Re®onstructing the strontium isotopic
composition of Neoproterozoic
seawater

UCL

Ying Zhou

A dissertation submitted to University College London in accordance
with the requirements for award of the degree of Doctor of
Philosophy in the Faculty Mathematical and Physical Sciences

Department of Earth Samrees

Date of submission: July'52017

1






l dzi K2 NQR&a 5SOf | NF GA 2\

I, Ying Zhou, confirm that the work presented in this thesis
is my own. Where information has been derived from other
sources, | comfm that this ha been indicated in the thesis.

Ying Zhou
July 3 2017






Abstract

The Tonian Period (1000c.720 Ma) followed a long interval of
relative stasis, in terms of climate, carbon isotopes and biological
evolution, and led into the Cryogem 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 fossilerous Neoproterozoic strata of the North China
craton were until recently thought to be of Ediacaran age. However,
fossil evidenceand new geochronological constraiatcombineto
aK2g GKFG Yzad 2F 0KS WvAy3aol Al 2d
thicknessin some areas, was deposited between 80 &nd c. 920
Ma. The isotopic signature of these strata confirmsiti@nian age
showing typical moderately higli**C values together with low
87Srf’Sr ratios, <0.7065. Another characteristically Tonian feature is
the unusually widespread abundance of early diagen&tolar-
toothQow-Mg calcite microspar. In this studycompare MT samples
with their surrounding?¥ 6 dzf 1 (n cofreldtieFsiecessions on the
North China cratonn orderto 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. Secoratder fluctuations of less
than ~0.001 are superimposed on a gene¥&@rf’Sr rise from
~0.7052 to ~0.7063 by c.20 Ma, accompanied by a profoundly
negative carbon isotope excursion. Increasdggmicalweathering
has be&n linked with both climatic and carbon isotope instability, and
this study indicates an earlier beginning such carbon cycle
perturbations, whichcoincide withearly stages of supercontinent
rifting, as evidenced by the newly dated Dashiggneousprovince

of North ChinaThese and ther new and publishedataare usedto
reconstruct and reinterpret the strontium isotopic evolution of
Neoproterozoic seawater.
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Chapter 1: Introduction to the research topic

1. Introduction to the research topic

Strontium has four stable isotope8Sr,2’Sr,8Sr and?*Sr. The most common
form of Sr is?8Sr, but the most commonly analyzed isotopic rati¢’BrfeSr
because that particular ratio exhibits measuralled meaningful variability in
natural materials due to the fact th&tSr is radiogenic, being derived in part from
the beta decay of’Rb. As a result, th&’Srf8Sr ratio of a natural material is
determined by its age anldoth its initial Rb/Sr an8’Sr 8%Srratios.

The strontium isotopic composition of seawatdrany one time is the same
across the globe within analytical precisi@fuznetsov et al., 2012; McArthur,
1994) and has varied throughout Earth history in response to the balance
between Sr isotopic exchange with ocean crust ammit of riverine Sr derived
from continental weatheringBrass, 1976 Because of thighe seawater’SrfeSr
highs of thePhanerozoic Eon (c. 541 Matoday) are interpreted to reflect
weathering/erosional events, related to mountain building, whil8rfSr lows
are considered to result from low weathering rates due to supercontinent
denudation or increased seafloor spreadinigp complicate this simple two end
member scenario, eawater 8’SrféSr also responds to changes in the isotopic
composition of material undergoing weathering with old, continental rocks
contributing radiogenic Sihigh8'SrféSi), while the opposite is true for freshly
erupted volcanic terrainawvhich are frequently linked to negative excursions in
the globalseawater?’SrféSrcurve

Although strontium isotope stratigraphy(SIS) is wellestablished in
Phanerozoic stiies, its application to the Precambrian is still limit@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 dee 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 mugtae the availability of diagenetically
well preserved bulk carbonate material, the preservation of which is hard to
assess compared with the leMg calcite shell material that is widely available

for Phanerozoic studies. As a consequence, although tl@dtbzoic seawater
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87SrASSIOdzZNIPS o a NBO2y adNMzOGSR Ay FfY2ai

part older than about 500 Ma. Due to improvements in absolute agetraings
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 (100Q c. 541 Ma) part of the Sr isotope curve.

TheNeoproterozoidea was a time of profound environmental chanipat
followed a long interval of almost 1000 million years of relative stasis, in terms of
climate, carbon isotopes and biological evoluti@awood and Hawkesworth,
2014) The Neoproterozoic Era begitowards the end of thiso-calleddoring
billion¢ (Brasier and Lindsay, 1998nd encompasses two putativ&nowball
Earthepisodes of near global glaciation, and ends with the emergence ioiadni
grade life forms on Eart{Knoll, 2000) The first of these were seliodied fauna,
epitomized by the enigmati€diacaran biotaand the first motile and shelly
animals mark the beginning of th@anbrian Period worldwide(Brasier et al.,
1994) Such an exciting era is stidry mucha mysterywith so many questions
left unanswvered, e.g. 1) how did complex, multicellular life evolve2) What
caused the=xtreme climatichangesat 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 atimospheric oxygen and more equable
climate? And 4) what role didedox conditiors in the atmosphere and oceans
play during the Neoproterozoic revolutiohs$n recent years, numerous earth
scientistshave triedto find some answer$o these questions by atyzing the
existing sedimentary rock recard

As biostratigraphic control igenerallyabsent, it is essential to make sure
that we can place geochemical and other data within a robust, independently
calibrated, global stratigraphic framewosk thatwe can be sure of the relative
timing of eventsas well as their global correlatioMajor questions relating to
0KS S@g2tdziazy 2F (KS 9 NIKQa 20Slyax

are most likely resolvable through the study of high resolutionoigmt variations
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Chapter 1: Introduction to the research topic

in seawater through timebut this isstill less studiedat least applied to the

Precambrian(Jactvsen and Kaufman, 1999)
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Fig 1.1 Variation of8’Sr/#°Sr through time(McArthur et al., 2012)

Since(Wickman, 1948)It has been recognized that tterontium isotopic
composition (¢’Srf%S)) in seawatermust changethrough time, which offers
promise forboth stratigraphic correlation and datings well agor deciphering
oceanographic chages from the geological recordElderfield, 1986)Begun
about halfa-century ago strontium isotope stratigraphy (SIS) is now an
established chemostratigphic tool(Elderfield, 1986; McArthur, 1994; Peterman
et al., 1970; Veizer et al., 1997he global seawatef’Srf%Sr curve has been
established for the Phanerozdimn(red curve inFig 11), which meanshat the
Sr isotopecomposition(3’SrféSrratio) of a sample carbe used toconstrain its
age by comparison with the curve. Sr isotope dhtve been published for
Neoproterozoic strata, butve arestill a long wayrom being able to construa

secularcurve The attempted late Neoproterozoic curve (ébfack line in Fig 1.1)
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indicates a significant rise in seawat€BrfeSr ratio over the course of the
Neoproterozoic, but remains speculative in its det8revious studies tried to use
stable isotopsto correlatestrata, but carbon isotope (and othesatope) values,
excursions and trends are namique. The firsbrder rise in seawate#’SrfeSr

(Fig 1.1) holds great potential for S{8ovided that suitably well preserved
samples of marine authigenic minerals (generally carbonates) can be identified
that can be placed within the improving, global stratigraphic framew®inks
studywill explore the possibility odpplyingSISto the Neoproterozoidga using
demonstrably well-preserved authigenic rock components frommarine
carbonate successioraf the North China Cratothat, agewise, fill gaps in the
published isotope recordA primary objective of this study, therefore, is to
reconstruct a complete seawater strontium isotope curvéor the last 1000
million years, using new results from North China aublished dataSIS can be

a crucial correlation tool in the absence ah adequate biostratigraphic
frameworkl YR S&ALISOAlf & Ay O2YdR)traiglaghy oA GK O ND
(Brasier et al., 1996; Jacobsen and Kaufman, 19b9%refore, the new curve will

be calibrated against the emerging global stratigraphic framework using features
of the carbonate carbon isotope record and absolute agaestraints 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 poinin 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 d#dined using the more
conventional, rockbased 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 concemed
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, secularands 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 cantly 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 flukhe discovery of widespread glacial
deposits of late Precambrian ag@sbeen ugd to subdivide the international
geological time scale for over halfcentury (Harland, 1964)The Infracambrian
(or Varangian) system of Brian f#ad began at the onset of the great
Neoproterozoic glaciations and ended at the appearance of recognised Cambrian
faunas (FidL.3). Similarly it was proposedthat the oldest Sturtian (Moonlight
Valley) glaciogenic rocks in Australia and the basal unih@ Cambrian(the
upper Adelaidean could be usedo bracketa similar chronostratigraphic unit
that wasnamed the Late Precambrigbum et al., 1971) These informal new
systems attracted widespread support among the geological community and
ddzo RAGAaAA2Yya 6SNB NBFSNNBR (2 JF NA2dza
A0NF GAINI LIKE 2F GKS 91 ad 9dzNRP L)Sdsel | YR {
on the stratigraphy of South China), covering Neoproterozoic glacial deposits and
overlyingPrecambriarstrata (Harland et al., 1982)n 1989, Harland suggested
that the Phanerozoic Eon be preceded by a Sinian Era, comprising Sturtian and
Vendian divisions, ith Ediacarian used as the name of the last Precambrian
Epoch (Harland et al., 1990)Although similar rockased subdivisions have
continued to be used throughout the last half century (H@), purely
chronometric subdivisiomwere introduced in 1988wherebythe boundaries
were defined in exact years withoutpscific 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, te 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

19



Chapter 1: Introduction to the research topic

continual improvements in geochronologilesker (2004) proposed that the
LYGSNYFGA2Y Lt [/ 2YYAaaAirzy 2y { G0N GAINF LKES
scale for the Precambrian. In this, he pointed out that the chroniteabsolute

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

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

Go2dzy R NASa akKz2dzZ R 6S LXFOSR Fd 1Se& S@Syi

NE O 2 NRémbimtion of rockbased 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

FYR t2Ayida oD{{t @iBleekd 22804)El&bbratirig N Bis Y 0 NR |
suggestion, the GSSA for the base of the Cryogenian has now been replaced with

a rockbased definition, pending agreement on a GSBE,age of which is

approximately 720 Ma. The new consensus subdivision of the Neoproterozoic

9N} KSY A& &aK2gy Ay CA3I mMdPoX pgKSNBoe& GKS

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

The Neoproterozoic Era witnessed first the assembly of the supercontinent
Rodinia (c. 1300 Mac. 900 Ma), its subsequent breaking apart through rifting
(c. 825 Ma&g c. 715 Ma), followed by collisions to form the new supercontinent
Gondwanaland (c. 600 Mac.530 Ma)(Li et al., 2008although there are other
proposed models regarding the timing of the assembly and brgakf Rodinia
(Condie, 2003; Rogera@d 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 wa of the material undergoing
weathering. All of these may have knemk 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 ldéwgd, intensely denuded
supercontinent, presumably rimmed at its margins by chains of volcanic arcs

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

evolution through the Neoproterozoic Era.

(Ma) A B C
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42 635 ) S R |
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a \ I
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Archean \\
\
\
1 000\ _ ? GSSP

Fig 12 The geological time scale, with emphasis on Neoproterozoic trmedified after
the figure from Knoll (2000) A and B illustrate the upto-date time scale; C suggests
what it might look like in the future once rockbased subdivisions for the early
Neoproterozoic are agreed uporBlack ovals indicate boundaries now defined hy
GSSP, grey ovals indicate GSSPs currently pen@8&P proposalUnfilled oval
indicatesa stratigraphicboundarythat is potentially definable by GSSPs.
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Fig 1.3 Evolutionary history of stratigraphisubdivisions, GSSAs af&iSSPs covering
the Neoproterozoic¢ Cambrian interval, modified from(Shieldszhou et al., 2016)

Assigned stratigraphic levels and respective ages refer to current estimaiés
previously proposed rockased or fossib | & SR
Neoproterozoic glacial episodes, and their relationship to proposed subdivisions in the

corresponding original publications. These correspond to the localized Gaskiers

4dz0 RA GApEA NPALNBERY (&t dzS &

glaciation at c. 580Ma, and two intervals of lclatitude glaciation (viokt shaded
intervals) during the Cryogenian Period: the first lelatitude ice age (Sturtian) began
in NW Canada at c. 716 M&rancis A. Macdonald et al., 20,18)d lasted possibly until
c. 665Ma (Rooney et al., 2014; Zhou et al., 20C#)d a second (Marinoan) lasted from
about 645 Ma until the base of the Ediacaran at c. 635 (@andon et al., 2005)Cloud
and Glaessnel(1982) CryoSC (2014) refeto the now-ratified proposal made bythe
International Subcommission ofryogeniarStratigraphy.

¢tKS SI NI &

1,850¢ c. 850 Ma), named for the apparent slpace of biological evolution and

muted variation in the marine carbon isotope record. There is a similar term
NB FSNNR Y 3

A9 NI KQa

supposed to be characterized by environmental, evolutionary, and lithospheric

YARRES |

passive margins, an absence of glacial deposits and iron fornsatwmch is

3S¢ 3

stability (Cawood and Hawkesworth, 2014)

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

MPT

fossil evidence for life on Earth is largely restricted to small, sirgjled,
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generally planktord forms (acritarchs) of unknown taxonomic affinity, although
see recently published findings of relatively large carbonaceous compressions
from North ChingZhu et al., 2016pr an exceptional case of demonstrably large
(megascopic)nulticellular,eukaryotegrade, 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 Swvith no widely accepted
evidence for glaciation between c. 2,200 Ma and c. 715 IMatonet 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
progres9S GNI yaAAGAZ2Y FTNRY | WINBSyK2dzaSQ
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 aftef20 Ma(Donnadieu et al., 2004; Gernon et al., 2016;
Rooney et al., 2014Based on the gahemical model GEOCLIM simulation, the
continental breakup of Rodinia also led to an increase in runoff, enhancing
consumption of carbon dioxide through continental weathering, further
decreasing atmospheripCQ concentration by 1,320 ppniDonnadieu et al.,
2004) Other propose that the collapse of enormous quantities of methane
(Schrag et al., 20029r an unusual preponderance of land masses in the middle
and low latiutdes, which most likely enhanced silicate weatheringyltiag in
lower atmospheric CO@Hoffman and Schrag, 200&)uld bepossibletrigger of
the onset of the snowball EartAlthough these speculations lie outside the realm
of this study, changes in chemical weathering of silicates, and in particular of less
radiogenic (low®’Srf8Sr ratio) basaltic rock, exposed during rifting, could
potentially be identified as downturns in the seawater Sr isotopere, and | will
return to this in Chapter 8.

¢CKS Wo2NAY3I o0AffA2YyQ A& @GARSEt & | &adzy
stasis in the oxygenation state of the surface environment, with ocean and
possibly atmospheric oxygenation occurring towards the end of the
NeoproterozoidCanfield, 1998; Lenton et al., 2014; Shigdti®u and Och, 2011)

Geochemical data show that the Neoproterozoic Oxygenation Event (NOE) is
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characterized primarily by the widespread oxygenation of tleepm ocean as
evidenced from a wide range of geochemical parameters, e.g. Fe speciation
(Canfield et al., 2008)molybdenum (Mo) concentrations of black shal8ahoo

et al., 2012; Scott et al., 2008nd isotopic studies of M@Chen et al., 2015 his
oxygenation hypothesis has been further developed by Lenton §@il4; 2017)

(Fig 1.4) who poposed 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, Ciisotope studiegPlanavsky et al., 2015ave supported the case for

an earlier atmospheric oxygenation event during the eanlg Neoproterozoic
which is the main time interval of interest in this stydyhile statistical analysis

of Fe speciatiodata(Sperling et al., 2015lmas been used to argue that the case
for NeoproterozieCambrian oxygenation has been ox@nphasised as a trigger

for the evolution of animal§Mills et al., 2014; Sperling et al., 2015a)

c
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Fig 1.4 Key biological indicators and atmospheric p@onstraints from (Lenton and

Daines, 2017)Darker shading indicating firmer constkay G a ® & Cl dzthé¢ ¢ Ay RAOF (S a
estimated QNB |j dZA NBYSy G4 2F /I YONRLFY Fldzyl S IyR GC2NBai
on & to avoid devastating wildfires. Also indicated are lower limits (solid upward

pointing arrows) inferred from paleosol iron retention ( pk) (Rye & Holland 199&nd

oxic marine sediments ( purplédzhang et al. 201&)s well as hypothesized upper limits

(dashed orange downwargbointing arrows) suggested from a lack of chromium

isotope fractionation (Planavsky et al. 2014b)he blue line sbws one possible

trajectory for atmospheric oxygen (dashed where the cartainty 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,

andwhether 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 istory, the evolution of life has affected the
environment and changes to the environment have affected biological evolution.

[ SyGd2y SiG Iftd ounmny KiwgySeedbi®K couph@® 2 dzi
(piggybacking) became particularly strong during thedesF G KS t NB (G SNR 1
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 diersification of eukaryotegnoll et al., 2006ajncluding a rise in the
ecological prominence of eukaryotic algae, and the appearance of various
protozoans and possibly even fundPorter, 2006) During the early
Neoproterozoic, the oceans seemingly experienced a shift from a cyanobacteria
dominated biological pumpota more eukaryotelominated one, coincident with
a shift from regionally sulphidic ocean margins of the earlier Proterozoic to
generallyanoxic, but ferruginous oceans during the Aate Neoproterozoic
(Guilkaud 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 youngesthe three periods of the Neoproterozoic
Era are: the Tonian, the Cryogenian and the Ediacaran periods.

The Tonian Period (10@0c. 720 Majp & &2 yIF YSR 06SOIl dza$S v
G2 GKS WAGNBIOKAYIQ 2F (GUKS w2RAyMal &dzLJS

(Li et al., 2008)As the newly defined Cryogenian Periodow accepted into the
international Geological Time Scaléegan c. 720 million years ago, tpee-
glacial Tonian Periodow covers the entire span fro000 to c. 720 Ma. This
~280 Ma periods still shrouded in mystg, andits baseisinadequately defined.
Nevertheless, the bulk of the results of the present study fall into this enigmatic
interval about which we knowery little. Encouraginglyconsensus is beginning

to emerge thata numberof features distinguish # 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 scalegCohen et al., 2011; Cohen and Macdonald, 2015)
radiation of ornamented acritarchs, characterized by the bike
Cerebrosphaerauickii and a relative acme irstromatolite diversity.The fossil
record of the North China craton adds to this picture, in that annulatedikee
organicwalled fossils, once thought to beworms (Xiao et al., 2014)and
enigmatic, Ediacarialike discqLuo et al., 2016; Zhang et al., 20@8)ave their

first occurrences there. Molaooth structure, a form of early marine authigenic
calcite crackfill, 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, 200R)gether with the acme in stromatolite
types, and widespread occurrence of @alicrobial structures akin to later
Renalcisand 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 commoherater
Neoproterozoic and early Cambridiegin during the late Tonian with the c. 800
al W, AGGSNI {LINAy3aQ ! y2Ylptegent éthdy WiDSNE 2y S
present geochronological and isotopic evidence for their existence also in much
older, lower Tonian (Qingbaikouan in China) strata.

The Cryogenian Peridd. 720¢ c. 635 Makembraces the most widespread

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

evolution; the definition brackets the Ol f f SR W{ y 2agiatbrisf 9 NI KQ
(Hoffman et al., 1998)n 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 gemally divided into two phases of global cooling: the Sturtian

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

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

limited, despite the widespread ocoence 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 singlecelled acritarch fossils. The CryogenPeriod can be seen as a time of
lowered fossil diversity, but predictions from molecular phylogeny studiesin,
2015; Erwin et al., 20113 K2¢g A G0 G2 KI @S 0SSy (KS Wi
evolution, marking the initial branching of multicellular heterotrop eukaryotes
(animals) from their singteelled,amoebaelike ancestors. To some extent, this
is supported by the physical record in that the earliest fossil amoebae have been
reported form preglacial Tonian stratéPorter and Knkh 2000) while enigmatic
biomarkers suggest the existence of higher eukaryotes, specifically sponges or
sponge precursors, in Cryogenian and late Tonian r@ikxks et al., 2005; Love
et al., 2009)

The Ediacaran Peridd. 635 c. 541 Ma)epresents the interval of climatic
recovery following the lo I G A G dzZRS W{y2go6lftf 9 NIKQ 3f
earlyanimaB NB dzLJa ¢ KA OK Odzf YAYlFGSR Ay GKS W/ |

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 neapmplex, and energgapping (muscular) body
plans, e.g. the possible cnidarigfaootia(Liu et al., 2015)skeletal reebuilders
(Penny et al.,, 2017, 2014nd novel life habits and ecosyster(Butterfield,
2007) culminating in the appearance of modestyle communities by the early
Cambrian(Butterfield, 2007; Erwin et al., 201There are numerous examples in
the fossil record of early animgrade life forms during this period, including the
embryos of putative metazoans from c. 630 Kla. 58 Ma (Xiao et al., 1998)

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

shallowmarine settings(Martin et al., 2000; Narbonne and Gehling, 2003)

1.1.2. Geological and biological events durihg 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 illustratedin 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 agerrelatives, the Sunsas belt in the Amazon,
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Irumide and Kibaran belts and NamagNatal belt on Congo and Kalahari

cratons, respectivelyThe early Neoproterozoic witnessed the breaking apart of

the supercontinent Rodinia.
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Fig 1.5 Comparison of orogenic peaks (arrowscognized in radiometric data by
Runcorn(1962)with spectra of W;Pb detrital zircon crystallization ages reported by
Hawkesworth et al(2010)and proposed times of supercontinergssenbly. From

(Nance et al., 2014)

As summarized byBradley, 2011)Fig 1.6 shows different supercontinent
reconstruction models and related evidence. As for the proposed supercontinent
W2RAYAIZ . NXRfSeQa O2YLIAflIdA2y akKz2ga Of SI NI &
time when the supercontinent came into being, whilespawe margins were

Fy2YlFf2dzate F0aSyd | NRdzyR (KS alyYS GAYS® ¢KS

aggCawood and Hawkesworth, 2018)ackets a time when continents were

grouped into two successive and leliged supercontinents: Nuna (Columbia),

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

Thetimeinte@l £ = F20dzaSR 2y o6& (KAA &addzReéex FlLffa
OAfEA2YQ | NRPdzyR GKS SINIeé& bS2LINRPGSNRT 2A00 ¢K
dzLJ 2F GUKS LINPLIR2&ASR &adzLISNO2y Ay Syld Ww2RAYALFQ
have profound impactonhow®h Wo2NAYy 3 o60Afft A2y Q SYRSRO® & &
Graphs A and B) by Bradley (2011), different scenarios have been suggested by

different authors, while different lines of evidence yield different timings.

28



Chapter 1: Introduction to the research topic

Phanerozolc l NeoproL. |uesoprolemzoéc| Paleoproterozoic I Archean I Hadean

Ee——r———————m Vaslbara (Bleeker, 2003)
Superia (B%a kar, 2003)
Sclavia {Béecker, 2003)
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Fig 1.6 (A) Publisled assessments of the tenures of various supercontinents according
to the identified authors. (B) Age distributions (in black) of variables that have legr

on the tenures of supercontinentdassive margins frorBradley, 2008)Granites from
(Condie et al., 2009)Detrital zircons (river sand) fronfCampbell and Allen, 2008)
Detrital zircons (rocks) froniBradley, 2011)and Eclogites froniBrown, 2007)For each
plot, the blue, green, lavener, 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, respeely. 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, passivenargin age distributions, and zircon age didtutions.
Figure from(Bradley, 2011)

29



Chapter 1: Introduction to the research topic

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 breag of Rodinia occurrechtough
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 cor{Bicdley, 2008)

Tectonic upheaval related to brealp of Rodinia and collision to form
Gondwana comprises the backdrop to major bgital (Figs. 1.7, 1.8hd climatic
events of the early Neapterozoic. As Knoll et al. (26Pshow, fossil diversity
reached a preEdiacaran acme during the Tonian Period, seen in records of
microfossils, acritarchs, carbonaceous compressions as welioasnieralised

scaledmicrofossils and putative testate amoebae (Cohen and Macdonald, 2015).

40 =

acritarchs

30 o )
macrofossils

microfossils
20 o

VSMs

taxa per assemblage

10 =
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Age (Ma)

Fig 1.7 The taxonomic richness of assemblages through time (1300 Ma) for
acritarchs, macrofossil compressions and multicellular missils and vasshaped
protists; width of rectangles indicates permissible age range for assemblages. Modified
based on compilations iifKnoll 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.réhbty 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 animarade and other multicellular groups sometime

during themid-Neoproterozoic. | will return to this theme later in Chapter 8.

Neoproterozoic Phanerozoic
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Fig 1.8 The Metazoartime tree encompassingnajor sources of uncertainty in time
estimates, from(Dos Reis et al., 2013Yode agedeterminationsare 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

Chemostratigaphy 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 sedimentabgasins, indirect dating, and for
regional or global correlation$lalverson et al., 2010)

Especially for Precdmian sequences, where the sparse fossil record renders

biostratigraphy of limited use, chemostratigraphy is of particular importambe.
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established isotope systems used for Neoproterozoic chemostratigraphy are
carbon, oxygen, sulfur and strontium isoex 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-glanial intervals have
largely been based on correlations using carbonate carbon isotope values as the

chief metric(SwansorHysell et al., 2015)

1.2.1. Carbonatel 13C evolution during the Nproterozoic Era

Schidlowski et al(1975)carried2 dzi 2y S 2F GKS SICNI ASaid t NBC
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 85@ddauntil the
SYR 2F (KS t NP GSNEIvaueuctusted With Gréqdbcey | G S«
comparable to Phanerozoic variations but with far greater amplituydasobsen
and Kaufman, 1999; Kaufman et al., 199@nly few compilations of carbon
isotope data for the Neoproterozoic have been publisfiddiverson, Wade et al.
2010, but general features are well establishesith 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) exsion (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 19 Key successions that provide radiometric contraints and/or biostratigraphic and
chemostiatigraphic data relevant to the Tonia€ryogenian 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, 1989and Halverson et a{2005)(Svalbard); andP’rave et al(2009)
and Anderson et a{2013)(Scotland). Meterage for all sections indicated in k&yom
ShieldsZzhou et al(2016)

Recently, following on from Halverso® aglobal compilatiors of
Neoproterozoicchemostratigraphy(Halverson et al.2007 2010), Cox etal
(2016)compiled C isotope data based on Halverson et al. (2005; 2010), but adding
unpublished data from the Mackenzidountains, and published, but sometimes
overlooked and poorly ageesolved data from Siberi@artley et al., 2001and
the Southern UralgKuznetsov et al., 200@Fig 1.10).
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zoic Era compared to the LIP recofdom Cox et al. (201€) ¢ RCcarb compilation

is revised from previous compilationgHalverson et al., 2010, 26D Prominent
negative anomalies are labeled, including the Cryogenian Taishir anomaly, which has
only been fully documented in MongolidBold et al., 2016)Sources of the data:
Morocco (Maloof et al., 2010a)Oman(Fike et al., 2006)Namibia (Halverson et al.,
2005; Swansoiysell et al., 2010)Svalbard (Halverson et al., 2005)Mackenzie
Mountains (Halverson, 2006; Rooney et al., 201¥ukon(Macdonald et al., 2012
previously unpublished dataSouthern Ural§Kuznetsov et al., 2006%iberia(Knoll et

al., 1995 previously unpblished daty Mongolia(Bold et al., 2016; MacDonald et al.,
2009) The LIP record (relative magnitude) is moddifrom (Ernst et al., 2008)GcW=
Guibei and Willouran; SX = Suxiong/Xiaofeng;KG= Gunbarrel and Kanding.

1.2.2. Strontium isotope evolution of seawater during the
Neoproterozoic Era

The abilityto date and correlate sediments usistyontium isotope ratios
(87SrPSr) relies on the fact that th&Srfe NJ @I f dzS 2F { NJ RAaazft gSR A
oceans has varied over timéut also that at any single time, the oceans are
homogeneous with regard t§SrfeSr(McArthur, Howarth et al. 20)2Based on
this principle, demonstrably well preservé@rfeSrvalues from Neoproterozoic
bulk carbonate rock have been taken to relate to the isotopic composition of the
global oceanin 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 seawéisrf®Sr, and
known fluctuations are relativelgnuted (Fig 1.11). This, together with the ron
uniqueness of most, if not all carbon isotope trends, leads to considerable
ambiguity(Melezhik et al., 2015 the absence of alternative correlation criteria,
such as precise ages. As a result, existing data are $pdrseibuted while any
extended successions with substantial amounts of data, such as those in Siberia
and the Uralqe.g. Kuznetsov et al., 200&e difficult to correlate with data from
other regions of the world (e.g. Fig 1.10).

Rodinia Assembly Rodinia Break-up Gondwana-Pangea Assembly Pangea Break-up
nm
Tonian Cryogenian| Ediacaran Qamg Q@v[ Sil| Dev [Carbon[Perm[ Tri | Juras | Cretac | Tert

4@ This paper

Derry et al. (1994),
4+
0.7090 Montafiez et al. (1996)
AR Veizer et al. (1999)
0.70804 .
0.7070 J ,

§°

87gr/86gr
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e

..
0.70604 O‘
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Fig 1.11 Record of mariné’Sr/*®Sr over the past 1000 m.y., fror(Halverson etl.,
2007a)

Halversonet al. (2007) compiled availabféSrfeSr data for thenterval of
1000;542 Ma (Fig 1.11), which show a systematic rise in the global seawater
87SrR8Sr throughout the Neoproterozoic Era. But the authors pointed out that
the recod does not supponvidespread mountaisbuilding as the main driver for
increasing 8’Srf%Sr compositions during the Npmterozoic. This previous
compilation (Fig 1.11) implied that thisse in®’SrfSrduring the Neoproterozoic
is steady, but that much fothe rise took place during brealp 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 followingimiy.
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Fig 1.12 Temporal trends of’Sr/®Sr andd'*Ccarb in seawater through the
Neoproterozoic and Early Palaeozoic. Fr¢dMelezhik et al., 2015)

In the compilation byMelezhik et al(2015) (Fig. 1.12), a similar overall trend
is observed but there are differees in detail between the two compilationxC
et al. (2016) also compile8r 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 ket 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 diffieiby 235 Myrs between

the two compilations. Clearly, assigning ages in the absence of a global

36



Chapter 1: Introduction to the research topic

biostratigraphic or other chronostratigraphic framework, including precise and
accurate absolute age constraintsan 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 detailChapter 8.

Another challenge is in finding sufficiently wedteserved carbonate
material in the absence of skeletal calcite components, such advigwalcite
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 ucture

Molar-tooth (MT) structures are intricately crumpled, calcite microspar
fissurefills that formed duringmuchof the PrecambrianThestructure wasfirst
definedby Bauermann 1885asarelatively obscuresedimentaryfeature found
in Mesoproterooic rocksof the AmericanCordillera(Belt/ PurcellSupergroup),
WNEB a S e rhafkiyigdon the molartooth of anS f S LIKThegtiucde has
been reported from shallow, subtidal (but generallyabove storm-wave base)
carbonatefaciesof Neoarchearo Neoproterozoicagearoundthe world (Bishop
and Sumner,2006;Frankand Lyons,1998;Liuet al., 2005;Long,2007;Marshall
andAnglin,2004;Popeet al.,2003;Shields2002) Theorigin of this unusualand
enigmaticstructure is still controversial but it is commonlyacknowledgedhat
MT fill is typical of other types of Proterozoiccavityfilling early cements,and
alwayscomprisesuniform, equant, polygonal,tightly packedand blockycalcite
crystals5 ¢ 15 um acrosgJamest al., 1998;Pratt, 1998)

MT structures(MTShavediversemorphologiesandrelationshipgo surrounding
sediment(Bishopand Sumner,2006; Penget al., 2012; Zhihai,2011) and it is
commonly agreedthat MT is a peculiarly Precambrianstructure, which had
disappearedythe PrecambriarCambriarboundary(Pratt,1998;Shields2002)
The disappearancehas been variously attributed either to the actions of
bioturbating organismswhich presumablyrenderedthe sedimentlesscohesive

andthuslessableto hold openacrack,or to globalchangesn marinechemistry,

37



Chapter 1: Introduction to the research topic

most likely a decreasein carbonate saturation levelsin the ocean. The last
occurrencewas consideredto be EdiacaranJameset al., 1998) however,well
documented examplesare known only from the pre-Cryogenianrock record
(Kuang2014). TheyoungestMT occurrencels arguablythe recentlydiscovered
exampledrom upper Tonianlimestonein SWScotlandwvhicharefrom ~720Ma;
theseoccurrencesandrelated Srisotopedata aredescribedurther in Chapter7.

Anupdatedcompilationof important MT occurrencess givenin Tablel.1below.

Geon Era Age Location Rock units 87Sr87Sr | References
25 Neoar. | c.2520| South Africa | Monteville Fm 10.7047 | Bistop and
Sumner
(2006)
18 Paleopr.| c. 1900| Canada, W. | Goulbourn |  --—-- Campbell
Arctic Supergroup and Cecile
(1976)
17 Paleopr.| c. 1750| Canada, Belcher Group | - Ricketts and
Hudson Bay Donaldson
(1981)
15 Mesopr. | c. 1550| NE China Gaoyuzhuang, 2%0.7048 | Mei (2005)
Wumishan Fm Kuang et al.
(2012)
14 Mesopr. | c. 1450| Canada, N. Muskwa 10.7054 | Taylor and
Cordillera Assembl., Georgg Stott (1973)
Fm
14 Mesopr. | c. 1450| Canada, N. Gillespie Lake | = ------ Delanie
Cordillera Group (1981)
14 Mesopr. | c. 1450| USA/Canada | Belt/Purcell 10.7048 | Smith
groups, (1968)
e.g. Chamberlain Furniss et al.
Fm (1998)
12 Mesopr. | c. 1250| Canada, E. Bylot 40.7054 | Jackson and
Arctic Supergroup, lannelli
Society Cliffs Fm (1981)
11 Mesopr. | c. 1100| NW Africa 1517 (Atar/El 50.7063 | Fairctild et
(Taoudeni) Mreiti groups) al.(1990)
11 Mesopr. | c. 11® | Brazil Paranoa Group 0.7056 | Alvarenga et
al (2014)
10 Mesopr. | c. 1050| Canada, W. Dismal Lakes | --—--—-- Donaldson
Arctic Group (1973) Kah
et al.(2001)
9 Mesopr. | ¢. 960 | Turukhansk, | S. Tunguska / 70,7052 | Ovchinnikov
Siberia Burovaya Fm aetal.
(1995)
9 Neopr. | c. 930 | North China | Qingbaikou Gp, 20.7063 | Fairchild et
craton various Fms al. (2000)
9 Neopr. | c. 900 | Northern Vindhyan Gp, 10.7060 | unpublished
India Bhander Fm observations
8 Neopr. | c. 850 | Canada, N. lower Tindir 80.7065 | Kaufman et
Cordillera al.(1992)
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8 Neopr. | c. 800 | Canada, W. | Shaler Group °0.7056 | Young and
Arctic Lorg (1977)
8 Neopr. | c. 800 | Central Kunyang Group |  ------ Zhang et al.
Yunnan (2007)
8 Neopr. | c. 800 | Canada, Little Dal Group | 1%0.7055 | Aitken
Mackenzies (1981)
8 Neopr. | c. 960 | South Urals | Inzer Fm 110.7053 | Keller and
Chumakov
(1983)
8 Neopr. | c. 800 | Tasmania Rocky Cape | - Calver and
Group Baillie(1990)
8 Neopr. | c. 800 | Wales, Gwna Melange | 2'%.7062 | Horak and
Anglesey Evang2011)
8 Neopr. | c. 800 | N. Ethiopia Tambien Group | %°0.7064 | Miller et al.
(2009)
8 Neopr. | c. 800 | Amadeus Bitter Springs 10.7063 | Southgate
Basin Formation (1991)
8 Neopr. | c. 800 | Norway, Batsfiord Fm | = ---—-- Siedlecka
Finnmak (1978)
7 Neopr. | c. 750 | Grand KwaguntFm | - Walteret al.
Canyon, USA (2000)
7 Neopr. | c. 720 | Svalbard Akademikerbreen| 140.7066 | Knoll(1984)
Group, Russoya Halverson et
al. (2007)
7 Neopr. | c. 720 | Greenland, Eleonore Bay Fm| %°0.7064 | Fairchild et
Kap Weber | / Thule al (2000);
7 Neopr. | c. 720 | Scotland Lossit Limestone | 20.7064 | Fairchild et
EFm al. (2017)

Table 11 New mmpilation of confirmed reports of molaitooth structure (MT) around
the world, adapted from and avoiding inadvertent duplication previous compilations

by James et a[1998) Pratt(1998) Shield€2002) Kuang(2014) Smith(2016) &’Sr/%°Sr
values refer to the range of leastltered (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 pae3ionian strata (= 0.7066) and so,
along with other published age constraints, are consistent with MT calcite microspar
being a timespecific (agadiagnostic) facies of the Precambrian, but especially bét
late Mesoproterozoic and Tonian from about 1.1 to 0.72 Ga.isotope data from table
1.1 are from:'unpublished data?this PhD study?Kuang et al(2012) “Kah et al(1999)
5Shieldg2002) ®Alvarenga et alAlvarenga et al., 20)4'Bartley et al(2001) 8Kaufman

et al.(1992)(1992);°Asmerom et al(1991) ®Halverson et al. (2007}!Kuznetsov et al.
(2012) *?Horak and Evan@011) BMiller et al.(2009) “Cox et al. (2016}*Fairchild et

al. (2000)
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MT example of Huainan Group: Lower Jiuligiao Formation at the Baiheshan Section

e

200 pm

JLQ2 JLQ2
MT example of Huaibei Group: Top of Wangshan Formation and Lower Zhangwei Formation

2

_200 1)
e

200 [l

JSZ4: Top Wangshan FM at the Jinshanzhai Section MMT: Lower Zhangwei FM at the Zhaowei Section

MT example of Jinxian Group: middle Yinchengzi Formation and top of Shisanlitan Formation

Field photo of MTs ot the Yinchengzi FM Field photo of MTs at the top of Shisanlitai FM

Fig 1.13 Examples of MolaiTooth 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
gedogically divided into smaller cratons (South China, North China, Tarim) that
came together only relatively recentlyas late as the Mesozoic Eria geological
history. As a consequence, Chinese successions from these three regions record
entirely sepaate geological histories for the whole Precambrian.

A combination of roclbased 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 &ffiar establish
Df2o6Ff {GNIXG2G8LIS {SOGA2ya | y(Beekerz Ay (i &
2004) In Chinatthe Neoproterozoic periods (Ediacaran, Cryogenian and Tonian)
equate approximately to the frequently redefined successions of the Sinian,
Nanhuan and Qingbaikouan systems, respecti{ely. Gao et al., 2008)

The first Precambrian period to receive a rdidsed definition was the
Ediacaran Period, and in China, the Ediacaran System corresponds to the
redefined Sinian Syste(Marland et al., 1990; Lu, 2002)hich begins within the
post3f F OAL f WOl LIQ R2f2ad2yS 4 GKS olasS 2
traced throughout the Yangtze Platform of the northern South China Craton
(SCC). At present, this lithostratigraphic lesehnot be correlated into the Sino
Y2NBlLFY 2NJ b2NIK [/ KAYlF [/ NXG2y 6b/ /0 RdzS
R2f2a02ySQ 2@0SNIeAy3 3t OA23aSYyA0 RSLRA,
W{AYAlLY {@adsSyQ Aa atGatft FNBHjloaed Gt & Al

supporting evidence.

41



Chapter 1: Introduction to the research topic

70° 80° 90° 100° 110° 120° 130°

a0° -

= 400

30°

Pacific Ocean
20° |-

20°

Indochina %

90° 100° 110° 120°

Fig 1.14 Tectonic map of China showing the three major cratons and the younger
orogenic belts that separate ther(iZhao et al., 2001; Zhao and Guo, 2012)

The underlying Cryogenian System has been given the name Nanhua (South
China), as glaciogenic successions of-edproterooic age are much better
developed on the SCC. The base of the Cryog&yatemis currently defined &

a level beneath the oldest clearlylaciogenicdeposits in a Neoproterozoic

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

I KFy3Qly 3tF0OANf RSLRAaAAGE 2F ldzyly FyR Ddz y:

been dated to ~715 Mé_an et al., 2014}hus proving their egivalence to low
latitude deposits of North Americ@Macdonald et al., 2013bHowever, on the
NCC, an equivalent level is hard to find and is probedgyesented 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 aigehy

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 amidely metamorphosed, representing
volcanicallyinfluenced 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
represerted by a thick, unmetamorphosed succession that was mostly deposited
in a shallow marine environment. Carbonate unite @aommon, particularly in
the middleparts of the succession. Because the Qingbaikouan System is the main

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

1.5. Aims and Objectives

TherelativelyunderstudiedTonianPeriod(1000¢ c. 720Ma)representsan
interval of transition from the end of the seeminglystaticW o 2 RA Y Ibihd y Q
CryogenianPeriod, which is characteized by climatic and environmental
extremesandinstability. Thedatafrom this studyfocusonthistransitioninterval,
marked by supercontinentbreakup, increasingcarbon cycle instability and

apparentbiodiversification.

Thefirst objectiveof this thesisis to fill a gapin existingchemostratigraphic
curvesfor the early Neoproterozoic.ln so doing, the goal here is to tie newly
obtaineddata¢ mostlyfrom North China- to existing®’Srf®Srdata setswith the

help of stratigraphicargumentsjncluding new geochronologicdiindings.

The second objective of this thesisis to establisha four step dynamic

screeningorotocolto identify diageneticalterationin carbonatesamples.

Thethird objectiveof the thesisisto establishfurther the potential of molar
tooth structure (MTS)to be usedasa proxy materialin Precambriarstrontium

isotopestratigraphy(SIS).

Theoverallaim of the thesisis thereforeto reconstructseawaterSrisotope

curvefor keypartsof the Neoproterozoicto be usedasabackdiop, againstwhich
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interpretations of tectonic, climatic, geologicaland biological events can be
made.lt ishopedthat the new curve,whichwill coverthe entire Neoproterozoic,
will aid the understandingof both globaleventsand seawater®’Srf8Srwithin a

broad Earthsystemcontext.

1.6. Thesis structure
Thisthesisis structuredinto 9 chapters.

Chapter 1 introduces the general backgroundto the research topic,

addressinginresolvedguestions,andthe aimsandobjectivesof the thesis.

Chapter 2 presents the main research area, the North China craton,
describingall sampledsectionsandcollectedsampleswith the mainfocusonthe

Huaibeiarea(northern Jiangswand Anhuiprovinces gasternChina).

Chapter3 givesa short overviewof the methodologies,which have been

usedto examinethe collectedsampleshoth physicallyand geochemically.

Chapter4 establishesa new age frameworkfor the researchareason the
North ChinaCraton(NCChand proposesa new stratigraphiccorrelationscheme

betweensuccessionsf the NCC.

Chapter5 describeshe geochemicabnd isotopic data from the two main
researchsectionsl.ongsharand Pingshancusectons of the Huaibeiareaon the
NCCHereare describedthe first two stepsof the samplescreeninghat permit

sampleseledion for Srisotopeanalysis.

Chapter6 reports the Srisotope data for the two main researchsections.
Usinga combinationof their 8’Srf¢Srvaluesand other geochemicahndisotopic
data,adetailedscreening outlier identification- wasperformed,comprisingthe
third screeningstep. The fourth screeningstep involves careful comparison

betweenmolartooth structureandthe surroundingrock matrix.
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Chapter7 reports all of the Srisotope and stableisotope data from other
researchareasdescribedin Chapter2; some preliminary screeningwas also
performedon thesesamples/dataThefit of all thesedatato existingSrisotope
data from elsewherein the world is also discussedhere. Finally,the new age
framework proposedin Chapter4 wastested usingthe obtainedisotopic data

from, especiallythe Huaibeiarea.

Chapter8 startswith the detailedisotopiccorrelationbetweenthe studied
areason the NCCand establishesvhichnew datawill be mostpertinentfor the
globalcompilation.Basedon a new, updatedcompilationof globalisotopedata,
anew Srisotopecurvefor the earlyNeoproterozoidandentire Neoproterozoic)
wasproposed alongsidea new compilationof { 13C.a, datafor the sameperiod.
In order to establishthe backgroundto Neoproterozot seawater Sr isotope
evolution, tectonic, biologicaland environmentaleventsare reintroducedhere,
togetherwith anupdatedcompilationof largeigneousprovinces Thehypothesis
that Neoproterozoicseawater’Srf8Srreflectseventsin the breakup of Rodinia
can be tested againstthis new curve, as can current ideasthat link tectonics,
carbon cycle perturbation, climate changeand biodiversificationduring the

TonianPeriod.

Chapter9 outlinesand reemphasiseshe main conclusionsof the thesisas

well asintroducingideasfor further research.
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2. Research areasgeneral 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. Theetmain
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
isotoperesults from those areas will also contribute to the construction of the

new curve.
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Fig 2.1 Field ares on the eastern Block of the North China Craton (NCC). A. The
geological map of thesastern Block and studied area. B. Tlgeological map of the
Huaibei Area, with samm@ localities. C. The geological map of the Dalian area with
sampk localities. See Fig. 2.2 for larger context.
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2.1.North China Cratorthe JiacLiacXu-Huai stratigraphic realm

As introduced in Chapter 1, geologlly, 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 RodiniéLi et al., 1996)The North China Craton (NCC) is the main
focus of this thesis becae thick IPecambrian sediment ocas in many places on
it.

CKSNE IINBE RAFFSNBYUO NBO2yaiaNHzOGA2ya 2F b/ /[
and breakup of the supercontinent Rodirjogdanova et al., 2008; Evans, 2009
Li et al., 2008)but it is generally agreed that North China and Siberia had some
association. Similar carbonat®minated midProterozoic platform or passive
margin sedimentary successions on both cratons have inspired, along with
palaeomagnetic suppt hypotheses of a close palaeogeographic relationship or
connection between the two blocks in Rodinia and at earlier tithest al., 2008,
1996) Fig 2 shows a simplified smario for the formation of Rodinia, which
possibly culminated ca. 11@3®00 Ma.

The North China Craton (NCC), also known as thek&irean Craton, is the
largest cratonic block in China, with wide distribution of Neoarchean to
Paleoproterozoic plutonicocks (Sun et al.,, 2012Yhe NCChas an Archean
Palaeoproterozoic basement, and wd#veloped Mesoproterozoic to
Neoproterooic sedimentary cover successidis et al., 1996; Wang and Qiao,
1984) TheNCC is bordered by the Datseilu orogenic belt to the South and the
Central Asian orogenic belt to the North. Tectonically, the North China Craton can
be dividedinto three parts: the Eastern and Western Blocks, and the Tixarth
China OrogenVang et al., 2012; Yang et al., 2012; Zhao et al., 2005, Poigl)
2.2). From the Mesoproterozoic to the Early Paleozoic, platform carbonates
dominated sedimentation over the NG¥ang et al., 2012orsistent with its

reportedly tropical latitude in palaeogeaogphical reconstructions (Fig 2.2
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The Geodynamic Map of
Rodinia

&?{\\' f\'/‘&é g .
BB EE DO S tedone sating
BEEECCI intracratonic magmatic rocks

HEEEEE Continental Arc related rocks O
BEEDCE oceanic Arc related rocks W

EEEEDHE Rift related rocks dgw ’
BEEEEOME Foreland basin deposits :
\ BILLILILIL] Intracratonic basin deposits MM EICIE SalegRrelerpzoic

B EECCE Passive margin deposits [ Archean (>2500 Ma)

Fig 2.2 A simplified (and reduced) Rodinia Map witbriginal legend(Li et al., 2008)

Thethree studiedareasare on the southernmarginof the easternBlockof
the NCCand lie on both sidesof the N-S Tanlustrike-slip fault (Fig2.3), which
divided the southeasternpart of the easternBlockduring the TriassieJurassic
periods (Zhu et al., 2005) into two geologicallysimilar, but geographically
separateareas.While the western Block has been relatively stable since the
Palaeozoictectonothermal activitesin the easternBlockhave been relatively

more frequent (Luet al.,2008)
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Fig 2.3 Threefold tectonic subdivision of the North China Craton proposed [@hao
et al., 2005; Zhao and Guo, 201Phe main field areas are lated on the eastern
block (JiaeLiao in the north, and Xdduai in the south) either side of the I$ striking
Tan Lu strikeslip fault. The green stars mark three research areas on NCC.

More precisely, the three research areas on the NCC are located fhabe
LiaoXuHuai 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-LisaXuHuai
stratigraphic reah 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 Liaonipgovince; 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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Era/Period| Formation Dating results Source
Houjiashan
Gouhou
(-4-41;0.7095/1
C0000000000000
Jinshanzhai | <820 +11 Ma (YZA)
(0-4;0.7073/1) (Yang etal, 2012)
(0000000000000 <825 11 Ma (YPM)
Wangshan | >896.6+16.3 Ma SHRIMP
(1-5; 0.7064 ) | >890 % 14 Ma Q-ICP-MS (Wang etal. 2012)
S hijia
(-3--1;0.7083/79)
Weiji
(2-5;0.7069)
Zhangqu
(0-5;0.7060)
Jiudingshan | >9188+ 12 Ma SHRIMP (Wang et al, 2012)
(1-45: 0.7058/2)| >889:6 7.9 Ma Q-ICP-MS
Ni > 887 + 66 Ma SHRIMP (Wang etal, 2012)
[2_5'_56”7%’; o) | 89077 Ma Q-ICP-Ms
o >930 + 10 Ma SHRIMP Ean et al., 2009)
>1038 26 Ma SHRIMP Liu et al., 2006)
Zhaowei
(2-4;0.7065) | > 976 £24 Ma SHRIMP (Liu et al., 2006)
Jiayuan
(1-3)
Jushan
P <1069 + 27 Ma (YZA) (Yang et al., 2012)
Xinxing | 41271 % 27 Ma (YPM) J
Lanling
Meso. p Fengyang
Group

Fig 2.4 Huaibei Group and previously published gdwmical and radiometri
constraints. The numbersdi 2 ¢ T 2 N | (0 8hewlakS yNI YWaIsivesar
published studies (Xiao et al., 2014and publishedSr isotope data from Yang et
(2001).The topmost formation, the Houjiashan Fm, contains fragments of trilobite
late Early Cambrian age (= upper Cambrian Stage 3).ydidngest age of the zircc
U-Pb dating; YPM: youngest population age. The unconformity between Houjia
and Gouhou formations are debatable, marked by a red question mark, which w
discussed later in Chapter 4.

Previously, the Proterozoic coveuccession on the NCC has been divided
into the Changchengian (ca. 1800400Ma), the Jixianian (ca. 149000 Ma)
and the Qingbaikouan (ca. 10@0800Ma) (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 middi®fpart

the Xiamaling Formation, which is the lowermost of the previously defined
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Wy Ay3olAl2dzadyQ {2a0SYZ NBOSI {(Gadetdl,, aSaz2LINRGSN
2008, 2007) The new age challenges the traditional age framework of the
Qinbaikouan system, 100§ 800Ma, andled 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 zircordafiabase zircon and
baddeleyite ages have been published that support an early Neoproterozoic age
for the Qingbaikouan strata of the JiatacXu-Huai realm (see below), and this

is also supported by more recent biostratigraphic studies (summarisedorekia

al., 2014). Older studie®.g. Zang and Walter, 1992pnsidered the acritarch
assemblages of the Qingbaikouan on the NCC to be similar arelqagalent

with those of the Ediacaran Doushantuo Fm in South China. &athers used

to consider that the Jinxian Group in Dalian area belongs to Sinian Sf{dte1g

et al., 1989; Zhanet al., 2006)which is the Chinese equivalent to the Ediacaran
System (Period). However, new dating results, and considering the newly defined
lower boundary of ~720M#or the Cryogenian Perio@hieldsZzhou et al., 2016)
mean that the strata | looked at, in both Huaibei and Dalian areas, belong to the

lower Qingbaikouan System (~ Tonian Period).

2.1.1. Age constraints on Qingbaikouan Systamata of the research
areas
There are aly 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 LAICRMS UPb ages for detrital zircons of the Xinxing Fm, which is situated in
the predominantly siliclastic lower par of the succession (see Fig R.Zhe
youngest of the analysed zircons was dated @89 + 27 MdYang et al., 2012
The Xinxing Fm mainly consists of conglomerate with marl, shale, quartz
sandstone and siltstondJBGMR 1984) In detail, etrital zircons from the
Xinxing Formatiolyielded four LAICRMSage populatios: 1753+ 15 Ma, 1635
+13 Ma, 1486t 17 Maand 1121+ 27 Ma(Yang et al., 2012and it may be more
appropriate to use the youngest of these populations to define the maximum
depostional age.
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Another detrital zircon study was carried out on the Jinshanzhai Fm at the
top of the Huaibei Group (see FiglR.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: 251% Ma, 2305t 13 Ma, 1856
+9 Ma, 925+ 10 and 825+ 11 Ma, while the youngest age is 82Q1Ma(Yang
et al., 2012)

The base of the Qingbaikouan System in the supposedly correlative Dalian
area is constrained isimilar fashionto the Huaibei areaDetrital zircon U-Pb
dating (LACRMS) yielded a youngest age of 9228 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)he latter age is similar to another reported SHRIMP zircon
age of ~1075 MéGao et al., 2010jSee Fig 2)5

Additional, minimumage constraints dere& from the dating of mafic sills,
once thought to be Mesozoic in agalthoughgeological survey maps suggest
that sills intruded preolding, and so could plausibly have been emplaced before
the Mesozoic. Early studies focused on scarce zircons from shadifis of the
Huaibei Group, yielding minimum depositional ages of ~90{Meet al., 2006;
Wang et al., 2012)n our limited experience, zircerare 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 bedorr by the range
of zircon ages reported in those studies. However, a recent Stddgng 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 te be co
magmatic in mafic magmasyhile the relative softness of baddeleyitea 2 K Q a
hardness ~6)compared to zircow a 2 K Qa K I, INdanys $hat dheyare less
likely to be reworked. That study reported a coherent population of baddeleyite
grain ages that were afjuite similar to the pungest ofpreviouslypublished
zircon agedrom sills i.e. around 886 +5 Ma (baddeleyite)and 900 £ 34 Ma

(zircon) for one sill within the Xingmincun Fm, and @ZMa(baddeleyite)and
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924 +28 Ma (zirconjor a sill within theCuijiatun Fm. Theetwo sils cut though
both the Xingmincun and the Cuijiatun formations andsobaddeleyite results
represent minimum depositional ageonstraintsof ~0.92 Ga for the Jinxian
Group.

A sill emplaced into the stratigraphically much lower Qiaotou Fm yielded
agesof 909+ 7Ma(baddeleyite)land 923+ 22 Ma (zirconjFig 25). Although this
one study meds further support, it nevertheless strongly implies that mafic
magmatism occurred widely on the NCC during the interval around -00929
Ga, consistent with an elgrNeoproterozoic 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{Hwai and Sariwon (North KoréBgng
etal., 2011a, 2011bpPue to the similarity between recently reported baddeleyite
ages 924 £ 5Ma) from intrusive sillsand 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 sedimentaticon the NCC might plausibly be related to-pre
magmatic regional uplift of the southeastern N@hang 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 SystemDalian area and published
dating results (left hand column: dating of minerals in diabase intrusives; right hand
column: detrital zircon ages).

2.1.2. Biostratigraphic andghemostratigraphic constraints

2.1.2.1. Biostratigraphic constraints

Qingbaikouan Systenk(aibei Group in the Huaibei area

Chinese paleontologists began to look in earnest at fossils of the Huaibeli
Group during the early 1980s, while some carbon isotope data and just a few
strontium isotope values have been also published (Fg. @ntil nowa 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, threemicrofossil assemblages were aggnized in the
Huaibei Group. They occur in the shaleshaf Shijia Formation, silty daonates
of the Zhaowei and Jiayudormations andshales of the Gouhou and dlmanzhai
formations (Zang and Walter, 1992furthermore, Zang an®alter (1992)
considered thatle former two assemblages contain mainly common spheroidal
acritarchs and a fewacanthomorphs which are similar to those from the
Liulaobei Formation of the Huainan Group. By contrdm acritarchassemblage
from the Goulou Formation include some distinctiveearly Cambrian formdn
Zang & Walte(1992F | OA ( IZkioh Beyihe MR Y9846 NB L2 NI SR G K
smallshelly fossils (Actinotheca sp. and Chancellorig sych occur in lower
Cambrian rockdiave been found in the lowgrart of Jinshanzhai Formatiphut

this has not been confirmed since

l1a ¢Sttt a YAONRT23aaAf Bpatinellg WavGaN) WwYS3IF F2a4a

EllipsophysaChuaria Morania, have been found preserved on shale beds of the

Shijia Formation; and a silai TawuiaBipatinellaassemblage occurs as part of

0KS NBYy2gySR WidadAyly . A20FIQY gKAOK 0O2dzZ R K

stratigraphicallyZheng et al., 1994)

The megascopidossilassemblagef carbonaceousompressiongound in
the JinshanzhaFormation was suggestedto represent probable metaphytes
(Qian, Yuanet al. 2000, raisingquestionsas to the earlier bilaterian animal
interpretation of similarfossilsfound in the Liulaobeiand Jiuligiaoformationsof
the Huainanregion. Microfossilsare found in formationsof the Huaibeiregion,
interpreted as possible phytoplankton, like Monilinema quadratucella and
Synsphaeridiunsp. from Jiayuarnand Zhaoweiformations of the HuaibeiGroup
(and the JiuligiaoFormationof the HuainanGroup),which are polyhedricalor
sphericalin shape.In addition, sphericaland filamental microfossils,including
Leiosphaeridifyperboreicalrachysphaeridiuraimplex Annulumdifuminatum,
Nucellosphaeridiumasperatum, Tophoporatasp., Symplassosphaeridiurap.,

Macroptychauniplicata and Taeniatumsimple, have been reported from the
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clasticrocksof the Shijia,Jinshanzhaand Gouhouformations(Qian, Yuanet al.
2002.

More work hasbeendone sinceon the megafossiassemblagedeadingto
the recognitionof four morphologicaltaxa: Chuaria Tawuig Tyrasotaeniaand
Sinosabellidite§Qian et al., 2009) Chuariaand Tawuia are very common
constituentsof Neoproterozoigaleobiotg and especiallywhen found together
canbe characteristidor the earlyNeoproterozoidKnoll,2000). Somespecimens
show both a holdfastand a vegetativethallus, indicatingthat they were most
likely multicellular and benthic algae (Qian et al., 2009) New findings from
bedded and nodular cherts of the Jiudingshar-ormationreveal a microfossil
assemblagéhat isdominatedby 12 generaandpossiblyl6 speciesamongwhich
9 generaand 13 speciesare probably cyanobacteriajncluding Siphonophycus
and Oscillatoriopsis(Dai et al., 2012) That study implies that prokaryotic
organismglayeda predominantlyimportant role in the microbialcommunityin
shallow benthic marine environments in this locality during the early

NeoproterozoicTonian Period.

Recent studies omthe Huaibei Group suggest some more biostratigraphic
and chemostratigraphic constraints relating to the age of the group. Possible
vaseshaped microfossils from the Jiayuan Formation and characteristic early
Neoproterozoic acrérchs (particularifrachyhystrichosphaera aimikakom the
Gouhou Formation indicate a Tonian a@géao, Shen et al. 2014A Tonian age
for the Guhou Formation was proposed also because of the presence of
organiecwalled microfossils belonging to three different genera
Trachyhystrichosphaeya/alerig and Dictyosphaeran the formation, although
alltheseacritarchswvere separatedrom onlyonesample (TangPanget al.2015).
However,this is directly contradictedby detrital zircondating resultsfrom our
researchgroup (He et al., 2016) see Chapter4, as well as tentative signsof
bioturbation in the upper GouhouFormationat Gouhousection.Together this
showsa Cambrianagefor the GouhouFormation,but doesnot contradictthe

postulated Tonianage for all the underlyingunits, for which characteristically
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Tonian acritarch assemblagesare known from many samplesand several

formations.
The Huaibei Group sections and fossil occurrences —_——
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Fig 2. 6 The Huaibei Group formations, sampled sectionand summary of
biostratigraphicdly 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: GouhouSBn,nferred sequence
boundary, BLS in théegend: Bamboo Leaf Structuren: 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:
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Fig 2.7 Stratigraphic columns of Neoproterozoic successions in the Huaibei (left)
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al., 2008a) SSF small shelly fossils of Cambrian type, JSZ: Jinshanzhai Fm
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The Huainanarea is not the mia focus of this thesis and only a few test
samples were collected from Jiuligiao Fm of the Feishui Group. But traditionally,
the Huainan and Feishui groups are presumed to correlate with the Huaibei
group. The macrofossiRrotoarenicolaPararenicoland Sinosabelliditetsee Fig
2.7) are also found in HuainafWang and Qiao, 1984)Additionally, the
characteristically pr&xyogenian spiny acritarciiracyhystrichosphaera aimika
has been reported from the Huainan Gro{ifang et al., 201¥in, 1985)Chuaria,

Tawuia, Sinosabellidit

es ProtoarenicolaandPararenicolare identified in the Jiuligiao FDong
et al., 2008a)

Qingbaikoan System(Wuhangshan ah Jinxian groups) ithe Dalian area:

There are fewer studies on the biostratigraphy of the Qingbaikouan System
in the Dalian area. However, one early study report&auarialike fossils or
chuarids (rounded organic megascopic compressions) from the Qialeto,
WG 2 NV &3 @ KV RdzO@ f AlYyGRNWRIGIND KEYQS FINR Y (G KS / KI y3
Tawuialike fossils or tawuids (sausagbaped carbonaceous compressions)
from the Nanguanling Fm, medutike fossils from the Xingmincun Fm and a
chuaridtawuid assemblagefrom the Getun Fm(Chen, 1991) Later, the
WYSRdAza2ARQ F2aaAifa oSNB aaArdySRel2 | ySg (¢
named the Jinxian biotéZhang et al., 2006)These millimeterto centimeter
sized discoidal fossils erfound 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 gfaup et
al., 2016) Trilobite fossils are found from the overlying Cambrian successions.

The accumulated biostratigraphic evidence is summarized in &ig 2.
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The sections and fossil occurrences in Dalian area
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Fig 2.8 The rock logs of the sapled sections for this study in Dalian area and the
biostratigraphicevidences in publications. Fossils evidence are fr@@men, 1991; Hong
et al., 1990; Luo et al., 2016; Zhang et al., 2006¢ logs of the sections are not true to
scale, but of indicative function. NGL: Nanguanlin; CJT:i&uij; XMC: Xingmincun;
GT: Getun; DLZ: Dalinzi; JC: Jianchang formations.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

condraints

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. INZang and Walter, 1992)°Q data are reportedor dolomite
samples othe Jinshanzhai and Gouhdarmations with negative values-0.5
and-2.58: 0 | YR LJ2 & A thelugusrlyigg-Wangshan Ferehatign3.1 to
b p @ 9, @t:Jinshanzhai sectiohater, samples from the Gouhou, Jinshanzhai,
Wangshan, Shijia, Weiji, Zhangqiiudingshan and Niyuan formations were
FylFtel SR T 20 a@f'StBFS yarigSet al., 2001). The findings
suggested that Huaibei Group strata formed during the early Neoproterozoic and
most likely before the Cryogenian Perifdang et al. 20Q1Zheng et al. 204).
a2 NB NBErGydtd irdao et al., 2014yere produed at a much higher
stratigraphic resolution for the Huaibei Group. All these published data are

summarised in Fig 2.
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Fig 299 E A & BQ\ayicfISr/8Sr data for the Huaibei Group. TH&I/#Sr datashown
here (Yang et al. 2001; Zheng et al. 2004) are not the correct8r(°Sr)i. The reason
we use the measured’Sr/?®Sr datahere s that five Rbcorrections are >%10*, which
would lead tounrealistically low initial ratios.

Published 13C.an data setsshowgeneralagreementin that + 3G valuesof
the HuaibeiGroupfall mostly betweenm > andp:.: (Fig.2.9), with afew negative
valuesin the JiudingshanWeiji, Shijiaand Gouhouformations(Xiaoet al.,2014)
Themain structure of the Neopoterozoict 13Canrecard has been summarized
I & K I g8desdl§ high average values :~+5through to the end of the
Cryogenianand roughly O-m': in the Mesoproterozoicand Phanerozoi€
(Halverson et al., 2010) The 113G data are consistent with previous
compilationsof Tonian1 3C.an data, e.g. by Halverson(2010). The lowermost
reported 8’SrP8Srdata ratios (in Fig2.9) are also consistentwith the compiled

Tonian®’SrR%Srdata, e.g.by Coxet al. (2016)

Not so manypublisheddata existfor the Dalianarea.Fairchildet al. (2000)

publisheda ~80metre 1 13Cprofile and some®’SrféSrratios for the upper, more
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carbonaterich part of the XingmincurFmat the GoldenStoneBeachsectionin

Dalian(Fig2.10). The lowest 8’Srf5Sr ratios of the samplesfrom that section,

whichisverycloseto our Manjiatansection,are:0.70630,0.70665,0.70677and

0.70690.Thet 13C(PDB)aluesare positive,mostlybetween+2andb n:': ®
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Fig 2.10 Stratigraphic variations in A}’Sr/®Sr (with least altered samples highlighted
between 0.706 and 0.707 guidelines), B) Sr, and & from the Golden Stone Beach
section, Fig 10. I(Fairchild et al., 2000)
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Fig 2.11 Published C, O and Sr isotope data for Neoproterozoic tstia the Dalian
area. Figuremodified from (Kuang et al., 2011)

Kuanget al. (2011)measuredthe C,O and Srisotope compositionsof early
marinecements(molar-tooth structuresor MTS)of the XingmincunYingchengzi
and Nanguanlingormationsin Dalianand the data are shownin Fig2.11. The

XingmincurFmhasevenmore positivet 13C(VPDBYaluesthan in Fairchildet al.
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(2000) possiblybecausethe datafrom Kuanget al. (2011)are mostly of molar-
tooth samples(the systematicdifference between bulk rock and MTSwill be
discussedn more detail in later chapters).The®’Srf8Srratios of this formation
are similar, althoughslightly lower than those from Fairchildet al. (2000).The
Yingchengzt Y Q#C(VPDBJatiosarebetween0 andc:': &nd®&’Srf8Srranges
from 0.7056t0 0.70646.The NanguanlingC Y @'&C (VPDB)aluesare lower,
betweenlandn:': &nd®'SrfSrrangesfrom 0.70575to 0.70679.

Veryfew isotopicdatafrom the Qingbaikouarcarbonatesof the Huainanarea
hadbeenpublishedbeforethe Gisotopestratigraphystudyof Xiaoet al. (2014),
and only four carbonate samplesfrom Liulaobei, Sidingshanand Jiuligiao
fomationshad beenmeasuredfor 8’SrféSr(Yanget al.,2001) TheRb-corrected
data for samplesfrom the Sidingsharand Jiuligiaoformationsare shown in Fig
2.12inred.1 13Cand1 80 profilesof the Qingbaikouarstrataof the Huainanarea
were publishedin Xiaoet al (2014),showingpositivet 13Cvalues rangingfrom -

1to b n:':akdpositivecovariationwith + 28O for the FeishuiGroup.

Huainan region: Bagongshan section
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Fig 2124 13C and 80 profiles of the Huainan and Feishui groups in the Huainan region.
HJS: Houjiashan Fm; FT: Fengtai Fm; CD & BGS: Caodian and Bagongshan formations.
Published ®’Sr/®Sr ratio (in red: Yang et al., 2001) is marked at its approximate
stratigraphic horizon. The graph is frofXiao et al., 2014)
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2.1.2.3. Existing orrelation on the NCC
Traditionally, Qingbaikouan strata in the Huaibei, Huainan and Dalian
(Jinzhou) areas were correlated together. Fig32shows a representative
sampling of different opinions about the stratigraphic subdivision and correlation
betweenthe 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.

(Yang et al., 1980) (Wang et al., 1984) (Zheng et al., 1994)
Huainan Region Huaibei Region Huainan Region Huaibei Region Huainan Region Huaibei & Subei Region
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Fig 2.13 A sampling of different opiions on the stratigraphic subdivision and
correlation of Neoproterozoic successions in the Huainan and Huaibei reg{Dmg et
al., 2008b)

For this study, a cortation scheme was made (Fig 2) bésed on correlation
between formations bearing characteristic lithologies, e.g. the red branching
stromatolites of the Weiji (Xuzhou) dnShisanlitai (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 isotpic and geochronological data, before our new dating
results were obtainedHe 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 studyRed question marks indicate the existing question to the
placing of the debatable unconformity.

The correlation between these Neoproterogatrata 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 Clatands 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 Goam. Three main areas we 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 Rj&arThe Wuhangshan and

Jinxian groups in the Dalian area (southern Liaoning Province).

2.2.1. Huaibei Group (Huaibei area) and sampled sections

TheHuaibeiareais located at the southeasern marginof the North China
Craton(NCC)geographicallyn the northern partsof JiangswandAnhuiprovinces
(Figure2.1:B. Theareaisabout100kmwestof the TanchengLujiang(or TanLu)
FaultZoneand adjacentto the southwesternend of the Sulu Belt (SeeFig2.1:
A).

The Huaibei Groupefers to the Neoproterozoic ahPaleozoic strata dhe
Huaibei regionThegroup overlies metamorphic basementtbie Taishan Group
which is possibly Archaeann age (Cao and Yin 20)1and consists of 13
formations, the lower threeof which Jushan, Xingxing and Lang)iegmprise
siliciclastic rockswhich are only poorly expos€¢@ao, Yuan et al. 20p1Forthis
study, we focussedon the 10 overlyingformations, which aredominated by
carbonate lithologes

The sampleswere collectedfrom severaloutcropsthat canbe correlated
using marker beds and descriptiors made by the regional geologicalsurvey
(Wang,Zhanget al. 1984). Thereare 5 sectionsin total (seeFig2.15. Over 500

samples were collected durirtbe three fied trips to the Huaibei regian

2.2.1.1. Samped sections
Zhaowei Section
The Zhaowei sectot oncy Qpn dpQQb 2 wmmmnaHdspsed n dc QQ

quarry in theTongshan district, Xuzhou, Jiandgavince. The section covers the

69



Chapter 2Research areasgeneral introduction and field description

upper part ofthe Jiayuan Formation (242m), thentire Zhaowei Formabn
(631m) and the lower part dhe Niyuan Formation (~400n{frield photoshown

in Fig 217). 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 NiyuanFormation 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.

> .

B Zhaowei Section

e

o

b W

Longshan Section

B

Jinshanzhai Section

Yinjiazhai Section

5 ¥
53

Pingshancun Section

Fig 2.15 Theaerial view ofsampked sections of he Huaibei Group. The coordinas
were recorded duringhe 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: Longshetio&eF: Yinjiazhai Section.

Longshan Section

The Longshan Sectitno o c pn QM dQ Qb X mmMatYugoy TowhQ Q90 A a aaAa

Lingbi County in Anh&rovince. Followinga preliminary visit in 2011, this section
was selected as a major focus of the currstutdy due to its relatively complete
outcrop and easy terrain with relatively few structural complicatidifrseld
photos shown in Fig 2.18.20) From our investigation of the outcropn
subsequent sampling campaigtise sectiorwas seen t@over the topnost beds

of the Niyuan Form#on, the whole Jiudingshan Formation (431m), the whole

Zhangqu Formation (275.2ithe lower part of which is extensively quarried in
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the area,and the very base ahe Weiji Formation (26m)recognized near its
base by a charderistic marker unit, comprising dolosparitic sandston€ke

geological map of the Longshan section is shown in Fig 2.16.
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Fig 2.16 The geological map of the Longshaadion. The longshansection is one ¢
my main samplingareas The red arrow marks thesampling pathup-stratigraphy
that was takenin the field. Adapted from the geologicadurveymap of the region.

Yinjiazhai Section
The Yinjiazhai Sectiano o ¢ p n Qn o Q Q lisEituatesiat Yugomdwva,y Q Q9 0

Lingbi County in Anh#rovince. Although the Zhangqu and Weiji formations are

both quarried at Yinjiazhai, the Zhangqu Formation outcrop is structurally
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complex, and only the Weiji Formation can be sampled in its entirety, although
at relatively low sampling resolutio(815m) (Field photos shown inFig 221).
Samples were not collected from tHewer part of the Weiji Formation much of
which consists ofreenish shaldnere 60m) the dolosparitic sandstone unit,
seen at both Longshan and Yinjiazhai, can be used to correlate theetions.

The top of the Weiji Formation ismostly quarried for itstypical reddish

stromatolites which are used as ornamental stone

Pingshancun Sectiqi®Gouhou Section)
Pingshancun Sectiano o ¢ p @Qn m Q Q lis bcatedatrGounguiownh Q Q 9 0

Langan Gunty in AnhuiProvince. The outcrop covetke stratigraphy from the
upper-middle Wangshan talearlyCambrian Houjiashafand other) brmations.
At this outcrop samples fromthe middle and upper Wangshan Formation
(236.5m) and Jinshanzai Formation (~3@vere collectedField photoshown in

Fig2.22).

Jinshanzhai Section

Theldinshanzhai Sectiano o c pn Qp T QQb Alsolcatedinangan n QQ9 v A a

County. The outcrop covers the top thfe Wangshan Formation, Jinshanzhai
Formation, Gouhou Formation atbujiashan Formation. Samplesm the very
top of the Wangshan Formatiorwere collected here as well as from the
Jinshanzhai and Gouhdarmations (Field photosshown inFig2.23). There is a
very thin layer of conglomerate at the base tbe JinshanzhaFormationand
againat the base ofthe GouhouFormation; these indicate stratigraphic breaks
caused by erosian

Combining the five sections together, samples from most of the Huaibei
Group carbonate facies were collected. There are two sampling gaps gndup:
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 WeijBaishan 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 mking the base of the Shijia Formation are reported at

Lushan section in Bianan, Tongshan Co(Xigo, Shen et al. 2014

2.2.1.2. Carbonate formations dhe Huaibei Group

The Jiayuan Formatioris the lowest formation of the Huaibei Group
carbonate succession. Iteickness varies between sections, from 1:9690m.
The lower Jiayuan Formation is mostly finely grained sandy carbonate, which was
not exposed & Zhaowei SectionThe middleto upper JiayuanFm has thinly
0SRRSR &Sftft2¢gAraK R2f{2a0G2yS |yR of dzS 3IN
NE O(Fig 2.17: g)The uppewpart of the JiayuarFmconsists of thicker beds of
grey dolomitic limestonavith some ayers ofsilty/sandy limestone. The upper
Jiayuan has abundant stromatolite reefnd sand fill cracks/degation cracks
Molar Tooth Structure (MTS) can be observedometimesappearing together
with stromatolites(Fig 2.17: a)The top othe JiayuarFormationconsists of grey
limestone interbeddedvith t KAy 6 SRa 2F Y dzRHAKe adaie.t 2 a0 2y
Microfossilssuch asvlargominuscula jiayuanens¥an, Leiopsophosphaera solia,
Trachysphareridium Paleamorpha punctulata, Bavlinella faveolata (Sclugp) V
Synplaassosphareridiumwere reportedy found. Possible vasehaped
microfossilshave recently been reported from the top of this formatiPkiao et
al., 2014).

The Zhaowei Formationoverlies conformably the top of the Jiayuan
Formation, and may corfate with the Jiuligiao Formation of the Huainan Group.
In Huaibei area, the thickness of the Zhaowei Formation vaeéseen 75 and
475m atdifferent outcrops.At the Zhaowei Section the unit spans about 210m
and consiss mainly of massive limestone imbedded with some dolomite and
silty limestone. Stromatolites are very abundant in the limestone laffégs2.17:
f). The common stromatolites in this unit areluusania, Wuhangshaia
fuxianensis,Conophyon lijiadunensis, Zhaoweiella pilog®&/ang, Zhang et al.
1984), although assigning genus and especially species names to stromatolite
forms is controversialSomestromatolite biohermsoccurwith abundantflake

breccia/ripup intraclastic clastg¢Fig 2.17: b, ¢) Molar Tooth Structurean be

73



Chapter 2Research areasgeneral introduction and field description

found at the base of the Zhaowei Fm (Fig 2.17: d, eRipple marks are often
seenwithin the upper ZhaoweFormation Coccoidal cyanobacteria have been
previously rgorted from the Niyuan Formatior{Yin 1990 as well as the
acritarchs:Margominuscula jiayuanensis Yan, Monilinema quadratucella Yan,
Synplassosphaeridium subcoalilamTiBavlinella faveolata (SchepYidal
Micrhystridium sp.

The Niyuan Formatiorlies conformably on top of the Zhaowei Formation.
The unitconsistof mainlyyellow to brownish, thickly beddedblomiteand ayain
the thickness othe Niyuan Formation variem different sectionsfrom 140to
400m. The formationat zhaowei Section is almost complet&#he amant of
argillaceus material increases upwar{@ang and Walter 1992ntraclastyakin
02 Wo-led& strActured (Fig 2.17:b; Fig 2.20:a; appendix: Fig 1 andr)
stromatolites are often seenin the lower part of the Niyuan Fm The
stromatolites are mostly stratiform and only rarely form small domes or cones
(Cao and Yin 20)1Ripple mark®ccurboth in the lower part and top part this
unit. Chert nodulebecome abundant ithe middle to upper Niyuafm and yield
microfossils (Zangnd Walter, 1992).The top ofthe Niyuan Formation at
Longshan Section is composed of pale ghéyly beddeddolostone with some
layers finely laminate@Fig 2.18: a, b)rhe Niyuan Formatioat Longsharsection
only covers the topmos36.5m.

Conformally overlying the Niyuan Formation is tdaudingshan Formation
The Jiudingshan Formation thickness varies from 147500 m at different
sections.At the Longshan Section, Lingbi County, tbemation isabout 430n
thick. The lower Jiudingshan Formatioansistsmostly of massive to decimeter
beds of limestone (Fig 2.18:c) with interbedd@olomitic andsilty limestone (Fig
2.18: f, g), forminghe typical W T € 2 O1 2 F & KiS &ekdfiptich Is sk O LIS
frequently in Chinese literature for this formah. Molar tooth structures are
abundant in the lower JDS Fm (Fig 2.18: c,d,e,q); other features lip dlasts,
breccia and stylolites were also observed (Fig 2.18: f, h). Banks of stromatolites
occur towards the top of the lower Jiudingshan Formatibig 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 laygusudz sandstone
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(Fig 2.19: c¢) and some sand filled cracks (Fig 2.19: d), which coiddtend
terrestrial influenceThe dolostone bedsf the upperJiudingsharkFormationare
interbedded with limestone bedsand are characterized bgbundant chert
nodules and bandgig 2.19: e, h). Bedding truncations, possible ebeskling,
are apparentat some levelgFig 2.19: c)Molartooth structure continues tobe
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 theformation. Three types aftromatolites are commonly reporteid the
literature: Conophyton, Jurusania and Kussiellaypes (Cao and Yin 20)1
Exceptiondly well preserved, Bitter Sprindggpe coccoidal and filamentous
cyanobacteria are preserved in silicified microbial laminae @adophytonlike
stromatolites of the Jiudingshan Formati@Dai et al., 2012)(Cao et al., 2001
Cao and Yin, 2011; Dai et al., 2012).
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i

Fig 2.17 Field photos from the Zhaowei Section. a: stromatolitduster at the top of

Jiayuan R, close to the boundarywith the Zhaowei (ZW) i®; b. Banboo Leaf
Structures (ntraclastic lreccia) surrounding stromatolite mid-ZW Fn; c. Similar
structure tofigure b at the base of ZW ; d. MTSn lower ZW Fn; e. MTS around the
boundary between ZW and JY forrtians; f. Stromatolitesin lower ZW n; g. Ribbon
carbonate at top JYrR&; h. MTpiercing laminaeat base of ZW .
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Fig 2.18 Field photos of the lower Longshasection. a. Sandy dolostone of the Niyuan
(NY) I (LS1); b. Laminaterkd-stained dolostones of NYrk (LS8); c. théowest MTS
6aSSy | & o yeliké Saxity M d veiNiRyraJiudngshan (JDS)rR(possible
LS13); d. MTS in lower JD8 {£.S19); eW AyA HSCUtting through lamination (LS29);
f. brecciated layer tentative sequence boundary(LS22); g. MTS (LS40); h. Stylglite
(blue arrow)and MTS cutting through lamination (pink arrowjLS42).
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