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Abstract 

The Tonian Period (1000 - c.720 Ma) followed a long interval of 

relative stasis, in terms of climate, carbon isotopes and biological 

evolution, and led into the Cryogenian Period of environmental 

extremes and instability. Despite its pivotal situation, the Tonian 

Period is still relatively understudied, and this is partly due to the lack 

of robust age constraints in key Proterozoic successions around the 

world. The fossiliferous Neoproterozoic strata of the North China 

craton were until recently thought to be of Ediacaran age. However, 

fossil evidence and new geochronological constraints combine to 

ǎƘƻǿ ǘƘŀǘ Ƴƻǎǘ ƻŦ ǘƘŜ ΨvƛƴƎōŀƛƪƻǳΩ {ȅǎǘŜƳΣ ǿƘƛŎƘ ǊŜŀŎƘŜǎ ŀ ƎǊŜŀǘ 

thickness in some areas, was deposited between c. 980 and c. 920 

Ma. The isotopic signature of these strata confirms their Tonian age, 

showing typical moderately high d13C values together with low 
87Sr/87Sr ratios, <0.7065. Another characteristically Tonian feature is 

the unusually widespread abundance of early diagenetic Ψmolar-

toothΩ low-Mg calcite microspar. In this study, I compare MT samples 

with their surrounding ΨōǳƭƪΩ ƳŀǘǊƛȄ in correlative successions on the 

North China craton in order to 1) demonstrate their propensity to 

preserve a primary seawater isotopic signature; and 2) reconstruct, 

together with published data, the strontium (and carbon) isotopic 

evolution of early Tonian seawater. Second-order fluctuations of less 

than ~0.001 are superimposed on a general 87Sr/87Sr rise from 

~0.7052 to ~0.7063 by c. 920 Ma, accompanied by a profoundly 

negative carbon isotope excursion. Increased chemical weathering 

has been linked with both climatic and carbon isotope instability, and 

this study indicates an earlier beginning to such carbon cycle 

perturbations, which coincide with early stages of supercontinent 

rifting, as evidenced by the newly dated Dashigou igneous province 

of North China. These and other new and published data are used to 

reconstruct and reinterpret the strontium isotopic evolution of 

Neoproterozoic seawater. 

 



6 
 

 

 

  



7 
 

Acknowledgements 

This PhD has been a long journey. It stemmed from two things: my first 

encounter with Molar Tooth Structure (MTS) during a field trip to Suzhou, Anhui, 

ƛƴ нлммΤ ŀƴŘ Ƴȅ ƛƴǾƻƭǾŜƳŜƴǘ ƛƴ ǘƘŜ b9w/ ŦǳƴŘŜŘ ǊŜǎŜŀǊŎƘ ǇǊƻƎǊŀƳƳŜ ά¢ƘŜ [ƻƴƎ-

term Co-9Ǿƻƭǳǘƛƻƴ ƻŦ [ƛŦŜ ŀƴŘ ǘƘŜ tƭŀƴŜǘέ ŀǎ ƛǘǎ ǇǊƻƎǊŀƳƳŜ ƳŀƴŀƎŜǊΦ CƻǊ ƳŜΣ ƛǘ 

was a journey driven by curiosity about the natural world and an appreciation of 

an evidence-based research approach.  

Research, such as my PhD project, involved looking at ancient carbonate 

rocks and using their geochemistry and isotopic signatures to reconstruct the 

composition of past oceans. To assess the quality of these rock samples, including 

whether they still bear the original seawater signal, is essential. As in crime 

investigations, it is impossible to witness the crime, but the crime scene can be 

reconstructed based on any remaining forensic evidence. The more physical 

evidence there is, the closer the reconstructed crime scene will be to the reality. 

However, unlike crimes that took place days, months or at the most tens of years 

ago, in the world of geology, we are investigating environmental changes, which 

occurred millions of years ago; in the case of this PhD, more than 920 million 

years ago. Partial and indirect evidence is all we can ever hope for. Hypotheses 

based on these geochemical and isotopic data, and the links between them need 

to be tested using other, independent evidence. It is a fascinating process, to find 

the right rock material, apply carefully thought out research methods to obtain 

ǘǊǳǎǘǿƻǊǘƘȅ ŘŀǘŀΣ ŀƴŘ ŎƻƳōƛƴŜ ƻƴŜΩǎ ƻǿƴ ŀƴŘ ǇǳōƭƛǎƘŜŘ Řŀǘŀ ǘƻ ōǳƛƭd a testable 

hypothesis.  

Now when I look back, I was very lucky to get a lot of help along the way. To 

Juergen (Thurow), my principal supervisor, thanks for accepting me as your 

student. Thanks also to my original second supervisor, Xiao (Guo) from the 

Chemistry Department, who supported me from the outset and saw potential in 

my project.  Philip (Pogge von Strandmann), later on in the PhD, you became my 

second supervisor. I reserve special thanks to you for your prompt responses, for 

teaching me to do Li Isotope analysis in Oxford, for the reading and correction of 

the drafts of each chapter and for always being there. Without your help, I would 



8 
 

not have been able to finish the PhD within my demanding self-imposed 

ŘŜŀŘƭƛƴŜǎΦ ¢Ƙŀƴƪǎ ǘƻ ǘƘŜ Ψ[ƛŦŜ ŀƴŘ ǘƘŜ tƭŀƴŜǘΩ ǇǊƻƎǊŀƳƳŜΣ ǿƘƛŎƘ ǎǳǇǇƻǊǘŜŘ ǘƘŜ 

ŦƛǊǎǘ ǇŀǊǘ ƻŦ Ƴȅ tƘ5 ǎǘǳŘƛŜǎΣ ŀƴŘ ǘƻ WƻƘƴ ό.ǊƻŘƘƻƭǘύ ŀƴŘ b9w/Ωǎ 5ŜŜǇ ±ƻƭŀǘƛƭŜǎ 

programme for supporting me in my final year! To Gary (Tarbuck), who took the 

position to look after the Wolfson Lab when I started the PhD, thanks for all your 

help and patience with my many questions and requests! Thanks to Jim (Davy), 

who did some fantastic thin sections for me! Thanks to Christina (Manning) and 

Matthew (Thirlwall) from the TIMS lab at RHUL for all your help with the Sr 

isotope analyses, especially Christina, who made my laboratory work at RHUL 

always enjoyable! Thanks to Maoyan Zhu from NIGPAS, China, who was our 

ŎƻƻǇŜǊŀǘƛƻƴ ǇŀǊǘƴŜǊ ŀƴŘ Ƙƻǎǘ ƛƴ bŀƴƧƛƴƎΣ ŀƴŘ ǿƘƻ ƎǳƛŘŜŘ ǘƘŜ Ψ[ƛŦŜ ŀƴŘ tƭŀƴŜǘΩ 

team to my field area for the first time in 2011 (even before I started the PhD)! 

Thanks to Hongfei Ling from Nanjing University, who allowed me use the TIMS 

lab at NJU! Thanks to Tianchen He and Da Li, my rock collecting mates; I have 

fond memories of you guys in Xuzhou, Suzhou and Dalian! Thanks to Hongwei He, 

Xiaoming Chen, Jing Liu from NIGPAS for all of your help with logistics and stable 

isotope analyses and our lovely field guide in Dalian, Mingcheng Wang, for 

helping us to find the right sections! During the course of my PhD, I was lucky 

enough to be able to draw inspiration from Shixing Zhu,  Martin Brasier, Tim 

[Ŝƴǘƻƴ  ŀƴŘ Ƴŀƴȅ ŦǊƻƳ ǘƘŜ Ψ[ƛŦŜ ŀƴŘ ǘƘŜ tƭŀƴŜǘΩ ǘŜŀƳ ŀƳƻƴƎ Ƴŀƴȅ ƻǘƘŜǊǎΦ !ƴŘ 

also thanks to those who have been encouraged me during difficult times, 

especially Paul (Henderson), Danuta (Kaminski), Wendy (Kirk), Heather 

(Cheshire), Jay (Kaufman) and my friend Ulrike (Kohrte-Sinner). 

Such a long list, but still there are many I have not named. Throughout my 

PhD, I have met so many wonderful geoscientists, who later became my friends. 

Finally, I would like to thank the person I owe most to, my lovely husband 

Graham, a scientist, who always enthusiastically shares his own scientific 

interests and approach, and was the person who first attracted me to the more 

ΨŀƴŎƛŜƴǘΩ ǿƻǊƭŘ ƻŦ ƎŜƻlogy and geochemistry, for accompanying me through this 

difficult but marvellous journey. 



9 
 

  



10 
 

  



11 
 

Contents 
 
 
!ǳǘƘƻǊΩǎ 5ŜŎƭŀǊŀǘƛƻƴ        3 
 
Abstract          5 
 
Acknowledgements        7 
 
Table of Contents        9 
 
 

1. INTRODUCTION TO THE RESEARCH TOPIC.......................................... 15 

1.1. Neoproterozoic Earth History ............................................................ 18 

1.1.1. Subdivisions and age constraints of the Neoproterozoic Era ................. 19 

1.1.2. Geological and biological events during the Neoproterozoic Era.......... 27 

1.2. Neoproterozoic chemostratigraphy ................................................... 31 

1.2.1. Carbonate ɻ13C evolution during the Neoproterozoic Era....................... 32 

1.2.2. Strontium isotope evolution of seawater during the Neoproterozoic 
Era ........................................................................................................................ 34 

1.3. Molar Tooth Structure ...................................................................... 37 

1.4. Neoproterozoic strata in China .......................................................... 41 

1.5. Aims and Objectives .......................................................................... 43 

1.6. Thesis structure ................................................................................ 44 

2. RESEARCH AREAS ς GENERAL INTRODUCTION AND FIELD DESCRIPTION
 47 

2.1. North China Craton -the Jiao-Liao-Xu-Huai stratigraphic realm .......... 48 

2.1.1. Age constraints on Qingbaikouan System strata of the research areas
 ............................................................................................................................... 52 

2.1.2. Biostratigraphic and chemostratigraphic constraints ............................... 55 

2.1.2.1. Biostratigraphic constraints ....................................................................... 55 

2.1.2.2.  Relevant published isotope data and chemostratigraphic 
constrainsΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧ.Χ.62 

2.2. Studied area and sampled sections ................................................... 69 



12 
 

2.2.1. Huaibei Group (Huaibei area) and sampled sections ................................ 69 

2.2.1.1. Sampled sections .......................................................................................... 69 

2.2.1.2. Carbonate formations of the Huaibei Group ....................................... 73 

2.2.2. The Neoproterozoic succession in the Dalian area and sampled 
sections .............................................................................................................. 86 

2.2.2.1. The Neoproterozoic groups in Dalian area ........................................... 86 

2.2.2.2. The sampled sections in the Dalian area ............................................... 88 

2.2.3. Huainan Group in Huainan area and sampled sections ........................... 93 

2.2.4. Other areas ............................................................................................................ 93 

2.2.4.1. Isle of Islay in Scotland ................................................................................ 93 

2.2.4.2. Lianghong Section, Sichuan, South China ............................................. 98 

3. METHODOLOGY .............................................................................. 101 

3.1. Analytical protocols ......................................................................... 102 

3.1.1. Petrographic examination ............................................................................... 102 

3.1.1.1. Microscope analysis and SEM ................................................................. 102 

3.1.1.2. Microdrilling ................................................................................................. 105 

3.1.2. Stable isotope analysis ..................................................................................... 106 

3.1.3. Major and trace element analysis................................................................. 106 

3.2. Sr isotope analysis ........................................................................... 107 

3.2.1. Sample selection ................................................................................................ 107 

3.2.2. Analytical methodology for Sr isotope analysis with TIMS ................... 109 

4. THE NEW GEOCHRONOLOGICAL AGE CONSTRAINTS FOR SAMPLED 
STRATA ON THE NCC................................................................................... 113 

4.1. Material for dating in Huaibei and Dalian area on the NCC ............... 113 

4.1.1. Sample collection ............................................................................................... 114 

4.1.2. Methods ............................................................................................................... 115 

4.2. Dating results and new age constraints ............................................ 116 

4.2.1. Dating results ...................................................................................................... 116 

4.2.2. New age constraints.......................................................................................... 119 

4.3. Age and correlation framework/model for Neoproterozoic strata in 

Huaibei and Dalian areas ................................................................. 122 

5. ANALYTICAL RESULTS AND DIAGENETIC ANALYSIS OF HUAIBEI 
CARBONATES ............................................................................................. 127 

5.1. Huaibei Group carbonate rock samples and related data ................. 127 

5.1.1. Carbonate phases and their significance .................................................... 127 



13 
 

5.1.1.1. Carbonate phases and mineralogies ..................................................... 128 

5.1.2. Element and stable isotope data ................................................................... 135 

5.1.2.1. Huaibei Group element data ................................................................... 135 

5.1.2.2. IǳŀƛōŜƛ DǊƻǳǇ ʵ18h ŀƴŘ ʵ13C data......................................................... 142 

5.2. Evaluation of the preservation of Huaibei Group samples ................ 150 

5.2.1. Diagenesis and the elemental and isotopic composition of carbonates
 ............................................................................................................................. 151 

5.2.1.1. Trace element signature and diagenesis ............................................. 153 

5.2.1.2. Stable Isotope composition ..................................................................... 157 

5.2.1.3. Existing geochemical screening and trace elements thresholds .. 164 

5.2.2. Screening of the Huaibei carbonate samples ς step 1 and 2 ς 
identifying samples for strontium isotopes ........................................... 167 

5.2.2.1. Screening of the Huaibei carbonate ...................................................... 169 

5.2.2.2. Samples for Sr isotope analysis .............................................................. 184 

6. HUAIBEI GROUP SR ISOTOPE DATA AND MOLAR-TOOTH (MT) 
STRUCTURE ................................................................................................ 191 

6.1. Sr isotope data for the Huaibei Group ............................................. 191 

6.1.1. Sr isotope data from the LS and PSC sections and data analysis ......... 192 

6.1.2. Rb correction ....................................................................................................... 195 

6.1.3. Identification of outliers and sample selection for SIS ............................ 199 

6.2. Data comparison between Molar Tooth structure and its matrix ..... 210 

6.2.1. Data comparison between MTS and matrix ............................................... 210 

6.2.2. The possible origin of MT structures ............................................................ 224 

7. CHEMOSTRATIGRAPHY OF HUAIBEI GROUP AND CORRELATION WITH 
OTHER AREAS ............................................................................................ 235 

7.1. Chemostratigraphy of Huaibei Group .............................................. 235 

7.1.1. Sr isotope data for other formations in the Huaibei area ...................... 235 

7.1.3. O isotope composition of the Huaibei Group ............................................ 247 

7.2. Dalian area (geological background) ς Wuhangshan and Jinxian Group

 ....................................................................................................... 251 

7.2.1. Existing data revisited ....................................................................................... 251 

7.2.2. 1ɻ3/Σ ʵ18O and 87Sr/86Sr data from this study ............................................ 253 

7.3. Data from other research areas of this study ................................... 258 

7.3.1. Huainan area........................................................................................................ 258 

7.3.2. Dalradian Group on Isle of Islay, Scotland .................................................. 260 

7.3.3. Lianghong Section, Sichuan, South China ................................................... 262 



14 
 

8. NEOPROTEROZOIC SEAWATER STRONTIUM ISOTOPE EVOLUTION ... 271 

8.1. Early Neoproterozoic Sr isotope curve and Earth history of the period

 ....................................................................................................... 271 

8.1.1. Correlation of the studied areas to the global curve .............................. 271 

8.1.1.1. Correlation of the studied areas of NCC .............................................. 271 

8.1.1.2. Correlation of the other two research areas ..................................... 276 

8.1.2. Existing global compilation of Sr and C isotope data for the 
Neoproterozoic .............................................................................................. 278 

8.1.2.1. tǳōƭƛǎƘŜŘ ʵ13C data of early Neoproterozoic and their possible age 
controls .......................................................................................................... 278 

8.1.2.2. The existing 87Sr/86Sr curve ...................................................................... 279 

8.1.3. Early Neoproterozoic Earth history .............................................................. 281 

8.1.3.1. Tectonic events ........................................................................................... 281 

8.1.3.2. tƘƻǎǇƘƻǊǳǎΥ ƘƛƎƘ ŀǾŜǊŀƎŜ ʵ13C and oxygenation ............................. 284 

8.1.3.3. Biological and climate events and the evidences ............................. 285 

8.2. Construction a new global seawater strontium isotope curve for the 

early Neoproterozoic ....................................................................... 289 

8.2.1. tƻǎǎƛōƭŜ ʵ13C correlation and global curve................................................. 289 

8.2.2. A new seawater strontium isotope curve .................................................. 292 

9. CONCLUSIONS AND FURTHER DISCUSSION ...................................... 299 

9.1. Conclusions of this thesis ................................................................. 299 

9.2. Ideas for future research ................................................................. 305 

REFERENCES: .............................................................................................. 307 
 

APPENDIX: ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΦоот



Chapter 1: Introduction to the research topic 

15 
 

1. Introduction to the research topic 

Strontium has four stable isotopes: 88Sr, 87Sr, 86Sr and 84Sr. The most common 

form of Sr is 88Sr, but the most commonly analyzed isotopic ratio is 87Sr/86Sr 

because that particular ratio exhibits measurable and meaningful variability in 

natural materials due to the fact that 87Sr is radiogenic, being derived in part from 

the beta decay of 87Rb. As a result, the 87Sr/86Sr ratio of a natural material is 

determined by its age and both its initial Rb/Sr and 87Sr/ 86Sr ratios. 

The strontium isotopic composition of seawater at any one time is the same 

across the globe within analytical precision (Kuznetsov et al., 2012; McArthur, 

1994) and has varied throughout Earth history in response to the balance 

between Sr isotopic exchange with ocean crust and input of riverine Sr derived 

from continental weathering (Brass, 1976). Because of this, the seawater 87Sr/86Sr 

highs of the Phanerozoic Eon (c. 541 Ma ς today) are interpreted to reflect 

weathering/erosional events, related to mountain building, while 87Sr/86Sr lows 

are considered to result from low weathering rates due to supercontinent 

denudation or increased seafloor spreading. To complicate this simple two end-

member scenario, seawater 87Sr/86Sr also responds to changes in the isotopic 

composition of material undergoing weathering with old, continental rocks 

contributing radiogenic Sr (high 87Sr/86Sr), while the opposite is true for freshly 

erupted volcanic terrains, which are frequently linked to negative excursions in 

the global seawater 87Sr/86Sr curve.   

Although strontium isotope stratigraphy (SIS) is well-established in 

Phanerozoic studies, its application to the Precambrian is still limited. This has 

several reasons. Firstly, it is difficult to establish the relative ages of Precambrian 

strata in the absence of a well constrained biostratigraphic framework, while 

absolute ages must derive from geochronological (isotopic) studies of rare 

volcanic tuffs. Secondly, sedimentary successions that have remained relatively 

unaffected by destructive tectonic or metamorphic processes become rarer with 

age. Thirdly, Precambrian SIS studies must rely on the availability of diagenetically 

well preserved bulk carbonate material, the preservation of which is hard to 

assess compared with the low-Mg calcite shell material that is widely available 

for Phanerozoic studies. As a consequence, although the Phanerozoic seawater 
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87Sr/86Sr ŎǳǊǾŜ ǿŀǎ ǊŜŎƻƴǎǘǊǳŎǘŜŘ ƛƴ ŀƭƳƻǎǘ ƛǘǎ ǇǊŜǎŜƴǘ ŦƻǊƳ ŀƭǊŜŀŘȅ ƛƴ ǘƘŜ мфтлΩǎ 

ŀƴŘ ŜŀǊƭȅ мфулΩǎ ό.ǳǊƪŜ Ŝǘ ŀƭΦΣ мфунύΣ ǘƘŜ ŎǳǊǾŜ ƛǎ ǎǘƛƭƭ ƴƻǘ ǿŜƭƭ ǊŜǎƻƭǾŜŘ ŦƻǊ ŀƴȅ 

part older than about 500 Ma. Due to improvements in absolute age constraints 

from U-Pb geochronology and the development of a nascent global stratigraphic 

framework, boosted in part by the surge in interest following the Snowball Earth 

debate, progress can start to be made towards establishment of the 

Neoproterozoic (1000 ς c. 541 Ma) part of the Sr isotope curve.  

The Neoproterozoic Era was a time of profound environmental change that 

followed a long interval of almost 1000 million years of relative stasis, in terms of 

climate, carbon isotopes and biological evolution (Cawood and Hawkesworth, 

2014). The Neoproterozoic Era begins towards the end of this so-called άboring 

billionέ (Brasier and Lindsay, 1998), and encompasses two putative Snowball 

Earth episodes of near global glaciation, and ends with the emergence of animal-

grade life forms on Earth (Knoll, 2000). The first of these were soft-bodied fauna, 

epitomized by the enigmatic Ediacaran biota, and the first motile and shelly 

animals mark the beginning of the Cambrian Period worldwide (Brasier et al., 

1994). Such an exciting era is still very much a mystery with so many questions 

left unanswered, e.g. 1) how did complex, multicellular life evolve̙ 2) What 

caused the extreme climatic changes at this time? 3) How did life and the planet 

co-evolve to shape the present Earth system, which is characterized by its 

complex ecosystems, high levels of atmospheric oxygen and more equable 

climate? And 4) what role did redox conditions in the atmosphere and oceans 

play during the Neoproterozoic revolutions? In recent years, numerous earth 

scientists have tried to find some answers to these questions by analyzing the 

existing sedimentary rock record.  

As biostratigraphic control is generally absent, it is essential to make sure 

that we can place geochemical and other data within a robust, independently 

calibrated, global stratigraphic framework so that we can be sure of the relative 

timing of events as well as their global correlation. Major questions relating to 

ǘƘŜ ŜǾƻƭǳǘƛƻƴ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ƻŎŜŀƴǎΣ ŀǘƳƻǎǇƘŜǊŜΣ ŎƭƛƳŀǘŜ ŀƴŘ ǎŜŘƛƳŜƴǘŀǊȅ ǎƘŜƭƭ 

are most likely resolvable through the study of high resolution isotopic variations 
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in seawater through time, but this is still less studied, at least applied to the 

Precambrian (Jacobsen and Kaufman, 1999). 

 

 

Fig 1. 1 Variation of 87Sr/86Sr through time (McArthur et al., 2012). 

 
 

Since (Wickman, 1948), It has been recognized that the strontium isotopic 

composition (87Sr/86Sr) in seawater must change through time, which offers 

promise for both stratigraphic correlation and dating, as well as for deciphering 

oceanographic changes from the geological record (Elderfield, 1986). Begun 

about half-a-century ago, strontium isotope stratigraphy (SIS) is now an 

established chemostratigraphic tool (Elderfield, 1986; McArthur, 1994; Peterman 

et al., 1970; Veizer et al., 1997). The global seawater 87Sr/86Sr curve has been 

established for the Phanerozoic Eon (red curve in Fig 1.1), which means that the 

Sr isotope composition (87Sr/86Sr ratio) of a sample can be used to constrain its 

age by comparison with the curve. Sr isotope data have been published for 

Neoproterozoic strata, but we are still a long way from being able to construct a 

secular curve. The attempted late Neoproterozoic curve (e.g. black line in Fig 1.1) 
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indicates a significant rise in seawater 87Sr/86Sr ratio over the course of the 

Neoproterozoic, but remains speculative in its detail. Previous studies tried to use 

stable isotopes to correlate strata, but carbon isotope (and other isotope) values, 

excursions and trends are non-unique. The first-order rise in seawater 87Sr/86Sr 

(Fig 1.1) holds great potential for SIS, provided that suitably well preserved 

samples of marine authigenic minerals (generally carbonates) can be identified 

that can be placed within the improving, global stratigraphic framework. This 

study will explore the possibility of applying SIS to the Neoproterozoic Era using 

demonstrably well-preserved authigenic rock components from marine 

carbonate successions of the North China Craton that, age-wise, fill gaps in the 

published isotope record. A primary objective of this study, therefore, is to 

reconstruct a complete seawater strontium isotope curve for the last 1000 

million years, using new results from North China and published data. SIS can be 

a crucial correlation tool in the absence of an adequate biostratigraphic 

framework, ŀƴŘ ŜǎǇŜŎƛŀƭƭȅ ƛƴ ŎƻƳōƛƴŀǘƛƻƴ ǿƛǘƘ ŎŀǊōƻƴ ƛǎƻǘƻǇŜ όʵ13C) stratigraphy 

(Brasier et al., 1996; Jacobsen and Kaufman, 1999).  Therefore, the new curve will 

be calibrated against the emerging global stratigraphic framework using features 

of the carbonate carbon isotope record and absolute age constraints from 

geochronology. A list of specific aims and objectives is outlined towards the end 

of this introductory chapter. 

 

1.1. Neoproterozoic Earth History 

The Neoproterozoic Era joins the Proterozoic Eon to the Phanerozoic Eon, 

and marked a turning point in the development of the modern Earth system 

(Lenton et al., 2014). The beginning of the era is placed at exactly 1000 million 

years ago (1000 Ma), described as a Global Standard Stratigraphic Age (GSSA), 

while its end is placed less precisely at about 541 Ma, defined using the more 

conventional, rock-based concept of a Global Stratotype Section and Point (GSSP) 

at the base of the Cambrian System. Knoll (2000) used the metaphor of a sphinx 

to describe the problem of connecting the biostratigraphically conceived and 

chronostratigraphically defined Phanerozoic time scale to the Archean and 

Proterozoic numerical time scales which are still based strictly on 
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geochronometry (Plumb, 1991). Even today, secular trends and compilations of 

diverse geological and geochemical data cover either the Phanerozoic at high 

resolution, or the Precambrian at low resolution and precision.  

 

1.1.1. Subdivisions and age constraints of the Neoproterozoic Era 

The Neoproterozoic Era is currently subdivided into three periods, which are, 

from youngest to oldest: the Ediacaran, the Cryogenian and the Tonian (Fig 1.2), 

but these definitions are in a state of flux. The discovery of widespread glacial 

deposits of late Precambrian age has been used to subdivide the international 

geological time scale for over half-a-century (Harland, 1964). The Infracambrian 

(or Varangian) system of Brian Harland began at the onset of the great 

Neoproterozoic glaciations and ended at the appearance of recognised Cambrian 

faunas (Fig 1.3). Similarly, it was proposed that the oldest Sturtian (Moonlight 

Valley) glaciogenic rocks in Australia and the basal unit of the Cambrian (the 

upper Adelaidean) could be used to bracket a similar chronostratigraphic unit 

that was named the Late Precambrian (Dunn et al., 1971). These informal new 

systems attracted widespread support among the geological community and 

ǎǳōŘƛǾƛǎƛƻƴǎ ǿŜǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ǾŀǊƛƻǳǎƭȅ ŀǎ ǘƘŜ ά±ŜƴŘƛŀƴέ όōŀǎŜŘ ƻƴ ǘƘŜ 

ǎǘǊŀǘƛƎǊŀǇƘȅ ƻŦ ǘƘŜ 9ŀǎǘ 9ǳǊƻǇŜŀƴ ŀƴŘ {ƛōŜǊƛŀƴ ǇƭŀǘŦƻǊƳǎύ ƻǊ ǘƘŜ ά{ƛƴƛŀƴέ όōased 

on the stratigraphy of South China), covering Neoproterozoic glacial deposits and 

overlying Precambrian strata (Harland et al., 1982). In 1989, Harland suggested 

that the Phanerozoic Eon be preceded by a Sinian Era, comprising Sturtian and 

Vendian divisions, with Ediacarian used as the name of the last Precambrian 

Epoch (Harland et al., 1990). Although similar rock-based subdivisions have 

continued to be used throughout the last half century (Fig 1.3), purely 

chronometric subdivisions were introduced in 1988, whereby the boundaries 

were defined in exact years without specific reference to any bodies of rock 

(Plumb, 1991). This led to differences between formal and informal usage of 

stratigraphic nomenclature pertaining to the Neoproterozoic. 

Until very recently, the three periods of the Neoproterozoic covered the 

following time intervals: the Ediacaran (c. 635 Ma to c. 541 Ma); the Cryogenian 

(850 Ma to c. 635 Ma); and the Tonian (1000 Ma to 850 Ma). However, in light of 
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continual improvements in geochronology, Bleeker (2004) proposed that the 

LƴǘŜǊƴŀǘƛƻƴŀƭ /ƻƳƳƛǎǎƛƻƴ ƻƴ {ǘǊŀǘƛƎǊŀǇƘȅ όL/{ύ ǿƻǊƪ ǘƻǿŀǊŘǎ ŀ ΨƴŀǘǳǊŀƭΩ ǘƛƳŜ 

scale for the Precambrian. In this, he pointed out that the chronometric, absolute 

age boundaries were divorced from the only primary, objective, record of 

planetary evolution ς the extant rock record. He suggested further that 

άōƻǳƴŘŀǊƛŜǎ ǎƘƻǳƭŘ ōŜ ǇƭŀŎŜŘ ŀǘ ƪŜȅ ŜǾŜƴǘǎ ƻǊ ǘǊŀƴǎƛǘƛƻƴǎ ƛƴ ǘƘŜ ǎǘǊŀǘƛƎǊŀǇƘƛŎ 

ǊŜŎƻǊŘέΦ A combination of rock-based and chronometric subdivision for 

Precambrian strata is still in use today but the latter approach is gradually being 

phased out through international efforts to establish Global Stratotype Sections 

ŀƴŘ tƻƛƴǘǎ όD{{tΩǎύ ŦƻǊ ǘƘŜ tǊŜŎŀƳōǊƛŀn (Bleeker, 2004). Elaborating on this 

suggestion, the GSSA for the base of the Cryogenian has now been replaced with 

a rock-based definition, pending agreement on a GSSP, the age of which is 

approximately 720 Ma. The new consensus subdivision of the Neoproterozoic 

9ǊŀǘƘŜƳ ƛǎ ǎƘƻǿƴ ƛƴ CƛƎ мΦоΣ ǿƘŜǊŜōȅ ǘƘŜ Ψ{ƴƻǿōŀƭƭ 9ŀǊǘƘΩ ƎƭŀŎƛŀǘƛƻƴǎ ƻŦ ǘƘŜ 

Neoproterozoic Era are now nestled within the newly defined Cryogenian Period. 

 
The Neoproterozoic Era witnessed first the assembly of the supercontinent 

Rodinia (c. 1300 Ma ς c. 900 Ma), its subsequent breaking apart through rifting 

(c. 825 Ma ς c. 715 Ma), followed by collisions to form the new supercontinent 

Gondwanaland (c. 600 Ma ς c. 530 Ma) (Li et al., 2008), although there are other 

proposed models regarding the timing of the assembly and break-up of Rodinia 

(Condie, 2003; Rogers and Santosh, 2003).  The tectonic upheavals characterising 

certain geological periods also have effects on the global carbon cycle through 

volcanism and subduction, and influence profoundly both chemical and physical 

weathering dynamics, as well as the nature of the material undergoing 

weathering. All of these may have knock-on effects also on biological 

productivity, carbon burial and climate change. Especially with regard to Sr 

isotope studies, changes in weathering and mantle input (via alteration of the 

seafloor) represent two major end members that are linked tightly to tectonics. 

The assembly and rifting of Rodinia, a long-lived, intensely denuded 

supercontinent, presumably rimmed at its margins by chains of volcanic arcs 

(Halverson et al., 2007a), may therefore have had profound implications, not only 
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for seawater Sr isotope composition, but also in general for marine geochemical 

evolution through the Neoproterozoic Era. 

 

 

 

Fig 1. 2 The geological time scale, with emphasis on Neoproterozoic time modified after 
the figure from Knoll (2000). A and B illustrate the up-to-date time scale; C suggests 
what it might look like in the future once rock-based subdivisions for the early 
Neoproterozoic are agreed upon. Black ovals indicate boundaries now defined by a 
GSSP, grey ovals indicate GSSPs currently pending GSSP proposal. Unfilled oval 
indicates a stratigraphic boundary that is potentially definable by GSSPs. 
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Fig 1. 3 Evolutionary history of stratigraphic subdivisions, GSSAs and GSSPs covering 
the Neoproterozoic ς Cambrian interval, modified from (Shields-Zhou et al., 2016). 
Assigned stratigraphic levels and respective ages refer to current estimates of 
previously proposed rock-based or fossil-ōŀǎŜŘ ǎǳōŘƛǾƛǎƛƻƴǎΦ ¢ƘŜ ōƭǳŜ άɲέ ǊŜǇǊŜǎŜƴǘǎ 
Neoproterozoic glacial episodes, and their relationship to proposed subdivisions in the 
corresponding original publications. These correspond to the localized Gaskiers 
glaciation at c. 580Ma, and two intervals of low-latitude glaciation (violet shaded 
intervals) during the Cryogenian Period: the first low-latitude ice age (Sturtian) began 
in NW Canada at c. 716 Ma (Francis A. Macdonald et al., 2010), and lasted possibly until 
c. 665 Ma (Rooney et al., 2014; Zhou et al., 2004), and a second (Marinoan) lasted from 
about 645 Ma until the base of the Ediacaran at c. 635 Ma (Condon et al., 2005). *Cloud 
and Glaessner (1982); CryoSC (2014) refers to the now-ratified proposal made by the 
International Subcommission on Cryogenian Stratigraphy. 

¢ƘŜ ŜŀǊƭȅ bŜƻǇǊƻǘŜǊƻȊƻƛŎ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ƭŀǎǘ ǇŀǊǘ ƻŦ ǘƘŜ ΨōƻǊƛƴƎ ōƛƭƭƛƻƴΩ όŎΦ 

1,850 ς c. 850 Ma), named for the apparent slow pace of biological evolution and 

muted variation in the marine carbon isotope record. There is a similar term 

ά9ŀǊǘƘΩǎ ƳƛŘŘƭŜ ŀƎŜέΣ ǊŜŦŜǊǊƛƴƎ мΦт ǘƻ лΦтрDŀΣ ƳŀǊƪŜŘ ōȅ ŀ ǇŀǳŎƛǘȅ ƻŦ ǇǊŜǎŜǊǾŜŘ 

passive margins, an absence of glacial deposits and iron formations, which is 

supposed  to be characterized by environmental, evolutionary, and lithospheric 

stability (Cawood and Hawkesworth, 2014).   

For the nearly one billion years (in either one above mentioned terms), the 

fossil evidence for life on Earth is largely restricted to small, single-celled, 
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generally planktonic forms (acritarchs) of unknown taxonomic affinity, although 

see recently published findings of relatively large carbonaceous compressions 

from North China (Zhu et al., 2016) for an exceptional case of demonstrably large 

(megascopic), multicellular, eukaryote-grade, benthic organisms. During most of 

the Proterozoic, the climate seems to have been at least as warm as it is today 

despite theoretically weaker heat output from the Sun, with no widely accepted 

evidence for glaciation between c. 2,200 Ma and c. 715 Ma (Lenton et al., 2014). 

This is presumably because of increased greenhouse gas concentrations, most 

notably carbon dioxide but possibly also methane. It has been postulated that 

tectonic changes, related to the rifting of Rodinia, could have triggered a 

progressiǾŜ ǘǊŀƴǎƛǘƛƻƴ ŦǊƻƳ ŀ ΨƎǊŜŜƴƘƻǳǎŜΩ ǘƻ ŀƴ ΨƛŎŜƘƻǳǎŜΩ ŎƭƛƳŀǘŜ ŘǳǊƛƴƎ ǘƘŜ 

latter part of the Neoproterozoic Era. Eruption of more easily weathered basalt 

rock during rifting may have drawn down carbon dioxide, rendering the Earth 

vulnerable to glaciation after 720 Ma (Donnadieu et al., 2004; Gernon et al., 2016; 

Rooney et al., 2014). Based on the geochemical model GEOCLIM simulation, the 

continental break-up of Rodinia also led to an increase in runoff, enhancing 

consumption of carbon dioxide through continental weathering, further 

decreasing atmospheric pCO2 concentration by 1,320 ppm (Donnadieu et al., 

2004). Other propose that the collapse of enormous quantities of methane 

(Schrag et al., 2002); or an unusual preponderance of land masses in the middle 

and low latiutdes, which most likely enhanced silicate weathering, resulting in 

lower atmospheric CO2 (Hoffman and Schrag, 2002) could be possible trigger of 

the onset of the snowball Earth. Although these speculations lie outside the realm 

of this study, changes in chemical weathering of silicates, and in particular of less 

radiogenic (low 87Sr/86Sr ratio) basaltic rock, exposed during rifting, could 

potentially be identified as downturns in the seawater Sr isotope curve, and I will 

return to this in Chapter 8. 

¢ƘŜ ΨōƻǊƛƴƎ ōƛƭƭƛƻƴΩ ƛǎ ǿƛŘŜƭȅ ŀǎǎǳƳŜŘ ŀƭǎƻ ǘƻ ƘŀǾŜ ōŜŜƴ ŀ ǘƛƳŜ ƻŦ ǊŜƭŀǘƛǾŜ 

stasis in the oxygenation state of the surface environment, with ocean and 

possibly atmospheric oxygenation occurring towards the end of the 

Neoproterozoic (Canfield, 1998; Lenton et al., 2014; Shields-Zhou and Och, 2011). 

Geochemical data show that the Neoproterozoic Oxygenation Event (NOE) is 



Chapter 1: Introduction to the research topic 

24 
 

characterized primarily by the widespread oxygenation of the deep ocean as 

evidenced from a wide range of geochemical parameters, e.g. Fe speciation 

(Canfield et al., 2008) , molybdenum (Mo) concentrations of black shales (Sahoo 

et al., 2012; Scott et al., 2008) and isotopic studies of Mo (Chen et al., 2015). This 

oxygenation hypothesis has been further developed by Lenton et al. (2014; 2017) 

(Fig 1.4), who proposed that the evolution of increasingly complex eukaryotes, 

including the first animals, could themselves have caused the oxygenation of the 

ocean without necessarily requiring an increase in atmospheric oxygen. Most 

recently, Cr isotope studies (Planavsky et al., 2015) have supported the case for 

an earlier atmospheric oxygenation event during the early-mid Neoproterozoic, 

which is the main time interval of interest in this study, while statistical analysis 

of Fe speciation data (Sperling et al., 2015b) has been used to argue that the case 

for Neoproterozic-Cambrian oxygenation has been over-emphasised as a trigger 

for the evolution of animals (Mills et al., 2014; Sperling et al., 2015a). 

 

 

Fig 1. 4 Key biological indicators and atmospheric pO2 constraints, from (Lenton and 
Daines, 2017). Darker shading indicating firmer constraƛƴǘǎΦ άCŀǳƴŀέ ƛƴŘƛŎŀǘŜǎ the 
estimated O2 ǊŜǉǳƛǊŜƳŜƴǘ ƻŦ /ŀƳōǊƛŀƴ ŦŀǳƴŀΣ ŀƴŘ άCƻǊŜǎǘǎέ ƛƴŘƛŎŀǘŜǎ ǘƘŜ ǳǇǇŜǊ ƭƛƳƛǘ 
on O2 to avoid devastating wildfires. Also indicated are lower limits (solid upward-
pointing arrows) inferred from paleosol iron retention ( pink) (Rye & Holland 1998) and 
oxic marine sediments ( purple) (Zhang et al. 2016) as well as hypothesized upper limits 
(dashed orange downward-pointing arrows) suggested from a lack of chromium 
isotope fractionation (Planavsky et al. 2014b). The blue line shows one possible 
trajectory for atmospheric oxygen (dashed where the uncertainty is greatest).  

To get to the bottom of these apparently contradictory positions regarding 

the relative importance of oxygenation as a cause or effect of animal evolution, 

and whether oxygenation was restricted to the marine environment or not, lies 
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outside the scope of this study, but it is clear that the evolution of life and its 

planetary environment can never be entirely independent of one another. 

Throughout most of Earth history, the evolution of life has affected the 

environment and changes to the environment have affected biological evolution. 

[Ŝƴǘƻƴ Ŝǘ ŀƭΦ όнлмпύ ƘŀǾŜ ǇƻƛƴǘŜŘ ƻǳǘ ǘƘŀǘ άǘƘŜ ǘǿƻ-way feedback coupling 

(piggy-backing) became particularly strong during the end oŦ ǘƘŜ tǊƻǘŜǊƻȊƻƛŎέΣ 

with which they were referring to the coupled evolution of both complex 

eukaryotic life forms and the Earth system of which they formed a part. 

Shortly before the Neoproterozoic glaciations, there seems to have been a 

significant diversification of eukaryotes (Knoll et al., 2006a), including a rise in the 

ecological prominence of eukaryotic algae, and the appearance of various 

protozoans and possibly even fungi (Porter, 2006). During the early 

Neoproterozoic, the oceans seemingly experienced a shift from a cyanobacteria-

dominated biological pump to a more eukaryote-dominated one, coincident with 

a shift from regionally sulphidic ocean margins of the earlier Proterozoic to 

generally anoxic, but ferruginous oceans during the mid-late Neoproterozoic 

(Guilbaud et al., 2015). Importantly, this shift was recognised in part from lower 

Neoproterozoic formations of the Huainan region on the North China craton, 

which is the main regional focus of this study. 

 

The Neoproterozoic Era 

In sum, from oldest to youngest, the three periods of the Neoproterozoic 

Era are: the Tonian, the Cryogenian and the Ediacaran periods.  

The Tonian Period (1000 ς c. 720 Ma) ƛǎ ǎƻ ƴŀƳŜŘ ōŜŎŀǳǎŜ Ψ¢ƻƴƛŀƴΩ ǊŜŦŜǊǎ 

ǘƻ ǘƘŜ ΨǎǘǊŜǘŎƘƛƴƎΩ ƻŦ ǘƘŜ wƻŘƛƴƛŀ ǎǳǇŜǊŎƻƴǘƛƴŜƴǘ ǿƘƛŎƘ ōŜƎŀƴ ŀŦǘŜǊ ŀōƻǳǘ флл Ma  

(Li et al., 2008). As the newly defined Cryogenian Period - now accepted into the 

international Geological Time Scale - began c. 720 million years ago, the pre-

glacial Tonian Period now covers the entire span from 1000 to c. 720 Ma. This 

~280 Ma period is still shrouded in mystery, and its base is inadequately defined. 

Nevertheless, the bulk of the results of the present study fall into this enigmatic 

interval about which we know very little. Encouragingly, consensus is beginning 

to emerge that a number of features distinguish the currently defined Tonian 
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Period (or early Neoproterozoic). In addition to the fossil testate amoebae (vase-

shaped microfossils) mentioned above, the Tonian witnesses the earliest 

biomineralized scales (Cohen et al., 2011; Cohen and Macdonald, 2015), a 

radiation of ornamented acritarchs, characterized by the brain-like 

Cerebrosphaera buickii, and a relative acme in stromatolite diversity. The fossil 

record of the North China craton adds to this picture, in that annulated tube-like, 

organic-walled fossils, once thought to be worms (Xiao et al., 2014), and 

enigmatic, Ediacarian-like discs (Luo et al., 2016; Zhang et al., 2006) all have their 

first occurrences there. Molar-tooth structure, a form of early marine authigenic 

calcite crack-fill, reached an acme during the Tonian, before strangely 

disappearing entirely from the rock record before the onset of the Cryogenian 

Period (Shen et al., 2016; Shields, 2002). Together with the acme in stromatolite 

types, and widespread occurrence of calcimicrobial structures akin to later 

Renalcis and Girvanella, the Tonian Period seems to have been a time of 

exceptional carbonate saturation in seawater. Finally, it is widely believed that 

negative carbon isotope excursions, which become more common in the later 

Neoproterozoic and early Cambrian, begin during the late Tonian with the c. 800 

aŀ Ψ.ƛǘǘŜǊ {ǇǊƛƴƎǎΩ !ƴƻƳŀƭȅ όIŀƭǾŜǊǎƻƴ Ŝǘ ŀƭΦΣ нллтύΦ ¢ƘŜ present study will 

present geochronological and isotopic evidence for their existence also in much 

older, lower Tonian (Qingbaikouan in China) strata. 

The Cryogenian Period (c. 720 ς c. 635 Ma) embraces the most widespread 

of the Neoproterozoic glaciations as well as the nascent stages of animal 

evolution; the definition brackets the so-ŎŀƭƭŜŘ Ψ{ƴƻǿōŀƭƭ 9ŀǊǘƘΩ Ǝƭaciations 

(Hoffman et al., 1998). In China, the Cryogenian System has been given the name 

Nanhua (South China), as glaciogenic successions of Neoproterozoic age are 

much better developed on the South China (= Nanhua) Craton. Cryogenian 

glaciations are generally divided into two phases of global cooling: the Sturtian 

(c. 717 Ma ς c. 665 Ma) and the Marinoan, or terminal Cryogenian phase (c. 645 

Ma ς c. 635 Ma). Knowledge of the Earth system during this period is extremely 

limited, despite the widespread occurrence of glaciogenic strata around the 

world. This is because of the relative scarcity of marine authigenesis (limestones) 

during these cooler climes, as well as the rarity of anything but the simplest forms 
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of single-celled acritarch fossils. The Cryogenian Period can be seen as a time of 

lowered fossil diversity, but predictions from molecular phylogeny studies (Erwin, 

2015; Erwin et al., 2011) ǎƘƻǿ ƛǘ ǘƻ ƘŀǾŜ ōŜŜƴ ǘƘŜ ΨŎǊŀŘƭŜΩ ƻŦ ŜŀǊƭȅ ŀƴƛƳŀƭ 

evolution, marking the initial branching of multicellular heterotrophic eukaryotes 

(animals) from their single-celled, amoebae-like ancestors. To some extent, this 

is supported by the physical record in that the earliest fossil amoebae have been 

reported form pre-glacial Tonian strata (Porter and Knoll, 2000), while enigmatic 

biomarkers suggest the existence of higher eukaryotes, specifically sponges or 

sponge precursors, in Cryogenian and late Tonian rocks (Brocks et al., 2005; Love 

et al., 2009). 

The Ediacaran Period (c. 635 ς c. 541 Ma) represents the interval of climatic 

recovery following the low-ƭŀǘƛǘǳŘŜ Ψ{ƴƻǿōŀƭƭ 9ŀǊǘƘΩ ƎƭŀŎƛŀǘƛƻƴǎ ŀƴŘ ǊŀŘƛŀǘƛƻƴ ƻŦ 

early animal ƎǊƻǳǇǎ ǿƘƛŎƘ ŎǳƭƳƛƴŀǘŜŘ ƛƴ ǘƘŜ Ψ/ŀƳōǊƛŀƴ 9ȄǇƭƻǎƛƻƴΩ ƻŦ ŜŀǊƭȅ ŀƴƛƳŀƭ 

diversification and ecological expansion. The Ediacaran witnessed a profound 

biological shift from a world with low eukaryotic biodiversity and relative 

evolutionary stasis, to one of new, complex, and energy-sapping (muscular) body 

plans, e.g. the possible cnidarian Haootia (Liu et al., 2015), skeletal reef-builders 

(Penny et al., 2017, 2014) and novel life habits and ecosystems (Butterfield, 

2007), culminating in the appearance of modern-style communities by the early 

Cambrian (Butterfield, 2007; Erwin et al., 2011). There are numerous examples in 

the fossil record of early animal-grade life forms during this period, including the 

embryos of putative metazoans from c. 630 Ma ς c. 580 Ma (Xiao et al., 1998) 

and complex, multicellular, body biota found initially in deep waters and later in 

shallow-marine settings  (Martin et al., 2000; Narbonne and Gehling, 2003). 

 
1.1.2. Geological and biological events during the Neoproterozoic Era 

As Nance et al. (2014) emphasizes, both the assembly and breakup of 

supercontinents have profoundly influenced the evolution of the geosphere, 

hydrosphere, atmosphere and biosphere. The proposed supercontinent cycles 

are illustrated in Fig 1.5 from  (Nance et al., 2014). 

The assembly of Rodinia is exemplified by the c. 1.1 Ga Grenville belt of 

eastern North America, and its age-correlatives, the Sunsas belt in the Amazon, 
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Irumide and Kibaran belts and Namaqua-Natal belt on Congo and Kalahari 

cratons, respectively. The early Neoproterozoic witnessed the breaking apart of 

the supercontinent Rodinia. 

 

Fig 1. 5 Comparison of orogenic peaks (arrows) recognized in radiometric data by 
Runcorn (1962) with spectra of UςPb detrital zircon crystallization ages reported by 
Hawkesworth et al. (2010) and proposed times of supercontinent assembly. From 
(Nance et al., 2014). 

As summarized by (Bradley, 2011), Fig 1.6 shows different supercontinent 

reconstruction models and related evidence. As for the proposed supercontinent 

wƻŘƛƴƛŀΣ .ǊŀŘƭŜȅΩǎ ŎƻƳǇƛƭŀǘƛƻƴ ǎƘƻǿǎ ŎƭŜŀǊƭȅ ǘƘŀǘ ȊƛǊŎƻƴ ŀƎŜǎ ŎƭǳǎǘŜǊ ŀǊƻǳƴŘ ǘƘŜ 

time when the supercontinent came into being, while passive margins were 

ŀƴƻƳŀƭƻǳǎƭȅ ŀōǎŜƴǘ ŀǊƻǳƴŘ ǘƘŜ ǎŀƳŜ ǘƛƳŜΦ ¢ƘŜ ΨōƻǊƛƴƎ ōƛƭƭƛƻƴΩ ƻǊ 9ŀǊǘƘΩǎ ƳƛŘŘƭŜ 

age(Cawood and Hawkesworth, 2014) brackets a time when continents were 

grouped into two successive and long-lived supercontinents: Nuna (Columbia), 

assembled by c. 1.7 Ga and Rodinia (Fig. 1.6C).  

The time interǾŀƭΣ ŦƻŎǳǎŜŘ ƻƴ ōȅ ǘƘƛǎ ǎǘǳŘȅΣ Ŧŀƭƭǎ ǿƛǘƘƛƴ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ΨōƻǊƛƴƎ 

ōƛƭƭƛƻƴΩ ŀǊƻǳƴŘ ǘƘŜ ŜŀǊƭȅ bŜƻǇǊƻǘŜǊƻȊƻƛŎΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ŀǎǎŜƳōƭȅ ŀƴŘ ǘƘŜ ōǊŜŀƪ-

ǳǇ ƻŦ ǘƘŜ ǇǊƻǇƻǎŜŘ ǎǳǇŜǊŎƻƴǘƛƴŜƴǘ ΨwƻŘƛƴƛŀΩ ŀƴŘ ǘƘŜƛǊ ǊŜǎǇŜŎǘƛǾŜ ǘƛƳƛƴƎ ǎƘƻǳƭŘ 

have profound impact on how thŜ ΨōƻǊƛƴƎ ōƛƭƭƛƻƴΩ ŜƴŘŜŘΦ  !ǎ ǎǳƳƳŀǊƛȊŜŘ όCƛƎ мΦсΥ 

Graphs A and B) by Bradley (2011), different scenarios have been suggested by 

different authors, while different lines of evidence yield different timings.   
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Fig 1. 6 (A) Published assessments of the tenures of various supercontinents according 
to the identified authors. (B) Age distributions (in black) of variables that have bearing 
on the tenures of supercontinents: Passive margins from (Bradley, 2008), Granites from 
(Condie et al., 2009), Detrital zircons (river sand) from (Campbell and Allen, 2008), 
Detrital zircons (rocks) from (Bradley, 2011), and Eclogites from (Brown, 2007). For each 
plot, the blue, green, lavender, orange, and pink swaths indicate tenures of 
supercontinents as inferred from minima in those data alone. Dimmer and brighter 
colors represent more and less inclusive interpretations, respectively. The colored 
swaths agree in general but differ in many details. (C) Proposed tenures of 
supercontinents based on the present study, combining information from Phanerozoic 
plate reconstructions, passive-margin age distributions, and zircon age distributions. 

Figure from (Bradley, 2011). 
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Bradley (2008), using a different approach based on the abundance of 

passive margins, proposed that wholescale collision formed Rodinia by the end 

of the Mesoproterozoic and that episodic break-up of Rodinia occurred through 

much of the Neoproterozoic (Fig 1.6C). Passive margins form by rifting followed 

by seafloor spreading, so that the resulting plate consists of both continental and 

oceanic lithosphere, welded across an igneous contact (Bradley, 2008).  

Tectonic upheaval related to break-up of Rodinia and collision to form 

Gondwana comprises the backdrop to major biological (Figs. 1.7, 1.8) and climatic 

events of the early Neoproterozoic. As Knoll et al. (2006) show, fossil diversity 

reached a pre-Ediacaran acme during the Tonian Period, seen in records of 

microfossils, acritarchs, carbonaceous compressions as well as biomineralised 

scaled-microfossils and putative testate amoebae (Cohen and Macdonald, 2015). 

 

 

Fig 1. 7 The taxonomic richness of assemblages through time (1200-500 Ma) for 
acritarchs, macrofossil compressions and multicellular microfossils and vase-shaped 
protists; width of rectangles indicates permissible age range for assemblages. Modified 
based on compilations in (Knoll et al., 2006a). 

Although Neoproterozoic oxygenation lies outside the scope of this study, 

Guilbaud et al. (2015) speculated that the Tonian biodiversification was related 

to the return of predominantly ferruginous oceans after ~0.95 Ga. The reality of 

a Tonian biodiversification can also be seen in molecular phyogenomic records 
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(Fig. 1.8), which although uncertain in detail, identify key branching points among 

eukaryotes towards animal-grade and other multicellular groups sometime 

during the mid-Neoproterozoic. I will return to this theme later in Chapter 8. 

 

 

Fig 1. 8 The Metazoan time tree encompassing major sources of uncertainty in time 
estimates, from (Dos Reis et al., 2015). Node age determinations are described in the 
original article. Cen, Cenozoic; K, Cretaceous; Jr, Jurassic; Tr, Triassic; Pr, Permian; Carb, 
Carboniferous; Dev, Devonian; S, Silurian; O, Ordovician; Cam, Cambrian; Ediacar, 
Ediacaran. 

 

1.2. Neoproterozoic chemostratigraphy 

Chemostratigraphy is the study of secular variations in the chemical or 

isotopic compositions of sedimentary rock; it has diverse applications to 

investigating the rock record, such as reconstructing palaeoenvironments, 

determining the tectonic setting of sedimentary basins, indirect dating, and for 

regional or global correlations (Halverson et al., 2010).   

Especially for Precambrian sequences, where the sparse fossil record renders 

biostratigraphy of limited use, chemostratigraphy is of particular importance. The 
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established isotope systems used for Neoproterozoic chemostratigraphy are 

carbon, oxygen, sulfur and strontium isotopes, of which light stable isotope 

geochemistry is the most widely applied, but more recently other unconventional 

(non-traditional) stable isotope systems (e.g. Cr, Mo, Fe, Ca, Li) are beginning to 

be applied. Existing age models for Neoproterozoic non-glacial intervals have 

largely been based on correlations using carbonate carbon isotope values as the 

chief metric (Swanson-Hysell et al., 2015). 

 

1.2.1. Carbonate ɻ13C evolution during the Neoproterozoic Era 

Schidlowski et al. (1975) carried ƻǳǘ ƻƴŜ ƻŦ ǘƘŜ ŜŀǊƭƛŜǎǘ tǊŜŎŀƳōǊƛŀƴ ʵ13C 

studies and suggested that Proterozoic carbonate lacked strong temporal 

variations. After that, studies on Neoproterozoic strata from Siberia, Namibia, 

Svalbard and Canada, etc. demonstrated   that from about 850 Ma ago until the 

ŜƴŘ ƻŦ ǘƘŜ tǊƻǘŜǊƻȊƻƛŎ 9ƻƴΣ ŎŀǊōƻƴŀǘŜ ʵ13C values fluctuated with frequencies 

comparable to Phanerozoic variations but with far greater amplitudes (Jacobsen 

and Kaufman, 1999; Kaufman et al., 1993). Only few compilations of carbon 

isotope data for the Neoproterozoic have been published (Halverson, Wade et al. 

2010), but general features are well established with generally increasing 

maximum values and variability towards the Cryogenian. Negative excursions are 

known to occur from about 800 Ma, and some are associated with glaciation, e.g. 

the Garvellach (Islay) excursion (Fig 1.9), which is a demonstrably worldwide 

event that occurred before the earlier of the two global Cryogenian glaciations. 
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Fig 1.9 Key successions that provide radiometric contraints and/or biostratigraphic and 
chemostratigraphic data relevant to the Tonian-Cryogenian transition. Figure based on 
Strauss et al. (2014), with data from Macdonald et al. (2010) and Strauss et al. (2014) 
(Ogilvie Mtns); Rooney et al. (2014) (Mackenzie Mtns); Lan et al. (2014) (Nanhua Basin); 
Knoll et al. (1991, 1989) and Halverson et al. (2005) (Svalbard); and Prave et al. (2009) 
and Anderson et al. (2013) (Scotland).  Meterage for all sections indicated in key. From 
Shields-Zhou et al. (2016). 

Recently, following on from HalversonΩǎ global compilations of 

Neoproterozoic chemostratigraphy (Halverson et al., 2007; 2010), Cox et. al 

(2016) compiled C isotope data based on Halverson et al. (2005; 2010), but adding 

unpublished data from the Mackenzie Mountains, and published, but sometimes 

overlooked and poorly age-resolved data from Siberia (Bartley et al., 2001) and 

the Southern Urals (Kuznetsov et al., 2006) (Fig 1.10). 
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Fig 1. 10 /ƻƳǇƛƭŀǘƛƻƴ ƻŦ ŎŀǊōƻƴŀǘŜ ŎŀǊōƻƴ ƛǎƻǘƻǇŜ Řŀǘŀ όʵ13Ccarb) for the Neoprotero- 
zoic Era compared to the LIP record, from Cox et al. (2016)Φ ¢Ƙƛǎ ʵ13Ccarb compilation 
is revised from previous compilations (Halverson et al., 2010, 2005). Prominent 
negative anomalies are labeled, including the Cryogenian Taishir anomaly, which has 
only been fully documented in Mongolia (Bold et al., 2016). Sources of the data: 
Morocco (Maloof et al., 2010a); Oman (Fike et al., 2006); Namibia (Halverson et al., 
2005; Swanson-Hysell et al., 2010); Svalbard (Halverson et al., 2005); Mackenzie 
Mountains  (Halverson, 2006; Rooney et al., 2014); Yukon (Macdonald et al., 2012; 
previously unpublished data); Southern Urals (Kuznetsov et al., 2006), Siberia (Knoll et 
al., 1995; previously unpublished data); Mongolia (Bold et al., 2016; MacDonald et al., 
2009). The LIP record (relative magnitude) is modified from (Ernst et al., 2008). GςW= 
Guibei and Willouran; SX = Suxiong/Xiaofeng; GςK = Gunbarrel and Kanding. 

 
1.2.2. Strontium isotope evolution of seawater during the 

Neoproterozoic Era 

The ability to date and correlate sediments using strontium isotope ratios 

(87Sr/86Sr) relies on the fact that the 87Sr/86{Ǌ ǾŀƭǳŜ ƻŦ {Ǌ ŘƛǎǎƻƭǾŜŘ ƛƴ ǘƘŜ ǿƻǊƭŘΩǎ 

oceans has varied over time, but also that at any single time, the oceans are 

homogeneous with regard to 87Sr/86Sr (McArthur, Howarth et al. 2012). Based on 

this principle, demonstrably well preserved 87Sr/86Sr values from Neoproterozoic 

bulk carbonate rock have been taken to relate to the isotopic composition of the 

global ocean, in which case measured values and trends can be used to establish 

the relative age of geographically distant locations. Unfortunately, no secular 
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curve has been firmly established for Neoproterozoic seawater 87Sr/86Sr, and 

known fluctuations are relatively muted (Fig 1.11). This, together with the non-

uniqueness of most, if not all carbon isotope trends, leads to considerable 

ambiguity (Melezhik et al., 2015) in the absence of alternative correlation criteria, 

such as precise ages. As a result, existing data are sparsely distributed, while any 

extended successions with substantial amounts of data, such as those in Siberia 

and the Urals (e.g. Kuznetsov et al., 2006) are difficult to correlate with data from 

other regions of the world (e.g. Fig 1.10). 

 

 

Fig 1. 11 Record of marine 87Sr/86Sr over the past 1000 m.y., from (Halverson et al., 
2007a). 

Halverson et al. (2007) compiled available 87Sr/86Sr data for the interval of 

1000ς542 Ma (Fig 1.11), which show a systematic rise in the global seawater 

87Sr/86Sr throughout the Neoproterozoic Era. But the authors pointed out that 

the record does not support widespread mountain-building as the main driver for 

increasing 87Sr/86Sr compositions during the Neoproterozoic. This previous 

compilation (Fig 1.11) implied that the rise in 87Sr/86Sr during the Neoproterozoic 

is steady, but that much of the rise took place during break-up of the 

supercontinent Rodinia, rather than during later collisions to form 

Gondwanaland. Halverson et al. (2007) argue that this rise was due to uplift and 

exposure of old cratonic interiors to weathering following rifting.  
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Fig 1. 12 Temporal trends of 87Sr/86Sr and d13Ccarb in seawater through the 
Neoproterozoic and Early Palaeozoic. From (Melezhik et al., 2015). 

In the compilation by Melezhik et al. (2015) (Fig. 1.12), a similar overall trend 

is observed but there are differences in detail between the two compilations. Cox 

et al. (2016) also compiled Sr isotope data for the Neoproterozoic, but this is 

mostly based on the data published in Halverson et al. (2005; 2007). Although 

both compilations (Melezhik et al., 2015; Cox et al., 2016) incorporate data from 

the Urals (Kuznetsov et al., 2006), it is telling that the same data (Inzer Formation) 

are assigned an age of 960 Ma by Cox et al. (2016) and 820 Ma by Melezhik et al. 

(2015). Similarly, the age of the Uk Formation is different by 235 Myrs between 

the two compilations. Clearly, assigning ages in the absence of a global 
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biostratigraphic or other chronostratigraphic framework, including precise and 

accurate absolute age constraints, can produce a significant source of error, 

unless substantial amounts of data can be obtained from successions for which 

the relative ages of samples can at least be worked out. Global compilations will 

be discussed again in more detail in Chapter 8. 

 Another challenge is in finding sufficiently well preserved carbonate 

material in the absence of skeletal calcite components, such as low-Mg calcite 

brachiopod shells. The proposition in this study is that some forms of early marine 

cement can retain pristine seawater isotopic composition. 

 
1.3. Molar Tooth Structure 

Molar-tooth (MT) structures are intricately crumpled, calcite microspar 

fissure fills that formed during much of the Precambrian. The structure was first 

defined by Bauerman in 1885 as a relatively obscure sedimentary feature found 

in Mesoproterozoic rocks of the American Cordillera (Belt /  Purcell Supergroup), 

ΨǊŜǎŜƳōƭƛƴƎ the markings on the molar tooth of an ŜƭŜǇƘŀƴǘΩΦ The structure has 

been reported from shallow, subtidal (but generally above storm-wave base) 

carbonate facies of Neoarchean to Neoproterozoic age around the world (Bishop 

and Sumner, 2006; Frank and Lyons, 1998; Liu et al., 2005; Long, 2007; Marshall 

and Anglin, 2004; Pope et al., 2003; Shields, 2002). The origin of this unusual and 

enigmatic structure is still controversial, but it is commonly acknowledged that 

MT fill is typical of other types of Proterozoic cavity-filling early cements, and 

always comprises uniform, equant, polygonal, tightly packed and blocky calcite 

crystals 5 ς 15 µm across (James et al., 1998; Pratt, 1998).  

MT structures (MTS) have diverse morphologies and relationships to surrounding 

sediment (Bishop and Sumner, 2006; Peng et al., 2012; Zhihai, 2011), and it is 

commonly agreed that MT is a peculiarly Precambrian structure, which had 

disappeared by the Precambrian-Cambrian boundary (Pratt, 1998; Shields, 2002). 

The disappearance has been variously attributed either to the actions of 

bioturbating organisms, which presumably rendered the sediment less cohesive 

and thus less able to hold open a crack, or to global changes in marine chemistry, 
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most likely a decrease in carbonate saturation levels in the ocean. The last 

occurrence was considered to be Ediacaran (James et al., 1998); however, well 

documented examples are known only from the pre-Cryogenian rock record 

(Kuang, 2014). The youngest MT occurrence is arguably the recently discovered 

examples from upper Tonian limestone in SW Scotland which are from ~720 Ma; 

these occurrences and related Sr isotope data are described further in Chapter 7. 

An updated compilation of important MT occurrences is given in Table 1.1 below. 

 

Geon 

 
Era Age Location Rock units 87Sr/87Sr References 

25 Neoar. c. 2520 South Africa Monteville Fm 10.7047 Bishop and 
Sumner 
(2006) 

18 Paleopr. c. 1900 Canada, W. 
Arctic 

Goulbourn 
Supergroup 

------ Campbell 
and Cecile 
(1976) 

17 Paleopr. c. 1750 Canada, 
Hudson Bay 

Belcher Group ------ Ricketts and 
Donaldson 
(1981) 

15 Mesopr. c. 1550 NE China Gaoyuzhuang, 
Wumishan Fm 

2,30.7048 Mei (2005); 
Kuang et al. 
(2012) 

14 Mesopr. c. 1450 Canada, N. 
Cordillera 

Muskwa 
Assembl., George 
Fm 

10.7054 Taylor and 
Stott (1973) 

14 Mesopr. c. 1450 Canada, N. 
Cordillera 

Gillespie Lake 
Group 

------ Delanie 
(1981) 

14 Mesopr. c. 1450 USA/Canada Belt/Purcell 
groups, 
e.g. Chamberlain 
Fm 

10.7048 Smith 
(1968); 
Furniss et al. 
(1998) 

12 Mesopr. c. 1250 Canada, E. 
Arctic 

Bylot 
Supergroup,  
Society Cliffs Fm 

40.7054 Jackson and 
Iannelli 
(1981) 

11 Mesopr. c. 1100 NW Africa 
(Taoudeni) 

I5-I7 (Atar/El 
Mreiti groups) 

50.7063 Fairchild et 
al. (1990) 

11 Mesopr. c. 1100 Brazil Paranoa Group 60.7056 Alvarenga et 
al (2014) 

10 Mesopr. c. 1050 Canada, W. 
Arctic 

Dismal Lakes 
Group 

------ Donaldson 
(1973); Kah 
et al. (2001) 

9 Mesopr. c. 960 Turukhansk, 
Siberia 

S. Tunguska / 
Burovaya Fm 

70.7052 Ovchinnikov
a et al. 
(1995) 

9 Neopr. c.  930 North China 
craton 

Qingbaikou Gp, 
various Fms 

20.7063 Fairchild et 
al. (2000) 

9 Neopr. c.  900 Northern 
India 

Vindhyan Gp, 
Bhander Fm 

10.7060 unpublished 
observations 

8 Neopr. c.  850 Canada, N. 
Cordillera 

lower Tindir 80.7065 Kaufman et 
al. (1992) 
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8 Neopr. c.  800 Canada, W. 
Arctic 

Shaler Group 90.7056 Young and 
Long (1977) 

8 Neopr. c.  800 Central 
Yunnan 

Kunyang Group ------ Zhang et al. 
(2007) 

8 Neopr. c.  800 Canada, 
Mackenzies 

Little Dal Group 1,100.7055 Aitken 
(1981) 

8 Neopr. c.  960 South Urals Inzer Fm 110.7053 Keller and 
Chumakov 
(1983) 

8 Neopr. c.  800 Tasmania Rocky Cape 
Group 

------ Calver and 
Baillie (1990) 

8 Neopr. c.  800 Wales, 
Anglesey 

Gwna Melange 2,120.7062 Horak and 
Evans (2011) 

8 Neopr. c.  800 N. Ethiopia Tambien Group 130.7064 Miller et al. 
(2009) 

8 Neopr. c.  800 Amadeus 
Basin 

Bitter Springs 
Formation 

10.7063 Southgate 
(1991) 

8 Neopr. c.  800 Norway, 
Finnmark 

Batsfjord Fm ------ Siedlecka 
(1978) 

7 Neopr. c.  750 Grand 
Canyon, USA 

Kwagunt Fm ------ Walter et al. 
(2000) 

7 Neopr. c.  720 Svalbard Akademikerbreen 
Group, Russoya 

1,140.7066 Knoll (1984); 
Halverson et 
al. (2007) 

7 Neopr. c.  720 Greenland, 
Kap Weber 

Eleonore Bay Fm 
/ Thule 

150.7064 Fairchild et 
al (2000);  

7 Neopr. c.  720 Scotland Lossit Limestone 
Fm 

20.7064 Fairchild et 
al. (2017) 
 

 

Table 1. 1  New compilation of confirmed reports of molar-tooth structure (MT) around 
the world, adapted from and avoiding inadvertent duplication in previous compilations 
by James et al. (1998); Pratt (1998); Shields (2002); Kuang, (2014); Smith (2016). 87Sr/86Sr 
values refer to the range of least-altered (generally lowermost) values reported from 
at or above the level of the stratigraphically highest, reported MT examples. All values 
are lower than the lowest values recorded from post-Tonian strata (= 0.7066) and so, 
along with other published age constraints, are consistent with MT calcite microspar 
being a time-specific (age-diagnostic) facies of the Precambrian, but especially of the 
late Mesoproterozoic and Tonian from about 1.1 to 0.72 Ga. Sr isotope data from table 
1.1 are from: 1unpublished data; 2this PhD study; 3Kuang et al. (2012); 4Kah et al. (1999); 
5Shields (2002); 6Alvarenga et al. (Alvarenga et al., 2014); 7Bartley et al. (2001); 8Kaufman 
et al. (1992) (1992); 9Asmerom et al. (1991); 10Halverson et al. (2007); 11Kuznetsov et al. 
(2012); 12Horak and Evans (2011); 13Miller et al. (2009); 14Cox et al. (2016); 15Fairchild et 
al. (2000). 
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Fig 1. 13 Examples of Molar-Tooth structures of Huainan Group (JLQ2), Huaibei Group 
(JSZ4, MMT) and Jinxian Group. 
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1.4. Neoproterozoic strata in China 

Thick, unmetamorphosed, sedimentary successions occur immediately 

beneath lower Cambrian rocks in many places throughout China, which is 

geologically divided into smaller cratons (South China, North China, Tarim) that 

came together only relatively recently - as late as the Mesozoic Era - in geological 

history. As a consequence, Chinese successions from these three regions record 

entirely separate geological histories for the whole Precambrian. 

A combination of rock-based and chronometric subdivision for 

Precambrian strata is still in use today but, as mentioned above, the latter 

approach is gradually being phased out through international efforts to establish 

Dƭƻōŀƭ {ǘǊŀǘƻǘȅǇŜ {ŜŎǘƛƻƴǎ ŀƴŘ tƻƛƴǘǎ όD{{tΩǎύ ŦƻǊ ǘƘŜ tǊŜŎŀƳōǊƛŀƴ (Bleeker, 

2004). In China, the Neoproterozoic periods (Ediacaran, Cryogenian and Tonian) 

equate approximately to the frequently redefined successions of the Sinian, 

Nanhuan and Qingbaikouan systems, respectively (e.g. Gao et al., 2008).  

 The first Precambrian period to receive a rock-based definition was the 

Ediacaran Period, and in China, the Ediacaran System corresponds to the 

redefined Sinian System (Harland et al., 1990; Lu, 2002), which begins within the 

post-ƎƭŀŎƛŀƭ ΨŎŀǇΩ ŘƻƭƻǎǘƻƴŜ ŀǘ ǘƘŜ ōŀǎŜ ƻŦ ǘƘŜ 5ƻǳǎƘŀƴǘǳƻ CƻǊƳŀǘƛƻƴ ŀƴŘ Ŏŀƴ ōŜ 

traced throughout the Yangtze Platform of the northern South China Craton 

(SCC). At present, this lithostratigraphic level cannot be correlated into the Sino-

YƻǊŜŀƴ ƻǊ bƻǊǘƘ /Ƙƛƴŀ /Ǌŀǘƻƴ όb//ύ ŘǳŜ ǘƻ ǘƘŜ ƭŀŎƪ ƻŦ ŀ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ΨŎŀǇ 

ŘƻƭƻǎǘƻƴŜΩ ƻǾŜǊƭȅƛƴƎ ƎƭŀŎƛƻƎŜƴƛŎ ŘŜǇƻǎƛǘǎ ƻŦ ǘƘŜ b//Φ 5ŜǎǇƛǘŜ ǘƘƛǎ ŀōǎŜƴŎŜΣ ŀ 

Ψ{ƛƴƛŀƴ {ȅǎǘŜƳΩ ƛǎ ǎǘƛƭƭ ŦǊŜǉǳŜƴǘƭȅ ƛŘŜƴǘƛŦƛŜŘ ƻǾŜǊƭȅƛƴƎ ǘƘŜ b// ǿƛth limited 

supporting evidence. 
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Fig 1. 14 Tectonic map of China showing the three major cratons and the younger 

orogenic belts that separate them (Zhao et al., 2001; Zhao and Guo, 2012). 

 

The underlying Cryogenian System has been given the name Nanhua (South 

China), as glaciogenic successions of mid-Neoproterozoic age are much better 

developed on the SCC. The base of the Cryogenian System is currently defined at 

a level beneath the oldest clearly glaciogenic deposits in a Neoproterozoic 

succession. In South China, this level at c. 720 Ma can be found beneath the 

/ƘŀƴƎΩŀƴ ƎƭŀŎƛŀƭ ŘŜǇƻǎƛǘǎ ƻŦ Iǳƴŀƴ ŀƴŘ DǳŀƴƎȄƛ ǇǊƻǾƛƴŎŜǎΣ ǿƘƛŎƘ ƘŀǾŜ ǊŜŎŜƴǘƭȅ 

been dated to ~715 Ma (Lan et al., 2014), thus proving their equivalence to low-

latitude deposits of North America (Macdonald et al., 2013b). However, on the 

NCC, an equivalent level is hard to find and is probably represented only by an 

erosive hiatus, which will be considered in more quantifiable terms in Chapter 4. 

Although convincingly glaciogenic deposits are present on the North China craton 

(Luoquan / Fengtai formations), these remain little studied, and are widely 

considered to be late Ediacaran or early Cambrian in age. 
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The Qingbaikouan System, the main focus of this study, is best preserved on 

the North China craton and was named for successions there. In South China, pre-

Cryogenian Neoproterozoic strata are widely metamorphosed, representing 

volcanically-influenced siliciclastic, deep marine environments with only 

occasional carbonate (marble) units of uncertain age and depositional 

environment. By contrast, the Qingbaikouan System of North China is 

represented by a thick, unmetamorphosed succession that was mostly deposited 

in a shallow marine environment. Carbonate units are common, particularly in 

the middle parts of the succession. Because the Qingbaikouan System is the main 

subject of this thesis, it is described in more detail in Chapter 2.  

 

1.5. Aims and Objectives 

The relatively understudied Tonian Period (1000 ς c. 720Ma) represents an 

interval of transition from the end of the seemingly static ΨōƻǊƛƴƎ ōƛƭƭƛƻƴΩ to the 

Cryogenian Period, which is characterized by climatic and environmental 

extremes and instability. The data from this study focus on this transition interval, 

marked by supercontinent break-up, increasing carbon cycle instability and 

apparent biodiversification. 

The first objective of this thesis is to fill a gap in existing chemostratigraphic 

curves for the early Neoproterozoic. In so doing, the goal here is to tie newly 

obtained data ς mostly from North China - to existing 87Sr/86Sr data sets with the 

help of stratigraphic arguments, including new geochronological findings.  

The second objective of this thesis is to establish a four step dynamic 

screening protocol to identify diagenetic alteration in carbonate samples.  

The third objective of the thesis is to establish further the potential of molar 

tooth structure (MTS) to be used as a proxy material in Precambrian strontium 

isotope stratigraphy (SIS). 

The overall aim of the thesis is therefore to reconstruct seawater Sr isotope 

curve for key parts of the Neoproterozoic, to be used as a backdrop, against which 
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interpretations of tectonic, climatic, geological and biological events can be 

made. It is hoped that the new curve, which will cover the entire Neoproterozoic, 

will aid the understanding of both global events and seawater 87Sr/86Sr within a 

broad Earth system context.  

 

1.6. Thesis structure 

This thesis is structured into 9 chapters. 

Chapter 1 introduces the general background to the research topic, 

addressing unresolved questions, and the aims and objectives of the thesis. 

Chapter 2 presents the main research area, the North China craton, 

describing all sampled sections and collected samples, with the main focus on the 

Huaibei area (northern Jiangsu and Anhui provinces, eastern China).  

Chapter 3 gives a short overview of the methodologies, which have been 

used to examine the collected samples both physically and geochemically. 

Chapter 4 establishes a new age framework for the research areas on the 

North China Craton (NCC) and proposes a new stratigraphic correlation scheme 

between successions of the NCC. 

Chapter 5 describes the geochemical and isotopic data from the two main 

research sections, Longshan and Pingshancun sectons, of the Huaibei area on the 

NCC. Here are described the first two steps of the sample screening that permit 

sample selection for Sr isotope analysis. 

Chapter 6 reports the Sr isotope data for the two main research sections. 

Using a combination of their 87Sr/86Sr values and other geochemical and isotopic 

data, a detailed screening - outlier identification - was performed, comprising the 

third screening step. The fourth screening step involves careful comparison 

between molar-tooth structure and the surrounding rock matrix.  
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Chapter 7 reports all of the Sr isotope and stable isotope data from other 

research areas described in Chapter 2; some preliminary screening was also 

performed on these samples/data. The fit  of all these data to existing Sr isotope 

data from elsewhere in the world is also discussed here. Finally, the new age 

framework proposed in Chapter 4 was tested using the obtained isotopic data 

from, especially, the Huaibei area. 

Chapter 8 starts with the detailed isotopic correlation between the studied 

areas on the NCC, and establishes which new data will be most pertinent for the 

global compilation. Based on a new, updated compilation of global isotope data, 

a new Sr isotope curve for the early Neoproterozoic (and entire Neoproterozoic) 

was proposed, alongside a new compilation of 1ɻ3Ccarb data for the same period. 

In order to establish the background to Neoproterozoic seawater Sr isotope 

evolution, tectonic, biological and environmental events are reintroduced here, 

together with an updated compilation of large igneous provinces. The hypothesis 

that Neoproterozoic seawater 87Sr/86Sr reflects events in the break-up of Rodinia 

can be tested against this new curve, as can current ideas that link tectonics, 

carbon cycle perturbation, climate change and biodiversification during the 

Tonian Period. 

Chapter 9 outlines and reemphasises the main conclusions of the thesis as 

well as introducing ideas for further research. 
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2. Research areas ς general introduction and field description 

Data from five research areas are used in this thesis to reconstruct the global 

early Neoproterozoic seawater radiogenic Sr isotope curve. The three main 

research areas, Huaibei area, Dalian area and Huainan area, are on the North 

China Craton. Although the other two research areas, Isle of Islay in Scotland and 

Sichuan on the South China Craton, are not the main focus of the thesis, new Sr 

isotope results from those areas will also contribute to the construction of the 

new curve.  

 

 

Fig 2. 1 Field areas on the eastern Block of the North China Craton (NCC). A. The 
geological map of the eastern Block and studied area. B. The geological map of the 
Huaibei Area, with sample localities. C. The geological map of the Dalian area with 
sample localities. See Fig. 2.2 for larger context. 
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2.1. North China Craton -the Jiao-Liao-Xu-Huai stratigraphic realm 

As introduced in Chapter 1, geologically, modern China is composed of three 

major old cratons (crustal blocks), South China, North China and Tarim, all of 

which retain a record of the Neoproterozoic rifting events that broke up the 

supercontinent Rodinia (Li et al., 1996). The North China Craton (NCC) is the main 

focus of this thesis because thick Precambrian sediment occurs in many places on 

it.  

¢ƘŜǊŜ ŀǊŜ ŘƛŦŦŜǊŜƴǘ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴǎ ƻŦ b//Ωǎ Ǉƻǎƛǘƛƻƴ ŘǳǊƛƴƎ ǘƘŜ ŀǎǎŜƳōƭȅ 

and breakup of the supercontinent Rodinia (Bogdanova et al., 2008; Evans, 2009; 

Li et al., 2008), but it is generally agreed that North China and Siberia had some 

association. Similar carbonate-dominated mid-Proterozoic platform or passive-

margin sedimentary successions on both cratons have inspired, along with 

palaeomagnetic support, hypotheses of a close palaeogeographic relationship or 

connection between the two blocks in Rodinia and at earlier times (Li et al., 2008, 

1996). Fig 2.2 shows a simplified scenario for the formation of Rodinia, which 

possibly culminated ca. 1100 ς 900 Ma.  

The North China Craton (NCC), also known as the Sino-Korean Craton, is the 

largest cratonic block in China, with wide distribution of Neoarchean to 

Paleoproterozoic plutonic rocks (Sun et al., 2012) The NCC has an Archean 

Palaeoproterozoic basement, and well-developed Mesoproterozoic to 

Neoproterozoic sedimentary cover successions (Li et al., 1996; Wang and Qiao, 

1984). The NCC is bordered by the Dabie-SuLu orogenic belt to the South and the 

Central Asian orogenic belt to the North. Tectonically, the North China Craton can 

be divided into three parts: the Eastern and Western Blocks, and the Trans-North 

China Orogeny(Wang et al., 2012; Yang et al., 2012; Zhao et al., 2005, 2001) (Fig 

2.2). From the Mesoproterozoic to the Early Paleozoic, platform carbonates 

dominated sedimentation over the NCC (Yang et al., 2012), consistent with its 

reportedly tropical latitude in palaeogeographical reconstructions (Fig 2.2).  
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Fig 2. 2 A simplified (and reduced) Rodinia Map with original legend (Li et al., 2008). 

The three studied areas are on the southern margin of the eastern Block of 

the NCC, and lie on both sides of the N-S Tanlu strike-slip fault (Fig 2.3), which 

divided the southeastern part of the eastern Block during the Triassic-Jurassic 

periods (Zhu et al., 2005) into two geologically similar, but geographically 

separate areas. While the western Block has been relatively stable since the 

Palaeozoic, tectonothermal activites in the eastern Block have been relatively 

more frequent (Lu et al., 2008).  
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Fig 2. 3 Three-fold tectonic subdivision of the North China Craton proposed by (Zhao 
et al., 2005; Zhao and Guo, 2012). The main field areas are located on the eastern 
block (Jiao-Liao in the north, and Xu-Huai in the south) either side of the N-S striking 
Tan Lu strike-slip fault. The green stars mark three research areas on NCC. 

 

More precisely, the three research areas on the NCC are located in the Jiao-

Liao-Xu-Huai realm (Jiao: Shandong; Liao: Liaoning; Xu: Xuzhou; Huai: Huai River 

= Huaibei and Huainan regions) of the eastern block. Although many differences 

are apparent across the eastern block of the NCC, the Jiao-Liao-Xu-Huai 

stratigraphic realm exhibits consistent characteristics, with typically coarse 

sandstone at the base, succeeded by mudstone, and finally by carbonate. This 

tripartite succession is either conformably overlain by evaporite facies rocks (e.g. 

the Dalinzi Formation in Liaoning province; Gouhou Formation in northern Anhui) 

or an erosionally truncated succession is unconformably overlain by a diamictite 

deposit (e.g. Fengtai = Luoquan Formation) of late Precambrian, possibly 

Ediacaran age.  
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Previously, the Proterozoic cover succession on the NCC has been divided 

into the Changchengian (ca. 1800 - 1400Ma), the Jixianian (ca. 1400 ς 1000 Ma) 

and the Qingbaikouan (ca. 1000 ς 800Ma) (Zhang et al., 2000). But recent 

geochronological studies have adjusted the age frameworks for these systems. A 

SHRIMP age from zircons, obtained from tuffaceous beds in the middle part of 

the Xiamaling Formation, which is the lowermost of the previously defined 

Fig 2. 4 Huaibei Group and previously published geochemical and radiometric 
constraints. The numbers beƭƻǿ ŦƻǊƳŀǘƛƻƴǎΩ ƴŀƳŜǎΥ show ǘƘŜ ǊŀƴƎŜ ƻŦ ʵ13C values in 
published studies (Xiao et al., 2014) and published Sr isotope data from Yang et al. 
(2001). The topmost formation, the Houjiashan Fm, contains fragments of trilobites of 
late Early Cambrian age (= upper Cambrian Stage 3).YZA: youngest age of the zircon 
U-Pb dating; YPM: youngest population age. The unconformity between Houjiashan 
and Gouhou formations are debatable, marked by a red question mark, which will be 
discussed later in Chapter 4.  
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ΨvƛƴƎōŀƛƪƻǳŀƴΩ {ȅǎǘŜƳΣ ǊŜǾŜŀƭŜŘ ŀ aŜǎƻǇǊƻǘŜǊƻȊƻƛŎ όŎŀΦ мΦо Dŀύ ŀƎŜ (Gao et al., 

2008, 2007). The new age challenges the traditional age framework of the 

Qinbaikouan system, 1000 ς 800Ma, and led to its redefinition. There are no 

other firm radiometric ages from interbedded volcanic tuffs or lavas above the 

Xiamaling Formation to help correlate Neoproterozoic strata across the NCC or 

further afield. However, in recent years, detrital zircon and diabase zircon and 

baddeleyite ages have been published that support an early Neoproterozoic age 

for the Qingbaikouan strata of the Jiao-Liao-Xu-Huai realm (see below), and this 

is also supported by more recent biostratigraphic studies (summarised in Xiao et 

al., 2014). Older studies (e.g. Zang and Walter, 1992) considered the acritarch 

assemblages of the Qingbaikouan on the NCC to be similar and age-equivalent 

with those of the Ediacaran Doushantuo Fm in South China. Some authors used 

to consider that the Jinxian Group in Dalian area belongs to Sinian System (Hong 

et al., 1989; Zhang et al., 2006), which is the Chinese equivalent to the Ediacaran 

System (Period). However, new dating results, and considering the newly defined 

lower boundary of ~720Ma for the Cryogenian Period (Shields-Zhou et al., 2016), 

mean that the strata I looked at,  in both Huaibei and Dalian areas, belong to the 

lower Qingbaikouan System (~ Tonian Period).  

 

2.1.1. Age constraints on Qingbaikouan System strata of the research 

areas 

There are only two detrital zircon ages for the Huaibei Group in the literature, 

both from Yang et al. (2012).  A maximum age for the Huaibei Group is provided 

by LA-ICP-MS U-Pb ages for detrital zircons of the Xinxing Fm, which is situated in 

the predominantly siliciclastic lower part of the succession (see Fig 2.4). The 

youngest of the analysed zircons was dated at 1069 ± 27 Ma (Yang et al., 2012) . 

The Xinxing Fm mainly consists of conglomerate with marl, shale, quartz 

sandstone and siltstone (JBGMR, 1984).  In detail, detrital zircons from the 

Xinxing Formation yielded four LA-ICP-MS age populations: 1753 ± 15 Ma, 1635 

± 13 Ma, 1486 ± 17 Ma and 1121 ± 27 Ma (Yang et al., 2012), and it may be more 

appropriate to use the youngest of these populations to define the maximum 

depositional age.  
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Another detrital zircon study was carried out on the Jinshanzhai Fm at the 

top of the Huaibei Group (see Fig 2.4). The Jinshanzhai Formation is relatively thin 

(~20m), and composed mainly of conglomerate, shale and feldspathic sandstone 

with dolomitic stromatolites at its top. There are five groups of age populations 

(concordant ages) reported from this sample: 2515 ± 9 Ma, 2305 ± 13 Ma, 1856 

± 9 Ma, 925 ± 10  and 825 ± 11 Ma, while the youngest age is 820 ± 11Ma (Yang 

et al., 2012).  

The base of the Qingbaikouan System in the supposedly correlative Dalian 

area is constrained in similar fashion to the Huaibei area. Detrital zircon U-Pb 

dating (LA-ICP-MS) yielded a youngest age of 924 ± 28 Ma for a level in the 

siliciclastic lower part of the Xingmingcun Formation, which is stratigraphically 

high in the group, and 1056 ± 22 Ma for the much lower Diaoyutai Formation 

(Yang et al., 2012). The latter age is similar to another reported SHRIMP zircon 

age of ~1075 Ma (Gao et al., 2010). (See Fig 2.5).  

Additional, minimum age constraints derive from the dating of mafic sills, 

once thought to be Mesozoic in age, although geological survey maps suggest 

that sills intruded pre-folding, and so could plausibly have been emplaced before 

the Mesozoic. Early studies focused on scarce zircons from diabase sills of the 

Huaibei Group, yielding minimum depositional ages of ~900 Ma (Liu et al., 2006; 

Wang et al., 2012). In our limited experience, zircons are quite rare in the diabase 

sills of the NCC, and it could be argued that some of these studies inadvertently 

analysed detrital zircons that had been incorporated into the sills, hence the 

similar ages to detrital zircon studies. This seemed to be borne out by the range 

of zircon ages reported in those studies. However, a recent study (Zhang et al., 

2016) looked at baddeleyite grains (a rare zirconium oxide mineral) in some of 

the same group of diabase sills. Baddeleyite grains are much more likely to be co-

magmatic in mafic magmas, while the relative softness of baddeleyite όaƻƘΩǎ 

hardness ~6), compared to zircon όaƻƘΩǎ ƘŀǊŘƴŜǎǎ Ϥтύ, means that they are less 

likely to be reworked. That study reported a coherent population of baddeleyite 

grain ages that were all quite similar to the youngest of previously published 

zircon ages from sills, i.e. around 886 ±5 Ma (baddeleyite) and 900 ± 34 Ma 

(zircon) for one sill within the Xingmincun Fm, and 924 ± 5Ma (baddeleyite) and 
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924 ±28 Ma (zircon) for a sill within the Cuijiatun Fm. These two sills cut though 

both the Xingmincun and the Cuijiatun formations and so the baddeleyite results 

represent minimum depositional age constraints of ~0.92 Ga for the Jinxian 

Group.  

A sill emplaced into the stratigraphically much lower Qiaotou Fm yielded 

ages of 909 ± 7Ma (baddeleyite) and 923 ± 22 Ma (zircon) (Fig 2.5). Although this 

one study needs further support, it nevertheless strongly implies that mafic 

magmatism occurred widely on the NCC during the interval around 0.92 - 0.89 

Ga, consistent with an early Neoproterozoic large igneous province (LIP) on the 

NCC. Indeed, a LIP and associated mantle plume were proposed earlier, based on 

similar dating results from mafic sills in Hu-Huai and Sariwon (North Korea)(Peng 

et al., 2011a, 2011b). Due to the similarity between recently reported baddeleyite 

ages (924 ± 5 Ma) from intrusive sills and the youngest of previously reported 

detrital zircon ages (924 ± 28), both from the same formation (Xingmincun Fm), 

magmatism seems to have occurred only shortly after deposition of the 

uppermost formation of the Jinxian Group on the eastern NCC. In this case, 

cessation of basin sedimentation on the NCC might plausibly be related to pre-

magmatic regional uplift of the southeastern NCC (Zhang et al., 2016). New 

geochronological results, outlined in chapter 4, will also bear on this question. 
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 Fig 2. 5 Stratigraphic columns for the Qingbaikou System in Dalian area and published 
dating results (left hand column: dating of minerals in diabase intrusives; right hand 
column: detrital zircon ages).  

 

 

2.1.2. Biostratigraphic and chemostratigraphic constraints 

2.1.2.1. Biostratigraphic constraints 

 

Qingbaikouan System (Huaibei Group) in the Huaibei area: 

Chinese paleontologists began to look in earnest at fossils of the Huaibei 

Group during the early 1980s, while some carbon isotope data and just a few 

strontium isotope values have been also published (Fig. 2.4). Until now a mutually 

consistent biostratigraphic and chemostratigraphic framework for the 
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Neoproterozoic strata of the Huaibei region (and other regions of the NCC) has 

not been constructed. Some interpretations are even conflicting. 

In early studies, three microfossil assemblages were recognized in the 

Huaibei Group. They occur in the shales of the Shijia Formation, silty carbonates 

of the Zhaowei and Jiayuan formations and shales of the Gouhou and Jinshanzhai 

formations (Zang and Walter, 1992). Furthermore, Zang and Walter (1992) 

considered that the former two assemblages contain mainly common spheroidal 

acritarchs and a few acanthomorphs, which are similar to those from the 

Liulaobei Formation of the Huainan Group. By contrast, the acritarch assemblage 

from the Gouhou Formation included some distinctive early Cambrian forms. In 

Zang & Walter (1992)Σ ŀ Ŏƛǘŀǘƛƻƴ ŦǊƻƳ άZhou Benhe et al., 1984έ ǊŜǇƻǊǘŜŘ ǘƘŀǘ 

small shelly fossils (Actinotheca sp. and Chancelloria sp.), which occur in lower 

Cambrian rocks, have been found in the lower part of Jinshanzhai Formation, but 

this has not been confirmed since. 

!ǎ ǿŜƭƭ ŀǎ ƳƛŎǊƻŦƻǎǎƛƭǎΣ ƭŀǊƎŜǊ ΨƳŜƎŀŦƻǎǎƛƭǎΩΣ ƛƴŎƭǳŘƛƴƎ Bipatinella, Tawuia, 

Ellipsophysa, Chuaria, Morania, have been found preserved on shale beds of the 

Shijia Formation; and a similar Tawuia-Bipatinella assemblage occurs as part of 

ǘƘŜ ǊŜƴƻǿƴŜŘ ΨIǳŀƛƴŀƴ .ƛƻǘŀΩΣ ǿƘƛŎƘ ŎƻǳƭŘ ƘŜƭǇ ǘƻ ŎƻǊǊŜƭŀǘŜ ǘƘŜ ǘǿƻ ƎǊƻǳǇǎ 

stratigraphically (Zheng et al., 1994). 

The megascopic fossil assemblage of carbonaceous compressions found in 

the Jinshanzhai Formation was suggested to represent probable metaphytes 

(Qian, Yuan et al. 2000), raising questions as to the earlier bilaterian animal 

interpretation of similar fossils found in the Liulaobei and Jiuliqiao formations of 

the Huainan region. Microfossils are found in formations of the Huaibei region, 

interpreted as possible phytoplankton, like Monilinema quadratucella and 

Synsphaeridium sp. from Jiayuan and Zhaowei formations of the Huaibei Group 

(and the Jiuliqiao Formation of the Huainan Group), which are polyhedrical or 

spherical in shape. In addition, spherical and filamental microfossils, including 

Leiosphaeridia hyperboreica, Trachysphaeridium simplex, Annulum difuminatum, 

Nucellosphaeridium asperatum, Tophoporata sp., Symplassosphaeridium sp., 

Macroptycha uniplicata and Taeniatum simplex, have been reported from the 

http://europepmc.org/abstract/CBA/341042/?whatizit_url_go_term=http://www.ebi.ac.uk/ego/GTerm?id=GO:0009058
http://europepmc.org/abstract/CBA/378791/?whatizit_url_go_term=http://www.ebi.ac.uk/ego/GTerm?id=GO:0009058
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clastic rocks of the Shijia, Jinshanzhai and Gouhou formations (Qian, Yuan et al. 

2002).  

More work has been done since on the megafossil assemblages, leading to 

the recognition of four morphological taxa: Chuaria, Tawuia, Tyrasotaenia and 

Sinosabellidites (Qian et al., 2009).  Chuaria and Tawuia are very common 

constituents of Neoproterozoic paleobiota, and especially when found together 

can be characteristic for the early Neoproterozoic (Knoll, 2000).  Some specimens 

show both a holdfast and a vegetative thallus, indicating that they were most 

likely multicellular and benthic algae (Qian et al., 2009). New findings from 

bedded and nodular cherts of the Jiudingshan Formation reveal a microfossil 

assemblage that is dominated by 12 genera and possibly 16 species, among which 

9 genera and 13 species are probably cyanobacteria, including Siphonophycus 

and Oscillatoriopsis (Dai et al., 2012). That study implies that prokaryotic 

organisms played a predominantly important role in the microbial community in 

shallow benthic marine environments in this locality during the early 

Neoproterozoic Tonian Period. 

Recent studies on the Huaibei Group suggest some more biostratigraphic 

and chemostratigraphic constraints relating to the age of the group. Possible 

vase-shaped microfossils from the Jiayuan Formation and characteristic early 

Neoproterozoic acritarchs (particularly Trachyhystrichosphaera aimika) from the 

Gouhou Formation indicate a Tonian age (Xiao, Shen et al. 2014). A Tonian age 

for the Gouhou Formation was proposed  also because of the presence of 

organic-walled microfossils belonging to three different genera 

Trachyhystrichosphaera, Valeria, and Dictyosphaera in the formation, although 

all these acritarchs were separated from only one sample (Tang, Pang et al. 2015). 

However, this is directly contradicted by detrital zircon dating results from our 

research group (He et al., 2016), see Chapter 4, as well as tentative signs of 

bioturbation in the upper Gouhou Formation at Gouhou section. Together, this 

shows a Cambrian age for the Gouhou Formation, but does not contradict the 

postulated Tonian age for all the underlying units, for which characteristically 

http://europepmc.org/abstract/CBA/378791/?whatizit_url_go_term=http://www.ebi.ac.uk/ego/GTerm?id=GO:0009058
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Tonian acritarch assemblages are known from many samples and several 

formations. 

 

Fig 2. 6 The Huaibei Group formations, sampled sections and summary of 
biostratigraphically significant fossils. Sections were correlated using marker beds and 
overlap in most cases. The Shijia and lower Wangshan formations were poorly exposed 
in the Huaibei area. JSZ: Jinshanzhai Fm, GH: Gouhou Fm, SB: inferred sequence 
boundary, BLS in the legend: Bamboo Leaf Structure. m: micrite or mudstone; w: 
wackestone; p: packstone or siltstone; g: grainstone or sanstone; r: rudstone or 
conglomerate. 
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Qingbaikouan System (Huainan and Feishui groups) in the Huainan area: 

Fig 2. 7 Stratigraphic columns of Neoproterozoic successions in the Huaibei (left) and 
Huainan (right) regions, and the correlation between these two regions from (Dong et 
al., 2008a). SSF: small shelly fossils of Cambrian type, JSZ: Jinshanzhai Fm, HJS: 
Houjiashan Fm, FT: Fengtai Fm 
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The Huainan area is not the main focus of this thesis and only a few test 

samples were collected from Jiuliqiao Fm of the Feishui Group. But traditionally, 

the Huainan and Feishui groups are presumed to correlate with the Huaibei 

group. The macrofossils Protoarenicola, Pararenicola and Sinosabellidites (see Fig 

2.7) are also found in Huainan (Wang and Qiao, 1984). Additionally, the 

characteristically pre-Cryogenian spiny acritarch Tracyhystrichosphaera aimika 

has been reported from the Huainan Group (Tang et al., 2013; Yin, 1985); Chuaria, 

Tawuia, Sinosabellidit 

es, Protoarenicola, and Pararenicola are identified in the Jiuliqiao Fm (Dong 

et al., 2008a).   

 

Qingbaikouan System (Wuhangshan and Jinxian groups) in the Dalian area: 

There are fewer studies on the biostratigraphy of the Qingbaikouan System 

in the Dalian area. However, one early study reported Chuaria-like fossils or 

chuarids (rounded organic megascopic compressions) from the Qiaotou Fm, 

ΨǿƻǊƳǎΩ ŀƴŘ ǳ-ǎƘŀǇŜŘ ŎȅƭƛƴŘǊƛŎŀƭ ΨƳŜƎŀ-ŀŎǊƛǘŀǊŎƘǎΩ ŦǊƻƳ ǘƘŜ /ƘŀƴƎƭƛƴƎȊƛ CƳΣ 

Tawuia-like fossils or tawuids (sausage-shaped carbonaceous compressions) 

from the Nanguanling Fm, medusa-like fossils from the Xingmincun Fm and a 

chuarid-tawuid assemblage from the Getun Fm (Chen, 1991). Later, the 

ΨƳŜŘǳǎƻƛŘΩ Ŧƻǎǎƛƭǎ ǿŜǊŜ ŀǎǎƛƎƴŜŘ ǘƻ ŀ ƴŜǿ ǘȅǇŜ ƻŦ ƳŜƎŀǎŎƻǇƛŎ Ŧƻǎǎƛƭ ŀǎǎŜƳōƭŀƎe 

named the Jinxian biota (Zhang et al., 2006). These millimeter- to centimeter-

sized discoidal fossils are found in shales of the Xingmincun Fm, and could 

possibly represent a group of eukaryotic organisms though it remains impossible 

to indisputably correlate the Jinxian biota to any known taxonomic group (Luo et 

al., 2016). Trilobite fossils are found from the overlying Cambrian successions. 

The accumulated biostratigraphic evidence is summarized in Fig 2.8. 
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Fig 2. 8 The rock logs of the sampled sections for this study in Dalian area and the 
biostratigraphic evidences in publications. Fossils evidence are from (Chen, 1991; Hong 
et al., 1990; Luo et al., 2016; Zhang et al., 2006). The logs of the sections are not true to 
scale, but of indicative function. NGL: Nanguanlin; CJT: Cuijiatun; XMC: Xingmincun; 
GT: Getun; DLZ: Dalinzi; JC: Jianchang formations. m: micrite or mudstone; w: 
wackestone; p: packstone or siltstone; g: grainstone or sanstone; r: rudstone or 
conglomerate. 
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2.1.2.2. Relevant published isotope data and chemostratigraphic 

constraints 

Prior to the present study, and with the exception of the recent paper by Xiao 

et al. (2014), only few chemostratigraphic studies had been carried out on the 

Huaibei Group. In  (Zang and Walter, 1992)Σ ʵ13C data are reported  for dolomite 

samples of the Jinshanzhai and Gouhou formations, with negative values (-0.5 

and -2.58҉ύ ŀƴŘ ǇƻǎƛǘƛǾŜ ǾŀƭǳŜǎ ŦƻǊ the underlying Wangshan Formation (+3.1 to 

ҌрΦср҉), at Jinshanzhai section. Later, samples from the Gouhou, Jinshanzhai, 

Wangshan, Shijia, Weiji, Zhangqu, Jiudingshan and Niyuan formations were 

ŀƴŀƭȅȊŜŘ ŦƻǊ ŎŀǊōƻƴŀǘŜ ʵ13C and 87Sr/86Sr (Yang et al., 2001). The findings 

suggested that Huaibei Group strata formed during the early Neoproterozoic and 

most likely before the Cryogenian Period (Yang et al. 2001; Zheng et al. 2004). 

aƻǊŜ ǊŜŎŜƴǘƭȅΣ ʵ13Ccarb data in (Xiao et al., 2014) were produced at a much higher 

stratigraphic resolution for the Huaibei Group. All these published data are 

summarised in Fig 2.9. 
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Fig 2. 9 9ȄƛǎǘƛƴƎ ʵ13C and 87Sr/86Sr data for the Huaibei Group. The 87Sr/86Sr data shown 
here (Yang et al. 2001; Zheng et al. 2004) are not the corrected (87Sr/86Sr)i. The reason 
we use the measured 87Sr/86Sr data here is that five Rb corrections are >3x10-4, which 
would lead to unrealistically low initial ratios. 

Published ɻ 13Ccarb data sets show general agreement in that ɻ 13Carb values of 

the Huaibei Group fall mostly between м҉ and р҉ (Fig. 2.9), with a few negative 

values in the Jiudingshan, Weiji, Shijia and Gouhou formations (Xiao et al., 2014). 

The main structure of the Neoproterozoic 1ɻ3Ccarb record has been summarized 

ŀǎ ƘŀǾƛƴƎ άgenerally high average values ~+5҉ through to the end of the 

Cryogenian and roughly 0-м҉ in the Mesoproterozoic and Phanerozoicέ 

(Halverson et al., 2010). The 1ɻ3Carb data are consistent with previous 

compilations of Tonian 1ɻ3Ccarb data, e.g. by Halverson (2010). The lowermost 

reported 87Sr/86Sr data ratios (in Fig 2.9) are also consistent with the compiled 

Tonian 87Sr/86Sr data, e.g. by Cox et al. (2016).  

Not so many published data exist for the Dalian area. Fairchild et al. (2000) 

published a ~80 metre 1ɻ3C profile and some 87Sr/86Sr ratios for the upper, more 
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carbonate-rich part of the Xingmincun Fm at the Golden Stone Beach section in 

Dalian (Fig 2.10). The lowest 87Sr/86Sr ratios of the samples from that section, 

which is very close to our Manjiatan section, are: 0.70630, 0.70665, 0.70677 and 

0.70690. The ɻ 13C (PDB) values are positive, mostly between +2 and Ҍп҉Φ  

 

Fig 2. 10 Stratigraphic variations in A) 87Sr/86Sr (with least altered samples highlighted 
between 0.706 and 0.707 guidelines), B) Sr, and C) ʵ13C from the Golden Stone Beach 
section, Fig 10. In (Fairchild et al., 2000). 
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Fig 2. 11 Published C, O and Sr isotope data for Neoproterozoic strata in the Dalian 
area. Figure modified from (Kuang et al., 2011). 

Kuang et al. (2011) measured the C, O and Sr isotope compositions of early 

marine cements (molar-tooth structures or MTS) of the Xingmincun, Yingchengzi 

and Nanguanling formations in Dalian and the data are shown in Fig 2.11. The 

Xingmincun Fm has even more positive ɻ 13C (VPDB) values than in Fairchild et al. 
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(2000), possibly because the data from Kuang et al. (2011) are mostly of molar-

tooth samples (the systematic difference between bulk rock and MTS will be 

discussed in more detail in later chapters). The 87Sr/86Sr ratios of this formation 

are similar, although slightly lower than those from Fairchild et al. (2000). The 

Yingchengzi CƳΩǎ ɻ 13C (VPDB) ratios are between 0 and с҉Τ and 87Sr/86Sr ranges 

from 0.7056 to 0.70646. The Nanguanling CƳΩǎ 1ɻ3C (VPDB) values are lower, 

between 1 and п҉Τ and 87Sr/86Sr ranges from 0.70575 to 0.70679. 

Very few isotopic data from the Qingbaikouan carbonates of the Huainan area 

had been published before the C-isotope stratigraphy study of Xiao et al. (2014), 

and only four carbonate samples from Liulaobei, Sidingshan and Jiuliqiao 

fomations had been measured for 87Sr/86Sr (Yang et al., 2001). The Rb-corrected 

data for samples from the Sidingshan and Jiuliqiao formations are shown in Fig 

2.12 in red. ɻ 13C and ɻ 18O profiles of the Qingbaikouan strata of the Huainan area 

were published in Xiao et al (2014), showing positive 1ɻ3C values, ranging from -

1 to Ҍп҉Σ and positive covariation with ɻ 18O for the Feishui Group. 

 

Fig 2. 12 ɻ 13C and ɻ18O profiles of the Huainan and Feishui groups in the Huainan region. 
HJS: Houjiashan Fm; FT: Fengtai Fm; CD & BGS: Caodian and Bagongshan formations. 
Published 87Sr/86Sr ratio (in red: Yang et al., 2001) is marked at its approximate 
stratigraphic horizon. The graph is from (Xiao et al., 2014). 
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2.1.2.3. Existing correlation on the NCC 

Traditionally, Qingbaikouan strata in the Huaibei, Huainan and Dalian 

(Jinzhou) areas were correlated together. Fig 2.13 shows a representative 

sampling of different opinions about the stratigraphic subdivision and correlation 

between the Neoproterozoic successions in the Huaibei and Huainan area.  The 

disagreement lies in where to place the hiatus, how many hiatuses there are and 

the boundaries between some formations. 

 

 

Fig 2. 13 A sampling of different opinions on the stratigraphic subdivision and 
correlation of Neoproterozoic successions in the Huainan and Huaibei regions (Dong et 
al., 2008b) 

For this study, a correlation scheme was made (Fig 2.14) based on correlation 

between formations bearing characteristic lithologies, e.g. the red branching 

stromatolites of the Weiji (Xuzhou) and Shisanlitai (Jinzhou) formations, to 

complement the few published isotopic and geochronological constraints.  
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Fig 2. 14 Correlation of Qingbaikouan strata across the NCC based on characteristic 
lithologies, and published isotopic and geochronological data, before our new dating 
results were obtained (He et al., 2016). Sr isotope data are best estimates for primary 
carbonate compositions from previous unpublished data, shown in blue; Yang et al. 
(2001) in red; and Fairchild et al. (2000) in green. The formations in grey are the ones 
investigated in this study. Red question marks indicate the existing question to the 
placing of the debatable unconformity. 

The correlation between these Neoproterozoic strata of these three areas 

still need more geochronological and chemostratigraphic evidence and will be 

adjusted later.  Not only these correlation between these three areas are still 

problematic, the correlation across the NCC and to the South China craton is even 
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more controversial and ambiguous, and this study will attempt to offer some 

more help for the correlation.  

2.2. Studied area and sampled sections 

From September 2011 to September 2013, three major fieldtrips were 

carried out on the North China Craton. Three main areas were covered. As shown 

in Fig 2.1: A. 1.  The Huaibei Group in the Huaibei area (northern Jiangsu and 

Anhui Province, north of the Huai River); 2. The Huainan Group in the Huainan 

area (southern Anhui Province, south of the Huai River); 3. The Wuhangshan and 

Jinxian groups in the Dalian area (southern Liaoning Province). 

 

2.2.1. Huaibei Group (Huaibei area) and sampled sections 

The Huaibei area is located at the southeastern margin of the North China 

Craton (NCC), geographically in the northern parts of Jiangsu and Anhui provinces 

(Figure 2.1:B).  The area is about 100 km west of the Tancheng-Lujiang (or Tan Lu) 

Fault Zone and adjacent to the southwestern end of the SuLu Belt (See Fig 2.1: 

A).  

The Huaibei Group refers to the Neoproterozoic and Paleozoic strata of the 

Huaibei region. The group overlies metamorphic basement of the Taishan Group, 

which is possibly Archaean in age (Cao and Yin 2011), and consists of 13 

formations, the lower three of which (Jushan, Xingxing and Langling) comprise 

siliciclastic rocks, which are only poorly exposed (Cao, Yuan et al. 2001).  For this 

study, we focussed on the 10 overlying formations, which are dominated by 

carbonate lithologies.  

The samples were collected from several outcrops that can be correlated 

using marker beds and descriptions made by the regional geological survey 

(Wang, Zhang et al. 1984). There are 5 sections in total (see Fig 2.15). Over 500 

samples were collected during the three field trips to the Huaibei region.  

 
2.2.1.1. Sampled sections 

Zhaowei Section 

The Zhaowei section όопϲуΩрпΦфΩΩbΣ ммтϲнфΩнлΦсΩΩ9ύ ƛǎ ǎƛǘǳŀǘŜŘ in a disused 

quarry in the Tongshan district, Xuzhou, Jiangsu Province. The section covers the 
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upper part of the Jiayuan Formation (242m), the entire Zhaowei Formation 

(631m) and the lower part of the Niyuan Formation (~400m) (Field photos shown 

in Fig 2.17). The section is complicated by faulting that has displaced and possibly 

faulted out part of the upper Zhaowei Formation. Above the quarry face, the 

entire Niyuan Formation outcrops on the surrounding hill slopes, but those 

portions of the section could not be sampled at high resolution due to the 

relatively low relief and sparse outcrop. 

 

Fig 2. 15 The aerial view of sampled sections of the Huaibei Group. The coordinates 
were recorded during the fieldtrips. A: The aeriel map of sampled sections, all the five 
sections marked with yellow letters; B: Aeriel map of Jinshanzhan Section; C: 
Pingshancun Section; D: Zhaowei Section; E: Longshan Section; F: Yinjiazhai Section. 

 
Longshan Section  

The Longshan Section όооϲрпΩмфΩΩbΣ ммтϲоуΩпфΩΩ9ύ ƛǎ ǎƛǘǳŀǘŜŘ at Yugou Town, 

Lingbi County in Anhui Province.  Following a preliminary visit in 2011, this section 

was selected as a major focus of the current study due to its relatively complete 

outcrop and easy terrain with relatively few structural complications (Field 

photos shown in Fig 2.18-2.20). From our investigation of the outcrop in 

subsequent sampling campaigns, the section was seen to cover the topmost beds 

of the Niyuan Formation, the whole Jiudingshan Formation (431m), the whole 

Zhangqu Formation (275.2m), the lower part of which is extensively quarried in 
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the area, and the very base of the Weiji Formation (26m), recognized near its 

base by a characteristic marker unit, comprising dolosparitic sandstones. The 

geological map of the Longshan section is shown in Fig 2.16. 

 

 

 

 

Yinjiazhai Section 

The Yinjiazhai Section όооϲрпΩпоΩΩbΣ ммтϲомΩоуΩΩ9ύ is situated at Yugou town, 

Lingbi County in Anhui Province. Although the Zhangqu and Weiji formations are 

both quarried at Yinjiazhai, the Zhangqu Formation outcrop is structurally 

Fig 2. 16 The geological map of the Longshan section. The Longshan section is one of 
my main sampling areas. The red arrow marks the sampling path up-stratigraphy 
that was taken in the field. Adapted from the geological survey map of the region. 
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complex, and only the Weiji Formation can be sampled in its entirety, although 

at relatively low sampling resolution (315m) (Field photos shown in Fig 2.21). 

Samples were not collected from the lower part of the Weiji Formation, much of 

which consists of greenish shale here (~60m); the dolosparitic sandstone unit, 

seen at both Longshan and Yinjiazhai, can be used to correlate the two sections. 

The top of the Weiji Formation is mostly quarried for its typical reddish 

stromatolites, which are used as ornamental stone. 

 

Pingshancun Section (Gouhou Section) 

Pingshancun Section όооϲрфΩпмΩΩbΣ ммтϲмуΩрфΩΩ9ύ is located at Gouhou Town, 

Langan County in Anhui Province. The outcrop covers the stratigraphy from the 

upper-middle Wangshan to clearly Cambrian Houjiashan (and other) formations. 

At this outcrop, samples from the middle and upper Wangshan Formation 

(236.5m) and Jinshanzai Formation (~20m) were collected (Field photos shown in 

Fig 2.22). 

 

Jinshanzhai Section  

The Jinshanzhai Section όооϲрпΩртΩΩbΣ ммтϲмтΩлпΩΩ9ύ ƛǎ also located in Langan 

County. The outcrop covers the top of the Wangshan Formation, Jinshanzhai 

Formation, Gouhou Formation and Houjiashan Formation. Samples from the very 

top of the Wangshan Formation were collected here as well as from the 

Jinshanzhai and Gouhou formations (Field photos shown in Fig 2.23). There is a 

very thin layer of conglomerate at the base of the Jinshanzhai Formation and 

again at the base of the Gouhou Formation; these indicate stratigraphic breaks 

caused by erosion.  

Combining the five sections together, samples from most of the Huaibei 

Group carbonate facies were collected. There are two sampling gaps in the group: 

the siliciclastic Shijia Formation, and mudrocks and marls of the lower to middle 

Wangshan Formation. Wang et al. (1984) reported around 10m of argillaceous 

dolostone at the very base of the Shijia Formation. Unfortunately, we could not 

locate the recorded Weiji-Baishan Section in Tongshan district, Jiangsu Province; 

possibly the section was destroyed during the urban area expansion. In addition, 
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10m of light grey dolostone with microdigitate stromatolites and 12m of red 

argillaceous dolostone marking the base of the Shijia Formation are reported at 

Lushan section in Bianan, Tongshan County (Xiao, Shen et al. 2014). 

 

2.2.1.2. Carbonate formations of the Huaibei Group 

The Jiayuan Formation is the lowest formation of the Huaibei Group 

carbonate succession. Its thickness varies between sections, from 190 - 690m. 

The lower Jiayuan Formation is mostly finely grained sandy carbonate, which was 

not exposed at Zhaowei Section. The middle to upper Jiayuan Fm has thinly 

ōŜŘŘŜŘ ȅŜƭƭƻǿƛǎƘ ŘƻƭƻǎǘƻƴŜ ŀƴŘ ōƭǳŜ ƎǊŜȅ ǎŀƴŘȅ ƭƛƳŜǎǘƻƴŜΣ ǎƻ ŎŀƭƭŜŘ άǊƛōōƻƴ 

ǊƻŎƪǎέ (Fig 2.17: g). The upper part of the Jiayuan Fm consists of thicker beds of 

grey dolomitic limestone with some layers of silty/sandy limestone. The upper 

Jiayuan has abundant stromatolite reefs and sand fill cracks/dessication cracks. 

Molar Tooth Structures (MTS) can be observed, sometimes appearing together 

with stromatolites (Fig 2.17: a). The top of the Jiayuan Formation consists of grey 

limestone interbedded with ǘƘƛƴ ōŜŘǎ ƻŦ ƳǳŘŘȅ ŘƻƭƻǎǘƻƴŜΣ ΨǊƛōōƻƴΩ-like again. 

Microfossils such as Margominuscula jiayuanensis Yan, Leiopsophosphaera solia, 

Trachysphareridium Paleamorpha punctulata, Bavlinella faveolata (Schep) Vidal, 

Synplaassosphareridium were reportedly found. Possible vase-shaped 

microfossils have recently been reported from the top of this formation (Xiao et 

al., 2014). 

The Zhaowei Formation overlies conformably the top of the Jiayuan 

Formation, and may correlate with the Jiuliqiao Formation of the Huainan Group. 

In Huaibei area, the thickness of the Zhaowei Formation varies between 75 and 

475m at different outcrops. At the Zhaowei Section the unit spans about 210m 

and consists mainly of massive limestone interbedded with some dolomite and 

silty limestone. Stromatolites are very abundant in the limestone layers (Fig 2.17: 

f). The common stromatolites in this unit are: Jurusania, Wuhangshaia 

fuxianensis, Conophtyon lijiadunensis, Zhaoweiella pilosa (Wang, Zhang et al. 

1984), although assigning genus and especially species names to stromatolite 

forms is controversial. Some stromatolite bioherms occur with abundant flake 

breccia/rip-up intraclastic clasts (Fig 2.17: b, c).  Molar Tooth Structure can be 
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found at the base of the Zhaowei Fm (Fig 2.17: d, e, h). Ripple marks are often 

seen within the upper Zhaowei Formation. Coccoidal cyanobacteria have been 

previously reported from the Niyuan Formation (Yin 1990) as well as the 

acritarchs: Margominuscula jiayuanensis Yan, Monilinema quadratucella Yan, 

Synplassosphaeridium subcoalila Tim, Bavlinella faveolata (Schep) Vidal, 

Micrhystridium sp. 

The Niyuan Formation lies conformably on top of the Zhaowei Formation. 

The unit consists of mainly yellow to brownish, thickly bedded dolomite and again 

the thickness of the Niyuan Formation varies in different sections, from 140 to 

400m. The formation at Zhaowei Section is almost complete. The amount of 

argillaceous material increases upwards (Zang and Walter 1992). Intraclasts (akin 

ǘƻ ΨōŀƳōƻƻ-leaf structureΩ) (Fig 2.17:b; Fig 2.20:a; appendix: Fig 1 and 2) and 

stromatolites are often seen in the lower part of the Niyuan Fm. The 

stromatolites are mostly stratiform and only rarely form small domes or cones 

(Cao and Yin 2011). Ripple marks occur both in the lower part and top part this 

unit. Chert nodules become abundant in the middle to upper Niyuan Fm and yield 

microfossils (Zang and Walter, 1992). The top of the Niyuan Formation at 

Longshan Section is composed of pale grey thinly bedded dolostone, with some 

layers finely laminated (Fig 2.18: a, b). The Niyuan Formation at Longshan section 

only covers the topmost 36.5m.  

Conformably overlying the Niyuan Formation is the Jiudingshan Formation. 

The Jiudingshan Formation thickness varies from 117 to 500 m at different 

sections. At the Longshan Section, Lingbi County, the formation is about 430m 

thick. The lower Jiudingshan Formation consists mostly of massive to decimeter 

beds of limestone (Fig 2.18:c) with interbedded dolomitic and silty limestone (Fig 

2.18: f, g), forming the typical ΨŦƭƻŎƪ ƻŦ ǎƘŜŜǇΩ ƭŀƴŘǎŎŀǇŜ; this description is used 

frequently in Chinese literature for this formation. Molar tooth structures are 

abundant in the lower JDS Fm (Fig 2.18: c,d,e,g); other features like rip-up clasts, 

breccia and stylolites were also observed (Fig 2.18: f, h). Banks of stromatolites 

occur towards the top of the lower Jiudingshan Formation (Fig 2.19: a), and an 

exposure surface is apparent between the stromatolites and a layer of breccia 

(Fig 2.19: b). The exposure surface is followed by some layers of quartz sandstone 
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(Fig 2.19: c) and some sand filled cracks (Fig 2.19: d), which could indicate 

terrestrial influence. The dolostone beds of the upper Jiudingshan Formation are 

interbedded with limestone beds and are characterized by abundant chert 

nodules and bands (Fig 2.19: e, h). Bedding truncations, possible cross-bedding, 

are apparent at some levels (Fig 2.19: c). Molar tooth structure continues to be 

present until the middle of the formation (Fig 2.19: h). Stromatolites are 

abundant especially at the top of the lower part and then reappear at the very 

top of the formation. Three types of stromatolites are commonly reported in the 

literature:  Conophyton-, Jurusania-, and Kussiella-types (Cao and Yin 2011). 

Exceptionally well preserved, Bitter Springs-type coccoidal and filamentous 

cyanobacteria are preserved in silicified microbial laminae and Conophyton-like 

stromatolites of the Jiudingshan Formation (Dai et al., 2012)  (Cao et al., 2001; 

Cao and Yin, 2011; Dai et al., 2012). 
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Fig 2. 17 Field photos from the Zhaowei Section. a: stromatolite cluster at the top of 
Jiayuan Fm, close to the boundary with the Zhaowei (ZW) Fm; b. Bamboo Leaf 
Structures (intraclastic breccia) surrounding stromatolite, mid-ZW Fm; c. Similar 
structure to figure b at the base of ZW Fm; d. MTS in lower ZW Fm; e. MTS around the 
boundary between ZW and JY formations; f. Stromatolites in lower ZW Fm; g. Ribbon 
carbonate at top JY Fm; h. MT piercing laminae at base of ZW Fm. 
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Fig 2. 18 Field photos of the lower Longshan section. a. Sandy dolostone of the Niyuan 
(NY) Fm (LS1); b. Laminated red-stained dolostones of NY Fm (LS8); c. the lowest MTS 
όǎŜŜƴ ŀǎ ǿƘƛǘŜΣ ΨōƛǊŘΩǎ Ŝye-like cavity fill / veining) in Jiudingshan (JDS) Fm (possible 
LS13); d. MTS in lower JDS Fm (LS19); e. Ψƛƴ-ǎƛǘǳΩ MTS cutting through lamination (LS29); 
f. brecciated layer (tentative sequence boundary) (LS22); g. MTS (LS40); h. Stylolites 
(blue arrow) and MTS cutting through lamination (pink arrow)  (LS42). 














































































































































































































































































































































































































































































