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ABSTRACT 

As anthropogenic carbon emissions continue to alter global temperatures and 

weathering rates, studies of environmental analogues attempt to predict the pattern of 

subsequent marine redox changes as well as the vulnerability of marine ecosystems. 

One such analogue may take the form of the Triassic–Jurassic boundary interval (~201 

Ma) which has been closely associated with widespread marine de-oxygenation and 

marine mass extinction. However, relatively little is understood about the initiation and 

spatio-temporal progression of marine redox change during this interval, as well as the 

vulnerability of different sub-environments and/or biota to redox changes. This thesis 

has used the elemental and isotopic compositions of marine sediments to reconstruct 

marine redox change on the Tethyan shelf, during the Triassic–Jurassic boundary 

interval, in a bid to further understand the complex nature of marine de-oxygenation 

during an interval of global environmental change. The work undertaken within this 

thesis demonstrates that Triassic–Jurassic marine de-oxygenation on the Tethyan shelf, 

and in the open ocean, coincided with intervals of marine extinction, particularly 

amongst benthic organisms, potentially suggesting causality. This thesis reveals that 

marine redox change on the Tethyan shelf was pulsed in nature and was largely 

preceded by open ocean de-oxygenation, meaning that marine redox change may have 

progressed from the open ocean to marginal marine environments. Mo isotope data 

presented here reveals that sulfidic conditions covered no more than 0.05–0.1% of the 

Late Triassic seafloor and were likely geographically restricted to marginal marine 

environments. However, on the marginal marine Tethyan shelf sulfidic conditions were 

limited spatially in comparison to sedimentary porewater and bottom water de-

oxygenation, which was more widespread. Late Triassic marine redox change is poorly 

correlated to changes in detrital input, weathering, grain size and hydrography on the 

Tethyan shelf potentially suggesting marine redox change being driven by regional 

nutrient changes, stratification, ocean warming or changes to ocean circulation. The 

work undertaken within this thesis therefore advances understanding of redox evolution 

during the Triassic–Jurassic boundary interval as well as its potential role in marine 

extinctions during the ETME. 
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1 INTRODUCTION 

1.1 RECONSTRUCTING MARINE REDOX CHANGE ACROSS THE END TRIASSIC 

MASS EXTINCTION EVENT 

The vast majority of all marine mass extinction events that have occurred over the past 

541Ma are thought to have been caused by marine anoxia [Grice et al., 2005; Kasprak et 

al, 2015; Bond & Grasby, 2017]. This marine anoxia is driven by variations in the global 

carbon cycle which are strongly linked to the extensive output of isotopically light carbon 

produced by large igneous provinces (LIPs) [Rampino & Stothers, 1988; Ruhl et al.,2011; 

Saunders 2016, 2017; Stordal et al., 2017; Ernst & Youbi 2017; Davies et al., 2017; 

Percival et al., 2017; Zaffani et al., 2018; Clapham & Renne, 2019]. The current annual 

output of anthropogenic (human-induced) light carbon is akin to that released in the past 

by LIPs, which raises important questions regarding the effect of anthropogenic carbon 

output on future climate and subsequent marine de-oxygenation [Zeebe et al., 2016].  

Until recently, research on future climate reconstruction and prediction has largely been 

based on the Paleocene–Eocene Thermal Maximum (PETM), a hyperthermal event dated 

to ~56.0 Ma [Dickson et al, 2014; Penman et al., 2016; Carmichael et al., 2017]. The 

intense study of the PETM is predominately due to the geography and ocean circulation 

being regarded as similar during both the Paleocene–Eocene boundary and the present day. 

However, research by Zeebe et al., (2016) interprets that the current rate of anthropogenic 

carbon output is ‘unprecedented during the past 66 Ma’ and exceeds the rate of carbon 

output observed during the PETM. It is therefore pertinent to explore an additional, older 

analogue for future climate perturbation, particularly with regards to understanding 

ongoing changes to marine redox. Such an analogue may take the form of the Triassic–

Jurassic boundary interval and mass extinction event. 
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The Triassic–Jurassic boundary (~201.36 Ma, [Schoene et al., 2010; Wotzlaw et al., 2014]) 

and mass extinction event (~201.56 Ma, [Blackburn et al., 2013]) coincided with the 

emplacement of the most aerially extensive LIP in Earth’s history, the Central Atlantic 

Magmatic Province (CAMP) [Marzoli et al., 1999; Whiteside et al., 2007; Whiteside et al., 

2010; Schoene et al., 2010; Ruhl et al., 2011; Percival et al., 2017; Davies et al., 2017]. 

CAMP volcanism is thought to have persisted for at least 610 Kyr, releasing large 

concentrations of isotopically light carbon into the atmosphere [Marzoli et al., 2004; 

Whiteside et al., 2007; Schaller et al., 2012]. The presence of isotopically light volcanic 

emissions is supported through negative shifts in isotopic carbon (organic1, compound 

specific and inorganic carbonate) of up to 8‰, within late Triassic sediments [Pálfy et al., 

2001; Hesselbo et al., 2002; Ruhl et al., 2009; Whiteside et al., 2010; Ruhl et al., 2010; 

Ruhl & Kürschner, 2011; Ruhl et al., 2011; Zaffani et al., 2018; Korte et al., 2019; Ruhl et 

al., 2020]. It is believed that subsequent environmental perturbation resulted in ocean 

acidification, marine de-oxygenation, and the eventual pulsed mass extinction of numerous 

marine animal groups during the Late Triassic and Early Jurassic [Raup & Sepkoski, 1982; 

Tanner et al., 2004; Wignall & Bond, 2008; McRoberts et al., 2012; Richoz et al., 2012; 

Greene et al., 2012; Kasprak et al., 2015; Wignall & Atkinson, 2020].  

1.2 AIMS AND RESEARCH QUESTIONS OF THIS THESIS 

The aim of this research is to quantify spatio-temporal, marine de-oxygenation, as a result 

of environmental perturbation during the Triassic–Jurassic boundary interval and 

extinction event. In order to quantifying Triassic–Jurassic marine redox change this thesis 

will use elemental and isotopic geochemical data to answer the following research 

 
1 Recent work by Fox et al., (2020, 2022a) alternatively attributes a negative shift in isotopic organic carbon 

from the Bristol Channel Basin to regional sea level change and subsequent microbial activity as well as 

reworking of organic deposits. 
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questions: Questions i) ‘When did marine redox change initiate during the ETME?’, ii) ‘How did 

marine redox progress spatio-temporally during the ETME?’, iii) ‘How prevalent was de-

oxygenation in the deep ocean during the ETME?’ iv) ‘What were the drivers of marine redox 

change during the ETME?’, v) ‘To what extent was marine redox change a driver of extinction 

during the ETME?’ 

  

1.3 THESIS OUTLINE 

To answer the research questions posed above, and fulfil the aim of this thesis:  

Chapter 2 uses literature to evaluate the severity of the Triassic–Jurassic boundary mass 

extinction event, as well as the key marine organisms undergoing extinction. FAD and 

LAD of organisms which define the extinction horizon and the Triassic–Jurassic boundary 

at the GSSP are also discussed. Additional lines of evidence from literature are then 

analysed, alongside extinction selectivity, to list the potential causes of the mass extinction.  

Chapter 3 uses literature to describe the key geochemical methods that have been used for 

palaeo-environmental reconstruction throughout this thesis (including palaeo-redox, 

palaeo-weathering and palaeo-hydrographic proxies).  

Chapter 4 discusses the materials studied for this thesis. Including their origin, geological 

context, stratigraphy, collection, and nature.  

Chapter 5 describes the geochemical methods used to digest, process and measure 

elemental concentrations and isotopic compositions of samples for this thesis. 
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Chapter 6 studies fine-scale redox changes from the expanded GSSP candidate section at 

Larne, through detailed study of the Carnduff-2 core, and determines the relationship 

between small changes in basin oxygenation and marine biodiversity. 

Chapter 7 analyses molybdenum isotope data from N. Ireland (Carnduff-2) and Germany 

(Schandelah-1, Hebelermeer-2) in order to determine global vs. local scale redox changes 

through the mass extinction interval.  

Chapter 8 analyses element/calcium (X/Ca) data from Hungary (Csővár Vár-hegy) in order 

to reconstruct open ocean redox conditions through the Triassic–Jurassic boundary interval 

mass extinction event. 

Chapter 9 analyses both minor and major elemental concentration data from sites 

throughout Europe, including: the Carnduff-2 core, Somerset-1 core, Somerset-2 core, 

Prees-2c core, Schandelah-1 core and Hebelermeer-2 core in order to identify regional 

controls on redox change and widespread redox pulses on the Tethyan shelf.  

Chapter 10 will further discuss the data presented within this thesis as well as critically 

evaluating the interpretation of the data and discussing potential future studies.  

Chapter 11 will conclude the key findings of this thesis. 

Due to the multidisciplinary focus of this thesis (palaeontology, geochemistry, 

sedimentology, stratigraphy) a glossary has been included at the end of this thesis to clarify 

the definitions of subject specific terminologies and abbreviations. 
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2 THE END TRIASSIC MASS EXTINCTION EVENT 

Scientists have been fascinated by the extinction of life, like that observed during the Late 

Triassic, for centuries [Cuvier 1831; Lyell, 1830; Darwin, 1859; Simpson, 1944]. Yet, 

despite mass extinction events being widely accepted as fact within the scientific 

community today, this wasn’t the case merely 200 years ago.  

2.1 EARLY THEORIES ON EXTINCTION 

Theories about extinction were first proposed by Baron Georges Cuvier, during the early 

19th century [Cuvier 1800, 1818, 1827] (Fig. 1A). Cuvier theorised that many now-extinct 

organisms had been wiped out by catastrophic events or “revolutions”; termed 

‘catastrophism’ by Cuvier [Cuvier, 1831; Newell, 1967; Rudwick, 1972]. One such extinct 

group includes the mastodon (genus Mammut) which Cuvier had previously described in 

Memoirs on living and extinct elephant species in 1800 (Fig. 1D–1F). Cuvier’s collective 

theories on extinction were detailed in his work Essay on the Theory of the Earth, which 

was published in 1813. However, Cuvier (1813)’s theories were strongly opposed, 

particularly by the church, due to the concept of extinction directly conflicting with the 

‘sanctity of life’. 

Certain researchers consequently favoured the notion that life had not abruptly disappeared 

but rather had failed to be preserved; That life, much like geological landforms, gradually 

changes through ‘steady-state’ processes over protracted periods of time [Lyell, 1830]. 

This was part of a geological principle known as gradualism or ‘uniformitarianism’, which 

was first theorised by James Hutton (1788) and popularised by Sir Charles Lyell (1830) 
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(Fig. 1B). Uniformitarianism was seen as the answer to catastrophism by researchers of 

faith.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1:- Leading figures in the debate of catastrophism vs gradualism. A) A portrait drawing of 

Baron Georges Cuvier (see references); founding father of catastrophism [Cuvier 1800, 1813], B) 

A portrait drawing of Sir Charles Lyell (Smalley, 2020); author of ‘Principles of Geology’ and 

advocate of gradualism [Lyell, 1830], C) A portrait photograph of Sir Charles Darwin (see 

references); author of ‘On the Origin of Species’ and founding father of evolution [Darwin, 1859], 

D–G) Cuvier’s illustrations of mammoth teeth (all), jaw (E, F), and skull morphologies (D) from 

Cuvier (1800). 
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It is through the influence of uniformitarianism that Charles Darwin postulated his work 

‘On the Origin of Species’ in 1859 (Fig. 1C). Darwin, like Lyell, rejected Cuvier’s theory 

that life could disappear in large-scale, catastrophic events and also believed that the 

transition of life was gradual [Darwin, 1859, p. 345]. Uniformitarianism continued to 

gather widespread acceptance during the latter part of the 19th century and the early 20th 

century. This subsequently made the acceptance of catastrophism difficult, particularly 

given the insufficient evidence.  

2.2 THE RISE OF CATASTROPHISM 

However, in 1923, research by J Harlen Bretz described the occurrence of kilometre-sized 

channel structures from the U.S. state of Washington. Bretz, (1923) coined the term 

‘scablands’ to describe the topography and interpreted that the structures were formed by 

cataclysmic flooding during the Last Glacial Maximum. Bretz (1923)’s revolutionary ideas 

directly contradicted uniformitarianism and were met with considerable resistance yet were 

finally accepted almost 40 years later. 

As the evidence for mass extinctions and catastrophism continued to develop during the 

20th century, research studies began to focus on the potential causes of extinction. This 

included research by Louis and Walter Alvarez who interpreted that a large meteor/bolide 

impact may have caused the extinction of non-avian dinosaurs [Alvarez et al., 1980].  

Alvarez et al., (1980)’s monumental theory was rapidly followed by iconic extinction 

studies by David Raup and Jack Sepkoski during the 1980s, focussing on large 

palaeontological datasets of marine shelly fauna [Raup & Sepkoski, 1982, 1986; Sepkoski 

& Raup, 1986; Sepkoski, 1989]. Raup and Sepkoski, (1982) identified four major mass 

extinction events at the end of the Ordovician, Permian, Triassic, and Cretaceous periods, 

as well as a less well supported fifth mass extinction during the end-Devonian. Raup and 
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Sepkoski (1982, 1986)’s datasets are still widely studied today, and the major Phanerozoic 

mass extinction events they identified 40 years ago have yet to be added to. 

In 1988, Michael Rampino and Richard Stothers began to research the occurrence of Large 

Igneous Provinces (LIPs) over the past 250 million years [Rampino and Stothers, 1988]. 

Rampino and Stothers, (1988) discovered 11 distinct provinces, 9 of which directly 

correlated with marine mass extinction events. These included 2 of the major mass 

extinctions identified by Raup and Sepkoski, (1982); the end-Triassic and end-Cretaceous 

mass extinctions. Rampino and Stothers, (1988)’s discoveries initiated the theory that LIPs 

release large concentrations of greenhouse gases, resulting in global climate change, and 

the subsequent extinction of vulnerable organisms. LIPs remain the leading theory 

regarding the initiation of mass extinction events.  

Raup & Sepkoski, (1982) and Rampino & Stothers, (1988)’s pioneering studies have 

contributed significantly to the currently accepted theory that uniformitarianism and 

catastrophism operate conjunctively. 

The next section will clarify the currently accepted definition of a mass extinction event 

before focusing specifically on the Triassic–Jurassic boundary interval mass extinction 

event. The chapter will discuss the severity of the event, as well as its early study and the 

main groups of marine life which are known to have been affected, including those which 

define the extinction horizon at the GSSP. The chapter will then go on to discuss the 

potential causes of the mass extinction.  
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2.3 THE END- TRIASSIC MARINE MASS EXTINCTION EVENT 

2.3.1 A brief introduction to mass extinction events: An extinction event is defined by the 

widespread and rapid disappearance, or reduction, of a globally distributed group of 

organisms and is dated through their last appearances (LAD) [Whiteside & Grice, 2016; 

Bond, 2018]. If such organisms undergoing extinction are higher taxa, which typically 

include both marine and terrestrial species, then this is defined as a ‘mass extinction event’ 

[Sepkoski, 1986; Whiteside & Grice, 2016]. Multiple mass extinction events have 

punctuated Earth’s history, throughout the past 4.56 Ga, with five major mass extinctions 

known to have occurred throughout the Phanerozoic Eon (541Ma- Present) [Raup & 

Sepkoski, 1982; Melott & Bambach, 2014; Bond & Grasby, 2017]. One such extinction is 

the Triassic–Jurassic boundary interval extinction event. The Triassic–Jurassic boundary 

interval mass extinction event, also referred to in literature as the Rhaetian, Norian, 

Triassic–Jurassic and late/end Triassic mass extinction, occurred ~201.56 Ma [Blackburn 

et al., 2013] ~200 ka prior to the Triassic–Jurassic boundary (~201.36 Ma, [Schoene et al., 

2010; Wotzlaw et al., 2014]) and only ~50 Ma after the largest known mass extinction 

event in Earth’s history (the end-Permian mass extinction event). 

2.3.2 Nomenclature of Late Triassic marine extinctions within this thesis: As alluded to 

within the previous section (2.3.1) there are a range of terminologies associated with Late 

Triassic extinctions. This partly stems from the Triassic–Jurassic boundary interval mass 

extinction event consisting of multiple pulses of extinction during the Norian and Rhaetian 

stages [Benton 1986; Wignall & Atkinson, 2020]. However, in spite of this, there are also 

inconsistencies regarding the nomenclature of the overarching event. Whilst some 

publications have adopted the title of ‘Triassic–Jurassic mass-extinction event’ [Olsen et 

al., 2003; Ward et al., 2004; Whiteside et al., 2007; Ritterbush et al., 2014; Allen et al., 
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2018], others have used ‘Late Triassic mass-extinction’ [Benton 1986; Dunhill et al., 

2018],  or ‘Late Triassic extinction event’ [Sephton et al., 2002; Mander et al., 2008; 

Onoue et al., 2016]. Meanwhile several publications use a more informal style whilst 

acknowledging the presence of multiple pulses of extinction (e.g., ‘Late Triassic Extinction 

Events’ [Lucas & Tanner, 2004; Ward et al., 2004] or ‘Late Triassic extinctions’ [Benton, 

1993a; Fowell et al., 1994; Tanner et al., 2004; Onoue et al., 2012] ). Although some of 

these terminologies may refer to a specific resolution or focus during the Late Triassic, 

many are redundant and have not been used consistently within recent years.  

Regardless of the various phrasings which have been used for this event over the years,  

many recent and leading publications have adopted the terminology ‘end-Triassic mass 

extinction’ [Schoene et al., 2010; Ruhl et al., 2011; Richoz et al., 2012; Hautmann, 2012; 

Ritterbush et al., 2015; Thibodeau et al., 2016; Davies et al., 2017; Percival et al., 2017; 

Lindström et al., 2019; Drukenmiller et al., 2020; Ruhl et al., 2020; Wignall & Atkinson, 

2020; He et al., 2020, 2022a; Beith et al., 2021; Fox et al., 2020, 2022b]. Despite not 

being in-keeping with the international stratigraphic framework this terminology has 

proven persistent over the past decade; ‘end-Triassic mass extinction’, here in referred to 

as the ETME, has therefore been adopted for the remainder of this thesis and is considered 

here to be synonymous with all previous terminologies. This phrasing is also endorsed here 

for use in future research of Late Triassic extinctions. 

2.3.3 The identification of a suitable horizon to define the main phase of the end-

Triassic mass extinction 

As the ETME is defined by multiple phases of extinction across numerous sections that are 

not necessarily represented ubiquitously this thesis has instead focussed on a significant 

pulse of the event from a key section and has considered this pulse to represent the main 
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phase of the ETME. This thesis uses the main phase of extinction at the basal Hettangian 

Global Stratotype Section and Point (GSSP), discussed in more detailed within 2.3.5.1, as 

being equivalent to the main extinction interval. The main phase of the ETME at the GSSP 

may be correlated to other sections through the use of carbon isotope stratigraphy as it 

coincides with a prominent negative carbon isotope excursion. [Ruhl et al., 2009, 2010] 

and is considered by some recent studies to also coincide with the significant 

disappearance of marine fauna from other Triassic–Jurassic marine sections, potentially 

representing a broadly ubiquitous main phase of the ETME [Wignall & Atkinson, 2020]. 

This interval will be referred to herein as ETME (Main interval) where possible in order to 

differentiate from the overarching event (ETME). 

2.3.4 Severity of the end-Triassic mass extinction event: The end-Triassic mass extinction 

event, herein referred to as the ETME, witnessed the extinction of ~76% of all species and 

~12% of all families [Raup & Sepkoski, 1982; Raup, 1992]. This comprised a 63% 

reduction in global diversity of marine invertebrates as well as the disappearance of ~45% 

of all continental tetrapod families [Olsen et al., 1987; Alroy et al., 2008]. The ETME has 

been interpreted by multiple studies as being similar in intensity to the End-Cretaceous 

mass extinction event (ECME) [Raup & Sepkoski, 1982, 1986; Sepkoski & Raup 1986; 

Benton, 1995; Sepkoski, 1989, 1996, 2002; Foote, 2003, 2007; McGhee et al., 2004; Bond 

& Grasby, 2017] and is considered by some authors to be the second largest mass 

extinction event in Earth’s history, behind the End-Permian event (EPME) [Foote, 2003, 

2007; Peters, 2008; Alroy, 2010]. The ETME is ranked as the third most severe extinction, 

behind the EPME and ECME, by McGhee et al., (2004, 2013) and Sepkoski (1996) in 

terms of ecological severity and percentage genus extinction, and the fourth most severe, 

behind the EPME, End Devonian (EDME) and End Ordovician (EOME) mass extinctions, 

by Benton, (1995) and Sepkoski, (1982) based on familial diversity loss. Bambach & 
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Knoll, (2001) and Hallam & Wignall (1997) similarly rank the ETME as the fourth most 

severe mass extinction, behind the EPME, ECME and EOME, based on the extinction rate 

of marine genera and extinction intensity.  

 2.3.4.1 Low origination rates and the interpreted ‘absence of a major 

extinction’ during the Rhaetian (latest Triassic): Studies by Hallam, (2002) and 

Bambach et al., (2004) conclude that despite the ETME having thought to be of equal 

intensity to the ECME, diversity loss was maximised across the ETME by falling 

origination rates as opposed to increasing rates of extinction [McRoberts et al., 1995]. It is 

for this reason that Bambach et al., (2004) rank the ETME as only the fifth largest mass 

extinction event, based on the extinction rate of marine genera, and Hallam, (2002) 

evaluate there to be insufficient evidence for a major extinction at the Triassic–Jurassic 

boundary. Bambach et al., (2004) further state that the ETME should be removed as one of 

the ‘Big Five’ and are in favour of re-establishing the EPME, EOME and ECME as the 

‘Big Three’ on the basis of being the only three mass extinction events with a diversity loss 

of >20% [Melott & Bambach, 2014]. Bambach et al., (2004)’s other main objection with 

the ETME is that ‘extinction rates are insufficient to explain the high diversity depletions 

at these times’ however they equally do not refute the possibility of a pulsed turnover.  

In light of controversy regarding origination rates, studies by Michael Foote (2003, 2005, 

2007) re-analysed Sepkoski’s (1996, 2002) data through an optimised extinction model. 

Foote’s (2003, 2005, 2007) optimised extinction model does not use LAD of organisms as 

proxies for extinction but instead takes into consideration incompleteness of sampling and 

origination through pulsed turnover. Rates of sampling, origination and extinction are 

simultaneously estimated from first (FAD) and last appearances (LAD) and are quantified 

to produce an optimised rate of extinction across geological intervals. Foote’s (2003, 2005, 
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2007) studies conclude that rates of origination, when corrected for pulsed turnover and 

incomplete sampling, were increasing throughout the Triassic, matching rates during the 

Late Permian (EPME) and Late Cretaceous (ECME) by the Lower to Mid-Triassic. These 

results support Alroy et al., (2008)’s interpretation that biological recovery following the 

EPME was very rapid and conflict with interpretations by Bambach et al., (2004) and 

Hallam, (2002) regarding falling origination rates throughout the Triassic period.  

Research by Michael Foote (2003, 2005 2007) was furthered by John Alroy (2008) who 

plotted rates of both detrended origination and extinction throughout the Phanerozoic and 

concluded that the ETME represents one of the three largest mass extinction events in 

geological history. This was despite concerns expressed by Alroy (2008) regarding Foote 

(2007)’s use of turnover proportions in favour of continuous time rates. Alroy (2010) 

further developed his model through the use of three-timer extinction rates and through 

plotting log ratios between three-timer extinction rates and extinction rates from Foote 

(1999, 2000). Alroy (2010) came to the same conclusion as within his previous research 

[Alroy, 2008] affirming the status of the ETME as one of the three largest mass extinction 

events.  

Subsequent work by Alroy (2014) questioned sampling methods used by Foote (2007) 

within his model. Particularly the use of boundary-crosser rate equations in favour of both 

gap-filler and part-timer rate equations. Alroy (2014) accordingly produced a newly 

revised model for Phanerozoic diversity changes which adopted both gap-filler and three-

timer rate equations. Alroy (2014)’s revised model once again confirmed the position of 

the ETME within the Big Five, and as the second most severe mass extinction event within 

geological history.  
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 2.3.4.2 A revised severity ranking for the big five Phanerozoic mass 

extinctions: In order to further account for the uncertainties and biases addressed by 

Hallam (2002), Bambach et al., (2004) and Alroy (2008, 2014) a multi-disciplinary dataset 

consisting of both qualitative and quantitative parameters, has been compiled for this thesis 

(Appendix 1). Data for extinction rate [Foote 2005, 2007; Peters, 2008], ecological 

severity [Bambach & Knoll, 2001; McGhee et al., 2004, 2013], familial diversity loss 

[Benton 1995, Sepkoski 1982], percentage genus extinction [Bambach et al., 2004; 

Sepkoski, 1996] as well as extinction intensity [Hallam & Wignall, 1997] and three-timer 

extinction probability [Alroy, 2010] have been collated and ranked for each of the ‘Big 

Five’ mass extinction events (see Appendix 1). Each of the ‘Big Five’ mass extinction 

events has then been given a score for each parameter depending on its relative ranking. 

The scores have been totalled and averaged to produce a final score which has then been 

ordered numerically relative to the other mass extinctions (Fig. 2). This multi-disciplinary 

method establishes the EPME as the most significant mass extinction followed jointly by 

the ETME and EOME, then the EDME and finally the ECME (Fig. 2). Furthermore, this 

approach establishes the ETME as not only firmly sitting within the big five, but also 

corroborates Alroy (2014) that the ETME is the (joint) second largest mass extinction 

event in geological history.  
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Figure 2:-  A revised severity ranking for the ‘Big Five’ Phanerozoic mass extinction 

events via a series of quantitative and qualitative characters. Familial diversity loss (%) 

(left-hand axis, red crosses) from Benton, 1995; Sepkoski, 1982, genus extinction (%) 

(right hand axis, unfilled circles) from Bambach et al., 2004; Sepkoski, 1996, ecological 

severity ranking (ESR) (smaller y-axis, indicated through height of coloured bars) from 

Bambach & Knoll, 2001; McGhee et al., 2004, 2013, per-capita extinction rate(s) (values 

above genus extinction (%) points, see key on figure) from Foote, 2007; Peters 2008, 

revised severity ranking indicated through width and colour of bars (see key on figure). 

Geological time windows on x-axis from Peters (2008). Where values are from more than 

one source then averaged (quantitative data) or modal values (qualitative data) are used. 

Refer to individual publications for degree of error on values. O = Ordovician, S = 

Silurian, D = Devonian, C = Carboniferous, P = Permian, T = Triassic, J = Jurassic, K = 

Cretaceous, Pg = Paleogene, Ng = Neogene.  

 

2.3.5 Faunal turnover and marine extinction during the Late Triassic: Which studies 

first identified the presence of an extinction event around the Triassic–Jurassic boundary 

interval, herein referred to as the TJB, are not known. However, one potential candidate 

includes research by the ‘founding father’ of extinction events, Baron Georges Cuvier. 

Early nineteenth century biostratigraphic studies by Cuvier and Alexandre Brongniart of 

the Paris Basin were some of the first through the TJB [Cuvier, 1831; Cuvier & 

Brongniart, 1808, 1811, 1822]. 

Following a resistance from catastrophism after Cuvier’s death, subsequent studies of 

revolutions at the TJB were infrequent until the mid-twentieth century. Research by Edwin 

Colbert (1949, 1958) conceptualised a substantial extinction of terrestrial tetrapods near 

the TJB, with subsequent work by Norman Newell (1963) supporting Colbert (1958)’s 

interpretation. Newell (1963) believed that both reptile and amphibian groups were 

replaced by dinosaurs at the ETME. Newell (1963) also identified a major extinction 
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within Late Triassic ammonites recording 24 out of 25 ammonoid families to have 

disappeared gradually throughout the Late Triassic. Newell (1963)’s studies on mass 

extinction events, including the ETME, lead to the interpretation that extinction events 

were not instantaneous, as described by Cuvier, but more gradual and persist over 

hundreds of thousands of years. However, the majority of Newell (1963)’s extinction 

figures lacked any explicit quantitative documentation [Tanner et al., 2004].  

A more detailed study of diversity change within marine invertebrates across the TJB was 

undertaken by Charles Pitrat, (1970). Pitrat (1970) estimated that 103 families of marine 

invertebrates underwent extinction throughout the Late Triassic and that a further 175 

families persisted through to the Jurassic [Tanner et al., 2004]. Pitrat (1970) interpreted 

that ~20% of 300 existing families underwent extinction throughout the ETME [Tanner et 

al., 2004]. Pitrat (1970) supported Newell (1963) in that cephalopods were severely 

affected by environmental changes at the ETME (31 families extinct throughout the Late 

Triassic). However, Pitrat (1970) also identified disappearances amongst marine reptiles (7 

families extinct), gastropods (6 families extinct), bivalves (6 families extinct) and 

articulated brachiopods (5 families extinct) throughout the Late Triassic.  

Detailed studies, such as those undertaken by Pitrat (1970), will have contributed towards 

David Raup and Jack Sepkoski’s renowned studies of Phanerozoic extinction (see 2.2). 

Raup & Sepkoski (1982) estimate that ~12% of all families underwent extinction across 

the ETME and later work by Raup (1992) quantifies species level extinction at ~76%. A 

further study by Sepkoski (1996) estimates that ~40% of marine, non-singleton genera 

underwent extinction during the ETME, this value was corrected to ~30% by Kiessling et 

al., (2007) who also quantified a ~40% extinction of benthic taxa.  
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Numerous groups were evidently affected by environmental changes occurring in the lead 

up to the TJB. The following section provides further detail on the key faunal turnovers 

that define both the ETME and TJB with a specific focus on the GSSP. The section also 

discusses the key groups of marine life undergoing extinction at the ETME, as well as to 

what extent marine organisms were affected by Late Triassic environmental perturbations. 

Extinction selectivity is also used to interpret causes of extinction, which are further 

discussed within the next sub-chapter (2.3.5).  

 2.3.5.1 Faunal turnover and the biostratigraphic definition of the latest 

Triassic at the GSSP: Until relatively recently the TJB remained one of the last Period 

boundaries yet to have an allocated GSSP [Ruhl 2010; Hillebrandt et al. 2013]. Prior to the 

allocation of a GSSP for the base of the Jurassic Period, numerous sections had been 

proposed as GSSP candidate sections [Hillebrandt et al. 2013]. These included Kuhjoch 

(Austria) [Hillebrandt et al. 2007; Hillebrandt et al. 2013], Kunga Island (British 

Columbia, Canada) [Carter & Tipper, 1999; Ward et al. 2001; Ward et al., 2004; 

Longridge et al. 2007a, 2007b], New York Canyon (Nevada, USA) [Taylor et al. 1983; 

Guex 1995; Guex et al. 1997; Guex et al., 2003; Guex et al. 2004; Ward et al. 2007; 

McRoberts et al. 2007; Lucas et al., 2007], Waterloo Bay (Larne, Northern Ireland) 

[Simms & Jeram, 2007] and St. Audrie’s Bay (Somerset, England) [Warrington et al. 

1994; Hesselbo et al. 2002; Hesselbo et al. 2004; Page, 2005]. The GSSP was finally 

ratified by the International Commission on Stratigraphy (ICS) in 2010, as being located at 

the Kuhjoch Section in Austria [Hillebrandt et al. 2013] (Fig. 3). However, detailed 

biostratigraphic studies of the Rhaetian- Hettangian boundary had already begun at least 26 

years previously [Taylor et al., 1983]. This prolonged length of time questions the cause 

for such a delay in defining the GSSP. 
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The difficulties with correlating marine and terrestrial Triassic–Jurassic sections: Despite 

numerous research studies having recorded the ETME from both marine and terrestrial 

organisms (see beginning of 2.3.4), researchers had yet to correlate Late Triassic pulses of 

marine and terrestrial extinction [Olsen et al. 1990; Fowell et al. 1994]. This was partly 

due to difficulties of accurately correlating marine and continental sections, but also the 

absence of fine scale biostratigraphy for many marine sections [Olsen et al. 1990]. Early 

work correlating marine and continental boundary sections was undertaken by Hesselbo et 

al. (2002), through the use of carbon isotope stratigraphy, with later studies using 

magnetostratigraphy [Krystyn et al., 2002; Gallet et al., 2003; Channell et al., 2003; 

Hounslow et al., 2004; Muttoni et al., 2004; Gallet et al., 2007], and more recent research 

using both magnetostratigraphy and carbon isotope stratigraphy [Muttoni et al., 2010; 

Whiteside et al. 2010; Lucas et al. 2011; Dal Corso et al., 2014]. Although, it is only 

through the study of Upper Triassic palynostratigraphy and diagnostic marine fauna, in 

hand with carbon isotope stratigraphy, that marine and terrestrial extinctions have started 

to be correlated [Kuerschner et al. 2007; Götz et al. 2009]. It should be noted that these 

studies have only successfully correlated pulses of marine and terrestrial extinction at a 

regional scale. Global scale correlation of Late Triassic, marine and terrestrial extinction 

pulses has yet to be widely achieved. In spite of this, at least one study has successfully 

correlated the Late Triassic extinction of spores and pollen between marine and terrestrial 

sites on a global scale [Whiteside et al. 2007].      
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Figure 3:- Basal Hettangian GSSP candidate sites, and sites from this thesis, plotted against 

Triassic–Jurassic palaeogeography. 1) Kuhjoch Section, Tyrol, Austria, 2) St. Audrie’s Bay, 

Somerset, England 3) Cheshire Basin, England 4) Larne Basin, County Antrim, Northern Ireland, 

5) Lower Saxony Basin, Germany, 6) Germanic Basin, Germany, 7) Csővár Basin, Hungary, 8) 

Kunga Island, Queen Charlotte Islands, British Columbia, Canada, 9)- New York Canyon, Nevada, 

USA. Stars represent Hettangian GSSP candidate sites. Circles represent non-GSSP candidate sites. 

Red symbols represent sites studied in this thesis. Yellow symbols represent sites not studied here. 

Darker outline = basal Hettangian GSSP. N.- Neotethys Ocean, P.- Panthalassa Ocean. Late 

Triassic palaeogeography from Al-Suwaidi et al., (2016) and Korte et al., (2019).  

 

The difficulties with correlating different marine Triassic–Jurassic sections: There have 

also been problems with correlating different marine TJB sections. This is partly due to the 

catastrophic effects that the ETME had on traditional biostratigraphic fossil groups 

[Lindström et al. 2017], as well as the absence of ammonites within northwestern Europe 

during the latest Triassic [Bloos & Page, 2000; Hesselbo et al., 2002]. Detailed studies 

have therefore been undertaken to better understand the stratigraphy of marine Triassic–

Jurassic boundary sections, as well as correlating marine TJB sections through a 
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combination of palynology, carbon isotope stratigraphy, radiometric dating and ammonite 

biostratigraphy [Guex et al., 2004; Galli et al., 2005; Galli et al., 2007; Ruhl et al., 2009; 

Clemence et al., 2010; Bonis et al., 2010; Ruhl & Kürschner, 2011; Črne et al., 2011; 

Bachan et al., 2012; Lindström et al., 2012; Al-Suwaidi et al., 2016; Honig et al., 2016; 

Lindström et al. 2017; Yager et al., 2017; Todaro et al., 2018; Zaffani et al., 2018; Rigo et 

al., 2020; Ruhl et al., 2020]. 

Faunal turnover(s) and extinction at the GSSP: It is only upon the detailed stratigraphic 

study and correlation of numerous continental and marine TJB sites that a GSSP could 

finally be ratified in 2010 and inaugurated in 2011 [Morton, 2012; Hillebrandt et al. 2013]. 

This brief section of the thesis details the extinctions and turnovers which characterise the 

biostratigraphy of the GSSP and resulted in its selection as the basal Jurassic type locality. 

 Ammonites- The TJB at the GSSP is defined by the first appearance (FAD) of 

Lower Jurassic ammonite Psiloceras spelae tirolicum within the Kendlbach Formation 

[Hillebrandt & Krystyn, 2009] (Fig. 4). The appearance of P. spelae tirolicum is followed 

by the appearance of P. ex. gr. P. tilmanni (~9m) and P cf. pacificum (~13m) and preceded 

by the disappearance (LAD) of Upper Triassic ammonite Choristoceras marshi (0m) 

within the Kössen Formation (Fig. 4) [Hillebrandt et al., 2007; Hillebrandt & Krystyn, 

2009; Hillebrandt et al., 2013]. The LAD of C. marshi at the GSSP marks the lower 

boundary of the ETME (Fig. 4). 

 Conodonts- Conodonts occur commonly within the Kössen Formation with the last 

known conodont being the Triassic Misikella ultima [Hillebrandt et al., 2013]. Conodonts 

from the GSSP undergo extinction at the ETME and are therefore absent within the 

overlying Kendlbach Formation (Fig. 4) [Du et al., 2020]. 
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 Ostracods- The Late Triassic ostracod species Lobobairdia triassic, Nodobairdia 

alpina and Torohealdia amphiscrassa last appear within the Kössen Formation, directly 

below the ETME interval (0m)  (Fig. 4) [Hillebrandt et al. 2013]. The FAD of ostracod 

species Eucytherua n. sp within the lower Kendlbach Fm. (~4m), marks the latest Triassic, 

being found ~2 metres below the TJB (Fig. 4). The FAD of ostracod species Nanacythere 

paracostata subsequently marks the Jurassic Period, being found ~4 metres above the TJB 

(Fig. 4).   

 Foraminifera- The stratigraphic range of foraminiferan genus Praegubkinella is the 

next highest resolution biomarker for locating the boundary horizon after the FAD of P. 

spelae tirolicum. The FAD of Praegubkinella turgescens is ~0.5m below the TJB and its 

LAD is ~1.5 metres above the TJB. The FAD of the genus Reinholdella marks the Jurassic 

Period, ~2m above the TJB (Fig. 4) [Hillebrandt et al., 2013]. 

 Palynomorphs- The lower boundary of the ETME at Kuhjoch is defined by the 

LAD of palynomorph Rhaetipollis germanicus [Hillebrandt et al., 2013] (Fig. 4). The 

FAD of palynomorph Cerebropollenites thiergartii is ~3m below the TJB at Kuhjoch 

[Hillebrandt et al., 2013] (Fig. 4). 

 Dinoflagellates- The Triassic dinoflagellate Rhaetogonyaulax rhaetica is present 

within the Kössen Fm. at Kuhjoch alongside Dapcodinium priscum. Dinoflagellate cysts 

become rare through the ETME interval and Rhaetogonyaulax rhaetica disappears entirely 

as is also observed at other TJB sections (Fig. 4) [Hesselbo et al., 2002; Hillebrandt et al., 

2013; Boomer et al., 2021].  

Figure 4 (below):- Biostratigraphic characterisation of the basal Jurassic GSSP, Kuhjoch Section, 

Tyrol, Austria. Stratigraphic data from Hillebrandt et al., 2013. Dates for the TJB and ETME from 

Blackburn et al., 2013 and Wotzlaw et al., 2014. ETME- end-Triassic mass extinction, TJB- 

Triassic- Jurassic Boundary. 
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 2.3.5.2 The definition of the Triassic–Jurassic boundary interval adopted 

within this thesis: The definition of the Triassic–Jurassic boundary interval within this 

thesis partly follows that of Hillebrandt et al.., (2013) and considers the basal Jurassic to 

be primarily defined by the first appearance of ammonite P. spelae (Fig. 4). However, 

there exist some caveats with this method of stratigraphic definition which should be listed 

and resolved here. Firstly, the ammonite P. spelae, of the Tilmanni Zone, does not appear 

ubiquitously during the basal Jurassic and has only been identified from a select few, albeit 

geographically extensive, sections [Guex et al., 2004; Schoene et al., 2010; Hillebrandt et 

al., 2013; Lindström et al., 2017]. Within other Triassic–Jurassic boundary sections the 
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first Jurassic ammonite appearance is marked by the appearance of P. erugatum (Somerset, 

UK; Larne, Northern Ireland) and P. cf. tilmanni (Rodby, Denmark) of the Tilmanni Zone 

[Lindström et al., 2017]. Where an erosional hiatus is thought to exist the first Jurassic 

ammonite is marked by the appearance of Caloceras johnstoni (Mingolsheim, Germany) 

and Neophyllites imitans (Schandelah, Germany) of the Planorbis Zone [Lindström et al., 

2017]. Within this thesis P. spelae has been used to define the Triassic–Jurassic boundary 

interval at the GSSP. Given that P. spelae has not been recorded for any of the other 

Tethyan study sections, based on published records, here the Triassic–Jurassic boundary 

interval has been tenuously identified through the first common occurrence of 

palynomorph Pinuspollenites minimus. P. minimus has proven to be an effective biomarker 

for the basal Jurassic based on recent studies [Lindström et al., 2015; Lindström et al., 

2017; Barth et al., 2018; Bos et al., 2023]. Where P. minimus and P. spelae have not been 

identified within a section (e.g., the Larne Basin), then the first occurrence of Jurassic 

palynomorph Cerebropollenites thiergartii has been used after Hillebrandt et al., (2013) 

and Jeram et al., (2021).Where identification of the boundary horizon is more uncertain 

then assignment has been based on the approximate position of the boundary given the 

available information with uncertainty being expressed through a greyed out section and/or 

a dashed boundary.  

The remainder of this section will continue to discuss the key groups of marine life that 

underwent extinction, as well as discussing the extent to which marine organisms were 

affected by Late Triassic environmental changes. Marine organisms which are thought to 

have been more severely affected during the ETME will be discussed first (e.g., 

ammonites, bivalves, reefal organisms) before moving on to those that are only believed to 

have been moderately affected (e.g., radiolarians and foraminiferans). Extinction 

selectivity will also be used to interpret potential causes of extinction. 
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 2.3.5.3 Late Triassic ammonite extinctions: The ETME is considered to be the 

most ‘important’ extinction event within ammonite history based on the disappearance of 

ammonite Suborder Ceratitina and the persistence of only one ammonite lineage through to 

the Jurassic (Suborder Phylloceratina) [Tozer, 1981; House, 1989; Guex et al., 2004; 

Hillebrandt & Krystyn, 2009].  

The stratigraphic distinction of the TJB and ETME on the basis of widespread ammonite 

extinction and gradual recovery emphasises how catastrophic the ETME was for ammonite 

species (see section 2.3.4.1). The ammonite turnover at the TJB is very well documented 

within the ammonite-rich, New York Canyon (NYC) section (Nevada) where certain 

Choristoceratid ammonites (C. marshi, C. crickmayi, C. shoshonensis) can be observed to 

gradually disappear during the latest Rhaetian followed by the first appearance of 

Psiloceratid ammonites (P. spelae, P. tilmanni) at the base of the Jurassic Period (Fig. 5) 

[Guex et al., 2004; Guex, 2016].  

Choristoceratid ammonites represent one of the earliest examples of uncoiled Mesozoic 

ammonoids which ‘proliferated’ throughout the palaeo-environmentally unstable Rhaetian 

age, whilst most other non-heteromorph ammonoids disappeared [Whiteside & Ward, 

2011; Guex, 2016]. The choristoceratid lineage narrowly persists through the TJB at NYC, 

as one of the only ammonoid survivors of the ETME, before disappearing entirely within 

the early Hettangian Planorbis beds (Fig. 5; Choristoceras minitum) [Guex et al., 2004; 

Shevyrev, 2005; Guex, 2016]. However, the survival of C. minitum through the TJB at 

NYC is not without its controversy as all ammonite workers agree that only one ammonite 

lineage (Psiloceratidae) survived through to the Jurassic [Lucas, 2018]. Aleksandr 
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Shevyrev (2005) subsequently compares the NYC C. minimum to the biblical resurrection 

of Lazarus.  

 

Figure 5:- a) The near-extinction and rapid recovery of the Subclass Ammonoidea as recorded 

from the Triassic–Jurassic New York Canyon (NYC) section, Nevada. 238U/206Pb dates (red) and 

corresponding red, circular markers signify dated first (FAD) and last (LAD) appearances of 

diagnostic Triassic (LAD) and Jurassic (FAD) ammonite taxa.  b) Regional correlation of 

ammonite biozones and changes in Triassic–Jurassic ammonite taxonomic richness from the 

pacific realm. Species and genus names in green signify ammonite species/genera observed within 

the NYC section (also seen within part a) of figure). Major evolutionary events: ’A’- Extinction of 

Triassic ammonites following the dominance of heteromorphic forms during the late Rhaetian, ‘B’- 

First occurrence of P. tilmanni & P. spelae and disappearance of Choristoceratid ammonites, ‘C’- 

First occurrence of highly abundant Psiloceras, ‘D’- Main radiation and recovery of Jurassic 

ammonites. NYC stratigraphy, ammonite occurrences and major evolutionary events from Guex et 

al., (2004). 238U/206Pb dates, taxonomic richness and regional correlation of ammonite 

biostratigraphy from Guex et al., (2012). 

Ammonite biodiversity changes during the Late Triassic: A compilation by Benton (1993b) 

reported that 8 ammonite families underwent extinction by the late Norian (middle Upper 

Triassic) with a further 17 ammonite families undergoing extinction by the late Rhaetian 

(late Upper Triassic). These figures would therefore support Newell (1963)’s study which 

believed 25 ammonite families to have disappeared throughout the ETME. However, 
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contrary to the diversity changes reported by Benton (1993b), many of the known 

ammonite extinctions at the ETME are believed to have occurred during the late Norian 

with ammonite diversity remaining low throughout the Rhaetian [Kummel, 1957; House, 

1963; Newell, 1967; Tozer, 1981; Lucas, 2018]. A large proportion of Triassic ammonite 

genera undergoing extinction by the late Norian is further supported by Whiteside & Ward, 

(2011). Whiteside & Ward, (2011) studied ammonite occurrences and generic diversity 

from the Triassic of the North Pacific (Frederick Island) and record 72 and 63 genera 

respectively from the Lower and Upper Norian (104 & 148 occurrences) with a significant 

decline to 10 ammonite genera by the early Rhaetian (15 occurrences) (Fig. 6). 

Meanwhile, a broader study undertaken by Teichert (1988) records 150 ammonite genera 

and subgenera to have existed during the Carnian (early Upper Triassic), with this figure 

being reduced to 90 during the Norian and 6 or 7 by the early-mid Rhaetian. Similar 

figures are also quoted by Kennedy (1977) with there being ~150 Carnian genera, less than 

100 Norian genera and less than 10 Rhaetian genera [Kennedy, 1977; Lucas et al., 2018]. 

Brayard et al., (2009) report 71–74 mid Norian genera, 31–33 late Norian genera and 18–

19 Rhaetian genera based on data from the Goniat database, as well as chao2 and Jackknife 

2 estimator data. Whilst compiled diversity numbers from Tozer (1981) record 25 Ladinian 

families, 22 Julian (lower Carnian) families, 15 families from the Lacian (lower Norian) 

and 14 and 2 families from the Sevatian (upper Norian) and Rhaetian respectively [Lucas, 

2018]. 

Therefore, the ETME is characterised by significant late Norian reductions in ammonite 

biodiversity, with ammonite biodiversity throughout the Rhaetian Age remaining low (Fig. 

6). Late Norian extinctions may have occurred in pulses, with any surviving Rhaetian 

species undergoing extinction by the latest Rhaetian/ earliest Hettangian. This would 
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support work by Taylor et al., (2000) which theorises two latest Triassic ammonite 

extinctions, one in the Norian and a second at the end of the Rhaetian.  

 

 

Figure 6:- Changing ammonoid generic diversity and its relationship to carbon cycle instability. 

Figure amended from Whiteside and Ward, (2011). Most recent date for Permian/Triassic 

boundary from the ICS International Chronostratigraphic Chart 2020. Dates for the Triassic–

Jurassic boundary and End Triassic Mass Extinction from Blackburn et al., (2013) and Wotzlaw et 

al., (2014). Sinem- Sinemurian. Changh- Changhsingian. Position of GSSP ‘golden spikes’ from 

ICS Int. Chron. Ch. ’20. Ammonoid data are from Kennecott Point, Queen Charlotte Islands and 

therefore GSSP horizons have been correlated. 
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Interpreted causes of Late Triassic ammonite extinctions: Rapid chemical pollution of the 

oceans during the ETME is interpreted to have contributed towards retardation in 

ammonite development [Hallam, 2002; Guex et al., 2004]. The appearance of atavistic 

(simplified) and asymmetric forms during the major crisis, as well as the disappearance of 

larger ammonite species (60cm) until the Sinemurian (early Jurassic), is thought to be the 

result of oceanic chemical changes by Guex et al., (2004).  

Oceanic chemical changes associated with Triassic–Jurassic ammonite population changes 

may include ocean acidification, ocean anoxia and enhanced weathering resulting in the 

increased input of sediments to the oceans. Alternatively, Whiteside & Ward, (2011) 

interpret that the increased presence of primitive, passively floating ammonoid forms, e. g. 

heteromorph and serpenticone morphotypes, may be the result of functional redundancy 

and the collapse of the biological carbon pump during chaotic carbon cycles (Fig. 6). 

Recent computational modelling of serpenticone morphotypes by Hebdon et al., (2020) 

simulates increased shell drag compared to non-serpeticone forms, particularly at higher 

velocities. This further supports a more passively floating lifestyle for serpenticone 

ammonites and could add evidence to the theory of functional redundancy proposed by 

Whiteside and Ward, (2011).  However, in order to further understand the roles of some of 

these factors on late Triassic ammonite extinctions, research must be undertaken to better 

understand late Triassic spatio-temporal redox changes which at present remains poorly 

understood. This thesis will therefore aim to make progress in understanding Late Triassic 

spatio-temporal redox change to aid understanding of changes to Late Triassic ammonite 

diversity.  
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 2.3.5.4 Late Triassic bivalve extinctions: It is believed that approximately half of 

the existing bivalve genera and almost all existing species underwent extinction at the 

ETME [Hallam, 1981; Ros et al., 2011; Hautmann, 2012]. Hallam, (1981) proposed that 

92% of existing bivalve species, as well as 76 out of 135 genera, disappeared during the 

Late Triassic based on the compilation of a global bivalve dataset (Fig. 7). Hallam, (1981) 

also supported data by Pitrat (1970) that 6 out of 52 existing bivalve families became 

extinct. Yet, the disappearance of 6 bivalve families at the ETME conflicts with research 

by Skelton and Benton (1993) who record 5 out of 57 families to have undergone 

extinction, and also Benton (1993b) who only recorded the disappearance of 2 (out of 52) 

bivalve families during the ‘end-Triassic extinction’.  

Spatio-temporal bivalve extinctions during the Late Triassic: The relatively low number of 

bivalve families quoted to have undergone extinction by Benton (1993b) may be due to the 

episodic and selective nature of bivalve extinctions throughout the Rhaetian Age. Research 

by McRoberts et al., (1995) records numerous episodic extinctions during the Rhaetian 

from Lombardia, Italy. Early Rhaetian Lombardian sections exhibit a 51% extinction of 

bivalve species whilst a 71% extinction of bivalve species is observed within Middle 

Rhaetian Lombardian sections [McRoberts et al., 1995]. Meanwhile, Wignall & Bond 

(2008), Mander et al., (2008) and Wignall & Atkinson (2020) have identified dramatic 

changes in palaeo-community structure and increased bivalve extinction rates to have 

occurred during the upper Westbury to Lilstock Formation (Penarth Group, Late Rhaetian) 

from the Southwest of England. 

Figure 7 (below):- Global, spatio-temporal changes in the generic biodiversity of Late Triassic 
bivalves. Bivalve generic data, including extinction rates, origination rates, paleogeographic data 
and time bins from Hallam, (1981) [a & b]. Dates for the Landinian, Carnian, Norian and the 
Triassic–Jurassic boundary from the ICS International Chronostratigraphic Chart 2020 [a & b]. 
Green text and up arrows indicate increases in genus numbers and red text and down arrows 
indicate decreases in genus numbers [a & b]. Late Triassic palaeogeography from Al-Suwaidi et 
al., (2016) and Korte et al., (2019) [b]. A- Australia, EA- East Antarctica, E/B- Europe/ Baltica, G- 
Greenland, I- India, J- Japan, M- Madagascar, NA- North America, NAf- North Africa, SA- South 
America, SAf- South Africa, U- United Kingdom [b]. 
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In addition to work by these authors [McRoberts et al., 1995, Wignall & Bond, 2008, 

Mander et al., 2008 and Wignall & Atkinson, 2020], research by McRoberts & Newton 

(1995) records spatial selectively of extinction throughout Western Europe. Despite 

Lombardian sections recording a 71% extinction of bivalve species [30/42 species], the 

Penarth Group of England and Wales records an 83.5% bivalve extinction [23/27 species] 

and an Austrian-German section from the Northern Calcareous Alps records a 90% bivalve 

extinction [45/50 species] [McRoberts & Newton, 1995]. Similar spatial variability was 

recorded by Hallam & Wignall (1997) within generic level bivalve studies; 4 bivalve 

genera out of 27 (~15%) are recorded to have undergone extinction from NW Europe 

compared to 9 out of 29 (31%) bivalve genera within the Northern Calcareous Alps.  

Wignall & Bond (2008) interpret spatial selectivity of bivalve extinctions, on the Tethyan 

shelf, to reflect the more euryhaline tolerance of British bivalves as a result of inhabiting 

quasi-marine settings compared to the open marine settings within Southern Europe. 

However, this hypothesis is inconsistent with Late Triassic brackish conditions in Southern 

Europe reported by other authors [Bonis et al., 2010; Blumenberg et al., 2016; Barth et al., 

2018]. Therefore, extinction selectivity may be a function of spatio-temporal marine redox 

as suggested by McRoberts & Newton, (1995). The possibility that marine bivalves were 

potentially affected by marine redox conditions further emphasises the importance of Late 

Triassic redox studies in understanding changes to marine biodiversity. 

Global scale extinction variability is also evident based on data from Hallam, (1981) 

(Fig.7). Generic bivalve extinction rates range from 34.2% (Arctic) to 57.1% (New 

Zealand) during the Norian to end-Triassic with an average of 48% genus extinction (Fig. 

7). There does not appear to be any clear correlation between sites exhibiting higher or 

lower percentages of genus extinction from the Norian through to the end-Triassic (Fig. 7). 
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Tethyan sites (Arctic, Western Tethys & Eastern Tethys) exhibit an average of 46.6% 

genus extinction whilst Panthalassa sites (Japan, PSA, PNA, New Zealand) exhibit an 

average of 49% genus extinction (Fig. 7). However, during the latest Carnian–early 

Norian, higher percentages of extinction are clearly observed on the Tethyan shelf (Fig. 7). 

Meanwhile, Panthalassa sites remain highly productive. 

As well as spatial variability, Late Triassic bivalve populations also exhibit temporal 

variability. This has already been alluded to through localised studies by McRoberts et al., 

(1995) and Mander et al., (2008). However, in order to understand global scale temporal 

extinction patterns, more extensive palaeobiological databases must be consulted. This 

once again brings us back to the global scale bivalve study by Anthony Hallam from 1981 

[Hallam, 1981]. Research by Hallam, (1981) would suggest a large reduction in bivalve 

generic diversity during the ‘Norian’ (Fig. 7). However, due to Hallam, (1981) grouping 

the Norian and Rhaetian together, it is difficult to determine the exact timing and intensity 

of these diversity changes. Hallam, (1981) and Hallam (2002) have advocated a large 

disappearance of bivalves at the TJB. However, research by Morbey, (1975), Mostler et al., 

(1978), Allasinaz, (1992) and McRoberts & Newton, (1995) records numerous bivalve 

extinctions throughout the Rhaetian. 

A more recent worldwide compilation of stage-level bivalve data by Ros et al., (2011) 

reports major reductions in generic diversity (GD) during the Rhaetian with GD increasing 

until the end Norian. Ros et al., (2011) also report mean standing diversity (MSD) to have 

decreased from the mid-Norian through to the mid-Hettangian with both proxies (GD & 

MSD) reporting bivalve recovery by the mid-Hettangian. Based on data from Ros et al., 

(2011) the most significant reductions in bivalve diversity occurred throughout the 

Rhaetian. These conclusions mirror those of Kiessling et al., (2007).  
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Figure 8:- Variable extinction of organisms at the Triassic–Jurassic boundary according to skeletal 

physiology— data from Hautmann, (2012). a) Hypercalcifying organisms with aragonitic and/or 

high-Mg calcite skeletal mineralogy, little physiological control of biomineralisation b) Variance in 

skeletal material, increased extinction risk from non-calcareous skeletons to low-Mg calcite, high-

Mg calcite, and aragonite mineralogy c) non-calcareous skeletal physiology. AME- Average 

Marine Extinction. 

 

Aragonite undersaturation and its effect on Upper Triassic, infaunal bivalve species: 

Despite the large degree of variability concerning extinction within late Triassic bivalve 

populations, McRoberts et al., (1995) and McRoberts & Newton, (1995) consistently 

observed the near-complete disappearance of infaunal bivalve species within Northwest 

European (93% extinction) and both Northern and Southern Alpine (100% extinction) 

sections. McRoberts & Newton, (1995) interpreted this to be as a result of infaunal species 

being unable to compete for food resources during increased Late Triassic competition.  
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However, Hautmann (2006, 2012) and Hautmann et al., (2008a) strongly correlated the 

disappearance of infaunal bivalve species to skeletal physiology (Fig. 8). Hautmann et al., 

(2008a) observed that bivalves underwent a 40% extinction of marine genera, consisting of 

a 50% loss of aragonitic species but only a 30% loss of calcitic species (Fig. 8). Infaunal 

bivalves are invariably aragonitic and epifaunal species predominantly calcitic (Hautmann 

et al., 2008). Hautmann et al., (2008a) therefore interpreted that the high percentage of 

infaunal bivalve species, as well as aragonite reliant organisms, undergoing extinction at 

the ETME was a function of shell composition (Fig. 8).  

Hautmann (2004, 2006, 2012) further interprets that ocean acidification during the Late 

Triassic resulted in unfavourable conditions for aragonite biomineralisation and 

consequently the replacement of aragonite for calcite by biocalcifying benthic molluscs. 

This is referred to by some authors as the Triassic–Jurassic ‘biocalcification crisis’ 

[Hautmann, 2004; Greene et al., 2012]. Although, contrary to the title given to Late 

Triassic aragonite undersaturation, calcite undersaturation does not seem to have been 

equally affected [Hautmann, 2004; Hautmann et al., 2008a; Greene et al., 2012; R. 

Twitchett 2019. pers. comm. 6 Sept]. Furthermore, certain sites, e. g. Somerset show only 1 

example of aragonitic bivalve disappearance [Pre-Planorbis Zone], whilst saturation of 

aragonite in equatorial sites is known to persist through both the ETME and TJB [Mander 

& Twitchett, 2008; Al-Suwaidi et al., 2016]. Therefore, aragonite undersaturation may be 

spatio-temporally variable. 

Kiessling et al., (2007) similarly recorded an increased extinction risk of Late Triassic 

aragonitic bivalve species through compiling data from the Palaeobiology Database 

(PBDB). However, in addition to these repeat findings, Kiessling et al., (2007) also 

determined that the preferential extinction of aragonitic bivalve species holds for both the 
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infauna and the epifauna. Yet, despite the preferential extinction of aragonitic species 

being well supported, the mineralogical composition of bivalve assemblages did not 

change substantially across the TJB [Hallam, 1981; Kiessling et al., 2007]. Other 

invariable factors included the proportion of infaunal to epifaunal bivalve occurrences, and 

changes to bivalve ecology outside of reef environments (Fig. 9) [Kiessling et al., 2007]. 

Furthermore, Kiessling et al., (2007) argue that the PBDB data do not support skeletal 

mineralogy as a significant factor in Late Triassic extinction(s) outside of the Bivalvia. 

Kiessling et al., (2007) were therefore reluctant to accept that skeletal mineralogy 

represented a dominant factor in Late Triassic extinction outside of Triassic reef 

environments, particularly given the isolated nature of bivalve shell excretion2.  

A subsequent study by Ros et al., (2011) agrees with Kiessling et al., (2007) that the 

ETME had little impact on bivalve ecological diversity and that aragonitic species were 

more severely affected regardless of ecology. Ros et al., (2011) also concluded that 

infaunal tiering was unaffected during the ETME and that that survivorship of infaunal 

species exceeded that of the epifaunal collective during the Lower Jurassic. Dunhill et al., 

(2018) alternatively propose that the ETME fits the ‘skeleton crew hypothesis’ proposed 

by Foster & Twitchett (2014); each ecological guild having survived, with the questionable 

exception of photosymbiotic megalodonts, but only occupied by a select few taxa. 

In light of previous work on Late Triassic bivalve extinction selectivity [McRoberts et al., 

1995; McRoberts & Newton, 1995; Hautmann 2006; Kiessling et al., 2007; Hautmann et 

al., 2008a], and potential uncertainty regarding aragonite undersaturation, Mander & 

 
2  Unlike other biomineralising organisms (e. g. corals) bivalves excrete their shells internally 

through a mantle. Therefore, bivalves are less prone to changes in water acidity [Harper et al., 

1997; Harper, 2005; Kiessling et al., 2007]. 
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Twitchett, (2008) set out to determine the factors governing the completeness of the 

bivalve fossil record from the Northwest of Europe.  

 

Figure 9:- Changes to bivalve ecology through the Triassic- Jurassic mass extinction. Figure 

amended from Kiessling et al., (2007). Main pulses of extinction specifically refer to known pulses 

of bivalve and ammonite extinction from the literature [Hallam, 1981; McRoberts et al., 1995; 

Mander et al., 2008; Whiteside & Ward, 2011]. ANIS-LADI: Anisian- Ladinian, CARN: Carnian, 

NORI: Norian, RHAE: Rhaetian, HETT: Hettangian, SINE: Sinemurian, PLIE- Pliensbachian, 

TOAR: Toarcian. TJB- Triassic- Jurassic Boundary. 

 

Mander and Twitchett, (2008) found no evidence from the Lilstock Formation that the 

decline in bivalve diversity was a function of poor preservation, outcrop extent, sea level 

change, shell mineralogy or changes to lithofacies. This lead Mander & Twitchett, (2008) 

to propose that bivalve extinction selectivity may be the result of an incomplete fossil 

record, particularly amongst semi-faunal and infaunal bivalves, a hypothesis mirrored by 

Wright et al., (2003) and partially supported by Hautmann et al., (2008b). Mander and 

Twitchett, (2008) further hypothesised that the absence of infaunal species may be due to 

benthic anoxia, and the presence of the redox boundary close to the sediment water 
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interface. Benthic anoxia was further proposed to account for a reduction in the burrowing 

depth of soft-bodied benthos, and a decrease in the body-size of marine bivalves [Barras 

and Twitchett 2007; Mander et al. 2008].  

Conversely, oxygen poor sediments may explain a reduction in bivalve diversity on a local 

scale, however generic diversity of infaunal bivalves exceeds that of epifaunal bivalves 

during the Norian, Rhaetian and Hettangian [Ros et al., 2011]. Furthermore, as stated 

previously for ammonite extinctions, spatio-temporal marine anoxia and its role in Late 

Triassic marine extinctions is only loosely understood. Marine redox studies from this 

thesis will therefore aid in the understanding of latest Triassic bivalve extinctions. 

Particularly in answering whether the cause of infaunal bivalve disappearance was the 

result of benthic anoxia, but also in reconstructing spatio-temporal redox change and its 

potential correlation with Late Triassic bivalve extinctions. 

Summary- Bivalves were severely affected by Late Triassic environmental change 

experiencing a species level extinction of up to 90% [McRoberts & Newton, 1995]. 

Bivalve extinction rate throughout the Rhaetian is known to have exhibited spatio-temporal 

variability with greater rates of extinction being observed during the middle Rhaetian and 

within Southern Europe [McRoberts et al., 1995; McRoberts & Newton, 1995]. Elevated 

levels of bivalve extinction have also been noted during the Rhaetian through a global 

compilation of generic data [Ros et al., 2011]. Spatio-temporal variability of bivalve 

extinctions may be the result of variable tolerances of bivalve populations to salinity 

changes [Wignall & Bond, 2008]. However, this has not be confirmed through subsequent 

studies and spatio-temporal bivalve extinctions may equally be a function of redox 

conditions. Despite aragonite undersaturation having been endorsed as the cause of 

infaunal bivalve disappearance, multiple studies find little correlation between shell 
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mineralogy and bivalve extinction rate [Kiessling et al., 2007; Mander & Twitchett, 2008; 

Ros et al., 2011; Hautmann, 2012]. It is therefore interpreted that benthic anoxia may have 

resulted in the localised absence of infaunal bivalve species [Mander & Twitchett, 2008]. 

However, the role of marine redox change as a driver of Late Triassic marine extinctions 

remains vaguely understood, and a more detailed understanding of spatio-temporal redox 

change from Late Triassic basins is essential to better understanding the controls on latest 

Triassic bivalve extinctions.  

 2.3.5.5 The collapse of Late Triassic reef environments: Much like other 

significant mass extinction events throughout geological history, the ETME was defined 

by the disappearance of reef building metazoans followed by a resurgence in microbial 

activity [Flügel, 1975; Jadoul & Galli, 2008; Baresel et al., 2017; Zhang et al., 2015; Lee 

& Riding 2018]. This event is termed the “Triassic–Jurassic reef gap” or “reef crisis” and 

is believed to be closely related to the ‘Triassic–Jurassic biocalcification crisis’ by some 

authors (Fig. 8- Scleractina & Sphinctozoa) [Flügel, 2002; Flügel & Kiessling, 2002; Črne 

et al., 2011; McRoberts et al., 2012]. 

Reefal biodiversity changes during the Late Triassic- Triassic reef environments 

underwent a drastic, 61% reduction in reef diversity between the Rhaetian and the 

Hettangian [Flügel & Kiessling, 2002]. The ETME is one of eight, first-order reef crises 

and one of two, alongside the EPME, which observed a decline in reefal carbonate 

production of almost 100% (>99.99%) [Flugel & Kiessling, 2002]. Despite Triassic reefs 

not being as widely distributed as those during other extinction events, the ETME 

eliminated the global reef component of marine ecosystems and is therefore interpreted as 

the most significant reef crisis across the entirety of the Phanerozoic (Fig. 8) [Flügel & 

Kiessling, 2002; McGhee et al., 2004; Muscente et al., 2018]. The ETME saw a 99% 
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reduction in global reef volume (highest in Phanerozoic) and an 84% reduction in global 

reef numbers (2nd highest in Phanerozoic) [Flügel & Kiessling, 2002]. Triassic corals 

disappeared almost entirely at the TJB (Figs. 8 & 10) and reef environments did not 

recover for at least another 2 Ma with strong evidence of coral retrograde evolution 

(proteromorphosis) in the interim period, alongside the dominance of siliceous sponge 

communities [Kiessling et al., 2007; Lucas & Tanner, 2008; Ritterbush et al., 2015; Gretz 

et al., 2015]. However, despite the large reduction in coral species during the ETME, the 

proportion of corals forming reef environments remained relatively consistent (Fig. 11). 
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Figure 10 (above):- The evolution of late Triassic reefal composition and architecture. a) Triassic 

reef composition from the Tethys Ocean. Data from Bernecker, (2005). b) Global Triassic coral 

abundance and architecture. Data from Hodges & Stanley, (2015). Time bins from Hodges & 

Stanley, (2015) and the ICS International Chronostratigraphic Chart 2020. GSSP positions and 

dates from ICS Int. Chron. Ch. ’20. Date of Triassic–Jurassic Mass extinction from Blackburn et 

al., (2013). Norian Panthalassic reefs exhibit similar composition based on Martindale et al., 2012. 

Early Hettangian reef composition based on Jadoul & Galli (2008), Kiessling et al., (2009), 

Ritterbush et al., (2015) and Gretz et al., (2015). 

Unlike Late Triassic ammonoid and bivalve extinctions, which largely occurred during the 

Norian to Rhaetian, Late Triassic reef extinctions largely took place throughout the 

Rhaetian until the early Hettangian (Fig. 10) [Shepherd, 2013]. Therefore, as identified by 

Flügel & Kiessling, (2002), ‘reef ecosystems are not necessarily the first ecosystems 

affected by crises’. 

Spatial shifts in reef distribution during the Late Triassic- The ETME was associated with 

the northward shift of reef sites, and the absence of reef ecosystems from equatorial 

regions (Figs. 10 & 11) [Flügel & Kiessling, 2002; Hodges & Stanley, 2015]. Rhaetian 

reefs range latitudinally from 31°N to 31°S, whereas the reduced numbers of Hettangian 

reefs are restricted to higher latitudes (34°N to 41°N) [Flügel & Kiessling, 2002; 

Leinfedler et al., 2002]. On the other hand, Late Triassic reefs did not exhibit any change 

in longitudinal distribution [Flügel & Kiessling, 2002]. Latitudinal constriction of reef 

ecosystems in the absence of longitudinal restriction is also observed during the Cambrian 

Series 2- Miaolingian mass extinction event (~520 Ma), where marine redox change is 

interpreted to have played a prominent role [Flügel & Kiessling, 2002; Bond & 

Edgecombe, 2020].  

The northward shift of reef environments during the latest Triassic and early Jurassic may 

also be a function of reefal architecture. Platform-margin reefs preferentially disappeared 

during the ETME, and such reefs were widespread in the Western and Southern Tethys 

prior to the TJB (Fig. 11) [Flügel & Kiessling, 2002]. 
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Figure 11:-  Palaeogeographic distribution and invertebrate composition of late Rhaetian 

and early Hettangian reef ecosystems. a) Triassic- Jurassic reef distribution during the 

Rhaetian and Hettangian. Red dot denotes known location of a Triassic reef. Data from 

Hodges & Stanley, (2015). b) Invertebrate composition of Rhaetian and Hettangian reef 

ecoystems. Data from Kiessling et al., (2007). Dates for the Rhaetian and Hettangian ages 

from ICS International Chronostratigraphic Chart 2019. Late Triassic palaeogeography 

from Al-Suwaidi et al., (2016) and Korte et al., (2019). P.- Panthalassic Ocean, NT.- 

Neotethys Ocean. 

 

Interpreted causes of Late Triassic reef extinctions- Clémence et al., 2010 interpret that the 

absence of calcified reef-building metazoans at the TJB is a function of changes in ocean 

chemistry as interpreted by Guex et al., (2004), with regards to ammonite development, 

and Hautmann, (2012), pertaining to changes in bivalve skeletal physiology (Fig. 8). This 

may be a function of increased siliciclastic input to the oceans as a result of enhanced 

weathering [Hornung et al., 2007]; Marine transgression and subsequent changes in marine 
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oxygenation [Hallam & Goodfellow, 1990]; Ocean acidification and a subsequent increase 

in carbonate dissolution [Kiessling & Simpson, 2011; Kiessling & Danelian, 2011; Črne et 

al., 2011; Greene et al., 2012; Hodges & Stanley, 2015].  

Yet, despite ocean acidification (OA) being strongly associated with the decline in reef 

building metazoans by multiple studies, there are several examples of reef collapse in the 

absence of OA [Kiessling & Simpson, 2011; Kiessling & Danelian, 2011; Črne et al., 

2011; Green et al., 2012; Hautmann, 2012; Hodges & Stanley, 2015].  

Therefore, as stated by Kiessling et al., (2000), the parameters governing reefal carbonate 

precipitation are very complex and sometimes difficult to predict. Late Triassic reefal 

collapse in the absence of OA may suggest multiple controls for extinction. These may 

include climate change and reduced salinity as suggested by McRoberts et al., (2012). But, 

more importantly, changing marine redox may have also played a very significant role in 

Late Triassic reef disappearances, as has been suggested for earlier extinctions [Bond & 

Edgecombe, 2020].  

 2.3.5.6 Other extinctions of Late Triassic marine organisms: As well as the 

major extinctions of ammonites, bivalves and reefal organisms, the ETME experienced the 

near disappearance of conodonts and the minor extinction of other marine organisms. A 

selection of these organisms will be discussed in the remainder of this section.  

Conodonts- Conodonts went all but extinct at the ETME following a gradual decline in 

diversity throughout the Triassic Period [Hallam, 2002]. Four conodont families have been 

noted by Hallam, (2002) during the Early Triassic, reducing to two families during the 

Middle Triassic and just one family (Gondolellidae) during the Late Triassic. Figures from 

Mostler et al. (1978) from the Triassic of Austria also suggest a gradual decline in 

conodont diversity with no fewer than 10 genera within the early Kössen Formation, 5 
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genera up to the marshi zone and just one genus (Misikella) surviving until the uppermost 

Triassic. 

The single largest extinction of Triassic conodonts may have occurred during the Carnian, 

at the Julian–Tuvalian boundary, where the near complete disappearance of platform 

conodonts has been recorded [Kozur & Mock, 1991; Rigo et al., 2020]. Tanner et al., 

(2004) instead suggest maximum conodont extinction during the latest Norian based on 

higher extinction rates. More recent research advocates four main extinctions of conodonts 

throughout the Late Triassic [Rigo et al., 2018]. These include a weak extinction during the 

early Julian, a more significant extinction at the Julian–Tuvalian boundary, a faunal 

turnover at the Carnian–Norian boundary, and a fourth extinction at the Norian–Rhaetian 

boundary pronounced by a shift to simple cavitated species [Rigo et al., 2018, 2020]. 

Meanwhile, the final disappearance of conodonts has been correlated with the second pulse 

of extrusive CAMP volcanism by Deenen et al., (2010), and to the latest Triassic by 

Wignall & Atkinson (2020) during the second phase of a two-part Rhaetian extinction 

crisis. 

Despite conodonts having been referred to as one of the most significant fauna to have 

undergone complete extinction at the ETME, Lucas & Tanner (2008) believe this to be 

misleading, and instead quote high rates of extinction and low rates of origination to be the 

cause of Late Triassic conodont disappearances [see data from Clark, 1980, 1981, 1983; 

Sweet, 1988; Kozur & Mock, 1991; Aldridge & Smith, 1993; De Renzi et al., 1996]. 

Accentuated extinctions of conodonts during the Late Triassic may have also be the result 

of sampling biases. Studies by Clark (1980, 1981) recorded the latest conodonts from the 

Norian, with later work by Orchard (1991) recording a single species from the Rhaetian of 

Canada (Misikella posthernsteini). At least thirteen more Rhaetian species have since been 
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discovered including Misikella ultima, M. buseri, M. kolarae and Neohindeodella detrei 

[Kozur & Mock, 1991; Kolar-Jurkovšek, 2011; Karádi et al., 2020].  

N. detrei has subsequently been recorded from the Hettangian of Hungary which would 

extend the stratigraphic occurrence of conodonts through both the ETME and TJB and 

place their final extinction during the earliest Jurassic [Palfy et al., 2007]. This may 

suggest that Late Triassic conodont extinctions were not as significant as previously 

thought, as alluded to by Hallam, (2002) and Lucas & Tanner (2008). Conversely, the final 

extinction of conodonts was globally asynchronous [Du et al., 2020]. Whilst conodonts 

from Hungarian (Csővár) and Japanese sections (Katsuyama; Kurusu) survived into the 

Hettangian, conodonts from English (St. Audrie’s Bay), Canadian (Kennecott Point) and 

Austrian sections (Kuhjoch) underwent extinction during an interval of Late Triassic 

carbon isotope perturbation termed the initial carbon isotope excursion (CIE), and 

conodonts from American (New York Canyon) and Italian sections (Lombardy; 

Muzzerone) underwent extinction below the initial CIE [Du et al., 2020]. 

 Summary- The gradual decline in conodont diversity throughout the Triassic Period 

will have resulted in low standing diversity which alongside low origination will have 

resulted in the inevitable disappearance of conodonts from marine environments. Despite 

low origination having been interpreted as the driving force behind the ETME by a select 

few studies [Hallam, 2002; Bambach et al., 2004], conodonts provide the only proof of 

this so far, and notably from a class of organisms which had already been declining in 

diversity for millions of years. The phosphatic composition of conodont elements would 

suggest that acidification and carbonate undersaturation was not a significant factor in 

conodont extinction. This may suggest that other ecological changes were responsible (e. 

g. marine redox). 
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Radiolarians- Radiolarians are considered by some authors as optimal for defining the TJB 

on the account their partial extinction during the latest Rhaetian [Carter 1994; Ward et al 

2001; Longridge et al., 2007b]. However, other studies argue that the disappearance of 

radiolarians is nothing more than a local event [Tanner et al. 2004; Hautmann, 2012]. 

Kidder and Erwin (2001) found no evidence for a radiolarian extinction from variable 

bedded cherts, and Guex et al. (2002) associate the ‘extinction’ of radiolarians from the 

Queen Charlotte Islands with a stratigraphic gap. Furthermore, Hart and Williams (1993) 

argue that radiolarians show no decline across the TJB at the family level, and Kiessling 

and Danelian (2011) report that there is no evidence for a radiolarian mass extinction but 

rather a greater background extinction during the Triassic than the Jurassic. Meanwhile, 

Hautmann et al., (2008a) determine there to be no evidence of a radiolarian extinction 

through data from Sepkoski.  

Other authors argue in favour of a radiolarian extinction at the TJB, however interpret that 

the extinction was gradual [Hori, 1992]. This includes research by Vishnevskaya (1997) 

who report the survival of 40% of Rhaetian radiolarian genera through to the Hettangian. 

This gradual extinction of Rhaetian radiolarians is still local in nature and has not been 

correlated globally. Although, it is possible that the correlation of Late Triassic radiolarian 

extinctions is complicated by Tethyan and North American sections differing markedly at 

the species level [Blome, 1986]. 

Conversely, there are an increasing number of studies that argue for a significant extinction 

of radiolarians during the Late Triassic [Hori, 1992; Carter, 1994; Tekin 1999; Carter & 

Hori, 2005; Longridge et al., 2007b; Carter, 2007; O’Dogherty et al., 2010; Kocsis et al., 

2014; Onoue et al., 2016; Wignall & Atkinson 2020]. Tipper et al. (1994) report a diverse, 

evolved radiolarian assemblage from the Rhaetian of British Columbia overlain by a low 
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diversity, primitive Hettangian assemblage consisting of just a few genera. The extinction 

of 45 radiolarian species is observed within the top 1.5m of the Globolaxtorum tozeri Zone 

(uppermost Rhaetian) from Kunga Island, with 5 families, 25 genera and most species of 

the G. tozeri Zone disappearing within just a few meters [Carter, 1994]. A similar study by 

Longridge et al., (2007b) from the same site reports the disappearance of 9 families, 27 

genera and nearly all Rhaetian species over <1m. Although, as noted by Guex et al. (2002), 

this locality may exhibit a sedimentary hiatus. In spite of the proposed hiatus by Guex et 

al. (2002), comparable patterns have also been observed in the western Pacific [Hori, 

1992] and the Tethys [Tekin, 1999]. Carter and Hori (2005) report the disappearance of 20 

genera and 130 species across the TJB from Japan and a low diversity overlying 

Hettangian assemblage. Also, a global database summarised by Carter (2007) has 

correlated the disappearance of key radiolarian taxa from the late Triassic of British 

Columbia to sites in Mexico, the Philippines, China, Tibet, Russia, Italy, Turkey, and 

Hungary. It is for this reason that Carter (2007) argues for a major radiolarian turnover at 

the TJB.  

Despite the reported absence of a radiolarian extinction based on Sepkoski’s data by 

Hautmann et al. (2008a), a subsequent study by Kocsis et al. (2014) found a peak in 

extinction at the end-Rhaetian using a sample-standardised approach. Recent research from 

several late Triassic sites reports the disappearance of radiolarians as part of a two-phase 

extinction [Hori et al., 2007; Wignall & Atkinson, 2020]. This includes a major extinction 

of 20 radiolarian genera and 70 species at the top of the G. tozeri Zone (Haidi, Gwaii, 

British Columbia), followed by a minor radiolarian extinction during the latest Triassic 

[Wignall & Atkinson, 2020]. A two pulsed extinction of radiolarians was also reported by 

Onoue et al., (2016) with one pulse during the end-Rhaetian and another during the late-

middle Norian, coincident with the Manicougan impact (Fig. 12). Substantial within-
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Rhaetian radiolarian extinctions are also evident based on data from Onoue et al. (2016) 

with more than 50% of radiolarian species present at the top of the Proparvicingula 

monilformis Zone disappearing before the overlying G. tozeri Zone [Rigo et al., 2020]. 

However, data from Onoue et al., (2012) do not suggest a rapid extinction but rather a 

gradual, stepwise decline in diversity. Longridge et al., (2007b) similarly suggest that the 

extinction was not instantaneous due to the temporary persistence of some Rhaetian forms. 

Also, the abundance of opportunist taxa e.g., Archaeocenosphaera laseekensis suggests 

that any decline in marine productivity was short-lived [Longridge et al., 2007b]. Lucas 

and Tanner (2008) therefore evaluate the data from Longridge et al., (2007b), alongside 

other studies, to infer that radiolarians suffered a stepwise global turnover alongside a 

short-term reduction in marine productivity.  

Alongside their global, multi-stage extinction, radiolarians also saw a shift to more 

simplified forms. This is similar to previous taxa discussed within this thesis (e.g., atavistic 

Ammonites, proteromorphosis within corals and cavitated conodonts) [Guex et al., 2004; 

Gretz et al., 2015; Rigo et al., 2020]. Radiolarians lost their architecturally complex forms 

e.g., spumellarians, nassellarians and enactiniids [Lucas & Tanner, 2008] as well as 

experiencing retrogradation of spine geometry across the TJB [Guex, 2016]. The twisted 

spines of radiolarian genera, e.g., Tipperella and Bertaccium, became simplified and 

straightened through the TJB [Guex, 2016].  

Radiolarians exhibit a skeleton of amorphous silica and therefore, much like conodonts, 

carbonate undersaturation would not have been a determining factor in radiolarian 

extinctions. This once again suggests that other ecological changes may have played a role 

in radiolarian extinctions (e. g. marine redox).  
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Brachiopods- Similar to radiolarians, brachiopods have been reported as exhibiting local 

disappearances with little evidence of a global brachiopod extinction across the TJB 

[Lucas & Tanner, 2008]. Major changes to brachiopod communities have been recorded 

by Tomasovych and Siblik (2007) from the Northern Calcareous Alps. However, no other 

local brachiopod disappearances were noted by Wignall & Atkinson (2020) from a range 

of Late Triassic sites. Furthermore, Lucas and Tanner (2008) propose that the localised 

extinction of brachiopod species recorded by Tomasovych and Siblik (2007) could be due 

to major palaeoecological changes in the Northern Calcareous Alps during the latest 

Triassic. 

In spite of the apparent absence of widespread brachiopod extinctions reported by Wignall 

& Atkinson (2020), several other studies have recorded significant brachiopod 

disappearances across the TJB. Pearson (1977) note the disappearance of 8 out of 13 

brachiopod genera through the TJB based on a European brachiopod compilation, whilst 

Benton (1993b) reports the disappearance of 5 brachiopod families out of 19 by the end-

Rhaetian, all of which belonged to Order Spiriferida. A global compilation by Harper et al. 

(1993) records the disappearance of 17 families through a stepwise extinction. Meanwhile, 

compilation data from Hautmann et al., (2008a) records a 69% extinction of all brachiopod 

genera, and data from the Palaeobiology Database (PBDB) summarised by Kiessling et al., 

(2007) records a 55% per genus extinction rate.  

Hautmann et al., (2008a) and Hautmann, (2012) also report a 71.4% (40/56) extinction of 

calcitic brachiopod species compared to a 0% (0/2) extinction amongst organophosphatic 

species. Hautmann (2012) subsequently interpret that shell mineralogy was a controlling 

factor in brachiopod extinctions, as has also been interpreted for bivalves. Unlike bivalves 

however, for which shell mineralogy seems questionable as a driving factor of extinction 
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selectivity, brachiopod shell growth is less buffered by physiological mechanisms 

[Hautmann et al., 2008a]. Although, Kiessling et al., (2007) report higher rates of 

extinction in the more mineralogically stable low-Mg calcite brachiopods suggesting that 

brachiopod extinctions were not a function of shell mineralogy. 

Similar to ammonites, brachiopods also experienced the disappearance of larger species 

during Late Triassic extinctions [Hallam, 2002]. Meanwhile, fixosessile suspension 

feeders, like brachiopods, were broadly affected by Late Triassic ecological changes 

[Dunhill et al., 2018]. This resulted in a bottle neck of surficial, non-motile, attached, 

suspension feeders through the TJB and a reduction in generic richness of ~60% (220 to 

~135) [Dunhill et al., 2018]. What the driving factors were behind both this reduction and 

brachiopod extinctions remains uncertain, however much like other contemporaneous 

extinctions it may be partly the result of marine redox changes which remain poorly 

understood. 

Dinoflagellates, Calcareous nannoplankton & Foraminiferans- As well as diversity 

depletions amongst radiolarians across the TJB, minor extinctions are also observed 

amongst phytoplankton (dinoflagellates, calcareous nannoplankton) and other zooplankton 

(foraminiferans), 

Dinoflagellate extinctions are poorly understood from the latest Triassic on account of 

dinoflagellate diversity only being known from benthic resting cysts. In spite of this, 6 out 

of a recorded 8 dinoflagellate taxa disappear at the TJB [Riding in Hallam, 1995], and just 

2 unequivocal cyst producing dinoflagellates were recorded from the basal Jurassic of St. 

Audrie’s Bay by van de Schootbrugge et al., (2007).  

Calcareous nannoplankton were more severely affected, undergoing large disappearances 

during the latest Triassic [Lucas & Tanner, 2008]. This is particularly prominent within the 
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Italcementi Quarry, Lombardian Alps, Italy where 5 out of 6 taxa of calcareous 

nannofossils disappear at the base of the Malanotte Formation [Bottini et al., 2016; 

Wignall & Atkinson, 2020]. A 46% disappearance of calcareous algae (dasycladaleans) has 

also been reported from this locality [Barattolo & Romano, 2005]. Also, just one taxon of 

Late Triassic calcareous nannoplankton was recorded from the Early Jurassic of SW 

England by van de Schootbrugge et al., (2007). As well as a decrease in diversity, latest 

Rhaetian nannoplankton taxa have been reported to decrease in size within the lower Lias 

e.g. Schizosphaerella puctulata [Wignall & Bond, 2008], and van de Schootbrugge et al., 

(2007) report malformation of calcareous nannoplankton from St. Audrie’s Bay. The 

reduction in the diversity, shape, and size of calcareous nannoplankton during the latest 

Triassic has been attributed to the ‘biocalcification crisis’ by Hautmann (2004) and van de 

Schootbrugge et al., (2007). The reduction in diversity of calcareous nannoplankton has 

also been strongly correlated with blooms of organic walled disaster taxa in the form of 

prasinophytes and acritarchs [van de Schootbrugge et al., 2007; Bonis et al., 2009; Bonis et 

al., 2010; Lindström et al., 2012; Richoz et al., 2012; van de Schootbrugge et al., 2013; 

Ibarra et al., 2016]. However, the organic composition of these plankton does not 

necessarily support carbonate undersaturation, as multiple studies interpret these blooms as 

being the result of marine de-oxygenation [Bonis et al., 2010; Richoz et al., 2012; Kasprak 

et al., 2015].  

Foraminiferans underwent minor extinctions during the latest Triassic, however their 

extinction was so insignificant that some studies believe there to be no evidence of an 

extinction at all [Tanner et al., 2004]. Just 3 out of 17 families became extinct based on 

Hart & Williams (1993) (17%), and 3 out of 38 families underwent extinction based on 

Benton (1993b) (~8%). Meanwhile El Shaarawy (1981) and Loeblich and Tappan (1988) 

report extinction rates of 21% and 35% respectively. Clemence et al., (2010) report a 
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decrease in the diversity of calcareous taxa and the increased diversity of agglutinated taxa. 

Hautmann, (2012) similarly report higher extinction rates amongst aragonitic (66.7%) and 

high-Mg calcite (53.8%) taxa, with low extinction rates amongst agglutinated (15.4%) and 

proteinaceous forms (0%). This could possibly indicate the variable response of different 

foraminiferan taxa to carbonate undersaturation. However, there remains little definitive 

evidence of carbonate undersaturation from other organisms. 

 2.3.5.7 Section summary: The ETME witnessed the disappearance of numerous 

marine organisms at multiple trophic levels (Fig. 12). The Carnian saw multiple 

extinctions of an already depleted Conodonta, the Norian was marked by diversity 

depletions amongst radiolarians followed by major extinctions amongst ammonites, and 

the Rhaetian was defined by the widespread extinctions of corals, bivalves, and 

brachiopods as well as the turnover or final extinction of radiolarians, dinoflagellates, 

calcareous nannoplankton, conodonts, foraminiferans and ammonites near the Rhaetian- 

Hettangian boundary (Fig. 12). The late-stage turnover of ammonites defines the basal 

Hettangian, and the ETME, at the GSSP. Of the organisms which managed to survive the 

Late Triassic environmental changes, many were marred by simplified morphologies, 

malformation and/or size reduction. Multiple studies attribute these maladies to chemical 

oceanic changes including ocean acidification. However, despite extinction selectivity also 

indicating chemical changes within the oceans, the exact nature of chemical changes at the 

TJB are still difficult to interpret based on this information alone. Therefore, the next 

section further discusses the potential causes of the ETME through addition lines of 

evidence.  
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Figure 12:- Overview of diversity patterns, losses, and recovery during the ETME based on the 

organism extinctions discussed within this subchapter (2.3). Black fill based on numerical data, 

grey fill based on qualitative and/or empirical data. Red arrows mark periods of maximum 

extinction for each organism; single arrows denote relatively short-lived extinctions, red arrows 

with range bars mark prolonged periods of extinction. Green arrows denote initiation of recovery 

for selected organisms. Recovery horizons have only been marked here where numerical data is 

available. Ammonite data from Whiteside & Ward (2011), bivalve data from Ros et al., (2011), 

coral data from Hodges & Stanley, (2015), conodont diversity based on Lucas & Tanner, (2008); 

Rigo et al., (2018, 2020); Du et al., (2020), radiolarian data from Onoue et al., (2016), brachiopod 

diversity based on Kiessling et al., (2007); Dunhill et al., (2018), dinoflagellate data from Wiggan 

et al., (2017), calcareous nannoplankton diversity based on Bottini et al., (2016); van de 

Schootbrugge et al., (2007), foraminiferan diversity based on Tanner et al., (2004.) H.- Hettangian, 

NANNO.- nannoplankton, ?- diversity trend unknown. Time bins from Hodges & Stanley, (2015) 

and the ICS International Chronostratigraphic Chart 2020. GSSP positions and dates from ICS Int. 

Chron. Ch. ’20. Date of Triassic- Jurassic Mass extinction from Blackburn et al., (2013). Short, 

dashed lines mark stage and substage boundaries, wider dashed line (black) marks T/J boundary, 

wider dashed line (red) marks ETME. R.- Rochechouart, M- Manicougan (impact events). 
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2.3.6 Potential causes of the end mass extinction event:  

2.3.6.1 Extraterrestrial impact: Early research into possible causes of the ETME drew 

inspiration from Alvarez et al., (1980) and interpreted that much like the ECME, the 

ETME may have been triggered by a bolide/ meteorite impact [Olsen et al., 1987, 1990, 

2002] (Fig. 12). Alvarez et al., (1980) identified the presence of elevated iridium 

concentrations from the Cretaceous–Palaeogene (K-Pg) boundary at Gubbio (Italy) and 

Stevns Klint (Denmark) reaching concentrations of up to 160x background levels (3ng/g) 

[Korte et al., 2019]. Iridium is known to be rare within the Earth’s crust (0.1ng/g) yet 

enriched within certain meteorites (>1μg/g) and Alvarez et al., (1980) therefore interpreted 

the increased concentrations of iridium at the ECME to be the result of a meteorite impact 

[Korte et al., 2019].  

Iridium at the TJB: Elevated concentrations of iridium have been identified by numerous 

studies at the TJB from Kendelbach (Austria), St. Audries Bay (United Kingdom), the 

Jacksonwald Syncline (Newark Basin) and the Fundy Basin (Canada), [Orth, 1989; 

McLaren & Goodfellow, 1990; Olsen et al., 2002; Tanner & Kyte 2005]. Olsen et al., 

(2002) recorded iridium concentrations between 0.141 and 0.285 ng/g within a white clay 

layer from the Jacksonwald Syncline (Newark Basin). However, despite iridium being 

elevated relative to crustal concentrations the iridium anomaly observed at the TJB is much 

lower than that observed at the K–Pg boundary [Alvarez et al., 1980; Korte et al., 2019]. 

Even the slightly greater iridium concentrations measured by Tanner & Kyte, (2005) from 

the Fundy Basin (0.31ng/g) are one order of magnitude smaller than those observed at the 

boundary layer in Gubbio, Italy [Alvarez et al., 1980]. This has led certain studies to 

interpret increased concentrations of iridium at the TJB to be reflective of mantle 

volcanism [McCartney et al., 1990; Tanner et al., 2016]. 
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Planar Deformation Features: In addition to ‘modest iridium anomalies’ several other 

indicators have been reported to suggest an extraterrestrial impact at the TJB. One such 

proxy includes the reported presence of quartz with planar deformation features from both 

Kendelbach (Austria) and Calcare a Rhaetavicula (Italy) [Badjukov et al., 1987; Bice et al., 

1992]. Planar deformation features, or PDFs, are fabrics which develop at high pressures 

(10-35 GPa) along specific crystallographic orientations and are attributed to shock 

(impact induced) metamorphism [Golbrant et al., 1992; Chen et al., 2011]. However, the 

planar deformed quartz from Kendelbach is not thought to be an impact fabric but rather a 

metamorphic fabric [Hallam & Wignall, 1997; Mossman et al., 1998; Korte et al., 2019].  

Furthermore, Bice et al., (1992) only identified 5–10% of quartz grains exhibiting one or 

more set of PDFs commonly associated with shock metamorphism. A re-investigation of 

the Calcare a Rhaetavicula by Fazzuoli & Orti, (2009) concluded that the PDFs described 

by Bice et al., (1992) did not coincide with the TJB but were Rhaetian in age. However, 

the study by Fazzuoli & Orti, (2009) did not dismiss the possibility that these features were 

quartz PDFs. Meanwhile, Tanner et al., (2004) and Hallam & Wignall, (1997) considered 

that both reports should be disregarded due to the evidence of shocked metamorphism 

being based solely on outdated petrographic techniques [French, 1998].  

More recent studies of Late Triassic strata have similarly recorded quartz exhibiting PDFs, 

this time from the Bristol area (Wickwar), SW England [Walkden et al., 2002; Kirkham, 

2002, 2003]. Unlike the 5–10% of quartz grains with PDFs identified by Bice et al., 

(1992), the same value from Bristol has been recorded as 50% [Walkden et al., 2002]. 

Also, quartz PDFs have been found alongside glauconitic spherules closely allied to impact 

mechanisms through both their morphology (dumbbells, droplets, spheres, and shards) and 

mineralogy [Walkden et al., 2002; Kirkham et al., 2003]. It is therefore highly likely that 

these deposits were in part formed through an extraterrestrial impact [Glass et al., 2003]. 
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However, no geochemistry has been undertaken to confirm an iridium anomaly, the ejecta 

layer exhibits evidence of turbulent reworking, and an Ar-Ar date from a coeval K-feldspar 

grain provides an age of 214±2.5Ma [Walkden et al., 2002; Glass et al., 2003]. These 

impact fabrics may therefore be affiliated with an older meteorite collision (e.g., 

Manicougan, Canada; Walkden et al., 2002; Fig. 12). 

Upper Triassic Seismites: Another line of evidence interpreted to indicate an 

extraterrestrial impact near the TJB is the presence of Upper Triassic seismites. Seismites 

and evidence of soft sediment deformation have been identified by Simms, (2003, 2007) 

within Upper Triassic strata of the Larne Basin (N. Ireland), Lavernock (S. Wales) and 

Manor Farm Quarry (SW England). Simms, (2003) interprets the wide distribution of the 

seismite deposits (>250,000km2) as being too great for known terrestrial mechanisms and 

therefore believes the deposits to have been generated by a bolide impact. However, 

Simms, (2007) suggests that these sedimentary deposits may equally have been generated 

by several earthquakes or high magnitude seismic events. Subsequent studies, some of 

which identify seismite beds from Denmark, Sweden and Luxembourg, further support 

Simms, (2007) and interpret that seismites were generated by volcanically induced 

seismicity [Wignall & Bond, 2008; Lindström et al., 2015; Lindström et al., 2020; 

Laborde-Casadaban et al., 2021]. This is partially based on the undisturbed sediment 

packages separating individual seismite deposits [Lindstrom et al., 2015]. 

Research by Schmieder et al., (2010) dated the 20 km diameter, Rochechouart impact 

structure (NW Massif Central, France) to between the Late Triassic and Early Jurassic 

(40Ar/39Ar 201±2Ma) and corroborated Simms (2003) in that the Upper Triassic seismite 

deposits may be impact induced. Conversely, recalculation of Schmieder et al (2010)’s 

data using a new decay constant resolves an age of 203±2Ma [Renne et al., 2011; Cohen et 
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al., 2017], whilst more recent research by Cohen et al., (2017) dates the impact structure to 

206.92±0.2Ma (40Ar/39Ar ) (Fig. 12).  

The Absence of a Suitable Impact Structure: Regardless of whether the Rochechouart 

impact structure correlates with the Rhaetian seismite deposits, the Rochechouart crater 

(20km) is dwarfed by the Chixulub impact crater (200km) associated with the ECME 

[Alvarez et al., 1980; Hildebrand et al., 1991; Urrutia-Fucugauchi et al., 2011]. This 

raises important questions regarding whether larger meteorite impacts, than that which 

formed the Rochechouart crater, may have occurred during the Late Triassic which could 

have contributed towards significant marine extinctions.  

Early work by Olsen et al., (1987) favoured the Manicougan impact structure (Quebec, 

Canada) as being a potential candidate. Ejecta layers associated with the Manicougan 

impact have been discovered from both Japan (Onoue et al., 2012) and SW England 

(Walkden et al., 2002). Studies of the Japanese ejecta layer by Sato et al., (2013) have also 

yielded a negative 188Os/187Os anomaly which has been interpreted to represent an 

extraterrestrial Os source. However, Hodych & Dunning, (1992) dated the Manicougan 

crater to 214±1 Ma (U/Pb) and therefore refuted the possibility that the Manicougan 

impact contributed towards the ETME. More recent work dates the Manicougan crater to 

215.5 Ma, however this also fails to coincide with a major pulse of the ETME [Ramezani 

et al., 2005]. The Manicougan impact has been closely associated with a local pulse of 

radiolarian extinction from Japan [Onoue et al., 2016] (Fig. 12). However, no widespread 

extinction(s) or shifts in diversity have been correlated with either the Rochechouart or 

Manicougan impact structures (Fig. 12). The insignificance role of extraterrestrial impacts 

in the ETME may also be interpreted from the relatively low crater formation rate during 

this time [Rampino & Caldiera, 2017].  
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Summary- Despite the low concentrations of iridium and seismites which may be 

volcanically induced, there are multiple lines of evidence (PDFs, ejecta layer,  

unradiogenic osmium, manicougan impact structure) to suggest extraterrestrial impacts 

during the Middle–Late Triassic (215.5Ma). Conversely, marine diversity changes as a 

result of these extraterrestrial impacts appear to have been minimal (Fig. 12). However, 

several lines of evidence initially interpreted as indicators of extraterrestrial impact have 

subsequently been argued to indicate sustained volcanism [Simms, 2007; Tanner et al., 

2016]. The presence of ‘modest’ iridium anomalies, seismically induced sedimentary 

deposits, and late Rhaetian clay spherules (not discussed here) are all argued to have been 

generated through provincial volcanism in the form of the Central Atlantic Magmatic 

Province [Simms, 2007; Zajzon et al., 2012; Tanner et al., 2016].  

 2.3.6.2 Central Atlantic Magmatic Province (CAMP): The Central Atlantic 

Magmatic Province, herein referred to as CAMP, was a Large Igneous Province (LIP) 

which marked the break-up of the supercontinent of Pangaea during the Late Triassic 

(Rhaetian) [Marzoli et al., 1999; Percival et al., 2017; Korte et al., 2019]. The presence of 

a large igneous province (CAMP) which initiated during the Late Triassic, and persisted 

through to the Jurassic, is strongly supported as a fundamental driving mechanism of the 

ETME by multiple studies [Hesselbo et al., 2002; Marzoli et al., 2004; Whiteside et al., 

2007; Schoene et al., 2010; Cirilli et al., 2009; Deenen et al., 2010; Blackburn et al., 

2013; Davies et al., 2017]. 

The Late Triassic initiation of CAMP volcanism, and therefore the close association 

between LIP volcanic activity and the ETME, is partially supported through Upper Triassic 

CAMP deposits (Fig. 13). CAMP volcanic deposits in the form of extrusive tholeiitic (Mid 

Ocean Ridge) basalts have been recorded from Africa (Morocco), North America (Newark 
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Basin; Hartford Basin; Deerfield Basin; Fundy Basin), South America (Brazil) and 

southwest Europe (Spain) (Fig. 13) [Marzoli et al., 1999; McHone, 2003; Marzoli et al., 

2004; Whiteside et al., 2007; Whiteside et al., 2010; Merle et al., 2014]. CAMP deposits 

have been correlated through U-Pb dating, 40Ar/39Ar dating and biostratigraphy to both the 

Upper Triassic and the ETME [Marzoli et al., 2004; Whiteside et al., 2007; Cirilli et al., 

2009; Jourdan et al., 2009; Schoene et al., 2010; Marzoli et al., 2011; Blackburn et al., 

2013; Panfili et al., 2019]. Upper Triassic ash beds (201.3-201.5 Ma U/Pb), which 

correlate with early CAMP activity and the ETME, have also been recorded from both 

South and North America (Peru & Nevada) [Lindstrom et al., 2017].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13:- Past and present extent of CAMP as represented through extrusive and 

intrusive volcanic deposits. Figure amended from Whiteside et al., (2007) and McHone, 

(2003). FR.- France, IB.- Iberia., PAN.- Panthalassic Ocean, TETHYS- Tethys Ocean, ?- 

uncertainty regarding the extent of province boundary, SDR- Seaward Dipping Reflector, 

mls- miles. Blue- areas submerged in water, darker green- the outline of existing 

landmasses, lighter green- interconnecting landmass. 
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Upper Triassic CAMP initiation is further evidenced through the presence of intrusive 

volcanic units (dykes and sills) from Africa (Mauritania, Guinea, Morocco), South 

America (Brazil, Bolivia), southwest Europe (Spain) and North America (Canada) (Fig. 4) 

[Blackburn et al., 2013; Davies et al., 2017]. CAMP dykes and sills date the initiation of 

CAMP activity to 201.6 Ma at the latest (201.612 Ma- Tarabuco sill, Bolivia; 201.635 Ma- 

Kakoulima intrusion, Guinea) [Davies et al, 2017]. The dating of CAMP initiation to 201.6 

Ma pre-dates the currently accepted lower boundary of the ETME (201.56- Blackburn et 

al., 2013] and therefore strongly correlates CAMP volcanism as a likely cause of the 

ETME. 

Other proxies which have been used to support the Late Triassic initiation of volcanism 

include elemental studies, such as mercury (Hg) and osmium (Os). Mercury is a volcanic 

trace gas with a short residence time (0.5 - 2 years) and has therefore been used in the past 

to correlate LIPs to mass extinction events [Percival et al., 2015; Font et al., 2016]. 

Increased concentrations of mercury have been recorded in several pulses closely 

associated with the ETME [Thibodeau et al., 2016; Percival et al., 2017; Tegner et al., 

2020; Kovacs et al., 2020]. Decreasing values of 187Os/188Os within Late Triassic seawater 

have also indicated an increasing supply of unradiogenic osmium throughout the Late 

Triassic and ETME [Kuroda et al., 2010]. Unradiogenic osmium is supplied through 

mantle upwelling and volcanism and may indicate the emplacement of a LIP (e.g., CAMP) 

[Kuroda et al., 2010]. Elemental proxies therefore strongly support the occurrence of Late 

Triassic volcanism in the form of a Large Igneous Province (CAMP) when collated with 

Upper Triassic volcanic units, elevated iridium concentrations and seismite deposits.  

The extent and impact of CAMP volcanism: CAMP has been reconstructed as having an 

aerial extent of anywhere between 2 x 106 and 1 x 107  km2 (Fig. 13) [Marzoli et al., 1999; 
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McHone, 2003; Marzoli et al., 2004; Nomade et al., 2007; Whiteside et al., 2007; Schoene 

et al., 2010; Green et al., 2012]. However, precise reconstruction is made difficult due to 

<1 x 106 km2 of CAMP deposits being preserved (Fig. 13) [Marzoli et al., 1999; Nomade et 

al., 2007]. The volume of flood basalt erupted from CAMP is estimated as between 2 x 106  

and 4 x 106  km3 erupted over a timescale of 580 kyr to 2 Myr [Holbrook & Kelemen, 1993; 

Marzoli et al., 1999; Wignall, 2001; McHone et al., 2003; Marzoli et al., 2004; Nomade et 

al., 2007; Kent & Olsen, 2008; Cirilli et al., 2009; Schoene et al., 2010; Schaller et al., 

2011; Greene et al., 2012; Percival et al., 2017; Davies et al., 2017]. Total volcanic 

emissions have been estimated as ranging between 1.11 x 1012
 and 5.19 x 1012 metric 

tonnes [McHone et al., 2003], and Beerling and Berner (2002) estimate that as much as 3.3 

Eg (3.3 x 1012 metric tonnes) of carbon may have been released as both CO2 and CH4.  

The large scale release of isotopically light carbon, such as that exuded by CAMP, is very 

widely evidenced within the Late Triassic carbon isotope record in the form of multiple 

δ
13

C negative shifts of up to 8‰ [Hallam & Goodfellow, 1990; Ward et al., 2001; Pálfy et 

al., 2001; Hesselbo et al., 2002; Guex et al., 2004; Galli et al. 2005; Pálfy et al., 2007; 

Korte et al., 2009; Ruhl et al., 2010; Kuroda et al., 2010; Črne et al., 2011; Lindström et 

al., 2012; Muttoni et al., 2014; Hönig et al., 2016; Yager et al., 2017; Ge et al., 2018]. 

Such large concentrations of isotopically light carbon will have been partially released 

through thermo-mechanical erosion and partial melt of the lithosphere [Saunders, 2017]. 

However, research has suggested that carbon released from flood basalts alone would be 

insufficient to cause the negative shifts in δ
13

C observed during the Late Triassic [Beerling 

& Berner, 2002; Payne & Kump, 2007]. It is therefore believed that magma was also 

injected into carbon rich sediments which will have resulted in magmatic devolatisation 

and enhanced carbon output [Beerling & Berner, 2002; Pálfy et al., 2001; Svensen et al., 

2009; Neumann et al., 2017]. Furthermore, positive feedback mechanisms caused through 
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a warming climate are believed to have resulted in the release of methane, potentially in 

the form of methane clathrates (hydrates) [Pálfy et al., 2001; Beerling & Berner, 2002; 

Pálfy, 2003; Ruhl & Kürschner, 2011; Pálfy & Kocsis, 2014]. 

As well as increased concentrations of CO2 and CH4 being introduced to the atmosphere, 

there will also have been an increased concentration of SO2. These greenhouse gases will 

have collectively resulted in global warming as well as possible acidification of the oceans 

[Črne et al., 2011]. Acidification of the Late Triassic and Early Jurassic oceans has been 

proposed by several geochemical studies as well as being inferred through the ‘Late 

Triassic biocalcification crisis' (2.3.4.3) [Richoz et al., 2012; Greene et al., 2012; Honisch 

et al., 2012; Ikeda et al., 2015].  

CAMP and marine anoxia- CAMP induced global warming will have also caused the 

expansion of oxygen minimum zones and the increased de-oxygenation of the oceans, 

which ultimately drives marine mass extinctions [Kasprak et al., 2015]. However, marine 

redox evolution throughout the ETME remains relatively poorly understood. One of the 

first studies to recognise marine oxygen paucity during the Late Triassic was Richoz et al., 

(2012) using organic biomarker isorenieretane. Isorenieretane, a C40 diaryl isoprenoid, is a 

light harvesting pigment produced by green algae which live within the photic zone and 

require free sulphur [Richoz et al., 2012]. Isorenieretane is therefore a proxy for Photic 

Zone Euxinia (PZE) [Richoz et al., 2012]. Three subsequent studies from Bristol 

(England), Kennecott Point (Canada) and the Hebelermeer 2 core (North Germany) also 

noted the presence of isorenieretane [Jaraula et al., 2013; Kasprak et al., 2015; 

Blumenberg et al., 2016]. However, all four studies recorded PZE at different stratigraphic 

levels and generally provided low resolution information regarding changes to marine 

redox through the ETME interval. Despite more recent research studying Triassic–Jurassic 
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marine redox change at higher resolution, through the use of biomarker, isotopic and 

elemental proxies, spatio-temporal redox evolution during the TJB still remains poorly 

understood (Jost et al., 2017; He et al., 2020; Beith et al., 2021; Fox et al., 2022; He et al., 

2022a, 2022b). There is also very little research which directly correlates shifts in marine 

biodiversity to changes in marine redox, nor research with studies controls on Triassic–

Jurassic marine redox change. Given the prominent effect that Late Triassic spatio-

temporal marine redox change may have had on Late Triassic marine biodiversity (2.3.4), 

it is therefore important that marine redox evolution is further researched from the ETME 

and its impact on marine biodiversity better understood.  

 2.3.6.3 Section summary: The presence of a LIP which developed on the 

supercontinent of Pangaea during the Late Triassic is strongly supported by extensive 

Rhaetian and Hettangian tholeiitic lava deposits; Rhaetian volcanic intrusions; 

volcaniclastic clay spherules; volcanically induced seismites; modest increases in iridium, 

mercury and unradiogenic osmium; multiple negative shifts within the carbon isotope 

record indicative of large-scale outpouring of isotopically light carbon. LIP activity, in the 

form of CAMP, during the Late Triassic is believed to have resulted in global warming, 

ocean acidification and the progressive de-oxygenation of marine environments. However, 

the initiation and spatio-temporal pattern of redox change during the Late Triassic, as well 

as its role in Late Triassic diversity depletions, remains poorly understood and therefore 

requires further study. 

2.4 CHAPTER SUMMARY 

The ETME is widely recognised as one of the largest mass extinction events throughout 

the Phanerozoic Eon, witnessing the extinction of ~76% of all species and ~12% of all 

families. The ETME is also exemplified by the disappearances of large numbers of marine 
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invertebrates at multiple trophic levels. This includes the near-complete disappearance of 

ammonites and reef building corals, as well as spatio-temporal extinctions of marine 

bivalves, the asynchronous disappearance of conodonts, and diversity depletions amongst 

zooplankton and phytoplankton. 

Marine invertebrate extinctions throughout the Late Triassic are thought to be the result of 

environmental perturbation and oceanic chemical changes caused by LIP activity. The 

presence of a Late Triassic LIP is supported through Upper Triassic and Lower Jurassic 

volcanic deposits, increases in iridium and mercury as well as negative shifts in δ
13

C of up 

to 8‰ indicative of large-scale de-gassing of isotopically light carbon. LIP-induced 

environmental change is believed to have resulted in de-oxygenation and/or acidification 

of the oceans and subsequent Late Triassic marine extinctions. However, despite marine 

redox change being evidenced at the ETME, the initiation, spatio-temporal progression and 

drivers of marine de-oxygenation, as well as its role in the ETME, remain poorly 

understood.  

The aim of this research is therefore to quantify spatio-temporal marine de-oxygenation as 

a result of environmental change throughout the ETME. This research will be undertaken 

through the study of isotopic and elemental proxies within Rhaetian and Hettangian 

sedimentary successions. Furthermore, it is through the study of biogeochemical 

relationships in geological time that future anthropogenic changes to marine environments 

may be better understood. However, it should be noted that both present and past 

environmental changes differ markedly in terms of both duration, palaeogeography and 

starting conditions. The next chapter will discuss elemental and isotopic techniques which 

have been used within this thesis to reconstruct palaeo-environmental conditions, including 

marine redox, during the Late Triassic and Early Jurassic.
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3 GEOCHEMICAL ENVIRONMENTAL PROXIES 

3.1 INTRODUCTION 

In order to reconstruct changing environmental conditions, including marine redox, within 

marine settings during the Triassic–Jurassic boundary interval a selection of palaeo-

environmental proxies has been chosen. These include elemental and isotopic proxies 

which have been used within this thesis to determine marine redox, weathering, and 

hydrography at the selected study sites. This chapter will discuss the chosen proxies used 

within this thesis as well as explaining their application. For more detailed reviews of the 

selected redox proxies refer to Appendix 2.  

 

3.2 PALAEO-REDOX PROXIES 

For this thesis a series of palaeo-redox proxies have been used to reconstruct marine 

oxygenation during the latest Triassic and earliest Jurassic on the Tethyan shelf. Such 

proxies include enrichment of redox sensitive trace metals within carbonates and mudrocks 

(Mo, Cd, Zn, Mn, U, V, Cr), redox indicative elemental ratios (FeT/Al, Corg/P), and 

molybdenum isotope compositions (δ98Mo). 

 

Molybdenum (Mo) is a conservative element which primarily exists as the oxyanion 

MoO4
2- within oxic waters. Under oxic conditions Mo may adsorb onto Fe-Mn 

oxyhydroxides and become fractionated by up to 3 per mil lighter than coeval seawater 

resulting isotopically light δ98Mo and molybdenum concentrations up to and exceeding 

100 ppm (Barling & Anbar, 2004; Scott & Lyons, 2012). Under sulfidic conditions Mo 

forms particle reactive thiomolybdates, as well as Mo-S species under progressively 

increasing H2S concentrations, resulting in sedimentary Mo enrichment and isotopically 

heavy δMo values (Helz et al., 1996; Ericksen & Helz, 2000). Sediments accumulating in 
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intermittently and permanently sulfidic environments may exhibit 2 to 3 times greater Mo 

concentrations (>100 ppm) than non-euxinic environments (<25 ppm) (Scott & Lyons, 

2012) under modern ocean Mo concentrations of ~105 nM. Global redox changes may also 

be interpreted through δMo values with globally oxygenated conditions being reflected 

through isotopically heavy seawater δMo, due to isotopically light sedimentary Mo uptake 

via oxyhydroxides, and globally sulfidic conditions being reflected by isotopically light 

seawater δMo, due to isotopically heavy sedimentary Mo uptake via sulfides.  

 

Under oxidising conditions cadmium (Cd) commonly exists as CdCl+ in seawater (Morford 

& Emerson, 1999; Tribovillard et al., 2006). However, in the presence of sub μmolkg-1 

H2S concentrations Cd forms insoluble CdS and is removed into bottom water sediments 

(Framson & Leckie, 1978; Rosenthal et al., 1995; Van Geen et al., 1995; Janssen et al., 

2014). However, more recent studies interpret that Cd burial may be facilitated through 

burial via organic matter with a more minor sulfide component (de Souza et al., 2022). 

Suboxic and anoxic margin sediments consequently account for up to 93% of Cd output 

within the modern oceans (Bryan et al., 2021).  

 

Zinc (Zn) exists in the form of ZnCl+ and Zn2+ within oxygenated waters, however under 

reducing conditions forms insoluble ZnS (Daskalakis & Helz, 1993; Janssen et al., 2014; 

Sweere et al., 2018; Zhang et al., 2021). Zn is subsequently enriched within sediments 

underlying an anoxic/euxinic water column or bearing anoxic pore waters (Daskalakis & 

Helz, 1993; Algeo & Maynard, 2004; Tribovillard et al., 2006; Janssen et al., 2014).  

 

Under oxygenated conditions manganese (Mn) predominantly exists as Mn (III) and Mn 

(IV) oxides, including Mn-oxyhydroxides (Calvert & Pedersen, 1993). Under anoxic 
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conditions Mn undergoes reductive dissolution to Mn (II) (Rue et al., 1997; Tribovillard et 

al., 2006; Piper & Calvert, 2009; Algeo & Li, 2020). Where Mn reduction occurs below 

the sediment water interface, Mn (II) may freely migrate within the sediment as it is not 

taken up significantly into organic or sulfide phases (Algeo & Maynard, 2004; Tribovillard 

et al., 2006). Mn (II) may subsequently flux into the overlying water column within anoxic 

basins or re-precipitate upon encountering oxic conditions resulting in concentrations in 

excess of upper crustal abundance (Mangini et al., 2001; Algeo & Maynard, 2004; 

Brumsack, 2006; Piper & Calvert, 2009). Sedimentary Mn enrichment therefore typically 

occurs under oxygenated conditions. However, enrichment may also occur within anoxic 

sediment pore space or euxinic bottom waters through the formation of Mn carbonate and 

sulfide species (Force & Maynard, 1991; Calvert & Pedersen, 1993; Algeo & Maynard, 

2004; Brumsack, 2006; Lenz et al., 2014, 2015; Häusler et al., 2018).  

 

Uranium (U) is a conservative element which commonly exists within oxygenated marine 

environments as U(VI)[UO2(CO3)3
4-] (Calvert & Pedersen, 1993; Tribovillard et al., 2006). 

As a result of the unreactive nature of U(VI) within oxygenated seawater, U exhibits low 

sedimentary enrichment under oxic conditions (Andersen et al., 1989; Calvert & Pedersen, 

1993). However, under oxygen poor conditions reduction of U(VI) to U(IV) leads to 

immobilisation and enrichment of U below the sediment-water interface (Crusius et al., 

1996; Morford et al., 2001; McManus et al., 2005; Andersen et al., 2014, 2016). U 

enrichment is thought to occur primarily within bottom water sediments on account of 

U(VI) reduction occurring independent of H2S availability and Fe-Mn cycling (Algeo & 

Maynard, 2004; McManus et al., 2005). U therefore operates as a proxy for pore water 

[O2] below the Fe(II/III) redox couple. 
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Chromium (Cr) and vanadium (V), much like uranium, become insoluble under reducing 

conditions and are strongly removed from anoxic pore waters (Calvert & Pedersen, 1993). 

Cr commonly exists under oxygenated conditions as Cr(VI) (CrO4
2-), however under 

reducing conditions it forms Cr(III) (Cr(H2O)4(OH)2
+), which becomes insoluble upon 

aging. Meanwhile, V commonly exists as HVO4
2- and H2VO4

- being hydrolysed to 

insoluble VO(OH)2 under mildly reducing conditions.   

 

FeT/Al is a proxy which measures authigenic iron (Fe) enrichment under oxygen-poor 

conditions relative to detrital input (Al) (Lyons et al., 2003). FeT/Al values are commonly 

elevated within euxinic and ferruginous sediments through syngenetic pyrite formation 

(>0.7) (Lyons et al., 2003; Lyons & Severmann, 2006; Poulton & Canfield, 2011; Dickson 

et al., 2014; Hardisty et al., 2016; Young et al., 2020). Conversely, FeT/Al values are 

relatively low within oxic environments (<0.55) (Lyons & Severmann, 2006; Raiswell et 

al., 2008; Sperling et al., 2013, 2016, 2018]. 

 

Upon the burial of organic matter, phosphorus (P) is preferentially remineralised through 

bacterial decomposition (Algeo & Ingall, 2007; Burkhardt et al., 2014). Where the 

surrounding pore waters are oxygenated, remineralised P may be retained through 

adsorption to mineral surfaces (Fe-Mn oxyhydroxides) or organic uptake (Ruttenberg & 

Berner, 1993; Davelaar, 1993; Slomp et al., 1996; Sannigrahi & Ingall, 2005). Conversely, 

where surrounding poor waters are anoxic/euxinic, remineralised phosphorous is released 

back into the water column due to oxyhydroxide instability under low oxygen conditions 

(Ingall & Jahnke, 1994; Van Cappallen & Ingall, 1996; Ingall et al., 2005; Algeo & Ingall, 

2007). The ratio of Corg/P may therefore be used to reconstruct sedimentary [O2], with 
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Corg/P becoming elevated above typical Redfield ratios of ~106 under anoxic conditions 

(50–300) and below this ratio under oxic conditions (<50) [Algeo & Ingall, 2007]. 

 

The Redox Ladder: 

Many of the redox sensitive elements discussed above fall into a redox framework. This 

framework is called the redox ladder and it lists the idealised progression in elemental 

enrichment of redox sensitive elements with changing water oxygen and sulfur 

concentrations (see Figure 14) [Algeo & Li, 2020; Algeo & Lui, 2020]. Elements like 

chromium and manganese are more sensitive to changes in oxygen concentrations and are 

enriched under less reducing conditions than elements which rely on the presence of 

reduced sulfur (e.g., molybdenum). Each suite of elements is associated with a redox 

facies, and a range in oxygen/sulfur concentration, and therefore the proportional 

enrichment of a number of indicative, redox sensitive elements may be used to interpret 

relative oxygen or reduced sulfur concentrations within the water column and/or 

sedimentary pore waters (Fig. 14).  

 

 

 

 

 

 

 

 

 

Figure 14:- An overview of ‘the redox ladder’. Redox facies and proxies used within this 

thesis in red. Figure amended from Algeo & Li, (2020). 
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However, a strict calibration between elemental enrichment and oxygen conditions is not 

always possible. For example, the redox ladder does not take into consideration rapidly 

fluctuating and spatially variable redox conditions which could result in conflicting signals 

[Algeo & Li, 2020]. Nor does the redox ladder take into consideration reworking of marine 

sediments. It is for this reason that the redox ladder is often a theoretical framework that 

must be tailored for each study location.  

 

Throughout this thesis redox classifications have been assigned according to the variable 

enrichment of redox sensitive elements (Fig. 15), using the redox ladder as a starting 

framework, and have been further informed through palaeobiological information where 

available. The elevated enrichment of Fe and/or Mn (1–10) alongside low enrichment of U, 

Cr, V, Mo, Cd and/or Zn (0–1) has been identified here as representing oxygenated marine 

conditions and therefore termed ‘oxic’ [Algeo & Maynard, 2004; Algeo & Tribovillard, 

2009; Algeo & Lui, 2020]. The elevated enrichment of U, Cr, V, Mo, Cd, Fe, and/or Zn (1–

10), whilst sometimes associated with the decreased enrichment of Mn, has been identified 

here as representing slightly decreased marine oxygenation and therefore termed ‘suboxic’ 

[Algeo & Maynard, 2004; Algeo & Li, 2020]. The elevated enrichment of elements which 

are particularly sensitive to sulfidic conditions (e.g., Mo, 2–20) over elements which do not 

rely on the presence of reduced sulfur (e.g., U, Cr, V; 1–10) has been used to specify 

suboxic conditions extending into the water column as sometimes represented through 

shoaling of the sulfate reduction zone [Algeo & Tribovillard, 2009]. Where elements 

which are sensitive to reduced sulfur (e.g., Mo) exhibit significantly elevated enrichment 

values (>20), suggesting significantly elevated [HS-] within the water column and the 

absence of oxygen, then this has been interpreted as representing ‘euxinic’ conditions with 

the extent of euxinia being interpreted based on absolute values [Algeo & Tribovillard, 
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2009]. Meanwhile, in the rare circumstance that elements sensitive to anoxia exhibit little 

or no enrichment and elements sensitive to reduced sulfur exhibit variable enrichment this 

has been interpreted as reflecting ferruginous (low sulfur in the absence of oxygen) 

conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15:- A quantitative framework to interpret redox conditions. Anox.- anoxic, Eux.- 

euxinic, (p)- pore water, (w)- water column. Redox boundaries and ranges based on data 

from Algeo & Maynard, (2004), Algeo & Tribovillard, (2009) and Algeo & Li, (2020). 

Footnotes based on Force & Maynard, (1991), Calvert & Pedersen, (1993), Triboviallrd et 

al., (2006) and Kendall et al., (2017) for further information refer to Appendix 2. 

 

3.3 PALAEO-WEATHERING/DETRITAL INPUT PROXIES 

 

Palaeo-weathering conditions, when correlated to changes in marine redox, may be used to 

determine whether Triassic–Jurassic marine de-oxygenation may have been driven by 

localised changes in detrital input. Palaeo-weathering conditions during the latest Triassic 

and earliest Jurassic on the Tethyan shelf have been reconstructed using Ti/Al, Zr/Al, and 

CIA within this thesis to further understand this relationship. 

 

Titanium (Ti) is commonly found within high-density Ti-bearing minerals within marine 

sediments, which are generally transported with coarser-grained silts and fine sands 
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(Calvert & Pedersen, 2007). Aluminosilicates typically exhibit finer-grained clay and silt 

sized sediment within marine environments (Dickson et al., 2014). Therefore, when Ti is 

normalised to aluminosilicate input (Al), Ti may determine the proportion of coarse-

grained sediment. Alternatively, Al (%) may be used on its own as a proxy for the detrital 

input or proportion of clay-sized sediment. 

 

Zirconium (Zr) commonly exists within marine sediments as the mineral zircon (Calvert & 

Pedersen, 2007). Zr is resistant to weathering, has no cleavage and places just above quart 

on Moh’s hardness scale (7.5) (Calvert & Pedersen, 2007). Zr also exhibits a higher 

specific gravity than quartz meaning that unlike aluminosilicates (clay, silt) and Ti (silt, 

fine sand), Zr becomes concentrated with the fine to medium sand fraction of marine 

sediments (Calvert & Pedersen, 2007). Zr may therefore be used to determine the 

proportion of even coarser grained sediment when normalised to Al (Zr/Al).  

 

The Chemical Index for Alteration (CIA) was initially developed by Nesbitt and Young 

(1982) as a proxy for palaeo-environmental reconstruction using soils and sediments and is 

expressed through the following equation: CIA = [Al2O3 / (Al2O3 + CaO* + Na2O + K2O)] 

x 100. Warmer and wetter environments produce higher CIA values due to higher 

mobilisation of cations, whilst colder and drier climates produce lower CIA values due to 

lower cation mobilisation (Wang et al., 2020). CIA has also been used a proxy for the 

chemical weathering of sedimentary rocks in order to determine changes in weathering 

intensity (Wang et al., 2020). 

 

3.4 PALAEO-HYDROGRAPHIC PROXIES 
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Hydrographic conditions, when correlated to changes in marine redox, may be used to 

determine whether marine redox changes during the TJB and ETME may have been driven 

by localised hydrographic changes. Palaeo-hydrographic conditions during the latest 

Triassic and earliest Triassic on the Tethyan shelf have been reconstructed here using Al 

(%), Ca (%) and Cobalt (ppm)*Manganese (%) (Co*Mn) to further understand the 

potential role of hydrography as a driver of marine de-oxygenation on the Triassic–Jurassic 

Tethyan shelf.  

 

Al (%) is a proxy which can be used to determine the relative proportion of terrestrially 

derived, clastic material within an environmental setting. Lithic (rock) material is 

composed of compounds of Aluminium (Al) and Silica (Si) called aluminosilicates which 

form different arrangements and therefore different rock forming minerals. When rocks are 

weathered on land, they will accumulate within basins (e.g., seas and oceans) and remain 

in the sediment as Al and Si. Al is almost entirely bound within these terrestrial-derived 

aluminosilicates and has no biological function (Calver & Pederson, 2007). Therefore, the 

concentration of Al within a rock can be used to determine the proportion of terrestrially 

derived sediment within a certain stratigraphic layer. Al (%) may be used to determine 

basin proximity (i.e., higher Al (%) = more proximally positioned basin) when interpreted 

alongside other data (e. g. sedimentology, ichnofacies, palynology).  

Co (ppm)*Mn (%) is a proxy for hydrographic restriction developed by Sweere et al., 

(2016). Within oceanic environments both cobalt (Co) and manganese (Mn) decrease in 

concentration with depth as they are scavenged into bottom water sediments (Knauer et al., 

1982; Statham & Burton, 1986). Within unrestricted (open marine) environments the 

supply of Co and Mn into bottom water sediments is reduced through upwelling. 

Furthermore, once Co and Mn are upwelled into coastal settings, they may exit the system 
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through lateral advection (McArthur, 2019). Enrichment of Co and Mn is therefore 

reduced within the sediments of open marine, upwelling environments and can be 

characterised by Co (ppm)*Mn (%) of <0.4 (Sweere et al., 2016). However, within 

restricted settings movement of Co and Mn is more inhibited, and therefore Co and Mn 

largely remain within deeper waters. Any Co and Mn that does reach shallower waters 

within restricted settings cannot be removed from the system due to its closed nature. Co 

and Mn instead return to deeper waters through surface advection or are drawn into 

sediments through redox cycling (McArthur, 2019). The enrichment of Co and Mn is 

therefore greater within the sediments of restricted environments and can be characterised 

by Co (ppm)*Mn (%) of >0.4 (Sweere et al., 2016). 

 

3.5 CHAPTER SUMMARY 

Through the collection of both elemental and isotopic data, using the methods described in 

Chapter 5 of this thesis, it will therefore be possible to reconstruct a range of 

environmental changes through the proxies described within this chapter. Most notably it 

will be possible to reconstruct marine redox change at a local, regional, and global scale in 

order to further determine the role of marine redox change in marine extinction phases 

during the ETME, as well as to what extent marine redox may have been driven by detrital 

and hydrographic changes. The next chapter will discuss the materials which have been 

studied as part of this thesis from across the Tethyan shelf.
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  4 UPPER TRIASSIC AND LOWER JURASSIC CORE 

AND OUTCROP SAMPLES  

 

4.1 INTRODUCTION 

As discussed within chapter 2 of this thesis, it has only been within the past 12 years that a 

GSSP has been allocated for the Triassic–Jurassic boundary interval [Hillebrandt et al., 

2013]. However, in the lead up to a basal Hettangian GSSP being selected and ratified, 

many researchers were hard at work in a bid to further understand the stratigraphy of 

potential GSSP sites [Hesselbo et al., 2002; Guex et al., 2004; Ward et al., 2004; Page, 

2005; Hillebrandt et al., 2007; Londridge et al., 2007; Simms & Jeram, 2007; Ruhl et al., 

2009; Ruhl et al., 2010]. GSSP candidate sites, which were stratigraphically poorly 

understood before, have subsequently become key locations for studies of end-Triassic 

marine mass extinction and recovery [Longridge et al., 2007a, 2007b; van de 

Schootbrugge et al., 2007; Mander & Twitchett, 2008; Mander et al., 2008; Whiteside & 

Ward, 2011; McRoberts et al., 2012; Jaraula et al., 2013; Kasprak et al., 2015; Atkinson 

& Wignall, 2019; Wignall & Atkinson, 2020; Du et al., 2020]. Furthermore, several of 

these sites have also undergone recent drilling resulting in the extraction of sedimentary 

core sections. Core material provides an ideal record for geochemical analysis due to its 

relatively continuous and unweathered nature.  

 

Core material has been retrieved from the Larne Basin in the form of the Carnduff-1 and 

Carnduff-2 cores [Boomer et al., 2021, this thesis], the New York Canyon Section, Nevada 

[M. Ruhl 2019. pers. comm. 6 June] and St. Audrie’s Bay, Somerset [this thesis]. However, 

boreholes which intersect Upper Triassic and Lower Jurassic sections have also been 

drilled through other, less stratigraphically well understood, expanded localities.  
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These include the Hebelermeer-2, Schandelah-1 and Prees 2c cores [Blumenberg et al., 

2016; van de Schootbrugge et al., 2019; this thesis]. The timing of this thesis therefore 

perfectly coincides with the emergence of several Upper Triassic and Lower Jurassic core 

sections from a range of Tethyan sites offering a potential new spatio-temporal 

understanding of Triassic-Jurassic marine redox evolution and its role in the end-Triassic 

mass extinction event.  

Material has also been obtained from the Hungarian Csővár Vár-hegy section, which is one 

of very few sites to exhibit continuous carbonate sedimentation through the Triassic–

Jurassic boundary interval.  

This chapter further discusses the core and outcrop material studied for this thesis 

including previous stratigraphic studies or geological background, the nature of the 

samples, the origin of the samples, sample collection, sample horizons, sample repository, 

and any other previous studies on the material where relevant. 

 

4.2 CARNDUFF-2 CORE, LARNE BASIN, NORTHERN IRELAND 

 

Previous stratigraphic studies- The Larne Basin, Northern Ireland became a site of 

particular interest in 1962 when the extraction of the Larne No.1 Borehole allowed for the 

detailed study of an expanded Triassic-Jurassic core section (Manning & Wilson, 1975; 

McCann, 1990). Palynological studies of the Larne No. 1 Borehole by Warrington & 

Harland (1975) revealed moderately diverse plankton and spore assemblages, with outcrop 

studies by Ivimey-Cook (1975) detailing invertebrate ranges throughout the Upper 

Triassic. The Larne Basin has subsequently undergone detailed study by Michael Simms & 

Andrew Jeram who endorsed Waterloo Bay as a candidate GSSP section based on detailed 

studies of ammonite biostratigraphy (Simms & Jeram, 2007). Simms & Jeram, (2007) also 

reconstructed cyclostratigraphy and carbon isotope stratigraphy for the Larne Basin. More 
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recently (2013– 2014) two boreholes have been drilled within the Larne Basin by 

Gaelectric Energy Storage, the Carnduff-1 and Carnduff-2 cores, which have undergone 

detailed lithostratigraphic, biostratigraphic and chemostratigraphic study (Boomer et al., 

2021). It is the Carnduff-2 core which has been studied as part of this thesis and will 

therefore be focussed on for the remainder of this section.  

 

Nature of material studied- Sub-samples of the Carnduff-2 core 

 

Origin of material- The Carnduff-2 core was drilled between October 31st, 2013, and 

March 21st, 2014, by Priority Drilling Ltd and Gaelectric Energy as part of a gas storage 

test. The borehole was drilled at 54.83882° N, 5.821264° W.  

 

Sample collection- The Carnduff-2 core was sub-sampled by Micha Ruhl on 19/09/2018 at 

the Geological Survey of Northern Ireland (GSNI) core store.  

 

Sample horizons & stratigraphy- 68 samples ranging from the base of the Westbury 

Formation to the lower Waterloo Mudstone Formation. For detailed stratigraphy see 

Boomer et al., (2021). For a summary of all the information within this chapter, refer to 

Appendix 3.1.  

 

Sample repository- The Carnduff-2 core is archived at the GSNI core store, Round Tower 

Industrial Estate, Dargan Crescent, Belfast, BT3 9JP. Sub-samples may also be obtained 

from GSNI.  

 

Previous studies of the Carnduff-2 core- The Carnduff-2 core was studied by Andeskie et 

al., (2018) who interpreted the Mercia Mudstone Group of the Larne Basin as representing 
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an arid depositional environment consisting of playa lake deposits and aeolian sediments. 

Recent work by Boomer et al., (2021) studied the detailed stratigraphy of both the 

Carnduff-1 and Carnduff-2 cores, correlating the cores to both each other and to St. 

Audrie’s Bay, Somerset.  

 

4.3 SOMERSET-1 & SOMERSET-2 CORES, ST. AUDRIE’S BAY, BRISTOL 

CHANNEL BASIN, SOMERSET, SW ENGLAND 

 

Previous stratigraphic studies- The ammonite biostratigraphy of the Bristol Channel Basin 

has been studied for centuries, likely being a key tool used by William Smith during his 

mapping of the Jurassic strata of Southwest Britain (circa 1815). However, it has only been 

within the past 30 years that the Bristol Channel Basin has become more widely 

recognised as a key TJB locality. Detailed studies of ammonite biostratigraphy by 

Warrington et al., (1994) proposed the Triassic-Jurassic section at St. Audrie’s Bay (SAB), 

Somerset as a candidate for the basal Hettangian GSSP based on the first appearance of 

ammonite Psiloceras planorbis. A ground-breaking study by Hesselbo et al., (2002) 

subsequently studied the biostratigraphy and carbon isotope stratigraphy from SAB 

allowing for the first correlation of marine (SAB, Kennecott Point, Csővár) and terrestrial 

(Astartekløft) TJB sites. Subsequent work by Hounslow et al., (2004) analysed 

biostratigraphy alongside magnetostratigraphy in order to further correlate SAB with 

terrestrial TJB sections (Newark Supergroup). Research by Ruhl et al., (2010) studied the 

Milankovitch cyclicity represented within the Lower Jurassic, interbedded, organic-rich 

shales and carbonates at SAB, further understanding the site’s cyclostratigraphy. 

Meanwhile, a more recent study by Ruhl & Kürschner, (2011) uses carbon isotope 

stratigraphy to correlate SAB with both the GSSP (Kuhjoch) and terrestrial CAMP 
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deposits from Morocco. However, the most interesting development from this site over the 

past decade has been the extraction of several core sections from the SAB foreshore in 

2013. The Somerset core material will be further discussed here.   

Nature of material studied- Sub-samples and archived core sections from the Somerset-1 

and Somerset-2 cores. 

 

Origin of material- The Somerset-1 and Somerset-2 cores were drilled on the foreshore at 

St. Audrie’s Bay in early 2013 by a research group including Christian Bjerrum and Micha 

Ruhl. The cores were drilled at 51.18186° N, 3.286053° W, close to the site where 

Hesselbo and others (2002) previously logged the foreshore in outcrop and studied the 

stratigraphy in detail. A further two cores were drilled by Bjerrum and colleagues [C. 

Bjerrum, 2019. pers. comm. 13 May] covering the critical interval (Cotham to Langport 

Member) and mid-Westbury Formation.  

 

Sample collection- The Somerset-1 and -2 cores were sub-sampled by Christian Bjerrum at 

the University of Copenhagen between 2018 and 2021. 

 

 

Sample horizons & stratigraphy- 51 samples. Samples from the Somerset-2 core extend 

from the top of the Westbury Formation to the top of the Lilstock Formation. Samples 

from the Somerset-1 core extend from the base of the Lilstock Formation to the lower Lias. 

The sample horizons are reported relative to stratigraphic heights from Hesselbo et al., 

(2002) and have been correlated using carbon isotope stratigraphy by Christian Bjerrum 

[C. Bjerrum, 2021.pers. comm. 10 Aug]. For further information including core 
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descriptions, core photos and detailed sedimentary logs, which have been generated as part 

of this thesis, refer to Appendix 3.2. 

 

Sample repository- The Somerset-1 and Somerset-2 cores are archived at the Geocenter, 

Copenhagen University, Øster Voldgade, Copenhagen, Denmark. Sample aliquots are 

stored at the Geocenter also. 

 

Previous studies of the material- The work within this thesis is the first which formally 

studies the core material. Due to insufficient time, it has not been possible to obtain 

detailed biostratigraphy of the core material. However, detailed lithostratigraphy and 

carbon isotope stratigraphy has been used to correlate the cores to nearby outcrop sections 

studied by Hesselbo et al., (2002) [C. Bjerrum, 2021. pers. comms. 10 Aug.]. 

Biostratigraphy from Hesselbo et al., (2002) has subsequently been extrapolated for both 

cores. 

4.4 THE PREES-2C CORE, CHESHIRE BASIN, ENGLAND 

 

Previous stratigraphic studies- The Jurassic stratigraphy of North Wales, geographically 

proximal to the Cheshire Basin, is known in detail on account of numerous studies of the 

Mochras borehole (Hesselbo et al., 2013). The Mochras borehole, formally known as the 

Llanbedr (Mochras Farm) borehole, was drilled between 1967 and 1969 on the Cardigan 

Bay coast, North Wales (Woodland, 1971; Hesselbo et al., 2013). Approximately 1300m 

of core was recovered during drilling revealing a significantly expanded and relatively 

complete Jurassic succession (Ruhl et al., 2016; Hesselbo et al., 2013; Hollaar et al., 2021). 

Sub-samples of the Mochras borehole were subsequently processed for high resolution 

carbon isotope stratigraphy (Storm et al., 2020), and cyclostratigraphy (Ruhl et al., 2016) 
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including the identification of a positive carbon isotopic excursion from the basal Jurassic 

in the Mochras core by Jenkyns & Clayton, (1997).  

On account of the expanded nature of the Jurassic strata in North Wales and bordering 

Shropshire, as well as the unavailability to drill near the original Mochras site, the 

Cheshire Basin was subsequently chosen as the site for a combined NERC-ICDP project to 

further understand the Early Jurassic Timescale (‘JET’). In late 2020 the ‘JET’ project 

retrieved 656m of Lower Jurassic and Upper Triassic core material from the Cheshire 

basin, known as the Prees-2c core. It is the Prees-2c core which has been studied as part of 

this thesis and will be the focus of the remainder of this section. 

 

Nature of material studied- Sub-samples and archived core sections of the Prees-2c core. 

 

Origin of material- The Prees-2c core was drilled between early November and 29th 

December 2020, just off the A49, ~1km north of the village of Prees, Whitchurch, north 

Shropshire, England. The core was drilled by a team of scientists led by Professor Stephen 

Hesselbo of the University of Exeter.  

 

Sample collection- 125m of core material were logged at a centimetre scale at the British 

Geological Survey (BGS) (Appendix 3.3), Keyworth, Nottingham. Sub-samples of the 

core were collected by a team of JET scientists. 

 

Sample horizons and stratigraphy- 38 samples. Samples span from the upper Hettangian to 

upper Rhaetian based on carbon isotope and ammonite stratigraphy [S. Hesselbo 2021. 

pers. comm. 7th July].  
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Sample repository- The Prees-2c core working and archive halves are housed at BGS.  

 

Previous studies of the material- Given that the core material was only recovered in late 

2020, and that initial processing of the material was only completed at the end of last year, 

there has been very little previous study of the material. Initial results were presented at the 

European Geophysical Union 2021 [Hesselbo et al., 2022], however there are no formal 

publications as of yet on the Prees-2c core material.  

 

 

4.5 CORE AND OUTCROP SAMPLES FROM THE CENTRAL EUROPEAN BASIN 

 

Originally named the ‘Germanic Basin’, a large portion of mainland Europe is now 

thought to have formed an extensive marginal basin in the form of the ‘Central European 

Basin (CEB)’ or Southern Permian Basin [Blumenberg et al., 2016]. The CEB has been 

reconstructed numerous ways by different studies [van de Schootbrugge et al., 2009; 

Greene et al., 2012; Richoz et al., 2012; Lindström et al., 2016; Blumenberg et al., 2016]. 

However, in spite of the varied reconstructions of the CEB architecture, all studies agree 

that the CEB was connected to the Tethys Ocean during the Late Triassic and Early 

Jurassic. This connection was likely partly restricted on the account of several studies 

reporting brackish conditions from the CEB during this time [Bonis et al., 2010; 

Blumenberg et al., 2016; Barth et al., 2018]. The CEB is subdivided into numerous sub-

basins [Bense & Jähne-Klinberg, 2017] which include sites represented by the 

Hebelermeer-2 and Schandelah-1 cores as well as material from the Csővár Vár-hegy 

section, Hungary. The CEB sites studied within this thesis will be further discussed in the 

remainder of this chapter. 
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4.5.1 Hebelermeer-2 core, Germany: 

Geological Background- Despite the stratigraphy in the area of the Hebelermeer-2 core 

having been relatively unstudied prior to the core’s extraction in 1955, the Hebelermeer-2 

core represents the wealth of information that is available due to exploratory wells. The 

Hebelermeer-2 core was originally extracted for the purposes of hydrocarbon prospecting 

more than 65 years ago, however the archiving of such cores has allowed for their use in 

scientific research in the 21st century [see Blumenberg et al., 2016]. Archived cores may 

therefore represent an invaluable asset with regards to reconstructing spatio-temporal 

redox change and palaeoenvironmental conditions across ancient continental interiors.  

 

Previous stratigraphic studies- see ‘Previous studies of the material’ below  

 

Nature of material studied- Sub-samples from Hebelermeer-2 core. 

Origin of material- The Hebelermeer-2 core was drilled in 1955 by Deutsche Vacuum Öl, 

GEW Elwerath, Deutsche Schachtbau, Wintershall and KCA Deutag [Schwarzenhölzer, 

1955; Blumenberg et al., 2016]. The core was drilled at 52.675842° N, 7.208970° E.  

Sample horizons & stratigraphy- 7 samples. Samples extend from the lower to middle 

Rhaetian to the lower Hettangian based on Blumenberg et al., (2016).  

 

Sample repository- The Hebelermeer-2 core is archived at the core repository of BGR 

(Bundesanstalt für Geowissenschaften und Rohstoffe) and LBEG (Landesamt für Bergbau, 

Energie und Geologie), the Geocenter, Hannover [Blumenberg et al., 2016]. Further data 

on coring and stratigraphy of the whole core are available at the LBEG archive 

[Blumenberg et al, 2016]. 
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Previous studies of the material- The core has been studied for its lithological 

characteristics as well as undergoing detailed micro and macrofossil studies 

[Schwarzenhölzer, 1995]. However, a more recent study, with particular relevance to this 

thesis, is the work undertaken on the Hebelermeer-2 core by Martin Blumenberg and 

colleagues (2016). Blumenberg et al., (2016) studied biomarker isorenieratane from the 

Hebelermeer-2 core and identified euxinic conditions from as early as the middle Rhaetian. 

A middle Rhaetian initiation of marine anoxia predates that of other Tethyan and 

Panthalassa sites [Richoz et al., 2012; Jaraula et al., 2013; Kasprak et al., 2015] and may 

suggest a more complex redox evolution during the Late Triassic than previously 

interpreted. 

 

4.5.2 Schandelah-1 core, Germany: 

Geological Background- Much like the Hebelemeere-2 core site, the Schandelah-1 core 

locality was relatively unstudied prior the Schandelah-1 core extraction in 2008. Very little 

existing data was available from this site, and the stratigraphy of the region was relatively 

poorly understood [van de Schootbrugge et al., 2019]. Therefore, archived core material 

may be supplemented by new, strategically place boreholes in order to obtain new data, 

and fill potential gaps in knowledge. It this circumstance, the Schandelah-1 core was 

extracted with the aim of understanding Lower Jurassic black shale deposition from the 

CEB. Geochemical signatures of Upper Triassic and Lower Jurassic black shales from the 

CEB will be used to further understand redox conditions across mainland Europe during 

the ETME when studied alongside data from Hebelermeer-2 core. 

 

Nature of material studied- Sub-samples from the Schandelah-1 core. 
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Sample collection- Sub-samples from the Schandelah-1 core collected by Remco Bos and 

Bas van de Schootbrugge.  

Origin of material- The Schandelah-1 core was drilled by Daldrup and Söhne between 5th 

August and 18th September 2008. The borehole was drilled at 52.30639° N, 10.71833° W. 

Sample horizons & stratigraphy- 28 samples. Ranging from the Arnstadt Formation (upper 

Rhaetian) to the Angulatenton Formation (Planorbis Zone, Lower Hettangian) [van de 

Schootbrugge et al., 2019].  

 

Sample repository- The Schandelah-1 core is archived in the German core repository for 

scientific drilling in Berlin Spandau [van de Schootbrugge et al., 2019]. Sample aliquots 

are stored at the Institute of Geosciences, Goethe University, Frankfurt.  

 

Previous studies of the material- A study by Lindström et al., (2015) reports soft sediment 

deformation (SSD) from the Upper Triassic of Schandelah-1 core and correlates this SSD 

to similar sedimentary features from other Tethyan sites. Lindström et al., (2015) interprets 

that SSD across Tethyan sites is the result of CAMP seismicity and that seismite 

deposition may have played a role in the ETME across the CEB. Work by Lindström et al., 

(2017) correlates Schandelah-1 to other CEB sites, including the GSSP, using detailed 

palyno-, carbon isotope, ammonite, and dinoflagellate stratigraphy. A recent study by van 

de Schootbrugge et al., (2020) correlates increased reworking of terrestrial plant matter 

across several CEB sites (including Schandelah-1) and interprets this to be the result of 

deforestation and subsequent soil erosion in the proximity of the CEB. Research of Upper 

Triassic and Lower Jurassic sediments from the Schandelah-1 core is currently ongoing at 
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Utrecht University [B. van de Schootbrugge, 2020. pers. comm. 12 Feb; Bos, R. 2020. 

pers. comm. 26 Feb] including the correlation between aberrant pollen and spore 

composition and Late Triassic environmental changes, as well as isorenieratane studies. 

All previous and on-going studies will help to supplement the palaeo-environmental 

proxies studied from the Schandelah-1 core within this thesis.  

 

4.5.3 Csővár Vár-hegy section, Hungary 

 

Previous stratigraphic studies- Early research of the strata in the viscinity of Csővár, 

Hungary interpreted a Triassic or Jurassic age exclusively (Szabó, 1860; Vadász, 1910). 

However, later work by Pálfy and Dosztály (2000), supplemented by biostratigraphic 

studies by Kozur & Mostler (1973), Detre et al., (1988), Kozur & Mock, (1991), Kozur 

(1993) and Haas et al., (1997), determined that the Vár-hegy section near Csővár exhibited 

continuous sedimentation across the Triassic–Jurassic boundary. Pálfy and Dosztály 

(2000) identified the first Jurassic ammonite ex situ ~19m from the base of the section and 

interpreted its origin as being from several meters further up section. Meanwhile, Triassic 

Choristoceratid ammonites had already been identified from the base of the section (Detre 

et al., 1988). A Triassic–Jurassic age for the section was further confirmed by Pálfy et al., 

(2007) through the identification of a Late Triassic Radiolarian assemblage at ~1.5m and 

an Early Jurassic radiolarian assemblage at ~26.5m. Chemostratigraphic data from Pálfy et 

al., (2001, 2007) also identified a negative shift in carbon isotope data which has become 

indicative of the Triassic–Jurassic boundary interval and ETME globally (Hesselbo et al., 

2007; Ruhl et al., 2020). Work by Haas & Tardy-Filácz (2004), Pálfy et al., (2007) and 

Haas et al., (2010) has produced several detailed cyclostratigraphic frameworks for the 

Vár-hegy section with another study by Götz et al., (2009) analysing detailed palynofacies 
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changes. Recent work by Kovács et al., (2020) has sampled the Vár-hegy section at high 

resolution, with powdered sample aliquots from that study being used here for marine 

redox reconstruction.  

 

Nature of material studied- Outcrop samples from near to the village of Csővár, Hungary.  

 

Sample collections- Samples collected from outcrop by Emma Blanka Kovács. 40 sub-

samples (powdered sample aliquots) were obtained from Kovács for geochemical analyses.  

 

Origin of material- Samples selected from an existing study from the Vár-hegy section, 

Csővár, Hungary (Kovács et al., 2020). ~50km north-north-east of Budapest.  

 

Sample horizons & stratigraphy- 40 samples. Samples span from the upper Rhaetian to the 

basal Jurassic based on carbon isotope stratigraphy and biostratigraphy [Kovács et al., 

2020].  

 

Sample repository- Samples from the Vár-hegy section are housed at both Trinity College 

Dublin and Eötvös Loránd University, Hungary.  

 

Previous studies of the material- Numerous studies have analysed the sediments of the 

Vár-hegy section however most have involved the collection of new samples from outcrop. 

This comes with the exception of this work which uses the same sample powder aliquots as 

those produced by Kovács et al., (2020). Kovács et al., (2020) identify increased 

concentrations of Hg/Fe directly coinciding with the main CIE and therefore suggest a 
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direct link between Late Triassic volcanism, carbon cycle perturbation and potentially Late 

Triassic extinction phases.  

4.6 CHAPTER SUMMARY 

The 232 core and outcrop samples studied within this thesis provide a representative 

selection of stratigraphically well-understood, Tethyan, TJB sites. Core material from 

Northern Ireland, in the form of Carnduff-2 core, and Southwest England, in the form of 

the Somerset-1 and Somerset-2 cores, provides a continuous sedimentary core record 

through the ETME from two GSSP candidate sections. The expanded nature of Carnduff-2 

core makes this locality particularly unique, with an additional expanded section also being 

studied from the Cheshire Basin in the form of the Prees-2c core. Both of these sites will 

help to reconstruct high resolution redox changes during the Late Triassic and the ETME.  

Core material from central Europe, in the form of the Schandelah-1 and 

Hebelermeer-2 cores, provides a window into marine redox change from the more distal, 

slightly restricted CEB. Past studies of PZE and black shale deposition from the CEB make 

these localities key for understanding spatio-temporal marine redox change across the 

European Continent during the TJB and ETME. Meanwhile, continuous carbonate 

deposition recorded in outcrop samples from the Vár-hegy section, Hungary may allow for 

the findings from the other localities to be understood in a broader context. The following 

chapter will discuss the methods used within this thesis for the powdering and digestion of 

core and outcrop samples in order to obtain elemental data for palaeoenvironmental 

proxies.
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5 THE GEOCHEMICAL PROCESSING OF CORE 

AND OUTCROP SAMPLES 

5.1 INTRODUCTION 

Due to the low natural concentrations of the redox-informative elements being studied 

within this thesis (e.g., Mo, Cd), it was essential that samples were processed in such a way 

as to avoid contamination. This included the use of clean (metal free) labs, high purity 

acids, ultra-pure Milli-Q water, and the use of Class 100 laminar flow hoods. All Teflon, 

Teflon FEP and polypropylene vessels were acid cleaned to ensure low blanks, and lab 

suits and anti-static footwear were worn to limit sample contamination. Latex or nitrile 

gloves were also worn. This chapter details the procedures used within this thesis for 

milling and digesting samples as well as measuring the isotopic and elemental 

concentrations of sedimentary material. All care has been taken to limit sample 

contamination, the details of which can be found within this chapter and the detailed 

procedural guides (Appendix 4). 

 

5.2 SAMPLE POWDERING 

In order to reduce metal contamination, samples were powdered in either agate, tungsten 

carbide or carbon alloy (1.1740). Samples from the Hebelermeer-2 core were powdered in 

agate by Martin Blumenberg at the Federal Institute for Geosciences and Natural 

Resources, Hannover using a Siebtechnik Vibratory Disc Mill TS 750/ TS 1000. Samples 

from the Somerset-1 and -2 cores were powdered by Christrian Bjerrum at the Geocentre, 

Copenhagen University using a tungsten carbide rotary mill. Select samples from the 

Carnduff-2 core were powdered in agate by Micha Ruhl using a pestle and mortar at the 

Department of Geology, Trinity College Dublin. Samples from the Csővár section were 
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powdered in agate by Emma Blanka Kovács at Eötvös Loránd University, Budapest (for 

further details see Appendix 4.1). 

 

All other samples (Schandelah-1, Prees-2c and selected samples from the Carnduff-2 core) 

were powdered in carbon alloy (1.1740) using a Retsch RS200 Vibratory Disc Mill at the 

Department of Earth Sciences, Royal Holloway University of London. For further details 

of the milling procedure used within this thesis refer to Appendices 4.1–4.3. 

 

5.3 LABWEAR CLEANING 

All lab wear used for chemical analyses within this thesis were acid cleaned to ensure low 

levels of contamination. Teflon (PTFE) and Teflon FEP were cleaned by soaking in 30–

50% HNO3, followed by 30% HCl and ultra-pure Milli-Q water (x4 rinses). Polypropylene 

was cleaned by soaking in weak HCl and ultra-pure Milli-Q water (x4 rinses). For further 

details of the cleaning procedure used within this thesis refer to Appendix 4.4. 

 

5.4 INORGANIC ELEMENTAL ANALYSES 

 

 

5.4.1 Sample digestion (non-carbonate samples) 

 

In order to obtain major, minor and trace element data for non-carbonate samples, 

approximately 50 mg of sample was precisely weighed into a 6 ml acid-cleaned, Teflon 

digestion vessel using a 4 d.p. balance and oxidised in inverse aqua regia (HNO3: HCL, 

3:1) at 150°C for 2–3 days. The samples were then dried down until residue and further 

digested in HF and HNO3 (1:2) at 120°C for 1–2 days to promote dissolution of silicates 

and further oxidise the sample. The samples were dried down again and re-dissolved in 

~5ml of 1M HNO3 (120°C overnight) in preparation for ICP-AES and ICP-MS analyses. 

Non-carbonate samples were digested alongside PERN-1 and MAG-1 rock standards as 
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well as a procedural blank to evaluate contamination and sample digestion as well as 

accuracy and precision of the data (Appendix. 5). For further details of the non-carbonate 

sample digestion procedure used within this thesis refer to Appendix 4.5.1. 

 

5.4.2 Sample leaching (carbonate samples) 

For inorganic elemental analysis, carbonate samples were washed in ultra-pure Milli Q 

water and then leached using 0.2M acetic acid (CH3COOH) at room temperature. Acetic 

acid was used for carbonate digestion to avoid liberating non-carbonate Zn. For a detailed 

procedural guide refer to Appendix 4.5.2.  

 

5.4.3 Sample measurement 

Major elemental concentration data was measured using a Perkin Elmer Optima 3300RL 

ICP-AES in the Department of Earth Sciences, Royal Holloway University of London 

(RHUL). Samples were measured at ~150-fold dilution. A series of in-house standards 

(‘M’ and 50 ppm standard) were used to measure instrumental drift after every 8 samples 

throughout the run. A 5-point calibration line constructed from certified solution standards 

was used to convert elemental intensities to element concentrations (Appendix 4.5.1). Data 

processing was undertaken in Microsoft Excel. 

 

Minor and trace elemental concentration data was partly measured using a Perkin Elmer 

NexION 350D ICP-MS at the University of Oxford. Samples were measured at ~2000-fold 

dilution. Each sample was doped with 1ppb Rh, In, Ir, and Re to correct for instrumental 

drift. Calibrations were obtained for each element on the instrument using an external 

calibration constructed from a 10 ppm custom-blend multi element standard produced by 

CPAchem Ltd. An external standard was also diluted and measured from a custom bought 
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QMX multi element solution. Minor and trace elemental concentration data was also 

measured using an Agilent 7500 ICP-MS at RHUL. Samples were run alongside a series of 

calibration standards (0.01, 0.5, 1, 10, 30 and 50 ppb) and, for carbonate samples, each 

sample was spiked with a Re standard to monitor drift throughout the run. 

 

5.5 ORGANIC ELEMENTAL ANALYSES 

5.5.1 Sample processing 

Samples for organic elemental data were furnaced at 450 °C overnight (15 hours) to 

remove organic matter and weighed into tin capsules. A second un-furnaced sample of the 

same powder aliquot was weighed into a second tin capsule. For detailed procedures of 

sample preparation for organic elemental analysis refer to Appendix 4.6. 

 

5.5.2 C, N, S measurements 

Carbon (%), nitrogen (%) and sulfur (%) were obtained using an Elementar Analyser 

Micro Vario Cube. Total carbon (TC, un-furnaced sample) and total inorganic carbon 

(TIC, furnaced sample) were used to calculate for total organic carbon (TOC%) using: 

TOC = TC - TIC 

Accuracy throughout the run was determined using a chemical standard (sulfanilamide) to 

correct for instrument drift. Precision of the batch was determined using in house Eocene 

shale and marl standards as well as sample triplicates. 

 

5.6 ISOTOPIC ANALYSIS 

5.6.1 Sample digestion (non-carbonate samples) 

Non-carbonate samples for isotopic analysis were digested using inverse aqua regia at 150 

°C (followed by 1 : 2 HF/HNO3 for Zn isotopes). Prior to digestion a precise mass of 
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double spike solution was added to each sample. For Mo isotope analyses a 100Mo–97Mo 

spike was used and for Zn isotope analyses a 67Zn–64Zn spike was used. For further details 

of spike calculation and digestion of non-carbonate samples for isotope analysis refer to 

Appendix 4.7. 

 

5.6.2 Sample leaching (carbonate samples) 

Carbonate samples for isotopic analysis were leached using 0.2M acetic acid at room 

temperature. Following removal of a small aliquot for elemental concentration 

measurements, samples were then spiked with a 67Zn–64Zn enriched solution. 

 

5.6.3 Anion Exchange Columns 

Samples were processed for Mo-isotopes using a single pass anion exchange method 

described by Pearce et al., (2009) and Dickson et al., (2016) in order to remove potential 

sources of interference. For Zn isotopes samples were processed using a multi pass 

exchange method outlined in Sweere et al., (2020) and Dickson et al., (2020). For full 

details of the anion exchange column procedure used for this thesis refer to Appendix 4.7.  

 

5.6.4 Measurement of Isotopic composition(s) 

Isotopic compositions of Mo and Zn were measured using a Thermo Scientific Neptune 

Plus MC-ICP-MS within the Department of Earth Sciences, Royal Holloway University of 

London.  

 

Set up and tuning- The Neptune Plus underwent a baseline calibration of 600 cycles prior 

to each run in order to correct for electronic noise. The ion beam was then tuned using a 

10–20 ppb tuning solution for Mo and 100–200 ppb tuning solution for Zn. Whilst the 
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tuning solution was being measured, the sample gas flow rates (Ar and N2 for Mo, Ar only 

for Zn), the position of the ICP torch, and the focus and shape of the ion beam were altered 

until a high intensity, stable signal was attained.   

 

Sample introduction- Solutions for Mo isotope measurements were introduced as a dry 

plasma using a Teledyne Aridus III. Meanwhile solutions for Zn isotope measurements 

were introduced as a wet plasma using a quartz cyclonic spray chamber. Both sample 

introduction methods used a PFA nebuliser with a 100µl/min flow rate.  

 

Concentration checks- After the instrument was tuned a 50-fold dilution of each sample 

was measured. The intensities measured from the diluted samples were used to dilute the 

stock solutions so that all samples were normalised to same intensity (10 or 20ppb for Mo, 

100–200ppb for Zn). Measuring dilute solutions also allowed for spike/sample ratios to be 

determined which were used to make bracketing standards for Zn batches.  

 

Isotope measurements- A blank of 3% HNO3 was measured before each sample for 

background concentration. The intensity of each sample was then measured for between 50 

and 80 sample integrations for an integration time of 8.4 seconds. The blank was then 

subtracted from the sample measurement and all samples were normalised to a zero-delta 

standard:  

Molybdenum, NIST 3134:  

 
 

 

 

 

 

 
(Nägler et al., 2014) 
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Zinc, AA-ETH: 

 

(Archer et al., 2017) 

Isotopic correction- Final Mo isotope values were corrected by +0.25% (c.f. Nägler et al., 

2014) and final Zn isotope values were corrected by +0.28 as per Archer er al., (2017) to 

provide values equivalent to Lyon Zn. 

 

Primary and secondary standards- Accuracy was determined by measuring primary and 

secondary standards. These included OU Mo (open university molybdenum standard c.f 

Goldberg et al., 2013) and USGS SDO-1 for Mo (Fig. 16), and Spec Pure (Alfa Aesar 

Spec pure Zn concentration standard), USGS SDO-1, and a CRM standard for Zn. For 

further details of procedures used for the measurements of isotope ratios refer to Appendix 

4.7. 

5.6.5 Processing of isotopic data 

Isotopic data was deconvolved offline using an Excel-based method. 

 

 

 

 

 

 

 

Figure 16:-  A comparison of standard values from literature (red) and this thesis (black) 

for molybdenum isotopic ratios. Note how both datasets are indistinguishable.
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Figure S1:- Larne Geochemical Data. For data in excel format: 

https://www.sciencedirect.com/science/article/pii/S0031018222001882?ref=cra_js_chal

lenge&fr=RR-1#s0150 
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Figure S2:- Larne Palaeobiological 

Dataset. For data in high resolution refer 

to link above (Fig. S1). 
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Chapter 6: Supplementary Information 

 

 

Palaeobiological (stratigraphic) correlation and figure data: 

This section of the supplementary information lists the data sources compiled to form 

the palaeobiological compilation (Fig. S2- Chapter 6) as well as detailing how the 

sources of information were correlated and how Figure 5 of Chapter 6 was designed 

through the use of the palaeobiological data. 

 

Bivalve biodiversity data: 

Bivalve biodiversity data from the Larne Basin was compiled from a number of sources 

from Larne sections in outcrop. These include studies by Ivimey-Cook, (1975), Wignall 

& Atkinson, (2020) and Opazo & Page, (2021) of the Waterloo Bay Foreshore section. 

Regional bivalve disappearances as noted by Wignall and Bond, (2008) and Mander et 

al., (2008) have been crudely correlated to the Larne Basin stratigraphy based on the 

Westbury and Lilstock Formations being considered to represent broadly equivalent 

intervals of sedimentary deposition across Northern Ireland and the southwest of 

England (Wignall & Bond, 2008; Boomer et al., 2021). 

 

The earliest known detailed studies of bivalve data from the Larne Basin took the form 

of outcrop (Waterloo Bay Foreshore) and core (Larne No. 1 Borehole) studies by 

Ivimey-Cook, (1975) which were inspired by palaeobiological studies of the Larne No. 

1 Borehole (Manning & Wilson, 1975; Warrington & Harland, 1975). Ivimey-Cook, 

(1975)’s bivalve compilation data is observed in Fig. S3 (Chapter 6) and has also been 

collated with observations by Simms & Jeram, (2007).  
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Figure S3:- Faunal biostratigraphy for the Penarth and basal Lias Groups of the Larne 

Basin). Palaeobiological data from Ivimey-Cook, (1975) and Simms & Jeram, 2007. 

Figure amended from Simms and Jeram, 2007, figure 7. 1- Protocardia rhaetica, 2- 

Eotrapezium (Isocyprina) concentricum, 3- Rhaetivicula contorta, 4- Chlamys 

valoniensis, 5- Isocyprina (Eotrapezium) ewaldi, 6- Cercomya praecursor, 7- 

Lyriomyophoria postera, 8- Pleurophorus (Permophorus) elongatus, 9- Plagiostoma 

valoniense, 10- Tutcheria sp., 11- Modiolus hillanus, 12- Modiolus sodburiensis, 13- 

Protocardia philippiana, 14- Pteromya tatei, 15- Cardinia sp. 1, 16- Modiolus 

hillanoides, 17- Pteromya crowcombeia, 18- Oxytoma fallax, 19- Grammatodon 

(Cosmetodon) hettangiensis, 20- Modiolus laevis, 21- Lucina sp., 22- Cardinia sp. 2, 

23- Liostrea hisingeri, 24- Plagiostoma giganteum, 25- Cardinia ovalis, 26- Goniomya 
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sp., 27- Pseudolimea sp., 28- Psiloceras erugatum, 29- ? Psiloceras sp., 30- 

Neophyllites imitans, 31- Neophyllites antecedans, 32- Neophyllites ex. gr. beckii, 33- 

Psiloceras planorbis, 34- Psiloceras sampsoni, 35- Psiloceras plicatulum, 36- 

Caloceras spp., 37- Isocrinus sp. nov., 38- Echinoids. m.- mudstone, si.- silt, fs- fine 

sand, MMG- Mercia Mudstone Group, CGF- Colin Glen Formation.  

 

A study of the bivalve fauna of the Waterloo Bay Foreshore by Wignall and Atkinson, 

(2020) was used to aid their interpretation that the end-Triassic mass extinction took 

place as two main pulses (Fig. S4- Chapter 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4:- Bivalve biostratigraphy for the Penarth and basal Lias Groups of the Larne 

Basin based on data from Wignall & Atkinson, 2020. Figure amended from Wignall & 

Atkinson, 2020, figure 2. 1- Isocyprina ewaldi, 2- Rhaetivicula contorta, 3- Protocardia 
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rhaetica, 4- Chlamys valoniensis, 5- Cardinia ovalis, 6- Cercomya praecursor, 7- 

Pteromya crowcombeia, 8- Protocardia philippianum, 9- ?Permophorus’ sp., 10- 

Liostrea spp., 11- Modiolus minimus, 12- Camptonectes subulatus, 13- Lucinola 

limbata, 14- Pseudolimea pectinoides, 15- Neocrassina guexii, 16- Plagiostoma 

punctatum, 17- Modiolus hillanus, 18- Ryderia doris, 19- Palaeoneilo eliptica, 20- 

Grammatodon hettangiensis, plan- planorbis. 

 

More recent research of the invertebrate palaeobiological composition of the Waterloo 

Bay Foreshore sediments was undertaken by Opazo and Page, (2021). Their study 

focussed on the palaeoecological factors driving faunal changes within the Triassic-

Jurassic Larne Basin with a particular focus on bivalve data (Fig. S5- Chapter 6).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 S7 

Figure S5 (above):- Invertebrate taxonomic range data from the Waterloo Bay 

Foreshore, Larne Basin, Ireland. Figure amended from Opazo & Page, 2021, figure 2. 

H- Hettangian, J- Jurassic, p- Planorbis Zone. 

 

Ammonite and echinoderm biodiversity data: 

Ammonite and echinoderm biodiversity data from the Larne Basin was obtained from 

Ivimey-Cook, (1975) and Simms & Jeram, (2007) (Fig. S3- Chapter 6), through studies 

of the Waterloo Bay Foreshore sediments, and was supplemented with observations 

from Boomer et al., (2021) regarding the first appearance of ammonite Psiloceras 

planorbis within the sediments of the Carnduff-1 and Carnduff-2 cores (see figure 3 and 

table 2 within Boomer et al., 2021). 

 

Vertebrate biodiversity data:  

Vertebrate biodiversity data from the Larne Basin has been obtained from qualitative 

data from Simms & Jeram, (2007) of the Waterloo Bay Foreshore. Particularly, 

regarding abundance of fish remains and occurrences of ichthyosaur bones. Refer to 

Simms and Jeram, 2007; 4.5.8 Vertebrates, p. 61 for more information. 

 

Ichnofaunal biodiversity data:  

Ichnofaunal biodiversity data from the Larne Basin has been obtained from Boomer et 

al., (2021) and Simms & Jeram, (2007). Data from Simms & Jeram, (2007) takes the 

form of qualitative data describing broad scale changes and observations regarding 

ichnofauna based on studies of the Waterloo Bay Foreshore (e.g., Fig. S3 Chapter 6; see 

also Simms & Jeram, (2007), figure 7 and Simms & Jeram, (2007); 4.5.7 Trace Fossils, 

p. 60). Data from Boomer et al., (2021) takes the form of ichnofaunal occurrences 

plotted against stratigraphy in the form of detailed sedimentary logs of the Carnduff-2 

core (see figure 4 of Boomer et al., (2021) (Fig. S6- Chapter 6).  
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Miospore, dinocyst and algal biodiversity data: 

Biodiversity data for miospore producing plants, dinoflagellates (in the form of 

dinocysts) and algae were obtained from Boomer et al., (2021) based on 

micropalaentological studies of the Carnduff-1 core (Fig. S7- Chapter 6). 

Prasinophycean, dinocyst and acritarch biodiversity data was also obtained from 

Warrington and Harland, (1975) based on studies of the Larne No. 1 Borehole (Fig. S9- 

Chapter 6).  
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Figure S6 (above):- Sedimentary logs from the Waterloo Bay Foreshore (left) and 

Carnduff-2 core (right), including ichnofauna, from Boomer et al., (2021). For original, 

higher resolution logs and legend refer to Boomer et al., (2021), figure 4. For lithologies 

refer to main paper (this thesis). Dark blue lithology at base of sections- 

calcareous/dolomitic mudstone. CGF- Collin Glen Formation, Lias- Lias Group, MMG- 

Mercia Mudstone Group, p- Planorbis Zone, WMF- Waterloo Mudstone Formation. 

 

 

Figure S7:- Miospore, dinocyst and algal biodiversity data from Carnduff-1 core, 

Larne Basin, Northern Ireland. Figure amended from Boomer et al., (2021). Data from 

Boomer et al., (2021). CM- Cotham Member, D’CYSTS- dinocysts, LF- Lilstock 

Formation, LM- Langport Member, Ps- Planorbis Zone, Til- Tilmanni Zone, WF- 

Westbury Formation, WMF- Waterloo Mudstone Formation. 

 

Foraminiferan, ostracod and conodont biodiversity data:  

Foraminiferan and ostracod biodiversity data were obtained from Boomer et al., (2021), 

figure 6, based on studies of the Carnduff-1 core (Fig. S8- Chapter 6). Qualitative 

observations regarding the occurrence of conodont taxa have also been added to Fig. S2 
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(Chapter 6). Conodont biodiversity data as well as the horizon of regional conodont 

extinction in England were obtained from observations from Simms & Jeram, (2007; 

4.5.6 Conodonts, p. 60).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8:- Foraminiferan, ostracod and conodont biodiversity data from the Larne 

Basin, Northern Ireland. Foraminiferan and Ostracod data from Boomer et al., (2021), 

CM- Cotham Member, CON.- conodonts, LF- Lilstock Formation, LM- Langport 

Member, OS.- ostracods, Ps- Planorbis Zone, Til- Tilmanni Zone, WF- Westbury 

Formation, WMF- Waterloo Mudstone Formation. 

 

Acritarch and prasinophyte biodiversity data: 

Acritarch and prasinophycean biodiversity data has largely been obtained from 

Warrington and Harland, (1975) (Fig. S9- Chapter 6) with the range of Leiofusa 
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jurassica from the Carnduff-1 core (Boomer et al., 2021). The range of L. jurassica has 

therefore been correlated stratigraphically. 

 

Figure S9:- Dinocyst, prasinophycean and acritarch biodiversity data from the Larne 

No.1 Borehole and Carnduff-1 core, Larne Basin, Northern Ireland. CGF- Collin Glen 

Formation, D’CYSTS- dinocysts, HET.- Hettangian, J.- Jurassic, PPZ- Pre-Planorbis 

Zone, PRAS.- Prasinophytes, PZ- Planorbis Zone. Data from Warrington & Harland, 

(1975) and Boomer et al., (2021). Figure amended from Simms & Jeram, (2007). 
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Figure S10 (above):- A correlation of Larne foreshore and core sections. AZ- 

Ammonite Zone/Subzone, CGF- Collin Glen Formation, FC- First appearance datum of 

Caloceras, FPE- First appearance datum of Psiloceras erugatum, FPP- First appearance 

datum of Psiloceras Planorbis, H/HET.- Hettangian, J/J.- Jurassic, j’stoni- johnstoni 

Subzone, Mbr.- Member, PPZ- Pre Planorbis Zone, p/PZ- Planorbis Zone, WMF- 

Waterloo Mudstone Formation. Mudcracked surface symbol for Carnduff-2 core is 

paler in colour as mud cracks were not identified in the Carnduff-2 core however were 

noted at a correlative horizon within the Carnduff-1 core. 

 

 

Stratigraphic corelation of Larne sections and associated uncertainties: 

 

Larne sections from different studies were correlated using a combination of ammonite 

biostratigraphy and lithostratigraphy (Fig. S10- Chapter 6). Lithostratigraphic 

correlation was particularly aided through marker beds (e.g., seismite beds and mud 

cracks) and bed numbering.  In light of the core and outcrop sections having been 

largely correlated through the use of lithostratigraphy there is some uncertainty, 

particularly where the lithology has been described in limited detail (e.g., Manning & 

Wilson, 1975). The correlation of prasinophycean, dinocyst and acritarch data from 

Warrington and Harland, (1975) may therefore be less precise than palaeobiological 

datasets correlated from other studies. Lithological data from the other studies is more 

detailed allowing for more accurate correlation of Larne sections (see Fig S10). 

However, in light of the varying amounts of detail which has been included within the 

sedimentary logs there still remains some uncertainty.  

 

 

The correlation of the Carnduff-1 and Carnduff-2 cores: 

The correlation of the Carnduff-1 and Carrnduff-2 cores was based on detailed 

correlations undertaken by Boomer et al., (2021) using ammonite biostratigraphy and 

through correlating marker beds. The detailed correlation undertaken by Boomer et al., 

(2021) allowed for palynological and microfossil data to be correlated from the 
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Carnduff-1 core to the Carnduff-2 core. It should be noted that the correlation of the 

Carnduff-1 and Carnduff-2 cores was largely based on lithostratigraphic correlation 

which may introduced some uncertainty due to lithological variations between the 

cores.  

 

The use of stratigraphically correlated data to produce biodiversity bar plots: 

 

Once the data had been stratigraphically correlated and plotted the data was overlain by 

construction lines and changes in biodiversity where identified. Where biodiversity, 

defined here by the number of taxa of a particular (palaeo)biological group, changes 

then the width of the bar changes accordingly. An increase in bar width indicates an 

increase in diversity and a decrease in bar width indicates a decrease in diversity (Fig. 

S11- Chapter 6). The width of the bars can only be interpreted for the same group of 

organisms as bar width cannot be directly extrapolated to species numbers. Despite a 

direct correlation between bar width and species numbers being more informative, this 

was not possible for this dataset due to the large range of taxonomic diversity observed 

from the least diverse groups (e.g., dinoflagellates- maximum diversity 2) to the most 

diverse groups (e.g., bivalves- maximum diversity 27).  

 

 

 

 

 

Figure S11 (below)):- Reconstructing changes in bivalve biodiversity throughout the 

Triassic–Jurassic Larne Basin. Numbers in red indicate horizons associate with 

percentage taxon extinction values (see also Fig. 5- Chapter 6). 
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The disappearances of taxa as proxies for extinction and the use of ichnotaxa in 

identifying specific species:  

It should be acknowledged that the disappearance of taxa, including ichnotaxa, is not 

necessarily indicative of extinction. Taxa may disappear due to environmental changes 

or due to preservational changes. Furthermore, the loss of ichnotaxa in the Larne section 

are not indicative of species extinction as i) ichnotaxa cannot be directly related to 

species; they are records of animal behaviour and ii) the ichnotaxa named in this thesis 

from the Larne Basin re-occur in younger sediments. However, in light of all of the 

information which has been reviewed within this chapter there does appear to be a 

positive correlation between marine redox changes and changes to infaunal marine 

animal diversity/animal behaviour. Whether the biodiversity changes observed within 

this chapter could be in part related to other environmental changes have been partly 

addressed within this chapter, however there is scope for further study. 

Redox facies interpretation:  

The interpretation of redox facies within this chapter has been undertaken through 

reviewing elemental data from literature for select diagnostic redox sensitive elements 

in order to compile a quantitative redox framework (Chapter 3). This framework has 

acted as a guide with regards to the interpretation of redox conditions.  

Sample contamination: 

MAG-1 standards digested with the Larne batches fell within 4% of published values on 

average. Also, concentrations (ng) for procedural blanks digested with the Larne 

batches generally exhibit concentrations <1% of lower bound analyte values with all 

measured elements exhibiting sub ng concentrations.
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Abstract 

One of the most severe extinctions of complex marine life in Earth’s history occurred at 

the end of the Triassic Period. The end-Triassic extinction event was initiated by large 

igneous province volcanism and has tentatively been linked to oceanic redox change. 

However, the global-scale pattern of oceanic redox across the end-Triassic event is not 

well constrained. Here we use the sedimentary enrichment and isotopic composition of 

the redox-sensitive element molybdenum to reconstruct global–local marine redox 

conditions through the extinction interval. Peak δ98Mo values indicate that the global 

distribution of sulfidic marine conditions was similar to the modern ocean during the 

extinction interval. Meanwhile, Tethyan shelf sediments record pulsed, positive δ98Mo 

excursions indicative of locally oxygen-poor, sulfidic conditions. We suggest that 

pulses of marine de-oxygenation were largely restricted to marginal marine 

environments during the latest Triassic, playing a significant role in shallow marine 

extinction phases at that time, whilst the Late Triassic global ocean remained well-
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oxygenated. Importantly, this shows that global marine biodiversity, and possibly 

ecosystem stability, were vulnerable to geographically localised anoxic conditions. 

Expanding present-day marine anoxia in response to anthropogenic marine nutrient 

supply and climate forcing may therefore have significant consequences for global 

biodiversity and wider ecosystem stability. 

 

Main text 

The Triassic–Jurassic boundary interval (TJB, ~201 Ma) is marked by one of the largest 

extinctions of complex marine life in Earth’s history: the End-Triassic mass extinction 

event (ETME) 1. The ETME has been closely associated with provincial volcanism 

from the Central Atlantic Magmatic Province (CAMP) which has been linked to 

atmospheric carbon injection as evidenced through Triassic–Jurassic negative carbon 

isotope excursions 2. CAMP activity is also thought to have caused Triassic–Jurassic 

marine acidification and marine de-oxygenation 2, 3. Studies of latest Triassic marine de-

oxygenation indicate that locally sulfidic conditions were prominent within marginal 

marine surface waters of the Tethys and Panthalassic oceans around the TJB 3–8. 

Oxygen-poor conditions have been further identified from blooms of prasinophycean 

algae 3, 9, a negative excursion in carbonate U isotopes 10, widespread Early Jurassic 

black shale deposition 9, 11, elemental redox proxies 3, 12, and Fe speciation data 13. 

Therefore, recent studies suggest that marine redox change may have played an 

important role in end-Triassic marine extinction phases. However, most existing Late 

Triassic redox studies are at a local, basinal scale or sub-regional scale, and do not 

provide information about the global-scale distribution of marine redox conditions. The 

unconstrained areal extent of globally sulfidic conditions during the ETME limits 

understanding of the role of spatial redox change in the Late Triassic marine extinctions. 
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The isotopic composition of molybdenum (Mo) in organic-rich sediments has been 

widely used to reconstruct the oxygenation of both local and global ancient marine 

environments 14, 15. Under oxic depositional conditions Mo typically exhibits low 

sedimentary enrichments and isotopically light compositions, due to (Mn)oxyhydroxide 

adsorption, with compositions ~3‰ lighter than coeval seawater 15–17. Under reducing 

conditions Mo exhibits higher sedimentary enrichments due to the formation of 

thiolated (poly)molybdate species that have smaller isotopic offsets from seawater than 

Mo adsorped onto oxyhydroxides 18, 19. Generally well-oxygenated global marine 

conditions are therefore reflected by isotopically heavy δ98Mo seawater values due to 

oxyhydroxide adsorption acting as the primary vector of Mo burial 20. Poorly 

oxygenated global marine conditions are represented by isotopically light δ98Mo 

seawater values as global oxyhydroxide burial declines 20. However, studies of δ98Mo 

from across the TJB and ETME remain undocumented.  

 

Here we use the sedimentary enrichment (MoEF) and isotopic composition of Mo to 

examine the link between marine de-oxygenation and extinction during the ETME. We 

obtained material from the Carnduff-2 core (Northern Ireland), Hebelermeer-2 core 

(west Germany), and Schandelah-1 core (north Germany) which preserve lithological 

records of marine marls, sandstones, and organic-rich shales deposited on the Tethyan 

shelf before, during and after the ETME with little evidence for significant diagenetic 

alteration (Fig. 1; see Chapter 7 supplementary information). All three sites have 

undergone previous stratigraphic study and include detailed biotic records for 

correlation 6, 21–23. We identify little correlation between proxies for detrital sediment 

input and δ98Mo or MoEF and therefore interpret stratigraphic variations in Mo as a 
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function of local redox conditions (see Chapter 7 supplementary data). The samples 

analysed in this study are therefore ideally suited to explore the relationship between 

marine extinction and de-oxygenation on the Tethyan shelf during the TJB.  

 

Oxygenated global oceanic conditions prevailed during the Triassic–Jurassic 

transition 

The δ98Mo of coeval seawater (δ98MoSW) must be resolved to determine global redox 

conditions. However, in order to determine δ98MoSW, sedimentary δ98Mo values must be 

corrected for isotopic fractionation, with the isotopic fractionation and sedimentary 

enrichment of Mo being dependent on local redox conditions 20. The maximum δ98Mo 

compositions of Upper Triassic mudstones in the studied cores are ~1.6‰ (Carnduff-

2: 1.56‰; Hebelermeer-2: 1.63‰; Fig. 2). These δ98Mo values are obtained from 

sampling levels where trace metal distributions are indicative of non-euxinic 

depositional conditions (see supplementary information) 12. Non-euxinic conditions 

coinciding with upper-bound Carnduff-2 δ98Mo values are further supported by oxic–

anoxic iron speciation values from a correlative horizon within the Larne Basin 13. 

Molybdenum sulfides forming in sedimentary porewaters underlying a non-euxinic 

water column are fractionated by a minimum of ~0.7‰ relative to coeval seawater 24, 

25, with fractionation likely exceeding 0.7‰ within the Larne Basin on account of local 

redox conditions 12, 13. Therefore, Late Triassic δ98MoSW was likely >2.3‰, similar to 

modern day seawater 26. A Late Triassic δ98MoSW equal to or greater than the modern 

ocean is consistent with sulfidic conditions covering no more than ~0.05–0.1% of the 

Late Triassic seafloor, similar or even less than in the modern-day 15. 

The average upper bound δ98Mo throughout the basal Jurassic of the Carnduff-2 

core is 1.47±0.58‰ (n=3) and characterises horizons with TM distributions that are not 
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indicative of localised euxinia 12. Predominantly non-euxinic conditions from the basal 

Jurassic of the Larne Basin are further supported by iron speciation data 13. Therefore, 

basal Jurassic δ98MoSW was likely >2.2%, also similar to the Late Triassic and modern 

global ocean. The persistence of a similar δ98MoSW from the Late Triassic through to the 

basal Jurassic indicates that there was no significant long-term change in global marine 

redox conditions across the Triassic–Jurassic boundary interval, and that the basal 

Jurassic global open ocean remained generally well oxygenated. Our conclusion of a 

globally oxygenated open ocean during the basal Jurassic is further supported by pyrite 

framboid data from an open ocean Panthalassa site 27. 

 

Regional de-oxygenation during the ETME  

Oxygen-poor conditions were present across Tethyan and Panthalassa marginal 

marine environments during the main extinction interval 5, 7, 12, 13. Such conditions 

have been further identified here on the basis of δ98Mo and MoEF data with redox 

conditions varying according to both site and stratigraphy. The Schandelah-1 and 

Carnduff-2 cores both exhibit positive δ98Mo shifts that directly coincide with the 

main extinction interval, as denoted by the “initial” negative carbon isotope excursion 

(CIE) 2, 28, 29 (Fig. 2). The increase in δ98Mo (and MoEF) during the main extinction 

interval indicates an increased availability of reduced sulfur [HS-], likely due to the 

shoaling of the sulfate reduction zone within sedimentary porewaters up to the 

sediment-water interface 24, 25, 30. Relatively high MoEF alongside low δ98Mo around the 

base of the main extinction interval within the Hebelermeer-2 core also indicates 

increased [HS-], likely due to the expansion of the sulfate reduction zone into the water 

column, with the burial of intermediate thiomolybdate species at H2S concentrations 

<11µM 19, 31. Isotopically light values are inconsistent with oxide adsorption given the 
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elevated TS (%) at this horizon 6. Weakly sulfidic conditions around the base of the 

initial CIE at Cloghan Point (Northern Ireland) and St. Audrie’s Bay (Somerset, UK) 

are also suggested through positive δ34S excursions 4, 7, and low sulfate within Late 

Triassic seawater of the Tethyan shelf has been interpreted through δ34S data 7. 

Pulsed de-oxygenation during the end-Triassic and earliest Jurassic 

Multiple pulses of marine deoxygenation were prevalent on the Tethyan shelf during the 

latest Triassic and earliest Jurassic. Low to moderate MoEF as well as isotopically heavy 

δ98Mo in all three cores during deposition of the basal Westbury Formation and 

stratigraphically equivalent units, are suggestive of shoaling of the sulfate reduction 

zone towards the sediment-water interface 24, 25, 30. Similar shoaling of the sulfate 

reduction zone is also observed within the Carnduff-2 and Hebelermeer-2 cores during 

the deposition of the uppermost Westbury Formation and equivalent units. Both phases 

of porewater de-oxygenation coincided with photic zone euxinia on the Tethyan shelf 

during the middle Rhaetian 6 (Fig. 3); the upper pulse also coincided with episodic 

photic zone euxinia within the Bristol Channel Basin 8, and de-nitrification within the 

Central European Basin at the Mingolsheim and Mariental-1 sites 3, 32 (Fig. 3). δ98Mo 

then decreases during the deposition of the lower Cotham member and stratigraphically 

equivalent units, as seen within both the Carnduff-2 and Schandelah-1 cores, with MoEF 

decreasing or remaining low. Isotopically light δ98Mo and low MoEF are suggestive of a 

regional shift to more oxygenated conditions with high Mo fractionation likely being 

associated with Fe-Mn oxide formation and organic uptake 16, 33. 

Multiple further positive shifts in δ98Mo and MoEF are observed within the basal 

Jurassic of the Carnduff-2 core suggestive of pulsed increases of [HS-] caused through 

periodic shoaling of the sulfate reduction zone. Correlative horizons within the 

Schandelah-1 core contain δ98Mo and MoEF shifts indicative of shoaling of the sulfate 
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reduction zone and low-sulfur, oxygen poor (ferruginous) conditions. The very low 

enrichment of elements sensitive to reduction (U) and variable enrichment of elements 

sensitive to HS– availability (Mo, Cu, Zn) from this horizon within the Schandelah-1 

core further supports ferruginous conditions (see supplementary information), as does 

overall low sulfate on the Triassic–Jurassic Tethyan shelf interpreted from δ34S data 7. 

Pulsed oxygen-poor conditions within the basal Jurassic of the Carnduff-2 and 

Schandelah-1 cores coincided with photic zone euxinia within the Bristol Channel Basin 

4, 8 (Fig. 3). 

Periodically pulsed anoxia during the Late Triassic and Early Jurassic has 

previously been noted based on eccentricity modulated precession timescales in the 

Bristol Channel Basin (St. Audrie’s Bay) with laminated organic-rich black shales 

forming every precession cycle 34. Pulses of marine redox change have also been 

reported from the Larne Basin, largely coinciding with the disappearance of infaunal 

bivalve taxa 12. We similarly note a close relationship between redox pulses and Late 

Triassic extinction phases (Fig. 3). 

 

Localised marine de-oxygenation as a driver of extinction during the ETME 

The coincidental pulsed nature of marine de-oxygenation and end-Triassic marine 

extinction phases strongly suggests a causal relationship (Fig. 3, Fig. 4). However, the 

persistence of broadly oxygenated global marine conditions through the Triassic–

Jurassic boundary interval inferred from our new Mo isotope datasets suggests that 

these pulses of marine de-oxygenation were largely limited to marginal marine 

environments. Geographically localised anoxic conditions on the Tethyan shelf are 

further supported by carbonate U isotope data 10. We suggest that geographically 
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localised marine de-oxygenation, within Late Triassic marginal marine environments, 

therefore had major implications for Late Triassic biodiversity and ecosystem stability.  

Our inference of geographically localised marine de-oxygenation is consistent with 

recent studies indicating elevated weathering and erosion rates in Tethyan Shelf 

localities during the Late Triassic 35, 36. Localised marine de-oxygenation may have been 

driven by high run-off from the Late Triassic continents triggering eutrophication and 

stratification, with increased run-off being driven by a warming climate and the collapse 

of forest ecosystems 37. Open marine environments will have been significantly less 

affected by such perturbations and consequently the open oceans may have remained a 

refugia for marine life. 

Modern, marginal marine environments are likely also particularly sensitive to changes 

in marine redox whilst also being some of the most biodiverse oceanic environments on 

Earth 38–41. Therefore, anthropogenically driven environmental change, including the 

expansion of marine anoxia and enhanced marine nutrient supply, may result in 

geographically localised, marine de-oxygenation, which could have major consequences 

for future marine biodiversity and ecosystem stability 42, with particularly severe 

consequences for marginal marine corals, mangroves, and coastal fishes 1, 40, 41. 

 

Methods 

Bulk inorganic geochemistry 50mg of each sample was digested using inverse aqua 

regia (3:1 HNO3/HCl) followed by digestion of silicates in 1:2 HF/HNO3. Major 

elemental concentration data was measured using a Perkin Elmer Optima 3300RL ICP-

AES and minor elemental concentration data was measured using a Perkin Elmer 

NexION 350D ICP-MS. Accuracy was determined using full procedural digests of 

MAG-1 (n=7) and was ±2.5% with Mo within uncertainty of the certified value. 
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Precision was calculated using the 2 S.D. of the MAG-1 digests as ±17% (Cr, Cu, Zn, 

Al ±<10%), as well as 5 digests of an in-house mudrock standard (PERN-1) as ±21%. 

MoEF was determined using: ((Mo sample/Al sample) / (Mo ucc/Al ucc)). Upper continental 

crust (ucc) concentrations were taken from ref. 45. Procedural blanks digested with the 

ICP-MS batches exhibited blanks of between 0.02ng and 4.8ng total Mo.  

  

Molybdenum concentrations and isotopes Samples were processed and measured 

under trace-metal clean laboratory conditions. Prior to molybdenum-isotope analysis 

each sample was weighed and spiked with a 97Mo-100Mo double-spike solution and 

digested in 3:1 HNO3/HCl. Mo samples were separated from matrix elements and 

interferences using an anion exchange column procedure detailed within refs. 46 and 47. 

δ98/95Mo compositions were measured using a Thermo Scientific Neptune Plus MC-

ICP-MS. Procedural blanks for Mo were between 0.5 and 5 ng. All δ98/95Mo data were 

calculated relative to NIST SRM 3134 +0.25% 48. Accuracy and precision were 

assessed using the Open University Mo solution standard (c.f. ref. 49) (-0.35 ±0.15 ‰, 

n=12, 2 S.D.) and multiple separate digests of USGS SDO-1 shale, which yielded an 

average δ98/95Mo of 0.79 ± 0.08 ‰ (2.S.D., n=6) within uncertainty of published values 

(0.8 ± 0.1 ‰) 49. 
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Figure 1: Triassic–Jurassic palaeogeography of the Tethyan shelf amended from ref. 

12. 1- Carnduff-2 core, Larne Basin, 2- Hebelermeer-2 core, 3- Schandelah-1 core, 4- 

Bristol Channel Basin, 5- Marientel-1 core, 6- Rosswinkel FR 201-204 core, 7- 

Mingolsheim core, 8-Lombardy Alps, 9- Kuhjoch section (GSSP). Red stars- sites from 

this study. Green stars- sites of previous palaeo-redox studies and of stratigraphic 

importance. 
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Figure 2:- Overview of key stratigraphic, lithological, and geochemical data for 

Carnduff-2, Schandelah-1, and Hebelermeer-2. Carnduff-2 stratigraphic and lithological 

data from refs. 12 and 23, MoEF data from ref. 12, Schandelah-1 stratigraphic and 

lithological data from refs. 21 and 22, Hebelermeer-2 stratigraphic data from ref. 6. (A)- 

Abundant, (C)- common, FCO- first common occurrence, FO- first occurrence, LCO, 

last common occurrence, LO- last occurrence. M- Main CIE, I- Initial CIE, P- Precursor 

CIE. The ETME ‘main interval’ coincides with the main phase of extinction at the 

GSSP. Correlative pulses of extinction are not currently known from the Schandelah-1 

and Hebelermeer-2 core sections; however, this may partly be associated with 

uncertainty in the positioning of the ETME and CIE from the Hebelermeer-2 core 

section.  
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Figure 3:- Stepped evolution of marine de-oxygenation and extinction on the Tethyan 

shelf through the Late Triassic. CARN-2 – Carnduff-2 core, GSSP – Kuhjoch Section, 

Austria, HEB-2 – Hebelermeer-2 core, LOM. – Lombardy Basin, MAR-1- Marientel-1 

core, MING. – Mingolsheim core, MS- Mount Sparagio section, Italy, ROS. – 

Rosswinkel FR 201-204 core, SCH-1 – Schandelah-1 core, SWB – Southwest Britain. 

δ15N data from refs. 3 and 32, δ34S data from refs. 4 and 7, δ235U data from ref. 10., 

isorenieratane data from refs. 3, 4, 6, and 8, prasinophycean data from refs. 3 and 9, 

elemental data from refs. 3 and 12. Extinction data from refs. 3, 8, 9, 12, 29, 43, 44. Red 

shaded area- ETME Main Interval. Horizontal bars represent pulses of oxygen poor 

conditions. Vertical grey connections represent where oxygen poor conditions are more 

continuous in nature whereas gaps in the record represent either where the resolution of 

data is relatively low (question marks), or where the selected redox proxy represents a 

change in palaeodepositional conditions. For further information regarding the 

continuity of stratigraphic sections refer to Figs. S1 and S2 (Chapter 7). 
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Figure 4:- Pulses of marine de-oxygenation and synchronous extinction during the 

latest Triassic and earliest Jurassic on the Tethyan shelf. a, b) pre-CIE (initial carbon 

isotope excursion), c) CIE d) post CIE. Extinction pictograms amended from ref. 29, 

palaeogeography amended from ref. 12. Calc. Nanno.- calcareous nannofossil. For data 

source(s) refer to Fig. 3. 

 

Supplementary data – Raw data attached separately as an excel file  ‘Supplementary 

Information : Chapter 7’ 
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Chapter 7: Supplementary Information: 

Correlation of stratigraphic sections within Chapter 7: 

This section details how the stratigraphic sections within Chapter 7 of this thesis were 

correlated through a combination of carbon isotope data and biostratigraphic data 

(particularly for Figures 2 and 3 of chapter 7).  

 

Chemostratigraphic data: 

Carbon isotope data was obtained from the sources listed within the caption of Figure 

S1 (Chapter 7) with the assignment of ‘pre-cursor’, ‘initial’ and ‘main’ carbon isotope 

excursions being based on a brief review of the literature prior to chemostratigraphic 

correlation. The assignment of carbon isotope excursions from the Marientel-1 core is 

based on the excursions acknowledged by Lindström et al., (2017) with the ‘marshi’, 

‘spelae’ and ‘tilmanni’ CIEs being re-named here as the precursor, initial and main CIEs 

respectively (Fig. S1- Chapter 7).  

Excursion assignment has been undertaken previously for the Schandelah-1 core by van 

de Schootbrugge et al., (2019) but the assigned excursion names do not coincide with 

the typical nomenclature for the Triassic–Jurassic boundary interval carbon isotope 

excursions.  The negative carbon isotope excursion at approximately 334m within the 

Schandelah-1 core has subsequently been assigned here as the precursor CIE and it is 

interpreted that the initial and main CIEs from the schandelah-1 core (~318m) are near 

continuous in nature due to a sedimentary hiatus during the deposition of the uppermost 

Rhaetian in the Schandelah-1 core section.  

Insufficient carbon isotope data is present from the Hebelermeer-2 core for use in 

stratigraphic correlation and therefore carbon isotope data from the Hebelermeer-2 core 

has not been included here [Blumenberg et al., 2016].  
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The carbon isotope data and excursion assignment from the Carnduff-2 core has been 

obtained from the Boomer et al., (2021). It should be noted, however, that the precursor 

CIE is tenuously assigned on the basis of being a single data point spike (Fig S1- 

Chapter 7).  

The carbon isotope stratigraphy from the GSSP is well established with the initial 

carbon isotope excursion being assigned to the negative CIE at the base of the 

Tiefengraben Member and the main carbon isotope excursion being positioned at 

~200m [Ruhl et al., 2009, 2010] (Fig S1- Chapter 7). A precursor CIE has been 

assigned here based on Ruhl et al., (2010), albeit being based on a tenuous single point 

spike (Fig S1- Chapter 7). A recent study by Lindström et al., (2017) proposed that the 

initial CIE and main CIE at the GSSP may instead be re-identified as the precursor 

(“marshi”) and initial (“spelae”) equivalent CIEs respectively. Lindström et al., (2017) 

based this interpretation on palynostratigraphy and ammonite biostratigraphy, however, 

there are problems with their proposed re-identification. These problems mainly stem 

from Lindström et al., (2017)’s strong focus on palynological data which results in 

discrepancies in the ammonite biostratigraphic records [Kovács et al., 2020]. 

Palynological data, although proving a useful proxy where taxa occur/disappear at many 

different locations near simultaneously/ over a very short time period, is less 

informative when there are spatio-temporal variations. As a result, several recent studies 

have continued to adopt the original carbon isotope correlation for the GSSP [Korte et 

al., 2019; Kovács et al., 2020; Wignall & Atkinson 2020]. The established 

chemostratigraphic correlation for the GSSP has also continued to be used here pending 

further study.  

Carbon isotope data from the Mingsolsheim core has been obtained from Quan et al., 

(2008). The precursor CIE has been assigned to a negative carbon isotope excursion at 
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~206m with the initial and main CIE being assigned here as the negative carbon isotope 

excursions at ~200m and ~197m respectively. However, due to the initial carbon 

isotope excursion being based on a single point spike its assignment is tenuous (Fig S1- 

Chapter 7).  

Carbon isotope data from Somerset core material has been obtained from Hesselbo et 

al., (2002). Assignment of carbon isotope excursions from the Somerset section are well 

established with the precursor CIE spanning the base of the Westbury Formation, the 

initial CIE at the top of the Cotham Member and the onset of the main CIE within the 

lower Blue Lias Formation. Due to the uppermost Westbury Formation to basal Blue 

Lias Formation from the Somerset section having only been studied within this thesis 

the precursor and main CIEs have not been plotted, however, correlation lines have 

been drawn to denote their approximate horizons at ~7.5m (precursor) and ~16.5m 

(main) respectively (Fig S1- Chapter 7).  

 It is interpreted here that the carbon isotope record from the Val Adrara section 

is representative of the tail end of the main CIE on the basis of the pattern of the carbon 

isotope data as well as biostratigraphic data from the section (see Fig. S7, Chapter 8). 

Correlation of the Val Adrara and Mount Sparagio sections has been discussed in more 

detail within the supplementary information of Chapter 8. It should be noted that there 

may be uncertainties associated with correlating organic and carbonate derive carbon 

isotope data.  

Carbon isotope data from the Rosswinkel core was not available during this study and 

therefore correlation has instead been achieved biostratigraphically. 

 

 

 



 

 S4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F
ig

u
re S

1
:- A

 co
rrelatio

n
 o

f stratig
rap

h
ic sectio

n
s w

ith
in

 C
h
ap

ter 7
 u

sin
g

 carb
o
n
 iso

to
p
e d

ata. M
arien

tal-1
 stratig

rap
h
y
 an

d
 carb

o
n
 

iso
to

p
e d

ata fro
m

 H
eu

n
isch

 et al., (2
0
1
0

), S
ch

an
d
elah

-1
 stratig

rap
h
y

 an
d
 carb

o
n
 iso

to
p
e d

ata fro
m

 v
an

 d
e S

ch
o
o
tb

ru
g
g
e et al., (2

0
1

9
), 

C
arn

d
u
ff-2

 stratig
rap

h
y
 an

d
 carb

o
n
 iso

to
p
e d

ata fro
m

 B
o
o
m

er et al., (2
0
2
1
), K

u
h
jo

ch
 stratig

rap
h
y
 an

d
 carb

o
n
 iso

to
p

e d
ata fro

m
 R

u
h
l et 

al., (2
0
1
0
), M

in
g
o
lsh

eim
 stratig

rap
h
y
 an

d
 carb

o
n
 iso

to
p

e d
ata fro

m
 Q

u
an

 et al., (2
0
0
8
), S

o
m

erset stratig
rap

h
y
 an

d
 carb

o
n
 iso

to
p
e d

ata 

fro
m

 H
esselb

o
 et al., (2

0
0
2
), M

o
u
n
t S

p
arag

io
 stratig

rap
h
y
 an

d
 carb

o
n
 iso

to
p
e d

ata fro
m

 T
o
d
aro

 et al., (2
0
1
8
), V

al A
d

rara et al., 

stratig
rap

h
y
 an

d
 carb

o
n
 iso

to
p

e d
ata fro

m
 B

ach
an

 et al., (2
0
1
2
). H

ettan
g
.- H

ettan
g
ian

, JU
R

./JU
R

A
S

S
.- Ju

rassic, T
R

I./ T
R

IA
S

S
.- 

T
riassic. G

reen
 lin

e- P
recu

rso
r C

IE
, R

ed
 lin

e- In
itial C

IE
, B

lack
 lin

e- M
ain

 C
IE

. A
rn

.- A
rn

stad
t F

o
rm

atio
n

, C
.- C

o
n
to

rta B
ed

s, C
o
th

am
- 

C
o
th

am
 M

em
b
er, K

o
s.- K

ö
ssen

 F
o
rm

atio
n
, L

an
g

p
o
rt- L

an
g
p
o
rt M

em
b
er, P

s. -P
silo

n
o
ten

 S
an

d
sto

n
e,  T

ri./ T
rilete - T

rilete B
ed

s, W
est. 

–
 W

estb
u
ry

 F
o
rm

atio
n
. 



 

 S5 

Biostratigraphic data: 

Biostratigraphic data has generally been used to supplement the chemostratigraphic data 

and limit potential uncertainties. The chemostratigraphic correlation of the 

 Marientel-1 core has been further supported through biostratigraphic correlation 

including the use of the polypodiisporites abundance interval [Lindström et al., 2017]. 

 Biostratigraphically informative palynotaxa further support that the equivalent 

of the Langport Member (in the British sedimentary succession) or Transitional Beds 

(in mainland Europe) is missing from the Schandelah-1 core and that the initial and 

main CIE form a single excursion (Chapter 7, Fig. S2).  

Biostratigraphic data from Hebelermeer-2 core has facilitated correlation of samples 

from the Rhaetian of the Hebleermeer-2 core to the basal Westbury Formation/ basal 

Contorta beds, uppermost Westbury Formation/ uppermost contorta beds, and the 

uppermost Cotham Member/ uppermost Trilete beds. However, in light of the coarse 

nature of sampling from the Heblermeer-2 core as well as the absence of high-resolution 

carbon isotope data the correlation of the Hebelermeer-2 core to other stratigraphic 

sections within this thesis exhibits some uncertainty (Chapterr 7, Fig. S2). 

Despite the Carnduff-2 core not exhibiting a polypodiisporites abundance interval 

biostratigraphic data has further supported the chemostratigraphic correlation of the core 

to other sections. The correlation of the Carnduff-2 core was particularly aided by the 

last common occurrence (LCO) and last occurrence (LO) of Rhaetipollis germanicus as 

well as the first occurrence of Cerebropollenites thiergartii and the first common 

occurrence (FCO) of Kraeuselisporites reissingerii. Biostratigraphic data also supports 

that the single point carbon isotope excursion towards the base of the Westbury 

Formation may represent the precursor CIE. However, further study would have to be 

undertaken to confirm this interpretation.  
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The biostratigraphic data from the GSSP exhibits definite inconsistencies when 

compared to correlations using chemostratigraphic data alone. However, considering 

that recent attempts to rectify such discrepancies using a palynotaxa dominant approach 

were relatively unsuccessful [Lindström et al., 2017] it is perhaps pertinent that 

correlation of the GSSP to other sections is revisited to rectify these inconsistencies. 

Until then this chapter uses chemostratigraphic correlation only to correlate the GSSP to 

other sections with a caveat that potential uncertainty may be introduced as a result.  

 Despite the initial CIE from the Mingolsheim core being composed of a single 

point spike the biostratigraphic data from the Mingolsheim core would further support 

that the positioning of the excursion is coincident with the initial CIE from other 

sections. 

The polypodiisporites abundance interval from the Somerset section broadly coincides 

with the initial CIE, as seen from other sections (e.g., Schandelah-1, Mingolsheim, 

Marientel). Which would further support the Somerset chemostratigraphic correlation. 

Biostratigraphic correlation of the Somerset section is , however, complicated slightly 

by the persistence of Rhaetogonyaulax rhaetica. The LCO and LO of R. rhaetica has 

therefore not be used when correlating to other sections. 

A limited biostratigraphic dataset has allowed for the correlation of the Rosswinkel core 

to other stratigraphic sections, however in light of the absence of carbon isotope data 

there exists some uncertainity in the correlation. Biostratigraphic data would suggest, 

however, that the Elvange Formation of the Rosswinkel core broadly coincides with the 

Cotham Member/ Trilete Beds from other sections. 

The absence of useful biostratigraphic data from the Val Adrara and Mount Sparagio 

sections means that these sections may only be correlated with each other and tenuously 

with the other sections through the use of carbon isotope data only (see Figure S7, 
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Chapter 8). Further research should be undertaken to further understand the correlation 

of such carbonate dominant sections with other sedimentologies, particularly given the 

relative absence of biostratigraphically informative taxa.  
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Diagenetic alteration of study sections: 

Evidence for diagenetic and thermal alteration of the Larne Basin sediments has been 

evaluated in some detail by Bond et al., (2022a) (Chapter 6 of this thesis). Sediments of 

the Carnduff-2 core are thermally immature on the basis of vitrinite reflectance data 

where an average vitrinite reflectance of ~0.5% would suggest a burial temperature of 

~423°C (immature to early oil window) [Bond et al., 2022a]. Also, aragonite shell 

material within the Larne Basin is noted to be well-preserved suggesting limited 

evidence for thermal alteration [Raine et al., 2021; Boomer et al., 2021; Bond et al., 

2022a].  

The sediments of the Hebelermeer-2 core record a vitrinite reflectance of 0.56%, similar 

to the immature to early oil window burial temperatures experienced by the Larne Basin 

sediments [Blumenberg et al., 2016]. Tmax values calculated by Blumenberg et al., 

(2016) for the Hebelermeer-2 core would also support lower oil window burial 

temperatures with a range between 424°C and 435°C [Blumenberg et al., 2016]. 

Organic matter in the form of palynomorphs are generally moderately good with poor 

preservation being observed for sample Heb-1 (1571.5m). 

The sediments of the Schandelah-1 core are reported to exhibit a vitrinite reflectance of 

~1% suggesting thermally immature sediments [van de Schootbrugge et al., 2019]. 

Relative thermal immaturity for the Schandelah-1 core sediments may also be 

interpreted on the basis of organic matter preservation including the preservation of 

non-biomineralised/ lightly sclerotised insect remains and excellent preservation of 

palynomorphs [van de Schootbrugge et al., 2019]. 
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Abstract  

The pulsed extinction of marine organisms during the latest Triassic (the end-Triassic 

mass extinction, ETME) represents one of the largest mass extinction events in 

geological history. The ETME is thought to have been driven by large igneous province 

volcanism which caused perturbations to ocean redox chemistry and surface 

temperatures. However, the timing and magnitude of redox change within open marine 

environments during the ETME remains largely unknown. Here, we present a high-

resolution redox-element/calcium record that spans the ETME from the Hungarian 

Csővár, Vár-hegy section, one of the few known localities worldwide to exhibit 

continuous carbonate deposition throughout this interval. Our data evidence a large 
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reduction in V, Cr and U in seawater directly before the ETME that persisted through to 

the Early Jurassic. We suggest that the decreased concentrations of V, Cr and U in 

seawater were the result of the enhanced burial of these elements under expanded, open 

marine, suboxic–anoxic conditions. Our observations constitute the earliest known 

evidence for open marine redox change and contrast with recent evidence for relative 

stability in the distribution of sulfidic, epicontinental environments across the same time 

interval. Therefore, our data demonstrate that marine deoxygenation may have 

progressed from the open ocean to marginal marine locations.   

 

Introduction  

The Triassic–Jurassic boundary interval (~201 Ma) contained one of the largest 

extinction events in geological history: the end Triassic mass extinction event (ETME) 

(Raup & Sepkoski, 1982). The ETME is closely associated with an extended period of 

large igneous province volcanism in the form of the Central Atlantic Magmatic 

Province (CAMP) emplacement and is characterised by the pulsed disappearances of 

numerous marine organisms (Hesselbo et al., 2002; Ruhl et al., 2011; Wignall & 

Atkinson, 2020). Marine redox changes, when linked with a cascade of environmental 

feedbacks triggered by CAMP volcanism, are suggested to have played a significant 

role in marine extinction phases during the ETME. The development of sulfidic 

conditions within Late Triassic marginal marine environments is evidenced through 

elemental, isotopic and biomarker proxies (Richoz et al., 2012; Kasprak et al., 2015; He 

et al., 2020; Bond et al., 2022a). However, recent work by Bond et al., (2022a) suggests 

that sulfidic conditions were relatively rare outside of marginal marine environments. 

The timing and magnitude of redox change within Late Triassic open marine 

environments, therefore, remains largely unknown. Quantifying open marine redox 
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change during the Triassic–Jurassic boundary interval is essential to further 

understanding of the role that marine de-oxygenation played in subsequent ETME 

marine extinction phases. 

 

The ratio of trace elements to calcium within biogenic and inorganic carbonates has 

been widely used as a proxy to reconstruct the concentrations of these elements in 

ancient oceans (Glock et al., 2016; Chen et al., 2017; Jenkyns et al., 2017; He et al., 

2022a). Redox-sensitive trace elements (RSTEs) are substituted into the carbonate 

lattice from the surrounding water column or porewater fluids. Given the long oceanic 

residence times of many RSTEs (104–105 years), a reduction in their concentrations in 

carbonates (e.g., U, Cr, V normalised to Ca), which are formed in seawater, would 

indicate a reduction in their seawater concentration due to increased removal fluxes 

mainly into seafloor sediments. Unless the local environment is hydrographically 

restricted then fluctuations in seawater RSTEs will reflect global scale removal fluxes 

and therefore global-scale changes in marine redox.  

 

Here, we present a high-resolution elemental record from an upper Rhaetian (uppermost 

Triassic) – lower Hettangian (lowermost Jurassic) carbonate succession at the Csővár, 

Vár-hegy section (Hungary). The Csővár Vár-hegy section is one of just a handful of 

Triassic–Jurassic boundary sections to exhibit continuous carbonate deposition. The 

succession was deposited in an intraplatform basin on the edge of the Tethyan shelf. 

Our data evidence a shift in marine redox directly preceding the ETME Main Interval 

which we suggest is associated with the de-oxygenation of Late Triassic, open marine 

environments.  
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Palaeoenvironmental context and stratigraphy  

The sedimentary succession at Csővár [Fig. 1] was deposited on the foreslope of a 

Tethyan carbonate platform and is composed of laminated calcareous mudstones, 

platform-derived ooidal limestones, and bioclastic limestones with alternation between 

platform-derived and basinal facies (Haas & Tardy-Filácz, 2004). A Triassic–Jurassic 

age for the section was first confirmed through the compilation of biostratigraphic 

studies (Pálfy and Dosztály, 2000 and papers therein). Research by Pálfy et al., (2007) 

further constrained the Triassic–Jurassic boundary in the section through radiolarian 

biostratigraphy. Triassic and Jurassic sediments of the Csővár section are defined by the 

last and first appearances of Triassic and Jurassic ammonite taxa, respectively, with the 

main extinction horizon being identified through the negative carbon isotope excursion 

NCIE-3 [Fig. 1] (Pálfy et al., 2001, 2007; Kovács et al., 2020). Given the continuous 

nature of carbonate deposition observed across the Triassic–Jurassic boundary within 

the Csővár Vár-hegy section, as well as the section being stratigraphically well 

understood with a connection to the open Tethys Ocean based on palaeontological 

observations (Pálfy et al., 2007), samples from the section are well suited to reconstruct 

global marine redox changes. 

 

Materials and methods: 

Forty (40) fresh, unweathered carbonate samples were collected from the Csővár, Vár-

hegy section and powdered by hand using an agate mortar and pestle. ~0.5g of each 

sample was then weighed and cleaned using Milli-Q water to remove fine clays and 

hydro-soluble salts. A random selection of samples (n=4) underwent an additional 

reductive cleaning step using 5 ml 0.15M citric acid + 12M ammonium solution as well 
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as an additional oxidative cleaning step using 5 ml NaOH-buffered H2O2 [Fig. S1] 

(Druce et al., 2022). All samples were then leached with 14 ml of 0.2M ultra-pure acetic 

acid. Between 8.9% and 12.8% of the carbonate was dissolved during the acetic acid 

step, with an average yield of 11.5%. Solutions were diluted to 20 ppm Ca, to suppress 

fluctuations in trace element concentration due to Ca matrix effects (de Villiers, 2003), 

and were measured using an Agilent 7500 ICP-MS. Each sample was internally spiked 

with a Re standard to correct for drift throughout the run. Accuracy and precision (2 

S.D.) of X/Ca values were determined throughout the run using certified solution 

standards (n=7). For Cr/Ca and V/Ca precision and accuracy were <6 ± 0.5 %. For U/Ca 

precision and accuracy were <21 ± 0.8 %. Procedural blanks processed with the 

leachate batch generally exhibit sub ng concentrations including averages of -0.1ng for 

U, 0.02ng for V, and 1.45ng for Cr .  

 

Results  

Ratios of average U/Ca (0.95 µmol/mol), V/Ca (29.06 µmol/mol) and Cr/Ca (9.16) are 

elevated within the bottom half of the section (0–11.4m) [Fig. 2]. However, average 

U/Ca (0.28 µmol/mol), V/Ca (7.26 µmol/mol) and Cr/Ca (4.46 µmol/mol) undergo a 

significant decline after NCIE-2 (~11.4 m) [Fig. 2].  

 

Triassic–Jurassic trends in redox elemental ratios from the Hungarian Csővár 

section 

Carbonate-hosted V, Cr and U contents could potentially have been altered/ changed by 

several different factors. One such process is the diagenetic incorporation of elements 

(e.g., U) post burial. However, a correlation of δ13C and δ18O by Kovács et al., (2020) 

finds little evidence for diagenetic alteration of the Csővár sediments. Given that the 
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Csővár sediments are detrital in nature, and broadly matrix supported, there is little 

chance of elemental deviations through diagenetic alteration of carbonate cements (see 

SI). Also, samples from the Csővár section are low in organic matter (<0.1%) with only 

marginal thermal maturation based on previous studies (Pálfy et al., 2007). Moreover, 

the Csővár samples exhibit an average Mg/Ca of 0.01 mmol/mol and a range from 

0.004 to 0.016 mmol/mol [Fig. 3a]. These Mg/Ca values fall within the range of 

Triassic–Jurassic, unaltered Mg/Ca reported by He et al., (2022a) and Ullmann et al., 

(2021), and fall outside of Sinemurian, diagenetic calcite values (Ullmann et al., 2021) 

[Fig. 3a]. Therefore, we find little evidence for dolomitization or diagenetic alteration 

through our data. Furthermore, there is little evidence for a strong correlation between 

trends in X/Ca data and carbonate grain composition (see SI).  

Elemental ratios may also be affected by hydrographic restriction which can 

alter the concentrations of RSTEs in local seawater versus open ocean seawater. 

However, fluctuations in elemental ratios from the Csővár section occur independently 

of facies changes and cyclical changes in sea level inferred from local sequence 

stratigraphy [Fig. 2]. Furthermore, the paleogeographic reconstructions and the common 

fossil occurrences indicate that the basin retained an open marine connection during the 

Triassic–Jurassic boundary interval (Pálfy et al., 2007) [Fig. 2]. We find no correlation 

between the indices U/Ca, V/Ca or Cr/Ca and Al (ppb) in the leach solutions, 

suggesting little to no liberation of trace elements from aluminosilicates during 

chemical preparation [Fig. S2]. Therefore, we interpret the chemical compositions as 

primarily recording the concentration of RSTEs in the precipitating fluid, which we 

assume to be seawater that was well-mixed with the open ocean.  
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Within the lower half of the section (0–11.4 m), up to the top of NCIE-2, average U/Ca 

and Cr/Ca fall within the range of values recorded for modern biotic carbonates [Fig. 

3c–d]. Therefore, assuming similar carbonate substitution as modern analogues, the 

concentration of these elements in seawater was similar to today. It may therefore be 

interpreted that global marine waters during the deposition of the base of the section 

were relatively oxygenated.  

 

After NCIE-2 (11.41m–29.2 m) average U/Ca decreases to outside of the range of 

modern marine values [Fig. 3c–d]. A statistically significant decrease between average 

U/Ca, V/Ca and Cr/Ca before and after NCIE-2 is confirmed through a t-test with an 

alpha value of 0.05 [Fig. 3c–d; Fig. S4]. A statistically significant decrease in average 

V/Ca, Cr/Ca and U/Ca after NCIE-2 would suggest a decrease in trace element 

concentrations within the global seawater inventory and therefore a globally averaged 

increased removal flux of V, Cr and U, ostensibly into low oxygen sediments that 

constitute the main removal fluxes for these elements from global ocean waters. These 

observations imply that global marine redox change directly preceded the main 

extinction interval of the ETME.  

 

Global redox change within open marine environments prior to the ETME 

A global shift in marine redox shortly before the main interval of the ETME may have 

resulted from several different factors. For example, the observed shift to on average 

globally elevated low oxygen conditions directly coincides with more localised de-

oxygenation within marginal marine and mid-oceanic environments on the Tethyan and 

Panthalassa margins (Kasprak et al., 2015; Blumenberg et al., 2016; Fox et al., 2020). 

Therefore, a reduction in global oceanic trace metal concentrations may have been the 
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result of trace metal burial in oxygen-poor conditions within epicontinental marine 

basins. However, multiple problems exist with this model. Firstly, water column de-

oxygenation within epi-continental environments throughout the Triassic–Jurassic 

boundary interval, and during this time interval, was dominated by sulfidic conditions 

(Richoz et al., 2012; Kasprak et al., 2015; He et al., 2020, 2022b; Fox et al., 2022). Mo 

isotope data suggests that global sulfidic conditions remained broadly constant during 

the latest Triassic (Bond et al., 2022a) and, therefore, increasingly sulfidic conditions 

cannot explain a significant decrease in V, Cr, and U during this interval, unlike 

expanding suboxic/anoxic conditions. Our data therefore suggest changes in the 

geographic extent of environments which are becoming suboxic–anoxic, but not 

sulfidic, unlike epicontinental basins during this time interval. 

 

 A de-coupling between our elemental carbonate data and redox changes within 

epicontinental, marine environments is further suggested by the relative timing of redox 

changes. V/Ca, Cr/Ca and U/Ca from the Csővár section decrease prior to major pulsed 

de-oxygenation within marginal marine environments (Bond et al., 2022a). Also, V, Cr 

and U normalised to Ca largely remained constant through to the Early Jurassic despite 

increasing de-oxygenation within epicontinental basins (Kasprak et al., 2015; Bond et 

al., 2022a, 2022b). However, V/Ca, Cr/Ca, and U/Ca from the Csővár section track 

changes in marine redox recorded from other open marine sections [Fig. 4]. Therefore, 

we suggest that the global redox shift shortly before the ETME (Main Interval) was the 

result of expanding suboxic–anoxic conditions within Late Triassic open marine 

environments.  
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Our data suggest that whilst sulfidic conditions persisted to some degree in restricted, 

continental basins, regions of the open ocean had already become increasingly oxygen-

poor prior to the ETME (Main Interval), possibly in the form of expanding oxygen 

minimum zones. The development of open ocean de-oxygenation prior to the major 

pulsed de-oxygenation of restricted marine environments during the Late Triassic 

significantly predates all previous evidence for Late Triassic, open ocean de-

oxygenation [Fig. 4]. The later de-oxygenation of marginal marine environments, 

relative to open-marine settings, may be associated with the variable onset of CAMP 

activity. The first major pulse of CAMP volcanism coincided with the ETME and may 

have caused increased weathering and nutrient input into restricted, marginal marine 

basins as well as subsequent water column stratification and potential eutrophication 

(Ruhl et al., 2011). However, early volcanic degassing from CAMP may have resulted 

in open ocean de-oxygenation from surface water warming. The idea of open ocean de-

oxygenation occurring due to CAMP degassing is further supported by pCO2 increasing 

prior to the ETME, coinciding with the so-called late Triassic ‘pre-cursor’ carbon 

isotope excursion (NCIE-2) (Bonis et al., 2010; Ruhl & Kürschner, 2011; Kovács et al., 

2020).   

    

Conclusion 

Carbonate-hosted elemental abundance data from the Hungarian Csővár section 

evidence a significant, global redox change within open marine environments shortly 

before the main phase of the ETME. This global redox change possibly took the form of 

expanding OMZs and the expansion of suboxic and anoxic conditions that controlled 

the burial of several redox-sensitive elements, as evidenced through significant 

reductions in the V/Ca, Cr/Ca, and U/Ca ratios of well-preserved marine carbonates. 
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The expansion of open marine, low oxygen environments evidenced here pre-dated the 

major, pulsed de-oxygenation of marginal marine environments during the latest 

Triassic extinction interval, demonstrating that marine deoxygenation may have 

progressed from the open ocean to marginal marine locations.  
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Figure 1:- Location of the Csővár section in relation to the Late Triassic 

palaeogeography of the Tethyan shelf (main figure) and the supercontinent of Pangaea 

(red star; bottom left). A- Asturias section (Northern Spain), V- Vár-hegy, Csővár 

section, (Hungary, this study), L- Lombardy Basins (including Val Adrara section, 

Northern Italy), S- Mount Sparagio section (Southern Italy), T- Tolmin Basin 

(Slovenia), *- Kuhjoch Section (Austria, Global Stratotype Section and Point (GSSP) 

for the base of the Jurassic). Red shapes- potential carbonate hiatus, white shapes- 

continuous carbonate deposition, circles- deeper basin localities, squares- shallower 

marine localities. CEB- Central European Basin. Inset (bottom left): P.- Panthalassa 

Ocean, T.- Tethys Ocean. Figure amended from Greene et al., (2012), and Bond et al., 
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(2022b).

 

Figure 2:- Element/Calcium data from the Late Triassic Csővár section, Hungary. 

Chronostratigraphy, biostratigraphy, lithostratigraphy and carbon isotope data from 

Kovács et al., (2020) and sedimentology from Haas & Tady-Filácz (2004). Red, dashed 

line- ETME Main Interval. FO- first occurrence, LO- last occurrence.  
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Figure 3:- A significant decline in carbonate trace element concentrations amongst 

unaltered Csővár samples. a) Mg/Ca data from Csővár samples compared to unaltered, 

Triassic–Jurassic Mg/Ca values from other, recent studies. Note that the Csővár Mg/Ca 

data falls within the range of unaltered values. Grey bar represent 2 S. D. of values, 

AVG.- Average. b – d) A global redox shift during the end Triassic mass extinction: 

Carbonate trace element data (X/Ca) reported from this study plotted before and after 

NCIE-2 and against modern marine X/Ca ratios. Two-tail P values (p) for a t-test with 

an alpha value of 0.05 displayed in top, right-hand corner of each histogram. See Fig. 

S3 for biogenic X/Ca data sources. 
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Figure 4:- A comparison of local and global hydrogenic redox data from across the 

Triassic–Jurassic boundary interval. Note the relative timing of open marine de-

oxygenation based on the carbonate trace element data. I/(Ca+Mg) data from He et al., 

(2022a), 𝛿34S data from He et al., (2020), 𝛿 238U data from Jost et al., (2017). Mt. 

Sparagio and Val Adrara stratigraphy from Bachan et al., (2012) and Todaro et al., 

(2018), stratigraphic correlation based on Todaro et al., (2018) and Kovács et al., 

(2020). Red dashed line with grey shading- ETME Main Interval; unlike at the GSSP no 

equivalent extinction is observed at the Vár-hegy section. Red solid line initial CIE 

correlation line.  
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Chapter 8: Supplementary Information 

Leach tests: 

Figure S1: A comparison of samples which have undergone cleaning using milli-q 

water only (M) and the same samples which have undergone a reductive and oxidative 

cleaning step (F). 
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Four samples, at horizons 11 m, 11.4 m, 14.2 m, and 20.2 m, were cleaned using two 

different methods (see methods above) [Fig. S1]. We observe very little difference, on 

average, between the samples which were cleaned using milli-q water only (M) and 

those which underwent a full cleaning procedure using an oxidative and reductive 

cleaning step (F), particularly amongst the indices U/Ca, V/Ca, and Cr/Ca [Fig. S1]. We 

therefore interpret that the elemental concentration data is representative of authigenic 

trace element concentrations and not as a result of detrital material which failed to be 

removed during the milli-q cleaning procedure. The absence of detrital influence on 

element/calcium ratios is further supported through Fig. S2.  

 

 

 

Figure S2: X/Ca ratios plotted against Aluminium (ppb). Low correlation amongst all 

elements indicates little to no siliciclastic/detrital control on X/Ca of redox sensitive 

elements..  



 

 S3 

 
 

 

 

Figure S3: Element/Calcium ratios for redox sensitive elements amongst calcifying 

marine organisms. 
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Figure S4: T-tests for X/Ca before 

and after NCIE-2 with an alpha 

value of 0.05. Therefore P (two 

tail) of <0.05 is statistically 

significant. Differences between 

V/Ca, Cr/Ca, and U/Ca before and 

after NCIE-2 are statistically 

significant, whereas differences 

between Zn/Ca, Cd/Ca, and Mn/Ca  

before and after NCIE-2 are not 

statistically significant. Zn and Cd 

typically co-precipitate with sulfur 

under oxygen poor conditions  

resulting in sedimentary 

enrichment whereas U, V and Cr 

are more readily enriched within 

marine sediments under suboxic–

anoxic conditions.   
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Figure S5:- Carbonate trace element data (X/Ca) for redox sensitive elements before 

and after NCIE-2. Note the statistically significant shift observed amongst Cr, V and U 

which is absence amongst other, redox sensitive elements.  

 

 

Sedimentology and carbonate grain composition throughout the study section: 

 

Given that the X/Ca values which have been recorded throughout the Csővár Vár-hegy 

section fall within the bounds of biological values it is discussed here whether the X/Ca 

shift observed during NCIE-2 could be related to a change in carbonate grain 

composition. In order to establish whether this could be the case the sedimentology and 

carbonate grain composition of the study section is first described in detail. 
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The base of the section (0–12 m) is composed of a combination fine- and medium-

grained calciturbidites as well as radiolarian wackestones and rare lithoclastic-bioclastic 

grainstone/packstone (Fig. 2, Chapter 8). The fine-grained calciturbidite is composed of 

laminated beds of alternating calcarenite packstones and wackestones (Haas & Tardy-

Filácz, 2004). Peloidal echinoderm fragments (crinoids), molluscs and ostracods are 

common within the calcarenite laminae (Haas & Tardy-Filácz, 2004). Meanwhile, 

sponge spicules and radiolarians are common within the wackestone laminae (Haas & 

Tardy-Filácz, 2004). The medium-grained calciturbidite is composed of a graded 

packstone and coarse to fine-grained calcarenite (Haas & Tardy-Filácz, 2004). The 

primary component of the medium-grained calciturbidite beds is crinoid skeletal debris 

as well as common fragments of molluscs, benthic foraminifera, and microbial crusts 

(Haas & Tardy-Filácz, 2004). The radiolarian wackestone is composed of thinly bedded 

carbonates with local chert. The predominant component is radiolarians; however, 

sponge spicules, molluscs and echinoderm fragments are also common (Haas & Tardy-

Filácz, 2004). The rare lithoclastic-bioclastic grainstone/packstone is composed of fine 

calciruditic to coarse calcarenitic facies (Haas & Tardy-Filácz, 2004). Fragments of 

echinoderms (crinoids and echinoderm spines) are common within the lithoclastic-

bioclastic grainstone/packstone alongside molluscs, microbial crust, benthic 

foraminifera, and thick-shelled ostracods (Haas & Tardy-Filácz, 2004). The carbonate 

grain composition within the lower 12 m of the study section is therefore crinoid and 

echinoderm fragments, molluscs, ostracods, sponge spicules, microbial crusts, and 

benthic foraminifera with echinoderm skeletal debris being the most prominent 

component.   
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Towards the top half of the section (12–30 m) the lithology changes to calcisiltite–

calcilutite laminite as well as radiolarian wackestone, rare lithoclastic-bioclastic 

grainstone/packstone and finally oncoid, grapestone grainstone/packstone/wackestone at 

the very top of the section. The calcisiltite-calcilutite laminite is composed of thinly 

bedded, platy and laminated fine-grained carbonates composed of radiolarians, sponge 

spicules and ostracods (Haas & Tardy-Filácz, 2004). The oncoid, grapestone 

grainstone/packstone/wackestone is composed of carbonate coated grains with rare 

bioclasts of molluscs, brachiopods and ostrocods (Haas & Tardy-Filácz, 2004). The 

carbonate grain composition within the upper 18 m of the study section is therefore 

echinoderm fragments, molluscs, ostracods, sponge spicules and brachiopods. 

 

Despite the overall carbonate grain composition varying very little from the bottom half 

to the top half of the section, the upper part of the study section exhibits a much lower 

proportion of echinoderm skeletal debris, no microbial fragments or benthic 

foraminifera, and common brachiopod debris at the very top of the study section. Given 

the very sparse nature of brachiopod skeletal debris throughout much of the section, its 

relative abundance is highly unlikely to have any control of X/Ca values throughout the 

section and, therefore, echinoderm, microbial mat and foraminiferan X/Ca values are 

most important here. 

  

Published U/Ca values for sea urchins are very low (0.006–0.013 µmol/mol) (Ulrich et 

al., 2021). However, it should be noted that there is little other available data on the 

X/Ca composition of echinoderms. Microbial mats also have little available X/Ca data. 

Meanwhile, foraminiferan X/Ca values are low for V/Ca and U/Ca and high for Cr/Ca 

(see Fig. S3). 
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Despite the relative absence of X/Ca data for echinoderms and microbial mats, the 

foraminiferan and available sea urchin data as well as carbonate sedimentology do not 

strongly suggest that elevated X/Ca ratios towards the base of the section are the result 

of carbonate grain composition, with the possible exemption of Cr/Ca data based on 

foraminiferan Cr/Ca values. However, in order to further understanding of this 

relationship, it is essential that more X/Ca data is obtained from echinoderms and 

microbial mats. 

 

Diagenesis of carbonate cement from the Csővár Vár-hegy section: 

As discussed within the main text we observed little evidence of diagenetic alteration, 

thermal alteration or dolomitization on the basis of δ13C and δ18O, Mg/Ca, and organic 

matter content. However, in order to further discern whether there may have been 

diagenetic alteration of the Vár-hegy carbonates we describe here the composition of 

carbonate cement as well as any evidence for re-mineralisation or dissolution.  

 

The fine- and medium-grained calciturbidites do not exhibit a carbonate cement, 

meanwhile the radiolarian wackestone and lithoclastic-bioclastic grainstone/packstone 

exhibit a calcisiltite and calcilutite mudstone matrix alongside rare spiritic cement (Haas 

& Tardy-Filácz, 2004). Therefore, the base of the section (0–12m) is broadly non-

cemented and is instead (mud) matrix supported. 

The calcisiltite–calcilutite laminite and radiolarian wackestone within the top of the 

section (12–30 m) is non-cemented. Meanwhile the oncoid, grapestone 

grainstone/packstone/wackestone exhibits a spiritic cement. Therefore, the upper half of 

the section is also broadly non-cemented (Haas & Tardy-Filácz, 2004).  
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Given the detrital nature of the carbonate material, consisting of proximal to distal 

calciturbidites, the section is, therefore, generally non-cemented and as a result the shift 

in X/Ca values cannot be associated with a change in cement composition. There is little 

information on the mineralogy/composition of the individual grains which form the 

calci-turbidites and other detrital carbonate facies. However, based on δ13C and δ18O 

values there is little reason to interpret significant remineralisation of the carbonate 

grains. Further studies should be undertaken, however, to verify the mineralogy of the 

carbonate grains and the extent (if any) of diagenetic alteration. 

 

Stratigraphic correlation of chapter 8 sections:  

 

This section of the supplementary information discusses how the sections in chapter 8 

were correlated, other potential ways of correlating the sections, and the uncertainties 

associated with the stratigraphic correlation(s). 

 

One potential way of correlating the sections relies almost exclusively on carbon 

isotope data from literature and the assignment of specific ‘excursions’ to the 

fluctuations observed within the carbon datasets, as assigned by the original authors. 

Using this method results in the correlation observed within Fig. S6 (Chapter 8).  
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Figure S6:- Correlation of the chapter 8 sections using the assigned carbon isotope 

excursions. ICIE (P1)- initial carbon isotope excursion, MCIE (P2)- main carbon 

isotope excursion, PCIE (P0)- Precursor carbon isotope excursion. Refer to main text 

for additional abbreviations and data sources. 

 

The issues that arise when using this method to correlate the three sections are largely 

underpinned by uncertainties regarding the assignment of the excursions. For the 

Csővár section the excursion at 10m (NCIE-2) has been identified as the pre-cursor CIE 

by Kovács et al., (2020), however, NCIE-2 may be tenuously identified as the initial 

CIE. The initial CIE at the GSSP coincides with the disappearance of choristoceratid 

ammonites as does the excursion at 10m from the Csővár section. However, 

disappearances of ammonite taxa may be spatially variable, and the carbon isotope 

fluctuations observed within the Csővár section most closely correlate with the CIE at 

10m being identified as the precursor CIE when compared with carbon isotope 

fluctuations from other sites, particularly after the dataset has undergone screening 

(Kovács et al., 2020). A similar screening process was performed on the carbon isotope 
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data here through removing carbon isotope datapoints where the oxygen isotopes were 

<-5‰  and single point spikes, as suggested by the original authors [Kovács et al., 2020].  

The identified excursions for the Mount Sparagio section also coincide with the general 

carbon isotope trends observed from other Tr–J sections and therefore would agree with 

the excursion assignment for this section. 

Conversely, the assignment of excursions to the carbon isotope data from the Val 

Adrara section does not coincide with similar identifications from other sites with 

excursions being identified based on single point spikes [Bachan et al., 2012]. If single 

point spikes are discounted then the carbon isotope trends and biostratigraphy from the 

Val Adrara section suggest that the section comprises of uppermost Triassic and 

lowermost Jurassic sediments with the carbon isotope stratigraphy exhibiting the upper 

half of the main carbon isotope excursion. 

Through the use of carbon isotope stratigraphy and biostratigraphy the excursion 

assignments from Kovács et al., (2020) and Todaro et al., (2018) have been deemed 

accurate for the Csővár Vár-hegy and Mount Sparagio sections, however the Val Adrara 

section excursion assignment has been updated here in light of carbon isotope trends 

and biostratigraphy (see Fig. S7- Chapter 8).  
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Figure S7:- Correlation of the chapter 8 sections using a revised carbon isotope 

excursion assignment and biostratigraphic correlation. Refer to Figure S6 for 

explanation of abbreviations. 

 

The revised stratigraphic correlation used here would therefore confirm that open ocean 

marine redox change evidenced within this chapter significantly pre-dated open marine 

redox change evidenced through I/Ca+Mg) and U isotope data, which both postdate the 

main interval of the ETME.  

 

 

Supplementary Information- Raw data attached separately as an excel file 

‘Supplementary Information: Chapter 8’ 
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Abstract 

The end-Triassic mass extinction event (ETME) is defined by the pulsed extinction 

of numerous marine organisms. The ETME has been widely attributed to large 

igneous province activity in the form of the Central Atlantic Magmatic Province 

(CAMP) which has been linked to marine acidification and de-oxygenation. Euxinic 

water column conditions, which have been widely reported from Triassic–Jurassic 

marginal marine environments, have subsequently been endorsed as a key driver of 
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marine extinctions during the Triassic–Jurassic boundary interval. However, recent 

elemental studies report the widespread, pulsed de-oxygenation of marine, 

sedimentary porewaters and bottom waters on the marginal marine Tethyan shelf 

with euxinic conditions being relatively localised. Here we use both new and 

existing elemental data from five sites on the Tethyan shelf to evaluate the 

geographic extent of sedimentary porewater and bottom water de-oxygenation 

during the ETME. We find that pulsed, sedimentary porewater and bottom water 

de-oxygenation was widespread on the Tethyan shelf whilst euxinic water column 

conditions were spatially limited. Moreover, pulses of porewater and bottom water 

de-oxygenation directly coincided with the three main pulses of the ETME, which 

largely included the extinction of benthic marine organisms and planktonic 

organism with a benthic resting stage. We therefore interpret benthic de-

oxygenation as being a significant factor in the widespread extinction of marine 

organisms during the ETME whilst the localised development of sulfidic water 

column conditions may have driven the extinction of exclusively planktonic and 

nektonic taxa.  

 

1. Introduction 

The Triassic–Jurassic boundary interval coincided with one of the largest mass 

extinction events in geological history, the end-Triassic mass extinction event 

(ETME) (Raup & Sepkoski, 1982; Alroy, 2014). The ETME is characterised by the 

pulsed extinction of marine organisms with ammonites, bivalves and reefal 

organisms having been particularly affected (Hallam, 1981; Flügel & Kiessling, 

2002; Guex et al., 2004; Kiessling et al., 2007; Whiteside & Ward, 2011; Dunhill et 

al., 2018; Wignall & Atkinson, 2020). The ETME also coincided with 
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disappearances amongst marine vertebrates, in the form of conodonts, as well as 

extinctions amongst phytoplankton groups including radiolarians and 

dinoflagellates (Carter & Hori, 2005; van de Schootbrugge et al., 2007; Hautmann, 

2012; Onoue et al., 2016; Rigo et al., 2018; Du et al., 2020).  

 

The ETME was initially thought to have been triggered by an extra-terrestrial impact 

based on the discovery of Late Triassic iridium anomalies and seismite deposits (Orth, 

1989; McLaren & Goodfellow, 1990; Olsen et al., 2002; Simms, 2003; Tanner & Kyte, 

2005). However, subsequent studies have closely associated Triassic–Jurassic iridium 

anomalies and seismite deposits with large igneous province volcanism (Lindström et 

al., 2015; Tanner et al., 2016; Lindström et al., 2020; Laborde-Casadaban et al., 2021). 

A large igneous province centred on the supercontinent of Pangaea, the Central Atlantic 

Magmatic Province (CAMP), was emplaced synchronously with the ETME and has 

consequently been closely associated with the Triassic–Jurassic extinction pulses 

(Marzoli et al., 1999; Whiteside et al., 2010; Schoene et al., 2010; Ruhl et al., 2011; 

Blackburn et al., 2013; Lindström et al., 2017; Davies et al., 2017; Marzoli et al., 2018; 

Kovács et al., 2020).  

 

CAMP-induced environmental change has been strongly associated with marine 

acidification and marine de-oxygenation during the Triassic–Jurassic boundary interval 

(TJB) with marine redox change having been intensely studied from across the Triassic-

—Jurassic Tethyan shelf (Hautmann et al., 2008; Richoz et al., 2012; Greene et al., 

2012; Jost et al., 2017a; 2017b; He et al., 2020; Bond et al., 2022a, 2022b, 2022c). 

Euxinic water column conditions have been widely reported from across Tethyan 

marginal marine environments during the TJB based on biomarker and isotope studies 
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(Richoz et al., 2012; Jaraula et al., 2013; Blumenberg et al., 2016; Jost et al., 2017b; He 

et al., 2020, 2022; Beith et al., 2021; Fox et al., 2022). However, recent research reports 

the pulsed deoxygenation of sedimentary porewater and bottom waters on the Triassic–

Jurassic Tethyan shelf with euxinic water column conditions being spatially limited 

(Bond et al., 2022a, 2022b). We hypothesise that the pulsed de-oxygenation of 

sedimentary pore waters was widely distributed on the Tethyan shelf during the 

Triassic–Jurassic boundary interval whilst euxinic conditions were spatially constrained 

on the Tethyan shelf. This hypothesis has been previously difficult to test due to the 

lack of spatially extensive elemental redox data from across the Tethyan shelf.  

 

In order to test this hypothesis, we present a compilation of elemental data from five 

sites across the Triassic–Jurassic Tethyan shelf. Trace metal data has been used to 

determine the magnitude and temporal pattern of marine redox change at each study 

site. The dataset used within this study includes previously published data from the 

upper Rhaetian (uppermost Triassic) and lower Hettangian (lowermost Jurassic) of the 

Carnduff-2 core (N. Ireland), Schandelah-1 core (N. Germany), and Hebelermeer-2 core 

(NW Germany) and new trace metal data from the Rhaetian and Hettangian of St. 

Audrie’s Bay (SW England) and the Prees-2c core (England) [Fig. 1]. The chosen study 

sections include a range of sites from different palaeolatitudes and palaeolongitudes 

throughout the Tethyan shelf from a range of palaeo-environmental settings 

[Blumenberg et al., 2016; van de Schootbrugge et al., 2019; Boomer et al., 2021; Bond 

et al., 2022]. The study sections are generally stratigraphically well understood, have 

undergone previous study for redox change using alternative proxies, and all occupy a 

similar stratigraphic range for direct comparison and stratigraphic correlation between 

sections to be made [Hesselbo et al., 2002; Blumenberg et al., 2016; Lindström et al., 
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2017; van de Schootbrugge et al., 2019; Boomer et al., 2021, Hesselbo, S. 2022. Pers. 

comms. 30th July). The sedimentary records from each site are also relatively thermally 

immature and have undergoing limited diagenetic alteration (see Chapter 9: 

supplementary information). 

 

2. Materials and Methods 
 

2.1 Prees 2c and Somerset core samples 

Both the Somerset-1 and Somerset-2 cores were extracted from St. Audrie’s Bay, 

Somerset, England (51.18186° N, 3.286053° W). The cores were sampled at The 

Geocenter, Copenhagen University, Denmark. The samples span the upper Rhaetian and 

lower Hettangian based on carbon isotope stratigraphy. Twenty-three samples were 

obtained from the Somerset-1 core between ~3.5 m and ~4.69 m depth. Twenty-eight 

samples were also obtained from the Somerset-2 core between 0 m and 3.32 m depth.  

 

Thirty-eight samples were obtained between 607.57 m and 500.37 m depth from the 

Prees-2c core, Shropshire, England. The core was sampled at the British Geological 

Survey (BGS) core repository. The samples extend from the upper Rhaetian to the 

upper Hettangian based on ammonite biostratigraphy and carbon isotope stratigraphy 

(Hesselbo, S. 2022. Pers. comms. 30th July).  

 

 

2.2 Bulk Inorganic Geochemistry 

Samples from the Somerset-1, Somerset-2 and Prees-2c cores were milled in tungsten 

carbide and carbon alloy. ~50 mg of each sample was digested in 1:3 HCl/HNO3 

followed by digestion in 1:2 HF/HNO3 using an identical method to Bond et al., 
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(2022a). Samples were diluted 150-fold and were measured on a Perkin Elmer Optima 

3300RL ICP-AES for major elemental concentration data. Aliquots of the same sample 

digests were diluted 2000-fold and were measured on a Perkin Elmer NexION 350D 

ICP-MS and Agilent 7500 ICP-MS for minor and trace elemental concentration data. 

Accuracy was determined using full procedural digestions (n=8) of MAG-1 and was 

better than ± 1%. Precision was assessed with digests of MAG-1 (n=8) and an in-house 

mudrock standard (PERN-1) (n=8) and was better than ~21% for all elements. 

Procedural blanks processed alongside each batch of samples generally exhibited sub ng 

(total) concentrations. Elemental enrichment data was obtained using the following 

calculation: ((Xsample / Alsample)/ (Xucc/ Alucc)) where X is the trace metal analyte. 

Average upper continental crust (UCC) concentrations were obtained from Rudnick & 

Gao, (2003).  

 

2.3 Chemical Index for Alteration 

The Chemical Index for Alteration (CIA) was calculated using the following equation: 

CIA = [Al2O3 / (Al2O3 + CaO* + Na2O + K2O)] x 100. CaO* was determined as the 

greater value between Na2O and CaO’ where CaO’ = Ca – 10/3 * Phosphorus (P). CaO* 

therefore allowed for CIA to be corrected for non-silicate Ca.  

 

3. Palaeo-redox proxies 

In order to reconstruct palaeo-redox conditions at the new study sites a representative 

selection of palaeo-redox proxies has been chosen (MoEF, UEF, MnEF). 

 

Under oxygenated conditions molybdenum (Mo) and uranium (U) exist as the 

conservative species MoO4
2- and U(VI) in seawater (Calvert & Pedersen, 1993; 
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Tribovillard et al., 2006). Under reducing conditions Mo co-precipitates with sulfur 

which results in sedimentary enrichment of Mo above crustal concentrations (Helz et 

al., 1996; Erickson & Helz, 2000; Scott & Lyons, 2012). MoEF is therefore a proxy for 

[HS-] when studied alongside other elements (e.g., Mn, U). Meanwhile, U(VI) is 

reduced to U(IV) around the Fe(III/II) redox couple, leading to immobilisation and 

subsequent sedimentary enrichment across the sediment-water interface. UEF can 

therefore act as a proxy for pore water [O2] with U enrichment starting prior to sulfate 

reduction.  

 

Manganese (Mn) exhibits a contrasting chemical behaviour to Mo and U. Under 

oxygenated conditions Mn is enriched within marine sediments through Mn (III) 

oxyhydroxide formation (Calvert & Pedersen, 1993). However, under reducing 

conditions Mn undergoes reductive dissolution to Mn (II) which may move freely 

within sedimentary porewaters. When Mn (II) encounters oxygenated conditions it may 

re-precipitate resulting in sedimentary enrichment (Shimmield & Price, 1986; Pruysers 

et al., 1993; Piper & Calvert, 2009). Low enrichment of Mn, Mo and U have been 

defined here as EF 0–1, whilst moderate enrichment has been defined as EF 1–5,  high 

enrichment as EF 5–15, and very high enrichment as EF 15+. 

 

4. Localised, pulsed redox change on the Triassic–Jurassic Tethyan shelf 

As part of this thesis a quantitative framework has been compiled from literature 

exhibiting the typical range in elemental enrichment for Mo, U and Mn under variable 

redox conditions (Chapter 3). This redox framework has been used here to interpret 

changing redox conditions at the selected Triassic–Jurassic boundary locations.  

Somerset-1 and Somerset-2 cores, Bristol Channel Basin, SW England 
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The uppermost Westbury Formation, mid upper Cotham Member, basal Langport 

Member, mid upper Langport Member, and lower Blue Lias Formation of the Somerset 

cores exhibit moderate to high MoEF and MnEF as well as moderate to very high UEF. 

The Somerset palaeodepositional site was therefore likely suboxic during the 

depositional of these sedimentary units with marine redox change being restricted to 

below the sediment-water interface [Fig. 2]. Very high MoEF during the mid Cotham 

Member and uppermost Langport Member alongside moderate to high UEF and 

moderate MnEF is suggestive of sulfidic conditions extending into the water column at 

the Somerset palaeodepositional locality [Fig. 2]. Meanwhile, the uppermost Cotham 

Member exhibits high MoEF alongside moderate UEF and MnEF which is suggestive of 

suboxic conditions extending into the water column.  

  

Prees-2c core, Cheshire Basin, England 

The upper Blue Anchor Formation and Westbury–Lilstock Formation within the Prees-

2c core exhibit low MoEF alongside moderate UEF and low to moderate MnEF. [Fig. 3]. 

The Prees-2c palaeodepositional site was therefore suboxic with oxygen poor conditions 

being restricted to sedimentary pore waters during the deposition of these sedimentary 

units. The Lower Redcar Mudstone Formation exhibits a horizon of high MoEF as well 

as low UEF and low to moderate MnEF. The deposition of this interval therefore 

coincides with suboxic conditions extending into the water column. Throughout the 

remainder of the section UEF, MnEF and MoEF fluctuate between low and moderate 

values [Fig. 3]. Redox conditions during the deposition of the remainder of the section 

therefore fluctuated between oxic conditions, suboxic conditions with marine redox 

change extending into the water column, and suboxic conditions restricted to 

sedimentary porewaters. 
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Carnduff-2 core, Larne Basin, Northern Ireland 

The basal Westbury Formation of the Carnduff-2 core exhibits high MoEF and low UEF 

and MnEF which was interpreted by Bond et al., (2022a) to reflect suboxic conditions 

extending into the water column [Fig. 4]. Throughout the remainder of the section 

MoEF, UEF, and MnEF alternate between low and moderate values interpreted by Bond et 

al., (2022a) as reflecting alternating suboxic and oxic sedimentary pore waters [Fig. 4]. 

MoEF, UEF and MnEF are particularly elevated throughout the upper Cotham member 

within the Carnduff-2 core [Fig. 4].   

 

Schandelah-1 core, Lower Saxony Basin, N. Germany 

The Contorta beds of the Schandelah-1 core exhibit high MoEF, moderate UEF and low 

MnEF which was interpreted by Bond et al., (2022b) to represent shoaling of the sulfate 

reduction zone close to the sediment-water interface [Fig. 5]. Pulsed increases in UEF 

within the upper Trilete beds alongside low to high MoEF and moderate to high MnEF 

are likely indicative of pulsed suboxic conditions which were restricted to sedimentary 

porewaters and extended into the water column [Fig. 5]. Very high MoEF alongside 

moderate UEF and high MnEF within the Psilonoten beds were interpreted by Bond et al., 

(2022b) to represent ferruginous conditions during the deposition of the Psilonoten beds 

at the Schandelah-1 palaeodepositional site [Fig. 5]. Meanwhile, pulsed increases in 

MoEF, UEF and MnEF throughout the Angulatenton Formation were interpreted by Bond 

et al., (2022b) to represent further shoaling of the sulfate reduction zone close to the 

sediment-water interface [Fig. 5].  

 

Hebelermeer-2 core, Germanic Basin, NW Germany 
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Lower–Middle Rhaetian strata of the Hebelermeer-2 core (1695 m) exhibit moderate 

MoEF and UEF as well as low MnEF suggestive of suboxic conditions restricted to 

sedimentary porewaters [Fig. 6]. Middle Rhaetian strata of the Hebelermeer-2 core 

(1689 m, 1683 m) exhibit moderate to high MoEF alongside moderate UEF and low to 

moderate MnEF which was interpreted by Bond et al., (2022b) to represent shoaling of 

the sulfate reduction zone close to the sediment-water interface at the Hebelermeer-2 

palaeodepositional site [Fig. 6]. Meanwhile, very high MoEF alongside moderate UEF 

and low MnEF within the middle to upper Rhaetian strata of the Hebelermeer-2 core 

(1670 m, 1657 m) were interpreted by Bond et al., (2022b) to reflect pulsed expansion 

of the sulfate reduction zone close to the sediment-water interface and into the water 

column [Fig. 6].  

 

5. Localised drivers of pulsed marine redox change on the Tethyan shelf 

during the end Triassic mass extinction event 

Pulses of sedimentary porewater and bottom water de-oxygenation were clearly 

prevalent at numerous sites on the Tethyan shelf during the Triassic–Jurassic boundary 

interval. However, it remains uncertain whether pulses of marine redox change on the 

Tethyan shelf may have been driven by localised environmental changes, particularly 

given that the five sites are geographically localised on the Tethyan shelf [Fig. 1]. To 

investigate local drivers of trace metal burial, the elemental redox proxies have been 

plotted against proxies for hydrography (Cobalt (ppm) * Manganese (%) (Co*Mn)) as 

well as detrital input, grain size and weathering intensity (Ti/Al, Zr/Al, Al (%), CIA) to 

determine whether redox changes may have been driven by localised environmental 

changes [Fig. 7, Fig. 8].  
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5.1 Palaeo-hydrography 

Palaeo-hydrography has been determined at the study sites through the use of (Co*Mn). 

Within upwelling  marine environments dissolved Co and Mn may be upwelled to 

shallower marine settings where they may leave the system through advection away 

from the upwelling cell (Sweere et al., 2016; McArthur, 2019). Sedimentary Co*Mn for 

upwelling, marine environments is therefore <0.4 (Sweere et al., 2016). Within 

restricted marine environments surface water advection into the open ocean is more 

limited and any dissolved Co or Mn that reaches the surface subsequently returns to 

deeper waters through diffusion and particle export. Sedimentary Co*Mn within 

restricted, marine environments is therefore >0.4 (Sweere et al., 2016).  

The correlation between marine redox change and palaeo-hydrographic indicators is 

generally poor across all five study sites [Fig. 7]. Therefore, hydrographic changes are 

unlikely to have controlled marine redox change. However, given that trace element 

enrichment of <1 may have a detrital control, trace mental enrichment of >1 (Mo, U) 

was also compared for open marine (<0.4) and restricted sites (<0.4). Through the use 

of t-test with an alpha value of 0.05 open marine and restricted sites were found to 

exhibit no statistically significant difference for MoEF and UEF (Fig. S1). It is therefore 

unlikely that pulses of sedimentary porewater de-oxygenation across all five study sites 

were solely the function of changing hydrographic conditions.  

 

5.2 Detrital input, grain size and weathering intensity 

The correlation between marine redox change and detrital input is generally poor across 

all five sites. This is clearly observed through the poor correlations observed between 

MoEF and Al (%), Ti/Al, and Zr/Al [Fig. 8]. 
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Ti/Al and Zr/Al are also informative proxies with regards to grain size. Aluminium (Al) 

is generally bound within clay sized sediments, whereas high density Titanium (Ti)-

bearing minerals are generally transported with silts and fine sands, and Zirconium (Zr) 

is concentrated within fine to medium sands due to its high specific gravity (Calvert & 

Pedersen, 2007). Changes in grain size may suggest changes in energy, as a result of a 

marine regression, or the increase input of coarser detrital material. Therefore, the poor 

correlation between Al (%), Ti/Al, Zr/Al and MoEF would suggest that changing redox 

conditions did not coincide with the influx of coarser material nor environmental 

changes due to changing sea-level.  

 

A correlation between marine redox change and weathering intensity, or changing 

weathering catchment area, may also be ruled out due to the poor correlation between 

MoEF and CIA. The Chemical Index of Alteration (CIA) is defined through the 

equation: CIA = [Al2O3 / (Al2O3 + CaO* + Na2O + K2O)] x 100 and was initially 

developed as a proxy for palaeo-climate reconstruction (Nesbitt & Young, 1982). CIA 

measures the mobilisation of cations (e.g., K+), which are more readily mobilised 

within warm, wet climates (Wang et al., 2020). CIA has also been used as a proxy for 

the chemical weathering of sedimentary rocks as well as changes in weathering 

intensity. However, CIA may equally determine changes in weathering catchment area. 

The poor correlation between CIA and MoEF across all five sites would therefore 

suggest that redox changes did not coincide with changes in the weathering intensity of 

rocks mobilised from nearby landmasses, nor with changes to the weathering catchment 

area as a result of eustatic or isostatic changes.  
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Given that the de-oxygenation of sedimentary porewaters and bottom waters were 

localised on the Tethyan shelf there was a possibility that these redox changes may have 

been generated by localised environmental changes instead of manifestations of 

spatially extensive phenomena. However, the poor correlation between palaeo-

hydrographic, palaeo-weathering, palaeo-detrital proxies and marine redox change 

would give support to the null hypothesis.  Therefore, there is no evidence that 

hydrographic, isostatic, eustatic, or detrital changes were significantly driving marine 

redox change on the Triassic–Jurassic Tethyan shelf. Therefore, sedimentary porewater 

and bottom water de-oxygenation on the Tethyan shelf was regionally extensive and 

was likely driven by regional-scale environmental changes. This may include regional 

changes to nutrient availability, marine temperature changes leading to stratification, 

and/or deep-water oxygen advection.  

 

6. Pulsed suboxia throughout the Tethyan shelf during the ETME 

Numerous, regionally extensive, widespread pulses of sedimentary porewater and 

bottom water de-oxygenation took place on the Tethyan shelf during the Triassic–

Jurassic boundary interval. These pulses took place during the deposition of the upper 

Westbury Formation, mid–upper Cotham member, Triassic–Jurassic transition, and 

stratigraphically equivalent units [Fig. 9].  

 

The uppermost Westbury Formation and stratigraphically equivalent units at four of the 

five study sites exhibit moderate to very high MoEF alongside moderate to high UEF 

[Fig. 9].  Tethyan shelf environments therefore underwent widespread de-oxygenation of 

sedimentary pore-waters during the deposition of the uppermost Westbury Formation 

with some extension of oxygen poor conditions into the water column. Sedimentary 
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porewater and bottom water de-oxygenation during the upper Westbury Formation 

coincided with one of the major pulses of the ETME (Wignall & Atkinson, 2020). This 

major pulse of the ETME is reflected in the study sections through the extinction of 

bivalves and ichnotaxa across the Bristol Channel and Larne Basins (Wignall & 

Atkinson, 2020; Fox et al., 2022; Bond et al., 2022a). A pulse of widespread marine 

redox change during the deposition of the uppermost Westbury Formation has also been 

suggested by Bond et al., (2022b) through a compilation of late Triassic redox proxy 

data, with suboxic benthic conditions also being observed at the Marientel-1 and 

Mingolsheim FR 204-201 palaeodepositional sites (Quan et al., 2008; Richoz et al., 

2012). Euxinic conditions were largely restricted to marine photic zones during the 

deposition of the uppermost Westbury Formation and have only been reported from the 

Germanic and Bristol Channel Basins (Blumenberg et al., 2016; Fox et al., 2022; He et 

al., 2022).  

 

Bond et al., (2022a) previously reported a major pulse of marine deoxygenation during 

the mid–upper Cotham member within the Carnduff-2 core of the Larne Basin, marked 

by a distinctive enrichment in sedimentary U. We are now able to correlate this pulse of 

UEF to other pulses of UEF at similar stratigraphic horizons from other Triassic–Jurassic 

sections. All five sites exhibit low to very high MoEF alongside moderate to very high 

UEF around the base of the initial CIE [Fig. 9]. Tethyan shelf environments therefore 

underwent widespread de-oxygenation of sedimentary pore-waters alongside variable 

extension of the sulfate reduction zone into the water column coincident with the base 

of the initial CIE, which also coincided with the main extinction interval of the ETME. 

The main ETME interval is reflected within the study sections through dinoflagellate 

and bivalve disappearances as well as the absence of ichnofauna within the Larne Basin; 
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significant reductions in bivalve species richness and dinoflagellate diversity alongside 

prasinophycean blooms within the Bristol Channel Basin; dinoflagellate disappearances 

from the Lower Saxony Basin. Bond et al., (2022b) also suggested a widespread pulse 

of marine de-oxygenation during the mid to upper Cotham member, with anoxic benthic 

conditions also being reported from the Marientel-1 palaeodepositional site. 

Geographically localised, euxinic water column conditions have been reported from the 

Germanic and Bristol Channel Basins during the deposition of the mid–upper Cotham 

member with similar conditions being supported by this study (Jaraula et al., 2013; He 

et al., 2022; Bond et al., 2022b). However, sulfidic conditions were not as widely 

distributed as suboxic sedimentary porewater conditions during this interval.  

  

Pulsed moderate to very high MoEF and moderate to high UEF throughout the uppermost 

Triassic to basal Jurassic sediments of four out of the five sections are indicative of 

widespread de-oxygenation of sedimentary porewaters alongside variable extension of 

oxygen-poor conditions into the water column [Fig. 9]. The fifth site (Hebelermeer-2) is 

only not included as a result of low-resolution sampling, but still contains evidence for 

elevated U in the same stratigraphic succession. The Triassic–Jurassic transition also 

coincides with the second major pulse of the ETME which is reflected throughout the 

Larne and Bristol Channel Basin sections through the extinction of bivalves and 

conodonts, as well as dwarfed bivalve and ichnofaunal assemblages (Wignall & 

Atkinson, 2020 ; Fox et al., 2022; Bond et al. 2022a). Pulsed redox changes during the 

Triassic–Jurassic transition were also suggested by Bond et al., (2022b). A widespread 

pulse of photic zone euxinia in the early Jurassic  has been inferred from the basal strata 

deposited in the Jurassic Central European Basin by Richoz et al., (2012). However, 

following this pulse of photic zone euxinia, sulfidic conditions on the Tethyan shelf are 



 

 16 

generally localised to the Bristol Channel Basin (Jaraula et al., 2013; Fox et al., 2020; 

He et al., 2022). Therefore, sedimentary porewater de-oxygenation was more widely 

distributed than euxinic conditions on the Tethyan shelf during the basal Jurassic.  

7.  Pulsed suboxia as a driver of benthic marine extinctions during the ETME 

 

Euxinic water column conditions were spatially constrained on the Tethyan shelf during 

the TJB. Meanwhile the de-oxygenation of sedimentary porewaters and bottom waters 

was widely distributed throughout the Tethyan shelf during the Triassic–Jurassic 

boundary interval and directly coincided with the three main pulses of the ETME [Fig. 

10]. These three main ETME pulses are further evidenced in the form of benthic 

extinctions across a handful of the study sites [Fig. 10]. Despite dinoflagellates, which 

spend most of their lives as planktonic organisms, also being affected, this may be due 

to dinoflagellates having a benthic resting stage during their life cycle (Bravo & 

Figueroa, 2014). Therefore, significant disappearances amongst dinoflagellates may not 

be solely associated with Early Jurassic sulfidic conditions, as previously suggested by 

Richoz et al., (2012), but also with the widespread de-oxygenation of Tethyan, Triassic–

Jurassic, bottom water environments. As nonflagellated, benthic resting cysts were 

pressured by widespread benthic de-oxygenation, planktonic, flagellated forms were 

affected by localised anoxic and euxinic conditions resulting in significant extinctions 

amongst dinoflagellates.  

 

The widespread de-oxygenation of Tethyan sedimentary porewater and bottom water 

environments may be further evidenced through significant extinctions amongst benthic 

marine organisms on the Tethyan shelf, or organisms which exhibit a non-motile, 

benthic phase during their life cycle (i.e. dinoflagellates). Benthic de-oxygenation 

during the deposition of the uppermost Westbury Formation directly coincided with the 
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extinction of marine bivalves from across the British Isles and disappearances amongst 

marine ichnofauna (Mander et al., 2008; Wignall & Atkinson, 2020; Bond et al., 2022a) 

[Fig. 10]. Sedimentary porewater de-oxygenation, alongside the expansion of sulfate 

reduction zone into the water column, during the deposition of the mid to upper Cotham 

member coincided with global bivalve extinctions, particularly amongst infaunal 

species, as well as reductions in bivalve size, and reduced and/or dwarved bioturbation 

(Simms & Jeram, 2007; Todaro et al., 2018; Mette et al., 2019; Atkinson & Wignall, 

2020; Wignall & Atkinson, 2020; Opazo & Page, 2021). Marine de-oxygenation during 

the deposition of the mid-upper Cotham member also coincided with brachiopod 

extinctions at the GSSP, low foraminiferan and echinoid diversity regionally, and 

regional dinoflagellate extinctions (Hilledbrandt et al., 2013; Wignall & Atkinson, 

2020; Boomer et al., 2021) [Fig. 10]. Pulsed sediment de-oxygenation, as well as some 

expansion of the oxygen-minimum zone into the water column, throughout the 

Triassi—–Jurassic transition coincided with localised bivalve extinctions, bivalve size 

reduction, reduced depth, diameter, and diversity of ichnotaxa, the extinction of 

conodonts across the British Isles and the extinction of bivalves, sponges and corals 

within Italian TJB sections (Barras & Twitchett, 2007; Ruhl et al., 2011; Richoz et al., 

2012; Mander et al., 2008; Todaro et al., 2018 Atkinson & Wignall, 2020; Wignall & 

Atkinson, 2020; Bond et al., 2022a) [Fig. 10]. The widespread de-oxygenation of 

sedimentary porewaters, as well as expansion of oxygen-poor conditions into the water 

column, will have therefore been a key driving factor in the extinction of organisms that 

lived exclusively or for a duration on the Tethyan benthos. Meanwhile the localised 

development of sulfidic water column conditions may have played a more significant 

role in the extinction of exclusively planktonic and nektonic marine organisms.  

8.    Conclusion 



 

 18 

Sulfidic water column conditions are commonly regarded as being prominent within 

marginal marine environments during the TJB, as well as being a significant driver of 

marine extinctions during the ETME. However, recent studies report that marine redox 

changes were restricted to sedimentary porewaters and marine bottom waters with 

sulfidic conditions being relatively localised. Through compiling both new and existing 

elemental redox data from five different Tethyan, Triassic–Jurassic sites we identify that 

pulsed, sedimentary porewater and bottom water de-oxygenation was present within at 

least five different basins across the Tethyan shelf during the ETME. Despite these 

basins being geographically localised, there is no evidence for redox changes being 

corelated to localised environmental controls (e.g., hydrography, detrital input, cyclical 

sea level changes). Therefore, pulsed sedimentary porewater and bottom water de-

oxygenation was likely widespread on the Tethyan shelf during the Triassic–Jurassic 

boundary interval. Widespread pulses of sedimentary porewater and bottom water de-

oxygenation were particularly observed during the deposition of the upper Westbury 

Formation, the mid–upper Cotham member and the Triassic–Jurassic transition as well 

as stratigraphically equivalent horizons from other sites. Meanwhile, euxinic water 

column conditions during the same time intervals were relatively limited. Pulses of 

widespread sedimentary porewater and bottom water de-oxygenation on the Tethyan 

shelf directly coincided with the three main pulses of the ETME which were largely 

dominated by the widespread extinction of benthic marine organisms, or planktonic 

organisms with a non-motile, benthic resting stage. Therefore, we propose that 

widespread benthic de-oxygenation likely played a significant role in the extinction of 

marine organisms on the Tethyan shelf with the more localised development of water 

column euxinia having contributed to extinctions amongst exclusively planktonic and 

nektonic marine organisms.  
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Figure 1:- Triassic–Jurassic palaeogeography of the Tethyan shelf showing key T–J 

study sites. B- Bristol Channel Basin (UK; St. Audrie’s Bay section; this study), C- 

Cheshire Basin (UK; Prees-2c core; this study), H- Hebelermeer-2 core (Germany; this 

study), K- Kuhjoch Section (Austria; GSSP), L- Larne Basin (UK; Carnduff-2 core; this 

study), Lo- Lombardy Basin (Italy), M- Marientel-1 core (Germany), Mi- Mingolsheim 
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core (Germany), Ms- Mount Sparagio Section (Sicily, Italy), R- Rosswinkel core 

(Luxembourg), S- Schandelah-1 core (Germany; this study),. Figure modified from 

Bond et al., (2022a). 

 

 

 

Figure 2:- Elemental marine redox data from the Somerset-1 and Somerset-2 cores, 

Bristol Channel Basin. Sedimentology from this study (see supplementary information). 

Core depths correlated to stratigraphic heights from Hesselbo et al., (2002) using carbon 

isotope stratigraphy. Carbon isotope stratigraphy from Hesselbo et al., (2002). 

Biostratigraphy extrapolated from Hesselbo et al., (2002). Isorenieratane based on data 

from Fox et al., (2020). ETME extinction pulses based on Wignall & Atkinson (2020) 

and Fox et al., (2022). Red band marks the ETME Main Interval as defined by carbon 

isotope chemostratigraphy. 
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Figure 3:- Elemental marine redox data from the Prees-2c core, Cheshire Basin. Carbon 

isotope data and stratigraphy from Hesselbo et al., (unpublished). Red band marks the 

ETME Main Interval as defined by carbon isotope chemostratigraphy.  No correlative 

pulse of extinction has yet been identified from the Prees-2c core section. 
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Figure 4:- Elemental marine redox data from the Carnduff-2 core, Larne Basin. Data 

from Bond et al., (2022a). Figure amended from Bond et al., (2022a), sedimentology 

and stratigraphy from Boomer et al., (2021). Red band marks the ETME Main Interval 

as defined by carbon isotope chemostratigraphy. 

 

 

 

 

 

 

 

 

 



 

 29 

Figure 5:- Elemental marine redox data from the Schandelah-1 core, Lower Saxony 

Basin. Data from Bond et al., (2022b). Figure amended from Bond et al., (2022b), 

sedimentology and carbon isotope stratigraphy from van de Schootbrugge et al., (2019), 

palynostratigraphy from Lindström et al., (2017) and van de Schootbrugge et al., 

(2019). Red band marks the ETME Main Interval as defined by carbon isotope 

chemostratigraphy. No correlative pulse of extinction has yet been identified from the 

Schandelah-1 core section. 
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Figure 6:- Elemental marine redox data from the Hebelermeer-2 core, Germanic Basin. 

Data from Bond et al., (2022b). Figure amended from Bond et al., (2022b), 

palynostratigraphy from Blumenberg et al., (2016). Red band marks the ETME Main 

Interval as interpreted through palynostratigraphy. No correlative pulse of extinction has 

yet been identified from the Hebelermeer-2 core section. However, this may be partly 

associated with uncertainty in the positioning of the ETME and CIE. 
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Figure 7:- The correlation between hydrography and marine redox data across the 

Bristol Channel, Cheshire, Germanic, Larne, and Lower Saxony Basins. Marine redox 

and hydrography data from the Carnduff-2, Hebelermeer-2, and Schandelah-1 cores 

from Bond et al., (2022a, 2022b). Lines on charts are best fit lines generated through the 

excel function “add chart element > trendline > linear”. Numbers next to best fit lines 

are r2 values.  
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Figure 8:- The correlation between detrital input, grain size, weathering intensity and 

marine redox data across the Bristol Channel, Cheshire, Germanic, Larne, and Lower 

Saxony basins. MoEF, palaeo-weathering, grain size and detrital input data for the 

Carnduff-2, Hebelermeer-2, and Schandelah-1 cores from Bond et al. (2022a, 2022b). 

Lines on charts are best fit lines generated through the excel function “add chart element 

> trendline > linear”. Numbers next to best fit lines are r2 values. 
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Supplementary Information: 

 

 

Figure S1:- T-tests for open marine and restricted trace element enrichment >1. Note 

that the hypothesised mean different for both Mo and U is 0, and that both Mo and U 

exceed the alpha value of 0.05, suggesting that hydrography was not a significant 

controlling factor of Triassic–Jurassic marine redox change 
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Supplementary Data- Raw data attached as separate excel file ‘Supplementary 

Information: Chapter 9’ 

 

Stratigraphic correlation of T-J sections in chapter 9- Triassic-Jurassic boundary 

sections from chapter 9 of this thesis have been correlated using a combination of 

carbon isotope stratigraphy and biostratigraphy (using stratigraphically information 

dinocyst and palynological occurrences). 

 

The carbon isotope data for the Prees-2c core has yet to be published and was obtained 

through personal communication with Stephen Hesselbo (30th June 2022). Formal 

identification of carbon isotope excursions from the Prees-2c core carbon isotope data 

has not been undertaken, however, the most likely candidates for the ‘initial’, 

‘precursor’ and ‘main’ carbon isotope excursions have been identified here through 

correlating similar shifts in the carbon isotope data from other sections. The negative 

carbon isotope excursion observed at approximately 593m within the Prees-2c core is 

interpreted here as the initial CIE, the negative carbon isotope excursion observed at 

approximately 601m within the Prees-2c core is interpreted here as the precursor CIE, 

and the carbon isotope excursion observed at approximately 588m within the Prees-2c 

core is interpreted here as the main CIE. It should be noted that these assignments are 

only provisional pending more detailed biostratigraphic and chemostratigraphic study of 

the Prees-2c core material. Should the assignment of carbon isotope excursions change 

then the timing of marine redox shifts in the region of the Prees-2c core 

palaeodepositional localities will also have to be re-evaluated. The assignment of carbon 

isotope excursions for the Schandelah-1, Somerset-1 & 2 and Carnduff-2 core sections 



 

 S3 

is detailed in the supplementary information of Chapter 7 alongside a critical discussion 

of the other carbon isotope records correlated within Chapter 9.  

 

Figure S2:- Stratigraphic correlation of chapter 9 sections through the use of carbon 

isotope (organic) data. Refer to main figures for explanation of abbreviations.  
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Figure S4:- Stratigraphic correlation of chapter 9 sections through the use of pollen and 

dinocyst occurrences. 

 

 

Biostratigraphic data was obtained from the original data sources with the exception of 

the Prees-2c core for which such data was not available. Appearances and 

disappearances of diagnostic Triassic and Jurassic pollen and dinocysts were correlated 

across the remaining four sections with biostratigraphic correlations broadly supporting 

the correlation based on carbon isotope data (refer to Chapter 7, supplementary 

information for further discussion as well as biostratigraphic plots). The correlation of 

the Somerset 1 & 2 cores, Schandelah-1 core, Carnduff-2 core and Prees-2c core was 

further supported through using soft sediment deformation as a marker horizon.  

   

 

 

Evidence for diagenetic alteration- As discussed within the previous chapters of this 

thesis there exists little evidence for significant diagenetic or thermal alteration of the 

selected study sections (see Chapters 6 and 7). There is limited evidence for significant 
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diagenetic and thermal alteration within the Carnduff-2 core on the basis of vitrinite 

reflectance data [Bond et al., 2022a]. Furthermore, aragonite shell mineralogy is noted 

to be well-preserved within the Larne Basin suggesting thermally immature sediments 

[Raine et al., 2021; Boomer et al., 2021; Bond et al., 2022a]. The sediments of the 

Hebelermeer-2 core exhibit a generally low vitrinite reflectance (%) value of 0.56% 

with Tmax values corroborating immature to early oil window maturation of organic 

matter [Blumenberg et al., 2016]. The Schandelah-1 core sediments exhibit a vitrinite 

reflectance of ~1% suggesting thermally immature sediments [van de Schootbrugge et 

al., 2019]. Organic matter within the Schandelah-1 core is also well-preserved 

suggesting relatively low thermal maturation [van de Schootbrugge et al., 2019]. The 

Somerset-2 core exhibits beef calcite which may have been formed by dissolution 

[Kershaw & Guo, 2016]. However, Lower Jurassic limestones from SW England are 

interpreted to have only undergone marine burial diagenesis based on geochemical data 

[Arzani, 2004]. Samples from St. Audrie’s Bay are also sufficiently thermally immature 

for the preservation of biomarkers and palynomorphs [van de Schootbrugge et al., 

2007; Jaraula et al., 2013; Fox et al., 2020; Beith et al., 2021]. Sr/Ca, Mn/Ca, and 

Al/Ca ratios from the TJB at St. Audrie’s Bay further evidence that 80% of oyster shells 

are diagenetically unaltered [van de Schootbrugge et al., 2007]. Furthermore, 

ichofabrics and fossil content of Lower Jurassic sediments at St. Audrie’s Bay have 

survived the diagenetic redistribution of carbonate within the succession which would 

further suggest low diagenetic alteration [Hesselbo et al., 2004]. The Prees-2c core has 

yet to undergo detail study, however, excellent preservation of sedimentary structures 

and ichnofabrics alongside well-preserved fossil material (see Appendix 3.3) would 

likely suggest relatively low thermal maturation. 
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10 DISCUSSION, CRITICAL EVALUATION, AND 

FUTURE WORK 

At the beginning of this thesis I proposed five main research questions: i) ‘When did 

marine redox change initiate during the ETME?’, ii) ‘How did marine redox progress 

spatio-temporally during the ETME?’, iii) ‘How prevalent was de-oxygenation in the 

deep ocean during the ETME?’ iv) ‘What were the drivers of marine redox change 

during the ETME?’, v) ‘To what extent was marine redox change a driver of extinction 

during the ETME?’. In this chapter I will summarise the key findings from across 

chapters 6–9 to answer these questions.  

 

10.1 DE-OXYGENATION OF THE TETHYAN SHELF DURING THE END 

TRIASSIC MASS EXTINCTION  

10.1.1 Initiation of marine redox change during the ETME 

Prior to the work undertaken within this thesis there was a lot of uncertainty regarding 

when marine redox change initiated during the Triassic–Jurassic boundary interval. 

Research by Blumenberg et al., (2016) on the Hebelermeer-2 core provided evidence for 

photic zone euxinia (PZE) as early as the lower middle Rhaetian based on the 

occurrence of the biomarker isorenieratane. However, PZE from the Hebelermeer-2 

core considerably pre-dated any other evidence for marine redox change across the 

Triassic–Jurassic Tethyan shelf. In order to further understand the initiation of marine 

redox change within open marine environments and marginal marine Tethyan shelf 

environments I have studied carbonate-bound redox sensitive trace elements (Chapter 

8), elemental and isotopic marine redox proxies (Chapters 6, 7 & 9), and a compilation 

of redox proxies from literature from across the Tethyan shelf (Chapter 7) (Fig. 17).  
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Elemental and isotopic marine redox proxies as well as redox compilation data show 

that the earliest pulses of marine redox change on the Tethyan shelf were recorded 

during the lower middle Rhaetian (Chapters 6 and 7) (Fig. 17). Meanwhile, widespread 

sedimentary porewater de-oxygenation on the Tethyan shelf did not take place until the 

upper middle Rhaetian (Chapter 9) (Fig. 17). The expansion of suboxic/anoxic 

conditions within the open ocean broadly coincided with the deposition of the lower–

middle Westbury Formation (lower to mid middle Rhaetian) on the basis of coinciding 

with the so-called ‘pre-cursor’ carbon isotope excursion (Chapter 8) [Kovács et al., 

2020] (Fig. 17). Therefore, the initiation of widespread, Triassic–Jurassic marine redox 

change may be dated to the middle Rhaetian becoming particularly widespread during 

the upper Middle Rhaetian.  

 

Figure 17:- Redox compilation data from the Triassic–Jurassic Tethyan shelf. Data 

from this thesis (in red) represents >50% of the known, published redox data from the 

Triassic–Jurassic Tethyan shelf including 100% of the known, published Triassic–

Jurassic δMo data and >95% of the known, published, elemental, Triassic–Jurassic 

redox data from the Tethyan shelf. MS elemental carbonate data from He et al., (2022b), 

iron speciation data from He et al., (2022a), pyrite framboid data from Li et al., (2022). 

VAR- Csővár Vár-hegy section, Hungary. Refer to Chapter 7, Figure 3 for further 

information regarding abbreviations and data sources. For details regarding significance 

of questions marks, vertical grey bars and stratigraphic gaps see Ch. 7 Fig. 3. 
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10.1.2 Spatio-temporal redox progression during the ETME 

The spatio-temporal progression of marine redox during the ETME was also poorly 

understood prior to the work undertaken within this thesis. Blumemberg et al., (2016) 

interpreted that marine redox change may have initiated with central basins of the 

Tethyan shelf before progressing to more marginal Tethyan basins. However, there has 

been no research since to supplement this theory. This thesis has used elemental and 

isotopic marine redox data (Chapters 6, 7 and 9) as well as compiled redox data 

(Chapter 7) from six Tethyan sites to understand the spatio-temporal progression of 

marine redox change during the Triassic–Jurassic boundary interval.  

 

Elemental data from across the Triassic–Jurassic Tethyan shelf shows that marine redox 

change was temporally pulsed in nature (Chapters 6, 7 and 9) (Fig. 17). The research 

undertaken within this thesis was the first to identify pulses of marine redox change 

during the latest Triassic on the Tethyan shelf with redox fluctuations having been 

previously identified from the basal Jurassic of the Tethyan shelf (Ruhl et al., 2010; 

Richoz et al., 2012). There is no evidence for pulsed marine redox change from the open 

ocean record, with expanded suboxic/anoxic conditions persisting from shortly before 

the initial CIE through the basal Jurassic (Chapter 8) (Fig. 17).  

 

The spatial progression of marine redox change on the Tethyan shelf is also pulsed in 

nature (Chapter 7). Early pulses of marine redox change are spatially constrained on the 

Tethyan shelf, to central and northern basins, and become more geographically 

extensive during the uppermost Rhaetian and lowermost Hettangian, extending into 

more southerly basins (Chapter 7) (Fig. 17). Therefore, the results from this thesis 

would partly support Blumenberg et al., (2016)’s interpretations.  
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Mo isotope data presented in Chapter 7 of this thesis provide evidence that sulfidic 

conditions covered between ~0.05–0.1% of the Late Triassic seafloor. Given the 

numerous studies which have reported sulfidic marine conditions within Late Triassic, 

marginal marine environments, it has been interpreted here that sulfidic conditions were 

largely restricted to marginal marine environments during the TJB (Chapter 7). 

However, sulfidic water column conditions were not as spatially extensive as 

sedimentary porewater and bottom water de-oxygenation on the Tethyan shelf during 

the TJB (Chapter 9).  

 

10.1.3 The prevalence of de-oxygenation in the deep ocean during the ETME 

Molybdenum isotope and elemental data presented within chapters 7 and 8 of this thesis 

provide further information on the prevalence of de-oxygenation in the deep ocean 

during the ETME. As mentioned within section 10.1.2, Mo isotope data evidence that 

sulfidic conditions covered no more than 0.1% of the Late Triassic seafloor. Therefore, 

there is little evidence for persistent, sulfidic marine conditions within the open ocean 

during the ETME. The absence of sulfidic marine conditions within the open ocean is 

further supported by elemental carbonate data presented within chapter 8 of this thesis. 

Elemental carbonate data show little to no statistically significant change amongst 

elements which typically co-precipitate with sulfur (Cd, Zn) during the de-oxygenation 

of open marine environments (Chapter 8; Figs S4 & S5). However, elemental carbonate 

data do show a statistically significant decrease amongst elements which are particularly 

sensitive to suboxic and anoxic conditions (U, V, Cr). Given that Late Triassic deep 

marine environments show little evidence for de-oxygenation on the basis of pyrite 

framboid data [Wignall et al., 2010], it is likely that globally on average expanded 

anoxic and suboxic conditions are representative of expanded oxygen minimum zones 
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during the TJB as previously suggest by other authors [Kasprak et al., 2015; He et al., 

2022]. Therefore, the Late Triassic deep ocean is unlikely to have undergone prolonged 

de-oxygenation.  

 

10.1.4 The drivers of marine redox change during the ETME 

Elemental data within chapters 6, 7 and 9 of this thesis show no correlation with 

hydrography, weathering, and sedimentary facies changes. Therefore, it is unlikely that 

marine redox changes were driven by localised environmental changes. Instead, as 

suggested within chapter 8 of this thesis for the decoupling between open ocean and 

marginal marine de-oxygenation, marine redox change may be associated with pulsed 

volcanism and the thermal expansion of seawater. Thermal expansion can drive de-

oxygenation as oxygen is less soluble in warmer waters [Breitburg et al., 2018]. 

Furthermore, warming of surface waters can result in stratification with warm, 

productive, well oxygenated surface waters underlain by cold, oxygen poor bottom 

waters [Limburg et al., 2020]. CAMP activity may have also resulted in changes to 

ocean circulation which can compromise ocean mixing causing stratification [Palter & 

Trossman, 2018] or regional changes in nutrient supply resulting in widespread 

eutrophication. However, these theories all require further study.  

 

10.1.5 Marine redox change as a driver of extinction during the ETME  

Until now the correlation between marine redox changes and intervals of extinction 

have been poorly constrained. Previous studies have suggested the correlation between 

Late Triassic marine extinctions and PZE, however many of these studies recorded PZE 

long before or after the main extinction level(s) [Richoz et al., 2012; Jaraula et al., 

2013; Blumenberg et al., 2016; Fox et al., 2020]. Uranium and nitrogen isotope data 
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interpreted as reflecting redox changes also pre- or post-date the main extinction 

interval [Quan et al., 2008; Jost et al., 2017]. Recent studies also correlate redox shifts, 

as denoted by sulfur isotope and element/calcium data, with minor Late Triassic 

extinction pulses [He et al., 2020; 2022]. Therefore, prior to the work presented within 

this thesis, there are few studies which provide evidence for oxygen poor conditions 

coinciding with main extinction interval(s). Within this thesis I present numerous lines 

of evidence for the correlation between pulsed marine redox change and the extinction 

of marine organisms (Chapters 6, 7 and 9). Sedimentary porewater deoxygenation and 

the extinction of infaunal marine organisms are positively correlated within the Larne 

Basin, Northern Ireland (Chapter 6), regional pulses of de-oxygenation directly 

coincided with pulses of local and regional extinction on the Tethyan shelf (Chapter 7), 

and pulses of regional porewater and bottom water de-oxygenation directly coincided 

with the extinction of benthic marine organisms as well as planktonic organisms with a 

benthic resting stage (Chapter 9). The significant effect of marine de-oxygenation on 

marine organisms during the ETME is therefore evident.  

 

10.2 UNCERTAINTY REGARDING LATE TRIASSIC STRATIGRAPHIC 

CORRELATION 

As discussed within chapter 2 of this thesis there have historically been uncertainties 

regarding the correlation of Triassic–Jurassic boundary sections, which have proven to 

be an ongoing problem within this field of research. Despite carbon isotope stratigraphy 

proving a useful tool with regards to the correlation of Late Triassic sections [Hesselbo 

et al., 2002; Ruhl et al., 2010, 2011, Kovács et al., 2020; Korte et al., 2020], there are 

still some inconsistencies between correlations using carbon isotope records and 

palynostratigraphy [Jeram et al., 2021; Lindstrom, 2021]. Furthermore, the carbon 
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isotope stratigraphic correlation of TJB sites often results in multiple possible 

correlations [Wignall & Atkinson, 2020]. Therefore, more recent research has 

particularly used both carbon isotope stratigraphy and key palynofacies/palynotaxa as a 

‘belt and braces’ approach to Triassic–Jurassic stratigraphic correlation [Lindström et 

al., 2016; Lindström, 2021; Kovács et al., 2020]. Where possible this approach has been 

used here to rule out the uncertainty caused through using palynostratigraphy or carbon 

isotope stratigraphy alone.  

 

10.3 SAMPLE ALTERATION, GEOCHEMICAL OVERPRINTING AND PSEUDO-

EXTINCTIONS 

In order to rule out the possibility that the trends and patterns observed in this thesis 

were the result of alteration or environmental changes other than redox, these factors 

have consistently been investigated within the papers and manuscripts.   

 

10.3.1 Thermal and/or diagenetic alteration 

There is little evidence for thermal and/or diagenetic alteration within the outcrop or 

core sections studied within this thesis. The Carnduff-2 core is thermally immature with 

little thermal or diagenetic alteration on the basis of vitrinite reflectance data and 

aragonite preservation (Chapter 6). The Schandelah-1 and Hebelermeer-2 cores are also 

relatively thermally immature on the basis of palynomorph preservation, vitrinite 

reflectance data and Tmax (°C) estimates [Blumenberg et al., 2016; van de Schootbrugge 

et al., 2019]. The Vár-hegy section samples are well preserved on the basis of δ13C vs. 

δ18O correlation, organic matter %, and Mg/Ca ratios. The Prees-2c core exhibits low 

diagenetic alteration on the basis of very well-preserved fossil material and the 

preservation of original sedimentary textures (see Appendix 3.3). The Somerset core 
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material is likely to have only undergone marine burial diagenesis based on 

geochemical analysis of Triassic–Jurassic limestones and shell material from SW 

Britain as well as preservation of biomarkers, palynomorphs, ichnofabrics and fossil 

content in light of diagenetic carbonate re-distribution [Arzani, 2004; Hesselbo et al., 

2004; van de Schootbrugge et al., 2007; Jaraula et al., 2013; Fox et al., 2020; Beith et 

al., 2021].  

  

10.3.2 Palaeozoic shale weathering, detrital input, and hydrographic changes 

As previously touched upon within this discussion (10.1.4) there is no correlation 

between proxies for detrital input or hydrography and marine redox change. Therefore, 

changes in elemental enrichment are unlikely to have been caused by the changing 

influx of detrital material at the study sites (Chapters 6, 7, 9). This has been further 

accounted for through the use of enrichment factors and elemental ratios instead of 

concentrations within the papers and manuscripts of this thesis. There is also no 

evidence that aluminosilicates have compromised the carbonate data presented in 

Chapter 8 of this thesis on the basis of the low correlation between redox sensitive 

elements and Al (ppb). There is no evidence that Mo isotope ratios were compromised 

by weathering of Palaeozoic, organic rich shales on the Tethyan shelf during the TJB on 

the basis of there being no correlation between detrital proxies and δMo (Chapter 7) 

[van de Schootbrugge et al., 2020].  

 

10.3.3 Organic matter input and near shore iron (Fe) remobilisation 

The input of terrestrial organic matter and near shore Fe remobilisation have 

compromised the redox proxies Corg/P and FeT/Al within the Carnduff-2 core (Chapter 
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6). Therefore, these proxies have been dismissed within this chapter and the enrichment 

of redox sensitive trace elements have been used instead.  

 

10.3.4 Aragonite undersaturation 

As discussed within Chapter 2 of this thesis, the ETME is represented by the 

disappearance of numerous different marine organisms. However, there is some 

uncertainty regarding the role of aragonite undersaturation in infaunal bivalve 

disappearances (Chapter 2). We find little evidence to suggest that the 

extinction/disappearance of infaunal marine organisms was the result of preferential 

dissolution of aragonitic shell material from the Larne Basin (Chapter 6). This is on the 

basis that both aragonitic (59%) and bimineralic taxa (36%) undergo disappearances 

and numerous aragonitic taxa persist from the base of the section through the basal 

Jurassic (Chapter 6). 

 

10.3.5 Facies changes and/or sea level change 

We also find little evidence to suggest that the disappearances of infaunal marine 

organisms from the Larne Basin were the result of changing sea level or sedimentary 

facies changes due to the fact that there is little corelation between these factors in the 

Larne Basin (Chapter 6).  
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10.4 SAMPLE CONTAMINATION, REPRESENTIVITY OF SAMPLE 

MEASUREMENTS AND INSTRUMENTAL INTERFERENCE 

 

As discussed in chapter 5, and in further detail in appendix 4, the samples processed for 

this thesis have been prepared in such a way as to avoid contamination and provide 

reproducible results. The samples were initially milled in tungsten carbide, agate, or 

carbon alloy to limit trace metal contamination and provide homogenous sample 

powders. Samples were weighed to 4 or 5 decimal places in a clean room and were 

digested using 2/3 x triple distilled acids in acid cleaned Teflon containers within class 

100 fume cupboards. Samples were also spiked (for isotopic work) with Mo or Zn 

enriched solutions to track isotopic fractionation during sample processing. Samples 

were processed for isotopic data using an anion exchange column method to remove 

sources of isobaric interference and elements which may form argides with a similar 

m/z ratio to analytes. Isotope ratios were measured on the Neptune Plus MC-ICP-MS 

which initially underwent either a gain or background calibration to determine and 

subtract the noise from isotopic measurements. The Neptune was tuned to optimise and 

stabilise the signal. The samples were measured for between 50 and 80 integrations for 

an integration time of ~8 seconds each. Drift throughout the run was resolved using zero 

delta standards every 3 samples. Elemental and isotopic sample digests were processed 

alongside procedural blanks, external standards, and internal standards to determine 

contamination during digestion as well as the external and internal reproducibility of the 

sample batches (see Chapter 5 and Appendix 4 for further information). 
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10.5 REPRESENTIVITY/SUITABILITY OF STUDY SECTIONS AND PROXIES 

 

The sections chosen for this thesis are generally very well understood stratigraphically 

(Chapters 2 and 4). Despite the Hebelermeer-2 core being less well understood and the 

Prees-2c core still undergoing detailed study, there is sufficient data available to 

correlate both of these sites with the other study sections. The sites have also undergone 

previous redox studies, which has allowed for some comparison of elemental, Mo 

isotope and other redox proxies [Jaraula et al., 2013; Blumenberg et al., 2016; Fox et 

al., 2020; Beith et al., 2021] (Fig. 17). The sites represent a broad range of latitudes, 

longitudes, sedimentology, and hydrographic settings on the Tethyan shelf. The sites, 

when collated with the chosen geochemical proxy data, also provide a broad range of 

local, regional, and global redox data allowing for a broad range of spatial redox 

information. The sections all span the TJB and ETME allowing for direct comparisons 

to be made between sections with considerable variability in expanded and condensed 

sections as well as stratigraphy above and below the TJB. The proxies chosen for this 

thesis are generally well established or in the case of newly developed proxies are well 

supported numerically. Figure 18 shows the use of Mo enrichment data plotted against 

uranium enrichment which has been used within previous studies to reconstruct marine 

redox conditions [Algeo & Tribovillard, 2009; He et al., 2022a]. The redox conditions 

interpreted within this thesis, through the use of trace metal enrichment and Mo isotope 

data, are generally further supported by the Mo/U data. 
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Figure 18:- Mo/U data from all five sites studied within this thesis showing how marine 

redox conditions may be evaluated and potential trace element enrichment processes 

compared. 

 

10.6 COVID LIMITATIONS AND FUTURE WORK 

 

The covid-19 pandemic severely changed the scope of this piece of research. Initially 

the thesis was also going to focus on material from Panthalassa GSSP candidate sites, 

including Haidi Gwaii and the New York Canyon section (see Chapters 2 and 4), as 

well as material from the Neuquén Basin, Argentina. Fieldwork was also going to be 

undertaken to Austria to collect material from the GSSP, to Argentina to study the 
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Arroyo Malo section, and to Somerset to study the TJB at St. Audrie’s Bay. Additional 

proxies were also to be included to further understanding of the role of weathering and 

volcanism in carbon cycle dynamics (such as lithium and osmium isotopes), but these 

were de-prioritised due to time limitations. Zinc isotopes were measured from the Larne 

Basin and prepared for measurement from Csővár (Appendix 6), but there has been 

insufficient time to finalise the Zn isotope data and subsequently formulate these data 

into a chapter. Large datasets were produced as a result of this work with only a fraction 

of this data having been studied in detailed throughout this thesis (Appendix 7). Future 

work may therefore wish to compile these datasets to further study spatial redox 

relationships alongside studying Panthalassa sites and material from the GSSP. These 

are all research avenues which would increase understanding of redox dynamics during 

the ETME and TJB.  
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11 CONCLUSIONS 

Intervals of past, global environmental change, like the Triassic–Jurassic boundary 

interval and extinction event, may provide an analogue for the potential effect of 

anthropogenic carbon output on global marine ecosystems. However, many such 

intervals remain poorly understood in terms of marine redox change. This thesis 

evidences several new and exciting developments regarding marine redox change across 

the Triassic–Jurassic boundary interval. Some of these developments had been 

hypothesised but remained unproven whilst others were completely unknown: 

 

- Marine redox change on the Tethyan shelf during the Triassic–Jurassic boundary 

was pulsed and was closely associated with pulses of marine extinction. 

- The extinction of partly and exclusively benthic marine organisms during the 

ETME is closely associated, at both a regional and local extent, with 

sedimentary porewater and bottom water de-oxygenation. 

- Sulfidic conditions only covered 0.05–0.1% of the late Triassic seafloor and 

were likely geographically restricted to marginal marine environments.  

- Marine de-oxygenation in the open ocean largely preceded pulsed de-

oxygenation on the Tethyan shelf, demonstrating that marine redox change may 

have progressed from the open ocean to marginal marine environments.  

- Sulfidic water column conditions were spatially limited on the Tethyan shelf in 

comparison to sedimentary porewater and bottom water de-oxygenation, which 

was more widespread.  

 

Further research should be undertaken, both during the Triassic–Jurassic boundary 

interval and during other mass extinction events, to further understand these spatio-

temporal redox relationships and their effect on marine organisms.
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GLOSSARY 

anoxia (anoxic)- A condition in which an environment is deprived of oxygen 

BGR- Bundesanstalt für Geowissenschaften und Rohstoffe; Federal Institute for 

Geosciences and Natural Resources 

BGS- British Geological Survey; repository for the Prees 2-c core 

biocalcification crisis- The proposed reduction in biocalcification across the Triassic- 

Jurassic boundary as evidence by a shift to siliciclastic sediments during the late 

Triassic in many sections [Greene et al. 2012]. 

boundary-crosser rate equation- A rate equation which considers counts of taxa 

either crossing the bottom and top of an interval or crossing one boundary but not the 

other [Alroy, 2014]. 

CAMP- The Central Atlantic Magmatic Province; a large igneous province (LIP) 

which occupied North Africa, the East portion of North America and parts of Southwest 

Europe during the latest Triassic and earliest Jurassic. It is believed to have played a 

significant role in the ETME. 

Carbon isotope stratigraphy- The use of carbon isotope fluctuations (from carbonate 

or organic samples) to correlate marine and/or terrestrial sections. 

Carnian- the oldest stage of the Upper Triassic Series; ~237 to ~227 Ma 

catastrophism- The theory that many now extinct organisms were wiped out by 

catastrophic events known as ‘revolutions’; counter-argument to uniformitarianism. 

CdEF- Cadmium enrichment; a palaeo-redox proxy. 

CEB- Central European Basin; an ancient Tethyan shelf basin which was situated over 

modern central Europe. 

Choristoceratidae- A family of Late Triassic and earliest Jurassic ceratitid ammonites; 

the member Choristoceras crickmayi marks the lower margin of the ETME. 

CIA- Chemical Index for Alteration; a palaeo-weathering proxy initially developed by 

Nesbitt & Young, (1982).  

continuous time rates- A rate equation which considers turnover to be occurring 

continuously over a given time period. 
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Co*Mn- The ratio of Cobalt (ppm) to Manganese (%); a palaeo-hydrography proxy 

developed by Sweere and others (2016). 

Cyclostratigraphy- The use of cyclical changes in sedimentary facies, as a result of 

sea-level changes, to correlate marine sections. 

delta (δ)- A scientific notation which denotes the isotopic ratio of an element, expressed 

in the form: ((the ratio of the heavy isotope to light isotope in the sample/ the same ratio 

of a standard) -1) x 1000 ‰ 

ECME- End-Cretaceous mass extinction event; a major extinction event ~65 Ma that is 

notable for leading to the final demise of avian dinosaurs. Rudist bivalves, diatoms, 

ammonoids and marine reptiles were also severely affected. 

EDME- End-Devonian mass extinction event; a series of extinctions which occurred 

around the Frasnian-Famennian boundary (~370Ma) and the end-Devonian (~360Ma). 

Tabulate corals, brachiopods, trilobites, and jawless fishes were severely affected. 

EOME- End-Ordovician mass extinction event; a series of extinctions which occurred 

at the Ordovician- Silurian boundary. Bryozoans, graptolites, brachiopods, and 

trilobites were severely affected.  

Endobyssate- A bivalve which bears a byssus/byssus threads for attaching to the 

sediment; the byssus in this case is used to anchor the bivalve within a burrow or 

boring (see Epibyssate). 

Endolithic-An organism which lives within a rock, a coral, a shell or in the pore space 

of a rock. 

Epibyssate- A bivalve which bears a byssus/byssus threads for attaching to seaweed or 

a rock. 

EPME- End-Permian mass extinction event; the largest mass extinction event within 

geological history, known for the extinction of 96% of all marine species and 99% of all 

species. Rugose corals, crinoids, acanthodians and fusilinids were severely affected. 

ETME- End-Triassic mass extinction event; a series of extinctions which occurred 

around the late Triassic. Bivalves, ammonoids, marine reptiles, conodonts and Triassic 

reefal organisms were particularly affected. 
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ETME (Main Interval)- The term assigned within this thesis to the ‘main’ interval of 

the end-Triassic mass extinction. The main interval is interpreted to coincide with the 

main pulse of the ETME at the GSSP which correlates with a large pulses of extinction 

from other marine sections. 

euxinia (euxinic)- A condition in which an environment is both anoxic and sulfidic. 

FAD- First appearance datum; the first recorded appearance of an organism within a 

stratigraphic sequence. 

FeT/Al- Total Iron: Aluminium ratio; a palaeo-redox proxy. 

functional redundancy- The ecological circumstance that multiple different organisms 

and/or species share the same role within an ecosystem (e.g., scavenger/grazer) 

gap-filler rate equation- A rate equation which considers counts of taxa that occupy 

the upper and lower intervals of a four-interval moving window, regardless of whether 

the taxa are found within the two intervals in-between. 

GSNI- The Geological Society of Northern Ireland 

GSSP- Global Stratotype Section and Point; a section of strata which is globally 

representative of a certain geological boundary. 

Heteromorph ammonites- Uncoiled ammonite forms which largely proliferated during 

the Jurassic and Cretaceous Periods, however, are also observed during the late 

Triassic. 

Hettangian- The first stage of the Jurassic Period; 201.3±0.2 to 199.3±0.3 Ma. 

ICDP- Intercontinental Drilling Programme; co-funders of the JET project 

JET- The Early Jurassic Earth Systems and Timescale Project; Drillers of Prees-2c 

core 

LAD- Last appearance datum; the last recorded appearance of an organism within a 

stratigraphic sequence. 

LBEG- Landesamt f. Bergbau, Energie u. Geologie; Office for Mining, Energy & Geol. 

Ladinian- The last stage of the Middle Triassic Series; ~242 to ~237 Ma. 
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Lilstock Formation- A late Triassic (Rhaetian) formation in the Southwest of Britain 

which is the upper formation of the Penarth Group. The Formation is underlain by the 

Westbury Formation and overlain by the Blue Lias Formation (Lias Group).  

LIPs- Large Igneous Provinces- substantial areas of flood basalt volcanism which 

produce large volumes of greenhouse gases and can persist for millions of years. 

Magnetostratigraphy- The use of reversals in magnetic polarity to correlate marine 

and/or terrestrial sections. 

Mass extinction event- The widespread and rapid disappearance of a globally 

distributed higher taxa typically including both marine and terrestrial species. 

MnEF- Manganese enrichment; a palaeo-redox proxy 

MoEF- Molybdenum enrichment; a palaeo-redox proxy 

NERC- National Environmental Research Council; co-funders of JET and this thesis 

Norian- The second stage of the Upper Triassic Series; ~227 to ~208.5 Ma. 

origination (rate)- The rate at which new organisms are evolving/originating 

Palynostratigraphy- The use of changes in pollen and spore abundance and diversity 

to correlate marine and/or terrestrial sections.  

part-timer rate equation- A rate equation which considers counts of taxa that occur 

directly before or after an interval (within a four-window moving interval window), yet 

are not found within the interval itself. 

PETM- The Palaeocene- Eocene Thermal Maximum; a hyperthermal event which 

occurred at the boundary between the Palaecene and Eocene Series. 

per mille (‰)- a unit of scientific measurement denoting a value out of 1000; 

commonly used for isotopic ratios (see δ) 

Phanerozoic- The current Eon, which proceeded the Proterozoic; 541.0±1.0 to present 

day 

PPZ- The Pre-Planorbis Zone; a late Triassic zone of ammonite stratigraphy in 

Northwestern Europe distinguished by the absence of ammonites. 
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Psiloceratidae- A family of ammonites which were in existence from the Jurassic to 

Cretaceous Period; member Psiloceras Spelae marks the upper margin of the ETME 

and base of the TJB. 

pulsed turnover- A turnover which occurs in sequential pulses over a period of time as 

opposed to all at once or continuously. 

PZE- Photic Zone Euxinia 

revolutions- The term applied by Georges Cuvier (founder of catastrophism) to 

extinction or turnover events. 

Rhaetian- The last stage of the Upper Triassic Series; ~208.5 to 201.3±0.2 Ma. 

SAB- St. Audrie’s Bay; site of the Somerset-1 and Somerset-2 core extraction. 

scablands- Large-scale channelised plains formed through catastrophic outflows 

during the last glacial maximum; term coined by J. Harlen Bretz. 

Serpenticone ammonites- A common shell type during the latest Triassic which is 

coiled, with all previous whorls visible. The more sedentary, pelagic mode of life 

associated with this shell type is believed to have been very successful during the 

ETME. 

Sinemurian- The second stage of the Jurassic Period (and Lower Jurassic Series); 

199.3±0.3 to 190.8±1.0 Ma 

SSD- Soft sediment deformation; e.g., Late Triassic seismite deposits 

three-timer extinction rate equation- A rate equation which considers counts of taxa 

that are sampled across at least three out of four consecutive intervals within a four 

interval moving window. 

Ti/Al- Titanium: Aluminium ratio; a palaeo-detrital proxy 

TJB- The boundary between the Triassic and Jurassic Periods; dated to 201.36Ma; 

denounced biostratigraphically by the FAD of ammonite Psiloceras Spelae 

turnover proportions- A rate equation which uses first and last appearance counts 

divided by diversity count to create a proportion [Alroy, 2008].  

UEF- Uranium enrichment; a palaeo-redox proxy 
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Uniformitarianism (Gradualism)- The theory that life and landforms change 

gradually over long time periods of time through steady state processes; counter-

argument to catastrophism. 

Westbury Formation- A late Triassic (Rhaetian) formation in the South West of 

England which is the lower formation of the Penarth Group. The Formation is 

underlain by the Blue Anchor Formation and overlain by the Cotham Member (Lilstock 

Formation). 

X/Ca- Trace Element/Calcium Ratio within marine carbonates; a palaeo-redox proxy 

ZnEF- Zinc enrichment; a palaeo-redox proxy 

Zr/Al- Zirconium: Aluminium ratio; a palaeo-detrital prox
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APPENDICES 

APPENDIX 1: MASS EXTINCTION SEVERITY RANKING DATA 

 

 

Figure 1:- A revised ranking for the severity of major Phanerozoic mass extinction 

events. ESR- ecological severity ranking, FDL- Familial diversity loss, GE- percentage 

genus extinction, BXE- boundary crosser extinction rates, PE- pulsed extinction rate, 

PCE- per capita extinction, HWR- Hallam & Wignall, 1997. ESR averaged from 

McGhee et al., 2004, 2013; Bambach and Knoll, 2001. FDL averaged from Benton, 

1995; Sepkoski, 1982. GE averaged from Sepkoski et al., 1996, 2002; Bambach et al., 

2004; Bond & Grasby, 2017. BXE from Alroy, 2010. PE from Foote, (2005). PCE-1 

from Peters, (2008). Final rankings in bottom right hand corner. For further information 

see the attached excel file (Appendix 1). 
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APPENDIX 2: DETAILED GEOCHEMICAL REVIEWS 

 

APPENDIX 2.1: CADMIUM 

Introduction to Cadmium- Cadmium (Cd) is concentrated within the Earth’s crust as 

sulfide deposits and is transported to the oceans through rivers (0.04-0.15 108molyr-1), 

dust (0.02-0.11 108molyr-1) and hydrothermal sources (0.02-0.26 108molyr-1) (Calvert & 

Pedersen, 1993; Morford & Emerson, 1999; Bryan et al., 2021). Under oxidising 

conditions Cd exists in the oceans as Cd2+
(aq), commonly in the form of CdCl+

(aq) 

(Emerson et al., 1983; Calvert & Pedersen, 1993; Morford & Emerson, 1999; 

Tribovillard et al., 2006). Unlike some other redox-indicative transitional elements (e. g. 

Mo), Cd is very readily recycled within the water column over shorter time scales due 

to its role as a micronutrient (Bruland 1980; Boyle 1981, 1988; Calver & Pedersen, 

1993; Piper & Perkins, 2004; Tribovillard et al., 2006; Bruland et al., 2014; Conway & 

John, 2015). Cd consequently has a relatively short residence time within the oceans 

(~50kyr), and a relatively low dissolved abundance amongst redox indicative trace 

elements (~0.6 nmol/kg) (Boyle, 1992; Morford & Emerson, 1999; Tribovillard et al., 

2006). However, despite some inconsistencies between Cd and other redox proxies, Cd 

is consistently identified as exhibiting high levels of enrichment within anoxic 

sediments (Calvert & Pedersen, 1993; Van Geen et al., 1995; Tribovillard et al., 2006). 

This would suggest a removal mechanism for Cd specific to low oxygen conditions 

(Van Geen et al., 1995). The remainder of this section will further discuss Cd removal 

mechanisms and the role of Cd as both a palaeoredox proxy and micronutrient.  

 

Cadmium and its micronutrient behaviour- Early studies of dissolved Cd within the 

oceans noted that Cd exhibits a similar spatial distribution to the micronutrient 
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‘phosphate’ (Boyle, et al., 1976; Bruland et al., 1978; Bruland, 1980, 1983). These early 

studies, alongside subsequent research revealing similar results, have led researchers to 

conclude that Cd is taken up by marine organisms within the water column (Calvert & 

Pedersen, 1993; Van Geen et al., 1995; Morford & Emerson, 1999; Piper & Perkins, 

2004, Tribovillard et al., 2006; Bruland et al., 2014; Janssen et al., 2014; Conway & 

John, 2015; Chen et al., 2021). However, biological uptake of Cd is contrary to its status 

as a toxic element, and the function of Cd as a nutrient remains poorly understood 

(Chen et al., 2021). The only biological function identified for Cd so far is the 

replacement of Zn in carbonic anhydrase (Price & Morel, 1990; Lee & Morel, 1995; Xu 

et al., 2008; Lionetto et al., 2016; Chen et al., 2021). Studies have also revealed that Cd 

uptake increases when other metals are not readily bioavailable (Lee & Morel, 1995; Xu 

et al., 2007). 

 

The spatial distribution of dissolved Cadmium- Despite the exact function of Cd as a 

nutrient being poorly understood, biological uptake is known to be a major control on 

the spatial distribution of dissolved Cd. Cd is removed quantitatively in the photic zone 

through biological uptake resulting in the photic zone being Cd depleted (Boyle et al., 

1976; Bruland et al., 1978; Bruland, 1980, 1983; Bruland & Coale, 1985; Saager et al., 

1992; Calvert & Pedersen, 1993; Tribovillard et al., 2006; Janssen et al., 2014; Conway 

& John, 2015; Bryan et al., 2021). Cd is then delivered to marine sediments in 

association with organic matter (OM) and is liberated by OM decay (McCorkle & 

Klinkhammer, 1991; Calvert & Pedersen, 1993; Piper & Perkins, 2004; Tribovillard et 

al., 2006). The top few centimetres of bottom water sediments subsequently exhibit 

sharp increases in dissolved cadmium (Emerson et al., 1984; Gobeil et al., 1987; 

McCorkle & Klinkhammer, 1991). A study by Westerlund et al., (1986) revealed that 
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the release rate of dissolved cadmium is directly proportional to oxygen availability. 

However, despite OM providing a source of Cd accumulation, Cd is not thought to 

scavenge to OM and therefore must be removed into marine sediments through 

alternative pathways (Guy & Chakrabarti, 1976; Pedersen et al., 1989; Conway & John, 

2015). 

 

Adsorption onto mineral surfaces- One such pathway is through the adsorption of Cd 

onto pelagic clays and mineral surfaces under oxic to anoxic conditions (e. g. Fe oxides, 

Fe-Mn oxyhydroxides and Fe-Mn biochar). Morford & Emerson, (1999) interpret that 

Cd accumulation may be possible through adsorption onto freshly precipitated Fe 

oxides, an interpretation which was mirrored by Chen et al., (2021), based on organic 

rich sediments from the Pacific margin, and Davies-Colley et al., (1984), based on 

aerobic, estuarine sediments. Lee et al., (2018) suggest that Cd may adsorp onto Fe-

oxyhydroxide phases in the lower Peru margin oxygen minimum zone (OMZ). Janssen 

et al., (2014) and Conway & John (2015) similarly suggest that CdS forming within 

reducing, open marine sub-environments of the OMZ is scavenged onto Fe-

oxyhydroxides. McCorkle & Klinkhammer, (1991) interpret Cd adsorption onto Fe-

oxyhydroxides with the suboxic sediment pore space of the Californian Margin despite 

a low correlation between iron and Cd in their dataset. Whilst Dong et al., (2000) and 

Tessier et al., (1985, 1996) suggest that Fe-oxides and oxyhydroxides play an important 

role in the removal of Cd within oxic lake waters and sediments.  

 

Rosenthal et al., (1995) meanwhile suggest that there may be an association between Cd 

and Mn-oxides and downplay the importance of Fe mineral phases in Cd removal. A 

connection between Cd and Mn is also supported by cadmium adsorption onto deep 
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ocean Fe-Mn crusts as well as studies of Cd isotopic fractionation during Mn-

oxyhydroxide adsorption (Schmitt et al., 2009; Horner et al., 2010, 2011; Wasylenki et 

al., 2014). Davies-Colley et al., (1984) also suggest that manganese phases may 

contribute to Cd binding and Yin et al., (2020) suggest that Fe-Mn binary oxide-biochar 

may act as an effective adsorbent for Cd removal from aqueous solutions. Whilst recent 

research by Groeningen et al., (2020) reports that the surface precipitation of Mn2+ onto 

clay minerals enhances Cd2+ adsorption under anoxic conditions. However, Gobeil et 

al., (1997) conversely report sedimentary Cd enrichment alongside Mn depletion.  

 

Despite surface adsorption clearly representing a valid removal pathway for Cd, the 

outflux flux of Cd through pelagic clays and Fe-Mn oxides combined is <4% of the 

global ocean cadmium output (Schmitt et al., 2009; Horner et al., 2010; Bryan et al., 

2021). Oxic surface sediments are also reported to be an insignificant output flux in the 

global ocean mass balance of Cd (Little et al, 2015; Bryan et al., 2021). Whilst 

carbonates account for between 2.5% and ~2.8% of the global ocean Cd output (Horner 

et al., 2011; Bryan et al., 2021). Hydrothermal sources account for between 12.5% and 

~40% of oceanic Cd output, although these figures are based on quantitative removal 

around the vent site (Bryan et al., 2021). 

 

Cadmium removal under oxygen poor conditions- However, by far the most significant 

global ocean output for Cd is suboxic and anoxic margin sediments which account for 

~93% of global oceanic Cd output. Based on studies of ancient and existing oxygen-

poor marine environments, Cd is known to form an insoluble particulate phase under 

reducing conditions (Elderfield et al., 1981; McCorkle & Klinkhammer, 1991; Calvert 

& Pedersen, 1993; Tribovillard et al., 2006; Bryan, 2018; Sweere et al., 2020). In anoxic 
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basins dissolved Cd decreases from a factor of 2 to a factor of 10 from oxic to anoxic 

water masses (Calvert & Pedersen, 1993). Pronounced depletions of dissolved Cd are 

exhibited in anoxic basins (Jacobs & Emerson, 1982; Jacobs et al., 1985, 1987), and Cd 

is also enriched in both mildly and strongly reducing sediments, with low dissolved Cd 

concentrations being observed in anoxic and suboxic pore waters (Elderfield et al., 

1981; Gobeil et al., 1987; McCorkle & Klinkhammer, 1991; Tribovillard et al., 2006). 

Oil shales can exhibit greater levels of enrichment for Cd than classic redox-diagnostic 

elements (Mo and U) and geological intervals indicative of anoxic oceanic conditions 

exhibit Cd concentrations far in excess of crustal concentrations when normalised to 

detrital input (El-Hasan, 2008; Sweere et al., 2020).  

 

             Cadmium-sulfide formation- Under oxygen-poor conditions dissolved Cd is 

primarily removed through the formation of CdS (Calvert & Pedersen, 1993; Van Geen 

et al., 1995; Morford & Emerson, 1999; Tribovillard et al., 2006). The removal of Cd 

through CdS formation is supported by solid phase Cd concentrations increasing in the 

presence of acid volatile sulfides (AVS) (Gobeil et al., 1997). Cd also exhibits a strong, 

positive correlation with sulfur in oil shales (El-Hasan, 2008) and Conway and John 

(2015) report negative Cd* within low oxygen waters, also supporting CdS 

precipitation.  

 

CdS formation occurs under reducing conditions just below the level of oxygen 

detection (Van Geen et al., 1995). This can be within suboxic, open marine 

environments in the presence of sinking organic matter (Janssen et al., 2014; Conway & 

John, 2015; Bianchi et al., 2018; Guinoiseau et al., 2019), in bottom waters of reducing 

continental margins near to the sediment-water interface (Gendron et al., 1986; Xie et 
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al., 2019; Plass et al., 2020), in suboxic to anoxic pore waters of marine sediments 

(Elderfield et al., 1981; Rosenthal et al., 1995), or within a euxinic water column 

(Jacobs et al., 1985; Takéré et al., 2001).  

 

The formation of CdS within marine sediments has been particularly well studied. In 

suboxic to anoxic pore waters free sulfur co-precipitates with dissolved cadmium to 

form CdS or an alternative sulfide phase (e. g. Cd(HS)2, Cd(HS)3, Cd(HS)4) (Elderfield 

et al., 1981; Jacobs & Emerson, 1982; Jacobs et al., 1985; Calvert & Pedersen, 1993; 

Davies-Collet et al., 1995; Tribovillard et al., 2006). Laboratory experiments have 

determined that CdS may equally form through surface exchange with ferrous 

monohydride at sub μmolkg-1 H2S concentrations (Framson & Leckie, 1978). However, 

other studies have found iron to be insignificant in Cd removal and instead suggest that 

Cd likely forms a separate insoluble sulfide phase (Huerta-Diaz & Morse, 1992; 

Rosenthal et al., 1995; Tribovillard et al., 2006). Framson & Leckie (1978)’s 

observations regarding low H2S concentrations have however been corroborated by 

subsequent research. A study by Rosenthal et al., (1995) has revealed that significant Cd 

removal, through CdS precipitation, can occur under very low H2S concentrations. 

Rosenthal et al., (1995) estimate the upper limit of H2S for Cd removal to be between 

1μmolkg-1 and 4μmolkg-1. Therefore, significant CdS precipitation can occur under sub-

oxic conditions where H2S concentrations are un-detectable. Research by Van Geen et 

al., (1995) similarly concludes that Cd accumulation is enhanced under suboxic 

conditions and that suboxic sediments form a major sink for Cd.  

 

Rosenthal et al., (1995) also find that the contribution of organic Cd to the formation of 

insoluble Cd phases is negligible and that authigenic Cd in marine sediments must 
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largely originate from overlying seawater. Dickson et al., (2020) corroborate Rosenthal 

et al., (1995) through their calculation that organically bound Cd only accounts for 3.6% 

of authigenic Cd within the Posidonia Shale. Therefore, it is widely agreed upon that 

authigenic Cd is largely diffused from the overlying water column (Framson & Leckie, 

1978; Davis-Colley et al., 1984, 1985; Gobeil et al., 1987; Pedersen et al, 1989; 

Rosenthal et al., 1995; Davies-Colley et al.,1995; Gobeil et al., 1997; Bryan et al., 

2021). This would suggest that cadmium accumulates under oxygenated conditions and 

is removed under anoxic conditions (Calvert & Pedersen, 1993; Piper & Perkins, 2004). 

 

Despite significant Cadmium removal being observed under low H2S concentrations 

(Rosenthal et al., 1995; Van Geen et al., 1995), the opposite is true for high H2S 

concentrations (~10-3M) (Calvert & Pedersen, 1993). Under high sulfide concentrations 

Cd may form complexes in association with bisulfides, polysulfides and elemental 

sulfur which complex with organic ligands to form soluble complexes (Jacobs & 

Emerson, 1982; Emerson et al., 1983; Jacobs et al., 1985; Davies-Colley et al., 1985; 

Pedersen et al., 1989). Therefore, deep sea sediments may act as a Cd source due to an 

increase in Cd solubility (Klinkhammer et al., 1982; Emerson et al., 1984; Jacobs et al., 

1985; Davies-Colley et al., 1985; Gobeil et al., 1987). Despite there being no evidence 

to support CdS-ligand complexation, Gobeil et al., (1987) have provided evidence for 

the existence of soluble, electrochemically inactive cadmium complexes in deeper pore 

waters through UV irradiation experiments and Jacobs et al., (1985) believe that CdS-

ligand complexation may play an important role in Cd thermodynamic equilibrium 

equations. 
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APPENDIX 2.2: IRON 

Early palaeo-redox techniques- Prior to the use of Fe speciation as a palaeo-redox 

proxy, studies used micropalaeontology, geochemical indicators, carbon-sulfur 

relationships and isotopes studied alongside mineralogy [Raiswell et al., 2018]. 

However, each of these techniques comes with its own limitations. Interpretations of 

redox conditions through the use of micropalaeontology are complicated if the fossil 

material is poorly preserved or absent, and may be insensitive to ecological shifts in the 

conditions of interest; geochemical indicators often require a minimum sample weight 

for analysis, and isotope techniques involve time consuming elemental separations and 

expensive instrumentation [Raiswell et al., 2018].  

Degree of Pyritisation (DOP)- However, with the initiation of pyrite formation studies 

during the 1980s, there was suddenly an easy solution with regards to reconstructing 

palaeo-environmental redox conditions [Berner, 1970; Berner, 1984; Raiswell & 

Berner, 1985; Raiswell et al., 1988]. This came in the form of the ‘Degree of 

Pyritisation’ (DOP). Initially developed by Bob Berner to study the limitations on pyrite 

genesis [Berner, 1970], DOP was later used to better understand marine redox 

conditions and their effect on iron pyrite formation [Raiswell & Berner, 1985, 1986; 

Raiswell et al., 1988; Canfield et al., 1992].  

Iron pyrite is known to be formed in oxygen-poor bottom waters and pore waters, where 

sulphate (SO4 
2-) is reduced to sulphur (H2S) by anaerobic bacteria. Anaerobic sulphate 

reduction by microbial organisms occurs through the metabolism of labile organic 

matter (Fig.1) [Berner, 1970; Lyons & Severmann, 2006]. However, the reaction 

between H2S and Fe primarily forms iron monosulphide compounds (e.g., greigite), and 

elemental sulphur is consequently required for efficient pyrite formation [Feld, 1911; 
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Berner, 1970; Berner 1984]. Therefore, under oxygen-poor, normal marine bottom 

waters and pore waters in the presence of labile organic matter (where sulphate 

reduction is occurring in pore waters it has to be due to organic matter) reactive 

sedimentary Fe will bond with free H2S and S to form FeS2 (iron pyrite) [Berner, 1970]. 

Bob Berner’s work was therefore partly interested in quantifying the proportion of H2S 

reactive Fe remaining within the sediment (DOP), with later studies using Berner 

(1970)’s methodology to interpret bottom water oxygen conditions [Berner, 1970; 

Raiswell & Berner, 1985, 1986; Raiswell et al., 1988]. 

DOP was defined by Berner (1970) as:   

DOP = Fepy/ (Fepy + Fe HCl-soluble)                           (1) 

Berner (1970) consequently devised a method which would digest H2S reactive Fe 

phases whilst removing only small amounts of Fe from silicates. This method involved 

digesting the sediment in boiling concentrated HCl. The concentrated HCl completely 

dissolves iron carbonates, magnetite and fine-grained iron oxyhydroxides as well as 

only partially extracting iron from some silicates [Leventhal & Taylor, 1990; Raiswell et 

al., 1994; Raiswell et al., 2018]. HCl-soluble iron was thought to provide a rough 

estimation of H2S reactive iron remaining within the sediment [Berner, 1970]. Based on 

Berner (1970)’s DOP equation (1), if the amount of H2S reactive iron within the 

sediment was low then DOP would be greater. However, if the amount of H2S reactive 

iron within the sediment was high then DOP would be lower. A higher DOP is 

indicative of more oxygen-poor conditions, and a lower DOP indicative of more 

oxygenated conditions. 

Research by Raiswell et al., (1988) further developed Berner’s DOP proxy through 

introducing constraints for low (<0.45), intermediate (0.46 < DOP < 0.80) and high 
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(0.55 < DOP < 0.93) degrees of pyritization. These constraints were calibrated using 

independent palaeo-environmental proxies on TOC-rich sediments as well as ancient 

marine shales [Raiswell & Berner, 1985, 1986; Raiswell et al., 1988]. Low DOP was 

interpreted by Raiswell et al., (1988) to denote aerobic bottom water conditions with 

intermediate and high DOP representing restricted and ‘inhospitable’ bottom conditions. 

Conversely, later research by Canfield et al., (1992) revealed that inhospitable sites can 

exhibit low DOP values (~0.40) if there is insufficient available reactive iron. Canfield 

et al., (1996) similarly identify iron reactivity as a factor in achieving high DOP values, 

revealing that Black Sea sediments had up to 3x more readily pyritized iron than 

continental margin sediments. Later work by Lyons & Berner, (1992) revealed that 

rapid sedimentation within a euxinic setting can also result in reduced DOP values. 

These issues have resulted in DOS (Degree of Sulfidation) being measured as well as 

DOP [Raiswell et al., 2018 and references therein]. 

Furthermore, Aller et al., (1986) and Canfield, (1989) have revealed that high DOP 

values may also be exhibited within oxic near-shore settings through biological 

remobilisation and concentration (Lyons & Severmann, 2006). Lyons & Severmann, 

(2006) therefore suggest that iron proxies are studied alongside sedimentological and 

palaeoecological data in order to distinguish biological iron enrichment in oxic settings.  

FeHR / FeT – In light of previous work on iron reactivity by Canfield et al., (1992, 1996), 

Raiswell & Canfield (1998) studied the proportion of highly reactive iron (FeHR) to total 

iron (FeT) within modern marine sediments. Raiswell & Canfield (1998) defined FeHR as 

the sum of dithionite-extractable iron oxyhydroxide and Fe already present as FeS2 

(Fepy). This definition of FeHR was inspired by the measurement of sedimentary Fe 

oxyhydroxide through citrate-dithionite extraction by Canfield, (1988, 1989). Raiswell 



Appendices 

  BOND, A. D. 2022 194 

& Canfield (1998) considered this proxy an ‘indicator of anoxicity’. Whilst marginal 

and deep sea environments recorded a mean of 0.26±0.08, being closely allied to 

modern dysoxic or fluctuating redox sediments (0.28±0.10), the euxinic and anoxic 

Black Sea (0.70±0.19) and Cariaco Basin (0.51±0.03) recorded significantly higher 

values. A threshold of 0.38 was introduced to distinguish the upper bound of oxic 

values and lower bound of anoxic values [Raiswell & Canfield, 1998]. Subsequent work 

by Poulton & Raiswell (2002) on Phanerozoic sediments similarly recorded low FeHR / 

FeT values (0.14±0.08) from oxic marine sediments.  

 

FeHR / FeT  has been amended in recent years based on an improved understanding of 

highly reactive iron [Poulton et al., 2004; Raiswell et al., 2018]. This particularly 

includes the identification that ferruginous conditions also observe significant 

sedimentary iron enrichment through highly reactive ferric and/or ferrous iron minerals 

(e.g., magnetite, siderite and ankerite) (Poulton et al., 2004; Poulton & Canfield, 2005). 

However, Poulton & Canfield, (2005) identified that euxinic and ferruginous conditions 

could not be distinguished using the existing analytical method. In order to measure the 

iron present within ferruginous iron minerals, and to distinguish sediments deposited 

under euxinic and ferruginous conditions, Poulton & Canfield, (2005) developed a new 

analytical method for iron extraction, leading to the redefinition of FeHR (as Fecarb + Feox 

+ Femag + Fepy). Once Fe HR was re-defined, later work by Poulton & Canfield, (2011) 

developed a cross plot to distinguish oxic, anoxic, ferruginous and euxinic conditions. 

Poulton & Canfield (2011) used an upper bound (FeHR / FeT ) of 0.22 for oxic conditions 

based on Poulton & Raiswell (2002), and a lower bound (FeHR / FeT ) of 0.38 for anoxic 

conditions based on Raiswell & Canfield (1998). Poulton & Canfield (2011) also used a 

threshold of 0.8 (Fepy/FeHR) to distinguish ferruginous and euxinic conditions based on 
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Andersen & Raiswell, (2004). However, all of the threshold values used by Poulton & 

Canfield (2011) were established using the previous analytical technique, which does 

not fully quantify Femag and Fecarb. Therefore, an Fepy/FeHR of 0.7 may be more 

appropriate to distinguish ferruginous and euxinic conditions based on März et al., 

(2008). 

 

FeT / Al- Recent studies of iron enrichment have resulted in the development of two new 

proxies for identifying marine anoxia and euxinia. These are FeT/Ti (Werne et al., 2002) 

and FeT/Al (Lyons et al., 2003). However, it is FeT/Al which has proven to be most 

widely used within recent years [Lyons & Severmann, 2006; Raiswell et al., 2018]. 

FeT/Al removes the effects of carbonate and opal dilution and allows iron enrichment to 

be compared to average detrital input [Lyons et al., 2003]. FeT/Al is also decoupled 

from the relative fraction of skeletal biological material [Lyons & Severmann, 2006]. 

However, unlike FeHR/FeT, FeT/Al cannot distinguish enrichment that may arise from an 

unreactive Fe faction [Raiswell et al., 2018]. Nor can FeT/Al identify repartitioning of 

iron minerals in the absence of iron gain [Lyons & Severmann, 2006]. For these reasons 

FeT/Al is always studied alongside other redox proxies within this thesis. 

 

FeT/Al, much like FeHR/FeT, assumes that the sedimentary increase in highly reactive 

iron, associated with redox change, can be sufficiently distinguished from detrital iron 

[Lyons et al., 2003; Lyons & Severmann, 2006; Raiswell et al., 2018]. FeT/Al values are 

commonly elevated within euxinic sediments through syngenetic pyrite formation 

[Lyons et al., 2003; Lyons & Severmann, 2006]. However, despite suggestions from 

Lyons & Severmann, (2006) to the contrary, syngenetic pyrite formation within the 

water column is not unique to euxinic environments, as this can also be observed under 
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ferruginous conditions [Lyons & Severmann, 2006; Poulton & Canfield, 2011]. Lyons 

et al., (2003) similarly failed to mention the distinction of ferruginous and euxinic 

conditions when interpreting FeT/Al. This will be determined within this thesis through 

the study of redox sensitive elements which whilst enriched under oxic and/or euxinic 

conditions are relatively conservative under ferruginous conditions. 

 

Detrital values for FeT/Al of 0.4-0.5 may be interpreted based on data from Lyons et al., 

(2003), whilst a detrital baseline of 0.75 is reported by Hardisty et al., (2016) from the 

Holocene of the Baltic Sea. Values in the range of 0.30 to 0.66 have been quoted as 

representing oxic marine conditions from both Palaeozoic and modern marine 

sediments [Lyons & Severmann, 2006; Raiswell et al., 2008; Sperling et al., 2013; 

Dickson et al., 2014; Clarkson et al., 2014; Sperling et al., 2016; Sperling et al., 2018;  

Zhang et al., 2019]. However, oxic values as low as 0.20 have been quoted for both the 

Neoproterozoic fifteen mile group and Windermere Supergroup [Sperling et al., 2013; 

Sperling et al., 2016]. Meanwhile, Casacci et al., (2016) quote FeT/Al of 2.4 from a 

Norian-Rhaetian shelf setting with no evidence of sulfur (<0.03%). Therefore, the oxic 

and detrital thresholds must be individually evaluated for each site according to palaeo-

environmental conditions [Raiswell et al., 2018]. This includes sedimentation rate 

which cannot be distinguished by any of the existing iron proxies [Lyons & Severmann, 

2006].  

 

Euxinic values may be equally difficult to identify due to siliciclastic dilution, net 

retention of reactive iron or diminished iron delivery [Lyons & Severmann, 2006; 

Scholz, 2017]. However, early studies have provided promising results. Cole et al., 

(2017) define enrichment of FeT/Al as >0.77 based on data from 4850 soil samples 
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[Raiswell et al., 2018]. Meanwhile, Raiswell et al., (2018) consider FeT/Al of >0.66 as 

‘conservatively diagnostic of enrichment’ based on the sediment database threshold 

with a limit of one standard deviation. Euxinic Black Sea basin values record significant 

enrichment compared to margin and shelf settings, with 2-3 times greater FeT/Al (0.4-

0.6 vs. 0.6-1.2) [Lyons & Severmann, 2006]. Meanwhile, euxinic conditions from the 

Orca Basin and Effingham Inlet range between 0.55-0.75 and 0.8-0.9 [Lyons & 

Severmann, 2006]. Hardisty et al., (2016) report euxinic Holocene sapropels as 

exhibiting FeT/Al up to 1.4, whilst Zhang et al., (2019) report euxinic values up to 1.9 

within Guadalupian mudstones of the Yangtze Basin with significant enrichment 

compared to adjacent oxic horizons. Dickson et al., (2014) report euxinic values of 0.7 

and 1.0 from mudstones around the Palaeocene-Eocene boundary, and euxinic FeT/Al 

values as high as 3.1 and 4.6 have been reported from Toarcian OAE sections [Baroni et 

al., 2018]. A recent study by Young et al., (2020) records FeT/Al of ~0.75 from 

anoxic/euxinic strata of the Ordovician-Silurian Aizpute-41 and Röstånga-1 drill cores. 
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APPENDIX 2.3: MANGANESE 

The enrichment of Manganese (Mn) within marine environments is highly redox 

dependent (Calvert & Pedersen, 1993; Algeo & Maynard, 2004; Tribovillard et al., 

2006). The dominant species of Manganese (Mn) in seawater are Mn(II) and MnCl+. 

(Calvert & Pedersen, 1993). However, Mn(II) is thermodynamically unstable under 

oxic conditions and is therefore oxygenated to insoluble Mn(III) and, predominantly, 

Mn(IV) oxides (Calvert & Pedersen, 1993). Mn(IV) oxides commonly take the form of 

insoluble MnO2 (manganese dioxide/ pyrolusite) and MNOOH “oxyhydroxides” 

(manganite) and are most abundant just above the oxic/anoxic boundary (Brewer & 

Spencer, 1974; Shimmield & Price, 1986; Calvert & Pedersen, 1993; Piper & Calvert, 

2009). 

 

Under anoxic conditions MnO2 and MNOOH undergo sluggish reductive dissolution to 

Mn(II) (Rue et al., 1997; Algeo & Maynard, 2004; Tribovillard et al., 2006; Piper & 

Calvert, 2009; Algeo & Li, 2020). This is principally chemically driven; however, Mn 

reduction is also due to the use of Mn as an electron acceptor in microbially mediated 

reactions under suboxic conditions (Froelich et al., 1979; Rue et al., 1997; Algeo & Li, 

2020). Where insoluble Mn-oxides undergo reduction in the water column, Mn(II) is 

exported to the deep ocean where it is scavenged (Calvert & Pedersen, 1993). 

Meanwhile, where Mn-oxide reduction occurs below the sediment-water interface, 

Mn(II) may freely migrate within the sediment as it is not taken up significantly into 

organic or sulfide phases (Algeo & Maynard, 2004).  

 

Downward sedimentary migration of Mn(II) may result in MnCO3 (rhodochrosite/ 

kutnohorite) precipitation, particularly where anoxic pore waters are supersaturated with 
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respect to rhodochrosite, and there is a sufficient supply of Mn(IV) to be reduced 

(Pedersen & Price, 1982; Calvert & Pedersen, 1993; Tribovillard et al., 2006). Upward 

sedimentary migration of Mn(II) can result in re-precipitation of MnO2 and MNOOH in 

oxygenated sediment overlying anoxic pore waters and subsequent enrichment above 

crustal/detrital background levels (~850ppm) (Siebert et al., 2006; Tribovillard et al., 

2006; Boyer et al., 2011). In the absence of oxygenated sediments Mn(II) undergoes 

flux into the overlying water column resulting in relatively Mn depleted sediments 

(Calvert & Pederson, 1993; Mangini et al., 2001; Algeo & Maynard, 2004; Brumsack, 

2006). In alkaline, anoxic/euxinic bottom waters of a highly restricted basin Mn(II) may 

become enriched, eventually reaching Mn(II) carbonate saturation, or potentially 

forming sulfide phases (alabandite/rambergite) (Force & Maynard, 1991; Calvert & 

Pedersen, 1993; Algeo & Maynard, 2004; Brumsack, 2006; Lyons & Severmann, 2006; 

Lenz et al., 2014; Lenz et al., 2015; Häusler et al., 2018). However, the MnS mineral 

alabandite is highly soluble and therefore uncommon, even within euxinic sediments 

(Force & Maynard, 1991).  

 

Despite Mn(VI) and Mn(II) being considered the two most important Mn species with 

regards to aqueous redox reactions, a recent study of modern marine sediments by 

Madison et al., (2013) has revealed that soluble Mn (III), stabilised by organic and/or 

inorganic ligands, is highly abundant just below the oxic-suboxic boundary through 

oxidation of Mn(II).  
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APPENDIX 2.4: MOLYBDENUM 

Introduction to Molybdenum and Mo-O species- Molybdenum (Mo) has been studied as 

a potential palaeo-redox proxy for decades on account of its bipolar redox behaviour 

(Brumsack, 1989; Emerson & Huested, 1991; Calvert & Pedersen, 1993; Crusius et al., 

1996; Helz et al., 1996; Goldberg et al., 1998; Ericksen & Helz, 2000; Zheng et al., 

2000; Adelsen et al., 2001; Bostick et al., 2003; Vorcilek et al., 2004; Algeo & Lyons, 

2006; Tribovillard et al., 2006; Chappaz et al., 2008; Helz et al., 2011; Dahl et al., 

2013; Chappaz et al., 2014; Dahl et al., 2017; Wagner et al., 2017). Under oxygenated 

conditions, organic shales and sulfide deposits, which are abundant in Mo, are 

weathered and transported to marine environments (Miller et al., 2011; Scott & Lyons, 

2012). Mo (VI) is easily oxidised, and is the most common Mo species, occupying the 

largest area of Eh-Ph phase space (Kendall et al., 2017). Within oxygenated seawater 

and freshwater Mo (VI) forms the oxyanion molybdate (MoO4
2-) (Broecker & Peng, 

1982; Kendall et al., 2017). Molybdate is a highly mobile, conservative oxyanion; it 

only coordinates weakly with other environmentally common ligands (e.g., Cl-, OH-) 

and is not readily adsorbed by most natural or clay particles (Collier, 1985; Brumsack, 

1989; Calvert & Pedersen, 1993; Goldberg et al., 1998; Kendall et al., 2017). This 

conservative behaviour may be due to the strong covalent bonds between the Mo and O 

atoms (Ozeki et al., 1996). The tetrahedrally coordinated Mo (VI) (MoO4
2-) 

subsequently dominates aqueous Mo speciation (Kendall et al., 2017). However, recent 

work by Wang et al., (2011) suggests that the cationic Mo(V) species MoO2
+ may play a 

more significant role than previously interpreted, albeit an intermediate role.  

The conservative behaviour of molybdate results in Mo being the most abundant 

transition metal in oxygenated marine waters, with relatively high concentrations for a 

trace metal (~10ppb), and a long residence time (450 to 800kyr) (Collier, 1985; 
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Morford & Emersen, 1999; Algeo, 2004; Algeo & Maynard, 2004; Algeo & Maynard, 

2008; Miller et al., 2011; Scott & Lyons, 2012; Smedley & Kinniburgh, 2017). Where 

molybdenum concentrations exceed 1mM, and where pH >8, polymolydates 

(polynuclear molybdate species) dominate Mo speciation (Wasylenki et al., 2011; 

Kendall et al., 2017). Despite such high Mo concentrations being rare in nature, 

polymolybdates have been associated with adsorption onto mineral surfaces (e.g., Fe-

Mn oxides) (Kendall et al., 2017). Where pH <6, acidic Mo species may become 

quantitatively significant, this includes HMoO4
- and H2MoO4 (“molybdic acid”) 

(Kendall et al., 2017). Meanwhile, molybdate should dominate at concentrations below 

100μM and pH >4 (Kendall et al., 2017).  

 

Sedimentary Mo uptake through mineral adsorption- Under oxygenated conditions Mo 

may bind to oxides and Fe-Mn oxyhydroxides (Fe-Mn OOH) close to the sediment 

water interface where they are removed into the underlying sediment, this is known as a 

‘particle shuttle’ (Berrang & Grill, 1974; Murray, 1975; François, 1988; Emersen & 

Huested, 1991; Magyar et al., 1993; Crusius et al., 1996; Goldberg et al., 1996; 

Goldberg et al., 1998; Zheng et al., 2000; Adelsen et al., 2001; Morford et al., 2005; 

Tribovillard et al., 2006; Chappaz et al., 2008). The particle shuttling of Mo into 

marine sediments has been revealed through significant enrichment of Mo in 

ferromanganese nodules and Fe-Mn OOH from marine sediments; the strong 

relationship between Mo concentration and Mn cycling; sediment trap data; elevated 

Mo enrichment in brines where a particle shuttle is interpreted to be absent (Berrang & 

Grill, 1974; Calvert & Price, 1977; Shimmield & Price, 1986; François, 1988; Zheng 

et al., 2000). Experimental data shows that although Mo can absorb to Fe OOH, the 

main host for Mo in ferromanganese crusts/nodules is MnOOH (manganite) (Goldberg 



Quantifying marine redox across the Triassic–Jurassic mass extinction 

   BOND, A. D. 2022 207 

et al., 2009; Kashiwabara et al., 2009). Up to 35% of Mo is removed through 

adsorption on MnOOH. (Scott & Lyons, 2012). Studies by Goldberg et al., (1996, 1998) 

find that greater absorption of Mo onto gibbsite is observed by surface area, although 

greater absorption of Mo onto amorphous Al oxides is observed by weight. Meanwhile, 

crystalline Al oxides show the least Mo adsorption (Goldberg et al., 1996, 1998). 

However, as discussed by Scott & Lyons, (2012) Fe-Mn OOH are not permanent sinks 

for Mo over geological timescales.  

Sedimentary Mo uptake through biological function- Mo plays a significant role as a 

biological nutrient, particularly amongst diazotrophs (Anbar & Knoll, 2002; Anbar, 

2004). Nitrogen fixation can be achieved in the absence of Mo, through alternative 

nitrogenase metalloenzyme systems (Anbar & Knoll, 2002). However, the best known 

metalloenzyme system, present in all diazotrophs, requires bioavailable Mo to form a 

Fe7MoS9 cluster (Anbar et al., 2002). Mo is therefore essential for an efficient 

nitrogenase enzyme (Falkowski et al., 1983; Anbar et al., 2002; Anbar, 2004; Glass et 

al., 2009; Boyd et al., 2011). Mo is also required for the formation of nitrate reductase 

enzymes (Glass et al., 2009; Boyd et al., 2011). Despite the importance of Mo for 

nitrogen fixing organisms, biological activity represents a very small flux compared to 

other removal pathways (e.g., Fe-Mn OOH) (Tribovillard et al., 2006). Studies have 

also quoted little evidence to suggest significant biological cycling of Mo, or significant 

biological uptake (Collier, 1985; Nameroff et al., 2002). Mo is also not thought to be 

concentrated by ordinary plankton (Tribovillard et al., 2006). 

 

Sedimentary Mo uptake under oxic conditions (summary)- Despite up to one third of 

marine Mo being removed through Mn OOH adsorption within oxygenated waters, 

geologically permanent Mo enrichment is limited in oxic marine settings due to 
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diagenetic Mn dissolution (Algeo & Tribovillard, 2009; Scott & Lyons, 2012). 

Biological uptake also represents a small flux for Mo into marine sediments, and 

therefore sedimentary Mo concentrations of <25ppm have been associated with 

oxygenated waters (Scott & Lyons, 2012).  

Sedimentary Mo uptake through thiolation- Despite the relatively low enrichment of Mo 

under oxic conditions, up to 65% of Mo removal is thought to occur under anoxic 

conditions through the formation and fixation of Mo sulfide complexes (Algeo & 

Maynard, 2004, Algeo & Lyons, 2006; Scott & Lyons, 2012). Mo concentrations under 

intermittently and permanently sulfidic conditions (25-100ppm, 100ppm+) are 2-3 times 

greater those observed under oxic conditions (<25ppm) (Algeo & Lyons, 2006; Scott & 

Lyons, 2012). This is despite anoxic facies forming just 0.3% of the total seafloor area 

(Algeo & Lyons, 2006). Molybdenum sulfide (Mo-S) formation under oxygen poor 

conditions has therefore been interpreted as the main flux of Mo over geological 

timescales (Calvert & Pedersen, 1993; Crusius et al., 1996; Tribovillard et al., 2006; 

Algeo & Lyons, 2006; Scott & Lyons, 2012). 

With the exception of highly sulfidic, ‘euxinic’ environments (e.g., The Black Sea), 

most Mo-S formation occurs within the sediment or close to the sediment water 

interface (François, 1988; Emersen & Huested, 1991; Crusius et al., 1996; Ericksen & 

Helz, 2000; Zheng et al., 2000; Adelsen et al., 2001; Chappaz et al., 2008). 

Sedimentary Mo-S formation may be due to sedimentary Mo enrichment from MnOOH 

adsorption, with Mo being remobilised upon diagenetic Mn dissolution; transfer to 

bottom water sediments through humic substances; eddy diffusion; longer residence 

time on the seafloor; the positioning of the chemocline below the sediment-water 

interface; the presence of sedimentary brønsted acids and clay mineral surfaces which 
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may catalyse sulfidation and hydrolysis (Brumsack, 1989; Magyar et al., 1993; Helz et 

al., 1996; Morford & Emerson, 1999; Eriksen & Helz, 2000; Adelsen et al., 2001; 

Algeo & Tribovillard, 2009; Helz et al., 2011; Scott & Lyons, 2012).  

Early studies of Mo reduction believed molybdenite (MoS2) to be one of the main Mo-S 

phases, and that the chemical shift from molybdate to molybdenite occurs through a 

single reduction reaction (François, 1988; Emersen & Huested, 1991; Calvert & 

Pedersen, 1993; Crusius et al., 1996; Zheng et al., 2000). However, molybdenite is 

kinematically hindered in most surface environments, and such a reaction has only been 

observed within the Black Sea (Ericksen & Helz, 2000; Kendall et al., 2017). 

Subsequent work by Helz et al., (1996) used Extended X-ray Adsorption Fine-Structure 

Spectrometry (EXAFS) to identify that the short-term exposure of molybdenum to H2S 

does not form molybdenite or other molybdenum sulfide species (e.g., Jordisite (MoS2) 

or Castaignite (Mo2S5)) but an intermediate species with shorter Mo-S bonds. 

Molybdate or another Mo-O form was interpreted by Helz et al., (1996) to acquire some 

first shell sulfur resulting in the formation of a Mo-O-S species ‘oxythiomolybdate’ 

(MoO4-ySy). Helz et al., (1996) further proposed that the oxygen atoms of Mo-O species 

must therefore be susceptible to replacement by soft ligands, e.g., S, which subsequently 

form particle reactive (oxy)thiomolybdates capable of adsorping onto particles 

containing transition metals (e.g., Fe-S). Thiols, including humic bound thiols, were 

also interpreted by Helz et al., (1996) to switch Mo behaviour, however they interpreted 

that Fe-Mo-S compounds, which were also identified through their study, were more 

important for the geological enrichment of Mo. Previous research by Coveney & 

Glascock, (1989) observed Mo near the surface of pyrite framboids using scanning 

electron microscopy (SEM), and Huerta-Diaz & Morse, (1992) interpret sedimentary 

pyrite to be an important sink for Mo. Bertine (1972) and Brumsack (1989) interpret 



Appendices 

  BOND, A. D. 2022 210 

that the most efficient short-term removal of Mo is through co-precipitation with FeS. 

Therefore, Helz et al., (1996)’s interpretation of Fe-Mo-S formation through 

thiomolybdate adsorption corroborated previous Mo research.   

A subsequent study by Ericksen & Helz, (2000) further studied the formation of 

thiomolybdates and reported that a key reaction in their genesis is the thiolation of 

molybdate. Ericksen & Helz, (2000) also revealed that each subsequent stage of 

thiolation is one order of magnitude slower than the preceding stage, e.g., 

dithiomolybdate → trithiomolybdate will be 100 times slower than molybdate → 

thiomolybdate. Therefore, tetrathiomolybdate formation may not be reached in 

seasonally sulfidic waters (Ericksen & Helz, 2000). Ericksen & Helz (2000) also 

reported that a sulfide concentration of >11μM is required for thiomolybdate formation, 

whilst coinciding work by Zheng et al., (2000) reports that a pore water sulfide 

concentration of >0.1μM is required for Mo precipitation as a Mo-Fe-S species, with 

concentrations >100μM required for Mo precipitation in the absence of Fe.  

 

Experimental studies by Vorcilek et al., (2004) revealed that tri- and tetrathiomolybdate 

may be removed into pyrite under mildly alkaline pH, further supporting the results of 

previous studies regarding the close relationship between Mo, Fe and S. However, 

Vorcilek et al., (2004) also revealed that the majority of Mo removed under mildly 

alkaline pH is a biproduct of trithiomolybdate reduction by zero-valent sulfur. 

Therefore, stoichiometric replacement of one thiomolybdate species for the succeeding 

thiomolybdate species does not occur, and instead the reduction of thiomolybdates by 

zero-valent sulfur forms highly reactive Mo (IV) polysulfide compounds which adsorb 

onto FeS2 (Vorcilek et al., 2004). Similar results regarding Mo (IV) polysulfide 

complexes have been reported by Dahl et al., (2013), and the adsorption of Mo onto 
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FeS2 was also reported by Bostick et al., (2003) who identified Mo clusters on pyrite 

surfaces.  

 

Despite studies by Vorcilek et al., (2004) and Dahl et al., (2013) reporting highly 

reactive Mo (IV) polysulfides as a major component of sediment Mo fixation, other 

works have continued to report the adsorption of thiomolybdates onto iron sulfide 

compounds. This includes work by Helz et al., (2004) who also revealed the adsorption 

of thiomolybdates onto clay mineral surfaces (e.g., illite, kaolinite and montmorillonite), 

and Helz et al., (2011) who identified nanoscale Fe (II)-Mo (VI) S complexes from 

Rogoznica Lake, Croatia. 

Moreover, despite the binding of Molybdenum onto pyrite surfaces identified by 

Coveney & Glascock, (1989), Bostick et al., (2003) and Vorcilek et al., (2004), research 

by Chappaz et al., (2014) reveals that the majority of Mo (80-100%) is not found in the 

pyrite matrix. This also corroborates Lyons et al., (2003) and Algeo & Maynard, (2004) 

who identify little correlation between pyrite S and Mo within anoxic environments. 

However, a strong correlation is observed between Mo and TOC (Brumsack, 1989; 

Tribovillard et al., 2005; Algeo & Lyons, 2006; McManus et al., 2006; Anbar et al., 

2007). This may suggest that the main removal pathway of Mo is through scavenging 

with particulate organic matter (see Biswas et al., 2009) or ligand substitution (see 

Wagner et al., 2017). A Mo-Fe-S polysulfide species identified by Dahl et al., (2013) 

exhibited a similar oxidation state, coordination environment and oxygen sensitivity to 

Mo-Fe-S cubane found within the Mo nitrogenase enzyme. Also, Dahl et al., (2017) 

have identified that Mo removal can occur in the absence of Fe through particulate 

organic matter. These discoveries further support the theory that Mo may be fixed into 

the sediment by biological uptake. Despite uncertainties expressed by Adelsen et al., 
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(2001) regarding the immobility of organic-bound Mo over geological timescales, 

Tribovillard et al., (2004) have identified enhanced trapping of Mo in the presence of 

sulfurised organic matter which they interpret as an indication of Mo immobility.  

 

Sedimentary Mo uptake through thiolation (summary)- Mo is predominantly removed 

through the formation of Mo-S complexes under sulfidic conditions. Despite early 

studies interpreting that this may be through the reduction of molybdate to molybdenite, 

subsequent research of Mo-S formation and fixation has revealed a much more complex 

removal pathway. Pioneering research by Helz et al., (1996) has revealed that particle 

reactive thiomolybdates account for early-stage removal of molybdenum. 

Thiomolybdates bind onto FeS, FeS2, and clay minerals. However, there is a poor 

correlation between pyrite sulfur and Mo, and therefore, thiomolybdate adsorption onto 

pyrite may be disregarded as the main form of Mo fixation. Subsequent research has 

revealed that thiomolybdate reduction in the present of zero valent sulfur forms more 

highly reactive Mo (IV) polysulfides. Mo (IV) polysulfides may scavenge onto Fe and 

form compounds that may be used as metalloenzymes. Mo fixation may therefore be the 

result of biological uptake within sulfidic pore waters. 

 

Molybdenum summary- Molybdenum (Mo) is a useful tool for reconstructing palaeo-

redox conditions within marine environments on account of its bi-polar redox behaviour 

and conservative nature. Under oxic conditions Mo is largely removed in smaller 

concentrations through adsorption onto Fe-Mn OOH particles near to the sediment 

water interface. However, Fe-Mn OOH is thermodynamically unstable under oxygen 

poor conditions, and therefore does not serve as a permanent geological store for 

molybdenum. Geologically stable sedimentary molybdenum is instead believed to be 
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removed from the water column and sediment pore space under sulfidic conditions. In 

the presence of free sulfur Mo forms particle reactive thiomolybdates which may 

subsequently undergo reduction in the presence of zero valent sulfur to form more 

highly reactive Mo (IV) polysulfides. The exact removal pathway of these polysulfides 

remains uncertain, however there is a growing amount of data which would suggest a 

final removal pathway via biological uptake e.g., an Fe-Mo metalloenzyme.   
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APPENDIX 2.5: ORGANIC CARBON/PHOSPHORUS 

 

The ground-breaking studies of Alfred Redfield determined that the atomic ratio of 

carbon (C) to phosphorous (P) within marine organisms conforms to a specific ratio 

(Redfield 1934, 1958; Redfield et al., 1963). Redfield quantified this ratio as 106 atoms 

of C for every atom of P (106:1). However, subsequent studies, particularly those 

during the later portion of the 20th century, contest this ratio (Lenton & Watson, 2000 

and references therein). Anderson & Sarmiento (1994) quote a value of 117:1±14 based 

on data from 20 ‘neutral surfaces’ across the South Atlantic, Pacific and Indian Basins, 

between 400m and 4000m depth. Takahashi et al., (1985) record a value between 103:1 

and 140:1 based on chemical data from isopycnal surfaces of the Indian and Atlantic 

Oceans. Meanwhile, recent work by Martiny et al., (2014) quotes a global marine C:P 

of 163:1 based on 100,605 individual measurements. 

 

There is also variability of the ‘Redfield ratio’ amongst individual groups of organisms 

e. g. C:P has been found to vary between 50:1 and 150:1 within marine phytoplankton 

with Ho et al., (2003) quoting an average of 124:1 based on 9 taxa (Ho et al., 2003; 

Algeo & Ingall, 2007 and references therein). Also, Martiny et al., (2013) have noted 

C:P variation according to latitude and basin restriction, and Ingall & Van Cappellen, 

(1990) note elevated C:P ratios in localities with intermediate rates of sedimentation. In 

spite of these inconsistencies and the variability of C:P under different environmental 

regimes, the Redfield ratio can prove a useful palaeo-environmental indicator when 

studied alongside a selection of other proxies.  

 

Algeo & Ingall (2007) particularly highlighted the use of sedimentary C:P as a potential 

proxy for palaeo-redox conditions. Upon the burial of organic matter within marine 
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sediments, P is preferentially remineralised in the form of proteins and nucleic acids by 

bacterial decomposition (Algeo & Ingall and references therein). Preferential P 

remineralisation is thought to be the result of rapid P solubilisation from internal stores 

as well as faster remineralisation of P than Nitrogen (N). (Burkhardt et al., 2014). 

Where the surrounding pore waters are oxygenated, remineralised P may be retained 

through microorganismal polyphosphate storage (Davelaar, 1993; Sannigrahi & Ingall, 

2005), or sorption on mineral complexes e. g. Fe-Mn oxyhydroxides (Slomp et al., 

1996) and carbonate fluorapatite (Ruttenberg & Berner, 1993). Despite most P under 

oxic conditions being lost through flux into the overlying water column (Ingall et al., 

2005; Guilbaud et al., 2020), the collective processes listed above result in a 2 to 10 fold 

increase in sedimentary P and reduced sedimentary C:P values (Algeo & Ingall, 2007; 

Marynowski et al., 2017). 

 

However, where surrounding pore waters are anoxic/sulfidic, remineralised 

phosphorous is release back into the water column due to the instability of 

oxyhydroxides under low oxygen conditions (Canfield et al., 1992; Dos Santos et al., 

1992; Ingall & Jahnke, 1994; Van Cappellen & Ingall, 1996; Ingall et al., 2005; Algeo 

& Ingall, 2007). Oxygen poor conditions within the overlying water column also result 

in greater P remineralisation and reduced P burial which in turn can result in a positive 

feedback cycle of P regeneration and productivity (Van Cappellen & Ingall, 1994, 1996; 

Ingall & Jahnke, 1997; Lenton & Watson 2000). Anoxic/Sulfidic bottom water 

conditions therefore result in elevated C:P values. 

 

Meanwhile ferruginous conditions, such as those reported from the Proterozoic, are also 

though to result in a distinct retention of P (Reinhard et al., 2017; Bowyer et al., 2020; 



Appendices 

  BOND, A. D. 2022 220 

Guilbaud et al., 2020). Under ferruginous conditions P is partly recycled back into the 

water column (Bowyer et al., 2020), however P also fixes to Fe oxides (Thompson et 

al., 2019), Fe phosphates, such as vivianite (Egger et al., 2015; Xiong et al., 2019), and 

ferrihydrite (Guibauld et al., 2020 and references therein). P limitation within the photic 

zone has also been hypothesised through an Fe-P trap within ferruginous deep water 

environments (Reinhard et al., 2017). These recent studies further highlight the need to 

study C:P alongside other proxies e.g. Fe speciation and metal enrichment, in order to 

distinguish ferruginous and oxic conditions.  
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APPENDIX 2.6: ZINC 

 

Introduction to Zinc- Zinc exhibits a very similar chemistry to cadmium due to both 

elements being chalcophilic transition metals occupying the 12th column of the periodic 

table (Calvert & Pedersen, 1993). Like Cd, Zinc (Zn) is concentrated within the Earth’s 

Crust as sulfide deposits and is transported to the oceans through rivers (3.74 x 1016 

kgyr-1; 92%), dust (4.5 x 1014 kgyr-1; 8%) and hydrothermal fluids (3.0 x 1013 kgyr-1; 

<1%) (Little et al., 2014, 2016; Vance et al., 2016; Sweere et al., 2018; Isson et al., 

2018). However, unlike Cd, Zn may also be delivered to the oceans through benthic 

inputs and the release of Zn from bottom water sediments (Conway & John, 2015; 

Vance et al., 2016; Little et al., 2016; Sweere et al., 2018). Under oxygenated conditions 

Zn is present in the form of soluble ionic species Zn2+ (major) and ZnCl+ (minor) 

(Calvert & Pedersen, 1993; Tribovillard et al., 2006; Vance et a., 2016). Small 

concentrations of Zn are also incorporated into/onto calcite or form independent 

carbonate species (ZnCO3) (Vance et al., 2016; Sweere et al., 2018; Isson et al., 2018; 

Mavromatis et al., 2019). Meanwhile, Zn humate and fulvate complexes have been 

revealed as particularly common within oxic freshwater and marine environments 

(Bruland 1989; Achterberg et al., 1997; Aristilde et al., 2012). 

 

Zn, like Cd, plays an important role as a micronutrient, particularly through the 

formation of carbonic anhydrase (Calvert & Pedersen, 1993; Shaked et al., 2006; 

Conway & John, 2015; Zhang et al., 2021). Zn is subsequently very readily recycled 

within the water column and has a residence time of just 11ky within modern oceans 

(Little et al., 2014). Most importantly, Zn, like Cd, is enriched within organic rich 

sediments and is concentrated under oxygen-poor conditions (Jacobs & Emerson, 1985; 

Algeo & Maynard, 2004; Tribovillard et al., 2006; Vance et al., 2016; Ocubalidet et al., 
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2018; Dickson et al., 2020; Dickson, 2022). The remainder of this section will discuss 

Zn removal pathways and the use of Zn as a palaeo-redox proxy.  

 

The importance of Zinc as a micronutrient- Studies of Zn distribution within the water 

column have determined that Zn exhibits a very similar spatial distribution to both 

phosphate and silica (Bruland et al., 1978; Bruland, 1980; Lohan et al., 2002; Bruland & 

Lohan, 2003; Conway & John, 2015). It is widely agreed upon that this distribution is 

due to Zn behaving as a micronutrient and that Zn is taken up by marine organisms in 

the photic zone (Calvert & Pedersen, 1993; Morel & Price, 2003; Tribovillard et al., 

2006; Little et al., 2014; Conway & John, 2015; Vance et al., 2016; Zhao et al., 2021). 

Zinc is an important co-factor for hundreds of enzymes, including carbonic anhydrase 

and alkaline phosphatase, and is essential for a range of basic cellular functions 

(Anderson et al., 1978; Bruland et al., 1991; Morel et al., 2004; Anbar & Rouxel, 2007; 

Supuran, 2011; Scott et al., 2013; Zhao et al., 2021). Zn may also be a limiting factor 

for primary productivity (Anderson et al., 1978; Morel et al., 2004; Shaked et al., 2006).  

 

The spatial distribution of dissolved zinc- Due to the important role that Zn plays as a 

micronutrient, the distribution of Zn within the water column is largely governed by 

biochemical reactions (Anderson et al., 1978; Calvert & Pederson, 1993; Morel et al., 

2004; Shaked et al., 2006; Little et al., 2014). Zn is quantitatively removed in the photic 

zone by biological uptake and ligand complexation resulting in the photic zone being 

depleted in Zn (<0.1nM) (Bruland et al., 1978; Bruland, 1980; Bruland, 1989; Calvert & 

Pedersen, 1993; Lohan et al., 2002; Bruland & Lohan, 2003; Morel & Price, 2003; 

Anbar & Rouxel, 2007; Little et al., 2014 and papers therein; Wyatt et al., 2014; 

Conway & John, 2015; Vance et al., 2016). Zn is then delivered to bottom water 
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sediments in association with organic matter (OM) where it is released through OM 

decay resulting in Zn regeneration (2-10nM) (Bruland, 1980; Calvert & Pedersen, 1993; 

Lohan et al., 2002; Bruland & Lohan, 2003; Tribovillard et al., 2006; Conway & John, 

2014; Little et al., 2014; Zhang et al., 2021).  

 

Zinc removal under oxic conditions- Upon sediment delivery Zn may be incorporated 

into carbonate and biogenic silica (Vance et al., 2016; Sweere et al., 2018; Isson et al., 

2018; Mavromatis et al., 2019), or ferromanganese crusts and nodules, particularly 

amongst managanese-rich deposits (Hein et al., 1997). Zn may equally be fractionated 

directly from seawater in each of these situations without the need for biogenic delivery 

(Vance et al., 2016; Isson et al., 2018; Mavromatis et al., 2019; He et al., 2021). 

However, Ferromanganese crusts, carbonates, and siliceous sediments only account for 

27% of all sedimentary Zn removal (Isson et al., 2018). Furthermore, all are isotopically 

heavy removal mechanisms for Zn (Vance et al., 2016; Isson et al., 2018; Sweere et al., 

2018; He et al., 2021), and recent studies suggest that isotopically light removal 

mechanisms for Zn are particularly significant within modern marine environments for 

maintaining an isotopically heavy (>0.5) δZn within the deep oceans (Little et al., 2014; 

Vance et al., 2016; Isson et al., 2018; Sweere et al., 2018). 

 

Zinc removal under oxygen-poor conditions- Organic-rich deposits, formed under 

oxygen poor conditions, are commonly enriched in Zn and are isotopically light (Little 

et al., 2016; Zhang et al., 2021; Dickson et al., 2020, Dickson 2022). Therefore, given 

that 62% of zinc is delivered to marine sediments in association with organic matter, 

and the important role that Zn plays both as a micronutrient as well as in organic 

complexation, one possibility is that the majority of Zn is removed into sediments 
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through scavenging to organic matter and/or biological uptake (Morel & Price, 2003; 

Shaked et al., 2006; Scott et al., 2013; Little et al., 2014 and papers therein; Conway & 

John, 2015; Isson et al., 2018; Zhang et al., 2021). However, the vast majority of 

biological Zn uptake within the marine photic zone is governed by diatoms which are 

not known to fractionate Zn (Vance et al., 2016 and references therein). Therefore, it is 

unlikely that biological uptake alone may account for such a significant isotopically-

light removal pathway. Conversely, as noted by Vance et al., (2016), unfractionated Zn 

may be delivered in large concentrations to the seafloor through sinking organic matter 

and become subsequently removed through a secondary isotopically-light removal 

pathway (e. g. zinc sulfide formation).  

 

Zinc sulfide formation- In anoxic basins, dissolved Zn decreases from a factor of 

2 to a factor of 10 from the upper oxic to the lower anoxic water mass (Calvert & 

Pedersen, 1993). This is observed within the Black Sea and Framraven Fjord where 

sulfidised Zn species are dominant at dissolved sulfide levels (Daskalakis & Helz, 

1993). The formation of insoluble Zn sulfide complexes within sulfidic, oxygen poor 

environments result in the quantitative removal of Zn from the water column into the 

underlying sediments and represents an important sink for Zn (Brumsack, 1980; Jacobs 

& Emerson 1985; Jacobs et al., 1987; Algeo & Maynard, 2004; Tribovillard et al., 2006; 

Little et al., 2014 and papers therein; Vance et al., 2016). Moreover, zinc sulfides are an 

isotopically light removal pathway for Zn (Sweere et al., 2018; Zhang et al., 2021).  

 

Zinc sulfide species- Brumsack, (1980) and Morse & Luther, (1999) interpret that Zn 

may precipitate in solid solution with pyrite under oxygen poor conditions. However, 

Huerta-Diaz & Morse, (1992) report Zn incorporation into pyrite to be ‘unimportant’. 
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Brumsack, (1980) and Morse & Luther, (1999) also propose than Zn may precipitate as 

an independent authigenic sphalerite phase. However, Daskalakis & Helz (1993) report 

anoxic basins like the Black Sea and the Framraven Fjord to be undersaturated with 

respect to sphalerite and instead report that the dominant species of zinc within sulfidic 

waters is ZnS(HS)- which is subsequently scavenged into underlying sediments. Huerta-

Diaz & Morse, (1992) report low DTMP (degree-of-trace-metal-pyritization) of Zn 

from a number of anoxic basin sediments, which would reflect the ultimate residence of 

Zn within a non-sulfidic or organic phase (Algeo & Maynard, 2004). A strong 

association between Zn and TOC within non-sulfidic, anoxic facies has also been noted 

by Algeo & Maynard (2004) through the study of Carboniferous sediments. Therefore, 

one potential removal pathway is the scavenging of ZnS(HS)- by organic matter.  

 

Zinc sulfide formation in open-marine environments- Despite ZnS formation commonly 

being associated with restricted, euxinic environments (e. g. The Black Sea), a recent 

study by Janssen et al., (2014) suggests that Zn co-precipitates with sulfur in the OMZ 

of open marine environments, much like Cd. These findings would suggest that ZnS 

formation under oxygen poor conditions represents a significant, global, isotopically 

light removal mechanism for Zn and an important palaeo-redox proxy.  
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APPENDIX 3: MATERIALS APPENDIX 

 

APPENDIX 3.1: MATERIALS COMPILATION 

 

Attached as a separate excel file online. 

 

APPENDIX 3.2: SOMERSET CORE DESCRIPTION 

 
What follows is a detailed description and/or logs of two cores drilled in the foreshore at 

St. Audrie’s Bay (Somerset, Southwest England, UK) in 2013. The cores are currently 

held in the Department of Earth Sciences and Natural Resource Management, The 

Geocenter (Gefion Gymnasium) at the University of Copenhagen. One core section 

(Somerset Core-2) was studied in detail over the course of two days, from 1st July to the 

2nd July 2019, totalling ~12 hours of study. Due to time constraints another core section 

(Somerset Core-1) was studied in less detail resulting in a digitised log only. Permission 

to use this material has been granted by Dr. Jonathan Larwood (Palaeontologist, Natural 

England) and Mrs Lucy Topham (Somerset, Avon & Wiltshire Adviser Support Team, 

Natural England). 

 

 

Description of Core II: 

 

Core 2 has been divided into logical sections according to breaks in the core or changes 

in sedimentology. What follows are detailed lithological descriptions of the 21 sections 

that compose the 336 centimetres of the core. 
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A 2.1:  

The core section is 16.5 cm in length. The upper 2 cm of the core is 

marked by modern bioturbation. A crack extends from the top of 

the core to a depth of ~5.7 cm. The top 6 cm of the core is  pale 

grey in colour with no discernible grain 

size. The lithology is very fine, potentially 

crystalline, interpreted here as a fine 

carbonate lithology (Mudstone/micrite). 

Around 1cm depth are inclusions of clastic, 

coarser material (very fine sand - fine 

sand). Similar inclusions may be observed 

at a depth of 3.5-4.5 cm. The inclusions are 

sometimes sinuous and are discontinuous. 

At ~4.5 cm are small, well-rounded 

globular inclusions which are dark 

yellow/gold in colour. The inclusions are 

~1mm across and are mostly likely 

authigenic pyrite. More fine sandstone 

inclusions however, is still very fine sand to 

fine sand. Oxidised patches are observed 

~7cm down to 13 cm. These may be more 

recent. Calcareous/mineralised valves are 

present from ~9.0cm for 1 cm (Floatstone). 

The valves are thin, <1mm thick, and 0.8 to 

1.4 cm in length. The valves may preserve 

original calcite, however this is difficult to 

determine based on the core material. It is more than likely that the 

valves may be re-mineralised. One of the valves exhibits taxodont dentition along its 

inner edges. One valved specimen still has both valves attached and the valves are 

opened. This would firstly suggest, along with the dentition, that the specimen is a 

bivalve and secondly that the depositional conditions were moderately calm. The base 

of section is a fine grained sand however exhibits indications of coarsening. The 

carbonate mudstone, described in line 4, makes up the majority of the section. 
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A 2.2: 

 

The core section is 14.5 cm in length and is separated by a gap of 

~25mm from the base of section A 2.1. The top of the section 

follows on lithologically from the base of A 2.1. The top of A 2.2 is 

upper end of fine, lower end of medium grained sandstone. At 2 cm 

depth is a concentrated layer of numerous, small, crescentic valves 

which are dark in colour. These may be bivalves as observed 

within section A 2.1. At 2.7 to 3.4 cm depth are small rounded 

clasts/ nodules. The nodules are ~1mm in diameter and exhibit a 

dark, golden yellow colouration. These are likely to be pyrite 

globules as seen in section A 2.1 (4.5 cm depth). There are some 

signs of iron oxidation at 6.5cm depth as represented through 

reddened patches. Below the clastic sediments at the top of the 

section is a fine grained, dark grey lithology. The lithology is 

smooth with no visible grain size (micritic limestone). The 

lithology may be a fine grained carbonate, as interpreted from the 

previous section. At ~5 to 10.5 cm the section exhibits fine 

inclusions of clastic material, this is particularly common at 7 cm 

depth- fine sand. Coarse sandstone inclusions are also present 

just below 7cm depth. The bottom 3 cm of the core displays 

variably spaced parallel laminations/ thin interbeds. The base of 

the section is characterised by a brittle fine sandstone layer.  
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B 2.1:  

   

 

Section B 2.1 is separated from the base of A 2.2 by a 10mm 

gap. Section B 2.1 is 13 cm in 

length. The core section is distinct 

in its colouration exhibiting a 

slightly darker lithology. The 

lithology is still for the most part a 

very fine crystalline lithology- 

carbonate (packstone to 

floatstone). The very top of the 

core section is a 5mm layer of 

medium-coarse sandstone. The 

sandstone is poorly sorted, 

exhibiting angular grains and 

exhibits a mud/carbonate matrix. 

This sandstone is texturally 

similar to that at the based of A 

2.2. Below this sandstone layer 

the core section is very fine 

carbonate (micrite), with fine 

calcitic crystalline inclusions of an 

irregular morphology. These may represent the infilling of a burrow or fracture. Small 

valves and a helispiral gastropod shell can be seen at ~1.5 cm depth. Below this layer of 

valves and shell material is a thin section exhibiting rounded globules of what may be 

pyrite (based on that found within previous core sections). The globules are of similar 

size and colouration. A second bivalve layer is seen at ~2-2.5 cm. The layer exhibits 

dark, golden yellow globules 1-2mm in diameter (pyrite). A sinuous burrow/crack runs 

from ~2 cm to ~5 cm depth. The void is filled with medium-coarse crystalline calcite. 

The basal 1.5cm of the void is marked by bivalve rich strata. Below this bivalve layer 

(~5-5.6 cm) are fibrous and globular pyrite inclusions. These number 6/7 in total and are 

1mm to 5mm in length. The next 1.5 cm of the core section in marked by coarse, 

crystalline infilled valves in a matrix of micrite. This bivalve layer also exhibits small 

(1mm) pyrite inclusions. The next 1cm contains valve fragments and globular, irregular 

pyrite crystals 0.5 to 3mm in diameter and numbering 8 in total. The basal 3.5 cm of the 

core section is a dark carbonate with less common coarse inclusions (e.g. fossil 

material). The upper 1.5 cm of this section exhibits relatively more common inclusions. 

Meanwhile the lower 2 cm exhibits very few inclusions but some globular pyrite 0.5 to 

3mm in diameter. There is a possible stylolite 2 cm from the base with microcrystalline 

pyrite precipitated along this fracture. The core section exhibits a slight green 

colouration. This may be due to the presence of shallow marine mineral, glauconite.  
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B 2.2:   

 

Section B 2.2 continues directly on from 

section B 2.1 and was likely grouped separately 

due to breaking from the overlying section. The 

core section is 17cm in length. The upper 6cm 

of the core is peppered with pyrite and at closer 

study globular pyrite can be observed 

throughout the section. The pyrite in the upper 

6 cm is .1mm to 1mm in size. The section is 

pale grey in colour and very fine, no grain size 

seen- likely very fine crystalline (micrite/lime 

mud). Within the carbonate matrix are light, 

lenticular patches ~1cm in size from 2.5 to 4 

cm depth. These are associated with pinch and 

swell structures. From 6 cm to 10 cm on the 

right hand side of the core is a large patch of 

medium grained sandstone. Several large, well-

rounded granules are also seen within this 

coarser section More lenses of light material are 

found around this horizon. The lenses decrease in 

size towards the base of the core section (~10cm). The bottom 7 

cm of the core exhibits intermittent lenses of gradually reducing 

size (1cm). The lenses are commonly observed with a darker 

nucleus, but not alway. May suggest pyrite with an alteration halo? 

The core section exhibits a slight green colouration. This may be 

due to the presence of shallow marine mineral, glauconite.  
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C 2.1: 

   

 

 

Section C 2.1 continues on from B 2.2, 

after a 15mm gap. Section C 2.1 is 17 

cm in length. The top 15mm is a fine 

grained limestone (micrite) with some 

finer inclusions. Fine white lenses and 

pinch and swell structures are present 

within the next 35mm (lenticular 

bedding). These are similar to features 

observed towards the base of B 2.2. 

Some of these lenses are surrounding 

small dark inclusions. There is a 

medium to coarse sandstone layer at 

6.5cm, ~5mm long. This is followed by 

2 cm of lensed carbonate. Below this is 

a vf sandstone layer with a fine 

sandstone basal scour. Towards the 

bottom half of the core section the 

lithology transitions to micrite with fine 

interbeds of very fine sandstone.  
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C 2.2: 

   

 

 

Section C 2.2 continues on from C 2.1 after a 

5mm gap. The section is 10.5 cm in length. 

The lithology is a grey, fine grained 

carbonate (micritic limestone) with dark 

inclusions. The dark inclusions are 

surrounded by halos, slightly less lenticular 

here. There are smaller interbeds of fine 

clastic lithology. The bottom 2cm exhibits 

interbedded lenticular micrite with fine to 

medium interbeds.  
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D 2:  

  

Section D 2 is 10cm in length and 

carries on directly from C 2.2. 

Section D is slightly darker than B 

2.2 and much darker than A and C, 

which have a lighter grey 

colouration. The section contains 

rare cubic pyrite within the top 

15mm. However, much of the 

pyrite observed within the section 

is micro-granular. The section is 

composed of fine grained 

(micritic) limestone. More brittle 

carbonate/mudstone ~2- 4 cm 

down. Approximately 7 cm down 

the core section is a pyrite rich 

layer exhibiting more than 10 

crystals of pyrite, ranging in size 

from .1 to .5mm in size. The pyrite crystals are of irregular 

size- large variation in sizes. The bottom 35mm is largely massif carbonate in structure. 

A long, thin pyrite vein 15mm long cross cuts bedding ~20mm from the base of the core 

section. An infilled cavity w/ pyrite and crystalline calcite is observed within the bottom 

30mm with evidence of small scale slip of beds. Pyrite is injected along bedding/ a 

fracture ~8mm from the base.  
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E 2: 

  

Section E2 is separated from the base of D2 

by a 15 mm gap. The section is 17.5 cm in 

length. The core section is composed of a pale 

grey fine grain limestone (micrite) exhibiting 

fine laminations. These lamination are fine to 

very fine sandstone. The sandstone layers are 

discontinuous in places and form along 

weaknesses/ fractures in the limestone. It is 

therefore interpreted here that the sandstone 

has been injected into the limestone during 

rapid deposition/emplacement. The section 

exhibits a crystalline and pyritic infill of voids 

and cracks. These voids may have been 

formed under stress and represent later pyrite. 

Or were formed through injection.  
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F 2:   

 

 

Core section F2 is separated from 

overlying section E2 by a 3 cm 

gap. The core section is 12.5 cm in 

length. The top 1cm is medium to 

fine grained sandstone potentially 

in a calcareous matrix. The 

remaining core section is a finely 

laminated, homogeneous 

mudstone. Towards the base of the 

section there is some lensing 

potentially representing coarser 

intervals.  
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G 2:   

 

 

Core section G2 is 13 cm in length and 

is separated from core section F2 by a 

10mm gap. The core is composed of a 

light grey, finely laminated homogenous 

mudstone. The mud facies observed 

within this core is very similar to that 

seen within section F2. There are two 

coarser layers that can be observed 

at 10 cm and 12.5 cm. Both layers 

are composed of very fine 

sandstone. The upper layer exhibits 

irregular pyrite ~1mm in diameter 

(speckled layer to left of ‘1’ in 

photo). The lower layer (globular 

layer directly to the left of bottom 

corner of grain size card) consists 

of more consistently sized rounded, 

globular pyrite ~2mm in diameter.  
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H 2:   

 

 

Core Section H2 follows on from 

core section G2 after a 6 cm gap. 

The soft and more brittle nature of 

the mudstone may have resulted in 

material being more poorly 

preserved. This section is 16 cm 

long. The upper 6 cm of the core 

are finely laminated mudstones 

which are brittle and pale grey. 

These are similar texturally to 

those observed in section G2. The 

core then transitions to coarser 

clastic material. At 7 cm is a 

medium sandstone bed ~5mm 

thick. This then gradually 

transitions into 30mm of coarse 

sandstone at 9cm. The sandstone 

is poorly sorted with angular 

grains and a muddy matrix. 

Towards the base of the section 

are interbedded coarse and very 

fine sandstone beds with rare 

pebble clasts (2 cm long). There 

are also potential channelised 

features. However this may also 

be the result of core rotation. 
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I 2: 

  

Core section I2 begins 3 cm below the base 

of core section H2. The section is 10 cm in 

length. The top of the core section is 

composed of 2 cm of mudstone which 

exhibits very few structures. The rest of the 

core is very oxidised (hence the 

yellow/orange colouration of the section). 

From 3 to 6 cm the lithology is a fine 

grained limestone with medium sandstone 

inclusions/beds. Very coarse sandstone 

inclusions may be observed at 5 cm depth. 

There are thin, dark, lenticular inclusions 

from 5.5 to 7 cm depth (floatstone). 

These extend to 15mm from the 

base of the section. These are most 

probably bivalves. There is also a 

thin valved layer at 4.5 cm depth ~ 

2/3mm wide (floatstone). The base of the section exhibits medium 

to coarse sandstone.  
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J 2.1:  

  

Core section J2.1 continues straight 

on from the base of section I2. The 

section is 9.5 cm in length. The 

sample is oxidised along the right 

hand side of the core section, 

particularly concentrated around a 

fracture. The section is composed of 

pale grey, fine grained limestone 

(micrite). There are also interbeds of 

very fine sandstone. The sandstone 

beds exhibit rippled surfaces which 

are particularly clearly seen near the 

base. Two veins cross cut bedding at 

an angle of ~315 degrees. The veins 

are filled with microcrystalline pyrite 

and sparitic calcite.  
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J 2.2: 

 

Core section J2.2 follows on from 

section J2.1 after a 2cm gap. The 

section is 12 cm in length and is 

generally composed of a very fine 

grained (grain size not visible), pale 

grey (fine limestone-micrite). The 

core section is very yellow in 

colouration. This is similar to 

portions of I2 and J2.1. As 

interpreted within these previous 

sections, this may be due to 

oxidation. The section exhibits 

lenticular fine sst ripples/ channelised 

infills throughout. This may be once 

again influence by core rotation. 

However these features and much 

clearer towards the base of the 

section and show little evidence of 

rotation during drilling. The features 

within this core are very similar to 

feature observed within the base of 

the overlying core section. The 

‘ripples’ are largest at the top and decrease in size towards the base- shallowing 

upwards.  
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K2: 

  

Core section K2 is 18 cm in length and is separated 

from the overlying section by a 45mm gap. The core 

section is composed of a pale green limestone 

(micrite) interbedded with very fine sandstone beds. 

The core section exhibits a slight green hue which 

may suggest a shallow marine depositional setting 

(glauconite). The core is featureless with the 

exception of rippled features that can be found 

throughout the core. The features are discontinuous 

and symmetrical. The rippled features observed here 

are very similar, if not identical, to those observed 

in sections J. A coarser, sandstone layer is 

present at the base of the section exhibiting 

globular pyrite.  
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L 2: 

  

Core section L2 is 20.5 cm in length and 

follows on directly from the base of 

section K2. The upper 14.5 cm of the 

core is marked by lenticular beds. The 

beds are greenish and white in colour 

with the white lithology forming ripples 

and lenses. The core is generally 

composed of a carbonate mudstone/fine 

grained limestone. The greenish 

colouration of the core, as also seen in 

sections B and K, is potentially from 

glauconite. Some of the discontinuous 

features may be injected sediment, as 

seen towards the base of the core section. 

Within the bottom 6 cm of the the 

carbonate is interbedded with darker fine 

sandstone layers.  
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M 2: 

   

 

 

The core section is 20 cm in length and begins 

5mm from the base of section L2. Core section 

M2 is very similar in appearance to sections L 

and K. However, within section M there are 

more lenses (lenticular bedding), ripple marks 

and injected sediment. This is similar to the 

base of L2. The slight green colouration of the 

core once again suggests the presence of 

glauconite. The lithology is a pale grey-green 

colour with no discernible grain size 

(Carbonate Mudstone). Some oxidation of the 

sediment can be observed along fractures. 

The bottom 2 cm of the core section 

show rip up clasts and evidence of 

sediment disturbance. This may be due 

to soft sediment deformation under 

rapid sediment deposition. The base of 

the core section is a very fine to fine 

sandstone layer.  
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N 2:    

  

Core section N 2 is 7.5 cm in 

length and begins ~5-10mm 

down from the base of section 

M2. The core is dark in colour 

and different to the colouration 

seen in core sections K, L and 

M. The section is closer to the 

facies observed in B and A. The 

top 9 cm of the core section is 

abundant in globular pyrite. >9 

pyrite globules observed up to 

.8mm in size. There are also 

many lenticular and scalloped 

thin, dark features which 

probably represent bivalves. The 

scalloped edge representing the external ribbing   intersecting the edge of the shell. The 

lithology here is identified as a floatstone. 

 

 

The valves continue to be present towards the 

base of the core section but are decreasingly 

common below this abundant upper layer 

(transition to Mudstone/Wackestone). Within 

this upper portion of the core is a large 

organism. Little of the original mineralogy 

appears to have been preserved but the 

organism appears to be a sponge/ coral. The 

organism exhibits small, cylindrical 

pores/openings. The pores are both isolated 

and interconnected. There is no evidence of 

septa or any other features within the 

pores/voids. The interconnection of the voids 

resembles that of mural pores within extinct 

tabulate corals. This organism may therefore 

be a sponge as interconnected pores/ corallites 

are not known from scleractinian corals where 

pores within sponges are/may be connected. 

The lithology within this section of the core 

may be identified as a boundstone. However, this is difficult to determine based on this 

single core section.  

 

 

At the base of the core section is a very coarse, calcareous sandstone layer which is 

texturally immature (poorly sorted, angular to sub-rounded grains). The basal 15mm of 

the core section is also abundant in pyrite. 20+ pyrite globules are present within the 

basal 15mm with a size range from 1mm to 8mm. There are also bivalve casts infilled 
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with microcrystalline pyrite. But not all calcite has been dissolved. Some original 

calcite appears to be present below this layer. 

O 2:   

  

 

Core section O2 is 12.5 cm in 

length and continues from the 

base of N2 after a 5mm gap. 

The upper 3 cm of the core 

section is defined by a cone-

in-cone texture. The lithology 

here is darker grey that the 

previous sections (K-N). At 

the base of the stylolitic 

section is a thin valve bed. 

The next 5cm is carbonate 

with with small <1mm pyrite 

inclusions. The entire core 

section is rich in bivalves and 

bivalve casts. The lithology is 

predominantly a floatstone 

due to the fine grained 

carbonate matrix and regular 

valved inclusions of >2mm.  
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P 2.1: 

  

 

Core section P2.1 begins 25mm 

from the base of O2. The section is 

15cm in length and is similar 

lithologically to O2. The core 

sections bears cone-in-cone 

textures within the top 5 cm and 

the bottom 5 cm. The lithology is 

calcareous and fine grained. The 

grain size is not distinguishable. 

The core section is rich in bivalves 

and gastropods. The lithology is 

interpreted here as predominantly 

being a bioclastic packstone.  
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P 2.2:   

  

 

Core section P2.2 begins .5 to 1cm 

belong P2.1. The section is once 

again defined by a clear cone-in-

cone texture. However, unlike the 

two overlying sections, section 

P2.2 exhibits very little fossil 

material, similar to the very top of 

section O2. This may be due to 

carbonate recrystallisation. The 

lithology is a fine grained 

carbonate and is interpreted here 

as a carbonate mudstone due to the 

absence of any clear fossil 

material.  
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P 2.3:   

 

 

The final section of core 2 is 

section P2.3. The core section 

is 6-7 cm in length and it 

begins ~35mm from the base 

of P2.2. The  section is 

composed of brittle, dark grey 

laminated mudstone. The 

lithology is very organic rich 

yet exhibits no indication of 

shell fragments/ fossil 

material. The mudstones are 

assumed here to be 

siliciclastic.  
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Digitised Core 1 Log: 
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APPENDIX 3.3: PREES-2C SEDIMENTARY LOGGING 

This section details the sedimentary logging of 125m of Hettangian–Sinemurian 

sediments of the Prees-2c core undertaken at the British Geological Survey, Keyworth. 
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APPENDIX 4: METHODS APPENDIX 

APPENDIX 4.1: MILLING METHOLOGY 

Attached as a separate excel file online. 

 

APPENDIX 4.2: SAMPLE MILLING PROCEDURAL GUIDE 

 

The following section details the milling procedure used to powder core samples for this 

thesis. All samples were powdered within the Department of Earth Sciences at Royal 

Holloway University of London, Surrey, England. 

 

Equipment used:  

• Retsch RS 200 Vibratory Disc Mill 

• 50ml Retsch Carbon Steel (Carbon Alloy) Mill (1.1740 & 01.462.0002)  

• Paper towel 

• Distilled water 

• Acetone 

• Air bench 

• Rock oven 

• Ceramic bowls 

• Latex gloves 

• Lab coat 

• Glass sample vials 

• Fine marker pen 

• Hammer 

• Anvil 

• Plain A4 paper 
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1. Place each sample in individual ceramic bowls and then leave in the oven at 

40°C over the weekend. This step removes any moisture which could hinder 

milling whilst leaving any organic component of the sample unaffected. 

2. After the samples have dried down, turn the oven off and turn the vibratory disc 

mill and air bench on. The air bench removes any dust, limiting sample 

contamination, and preventing fine sediment from being suspended in the air. 

Latex gloves and a lab coat should be worn to avoid sample contamination. 

3. Remove the rubber seal from the lid of the disc mill capsule and clean using a 

paper towel and distilled water only. Clean the barrel, lid and puck of the 

capsule using paper towels, distilled water and acetone. Re-assemble the capsule 

ready for the first sample. This step ensures that mill is clean prior to the loading 

of any samples.  

4. Label a glass sample vial with the sample ID using a fine marker pen. 

5. If the sample is composed of small chips, <5mm across, load the sample into the 

barrel straight away. If the sample is composed of chips >5mm, wrap the sample 

in plain paper and break the sample up using a hammer and anvil, until no part 

of the sample is >5mm in diameter. This allows for the sample to be more easily 

processed by the vibratory disc mill. 

6. Assuming the sample is now sufficiently fine, load the sample into the barrel of 

the mill, to one side of the barrel interior, and place the puck inside the barrel, to 

the side of the sample. The puck being placed to once side of the sample ensures 

that the puck can most efficiently powder the sample. 

7. Place the lid on the barrel and place the capsule inside the vibratory disc mill. 

Lock the barrel into place and ensure that the capsule is fully secured.  



Quantifying marine redox across the Triassic–Jurassic mass extinction 

   BOND, A. D. 2022 399 

8. Set the vibratory disc mill to 1000rpm and programme the mill to run for 20 

seconds. Press the ‘Start’ Button. 

9. After the vibratory mill has run for 20 seconds, carefully remove the barrel. 

Study the sediment to determine if a homogenous consistency has been reached. 

This is determined by rubbing a small amount of the powdered sample between 

a gloved thumb and fore-finger. If the sample has a flour-like consistency with 

no larger fragments, then it is ready. A homogenous consistency for each sample 

is essential for producing representative geochemical results. 

10. If the sample is homogeneous, tip the sample onto a plain piece of A4 paper and 

then funnel into the labelled sample vial. If the sample is not homogeneous then 

run the disc mill again at 1000rpm for 20 seconds until a homogeneous 

consistency has been reached. The approximate final grain size of these samples 

is 60µm. 

11. After the sample has been transferred into the labelled sample vial, brush any 

remaining sediment away, onto the surface of the air bench. Also brush away 

any sediment adhering to the puck. Remove the rubber seal from the lid and 

clean with distilled water only. Then clean the barrel, puck and lid using distilled 

water and a paper towel, followed by acetone, until visually clean. Brush away 

any paper towel which has disintegrated inside the barrel. Re-assemble the 

capsule. 

12. Repeat steps 4-11 for each sample, the exact methodology (i.e. timings and 

procedures) used for the samples milled as part of this PhD project can be found 

in Appendix 4.3.  
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APPENDIX 4.3: INDIVIDUAL SAMPLE MILLING PROCEDURE 

Attached as a separate excel file online. 

 

APPENDIX 4.4: CLEANING PROCEDURAL GUIDE 

4.4.1 Cleaning Teflon (PTFE): 

Teflon labware was initially cleaned using a damp tissue and a pen until visually clean. 

The containers were then filled with a small amount of concentrated HNO3, the lids 

replaced, and refluxed on a hotplate at 120°C for 12–14 hours3. After this time the 

concentrated HNO3 was removed, and the PTFE containers and lids were moved into a 

5L Pyrex® container. The Pyrex® container was filled (submerging the PTFE) with 30–

50% HNO3, topped with a watch glass, and refluxed on a hotplate at 120°C for 12–24 

hours.  

 

Following the PTFE being refluxed in 30% HNO3, the dilute HNO3 was removed, and 

the PTFE was rinsed in milli-Q water to remove any remaining HNO3. The PTFE was 

then submerged in 30% HCl, topped with a watch glass, and refluxed for 12–24 hours at 

120°C. The dilute HCl was removed after the duration and the PTFE was rinsed in 

ultra-pure milli-Q water to remove any remaining HCl. The PTFE was then submerged 

and refluxed for 12–24 hours in ultra-pure milli-Q water at 120°C. This step was 

repeated three times with the old milli-Q water being removed between each wash. All 

four milli-Q washes were undertaken in a 5L Pyrex® container and topped with a watch 

glass. Following the fourth milli-Q wash, the milli-Q water was removed, and an empty 

fume cupboard was cleaned and lined with tissues. The PTFE was then left to air dry on 

the tissues for 24–48 hours or until the PTFE was completely dry.  

 
3 The methodology evolved to later omit this stage of the cleaning 
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4.4.2 Cleaning Polypropylene (PP): 

All pipette tips, micro-centrifuge tubes, centrifuge tubes and auto sampler vials were 

initially cleaned in dilute (~1%) HCl. The PP was moved into a Pyrex® container, 

submerged in weak (~1%) HCl, and topped with a watch glass before refluxing for 12–

24 hours at 120°C. After the duration the ~1% HCl was removed, and the PP was rinsed 

with ultra-pure milli-Q water to remove any traces of HCl. The PP was then submerged 

in ultra-pure milli-Q water and refluxed at 120°C for 6–12 hours. This step was repeated 

three times with the old milli-Q water being removed between each wash. All four 

milli-Q washes were undertaken in a 5L Pyrex® container and topped with a watch 

glass. Following the fourth milli-Q wash, the milli-Q water was removed, and an empty 

fume cupboard was cleaned and lined with tissues. The PP was then left to air dry on 

the tissues for 24–48 hours.  
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APPENDIX 4.5: ELEMENTAL ANALYSIS PROCEDURAL GUIDE 

 

Described below is the process adopted within this project for digesting powdered rock 

samples in order to obtain elemental concentration data. All samples were weighed in a 

clean (metal free) environmental where lab suits and surgical footwear were worn to 

limit sample contamination. Latex or nitrile gloves were also worn.  

 

4.5.1 Whole rock digestion of non-carbonate samples 

 

The following section details the procedure for the whole rock digestion of non-

carbonate samples used within this thesis: 

 

Equipment used: 1ml Eppendorf® pipette, 1ml Eppendorf® pipette tips (acid cleaned), 

5ml Eppendorf® pipette, 5ml Eppendorf® pipette tips (acid cleaned), electronic 

precision scales, weighing paper, weighing table, ultra-pure milli-Q water (in a squeeze 

bottle), Tupperware® container, QMx 6ml PTFE digestion vessels (acid cleaned), 10ml 

ICP MS autosampler vials,  Teflon coated spatula, concentrated hydrochloric acid (2 x 

triple distilled), concentrated nitric acid (2 x triple distilled), concentrated hydrofluoric 

acid, 1M nitric acid, waste beaker, tissues, fine-tipped permanent marker pen, hot plate, 

Ultem® socket caps, Ultem® spanners.  

 

1. Wipe down the weighing table using ultra-pure Milli-Q water (in a squeeze bottle) 

and several tissues, then cover the bench with aluminium foil. Ensure the 

aluminium foil covers the entire surface of the weighing table and try to lay down 

the foil whilst the table is still damp, so the foil adheres to the bench surface. The 
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purpose of cleaning the weighing table and covering the table surface is to i) 

remove any fine sediment left by previous users, ii) further reduce sample 

contamination, and iii) limit contamination for subsequent users. 

2. Position the scales in the middle of the table, on a flat and stable portion, and adjust 

the scale to ensure that they are level. Optimal positioning of the scales is achieved 

when the bubble on the spirit level of the scales is positioned centrally. Turn the 

scales on at the wall and then proceed to press the ‘on/ off’ button on the electronic 

scales. Zero the scales by pressing the button on the button assembly. Locate a 

small grey box, in which two check-weights are located (a 1mg and 100mg weight). 

Remove the 1mg weight using the accompanying tweezers and place the weight on 

the scales. Close the doors and wait for the scales to fall on a value, and rest at this 

value for at least 10 seconds. Record the value given by the scales. The value given 

by the scales should be close to 0.001g (within 0.0002g). If the check-weight is 

within the given range, proceed to step 4. If the check-weight is outside of this 

range, then re-weigh using the 100mg weight followed the 1mg weight a second 

time. 

3. Put the check-weights away and then take 0.6ml (600µl) of distilled concentrated 

HCl into a 1ml pipette tip using the 1ml pipette. Then carefully lay the pipette down 

horizontally. 

4. Next ensure the Teflon coated spatula is clean by washing with milli-Q water and 

wiping clean with a tissue. 

5. Label a Teflon digestion vessel (both the vessel and the lid) with the given sample 

number 
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6. Take a sheet of the weighing paper and fold in half and then half again, tearing the 

paper into four, equal-sized squares (~30mm x ~30mm). Place one of these squares 

onto the scales, close the doors and zero the scales. 

7. Open the first container of sediment powder on a bench behind, laid down with a 

tissue, and place the lid onto the bench. Turn to face the weighing table again and 

begin to load the sample slowly and carefully onto the square of weighing paper (on 

the scales) using the cleaned Teflon-coated spatula. 

8. Continue to load the sediment onto the weighing paper until ~50 mg (0.05g) of 

sediment are on the paper 

9. Close the doors and wait for the scales to rest on a figure and then record the exact 

weight of sediment in a workbook, next to the respective sample ID and given 

sample number. The exact weight is recorded in order for the ICP-MS and ICP-AES 

concentrations to be corrected for dilution factor.  

10. Funnel the ~50mg of sediment powder into a clean 6ml Teflon digestion vessel by 

carefully pinching together two, opposite corners of the weighing paper. Ensure all 

of the sediment is funnelled into the digestion vessel and then dispose of the used 

weighing paper. 

11. Immediately (slowly) add the 0.6 ml distilled concentrated HCl into the digestion 

vessel. The concentrated HCl removes any sediment that is lining the walls of the 

vessel, through electrostatic attraction, and also de-carbonates the sample4 so expect 

some fizzing. Do not let any sample ‘creep’ up the inside the vial and escape over 

the threads while fizzing.  

 

 
4 CaCO3(s) + 2HCl(aq) —> CaCl2(s) + H2O(l) + CO2(g)   
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12. Screw the lid loosely on top of the digestion vessel and place under an upturned 

Tupperware® container. The Tupperware® container reduces potential 

contamination. 

13. Clean the Teflon-coated spatula, using the milli-Q water, and wipe clean using a 

tissue. 

14. Repeat steps 6 through to 14 for all samples. 

16. Once all of the samples have been weighed and added to concentrated HCl in a 

digestion vessel place the vessels under a fume cupboard. 

17. Clean the workbench and put away all utensils from the weighing table. Dispose of 

any liquids down the sink, return the pipettes to the pipette rack, wash out any utensils/ 

containers and bin the aluminium foil. 

18. Locate a 5ml pipette and a clean 5ml pipette tip and take up 2ml (2000µl) of 

distilled concentrated nitric acid. Then remove the acid to the waste. This ‘pre-

conditions’ the pipette tip. 

19. Pipette into each digestion vessel, now filled with your de-carbonated sample, 

1800µl (1.8ml) of (2x) triple distilled concentrated nitric acid. Then screw the lid back 

on to the digestion vessel until ‘hand tight’. Do this for each vessel. This produces a 

final ratio within each vessel of HNO3 : HCl of 3:1 (inverse aqua regia). Inverse aqua 

regia preferentially dissolves authigenic minerals (e.g. organic compounds, pyrite and 

carbonate) and leaves most detrital minerals (e.g. quartz, phyllosilicates and feldspar)5 

whilst leaching non-structurally bound metals from silicates (e.g. Molybdenum) [Xu et 

al., 2012]. 

 

 
5 Mo(s) + 3NO3

- (aq) + 6H+(aq) <=> Mo4+ (aq) + 3NO2(g) + 3H2O(l) 

  Mo4+ + 4Cl- (aq) <=> AuCl4
-(aq) 
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20. Proceed to place an Ultem® socket cap on each digestion vessel and turn the cap 

between 45 and 90 degrees using the Ultem® spanners, until sufficiently sealed. 

Exercise judgement to avoid breaking the threads. 

21. Place the vessels onto the hot plate at 150°C for 2–3 days or until the authigenic 

component of the sample has completely digested. Due to the process of inverse aqua 

regia digesting the sample at 150°C, the sample can build up large amounts of pressure 

very quickly. The use of Ultem® socket caps is therefore essential for holding the lids in 

place, preventing the threads from breaking and the lids being removed at high 

pressures. 

22. After the authigenic component of the sample is completely digested, remove the 

Ultem® caps and lids from the vessels, placing the lids face down on a tissue, and dry-

down the samples on the hotplate at 90–105°C. 

23. Once dried down add 1ml (1000µl) of distilled concentrated nitric acid to each 

sample and then 0.5ml (500µl) of HF to each sample. Wear two pairs of gloves and eye 

protection when handing HF due to its high toxicity. HF acid digestion is a highly 

effective method for breaking down Si-O bonds6, HF forms SiF6
2- ions in acidic 

solution with silicates being subsequently converted to volatile SiF4  [Hu & Qi, 2014]. 

The combination of HF with HNO3 ensures persistently uniform high oxidation states 

within final solutions [Hu & Qi, 2014].  

24. Seal and place back on the hot plate at 120°C for 1–2 days or until the detrital 

component of the sample has completely digested.  

 

 
6 MgSiO3(s) + 6HF => SiF4(g) + CaF2(s) +3H2O(l) 
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25. After 1–2 days remove the lids, placing them face down on a tissue and allow the 

samples to dry out once again on the hot plate at 90–105 degrees for 1–2 days, until 

residue. 

26. Once the samples have reduced to residue, add 100ul of distilled concentrated nitric 

acid to each vessel and wait for the acid to evaporate off. Repeat this once. This purpose 

of this process is to evaporate off any residual fluoride that could inhibit re-dissolution. 

Then place the lids back on the vessels. 

27. Re-clean the weighing table with tissues and ultrapure milli-Q water. Re-level the 

scales and record the value of the check-weights. Place a sample on the scales and set 

the scales to zero. Fill the digestion vessel with 5ml of 1M HNO3. Close the doors to the 

scales and note the exact volume (by mass) of 1M HNO3 next to the sample ID and 

sample mass (see step 9.). Re-seal the vessel and place under a Tupperware® container. 

This step re-dissolves the residue to a final dilution of ~100 fold. Repeat this process for 

all samples. Place the samples back on the hotplate at 120°C overnight to equilibrate the 

residue with the 1M HNO3.  

29. The samples are now diluted to 100 fold (50mg is a 20th of 1g and the 5ml of acid 

multiplies (dilutes) this value by 5). 

30. If the stock solution needs storing at this stage then the solution may be transferred 

into 15ml centrifuge tubes and stored in sealed ziplock bags to avoid contamination. 

 

ICP AES: Take a pre-cleaned ICP autosampler vial (soak overnight in 3% HNO3, rinse 

with MQ water, air dry) and add 4ml stock to 2ml ultra-pure milli-Q water, this 

produces a ~150-fold dilution. Place the lid on the vial. Repeat this step for all samples 

using a new pipette tip for every sample. Ensure all vials and lids are clearly numbered 

and upon completion of this step store vials to one side in a rack. 
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1. Make up seven calibration standards (500ppm, 250ppm, 50ppm, 30ppm, 10ppm, 

0.1ppm, 0ppm) for the ICP-AES: 

500ppm: 10ml Fe Calibration Standard and 10ml Al Calibration Standard 

250ppm: 10ml 3% HNO3 and 10ml 500ppm solution 

50ppm: 2ml of all 20 calibration standards (Al, Ba, Ca, Co, Cr, Cu, Fe, K, Li, Mg, Mn, 

Na, Ni, P, Pb, Sr, Ti, V, Zn, Zr) 

30ppm: 12ml 50ppm solution and 8ml 3% HNO3 

10ppm: 4ml 50ppm solution and 16ml 3% HNO3 

0.1ppm: 40ul of 50ppm solution and 19.96ml 3% HNO3 

0ppm: 3% HNO3 x 20ml 

2. Take the aliquots and standards for ICP-AES analysis 

3. Concentrations for each sample can be found by multiplying the measured 

concentrations of each element by the dilution factors. 

ICP MS: Pipette 2090ul of ultra-pure milli-Q water into 25 numbered, safe lock micro 

centrifuge tubes. Using a new pipette tip for each sample, pipette 110ul of each 

numbered sample solution into its corresponding micro centrifuge tube (now filled with 

milli-Q water). Close the lids and shake each micro-centrifuge tube in turn. This 

produces a ~2000 fold dilution. 
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Major elemental concentration data: 

Major element concentration data was obtained through a Perkin Elmer Optima 3300RL 

ICP-AES (Inductively Coupled Plasma Aerial Emission Spectrometer). All ICP AES 

analyses for this thesis were processed within the Geochemistry Lab within the 

Department of Earth Sciences, Royal Holloway University of London. All analyses 

used the same standards where possible to remove unwanted bias. A series of in house 

standards (‘M’ and 50ppm standard) were use to measure instrumental drift after every 

8 samples throughout the run. A 5-point calibration line constructed from certified 

standards (Table X) was used to convert elemental intensities to element concentrations. 

Data processing was undertaken in Microsoft Excel.   

 

Minor elemental concentration data: 

Minor and trace elemental concentration data was obtained through a Perkin Elmer 

NexION 350D ICP-MS (Inductively Coupled Plasma Mass Spectrometer). All ICP-MS 

analyses for this thesis were processed at the Department of Earth Sciences, University 

of Oxford. Each sample was also doped with 1ng/g Rh, In, Ir and Re to correct for 

instrumental drift. Calibrations were obtained for each element on the instrument using 

an external calibration constructed from a 10ppm custom-blend multi element standard 

produced by CPAchem Ltd. An external standard was also diluted and measured from a 

custom bought QMx multi element solution. The elemental data obtained for all 

samples can be found in Appendix 4.  
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4.5.2 Digestion of carbonate samples 

 The following section describes the procedure for the digestion of carbonate samples 

used within this thesis. These steps are important to selectively dissolve Zn bound in the 

carbonate matrix and avoid liberating organic and oxyhydroxide bound Zn.  

 

Equipment used: 10ml Eppendorf® pipette, 10ml Eppendorf® pipette tips, 5ml 

Eppendorf® pipette, 5ml Eppendorf® pipette tips (acid cleaned), electronic precision 

scales (2 d. p.), weighing table, ultra-pure milli-Q water (in a squeeze bottle), 0.15M 

citric acid + 12M ammonium solution, NaOH-buffered H2O2, 0.2M Acetic Acid, 15ml 

centrifuge tubes, Teflon coated spatula, waste beaker, tissues, fine-tipped permanent 

marker pen, hot plate, centrifuge, ultra-pure Milli-Q water.  

 

1. Wipe down the weighing table using ultra-pure Milli-Q water (in a squeeze 

bottle) and several tissues, then cover the bench with aluminium foil. Ensure the 

aluminium foil covers the entire surface of the weighing table and try to lay 

down the foil whilst the table is still damp, so the foil adheres to the bench 

surface. The purpose of cleaning the weighing table and covering the table 

surface is to i) remove any fine sediment left by previous users, ii) further reduce 

sample contamination, and iii) limit contamination for subsequent users. 

2. Next ensure the Teflon coated spatula is clean by washing with milli-Q water 

and wiping clean with a tissue. 

3. Label a centrifuge tube with a sample number and place the centrifuge tube into 

a beaker, on top of the scales.  

4. Unscrew the lid from the centrifuge tube but leave the lid on top of the tube. 

 



Quantifying marine redox across the Triassic–Jurassic mass extinction 

   BOND, A. D. 2022 411 

5. Open the first container of sediment powder on a bench behind, laid down with a 

tissue, and place the lid onto the bench. Turn to face the weighing table again. 

Remove the lid from the tube and place it onto a tissue and zero the scales. 

6.  Begin to load the sample slowly and carefully into the tube (on the scales) using 

the cleaned Teflon-coated spatula. 

7. When the scales record ~0.3–0.5g, place the lid back onto the sample container, 

record the exact weight of the sample in a workbook, next to the respective 

sample ID, and given sample number. 

8. Immediately add 10ml of ultra-pure milli-Q water to the sample, place the lid 

back onto the centrifuge tube and seal the tube. Shake the tube for one minute.  

9. Repeat steps 2–9 for all samples.  

10. Centrifuge all samples for 10 minutes at 4000 rpm and tip away the supernatant 

to the waste.  

11. Repeat steps 8 and 10 once for all samples.  

 

[If reductive cleaning is not required, skip to step 18] 

 

12. Quickly pipette 5 ml of 0.15M citric acid + 12 M ammonium solution into each 

sample tube 

13. Place the samples into a centrifuge tube rack and then place the rack onto a 

hotplate at 50°C for 15 minutes with the tubes sealed.  

14. Centrifuge all samples for 5 minutes and tip the supernatant away, into a waste 

bottle (not the sink) 

15. Immediately add 10ml ultra-pure milli-Q water and shake for 1 minute. Repeat 

for each sample. 

16. Centrifuge samples from 5 minutes and tip away water to waste.  
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17. Repeat steps 15 and 16 twice to ensure that all reducing solution has been 

removed.  

[If oxidative cleaning is not required, skip to step 24] 

18. Add 5ml NaOH-buffered H2O2 to each sample 

19. Place samples onto a hotplate at 50°C for 30 minutes with the lids loosely on.  

20. Centrifuge for 10 minutes and decant the buffered peroxide solution. 

21. Immediately add 10ml ultra-pure milli-Q water and shake for 1 minute. Repeat 

for each sample. 

22. Centrifuge samples from 5 minutes and tip away water to waste.  

23. Repeat steps 21 and 22 twice to ensure that all oxidising solution has been 

removed.  

24. Add 7ml of 0.2M acetic acid to each sample and shake for 1 minute.  

25. Centrifuge all samples for 10 minutes at 4000 rpm and use the 5ml pipette and a 

cleaned 5ml pipette tip to carefully remove the supernatant into a clean 15ml 

PTFE vial. 

26. Add a second 7ml aliquot to the powder, seal, shake for 1 minute, and leave 

overnight.  

27. The next morning, centrifuge the samples for 10 minutes at 4000 rpm and using 

a 5ml pipette and clean pipette tip carefully remove the supernatant into the 

sample 15ml PTFE vial as the first leach.  

28. Evaporate dry at 90°C over the weekend and then re-dissolve in 10 ml 3% 

HNO3. 

29. Aliquot 0.01ml of each leach solution into 9.99ml 3% HNO3 to make ~20ppm 

Ca solutions. These can be run on the ICP-MS as concentration checks. 
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30. Aliquot appropriate amount of stock leachate into 3% HNO3 to make >5ml 

=20ppm Ca solution. These can be run on ICP-MS for element/Ca data. 

31. Once Zn data are available, weigh appropriate amount of double spike into each 

vial and reflux overnight at 90°C. 

32. Evaporate dry and re-dissolve in 1-2ml HF/HCl loading solution for mini-

columns.  
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APPENDIX 4.6: ORGANIC ELEMENTAL ANALYSIS PROCEDURAL 

GUIDE 

Described below is the process adopted within this project for processing powdered 

rock samples in order to obtain organic elemental concentration data.  

 

4.6.1 Weighing loss on ignition samples: 

Required items: 

- Sample powders 

- 48 x 2 cm3 ceramic crucibles 

- 1 x Aluminium crucible tray 

- Tweezers 

- Spatula 

- Tissues 

- Distilled Water 

- Rock Standards 

 

1. Arrange the ceramic crucibles in the aluminium tray and make note of which 

position corresponds to which sample. 

2. Using the tweezers place one of the crucibles on the micro-balance and record 

its mass.  

3. Remove the crucible from the micro-balance and fill ~1/3 of the way with 

sample powder (~30mg). 

4. Using the tweezers, replace the crucible on the balance and record the total 

mass. 

5. Repeat for the remaining samples and two standards. 
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4.6.2 Furnacing loss on ignition samples: 

Required items:  

- 48 x 2 cm3 ceramic crucibles 

- 1 x Aluminium crucible tray 

- Desiccator and/or Hot cupboard at 60°C 

- Muffle Furnace 

- Heat proof gloves 

- Tongs 

 

1. Place the weighed samples into the furnace keeping the tray in the same 

orientation (as to not lose track of sample order). 

2. Loosely cover samples with aluminium foil to prevent contamination from 

muffle furnace. 

3. Set the furnace to 200°C and leave at 200 for 5 minutes. 

4. Set furnace to 450°C and leave at 450 overnight. 

5. Turn the furnace off and remove the samples from the furnace using heat proof 

gloves and tongs. 

6. Leave samples to cool for 5 minutes and then place samples in the desiccator 

7. Leave door slightly open for ~60 minutes, allowing heat to dissipate, and then 

closely door and seal to prevent samples from taking on moisture.  

8. Leave samples to cool overnight.  
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4.6.3 Weight loss on ignition samples: 

Required items:  

- Furnaced samples in ceramic crucibles 

- Tweezers 

 

1. Removed the cooled ceramic crucibles from the desiccator 

2. Using tweezers, place each crucible in turn on a zeroed balance and record the 

total mass. 

3. Calculate the loss on ignition (LOI) by dividing the final mass (total mass-

crucible mass) by the initial mass (total mass-crucible mass).  

 

4.6.4 Weigh loss on ignition samples into tin capsules 

Required items:  

- 8 x 5 mm tin capsules 

- Furnaced sample powders 

- Spatula 

- Tweezers x 2 (straight and curved) 

- Tissues 

- Distilled Water 

 

1. Using tweezers placed a tin capsule onto the microbalance and zero the balance 

2. Add 8–10 mg powder to the capsule and record the mass in a notebook 

3. Using the straight tweezers, grasp the base of the capsule and pinch the top of 

the capsule using the curved tweezers. Compact the capsule until sufficiently 

small (until all air has been removed) without breaking the capsule. 
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4. Place each capsule into a sample rack and note the sample order 

5. Clean crucible using distilled water and a tissue and dry in an oven 

6. Repeat for all samples 

4.6.5 Weighing non loss on ignition samples:  

Required items: 

- 8 x 5 mm tin capsules 

- Sample powders (unfurnaced) from the same sample aliquot as LOI 

- Rock standards 

- Sulphanilamide chemical standard (10g) 

- Spatula 

- Tweezers x 2 (straight and curved) 

- Tissues 

- Distilled Water 

 

1. Using tweezers, place a tin capsule in the microbalance and zero the balance  

2. Wight 8–10 mg of sample powder into the capsule 

3. Using the curved and straight tweezers pinch the top of the capsule and compact 

the capsule to remove all air 

4. Place each capsule into a sample rack and note the sample order 

5. Repeat for all samples (and standards)  

6. Weigh enough sulphanilamide for 1 standard every 10 samples and weigh 

enough rock standards for 1 standard every 20 samples. Also include 2 rock 

standards at the beginning and end of the batch.  
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APPENDIX 4.7: ISOTOPIC ANALYSIS PROCEDURAL GUIDE 

Described below are the processes adopted within this project for digesting and 

processing powdered rock samples to obtain isotopic compositional data. 

 

4.7.1 Spiking samples:  

Prior to digestion the exact amount of both spike and sample that needed to be mixed 

(M) were calculated in Microsoft Excel7. The mass of spike and sample needed to fit 

within the optimal analyte amount but also the optimal spike to sample ratio, whilst 

using as little spike as possible. The optimal analyte amount for each sample was the 

natural analyte that needed to be weighed out to limit procedural blank contributions to 

<1% total. The optimal ratio was based on the amount of natural analyte that was being 

processed (see below).  

Optimal analyte amount(s): 

Molybdenum: 300 – 500 ng 

Zinc: 500 – 600 ng 
Cadmium: 50 - 100 ng 

 

 Spike concentration(s): 

 

Molybdenum: 541 ppb               

Zinc: 2650 ppb 

Cadmium: 2700 ppb 

 

Optimum Spike sample ratio(s): 

 

Molybdenum: 0.3  
Zinc: 1–2  
Cadmium: 1–2 

 

 

Once the target sample and spike weights were recorded the samples were weighed 

using the method in Appendix 4.5.  

 
7 Analyte amount [ng] = Sample concentration (ppb) x sample weight (g)                    

Spike weight = analyte amount [ng] x spike: sample/ spike concentration 



Quantifying marine redox across the Triassic–Jurassic mass extinction 

   BOND, A. D. 2022 419 

After all samples were weighed out, decarbonated, sealed, and stored under 

Tupperware, the samples were transferred to a laminar flow hood (see the procedure for 

the digestion of powdered non-carbonate samples detailed in Appendix 4.5). The 

weighing table was then cleaned using ultra-pure milli-Q water and tissues, and the 

weighing table was set up once again. Each sample was then spiked using the calculated 

amount of double spike solution and the exact amount (mass) was noted.  

 

4.7.2 Processing samples for anion exchange chromatography:  

The samples were then digested in inverse aqua regia at 150°C for several days 

(Appendix 4.5). If the elements that were being measured have a significant detrital 

component (e.g. Zn) the samples were then dried down overnight at 90–105°C, and 

digested in HF and HNO3 (1:2) at 120°C for 1–2 days. After the HF digestion the 

samples were dried down, 200µl of 4M HCl was added to each sample and allowed to 

evaporate twice.  This step converts the residue into a chloride form which is essential 

for the loading solution to react with the column resin during the chromatography 

process of sample preparation. Once the 4M HCl had completely evaporated for the 

second time, 800µl of loading solution (1M HF + 0.5M HCl) was added to each sample, 

the digestion vessels were sealed, and the samples were refluxed at 90°C overnight on 

the hotplate. 

  

If running for elements that are do not have a significant detrital component (e.g. Cd, 

Mo) then after the inverse aqua regia step (top of the previous paragraph) the samples 

were transferred into 15ml centrifuge tubes and centrifuged at 3500 rpm for 4 minutes. 

After the centrifuge step, the samples were transferred into 7ml round-bottomed FEP 

containers and were dried down at 90–105°C overnight. Once all of the samples had 

dried down, 200µl of 4M HCl was added to each sample and allowed to evaporate off. 
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This step was repeated once. Once the HCl had evaporated the second time, 6ml of 

loading solution (1M HF + 0.5M HCl) was added to each sample, the PTFE containers 

were sealed, and the samples were refluxed at 90°C overnight on the hotplate. 

 

 

 

4.7.3 Anion exchange chromatography 

Column and resin cleaning- The samples were now ready to be chemically separated 

using anion exchange chromatography. This involves the dissolved sample being 

pipetted into a tapered tube or ‘column' partly filled with a resin. When the sample is 

pipetted into the column, the resin adsorbs the ions from the sample. Then, depending 

on the acid which is filtered through the resin, different elements can be preferentially 

removed, or ‘eluted’, according to their chemical properties. This process is important 

as certain elements need to be removed from the solution prior to mass spectrometry. 

Iron (Fe) can form an argide interference on mass 96 which can affect 96Mo 

measurements [Anbar, 2004; Kendall et al., 2017]. Zirconium (Zr) (92,94,96Mo) and 

Ruthenium (Ru) (92,96–100Mo) can also produce isobaric interferences for Mo [Anbar, 

2004; Kendall et al., 2017]. Doubly charged Tungsten (W) (92,96-100Mo) can also 

produce interference [Kendall et al., 2017]. Indium (In), (115Cd), Paladium (Pd) (105, 110 

Cd) and Tin (Sn) (112, 114, 117 Cd) can form isobaric interference for Cadmium (Cd) 

[Ripperger & Rehkämper, 2007; Bryan, 2018]. Gallium (111Cd), Geranium (112, 114 Cd), 

Mo (110, 111, 112, 114 Cd), Ru (110, 112, 114 Cd), Zn (110 Cd) and Zr (110, 112 Cd) can produce 

molecular interferences across all of the most abundant Cd isotopes [Ripperger & 

Rehkämper, 2007]. It is therefore essential that the desired element is isolated from 

potential sources of interference prior to any isotopic measurement.  

 

Prior to the samples being processed through the anion exchange columns both the 

columns and the resin were first cleaned. The following step-by-step process assumes 
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that new resin is needed. What follows is a detailed explanation of column and resin 

cleaning in preparation of anion exchange chromatography (based on column methods 

detailed in Pearce et al., 2009 and Dickson et al., 2016). 

 

 

Two sets of columns have been used for this research project; 3ml STFE shrink fit 

columns with a 200ul resin bed and 10ml BioRad polypropylene columns with a 2ml 

resin bed. Both sets of columns have been cleaned using a similar methodology.  

 

Column cleaning procedure: Firstly, the columns were repeatedly rinsed with 

ultra-pure milli-Q water and left to air dry on a tissue. Two different resins have been 

used for this project; TRU SPEC resin for the 200µl columns only, herein referred to as 

TS, and AG 1-X8 resin for both the 200µl and 2ml columns, herein referred to as AG. 

The AG was stored in weak HCl and was therefore able to be loaded directly into both 

columns. The TS was stored dry and was therefore rinsed in ultra-pure milli-q water 

prior to loading i) as dry resin cannot be directly added to the column and ii) the milli-q 

rinse removes fine particulates to ensure an even grain size distribution. A small amount 

of TS was transferred into a sealable container with some ultra-pure milli-Q water, then 

shaken vigorously. After leaving the container to settle for five minutes, a thin layer of 

fine particulates had separated from the TS and formed at the top of the water. The fine 

particulate matter was poured into a waste beaker, and this step was then repeated 

several times until the water became noticeably clearer upon the settling of the TS.  

 

Loading the resin(s)- The cleaned columns were placed into the column racks with 

waste beakers underneath each column. The column was filled with a small amount of 

ultra-pure milli-Q water and then, using a 200ul (200µl column) or 1ml (2ml column) 

pipette, a small amount of resin was taken up into the pipette tip. The resin was pipetted 
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into the milli-Q water at the base of each column and allowed to settle. This process was 

repeated until the resin filled the resin bed (tapered portion at the base of the column).  

Any remaining milli-Q water was allowed to drain from the columns into the waste 

beakers, then the column method was followed as outlined in table below (Table 1). If 

eluting the first stage of Cd or Mo then method A1 was followed. If eluting Zn then 

method A2 was followed, and if eluting the second stage of Cd then method A3 was 

followed (Table 1). The column method was repeated once for Zn. After the elutes had 

been collected, the elute was dried down and redissolved in 1ml 3% HNO3. 

 

 

Table 1:- Column cleaning methodology adopted within this thesis amended from 

Byran (2018). 
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4.7.4 Measuring isotopic compositions 

 

Multi-collector inductively coupled plasma mass spectrometry: 

The samples were processed using a Thermoscientific Neptune Plus Multi-Collector 

Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS) within the department 

of Earth Sciences at Royal Holloway. Prior to any samples being run the Neptune Plus 

was turned on and tuned used the following procedure:  

1. Both the argon and nitrogen tanks were opened, and all taps between the tanks 

and the Neptune were turned on (parallel with the gas lines). 

2. The autosampler was turned on. 

3. The Aridus III was turned on. 

4. The nebuliser, in the autosampler, was placed in a centrifuge tube of milli-q 

water. 

5. The nitrogen and argon were kept low/ICP ignition was selected. 

6. The plasma was turned on within the Neptune software. 

7. The peristatic pumped was turned on within the Neptune software. 

8. The Neptune was allowed to start up. 

9. The chillers were checked and were confirmed to record temperatures of 20°C 

or less. 

10. The air handling was checked within the ICP-MS lab. 

11. The filters were checked. 

12. The cup configuration was selected and set for the element being analysed. 

13. The analyzer gate was opened (ICP ignition was turned off here if used). 

14. A baseline calibration of 600 cycles was run.  

15. The nebuliser was then washed in the rinse station. 

16. The nebuliser was then placed in a 10ppb/20ppb tuning solution 
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17. The mass was set to the isotope of the analyte set to the central faraday cup. 

18. The relevant inlet system file was loaded.  

19. The argon and nitrogen gas flows were increased until a maximum signal 

voltage was reached whilst being relatively stable. 

20. The position of the ICP torch was moved to its optimal position by tweaking the 

X and Y position in the Inlet System tab.  

21. The Focus, Shape, X and Y positions were amended in the Focus and Shape tab. 

22. A mass scan was then initiated for the mass range of the central cup using the 

function ‘mass scan’. 

23. The focus was tweaked using the peak recorded a ‘top hat shape’ (steep sides 

and a flat top). 

24. The focus was read and saved. 

25. The peak was centred. 

26. The nebuliser was moved to the rinse station to wash out and monitored to 

confirm and value of ~0.1% of the tuning solution was reached.  

 

Sample Introduction- Mo and Cd was introduced as a dry plasma using a Teledyne 

Aridus III. Zn was introduced as a wet plasma using a glass spray chamber. Both 

sample introduction methods used a nebuliser with a 100µl/min flow rate. 

 

Concentration checks- After the samples were redissolved in 3% HNO3 and the 

instrument was tuned, the samples were now ready to be processed for concentration 

checks. Each sample was diluted 50-fold (20µl sample, 980µl 3%) in a 2.2ml 

microcentrifuge tube. These diluted samples were run to determine the concentration of 

96Mo within each sample so that the concentrations of the samples could be normalised 
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to each other. The reason for normalising the samples was to confirm that the 

concentrations weren’t too low and therefore that a sufficient signal was present for all 

samples to be run. But also, so that the concentrations weren’t too high so that the 

detectors would be oversaturated. Measuring dilute sample solutions also allowed for 

spike/sample ratios to be determined which subsequently were used to make bracketing 

standards for Zn batches.  

 

MC-ICP-MS run- After the samples has been diluted accordingly, a run list was set up 

within the Neptune software. Each sample proceeded a blank of 3% HNO3 which was 

run for 5 cycles with each cycle having an integration time of 8.4 seconds. The blank 

prior to the sample was subtracted from the sample in order to remove background 

concentrations of the analyte. The sample itself was run for between 50 and 80 cycles 

with each cycle also having an 8.4 second integration time. A zero-delta reference 

standard was run every 4 samples to normalise the samples. Depending on the size of 

the batch, between 2 and 4 secondary standards were run during the batch. For Mo this 

was an open university molybdenum standard [OU Mo; c.f. Goldberg et al., 2013], for 

Cd an Alfa Aesar Specpure Cd concentration standard, Lot# 081192A [OXCAD; c.f. 

Dickson et al., 2020] and for Zn an Alfa Aesar Specpure Zn concentrations standard. 

 

Isotopic data deconvolution and processing- Isotopic data was deconvolved offline 

using an Excel-based macros programme developed by Alex Dickson. 
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APPENDIX 5: ELEMENTAL STANDARD COMPILATION 
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