix 4 provides PDF copies of published papers of which I am lead or co-author 

that are associated with this thesis. 
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2 Literature Review 

 

Please see Declaration of Authorship at the start of this thesis for details of 

collaborative contributions and publications linked to this chapter. 

This chapter explores four key areas of the literature. First, conditions, processes and 

resulting bedrock erosional morphologies at the ice-bed interface (2.2-2.4). Second, non-

glacial rock surfaces with the potential to be misidentified as subglacial pavements (2.5). 

Third, glaciation during the Neoproterozoic Era (2.6). Fourth, previous work on 

Neoproterozoic striated pavements (2.7). Detailed geologic setting and age constraint 

for the specific study areas is provided in Chapters 4 to 7. 

2.1 Ice movement 

 

Glacial ice moves through any combination of ductile ice deformation, brittle ice 

deformation, sliding upon its substrate or deformation of its substrate. The relative 

importance of these mechanisms depends fundamentally upon conditions of pressure, 

temperature and whether the substrate comprises deformable sediment or strong 

bedrock. 

Glacial ice deforms in a ductile manner; as a viscous fluid that is intermediate between 

Newtonian and perfectly plastic in character (Cuffey and Paterson 2010). Permanent 

deformation of a Newtonian fluid is proportional to the deviatoric stress applied to it; 

permanent deformation of a perfectly plastic fluid occurs only once the deviatoric stress 

applied to it exceeds a threshold, the “yield stress”. Deviatoric stress is the component 

of a stress field that deviates from an isotropic state. Deformation occurs at the scale of 

both individual crystals and of interactions between crystals. This process, known as 

“creep”, induces an overall motion within the ice that allows it to flow around bed 

obstacles (enhanced creep: Weertman 1957) and heal voids within the ice. 

This process of internal deformation has a particular significance to some reconstructions 

of the Cryogenian Period (Hoffman et al. 2017). These posit that the oceans froze across 

the planet, from pole to equator, with maximum thicknesses at the equator between 1000 

m and 1500 m (Figure 8c of Hoffman et al. 2017 and references therein). As plate 

tectonics of the type known today are already thought to have been active during the 

Cryogenian Period (e.g. Merdith et al. 2017), this ice thickness by no means represents 

the likely full depth of the oceans. Noting that modern Antarctic ice shelves deform under 

their own weight to spread out across the ocean (Thomas and MacAyeal 1982), numeric 

models have suggested similar deformation would have been an important pole-to-
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equator transport mechanism within the posited thick Cryogenian sea-ice (Warren et al. 

2002; Goodman and Pierrehumbert 2003; Li and Pierrehumbert 2011; Goodman and 

Strom 2013). These flowing sea-ice bodies are referred to as “sea glaciers” (Goodman 

and Pierrehumbert 2003). 

Glacial ice may additionally deform in a  brittle manner, forming fractures and faults, 

which may allow insights into the stress being experienced by a body of ice and 

surrounding substrate. For example, crevasses are opening mode fractures indicating 

tensile stress (e.g. Child et al. 2021) whereas thrust sheets suggest a compressive 

regime (e.g. Hambrey and Huddart 1995; Burke et al. 2009). 

The sliding of glacial ice upon the substrate is rather different depending on whether the 

substrate is undeformable, such as  the bedrock pavements of this study, or deformable 

comprising unconsolidated sediments (Minchew and Joughin 2020; Zoet and Iverson 

2020). The former, hard beds, are shaped relatively slowly by erosion; the latter, soft 

beds, may reshape themselves instantaneously, reducing the stress imposed by over-

riding ice. The two also have different implications for basal water pressures, which 

exerts a strong but complex control upon basal sliding. These two mechanisms, which 

are often referred to collectively as “basal motion” or “basal slip”, only operate effectively 

when basal ice is at its pressure-temperature melting point (see 2.2). Goodman and 

Pierrehumbert (2003) speculated that sea glaciers may have been able to “slide” over 

the continental shelf. Supporting this, they presumed that the sea-glacier bases would 

have been at the pressure-temperature melting point. Although certainly true for the base 

of the floating part of a sea-glacier, whether true for grounded components lacking water 

is more questionable.  

 

2.2 Conditions at the ice-bedrock interface 

 

Fundamental to any consideration of subglacial erosion is thermal regime. This is the 

state of melting at the ice-bedrock interface. It strongly influences ice movement, 

meltwater production and routing, sediment transport and deposition, erosion and 

resultant geomorphology. Theoretically, four possible thermal regime conditions occur 

(Boulton 1972b). Practically, however, discriminating between these is rarely possible 

(Hambrey and Glasser 2012). We therefore follow the common practice of distinguishing 

two states only, warm-based and cold-based. Warm-based ice is at the pressure-

temperature melting point and generally associated with basal melting, efficient ice 

movement and erosion. Cold-based ice is below the pressure-temperature melting point 
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and generally associated with minimal erosion and the protection of pre-glacial 

landscapes. 

Extending this definition, overall a glacial body may be characterised as temperate, 

polythermal or cold-based. Temperate glaciation is warm-based throughout; polythermal 

is warm- or cold-based at different parts of its length; cold-based glaciation is cold-based 

throughout. In detail, however, temperate ice is unlikely to be warm-based across its 

entire area. This is principally as sliding ice experiences pressure increases and 

decreases, which lower and raise the ice melting temperature at the stoss and lee of bed 

irregularities respectively. Consequent melting at the stoss and refreezing at the lee is 

known as regelation. The results is localised freezing of ice onto bedrock, which is 

fundamental to erosion by glacial quarrying. 

Complicating this are transfers of latent heat between ice and water, advection by ice or 

water, differences in ice and water pathways, heat conduction across irregularities, 

frictional heat and the affect of solutes on melting temperatures (Robin 1976; 

Rӧthlisberger and Iken 1981; Iverson 2002). Take, for example, the heat pump of Robin 

(1976), which operates as follows: Melting at the stoss of a bed irregularity removes heat 

energy from surrounding ice, required for enthalpy of fusion. That ice cools until it 

reaches the newly reduced melting temperature. By migrating to areas of lower water 

pressure that are not directly down-ice, the resulting meltwater removes that latent heat 

energy from the system. Consequently, in the lee of the irregularity, as pressure 

decreases and melting temperature increases there is insufficient heat energy to warm 

the cooled ice to the raised melting temperature. The result is a “cold spot” where ice 

freezing to the bed is enhanced (Robin 1976). 

Subglacial water occurs in two distinctly different forms, both associated with warm-

based ice. First, referred to here simply as “subglacial water”, is a layer of typically mm- 

to cm-thickness that occurs between ice and bedrock (Weertman 1964) or within the 

basal tens of centimetres of ice (Lliboutry 1993). This water may concentrate in cavities 

that may or may not be connected. Second, referred to here as “subglacial fluvial water”, 

is turbulent flowing water that may have sufficient depth and energy to produce deep 

features classically associated with open bedrock fluvial channels e.g. potholes > 6 m 

deep (Kor et al. 1991; Kor and Cowell 1998; Shaw et al. 2020). Whereas the subglacial 

water layer is often presumed present in association with warm-based glaciation, 

subglacial fluvial water is generally only invoked if characteristic erosional morphologies 

are observed, such as potholes. 
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2.3 Mechanisms of subglacial bedrock erosion 

Subglacial bedrock erosion operates by four possible mechanisms: abrasion, 

quarrying, dissolution or cavitation processes. They involve contact between the 

bedrock substrate and either sediment, ice or water. It is plausible that all of the 

following mechanisms may be applied to a grounded sea glacier, although whether 

they ever existed is unproven.  

2.3.1 Abrasion 

Abrasion is erosional wear as clasts are either dragged across or impact the pavement. 

Clasts range from silt to gravel and may either protrude from basal ice (e.g. Iverson 

1991a), occur at the base of a thin subglacially deforming sediment layer (MacClintock 

and Dreimanis 1964; Gjessing 1965; Cuffey and Alley 1996; Eyles and Boyce 1998) or 

be transported within the bed- or suspended load of turbulent subglacial fluvial water 

(McCarroll et al. 1989; Richardson and Carling 2005; Shaw et al. 2020). In this thesis the 

former two are referred to collectively as “subglacial abrasion” whereas the latter is 

“subglacial corrasion”.  

Stress applied by the clasts causes indentation fractures that coalesce to fragment the 

bedrock (Ostojic and McPherson 1987). These fragments are then removed by the 

overlying medium, which may be ice, a deforming sediment layer or subglacial fluvial 

water. Friction during striae formation by abrasion may occasionally be sufficient to melt 

a sub-mm layer of rock (Bestmann et al. 2006). Fractures are often very small and the 

accumulation of resulting angular fragments creates rock flour (Iverson 2002). Overall, 

unless observed at a microscopic scale, this small fracture size gives abraded subglacial 

surfaces a smoothed appearance. The smallest-scale pavement morphologies of 

abrasion are glacial polish, followed by striae (Siman-Tov et al. 2017). 

2.3.2 Quarrying 

Quarrying is the active removal of bedrock blocks by an over-riding medium. The blocks 

are defined by discontinuities such as bedding planes, joints or cleavage. The over-riding 

medium may be glacial ice (“glacial quarrying”) or subglacial fluvial water (“subglacial 

fluvial quarrying”). Both types of quarrying may be considered in two parts. First, 

following Griffith crack theory (Campbell 2020), the growth of pre-existing discontinuities; 

second, the removal of blocks. The second may occur without the first. Quarrying 

invariably occurs in the lee of bed irregularities, with very few exceptions (e.g. Model 2 

of Evans et al. 2021), for reasons that will become clear below. 
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Glacial ice will especially drive growth of pre-existing discontinuities that meet two 

criteria. First, that they occur immediately up-ice from a point of ice bed separation, which 

will concentrate stress normal to the bed (Iverson 2002). Second, that the discontinuity 

is parallel to that normal stress. This will induce tensile stress at the tip of the pre-existing, 

often microscopic, discontinuities, causing them to grow. A classic example of this would 

be at a bedrock step that descends down-ice. In this case subglacial crack growth and 

subsequent block removal will tend to maintain the step geometry and thereby allow 

further erosion by quarrying. Subglacial water can enhance crack growth through 

chemical interaction with the rock (‘stress corrosion’: Atkinson 1984) and fluctuations in 

water pressure (Iverson 1991b). 

Glacial ice removes blocks either by frictional drag as it passes over them or by plucking 

them directly away from surrounding bedrock. Under limited circumstances the former 

may occur without ice freezing onto the block (Rea and Whalley 1996; Hall et al. 2020). 

However, removal is more likely when freezing does occur. 

 A combination of the heat pump (Robin 1976) and hydraulic jacking (Rӧthlisberger and 

Iken 1981) may play an important role. A critical subglacial water pressure is required to 

jack ice away from the bedrock, allowing it to slide. In the lee of irregularities, cavities 

may open either actively or passively. In active cavities, water is at the critical pressure. 

Passive cavities, however, are not connected to the main subglacial water system and 

instead open by the movement of ice alone. Consequently, passive cavities are areas of 

low pressure, which enhances freezing of ice to bedrock, especially in combination with 

the heat pump. Combined with ice moving away from the bedrock, as the cavity opens, 

this is ideal for block removal, so long as the cavity does not first fill with fluidised 

sediment. Other mechanisms that enhance block removal do so by reducing the friction 

that holds blocks in place. These include water, ice or fluidised sediment that have found 

their way into the discontinuities separating block from surrounding bedrock (Anderson 

et al. 1982; Rea and Whalley 1994; Rea 2013; Ravier et al. 2015; Hall et al. 2020). 

In an open bedrock channel context (i.e. not subglacial) fluvial water may drive growth 

of pre-existing bedrock discontinuities by wedging sediment into discontinuities, 

differential stress resulting from clast impacts and perhaps by flexure of the bed under 

highly turbulent conditions (Whipple et al. 2000; Richardson and Carling 2005). In the 

case of subglacial fluvial water, on account of its likely over-pressurisation, differential 

stress within cracks will likely be an important further contributor, along with the direct 

stresses applied to the bedrock by the turbulent water, known as “evorsion” (Richardson 

and Carling 2005, p. 6). Block removal, in principle, is by entrainment similar to that which 

mobilises other sediments within turbulent flows (Whipple et al. 2000; Scott and Wohl 

2019). Whereas distinctive morphologies provide evidence for subglacial corrasion, no 
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equivalent evidence is available to distinguish between glacial and subglacial fluvial 

quarrying. In general, therefore, evidence for quarrying in a subglacial environment is 

presumed glacial quarrying and it is possible that subglacial fluvial quarrying has been 

under-represented. 

2.3.3 Dissolution 

Dissolution of quartz-rich sandstone or quartzite, which the pavements studied in this 

thesis consist of, occurs principally by “arenization” (Wray and Sauro 2017). Cement or 

detrital non-quartz minerals, found between the quartz grains, are dissolved by chemical 

weathering, rendering the remaining rock susceptible to erosion. In subaerial settings, 

this dissolution may leave characteristic karst morphologies (Wray 1997; see Eberhard 

and Sharples 2013 for discussion of terminology). In a warm-based subglacial setting, 

however, the irregular and often sharp forms associated with karst will be preferentially 

abraded (Iverson 2002). Consequently, recognising past subglacial arenization will be 

problematic. Nevertheless, recent micron-scale observations from Quaternary striated 

pavements have revealed dissolution of siliceous deposits, consistent with arenization 

(Siman-Tov et al. 2021). The effect of dissolution in the formation of siliciclastic striated 

pavements may, therefore, be an under-represented mechanism. 

2.3.4 Cavitation 

Cavitation is the process whereby water of a supercritical flow instantaneously 

vapourises. Resulting bubbles rapidly collapse, producing shockwaves that damage 

rock. The phenomenon is well studied in the engineering literature (e.g. Plesset and 

Prosperetti 1977; Hong et al. 2021) and long suggested as a contributor to subglacial 

bedrock erosion (Hjulström 1935; Dahl 1965; Shaw 1996, 2002; Shaw et al. 2020). 

However, although observed experimentally (Figure 2 of Shal’nev et al. 1966), the 

reliability of geomorphic evidence for cavitation reported from subglacial settings is 

unconfirmed (Figure 7.16 of Shaw 1996; Whipple et al. 2000). These comprise 

roughened surfaces with pockmarks and coarse striae (Shaw et al. 2020).  It has been 

suggested that under realistic flow speeds of modern rivers cavitation will not be an 

important contributor to erosion (Carling et al. 2017). Conversely, the high energy 

conditions associated with subglacial flood events may be better suited to cavitation (e.g. 

Kor and Cowell 1998). However, the relatively subtle surface features linked to cavitation 

would be rapidly removed by subsequent erosion, perhaps even by the waning stages 

of the same flood event. In summary, whether cavitation leaves a recognisable 

geomorphic signature remains questionable and its role in subglacial erosion, if any, 

poorly understood. 
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2.3.5 Cold-based erosion 

Cold-based ice is frozen to the underlying bed. This strength of this coupling is generally 

greater than the internal strength of the overlying ice and glacier motion is primarily by 

deformation of the ice itself. Nevertheless, limited basal sliding has been shown to occur 

(Waller 2001). Consequently, clasts may either be dragged or roll across the bedrock, 

causing abrasion, or be quarried (Drewry 1986; Atkins et al. 2002; Small et al. 2021). 

These processes are orders of magnitude slower than their warm-based equivalents and 

generally only sporadically developed. However taken over long periods of time they may 

be very significant. As will be explained below, this is especially pertinent to the 

Cryogenian Period when glaciation may have persisted for tens of millions of years, 

possibly without an active hydrologic cycle. 

2.4 Subglacial morphologies 

 

This section outlines erosional morphologies found on pavements. Only features 

relevant to the scale of observation and pavement lithologies in this study are 

considered, which therefore excludes km-scale features or those exclusive to carbonate 

pavements. In general, a multitude of alternative names and classifications have been 

applied to these features. Rather than attempting an exhaustive listing of all published 

descriptions, I focus upon the features pertinent to the aims of this thesis i.e. 

reconstructing past subglacial conditions and processes. 

2.4.1 Striated pavements: definition, use in reconstructing past conditions 

In this thesis, “striae” (singular: stria or striation) are elongate, linear to curvilinear 

indentations into a rock surface. They are mm-depth, mm- to cm-width and cm- to m-

length. The terms “mm-scale”, “cm-scale”, “dm-scale” etc. refer to features that would be 

measured in single digits of the stated unit; it is an intentionally imprecise expression. A 

“pavement” is a bedrock surface smoothed by subglacial erosion. Pavements often host 

striae, hence “striated pavements”. Pavements may also be soft sediment surfaces, 

which are known from only one Neoproterozoic Formation (Ayn Formation: Allen et al. 

2011) but better known from Palaeozoic glaciation (Deynoux and Ghienne 2004). These 

definitions are typical of pre-Pleistocene glacial literature. An alternative definition of 

“pavement”, not used here, is a clast horizon within a subglacial till or on a surface 

winnowed by outburst floods. 

The formation mechanisms of pavements and their resulting morphologies are 

determined by two variables during subglacial formation. First, the conditions at the ice-

bedrock interface; second, the bedrock’s geological characteristics. It therefore follows 

that, if the pavement morphology is preserved and its past geologic character can be 
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determined, then past conditions at the interface between ice, or deforming subglacial 

sediment layer, and bedrock may be inferred. This is the fundamental principle upon 

which subglacial conditions and processes are reconstructed in this thesis. Applying this 

approach to Precambrian pavements is complicated by their long geologic history that 

post-dates pavement formation. It is therefore necessary to carefully reconstruct the 

geological characteristics of the pavement during its subglacial formation, which may 

have been very different to those observed today. 

2.4.2 Glacial polish 

Glacial polish is a layer that forms upon some, but not all, striated pavements. It has a 

different appearance upon different lithologies but is invariably smooth and often 

reflective. It weathers in a characteristic manner, forming a layer of several millimetre 

thickness that chips away in approximately circular fragments (Fig. 2.1). Examination 

of remaining polish shows it to be several millimetres proud of the substrate. The 

striae have the appearance of occurring upon the polish, as they are removed along 

with the millimetre thickness layer. However, recent work has demonstrated the polish 

occurs as a micron-scale layer of accreted and smeared material, whereas the origin of 

the weathering layer remains undetermined (Siman-Tov et al. 2017). 

Figure 2.1: Quaternary glacially polished, striated and grooved surface. Note 

characteristic manner in which polish chips away. Big Cottonwood Formation, Mill B 

South Fork, Utah (see Fig. 4.1 for location of Mill B South Fork). 
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2.4.3 Striae and grooves 

In this thesis, grooves are similar to striae but larger and may have striae nested within 

(Fig. 2.1). Three basic striae types were recognised in the 19th Century and remain 

unchanged today: Type 1 begin shallow and narrow, steadily increase in width and depth 

until a maximum is reached and then suddenly terminate; type 2 begin and increase as 

type 1, reach a maximum size and then steadily decline and terminate as they began; 

type 3 start abruptly and gradually taper out (Chamberlin 1888, pp. 223–224; also see 

Iverson 1991a). In general, therefore, striae indicate two possible ice flow directions. 

Nailhead striae, however, can indicate a single ice flow direction. These are distinctive 

type 1 striae that, in a  down-ice direction, suddenly enlarge to a broad, deep gouge that 

is abruptly broken off by a fracture face. However, caution is required as type 3 striae 

could be confused for less well developed nailhead striae, producing a 180° error in ice 

flow direction. From their extensive study of abundant Quaternary striae Chamberlin 

concluded that:  

“Though the discrimination is often quite difficult and unsatisfactory in any given case, 

yet the number of scratches on a given surface is usually so great that a careful study of 

many examples may furnish a sufficient basis for a confident opinion, though the 

observer might not choose to trust to the indications of a single instance.” (Chamberlin 

1888, p. 246) 

In the study of Precambrian pavements, where there is typically only limited 

exposure, the reliance on only individual purported nailhead striae is a potential 

problem.   

At a smaller scale, microscopic crescentic fractures within striae tend to be 

concave down-ice (e.g. Plate 5.2 of Iverson 2002). At much smaller, micron-scale, 

Siman-tov et al. (2017, 2021) show both brittle and ductile indicators of a single ice 

flow direction, equivalent to kinematic indicators used in the study of faults. They 

comprise steeply dipping fractures, consistent with secondary T or R’ fractures (Petit 

1987), and cleavage planes bent in the direction of ice flow, analogous to fault drag 

(Fig. 2.2). 

Subglacial striae may form by subglacial abrasion or subglacial corrasion. McCaroll  

et al. (1989) found that striae formed by the latter, within high energy subglacial 

drainage water, were more variable in azimuth and had shorter, wider, tapering 

planform. 
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The recognition of cold-based striae and other erosional marks, pioneered by Atkins et 

al. (2002), is a comparatively recent advance. From Antarctica, these authors defined 

four types of cold-based erosional features, formed beneath Quaternary glacial ice 

(Table 2.1). In comparison to warm-based striae these features occur only sporadically 

and lack uniformity but are otherwise comparable in appearance. Consequently, 

recognising them is likely impossible if earlier or later warm-based features occurred 

on the same surface. Even when not obscured by warm-based features, their 

sporadically developed character makes preservation less likely.  Prior to this thesis, 

therefore, no cold-based erosional features had been confirmed from the pre-

Pleistocene rock record. 
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Figure 2.2: Micron-scale deformation of pavement surface. A: Bright field, transmission 

electron microscope ultra-thin section of upper edge of a striated pavement. Taken from 

stoss side of an abraded bedrock bump. Section cut parallel to glacier sliding direction, 

indicated by horizontal arrow pointing left. Black at top of image is artificial coating, 

immediately beneath which is a thin smooth coating. Steeply dipping fractures indicated 

by red arrows are consistent with secondary tensile (T) or antithetic (R’) fractures (see 

subfigure B). “And” indicates feldspar (andesine) crystals. Minimally modified from Figure 

4a of Siman-tov et al. (2021) B: Schematic diagram of R, R’, T and P secondary fractures. 

In this context, the term “secondary” relates to the “primary” shear motion between 

pavement and overlying ice, indicated by horizontal arrow in A, B and C. Modified from 

Figure 1c of Petit (1987). C: Bright field, transmission electron microscope section of 

glacial polish from a striated pavement upon amphiboles of a metavolcanic rock. Dashed 

lines show cleavage bending to the left. This may be considered analogous to fault drag 

in relation to the “primary” shear motion between glacier and pavement (see B). Green 

and yellow lines indicate tops and base of glacial polish respectively. Minimally modified 

from Figure 2b of Siman-tov et al. (2017). 
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Type Description

1: Broad  

Scrapes 

Broad (to 50 cm width, 4 cm depth, 120 cm length) scrapes typically consist 

of many smaller striae or grooves cm or mm-width. Some show progressive 

increase in depth and width with an abrupt terminus. Typically the abrasion 

mark has crushed sandstone remnants of the abrading tool smeared onto 

the surface, particularly at the deepest terminal wall. Occasionally, small cm-

scale ‘‘levees’’ occur along the sides of the abrasion mark. 

2: Individual 

Striae and 

Grooves 

Variably shaped, individual linear abrasions (scrapes, striae, and grooves) 

make up a wide variety of discrete abrasion marks (typically cm in width and 

depth and dm long). Where several marks occur in one location, they are 

generally subparallel. Some show a progressive increase in depth and width 

(nailhead), whereas others have more symmetrical, tapered ends. 

Occasionally, individual marks occur in line to form a trail of marks to 2 m in 

length. Some marks have crushed sandstone remnants of the abrading tool 

smeared onto the surface and/or are bordered by small cm-scale levees. 

3: Scraped  

Boulders 

Variably shaped, scrapes to several cm wide (and related striae) occur on 

the stoss side of some weathered boulders lodged within, or resting on, 

diamictite. Abrasion has removed the characteristic dark brown desert 

varnish from the surfaces of the boulders, making the marks clearly visible. 

4: Ridge and 

Groove 

Lineations 

Abraded patches with many parallel fine lineations (mm-scale width and 

depth), described as ridge and groove lineations. The surfaces are typically 

dark and have a platy appearance and a sheen similar to slickensides. These 

abraded patches occur within thin carbonaceous layers beneath brecciated 

sandstone debris and indicate north to south glacier movement.  

Table 2.1: Cold-based erosional marks. Modified into tabular form from the main text of 

Atkins et al. (2002).  
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2.4.4 Friction cracks 

These are a family of cm- to m-scale fractures that are often crescentic in plan view and 

to which a confusing variety of names have been applied. They form when cobbles or 

boulders are dragged across the pavement under sufficiently high effective normal 

pressure (Krabbendam et al. 2017). Isolated examples may occur but often they form 

trains. Friction cracks confirm the brittle nature of a pavement during formation. Wintges 

(1985) recorded 12,000 crescentic cracks from a site of two Quaternary glacial advances 

in the Austrian Alps, using early photogrammetric methods, and found a correlation 

between crack length and past ice thickness (see their Fig. 17). The application of this 

approach to pre-Pleistocene glaciation has not been attempted but may be an avenue 

for future consideration. 

Friction cracks may record past ice flow direction with a high degree of confidence. The 

plan view crescents of friction cracks usually strike perpendicular to striae, indicating two 

possible ice flow directions, although interaction with pre-existing discontinuities may 

affect this orientation (Krabbendam et al. 2017). Friction cracks are usually deeper 

features than striae and may therefore be preserved where striae are not (Wintges 1985). 

Three types of friction crack are a reliable indicator of a single flow direction.  

First are crescentic gouges and lunate fractures. These comprise a shallow-dipping, 

“primary fracture” that is abruptly terminated by a sub-vertical  “secondary fracture”. The 

primary fracture always dips down-ice. In plan view the fractures may be convex or 

concave down-ice. The former is referred to as a crescentic gouge and the latter as a 

lunate fracture (Harris 1943). Second are joint-bounded crescentic scars (Krabbendam 

et al. 2017). These comprise a shallow-dipping, concave-up primary fracture that is 

abruptly terminated by a sub-vertical joint or other pre-existing fracture. The primary 

fracture always dips down-ice. In plan view the joint-bounded crescentic scar is concave 

down-ice. Third are crescentic fractures, also known as crescentic cracks. These are 

hairline fractures that are crescentic in plan view. Unlike gouges and lunate fractures, 

where the combination of two fractures has removed a chip, these comprise a primary 

fracture only, which dips down-ice. Micron-scale secondary fractures found in pavement 

polish are consistent with crescentic fractures (Fig. 2.2 A). Usually, crescentic cracks 

are concave down-ice in plan view (‘crescentic cross-fractures’ of Chamberlin 

1888; Harris 1943; Bennett and Glasser 2009), which is consistent with the concave 

down-ice orientation of microscopic crescentic fractures within striae (e.g. Plate 5.2 

of Iverson 2002). However, Benn and Evans (2010, p. 272) caution that crescents may 

be oriented in up-ice or down-ice directions.
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Figure 2.3: Crescentic gouges and lunate fractures. Modified from Figure 1 of Harris 

(1943) 
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2.4.5 Stoss and lee forms 

This describes a range of features that are all characterised by different erosional 

morphologies on their stoss and lee sides. This allows determination of a single ice flow 

direction. “Rat tails” (e.g. Benn and Evans 2010), “micro crag and tails” (e.g. Bennett and 

Glasser 2009) and “knobs and trails” (e.g. Chamberlin 1888) all refer to a mm- to dm-

height ridge that is formed in the lee of a resistant feature. The ridge is parallel to ice 

flow, starts abruptly and fades away down ice. Hairpins are a variant wherein elongate 

depressions run parallel either side of the ridge. In some hairpins the ridge is at the same 

level as the surrounding surface (Shaw et al. 2020). These elongate depressions curve 

around and join immediately up-ice of the resistant feature. Both subglacial abrasion 

(Boulton 1979; Eyles and Boyce 1998; Eyles 2012) and subglacial corrasion (Shaw et 

al. 2020) have been invoked to explain these features. 

Roches moutonnées are elongate bedrock forms with a smooth, striated stoss side and 

irregular, jagged lee side that often features down-ice descending steps (Rastas and 

Seppälä 1981). The stoss and lee forms are the products of abrasion and glacial 

quarrying respectively. If ice-bed separation does not occur then both stoss and lee will 

be smooth and abraded. The resulting feature, known as a whaleback (Evans 1996), 

does not help distinguish a single ice flow direction. The long axis orientation of a roche 

moutonnée or whaleback is strongly controlled by bedrock discontinuities, such as joints, 

and should not be presumed parallel to ice flow (Hooyer et al. 2012).  

This configuration of abraded stoss and quarried lee may potentially be applied to any 

subglacial irregularity capable of causing ice-bed separation. A classic example is a 

bedrock step. Quarrying tends to occur in the lee of bedrock steps irrespective of their 

orientation relative to ice flow.  Although glacial quarrying tends to create angular forms, 

at least some edge-rounding by subsequent subglacial abrasion would be expected on 

many edges. This is demonstrated by Krabbendam and Glasser (2011, see their Fig. 7) 

on bedrock steps of quartzite and sandstone lithologies that are similar to the pavements 

of this study. 

2.4.6 S-forms 

S-forms (‘sculpted forms’: Kor et al. 1991, p. 625), also known as p-forms (‘plastically 

sculptured detail forms on rock surfaces’: Dahl 1965, p. 83), are an ill-defined family of 

subglacial bedrock morphologies that relate to the myriad smooth morphologies found 

on subglacial bedrock surfaces. Generally, they are metres to tens of metres in size and 

comprise smooth negative relief that may contain residual positive features. Many s-

forms are very similar to subaqueous features ubiquitous in open fluvial bedrock 

channels or soft sediment, unrelated to glaciation (Richardson and Carling 2005; Shaw 
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et al. 2020). Consequently, most authors agree that at least some s-forms, such as 

potholes (e.g. Kor and Cowell 1998; Rea 2013), were formed by subglacial fluvial 

corrasion. Some link this to catastrophic subglacial flooding (Kor and Cowell 1998). The 

formation mechanisms of other s-forms are, however, contested and subglacial abrasion 

has been suggested as an alternative to subglacial corrasion (Eyles and Boyce 1998; 

Rea et al. 2000; Eyles 2012; for review of these arguments see Shaw et al. 2020). 

Enigmatically, s-forms attributed to subglacial corrasion often host striae consistent with 

glacial abrasion. 

This thesis uses the s-form terminology of Kor et al. (1991), augmented with the open 

bedrock channel terminology of Richardson and Carling (2005). Key morphologies 

pertinent to this study are outlined below (Fig. 2.4). 

Muschelbrüche (singular muschelbruch) are shallow concave depressions. In plan view, 

they have a sharp-edged crescentic, convex up-ice rim that strikes perpendicular to flow. 

Down-flow this margin becomes approximately parallel to ice-flow and gradually fades 

away. Internally, the surface is usually steepest joining the sharp, up-flow rim. 

Sichelwannen (singular sichelwanne) resemble muschelbrüche but have enclose a 

median ridge. The distinctively different stoss and lee forms make these reliable 

indicators of ice flow direction. However, isolated examples should be treated with 

caution as similar morphologies may be convex down-ice (Fig. 2.5). Flutes are narrow, 

shallow depressions that are elongate parallel to flow and widen down flow. Up-flow 

edges are sharp whereas down-flow edges are either sharp or gradually fade away, 

known as closed or open flutes respectively. Furrows are internally ornamented elongate 

bedrock troughs, of which there are many variation. A bulbous furrow is initially straight 

and parallel sided, before opening out into a circular depression down-flow (Fig. 2.6). 

Potholes are sub-circular depression, much deeper than wide. They may be internally 

ornamented and feature short entry or exit furrows. Incipient potholes are saucer-shaped 

depressions that lack vertical walls and represent the early stages of pothole formation 

(Fig. 2.6). Cavettos are channels undercut into steep rock faces (Fig. 2.4).  
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Figure 2.4: Atlas of S-forms, reproduced from Fig. 2 of Kor et al. (1991).  r: rim; mf: main 

furrow; mr: median ridge; lateral furrows. Flow from left to right, except non-directional 

forms. 
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Figure 2.5: Form resembling muschelbruch from Mill B South Fork, Utah.  40.60733° -

111.69165°. This form is concave up-ice, rather than the expected down-ice orientation. 

This highlights the danger of relying on isolated instances of these features. North is to 

left of image; ice flowed northward; 40.60733° -111.69165°. 

 

 

Figure 2.6: Incipient pothole and bulbous furrow. A: Incipient pothole, Sleightholme 

Beck, UK. B: Bulbous furrow in plan view. A is reproduced from Figure 12 of Richardson 

and Carling (2005) and B is minimally modified (text only) from Figure 32 of the same. 
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2.5 Non-glacial rock surfaces potentially misidentified as striated pavements 

 

Not all striae and grooves are produced in a subglacial environment. Some are produced 

by floating ice and other by mechanisms with no climatic implication. These latter include 

fault, wind abrasion and mass flow mechanisms. The risk of conflating these with 

subglacial striae and recognising past glacial ice where none existed has long been 

recognised (e.g. Hovey 1909; Dyson 1937; Nichols 1961; McLellan 1971; Schermerhorn 

1974; Eyles 1993; Kennedy and Eyles 2020). Section 2.2 outlines some of these 

mechanisms.  

2.5.1 Striation by floating ice 

This section is concerned with bedrock striae and associated erosional forms created by 

icebergs and sea ice, especially on shorelines that expose bedrock. Floating ice may be 

either glacial in origin (icebergs) or formed directly by the freezing of seawater (sea ice). 

Icebergs may inherit basal sediments, required for striation, from the parent. Basal 

sediments within sea ice are entrained through the formation of frazil or anchor ice and 

typically reach fine sand grade, although coarser sediments may be entrained by landfast 

sea ice (Darby et al. 2011; John et al. 2015). Today, sea ice is amongst the most 

important sediment transport mechanisms in the Arctic and polar seas (Darby et al. 

2011). 

The conflation of striae formed by floating ice and by the main body of glacial ice has 

long been recognised (Putnam 1928, p. 37) and the resulting misinterpretation of glacial 

flow direction documented (Dionne 1985). In deeper water, iceberg plough marks within 

sediment have been documented at the dm- to km-scale (e.g. Dowdeswell et al. 1993; 

Brown et al. 2017; Montelli et al. 2018; Batchelor et al. 2020). However, whether these 

are also associated with bedrock striae is not known. In general, discriminating between 

sea-ice and iceberg striae may be problematic (Dionne 1985). The following comparison 

between equivalent subglacial and floating ice erosion features is based upon 

observations from Quaternary bedrock shorelines, synthesised from Nichols (1961) and 

Dionne (1985).  

In comparison to subglacial polish, polish from floating ice is limited in extent, typically 

several metres; tends to occurs on softer lithologies e.g. sandstone but less often gneiss; 

is less reflective; and does not chip away in characteristic, mm-thickness, circular 

patches (Siman-Tov et al. 2017). In comparison to subglacial striae produced by 

abrasion (not corrasion), the striae from floating ice are limited in extent, typically taking 

up only part of a larger rock surface; of multiple cross-cutting orientations; shorter, 

typically cm to dm-length; irregular in length, width and depth; often sinuous or curved. 
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Floating ice striae often form at high angles to the strandline. Bedrock friction cracks 

have been associated with floating ice. However, larger scale erosional forms, such as 

roches moutonnées that require persistent abrasion or quarrying, do not occur and a well 

planed and smoothed surface does not develop. In summary, positive identification of 

certain features should clearly distinguish between subglacial and floating ice abraded 

surfaces. However, in instances of limited exposure this could be problematic. 

In addition to the ice-related processes above, striae may form on bedrock surfaces 

through fault, mass flow or wind abrasion mechanisms. 

2.5.2 Fault surfaces 

The very considerable potential for misidentifying fault surfaces as subglacially striated 

pavements has long been recognised (e.g. Weidman 1923; Daily et al. 1973; Christie-

Blick 1982). From Lake Pleasant, Arizona, Eyles and Boyce (1998) noted fault surface 

features, typical of fault surfaces elsewhere, that closely resemble subglacial striae, 

nailhead striae, crescentic fractures, rat tails, cm-scale hairpins (“ridge-in-groove” in fault 

terminology) and greatly scaled-down versions of muschelbrüche and sichelwannen. 

Note that, in common with subglacial striae, fault striae may cross-cut (e.g. Cashman 

and Ellis 1994; Fig. 8 of Sturmer and Faulds 2018).  

They interpreted all of these features as products of abrasion by fault gouge and, by 

analogy, used this to explain subglacial abrasion of similar features. Specifically, glacial 

ice and bedrock were analogous to the fault surfaces and subglacial deforming sediment 

to the fault gouge. Some argue that rat tails, hairpins, muschelbrüche and sichelwannen 

are instead formed by subglacial fluvial water (e.g. Kor et al. 1991; Shaw et al. 2020). 

However, most agree that striae and crescentic fractures are formed by similar 

processes on both fault and subglacial surfaces (e.g. Iverson 1991a). Consequently, 

discriminating between subglacial and tectonic origins for these features relies upon their 

context rather than the characteristics of the features themselves (Fig. 2.7).  
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Figure 2.7: Example of the similarity between subglacial and fault features. 

Distinguishing between A (subglacial grooves) and B (fault grooves) is only possible 

when their context is revealed. This context is shown in C and D respectively.  A: 

Subglacially striated surface revealed from beneath Gepatsch glacier at Kaunertal, 

Austria, within the last century.  B: Grooved fault surface on Carboniferous strata at 

Spireslack Quarry, Scotland. Reflection is due to rain.  C: Striated surface from A in 

context, revealing that it is a subglacial feature.  D: Grooved fault surface from B 

in context, revealing it is a tectonic feature. Note people for scale in C and D. 

Reproduced from Figure11 of Vandyk et al. (2021). 

2.5.3 Wind abrasion surfaces 

Wind abrasion results from a multitude of impacts between airborne sand and bedrock 

(Bridges et al. 2005; Várkonyi and Laity 2012). The finest wind abrasion striae may be 

so shallow that determining a direction is problematic (Tremblay 1961) whereas the 

largest grooves may reach 70–100 cm length, 19 cm width, and 13 cm depth (Várkonyi 

and Laity 2012). Striae and grooves tend to be parallel on flat surfaces, faithfully 

recording dominant wind direction, and better developed on windward sides. They may 

comprise multiple longitudinal scoops (Tremblay 1961).  Shallow pits, from < 1mm to 3 

cm diameter, are common (Sharp 1949). Surfaces may be polished and, although 

Tremblay (1961) noted wind abrasion polish was more reflective than glacial polish in 

their study area, this difference is not diagnostic. In summary, wind abrasion surfaces 

might be confused for striated pavements only in instances of minimal exposure. Even 
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then, extremely fine striae containing scoops and an abundance of pits may hint at a 

wind abrasion interpretation.  

2.5.4 Mass flow surfaces 

The term “mass flow” here is used in its broadest sense to encompass any body of 

sediment, with or without fluid, that moves downslope under the force of gravity.  

Pyroclastic flows are known to produce striated and grooved bedrock surfaces (see 

review in Kieffer et al. 2021). These may form by corrasion (Hovey 1909; Kieffer et al. 

2021) or in the manner of a fault surface as blocks slide downslope (Grunewald et al. 

2000). Striae and grooves are 200 µm to cm-width, up to several metres length and may 

cross-cut (Sparks et al. 1997). Larger scale morphologies may resemble roches 

moutonnées (Figure 2 of Plate 38 of Hovey 1909). Pyroclastic deposits will likely 

accompany these features, most likely representing the key to their correct identification. 

Landslides may produce surfaces analogous to fault planes (in some instance they are 

fault planes) where they detach from the surrounding sediment or rock substrate. Cross-

cutting striae, grooves and chatter marks have all been observed (Fleming and Johnson 

1989; Bishop 1997; Hu and McSaveney 2018). Hu and McSaveney (2018, p. 154) 

described an unusually well exposed example on dolomitic black shale that was “highly 

reminiscent of a glacially striated pavement”. Snowslides have produced striae 

resembling subglacial striae on a limestone substrate (Dyson 1937). Whether this is 

applicable to the harder sandstone or quartzite substrates of this study is unknown.   

Striae nested within grooves, mirroring a configuration commonly found on striated 

pavements, are known to form on sediment substrates beneath debris flows, slumps and 

slides (Peakall et al. 2020). Whether the same may apply to bedrock surfaces is less 

certain. The only example I have found is of a striated surface of 2 m x 1.5 m formed 

upon a rhyolite block in the Atacama Desert. This hosts striae that closely resemble 

subglacial striae and are interpreted as the product of a high energy debris-laden water 

flow (Harrington 1971). 
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2.6 Glaciation during the Neoproterozoic Era 

 

Although long established that glacially influenced strata, assigned to the Cryogenian 

period, are preserved across the globe, the extent and severity of associated glaciation 

remains uncertain. The most extreme view, popular at the time of writing, posits a 

runaway ice albedo effect (e.g. Kirschvink 1992; Hoffman et al. 1998, 2017; Hoffman and 

Schrag 2002; Hoffman 2011). Numeric models, which start from the assumption of this 

“Snowball Earth” state, posit an Earth trapped beneath > 1000 m of sea ice (sea glaciers) 

from pole to equator for tens of millions of years. Equatorial sea-level temperatures are 

reconstructed below -20°c in these simulations, the oceans and atmosphere separated 

and the hydrologic cycle extremely slow for much of the period (Hoffman et al. 2017). 

Other workers, however, question how well this computer-modelled output compares 

with the geologic evidence. This question has two facets.  

First, there is the environmental interpretation of Cryogenian strata. The extreme 

“snowball” state would have been entirely unlike anything known from Cenozoic 

glaciation. Nevertheless, Cryogenian deposits evince glacial transport and deposition 

suggestive of an active hydrologic cycle and are comparable in thickness and character 

to cores extracted from the Antarctic of the past 15 Ma (Allen and Etienne 2008). 

Additionally, preserved Cryogenian strata tend to be basinal and, in this context, 

separating tectonically triggered deposits, with no climatic significance, from those 

recording glacial conditions is a long known and unresolved problem (Schermerhorn 

1974; Eyles and Januszczak 2004; van Loon 2008; Kennedy and Eyles 2020).  

Second, there is the age of globally separated deposits. The lack of fossil age markers 

within Cryogenian strata is a considerable barrier to constraining their relative age. 

Consequently, within the 85 million year window posited for the Cryogenian Period, the 

glacigenic strata may represent diachronous conditions rather than one pan-global 

glaciation (Eyles and Januszczak 2004; Le Heron et al. 2020b). This important issue is 

dealt with in more detail below. 

Ediacaran glaciation is perhaps more enigmatic than that of the Cryogenian. There is 

now relatively little support for a pan-global glaciation during this time (Pu et al. 2016a). 

Otherwise, there is no consensus regarding the global severity of glaciation during any 

part of the period (Retallack 2021). 

2.6.1 Glaciation and the division of Neoproterozoic time 

The Neoproterozoic Era (1000 – ca. 540 Ma) is formally divided into the Tonian, 

Cryogenian and Ediacaran periods (Shields et al. 2021). These division are closely linked 
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to glacial interpretation. The Tonian and Cryogenian periods commenced at 1000 Ma 

and ca. 720 Ma respectively. These are geochronologically defined ages, meaning that 

they are independent of any rock unit (Murphy and Amos 2021). The Cryogenian onset 

was chosen to represent the “approximately contemporaneous onset of glaciation on a 

global scale” (Shields-Zhou et al. 2016, p. 5). It is intended that this age will later be 

redefined chronostratigraphically, meaning that it will be linked to a specific rock unit 

(Shields-Zhou et al. 2016). The base of this proposed Cryogenian System “should be 

placed within an outcrop section at a precisely defined stratigraphic level (GSSP) 

beneath the oldest clearly glacigenic deposits in a Neoproterozoic succession” 

(Neoproterozoic Subcommission as reported by Shields-Zhou et al. 2012, p. 395). The 

search continues for a suitable outcrop (Shields et al. 2018). The base of the Ediacaran 

System is defined chronostratigraphically by (1) the “rapid decay of Marinoan ice sheets”; 

(2) the appearance of “cap carbonates” with distinct sedimentologic, textural and 

geochemical properties; (3) the start of a pattern of changing carbon isotope values 

recognised globally (Knoll et al. 2006, p. 24). From the above it is clear that a specific 

interpretation of Neoproterozoic glacial events, involving the contemporaneous onset of 

glaciation on a global scale and rapid decay of ice sheets, is currently enshrined within 

the formal global timescale. 

2.6.2 Age and distribution of Tonian glacially influenced strata 

Early Tonian glaciation has been suggested from Scotland by Hartley et al. (2019). This 

relies upon a single line of evidence,  lonestones within meta-sedimentary rocks, and is 

therefore treated as an interesting but tentative conclusion. Late Tonian glacigenic strata 

have been reported from NW China, USA, Namibia and Zambia. If these strata do 

indicate Tonian glaciation, it cannot have been global in extent on account of coeval non-

glacigenic strata elsewhere (Rooney et al. 2015).  

From NW China, the Bayisi Formation contains ~ 740 Ma and 725 Ma lava horizons, 

however its glacigenic affinity has been questioned (Xu et al. 2009; Gao et al. 2010). 

Possible glacial conditions at low latitude, but high altitude, have been dated at ~751 Ma 

from the Konnarock Formation of Virginia, USA (MacLennan et al. 2020). 

Conversely, in SW Namibia, the glacigenic character of the Kaigas Formation is not 

questioned. This is overlain by a 741 (± 6) Ma lava (Frimmel et al. 1996; see also Borg 

et al. 2003). A correlated 748 (± 3) Ma lava in northern Namibia likewise rests upon 

diamictite that may be glacigenic (Hoffman et al. 1994). On account of structural 

complexity, it has been argued that Kaigas Formation glacigenic strata should instead 

be assigned to the Cryogenian Numees Formation (Jasper et al. 2000 cited in; Borg et 

al. 2003, p. 754; Macdonald et al. 2010b).  
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In Zambia, glacigenic units of the Kundelungu Group occur between 765 ± 5 Ma and 735 

± 5 Ma lavas, dated using the U-Pb Sensitive High Resolution Ion Microprobe approach 

(Key et al. 2001). Rooney et al. (2015) questioned this finding. First, they suggested that 

zircons from the lower lava could have been inherited into the upper. Comparison of 

individual grain ages from the lower and upper lavas, however, does not support this 

assertion (see Tables 8, 9 of Key et al. 2001). In any case only 1 individual grain of the 

20 analysed from the upper lava has an age < 720 Ma, which is the current base of the 

Cryogenian Period (some others are within error of 720 Ma). Second, they argued that 

the stratigraphic context was unclear. 

2.6.3 Age and distribution of Cryogenian glacially influenced strata 

Glacigenic strata are assigned to the Cryogenian Period on 22 palaeocontinents and 

microcontinents (Hoffman et al. 2017). Despite this abundance and 85 million year 

duration, only three correlated stratigraphic horizons are widely recognised. These 

comprise an older and a younger glacially influenced stratigraphic interval, known 

informally as the “Sturtian” and “Marinoan” respectively, and a non-glacial interlude that 

separates them. The base of the non-glacial interlude comprises a cap carbonate above 

16 out of 26 global occurrences of Sturtian strata (Yu et al. 2020). These carbonates 

sharply rest upon the glacigenic strata and record post-glacial marine transgression. 

Rare dropstones in Sturtian cap carbonates of Australia and Namibia suggest localised 

continuation of ice during their deposition (Giddings and Wallace 2009; Le Heron et al. 

2020a). 

The onset of the Sturtian interval is well constrained on the Laurentian palaeocontinent, 

specifically in Alaska and immediately bordering NW Canada, to between 716.9 ± 0.4 

Ma and 717.4 ± 0.2 Ma (Macdonald et al. 2010a, 2018; Cox et al. 2015). Similarly, on 

the South China Block, depositional ages of 720.16 ± 1.4 Ma to 714.6 ± 5.2 Ma in the 

uppermost 25 m of Tonian strata are gradationally overlain by Cryogenian strata, 

approximating the age of glacial onset (Lan et al. 2014, 2020; Song et al. 2017). On the 

Arabian Nubian Shield, the youngest pre-Cryogenian strata are less than 719.58 ± 0.56 

Ma in northern Ethiopia (MacLennan et al. 2018). On the same palaeocontinent, around 

2000 km east, the lowest Cryogenian strata are older than ~713 Ma (Bowring et al. 2007). 

It is tempting to combine these Ethiopian and Omani ages. However, in light of their > 

2000 km separation, doing so would first require the assumption of synchronous glacial 

onset across the palaeocontinent. This would be somewhat circular when attempting to 

test the hypothesis of synchronous global glacial onset. 

Depositional ages known from the base of the non-glacial interlude are 659.0 ± 4.5 Ma 

in Mongolia (Rooney et al. 2015); 662.4 ± 3.9 Ma from Laurentia (NW Canada; Rooney 
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et al. 2014); 658.80 ± 0.50 Ma from the South China Block (Zhou et al. 2019); and 657.2 

± 5.4, 647 ± 10 and 645.1 ± 4.8 Ma from Australia (Kendall et al. 2006). These ages 

indicate that non-glacial deposition was taking place on at least parts of four continents 

at the same time. They also show that the base of the non-glacial interlude in Australia 

is diachronous.  

Whether this diachronous base indicates diachronous termination of Sturtian glaciation 

depends upon the stratigraphic interpretation of the two younger Australian samples. 

These were taken from cores ~ 160 km apart, 3 m to 8 m above the boundary between 

glacigenic Sturtian and non-glacigenic Tindelpina Shale strata. Kendall et al. (2006, p. 

730), when publishing these data, observed that this boundary “appears conformable”. 

Similar stratigraphic position and similar inorganic carbon isotopic values suggest that 

the dated strata and Tindelpina Cap Carbonate are equivalent (Kendall et al. 2006; 

Giddings and Wallace 2009). Later, elsewhere in the region, Cox  et al. (2018) reported 

a tuff eruptive age of 663.03 ± 0.11 Ma from 80 m below the boundary. Without 

acknowledging their reinterpretation of the published data, they stated that the boundary 

beneath the samples of Kendall et al. (2006) was disconformable (Cox et al. 2018, p. 

262). This allowed them to support synchronous global termination of Sturtian glaciation. 

In fact both interpretations are consistent with the available age data. The conformable 

interpretation suggests diachronous glacial termination tracked by diachronous cap 

carbonate deposition. The disconformable interpretation allows for globally synchronous 

glacial termination but still suggests diachronous cap carbonate deposition. This latter 

possibility implies separation in time between glacial termination and deposition of the 

cap carbonate. 

There is no geochronologic evidence to support or refute synchronous onset of the 

Marinoan interval. Its age is bracketed approximately between 652.5 Ma and 639.5 Ma 

(Shields et al. 2021 and references therein).  

The termination of the Marinoan interval is marked by the basal Ediacaran cap carbonate 

in the majority of cases (Yu et al. 2020). The basal Ediacaran cap carbonate is most 

often sharp-based and is known to rest on both Cryogenian and pre-Cryogenian strata 

(e.g. Noonday Formation Corsetti and Grotzinger 2005). On the South China Block this 

cap carbonate was deposited between 634.57 ± 0.88 Ma and 635.23 ± 0.57 Ma, lasting 

less than 1 Ma (Condon et al. 2005; Zhou et al. 2019). Elsewhere, high precision 

depositional ages are reported from uppermost Marinoan strata of Namibia (635.21 ± 

0.59 Ma; Prave et al. 2016) and Tasmania (636.41 ± 0.45 Ma; Calver et al. 2013) and a 

lower resolution age is reported from a unit above the cap carbonate in NW Canada 

(632.3 ± 5.9 Ma; Rooney et al. 2015). A positive test for globally synchronous and rapid 

deglaciation requires minimum and maximum ages on the same continent, ideally in the 
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same region. Consequently, a positive test for globally synchronous and rapid 

deglaciation is not yet possible (Zhou et al. 2019). 

2.6.4 Age and distribution of Ediacaran glacially influenced strata 

Whereas glaciation is the hallmark of the Cryogenian Period, used to propose a tripartite 

global stratigraphy, Ediacaran glaciation has received relatively little attention. 

Glacigenic deposits are preserved on the palaeocontinents or microcontinents of 

Amazonia, Australia, Avalonia, Baltica, Laurentia, North China and Tarim (Hoffman and 

Li 2009; Li et al. 2013) (Fig. 2). In general, age constraint of Ediacaran deposits is poor. 

The exception, the Gaskiers Formation of Eastern Avalonia, is well constrained to lasting 

≤ 340,000 years, at c. 580 Ma (Pu et al. 2016b). Timing of the other Ediacaran glacial 

outcrops is poorly constrained, although some occur near the Ediacaran-Cambrian 

boundary (see Section 5.2.4.1 for detail). Ediacaran glacial deposits on Australia 

(e.g. Calver et al. 2004; Corkeron 2011), Tarim and the North China Craton (NCC) 

may have been deposited at low latitudes. Australian palaeoalatitude during the 

Ediacaran is well constrained between the end-Cryogenian Elatina glaciation 

(Rose et al. 2013a), deposited near the equator (Schmidt and Williams 1995; Sohl 

et al. 1999), and overlying palaeomagnetic poles between 650 to 555 Ma indicating 

low-mid latitudes (Schmidt 2014; Merdith et al. 2017). Conversely, the Tarim and 

North China cratons, which host the Ediacaran glacigenic Hankalchough and Luoquan 

Formations respectively, are less latitudinally constrained. On the Tarim Craton, three 

imprecisely-dated Ediacaran poles indicate a mid to low latitude (Zhan et al. 2007; 

Zhao et al. 2014) and agree with the better constrained pole of Wen et al. (2017a) 

(635 – 610 Ma). On the North China craton, poles from the Tonian (Dongjia Fm) and 

lowest Cambrian suggest a latitude of < 20° (Huang et al. 1999; Zhang et al. 2000, 

Fig. 5).
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Figure 2.8: Approximate Ediacaran plate configuration. There is significant uncertainty 

on a number of aspects of Ediacaran palinspastic reconstruction and this figure 

represents one version only, nominally at 580 Ma. Glacigenic Formations are shown by 

stars. The colours and outlines are unimportant. Am: Amazonia, Au: Australia, Av: 

Avalonia, BA: Baltica, Ca: Cadomia, Co: Congo, In: India, Ka: Kalahari, LAUR: Laurentia, 

Ma: Mawson, NCC: North China, RP: Rio de la Plata, SC: South China, SF: São 

Francisco, SI: Siberia, Sv: Svalbard, TM: Tarim, WA: West Africa. Adapted from Hoffman 

and Li (2009, Fig. 6), with the Playa Hermosa Fm added from Pazos et al. (2011).
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2.7 Striated Pavements during the Neoproterozoic Era 

 

Striated pavement from the Cryogenian and Ediacaran periods are summarised in Table 

2.2. Too few are known from the Ediacaran Period to explore patterns of their distribution 

in time and space. By contrast, although often only fragmentary, those from the 

Cryogenian are considered below.  

Temporally, despite the greater duration of the Sturtian glaciation, only one undisputed 

striated surface is often assigned to this this age, from one locality of the Laurentian 

palaeocontinent (Mineral Fork Formation: Ojakangas and Matsch 1980; Christie-Blick 

1983; Link et al. 1994; Yonkee et al. 2014). However, detailed examination reveals that 

the available age data cannot distinguish between a Sturtian and Marinoan for this 

formation (see Section 4.3). A questionable further example, preserved only as a sole 

structure on the base of the Merinjina Tillite of South Australia, may have a purely 

tectonic explanation (Mirams 1964; Daily et al. 1973). By contrast striated surfaces 

beneath glacigenic strata assigned, with varying certainty, to the Marinoan glaciation are 

known from seven palaeocontinents: (1) Baltica (Smalfjord Fm: Laajoki 2002), but see 

Jensen and Wulff-Pederson (1996) for an alternative non-glacial interpretation; (2) 

Laurentia (Tillite Grp; Moncrieff and Hambrey 1988; Stouge et al. 2011) (3) North 

Australia (Walsh, Landrigan, Fargoo/Moonlight Valley Fm’s: Corkeron 2011); (4) India 

(Blaini Fm: Etienne et al. 2011a); (5) São Francisco (Bebedouro Fm: Montes et al. 1985; 

Jequitai Fm: Uhlein et al. 2011) (6) Tarim (Yuermeinak Fm: this study) and (7) West 

Africa (Jbéliat Gp: Shields-Zhou et al. 2011a). The latter are perhaps the most impressive 

Cryogenian surfaces known (Deynoux 1985). Surfaces beneath the Ayn (Kellerhals and 

Matter 2003; Allen et al. 2011) and Langmarkberg (Kumpulainen and Greiling 2011 and 

references therein) Formations are likely Cryogenian but not considered herein due to 

poor age constraint. 

In respect of palaeolatitude, four palaeocontinents hosting Cryogenian striated surfaces 

were at low palaeolatitudes: (1) Laurentia (Weil et al. 2004; Denyszyn et al. 2009); (2) 

North Australia (Swanson-Hysell et al. 2012); (3) Tarim (Zhan et al. 2007; Wen et al. 

2013, 2017b) and (4) the questionably glacigenic example from South Australia (Sohl et 

al. 1999). The Marinoan-aged Blaini Formation of India is likely another low latitude 

example, as it moved from ~ 30° (Torsvik et al. 2001) or ~ 46° (Meert et al. 2013) at ~ 

750 Ma to ~ 4° (McElhinny et al. 1978) by the late Cryogenian to Ediacaran. Two 

palaeocontinents, São Francisco and West Africa, have no reliable palaeolatitudinal 

constraint (Merdith et al. 2017) and Baltica lacks Cryogenian constraint, but was at mid 

to high latitudes at ~ 20 Ma after the Cryogenian termination (Walderhaug et al. 2007).  
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The concentration of striated surfaces, each of which likely indicates locally warm-based 

glaciation, beneath Marinoan deposits is consistent with the suggestion of distinctly 

different styles of Sturtian and Marinoan glaciation (Spence et al. 2016). The tendency 

of these surfaces towards low palaeolatitudes could suggest a link between latitude and 

glacial behaviour during the Cryogenian. This would be in keeping with both modern 

glaciation, wherein cold-based ice masses are typically restricted to high latitudes 

(Hambrey and Glasser 2012), and with climate models for the Cryogenian that posit low 

latitude open water (e.g. Abbot et al. 2011; Rose 2015).  

Nevertheless, thermal regime is not a simple proxy for air temperature, as geothermal 

heat flow and ice thickness are important controls. For example Pattyn (2010) argued 

that, assuming a moderate heat flow and ice thickness > 4000 m, the base of the East 

Antarctic Ice sheet would achieve its pressure-temperature melting point amidst -50°C 

surface temperatures. It should also be noted that striated surfaces might only record an 

instant of geological time and do not necessarily reflect the long term characteristics of 

the ice body that produced them. Furthermore caution should be exercised when drawing 

conclusions from such a small sample set in which preservational biases may play an 

important role. Nevertheless, any potential connection between thermal regime and the 

timing or palaeolatitude of glaciation would be an important contribution toward 

understandings of the Cryogenian Earth, warranting further investigation.
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Table 2.2: Neoproterozoic pavements. E = Ediacaran, C = Cryogenian, Fm = Formation, Grp = Group. Certainty of age assignments is variable and 

the reader is directed to the references in the "Discussion of Age" column for further detail. References used: (Etemad-Saeed et al. 2016); (Germs and 

Gaucher 2012); (Grey and Corkeron 1998); (Corkeron 2011); (Le Heron et al. 2018); (Le Heron et al. 2019); (Vernhet et al. 2012); (Kumpulainen and 

Greiling 2011); (Asklund 1960); (Crowell 1964); (Etienne et al. 2011b); (de Andrade Caxito et al. 2012); (Isotta et al. 1969); (Montes et al. 1985); (Perry 

and Roberts 1968); (Rice et al. 2011); (Rice and Hofmann 2000); (Jensen and Wulff-Pedersen 1996); (Shields-Zhou et al. 2011b); (Stouge et al. 2011); 

(Moncrieff and Hambrey 1988); (Vandyk et al. 2019); (Preiss et al. 2011); (Coats and Preiss 1987); (Daily et al. 1973); (Rieu et al. 2006); (Kellerhals 

and Matter 2003); (Dey et al. 2020); (Germs 1972); (Deynoux 1985) 

 

†as cited by Kumpulainen & Greiling (2011, p. 626)
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Palaeocontinent Unit Age Discussion of age Example of glacial/non-glacial interpretation 

(country)       Glacial Non-glacial 

Baltica 
Moelv Fm E (?) Nystuen and Lamminem (2011) 

Nystuen and Lamminem 
(2011) 

None 

Central Iran Kahar Fm E Etemad-Saeed et al. (2016) Etemad-Saeed et al. (2016) None 

Rio de la Plata - 
   Congo - São 
   Francisco (Namibia) 

Nama Grp E Germs and Gaucher (2012) Germs (1972) None 

North Australia Egan Fm E Grey and Corkeron (1989) Corkeron (2011) None 

North China  Luoquan Fm E Chapter 5 of this study Chapter 5 of this study None 

Morroco Ouarzazate Grp E Vernhet et al. (2012) Vernhet et al. (2012) None 

Baltica (Sweden) Långmarkberg Fm E (?) Kumpulainen & Greiling (2011) Asklund (1960)† Crowell (1964)† 

India Blaini Fm E/C(?) Etienne et al. (2011) Etienne et al. (2011) None 

São Francisco (Brazil) 
Jequitai Fm, 
Bebedouro Fm 

C de Andrade Caxito et al. (2012) 
Isotta (1969); 
   Montes et al. (1985) 

None 

North Australia 
Walsh, Fargoo, 
Landrigan Fm 

C Corkeron, (2011) 
Perry and Roberts (1968); 
   Corkeron (2011) 

None 

Baltica (Norway) Smalfjord Fm C Rice et al. (2011) Rice and Hoffman (2000) 
Jensen and Wulff-
Pedersen (1996) 

W. African Craton 
   (Mauritania) 

Jbéliat Grp C Deynoux (1985) Shields-Zhou et al. (2011) None 

Laurentia 
   (NE Greenland) 

Tillite Grp C Stouge et al (2011)  
Moncrieff and Hambrey 
(1988) 

None 

Tarim (NW China) Yuermeinak Fm C Chapter 6 of this study Chapter 6 of this study None 

Laurentia (SW USA) Mineral Fork Fm C Chapter 4 of this study Blick (1979) Chapter 4 this study 

South Australia Merinjina Fm C Preiss et al. (2011) Coats and Preiss (1987) Daily et al. (1973) 

East African Orogen 
   (Oman) 

Ayn Fm C Rieu et al. (2006) Kellerhals and Matter (2003) None 
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2.8 Glacial sedimentology 

 

Most sedimentary process encountered on the Earth’s surface are represented to some 

extent in association with glaciation. For example, in a terrestrial settings, fluvial and 

lacustrine deposits are commonplace and, in marine settings, glacially influenced 

sediment gravity flows are often preserved in the rock record (Spence et al. 2016). 

Conversely, carbonate deposition is more restricted on account of the inversely 

proportional relationship between water temperature and carbonate saturation 

concentration. For example, the modern McMurdo Dry Valleys of Antarctica and 

Cryogenian strata of Svalbard both feature low temperature carbonates in association 

with glacial conditions (Fairchild et al. 2016). 

However, some depositional processes are unique to glaciation. Specifically, those 

involving the direct deposition or deformation of pre-existing rocks or sedimentary units 

by glacial ice. There are a range of sedimentary processes that operate specifically within 

or upon glacial ice, referred to as englacial or supra-glacial respectively. However, in the 

context of the rock record their preservation potential, without some form of reworking, 

is negligible. Conversely, sediments deposited subglacially, known as till, have some 

potential for preservation. These tills are also the sediments involved in the formation of 

subglacial striated pavement, the central theme of this thesis, and are therefore outlined 

below. 

2.8.1 Till and glaciotectonite 

Lawson (1981, p. 2) defined till “as sediment deposited directly by the glacier ice that has 

not subsequently undergone disaggregation and resedimentation”. Although the precise 

definition has perhaps never fully been resolved to the satisfaction of all workers, this 

definition captures an essence that most can agree upon. Closely related to till is 

glaciotectonite, defined by Benn and Evans (2010, p. 375) as “Rock or sediment that has 

been deformed by subglacial shearing (deformation) but retains some of the structural 

characteristics of the parent material, which may consist of igneous, metamorphic or 

sedimentary rock, or unlithified sediments”. 

Terminology must be approached with great care when considering the literature on 

lithified glacial geology. In the past, the term tillite (i.e. lithified till) was often rather loosely 

used to refer to any diamictite thought to be associated with glaciation. This could include 

debris flows that never contacted glacial ice. To some extent this practice persists today, 

especially within literature for which sedimentary process is not the research focus. 

Similarly, the term “diamictite” has in the past been used synonymously with tillite to 

indicate a poorly sorted sediment associated with glaciation. Today, for those working 
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on glacial sedimentation, the term diamictite is generally accepted as a purely descriptive 

term, without climatic connotations (Nichols 2009). Nevertheless, for others, 

connotations of glaciation may persist and confusion is possible. This is especially 

pertinent in light of frequent interpretative challenges distinguishing between glacially 

influenced and non-glacially influenced diamictites (Eyles and Januszczak 2004; Arnaud 

and Etienne 2011). Finally, it is worth noting that the term tilloid was used in the past for 

any deposit with a till-like appearance (Varney 1972). 

Generally, four processes may contribute towards the deposition of subglacial till: 

lodgment, frictional retardation, melt out and deposition by gravity (Benn and Evans 

2010).   

Lodgement is the plastering of clasts onto either a sediment or bedrock substrate. It 

occurs when drag induced by the substrate exceeds shear stress applied by the 

overriding glacier. Whole sheets of debris rich basal ice may separate from the main 

glacier and become lodged onto the substrate, as if one large clast. This sheet will 

ultimately melt and release the debris to be reworked. 

Frictional retardation relates to a subglacial sediment layer that is being actively 

deformed by shear stress applied by the overriding glacier. Frictional retardation occurs 

when the shear stress becomes less than the yield strength of the sediment layer and 

the sediment layer ceases movement. Several factors promote frictional retardation:  (1) 

Reduction in stress applied by overriding ice; (2) decoupling of the overriding ice from 

the sediment layer; (3) a water layer at the ice sediment interface preventing the 

transmission of shear stress from ice to underlying sediment; (4) an increase of sediment 

yield strength by decrease in pore-water pressure. 

Melt-out is the direct deposition of sediment entrained within basal ice as stagnant or 

slow moving ice melts. If water in the surrounding subglacial environment drains faster 

than it can accumulate, and the density of debris within the basal ice was high, there is 

a potential for preservation of englacial structures (Lawson 1979). 

Deposition by gravity is simply the falling of debris from the roof of cavities within the 

subglacial environment. Additionally, it could be considered to include Slurries of 

saturated debris flowing into such cavities, sometimes referred to as “flow till” in older 

literature. However, whether such a debris flow fits the definition of a till is questionable. 

In the past it was considered that tills could be classified on the basis of their formation 

mechanism. A great deal of effort was put into determining between these end members 

by the study of clast orientation (Bennett et al. 1999). However, it is now recognised that 

in most cases a till surviving glaciation is likely to record a range of the above process 
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superimposed upon one another and that unravelling those process may be very 

challenging. It has therefore been proposed that subglacial sediments may be broadly 

classified into “subglacial traction tills”, representing the above processes, and 

glaciotectonites (Evans et al. 2006; Benn and Evans 2010). The key difference between 

these is that the subglacial traction till applies to sediment that has been “released 

directly from the ice and/or liberated from the substrate and then disaggregated and 

completely or largely homogenised during transport”  whereas glaciotectonite “… retains 

some of the structural characteristics of the parent material…” (Benn and Evans 2010, 

pp. 378–379).  

In light of these complexities, it is typically impossible to distinguish with any certainty 

between diamictite deposited as subglacial traction till and that representing a debris 

flow. Importantly, in some cases, such debris flows may travel great distances from an 

ice margin and in others they may have been deposited in non-glacial conditions.  Most 

often, such a distinction relies more upon contextual information, which in many cases 

is scant in the potentially fragmented ancient record (Eyles and Januszczak 2004; van 

Loon 2008; Hambrey and Glasser 2012; Spence et al. 2016). 
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3 Methodology 

The methodology applied to each study site is described in the chapter on that site. This 

chapter, conversely, outlines the underlying principles and considerations in the use of 

those methods. Detailed description is provided from a terrestrial photogrammetry model 

that is presented in Chapter 5, as a means of illustrating the principles and processes 

involved. The exact same principles apply to photogrammetry applied to photographs 

taken from an uncrewed aerial vehicle (UAV). First, photogrammetry is outlined (3.1), 

then the principles of “traditional fieldwork” sedimentology and geomorphology (3.2).

3.1 Photogrammetry 

Photogrammetry records an object’s visible three dimensional geometry. It does so by 

exploiting parallax between photographs taken from different positions (Anderson et al. 

2019). Here, the “structure from motion-multi-view stereo” approach is employed (often 

simply ‘structure-from-motion’: Carrivick et al. 2016), using Agisoft Metashape (2020). 

The code is not publicly available for this commercial software, although some 

systematic evaluation of its outputs has been attempted (Hendrickx et al. 2019; Lastilla 

et al. 2021; Tinkham and Swayze 2021). Using such software and any digital camera, 

the novice user may easily produce an aesthetically pleasing photogrammetric model 

without any knowledge of the underlying processes, potential sources of error or means 

of identifying those errors (Fawcett et al. 2019). Whether a model without estimated error 

is satisfactory depends on the intended purpose. For qualitative, illustrative purposes it 

is often entirely satisfactory and highly efficient (Le Heron et al. 2019; Glasser et al. 

2020). If, however, measurements derived from the model are to be relied upon, without 

independent ground-truthing, it may become problematic. In light of this, some journals 

have brought in specific requirements for the quality control of published photogrammetry 

(James et al. 2019). 

Below, I outline the processes and error estimation involved in structure from motion–

multi-view stereo photogrammetry. For each step, I describe how it was applied to the 

terrestrial photogrammetric model that is the focus of Chapter 4 (Figs. 4.3, 4.4). 

3.1.1 Process of structure from motion-multi-view stereo photogrammetry 

All photogrammetry starts with overlapping images (Fig. 3.1). Overlaps > 60% and 

change in angle between successive image < 25° are recommended (Moreels and 

Perona 2007). For a planar surface, such as a striated pavement, the photographer 



62 | P a g e

should move along, taking parallel images orthogonal to the surface (Carrivick et al. 

2016). However, inclusion of oblique images may reduce problematic “doming” distortion 

(James and Robson 2014). A relatively wide angle lens, but not fisheye, is recommended 

along with a fixed focal length (James and Robson 2012). Image stabilisation and auto-

focus should be avoided (Eltner et al. 2016). Theoretically, higher pixel counts potentially 

improves photogrammetry precision and a larger camera sensor size per pixel will 

reduce signal to noise ratio. Nevertheless, in their review, Eltner et al. (2016)  found no 

link between these and model accuracy. 

Figure 3.1: Simple structure-from-motion-multi-view-stereo photogrammetry workflow. 

or the Chapter 4 model, overlaps invariably exceeded 60%. Images were taken obliquely 

and vertically at each  camera position, totalling 1041 for an area of  ~ 35 m2. A Fujinon 

XF16mmF2.8 R WR lens was used on a Fuji X-T3 mirrorless digital camera. This lens 

has a wide angle of view, 83.2°, and fixed focal length of 16 mm (24mm in 35mm format 

equivalent). The camera’s 23.5 mm × 15.6 mm sensor hosts 26,100 effective  pixels. 

Images were captured simultaneously as JPG files and RAW files of 6240 x 4160 pixels. 

Previous methods of photogrammetry required knowledge of camera position and 
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orientation. As described below this is not necessary using the structure-from-motion 

approach. Nevertheless, UAV surveys may be pre-programmed using software such as 

Pix4D (https://www.pix4d.com/product/pix4dmapper-photogrammetry-software). Pre-

programming was not used in UAV surveys of this study as the steep irregular 

topography of the surveyed areas could not be accounted for in a pre-determined flight 

plan. Neither could we know beforehand where the specific areas of interest for 

photographic capture were.  Manually following the terrain with the UAV proved a more 

practical approach. 

Photogrammetric analysis starts with determination of “key points” by an algorithm. 

Within an image, a key point is a distinctive feature that is largely unaffected by change 

in scale, rotation, distortion, change in 3D viewpoint, addition of noise or illumination 

(Lowe 2004). Next, key points are linked between overlapping images to form “tie points”. 

Lack of surface heterogeneity (e.g. snow), changing light and shadows, reflections and 

inadequate spread of camera positions inhibit accurate tie point identification (Westoby 

et al. 2012; Carrivick et al. 2016). 

The process of structure from motion then iteratively estimates (1) camera internal 

calibration; (2) the 3D position and orientation of the camera for each image; (3) the 3D 

position of tie points.  Camera internal calibration is required because light does not pass 

in a straight line from the surveyed object to the camera’s image plane but is distorted 

by lens and camera apparatus. Calibration may be performed manually or incorporated 

automatically within the structure from motion processing. This is usually aided by 

predefined camera and lens parameters contained within the metadata of the image files. 

Radial distortion, combined with this automated calibration process and sub-parallel 

images that are typical of a UAV survey, cause the “doming” mentioned above (James 

and Robson 2014). Estimations of camera and tie point locations do not require external 

points of reference; they are based on image data alone and determined in relative 

space. This is a defining characteristic that sets structure from motion aside from other 

photogrammetric methods. The resulting 3D map of tie points is a “sparse point cloud” 

or “sparse cloud” (Fig. 3.2). 

In Agisoft Metashape this processing is undertaken in one step: “Align photos”. For the 

Chapter 4 model, 8.6 x 105 tie points were determined from 1.0 x 106 key points at “high 

accuracy” and resulted in the alignment of 1039 of 1041 JPG images (Fig. 3.2). Adaptive 

camera model fitting was enabled, allowing the software to prioritise adjustments of 

camera parameters based upon image and model characteristics.  
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Figure 3.2: Sparse cloud of “pavement” from Chapter 4, made up of multiple “tie points”. 

Exported form Agisoft Metashape, see Figs. 4.3, 4.4. 

The multi-view stereo process now interpolates from the sparse cloud to build a “dense 

point cloud”, increasing the number of points by two orders of magnitude (Fig. 3.3). In 

Metashape, depth maps are created as part of this process. A depth map is a copy of 

one of the image files used to derive the point cloud. The difference is each pixels of the 

depth map has been replaced by a grayscale intensity value. These intensity values 

represent the distance between a point in the cloud, derived from the corresponding 

image pixel, and the estimated camera position when that image was taken. This is 

analogous to the common use of image files as digital elevation models, except that here 

the pixel value records distance from camera rather than height (Fig. 3.4). Metashape is 

able to classify points in a dense cloud based upon the number of depth maps within 

which they appear. This is known as a point’s “confidence”. Regions at the periphery of 

the point cloud are usually of lower confidence, thus an area greater than the area of 

interest should be surveyed (Fig. 3.3 B) (for discussion see Hendrickx et al. 2019). 

 

Figure 3.3: Dense point cloud with all points of confidence < 5 removed. A: Points 

coloured according to an average of the photographic pixels from which they were 

calculated. B: Points coloured according to the number of depth maps that each point is 

shared by (i.e. confidence). 
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The Chapter 4 model comprises a dense cloud  of 4.3 x 108 points. Removing all points 

of confidence < 5 removed a multitude of erroneous points. Many were related to 

vegetation, which photogrammetry generally struggles with on account of its complex 

shape and tendency to move (e.g. Castillo et al. 2012). Further unwanted regions around 

the point cloud were removed manually, leaving 2.1 x 108 points. 

  

Figure 3.4: Depth maps. A: Image used in construction of point clouds (Figs. 3.2, 3.3). 

B: Depth map of A, shown as a hillshade for illustrative purposes. 

The point cloud so far exists as a relative geometry only and now needs to be scaled 

and oriented. This may be achieved by inputting either coordinates and orientations of 

several camera positions or coordinates of several points in the cloud. UAV images 

usually have embedded GPS data, fulfilling the former. Although the accuracy of UAV 

GPS may be relatively low, it does not affect the relative geometry of the model, only the 

scaling, orientation and absolute position. For our purposes, the precise position of UAV 

models on the Earth’s surface was irrelevant. Additionally, UAV models that we built 

using embedded GPS alone compared favourably with published LIDAR (State of Utah 

2006) (Fig. 4.10) at the 10 to 100 m scale and favourably with tape measured ground 

measurements at the 10 centimetre scale (Fig. 5.25). 

Inputting coordinates of points in the cloud may be achieved using ground control points 

of known coordinates. These may either be markers placed by the user or occur as 

distinctive features within the survey area. When quantitative use of a model is to be 

relied upon, whether terrestrial or UAV, independent verification of accuracy is important. 

To this end, the same types of markers or distinctive features used as ground control 

points may instead be used as check points. Check points are used similarly regardless 

of whether the point cloud is referenced using camera positions or ground control points. 

Point cloud accuracy is estimated by comparison between modelled and known check 

point coordinates. In some UAV surveys, ground control points are not practically 

possible yet, with care, sub-metre accuracy results may still be achieved from surveys 

performed from several hundred metres height (Chudley et al. 2019).  
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Reference data (camera poses or point coordinates) only scale and rotate the cloud. As 

described above, the shape of the cloud is determined from the images alone. More free 

transformation, however, is possible using the “Optimize Camera Alignment” in Agisoft 

Metashape. This can create significant accuracy improvements, by taking into account 

known reference data, but the underlying processes are unpublished and according to 

Carrivick et al. (2016) it should be used with care. 

The Chapter 4 model was constructed using 4 ground control points and tested using 7 

check points. Numbered auto-targets provided high contrast key points that are 

automatically recognised by Agisoft Metashape (Fig. 3.5). For ground control points we 

used a purpose-built marker, designed and fabricated by Christoph Kettler. This 

comprises an isosceles triangle with auto-target and spirit level near its centre (Fig. 3.5). 

The apex, labelled “N”, was oriented towards magnetic north, 11.2° east of true north. 

The triangle was adjusted to horizontal using screw adjustable legs at each corner and 

the spirit level. Coordinates for the three triangle corners, labelled N, W and E in Fig. 3.5 

A, and its central auto-target, labelled 1 in Fig. 3.5 A, were entered into Agisoft 

Metashape as ground control points with mm-precision (Table 3.1). They were placed 

approximately (reported ± 3 m precision) into a projected coordinate system 

(NAD83/UTM Zone 12 N)  by measuring the position of target 1 using handheld GPS. 

The E target was discarded as it was detected in only 7 photos  and had a higher error 

than the others ground control points (Table 3.1). 

 

Figure 3.5: Purpose built triangle marker for ground control points. Designed and 

fabricated by Christoph Kettler. A: Schematic diagram adapted from image of C. Kettler. 

Four ground control points labelled: [1], [N], [E], [W]. [1] is an auto-target, automatically 

recognised by Agisoft Metashape. B: Triangle shown within dense cloud, with ground 

control points annotated. N points to magnetic north. Note area immediately right of 

triangle where cloud lacks points due to obscuring rock and shadow. 
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Further auto-targets, printed on square card of 10 cm x 10 cm were distributed around 

the pavement, labelled 2-7. The shortest distance between each of these targets and 

target 1 was measured by tape measure, with a relatively low estimated precision of ± 5 

cm. This  “scale bar” method is a pragmatic addition to recording 3D positions (James et 

al. 2019, p. 2082). Scale bars can be used as a from of control point to improve 

referencing, affecting point cloud scale but not orientation, and as scale check points. 

Targets 2, 3 and 4 were used for referencing purposes, augmenting the three used on 

the triangle marker, whereas targets 5, 6 and 7 were used as check points (Tables 3.1, 

3.2). This combination of ground control points, which have relative coordinates with mm-

scale precision but are very closely spaced, combined with scale bars, which are only 

measured with cm-scale precision but cover the area of the survey, is a pragmatic 

compromise that avoids carrying a total station. 

In summary of these statistics, the ground control points error was ≤ 0.4 cm (Table 3.1) 

whereas error for the scale bars used as control points was ≤ 3.1 cm (Table 3.2). In 

proportion to distances separating targets on the triangle and scale bars, these errors 

are similar. Scale bars used as check points had errors were ≤ 2.3 cm, representing an 

error of ≤ 0.5% in relation to scale bar distance (Table 3.2). The model accuracy may be 

better than these figures suggest on account of the relatively imprecise tape 

measurements of scale bars (estimated ± 5 cm). 

Had ground control points and check points not been available, as might be the case for 

a UAV survey of inaccessible terrain, James et al. (2019) recommend a split test. This 

produces two datasets from two surveys. The surveys have different designs or are 

captured on different days. Difference between the resulting clouds is then measured. 

We surveyed the same area twice under different lighting conditions on different days. 

First, between 17:15 and 17:40 on 15/10/2019, and second between 12:35 and 13:27 on 

16/10/2019. The first benefitted from no moving shadows, as the setting sun hid behind 

topography, but low light levels reduced image sharpness (Fig. 3.6 D). The second 

benefitted from direct light, which sharpened images, but suffered from small areas with 

moving shadows. The second survey was used for the Chapter 5 model whereas the 

first was used to perform the split test (Fig. 3.6).  
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Target 
Reference Coordinates (m) Error (cm) Error 

(pix) 
Projections 

East North Alt. East North Alt. 

1 439193.00 4499401.00 2157.00 -0.1 0.1 0.0 2.050 83 

N 439193.00 4499401.20 2157.00 -0.1 -0.4 0.0 0.649 123 

E 439193.10 4499400.95 2157.00 -0.3 0.2 0.0 4.218 7 

W 439192.90 4499400.95 2157.00 0.2 0.3 0.0 1.421 127 

 

Table 3.1: Ground Control Point coordinates and errors. Coordinates are based on 

known geometry of the triangle marker (Fig. 3.5 A) centred on an approximate coordinate  

obtained using handheld GPS (reported uncertainty ± 3 m). Coordinates are 

NAD83/UTM Zone 12 N (EPSG::26912). Error (mm) represents difference between 

reference coordinate and coordinate projected in the cloud. Error (pix) is the root mean 

square reprojection error, in pixels, for the control point calculated over all photos where 

it is visible. Projections is the number of images within which the control point features. 

Abbreviations: East: Easting; North: Northing; Alt.: Altitude. 

  

Target Distance (m) Error (cm) 
Error/Distance 

(%) 
Type 

2 2.47 -0.1 -0.0 Control 

3 2.76 0.7 0.3 Control 

4 3.06 3.1 1.0 Control 

5 1.54 0.8 0.5 Check 

6 4.19 2.3 0.5 Check 

7 1.50 -0.2 -0.1 Check 

 

Table 3.2: Scale Bars and errors. Distance (m) is between numbered auto-target and 

auto-target 1, on the marker triangle. Error (cm) represents difference between 

measured distance and distance calculated between auto-targets in cloud. Type: 

“Control” were used in a similar manner to ground control points, but only affecting scale 

(see text); “Check” were used only to check error and were not used to re-scale the point 

cloud. 
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The split test was performed using the CloudCompare (2020) software. The area 

compared by the split test excludes the northernmost part of the Chapter 5 model, as the 

15/10 survey had a smaller extent than the 16/10 survey. The triangle marker was placed 

slightly differently between the two surveys and was therefore edited out of both clouds. 

Distances were measured between nearest neighbours on the two clouds and the 

difference shown mapped onto the 15/10 model (Fig. 3.6 C). The two clouds are within 

3 mm difference for much of the compared area and within 10 mm difference for the 

whole area other than small patches of soil or overhangs where there were very few tie 

points. This test provides some indication of model precision but not accuracy. The 

images from the 15/10 survey were considerably less sharp and it is therefore likely that 

precision of the 16/10 survey, used for the Chapter 5 model, is better than the split test 

suggests (Fig. 3.6 D). 

Point cloud data can be visualised in other ways. They can be converted to a digital 

surface model, traditionally oriented relative to horizontal but potentially oriented to any 

desired plane e.g. the plane of an inclined pavement. This process requires alteration of 

the point cloud value such that only one Z coordinate occurs for each X, Y coordinate. 

Individual images may be orthorectified (flattened) to any plane and orthorectified images 

blended to form an orthomosaic of a larger area. Mesh 3D models may be produced and 

images wrapped around the model to produce a realistic representation of the surveyed 

area that can be manipulated in 3D.
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Figure 3.6: Photogrammetry Split test of Chapter 5 model. Performed on 

photogrammetric survey of same area under different conditions. A, B: Point cloud with 

true colours from 15/10/21 (A) and 16/10/21 (B) surveys. The latter was used for the 

chapter 5 model. The triangle marker is edited out of both clouds as it was not identically 

placed between surveys. Note very different light and shadow conditions between A and 

B (see text). C: Difference between nearest neighbours of two clouds in mm, 

superimposed onto 15/10/21 cloud. Processed using the “cloud/cloud distance” function 

of CloudCompare (2020). D: “Estimated quality” of photographs calculated in Metashape 

from 0-1. Higher values are sharper images. 
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3.2 “Traditional fieldwork” sedimentology and geomorphology 

 

Sedimentologic and geomorphic data within this thesis are predominantly field-based 

observations. Except for photogrammetry, these are recorded using notebook sketches 

and measurements that would be familiar to any Victorian geologist (Fig. 3.6). An attempt 

to review all that has been written upon the study of rocks in the field would quickly 

exhaust the word limit of this thesis and the patience of the reader. A plethora of texts 

are already available (e.g. Table 3.3). The following instead briefly discusses specific 

aspects of interest relating to the field techniques used. 

Fieldwork Topic Example text 

Structural Geology Fossen (2016) 

Unlithified Glacial Sedimentology  Evans and Benn (2021) 

Glacitectonics Phillips et al. (2011) 

General Sedimentology Nichols (2009); Collinson et al. (2006) 

General Geology Coe (2010) 

Table 3.3: Examples of texts detailing field techniques.  

Measured sections were logged to record sedimentology in a manner easily accessible 

to a range of readers. Pre-determined classification systems with genetic connotations 

were avoided (e.g. Eyles et al. 1983). The content of each measured section is both 

formal and informal. Formally, symbols are used that are defined in the legend of the 

same figure. These are to some extent informally standardised across the literature. For 

example, a brickwork symbol comprising vertical and horizontal lines is recognised by 

most workers as indicating limestone. Similarly, grain size is indicated by a vertical line 

with gradations, following the scale of Wentworth (1922), indicated beneath. Informally, 

features within the log, such as clast pattern and shapes, deformation structures or unit 

boundaries, are sketches that record the actual appearance of the feature in outcrop 

(Fig. 3.7). 

An attempt has been made to follow the classic paradigm of separating observation and 

interpretation, although the distinction is sometimes blurred. For example, following 

uniformitarian principles, a rock feature that closely resembles subaqueous ripples 

forming today in sediments is recorded simply as an observation of ancient ripples. The 

alternative, to describe the feature’s component geometric shapes and grain 

characteristics and only then interpret as a ripple, would be tedious and unnecessary. 

Both approaches are nonetheless interpretative. However, problems pertinent to this 
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study may arise from this pragmatic convention. First, unlike interpretations, 

observations are not generally accompanied by a supporting explanation or justifying 

data. Second, reported as an observation, the reader is less inclined to consider 

alternative possibilities. For example, previous authors have observed Cryogenian 

pavements indicating SW ice flow near the study area of Chapter 6 but gave no detail of 

how that interpretation was reached  (Lu and Gao 1994, p. 98). As discussed in Chapter 

2, interpreting an ancient pavement and flow direction may both be problematic. 

In Chapter 6, sedimentology has been reported in terms of facies and facies 

associations. The term “facies” has been used differently by different authors (e.g. 

Teichert 1958; Middleton 1973). Here, facies is an interpretative term for a group of rocks 

that is defined on the basis of appearance in the field and is linked to a particular 

depositional process (Collinson 1969). A facies association is a genetically related group 

of facies suggestive of a shared depositional environment. Notwithstanding this, rocks 

with an identical appearance in the field may also relate to different depositional 

processes and environments.  

The concept, that different processes may produce identical results, referred to as 

equifinality, is equally applicable to geomorphologic features and is centrally important 

in Chapter 4 and 5. For example, striated pavements and fault surfaces may have 

identical appearances (e.g. Eyles and Boyce 1998) and diamictites of identical 

appearance may be deposited by sediment gravity flows or directly by ice (Schermerhorn 

1974; Eyles and Januszczak 2004; van Loon 2008; Kennedy and Eyles 2020). 
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Figure 3.7: Examples of notebook data. A: Measured section recording contact between 

Luoquan and Dongpo Formations in Luouqan Village, Henan Province, China. Number 

in squares relate to notes and sketches elsewhere on the page. Number with * indicate 

photograph of feature. Vertical lines marked in the P, C and B columns indicate the 

largest clast at that horizon (pebble, cobble or boulder). Every feature drawn within the 

section is also a sketch of the outcrop. An example of this is shown in B, which is linked 

by an arrow to the corresponding part of the measured section in A. C (overleaf): Typical 

sketch, wedges intruding top of Luoquan Formation. 
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4 Reassessing classic evidence for warm-based Cryogenian 

ice on the western Laurentian margin: the “striated pavement” 

of the Mineral Fork Formation, USA 

 

Please see Declaration of Authorship at the start of this thesis for details of 

collaborative contributions and publications linked to this chapter. 

Please see Appendix 1 for supplementary material to this chapter. 

4.1 Introduction 

During the Cryogenian Period (ca. 720 – 635 Ma), glaciation is hypothesised to have 

reached sea level at equatorial latitudes, implying extreme global cold. However, our 

understanding of glacial dynamics and ice cover extent from this period remains poor 

(Kirschvink 1992; Hoffman et al. 1998; Eyles and Januszczak 2004; Abbot et al. 2011; 

Rose 2015; Hoffman et al. 2017; Le Heron et al. 2020b). Determining the past position 

of grounded ice, its thermal regime and flow direction are fundamental to improving that 

understanding. The study of sedimentary facies is rarely able to determine these three 

parameters with confidence as Cryogenian deposits tend to be the reworked products of 

glaciation, rather than directly deposited by grounded ice (Eyles and Januszczak 2004; 

van Loon 2008; Hambrey and Glasser 2012; Spence et al. 2016). Subglacially striated 

bedrock surfaces (pavements) provide high-confidence evidence for grounded ice, a 

warm-based thermal regime and ice flow direction. They therefore have the potential to 

provide fundamentally important insights into Cryogenian glacial dynamics and ice cover 

extent, insights seldom possible through the study of sedimentary facies. 

Cryogenian striated pavements are globally rare and known examples typically only exist 

as metre-scale fragments (Table 2.2). This is in unexplained contrast to pavements of 

the subsequent Late Palaeozoic Ice Age, for example, that may be traced over hundreds 

of square kilometres (Trosdtorf et al. 2005; Le Heron 2018; Assine et al. 2018; see Table 

3 of Laajoki 2002 for review of Late Palaeozoic Ice Age pavements). In addition to rarity, 

erroneous interpretation is a problem. Several of the few known Cryogenian striated 

pavements have alternatively been interpreted as non-glacial features (Table 2.2) (Daily 

et al. 1973; Christie-Blick 1982; Jensen and Wulff-Pedersen 1996). Given these 

challenges and the unique insights that pavements allow into Cryogenian ice dynamics 

and extent, the careful documentation and scrutiny of each and every example is 

essential.
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Figure 4.1: Maps of study area. A: Western Laurentian Margin showing exposures of 

Neoproterozoic to Cambrian strata. DV: Death Valley. Modified from Fig. 1 of Yonkee et 

al. (2014). B: NW Utah – SE Idaho Region showing modern and restored positions of 

Cryogenian glacigenic units. Restored positions are position prior to Mesozoic to 

Cenozoic contractional (Sevier) then extensional (Basin and Range) tectonics. 

Ediacaran to Cambrian passive margin development occurred westward of the 87Sr/86Sr 

isopleth, which indicates approximate western limit of Precambrian crystalline basement 

(Armstrong et al. 1977; Levy and Christie-Blick 1989; Elison et al. 1990; Lund 2008). 

Modified from Fig. 1 of Yonkee et al. (2014). Position given in Fig. 4.1A. C: Geologic 

map of study area, modified from Crittenden (1965a, b), Blick (1979 plate 4) and Christie-

Blick (1983, figure 3). Contours derived from 2 m LIDAR (State of Utah 2006). Unit 

boundaries slightly modified using 12.5 cm aerial photography (State of Utah 2012) and 

ground observations. For clarity, the Big Cottonwood Formation has only been 

differentiated into quartzite (q) and shale (s) in Mill B North Fork. Position given in Fig. 

4.1 B. D: Orthomosaic of Mill B North Fork hanging wall with bedding orientation data of 

this study. 12.5 cm aerial photography (State of Utah 2012). Positions of Fig. 4.2 C 

(containing the “pavement”), Fig. 4.5 B-D (fault grooves, ridge-in-groove, cataclastic 

material), Fig. 4.5 E (partially abraded surface), Fig. 4.7 (Mineral fork Formation 

measured section) and 4.9 C (Surface B) are indicated. Profile sections A-B and C-D 

demonstrate break in slope across the “pavement” (A-B) and Surface B (C-D) and are 

derived from 2 m bare Earth LIDAR  (State of Utah 2006). Subfigure at bottom right 

shows approximate position of unit boundaries. Position given in Fig. 4.1
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On the North American continent, a discontinuous belt of Cryogenian glacigenic 

formations stretches thousands of kilometres, from Alaska to California, along the 

western margin of the Laurentian palaeocontinent (Fig. 4.1 A) (e.g. Macdonald et al. 

2013; Yonkee et al. 2014; Moynihan et al. 2019).  Despite this abundance of preserved 

strata, the only purported Cryogenian pavements known from the North American 

continent belong to the Big Cottonwood Canyon area of Utah (Fig. 4.1 B, C). These 

occur upon the Tonian (1000 Ma – ca. 720 Ma) Big Cottonwood Formation, immediately 

beneath the Cryogenian Mineral Fork Formation. They are reported in two modern day 

valleys, “Mill B North Fork” (Ojakangas and Matsch 1980) and “Mill B South Fork” (Blick 

1979) (C). Re-examination, however, has suggested that the purported Cryogenian 

pavements of Mill B South Fork are in fact a tectonic feature or the result of Pleistocene 

glaciation (Christie-Blick 1982) (Appendix 1). By contrast, no new data or scrutiny have 

been published from the purported pavement in Mill B North Fork since its initial 

description and interpretation over 40 years ago (Blick 1979) (Fig. 4.2). 

The purported Mill B North Fork pavement is therefore unique as the only uncontested 

Cryogenian pavement known on either the western Laurentian margin or the North 

American continent. If its subglacial interpretation is correct, it provides the highest 

confidence tie-point for grounded Cryogenian ice and ice flow direction on the western 

Laurentian margin. Increasing this potential significance, the Big Cottonwood Canyon 

area has not been significantly displaced by either the Sevier Orogeny or subsequent 

Basin and Range tectonics (Yonkee et al. 2014), which for the tectonically juxtaposed 

Cryogenian strata of the western Laurentian margin is almost unknown (Johnston 2008) 

(Fig. 4.1 B).  

Considering the potential importance of this purported pavement, advances in field 

techniques over the past 40 years and the interpretative difficulties associated with 

ancient pavements, reappraisal is long overdue. Our goal, therefore, is to critically 

reassess the purported Mill B North Fork pavement, presenting a detailed description 

derived from new high resolution photogrammetry and traditional field observations. 

These suggest that the purported pavement is unlikely to be a Cryogenian feature, but 

is instead a recent erosional phenomenon consistent with other structurally controlled 

features within the surrounding modern landscape. 

 

4.2 Geologic setting 

 

The Mineral Fork Formation of the Big Cottonwood Canyon study area is one of several 

Cryogenian glacigenic units in the Utah – Idaho region (Fanning and Link 2004; Balgord 
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et al. 2013; Keeley et al. 2013; Yonkee et al. 2014; Gaschnig et al. 2016) (Fig. 4.1 B). 

According to the regional reconstruction of Yonkee et al. (2014, their figures 12 A, B), 

these units were deposited in a north-south trending system of rift basins, accompanied 

by uplifted rift flanks. Subsequently, to the west of these glacigenic units, a passive 

margin developed during the Ediacaran to Cambrian periods (see 87Sr/86Sr isopleth in 

Fig. 4.1 A, B) (Armstrong et al. 1977; Elison et al. 1990). This margin then became active 

and accreted terranes from the Mesozoic onwards, inducing folding and thrusting during 

the Sevier Orogeny, followed by extensional “Basin and Range” tectonics (e.g. Yonkee 

and Weil 2015).  

As a consequence of this tectonic history, the Precambrian to Palaeozoic strata of the 

Big Cottonwood study area have been tilted towards the NE to NNE and form the 

northern limb of a gently eastward plunging anticline (e.g. Paulsen and Marshak 1999) 

(Fig. 4.1 C). They were then rapidly exhumed between 10 and 5 million years ago 

(Armstrong et al. 2003). Whereas most of the Utah – Idaho region’s Precambrian 

glacigenic units have been tectonically shifted eastward by 80 km to 150 km, the study 

area has been shifted only ~ 20 km and the neighbouring Provo area only ~ 50 km 

(compare “modern” and “restored” positions in Fig. 4.1 B). During deposition of the 

Mineral Fork Formation, these two areas were further east and therefore closer to the rift 

flanks than any of the other Precambrian glacigenic units of the Utah – Idaho region 

(Figure 12 B, C of Yonkee et al. 2014). 

The study area comprises Precambrian to Palaeozoic strata, partially obscured by 

Quaternary cover. Together, these form 4 valleys with intervening ridges: Mill B South 

Fork and Mineral Fork Canyon to the south of Big Cottonwood Canyon and Mill B North 

Fork to its north (Fig. 4.1 C). Mill B South Fork hosts a well-documented Pleistocene 

subglacially eroded landscape in its upper reaches, including streamlined and striated 

bedforms (Atwood 1909; Quirk et al. 2018) (Appendix 1). Contrastingly, no evidence of 

Pleistocene subglacial erosion has been reported from Mill B North Fork, which is 

sinuous, v-shaped and flanked by angular, joint-controlled cliffs. Minor faults of 100 m to 

km-scale length are common, predominantly striking E-W and NE-SW, as are similarly 

oriented dykes (Fig. 4.1 C). In Mill B North Fork, thrusting has duplicated the 

Precambrian strata. They are poorly exposed in a foot-wall block, which is not considered 

further, but better exposed in a hanging-wall block ~300 m to the N (Fig. 4.1 C, D). The 

purported Mill B North Fork pavement occurs upon this hanging-wall block (Figs. 4.1 D; 

2).  

From oldest to youngest, the Precambrian strata comprise the Big Cottonwood, Mineral 

Fork and Mutual formations. These are separated by sharp disconformable boundaries 

and are unconformably overlain by the Cambrian Tintic Quartzite (Fig. 4.1 C). The lower 
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boundary of the Big Cottonwood Formation is not exposed. Its upper boundary has been 

deeply incised, prior to which strata were already consolidated (Link and Christie-Blick 

2011). The depth of this incision reaches ~180 m in Mill B North Fork and ~800 m in Mill 

B South Fork (Fig. 4.1 C). The incised boundary cannot be traced continuously between 

the two Forks (Fig. 4.1 C). According to the interpretation of Blick (1979), the purported 

pavement of Mill B North Fork occurs upon this incised upper boundary. Our 

observations, however, suggest that its stratigraphic position is less clear and that it may 

be stratigraphically lower than the formation boundary (see Section 3.1.1; Fig. 4.2 A-D). 

Big Cottonwood Formation strata comprise slightly metamorphosed (greenschist facies, 

usually preserving sedimentary structures) argillites to medium-grained rippled, cross-

bedded or massive sandstones. Facies include tidal-fluvial and supratidal to shallow 

subtidal sedimentary rocks, within which tidal rhythmites confirm a marine connection 

(Ehlers and Chan 1999). These were deposited at equatorial latitudes in an estuarine 

setting with westward-palaeoflows (Bressler 1981; Ehlers and Chan 1999; Weil et al. 

2006). 

The Mineral Fork Formation rests upon the incision into the top of Big Cottonwood 

Formation. It is overlain by the Mutual Formation or Palaeozoic strata (Fig. 4.1 C, D). In 

Mill B North Fork, it forms a ~ 2 km NW – SE elongate outcrop that reaches ~180 m 

thickness (Fig. 4.1 C, D). This pinches out to the NW and is truncated by a fault to the 

SE. Spanning Mill B South Fork to Mineral Fork Canyon, it forms a ~ 6 km NNW – SSE 

elongate outcrop that reaches ~ 800 m thickness. This is truncated by an inferred fault 

to the NNW and passes into multiple minor faults and non-exposure to the SSE (Fig. 4.1 

C). The Mineral Fork Formation exposure therefore provides only a partial NW – SE  or 

NNW – SSE section of exposure, which is too incomplete to allow confirmation of a U-

shaped or any other glacially diagnostic valley geometry (c.f. Christie-Blick 1983) (Fig. 

4.1 C; see 3D model restored to palaeo-horizontal in Fig. S2 of Appendix 1). The upper 

boundary of the Mineral Fork Formation has been incised and its original thickness is 

therefore unknown (Condie 1967; Ojakangas and Matsch 1980; Levy et al. 1994). 

The Mineral Fork Formation strata of the Big Cottonwood study area include laminated 

mudstones, massive to graded sandstones, clast-poor boulder-bearing diamictites and 

clast-supported cobble conglomerates (Crittenden et al. 1952; Condie 1967; Varney 

1972, 1976; Blick 1979; Ojakangas and Matsch 1980; Christie-Blick 1983). Cross-beds 

and ripples record water flowing towards the W to NNW and N respectively (Varney 

1976; Ojakangas and Matsch 1980; Christie-Blick 1983). A glacial influence during 

deposition of the Mineral Fork Formation is suggested by most, but not all, authors 

(Hintze 1914; Blackwelder 1932; Varney 1976; Ojakangas and Matsch 1980; Christie-

Blick 1983). There is, however, no consensus regarding specific depositional processes 
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or environments, other than general agreement that at least some of the strata were 

deposited by sediment gravity flows (i.e. turbidites or debrites) (Condie 1967; Varney 

1976; Blick 1979; Ojakangas and Matsch 1980; Christie-Blick 1983). Condie (1967) 

interpreted the strata entirely as sediment gravity flows but could not determine whether 

a glacial influence was present. They noted that the presence or absence of a striated 

pavement, which they searched for in vain, would be of particular importance in resolving 

this question (Condie 1967, pp. 1320–1321). 

Importantly, a “glacial influence” does not require grounded ice in the study area. Some 

Mineral Fork Formation diamictites have been interpreted as debrites (i.e. sediment 

gravity flows) and others as tillites (Condie 1967; Varney 1976; Ojakangas and Matsch 

1980; Christie-Blick 1983). Tillites are deposited directly by glacial ice and not 

subsequently reworked by water, thus indicating the past presence of grounded ice. 

However, distinguishing between tillite and debrite in the ancient record remains 

problematic (e.g. Eyles and Januszczak 2004; Arnaud and Etienne 2011). In Mill B South 

Fork, Ojakangas and Matsch (1980) interpreted tillite from a long-axis bimodal clast 

orientation (e.g. Hicock et al. 1996) but subsequent research has suggested that tills 

cannot be reliably “fingerprinted” in this manner (e.g. Bennett et al. 1999; Benn and 

Evans 2010; Hambrey and Glasser 2012). Previous interpretations of tillite in the study 

area should therefore be treated as reasonable suggestions rather than high confidence 

interpretations. 

4.3 Age of the Big Cottonwood and Mineral Fork formations 

 

The youngest detrital zircons known from the Big Cottonwood Formation of the study 

area are around 1000 Ma (Dehler et al. 2010; Spencer et al. 2012; Yonkee et al. 2014). 

Five kilometres west of Mill B South Fork, Spencer et al. (2012) reported four zircons of 

748 to 851 Ma from the Little Willow Formation. They correlated this formation with the 

Big Cottonwood Formation but considered their data unable to provide a precise 

maximum depositional age. Lithostratigraphic and palaeomagnetic correlations suggest 

that the Big Cottonwood Formation is a similar age to the Uinta Mountain Group, 50 to 

220 km east of the study area (Fig. 4.1 B). This group has yielded a detrital zircon 

maximum depositional age of 766 ± 5 Ma (n=4; 1σ) (Dehler et al. 2010). If 

palaeontological and carbon isotopic correlations between the Uinta Mountain Group 

and Chuar Group (Fig. 4.1 A) are correct, then a 742 ± 6 Ma ash layer in the latter places 

the tops of both groups around 740 Ma  (Karlstrom et al. 2000; Dehler et al. 2010, 2017). 

From the Mineral Fork Formation near Provo, today 45 km south of the study area (Fig. 

4.1 B), two younger detrital zircons of 705 ± 41 Ma and 750 ± 16.5 Ma have been 
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extracted (stated uncertainty 1σ: Yonkee et al. 2014). The small number of these zircons, 

their high analytical uncertainty and an unclear stratigraphic relationship between the 

Provo area and the study area mean that these zircons may only provide a tentative 

maximum depositional age for the study area. Mudstones in the upper Mineral Fork 

Formation of the study area approach the composition of an iron formation, Fe2O3t ≤ 

14.78 wt% (Young 2002). This is more commonly associated with the older “Sturtian” 

(e.g. Hoffman et al. 2017) part of the Cryogenian Period, but is not diagnostic of age 

(Lechte et al. 2018). Providing a minimum depositional age, the incision forming the 

upper boundary of the Mineral Fork Formation in the study area has been assigned to 

the regional Upper Caddy Canyon sequence boundary (Levy et al. 1994), which is itself 

older than 580 ± 7 Ma (Crittenden and Wallace 1973; recalculated by Bond et al. 1985). 

In summary, the Big Cottonwood Formation was deposited during the late Tonian. 

Enough time then elapsed to allow its burial and consolidation prior to incision. It is not 

known whether Mineral Fork Formation deposition occurred immediately after or millions 

of years after this incision. Relying upon regional correlations, deposition of the Mineral 

Fork Formation is bracketed between the late Tonian and 580 ± 7 Ma. Most authors, 

however, presume a Cryogenian age. 

4.4 Previous work and terminology used in this chapter 

 

According to Blick (1979), the purported pavement in Mill B North Fork comprises two 

parts: (1) two erosional ridges of metre-scale length and height and (2) an adjoining 

grooved surface with millimetre-depth, metre-length grooves (Fig. 4.3 A). It was 

reasoned that, because the grooves cut across bedding, they are the result of subglacial 

erosion. These “subglacial grooves” were interpreted as Cryogenian, rather than 

Pleistocene, as their trend is normal to the presumed NW direction of Pleistocene ice 

flow. The grooves could not be traced beneath strata of the Mineral Fork Formation. This 

“subglacially grooved” surface could equally be referred to as a subglacially striated 

surface. As the erosional ridges run parallel to the “subglacial grooves”, they were 

interpreted as Cryogenian “roches moutonnées”. One erosional ridge was smaller than 

the other, forming subordinate relief upon the larger ridge’s flank (Fig. 4.3 A). Most of 

the data of Blick (1979) are reproduced in Christie-Blick (1983) and Christie-Blick (1997). 

For clarity we have slightly modified the terminology used by Blick (1979) (Fig. 4.3). We 

treat the two “roches moutonnées” of Blick (1979) together as one feature, named the 

“roche moutonnée” ridge (Figs. 4.2 B; 4.3). We refer to the “roche moutonnée” ridge and 

adjoining grooved surface collectively as the “pavement” (Figs. 4.2 B; 4.3). The following 

terms are used to divide the “pavement” into specific sections: the “roche moutonnée” 
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ridge; northern side of the “roche moutonnée” ridge; southern side of the “roche 

moutonnée” ridge; “roche moutonnée” ridge axis; grooved surface. These terms are 

defined in Figures 4.2 and 4.3 and used throughout the remaining text. The “…” symbols 

are retained with the terms “roche moutonnée” and “pavement”. This is to emphasise:  

first, that reference is being made to the specific landscape feature to which Blick (1979) 

assigned that interpretation and; second, that interpretation is not shared by the current 

study. Detailed, non-genetic descriptions of the “roche moutonnée” and “pavement” are 

provided in Section 4.6.1. 
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Figure 4.2: The “pavement” in context. A, B: Location of “pavement” at the 

topographically highest end of a NE-dipping (056°/56°) Big Cottonwood Formation 

bedding surface. The area labelled “non-exposure” is the same as that labelled “non-

exp” in Fig. 4.2 C. C: Vertical orthomosaic of the NE-dipping (056°/56°) Big Cottonwood 

Formation bedding surface. Built from 544 uncrewed aerial vehicle (UAV) images. 

Positions of Figs. 4.4 A (high resolution orthomosaic of “pavement”) and 4.5 E (northern 

side of the “roche moutonnée” ridge) are indicated. The area labelled “non-exp” is the 

same as that labelled “non-exposure” in Fig. 4.2 B. D: Oblique UAV image of the 

“pavement”. E, F: Oblique terrestrial image of the “pavement”. Positions of Figs. 4.5 A, 

4.6 D-F and 4.8 are indicated. Note that the full extent of the northern side of the “roche 

moutonnée ridge” is visible in Fig. 4.2 C but not 4.2 D-F. Abbreviations: NSRM-Northern 

Side of “Roche Moutonnée” Ridge; SSRM-Southern Side of “Roche Moutonnée” Ridge; 

BCF-Big Cottonwood Formation; MFF-Mineral Fork Formation.
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4.5 Methods 

 

Fieldwork was undertaken in the Big Cottonwood Canyon area during October 2019. In 

addition to traditional field based measurements and observations, multiple overlapping 

images were taken for Uncrewed Aerial Vehicle (UAV) photogrammetry using a DJI 

Mavic Pro UAV and for terrestrial photogrammetry using a Fuji X-T3 digital camera. 

Please see Section 3.1 for a mode detailed account of the photogrammetry process. 

UAV images relied upon UAV GPS whereas terrestrial photogrammetry used printed 

ground control points. Photogrammetric point clouds and resulting textured mesh 

models, digital elevation models and orthomosaic images were built using Agisoft 

Metashape (2020b). Geometric measurements were extracted from point-clouds using 

Cloudcompare (2020), including use of the qCompass (Thiele et al. 2017) and qFacets 

(Dewez et al. 2016) plugins. Point cloud-based surface orientation measurements have 

only been reported where surface(s) within the same model have been ground-truthed 

using a compass clinometer. Orientations are reported in the format (dip direction°/dip 

angle°). Intersection lineations were plotted using the Stereonet 10 software 

(Allmendinger et al. 2011; Cardozo and Allmendinger 2013).
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Figure 4.3: Digital Elevation Models and profiles of “pavement” A: Sketch profile and 

terminology minimally modified from Fig. 59 E of Blick (1979), showing his roche 

moutonnée ridges and grooved surface. B, C. Profiles A-B and C-D across part of the 

northern side of the “roche moutonnée” ridge and onto the grooved surface, derived from 

digital elevation model (DEM) used in D. D. Hillshade DEM. Position of profiles indicated. 

Source DEM built from 1039 terrestrial images, using the same point cloud as Fig. 4.4, 

with a nominal resolution of 0.48 mm/pix. Full resolution hillshade and source DEM 

available in Fig. S8 and DEM 1 of Appendix 1. 
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4.6 Observations and Interpretations 

 

4.6.1 Observations 

 

The “pavement” is a subaerially exposed rock surface that has been exhumed within the 

last ten million years. It has experienced the same, geologically recent, erosional and 

neotectonic process as other rock surfaces in the surrounding landscape and at least 

some of its geomorphological features will undoubtedly record these processes. Our task 

is to determine whether any of its geomorphological features also record subglacial 

erosion during an earlier, Precambrian, exposure. To do so we describe: (1) features 

previously attributed to Cryogenian subglacial erosion i.e. the “roche moutonnée” ridge 

and “subglacial grooves” (4.6.1.1); (2) non-glacial sedimentary (4.6.1.2) and tectonic 

(4.6.1.3) structures of the “pavement” that contribute to its geomorphology; (3) features 

from the surrounding modern landscape resembling those features of the “pavement” 

that have been attributed to Cryogenian subglacial erosion (4.6.1.4).  

Within Appendix 1, animated models of the “pavement” and Mill B North Fork are 

provided to aid visualisation, along with a high resolution digital elevation model and 

orthomosaic.  Additionally, although beyond the aim of this study, Appendix 1 provides 

new outcrop observations and interpretations from the area of the purported 

Precambrian pavement in Mill B South Fork. These data are consistent with the tectonic 

re-interpretation of that purported Precambrian pavement, as  proposed by Christie-Blick 

(1982).
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Figure 4.4: Mill B North Fork, orthomosaic of the “pavement”. Comprises the grooved 

surface, southern side of the “roche moutonnée” ridge and part of its northern side. A: 

Orthomosaic with arbitrary grid. Grid positions are referred to in the text in [X, Y] format. 

B: Reduced size  figure indicating positions of Figs. 4.5A; 4.6A, B, D; 4.8A, B and profiles 

W-X and Y-Z from Fig. 3. A high resolution version of this image is available in Fig. S7 
of Appendix 1. The position of this figure is indicated in Fig. 4.2 C. Orthomosaic built 

from 1039 terrestrial images, using the same point cloud as Fig. 4.3D. Nominal image 

resolution of 0.24 mm/pix. See www.doi.org/10.17632/YSJTV99RWK.1 for higher 

resolution image.

www.doi.org/10.17632/YSJTV99RWK.1
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4.6.1.1  “Roche moutonnée” and “subglacial grooves” 

 

In Mill B North Fork, the lithological contrast between the resistant, non-friable, Big 

Cottonwood Formation and the overlying, friable, Mineral Fork Formation forms a break 

in slope; from hillside above the break to a cliff face below it (profiles A-B and C-D of Fig. 

4.1 D). The Big Cottonwood – Mineral Fork formation boundary approximately coincides 

with this break but locally diverges by at least several metres. Along parts of the break, 

exposed surfaces of the Big Cottonwood Formation protrude from the hillside to form a 

resistant lip. The “pavement” occurs upon the topographically highest point of one of 

these lips (profile A-B of Fig. 4.1 D). The lip in question is a steeply NE-dipping bedding 

surface (056°/56°) that protrudes westward from the hillside by up to 10 m and continues 

north-south for 45 m (Fig. 4.2 A-C). The hillside directly overlying this surface is recessive 

and exposes no strata (Fig. 4.2 A-D). At the lowest (northern) end  of the surface, this 

area of non-exposure is overlain by further strata of the Big Cottonwood Formation (Fig. 

4.2 C). Above the “pavement”, at the highest (southern) end of the surface, the area of 

non-exposure is overlain by isolated exposures of the Mineral Fork Formation, several 

metres above (Fig. 4.2 D). No contact between the Mineral Fork Formation and the 

“pavement” could be found. 

The “roche moutonnée” ridge is formed where the topographically highest (southern) end 

of the NE-dipping bedding surface has been rounded off by erosion (Figs. 4.2 A, B; Fig. 

4.3). The axis of the “roche moutonnée” ridge (Fig. 4.3 B) is ~ 5 m long and plunges 

gently towards the SE (130°/13°) (Table 2). It disappears into the hillside to the SE and 

is truncated by a joint-controlled cliff to the NW (Fig. 4.2 C-E). The northern side of the 

“roche moutonnée” ridge is sub-horizontal where it joins the ridge axis (Figs. 4.2 D-F; 

4.3 B-D). Northward, it steepens to form a ~12 m long, gently convex transition into the 

remaining, bedding-parallel part of the NE-dipping surface (Fig. 4.5 E). The southern 

side of the “roche moutonnée” ridge is steep, convex and smooth where not fractured 

(Fig. 4.3 B-D). It descends 2.5 m to an abrupt break in slope, which marks the edge of 

the adjoining grooved surface.  

The grooved surface is similarly oriented to the part of the northern side of the “roche 

moutonnée” ridge that joins the ridge axis, resulting in a step-like geometry (Fig. 4.3 B). 

It is truncated by cliffs, a metre beneath which 057°/45° bedding was measured. The 

grooved surface is partially obscured by a dark brown patina (Fig. 4.4). This gradually 

transitions into a yellow-grey fresh surface that exposes sorted, typically medium-

grained, meta-sandstone of the Big Cottonwood Formation. The surface has an irregular 

cm-scale topography with an increasingly karst-like or blistered appearance where the 
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patina is strongest (e.g. grid position [0.8, 2.2] of Fig. 4.4 A). The “subglacial grooves” 

are visible in an area of weak patina (centred at grid position [2.1, 2.3] of Fig. 4.4 A). The 

specific examples of “subglacial grooves” shown in Figure 59 C of Blick (1979) are shown 

in Fig. 4.5 A (also shown in Figures 30 and 17a of Christie-Blick 1983, 1997 respectively). 

These are straight to very slightly curved, reach ~ 1 mm depth, ~ 5 mm width, several 

dm length and trend ~130°/ 310°, which is parallel to the “roche moutonnée” ridge axis 

(Table 4.1).
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Figure 4.5: Erosional and tectonic surface of the “pavement” and surrounding landscape. 

A: The “subglacial grooves”. These are the exact same “subglacial grooves” shown in 

Figure 59 C of Blick (1979), Figure 30 of Christie-Blick (1983) and Figure 17a of Christie-

Blick (1997). Position given in Figs. 4.2 E, F; Fig. 4.4 and Fig. 4.8 D. B: Fault grooves 

passing beneath the Big Cottonwood Formation. These occur on the same break in slope 

as the pavement. Subfigures A and B are shown at identical scales for comparative 

purposes. Position given in Fig. 4.1 D. C: Tectonic ridge-in-groove structure within 

metres of B. Location shown in Fig. 4.1 D. D: Cataclastic material closely associated 

with C. Location shown in Fig. 4.1 D. E: The northern side of the “roche moutonnée 

ridge” as it transitions northwards, downslope, into a bedding parallel surface. Note the 

partially abraded texture, better developed towards lower half of image. Position given in 

Fig. 4.2 C. F: Partially abraded surface further along the break in slope. Position given 

in Fig. 4.1 D. 
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4.6.1.2 Sedimentary structures of the “pavement” and the overlying Mineral Fork 

Formation 

 

Upon the southern side of the “roche moutonnée” ridge, straight to slightly concave, low 

angle cross-laminae of the Big Cottonwood Formation form planar-based, tabular to 

wedge-shaped sets of typically 6 to 10 cm thickness (terminology of Mckee and Weir 

1953) (Fig. 4.6 A, C). The apparent dip of these cross-laminae is mostly NW but 

occasionally NE or horizontal.  Differential weathering has preserved cross-laminae as 

ridges up to ~ 1 mm high (Fig. 4.6 C). By contrast, cross-set boundaries form more 

pronounced ridges, up to ~ 1 cm high (Fig. 4.6 A). These cross-set boundary ridges also 

occur on the grooved surface, where they trend parallel to the subglacial grooves (~ 

130°/310°), which is the expected intersection lineation between 057°/45° bedding and 

the grooved surface (e.g. grid position [2.2, 2.8] of Fig. 4.4; Fig. 4.6 B; Table 2; Appendix 

1). Unambiguous identification of cross-laminae upon the grooved surface is problematic 

on account of the surface’s irregular topography and patina. 

Above the “pavement”, but not observed in contact with the “pavement”, the 

stratigraphically lowest Mineral Fork Formation exposure comprises friable, intermittently 

exposed, poorly-sorted greywacke with occasional pebbles. Around 75 m upslope from 

the “pavement”, the exposure improves and displays a different character of 

sedimentation. This comprises a proud-weathering section of well-bedded, sorted, fine 

to coarse grained, massive to laminated sandstone (Figs. 4.1 D, 4.7). 
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Figure 4.6:Sedimentary and tectonic features of the “pavement”. A: Small ridges, up to 

1 cm high, formed by differential weathering of tabular cross-set boundaries on the 

southern side of the “roche moutonnée” ridge. Position given in Fig. 4.4. B: Similar cross-

set  boundary ridges to A but upon the grooved surface. Position given in Fig. 4.4. C: 

Detail of cross laminae from A. Position given in Fig. 4.6 B. D: Mineralised layers hosting 

slickensides. Patches of plastered material are likely cataclastic material.  Position given 

in Fig. 4.4. E: Detail of slickensides from D. Position given in Fig. 4.6 D. F: Slickensides 

merge into grooves.
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Figure 4.7:Example of better sedimentological exposure of Mineral Fork Formation. Mill B North Fork, tens of metres above the break in 

slope. A: Measured section. Position given in Fig. 4.1 D. B: Centimetre-scale sandstone beds without lonestones. Coin in circle for scale, 

diameter 2.45 cm. Position given in A. C: Wisps of sand within a dm-scale bed containing sand lenses. Coin for scale, diameter 2.45 cm. 

Position given in A. Coordinate at base of section: 40.64406° -111.71913°.
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4.6.1.3 Tectonic features of the “pavement” 

 

A slickenside surface partially covers the SE part of the grooved surface (grid position 

[0, 1] of Fig. 4.4; Fig. 4.6 D, F). It comprises a dark, < 1 mm thick, layer with lineation 

trending 114°/294° and sub-mm steps descending ESE (Fig. 4.6 D, E; Table 4.1). 

Towards the WNW the slickensides transition into grooves that are up to ~1 cm wide and 

~1 mm deep (Fig. 4.6 F). 

A steeply-dipping orthogonal joint system occurs across the “pavement”, comprising a 

well developed NE – SW striking master set and a younger, less well developed, NW – 

SE cross-joint set (e.g. grid position [1.8, 2.5] of Fig. 4.4). These are approximately 

parallel to the cliffs that truncate the “pavement”. Less regular fractures with a shallower 

dip and a larger, cm-scale, aperture pass into the southern side of the “roche moutonnée” 

ridge and grooved surface (e.g. grid positions [2.8, 2.8] and [1.4, 2.0] of Fig. 4.4).  

Across the “pavement”, the rims of fractures vary from sharp to rounded, which is typical 

of a “partially abraded surface” (typology of Richardson and Carling 2005). An important 

demonstration of this can be seen in two distinctively similar depressions (Fig. 4.8). One 

adjoins the northern side of the “roche moutonnée” ridge axis and the other occurs upon 

the grooved surface. The former is up to ~20 cm deep and has a sharp rim to the north 

but a smoother rim to the south (Fig. 4.8 A, C). The latter has a smoother rim throughout 

(Fig. 4.8 B, D). Nevertheless, the rims of both depressions feature the same saw-tooth 

planform, defined by the orthogonal joint system. The only other notable difference is 

between the basal surfaces of the two depressions.  The depression adjoining the 

northern side of the “roche moutonnée” ridge axis has plumose structures along its base, 

with arrest lines convex towards the SSW to SW (Figs. 4.4; 4.8 A, C). The depression 

upon the grooved surface hosts the “subglacial grooves” but no plumose structures (Fig. 

4.5 A; 4.8 B, D).
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Figure 4.8: comparison of depression adjoining the northern side of the “roche moutonnée” ridge axis  (A-D previous page, E next page) Comparison 

between depression adjoining the northern side of the “roche moutonnée” ridge axis (A, C) and the depression  upon the grooved surface (B, D). Detail 

of plumose structures from A and C are shown in E. White square marker is 10 x 10 cm. Position given in Fig. 4.2F and Fig. 4.4.    
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4.6.1.4 Features of the surrounding landscape 

 

The surrounding landscape provides analogous features to the “pavement” at three 

scales of observation, the mm to cm-scale, the metre to 10 m scale and the 100 m scale.  

At the mm to cm-scale, there are grooves with a similar trend (147°/327°) and 

appearance to the “subglacial grooves” (compare Figs. 4.5 A and B; Fig. 4.1 D; Table 

4.1). Like the “subglacial grooves”, these are situated upon an exposed surface of the 

Big Cottonwood Formation and within metres of the Big Cottonwood – Mineral Fork 

Formation boundary. However, unlike the “subglacial grooves”, these pass beneath 

further strata of the Big Cottonwood Formation and are therefore undoubtedly fault 

grooves, not subglacial grooves. Within metres of these grooves is a cm-width tectonic 

ridge-in-groove structure of a similar trend (113°/293°) to the “subglacial grooves” (Figs. 

4.1 D, 4.5 C; Table 4.1). This structure is associated with cataclastic material comprising 

mm-scale angular fragments of a hard white aphanitic solid that resembles shattered 

vein-fill and lacks any obvious glassy coating (Fig 4.5 D).    

Along the remainder of the break in slope, other exposed surfaces of the Big Cottonwood 

Formation tend to form partially abraded surfaces (typology of Richardson and Carling 

2005) that are comparable to the partially abraded surface of the “pavement” (compare 

Figs. 4.5 E and F). Notably, however, some of these other partially abraded surfaces are 

overlain by further strata of the Big Cottonwood Formation and the partial abrasion cuts 

across stratigraphic levels. This indicates that the partial abrasion most likely developed 

since or during the most recent exhumation of the landscape (≤ 10 to 5 Ma). 

At the metre to 10 m scale, the topographically highest (southern) end of another 

exposed NE-dipping (048°/54°) bedding surface of the Big Cottonwood Formation has 

been rounded off by erosion, in a similar manner to the “pavement” (40.64325° -

111.71935°; Figs. 4.1 D, 4.9). We refer to this rounded off part as Surface B. The nearest 

Mineral Fork Formation exposure is around 10 m from Surface B and it is unclear whether 

Surface B represents the Big Cottonwood  - Mineral Fork Formation boundary or a lower 

stratigraphic level within the Big Cottonwood Formation. Whereas the surface of the 

“pavement” is only partially smooth and covered by dark brown patina, Surface B is 

entirely smooth and has a strong patina throughout. Traces of bedding may be 

distinguished but in general the patina obscures detail. Surface B features smooth, ~ 10 

m long ridges and depressions of several metres relief and width. Ridgelines plunge 

towards 125° at 5° to 16° (Fig. 4.9 B), which is similar to the 130°/13° plunge of the 
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“roche moutonnée” ridge (Table 4.1) and parallel to the strike of the adjacent joint-

controlled cliffs (Fig. 4.9 C). A distinct dm-width parallel-sided furrow descends 

approximately eastward down the lower part of the surface (typology of Richardson and 

Carling 2005). This cuts across the ridges and is at least partly formed along a fracture 

(Fig. 4.9 A-C). Within Mill B North Fork, we observed no other surfaces that were 

smoothed and rounded to the same extent as Surface B or the “pavement”. 

At the 100 m scale, the step-like geometry of the “pavement” (Fig. 4.3 B, C) also occurs 

within the surrounding landscape. This is illustrated on the opposite side of the Mill B 

North Fork valley to the “pavement”, where the Big Cottonwood Formation forms a 

staircase of 100 m scale exposed bedding surfaces separated by cliffs (Fig. 4.10). The 

intersections between these bedding surfaces and adjoining cliffs form ridges that are 

comparable to the “roche mountonée” ridge axis. These ridges plunge towards ~122°, 

which is a similar orientation to both the “roche moutonnée” ridge axis and the ridges of 

Surface B (Fig. 4.10, Table 4.1).
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Figure 4.9: Surface B. A, B: Oblique view towards the SW, showing furrow and ridges.C: 

Vertical orthomomosaic built from 366 UAV images with a nominal resolution of 4.36 

mm/pixel. Position indicated in Fig. 4.1 D, Fig. 4.2D. D: Vertical orthomosaic, showing 

detail of surface, Built from 352 terrestrial image with a nominal resolution of 0.307 

mm/pixel.

N
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Figure 4.10: Mill B North Fork, staircase. Comprises 100 m scale exposed bedding surfaces separated by cliffs (lower left of figure). For comparison, 

the axes orientations of the ridges formed along this staircase and the axes orientations of the “roche moutonnée” and Surface B ridges are labelled. 

Also compare the step-like geometry of the staircase to the “pavement” (see also Figs. 4.2, 4.3). Figure created from a UAV point cloud constructed 

from 1340 images, staircase ridge orientations measured using qCompass (Thiele et al. 2017) in Cloudcompare (2020).
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4.6.2 Interpretation 

 

The presence of grooves upon the “pavement” was taken by Blick (1979) as evidence of 

subglacial erosion. However, some fault surface processes are analogous to those of 

subglacial erosion and produce identical products (Fig. 2.5 A, B). These include fault grooves, 

crescentic fractures, flute ridges, nail head striation and striated clasts (Eyles and Boyce 1998; 

Atkins 2003). Discriminating between subglacial and tectonic origins for these features 

therefore relies upon their context rather than the characteristics of the features themselves 

(Fig. 2.5 C, D). The morphology of the “subglacial grooves” is consistent with either a 

subglacial or tectonic origin. However, contextual evidence from both the “pavement” and 

surrounding landscape strongly suggests a tectonic origin.  

Upon the “pavement”, slickensides that transition into grooves confirm that at least part of the 

grooved surface was a fault surface (Fig. 4.6 D-F). It is unlikely that these slickensides are 

instead subglacial striae as their stepped, perfectly parallel form is quite unlike the unequivocal 

Pleistocene subglacial striae formed upon strata of the same formation in Mill B South Fork 

(Appendix 1; Fig. S5). Additionally, neither the mineral layer that hosts the slickensides nor 

the patina upon the “pavement” resemble glacial polish, which often accompanies subglacial 

striae. Glacial polish frequently weathers in a characteristic manner, peeling off as mm-

thickness circular patches (Siman-Tov et al. 2017). This applies equally to recent and 

Precambrian subglacially striated surfaces, which may be identical in appearance (compare 

Fig. 1A of Siman-Tov et al. 2017; and Fig. 11D of Vandyk et al. 2019). Glacial polish upon 

Pleistocene striated surfaces of the Big Cottonwood Formation in Mill B South Fork exhibits 

this classic weathering pattern and provides an indication of the appearance that would be 

expected of glacial polish upon the “pavement” (Appendix 1; Fig. S5). This appearance is 

quite unlike the stepped weathering of the slickenside-hosting mineral layer on the "pavement" 

or the gradual lateral transitions of its patina. 

Only a short distance from the “pavement”, the fault grooves (Fig. 4.5 B) are analogous to the 

“subglacial grooves” in almost every sense (Fig. 4.5 A). This includes their position on the 

break in slope, lithology and overall appearance. The key difference is that the fault grooves 

pass beneath overlying Big Cottonwood Formation strata, confirming their tectonic 

interpretation, whereas no overlying strata are preserved in contact with the “pavement”. The 

orientation of the “subglacial grooves” (~130°/310°) is also consistent with a tectonic origin. It 

is midway between the fault grooves (147°/327°) and both the tectonic ridge-in-groove 
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structure (113°/293°) and the slickensides on the grooved surface (114°/294°) (Figs. 4.5, 4.6; 

Table 4.1). 

In addition to fault-related processes, considerable precipitation running off the hillside has 

had a significant erosional influence upon the landscape of the study area (Stock et al. 2009; 

Quirk et al. 2018). In this context, the partially abraded texture found along the break in slope, 

which occurred during or since the most recent exhumation (≤ 10 to 5 Ma), records competing 

erosional processes (Figs. 4.4, 4.5 F). On the one hand, fluvial plucking or subaerial 

weathering exploit the densely jointed nature of the landscape to produce angular features; 

on the other hand, fluvial abrasion or dissolution processes tend to smooth and round features 

(Richardson and Carling 2005; Wray and Sauro 2017; Scott and Wohl 2019). As part of the 

same break in slope, some or all of the partial abrasion on the “pavement” must also have 

been produced by these same erosional processes, during or since the most recent 

exhumation (≤ 10 to 5 Ma). 

 

Feature Azimuth Plunge Figure 

"Roche Moutonée" ridge axis 130° 13° 4.2, 4.3, 4.4 
"Subglacial Grooves" 130°/310° - 4.4, 4.5 
Cross-set boundaries on grooved surface 130°/310° - 4.4, 4.6 
Slickensides on grooved surface 114°/294° - 4.6 
Fault grooves passing beneath BCF 147°/327° - 4.5 
Ridge-in-groove on BCF 113°/293° - 4.5 
Ridges on surface B 125° 5° to 16° 4.8 
Ridges on 100 m scale staircase 122° 25° to 35° 4.9 

 

Table 4.1: Linear feature orientations. BCF: Big Cottonwood Formation. 

Upon the basal surface of the depression that adjoins the “roche moutonnée” ridge axis, arrest 

lines record the incremental propagation of an opening mode fracture plane  (Ziegler et al. 

2014) (Figs. 4.4, 4.8 A, C). The intersection between this sub-horizontal opening mode 

fracture and the sub-vertical orthogonal joint system, which defines the depression’s 

perimeter, has liberated a slab of the Big Cottonwood Formation. This slab was then removed 

to create the depression. Given the clear evidence for geologically recent widespread abrasion 

along the break in slope, the sharp (i.e. unabraded) northern rim of the depression confirms 

that it is a geologically recent feature. Most likely the removed slab has now simply fallen 

down-slope, perhaps aided by run-off or seismicity (e.g. Pang et al. 2020a). The similarity 

between this depression and the depression upon the grooved surface strongly suggests a 

common process and age of formation (compare Figs. 4.8 A, D with B, D). In this case, the 
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part of the grooved surface within the depression was only exposed in the geologically recent 

past, not during the Precambrian, and the “subglacial grooves” upon it cannot be the product 

of Precambrian subglacial erosion. This is consistent with the reinterpretation of the “subglacial 

grooves” as fault grooves produced by sliding of the removed slab. 

In comparison to the “pavement”, the better developed smoothing, rounding and patina of 

Surface B demonstrate that abrasion has dominated. The furrow and smooth, rounded ridges 

of Surface B are typical of either fluvial abrasion in an open bedrock channel (e.g. Richardson 

and Carling 2005) or subglacial erosion of an S-form (e.g. Shaw et al. 2020). The fluvial 

explanation is more likely. First, there is a lack of subglacial striation or glacial polish, which 

are most often at least partially present upon an S-form. Second, the strong patina, especially 

well developed on Surface B, has the classic “burnished copper” appearance associated with 

fluvially polished bedrock surfaces (Richardson and Carling 2005) and, as described above 

for the patina on the “pavement”, is distinctly different to the glacial polish preserved on strata 

of the same formation in Mill B South Fork. Third, an S-form of Pleistocene age is particularly 

unlikely as the angular cliffs, 100 m scale “staircase” geomorphology and v-shaped valley of 

Mill B North Fork are inconsistent with recent subglacial erosion (compare to  Mill B South 

Fork: Appendix 1, Fig. S3). 

If formed by Precambrian subglacial erosion the “pavement” must represent the Big 

Cottonwood – Mineral Fork Formation boundary. However, as we could not find any contact 

between the “pavement” or Surface B and the Mineral Fork Formation, it remains possible that 

either surface is instead below that boundary. Recessive non-exposure above the “pavement” 

cannot be assumed to represent the Mineral Fork Formation. This is demonstrated above the 

northern end of the NE-dipping bedding surface that hosts the “pavement” (Fig. 4.2 A, B). 

There, recessive non-exposure, similar to that above the “pavement”, is overlain by further 

strata of the Big Cottonwood Formation. 

The fact that the distinctly smoothed texture of Surface B, and to a lesser extent the 

“pavement”, were uniquely observed in proximity to the break in slope, associated with the Big 

Cottonwood – Mineral Fork Formation boundary, suggests two possibilities. Either the 

“pavement” and Surface B record Precambrian erosion (not necessarily glacial) upon the Big 

Cottonwood – Mineral Fork Formation boundary or they record fluvial erosion across the break 

in slope during or since the most recent exhumation (≤ 10 to 5 Ma). The geologically recent 

fluvial explanation is favoured for three reasons. 

First, episodic fluvial erosion by run-off is likely to have been enhanced upon the pronounced 

break in slope where the “pavement” and Surface B protrude (Section A-B and C-D of Fig. 4.1 

D). This is referred to as a knickpoint lip in the fluvial literature (Miller 1991; Hancock et al. 
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1998; Richardson and Carling 2005). In this context the furrow on Surface B is a “chute furrow”, 

typical of such a bedrock step (Richardson and Carling 2005, p. 38).  

Second, the “roche moutonnée” and Surface B ridges are similarly oriented to both the 

surrounding joint controlled cliffs and the ridges of the 100 m scale staircase. This implies that, 

although these are all erosional features formed at the Earth’s surface, their formation was 

controlled by the same structural influences, especially the well-developed cross-joint system 

(Scott and Wohl 2019). It is unlikely that the same structural influences existed during any 

Precambrian exposure, which would have occurred in a different tectonic regime and before 

tilting of the beds. Therefore these features most likely formed at the Earth’s surface during or 

since the most recent exhumation (≤ 10 to 5 Ma).  

Third, the step-like geometry of the “pavement” is also shown by the 100 m scale staircase. 

The bench and cliff configuration of the staircase was produced within the geologically recent 

landscape, as a response to fluvial incision along Mill B North Fork. Similar responses to fluvial 

incision, within similar meta-sandstone landscapes, are documented in the literature. For 

example, the Sioux Quartzite (USA) is a Proterozoic, bedded to cross-bedded, meta-

sandstone. Where it has been incised by streams, as a result of prominent bedding and joints, 

it has formed alternating benches and vertical faces that are analogous to the staircase of Mill 

B North Fork (Southwick et al. 1986; Young et al. 2009). Therefore, processes capable of 

producing the step-like morphology of the “roche moutonnée” ridge have been active within 

the surrounding recent landscape. Invoking Precambrian subglacial erosion to explain the 

metre-scale morphology of the “pavement” is therefore neither necessary nor parsimonious. 

4.6.2.1 Summary  

It remains unconfirmed whether the “pavement” and Surface B occur upon or beneath the Big 

Cottonwood – Mineral Fork Formation boundary. Contextual evidence strongly suggests that 

the “subglacial grooves” of Blick (1979) are more likely a later tectonic feature than the result 

of Precambrian glaciation. The part of the grooved surface within the depression is likely a 

geologically recent feature, in which case the “subglacial grooves” within it cannot be attributed 

to Precambrian subglacial erosion. The smoothed and rounded parts of the “pavement” and 

especially Surface B likely record recent bedrock fluvial erosion, resulting from their position 

upon a break in slope, combined with significant precipitation. The resulting erosional 

morphologies were formed under the influence of the same structural controls as the 

surrounding geologically recent  landscape (≤ 10 to 5 Ma). This has resulted in similar 

orientations between the ridges of the “roche moutonnée”, Surface B and the 100 m scale 

staircase. Since it is unlikely that these same structural controls existed during the 

Precambrian, this favours a geologically recent explanation for the “pavement” and Surface 
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B. The step-like geometry of the “pavement” may also be explained by geologically recent 

processes, evident in the 100 m scale staircase and similar meta-sandstone landscapes in 

the literature. 

4.7 Discussion 

Without the supporting evidence of the “pavement” we must re-evaluate the incision between 

the Mineral Fork and Big Cottonwood formations. The steep angle of incision (≤ 40°) is 

consistent with either subglacial (Glasser and Bennett 2004) or bedrock fluvial erosion (Gibling 

2006). Likewise the depth of incision (≤ 800 m) is consistent with a glacial trough or fluvial 

incision driven by rift flank uplift (e.g. eastern flank of Kenyan rift: Xue et al. 2019).  

As previously described, the incision is insufficiently exposed to determine any diagnostic 

glacial geometry (Fig. 4.1 C; Fig. S2 and text of Appendix 1). Nevertheless, Christie-Blick 

(1983) proposed a more complex geometric argument to imply subglacial erosion. This relied 

upon comparison of incision depths between the Mill B North Fork footwall and hanging wall 

blocks (Christie-Blick 1983, p. 752, point 3). However, this is problematic as variable incision 

along the Mineral Fork Formation’s upper boundary, exacerbated by faulting and poor 

exposure of the footwall block, mean that the original incision depth is unknown (Crittenden 

1965b, 1976; Ojakangas and Matsch 1980; Levy et al. 1994) (Fig. 4.1 C). 

Greywacke, in Mill B North Fork, and diamictite or laminated fine-grained sandstone, in Mill B 

South Fork, rest upon the incision and may be glacially influenced deposits (Blick 1979; 

Ojakangas and Matsch 1980; Christie-Blick 1983). However, the presence of glacially 

influenced strata above an incision does not necessarily indicate subglacial erosion. For 

example, Quaternary glaciomarine deposits of the Warren House Formation of the UK directly 

fill fluvial valleys that were incised during non-glacial conditions (Davies 2008). 

In summary, it is just as likely that incision into the Big Cottonwood Formation was caused by 

fluvial rather than subglacial erosion, potentially under non-glacial climatic conditions. Before 

the present study, the Big Cottonwood study area was the only point in the Utah – Idaho region 

where the presence of grounded Cryogenian ice could be asserted with any confidence. From 

modern glacial grounding lines, debris has been rafted for hundreds or thousands of 

kilometres by ice shelves or bergs respectively (Andrews 2000; Talley et al. 2011) and glacially 

influenced gravity flows have run-out hundreds of kilometres (King et al. 1998; Wilken and 

Mienert 2006). Therefore, combining our reinterpretation of the “pavement” with the 

uncertainties associated with previous tillite interpretations, it is now questionable whether 

grounded Cryogenian ice was ever present or even near to the Utah – Idaho region. 

The possibility of fluvial incision may also help clarify long standing correlation and age 

uncertainties plaguing the Mineral Fork Formation (Crittenden et al. 1983). Incision above the 
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Mineral Fork Formation in the study area has previously been assigned to the Upper Caddy 

Canyon sequence boundary (Levy et al. 1994). In their regional lithostratigraphic analysis, 

Levy and Christie-Blick (1991, their Figure 2) tentatively placed the next sequence boundary 

below this, namely the Upper Maple Canyon sequence boundary at Huntsville (Fig. 4.1 B), at 

a stratigraphic level overlapping the Mineral Fork Formation of the study area (also see Levy 

et al. 1994). Only minimal modification of their analysis is therefore required to assign the 

Upper Maple Canyon sequence boundary to the incised Big Cottonwood – Mineral Fork 

Formation boundary in the study area. If correct, the Mineral Fork Formation of the study area 

is significantly younger than the glacigenic Perry Canyon Formation, which has a maximum 

depositional age of 667 ± 5 Ma (Crittenden et al. 1983; Balgord et al. 2013; Yonkee et al. 

2014). 

In a rift setting, such as the Utah – Idaho region of the Cryogenian, diamictites are frequently 

deposited by sediment gravity flows, triggered by tectonism. These mass flows alone do not 

indicate glaciation and thus have no climatic significance (e.g. Crowell 1957; Carto and Eyles 

2012). Distinguishing poorly sorted deposits of non-glacial, mass flow origin from those that 

are ultimately from a glacial source represents a long running challenge to understanding the 

extent, duration and severity of Cryogenian glaciation  (Kennedy and Eyles 2020). Prior to our 

re-interpretation of the “pavement”, it was irrefutable that the stratigraphically lowest confirmed 

evidence for glaciation in the study area was the incised Big Cottonwood - Mineral Fork 

Formation boundary. Above this, the lowest documented striated clasts and dropstones, which 

have been considered diagnostic of a glacial influence, are stratigraphically > 300 m higher 

(Fig. 23 and Table 21 of Blick 1979). In light of our re-interpretation and the possibility of non-

glacial incision into the Big Cottonwood Formation, we must now question whether the lower 

reaches of the Mineral Fork Formation record glacially influenced deposition or non-glacial, 

rift-related sedimentation that transitions upwards into glacial conditions. In a global context, 

this latter possibility serves to reiterate concerns raised by previous authors, that the extent 

and duration of Cryogenian glaciation may be over-estimated if tectonic and climatic influences 

are conflated (e.g. Eyles and Januszczak 2004; Kennedy and Eyles 2020).
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4.8 Conclusions 

 

 The only uncontested Cryogenian “pavement” from the western margin of the 

Laurentian palaeocontinent and the entire modern North American continent is best 

explained as a structurally controlled erosional feature of the modern landscape, with 

no connection to Precambrian glaciation; 

 

 The incision beneath the Mineral Fork Formation, previously presumed to record 

subglacial erosion, can as easily be explained by fluvial erosion, potentially under non-

glacial conditions; 

 

 The presence of grounded ice in the Utah – Idaho region during the Cryogenian Period 

is now questionable; 

 

 Building upon the long established consensus that  the Mineral Fork Formation strata 

contain within them multiple sediment gravity flows deposited in a rift setting, it is 

possible that lower strata of the formation record non-glacial conditions that transition 

upwards into glaciation. 
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5 Striated pavements beneath the Luoquan Formation 

 

Please see Declaration of Authorship at the start of this thesis for details of 

collaborative contributions and publications linked to this chapter. 

5.1 Introduction 

On the North China Craton, in several localities (Fig. 5.1), the glacigenic Luoquan 

Formation rests upon striated pavements (Mu 1981). Generally, the distinctive 

morphologies of striated pavements typically record warm-based glaciation, which is 

often linked a priori to efficient glacial erosion (e.g. Boulton 1972b). In contrast, 

landscapes may be protected from erosion for tens of millions of years beneath cold-

based glaciation (e.g. Gamburtsev Mountains, Antarctica: Rose et al. 2013b); or by a 

subglacial sediment layer preventing shear stress from over-riding ice from reaching the 

bedrock substrate. Whereas long periods of non-erosion leave little or no trace upon 

preserved subglacial surfaces (Atkins et al. 2002; Atkins 2003, 2013), only a brief stint 

of warm-based glaciation may leave a clear and lasting signature (e.g. Laajoki 2001). 

Compounding this, ancient subglacial surfaces are usually only recognised when 

morphologies of warm-based glaciation are confirmed (e.g. striae, s-forms). Combining 

these, there is a strong observational and preservational bias towards interpreting past 

processes linked a priori to efficient erosion. This bias is especially problematic for the 

study of Precambrian glaciation as the rock record is often fragmented, incomplete and  

lacks other means of estimating past glacial erosion magnitude (e.g. glacial incision 

depths). The result is a bias towards over-estimating the magnitude of erosion of 

Precambrian formations associated with striated pavements. This will in turn have 

fundamental implications for reconstructions of past ice and Earth surface conditions 

(e.g. Boulton 1972b; Sharp et al. 1989; Cuffey and Paterson 2010).  

The current chapter directly addresses the problem described above. It reports and 

interprets the geomorphology of the Luoquan Formation pavements at a level of detail 

unprecedented for any Precambrian pavement. Although evidence for warm-based 

glaciation is clear upon initial inspection of these ancient surfaces,  a more detailed 

examination and interpretation reveals that, contrary to intuitive assumptions, the 

magnitude of subglacial erosion was likely minimal. This represents a new approach to 

interrogating Precambrian striated pavements that could be applied to other ancient 

examples, not only Precambrian (Aims 2, 3; Objective 1). 

This chapter (5) and Chapter 6 are closely linked. This chapter uses geomorphological 

observations to reach conclusions at a local level  (Aims 2 and 3; Objective 1). Chapter 
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6 then uses a novel approach to the interpretation of published geochemical data from 

Luoquan Formation strata to investigate whether these findings hold true at a regional 

level (Aim 4; Objectives 2, 3). Contextual information on geologic setting (5.2) and age 

(5.2.4) for both Chapters 5 and 6 are therefore presented together here. 

5.2 Geologic Setting 

Chapter 5  reports and interprets geomorphic data from pavements beneath the Luoquan 

Formation at four sites: Shimengou, Xiaolongmiao, Gandanchang, Shangxuma (Fig. 

5.1). Chapter 6  interprets geochemical data from the Luoquan Formation at two sites, 

Luoquan Village and Yangpo (Fig. 5.1), neither of which sites host a pavement. From 

each of these six sites sedimentological data are also provided. This geologic setting 

section outlines the regional tectonic (5.2.1), regional stratigraphic (5.2.2), site specific 

sedimentology (5.2.3) and age (5.2.4) context of the six sites covered in Chapters 5 and 

6. 

5.2.1 Continental to regional scale tectonics 

The Archean to early Paleoproterozoic North China Craton (NCC) comprises an Eastern 

and a Western Block (Fig. 1.1 C). These collided between ~ 2.5 and ~ 1.8 Ga, creating 

the north-south trending Trans-North China Orogen (e.g. Zhao et al. 2001; Zhang et al. 

2006; Kusky et al. 2007; Zhang et al. 2007, 2009; Trap et al. 2007; Santosh 2010; Kusky 

et al. 2016). In the region of the Luoquan Formation, magnetic inclination data from the 

Tonian Dongjia and Series 2 Cambrian Xinji Formation indicate palaeolatitudes of ~ 5° 

and ~ 15° respectively, although the former lacks a field test (Huang et al. 1999; Zhang 

et al. 2000). No reliable palaeomagnetic inclination data are available from Ediacaran 

strata of the NCC (Li et al. 2008, 2013; Merdith et al. 2017, 2021). Consequently, the 

Ediacaran position of the NCC, with respect to other palaeocontinents, remains 

uncertain. 
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Figure 5.1: Luoquan Formation sites of this study. Hillshade derived from Shuttle Radar 

Topography Mission 1 Arc-Second Global (2017). Inset map shows location within 

China, derived from ESRI ArcGIS Pro basemap. Only localities mentioned in the text are 

included, from both Chapters 5 and 6. 
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The Luoquan Formation study sites occur within the Meso- to Neoproterozoic Xiong’er 

basin, which is located at the southern tip of the Trans-North China Orogen (Fig. 1.1 C). 

Between 50 to 100 km south of these, the east-west trending Kuanping Suture records 

accretion of the North Qinling Block to the southern NCC margin, around  900 - 850 Ma 

(Dong and Santosh 2016). Following this, northward subduction of the Proto-Tethys 

Ocean beneath the North Qinling Block commenced around 540 Ma. The uncertainty 

associated with this subduction event places it around the age of the Luoquan Formation, 

although there is no syn-depositional magmatic event evident from within the Luoquan 

Formation strata. Within the North Qinling Block this lead to ~ 515 Ma mafic or felsic 

intrusions and back arc basin formation (Dong and Santosh 2016; Li et al. 2018b). The 

South Qinling Block accreted with the southern margin of the North Qinling Block around 

400 Ma. The South China Block then accreted with the southern margin of the South 

Qinling Block around 210 Ma, joining the South China Block and NCC in approximately 

today’s configuration. Intense intracontinental orogenic tectonics continued until the 

onset of orogenic collapse and basin formation during the late Cretaceous to Palaeogene 

(Dong and Santosh 2016).  

Consequent of this orogenic history, the six study sites have been tectonically juxtaposed 

and structural relationships between the sites is uncertain. Around 65 km separates the 

southern- and northernmost sites, which are Shimengou and Shangxuma respectively. 

The six sites are associated with two major ENE-WSW trending faults, the Luonan–

Luanchuan fault and the Lingbao–Lushan–Wuyang fault. The former fault marks the 

Kuanping Suture and northern boundary of the North Qinling Block whereas the latter is 

an early Cretaceous fault that meets the Earth’s surface 50 to 100 km further north. The 

region between these two faults has been thrust northward onto the NCC. The 

southernmost study sites occur around the northern edge of this thrusted region.
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Figure  5.2: Tectonic map of region of study area. Copied unedited from Figure 2 of 

Dong and Santosh (2016).
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5.2.2 Regional Stratigraphy 

The Ediacaran - Cambrian boundary marks a seminal juncture within the fossil record 

that has inspired study from generations of geologists. However, this boundary is often 

absent, subsumed within a profound unconformity that places Cambrian upon much 

older Proterozoic strata. This “Great Unconformity”, first described on the Laurentian 

palaeocontinent in 1869 (Yochelson 2006), has been recognised in Baltica and Avalonia 

(Brasier 1980),  Siberia (Sears and Price 2003), Antarctica (Crame and Thomson 1991), 

North Africa and Arabia  (Avigad et al. 2005). It is also present across most of the NCC, 

where no Cryogenian strata are known and Ediacaran strata are rare (Xiao et al. 1997; 

Meng et al. 1997; Xiao et al. 2014; He et al. 2017; Wan et al. 2019). Ediacaran strata on 

the NCC therefore represent a rare insight into a period of Earth history that is absent 

elsewhere on the craton.  

Purportedly Ediacaran fossils (Moczydlowska and Meng 2016), towards the northern 

NCC margin, are more likely to be Tonian (Secondary Ion Mass Spectrometry Pb-Pb 

age of 886 ± 5 Ma from intrusive baddeleyite: Zhang et al. 2016b). Consequently, 

confirmed Ediacaran strata on the NCC only occur along its southern margin. From west 

to east, these are the glacigenic Zhengmuguan (Ningxia Hui Autonomous Region), 

Luoquan (Shaanxi and Henan provinces) and Fengtai (Anhui province) formations, along 

with overlying  shales of the Tuerkeng (Ningxia region) and Dongpo (Shaanxi and Henan 

provinces) formations (Guan et al. 1986; Dong et al. 2017). 

From north to south, the sites of this study may be divided into two areas, the Songji 

(Shimengou, Xiaolongmiao, Luoquan Village, Yangpo) and Mianchi-Queshan 

(Gandanchang, Shangxuma) (Fig. 5.1). These areas have their own stratigraphic 

nomenclature and correlation between them is of varying certainty (Fig. 5.3) (see review 

by Zuo et al. 2019). The Luoquan Formation, overall, rests upon a range of strata, the 

youngest of which belong to the Donjia Formation. 

Determining which formation the pavements are formed upon is problematic. 

Confusingly,  Chen et al. (2020) first placed the Shimengou pavement on the Beidajian 

Formation in their Figure 2 but then on the Sanjiaotang Formation in their Figure 3. Guan 

et al. (1986) placed the Shangxuma pavement on the Sanjiaotang Formation in their text 

(p. 317) but upon the Beidajian Formation in their Figures 2 and 5. My assignment of the 

pavements to rock formations is shown in Table 5.1  but I have no reason to believe that 

this assignment is any more or less likely to be correct than the various assignments of 

Guan et al. (1986) or Chen et al. (2020). However, the precise assignment of formations 
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is not material to the observations and interpretations presented in this chapter; 

especially given the structural and stratigraphic uncertainties between study sites (Zuo 

et al. 2019).  

The Luoquan Formation at the study sites is overlain by either the Dongpo then Xinji 

formations or directly by the Xinji Formation (Table 5.1). Boundaries between these 

formations are sharp and interpreted as unconformable on account of distinct facies 

changes and palaeontology that is discussed in Section 5.2.4.1. The exception is the 

Luoquan to Dongpo Formation contact, which has been interpreted as conformable on 

account of a locally gradational boundary (Guan et al. 1986). I have only ever observed 

a sharp boundary between the Luoquan and Dongpo formations. 

Overall, the Luoquan Formation generally comprises two types of diamictite, one with a 

more siliciclastic matrix and the other with dolomitic (Mu 1981). These are referred to 

here as the “siliciclastic-matrix diamictite” and “dolomitic-matrix diamictite”. They are 

accompanied by laminated to bedded, massive to normally graded, clay to sandstones, 

occasionally punctuated by lonestones and pebble conglomerates (Mu 1981; Guan et 

al. 1986; Wu and Guan 1988; Le Heron et al. 2018; Zhang and Zheng 2021).  

The Luoquan and Dongpo Formations are clearly distinguished at Luoquan Village 

(Guan et al. 1980, 1986) but elsewhere are less consistently assigned (compare 

Shangxuma in Le Heron et al. 2018; and Fig. 4 F of Zuo et al. 2019). Consistent with the 

original definition used in Luoquan Village, I only assign strata to the Dongpo Formation 

that comprise shale, without coarser beds or lonestones (Guan et al. 1980, 1986).  

Luoquan Formation strata are interpreted as sub- to proglacial using outcrop 

sedimentology. Distinction between lacustrine and marine environments remains 

uncertain. Proposed depositional processes include melt-out and lodgement till, fluvial, 

debris flow, varve-like sedimentation and ice-rafted debris (Guan et al. 1986; Wu and 

Guan 1988; Le Heron et al. 2018; Zhang and Zheng 2021). In summary, there is no 

consensus regarding depositional process or environment.  

Above the Luoquan Formation, the Dongpo Formation is a low energy subaqueous 

deposit, interpreted as marine on account of the presence of authigenic glauconite. The 

Xinji Formation is a fossiliferous, phosphatic marine deposit in which hummocky cross 

stratification indicates deposition at least partly above storm wave base (Yin and Guan 

1999; Bai et al. 2018). 
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Figure 5.3: Generalised regional stratigraphy of the Luoquan Formation study areas, 

simplified from  Figure 2 of Zuo et al. (2019).  The Songji area relates to the Shimengou, 

Xiaolongmiao, Luoquan Village and Yangpo study areas whereas the  Mianchi-Queshan 

relates to the two northernmost study areas only, Gandanchang and Shangxuma. See 

Fig. 5.1 for position of these areas.
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Name Lower 

boundary 

Upper 

boundary 

Latitude Longitude Area 

Luoquan vill. not exposed Dongpo Fm 34.00280° 112.74728° MQ 

Yangpo Luoyukou Fm not exposed 34.05333° 112.59225° MQ 

Shimengou Beidajian Fm not exposed 33.94107° 112.71295° MQ 

Xiaolongmiao unknown not exposed 33.97610° 112.70995° MQ 

Gandanchang Ma'anshan 

Fm 

Xinji Fm 34.26617° 112.87817° Songji 

Shangxuma Ma'anshan 

Fm 

Xinji Fm 34.52590° 112.55865° Songji 

 

Table 5.1: Areas and coordinates of Luoquan Formation study sites. Area abbreviations, MQ: 

Mianchi-Queshan. 
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5.2.3 Sedimentology of the Luoquan Formation strata in the study areas 

5.2.3.1 Luoquan Village: Description 

The Luoquan Formation and overlying Dongpo then Xinji Formations are exposed upon 

a NW to W facing hillside, east of Luoquan Village. A N - S road marks the foot of the hill 

and limit of exposure (Fig. 5.4). Additionally, there is an isolated gulley exposure of the 

Luoquan Formation, several tens of metres long and ~ 10 m high, 300 m west of the 

hillside (Fig. 5.4). Neither the base of the Luoquan Formation nor underlying strata are 

exposed.  

Structurally, the hillside comprises a “northern section” and “southern section”, separated 

by an inferred fault. Apparent vertical offset downthrows the southern section by 

approximately 20 m. At the level of the roadside, the fault is not exposed but tight 

recumbent folds of metre to ten-metre-scale within the Luoquan Formation of the 

northernmost southern section might relate to this fault (Fig. 5.4). Bedding dips gently 

SE in the northern section but predominantly SW in the southern section. Consequently, 

the Luoquan - Dongpo formation boundary is  exposed near road level on the southern 

section (Fig. 5.5 B).  

The structural relationship between gulley and hillside exposures is unknown but if 

structural continuity is presumed, the Luoquan Formation is at least ~ 100 m thick, similar 

to the 95 m recorded by Mu (1981) but far from the 220 m recorded by Guan et al. (1986). 

If the gulley is excluded, the Luoquan Formation is at least ~ 70 m thick in the northern 

section. From the base upwards this comprises 26 m of good exposure followed by ~ 44 

m of poor exposure, overlain by the exposed base of the Dongpo Formation. The Dongpo 

Formation is ~ 74 m thick and the overlying Xinji Formation is at least tens of metres 

thick, although its top was not observed. 

The Luoquan Formation at Luoquan Village may be divided into massive siliciclastic-

matrix diamictite, stratified siliciclastic-matrix diamictite, lonestone-bearing shale and 

gravelly sandstone. The former three lithologies form tabular and laterally continuous 

units at the 100 m scale of the outcrop. In contrast, the gravelly sandstone occurs as 

laterally discontinuous lenses, almost entirely contained within the stratified diamictite 

and lonestone-bearing shale units. 

The massive diamictite facies comprises clasts up to tens of centimetres in size within a 

dark grey to lighter brown, friable, muddy matrix (Fig. 5.6 A, B). Both clasts and matrix 

are very poorly sorted and lack sedimentary structures. In thin section the matrix is 

predominantly clay-grade, including micrite, with abundant, disseminated, angular to well 

rounded, silt to sand grade quartz grains (Fig.5.6 B). Gravel clast concentration and 

composition are laterally and vertically heterogenous. Clasts are predominantly 
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laminated to massive tan carbonate, sandstone or quartzite. Less common are clasts of 

massive white carbonate, shale, cross-laminated siltstone, chert or an orange sandy 

carbonate-rich sandstone with abundant white pebbles of massive white carbonate. 

The  stratified diamictite and the lonestone-bearing shale are characterised by a thinly 

(cm-scale) bedded matrix that is fissile at the cm- to several mm-scale. This is peppered 

with lonestones that are indistinguishable in lithology from clasts of the massive 

diamictite. Lonestones sometimes deflect the underlying horizontal fabric significantly 

more than they disrupt the neighbouring or overlying fabric (Fig.5.6 C). Distinguishing 

between the lonestone-bearing shales and stratified diamictites, the former has a very 

poorly sorted muddy matrix, similar to the massive diamictite, whereas the lonestone-

bearing shale matrix is well sorted.  

The gravelly sandstones forms lenses of moderately sorted fine to medium sand matrix 

that contain variable proportions of cm-scale clasts (Fig.5.6 D). The matrix is mostly 

massive, but occasionally horizontally laminated. No intersection between lamination 

and clasts was observed. There is no apparent organisation of clast distribution within 

these units and laterally equivalent areas of the same lens may range from pebble 

conglomerate to clast-free sandstone. Lenses are of cm to several dm thickness and 

metre-scale length (Fig.5.6 D – F). Most are parallel with surrounding bedding (Fig.5.6 

D) but some are oriented obliquely and cut through centimetres to metres of surrounding 

strata (Fig.5.6 E, F). Lens boundaries are sharp and smooth but irregular. The lenses 

truncate, without deflecting, surrounding strata of the stratified diamictites and lonestone-

bearing shales. 

Towards the top of the northern section measured section and above, vein-filled fractures 

are locally well developed within the diamictite or stratified diamictite facies of the 

Luoquan Formation. This is exemplified by diamictite at 34.004550° 112.746800°, where 

numerous cross-cutting fractures are millimetres to a centimetre thick. Bedding parallel 

fractures are most common, cut by fracture sets at ~65° and ~20° (Fig. 5.7 A, B). The 

diamictites are punctuated by more resistant lenses of the gravelly sandstone facies 

through which the same pervasive fracturing was not observed. Fractures without vein-

filling also occur, exemplified 5 m below the boundary with the Dongpo Formation (11 m 

of Fig.5.5 B) in the southern section (Fig.5.7 C, D). At this location a SW-directed 

component of normal-sense shear is demonstrated by mm-scale offset across a 

fractured pebble (Fig.5.7 D). 

The Dongpo Formation is a monotonous purple-grey, occasionally yellow, shale that 

sharply overlies the Luoquan Formation (Figs. 5.5 B, 5.8). The contact between these 

two formations, which is only occasionally well exposed, was followed for the length of 
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Luoquan Village (i.e. the boundary shown in Fig. 5.4) but the transitional contact as 

reported by Guan et al. (1986) could not be found. This contact was recorded in cm-

scale resolution (Fig.5.5 B) and can be conveniently viewed at 34.000483° 112.744317°. 

The Dongpo Formation is consistently fissile, breaking into sub-cm-scale parting planes, 

and consequently is preserved as rubble for the most part. Nevertheless, better 

preserved sections (e.g. 34.003383° 112.746450°) locally preserve up to ~ 10 m of 

continuous stratigraphy and reveal dm-thickness sharp-based lenses or beds of faintly 

laminated fine sandstone that interrupt the shale at approximately ~5 m intervals. The 

uppermost several metres of the Dongpo Formation, immediately below the Xinji 

Formation, are well preserved and exhibit an increased proportion of fine sandstone 

(Fig.5.5 C). These predominantly form cm-scale beds but also lenses with an undulating 

ripple-like morphology. Most beds are massive but some beds, and all observed lenses, 

contained unidirectional ripples directed SW (n=3) and NE (n=1). Lonestones within the 

Dongpo Formation were carefully searched for but not found. 

The Xinji Formation comprises beds of sorted fine to coarse sandstone with a variety of 

sedimentary structures and gravel clasts that rest upon the Dongpo Formation (Fig. 5.9). 

It was only observed two exposures, each of around 10 m width. There the Xinji 

Formation forms a unit of dm- to m-scale cross-beds and hummocky cross stratification 

that cuts down obliquely through the uppermost strata of the Dongpo Formation. The 

matrix is predominantly medium sandstone, within which pebbles are concentrated along 

the base of cross-beds or swales. Pebbles locally form clast-supported conglomerate 

with aligned long-axes that sharply cut down through cross-bed laminae. Overlying is a 

massive coarse sandstone then siltstone, separated by sharp and planar to highly 

irregular boundaries, overlain by parallel laminated siltstones. Gravel clasts are 

predominantly a brilliant white lithology, assumed carbonate, sometimes with a curved 

shape suggestive of deformed soft sediment. Chert and quartzite clasts were observed 

infrequently. 
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Figure 5.4: Luoquan Village study area. Greyed out area indicates non-exposure, note 

isolated gulley exposure in NW corner. Solid yellow lines indicate observed geologic 

boundaries, dashed lines are inferred. Letters indicate positions of measured sections of 

Fig. 5.5. “Lqn Fm”: Luoquan Formation; “Dp Fm”: Dongpo Formation; “Xinji Fm”: Xinji 

Formation.  Contours: 10 m intervals derived from Shuttle Radar Topography Mission 1 

Arc-Second Global (2017). Image: Google Earth © 2020 CNES/Airbus. 
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Figure 5.5: Measured sections from Luoquan village. Measured sections from Luoquan 

village. A: Northern section, Luoquan Formation only, measured from N-S road to top of 

exposure. B: Southern section, uppermost Luoquan Formation and contact with Dongpo 

Formation. C: Two laterally equivalent sections of the uppermost Dongpo Formation and 

contact between. D: Legend for all measured sections in Section 5.2.3
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Figure 5.6: Luoquan Village, facies of the Luoquan Formation. A, B: Massive siliciclastic-

matrix diamictite in outcrop (A, coin for scale, base of Fig.5.5 A) and crossed polars thin 

section (B, sample LQ-1-1); C: Stratified siliciclastic-matrix diamictite facies, boulders 

deflect laminae below more than above (8.5 m of Fig.5.5 A); D: Bedding-parallel lens of 

gravelly sandstone, containing regions with and without gravel (11.5 m of Fig.5.5 B); E, 

F: Non-bedding-parallel lenses of gravelly sandstone facies association of cm-thickness 

(E: 12.75 m of Fig.5.5 B) and dm-thickness (F). F crosses the boundary between 

lonestone-bearing shale and massive diamictite, laterally equivalent to 6.75 m of Fig.5.5 

A; G, H: Lonestone-bearing shale (7 m of Fig.5.5 A). Note laminae deflected both above 

and below lonestone in H, in contrast to subfigure C.



134 | P a g e  
 

 



135 | P a g e  
 

 

Figure 5.7: Fractures within the Luoquan Formation, Luoquan Village. A, B: Filled 

fractures at 34.004550° 112.746800°. C, D: Non-filled fractures at 11 m of Fig.5.5 B. 



136 | P a g e  
 

 

 

Figure 5.8: Dongpo Formation, Luoquan Village (coin for scale). A: Typical, rubbly 

exposure. B: Cross-laminated, sandstone bed with unidirectional ripple-forms (1.75 m of 

the NE log of Fig.5.5 C) 

 

Figure 5.9: Xinji Formation, Luoquan Village , NE section of Fig.5.5 C. A: Base of Xinji 

Formation, conglomerate cutting down through cross-stratified laminae of Xinji 

Formation. Sharply overlying Dongpo Formation. B: Distinctive white pebbles resting 

upon cross-bed. Compare appearance of these clasts to those found in the basal 

diamictite of Yangpo or beds of the Luoyukou Formation at Sunjiazhuang, they are all 

similar (Fig. 5.10).
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5.2.3.2 Luoquan Village: Interpretation 

The following paragraph is minimally modified from Le Heron et al. (2018): The Luoquan 

section is notable for alternating crudely stratified and massive diamictites which are well 

represented on the measured section (Fig. 5.5). Significant vertical transitions from 

stratified diamictite to dropstone-bearing shale also occur (9 - 10 m of Fig. 5.5 C). These 

transitions imply a genetic connection between stratified diamictite and shale lithofacies, 

allowing them to be viewed as IRD-rich end members. In the context of a sub-ice shelf 

setting, it is possible that the comparatively dropstone-poor shale corresponds to a “null 

zone” beneath an ice sheet, that is, an interval representing deposition beneath debris-

poor ice (Domack and Harris 1998; Domack et al. 1999). However, in those sub-ice shelf 

models, dropstone-free intervals are predicted: by contrast IRD is distributed throughout 

the shales at Luoquan Village (Fig. 5.6 C, G, H). Given the excellent evidence for IRD in 

the shale (abundant dropstones), the entire succession is interpreted as recording 

subaqueous diamictite deposition. Specifically, given the presence of finely laminated 

textures (Fig. 5.6 G, H), resembling varves in Quaternary systems (Palmer et al. 2008; 

Bendle et al. 2017), it is suggested that the Luoquan Village section records the 

oscillation of an ice mass at the margins of a proglacial lake. The recumbent metre-scale 

folds  are interpreted as glacitectonized zones perhaps akin to push moraines in an ice-

marginal environment (Aber and Ber 2006). Although small-scale deformation structures 

have been described before in the Luoquan Formation (Ge and Cui 1994), large-scale 

deformation structures such as those described herein provide a valuable new window 

into ice sheet dynamics. 

However, since our publication of Le Heron et al. (2018), my recording of a map-scale 

inferred fault (Fig. 5.4) and pervasive cm-scale features of shear fracture (Fig. 5.7 C, D) 

suggest an alternative, non-glacial, interpretation of the recumbent folds. Specifically, 

that they are a tectonic feature associated with the inferred fault. Given that the Luoquan 

Formation strata at this locality are not interpreted as the direct deposits of glacial ice, 

this tectonic interpretation appears parsimonious.  Consequently there is little evidence 

to support grounded glacial ice at the Luoquan Village locality.
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5.2.3.3 Yangpo: Description 

This section comprises the Mesoproterozoic Luoyuko Formation, Luoyu Group (see 

Figs. 2B and 4E of Zuo et al. 2019), disconformably overlain by at least 21 m of the 

Luoquan Formation, which is divided into a 3.5 m thick basal dolomitic-matrix diamictite 

and ~ 32 m overlying fissile unit. Above the Luoquan Formation is a blue-grey laminated 

limestone of presumed Cambrian age on account of bioturbation. 

The Luoyuko Formation is an orange to cream horizontal to wavy laminated siltstone 

with a carbonate-rich matrix. Sharply overlying this, the basal Luoquan Formation unit is 

a diamictite of strong, red, carbonate-rich matrix. No striated surface was observed 

between these formations, although the bedding-normal outcrop exposure is unlikely to 

allow striae to be seen even if present.  

The basal diamictite is massive, although a hint of diffuse bedding was tentatively 

recognised. Largest clasts exceed 30 cm and are mostly white carbonate or to a lesser 

extent red chert. These clasts have a variety of morphologies, from cm-scale angular 

curved chips to rounded > 30 cm boulders. Internally, carbonate clasts are either massive 

or horizontally to convolutely laminated and sometimes brecciated (Fig. 5.10 B). They 

resemble the Luoyukou Formation observed at Sunjiazhuang (Fig. 5.10 A). Within some 

white carbonate clasts, their texture transition vertically from undisturbed horizontal 

laminae to convolute or brecciated intraclasts that are mixed in with chert (Fig. 5.10 C, 

D). Other clasts include chert, medium to coarse grained brown sandstone and a boulder 

containing small angular chert pebbles (Fig. 5.10 E). One intriguing region of several 

square metre area within the diamictite contains angular carbonate breccia chips and 

chert. It is difficult to tell whether this is simply a heterogeneity in the diamictite matrix or 

whether it is a boulder in its own right (Fig. 5.10 F, G). In thin section, the diamictite 

matrix comprises micrite and abundant disseminated well rounded to angular quartz 

sand grains within which no organisation is apparent (Fig. 5.10 H). Carbonate clasts 

include massive to laminated micrite, medium crystalline calcite and poorly sorted radial 

ooids (Fig. 5.10 H). 

Strata sharply overlying the basal carbonate-rich diamictite are fissile and have 

preferentially eroded to reveal a smooth dm-height ridge and groove morphology on the 

upper surface of the basal diamictite  (Fig. 5.11 A). These overlying strata mostly 

comprise a red shaley silt to clay grade matrix of mixed siliciclastic-carbonate material 

that breaks into horizontal parting planes of several mm to cm thickness. This matrix has 

a greater proportion of silicate material than the basal diamictite, evidenced by its bedded 

weathering characteristic and thin section observations, and is punctuated by lonestones 
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and beds or lenses of diamictite, conglomerate and sandstone. Geochemical samples 

from this fissile unit are referred to as “dropstone-bearing shales”. 

Diamictites of the fissile unit occur either as irregular lenses that continue laterally for 

metres (17 m of Fig. 5.12) or as a tabular unit that continues for tens of metres (30 m of 

Fig.5.12). They contain clasts of quartzite, green siltstone and a white carbonate similar 

to those of the basal carbonate-rich diamictite. Overall, however, clasts are fewer and 

less dominated by carbonate than in the basal diamictite. Clast distribution is chaotic or 

crudely stratified. Diamictite beds are locally folded by soft sediment deformation. In 

some instances there is gradual change from clast free matrix to diamictite. In other 

instances the diamictite matrix resembles that of the basal diamictite and weathers proud 

from the shaley matrix surrounding it (Fig.5.11 C, D). Tan and brown carbonate clasts 

with cross-cutting linear scratches were observed along the boundary with the underlying 

basal diamictite. 

The sandstones and conglomerates both form lenticular bodies with sharp boundaries 

that weather proud from the surrounding shaley matrix (Fig.5.11 B, E, F, H). These 

bodies reach 10 m width and 1 m thickness, with approximately horizontal tops and 

concave-up bases that truncate underlying parting planes. The conglomerates are often 

clast-supported. Clasts include quartzite, rare orange dolostones and black medium 

crystalline (igneous?) rocks. Sandstones are normally graded or massive. Some lenses 

are centimetres thick and host unidirectional ripples that record scattered but broadly 

eastward flow direction (Fig. 5.11 E). On one exposed bedding surface linear ripple 

crests cross-cut at ~90° to form interference ripples.  

Lonestones occur within otherwise clast-free shales and comprise pebbles to cobbles of 

sorted sandstone, quartzite, white, yellow or orange laminated carbonate and clasts of 

the same lithology as the basal diamictite matrix. One uncommon and enigmatic red 

carbonate cobble has pale cm-scale patches (Fig.5.11 I). Some lonestones puncture 

and deform underlying sandstone lenses or shale partings (Fig.5.11 F, G). In some 

cases, shales gradually transition laterally, over tens of centimetres, into diamictites. 

The uppermost 2 metres of the Luoquan Formation are poorly exposed and not 

continuous with the main measured section, introducing some stratigraphic uncertainty. 

These comprise shales with thin fine sandstone interbeds. They are overlain by less than 

a metre of buff weathering shale with limestone interbeds, before a sharp lithological 

change to a thinly bedded (5 - 30 cm), blue-grey limestone. This limestone comprises 

parallel to crinkly laminated micrites that are disrupted by soft sediment deformation, rip 

up clasts and hummocky cross stratification. They are tentatively assigned to the Xinji 
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Formation. Deformation is variable and in places highly deformed strata are sharply 

overlain by entirely undeformed strata (Fig.5.11 L).
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Figure 5.10: Basal Luoquan Formation diamictite, Yangpo (A) Luoyukou Formation at 

Sunjiazhuang, similar lithology to clasts at Yangpo (coin for scale); (B) Sandstone, chert 

and carbonate clasts; (C, D) Carbonate and chert clast; (E) Boulder containing angular 

chert; (F, G) Area containing angular carbonate chips, possibly a metre-scale boulder. 

Poles are 1 metre. (H) Sample YP-0 from basal diamictite, upper half of image is oolitic 

clast. Diamicite matrix visible at base of image, note rounded quartz grain lower right. 

Crossed polar photomicrograph.
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Figure 5.11: Strata in the fissile unit, above the basal diamictite, at Yangpo. (A) Overlying 

recessive shaley strata reveal upper surface of basal diamictite; (B) Luoquan Formation 

overlying basal diamictite, note person circled top left for scale; (C, D) Relationship 

between sandy-matrix diamictite, muddy matrix diamictite and lonestones; (E) 

Unidirectional rippled sandstone with rose diagram of all observed flow directions; (F) 

Lonestone penetrating rippled sandstone; (G) Lonestone penetrating shales; (H) Pebble 

conglomerate; (I) Enigmatic red carbonate cobble lonestone with pale patches; (J) 

Lonestone of poorly sorted sandstone; (K) Tan carbonate with scratches; (L) Carbonate 

above Luouqan Formation, boundary marked by coin separates severe soft sediment 

deformation (below) from minor disruption of laminae (above). 
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Figure 5.12: Measured section of Luoquan Formation at Yangpo with chemical index of 

alteration data and detrital zircon sample positions and names shown. Top of section 

passes into non-exposure but is estimated only metres below overlying carbonate. 

Adapted from log originally drafted by Daniel Le Heron and published as Fig. 2 of Le 

Heron et al. (2018). Thicknesses, lithologies and facies are marginally different to that 

log. See Fig. 5.5 D for legend. 

  

F MC GPCB

VCC S

ridged and groove surface

Luoyukou Fm
Luoquan Fm

112.59081°
34.05290° 

m
et

re
s

10

0

20

30
SD

LS
LS

LS
M

SD
M

C
D

60
%

65
%

70
%

Chemical Index
of Alteration

YP9-11

detrital 
zircon

YP9-10
YP9-9
YP9-8

YP9-7
YP9-6
YP9-5
YP9-4

YP9-3
YP9-2
YP9-1
YP11-5
YP11-4

YP11-3
YP11-2

YP11-1
YP7-1
YP6-1
YP5-1
YP4-1
YP2-2
YP2-1

YP7-2 (no CIA)

YP7-3

YP7-4

YP7-5



146 | P a g e  
 

5.2.3.4 Yangpo: Interpretation 

The following paragraph is minimally modified from Le Heron et al. (2018): The Yangpo 

section is interpreted to record deposition of a basal ice-contact diamictite during initial 

transgression to establish a stable, ice-contact lake in which sediments were delivered 

via iceberg rafting, mass flows and rhythmic, varve-like processes. The presence of 

highly convoluted diamictite beds, within otherwise delicately bedded shales, testifies to 

slope collapse, perhaps triggered by high sedimentation rates at the lake margin. The 

pronounced, ridge and groove morphology on the top of the basal diamictite (3.5 m on 

Fig. 5.12; Fig. 5.11 A) are interpreted as iceberg keel scour marks (Dowdeswell et al. 

1993; Woodworth-Lynas and Dowdeswell 1994), or alternatively pressure ridges 

beneath shore fast ice. In either case, their presence is compatible with a transgressive 

regime whereupon floating ice, in a glaciolacustrine environment, could become 

established. The apparently random orientation of ripples, notwithstanding the relatively 

limited dataset, does not lend any strong support to a regional palaeoslope driving both 

dilute flows (the ripple cross-laminae) and the denser flows (deformed diamictite beds). 

This is tentatively cited as further support for a lacustrine, rather than marine, setting on 

account of the better defined regional slopes which would be expected in a marine 

setting. 



147 | P a g e  
 

5.2.3.5 Shimengou: Description 

Luoquan Formation diamictite was found in contact with two striated Pavements formed 

upon the Beidajian Formation (see 5.4.1.2 and 5.4.1.4). On one as dm-thickness patches 

in an elongate depression and on the other as a 50 cm thick hillside exposure. Clast 

count data (n=105) from the elongate depression indicate angular to predominantly sub-

rounded clasts of carbonate, chert, sandstone (some similar to the pavement lithology), 

shale and quartzite; no clasts were striated (Fig. 5.13 A). 

A measured section of the Luoquan Formation (Fig. 5.13 F) comprises a lower diamictite 

of ≤ 13.5 m thickness, overlain by a 20 cm thick granule to pebble conglomerate bed 

then shale with occasional lonestones that passes up into non-exposure. Clasts are 

similar to those of the diamictite in the elongate depression. Carbonate clasts included 

yellow, orange, tan and occasional white that resembles the Luoyukou Formation found 

at Yangpo. One striated sandstone boulder was observed within the diamictite (Fig. 5.13 

D, E). The diamictite has a stratified appearance, mostly owing to multiple mm-thickness 

veins in a horizontal to sub-horizontal orientation, which are cross-cut by vertical veins 

and fractures (Fig. 5.13 B). However, primary sedimentary laminae were also 

occasionally distinguished. Within the shale, no curvature or other deformation of its 

laminae was observed in contact with lonestones (Fig. 5.13 C).
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Figure 5.13: Sedimentary rocks of the Luoquan Formation, Shimengou. A: dm-thickness 

patch of Luoquan Formation within elongate depression of Pavement 5. Markers indicate 

1 m2, within which clast count was performed. Clast count data lower right. Y-axis: 

number of clasts (n=105, ≥ 1 cm), X-axis: A, SA, SR, R – Angular, Sub-Angular, Sub-

Rounded, Rounded. B: Stratified diamictite, position indicated on F. C: Lonestone-

bearing shale, position indicated on F D, E: Striated boulder in diamictite. F: Measured 

section. Top of section passes into non-exposure.  See Fig. 5.5 D for legend.
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5.2.3.6 Shimengou: Interpretation 

The relatively limited exposure of strata above this level hampers interpretation. 

Nevertheless, there is notable similarity between these strata, both lithologically and in 

passing from diamictite up into lonestone-bearing shale, and the transgressive  

glaciolacustrine deposits interpreted at Yangpo. A similar interpretation would therefore 

be reasonable, although uncertain. The most obvious difference between these localities 

is perhaps that the basil diamictite at yongpo is distinctly carbonate rich whereas that at 

Shangxuma is of siliciclastc-matrix. This is easily explained by Yangpo being directly 

underlain by carbonates whereas Shangxuma is directly underlain by sandstones. 

The diamictite resting directly on the pavement might have been deposited directly by 

glacial ice i.e. a tillite. However, the absence of striated clasts within our clast count does 

not favour this interpretation. Emplacement by debris flow or ice rain out are equally 

possible and there is no reason to presume that the Luqouan Formation strata and 

underlying pavement striation record coeval processes.
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5.2.3.7 Gandanchang: Description 

The basal ~ 6 m of the Luoquan Formation comprises a grey clast-rich diamictite 

containing clasts of quartzite, chert, white or tan carbonate, massive sandstone and 

laminated fine sand- to siltstone (Fig. 5.14 A, B). No striated clasts were observed. Clasts 

are predominantly subrounded and enclosed by muddy matrix that effervesces strongly 

with acid. Proud-weathering veins, of mm-thickness and dm- to m-length, cut through the 

diamictite in multiple orientations (Fig. 5.14 B). Above the clast-rich diamictite, a ~ 12 m 

thick lonestone-bearing shale comprises red fissile matrix with occasional clasts that 

reach cobble-grade (Fig. 5.14 C). Proud-weathering sandstone beds of the Xinji 

Formation rest sharply upon this diamictite (Fig. 5.14 D). No unequivocal indicators of 

bedding orientation were observed in the Luoquan Formation. However, bedding of the 

Ma’anshan Formation, fissile planes of the clast-poor Luoquan Formation and beds of 

the Xinji Formation are all approximately parallel, suggesting that the Luoquan Formation 

was deposited in a similar orienatation to these under- and overlying units. 

 

5.2.3.8 Gandanchang: Interpretation 

Strata at Gandanchang are overall similar in character to those found above the 

pavements at Shangxuma and a similar transgressive  glaciolacustrine interpretation is 

therefore suggested. In contrast to Shimengou, diamictite directly in contact with the 

pavement was not observed, although diamictite appeared to exist at the same 

stratigraphic level. The lack of striated clasts within this basal diamictite, and throughout 

the formation, suggest that all of these Luoquan Formation strata may have been 

deposited after rather than during striation of the bedrock pavements. Processes 

applicable to the interpretation of these strata should not therefore be presumed to have 

affected interpretation of the underlying pavement.
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Figure 5.14: Sedimentary rocks of Gandanchang. A: Lower Luoquan Formation, grey clast-rich diamictite at 34.267083° 

112.875167°. B: Grey clast-rich diamictite with sub-horizontal veins, 5 m above A, with well developed mm-thickness veins. C: 

Upper Luoquan Formation, friable, rubbly, clast poor, lonestone-bearing shale. D: View of Luoquan Formation and Xinji 

Formation. The hillside appearance of these formations is strikingly similar to the same formations at  Liuzhanggou and 

Shangxuma. Image taken from 34.265167° 112.876967°, looking north 
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5.2.3.9 Shangxuma: Description 

Most of the Luoquan Formation is massive diamictite, including mm- to cm-thickness 

patch on the striated pavement and 70 cm thick exposure immediately beside the 

pavement. The remainder of the section is exposed on a hillside around 30 metres from 

the pavement. The Luoquan Formation is 19.5 m thick (Fig. 5.15). 

The diamictite contains pebbles to boulders of shale, laminated siltstone, sandstone, 

quartzite, orange stromatolite, cream stromatolite resembling the Luoyukou Formation 

and red matrix with white carbonate clasts resembling the basal Yangpo diamictite (Fig. 

5.16). No striated clasts were observed. Clast count data indicate angular to 

predominantly sub-rounded and rounded clasts (n=33) (Fig. 5.16). At 4 m of Fig. 5.15 is 

a several metre wide boulder of clast-supported conglomerate containing pebbles of 

brown arkose, grey meta-siltstone, orange carbonate, green meta- siltstone, grey 

limestone and green shale (Fig. 5.16). The diamictite matrix is grey-green to red and has 

a well developed flaky-fissility (Ingram 1953) (Fig. 5.16 A, B). Horizontal to steeply 

dipping veins of several mm-thickness are pervasive and could be confused for bedding. 

Nevertheless, clasts are occasionally organised into  horizons, for example stromatolite 

boulders at the base of Fig. 5.15, producing a sense of  crude stratification.  

Approximately mid-section the formation gradually passes upward into a metre thick 

interval of shale with rare lonestones (9.5 m of Fig. 5.15), overlain by  ~ 60 cm of 

diamictite then a sharp-based, dm-thickness, normal-graded, laterally discontinuous 

pebble-conglomerate bed (11.5 m of Fig. 5.15). The remainder of the section is 

diamictite, overlain by proud-weather cross-bedded sandstones of the Xinji Formation 

(Fig. 5.16 F-H). Cross-beds at the base of the Xinji Formation record palaeoflow towards 

the NE. 
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Figure 5.15: Shangxuma measured section, adapted from Le heron et al. (2018). G: 

Granule to pebble conglomerate; LS: Lonestone-bearing shale. Position of Fig. 5.16   C, 

D and H indicated. See Fig. 5.5 D for legend.
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Figure 5.16: Sedimentary rocks of the Luoquan Formation at Shangxuma. A: Detail of 

red diamictite matrix with laminated siltstone and carbonate pebbles. B: Cross-cutting 

veins in grey diamictite fabric. C – E: clast within diamictite. C: Stromatolite resembling  

Luoyukou Formation, base of Fig.. Clast count from this stratigraphic horizon. Y-axis: 

number of clasts (n=33, ≥ 1 cm), X-axis: A, SA, SR, R – Angular, Sub-Angular, Sub-

Rounded, Rounded  D: Several metre wide boulder of pebble conglomerate, 4 m of Fig.. 

E: Lithology resembling basal diamictite at Yangpo. F: Sharp contact between Luoquan 

and Xinji Formations. G: Detail of F. H: Detail of G.   
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5.2.3.10 Shangxuma: Interpretation 

Diamictites are interpreted as subaqueous deposits, rather than tillites, on account of 

their association with clear subaqueous facies that are similar to those of Luoquan 

Village and similarly interpreted. The boulders at the base of the section might represent 

a subglacial boulder pavement. However, other explanations for aligned diamictite clasts 

that do not involve subglacial processes, are known and the failure to observe any 

striated clasts might suggest these are parsimonious (Eyles 1988).  An unknown period 

of time may have passed between striation of the pavement and subsequent deposition 

of the lower chance formation, potentially in a different depositional environment. 
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5.2.3.11 Xiaolongmiao: Description and interpretation 

Poorly preserved Luoquan Formation diamictite was found within tens of metres, but not 

in contact, with the pavement at Xiaolongmiao (Fig. 5.17). Little interpretation is possible 

from such a limited exposure, although it is worth noting that diamictite occuring at a 

similar stratigraphic level to the pavement mirrors our observations from the other 

pavement sites. Some caution is also required as it remains plausible, although less 

likely, that this apparent exposure of the Luoquan Formation is instead a modern soil. 

 

 

Figure 5.17: Poorly preserved Luoquan Formation diamictite at Xiaolongmiao. This 

image shows near to the full extent of exposure. 
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5.2.4 Age of the Luoquan Formation 

5.2.4.1 Palaeontologic age constraint 

At the microscopic scale, acritarchs are known from the Dongjia, Luoquan and Dongpo 

Formations (Guan et al. 1986; Yin and Guan 1999). These are organic microfossils of 

unknown affinity, with a central cavity surrounded by a single to multiple layered wall 

(Evitt 1963). They may represent fungi, cyanobacteria, algae, heterotrophic protists or 

life of hitherto unknown affinity (Loron and Moczydłowska 2017) from marine, freshwater 

or subaerial settings (Strother et al. 2011). The use of acritarchs as biostratigraphic 

markers is often problematic due to variations in preservation and taxonomic 

inconsistencies (Xiao et al. 2016). 

Beneath the Luoquan Formation, acritarchs within the Dongjia Formation are dominated 

by sphaeromorphs, with relatively few acanthomorphs, and suggest a Tonian age (Yin 

and Guan 1999) (Fig. 5.18). Trachyhystrichosphaera has been tentatively identified 

within the Dongjia Formation (Yin and Guan 1999). The use of Trachyhystrichosphaera 

aimika as a late Mesoproterozoic to Tonian index fossil (∼1150 Ma to ∼720 Ma) is under 

evaluation and suggests that further palaeontological work in the Dongjia Formation may 

be warranted (Pang et al. 2020b). 

Yin and Guan (1999) examined the boundary between the Luoquan and overlying 

Dongpo formations. They reported, but did not describe, abundant small acanthomorphic 

acritarchs that were “the same as Micrhystridium” (p.128; see parts 6 and 7 of their Fig. 

4). These occurred in both formations but were more abundant and better preserved in 

the Dongpo. The Ediacaran Period is associated with the proliferation of large 

acanthomorphic acritarchs (Agic 2016). Whether these Micrhystridium-like acritrachs 

fulfil this criteria, however, is questionable. First, no description was provided and second 

the definition of Micrhystridium is problematically broad, leading to subdivision by later 

authors (Yao et al. 2005). Guan et al. (1986) reported, but did not describe, the acritarch 

genera Trachysphaeridium, Taeniatum, Lophosphaeridium and Tasmanites from the 

Luoquan Formation. Although at the time considered age diagnostic, subsequent 

advances have shown this to be unsound. For example, Lophosphaeridium and 

Tasmanites co-exist within Cambrian strata of Norway (Högström et al. 2013) and 

Trachysphaeridium and Tasmanites co-exist within Tonian strata on the NCC (Xu et al. 

2020). Nevertheless, the high diversity of forms in the Dongpo Formation is more 

consistent with Tonian or Ediacaran, rather than Cryogenian (ca. 720 – 635 Ma), strata 

(Moczydlowska 2008). 
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At the macroscopic scale, Horodyskia, Palaeopascichnus and Shaanxilithes are reported 

from the Dongpo Formation in the field guide of Li et al. (2018a) and  Shaanxilithes is 

reported by Wang et al. (2021a; see also Wang 2019) (Fig. 5.18). These are also known 

from the Tuerkeng Formation, reinforcing its correlation with the Dongpo Formation 

(Shen et al. 2007). Importantly, the boundary between the glacigenic Zhengmuguan and 

Tuerkeng Formations is gradational over several metres, suggesting a conformable 

relationship and comparable age between the two formations (Shen et al. 2007).   

 

Horodyskia is known from Mesoproterozoic (2000 – 1000 Ma) and Ediacaran strata  and 

thus provides poor age constraint (Fedonkin and Yochelson 2002; Luo and Miao 2020). 

Palaeopascichnus is known from middle to upper Ediacaran strata on multiple 

palaeocontinents (Haines 2000; Grazhdankin 2004; e.g. Narbonne 2005). The examples 

of Palaeopascichnus from the Tuerkeng Formation were reassigned to Nenoxites by Luo 

and Miao (2020), which is under evaluation as an age marker for the terminal Ediacaran. 

The oldest reported Nenoxites is > 558 Ma, but with no restriction on maximum age 

(Grazhdankin 2014), and the youngest known is around the Ediacaran – Cambrian 

boundary (Wang et al. 2012; Chen and Feng 2019). Alternatively, Wang et al. (2021b) 

suggest that Palaeopascichnus may be a form of Shaanxilithes. Shaanxilithes appear 

around 546 Ma on the South China Block (Yang et al. 2017) and is assigned to the late 

Ediacaran in Siberia (e.g. Zhu et al. 2017). In India and on the Olongbuluke 

microcontinent, it occurs within latest Ediacaran to possibly earliest Cambrian strata 

(Shen et al. 2007, 2010; Tarhan et al. 2014; Wang et al. 2015). Fossils in Namibia, 

previously identified as Shaanxilithes, are well constrained to the late Ediacaran (Darroch 

et al. 2016) but may represent a new taxon, not Shaanxilithes (Darroch et al. 2021). 

Above the Dongpo Formation, the Xinji Formation contains a diverse fossil assemblage 

compatible with Series 2 (~521 – 509 Ma) of the Cambrian Period (Yun et al. 2016). 

 

In summary, the types of acritarch in the Dongjia Formation suggest a Tonian age 

whereas the high diversity of acritarchs in the Luoquan Formation does not favour a 

Cryogenian age.  Macrofossils within the Dongpo and correlative Tuerkeng Formation 

strongly suggest a late Ediacaran age. 
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Figure  5.18 : Age relevant palaeontology of the Dongjia, Luoquan and Dongpo 

Formations. Palaeontologic observations that do not aid age constraint are not included. 

Wavy and dashed lines are unconformable and conformable boundaries respectively. 

See text for explanation and sources of data.
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5.2.4.2 Radiometric age constraint 

 

A number of radiometric ages are reported from below, within and above the Luoquan 

Formation (Table 5.2). However, as no details of the analytical method or primary source  

for these ages could be found, they are of questionable usefulness. In summary: (1)  from 

beneath the Luoquan Formation, a glauconite K-Ar age of 650 Ma (±33) has been 

reported from the Dongjia Formation; (2) from within the Luoquan Formation, a shale Rb-

Sr age of 722 Ma is known; (3) from above the Luoquan Formation, glauconite K-Ar ages 

of 528 (±23) Ma and 503 Ma have been reported from the Dongpo Formation.  

 

Formation Age (Ma) Uncertainty (Ma) Type Reference 

Dongpo 503 none reported K-Ar Glauconite 
(Guan et al. 

1986) 

Dongpo 528 ±23 K-Ar Glauconite 
(Xing et al. 

1989) 

Luoquan 722 none reported Rb-Sr shale (Li et al. 1985) 

Dongjia 650 ±33 K-Ar Glauconite 
(Xing et al. 

1989) 

 

Table 5.2: Radiometric depositional ages of the Luoquan and bracketing formations. Data from 

Xing et al. (1989) and Li et al. (1985) are as cited in Figure 2 of Zhang et al. (2000). It is not known 

what the stated uncertainty relates to (i.e. 1σ, 2σ etc.) and the original source data of these ages 

could not be found and scrutinised. 

The ~650 Ma Dongjia Formation age and overlying ~722 Ma Luoquan Formation age 

are inconsistent with their stratigraphic relationships. Neither are they consistent with the 

Tonian and Ediacaran ages suggested by palaeontological data. The ~503 Ma and ~528 

Ma ages of the Dongpo Formation are approximately consistent with each other and the 

proposed Ediacaran – Cambrian boundary age suggested by palaeontological data. The 

reliability of the K-Ar technique in rocks that have suffered low grade metamorphism is 

questionable and the anomalously old Rb-Sr age, which is a whole rock technique, may 

easily be explained by inheritance of older material (e.g. Compston et al. 1992; Bowring 

et al. 1993).   

Detrital zircon data are abundant across the NCC and provide far more reliable ages. 

However, Neoproterozoic strata across the NCC generally lack detrital zircon ages 

younger than 780 Ma (Zuo et al. 2019, their Fig. 8, n=7762) and very few detrital zircons 

younger than 1000 Ma are known within the Xiong’er Basin (Zuo et al. 2019; Zhang and 
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Zheng 2021; n=1628). In summary, both depositional and detrital zircon ages provide 

only minimal age constraint for the Luoquan and bracketing formations. 

5.2.4.3 Chemostratigraphic age constraint 

Yang et al. (2013) noted a carbon isotope excursion in carbonate cement of the 

Zhengmuguan Formation, which becomes increasingly negative towards the top of the 

formation. They linked this to the global Shuram Anomaly (Grotzinger et al. 2011). Zhang 

et al. (2008) reported negative δ13C from dolomites to dolomitic silt- and sandstones of 

the Dongpo Formation. However, based upon the lithologic characteristics of their 

samples, I would perhaps assign them to the Luoquan rather than Dongpo Formation. 

There are no documented dolostone beds within the Luouqan or Dongpo Formations 

and it is likely that at least some of the δ13C measurements of Zhang et al. (2008) were 

taken from clasts rather than beds. Irrespective of this, it is questionable whether 

dolomite cements within siliciclastic dominated strata are able to faithfully record 

seawater isotopic composition. Any attempt to link these data to global seawater isotope 

anomalies should be treated with great caution. 

5.2.4.4 Summary of age data 

Paleontological data provide the most coherent indication of age. These suggest that the 

Dongjia Formation is Tonian, the Dongpo Formation was deposited around the 

Ediacaran – Cambrian boundary and the Xinji Formation belongs to Series 2  of the 

Cambrian. Based upon high acritarch diversity, untypical of Cryogenian strata, and a 

conformable relationship between the Luoquan and Dongpo Formations, discussed in 

this chapter, the Luoquan Formation is most likely late Ediacaran in age. 
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5.3 Methods 

 

In addition to traditional field based measurements and observations, multiple 

overlapping images were taken for Uncrewed Aerial Vehicle (UAV) photogrammetry 

using a DJI Mavic Pro UAV and for terrestrial photogrammetry using an Olympus TG-4 

digital camera. UAV images relied upon UAV GPS whereas terrestrial photogrammetry. 

Photogrammetric point clouds and resulting textured mesh models, digital elevation 

models and orthomosaic images were built using Agisoft Metashape (2020b). Geometric 

measurements were extracted from point-clouds using Cloudcompare (2020), including 

use of the qCompass (Thiele et al. 2017) and qFacets (Dewez et al. 2016) plugins. Point 

cloud-based surface orientation measurements have only been reported where 

surface(s) within the same model have been ground-truthed using a compass clinometer. 

Orientations are reported in the format (dip direction°/dip angle°). 

 

5.4 Description and Interpretation of pavements 

 

The Luouqan Formation rests upon striated Mesoproterozoic sandstone surfaces at four 

localities examined during this study. From south to north these are Shimengou, 

Xiaolongmiao, Gandanchang and Shangxuma (Fig. 5.1). This section provides detailed 

descriptions of these pavements. In each case this is followed by interpretation of those 

descriptions in terms of processes that occurred either at the Earth’s surface, (i.e. 

subglacial, subaerial or subaqueous settings) or in the subsurface during the burial 

stage(s) of the pavements’ geological histories.
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5.4.1 Shimengou: Description 

At Shimengou the walls of a steep-sided southward-descending valley expose gently 

ENE-dipping sandstones of the Mesoproterozoic Beidajian Formation. These are sharply 

overlain by less resistant diamictites of the Luoquan Formation that have been 

preferentially eroded to expose the striated upper surface of the sandstones. 

 

Figure 5.19: Shimengou, Pavements 1 to 5. Contours in metres derived from Shuttle 

Radar Topography Mission 1 Arc-Second Global (2017). Image from ESRI Arcmap. 

Bedding orientation measured from sandstone beds overlying diamictite in Luoquan 

Formation. Numbered shaded areas indicate striated pavements. Dashed line is very 

approximate position of formation boundary. 
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Five separate striated pavements were observed along 780 m of the eastern valley wall, 

each approximately parallel to underlying Beidajian Formation bedding (Pavements 1 – 

5; Figs. 5.19, 5.20). At the metre-scale, sharp-edged linear fractures and steps are 

pervasive whereas smooth erosional morphologies are sporadically developed. At the 

mm-scale, linear to gently curvilinear striae of mm-depth, mm- to occasionally cm-width 

and dm to m-length are abundant. At the sub-mm scale, the pavement surface is either 

smooth (and occasionally reflective) or rough. Gradation between smooth and rough 

surface was not observed and in places a mm-thick, smooth, striated layer is chipping 

away to reveal a rough unstriated surface beneath. Striae only occur upon the smooth 

surface areas but not all smooth surface areas are striated. 

 

Figure 5.20 Oblique UAV images of Pavements 2 – 4.  Shows parallelism with Beidajian 

Formation bedding. A: View east, Pavement 4. B: View south down valley, Pavement 2 

in foreground, 3 and 4 in background. Black circles indicate person standing on striated 

surface. To aid orientation, black lines and arrow indicate same telegraph wires in A and 

B. 

 

  



168 | P a g e  
 

5.4.1.1 Shimengou Pavement 1 

Pavement 1 dips approximately 109°/11°. N-S oriented striae were observed upon two 

m-scale subsections (Fig. 5.21). It features cm-scale steps with either rounded-off and 

striated or sharp and unstriated edges (Fig. 5.21 D).  

 

Figure 5.21: Shimengou, Pavement 1. A: position of pavement on eastern flank of valley, 

which comprises two metre-scale subsections. B and C: M-scale subsections that make 

up Pavement 1. D: Smoothed and striated cm-scale step. E. Rose diagram of striae 

orientations (n=7).  
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5.4.1.1 Shimengou Pavement 2 

Pavement 2 preserves a particularly impressive range of features, which warranted more 

detailed examination of this surface. It is sub-rectangular, ~ 70 m ENE – WNW by ~ 35 

m NNE – SSW, dips approximately  120°/05° and is truncated by cliffs on all sides except 

where it joins the valley wall to the east (Figs. 5.19, 5.24 A).  

Figure 5.22: Rose diagrams recording fractures and striae orientations of Pavement 2. 
A: Orientation and number of striae, measured in the field (n=244). B: Orientation and 
length of fractures, measured from orthomosaic (see Fig. 5.24 C). C: Expanded view of 
A, showing small numbers of observations oriented NNE-SSW. Inclined numbers 
indicate number of observations and metres of fracture length in A and B respectively. 
Bin size 10°. 
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Striae of mm-depth were recorded using two approaches. First, 244 striae were 

measured randomly in the field, combining measurements made by all members of our 

group (Fig. 5.22 A). Second, striae were annotated on drone derived orthomosaics (Fig. 

5.24 B). Both revealed a strong N-S tendency, cross-cut by a small, locally developed 

population of younger NNE-SSW striae (Fig. 5.23 A). Most striae are mm-depth, mm to 

cm-width and dm to m-length. However, locally, NNE-SSW elongate striae occur that are 

more irregular, wider, shorter and accompanied by mm-depth pockmarks (Fig. 5.23 B). 

 

Figure 5.23: Striae of mm-depth on Pavement 2. A: Cross-cutting, long thin striae. 

Centre of image 112.7145953° 33.9387603° on Fig. 5.24. Top right is a shrunken version 

of the same image, with striae annotated. B: Irregular elongate depressions with 

pockmarks. Position slightly outside southern limit of Fig. 5.24 at 112.71460° 33.93853°. 

 

At the metre-scale in plan view, abundant steep fractures form two distinct sets across 

Pavement 2 (Fig. 5.22 B; 5.24 C). Those of a NNE-SSW set are more linear, consistently 

oriented, up to 10 m long and sometimes define sharp-edged, planar faced, ESE-

descending, cm to dm-height steps. Those of a WNW-ESE set are less linear, less 

consistently oriented, only reach several metres length and do not form steps. Two 

exceptional WNW-ESE fractures are distinctly linear, ~ 30 m long and strike 118°/298°. 

The southernmost of these forms a sharp-edged, NNE-descending step that gradually 

reduces in height from ~ 1 m at its centre to nothing to the WNW (33.9387° 121.7143° 

of Fig. 5.24). The area between the two linear fractures defines a poorly exposed section 

of Pavement 2 (Fig. 5.24 C). No unequivocal markers were found, such as bedding 

offsets or slickensides, that might indicate shear movement across the fractures.  
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Figure 5.24: UAV orthomosaic of Surface 2.  Sun is low in sky and accentuates the ENE down-stepping across NNE – SSW fractures and associated 

S-forms (see C and D). A: Orthomosaic. B: Striation orientation. Not every striae visible was annotated. C: Fractures. D: Edges of interpreted S-forms. 

Coordinates are from UAV GPS and may be offset by several metres from true values.  

  



172 | P a g e  
 

 



173 | P a g e  
 

 

 

 

 

 

 

 

Figure 5.25: Area of smooth erosional bedforms at WNW end of Pavement 2. A: UAV Orthomosaic B: Annotated version of A. Left and lower borders 

show arbitrary grid in metres, oriented parallel to borders and referred to in text in [XY] format. Right and upper borders show coordinate grid used in 

Fig. 5.24. See Fig. 5.26 for close up detail. Scale is determined from UAV GPS. Measurements of pavement taken on the ground using tape measure 

were indistinguishable from those derived from the UAV model.    
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Also at the metre-scale in plan view, smooth, curved erosional morphologies occur 

sporadically. These generally only reach cm-depth but are deeper and better developed 

in an area near the WNW end of Pavement 2. Using the “s-form” terminology of Kor et 

al. (1991; also described by Shaw et al. 2020) this area hosts muschelbrüche, an 

incipient sichelwann, cavettos and a furrow (Fig. 5.25). Using the terminology of Harris 

(1943), crescentic gouges occur in a row upon the eastern flank of the area (Grid position 

[12.0, 2.0] of Fig. 5.25; 5.26 F). 

Muschelbrüche of the WNW area are convex northward in plan view and tend to 

coalesce into conjugate forms. In profile, rims are sharp at their northern end, gradually 

fade out southward and define concave depressions. Striae continue uninterrupted 

across these rims. The best exposed example has a long axis of ~ 010°/190°, reaches 

~2m width (E-W) and ~4 m length (N-S) (Grid position [8.5, 3.5] of Fig. 5.25, 5.26 D). A 

similar convex-northward plan-view morphology occurs immediately south of this. 

However, instead of a depression, this forms subtle smooth-edged positive relief and is 

identified as the incipient median ridge of a sichelwann (Grid position [5.5, 3.0] of Fig. 

5.25). ESE-descending, dm-scale steps occur within the WNW area and are similar in 

orientation and scale to the ESE-descending stepped fractures found across other parts 

of Pavement 2 (e.g. Grid position 15.0 m, 3.0 m of Fig. 5.25). These steps, however, 

have rounded edges, curved plan-view forms and some have been slightly undercut to 

form subtle cavettos (Fig. 5.26 C). Striae persist on the vertical walls of these cavettos, 

where they tend to be variable in orientation.  

Individual crescentic gouges comprise a gently southward-dipping principal fracture, 

terminated by a steep cm-depth fracture that in profile is rounded and in plan view is 

crescentic, convex-southward (terminology of Harris 1943). Gouge edges are rounded 

and together they define a 1.15 m long, cm-depth groove that is oriented 006/186° and 

widens southward from ~10 to ~25 cm. This groove/gouge configuration resembles the 

“combined striae” and crescentic gouges of Wintges (1985).  

In the SW corner of the WNW area are fragments of a dm-depth furrow that trends NNE-

SSW and is internally ornamented with ESE-descending steps and a dm-width, cm-depth 

gutter (Grid Position [3.0, 6.0] of Fig. 5.25, 5.26 A, B). In contrast to uninterrupted striae 

that cross the sharp muschelbrüche rims, N-S striae surrounding the furrow terminate at 

its sharp westernmost rim and striae within the furrow have a distinctly different 

orientation that is parallel to its NNE-SSW trend. 
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Figure 5.26: Detail of smooth erosional bedforms at WNW end of Pavement 2. A, B: 

Furrow ornamented with stepped profile and gutter. Lower left box shows detailed 

truncation of striae at sharp westernmost furrow edge. C: Rounded off step and subtle 

cavetto (slight overhang, lower left quarter of image). This is the same feature as that 

shown in Figure 5b of Guan et al. (1986) D: Relationship between step of C and 

conjugate, partially preserved, muschelbrüche. E: Best exposed muschelbrüch example. 

F: Crescentic gouges. G: Position of subfigures on Fig. 5.25. 
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Elsewhere on Pavement 2, smooth erosional morphologies are more subtle (Fig. 5.24 

D). Several sinuous to linear spindle flutes of cm-depth, dm-length and approximate N-

S elongate tendency were identified. One striking example comprises a tapering groove 

joined to a smooth, shallow, circular depression at its southern end. The groove trends 

008°/188°, is 75 cm long and widens southward from a sharp point to ~ 5 cm width where 

it joins the circular depression. The depression is sub-circular, ~ 25 cm diameter and up 

to ~ 4 cm deep (Fig. 5.27). The western edge of the groove and the NW edge of the 

depression are marginally sharper than its other edges (Fig. 5.27 C). In common with 

the furrow at the WNW end of Pavement 2, striae surrounding the groove terminate at 

its westernmost edge whereas grooves within it are differently oriented, parallel to the 

groove’s N-S axis (Fig. 5.27 D). The circular depression resembles an incipient pothole 

(pothole Type A of Nemec et al. 1982 and Fig. 12 of Richardson and Carling) and the 

groove and depression together resemble an incipient bulbous furrow (Fig. 32 E of 

Richardson and Carling 2005).  

 

Figure 5.27: Groove and circular depression, Pavement 2. Centre of depression is 

112.714478° 33.938605° on Fig. 5.24. A: UAV image showing feature in context. B:  

Annotated version of A. C: Closer view of depression and groove. D: Closer view of 

groove. Lower right box shows shrunken version of D with striae relationships indicated. 

Position indicated in C. 
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5.4.1.3 Shimengou Pavement 3 

Pavement 3 comprises a northern and southern part that are ~ 20 m apart and each ~ 

10 m x ~ 20 m in size. Very few striae were observed upon the northern part, yet thin 

plastered patches of Luoquan Formation diamictite confirm that it is the Beidajian - 

Luoquan formation contact. Contrastingly, the southern part hosts abundant striae that 

are predominantly N-S oriented, similarly scattered to Pavement 2 and occasionally 

cross-cutting (Fig. 5.28). Steep fractures form two sets, similarly oriented to Pavement 

2. No clearly identifiable smooth erosional features were observed. 

5.4.1.4 Shimengou Pavement 4 

Pavement 4 comprises a northern and southern part ~ 15 m apart and measuring ~ 20 

m x 5 m and ~35 m x 10 m respectively. N-S striae are abundant, accompanied by a 

small NW-SE population (Fig. 5.29 F). Fractures similar to Pavement 2 are especially 

well developed on the southern part of pavement 4, including dm-scale steps. Smooth 

erosional forms are less obvious and two were picked out from UAV images. One N-S 

(005°/185°) fracture defines a west-descending step that is sharp-edged except for a 

smooth, 2 m segment that resembles the rounded off steps of Pavement 2 (c.f. Figs. 
5.26, 5.29). Additionally, a subtle N-S elongate depression on the northern part of 

Pavement 4 is bound by N-S fractures. This could be a poorly preserved smooth 

erosional morphology or a structural feature bound by shear fractures (Fig. 5.29). As 

these two possible erosional features were only noticed in aerial image it is not known 

whether their surfaces are striated. Upon the southern part of Pavement 4 we examined 

the features that Guan et al. (1986) displayed in their Fig. 5 C. They interpreted these 

features, which are shown in our Fig. 5.30, as crescentic gouges that they argued 

recorded northward ice flow. Aerial image reveal that these may to relate to larger 

irregular fractures on the pavement (Fig. 5.30 B). 

5.4.1.5 Shimengou Pavement 5 

Pavement 5 is sub-rectangular in plan view, ~ 45 m E-W by ~ 100 m N-S, dipping 

approximately ~ 120°/15°, and is divided into a northern and southern part (Fig. 5.31). 

On the northern part, striae measured in the field trend mostly NW-SE, although a faint 

population perpendicular to this was also observed (Fig. 5.31 A, B). Steep fractures 

strike approximately either E-W or N-S. The E-W trending fractures are up to ~ 20 m long 

and straight to gently curved in plan view. They form northward or southward descending 

steps of dm-height that are sharp-edged in profile (Fig. 5.31).  

The N-S trending fractures are also typically up to ~ 20 m long. In plan view, their overall 

trend is as straight as the E-W fractures. At the metre to dm-scale, however, they are 

more irregular, taking two forms (Fig. 5.32 E, F). The first planform is angular and saw-
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toothed, defined by a steeply dipping orthogonal joint system with sets trending 

approximately 015/195° and 105/285°. The second planform, in contrast, comprises 

smooth, irregular curves. Nevertheless, when examined in the UAV DEM, a smoothed 

version of the same saw-tooth joint pattern as the first planform is discernible (Fig. 5.32  

E, F: compare the labelled “saw-toothed step” and the “smooth step” that borders the 

“elongate depression”). Individual fractures may transition between saw-toothed and 

smooth along their length  (Fig. 5.32 E, F: “smooth to saw-toothed steps”).  

The E-W trending fractures form northward or southward descending, sharp-edged, dm-

scale steps. The N-S trending fractures define eastward descending, cm to dm-scale 

steps. The saw-toothed, angular parts of the N-S fractures form sharp-edged steps 

whereas the smooth, curved parts form smooth, convex steps that often host striae (Fig. 

5.32 G). One smooth step forms the western margin of a subtle, dm-depth, irregular 

depression that is elongate 164°/344°. This depression’s interior is smooth, striated and 

encloses elongate positive relief of cm-height, dm-width and m-length that is similarly 

oriented to the smooth steps. Decimetre-thickness patches of Luouqan Formation 

diamictite rest upon parts of this surface (Figs. 5.13 A, 5.32). A similarly oriented 

elongate depression occurs towards the southern margin of the northern part of 

Pavement 5 (33.93484° 112.71493° on Fig. 5.31 A). 

The southern part of Pavement 5 is of a markedly different character. It is dominated by 

regular ripple geometries upon the surface of the Beidajian Formation sandstones. 

These ripple-forms were examined in cross-section but no sedimentary structures could 

be distinguished. Occasional mm-scale striae overprint the ripple-forms at an oblique 

angle (Fig. 5.33).
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Figure 5.28: Shimengou Pavement 3 (previous page) A: Southern part of pavement in 

foreground and northern part in top right corner. View NW. B: Orientation and number of 

striae, measured in the field (n=50). C: Southern part of Pavement 3, showing reflective, 

smooth and striated surface that chips away to reveal rough unstriated surface beneath 

(above pen). D: Detail of converging striation orientations in C. Pen for scale: 14 cm long. 

 

Figure 5.29: Shimengou Pavement 4.  Next page. A: UAV orthomosaic with subfigures 

B and D indicated. B, C: Southern part of Pavement 4, showing smooth part of N-S 

fracture. D, E: Northern part of Pavement 4 showing elongate depression. F: Orientation 

and number of striae, measured in the field (n=228). 
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Figure 5.30: Examples of “crescentic gouges” illustrated in Fig. 5 C of Guan et al. (1986), 

southern part of Pavement 4.  A: Same view as Fig. 5 C of Guan et al. (1986). Centre of 

image: 112.714736° 33.936024°. The two convex-northward plan view forms in this 

image were interpreted by Guan et al. (1986) as evidence for northward ice flow. Note 

that the eastward dipping fracture at the lower right of the image could equally represent 

eastward ice flow  B: UAV Orthomosaic showing position of A and its relationship to 

surrounding fractures. C: Oblique image showing context of A. Images A and C courtesy 

of Dr Chen Xiaoshuai.
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Figure 5.31: UAV orthomosaic of Shimengou Pavement 5. A is annotated version of B.  The three types of step shown. Not every step is annotated, 

only key examples. Position of Fig. 5.32 A, C indicated. 
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Figure 5.32: Northern Part of Shangxuma Pavement 5. A: Dominant N-S striae and more 

rare E-W striae. B: Orientation and number of striae, measured in the field (n=35). Note 

no examples of the E-W striae were recorded in these measurements. C: Elongate 

depression, smooth and saw-tooth steps. Annotated in D, notebook is 20.5 cm x 13 cm. 

E: UAV digital elevation model showing different character of three step types and overall 

surface morphology. Annotated in F. G. Detail of a smooth step. View is northward, coin 

for scale is 2.5 cm diameter. 
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Figure 5.33: Southern part of Pavement 5 ripple-forms (A, B) overprinted by striae (B). 

Striae occur either side of coin in B, rotated anti-clockwise relative to ripple-forms. 

Notebook: 20.5 cm x 13 cm; Coin: 2.5 cm diameter. Orientation of images has been 

approximated using shadow angles and precise knowledge of image time, date and 

coordinate: 7th June 2018, 16:55, 33.9344° N 112.7150° E . Sun azimuth calculated as 

322° using https://planetcalc.com/4270/.
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5.4.2 Shimengou: Interpretation 

5.4.2.1 Striae, s-forms and gouges 

Striae similar to those found at Shimengou may be formed in various environments and 

by various processes. Discriminating between these requires consideration of the 

context in which the striae occur combined with the characteristics of the striae 

themselves.  

Muschelbrüche, sichelwannen, flutes, cavettos, furrows and potholes belong to a family 

of subglacial morphologies known synonymously as p-forms (‘plastically sculptured 

detail forms on rock surfaces’: Dahl 1965, p. 83) or s-forms (‘sculpted forms’: Kor et al. 

1991, p. 625). They are also well known from non-glacial settings, often formed by 

turbulent fluvial waters in open bedrock channels or on soft sediment (e.g. Ljungner 

1930; Dahl 1965; Allen 1971; Kor et al. 1991; Richardson and Carling 2005; Shaw et al. 

2020). Morphologies resembling muschelbrüche, sichelwannen and flutes occur on fault 

surfaces, accompanied by striae and crescentic gouges, but are much smaller than those 

of Shimengou (Eyles and Boyce 1998). Additionally, diamictite of variable clast 

provenance, not fault gouge, is plastered onto the Shimengou pavement. The pavement 

is not therefore likely a fault surface. Other striae production mechanisms, such as mass 

flow deposits (e.g. Atkins 2003), are not associated with s-forms. The Shimengou striae 

were therefore most likely created in a subglacial setting. 

The survival of undeformed ripples on a bedding surface of the Beidajian Formation, 

despite it being over-ridden and striated by glacial ice, indicates that the striae formed 

upon a lithified rather than soft sediment substrate (c.f. Vesely and Assine 2014). Such 

striae may form by different processes: (1) clasts protruding from basal ice abrading 

bedrock (Iverson 1991a); (2) clasts within a deforming subglacial till layer abrading 

bedrock (Gjessing 1965; Cuffey and Alley 1996; Eyles and Boyce 1998); (3) clasts within 

high energy subglacial drainage water corrading bedrock. In comparison to (1) and (2), 

process (3) produces striae of more variable azimuth and shorter, wider, tapering 

planform (McCarroll et al. 1989). The dominant striae at Shimengou, with their uniform 

azimuth and long thin form, are consistent with processes 1 and 2. Conversely, the 

locally developed irregular, wider, shorter striae, associated with pockmarks, might 

tentatively suggest high energy subglacial drainage. There is also some similarity 

between these pockmarks and features attributed to cavitation erosion by fast flowing 

water, observed experimentally (Figure 2 of Shal’nev et al. 1966) and upon subglacially 

abraded bedrock (Figure 7.16 of Shaw 1996). Nevertheless, the pockmarks could 

equally be interpreted as tool marks, consistent with processes (1) or (2), and by no 

means do they confirm a role for erosion by turbulent subglacial water. 
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The dominant striae type strongly indicate approximately northward or southward ice 

flow. The southward opening of  the bulbous furrow, by analogy with examples in open 

bedrock channels, suggests erosion by turbulent southward flowing water (Richardson 

and Carling 2005). Likewise, the convex-northward planforms of muschelbrüche and 

sichelwannen unequivocally indicate southward flow of an eroding medium, which may 

have been till (Gjessing 1965; Eyles and Boyce 1998), till mixed with ice (Johnsson 

1956), debris-laden basal ice (Rea et al. 2000), subglacial fluvial erosion (e.g. Dahl 1965; 

Shaw et al. 2020) or fluvial erosion in a non-subglacial setting (e.g. open bedrock 

channel: Richardson and Carling 2005). S-forms of confirmed subglacial origin have 

been linked to catastrophic flooding. They, however, form expansive fields within which 

individual s-forms reach up to 10 metres deep (Kor et al. 1991; Kor and Cowell 1998; 

Shaw et al. 2020). In contrast, the sparsely distributed, small scale s-forms of Shimengou 

represent a comparatively minor erosional feature that do not suggest catastrophic 

flooding (Hancock et al. 1998). The crescentic gouges also suggest southward flowing 

ice. Their rounded edges resemble the smooth abraded form of the surrounding striated 

surface. This suggests that they are an ancient subglacial feature rather than the result 

of a more recent impact. In this context, their gently southward-dipping principal fractures 

indicate intermittent impacts by a clast protruding from southward flowing ice (Harris 

1943; Glasser and Bennett 2004).  

Contrary to the above interpretation, Guan et al. (1986) and Wu and Guan (1988) cite 

the convex-northward planform of crescentic gouges as evidence of northward ice flow. 

However, this is less robust than the evidence for southward flow. First, the features they 

use to illustrate this, shown in their Fig. 5C and our Fig. 5.30, are two of several curved 

fractures, in various orientations, found on the same pavement section. Whether these 

two features may be singled out as subglacially formed crescentic gouges is 

questionable, especially as, unlike the gouges reported herein, they do not form a train 

(Harris 1943).  Second, crescentic gouges may be convex up-ice or convex down-ice in 

plan view (see Fig. 1 of Harris 1943; Andersen and Sollid 1971). This is not therefore a 

reliable indicator of northward ice flow (Glasser and Bennett 2004). These authors also 

cited convex-southward crescentic cracks to support northward ice flow. I could not find 

these cracks but do note that rock debris falling down the modern hillside, onto the 

Shimengou pavements, would provide a simple alternative explanation for such curved 

hairline fractures. 

5.4.2.2 Discontinuities and the original form of the subglacial surface 

Geological discontinuities, such as fractures or bedding planes, play an important role in 

the formation of subglacial geomorphology. Conversely, subglacial geomorphology 

affects ice behaviour, for example bedrock steps promote subglacial cavities, cold spots, 
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hydraulic-jacking and thereby enhance erosion by quarrying (Robin 1976; Rӧthlisberger 

and Iken 1981). To correctly interpret subglacial process it is therefore essential to ask, 

first, whether the discontinuities observed today existed at the time of Ediacaran 

glaciation and, second, what this reveals about subglacial erosion? 

To address these questions it is useful to consider the interaction between striation 

patterns and topography. On Pavement 2, the abrupt change of striae orientation, to 

follow furrow long axes, demonstrates the sensitivity of striae azimuth to local topography 

(Gjessing 1965; Sharp et al. 1989; Rea et al. 2000). This sensitivity is especially apparent 

in the case of the bulbous furrow, as it is only centimetres deep yet exerts a clear control 

on striae azimuths. The overall lack of variability in striae azimuth across the pavements, 

therefore, suggests a flat subglacial topography. This applies equally to the lack of 

azimuth variability within the less common striae that cross-cut the N-S striae (Fig. 5.32).  

On Pavement 2, s-forms incorporate ESE-descending steps that are striated, round-

edged and curved in plan view. These most likely record the exploitation of a geologic 

plane of weakness antecedent of the NNE-SSW fractures. Despite the existence of this 

weakness, similarly oriented ESE-descending steps across Pavement 2 are sharp-

edged and unabraded. These steps are unlikely to be the product of subglacial quarrying 

as at least some edge-rounding would be expected (c.f. detailed profiles of subglacial 

quartzite and sandstone steps in Fig. 7 of Krabbendam and Glasser 2011). Moreover,  

where striae meet and cross these steps, there is a distinct lack of variation in their 

azimuth. As discussed above, this suggests that the topography was flat and not stepped 

at the time of striae formation (Sharp et al. 1989). Combining these indicates that the 

ubiquitous sharp-edged ESE-descending steps are later faults, formed in a non-

subglacial environment; they do not represent glacial steps produced by subglacial 

quarrying. 

In contrast to the NNE-SSW fractures, there is no evidence to support the existence of 

the WNW-ESE fractures when the area was subglacial. First, these fractures lack any 

signs of abrasion; second, the progressive change in height of the long NNE-descending 

step is typical of a tearing mode fault, not glacial quarrying (Mode 3: Fossen 2016); third 

s-forms pass directly over the fractures without any edge-rounding of the fracture or 

deviation in the s-form. 

On Pavement 5, striae are generally rotated ~ 25° anti-clockwise relative to striae of 

Pavement 2. In terms of edge-rounding and planform curvature, the N-S and E-W 

fractures of Pavement 5 are respectively analogous to the NNE-SSW and WNW-ESE 

fractures of Pavement 2, also representing a ~ 25° anti-clockwise rotation. It is therefore 

likely that, since glaciation, Pavement 5 has been tectonically rotated by 25° relative to 
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Pavement 2. The E- or W-descending steps that have striated and rounded edges likely 

result from subglacial abrasion, and perhaps limited quarrying of several centimetres 

depth, which exploited an antecedent of the N-S fractures. In contrast, the E-W fractures, 

with their invariably sharp edges and straight planform, show no evidence of subglacial 

erosion and most likely developed later, in a non-subglacial environment. 

In summary, today an orthogonal fracture set pervades the pavements of Shimengou, 

comprising NNE-SSW and WNW-ESE fractures (or equivalent N-S and E-W fractures 

on Pavement 5). It forms a distinctly stepped topography but much of that topography 

does not relate to Ediacaran glaciation. During the Ediacaran Period, only a small 

minority of the NNE-SSW fractures were exploited by subglacial erosion, some forming 

steps. Conversely, the WNW-ESE fractures were not affected by subglacial erosion at 

all and it is possible they did not even exist at that time. Later, in a non-subglacial 

environment, both fracture orientations were exploited by fault motion to produce steps. 

This could have occurred anytime between the Ediacaran Period and today. The stepped 

morphology observed today is therefore largely a product of later fault motion, not glacial 

quarrying, and the original subglacial surfaces were comparatively flat.  

5.4.2.3 Magnitude of glacial erosion 

This analysis has important implications for the efficacy of past subglacial erosion. At the 

time of Ediacaran subglacial erosion, the combination of steep fractures and well 

developed bedding planes would have been ideal for efficient subglacial quarrying 

(Hooyer et al. 2012; Scott and Wohl 2019). Despite this, the Shimengou pavements are 

remarkably flat and suggest minimal quarrying. In this context the preservation of pre-

glacial ripples on Pavement 5 takes on a particular significance. Such delicate features 

would quickly be obliterated by anything but the lightest subglacial abrasion. Striae upon 

the ripples confirm that they were indeed exposed in the subglacial environment. In 

general, such features might perhaps be explained by quarrying exploiting a bedding 

plane and exposing the ripples, but only at a late stage of glaciation when striation had 

all but ceased. However, as explained in 5.4.2.2, the pavement was subjected to minimal 

quarrying. Therefore, the preservation of these ripples suggests that the magnitude of 

subglacial erosion to the bedrock was very limited. The scarcity of striae on the northern 

part of Pavement 3 could also be linked to minimal subglacial erosion, although poor 

preservation is an equally valid explanation. The absence of striae azimuths intermediate 

between the N-S and cross-cutting striae suggests that the pavement is palimpsest 

surface, recording discrete periods when the ice was capable of striating bedrock. The 

intervening time between these periods was evidently one in which erosion of the 

bedrock did not take place.  
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It is therefore necessary to explain the processes responsible for preservation of 

preglacial features, limited subglacial erosion, minimal quarrying and non-erosion 

between striation events. Two equally valid options are proposed. Option 1: generally 

cold-based conditions punctuated sporadically by warm-based conditions. Option 2: a 

subglacial sediment layer that typically protected the bedrock substrate but occasionally 

allowed transmission of shear stress that allowed striation. 

Option 1: Striation by clasts protruding from basal ice (Process 1 of 5.4.2.1) may occur 

beneath ice of a warm-based or, less often, cold-based thermal regime. Cold-based 

linear abrasion features, however, tend to be far less abundant and uniform than the 

dominant striae observed at Shimengou, which unequivocally record warm-based ice 

(Atkins et al. 2002; Atkins 2003). If cold-based abrasion features are present they would 

generally be obscured by the pervasive warm-based striae. Nevertheless, the striae 

upon preserved ripples of the Beidajian Formation are sparse and resemble the Type 2 

cold-based striae of Atkins et al. (2002). Reinforcing this suggestion, the preservation of 

cm-scale ripples unequivocally indicates minimal subglacial erosion, which is expected 

of cold-based, but not warm-based, ice (e.g. Boulton 1972b). Generally cold-based 

conditions, only sporadically and locally punctuated by warm-based conditions, is 

therefore one possible explanation for preservation of preglacial features, limited 

subglacial erosion, minimal quarrying and non-erosion between striation events. 

Option 2: As noted above (5.4.2.1), clasts within a deforming subglacial till layer may 

abrade bedrock (Gjessing 1965; Cuffey and Alley 1996; Eyles and Boyce 1998). 

Although able to transmit shear stress and therefore abrade the bedrock, quarrying is 

much less likely to occur as the sole of the glacier does not come into contact with the 

bedrock and cannot freeze onto it. Past a certain thickness of sediment, it will no longer 

be possible for sufficient shear stress to be transmitted to the bedrock and abrasion will 

cease. Therefore, the sporadic and limited nature of subglacial erosion can be explained 

by a sediment layer that was generally too thick to allow abrasion but occasionally 

thinned to the point that striation could occur. A similar scenario could a car without 

changing the sediment layer thickness by changing other variables such as shear stress 

or effective pressure, although we have no means of determining between these.
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5.4.3 Gandanchang: Description 

 

At Gandanchang, 4 intact striated pavements (pavements 1-4) and a fifth brecciated 

surface (pavement 5) occur upon sandstones of the Ma’anshan Formation, where it 

meets the overlying Luoquan Formation (Fig. 5.34). A further, potentially subglacial, 

surface was examined at 34.266167° 112.878167° but, as no striae were found, it is not 

considered further. 
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Figure 5.34: Map of Gandanchang study area. Numbered red areas 1-4 are striated 

pavements and 5 is the brecciated surface; Dashed lines: approximate formation 

boundary. Contours in metres derived from Shuttle Radar Topography Mission 1 Arc-

Second Global (2017). Azimuth of striae, recorded in field, shown in rose diagrams. 
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5.4.3.1 Gandanchang Pavement 1 

Pavement 1 is by far the largest of the Gandanchang pavements and was studied in 

most detail. In plan view it is ~ 70 m by ~ 10 m, elongate towards 140°/320° and protrudes 

from the foot of a WSW-facing valley wall (Figs. 5.34, 5.35). At it SSE end it abuts a road 

and may have been quarried for building materials. From SSE to NNW it is divided into 

three parts, 1A to 1C. These are separated by non-exposure and are vertically offset by 

several metres (Fig. 5.35). From SSE to NNW, this offset steps upwards from 1A to 1B 

and downwards from 1B to 1C, appearing to elevate part 1B above parts 1A and 1C in 

the manner of a horst block. Poor exposure prevented confirmation of fault surfaces 

between parts. Each part comprises multiple northward-dipping ledges that are parallel 

to bedding of the Ma’anshan Formation (~010/20 to ~ 025/20). Ledges are vertically 

separated by cm to m-height steep faces that, combined with the shallow dip of the 

ledges, form a stepped morphology. Across Pavement 1, these steps predominantly 

descend towards the WSW and, less often, towards the NNW or SSE (Figs. 5.35 – 5.37). 

Steep, regular and irregular fractures are pervasive across Pavement 1 (Figs. 5.35 – 

5.37). An orthogonal fracture system, comprising ENE-WSW and NNW-SSE trending 

sets, is well developed. Both sets are generally straight in plan view. However, towards 

their SSE end, some NNW-SSE fractures curve eastward (Fig. 5.36). The orthogonal 

system fractures form the steep faces of the steps. There is a systematic relationship 

between the morphology of these steep faces, step height and step orientation. This 

relationship, described below, is key to understanding the processes and environments 

in which the steps formed. 

The NNW-SSE fractures produce three step types: small steps, large steps without 

striae, large steps with striae. Small steps are cm-height (i.e. typically < 10 cm) and 

descend towards the WSW or ENE. Their steep faces may be entirely smooth, striated 

and round-edged in profile and straight or curved in plan view (Fig. 5.39 A - C). Large 

steps without striae are several decimetres to a metre in height and descend towards 

the WSW only. Their steep faces are invariably sharp-edged, planar, unstriated and often 

exhibit sedimentary laminae that superficially resemble striae (Fig. 5.39 C). The large 

steps with striae are identical to these except that the uppermost centimetres of their 

steep faces are smooth and striated in the manner of the small steps, beneath which the 

face is planar and unstriated. Where NNW-SSE fractures do not form steps, but traverse 

the surface of the pavement, they have hairline to cm-width apertures and their upper 

edges may be rounded, smooth and striated (e.g. grid position [8.0, 11.4] of Fig. 116). 

Overall, the smooth, curved forms associated with the NNW-SSE fractures give the 
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impression of a cm to dm-scale streamlined topography with a subtle NNW-SSE 

elongate tendency (Figs. 5.39, 5.40).  

The ENE-WSW fractures define dm-scale steps that descend towards the NNW or SSE. 

These are best developed on part 1B, where NNW-descending steps occur mostly on 

the NNW half of the part and SSE-descending steps on its SSE end (Fig. 5.39). The 

steep faces of the NNW-descending steps are generally sharp-edged and planar (Fig. 

5.39 F). Two examples, however, are quite different. These each comprise a smooth, 

striated,  ~ 40 cm high NNW-descending ramp that is convex in NNW-SSE cross-section 

(grid positions [5, 7] and [10, 8] of Fig. 5.36; Fig. 5.39 B). These ramps have the same 

strike as surrounding planar-faced NNW-descending steps. Similar ramps were not 

observed in association with the SSE-descending steps (Fig. 5.39 A). Where ENE-WSW 

fractures do not form steps, but traverse the surface of the pavement, their upper edges 

are sharp. 

Striae occur upon some but not all ledges. They are oriented NW-SE, with minimal 

variation, and rarely cross-cut (Figs. 5.34, 5.36 B, 5.38, 5.39 E). Most are mm-depth, 

mm-width and dm to m-length (Fig. 5.38 A, C). Striae of a different character, referred 

to here as “grooves”, are less common. These are centimetres to barely tens of 

centimetres in width, centimetres in depth, metres in length and sometimes flanked by 

subtle berms or levees (Fig. 5.38 B, D). Both striae and grooves tend to be straight in 

plan view. Striae have occasionally chipped away upon a mm-thickness layer, 

comparable to weathering typical of glacial polish (Siman-Tov et al. 2017; upper left of 

Fig. 118 A). Generally, however, pavement 1 lacks clear evidence of glacial polish. On 

the SSE of part 1A, striae cut across undeformed sedimentary ripples of the Ma’anshan 

Formation (grid position [23, 14] of Fig. 5.36). On part 1B, striae terminate abruptly at 

the sharp lower edge of a planar, steep faced SSE-descending cm-scale step (Fig. 5.39 

E). There is no deviation in the direction of these striae as they approach or contact this 

step. Millimetre-thickness, cm-length patches of dark material, resembling the matrix of 

Luoquan Formation diamictite observed elsewhere at Gandanchang, occur sporadically 

upon the striated surfaces (lower right of Fig. 5.38 A). 
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Figure 5.35: Gandanchang Pavement 1, UAV orthomosaic. Previous page. Positions of parts 1A to 1C shown. Previous page. 

 

Figure 5.36: Gandanchang  Pavement 1A. UAV Orthomosaic and striae orientations (n=102). Next page. A: Image; B: Annotated image and striae  

azimuth plots.  Black lines indicate examples of fractures, only a small subset of which are annotated for illustrative purposes. Many are evident in A.  

Positions of Figs. 18, 20 indicated in red. Striae were measured along two transects: First, multiple measurements, taken every metre  parallel with the 

long axis of the pavement (n=88).  These are shown as a scatter plot aligned with the  position at which they  were recorded on the pavement. Second, 

one measurement every 50 cm,  normal to the long axis of the pavement (n=14). These  are shown as striae lines in the position  at which they were 

taken on the pavement. 
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Fig. 5.38 B 

Fig. 5.38 A 
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Figure 5.37: Gandanchang Pavement 1B. UAV Orthomosaic. A:  Image; B: Annotated 

image. Black lines indicate examples of fractures, only a small subset of which are 

annotated for illustrative purposes. Many are evident in A. Positions of Figs. 5.39 B, E 

indicated in red. Dashed lines outline of NNW-descending ramps. 

Fig. 5.39 E 
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Figure 5.38: Gandanchang Pavement 1A, detail of striae and grooves. Terrestrial orthomosaics. Coin in A-C is 2.5 cm diameter. A: mm-width and 

depth striae. B: Cm-width groove. Orientation is approximate. Berms or levees border groove but also occur as sub-horizontal ridges near base of 

image C: Detail of cross-cutting striae, position indicated in A. Horizontal striae are over-printed by younger striae oriented upper left to lower right. 

Corresponds to 18 – 19 m of long axis parallel striae measurements in Fig. 5.36 B. D: Detail of levees bordering groove and short striae within groove. 

Note patches of dark material, interpreted as plastered diamictite matrix, in C, D.
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Figure 5.39: Detail of Gandanchang Pavement 1B. To aid orientation, the annotated 

“fracture near top of ramp” and “base of ramp” indicate the same features in subfigures 

A, B and D.  A: Smooth and sharp-edged WSW-descending steps ono SSE half of 1B.  

Notebook 20 cm. B:  Smooth convex ramp, see Fig. 5.37 B for position. C: Detail of 

WSW-descending steep face from B. Fracture near top of ramp shows scars where 

fragments of rock have been removed. Index finger of hand is on the sharp boundary 

between striated curved uppermost centimetres of steep face and remaining planar 

unstriated face below. Sedimentary laminae on planar face should not be confused with 

striae. Below is a smaller, curved WSW-descending step. D: View similar to A but from 

further NNW along 1B, showing sharp-edged, planar NNW-descending steps. Position 

of E shown. E: Striae terminating abruptly against SSE-descending, sharp-edged, planar 

step (bottom of image). 
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Figure 5.40: SSE Part of Gandanchang Pavement 1A. 
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5.4.3.2 Gandanchang Pavement 2 

Around 40 m SE of Pavement 1, Pavement 2 is ~ 5 m in length and poorly preserved. A 

few clear mm-width striae trend ~ 148°/328°. 

5.4.3.3 Gandanchang Pavement 3 

Around 80 m SSE of Pavement 2, Pavement 3 comprises two, isolated, metre-scale 

fragments, 25 m apart. The northern fragment has a dm-height curved and striated 

morphology that is elongate approximately 150°/330°, similar to the steps and cm-scale 

fractures of Pavement 1. Striae trend 173°/353° (n=3). The southern fragment is a planar 

striated surface that dips 007/20, with striae trending 170°/350° (n=3). 

5.4.3.4 Gandanchang Pavement 4 

Around 650 m west of all other Gandanchang pavements, Pavement 4 is a metre-scale 

roadside fragment. Its surface dips 359/22 and striae trend 166°/346° (n=5). 

5.4.3.5 Gandanchang Pavement 5 

Around 190 m SW of Pavements 1 and 2, the boundary between the Ma’anshan and 

Luoquan Formations is disrupted by a dm-thickness breccia (Figs. 5.34, 5.41). This 

comprises angular to sub-angular, pebbles to small boulders of Ma’anshan Formation 

sandstone that resemble the lithology of the other Gandanchang pavements, although 

no striae were observed (Fig. 5.41 A, C). There is a continuum between this chaotic 

breccia and a disrupted, but in situ, surface of the Ma’anshan Formation (Fig. 5.41 B). 

Luoquan Formation diamictite, including characteristic cm-scale rounded quartzite 

pebbles, rests upon the disrupted in situ surface (Fig. 5.41 B, D). The breccia or 

brecciated surface and diamictites form a coherent, lithified unit, and are therefore 

unlikely a recent slope deposit.
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Figure 5.41: Gandanchang Pavement 5 – the brecciated surface. Location indicated in 

Fig. 5.34. A: Chaotic breccia of Ma’anshan Formation sandstone. Notebook for scale, 

longest edge 20.4 cm B: Disrupted but in situ surface of Ma-anshan Formation, with 

small amounts of diamictite resting on top, marked by compass. Compass long side is 8 

cm C: Detail of breccia. Coin for scale, diamtere 25 mm. D: Detail of diamictite on in situ 

but disrupted surface. Compass is same position as subfigure B.  
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5.4.4 Gandanchang: Interpretation 

5.4.4.1 Striae 

Undeformed ripples suggest striation upon a lithified substrate. The ramps and 

intervening flat sections of pavement 1B might suggest that these striae are fault grooves 

on a “ramp-flat-ramp” fault plane (e.g. Peacock and Sanderson 1992). However, the 

failure of ramps to continue into the Ma’anshan Formation does not favour this 

interpretation (Petit 1987). Luoquan Formation diamictite, upon the pavement, might 

represent a debris flow deposit, capable of striating bedrock, but such striae tend to be 

more variable in azimuth than those of Gandanchang (Atkins 2003). My preferred 

explanation, therefore, is that striae were formed in a subglacial environment by 

processes 1 or 2, as described in 5.4.2.1. Nevertheless, although not considered further 

here, I acknowledge that it remains possible that these pavements have nothing to do 

with glaciation, but instead record bedding parallel fault slip. 

Striae azimuths indicate that ice flowed consistently towards the NW or SE. Chen et al. 

(2020) suggested that the furthest SSE of the ramps on part 1B represents the stoss of 

a roche moutonnée and that the SSE-descending steps at the opposite end of part 1B 

are its plucked lee side. However, NNW-descending steps are as common on part 1B 

as SSE-descending steps. This presents a problem for their roche moutonnée 

interpretation as glacial quarrying should only occur in the lee of a roche moutonnée, 

creating steps descending in one of these directions only (Hooyer et al. 2012). Indeed, 

as will be discussed below (5.4.4.2), some or all of these steps may not relate to glacial 

quarrying at all. Striated ramps may form in the stoss or lee of bedforms that are similar 

to roches moutonnées (e.g. whalebacks: Glasser and Bennett 2004). In this case, the 

ramp singled out by Chen et al. (2020) could equally indicate ice flow in the opposite 

direction. Therefore, this roche moutonnée interpretation is an interesting suggestion but 

should be treated with caution. 

5.4.4.2 Discontinuities and the original form of the subglacial surface 

Striation and rounding of the NNW-SSE fractures, and related small steps, both record 

subglacial abrasion, implying that an antecedent of the NNW-SSE fractures existed when 

the area was subglacial. Conversely, the unstriated and planar steep faces of the large 

steps show no evidence of having existed in an abrading subglacial environment. 

Reinforcing this is the lack of variability in striae azimuths as they cross these steps (see 

Fig. 5.36 B: transect normal to pavement). As discussed in 5.4.2, this suggests that the 
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topography was flat at the time of striae formation, not stepped (Sharp et al. 1989). The 

large steps without striae are not therefore consistent with glacial quarrying. Instead, they 

are most easily explained as sub-vertical faults that exploited the NNW-SSE fractures in 

a later, non-subglacial, environment. The large steps with striae in their upper 

centimetres record two phases of formation. First, a small step was abraded and striated 

in a subglacial environment, in the same manner as the other small steps. Later, in a 

non-subglacial environment, the same fracture plane was exploited by fault movement, 

increasing the height of the step. In short, the large steps with striae record small step 

formation by subglacial erosion followed by large step formation by fault slip. 

At least some, perhaps all, of the NNW- and SSE-descending steps are interpreted as 

sub-vertical faults. The configuration of steps descending NNW and SSE away from the 

centre of part 1B is analogous to the configuration of pavement parts, 1C and 1A, 

descending NNW and SSE away from part 1B at their centre. This is consistent with both 

configurations having formed by faulting in response to the same stress field. Put simply, 

all blocks are downthrown relative to the centre of Pavement 1B. Additionally, the co-

existence of NNW- and SSE-descending steps does not favour glacial quarrying, which 

usually occurs in the lee of discontinuities and would therefore not tend to produce steps 

descending in both directions (Hooyer et al. 2012). Further supporting a relatively flat 

subglacial topography are striae that terminate abruptly at the base of a planar SSE-

descending step (Fig. 5.39 E). At least some change in their direction would be expected 

as they approach and cross the step (Sharp et al. 1989). It is difficult to envisage how 

striae could terminate abruptly at the base of the step without the step itself becoming at 

least slightly abraded. Therefore, these striae most likely formed on a flat subglacial 

surface that was only later disrupted by fault slip to produce the dm-height step. This 

interpretation is consistent with the generally sharp-edged character of NNW- and SSE-

descending steps across part 1B. 

Nevertheless, unless the entire pavement is a bedding parallel fault surface (which 

remains plausible), the NNW-descending striated ramps are almost certainly subglacially 

eroded features. That they share the same orientation as the ENE-WSW fractures 

suggests that an antecedent of these fractures may have existed during subglacial 

erosion. If correct, this suggests that either subglacial conditions were not conducive to 

glacial quarrying or that the ENE-WSW fracture system was poorly developed at that 

time.  

Pavements 2 to 4, although limited in size, add to the impression of relatively flat 

subglacial topography as all are approximately bedding-parallel surfaces. Moreover, they 

all share similar striae orientations whereas variations in topography would be expected 

to produce local variation in striae azimuth (e.g. Rea et al. 2000). 
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In summary, today an orthogonal fracture set pervades the pavement of Gandanchang, 

comprising NNW-SSE and ENE-WSW fractures. It forms a topography characterised by 

pervasive metre-scale steps. However, much of that topography does not relate to 

Ediacaran glaciation and was instead formed later by tectonic processes. During the 

Ediacaran Period, the NNW-SSW fractures were exploited by subglacial abrasion. Some 

formed steps but these are only several centimetres in height and provide only scant 

evidence of quarrying. The ENE-WSW fractures were mostly, but not entirely, unaffected 

by subglacial erosion and may have been only poorly developed at the time of subglacial 

erosion. Later, in a non-subglacial environment, both fracture orientations were exploited 

by fault motion to produce steps. This could have occurred anytime between the 

Ediacaran Period and today. The stepped morphology observed today is therefore 

largely a product of later fault motion, not glacial quarrying, and the original subglacial 

surfaces were comparatively flat.  

 

5.4.4.3 Magnitude of glacial erosion 

The abundance and uniform azimuths of striae indicate abrasion beneath warm-based 

ice (Atkins et al. 2002; Atkins 2003). Overall, the preservation of lightly striated ripples 

combined with evidence for minimal quarrying is remarkably similar to Shimengou 

(5.4.2.3) and suggests minimal subglacial erosion. In contrast to Shimengou, although 

cm-scale irregularities occur upon the pavement, there is nothing that might be attributed 

directly to the action of meltwater, such as s-forms. Conversely, the levees preserved 

along grooves hint at a lack of subglacial meltwater, which would likely wash them away 

(Atkins 2003, 2013). These grooves are consistent with the Type 2 cold-based grooves 

of Atkins et al. (2002). The breccia and disrupted surface of Pavement 5 are consistent 

with cold-based subglacial (Type 1: Sandstone and Siltstone Breccia of Atkins et al. 

2002), warm-based subglacial (e.g. Hall et al. 2020), peri-glacial (e.g. Rea et al. 1996; 

Goodfellow et al. 2009) or even tectonic processes. 

Although there is no evidence for the Gandanchang surface being a palimpsest feature 

in the manner of Shimengou, the same two processes may be invoked for its unquarried 

and minimally eroded form. Specifically, cold-based glaciation or a protective layer of 

sediment. Please see 5.4.2.3 for an explanation. 
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5.4.5 Shangxuma: Description 

The striated pavements at Shangxuma occur within a ~ 70 m  by  ~ 20 m  area upon 

sandstones of the Ma’anshan Formation. This area is bisected by an ENE-WSW road 

that was built in 2017 and may have destroyed up to 15 m of pavement (Fig. 5.42).  

South of the road, exposure is often obscured by vegetation. Surfaces are flat and striae 

azimuths minimally scattered, 137/317° to 157/337°. Striae are mm-depth, mm-width and 

dm-length. From SSE to NNW, the overall striae trend curves anti-clockwise by ~10° 

(Fig. 5.42). Striae cross-cut rarely and at small intersection angles (≤ 11°; Fig. 5.42).  

North of the road, the pavement comprises a fractured, stepped, striated surface of ~ 20 

m by  ~ 8 m, parallel to bedding of the Ma’anshan Formation substrate (~ 338°/25°: Figs. 

5.43, 5.44 B). An orthogonal system of steeply-dipping, regular, systematic fractures is 

well developed. It comprises a ~150°/330° (~NNW/SSE) master set and a ~060°/240° 

(~ENE/WSW) cross-fracture set. Master set fractures are typically several metres long 

and cross-fractures < 1 m. Both have hairline to cm-apertures. A “conjugate” fracture 

system, with sets trending  ~005°/185° and ~125°/305°, is less well developed. Scattered 

across the pavement are mm- to cm-thickness patches of Luoquan Formation diamictite. 

A more continuous diamictite exposure, ~ 70 cm thick, marks the pavement’s NE edge 

(Fig. 5.44 A). Fractures of the orthogonal and “conjugate” systems often continue 

through the mm- to cm-thickness patches but never through the ~ 70 cm thick exposure 

(Fig. 5.44 A). 

Sharp-edged steps of cm to dm-height and up to 5 m length occur across the pavement 

(Figs. 5.43, 5.44 B, 5.45). They strike approximately parallel to the cross-fractures and 

invariably descend towards the NNW. Their planform is irregular but often follows the 

saw-tooth pattern of the orthogonal fracture system (e.g. grid position [26, 04] of Fig. 

5.43).  

Straight grooves and ridges occur across the pavement and run parallel to the master 

fractures. They are cm to dm-depth, up to 50 cm wide and several metres long. Narrower 

grooves (≤ 10 cm) nest within wider grooves. Areas between wider grooves form 

smoothly convex ridges of cm-height and ≤ 50 cm width (Figs. 5.43 - 5.45). The sharp 

edges of some master fractures become rounded along-strike or transition into grooves 

(Fig. 5.44 C). Some grooves continue across sharp-edged steps, without any change in 

their direction or morphology (Fig. 5.44 E).  

Mm-depth, mm-width and dm- to m-length striae pervade the northern pavement. Most 

are straight and similarly oriented to striae south of the road as well as the master 

fractures and grooves i.e. ~ 150°/330° (Fig. 5.42). Some striae have abrupt NNW 
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terminations and others abrupt SSE terminations (Types 1 and 3 of Chamberlin 1888, 

p.224; Iverson 1991a). Unlike Wu and Guan (1988), I did not observe nail-head striae or 

rat-tails. ESE/WSW striae are significantly less common and generally faint. In one 

instance, however, strongly developed ESE/WSW striae overprint and are clearly 

younger than the dominant ~ 150°/330° striae  (Fig. 5.44 D). An exception to straight 

grooves and striae occurs towards the western edge of the northern pavement. There, 

from SSE to NNW, grooves that start parallel to the master fractures abruptly curve anti-

clockwise to parallel the 125°/305° “conjugate” fractures. These grooves then curve 

back, clockwise, to parallel the master fractures once again (Figs. 5.43, 5.45). From SSE 

to NNW, striae within and parallel to these grooves follow the anti-clockwise curve, to 

125°/305°, but do not follow the subsequent clockwise curve back and instead cut across 

the groove (see annotation at grid position [11, 16] of Fig. 5.43 B). 

 



218 | P a g e  
 

Figure 5.42: Map of the Shangxuma study area , showing northern and southern 

pavement areas separated by road. Striae, recorded in the field, are marked on the map 

are each in their measured position. Those of the northern pavement were measured  

along a single transect. Those of the  southern pavement were measure along multiple 

transects parallel to the road, covering the whole  area. In that area, each time a 

pavement fragment was encountered  a representative striation measurement was 

taken.  Where overlapping striae were present two measurements were taken and both 

shown in the figure. Striae data also summarised as rose diagrams. On the northern 

pavement, striae were not measured at random but sampled to reflect the full range of 

striae orientations. The rose diagram of the northern pavement is not, therefore, 

representative of the relative abundance of striae. Contours in metres derived from 

Shuttle Radar Topography Mission 1 Arc-Second Global (2017).    
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Figure 5.43: Shangxuma UAV orthomosaic of northern pavement. Orthomosaic is rectified to a plane approximately parallel to the surface of the 

pavement, not to horizontal. A: Clean image. B: Image with annotated features. For clarity only one example of each feature referred to in the text 

is annotated. Red box shows positions of Fig. 5.44 A-E and dashed red box Fig. 5.45.
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Fig. 5.44 E 

Fig. 5.44 C 

Fig. 5.30 (dashed red box) 

Large red frame: Fig. 5.44 A 

Small red frame: Fig. 5.44 D 

~ 70 cm thick diamictite exposure 

Large red frame: Fig. 5.44 A 

Small red frame: Fig. 5.44 D 
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Figure 5.44: Detail of features from Shangxuma northern pavement. Positions of 

subfigures given in Fig. 5.44. A: Contact between pavement and ~ 70 cm thick exposure 

of Luoquan Formation diamictite. Note fractures in pavement do not continue into 

diamictite. B: dm-scale step exposing bedding of the Ma’anshan Formation substrate, 

parallel to the pavement surface. Note outline of gently convex ridge. The upper surface 

is striated. C: Pavement surface showing transition of master fractures into grooves and 

rounded edged fractures. D: Cross-cutting striae. Pervasive fractures (vertical in figure) 

trend 145/325° and are overprinted by younger coarser striae of 111/291°. E:Groove and 

striae following master fracture set crosses a cm-heigh step without any deviation in 

direction or morphology. F, G: Close detail of features interpreted by Chen et al. (2020) 

as the curved stoss ends two “hairpins”, shown in their Fig.  9 and annotated in G. They 

interpreted these features using a DEM rather than ground observations. The DEM was 

created using images that I took, including that shown in this subfigure. I could not find 

these hairpins in the source images of their DEM or when observing the same surface in 

the field. Next page.
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Figure 5.45: UAV DEM of northern pavement, Shangxuma. Features annotated are the 

same features annotated on Fig. 5.43. Note that this DEM is measured relative to 

horizontal, whereas the Fig. 5.43 orthomosaic is relative to a plane horizontal to the 

pavement surface. Therefore the two have slightly different geometries. 

5.4.6 Shangxuma: Interpretation 

5.4.6.1 Striae 

The abundant and uniform striae of Shangxuma are consistent with fault grooves or 

warm-based subglacial striae. A fault origin for the striae at Shangxuma, however, seems 

unlikely as the overlying diamictite is highly friable yet remains apparently undamaged. 

At the western edge of the northern pavement, ESE-WSW striae cut across grooves and 

therefore suggest that ESE-WSW ice movement occurred after NNW-SSE movement 

(Fig. 5.43). This is reinforced by ESE-WSW striae that clearly overprint NNW-SSE striae 

on the pavement’s eastern edge (Fig. 5.44 D).  

In each case, distinguishing which of the two possible ice flow directions is correct is 

problematic. Chen et al. (2020) proposed SSE-directed ice flow on the basis of metre-

scale hairpins, which they interpreted from a UAV DEM (their Fig. 9). These purported 

hairpins, however, were not evident upon my close inspection of the pavement. Neither 

were they evident in the individual UAV images from which the DEM of Chen et al. (2020) 

is constructed. I have shown these images, with the position of the purported hairpin 

shown alongside,  in Fig. 5.44 F and G. Wu and Guan (1988) interpreted ice flow towards 

the SE at Shangxuma, based upon rat tails and nail-head striae. Confusingly, in their 

schematic sketch (their Fig. 1), they incorrectly illustrate rat tails tapering in an up-ice 

direction (c.f. Eyles and Boyce 1998; Glasser and Bennett 2004; Benn and Evans 2010; 

Shaw et al. 2020). As they do not describe or illustrate individual observations of these 

features there is some doubt that these rat-tails have been correctly identified. I was 

unable to confirm their observation of nail-head striae. In summary, using the available 
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evidence, ice flow direction recorded by the pavement at Shangxuma is uncertain and 

may have been towards either the SE or NW. 

5.4.6.2 Discontinuities and the original form of the subglacial surface 

Four observations confirm that an antecedent of the NNW-SSE master fractures and 

125°/305° “conjugate” fractures were present during formation of the northern pavement, 

exerting a strong control on groove formation. First, sharp-edged master fractures that 

become rounded along-strike indicate exposure to subglacial abrasion; second, master 

fractures that transition into striated grooves suggest exploitation of master fractures by 

grooves; third, that most grooves follow the NNW-SSE fracture orientation indicates that 

this exploitation was ubiquitous; fourth, the abrupt switching of groove orientations 

between master and “conjugate” sets, without intermediate groove orientations, 

suggests that grooves would only form along these fractures. In addition to abrasion, 

grooves only forming along fracture orientations suggests a minor role for glacial 

quarrying, removing a cm to dm-thickness of rock (i.e. the depth of the grooves). 

At least some of the NNW-descending steps, formed by the ENE-SWS cross fractures, 

are faults that formed in a later, non-subglacial, setting. This is confirmed by grooves that 

terminate at the upper and lower edges of a sharp-edged, planar-faced, NNW-

descending step (Fig. 5.44 E). As in Gandanchang (Fig. 5.39 E), it is difficult to envisage 

how the groove could continue across the sharp edge of the step without the step 

becoming rounded by abrasion. The failure of the cross-fractures to continue into the 70 

cm thick diamictite might suggest that they formed before the diamictite was emplaced. 

However, this observation could also be explained by rheological differences between 

the pavement and diamictite leading to different styles of deformation. 

In summary, today an orthogonal fracture set pervades the pavement at Shangxuma, 

comprising NNW-SSE “master” fractures and ENE-WSW “cross” fractures. Additionally, 

there is a less well developed “conjugate” fracture system. The master and conjugate 

fractures were present during Ediacaran subglacial erosion and exerted a strong control 

on erosional morphologies. The cross-joints were not exploited by subglacial erosion and 

may have been poorly developed or absent at that time. The small steps formed by the 

cross fractures are explained by fault slip in a later, non-subglacial, environment. This 

could have occurred anytime between the Ediacaran Period and today. Like the 

Shimengou and Gandanchang pavements, at the time of subglacial erosion the 

pavement was less stepped than it is today. However, in contrast to those other 

payments, the Shangxuma pavement is today relatively flat and the difference between 

its original subglacial topography and that seen today is comparatively minor. Additionall, 
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only one fracture orientation was affected by later fault slip, which contrasts with all 

fracture orientations being affected by fault slip at Shimengou and Gandanchang. 

5.4.6.3 Thermal Regime, Erosion and Ice or Water Flow 

The abundance and uniform azimuths of striae indicate abrasion beneath warm-based 

ice (Atkins et al. 2002; Atkins 2003). Unlike the pavements at Shimengou and 

Gandanchang, there is no specific evidence to invoke a role for cold-based glaciation or 

protection of the surface by a sediment layer. 

5.4.7 Xiaolongmiao: Description and Interpretation 

 

Several tens of metres of bedding-parallel (164°/11°) sandstone surface are preserved 

at Xiaolongmiao. Striae, however,  were only observed upon one 4 m2 area (Fig. 5.46). 

These are straight, not observed cross-cutting, mm-depth, mm-width, dm-length and 

consistently trend N-S (n=24, Fig. 5.46 A). Edges of the striated area terminate abruptly, 

either at a sharp-edged fracture or a round-edged step of ~ 1 cm height and curved 

irregular planform. Two crescentic gouges occur in series (Fig. 5.46 C, D). These 

comprise a southward-dipping, mm-depth, principal fracture that is terminated by a 

steeper fracture of convex-southward planform (terminology of Harris 1943). Gouge 

edges are rounded.  

Determining between a fault surface and subglacially striated surface at Xiaolongmiao is 

problematic on account of the lack of contextual evidence. Presuming a subglacial 

interpretation, abundant and uniform striae record abrasion by warm-based glacial ice 

and the southward dipping principal fractures of crescentic gouges indicate southward 

moving ice. 
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Figure 5.46 Xiaolongmiao, striated surface. A: Surface fragment with 4 m2 striated area, 

33.976100° 112.709950° B: Surface detail. Position indicated in A. Coin for scale above 

upper right corner of red rectangle: 2.5 cm diameter. C: Detail of crescentic gouges. 

Position indicated in B. D: Annotated version of C.
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5.5 Discussion 

 

This discussion synthesises the above interpretations to reconstruct conditions at the 

ice-bed interface. The significance of these findings for both the Luoquan Formation and 

the study of ancient glaciation globally is then discussed.   

All pavements of this study host a dominant striae population formed by warm-based ice 

upon a lithified substrate. These record ice flowing towards the south at Shimengou and 

Xioalongmiao. Distinguishing flow direction is problematic at Gandanchang and 

Shangxuma and may have been towards the NW to NNW or SE to SSE. At Shimengou 

and Shangxuma a second, generally fainter, cross-cutting population is sporadically 

present and, in a few instances only, these striae are demonstrably younger.  

The pavements at Shimengou and Gandanchang have a highly stepped topography. 

However, this is not representative of the original subglacial topography. Instead, it 

reflects later fault movement in a non-subglacial environment. This finding has 

considerable significance for our reconstruction of past glacial erosion. Without 

recognition of this role of fault slip, an interpretation of pervasive glacial quarrying would 

erroneously have been reached. This issue could equally apply to pavements of a much 

younger age. Conversely, the topography preserved today at Shangxuma is a 

comparatively faithful representation of the original subglacial pavement.  

The studied pavements all record a flat subglacial topography. However, an individual 

pavement can only record topography at the scale of its outcrop size. For example, a 

700 m feature cannot be recorded if only 100 m of preserved pavement is present. 

However, a lack of glacial topography at a larger scale may be tentatively suggested by 

combining observations common to all four pavement localities. First, all record a similar 

dominant striation orientation, with minimal scatter. An Alpine topography, for example, 

is likely to create greater variation in striation azimuth between localities as the landscape 

is navigated by the ice. Second, all of the payments are approximately bedding parallel, 

which is not suggestive of incision. Additionally supporting this, there are no known 

examples of large scale downcutting of the Luoquan Formation through the underlying 

stratigraphy.  

At Shimengou, the dominant and cross-cutting striae are posited to represent periods of 

warm-based glacial conditions that are separated by a period when the surface was 

protected by a sediment layer or beneath cold-based ice. Possible cold-based erosional 

and depositional features are present at Shimengou and Gandanchang. These are the 

type 2 and type 1 features of Atkins et al. (2002) respectively. At Gandanchang, this 

feature specifically hints at a lack of subglacial water after its formation. Strongly 
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supporting the notion of minimal subglacial abrasion are delicate ripple-forms at both 

Shimengou and Gandanchang. These have been over-ridden and lightly striated by 

glacial ice yet remain remarkably intact. Ultimately, however, our observations cannot 

distinguish between the possibilities overprotecting sediment layer or cold based ice. 

Although, as noted above, there is a similarity between some features and published 

features associated with cold-base ice, these features are by no means diagnostic. 

Evidence for erosion by turbulent subglacial water exists at Shimengou only, comprising 

s-forms and, more tentatively, locally developed short, wide striae associated with 

pockmarks. Alternative explanations, that do not invoke turbulent water, are however 

available for all of these features. Regardless of preferred interpretation for the s-forms, 

they represent a minor erosional feature (Hancock et al. 1998). 

Each pavement is bedding-parallel. During subglacial erosion, NNW-SSE fractures were 

exploited by subglacial erosion to form cm- to dm-height steps, at Shimengou and 

Gandanchang, and cm-to dm-depth grooves, at Shangxuma. Later, in a non-subglacial 

environment, larger steps formed at Shimengou and Gandanchang, through exploitation 

of these same fractures. At Shimengou, Gandanchang and Shangxuma, ESE-WSW 

fractures were exploited by later faults to produce dm- to m-scale steps, with no 

connection to glaciation. Notwithstanding this, at Gandanchang, two striated ramps 

additionally suggest exploitation of the ESE-WSW fractures by glacial erosion. No 

evidence was observed to suggest that the ESE-WSW fractures existed during glaciation 

at Shimengou and Shangxuma. Overall, all the pavements represent a relatively flat 

subglacial topography that was far less stepped in character than their modern form. This 

suggests minimal glacial quarrying. Effective glacial quarrying is contingent upon the 

availability of discontinuities and suitable ice conditions. These conditions include 

pressure, temperature and the presence of meltwater (e.g. Robin 1976; Rӧthlisberger 

and Iken 1981; Hooyer et al. 2012; Scott and Wohl 2019). As fractures and bedding 

planes provided ideal discontinuities the ice conditions must have been unconducive to 

quarrying. 

In summary, warm-based glaciation has left a very obvious signature on the studied 

pavements. Typically, this form of glaciation is linked to efficient glacial erosion. 

However, minimal glacial quarrying combined with limited abrasion and protection of pre-

glacial landscapes all suggest the opposite. It seems, therefore, that although evidence 

for warm-based glaciation may be far more obvious and easily recognised, in this 

instance, it is unlikely to have been the dominant mode of glaciation. 

On the southern margin of the North China Craton, Guan et al. (1986) proposed that the 

Luoquan Formation was associated with upland glaciation characterised by an irregular 
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subglacial topography with relief of up to 200 m. The irregularity, they argued, was on 

account of the high variability of ice flow direction indicators both between and within 

pavement localities. Our new data do not support this argument. According to Guan et 

al. (1986), the only evidence for large ice direction variability between pavement localities 

was the northward flow of ice at Shimengou, opposite to the southward flow elsewhere. 

Contrary to this, we interpret southward flow at Shimengou. They also argued that 

variability of striae azimuths, in general, indicated subglacial irregularities. However, 

using multiple lines of evidence from observations at a similar scale, we find reconstruct 

a relatively flat subglacial topography that is suggestive of limited erosion.  

Guan et al. (1986) argued for 200 m of relief as this was the maximum difference in 

thickness of the Luoquan Formation according to their measured sections. It is difficult 

to determine the relationship between the scattered outcrops of the Luoquan formation 

and therefore difficult to determine the cause of differences in stratigraphic thickness. 

Variable subsidence, underfilled accommodation space and subsequent erosion could 

alternatively be invoked. As discussed above, overall the observed features paint a 

picture of limited subglacial erosion and preservation of pre-glacial features. In this 

context, the variable thickness of the Luoquan Formation could relate to topography that 

existed prior to glaciation. 

This chapter represents a more detailed study of a Precambrian pavement than any 

previously published, leveraging recent advances in digital imagery, UAV and 

photogrammetry technologies. Such ancient subglacial surfaces are usually only 

recognised on account of distinctive features of subglacial erosion, such as striae and s-

forms. These features are usually linked to warm-based ice as cold-based glaciation 

tends to minimal erosion, producing scant features that are easily obscured by warm-

based or non-glacial erosion. Warm-based ice is potentially a highly effective agent of 

erosion. It may therefore be intuitively appealing to link striated pavements with a great 

magnitude subglacial erosion. This is especially pertinent in the ancient record, where 

little stratigraphic context may be available to falsify such a link. The isolated and 

structurally fragmented outcrops of the Luoquan Formation pavements are examples of 

just such a situation. However, the current study has demonstrated that, although 

evidence of past warm-based erosion may be obvious, careful consideration of a wider 

range of outcrop features is required to gain insights into the magnitude of past erosion. 

In relation to the Luoquan Formation pavements, the surprising conclusion was of limited 

subglacial erosion, perhaps associated with periods of cold-based ice or a subglacial 

sediment layer protecting the substrate. 
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5.6 Conclusions 

 

 Pavements studied beneath the Ediacaran Luoquan Formation record warm-

based subglacial conditions but limited erosion that was dominated by abrasion 

rather than quarrying; 

 

 Pre-glacial substrate features may have been protected by a subglacial sediment 

layer that was too thick to transmit shear to the substrate or periods of cold-based 

glaciation; 

 

 The stepped pavement topography observed today is some cases a later feature, 

not present at the time of Ediacaran glaciation, and the original subglacial 

pavements were overall flat and bedding parallel; 

 

 The detailed geomorphic approach used here  will hopefully help future studies, 

on pavements of all ages, to avoid misinterpreting subglacial process as a result 

of conflating subglacial quarrying and later fault slip; 

 

 These findings  urge caution when linking striated  pavements  to large magnitude 

glacial erosion.
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6 Whole rock geochemistry and detrital zircon U-Pb 

isotopes of the Luoquan Formation strata 

 

Please see Declaration of Authorship at the start of this thesis for details of 

collaborative contributions and publications linked to this chapter. 

Please see Appendix 2 for supplementary material to this chapter. 

6.1 Introduction 

The preceding chapter concentrated on detailed documentation and interpretation of the 

Luoquan Formation striated pavements (Aims 1, 2, 3; Objective 1). It concluded that, 

contrary to previous work, the striated pavements beneath the Luoquan Formation 

record conditions of minimal subglacial erosion of bedrock. This chapter  combines those 

findings with data from associated strata of the Luoquan Formation to build a more 

regional interpretation of erosional events (Aim 4).  Published whole rock geochemical 

and detrital zircon U-Pb isotopic data of Li et al. (2020) are interrogated using a new 

approach to determine the severity of glacial erosion (Objectives 2, 3). We ask whether 

the minimal erosion recorded by the pavements is a local phenomenon or whether it may 

be applied regionally? 

This question is especially pertinent as the Luoquan Formation rests upon a > 150 Ma 

unconformity that pervades the North China Craton (Xiao et al. 1997, 2014; He et al. 

2017; Wan et al. 2019). For example, no Cryogenian System strata are known from the 

entire craton. According to some authors, this unconformity may have been produced by 

glacial erosion of considerable magnitude (Brenhin Keller et al. 2019). If correct, a 

significant detrital component of late Tonian, Cryogenian and early to mid-Ediacaran 

provenance should be incorporated within the Luoquan Formation strata. That is to say 

the strata representing the missing time of the unconformity. Our findings, however, show 

that the youngest provenance of Luoquan Formation strata is predominantly 

Mesoproterozoic or older (> 1000 Ma). This suggests that glacial erosion associated with 

the Luoquan Formation was not responsible for creating this unconformity but that the 

unconformity already existed during the late Ediacaran Period. Therefore, whereas the 

pavements record minimal erosion at a localised scale, the associated Luouqan 

Formation strata corroborate and  expand that interpretation to a regional scale.  
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6.2 Geologic Setting and Age of the Luoquan Formation 

This chapter reports geochemical data from the Luoquan Formation at two sites, 

Luoquan Village and Yangpo (Fig. 5.1). Please see Section 5.2 for details of the 

Geologic setting, sedimentology and age of the Luoquan Formation. 

6.3 Methods 

 

As detailed in the Declaration of Authorship, the interpretation of geochemical data in 

this chapter is entirely my work but I did not undertake the sampling, preparation or 

laboratory analysis of samples. The geochemical data are instead treated as being cited 

from a published source of which I was second author, Li et al. (2020). Nevertheless, 

detail of the methods used in that paper are reproduced here, minimally amended, for 

the convenience of the reader. 

Three different lithologies were chosen for sampling by this study. 17 siliciclastic-matrix 

and 5 dolomitic-matrix diamictite samples, from the Luoquan Formation of Luouqan 

Village and Yangpo respectively, and 21 dropstone-bearing from Yangpo (Figs. 5.5, 

5.12). These mirror the lithologies used by Gaschnig et al. (2016) in their Upper 

Continental Crust estimate (UCCG) and have been interpreted as a mixture of ice-rafted 

debris, till and sediment gravity flow in a proglacial environment  (Guan et al. 1986; Wu 

and Guan 1988; Le Heron et al. 2018, 2019). Detrital zircons were extracted from the 

matrix of samples LQ2-18 (Luoquan Village, n=81) and YP9-8 (Yangpo section, n=80). 

LQ2-18 is from a stratified diamictite containing cobble-grade dropstones, interpreted as 

ice-rafted debris emplaced into low energy laminated deposits of a proglacial lake setting 

(Le Heron et al. 2018). YP9-8 is from a laterally discontinuous lens containing irregular 

clasts and intensely soft-sediment-folded shale beds, interpreted as a slope failure 

deposit within a proglacial lake setting (Le Heron et al. 2018). 

For geochemical analysis, whole rock samples were carefully selected to avoid gravel 

clasts and target fine-grained matrix. These were ultrasonically cleaned, dried then 

powdered to 200 mesh using a tungsten carbide ball mill. Major and trace elements were 

analysed by X-Ray Fluorescence (Rikagu RIX 2100) and Inductively Coupled Plasma 

Mass Spectrometry (Agilent 7500a), respectively. For trace element analysis, sample 

powders were digested using a mixture of 1.5 ml HF and 1.5 ml HNO3 in high-pressure 

Teflon bombs for two days. According to the measured values of standards, the relative 

uncertainties for X-Ray Fluorescence are ∼1% for elements with concentrations >10 

wt%, and ~10% for concentrations <1.0 wt%. For Inductively Coupled Plasma Mass 

Spectrometry the uncertainty is less than 10% for most trace elements (Wu et al. 2018a). 

Major and Trace element data are listed in Tables 12.1 and 12.2 of Appendix 2. 
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Zircon grains were separated by conventional magnetic and density techniques, 

mounted in epoxy resin and polished for analysis. Transmitted and reflected light 

micrographs and cathodoluminescence images were obtained from all grains to aid 

selection of analytical spots. Zircon U–Pb analysis was performed using LA-ICP-MS 

(Laser Ablation Inductively Coupled Plasma Mass Spectrometry) at Nanjing FocuMS 

Technology Company  Limited, using an Australian Scientific Instruments RESOlution 

LR laser-ablation system (Canberra, Australian) and Agilent Technologies 7700x 

quadrupole ICP-MS (Hachioji, Tokyo, Japan). U-Th-Pb ratios and U concentrations were 

calibrated using zircon standards 91500 and GJ-1 (Jackson et al. 2004), and glass 

standard NIST SRM610. Instrumental setting and detailed analytical procedure followed 

those described by Hou et al. (2009). Concordia and relative probability diagrams were 

plotted using Isoplot 4.15, and data are presented with 1σ errors and 95% confidence 

limits (Ludwig 2003). Data with >10% discordance and large uncertainties (at 1σ 

uncertainties) are excluded in the following text. Ages are based on the 207Pb/206Pb ratio. 

Zircon U-Pb age data are listed in Supplementary Tables A2.3 and A2.4 of Appendix 2. 

In addition to the zircons interpreted in this chapter, I personally separated two samples 

for zircon myself. One of these one kilogramme samples yielded next to no zircons, 

despite being a seemingly suitable sandstone. It therefore seems likely that at least some 

strata of the Luoquan Formation have a low concentration of detrital zircons. These two 

samples were not analysed. 

6.4 Description 

6.4.1 Whole rock geochemistry 

In the following description, unless otherwise stated, values in parentheses or suffixed 

with “normalised” are weight concentrations that have been: (1) corrected to 100 wt% 

total without LOI (loss on ignition); (2) normalised to the unfiltered average Upper 

Continental Crust (UCCG) of Gaschnig et al. (2016, Table 4).  These authors used 

multiple “composite” samples, each produced by mixing of a number of samples from a 

given glacigenic formation, to calculate UCCG. Maximum and minimum values of these 

composites are plotted alongside samples of this study for comparison and the range 

they define is the “composite range” (Fig. 6.1, 6.2, 6.3). In Fig. 6.3, following the method 

of Gaschnig et al. (2014), samples have been double-normalised, first to UCCG then to 

Yttrium of UCCG, to remove the effects of carbonate dilution (detailed in Fig. 6.3 caption). 

The siliciclastic-matrix diamictites all have similar major element compositions, except 

that LQ2-17 has enriched CaO (8.04) and LOI (12.52 wt%) (Fig. 6.1, 6.3, Table 12.1).  

Relative to UCCG they are slightly depleted in TiO2 (0.75 - 0.92), Al2O3 (0.69-0.89), 

Fe2O3T (0.76 - 1.06), MnO (0.53 - 0.85) and P2O5 (0.34 - 0.53) but severely depleted in 
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Na2O (0.02 - 0.07). By contrast K2O (1.38 - 1.65) and CaO are marginally enriched (1.04 

- 2.04). LOI is 4.7 - 7.3 wt% (Table 12.1). Major elements plot within the composite range, 

except that K2O and P2O5 plot around its upper and lower boundaries respectively and 

Na2O is an order of magnitude depleted. These siliciclastic-matrix diamictite samples all 

have remarkably similar trace element compositions, although there is more scatter for 

V (0.62 - 1.28), Ba (0.12 - 2.10), Ta (0.70 - 1.07) and U has two marginal outliers of 1.15 

and 1.63 times UCCG (Fig. 6.2, 6.3, Table 12.1). In general, Cr (0.94-1.53), Rb (1.21-

1.52) and Cs (1.50-2.22) are marginally enriched whereas Ni (0.70-0.97) and Y (0.52-

0.62) are marginally depleted. The Rare Earth Elements become increasingly depleted 

relative to UCCG as their mass increases; from median La (1.01) to median Yb (0.55). 

Sample LQ2-13 is an extreme outlier in respect of Sr (10.66), Ba (65.73) and Eu (0.12), 

but is similar to other siliciclastic-matrix diamictites for the remaining trace elements. 

Trace elements otherwise plot within or on the boundary of the composite range, except 

that the heavier Rare Earth Elements (Tb – Yb) and Lu plot marginally below (Fig. 6.2 ).  

The dropstone-bearing shales produce major and trace element plots similar in shape to 

the siliciclastic-matrix diamictites, but with a greater spread (Figs. 6.2, 6.3; Table 12.1). 

They also exhibit higher MgO, CaO, LOI and Cs. Three samples differ relative to the 

above pattern (1) YP7-2 is enriched in CaO; (2) YP11-2 is depleted in all major and trace 

elements except Na2O, K2O, P2O5 and Ba; (3) YP9-3 is depleted in TiO2, Al2O3, K2O, 

P2O5 and all trace elements except Sc and Cr. The dropstone-bearing shale samples 

plot within or marginally below the composite range for major and trace elements, except 

that Na2O is an order of magnitude depleted. Median values particularly well demonstrate 

the compositional similarities between the dropstone-bearing shales and the siliciclastic-

matrix diamictites, especially for the Rare Earth Elements (both show median 

Lanormalised/Ybnormalised ~1.7) (Fig. 6.2). 

The dolomitic-matrix diamictites all have similar major and trace element compositions. 

They are high in CaO (16.85 - 22.39), MgO (9.25 - 12.23) and LOI (30.7 - 37.2 wt%) but 

depleted in all other major elements except MnO (Fig. 5.5, 5.12, 6.1). Their major 

element pattern is partially different to the siliciclastic-matrix diamictites and dropstone-

bearing shales. For example median TiO2, Al2O3 and K2O are 15% - 18% of the 

siliciclastic-matrix diamictite values whereas SiO2, Na2O and P2O5 are 41% – 55%. The 

resulting pattern more closely resembles the anomalous shale sample YP9-3 than the 

other samples of this study (Fig. 6.1, 6.3). In contrast to their major elements, the trace 

element compositions of the dolomitic-matrix diamictites are distinctly depleted but 

produce a strikingly similar pattern to the siliciclastic-matrix diamictites and dropstone-

bearing shales (Fig. 6.2, 6.3). Notable differences are a greater scatter of Ga (0.27 - 

0.58), a consistent positive Sr anomaly and stronger negative Ba anomaly. 
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Considering the sample set as a whole, there is a clear positive correlation between 

CaO, MgO and LOI, which combined with outcrop and thin section observation strongly 

suggests that variable carbonate exerts an important control on sample composition. 

However, the difference in major element composition between the siliciclastic-matrix 

diamictites and shales versus the dolomitic-matrix diamictites cannot be explained by 

carbonate dilution alone as this would reduce, for example, TiO2 and SiO2 by similar 

proportions.  Despite these differences it is striking that all three lithologies and the 

samples of the Zhengmuguan Formation, without exception, share a similarly extreme 

Na2O depletion. This is the only elemental concentration clearly inconsistent with UCCG. 

In contrast to the major elements, the trace elements tell a different story. The 

siliciclastic-matrix diamictites and dropstone-bearing shales are clearly very similar. 

Once corrected for carbonate dilution, the dolomitic-matrix diamictites trace elements 

also exhibit a similar pattern, although not quite as close as the match between the other 

two lithologies (Fig. 6.3). 

 

Figure 6.1: Multi-element diagram of major elements from all samples  of this study and 

the correlative Zhengmuguan, from Li (2011), located around 750 km NW of the study 

area. Black dashed lines are minimum-maximum of composite samples from Gaschnig 

et al. (2016).  Values are normalized to the unfiltered Upper Continental Crust of 

Gaschnig et al. (2016). Prior to normalisation, for consistency with normalising values, 

all values were corrected to volatile-free 100% compositions. 
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Figure 6.2: Multi-element diagram of trace elements from all samples. A: siliciclastic-

matrix diamictites at Luoquan Village; B: dolomitic-matrix diamictites at Yangpo; C: 

Dropstone-bearing shales at Yangpo. Black dashed lines are minimum-maximum 

composite samples from Gaschnig et al. (2016). Normalisation as described in caption 

to Fig. 6.1. 
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Figure 6.3: Multi-element diagram of major and trace elements comparing median 

values of the three lithologies sampled in this study. Normalisation is in two steps. First 

as described in the caption to Fig. 6.1, then normalized to Y. Specifically, the value 

normalised to UCCG is first multiplied by the Y concentration of UCCG then divided by 

the Y concentration of the sample in question. This follows the approach of Gaschnig et 

al. (2014, 2016) and is intended to remove the effects of carbonate dilution, as Y is 

presumed similar in in all samples. 

 

6.4.2 Detrital zircon geochronology 

Detrital zircon grains from Luoquan Village (LQ2-18, n=81) and Yangpo (YP9-8, n=80) 

are similar in respect of geometry, cathodoluminescent character, geochemistry and 

age. They are euhedral to subhedral and generally show oscillatory and sector zoning in 

cathodoluminescence images (Fig. 6.4). Length/width ratios are 1-3 with lengths 50-200 

µm (LQ2-18) and 50-180 µm (YP9-8). Zircon grains have similar ranges of U (LQ2-18: 

26-290 ppm; YP9-8: 24-262 ppm) and Th (LQ2-18: 19–389 ppm; YP9-8:18-440 ppm). 

The range of Th/U in YP9-8 (0.16-3.09) is significantly greater than LQ2-18 (0.32-1.86). 

Zircon age ranges are similar in LQ2-18 (~1599-3082 Ma) and YP9-8 (~1632-2973 Ma). 

On a relative probability plot, both exhibit a clear dominant peak around 2507-2509 Ma 

and a series of minor peaks at 1840-2200 Ma, with an additional peak around 1645 Ma 

in YP9-8 (Fig. 6.5). Oscillatory zoning and high Th/U values suggest a magmatic rather 

than metamorphic origin (Rubatto 2002). Pooling all detrital zircons of this study 

produces a maximum depositional age (MDA) of ~ 1622 Ma for the Luoquan-Dongpo 

Formations (weighted mean of youngest 3 zircons overlapping at 2 standard deviations; 

Dickinson and Gehrels 2009).   
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Figure 6.4: Cathodoluminescent images of selected zircons from YP9-8 and LQ2-18. 
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Figure 6.5: U-Pb concordia diagrams, age histograms and relative probability plots of 

zircons of this study. N=number of analyses. Detrital zircon plot of combined 

Mesoterozoic strata of the Xiong’er Basin, which contains Luoquan Formation of this 

study, adapted from Liu et al. (2019). Note similarity between Mesoproterozoic strata 

and samples of this study. Note the youngest sample of Liu et al. (2019), BSGSC1, is 

not included in this plot (see text for discussion). 
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6.5 Interpretation 

 

6.5.1 The UCC during the Great Unconformity on the southern NCC 

There have traditionally been two approaches to estimating the average composition of 

the Earth’s Upper Continental Crust (UCC): Extensive targeted bed-rock sampling (e.g. 

Gao et al. 1998) and sampling of fine-grained well-sorted sediments or sedimentary 

rocks, such as shale or loess (e.g. Liu et al. 1993). The former is less suitable for the 

purposes of this study as it estimates today’s UCC rather than that eroded during the 

Great Unconformity. The value of the latter is its tendency to produce a natural-average 

by erosion of multiple sources. However, such fine-grained and often far-travelled 

deposits are highly susceptible to chemical weathering, removing soluble elements 

(Nesbitt and Young 1982). Moreover, associated sorting processes may lead to 

preferential accumulation of mafic minerals and therefore enrichment of MgO, FeO and 

TiO (Nesbitt and Young 1996). 

Sampling glacigenic sediments was proposed as an alternative to these by Goldschmidt 

(1933). Glacial ice represents a powerful force of nature capable of rapid erosion and 

long-distance transport. The result is a mixture of exotic lithologies redeposited over an 

area up to hundreds of times greater than that from which they were eroded (Levson 

2001). This is comparable to the natural averaging observed in fine-grained well-sorted 

deposits. However, there should be minimal chemical weathering in frigid glacial 

environments and preferential accumulation resulting from sorting should not be a 

concern in unsorted diamictites (Nesbitt and Young 1982, 1996). 

The ability of modern till to provide a robust natural average of the UCC was empirically 

demonstrated by Canil and Lacourse (2011), who compared tills with surface rocks on 

the North America Cordillera. Applying this principle to ancient glacigenic strata, several 

studies have investigated the secular geochemical evolution of the global UCC and its 

modern average (Gaschnig et al. 2014, 2016; Chen et al. 2016; Li et al. 2016). 

Surprisingly, despite the variety of global material mixed and redeposited by glaciation 

over the past 2.8 Ga, ancient glacigenic strata around the World appear to share certain 

geochemical characteristics (Gaschnig et al. 2014, 2016). Moreover, some of these 

characteristics have changed consistently over time. For example, Mesoarchean and 

Palaeoproterozoic glacigenic strata tend to be more weathered (Li et al. 2016), more 

mafic (Gaschnig et al. 2016) and display no signature of oxidative weathering prior to 

~2.4-2.2 Ga (Gaschnig et al. 2014). Importantly, these age-related characteristics 

correspond to the age of UCC that was available for erosion at that time. This age may 

be much older than the depositional age of the glacigenic strata under investigation. An 
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example is illustrated by Gaschnig et al. (2014) from the western Dwyka Group of 

southern Africa. This was deposited during the Palaeozoic yet its age-related 

geochemical characteristics are consistent only with Mesoarchean to Palaeoproterozoic 

global glacigenic strata. Moreover they found no detrital zircons younger than the 

Palaeoproterozoic within it. These authors therefore concluded that only 

Palaeoproterozoic UCC was available for erosion and transport by the glaciation 

responsible for this part of the Dwyka Group.  

It is this finding that I leverage to investigate the age of the UCC available for erosion by 

glaciation associated with the Luoquan Formation, by comparing their composition with 

global glacigenic diamictite of different ages. However, before this approach can be 

applied, the samples must be demonstrated to fulfil three key criteria. First, do they 

represent a “natural average” of a large area of the southern margin of the NCC or just 

their local area? Second, have the samples suffered significant loss of soluble elements 

by syn- or post-depositional chemical weathering? Third, has there been a preferential 

accumulation of mafic minerals within the dropstone-bearing shales (Nesbitt and Young 

1996)? 

6.5.2 Natural Averaging and Regional versus Local influences 

Two factors suggest effective natural-averaging in the Luoquan Formation. First, “far-

travelled” (Mu 1981) clasts within it are consistent with erosion, mixing and transport of 

multiple sources (Mu 1981; Guan et al. 1986; Wu and Guan 1988; Le Heron et al. 2018). 

If this diversity of clast lithology instead represents unroofing of a nearby area only, clast 

lithologies might be expected to be concentrated into stratigraphic levels inverse to the 

unroofed strata, which was not observed (Mitchell et al. 2019).  Second, locally cross-

cutting, N-S and E-W, striation potentially indicates reconfiguration of glacial flow and 

erosion of material from an increased area. Canil and Lacourse (2011) noted a similar 

cross-cutting relationship on the North America Cordillera and suggested that it played 

an important role in the averaging effect within associated tills. 

In general, siliciclastic and dolomitic matrix Luoquan Formation diamictites tend to rest 

upon siliciclastic or carbonate strata respectively (Mu 1981). This implies a local rather 

than regional influence on their geochemical composition, consistent with differences 

between their major element compositions (Fig. 6.1, 6.3). In contrast to this, however, 

the trace element patterns of the all three lithologies sampled are remarkably consistent 

(Fig. 6.3). Furthermore, the correlated glacigenic Zhengmuguan Formation diamictites, 

over 750 km to the northwest (Fig. 6.1), exhibit major element compositions similar to 

the Yangpo dolomitic-matrix diamictites, including the marked depletion in Na2O (Li 

2011). These suggest that a consistent regional geochemical signal may be 
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distinguished from local influences within the samples of this study and, more tentatively, 

that signal might persist for hundreds of kilometres along the NCC southern margin. 

Combining petrographic, geomorphic and geochemical evidence, therefore, suggests 

that the Luoquan Formation fulfils the natural-averaging and wide-spread provenance 

required for an estimate of the UCC over a significant area. However this only holds 

true if the deposits did not subsequently suffer syn- or post-depositional weathering, 

considered in the 6.7.3 below. 

6.5.3 Pre, Syn and post-depositional weathering 

The weathering of the Luoquan Formation can be addressed through a combination of 

major and trace element geochemistry. The Chemical Index of Alteration (CIA) seeks to 

quantify the extent to which minerals have suffered chemical weathering. It compares 

the molar concentration of Al2O3, which is relatively immobile during chemical 

weathering, to the sum of CaO*, Na2O and K2O, which are more mobile. CaO* is the 

calcium content in the silicate fraction of the rock. In this study, following the method of 

McLennan (1993), as carbonate is abundant CaO* was presumed equal to Na2O (i.e. 

CIA % = 100*[Al2O3/2 Na2O + K2O]). CIA values are similar in all samples: Siliciclastic-

matrix diamictites (64.2-67.3%), dolomitic-matrix diamictites (61.6-65.2%) and shales 

(63.3-67.8%) with two outliers of 57.3% (Figs. 5.5, 5.12). These values are within the 

range of the Zhengmuguan Formation (CIA: 52-68%; n=42) with one outlier of 46% (Li 

2011; Yang et al. 2019). 

However, potassium-metasomatism, igneous processes and lithologies without a 

significant feldspar content can all affect CIA values, independently of weathering (e.g. 

Dobrzinski et al. 2004). Four trace element approaches were applied in order to verify 

whether the CIA values are representative of chemical weathering  (Fig. 6.6): (1) Cs is 

adsorbed preferentially to K onto clay minerals during weathering, leading to decreasing 

K2O/Cs as weathering proceeds; (2) Th and U tend not to become significantly 

fractionated during igneous processes. However U becomes soluble when oxidised and 

thus more easily removed than Th by oxic chemical weathering. This leads to decreasing 

U/Th with weathering (Li et al. 2016); (3) Sr is highly mobile during chemical weathering, 

unlike Ce and Nd. However all three elements exhibit similar igneous behaviour, thus 

the Sr anomaly [Sr/Sr* = Sr/(Ce x Nd)0.5] (normalised values, see caption to Fig. 6.6) can 

be used as a proxy for chemical weathering (Jacobson and Blum 2000); (4) Sr may also 

be controlled by igneous processes. In this event a correlation between Sr/Sr* and the 

Eu anomaly [Eu/Eu* = Eu/(Sm x Gd)0.5] (normalised values, see caption to Fig. 6.6) 

would be expected (Gaschnig et al. 2016).  
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Plotting K2O/Cs, U/Th and Sr/Sr* against CIA produces a strong negative correlation in 

each case, consistent with chemical weathering (Figs. 6.6 A-C). Contrasting this, Sr/Sr* 

versus Eu/Eu* produces no correlation, which is not consistent with igneous control of 

Sr/Sr* (Fig. 6.6 D). The variability in CIA values of this study therefore likely relates to 

chemical weathering. However, was this signal inherited from the UCC or a result of syn- 

or post-depositional weathering?  

Chemical weathering rates decrease exponentially as temperatures drop, limiting the 

opportunity for syn- and post-depositional chemical weathering within the samples of this 

study (e.g. White and Blum 1995). Moreover, the Luoquan and Yangpo formations were 

deposited underwater and there is no evidence for a hiatus or subaerial exposure, which 

would promote post-depositional chemical weathering (Le Heron et al. 2018). Post-

depositional weathering would also be expected to produce a profile of increasing CIA 

towards the palaeo-surface, but no stratigraphic trends are observed in the CIA of this 

study (Nesbitt and Young 1982) (Figs. 5.5, 5.12). Finally, syn- and post-depositional 

chemical weathering would be expected to produce higher CIA in the shales than the 

diamictites, yet there is little difference between the lithologies of this study (Bahlburg 

and Dobrzinski 2011). 

To summarise, cross-plots demonstrate that variability of CIA within the samples likely 

relates to chemical weathering. In light of the compositional consistency between the 

samples of this study, exemplified by rare earth element patterns, any trends in chemical 

weathering should be easy to pick out. Despite this, CIA variability is minimal and no 

trends were discernible. This is consistent with sedimentologic interpretation that 

suggests cold, subaqueous depositional environments that were not conducive to 

chemical weathering. The CIA values are within the range of Palaeoproterozoic or 

younger glacially influenced sedimentary rocks globally (Gaschnig et al. 2016). Together, 

this is not suggestive of significant syn- or post-depositional chemical weathering. 
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Figure 6.6: Plots testing whether CIA results of this study relate to weathering or other 

processes. Luoquan Village samples are omitted as CIA values vary very little between 

samples and are therefore unsuitable for examining correlations (see Tables A2.3, A2.4 

of Appendix 2). (A) K2O/Cs vs. CIA; (B) U/Th vs. CIA; (C) Sr/Sr* vs. CIA.; (D) Sr/Sr* vs. 

Eu/Eu*.  Clear negative correlations with CIA in (A) – (C) suggest CIA is largely controlled 

by weathering processes. Lack of correlation in (D) suggests that Sr/Sr* is not controlled 

principally by igneous processes. Sr/Sr* = Sr/(Ce x Nd)0.5 and Eu/Eu* = Eu/(Sm x Gd)0.5 

where all elemental concentrations were first normalised to the Upper Continental Crust 

of Rudnick and Gao (2003). 

 

6.5.4 Preferential accumulation of mafic minerals in the Dongpo Formation shales 

This sections tests the suggestion of Nesbitt and Young (1996) that the UCC 

geochemical signal may become distorted within shales on account of the accumulation 

of mafic minerals during sorting. In the following discussion the dropstone-bearing shales 

are compared with the siliciclastic-matrix diamictites.  The analytical approach of Ohta 

and Arai (2007) produces Mafic (M), Felsic (F) and Weathered (W) principal components 

from major element data (Tables 12.1, 12.2 of Appendix 2). These indicate a narrow 

mafic and felsic range within the siliciclastic-matrix diamictites (M: 26-29%; F: 21-24%), 

but a greater range within the shales (M: 12-44%; F: 6-38%). Nevertheless, the mean M 

and F values of the shales (M: 24%, F: 26%) suggest that they are marginally more felsic 

than the siliciclastic-matrix diamictites (M: 28%, F: 22%). 



247 | P a g e  
 

Several trace element ratios may be used as proxies for mafic and felsic contributions. 

Mean Th/Sc and Eu/Eu* (concentrations by weight normalised to chondrite of 

Mcdonough and Sun 1995) show no clear difference between the siliciclastic-matrix 

diamictites (Th/Sc: 0.90, Eu/Eu*: 0.68) and shales (Th/Sc: 0.87; Eu/Eu*: 0.69). By 

contrast, mean Ni/Lu is higher in the siliciclastic-matrix diamictites (81.4) than the shales 

(67.6), suggesting a slightly greater felsic component in the shales (Taylor and 

McLennan 1985; Gaschnig et al. 2016). Therefore, there is no evidence for preferential 

accumulation of mafic minerals within the shales of this study. 

In summary, the samples of this study represent a natural-average of the UCC from a 

significant area of the southern NCC margin during the Ediacaran Period. They have 

likely suffered little syn- or post-depositional chemical weathering. There is no evidence 

for preferential accumulation of mafic minerals within the dropstone-bearing shales. 

6.5.5 Age and provenance of the UCC towards the end of the Great Unconformity 

This section seeks to constrain the age of the UCC that was eroded to form the Luoquan 

Formation. Two erosional end-member scenarios are possible. One posits that the entire 

Cryogenian and much of the Tonian Systems were removed by powerful glacial erosion 

associated with the Luoquan Formation. The other posits that the strata upon which the 

Luoquan Formation rests today were already exposed prior to glacial erosion and that 

glacial erosion was only the lightest touch. First a conventional approach to provenance 

is used, comparing detrital zircon age spectra to published detrital zircons from potential 

source strata. Then a new approach that relates the samples of this study to age-

diagnostic geochemical characteristics of glacigenic sedimentary rocks globally. 

6.5.6 Detrital Zircon Age Evidence 

The detrital zircon age spectra and youngest zircons of this study are typical of the ~1.8 

Ga and ~2.5 Ga dominated spectra of Mesoproterozoic strata throughout the NCC (Fig. 

6.5) (Liu et al. 2019). In the Xiong’er Basin an important exception is the Guandaokou 

Group. Within its lower strata this contains age spectra similar to this study (Samples 

YSXSX1, YSXSX2 of Liu et al. 2019). However, above this but immediately below the 

Neoproterozoic boundary, it exhibits very different spectra, with no ~2.5 Ga peak but a 

major peak at ~1.3 Ga and youngest zircons of ~ 1.0 Ga (Sample BSGSC1 of Liu et al. 

2019). These younger ages are associated with the North Qinling Terrane (Liu et al. 

2019) and their absence from the Luoquan Formation samples suggests that its 

sediments were not sourced from the south, which is consistent with the southward 

flowing ice suggested by certain pavements of the Luoquan Formation. These zircon 

ages, however, do not help distinguish between the two erosional end member 

scenarios, as Cryogenian or younger zircons are unknown from Precambrian rocks of 
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the Xi’onger Basin (n=1535) nor from the Yanliao Basin (n=766) to its north, which is a 

possible sediment source of southward flowing ice (Zuo et al. 2019). That is to say that 

zircons within Cryogenian strata may likely have been indistinguishable from those of 

Mesoproterozoic strata. The following section seeks to resolve this impasse using the 

whole rock geochemical data. 

6.5.7 Geochemical Evidence 

The age of UCC that was eroded and ultimately redeposited to form the Luoquan 

Formation may be addressed using geochemistry. Specifically, by comparing the 

composition of the Luoquan Formation to age-diagnostic compositional characteristics 

of the globally-distributed glacigenic sample set of Gaschnig et al. (2014, 2016). These 

authors grouped their findings into Mesoarchean, Palaeoproterozoic, Neoproterozoic 

and Palaeozoic groups, which are used for comparative purposes in the following 

discussion. 

CIA values from the composite samples of Gaschnig et al. (2016) reveal a crude positive 

correlation between weathering and age: Mesoarchean (74.0-78.0%, mean 76.0%), 

Palaeoproterozoic (57.0-68.1%, mean 68.1%), Neoproterozoic to Palaeozoic (54.0-

70.0%, mean 60.8%). As noted above, CIA values of this study (57.3-67.8%, mean  

65.1%) are consistent with Paleoproterozoic or younger values globally. 

V and Cr represent a more nuanced means of investigating weathering over time. Both 

become more soluble once oxidised and can therefore be used as a proxy for oxidative 

weathering. This is achieved by comparing their concentrations to elements that behave 

in a similar manner within the mantle, but do not have a soluble oxidation state. To this 

end V may be compared with Lu and Sc to determine the V anomaly (V/V*), defined as 

V/(Lu*Sc)0.5 after double-normalising elemental concentrations (described in caption to 

Fig. 6.7).  Gaschnig et al. (2014) noted V/V* > 1 prior to the Great Oxidation Event (c. 

2.4-2.2 Ga: Holland 2002, 2006; Lyons et al. 2014) and V/V* < 1 after the Great Oxidation 

Event. Mean V/V* of this study is 0.8 with 35 samples ≤ 1.0 (0.3 – 1.0), 3 samples below 

detection limit and only 5 samples > 1.0 (1.1 - 1.3). This suggests material sourced from 

a UCC that had suffered oxidative weathering and was therefore younger than 2.4 Ga. 

This finding is consistent with the previously noted negative correlation between CIA and 

U/Th (Fig. 6.6), as that also suggests oxidative weathering. 

Within the composite samples of Gaschnig et al. (2016), Cr/Sc exhibits three age-related 

groups of double-normalised ratios: Mesoarchean (5.3 – 18.1, mean 11.7), 

Palaeoproterozoic (1.1-3.1, mean 1.8) and Neoproterozoic – Palaeozoic (0.2-1.1, mean 

0.5). It has been suggested that this age-related pattern relates to both intracrustal 

differentiation and oxidative weathering (Gaschnig et al. 2016). Mean Cr/Sc of this study 
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is around 1.0, comprising 0.3-1.1 (n=41) and 1.2-3.5 (n=3). These values are near the 

boundary between Neoproterozoic and Palaeoproterozoic global samples. 

The relationship between heavy Rare Earth Elements (e.g. Tm, Yb) and transition metals 

(e.g. V, Sc, Cr, Ni) shows a clear age-related trend within the global sample set of 

Gaschnig et al. (2014, 2016). Specifically Neoproterozoic and younger samples exhibit 

greater depletion of transition metals relative to Rare Earth Elements (Fig. 6.7). The 

mean transition metal concentrations of this study plot within the lower range of the global 

Palaeoproterozoic samples and above all the Neoproterozoic-Palaeozoic samples (Fig. 

6.7). The exception is Ni, which is less enriched than the global Palaeoproterozoic 

samples but still plots on the uppermost Neoproterozoic boundary. The V concentration 

of the Neoproterozoic Ghaub Formation is anomalously high and overlaps the samples 

of this study. 

A positive correlation between Ni/Co and age has been reported in UCC estimates 

derived from shales (Condie 1993) and the same trend is clear within glacigenic strata 

(Gaschnig et al. 2016). Amongst the composite samples of Gaschnig et al. (2016), 

double-normalised Ni/Co values are 5.4 - 6.8 (mean 6.2) in Mesoarchean glacigenic 

strata, 2.4 – 3.2 (mean 3.0) in the Palaeoproterozoic, and 1.2 – 2.9 (mean 2.1) in 

Neoproterozoic–Palaeozoic strata. Co is not reported in this study but Ni/Co data are 

available for diamictites of the correlated Zhengmuguan Formation (Li 2011) and these 

clearly fall within the global Palaeoproterozoic range (Ni/Co = 2.5 – 4.6, mean 3.6, n=12). 

Only one Zhengmuguan sample overlaps with the Neoproterozoic range. Close major 

element similarities hint at close geochemical similarities between the Zhengmuguan 

diamictites and the dolomitic-matrix diamictites of this study (Fig. 6.1) (Li 2011; Yang et 

al. 2019). Reinforcing this impression, the mean Ni concentrations within the 

Zhengmuguan samples (15.8 ppm, n=12; Li, 2011) are very similar to that of all samples 

of this study (15.4 ppm, n=43). This raises the possibility that both the Zhengmuguan 

and Luoquan Formations may be derived from UCC of a similar age, despite being 

separated by over 650 km along the southern NCC margin. 
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Figure 6.7: Multi-element double-normalised diagram of Heavy Rare Earth Elements 

and transition metals, showing secular change between Mesoarchean to 

Palaeoproterozoic and younger samples. Samples are “composites” of Gaschning et al. 

(Gaschnig et al. 2016) along with mean values of the three lithologies of this study. Little 

emphasis is given to the dolomitic-matrix samples, see text for explanation. Plot is based 

upon Fig. 4 of Gaschnig et al. (2014). The Palaeozoic West Dwyka has been treated as 

a Paleoproterozoic sample and plots like other samples of this age, see text for 

explanation. Double-normalisation, following procedure described in caption to Fig. 6.3, 

except normalisation is to UCC of Rudnick and Gao (2003), rather than UCCG, to allow 

easy comparison with Fig. 4 of Gaschnig et al. (2014). 
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6.6 Discussion 

 

This discussion synthesises the above interpretations to reconstruct conditions at the 

ice-bed interface and the magnitude of glacial erosion associated with the Luoquan 

Formation. The significance of these findings for both the Luoquan Formation and the 

study of ancient glaciation globally is then discussed.   

6.6.1 Detrital zircon ages and geochemical data 

Detrital zircon age spectra of this study are similar to Mesoproterozoic strata in the 

Xi’onger Basin. Their ages do not support provenance from the south, which is consistent 

with the southward ice flow recorded by the Shimengou pavement. However, on account 

of the lack of younger zircons regionally, these zircon ages cannot distinguish between 

a Mesoproterozoic, Cryogenian or younger source for the Luoquan Formation. This 

problem was overcome by applying a novel approach to our geochemical data. These 

data compare to age-diagnostic geochemical data from global glacigenic strata 

(Gaschnig et al. 2016) as follows: (1) CIA and V/V* are consistent with Palaeoproterozoic 

and younger ages; (2) Cr/Sc plots on the Palaeoproterozoic-Neoproterozoic boundary; 

(3) Rare Earth Elements to transition metals plot within the Palaeoproterozoic, but 

towards the Palaeoproterozoic-Neoproterozoic boundary (Fig. 6.7). Additionally, 

although no Ni/Co data are available from the Luoquan Formation, Ni/Co from the 

correlated Zhengmuguan Formation plots clearly within the Palaeoproterozoic. 

Geochemical similarities between Luoquan and Zhengmuguan hint that this finding may 

apply to both formations (Fig. 6.1). In summary, these geochemical characteristics 

suggests a UCC source predominantly older than the Neoproterozoic but younger than 

the Great Oxidation Event (~2.4 – 2.2 Ga). Combined with the detrital zircon ages, this 

strongly suggests that a predominantly Mesoproterozoic source was glacially eroded and 

deposited as strata of the Luoquan Formation. This implies that glaciation associated 

with the Luoquan Formation was only associated with minimal erosion and that the 

predominantly Mesoproterozoic strata upon which it unconformably rests were already 

exposed prior to glacial erosion. 
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6.6.2 Tectonic setting of Ediacaran glaciation on the North China Craton 

The Great Unconformity is pervasive across the NCC, representing hundreds of millions 

of years of missing time from the Geological Record. Despite recent refinements to its 

stratigraphic position and duration, very little is known of processes during this time (Xiao 

et al. 1997, 2014; He et al. 2017; Wan et al. 2019). These could involve any combination 

of accommodation space creation and/or non-deposition and/or erosion. Understanding 

tectonic setting is important to unravelling these processes.  

An active margin was present along the southern NCC margin during the latest Meso- to 

earliest Neoproterozoic and again during the Palaeozoic (Wang et al. 2017; Li et al. 

2018b; Liu et al. 2019). Between these times however, including the Ediacaran Period, 

the tectonic setting on the southern NCC margin remains highly uncertain. It has been 

demonstrated in the above discussion that the provenance of the Luoquan-Dongpo 

Formations is from UCC predominantly older than the Neoproterozoic. Therefore 

attempting to determine tectonic setting using whole rock composition of the Luouqan-

Dongpo would be inappropriate (e.g. Bhatia and Crook 1986).  

However, an alternative approach, pioneered by Cawood et al. (2012), capitalises on the 

difference between zircon crystallisation and sediment depositional ages. These authors 

noted that the youngest 5% of detrital zircons, within sediments deposited far from an 

active margin, tend to be > 150 Ma older than that depositional age. In the case of the 

Luoquan and Dongpo Formations the youngest zircons are ~ 1000 Ma older than the 

depositional age. This suggests that the Luoquan Formation is unlikely to have been 

accommodated in association with an active or collisional margin setting. It is possible 

that the Luoquan-Dongpo Formations were deposited within an extensional intraplate 

setting. The lack of juvenile material eroded into the Luoquan-Dongpo Formations does 

not favour the presence of extension-related magmatism, although such magmatism is 

not present in all extensional settings. 
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6.7 Conclusions 

 Glacial erosion was limited in magnitude and the unconformity beneath the 

Luoquan Formation most likely existed prior to glaciation associated with the 

Luoquan Formation; 

 

 Data from striated pavements and overlying strata are complementary, providing 

a robust record of minimal erosion from two distinctly different and independent 

lines of evidence; 

 

 

 The novel geochemical approach used here could be applied to pre-Pleistocene 

glaciogenic strata of all ages.  
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7 Temperate glaciation on a Snowball Earth: Glaciological 

and palaeogeographic insights from the Cryogenian 

Yuermeinak Formation of NW China 

 

Please see Declaration of Authorship at the start of this thesis for details of 

collaborative contributions and publications linked to this chapter. 

Please see Appendix 3 for supplementary material to this chapter. 

7.1 Introduction 

 

The Cryogenian (~ 720 – 635 Ma) was a climatically extreme period for which competing 

models argue for glacial ice that partially to completely covered the globe (for a review 

see Fairchild et al. 2016). As a pervasive and fundamental feature of the period, 

understanding the dynamics, extent and palaeogeographic context of this ice is an 

essential part in any Cryogenian climatic and environmental reconstruction. Thermal 

regime is the state of melting at the base of an ice body and strongly influences ice 

movement, meltwater production and routing, sediment transport and deposition, erosion 

and resultant geomorphology (Boulton 1972a, b; Hambrey and Glasser 2012). 

Determining thermal regime is therefore a priority in this glaciological reconstruction. 

Subglacially striated surfaces provide some of the most unequivocal diagnostic evidence 

of a past temperate thermal regime, which is defined by basal ice reaching its pressure-

temperature melting point. However the fragile mm-scale thickness of striae (Siman-Tov 

et al. 2017) results in a poor preservation potential (e.g. Montes et al. 1985). 

Consequently these surfaces, which range from fragments to discernible bedforms, 

represent a miniscule proportion of the areal extent of preserved Cryogenian strata (e.g. 

Hambrey and Harland 1981; Arnaud et al. 2011). The result is an important missing 

contribution towards Cryogenian climatic and environmental reconstructions. This is 

exacerbated by a strong preservational bias towards basinal over subglacial facies 

(Spence et al. 2016, their Fig. 2 a).  

In this context we present sedimentological and detrital zircon age data from an outcrop 

of the Cryogenian Yuermeinak Formation of the Tarim Craton, NW China (Fig. 7.1 A). 

Here, fortuitous preservation allows examination of not only subglacially striated 

surfaces, but subglacial and proglacial facies all within the same compact outcrop area. 

This is the first attempt at glacial reconstruction at this level of detail on the Tarim Craton 

and provides insights into the thermal regime, ice sheet configuration, ice-marginal 
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subglacial and ice-proximal proglacial processes associated with the Yuermeinak 

Formation. These insights then allow us to propose a preliminary model for the 

palaeogeographic development of the Tarim Craton’s NW margin through the 

Cryogenian Period (Aim 4; Objectives 1, 2). 
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Figure 7.1. Maps of the Tarim Craton and Aksu-Wushi area. A: Cryogenian basins of 

the Tarim Craton (representing the Qiaoenbrak Group and Yuermeinak Formation in the 

study area), showing three outcrop area containing Neoproterozoic glacigenic strata. 

Adapted from Wu et al. (2018d, Fig. 9a). Small frame shows position of Tarim Craton in 

China. NCC: North China Craton; SCB: South China Block B: Geologic map of the Aksu-

Wushi area with study area and cap dolostone (Wen et al. 2015) indicated. The 

Yuermeinak Formation is too small to be indicated at this scale. Adapted from Lu et al. 

(2017). C: Aerial photograph from Google Earth (© 2018 Digital Globe) indicating 

positions of measured sections, striated subglacial bedform, striae orientation and 

viewpoint of panoramic image (Fig. 7.4). 
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Fig. 7.1 B 

Fig. 7.1 C 

Fig. 7.1 A 
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7.2 Geological Setting 

 

7.2.1 Tarim Craton 

The Tarim Craton today represents 600,000 km2 of NW China, bounded by the Tianshan, 

Western Kunlun and Altun mountains to its north, south and southeast respectively 

(Fig.7.1 A). During the Tonian Period (1000 – ~ 720 Ma) different reconstructions place 

it either within (Lu et al. 2008; Wen et al. 2017b, 2018) or on the periphery (e.g. Li et al. 

1996, 2008) of the Rodinian supercontinent, from which it likely started drifting by the 

early Cryogenian (Li and Evans 2011; Merdith et al. 2017). Palaeomagnetic data (Table 

7.1) bracket the Tarim Craton at low palaeolatitudes during the Cryogenian (Gao et al. 

1993 and references therein; Huang et al. 2005; Zhan et al. 2007; Wen et al. 2013; Zhao 

et al. 2014; Wen et al. 2017b), except for two palaeopoles indicating 43 to 45° 

palaeolatitudes (Chen et al. 2004; Zhao et al. 2014). However these two poles likely 

represent Phanerozoic magnetism as: (1) the Tereeken Fm palaeopole is not confirmed 

as primary by a field test (Zhao et al. 2014); (2) the Aksu mafic dyke palaeopole (Chen 

et al. 2004) may be younger than thought due to zircon inheritance (Zhu et al. 2011); (3) 

both poles resemble other published Palaeozoic, rather than Neoproterozoic, poles 

(Wen et al. 2017b). 
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Unit Area Sample age 
Palaeolatitude Palaeopole Formal Field Test  

(minumum ChRM age) 
Reference 

Lat. +/- Lat. Long. 

Zhamoketi Fm Kuruktag Ediacaran 19 - -4.9 147 - Zhao el (2014) 

Tereeken Fm cap 
dolostone 

Kuruktag basal Ediacaran 45 - 28 140 Fold (Silurian to Ordivician) Zhao el (2014) 

Sugetbrak Fm Aksu - Wushi Ediacaran 27 10 19 150 
Fold of unknown age;  
Reversed polarities reported 
but no formal test 

Zhan et al (2007) 

Lower  
Sugetbrak Fm 

Aksu - Wushi lower Ediacaran 27 6 21 87 

Reversal cat. C (primary); 
Baked Margin (Permian); 
Regional Tilt (Cenozoic);  
Soft Sediment Fold (FAIL) 

Wen et al (2017a) 

Qiaoenbrak Grp Wushi Tonian-Cryogenian 16 6 -6.3 18 Conglomerate (primary); Wen et al (2013) 

Bayisi Fm Kuruktag late Ton. 0.9 3 -18 14 - Huang et al (2005) 

Aksu Gp dykes Aksu Tonian (?) 43 6 19 128 
Reversal cat. B (primary);  
Soft Sediment Fold (FAIL) 

Chen et al (2004) 

Sailajiazitage Grp Tiekelik lower Tonian -19 - 24 37 Conglomerate (late Tonian) Wen et al (2018) 

Gao et al. (1993, p.166) summarises older palaeomagnetic data and interprets glaciation at < 25° latitude 

 

Table 7.1. Palaeopoles reported as primary from the Neoproterozoic of the Tarim Craton. Only formal field tests are reported, with the minimum age to 

which they constrain the characteristic remnant magnetisation (ChRM) of the sample in brackets. Field Tests: “Fold” and “Regional Tilt” tests (e.g. Enkin 

2003); “Conglomerate” test (Watson 1956); “Baked Margin” test (Everitt and Clegg 1962); The “Reversal” test is categorised from strongest to weakest 

pass categories, from cat. A to cat. C (McFadden and McElhinny 1990). Note that in each case other lines of evidence have been invoked by the 

respective publication to suggest a primary ChRM. Palaeolatitude includes published uncertainty if stated. The age uncertainty of the Aksu dykes is 

discussed in the text. 
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Three widely separated outcrop areas of Neoproterozoic glacigenic strata occur around 

the periphery of the Tarim craton, namely the Tiekelik, Kuruktag and Aksu-Wushi areas 

in the SW, NE and NW respectively (Fig. 7.1 A). This study presents sedimentologic and 

detrital zircon data from the Aksu-Wushi area (Fig. 7.1 B, C). In a recent review of 

seismic, aeromagnetic, core and outcrop data, Wu et al. (2018d) summarised the 

existence of separate northern and southern rift basins during the Cryogenian. The 

Tiekelik strata were deposited within the southern basin whereas the Kuruktag and Aksu-

Wushi strata were deposited near the northern margin of the northern basin (Fig. 7.1 A). 

This latter margin also preserves several pulses of magmatism, at ~ 830–790 Ma, 770–

730 Ma and 660–610 Ma, that may record plume activity (Xu et al. 2005, 2013a, b; Shu 

et al. 2011; Zhang et al. 2016a) or subduction (Ge et al. 2014; Tang et al. 2016; Chen et 

al. 2017; Xiao et al. 2019). Either scenario may be linked to the breakup of Rodinia 

(Cawood et al. 2016) although the youngest magmatism has alternatively been linked to 

Gondwanan assembly (Ge et al. 2012).  

7.2.2 Stratigraphy of the Aksu-Wushi area 

In the Aksu-Wushi area (Fig. 7.1 B), Neoproterozoic strata comprise the Qiaoenbrak and 

Aksu Groups unconformably overlain by the Wushianshan Group; no older strata are 

exposed (Zhu and Wang 2011). Contact between the Aksu and Qiaoenbrak Groups has 

not been observed and the Qiaoenbrak may be younger (e.g. Gao et al. 1993; Wu et al. 

2018b) or the two groups may be coeval (He et al. 2014a; Ding et al. 2015; Lu et al. 

2017) (Fig. 7.2). The Aksu Group comprises metasediments and lavas, in which a 

pervasive blueschist to greenschist facies overprint obscures sedimentary detail 

(Nakajima et al. 1990; Liou et al. 1996; Yong et al. 2013). By contrast the Qiaoenbrak 

Group, which is up to 2040 m thick, has largely escaped metamorphic overprint and 

represents distal subaqueous sediment gravity flows (Gao et al. 1993, 2013; Wu et al. 

2018b). Whereas some authors consider diamictites of the Qiaoenbrak Group to be 

glacigenic (e.g. Ding et al. 2016), recent sedimentological study by Wu et al. (2018b) and 

earlier work of Gao et al. (1993) failed to observe any clear evidence of a glacial 

influence.  

The Yuermeinak Formation (also written Youermeinark, Yulmeinak or Umainak) is the 

basal unit of the Wushianshan Group. Little detailed sedimentological work has been 

done, with prior studies focussing on formation level descriptions (Gao et al. 1993; Lu 

and Gao 1994; Zhu and Wang 2011; He et al. 2014a; Ding et al. 2015; Wen et al. 2015). 

These have revealed isolated outcrops, typically forming laterally discontinuous 

lenticular bodies, up to several metres thick, filling decametre-scale palaeotroughs (e.g. 

Fig. 5a of Wu et al. 2018b). Only near Yuermeinak Village, which is the area of this study, 

does the formation thicken to ~ 70 m (Fig. 7.1 C). From this area Lu and Gao (1994) 
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provided the most detailed published description of sub-Yuermeinak striated surfaces, 

but even this is brief and provides limited information :  

“The surface of the pavement, because of glacial abrasion, is smooth and slippery. 

Grooves and striations exist on the pavement (Fig. 7.4). According to the orientation of 

the striations the ice moved towards a direction between S30°W and S40°W.” (Lu and 

Gao 1994, p. 98) 

The study area comprises a series of ridges and intervening valleys upon which variable 

thicknesses of the shallow dipping Yuermeinak Formation rest upon steeper dipping 

strata of the Qiaoenbrak Group with angular unconformity. No in situ Aksu Group strata 

have been observed in the study area. Above, the Sugetbrak Formation lies sharply upon 

the Yuermeinak Formation or Qiaoenbrak Group and comprises fluvial to lacustrine 

sandstones to conglomerates, interbedded with basalt lavas (Gao et al. 1993; He et al. 

2014a; Ding et al. 2015, 2016; Wen et al. 2015; Lu et al. 2017) (Fig. 7.2).  

Some 17 km SW of the study area (Fig. 7.1 B) Wen et al. (2015) described a laterally 

discontinuous diamictite, reaching 1 m thickness and locally becoming breccia, that 

overlies mud- to sandstones with angular unconformity. Sharply overlying this they 

reported a laminated micritic dolostone of maximum 1.7 m thickness that drapes breccia 

in its westward part and is conformably overlain by the Sugetbrak Formation. This 

dolostone is not known from any other locality in the Aksu-Wushi area and features soft-

sediment folds, bedding parallel sheet-crack cements, parallel to low-angle cross 

stratification, local hematitic shaly beds and a negative δ13C profile (see Yu et al. 2020 

for discussion of these terms). Wen et al. (2015) assigned the mud- to sandstones to the 

Qiaoenbrak Group and the diamictite and breccia to the Yuermeinak Formation. They 

interpreted the overlying dolostone as a cap dolostone at the base of the Sugetbrak 

Formation, resulting from post-glacial marine transgression. However no features 

diagnostic of glaciation were reported from the diamictite and breccia, such as 

dropstones or striated clasts, therefore whether this unit represents syn-glacial 

deposition, relating to the Yuermeinak Formation, or post-glacial slope collapse, relating 

to the Sugetbrak Formation, remains questionable. Similar interpretative ambiguities 

have recently been highlighted beneath other Neoproterozoic cap dolostone units 

(Creveling et al. 2016; Le Heron and Vandyk 2019). In either event, the absence of this 

cap across the remaining Aksu-Wushi area supports previous interpretations of a 

regionally persistent Yuermeinak – Sugetbrak unconformity (e.g. Gao et al. 1993; Zhu et 

al. 2011; Ding et al. 2015; Wu et al. 2018b), but does not favour the conformable 

relationship proposed by Xu et al. (2013a). 
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The Qigebrak Formation rests conformably upon the Sugetbrak Formation and is the 

uppermost unit of the Wushianshan Group. It is characterised by dolomitic stromatolites 

linked to marine transgression (Turner 2010) and is unconformably overlain by the 

Cambrian Yurtus Formation (He et al. 2018) (Fig. 7.2). 

 

Figure 7.2: Neoproterozoic to basal Cambrian units of 

the Aksu-Wushi area. Simplified representation of two 

competing stratigraphic models for the Aksu-Wushi 

area. (A) was recently proposed by He et al. (2014a), 

Ding et al. (2015) and Lu et al. (2017) whereas (B) is 

the traditionally held view, for example Gao et al. 

(1993) and Wu et al. (2018b). Yk: Yuermeinak 

Formation; Qbk: Qiaoenbrak Group.  

 

 

 

 

7.2.3 Age, correlation and tectonic setting of the Yuermeinak Formation 

Detrital zircons from within the Yuermeinak Formation indicate a maximum depositional 

age (MDA) of ~ 724 Ma (He et al. 2014a), see Table 7.2 for MDA calculations and other 

MDAs. Yuermeinak deposition prior to the Cryogenian is unlikely given that Qiaoenbrak 

MDAs (Table 7.2) are similar to the Cryogenian onset (~ 720 Ma) and that an angular 

unconformity separates this older Groups from the Yuermeinak Formation. 

Above the Yuermeinak Formation, individual zircon U-Pb ages between ~ 612 and 1945 

Ma have been obtained from 66 zircons of the Sugetbrak Formation basalts (Wang et al. 

2010; Zhang et al. 2012; Xu et al. 2013a) (Table 7.2). The 4 youngest of these are often 

cited as eruption ages at ~ 615 Ma, although when publishing these data Xu et al. 

(2013a) noted the possibility of inheritance. Given the rarity of these young zircons within 

a larger multi-age population and the strong zircon undersaturation typical of basaltic 

melts, inheritance seems more likely (Dickinson and Hess 1982; Watson and Harrison 

1983; Compston et al. 1986; Watson 1996; Bea et al. 2001; Bea and Montero 2013). 

This interpretation indicates a maximum rather than eruptive age and is consistent with 

Sugetbrak sedimentary rock detrital zircon MDAs of ~ 569, 587 and 592 Ma (Table 7.2).
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Table 7.2: Zircon U-Pb Maximum Depositional Ages (MDAs) from Neoproterozoic strata 

of the Aksu-Wushi area. MDAs were calculated from published ages as the weighted 

mean of the three youngest zircon 206Pb/238U ages of a given sample that overlap at 2σ 

error (Dickinson and Gehrels 2009). All zircons are detrital from sedimentary rocks 

except those from the Sugetbrak basalt lavas, which are treated as inherited for reasons 

explained in the text. Concordance was calculated as the ratio of 206Pb/238U age to  

207Pb/235U age and only grains of 90 - 105% were considered. Zircon data were reviewed 

from Zhu et al. (2011), Zhang et al. (2014), He et al. (2014a), Ding et al. (2015), Lu et al. 

(2017), Wu et al. (2018a) and this study. “n”: number of ages published.
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Unit Sample 
MDA 2σ 

n Reference 
Ma 

Sugetbrak 
Formation 

YR-2 569 19 63 Ding et al. (2015) 

10A03 587 20 90 He et al. (2014) 

07A-33 592 21 60 Zhu et al. (2011) 

Y37 650 17 86 Wu et al. (2018)  

07A-34 667 25 60 Zhu et al. (2011) 

10A04 725 26 79 He et al. (2014) 

10W07 740 21 80 He et al. (2014) 

Y39 781 16 84 Wu et al. (2018)  

Sugetbrak Basalts 

05822 684 15 9 Xu et al. (2013a) 

05823 728 21 20 Xu et al. (2013a) 

DKP-3 748 10 22 Zhang et al. (2012) 

A-07 832 23 15 Wang et al. (2010) 

Yuermeinak 
Formation 

10W06 724 22 80 He et al. (2014) 

YR-1 725 21 91 Ding et al. (2015) 

13A01 748 24 82 He et al. (2014) 

Y-YB1 765 19 91 This Study 

Qiaoenbrak Group 

QE-3 711 17 76 Ding et al. (2015) 

QE-1 752 19 61 Ding et al. (2015) 

10W01 765 31 80 He et al. (2014) 

10W04 777 21 80 He et al. (2014) 

Q72 778 18 86 Wu et al. (2018)  

QE-2 782 21 90 Ding et al. (2015) 

10W03 801 28 90 He et al. (2014) 

10W05 810 23 78 He et al. (2014) 

15A14 820 22 65 Lu et al. (2017) 

Q13 823 21 26 Wu et al. (2018)  

Q30 827 24 19 Wu et al. (2018)  

Aksu Group 

07A-24 729 17 80 Zhu et al. (2011) 

07A-20 733 20 80 Zhu et al. (2011) 

07A-35 741 18 80 Zhu et al. (2011) 

AKS04 780 10 109 Zhang et al. (2014) 

15A06-1 787 22 72 Lu et al. (2017) 

AKS02 809 10 106 Zhang et al. (2014) 

15A05-1 814 20 80 Lu et al. (2017) 

AKS03 816 17 121 Zhang et al. (2014) 

13A05 820 23 70 Lu et al. (2017) 
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Wen et al. (2015, their fig. 8) noted strontium isotope values in the basal Sugetbrak cap 

dolostone resembling those of the end-Sturtian deglaciation. Nevertheless, they 

interpreted this dolostone as a basal Ediacaran cap on the basis of sedimentological 

characteristics and their interpretation of a conformable relationship with the Ediacaran 

Sugetbrak Formation. This provides a Yuermeinak Formation MDA of ~ 635 Ma (Rooney 

et al. 2015). It does not however constrain its deposition to the end-Cryogenian as the 

sharp lower boundary of a cap dolostone may be conformable to profoundly 

unconformable (e.g. Noonday Formation: Corsetti and Grotzinger 2005). 

The glacigenic strata of the Kuruktag area (Fig. 7.1 A) are the best age-constrained of 

the Tarim Craton’s Neoproterozoic outcrop areas. Consequently, attempts have been 

made to use these as a stratigraphic framework for the Tiekelik and Aksu-Wushi areas 

(Xiao et al. 2004; Shen et al. 2008; Xu et al. 2009; He et al. 2014b). The oldest two 

glacigenic Kuruktag formations are in ascending order the Bayisi, containing ~ 740 Ma 

and 725 Ma lava horizons (Xu et al. 2009; Gao et al. 2010), and the Altungol, containing 

a ~ 655 Ma lava in its upper strata (He et al. 2014b). However, whether these formations 

are glacigenic is contested (Xiao et al. 2004; Kou et al. 2008; Xu et al. 2009; Zhu and 

Wang 2011). The younger two glacigenic formations are in ascending order the 

Tereeken and Hankalchough, both overlain by cap dolostones (Xiao et al. 2004; Shen et 

al. 2008). The Tereeken cap forms the basal Zhamoketi Formation and is assigned to 

the basal Ediacaran Period (~ 635 Ma; Rooney et al. 2015) on the basis of ~ 616 Ma 

lavas from the upper Zhamoketi Formation (Xu et al. 2009; He et al. 2014b), combined 

with sedimentological and δ13C data (Xiao et al. 2004; Shen et al. 2008). The 

Hankalchough is overlain by the Cambrian-fossil-bearing Xishanblaq Formation (Xiao et 

al. 2004). From the Aksu-Wushi area, the questionably glacigenic strata of the 

Qiaoenbrak Group have variously been correlated to all of the Kuruktag glacigenic 

formations, except the Hankalchough (e.g. Zhu and Wang 2011; Ding et al. 2015; Wu et 

al. 2018b). In contrast, coeval cap dolostones atop the Tereeken and Yuermeinak 

suggest that these formations are broadly coeval, bracketed between ~ 655 Ma and 635 

Ma i.e. the Marinoan glaciation (e.g. Zhu and Wang 2011; Ding et al. 2015; Wu et al. 

2018b). 

In respect of tectonic setting, the Aksu Group most likely acquired its blueschist facies 

during subduction (Nakajima et al. 1990; Liou et al. 1996; Zheng et al. 2010; Yong et al. 

2013). From the Qiaoenbrak Group, whole-sedimentary-rock geochemical discrimination 

techniques (Bhatia 1983; Bhatia and Crook 1986; Roser and Korsch 1986) have 

suggested an active continental margin or arc depositional setting, with fore- or back-arc 

both suggested (Ding et al. 2015; Lu et al. 2017; Wu et al. 2018b). The same techniques 



266 | P a g e  
 

have indicated a passive margin setting for the Yuermeinak (Ding et al. 2015) and 

Sugetbrak Formations (Ding et al. 2015; Wu et al. 2018b). However, this Yuermeinak 

interpretation is questionable as the geochemical approaches used are highly sensitive 

to grain size and not intended for use with diamictites (see Bhatia 1985). The basaltic 

lavas in the Sugetbrak Formation have been interpreted as either intra-plate rift-related 

lavas, possibly erupted above a plume (Wang et al. 2010; Zhang et al. 2012; Xu et al. 

2013a), or subduction-related lavas associated with extension and retreating 

accretionary orogen (Ge et al. 2014). 
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7.3 Methods 

Measured Sections 1A, 1B, 2, 3 and 4 (Figs. 7.1, 7.3, 7.4) were recorded at a centimetre-

scale across the Yuermeinak Formation lower boundary, to characterise the basal 

surface and immediately overlying strata. Section 5 (Figs. 7.1, 7.5) was measured at the 

decimetre scale and records the remainder of the Yuermeinak Formation and the 

lowermost Sugetbrak Formation. Steep local topography prevented measuring Section 

5 from the base of the formation but it is estimated that less than 5 metres of stratigraphy 

are missing.  

To support the clast roundness observations made in these measured sections, clast 

roundness analysis using the Powers (1953) scale was performed on 971 clasts of the 

heterolithics facies associations and diamictite to conglomerate facies association (Fig. 

S1 of Appendix 3). This was undertaken using six photographs at known stratigraphic 

positions indicated on Sections 1, 3 and 5 (Figs. 7.3, 7.5).  

Sample Y-YB1 was taken from the heterolithics facies association of Section 3 (Fig. 7.3). 

Zircons were separated by rock crushing then standard magnetic and density separation 

methods before being mounted in epoxy and polished. Cathodoluminescence images 

were captured to guide choice of grains for analysis and reveal internal structure (Fig. 

A3.2). U, Th and Pb isotopes were analysed by Laser Ablation Multi-Collector Inductively 

Coupled Plasma Mass Spectrometry at the China University of Geosciences (Wuhan) 

using a 193 nm excimer laser with a spot diameter of 24 µm. For details of instrumental 

settings and analytical procedure see Hou et al. (2009) and Wu et al. (2018c).
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7.4 Results 

7.4.1 Diamictite to conglomerate facies association 

7.4.1.1 Description 

This facies association (Fig. 7.6, Table 7.3) comprises clast-rich diamictites to poorly 

sorted clast-supported conglomerates. These are ungraded, massive or rarely crudely 

stratified (7 m on Fig. 7.5), typically forming continuous beds at the decametre scale of 

the outcrop and sometimes separated by thin sandstone parting planes. Units of this 

facies association also occur as thin lenses enclosed within the Heterolithics facies 

association (12-14 m on Fig. 7.5) and exhibit a lobe-like geometry at one horizon (21-23 

m on Fig. 7.5, Fig. 7.6 A). 

 

Three types of basal contact are recognised: (1) flat and concordant (Fig. 7.6 B); (2) 

irregular and downcutting (Fig. 7.6 C); (3) irregular but not discernibly downcutting, 

wherein underlying beds are warped and/or truncated by individual clasts (Fig. 7.6 D). 

Additionally, an isolated, recumbent decimetre-scale soft-sediment-fold was observed 

near the base of Section 5 (1.8 m on Fig. 7.5). Upper contacts are typically sharp, with 

some examples fining upwards into sandstone. 

 

Clasts are pebble to boulder-grade and predominantly of sandstone, with subordinate 

shale and schist. The sandstone and schist clasts resemble lithologies found in the 

Qiaoenbrak and Aksu Groups respectively. Measured sections record a strong and 

consistent tendency towards subangular to angular clasts, which are occasionally 

striated. This is supported by clast roundness analysis of 743 clasts of this facies 

association, which indicates 53% subangular, 27% angular, 19% subrounded and 2% 

rounded (Fig. 7.3, Fig S1 of Appendix 3). 

 

7.4.1.2 Interpretation 

The massive, ungraded, unsorted character of both the diamictites and conglomerates 

suggests deposition by cohesive debris flow (Talling et al. 2012). Moreover such debrites, 

in contrast to turbidites, are expected to have abrupt margins due to en masse “freezing”, 

which is consistent with the observed lobe-like geometries (e.g. Amy et al. 2005). These 

flows would have likely required a moderate to high cohesive matrix strength to support 

boulders, indicating the “Dm-2” classification of Talling et  al. (2012). Fining-upward 

sandstones that gradationally overlie diamictites, may be explained by mixing of the 

debris flow with surrounding water, transforming the upper part into a turbidity current 

(Mulder and Alexander 2001). The observed sharp and erosional bases are typical of 
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debrites. By contrast the irregular bases that warp underlying strata might result from 

rapid loading of debris onto a less or heterogeneously consolidated substrate (see for 

example the ‘pebble-clusters’ in Fig. 9 of Postma 1983). Alternatively, it is also plausible 

that the underlying strata were warped by vertical emplacement of ice-rafted dropstones 

(Thomas and Connell 1985; Bennett et al. 1996).
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Figure 7.3: Measured Sections across the basal unconformity surface of Yuermeinak 

Formation. The position of these logs is indicated in Figs. 7.1 C and Fig. 7.3. Clast count 

data and derital zircon sample stratigraphic positions indicated. Some clast count data 

was taken along strike from measured section, where units were a different thickness, 

particularly the base of section 3.
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Figure 7.4: Panorama of study area. Collage of multiple images. The streamlined striated bedform is around 10 m past the left edge of this image, 

Section 5 is obscured by a ridge from this angle but its position is indicated. Person for scale, 65 metres between sections 3 and 4, 130 m between 

sections 1 and 3. 
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Figure 7.5. Extended section of Yuermeinak Formation and base of Sugetbrak Formation. Basal contact of Yuermeinak Formation was not accessible 

at this section, but only several metres of stratigraphy are missing. For key to symbols see Fig. 7.3.
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7.4.2 Heterolithics facies association 

7.4.2.1 Description 

This facies association (Fig. 7.7, Table 7.3) comprises shales punctuated by 

predominantly coarse-grained sandstones and granule to pebble conglomerates. All 

lithologies form laterally continuous beds, although some sandstones pinch out to form 

lenses (e.g. 10 m on Fig. 7.5). The sandstones to granule conglomerate beds are ≤20 

cm thick, normally graded or ungraded and massive. Very rare eastward dipping 

unidirectional ripple laminae occur at 31 m on Section 5 (Fig. 7.5). The pebble 

conglomerate beds are ≤80 cm thick, normally graded and locally stack to form 

amalgamated bed sets. Both the sandstones and conglomerates are sharp-based and 

most often sharp-topped. Most bases are flat; however some conglomerate bases 

undulate and truncate underlying laminae (e.g. 27 m on Fig. 7.5). 

 

Lonestones, up to cobble-grade, are common within the shales and are indistinguishable 

from clasts of the diamictite to conglomerate facies association (Fig. 7.6, 7). They are 

stratigraphically concentrated within the lowest 20 m of Section 5 (Fig. 7.5) and locally 

concentrate in horizons to form pebble trains. In some instances, shale laminae are 

curved upwards and downwards, where they contact the upper and lower side of the 

lonestone respectively; these laminae are also truncated and curved either side of the 

lonestone (Fig. 7.7 B). At 23 - 25 m of section 5 (Fig. 7.5), the heterolithics facies 

association beds have locally suffered severe soft sediment deformation, with beds 

sometimes warped around boulders. 

 

Clast roundness analysis of 228 clasts from conglomerates of this facies association 

indicates 38% subangular, 36% angular, 21% subrounded and 4% rounded clasts (Fig. 

7.3, Fig S1 E – F of Appendix 3).
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Figure 7.6: Diamictite to conglomerate facies association. A: Lobe-like geometry of 

diamictite truncating shale of the heterolithics facies association, dashed line and arrows 

indicate small fault offset. (B - D) Diamictite to conglomerate facies association exhibiting 

different lower contacts upon the underlying heterolithics facies association: B: flat and 

concordant contact; C: irregular and downcutting contact; D: irregular but not discernibly 

downcutting contact, wherein underlying shales are warped and/or truncated by 

individual clasts of the overlying conglomerate. 

 

 

Figure 7.7: Heterolithics Facies Association. A: Shales and sandstones with lonestones; 

B: Lonestone truncating beds and laminae laterally, interpreted as a dropstone. 
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7.4.2.2 Interpretation 

The sharp lower boundaries, normal grading, amalgamation and massive character of 

the sandstones and sorted conglomerates are characteristic of a high density turbidite 

(Kuenen 1950, 1951; Lowe 1982). In this context the lack of bedforms likely results from 

high sediment concentrations damping turbulence and thereby hindering their 

development (Talling et al. 2012). The ungraded clean sands may also represent high 

density turbidites; however they may also be interpreted as clean-sand debrites and 

distinguishing the two from examination of an individual outcrop is often problematic 

(Talling et al. 2013). 

 

As an alternative to suspension settling, experiments on flocculated muds have 

suggested that laminated deposits, such as the shales described herein, may be 

deposited from flows fast enough to transport sand (Schieber et al. 2007). However the 

suggested flow rates, around 15 – 30 cm/s, are far slower than those required to transport 

the pebble to cobble lonestones observed within shales of the heterolithics facies 

association (Schieber et al. 2007; Schieber and Southard 2009). Likewise, even the 

coarse sand turbidites would be incapable of transporting the larger lonestones.  The 

deflection of strata above and below the lonestones could be explained by variable 

compaction, however the truncation of strata either side cannot and instead suggests 

vertical penetration. Clasts that vertically penetrate and pose such a “hydrodynamic 

paradox” are defined as dropstones and may be emplaced either as projectiles or by 

rafting (Bennett et al. 1996). The lack of volcanic material excludes projectiles whereas 

rafting by plant or animal is inapplicable during the Cryogenian and the clasts are too 

large for flotation by surface tension (Bennett et  al. 1996). Therefore, rafting by ice 

remains the only reasonable option.  

 

The deformed beds associated with lonestone boulders may represent slope failure, 

potentially associated with a debris flow. Alternatively the lonestones may represent ice-

rafted debris which, given the near obliteration of bedding for a two metre thickness, 

might imply a dump event from an overturning iceberg (Pisarska-Jamrozy et al. 2018 

and references therein). Given the limited along-strike exposure examined, no 

significance is attributed to the apparent lack of ice rafted debris above 20 m of Section 

5. 
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7.4.3 Facetted and rounded clast bearing diamictite facies 

7.4.3.1 Description 

This facies (Fig. 7.8, Table 7.3) is lithologically very similar to diamictites of the diamictite 

to conglomerate facies association. However it bears a unique set of clast characteristics 

that justify considering it separately and accordingly an alternative mechanism of 

emplacement is proposed. Striated clasts are abundant, significantly more so than in the 

other facies, and two types are recognised. The first, which was notably never observed 

in the other facies, comprises well-rounded, elongate clasts exhibiting striae parallel to 

their long (A) axis (Fig.7.8 A). The second comprises more irregular clasts with facetted 

surfaces hosting striae (Fig.7.8 B, C). These striae may be abruptly terminated by a clast 

face perpendicular to their orientation (Fig.7.8 C). In contrast to the first type, removal of 

the second type to determine A-axis orientation was prevented by a strong encasing 

matrix. Both clast types commonly have only one striation direction.  

 

Although the range of clast compositions is identical to the diamictite to conglomerate 

facies association, schist clasts are noticeably abundant at the base of the section and 

achieve much larger boulder sizes than observed elsewhere. The occurrence of this 

facies is very limited, comprising only the basal diamictite of Section 4 (Fig. 7.3,7.4). 

Despite sharp upper and lower boundaries there is a gradational change within this 90 

cm thick basal unit; from the facetted and rounded clast bearing diamictite facies at its 

base to the diamictite to conglomerate facies association at its top. This is indicated by 

an upward reduction in the abundance of diagnostic striated clasts. No clast count data 

were taken from this facies as none of the available images were deemed suitable. 

 

7.4.3.2 Interpretation 

Facetted, striated clasts have long been associated with subglacial till and the 

termination of striae by a clast face perpendicular to their orientation is a morphology 

typical of larger subglacially eroded clasts (Boulton 1978). The facetted striated faces of 

such clasts are abraded subglacially, either lodged within the subglacial substrate or 

along a shear plane within a deforming subglacial till (Evans et al. 2006, their fig. 19). 

The preferential orientation of striae on the well-rounded clasts indicates that they were 

aligned with their long axis parallel to ice flow during striation in a subglacial environment. 

This is typical within a subglacial till, as clasts align preferentially in the main direction of 

shear (ice flow) (e.g. Benn 1994). However, the unusually rounded character of the 

elongate clasts was unlikely produced by glacial erosion but more likely inherited. In 

comparison to the diamictite to conglomerate facies association, which contains only 

occasional striated clasts and within which the distinct well-rounded type were never 
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observed, the far higher concentration of these characteristically subglacial clasts and 

the anomalous size of schist clasts imply a different transport pathway. Putting these 

sedimentological features into their stratigraphic context, immediately above a subglacial 

surface, the facetted and rounded clast bearing diamictite facies was most likely 

deposited as a subglacial till, although a small amount of reworking cannot be ruled out.  

The upward transition to debrites of the diamictite to conglomerate facies association 

suggests a gradational evolution from deposition in a subglacial to a subaqueous 

environment. 

 

Figure 7.8: Striated clasts of the Facetted and rounded clast bearing diamictite facies. 

A: Elongate clasts exhibiting striae parallel to their long (“A”) axis, each held in hand for 

scale; B: more irregular clasts with facetted surfaces hosting striae, coin for scale circled 

in red; C: detail of facetted surface shown in B. 

 

7.4.4 Basal Surface 

7.4.4.1 Description 

The Yuermeinak Formation rests with angular unconformity upon sandstones of the 

Qiaoenbrak Group (Fig. 7.9). This basal surface is irregular at the metre-scale, producing 

a steeply undulating relief. The immediately overlying Yuermeinak Formation tends to be 

thicker within depressions and terminate against highs of the basal surface, as 

demonstrated between Sections 1A and 1B (Fig. 7.10). At the base of Section 2, a 
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fragment of the basal surface hosts striae oriented 155/335° and 168/348°. However a 

far more revealing striated surface is exposed on a streamlined mound, some 280 m 

away, measuring ~ 12 x 3 x 0.5 m (L x W x H) and elongate approximately towards the 

NNE-SSW (Fig. 7.11). The mound’s surface is fine sandstone and striae are well 

preserved on a very smooth, mm-scale thickness veneer (Siman-Tov et al. 2017) that is 

restricted to its top and SE-facing flank (Fig. 7.11 A - C). In contrast, on other surfaces 

this veneer is absent, revealing a rough, non-striated surface (Fig. 7.11 D). Its 

streamlined morphology is clear at the NNE end of the mound, but gradually passes into 

non-exposure towards the SSE (Fig. 7.11 A). Striae are predominantly parallel to the 

mound’s long axis, orientated around 025/205°, although an isolated section hosts 

159/339° and 177/357° striae that cross-cut. Upon the mound’s top they occur on flat 

horizontal surface fragments whereas on its flank they are continuous over a curved 

surface that ranges from sub-horizontal to sub-vertical (Fig. 7.11 A, B). 

 

7.4.4.2 Interpretation 

The angular unconformity indicates significant elapsed time between Qiaoenbrak Group 

and Yuermeinak Formation deposition, implying the basal surface was likely lithified at 

the time of striae formation. Moreover striae formed on soft sediments tend to be wider 

and deeper and may be associated with clast “imprints”, both of which are at odds with 

the observed smooth basal surface hosting mm-scale striae (Jensen and Wulff-

Pedersen 1996). A lithified surface precludes striae formation mechanisms other than 

ablation beneath glacial ice or upon a fault surface (e.g. Christie-Blick 1982). However 

the clear evidence for glaciation in the facies and facies associations described above 

this surface and the lack of other evidence for brittle deformation strongly favour a 

subglacially abraded striated surface (e.g. Iverson 1990, 1991a). In this context striae 

orientation indicate either north or southward local ice-flow direction, revealing that the 

long axis of the mound was approximately parallel to ice-flow. The mound’s striated, 

streamlined form and ice-flow-parallel orientation are typical of subglacial bedforms such 

as  roches moutonées or whalebacks, although partial preservation prevents specific 

assignment (Rastas and Seppälä 1981; Evans 1996; Eyles 2012). The thickening of the 

Yuermeinak Formation within basal depressions and termination against highs (Sections 

1A – B; Fig. 7.10), suggests that undulations of the basal surface represent a palaeo-

topography subsequently filled by deposits of the Yuermeinak Formation.
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Figure 7.9: Angular unconformity between Qiaoenbrak Group and diamictites of 

Yuermeinak Formation, Section 3. Painted red line indicates boundary between 

Qiaoenbrak Group and overlying Yuermeinak Formation. 
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Figure 7.10 Yuermeinak Formation strata terminating against palaeo-high of  basal 

surface. Strata of Section 1A terminate against the palaeo-high of Section 1B (A). 

Annotated in (B). 
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Figure 7.11. Streamlined striated bedform. A: SE flank of bedform preserving striae on 

curved surfaces, view towards 205°, parallel with dominant striae direction. B: SE flank 

viewed towards North, positions of Fig. 10 C and D indicated. (C - D) Detail of striae from 

SE flank. D demonstrates the fragility of the mm-scale veneer hosting the striae, 

explaining the extreme rarity of such surfaces in the Precambrian rock record.
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Diamictite to 
conglomerate 

facies association 

Heterolithics facies 
association 

Facetted and 
rounded clast 

bearing diamictite 
facies 

Lithologies 
Clast-rich diamictites 

to clast-supported 
conglomerates 

Shales, coarse-
grained sandstones, 

granule to pebble 
conglomerates. 
Punctuated by 

lonestones 

Clast-rich diamictite 

Sedimentary 
structures 

and sorting 

Poorly sorted. 
Ungraded, massive 

or rarely crudely 
stratified 

Moderately to well 
sorted. Normally 

graded or massive. 
One horizon of rare 

unidirectional 
ripples. 

Poorly sorted. 
Ungraded, massive 

Bedding 

Continuous beds or 
thin lenses, 

occasional lobe-like 
geometries 

Continuous beds, 
occasional 

sandstone lenses 

Laterally continuous 
at metre-scale of 

exposure 

Upper bed 
contacts 

Mostly sharp, occasionally gradational Gradational over dm 

Lower bed 
contacts 

Sharp. Flat and 
concordant OR 

irregular downcutting 
OR irregular with 

soft sediment 
deformation 

 Sharp. Flat OR 
undulating, 

truncating underlying 
laminae 

Sharp 

Clasts 

Predominantly 
subangular to 

angular pebbles to 
boulders of 

sandstone, with 
subordinate shale 

and schist. 
Sandstones 

occasionally striated. 

Lonestones: 
indistinguishable 
from clasts of the 

Diamictite to 
conglomerate facies 

association 

High concentrations 
of: (1) well-rounded, 
elongate clasts with 
long-axis parallel 
striae; (2) irregular 
clasts with facetted 
surfaces hosting 
striae; (3) metre-
scale schist boulders 

Distribution 

These associations interbed throughout 
Section 5 except the uppermost 9 m is only 

the Diamictite to conglomerate facies 
association 

Base of Section 4 
only, resting upon 
Qiaoenbrak Group 

Interpretation 
Subaqueous debris 

flow 

Subaqueous 
turbulent flows, 

punctuated by ice-
rafted debris 

Subglacial tillite 

 

Table 7.3: Summary of facies and facies associations 
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7.5 Detrital Zircon Geochronology 

 

Description and interpretation 

Sample Y-YB1 was taken from the heterolithics facies association of Section 3 (Fig. 7.3). 

280 zircons grains were separated and most exhibit oscillatory zoning in 

cathodoluminescent images (Fig. S2 of Appendix 3). 18 grains exhibit distinctly separate 

≤ 20 µm rim structures, but were too thin for analysis. Grains with concordance < 90% 

were discarded, leaving 91 concordant ages out of 118 analyses. Concentrations of U 

(38.56- 484.25 ppm), Th (32.40- 767.58 ppm) and the Th/U ratio (0.21-2.20) are variable 

(Table S1 of Appendix 3). Both oscillatory zoning and high Th/U values suggest a 

magmatic rather than metamorphic origin for the ages obtained (Rubatto 2002).  

Ages range from 758 Ma to 2472 Ma, and exhibit a major relative probability peak at ~ 

840 Ma and a minor peak at 1980 Ma (Fig. 7.12 A; Table S1 of Appendix 3). These are 

similar to those previously published for the Yuermeinak Formation (Fig. 7.12 B) (He et 

al. 2014a; Ding et al. 2015) and are also found in the Aksu and Qiaoenbrak Groups and 

Sugetbrak Formation (Zhu et al. 2011; He et al. 2014a; Zhang et al. 2014; Ding et al. 

2015; Lu et al. 2017; Wu et al. 2018a). The majority of the detrital zircons of this study 

fall in the 950 – 750 Ma age range, for which Lu et al. (2017 and refs. therein) 

summarised abundant potential metamorphic and magmatic sources on the North Tarim 

margin. Within this range, detrital zircons of ~ 850 Ma are not known from in situ 

magmatic rocks but have been linked to the complete erosion of a former granitic hilly 

terrain in NW Tarim, from which granitic clasts have been identified in the Qiaoenbrak 

Group by U-Pb zircon dating (Wu et al. 2018a). The 765 ± 19 Ma MDA of Y-YB1 barely 

overlaps within 2 standard deviations of the youngest Yuermeinak MDA of 724 ± 22 Ma 

(He et al. 2014a) (Table 7.2). 

Figure 7.12: Detrital Zircons of the Yuermeinak Formation. Relative probability plots and 

histograms of A: sample Y-YB1 of this study; B: published data of He et al. (2014a) and 

Ding et al. (2015). Plots produced using DensityPlotter 8.4 (Vermeesch 2012). Histogram 

bin size 20 Ma. Only concordance of 90 – 105% accepted, 206/238 age below 1000 Ma 

and 207/206 above 1000 Ma. C: Detrital zircon data of this study, He et al. (2014a) and 

Ding et al. (2015) on a summary plot of the general fields for convergent, collisional and 

extensional basins adapted from Fig. 3 of Cawood et al. (2012). Depositional age (DA) 

is assumed bracketed between 655 and 635 Ma, relating to current estimates of the 

Marinoan glaciation. 
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7.6 Discussion 

 

The Yuermeinak outcrop hosts the only known example of a subglacially striated surface 

on the Tarim Craton and its co-occurrence with sub- and proglacial facies, within the 

same compact outcrop, represents a rare window into a Marinoan glaciation. The 

following discussion outlines a range of sub- to proglacial processes, in the context of an 

evolving palaeogeography. Consideration is then given to the global significance of 

subglacially striated surfaces of the Cryogenian Period. 

7.6.1 Glaciation on the NW Tarim margin 

 

The striated basal surface and facetted and rounded clast bearing diamictite facies (tillite 

facies) both indicate the presence of grounded glacial ice in the study area, which 

retreated to allow subaqueous deposition of the diamictite to conglomerate and 

heterolithics facies associations (collectively the subaqueous facies) (Fig. 7.13). The 

gradational relationship between tillite and subaqueous facies suggests relatively 

uninterrupted deposition from subglacial to subaqueous environments. This implies an 

ice-marginal position for the tillite facies and an ice-proximal position for the subaqueous 

facies. The dominance of subangular to angular clasts within the subaqueous facies, 

along with their likely intra-basinal source from the regionally underlying Qiaoenbrak and 

Aksu Groups, are both consistent with the minimal transport expected of ice-proximal 

deposits. 

Sediment gravity flow deposits within the Yuermeinak Formation are both abundant and 

variable, taking a range of forms from sandy turbidite to boulder-bearing debrite, and 

such flows are a common and well established feature within modern subaqueous 

proglacial environments (e.g. Benn 1996; Tye and Palmer 2017). Likewise, the 

Yuermeinak ice-rafted debris takes a variety of forms. These include individual isolated 

clasts, clasts organised into horizons and, more tentatively, dump events delivered by 

iceberg overturning. This variability within both gravity flows and ice-rafted debris 

suggests a dynamic depositional environment.  

Three lines of evidence indicate the presence of locally temperate glacial ice in the study 

area, associated with enhanced basal sliding and/or deformation within a subglacial 

layer. First, subglacially striated and streamlined bedforms beneath the Yuermeinak 

Formation are diagnostic of basal sliding and similar examples are ubiquitous from 

beneath recent temperate glaciation (e.g. Iverson 1990, 1991a). Cold-based subglacially 

abraded surfaces have occasionally been reported, but their striae are far less 



288 | P a g e  
 

consistent, uniform and parallel than those reported herein (Atkins et al. 2002; Atkins 

2003). Second, the striae upon clasts within the facetted and rounded clast bearing 

diamictite facies were produced either directly beneath sliding ice or upon a decollement 

plane within a deforming subglacial layer (Evans et al. 2006). Third, in their analysis of 

lithofacies typical of cold-based glaciation, Hambrey and Glasser (2012) found no 

striated or faceted clasts. 

The constraints of small outcrop size pose a considerable challenge in determining the 

scale and thermal regime of the larger, regional, ice mass that was likely associated with 

the Yuermeinak Formation. Despite these limitations, three lines of evidence allow the 

tentative proposition of a temperate rather than polythermal regime.  

First, temperate glaciers tend to transport very little debris at their base, in a basal debris-

rich layer of decimetres or less (Hubbard and Sharp 1989). This is consistent with the 

very thin subglacial tillite preservation of the Yuermeinak Formation and in contrast to 

the abundant subglacial debris typical of polythermal glaciers (Hambrey and Glasser 

2012).  

Second, both temperate and polythermal glaciers commonly transport an abundance of 

characteristically angular supraglacial debris (Whalley et al. 1996; Anderson et al. 2018), 

consistent with the overall angular tendency recorded in Sections 1 to 5 (Figs. 7.3, 7.5). 

However, Hambrey and Glasser (2012) found that the dominant lithofacies characteristic 

of temperate alpine valley glaciers is angular, with clasts ranging from very angular to 

subrounded, whereas polythermal glaciers produce predominantly subangular or 

subrounded debris, with clasts ranging from angular to rounded. Analysis of 971 clasts 

from the subaqueous facies (Fig. S1 of Appendix 3) indicates a dominance of angular 

to subangular debris, with the range of clasts being almost entirely angular to 

subrounded (29% angular, 49% subangular, 19% subrounded and 2% rounded), which 

more closely resembles the temperate alpine valley glacier of Hambrey and Glasser 

(2012). 

Third, modern polythermal glaciers tend to be temperate in their interior, where greater 

ice thickness allows the pressure-melting point to be reached, but cold based at their 

margin where ice is thinner (Pattyn 2010). In the study area the Yuermeinak ice mass 

was temperate at its margin thus less likely to represent polythermal glaciation. 

A point of uncertainty is whether the subaqueous deposits were lacustrine, as suggested 

by Gao et al. (1993) and Lu and Gao (1994), or marine. In association with Quaternary 

glaciation both subglacial (Livingstone et al. 2012, 2015, 2016) and proglacial (e.g. Fyfe 

1990; Carrivick and Tweed 2013; Fitzsimons and Howarth 2018) lacustrine deposits 

occur. However, the likely dominance of supraglacial debris in the subaqueous facies 
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favours only a proglacial setting. Moreover it does not favour the sub-ice shelf deposition 

posited by Ding et al. (2016) because subglacial, not supraglacial, deposits would be 

expected to dominate in ice-proximal areas (Domack and Harris 1998; Pudsey and 

Evans 2001; Evans and Pudsey 2002). The lack of evidence for shallow water 

processes, such as wave- or tidal facies, suggests deposition within a low energy 

lacustrine or a deeper marine environment. The latter could be accomplished by a 

tidewater glacier retreating from a grounding line below storm wave base (Powell 1984). 

7.6.2 Paleogeographic evolution and tectonic setting, NW Tarim margin 

 

The findings of this study place an ice margin on the NW margin of the northern basin of 

Wu et al. (2018d). These authors argued that detritus was fed from the North by the 

Tabei Palaeouplift, before flowing southwards into the northern basin (Fig. 7.1 A). In this 

context the measured striae orientations of the Yuermeinak basal surface more likely 

represent flow towards the SSW than the NNE (see also Lu and Gao 1994). This 

configuration of sediment source, ice margin and basin suggests the possibility that the 

Tabei Palaeouplift contained a mountain range hosting a glacial ice body capable of 

feeding the Yuermeinak area and perhaps even the Kuruktag area. This suggestion of a 

glaciated mountain range is supported by both sedimentological and tectonic arguments, 

outlined below. 

Sedimentologically, as discussed above, many subaqueous facies clasts of the 

Yuermeinak Formation were likely sourced from supraglacial debris. The angular 

character of such debris typically derives from the collapse of slope faces or valley sides 

(Whalley et al. 1996; Hambrey and Glasser 2012; Anderson et al. 2018). This implies 

that the ice feeding the Yuermeinak Formation likely passed through raised topography, 

consistent with a mountain range (Fig. 7.13). Moreover, the ubiquity of clasts apparently 

from the Qiaoenbrak and Aksu Groups suggests a local sediment source and therefore 

locally raised topography, evoking the possibility of a fjord or mountain lake setting within 

the study area (Powell and Molnia 1989). This is in stark contrast to the abyssal setting 

of the underlying Qiaoenbrak Group (Fig. 7.13) (Gao et al. 1993), which Wu et al. (2018b) 

concluded was too far from any ice margin to preserve a discernible glacial signature. 

Furthermore, Qiaoenbrak diamictite clasts differ markedly from those of the Yuermeinak, 

being predominantly sub-rounded and comprising andesites, diabases, metavolcanics, 

quartz, sandstones and siltstones (Ding et al. 2016). Collectively, this indicates that the 

Yuermeinak Formation and the questionably glacigenic Qiaoenbrak Group had 

significantly different sediment supply and transport histories.  
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A simple explanation for this change, from abyssal to mountainous topography, is that 

the Qiaoenbrak-Yuermeinak angular unconformity represents a period of uplift and 

development of mountainous terrain, from the early to late Cryogenian (see MDAs, Table 

7.2) (Fig. 7.13). This suggestion fits well with existing tectonic reconstructions. Ge et al. 

(2014) proposed that the northern Tarim margin switched from southward advancing 

accretion to northward retreating accretion between ~ 780 and 740 Ma, prior to the 

Cryogenian onset. These are analogous to modern Andean and West Pacific subduction 

respectively (see Cawood et al. 2009). In this case the shift to increasingly mountainous 

terrain may indicate flank-uplift associated with back-arc basin development, 

characteristic of retreating accretion (Cawood et al. 2009). Supporting this within the 

Aksu-Wushi area, He et al. (2014a) argued that an increase in the abundance of 

Palaeoproterozoic detrital zircon grains, from the Qiaoenbrak Group to the Yuermeinak 

and Sugetbrak Formations, indicated progressive back-arc basin development. 

However the timing of this purported ~ 780 - 740 Ma accretionary switch is less certain 

in the Aksu-Wushi area, for two reasons. First it was interpreted largely on the basis of 

whole rock and zircon geochemistry from the Kuruktag area (Fig. 7.1 A), whereas there 

is a lack of similar suitable igneous rocks for study in the Aksu-Wushi area. Second Lu 

et al. (2017) used detrital zircon age and Hf isotopic (εHf) data from the Aksu-Wushi area 

to argue that the Qiaoenbrak Group, which is likely younger than 740 Ma  (Table 7.2), 

was deposited in association with advancing, not retreating, accretion (see Kemp et al. 

2009). This uncertainty gives rise to the possibility of southward advancing accretion 

persisting during Yuermeinak Formation deposition. In this context the Qiaoenbrak to 

Yuermeinak palaeogeographic shift is best explained by a southward migration, or 

expansion, of an Andean-style mountain range, perhaps represented by the Tabei 

Palaeouplift (Cawood et al. 2009). 
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Figure 7.13. Palaeogeographic and depositional settings of the Qiaoenbrak Group and 

Yuermeinak Formation. Highly schematic sketch, distances and sizes are not to scale. 
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The advancing or retreating accretion outlined above associates Yuermeinak deposition 

with an active margin setting. This idea may be addressed using detrital zircon age 

distributions of this and previous studies (He et al. 2014a; Ding et al. 2015). Cawood et 

al. (2012) demonstrated a relationship between tectonic setting of deposition, 

depositional age (DA) and crystallisation ages (CA) of detrital zircons. They produced a 

simple two-step test, distinguishing between “convergent”, “collisional” and “extensional” 

settings, but importantly noted that the respective fields overlap (Fig. 7.12 C). Assuming 

a Marinoan DA, bracketed between 655 to 635 Ma, the combined Yuermeinak detrital 

zircon data indicate that the youngest 5% of DA - CA values are ≤ 89 to 109 Ma whereas 

the youngest 30% are ≤ 160 to 180 Ma (Steps 1 and 2 of Cawood et al. 2012). This 

suggests a “collisional” setting such as a forearc basin. However, as illustrated in Fig. 

7.12 C, the values overlap considerably with the “convergent” field, encompassing 

subduction trench to back arc settings, but are quite different from the “extensional” field, 

incorporating passive margin and intracontinental basins. Therefore these data are 

consistent with an active margin setting and the accretionary orogeny proposed by Ge 

et al. (2014). In future studies, the morphology of Yuermeinak clasts (i.e. ratios of 

principal axes) might be used to test and refine this hypothesis of mountainous 

topography using the approach described by Lukas et al. (2013), although lithification 

may prove an obstacle. 
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7.6.3 Global context 

 

In the context of global climate models for the Cryogenian Period, the temperate thermal 

regime of the Yuermeinak Formation implies an active hydrological cycle that does not 

favour an entirely glaciated globe (Allen and Etienne 2008). Moreover its low 

palaeolatitude, open water proglacial deposits and position near an active margin are 

consistent with deposition on the fringes of a low latitude ice-free ocean, as proposed by 

models such as Abbot et al. (2011) and Rose (2015). However, an equally plausible 

counter-argument posits that the entire formation was deposited during the very final 

melting of a previously entirely glaciated globe (Hoffman 2011). The “Zipper-Rift” model 

of Eyles and Januszczak (2004) proposed that tectonic uplift exerted an important control 

upon diachronous glaciation during the Cryogenian. The topographic uplift between 

Qiaoenbrak and Yuermeinak deposition may have played a role in the nucleation of 

glaciation, which would be consistent with this model.  

It has been suggested that more pronounced, rift-related, topography existed during the 

Sturtian, in comparison to the Marinoan interval, and that this was partly responsible for 

the difference in duration and character of the two intervals (Hoffman et al. 2017). Our 

findings suggest the opposite, indicating subdued Sturtian topography and mountainous 

Marinoan topography. Although only applicable to the study region, it is rarely possible 

to determine Cryogenian palaeotopography at all, making this a valuable insight. 



294 | P a g e  
 

7.7 Conclusions 

 

 Locally temperate glacial ice, probably moving towards the SSW, sculpted striated 

bedforms in the study area before retreating to leave a dynamic open-water, ice-

proximal, proglacial environment, into which sediment gravity flows and ice-rafted 

debris were fed predominantly by supraglacial debris. 

 

 Minimal subglacial tillite, clast roundness analysis and temperate glaciation at the 

ice margin tentatively suggest that a larger ice body, of which the study area is 

assumed a small part, had a temperate rather than polythermal regime. 

 

 The Yuermeinak Formation was likely associated with raised topography, such as 

a mountain range, the development of which in the Aksu-Wushi area occurred after 

deposition of the Qiaoenbrak Group and was probably associated with the 

Qiaoenbrak-Yuermeinak angular unconformity.  

 

 In the context of existing tectonic models, mountain building in the study area may 

indicate either flank-uplift, associated with northward retreating accretion, or 

growth of an Andean-style mountain range, associated with southward advancing 

accretion. Yuermeinak Formation detrital zircon data suggest a collisional or 

convergent tectonic setting, compatible with these models. 

 

 Preserved Cryogenian striated surfaces are far more commonly known beneath 

Marinoan than Sturtian glacigenic strata and tend towards low palaeolatitudes. 

However any inferences should be treated with caution due to age and 

palaeomagnetic uncertainties and a small sample set highly susceptible to the 

influences of preservational bias. 
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8 Discussion 

 

In the Introduction (1.1) to this thesis I asserted that Neoproterozoic subglacially striated 

pavements have the potential to overcome important limitations of facies analysis; that 

they may provide unique insights into long-standing problems for the reconstruction of 

the Neoproterozoic Earth. However, that potential is hampered by problems of both data 

collection and interpretation. The overarching goal of this thesis was to address these 

problems and thereby help open a door to the full interpretative potential of these ancient 

surfaces. This discussion evaluates, first, whether that overarching goal, made up of 

Aims 1 to 4 (1.2), has been achieved and what the wider significance of that achievement 

has been. Second, what methodological and interpretative recommendations may be 

drawn for future studies. 

8.1 Aim 1 

The first aim was to develop a new highly detailed approach for the correct identification 

of  pre-Pleistocene subglacially striated pavements. This was the focus of Chapter 4, the 

Mineral Fork Formation. The approach capitalised upon a self-evident, but oft neglected, 

truth. Specifically, that any rock surface exposed in the landscape today, regardless of 

suspected ancient origins, is undoubtedly part of a modern actively evolving landscape. 

Regardless of whether Precambrian gneiss or Pleistocene clay, it is subject to the same 

structural and erosional forces as any other part of the surrounding modern landscape. 

It is therefore essential to understand the processes, and resulting morphologies, of that 

landscape in order to discount them from morphologies suspected of recording more 

ancient processes. In the case of the Mineral Fork Formation, the consequence of this 

approach was rejection of the only uncontested Neoproterozoic pavement on the North 

American continent.  

It is hoped that this approach may serve as a blueprint for the critical study of purported 

pavements elsewhere. For example, beneath the Merinjina Formation of South Australia, 

purported subglacial striae (Coats and Preiss 1987) have alternatively been interpreted 

as features of a fault surface (Daily et al. 1973). This might represent a similar situation 

to that of Chapter 4.  

However, there are other types of interpretative ambiguities that the approach of Chapter 

4 does not address. For example, the striated surface beneath the Bigganjargga 

diamictite of Norway has been interpreted as the product of striation by glacial ice (Rice 

and Hofmann 2000) or by a debris flow (Jensen and Wulff-Pedersen 1996). Both 

explanations invoke Precambrian surface processes; an understanding of the 

surrounding modern landscape will not help distinguish between these. 
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8.2 Aim 2 

The second aim was to document striated pavements, at a level of detail far surpassing 

any previously attempted for a Precambrian pavement, using photogrammetric and 

traditional techniques practical for remote fieldwork. Chapters 4 and 5  (Mineral Fork and 

Luoquan Formation) both achieved this aim, but by using different approaches. Chapter 

4 used terrestrial and UAV photogrammetry, field notes, photographs and 

measurements. Chapter 5 did likewise, but excluded terrestrial photogrammetry. In 

addressing Aim 2, this section evaluates methodology. It considers whether the 

application of photogrammetric techniques added value to existing techniques for the 

study of Precambrian pavements and whether those benefits outweighed the practical 

cost for fieldwork in remote locations. First, detailed study of the pavements is 

considered, contrasting the approaches used in Chapters 4 and 5. Second, consideration 

is given to the photogrammetric study of the wider landscape.  

The Mineral Fork Formation “pavement” was captured in detail using terrestrial 

photogrammetry (Section 3.1 and Chapter 4). This was referenced using printed marker 

squares separated by known distances using a tape measure. No angles were measured 

between markers. Marker 1 was a purpose-built triangle of known dimensions that was 

oriented north and horizontal using compass and built-in spirit level. Orientation of other 

markers was not measured. The three corners and marked centre point of Marker 1, 

along with three scalebars, were the means by which the scale and orientation of the 

model were determined. Distances between check point scalebar markers were then 

compared to the distances between markers in the model to estimate uncertainty.  

Setting up and performing the survey took around an hour. This was repeated on 

different days for the purpose of a “split test”. See 3.1 for further detail. Additionally, 

traditional notebook observations and photographs were taken of the pavement and the 

photogrammetry process.  

Estimation of model uncertainty could have been improved by recording the three 

dimensional relative coordinates of individual markers using a theodolite, with the 

possible addition of a differential GPS. Both pieces of equipment are expensive (our 

department has theodolites but no differential GPS), potentially bulky and require time to 

set up. In our case, without these refinements, estimated distance errors between scale 

bar check points were < 2% (Table 3.2). Compass clinometer and model surface 

orientation measurements agreed well, although no systematic comparison was made.  

Notwithstanding this, every observation from the “pavement” that we relied upon for our 

detailed interpretation was also backed up by a notebook field observation, supported 

by individual images. As model-based measurements were not relied upon and 

uncertainty was already low, the addition of theodolite and differential GPS would have 
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added little to this study but would have slowed the survey and impeded our progress 

across difficult terrain. 

The fact that similarly detailed pavement observations and interpretations were 

presented in Chapters 4 and 5, yet only the former made significant use of terrestrial 

photogrammetry, questions whether terrestrial photogrammetry was necessary at all? 

To answer this we must consider the benefits of the terrestrial model to Chapter 4 and 

how similar ends were met in Chapter 5.  

In Chapter 4, the terrestrial model was of great use to our interpretation and its 

presentation. It provided four key benefits. First, the model allowed the pavement to be 

viewed from multiple angles on multiple occasions long after fieldwork, allowing time for 

thought and reflection. Second, it allowed the projection of planes representing fractures 

or bedding onto the surface or its dissection into component parts. This process was 

used as a  form of thought experiment, for the testing of working hypotheses and ideas. 

Third, it provided a comprehensive photographic record of the features in question, for 

viewing either as individual photographs or orthomosaic. Fourth, it presented an 

unparalleled opportunity to present our observations to others at a level of detail and 

clarity that could not be captured by any number of words. 

In Chapter 5, terrestrial photogrammetry was not used. Yet the same four key benefits 

were largely achieved. First, field notes, photographs and movies of the surfaces aided 

thought and reflection after fieldwork, but could not provide the detail allowed by a 

terrestrial model. At Gandanchang trees forced the UAV to an altitude obscuring fine 

detail and even at Shangxuma, where UAV images were taken only metres high, detail 

was far less than terrestrial photogrammetry. Many fractures were not apparent from 

UAV photogrammetry and required painstaking comparison between models, field notes 

and detailed terrestrial photographs. Nevertheless, UAV models still provided a very 

useful aide memoire when combined with detailed field notes and images. Second, 

manipulation of UAV models for thought experiments was possible and served many of 

our purposes as well as the terrestrial photogrammetry of Chapter 4. Third, for 

Gandanchang and Shimengou, a comprehensive image coverage was not obtained from 

the pavements; the area was simply too large. At times this would have been useful. For 

example, the stoss-side steps of the purported roche moutonnée feature at 

Gandanchang were not examined or photographed in detail yet their morphology was 

potentially important. Fourth, the lack of terrestrial photogrammetry did not preclude 

effective presentation of the data to the reader and some standard images, not intended 

for photogrammetry, were successfully compiled as photogrammetric models from which 

orthomosaics were produced (Fig. 5.38). 
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Turning our attention to the study of the wider landscape, UAV photogrammetry was 

invaluable in Chapter 4. Traditionally, such a survey would incorporate ground control 

points of known absolute or relative location. However, I used this method only once for 

this thesis, for Pavement 5 of Shimengou (Fig. 5.31). Generally, it was found that 

reliance on UAV GPS alone was ample for our purposes. Testing this statement, in Mill 

B North Fork our photogrammetric models benefitted from three independent checks. 

First, my compass-clinometer measurements of surface orientations; second, handheld 

GPS coordinates of specific features; third, comparison to published 2 m bare Earth 

LIDAR data of the same area (State of Utah 2006). Although no systematic comparison 

was made, these all appeared to agree. The value of the model in this study was the 

ability to view the landscape from any angle, project planes and dissect it to test working 

hypotheses. This level of check was ample for these purposes. Greater precision, using 

theodolite-measured markers, would therefore add nothing to our use of the model but 

would consume a great deal of valuable field time. 

In the field there is rarely sufficient time to observe and record everything within a 

landscape; observations must be targeted. In the case of the purported pavement of 

Chapter 4, a great deal of time was required to simply locate the “pavement”, travelling 

slowly through overgrown, mountainous terrain. Our goal was to record and interpret that 

purported Precambrian feature. Therefore, recording details of the modern landscape, 

such as the configurations of surrounding cliffs and joints, was very low on our priorities. 

This is especially so given how slow progress was on foot. Nevertheless, it was just such 

landscape detail that provided important evidence towards reinterpreting the purported 

Precambrian pavement as a modern erosional feature (Section 4.6.1.4). It was only 

through later examination of our UAV photogrammetry of the modern landscape, which 

took only around an hour to capture in the field, that we realised the significance of these 

features (e.g. Fig. 4.10). Therefore, when investigating Precambrian geomorphology, 

UAV photogrammetric capture of the surrounding modern landscape is a minor 

investment of field time that may yield considerable rewards. Even if the relevance of 

such a survey is not clear at the time, performing a UAV survey of the surrounding 

landscape should be considered as a matter of routine. 

It is also important to point out the limitations of this approach. UAV photogrammetry 

does not obviate the need for targeted observation in the field. The resolution practically 

likely, as noted above, may not be sufficient to reliably distinguish many smaller scale 

features with confidence, unless they have already been recorded on the ground. For 

example, the smaller scale features allowing reinterpretation of the Chapter 4  

“pavement” were only recorded in sufficient detail, using notebook and camera (Figs. 
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4.6, 4.7, 4.8). This was only possible because their potential significance was realised 

whilst in the field. 

  

8.3 Aim 3 

The third aim was to interpret subglacial processes and conditions, at a level of detail far 

surpassing any previously attempted for a Precambrian pavement, using the data arising 

from Aim 2. The level of interpretative detail provided in Chapter 5 far surpasses anything 

that I have found published on Precambrian pavements, fulfilling Aim 3. This section 

evaluates the significance of the findings of Chapter 5 to global understandings of 

Precambrian glaciation. 

It is well established that certain Earth surface processes are commonly recorded and 

easily identified within the rock record, whereas others leave little or no trace. The detail 

of this preservation bias is, however, open to continuous reappraisal. For example, in 

the field of subaqueous sedimentology and geomorphology, water of a super-critical flow 

regime was long considered to produce only transient sedimentary structures. However, 

recent reappraisal of previously studied Precambrian fluvial strata of Scotland has 

revealed numerous, but previously unrecognised, anti-dunes recording just such a flow 

regime (McMahon and Davies 2018). Similarly, in the field of subglacial sedimentology 

and geomorphology, ice of a cold-based thermal regime is usually thought to either 

preserve preglacial landscapes or leave  an erosional or depositional trace so subtle that 

it could easily be erased or obscured by the lightest subsequent erosion (Atkins et al. 

2002; Atkins 2003, 2013). Consequently, recognition of cold-based glaciation in the pre-

Pleistocene rock record has proven problematic or impossible.  

For this reason the findings of Chapter 5 are enticing; not so much for what they tell us 

about the North China Craton but for the possibility that we may be able to recognise 

pre-Pleistocene cold-based glaciation. For now, however, this remains a possibility only 

as the option of a protective sediment layer presents an equally viable alternative 

interpretation. Distinction between these options should be a goal for future research. 

However, we were able to conclude that the Luoquan Formation pavements record 

limited subglacial abrasion and little or no subglacial quarrying. This was highly 

counterintuitive because classic features of abrasion and corrasion by warm-based 

glaciation are spectacularly obvious upon the pavements (e.g. striae and s-forms) and 

pervasively developed bedrock steps appear to provide prima facia evidence for 

subglacial quarrying (i.e. glacial steps). It was only on account of the detail of our analysis 

that the intuitive but erroneous assumption of high magnitude subglacial erosion, by both 

abrasion and quarrying, was dismissed.  
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This approach offers value to the interpretation of pavements of all ages. For example, 

hundreds of metres of incision beneath the Cryogenian aged Merinjina Formation of 

Australia has been linked to glacial erosion. An important justification for this interpreted 

link is the presence of a (contested) striated pavement upon the incision surface (Mitchell 

et al. 2019). If the pavement were shown to record only limited erosion, the cause of 

incision may need to be reassessed. In the case of the Luoquan Formation, delicate pre-

glacial morphologies were preserved beneath the ice, despite the formation of striated 

pavements. A similar finding beneath the Merinjina Formation would suggest that the 

Cryogenian strata are filling pre-glacial (e.g. fluvial) rather than glacial incision. 

More generally, Partin and Sadler (2016) noted that the net sediment flux of Cryogenian 

sections is unusually slow in comparison to Cenozoic glaciomarine net sediment fluxes. 

Flux was defined as preserved stratigraphic thickness divided by presumed duration. 

Duration in each case was presumed 57 Ma for Sturtian sections and 5 Ma for Marinoan 

(Section 2.6.1). They linked this slow Cryogenian net sediment flux to low sediment 

erosion and deposition, implying a diminished hydrologic cycle. However, the preserved 

thickness of these sections, many of which were incomplete, can only ever record a 

minimum rate of erosion and deposition. For example, a rapidly deposited section 

subsequently largely removed by erosion will record a very slow net sediment flux. In this 

context, the opportunity to interpret direct evidence for the efficacy of glacial erosion 

provides a unique and important insight. 

8.4 Aim 4 

The fourth aim was to evaluate the possibility of producing interpretations at a range of 

scales, from local depositional processes and environments to regional 

palaeogeography and tectonic evolution, by combining data from pavements and 

associated strata. Both Chapters 5, 6 (collectively) and Chapter 7 produced 

interpretations that combine data from pavements and associated strata. However, they 

did so in two very different ways, evaluated below. 

Chapters 5 and 6 produce two separate interpretations, from the Luoquan Formation 

pavements and overlying strata respectively, that converge on a common theme of 

limited erosion. However, these conclusions were reached entirely independently; 

neither was contingent upon the other. It is tempting to suggest that this convergence of 

independent lines of evidence corroborates and strengthens that finding. This is only 

true, however, if the two forms of erosion were coeval. First, the erosion responsible for 

formation of the Luoquan Formation pavements and, second, the erosion responsible for 

detritus subsequently deposited as strata of the Luoquan formation. As the relative timing 

of these events is unknown the cautious approach treats these findings separately. 
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In contrast, Chapter 7 produced a single interpretation by combining data from the 

Yuermeinak Formation pavement and overlying strata. That is to say that the simple 

identification of a pavement allowed considerable refinement to interpretations of 

associated strata, which then contributed to more regional palaeogeographic and 

tectonic reconstructions, outlined below. 

In respect of depositional processes and environments, the pavement allowed the 

variable relief at the base of the Yuermeinak Formation to be interpreted as subglacial 

topography. In this context, the occurrence of the  “facetted and rounded clast bearing 

diamictite facies” on the basal surface, but nowhere else, and its gradational relationship 

with overlying facies allowed both to be placed as tillite and subaqueous facies 

respectively, in an ice marginal environment. Without the pavement, all of these facies 

could be interpreted as subaqueous and deposited more distally. In respect of 

palaeogeography, the evolution from ice distal to ice marginal settings could not have 

been reconstructed with such confidence. Without the pavement, we might instead have 

interpreted the change in sediment character between Qiaoenbrak Group and 

Yuermeinak Formation as reflecting provenance change but not necessarily a change in 

palaeogeographic setting. In respect of tectonic evolution, the proposal of a shifting 

mountain range would have been significantly weakened without first confirming this 

distal to proximal paleogeographic evolution. 

This interpretation of the Yuermeinak Formation illustrates the importance of correctly 

identifying a Precambrian pavement. After all, a pavement alone, without detailed 

analysis of the type used in Chapter 5, only records the past presence of grounded warm-

based ice and two possible ice flow directions. However, it does this with a very high 

level of confidence and these same findings can rarely be confidently inferred by other 

means, such as facies analysis. Consequently, the correct identification (Aim 1) of a 

pavement provides a simple but high confidence interpretative anchor point from which 

a whole host of further interpretations can be based. This fact is equally demonstrated in 

the discussion of Chapter 4, from the Mineral Fork Formation. In that case, a number of 

previous glacially related interpretations are thrown into question after the 

reinterpretation of the underlying “pavement” as a non-glacial feature. In short, 

Precambrian pavements have the power to make or break the interpretation of 

associated strata. 
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8.5 Methodological Recommendations 

The following recommendations apply to the study of any pre-Pleistocene subglacial 

bedrock morphology. Many points also apply to more recent subglacial surfaces. These 

are simply thoughts and suggestions arising form this study and are in no way 

prescriptive. 

1. Consideration to surrounding modern landscape should be given when considering 

any instance of pre-Pleistocene geomorphology, especially features that might resemble 

the pre-Pleistocene geomorphology in question; 

2. UAV photogrammetry provides a highly efficient means of capturing that landscape 

and should be considered as a matter of course. Ground control points should only be 

considered if model measurements need to be relied upon at high precision. 

3. Terrestrial photogrammetry provides valuable detail but can be time-consuming or 

impractical over large areas. Traditional field observations and photographs should 

always be captured alongside photogrammetry and, with this in mind, UAV 

photogrammetry may offer a better reward for the time taken than the terrestrial 

alternative. Terrestrial photogrammetry should be reserved for small areas of special 

interest. 

4. Careful consideration should be given to discontinuities in the rock, noting the following 

for each orientation present: 

i. Do they form steps and which direction(s) do they descend? 

ii. Is there offset of stratigraphic markers across steps? 

iii. Are edges rounded or sharp and, in the case of steps, on which side(s)? 

iv. Are faces planar or curved, striated or unstriated? 

v. Do the discontinuities continue or terminate as they meet younger features (e.g. 

overlying strata)? 

vi. Do striae or streamlined morphologies change as they approach or pass over the 

discontinuity? 

 

5. Any purported pavement should be treated with caution. Even once correctly identified 

the most obvious morphologic features may not be representative of dominant past 

processes and conditions. There are many possible routes to misinterpretation of an 

ancient pavement. High confidence interpretation made quickly in the field, followed by 

confirmation bias and the failure to record further data is perhaps the most reliable of 

these. Photogrammetry provides some safety net, allowing later examination of 3D data 

but is no substitute for carefully targeted observation in the field.
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9 Conclusions 

 

This work has considered striated pavements and associated strata on three different 

palaeocontinents. It has synthesised field sedimentologic, geomorphic, 

photogrammetric, whole rock geochemical and isotopic data to investigate the pitfalls 

and potential of striated pavements as a tool for the reconstruction of past processes 

and environments. Below is a reiteration of the summary conclusions drawn from 

Chapters 4-7 followed by summary conclusions of the Aims of the thesis as a whole. 

9.1 Mineral Fork Formation, USA (Chapter 4) 

 The only uncontested Cryogenian “pavement” from the western margin of the 

Laurentian palaeocontinent and the entire modern North American continent is 

best explained as a structurally controlled erosional feature of the modern 

landscape, with no connection to Precambrian glaciation; 

 

 The incision beneath the Mineral Fork Formation, previously presumed to 

record subglacial erosion, can as easily be explained by fluvial erosion, 

potentially under non-glacial conditions; 

 

 The presence of grounded ice in the Utah – Idaho region during the Cryogenian 

Period is now unconfirmed; 

 

 Building upon the long established consensus that  the Mineral Fork Formation 

strata contain within them multiple sediment gravity flows deposited in a rift 

setting, it is possible that lower strata of the formation record non-glacial 

conditions that transition upwards into glaciation. 

 

9.2 The Luoquan Formation, China (Chapters 5, 6) 

 Pavements studied beneath the Ediacaran Luoquan Formation record warm-

based subglacial conditions but limited erosion that was dominated by abrasion 

rather than quarrying; 

 

 Pre-glacial substrate features may have been protected by a subglacial sediment 

layer that was too thick to transmit shear to the substrate or periods of cold-based 

glaciation; 
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 The stepped pavement topography observed today is some cases a later feature, 

not present at the time of Ediacaran glaciation, and the original subglacial 

pavements were overall flat and bedding parallel; 

 

 The detailed geomorphic approach used here  will hopefully help future studies, 

on pavements of all ages, to avoid misinterpreting subglacial process as a result 

of conflating subglacial quarrying and later fault slip; 

 

 Glacial erosion was limited in magnitude and the unconformity beneath the 

Luoquan Formation most likely existed prior to glaciation associated with the 

Luoquan Formation; 

 

 Data from striated pavements and overlying strata are complementary, providing 

a robust record of minimal erosion from two distinctly different and independent 

lines of evidence; 

 

 The novel geochemical approach used here could be applied to pre-Pleistocene 

glaciogenic strata of all ages.   

 

9.3 The Yuermeinak Formation, China (Chapter 7) 

 Locally temperate glacial ice, probably moving towards the SSW, sculpted 

striated bedforms in the study area before retreating to leave a dynamic open-

water, ice-proximal, proglacial environment, into which sediment gravity flows 

and ice-rafted debris were fed predominantly by supraglacial debris. 

 

 Minimal subglacial tillite, clast roundness analysis and temperate glaciation at the 

ice margin tentatively suggest that a larger ice body, of which the study area is 

assumed a small part, had a temperate rather than polythermal regime. 

 

 The Yuermeinak Formation was likely associated with raised topography, such 

as a mountain range, the development of which in the Aksu-Wushi area occurred 

after deposition of the Qiaoenbrak Group and was probably associated with the 

Qiaoenbrak-Yuermeinak angular unconformity.  

 

 In the context of existing tectonic models, mountain building in the study area 

may indicate either flank-uplift, associated with northward retreating accretion, or 

growth of an Andean-style mountain range, associated with southward advancing 
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accretion. Yuermeinak Formation detrital zircon data suggest a collisional or 

convergent tectonic setting, compatible with these models. 

 

9.4 Aims of this study (Section 1.2 and Chapter 8) 

 Aim 1: A new highly detailed approach for the correct identification of  pre-

Pleistocene subglacially striated pavements was developed, which emphasises 

the  importance of the surrounding modern landscape; 

 

 Aim 2: Precambrian pavements were documented at an unprecedented level of 

detail, using terrestrial and UAV photogrammetry alongside traditional 

techniques, which provide invaluable in the fulfilment of Aims 1 and 3; 

 

 Aim 3: Subglacial processes and conditions were interpreted at a level of detail 

far surpassing any previously attempted for a Precambrian pavement, revealing 

the presence of past cold-based conditions despite the more obvious presence 

of warm-based erosional features; 

 

 Aim 4: Combining data from pavements and associated strata may have a 

synergistic effect, allowing higher confidence and better constrained 

interpretation of overlying strata, palaeogeographic and tectonic settings.   
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11 Appendix 1 
 

The content of Appendix 1 is available freely online at: 

www.doi.org/10.17632/YSJTV99RWK.1  

It is the supplementary material of Vandyk et al. (2021). It includes large files, 

comprising movies, a digital elevation model and high resolution images that would 

considerable slow the use of this PDF if included directly. 
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12 Appendix 2 

This appendix comprises Tables 1, 2 from the main text of Li et al. (2020) and Tables 3, 

4 from the supplementary material of Li et al. (2020). 



Table 12.1 Major (wt%) and trace element (ppm) compositions of samples in the Yangpo Section. CIA: Chemical Index of Alteration as percentage, see text for explanation. M, F, W are Mafic, Felsic and Weathered end members from principal 

component analysis of Ohta and Arai (2007) as a percentage.   
YP9-1 YP9-2 YP9-3 YP9-4 YP9-5 YP9-6 YP9-7 YP9-8 YP9-9 YP9-10 YP9-11 YP11-1 YP11-2 YP11-3 YP11-4 YP11-5 YP7-1 YP7-2 YP7-3 YP7-4 YP7-5 YP2-1 YP2-2 YP4-1 YP5-1 YP6-1 

 Dropstone-Bearing Shale Dolomitic-matrix diamictite 

SiO2 59.99 54.51 77.16 62.80 58.18 57.40 68.32 61.97 63.13 63.60 63.01 66.48 87.31 58.46 62.93 61.88 56.52 20.47 61.01 53.37 55.91 18.5 23.99 32.97 28.29 25.92 

Al2O3 10.54 4.90 0.64 12.74 10.22 6.42 7.89 9.15 9.51 9.34 8.63 8.32 4.08 9.15 9.46 6.99 10.19 4.26 8.19 11.90 9.79 1.25 1.84 1.1 1.32 1.14 

CaO 5.36 10.45 6.06 3.04 6.15 8.90 4.35 5.35 5.85 5.60 5.86 6.42 1.13 6.60 5.07 7.07 7.65 37.6 6.56 6.74 7.34 23.9 22.4 19.85 21 21.9 

Fe2O3T 3.63 2.50 1.37 4.92 4.29 2.05 2.89 3.48 3.73 3.75 3.41 2.94 1.29 3.00 3.73 2.47 3.25 1.59 2.36 3.81 3.41 0.77 0.96 0.91 0.79 0.94 

K2O 4.84 2.41 0.38 5.59 4.68 3.26 4.04 4.26 4.49 4.47 4.09 3.74 2.63 4.34 4.39 3.57 4.56 1.84 3.80 5.25 4.41 0.66 0.96 0.53 0.67 0.57 

MgO 4.37 7.58 4.21 3.42 5.15 6.62 3.57 4.65 3.83 3.95 4.58 2.50 0.78 5.53 4.51 5.30 4.83 2.18 5.32 5.91 6.10 16.9 15.65 14.1 14.9 15.4 

MnO 0.05 0.08 0.05 0.04 0.05 0.08 0.03 0.04 0.04 0.05 0.06 0.03 0.01 0.05 0.04 0.05 0.04 0.05 0.05 0.04 0.05 0.05 0.08 0.04 0.06 0.06 

Na2O 0.09 0.03 0.02 0.08 0.06 0.06 0.06 0.05 0.06 0.06 0.05 0.04 0.06 0.06 0.08 0.06 0.05 <0.01 0.04 0.08 0.06 0.02 0.03 0.02 0.02 0.02 

P2O5 0.07 0.03 0.01 0.09 0.07 0.04 0.04 0.07 0.08 0.06 0.07 0.07 0.02 0.06 0.06 0.04 0.08 0.03 0.07 0.09 0.07 0.02 0.02 0.02 0.02 0.02 

TiO2 0.52 0.24 0.03 0.61 0.51 0.32 0.35 0.45 0.47 0.46 0.42 0.39 0.14 0.46 0.48 0.35 0.51 0.21 0.40 0.56 0.49 0.05 0.08 0.06 0.06 0.05 

LOI 9.69 16.77 9.51 6.81 10.99 14.66 7.86 9.88 9.33 9.22 10.05 8.45 1.95 11.90 9.50 11.78 12.09 32.09 11.64 12.53 12.99 37.2 34.32 30.71 32.68 33.9 

Ni 20.7 9.6 3.1 22.5 16.9 11.8 11.5 14.3 15.7 17.1 14.1 14.0 5.3 15.3 14.5 11.9 19.2 11.1 14.9 19.5 17.3 4.1 5.8 2.8 3.1 3.2 

Sc 10.0 5.5 1.3 12.5 9.9 7.3 6.5 8.3 8.8 8.6 7.7 8.2 2.6 9.0 9.0 7.9 9.4 10.8 9.0 11.0 9.5 1.9 2 1.3 1.6 1.5 

Ba 338 209 32.1 335 334 306 356 302 309 342 281 290 847 332 337 329 291 121 259 297 286 36.3 61.3 26.9 30.6 30.4 

Ce 67.1 31.1 14.9 80.5 66.0 38.2 45.8 58.9 62.0 58.2 57.5 46.7 27.2 58.3 59.3 42.6 65.9 31.7 53.4 80.6 65.7 12.9 16.1 12.4 12.9 12.2 

Cr 60 30 30 80 60 30 40 60 50 50 50 50 40 50 50 40 60 20 50 70 60 10 10 10 10 10 

Cs 17.30 6.99 0.71 21.6 17.10 8.17 9.84 14.60 15.45 14.45 13.00 13.40 3.87 14.50 15.65 10.35 14.95 9.35 10.90 18.65 15.65 1.02 1.74 1.03 0.9 1.09 

Dy 2.98 1.97 0.71 3.10 2.96 2.27 2.18 2.60 2.64 2.69 2.42 2.68 1.21 2.72 2.63 2.31 2.85 2.51 2.39 3.07 2.86 0.67 0.93 0.6 0.8 0.78 

Er 1.78 1.15 0.36 1.89 1.70 1.24 1.25 1.37 1.50 1.52 1.38 1.54 0.74 1.50 1.49 1.29 1.59 1.21 1.34 1.92 1.69 0.38 0.55 0.37 0.42 0.42 

Eu 0.97 0.61 0.26 1.03 0.91 0.65 0.71 0.76 0.81 0.82 0.79 0.90 0.42 0.89 0.86 0.67 0.88 1 0.73 1.02 0.87 0.16 0.2 0.17 0.21 0.18 

Ga 13.2 6.0 1.2 16.1 13.3 7.6 9.7 11.5 12.1 11.7 10.8 10.2 3.9 11.4 12.0 8.5 13.1 5.8 10.3 15.3 12.6 2.3 3.4 1.6 2.1 1.7 

Gd 3.90 2.44 0.91 3.90 3.51 2.60 2.65 3.18 3.31 3.28 3.06 3.67 1.41 3.24 3.21 2.88 3.35 3.94 2.81 3.83 3.61 0.75 1.01 0.73 0.96 1.03 

Hf 6.2 4.3 0.9 5.4 6.0 5.0 5.5 5.8 5.7 5.5 4.7 5.1 2.8 5.7 6.3 5.9 5.8 1.9 4.7 5.3 5.1 1.1 1.6 1.3 1.5 1.3 

Ho 0.60 0.41 0.14 0.64 0.59 0.45 0.44 0.51 0.54 0.51 0.50 0.53 0.25 0.54 0.53 0.46 0.57 0.45 0.47 0.64 0.56 0.14 0.19 0.13 0.16 0.16 

La 32.7 15.1 7.5 39.3 32.0 18.8 22.5 28.7 30.6 28.4 28.4 23.9 12.7 28.5 29.0 20.7 34.9 16 27.2 41.2 32.8 6.8 8.3 6.1 6.3 5.9 

Lu 0.25 0.16 0.05 0.26 0.25 0.17 0.19 0.21 0.23 0.23 0.22 0.22 0.11 0.22 0.23 0.20 0.27 0.17 0.20 0.28 0.24 0.06 0.09 0.06 0.06 0.06 

Nb 10.9 5.8 0.7 12.0 11.4 7.1 7.2 9.4 9.5 9.6 8.5 7.6 2.9 10.0 10.1 7.7 10.8 4.8 8.5 12.2 10.3 2.5 3.1 2.4 3 2.7 

Nd 27.5 14.3 7.2 32.4 27.2 16.1 18.6 23.8 24.6 23.4 23.1 19.9 11.0 22.8 23.9 17.3 25.3 15.1 21.6 32.1 26.7 4.9 6.6 5 6.2 5.9 

Pr 7.55 3.69 1.84 8.89 7.44 4.33 4.98 6.40 6.80 6.52 6.43 5.34 2.94 6.41 6.46 4.68 6.97 3.64 5.85 8.86 7.29 1.35 1.72 1.32 1.48 1.39 

Rb 139.0 63.1 7.0 165.5 136.0 83.3 97.6 117.5 123.0 117.5 106.5 108.5 53.8 123.0 126.5 94.0 135.0 58 104.0 157.0 130.0 17.2 26.4 14.5 16.1 14.9 

Sm 5.12 3.04 1.36 5.42 4.65 3.06 3.38 4.07 4.35 4.19 4.13 4.27 1.92 4.09 4.11 3.42 4.27 4.66 3.89 5.59 4.78 0.94 1.29 0.93 1.18 1.14 

Sn 1 <1 <1 2 2 1 1 1 1 1 1 1 <1 2 1 1 2 1 1 2 2 1 1 <1 <1 1 

Sr 66.1 41.8 21.1 70.8 65.9 55.3 57.5 61.2 63.5 65.5 58.7 48.8 55.3 63.0 62.6 59.1 60.4 34.4 51.2 69.4 60.7 23 25.4 21.2 20.5 21.6 

Ta 0.6 0.2 0.3 0.9 0.8 0.5 0.6 0.8 0.7 0.7 0.7 0.7 0.4 0.8 0.8 0.6 0.9 0.3 0.6 1.1 0.9 0.2 0.3 0.4 0.4 0.3 

Tb 0.54 0.33 0.13 0.55 0.52 0.37 0.40 0.45 0.49 0.47 0.44 0.49 0.20 0.48 0.48 0.39 0.47 0.46 0.40 0.58 0.50 0.12 0.16 0.1 0.12 0.15 

Th 9.28 4.62 1.21 10.55 9.08 4.77 5.89 7.69 8.08 7.48 7.21 7.19 2.77 7.80 7.99 5.56 9.47 4.17 7.19 11.20 9.14 1.94 3.01 1.95 2.24 1.99 

Tm 0.26 0.16 0.05 0.29 0.25 0.18 0.19 0.21 0.21 0.22 0.20 0.23 0.11 0.22 0.23 0.20 0.25 0.17 0.21 0.29 0.24 0.06 0.09 0.05 0.06 0.06 

U 1.48 0.86 0.32 1.43 1.44 1.10 1.01 1.28 1.33 1.33 1.23 1.20 0.57 1.74 1.28 1.12 1.44 0.57 1.45 1.77 1.40 0.47 0.65 0.47 0.71 0.68 

V 44 12 <5 55 52 40 35 50 63 43 54 46 32 24 37 31 40 24 49 68 63 10 12 <5 <5 17 

W 1 1 <1 2 1 1 1 1 1 1 1 1 1 1 1 1 5 3 2 4 1 1 1 2 1 2 

Y 16.9 10.7 3.7 17.4 16.4 11.7 12.5 14.2 15.3 14.8 13.5 15.3 7.0 15.0 15.2 13.0 15.5 13.9 13.1 17.6 15.1 4.4 5.8 3.7 4.9 4.8 

Yb 1.69 1.04 0.32 1.70 1.56 1.10 1.22 1.41 1.54 1.39 1.32 1.43 0.68 1.39 1.55 1.29 1.72 1.09 1.38 1.77 1.58 0.4 0.58 0.35 0.46 0.39 

Zr 218 158 37 193 209 180 218 199 212 200 169 182 107 216 230 228 207 68 167 191 172 39 60 49 52 48 

M 24.3 11.9 25.4 21.6 24.8 24.3 21.9 23.2 24.6 27.9 25.5 25.2 25.1 27.8 25.5 12.6 - - 24.5 14.5 23.3 25.3 24.4 23.0 11.4 13.1 

W 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 - - 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 

F 25.7 38.1 24.7 28.4 25.2 25.7 28.1 26.9 25.4 22.1 24.6 24.8 24.9 22.2 24.5 37.4 - - 25.5 35.5 26.8 24.7 25.6 27.0 38.6 36.9 

CIA 65.6 64.4 57.3 66.9 66.0 63.3 63.3 65.7 65.3 65.0 65.3 66.6 57.3 65.1 65.4 63.2 66.6 - 65.9 66.7 66.3 61.6 61.8 63.2 62.5 62.5 

 



 

Table 12.2 Major (wt%) and trace element (ppm) compositions of samples in the Luoquan Section. CIA: Chemical Index of Alteration as percentage, see text for explanation. M, F, W are Mafic, Felsic and Weathered end members from 

principal component analysis of Ohta and Arai (2007) as a percentage.  
LQ2-1 LQ2-2 LQ2-3 LQ2-4 LQ2-5 LQ2-6 LQ2-7 LQ2-8 LQ2-9 LQ2-10 LQ2-11 LQ2-12 LQ2-13 LQ2-14 LQ2-15 LQ2-16 LQ2-17 

 Siliclastic-matrix diamictite 

SiO2 68.47 65.80 67.72 68.28 68.84 68.58 68.25 70.09 67.87 64.60 67.34 66.92 64.69 67.66 68.25 66.31 54.19 

Al2O3 12.02 11.46 12.06 11.72 11.61 11.15 11.64 10.90 11.44 11.58 12.16 11.16 9.43 10.96 11.95 11.56 9.81 

CaO 2.01 2.79 2.01 2.14 1.69 2.21 2.12 2.00 2.35 3.14 2.36 2.76 2.82 3.43 2.38 2.43 11.95 

Fe2O3T 4.15 4.23 4.34 4.27 4.47 4.02 4.18 4.32 4.26 4.35 4.23 5.60 4.27 4.65 4.68 4.33 3.76 

K2O 5.30 5.06 5.49 5.24 5.19 5.01 5.26 4.86 5.09 5.12 5.27 5.00 4.59 4.87 5.37 5.19 4.35 

MgO 2.45 2.92 2.36 2.46 2.16 2.40 2.40 2.26 2.52 3.12 1.76 2.11 1.54 1.85 2.01 2.67 1.98 

MnO 0.06 0.06 0.05 0.05 0.06 0.05 0.05 0.05 0.06 0.07 0.06 0.08 0.06 0.06 0.07 0.06 0.05 

Na2O 0.08 0.07 0.07 0.06 0.06 0.06 0.07 0.06 0.05 0.07 0.06 0.06 0.09 0.06 0.07 0.06 0.03 

P2O5 0.08 0.07 0.07 0.07 0.07 0.07 0.08 0.08 0.07 0.07 0.07 0.08 0.10 0.07 0.07 0.07 0.06 

TiO2 0.59 0.54 0.57 0.55 0.53 0.50 0.53 0.52 0.53 0.57 0.61 0.55 0.55 0.53 0.56 0.55 0.46 

LOI  5.22 6.59 5.15 5.42 4.73 5.54 5.56 5.28 6.08 7.30 5.01 5.44 4.88 5.65 5.10 6.23 12.52 

Ni 22.7 19.4 20.3 18.8 19.0 17.9 18.6 19.8 20.6 19.0 25.0 24.2 22.4 18.9 21.0 19.9 17.1 

Sc 11.6 10.6 10.9 10.8 10.2 9.8 10.7 9.7 10.8 11.3 11.8 10.4 7.7 9.6 11.2 10.7 9.7 

Ba 388 505 740 489 806 471 409 545 460 472 1390 595 >10000 926 866 332 304 

Ce 75.8 71.6 75.4 73.7 69.8 72.3 71.7 70.9 76.2 66.5 75.4 67.5 48.7 68.8 67.0 68.8 57.8 

Cr 70 70 70 60 70 70 70 70 70 70 80 70 50 70 80 80 60 

Cs 7.89 8.32 9.07 7.88 7.95 7.75 8.18 7.60 8.07 8.73 7.28 6.08 6.23 8.26 8.69 8.75 7.46 

Dy 3.02 3.30 3.07 2.95 2.69 2.98 2.89 2.90 2.91 3.10 3.23 3.32 3.13 3.11 3.12 3.13 2.84 

Er 1.76 1.79 1.76 1.76 1.63 1.71 1.74 1.67 1.78 1.68 1.65 1.64 1.65 1.61 1.59 1.56 1.37 

Eu 1.03 1.08 1.02 1.02 0.97 0.97 0.93 0.96 0.98 1.09 1.00 1.07 0.15 0.98 1.04 1.02 0.90 

Ga 14.8 14.7 15.4 14.5 13.7 14.1 14.2 13.8 14.4 14.4 15.5 13.7 11.5 14.1 14.4 14.6 12.4 

Gd 3.75 3.83 3.87 3.94 3.80 3.79 3.70 3.80 3.90 3.99 3.87 4.04 3.65 3.68 3.64 3.87 3.41 

Hf 6.1 5.3 6.3 5.8 5.4 5.6 5.9 5.9 5.7 5.3 6.2 5.9 5.9 5.2 5.3 5.6 4.5 

Ho 0.60 0.59 0.59 0.61 0.56 0.59 0.60 0.59 0.59 0.63 0.62 0.60 0.58 0.56 0.58 0.57 0.55 

La 37.2 35.9 37.0 36.5 34.1 35.6 35.3 34.8 37.2 33.4 36.1 33.3 24.9 33.5 34.4 34.5 29.2 

Lu 0.25 0.24 0.28 0.26 0.23 0.25 0.26 0.24 0.26 0.27 0.27 0.25 0.26 0.23 0.25 0.23 0.21 

Nb 11.6 11.2 11.6 11.1 10.5 10.4 10.6 10.5 11.0 11.4 12.1 11.3 10.2 10.9 11.4 11.3 9.7 

Nd 30.3 29.1 29.9 30.0 28.6 28.3 29.3 28.4 30.3 26.9 28.9 28.0 20.1 27.1 27.6 28.0 23.5 

Pr 8.27 7.90 8.15 8.13 7.70 7.74 7.74 7.77 8.19 7.37 7.98 7.49 5.42 7.56 7.53 7.60 6.43 

Rb 139.5 146.0 146.0 135.0 133.0 132.0 134.5 130.0 135.5 149.0 142.5 125.5 122.5 139.5 148.0 151.5 126.0 

Sm 5.29 4.85 5.40 5.01 4.98 4.78 5.12 5.13 4.95 4.63 4.91 4.89 3.89 4.43 4.81 4.46 4.15 

Sn 2 2 2 1 2 1 2 2 2 2 2 2 2 4 2 2 2 

Sr 78.0 85.8 95.2 79.2 90.1 81.2 77.7 77.1 80.7 81.4 89.9 79.4 1005 82.7 85.6 79.3 73.3 

Ta 0.8 0.7 0.8 0.7 0.6 0.6 0.7 0.6 0.6 0.8 0.7 0.9 0.9 0.8 0.9 0.9 0.7 

Tb 0.55 0.57 0.55 0.55 0.50 0.54 0.52 0.52 0.54 0.58 0.58 0.57 0.53 0.56 0.54 0.54 0.48 

Th 9.82 9.72 9.78 9.44 9.10 9.02 9.41 9.45 9.77 9.79 10.15 9.48 7.66 9.18 9.25 9.52 8.06 

Tm 0.25 0.29 0.27 0.26 0.25 0.25 0.25 0.24 0.25 0.26 0.27 0.26 0.26 0.24 0.24 0.24 0.22 

U 1.58 1.66 1.59 1.56 1.49 1.46 1.50 1.61 1.55 1.63 2.62 3.70 1.51 1.52 1.57 1.56 1.35 

V 69 55 57 49 58 44 91 87 67 83 61 69 69 48 56 71 76 

W 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 

Y 16.7 17.1 17.0 16.3 15.4 16.1 16.2 16.8 16.4 17.6 18.2 17.2 17.1 16.6 17.1 17.4 16.0 

Yb 1.53 1.61 1.71 1.62 1.53 1.58 1.67 1.48 1.54 1.59 1.73 1.61 1.59 1.45 1.61 1.50 1.44 

Zr 213 210 228 206 191 201 207 212 203 198 240 219 238 206 202 206 177 

M 28.0 26.8 28.1 27.7 28.2 28.2 28.3 27.8 27.4 26.1 28.6 26.6 28.6 28.0 28.4 27.1 26.9 

W 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 49.9 50.0 50.0 50.0 50.0 

F 22.1 23.2 21.9 22.3 21.9 21.8 21.7 22.2 22.7 23.9 21.4 23.4 21.4 22.0 21.7 23.0 23.1 

CIA 66.7 66.8 66.1 66.6 66.6 66.5 66.3 66.6 66.8 66.7 67.3 66.5 64.2 66.7 66.4 66.5 67.1 

 

 



Table 12.3 U-Pb isotope data for detrital zircons of sample LQ2-18.  

 Pb 

Total 

Th 

232.00  

U 

238.00  

207Pb/206Pb 

Ratio 

207Pb/206Pb 

1sigma 

207Pb/235U 

Ratio 

207Pb/235U 

1sigma 

206Pb/238U 

Ratio 

206Pb/238U 

1sigma 

207Pb/206Pb 

Age (Ma) 

207Pb/206Pb 

1sigma 

207Pb/235U 

Age (Ma) 

207Pb/235U 

1sigma 

206Pb/238U 

Age (Ma) 

206Pb/238U 

1sigma 
Concordance 

LQ2-18-01 122.92  110.15  166.49  0.166761  0.001846  11.885088  0.161134  0.515355  0.00519 2525.6  18.8  2595.4  12.8  2679.5  22.1  106% 

LQ2-18-02 209.80  175.60  290.37  0.166291  0.001621  12.030591  0.149533  0.522783  0.004962 2520.7  15.6  2606.8  11.8  2711.0  21.1  108% 

LQ2-18-03 52.44  87.65  91.69  0.114118  0.001687  5.537747  0.086779  0.352665  0.003491 1865.7  26.5  1906.5  13.5  1947.3  16.7  104% 

LQ2-18-04 21.74  18.92  34.26  0.154593  0.002949  9.879280  0.187452  0.467401  0.004983 2398.2  32.4  2423.6  17.6  2472.2  21.9  103% 

LQ2-18-05 97.31  109.82  205.72  0.118563  0.001432  6.153634  0.085292  0.376395  0.003678 1944.5  27.0  1997.9  12.2  2059.4  17.3  106% 

LQ2-18-06 68.71  80.30  105.65  0.135116  0.001753  8.327020  0.127388  0.447210  0.00486 2165.7  22.5  2267.3  14.0  2382.8  21.7  110% 

LQ2-18-07 16.89  25.57  29.58  0.122707  0.002714  6.210596  0.144980  0.370401  0.00472 1996.0  34.1  2005.9  20.5  2031.3  22.2  102% 

LQ2-18-08 52.44  58.51  59.46  0.165102  0.002450  11.798922  0.199428  0.518305  0.005631 2508.3  58.2  2588.6  15.9  2692.0  24.0  107% 

LQ2-18-09 123.35  341.40  251.90  0.132594  0.001722  5.235722  0.077527  0.286586  0.002973 2132.4  22.8  1858.4  12.7  1624.4  14.9  76% 

LQ2-18-10 196.19  171.99  263.41  0.165823  0.001766  12.239557  0.160317  0.534591  0.005194 2515.7  51.1  2622.9  12.4  2760.8  21.9  110% 

LQ2-18-11 34.36  47.65  32.43  0.164552  0.002766  11.305542  0.198476  0.501802  0.005691 2502.8  27.6  2548.7  16.5  2621.5  24.5  105% 

LQ2-18-12 23.62  39.58  45.62  0.108971  0.002129  5.134731  0.103402  0.344654  0.004031 1783.3  35.8  1841.9  17.2  1909.0  19.4  107% 

LQ2-18-13 143.52  159.39  232.69  0.136831  0.001419  8.319146  0.110276  0.439520  0.004146 2187.4  17.9  2266.4  12.1  2348.5  18.6  107% 

LQ2-18-14 124.87  89.67  179.42  0.166790  0.001787  12.371958  0.165263  0.536587  0.005247 2525.6  17.1  2633.1  12.7  2769.1  22.1  110% 

LQ2-18-15 33.90  60.56  57.73  0.111890  0.002153  5.659363  0.122737  0.367761  0.004672 1831.5  34.9  1925.2  18.8  2018.9  22.0  110% 

LQ2-18-16 235.87  288.34  258.40  0.165785  0.001575  11.850867  0.136180  0.516953  0.004524 2516.7  15.7  2592.7  10.9  2686.2  19.3  107% 

LQ2-18-17 72.51  77.82  137.71  0.125992  0.001457  7.181620  0.107614  0.411117  0.004181 2042.9  21.5  2134.2  13.4  2220.0  19.1  109% 

LQ2-18-18 39.63  52.84  81.85  0.112536  0.001788  5.581025  0.098544  0.359256  0.003747 1842.6  28.2  1913.2  15.3  1978.6  17.8  107% 

LQ2-18-19 37.07  44.30  78.58  0.113712  0.001838  5.814392  0.105049  0.370048  0.003944 1861.1  28.5  1948.6  15.7  2029.6  18.6  109% 

LQ2-18-20 85.23  148.18  108.67  0.126166  0.001700  7.227615  0.114395  0.415280  0.004795 2055.6  23.8  2139.9  14.2  2239.0  21.9  109% 

LQ2-18-31 42.95  70.33  78.37  0.117598  0.002009  5.695285  0.105528  0.351488  0.004068 1920.4  25.2  1930.7  16.1  1941.7  19.4  101% 

LQ2-18-32 26.66  23.76  39.40  0.160403  0.002678  10.954075  0.202187  0.495152  0.005833 2461.1  28.4  2519.2  17.3  2592.9  25.2  105% 

LQ2-18-33 90.54  85.96  136.38  0.158759  0.001974  11.411790  0.191073  0.519516  0.006367 2442.3  21.8  2557.4  15.7  2697.1  27.0  110% 

LQ2-18-34 97.67  105.25  112.19  0.170044  0.001920  12.321743  0.165523  0.523058  0.004713 2558.3  18.8  2629.2  12.7  2712.1  20.0  106% 

LQ2-18-35 69.18  110.96  95.05  0.142498  0.001995  8.516198  0.128586  0.433583  0.004183 2257.7  24.1  2287.7  13.8  2321.8  18.9  103% 

LQ2-18-36 52.04  46.26  82.94  0.143329  0.001937  9.178636  0.142273  0.463608  0.004951 2333.3  23.5  2356.0  14.3  2455.5  21.8  105% 

LQ2-18-37 88.97  106.18  98.04  0.170605  0.002193  12.361828  0.187253  0.524209  0.005281 2564.8  21.6  2632.3  14.3  2717.0  22.4  106% 

LQ2-18-38 114.30  115.86  185.53  0.140743  0.001592  8.824640  0.119853  0.452730  0.004149 2236.1  20.2  2320.0  12.5  2407.4  18.5  108% 

LQ2-18-39 124.79  161.32  163.77  0.159931  0.001874  10.311910  0.135341  0.465618  0.003797 2454.6  20.5  2463.2  12.3  2464.3  16.8  100% 

LQ2-18-40 53.04  91.93  78.00  0.118462  0.001956  6.177954  0.110092  0.379246  0.004147 1933.0  29.6  2001.3  15.6  2072.8  19.4  107% 

LQ2-18-41 38.51  58.88  31.62  0.162366  0.002713  11.445439  0.212423  0.513180  0.006367 2480.6  27.8  2560.1  17.4  2670.2  27.2  108% 

LQ2-18-42 131.98  131.95  234.44  0.165583  0.001663  10.317038  0.170382  0.449309  0.006141 2513.3  16.7  2463.6  15.4  2392.2  27.3  95% 

LQ2-18-43 13.72  22.94  25.64  0.106694  0.002870  5.075820  0.146202  0.347475  0.004896 1743.5  48.9  1832.1  24.5  1922.5  23.4  110% 

LQ2-18-44 56.72  80.61  98.80  0.118074  0.001578  6.216729  0.097600  0.380585  0.003865 1927.8  23.8  2006.8  13.8  2079.0  18.1  108% 

LQ2-18-45 62.64  43.48  67.71  0.206972  0.002802  17.870409  0.272590  0.626513  0.007085 2883.3  22.2  2982.8  14.8  3135.8  28.1  109% 

LQ2-18-46 46.83  26.01  48.88  0.234390  0.003177  21.705075  0.340601  0.670624  0.007616 3082.4  22.7  3170.6  15.4  3308.3  29.4  107% 

LQ2-18-47 42.76  45.47  78.59  0.125522  0.001880  7.046547  0.114241  0.407050  0.004294 2036.1  26.5  2117.3  14.5  2201.4  19.7  108% 

LQ2-18-48 69.32  86.96  116.10  0.127157  0.001612  7.205452  0.103192  0.409709  0.00399 2058.9  22.2  2137.2  12.9  2213.6  18.3  108% 

LQ2-18-49 85.99  78.75  109.30  0.164451  0.001902  11.840413  0.155702  0.520506  0.004903 2502.2  19.0  2591.9  12.4  2701.3  20.8  108% 

LQ2-18-50 202.54  209.74  252.23  0.160844  0.001613  11.195629  0.130788  0.501717  0.004075 2464.5  17.0  2539.6  11.0  2621.2  17.6  106% 

LQ2-18-51 89.41  115.16  188.89  0.110065  0.001315  5.418163  0.075958  0.355144  0.003429 1811.1  16.5  1887.7  12.1  1959.1  16.3  108% 

LQ2-18-52 100.91  127.95  101.58  0.163764  0.002133  12.003182  0.169120  0.531014  0.005412 2494.8  22.2  2604.7  13.3  2745.7  22.8  110% 

LQ2-18-53 107.51  191.37  241.25  0.116923  0.001519  5.211851  0.082119  0.323109  0.004042 1909.6  23.0  1854.6  13.5  1804.9  19.7  95% 

LQ2-18-54 101.96  103.50  127.53  0.164812  0.002095  11.804624  0.173888  0.516318  0.005222 2505.9  21.8  2589.0  13.9  2683.5  22.2  107% 

LQ2-18-55 96.58  116.75  184.51  0.137037  0.001611  7.425136  0.137991  0.392262  0.006466 2190.7  20.4  2164.0  16.7  2133.3  30.0  97% 

LQ2-18-56 108.14  179.25  239.36  0.114074  0.001487  5.124957  0.083308  0.323454  0.003802 1865.1  23.0  1840.3  13.9  1806.6  18.5  97% 

LQ2-18-57 131.52  151.15  154.04  0.160229  0.002164  11.521423  0.174781  0.518681  0.005413 2458.3  22.8  2566.3  14.3  2693.6  23.0  110% 

LQ2-18-58 27.33  29.11  34.39  0.161705  0.003004  11.519528  0.215852  0.518947  0.00603 2473.8  31.9  2566.2  17.6  2694.7  25.6  109% 

LQ2-18-59 53.61  73.06  83.39  0.128838  0.002016  7.527294  0.130725  0.421565  0.004297 2083.3  27.5  2176.2  15.6  2267.6  19.5  109% 

LQ2-18-60 76.39  123.50  99.20  0.129652  0.001806  7.606013  0.124144  0.422397  0.004482 2094.4  24.4  2185.6  14.7  2271.4  20.3  108% 



LQ2-18-61 70.50  74.67  87.34  0.167421  0.002153  11.926523  0.176788  0.513830  0.005189 2531.8  21.6  2598.7  14.0  2673.0  22.1  106% 

LQ2-18-62 70.87  88.86  171.24  0.113923  0.001547  5.291921  0.073256  0.335314  0.002705 1862.7  24.2  1867.6  11.9  1864.1  13.1  100% 

LQ2-18-63 90.38  69.94  221.14  0.116865  0.001377  5.995162  0.080036  0.370020  0.00332 1909.3  22.1  1975.1  11.7  2029.5  15.7  106% 

LQ2-18-64 173.15  130.66  248.20  0.164835  0.001651  12.048297  0.147985  0.526736  0.004784 2505.9  12.0  2608.2  11.7  2727.7  20.3  109% 

LQ2-18-65 101.62  100.54  124.24  0.168755  0.001998  12.439023  0.173088  0.532247  0.005351 2546.3  19.8  2638.1  13.2  2750.9  22.6  108% 

LQ2-18-66 72.02  102.99  66.21  0.165370  0.002409  11.838955  0.194896  0.518127  0.005704 2522.2  24.4  2591.7  15.5  2691.2  24.3  107% 

LQ2-18-67 91.96  132.23  155.63  0.122869  0.001662  6.921402  0.108890  0.406659  0.004282 1998.5  24.1  2101.4  14.0  2199.6  19.7  110% 

LQ2-18-68 81.59  78.73  101.77  0.165908  0.002108  12.021897  0.166306  0.524348  0.005111 2517.0  21.8  2606.1  13.1  2717.6  21.7  108% 

LQ2-18-69 123.71  132.43  202.70  0.164508  0.001779  11.204147  0.150728  0.491323  0.004967 2502.8  18.2  2540.3  12.7  2576.4  21.5  103% 

LQ2-18-70 56.77  84.78  105.05  0.112625  0.001711  5.776045  0.098047  0.371061  0.003971 1842.6  27.5  1942.8  14.8  2034.4  18.7  110% 

LQ2-18-81 39.19  79.56  72.63  0.098660  0.001760  4.245985  0.085021  0.311279  0.003579 1599.1  33.3  1683.0  16.5  1747.0  17.6  109% 

LQ2-18-82 99.62  118.74  129.17  0.151839  0.001750  10.060927  0.133333  0.478913  0.004719 2368.5  19.9  2440.4  12.4  2522.5  20.6  107% 

LQ2-18-83 98.17  116.99  126.69  0.148525  0.001784  9.967150  0.134919  0.485536  0.004864 2328.7  20.2  2431.7  12.6  2551.3  21.2  110% 

LQ2-18-84 205.79  388.96  226.87  0.161421  0.001774  10.078574  0.144565  0.450120  0.004979 2472.2  23.2  2442.0  13.4  2395.8  22.2  97% 

LQ2-18-85 44.24  118.00  78.48  0.103145  0.002038  4.314728  0.096338  0.303496  0.003951 1681.2  31.0  1696.2  18.4  1708.6  19.6  102% 

LQ2-18-86 79.59  79.42  160.32  0.120418  0.001616  6.519593  0.099733  0.390575  0.003973 1962.7  24.1  2048.5  13.5  2125.5  18.5  108% 

LQ2-18-87 83.01  63.07  191.67  0.119246  0.001504  6.418685  0.091250  0.388983  0.003976 1946.3  22.2  2034.8  12.6  2118.1  18.5  109% 

LQ2-18-88 132.53  129.03  170.90  0.164436  0.001754  11.907242  0.160223  0.521927  0.005286 2501.5  17.9  2597.1  12.7  2707.3  22.4  108% 

LQ2-18-89 46.96  56.28  51.72  0.165344  0.002408  12.014581  0.198047  0.525811  0.005765 2510.8  24.7  2605.5  15.6  2723.8  24.4  108% 

LQ2-18-90 58.34  48.90  121.89  0.126270  0.001728  7.303059  0.114115  0.417228  0.004137 2046.6  19.4  2149.2  14.0  2247.9  18.9  110% 

LQ2-18-91 111.73  72.77  214.62  0.138642  0.001508  8.516525  0.109779  0.442212  0.003983 2210.2  19.1  2287.7  11.8  2360.5  17.8  107% 

LQ2-18-92 39.33  44.16  74.38  0.124170  0.002052  6.816846  0.117109  0.397996  0.004202 2017.0  29.3  2087.9  15.3  2159.8  19.4  107% 

LQ2-18-93 26.87  20.43  39.22  0.167540  0.002831  11.771904  0.222328  0.506953  0.005939 2533.0  27.9  2586.4  17.8  2643.6  25.4  104% 

LQ2-18-94 124.79  140.33  147.72  0.162161  0.001987  11.618092  0.177556  0.516622  0.005777 2479.6  20.7  2574.1  14.4  2684.8  24.6  108% 

LQ2-18-95 130.20  143.82  207.84  0.136120  0.001453  8.268408  0.108241  0.438596  0.004388 2188.9  18.5  2260.9  12.0  2344.4  19.7  107% 

LQ2-18-96 123.49  162.85  194.37  0.164775  0.001666  10.375566  0.159036  0.453917  0.005773 2505.2  17.0  2468.9  14.3  2412.6  25.6  96% 

LQ2-18-97 52.30  92.35  76.07  0.118320  0.001792  6.200834  0.099096  0.381179  0.004056 1931.5  27.2  2004.6  14.0  2081.8  19.0  108% 

LQ2-18-98 57.80  61.61  66.53  0.164016  0.002107  12.013076  0.177864  0.530149  0.005545 2497.2  22.4  2605.4  14.0  2742.1  23.4  110% 

LQ2-18-99 124.22  102.90  173.75  0.164359  0.001773  11.684357  0.154413  0.513661  0.005154 2501.9  18.7  2579.4  12.5  2672.2  22.0  107% 

LQ2-18-100 175.12  195.67  227.68  0.164871  0.001857  11.721185  0.165549  0.513669  0.005457 2506.5  18.8  2582.4  13.3  2672.3  23.3  107% 

 

  



Table 12.4 U-Pb isotope data for detrital zircons of sample YP9-8. 

 Pb 
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YP9-8-01 37.66  45.75  75.30  0.119063  0.001856  6.349031  0.112379  0.385950  0.004427  1942.6  28.1  2025.3  15.6  2104.0  20.6  108% 

YP9-8-02 37.98  53.07  76.45  0.111728  0.001711  5.495935  0.089329  0.356252  0.003711  1827.5  27.8  1900.0  14.0  1964.4  17.7  107% 

YP9-8-03 71.31  164.34  173.18  0.101303  0.001402  3.904497  0.057904  0.277998  0.002306  1647.8  20.2  1614.6  12.0  1581.3  11.7  96% 

YP9-8-04 85.43  91.70  96.10  0.166938  0.002017  12.421331  0.172567  0.537251  0.005339  2527.5  20.4  2636.8  13.2  2771.9  22.4  110% 

YP9-8-05 112.20  84.91  150.37  0.177251  0.001971  13.553271  0.175669  0.551425  0.005175  2627.5  18.5  2719.0  12.4  2831.1  21.6  108% 

YP9-8-06 119.50  152.26  137.14  0.158215  0.001963  10.907948  0.150633  0.498702  0.005210  2436.7  20.5  2515.3  13.0  2608.2  22.5  107% 

YP9-8-07 63.17  41.26  157.75  0.116281  0.001551  6.094560  0.095648  0.377599  0.003984  1899.7  24.1  1989.5  13.8  2065.1  18.7  109% 

YP9-8-08 49.86  95.01  56.69  0.127394  0.002202  7.256595  0.139235  0.411509  0.004756  2062.0  30.2  2143.5  17.2  2221.8  21.8  108% 

YP9-8-09 73.03  67.63  121.89  0.146170  0.001958  9.260867  0.138317  0.457205  0.004553  2301.5  22.4  2364.2  13.8  2427.2  20.2  105% 

YP9-8-10 95.73  101.23  144.33  0.186211  0.002064  12.635649  0.197185  0.489563  0.006250  2709.0  18.2  2652.9  14.8  2568.8  27.1  95% 

YP9-8-11 37.77  44.07  41.39  0.169668  0.002603  12.243923  0.197290  0.528090  0.007010  2554.6  25.6  2623.3  15.2  2733.4  29.6  107% 

YP9-8-12 66.37  88.10  93.11  0.190294  0.002429  12.532954  0.210815  0.476269  0.005936  2746.3  21.0  2645.2  15.9  2511.0  26.0  91% 

YP9-8-13 30.60  53.92  28.82  0.153860  0.003053  10.129638  0.206476  0.481464  0.006115  2390.7  39.0  2446.7  18.9  2533.6  26.6  106% 

YP9-8-14 94.37  129.97  90.11  0.162901  0.002068  11.514030  0.166493  0.513385  0.005764  2487.0  21.3  2565.7  13.6  2671.1  24.6  107% 

YP9-8-15 118.51  75.22  190.13  0.161315  0.001674  11.471728  0.151387  0.514229  0.005065  2469.4  16.5  2562.3  12.4  2674.7  21.6  108% 

YP9-8-16 77.41  56.29  135.43  0.154518  0.001783  10.066677  0.159439  0.469510  0.005284  2398.2  19.4  2440.9  14.7  2481.4  23.2  103% 

YP9-8-17 15.11  18.26  33.23  0.116296  0.003013  5.932038  0.176435  0.369719  0.005167  1901.9  46.3  1965.9  25.9  2028.1  24.3  107% 

YP9-8-18 82.83  116.09  170.41  0.111361  0.001417  5.501677  0.077950  0.357947  0.003442  1821.9  28.6  1900.9  12.2  1972.4  16.4  108% 

YP9-8-19 138.98  171.27  163.55  0.164731  0.002035  11.409489  0.166954  0.500672  0.005180  2504.6  21.0  2557.2  13.8  2616.7  22.3  104% 

YP9-8-20 37.41  88.03  62.03  0.102345  0.002115  4.327510  0.093545  0.307517  0.003448  1677.8  38.7  1698.6  17.9  1728.5  17.0  103% 

YP9-8-21 84.23  72.73  113.87  0.169989  0.002193  12.345197  0.184829  0.524159  0.005066  2557.7  21.6  2631.0  14.2  2716.8  21.5  106% 

YP9-8-22 47.22  41.88  65.80  0.168680  0.002409  12.009099  0.191493  0.516171  0.005670  2546.3  23.8  2605.1  15.1  2682.9  24.1  105% 

YP9-8-23 81.05  56.29  179.13  0.126270  0.001537  6.969280  0.095311  0.399941  0.004054  2046.6  26.4  2107.5  12.2  2168.8  18.7  106% 

YP9-8-24 155.71  106.40  239.39  0.167902  0.001717  11.838688  0.141100  0.510068  0.004779  2536.7  17.3  2591.7  11.3  2656.9  20.4  105% 

YP9-8-25 108.43  121.80  119.60  0.170957  0.001882  12.374249  0.162015  0.523149  0.005080  2568.5  18.5  2633.2  12.4  2712.5  21.5  106% 

YP9-8-26 59.07  63.71  108.81  0.128203  0.001760  7.038952  0.106246  0.397455  0.003916  2073.8  24.1  2116.4  13.5  2157.3  18.1  104% 

YP9-8-27 24.85  43.66  44.14  0.111421  0.002207  5.391204  0.112159  0.352036  0.004241  1833.3  35.6  1883.5  17.9  1944.3  20.2  106% 

YP9-8-28 105.80  98.85  138.80  0.167057  0.002032  11.942244  0.175216  0.515923  0.005332  2528.1  20.4  2599.9  13.9  2681.9  22.7  106% 

YP9-8-29 114.73  205.22  195.81  0.109456  0.001344  5.378866  0.079097  0.354282  0.003463  1790.7  22.2  1881.5  12.7  1955.0  16.5  109% 

YP9-8-30 155.29  196.25  123.57  0.218955  0.002350  18.673378  0.241566  0.614647  0.005650  2973.2  11.9  3025.1  12.6  3088.6  22.6  104% 

YP9-8-31 150.45  165.60  249.13  0.159420  0.001644  9.298722  0.100663  0.420849  0.003105  2449.7  23.0  2367.9  10.1  2264.3  14.1  92% 

YP9-8-32 144.92  160.41  250.10  0.165109  0.001698  9.978916  0.175925  0.434551  0.006536  2509.0  17.3  2432.8  16.4  2326.2  29.4  93% 

YP9-8-33 47.46  64.37  66.64  0.137125  0.002118  8.467322  0.156401  0.444838  0.005250  2191.1  26.4  2282.4  16.8  2372.3  23.5  108% 

YP9-8-34 64.51  58.99  84.72  0.163689  0.002177  11.872241  0.179089  0.524120  0.005868  2494.1  22.5  2594.4  14.2  2716.6  24.9  109% 

YP9-8-35 74.00  74.00  93.46  0.162768  0.002207  11.920569  0.181282  0.529178  0.005789  2484.9  22.8  2598.2  14.4  2738.0  24.4  110% 

YP9-8-36 72.63  75.27  84.30  0.162191  0.002065  11.859223  0.168779  0.529015  0.005560  2479.6  21.3  2593.4  13.4  2737.3  23.5  110% 

YP9-8-37 47.49  79.80  85.62  0.109537  0.001743  5.413194  0.101628  0.355504  0.003771  1791.7  29.0  1886.9  16.1  1960.8  18.0  109% 

YP9-8-38 74.45  106.77  66.38  0.161186  0.002364  11.551274  0.183727  0.518579  0.005514  2468.2  25.8  2568.7  15.0  2693.2  23.5  109% 

YP9-8-39 63.21  60.60  107.76  0.135723  0.001777  8.210554  0.120072  0.437271  0.004415  2173.2  22.8  2254.5  13.3  2338.4  19.8  108% 

YP9-8-40 76.40  126.27  175.54  0.099941  0.001286  4.224757  0.061051  0.305072  0.002854  1633.3  23.8  1678.8  11.9  1716.4  14.1  105% 

YP9-8-41 69.68  119.66  120.20  0.112794  0.001623  5.710707  0.096619  0.365262  0.003761  1855.6  25.9  1933.0  14.7  2007.1  17.8  108% 

YP9-8-42 154.96  160.41  211.15  0.165018  0.001749  11.595285  0.146269  0.506732  0.004692  2509.3  12.8  2572.3  11.9  2642.7  20.1  105% 

YP9-8-43 18.23  18.48  23.53  0.161503  0.003501  11.233519  0.257724  0.507943  0.006943  2471.3  37.0  2542.7  21.5  2647.8  29.7  107% 

YP9-8-44 58.29  44.12  157.27  0.108526  0.001450  5.115938  0.075006  0.340290  0.003112  1775.9  24.4  1838.8  12.5  1888.1  15.0  106% 

YP9-8-45 87.31  83.33  116.21  0.163777  0.002169  11.674370  0.173117  0.514832  0.005042  2494.8  22.2  2578.6  14.0  2677.2  21.5  107% 

YP9-8-46 30.74  27.38  44.45  0.162356  0.002622  11.257242  0.195875  0.502953  0.005618  2480.6  26.7  2544.7  16.3  2626.5  24.1  106% 

YP9-8-47 91.87  129.21  230.50  0.100338  0.001235  4.330513  0.061689  0.311351  0.002843  1631.5  23.3  1699.2  11.8  1747.4  14.0  107% 

YP9-8-48 150.63  289.54  198.37  0.119688  0.001405  6.351773  0.088269  0.382908  0.003673  1951.6  20.5  2025.6  12.3  2089.9  17.2  107% 

YP9-8-49 117.40  100.06  179.22  0.150863  0.001642  10.099688  0.135681  0.482889  0.004717  2366.7  19.6  2443.9  12.5  2539.8  20.6  107% 

YP9-8-50 89.10  78.97  115.57  0.168686  0.002060  12.397562  0.187495  0.530473  0.005769  2546.3  20.7  2635.0  14.3  2743.4  24.3  108% 



YP9-8-51 65.64 23.12 148.66 0.135333 0.001840 8.098504 0.122815 0.432973 0.004460 2168.2 23.8 2242.1 13.8 2319.1 20.1 107% 

YP9-8-52 48.41 94.59 96.33 0.100339 0.001673 4.350774 0.082331 0.312790 0.003410 1631.5 31.0 1703.0 15.7 1754.4 16.8 108% 

YP9-8-53 37.32 36.61 46.85 0.168263 0.002608 12.205567 0.212194 0.526519 0.006454 2540.4 25.9 2620.3 16.4 2726.8 27.3 107% 

YP9-8-54 44.92 51.36 50.45 0.167885 0.002361 12.206598 0.186134 0.528059 0.005750 2536.7 24.2 2620.4 14.4 2733.3 24.3 108% 

YP9-8-55 98.03 105.26 118.32 0.164611 0.001862 11.862340 0.161624 0.520744 0.005298 2503.4 19.9 2593.6 12.9 2702.3 22.5 108% 

YP9-8-56 77.54 87.89 85.68 0.163767 0.002077 12.027247 0.171421 0.531864 0.005467 2494.8 21.6 2606.5 13.5 2749.3 23.1 110% 

YP9-8-57 69.94 41.19 117.43 0.153455 0.001882 10.572270 0.150934 0.498107 0.005131 2384.9 20.2 2486.3 13.4 2605.7 22.1 109% 

YP9-8-58 140.70 95.64 209.45 0.162323 0.002029 11.788248 0.170447 0.524797 0.005458 2479.9 21.5 2587.7 13.6 2719.5 23.1 110% 

YP9-8-59 84.00 88.05 109.97 0.162227 0.002091 11.353252 0.163383 0.505438 0.004684 2478.7 22.4 2552.6 13.5 2637.1 20.1 106% 

YP9-8-60 56.26 43.60 97.44 0.153930 0.001893 10.047434 0.137581 0.472105 0.004365 2389.8 21.0 2439.2 12.8 2492.8 19.2 104% 

YP9-8-61 59.05 52.86 111.85 0.128838 0.001640 7.545187 0.109271 0.424471 0.004344 2083.3 22.2 2178.4 13.1 2280.7 19.7 109% 

YP9-8-62 47.55 107.30 96.21 0.115738 0.001809 4.897782 0.097378 0.306645 0.004514 1891.7 27.8 1801.9 16.8 1724.2 22.3 91% 

YP9-8-63 30.17 51.68 52.08 0.113228 0.002037 5.623069 0.115390 0.360901 0.004424 1851.6 31.9 1919.6 17.7 1986.4 21.0 107% 

YP9-8-64 127.69 214.14 189.14 0.118943 0.001324 6.372059 0.084600 0.388192 0.003891 1940.4 20.5 2028.4 11.7 2114.4 18.1 109% 

YP9-8-65 79.68 100.25 73.44 0.176177 0.002104 13.176793 0.199363 0.541484 0.006071 2617.0 19.3 2692.4 14.4 2789.7 25.4 107% 

YP9-8-66 119.49 110.55 261.87 0.121114 0.001241 6.247452 0.084086 0.373046 0.003809 1972.5 18.2 2011.1 11.9 2043.7 17.9 104% 

YP9-8-67 244.92 440.05 259.52 0.160022 0.001467 9.315591 0.100245 0.420625 0.002961 2457.4 15.9 2369.6 10.0 2263.3 13.5 92% 

YP9-8-68 57.62 87.51 102.17 0.111724 0.001486 5.585692 0.090173 0.362074 0.003838 1827.5 24.1 1913.9 14.0 1992.0 18.2 109% 

YP9-8-69 91.86 113.28 99.80 0.164598 0.001679 11.750448 0.154565 0.517127 0.005177 2503.4 16.8 2584.7 12.4 2687.0 22.0 107% 

YP9-8-70 64.95 76.16 104.43 0.136789 0.001637 8.251826 0.116449 0.438199 0.004505 2186.7 21.8 2259.0 12.9 2342.6 20.2 107% 

YP9-8-71 111.95 106.31 146.90 0.166834 0.001599 11.795364 0.144734 0.512441 0.004956 2527.8 16.0 2588.3 11.6 2667.0 21.2 106% 

YP9-8-72 54.17 68.80 104.82 0.117486 0.001568 6.034768 0.091910 0.372926 0.003829 1918.2 24.2 1980.9 13.3 2043.2 18.0 107% 

YP9-8-73 56.28 42.36 80.30 0.165475 0.001957 11.924632 0.169711 0.523682 0.005735 2512.7 20.1 2598.5 13.4 2714.8 24.3 108% 

YP9-8-74 133.92 144.58 169.55 0.162249 0.001651 11.352313 0.154537 0.506530 0.005327 2479.3 17.0 2552.5 12.8 2641.8 22.8 107% 

YP9-8-75 90.01 184.55 209.66 0.114384 0.001356 4.746947 0.064849 0.300894 0.002738 1870.1 20.8 1775.6 11.5 1695.7 13.6 91% 

YP9-8-76 122.95 230.28 74.47 0.164006 0.002008 11.584336 0.163786 0.513450 0.005487 2497.2 20.4 2571.4 13.3 2671.3 23.4 107% 

YP9-8-77 108.98 133.60 149.13 0.149757 0.001606 9.703153 0.125919 0.469778 0.004603 2342.9 18.5 2407.0 12.1 2482.6 20.2 106% 

YP9-8-78 76.04 87.76 130.36 0.129386 0.001440 7.371127 0.095443 0.413727 0.004338 2100.0 19.4 2157.5 11.7 2231.9 19.8 106% 

YP9-8-79 69.30 77.95 105.81 0.136727 0.001622 8.321993 0.105740 0.442857 0.004508 2187.0 20.7 2266.7 11.6 2363.4 20.2 108% 

YP9-8-80 85.30 69.17 120.04 0.169245 0.001890 12.020906 0.159277 0.515046 0.005400 2550.3 18.8 2606.0 12.5 2678.1 23.0 105% 
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The content of Appendix 3 is the Supplementary Data of the published version of Chapter 7 

and is available freely online at: 

www.doi.org/10.1016/j.precamres.2019.105362
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