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Abstract 

Extreme palaeoclimate change events from Earth history can be used to further our 

understanding of the Earth’s potential responses to anthropogenic climate change. The 

geological record of the Toarcian Oceanic Anoxic Event (T-OAE; ~183 million years 

ago) provides an opportunity to study a period of extreme palaeoclimate change that 

was associated with global carbon release and global warming. This research 

presents: evidence for the effects of T-OAE climate change at tropical latitudes; a more 

efficient technique for high-resolution proxy dataset production, and an astronomical 

timescale for the T-OAE.  

In this study, protocols for elemental analysis using portable X-ray fluorescence 

spectroscopy (pXRF) have been optimised for the production of high quality, high-

resolution proxy data from sedimentary successions. The new protocols have been 

used to demonstrate that these data are suitable for cyclostratigraphic studies, and that 

they provide the opportunity to produce astronomical timescales more quickly, cheaply 

and more easily than commonly-used combustion analyses.  

Three published and two previously unstudied successions of early Toarcian strata 

along a proximal to distal profile in the Middle Atlas Basin, Morocco were investigated 

and recorded. Sedimentological and geochemical analyses show widespread 

deposition of storm beds and increased sedimentation rates within the T-OAE, 

providing evidence for acceleration of the tropical hydrological cycle due to global 

warming associated with the T-OAE.  

High-resolution sedimentological and geochemical records of a T-OAE succession 

reveal an -8‰ carbon isotope excursion over 66.6 m of strata coincident with evidence 

for enhanced storm activity. Cyclostratigraphic analysis of the sedimentological and 

geochemical data show that T-OAE enhanced storm activity lasted for >950 kyr and 

was modulated by 100 kyr and 21 kyr astronomical cycles in seasonality. Furthermore, 

it is demonstrated that intense tropical storm frequency increased in response to 

increasing temperature, and that the T-OAE carbon cycle perturbation lasted ~1.3 Myr. 
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Chapter 1  

Introduction and background 

1.1 Rationale 

The actions of humans are having such widespread and profound effects on the natural 

world (e.g. Marsh, 1874; Dunlap et al., 1999; Syvitski et al., 2005; Barnosky et al., 

2011; IPCC, 2013) that there is growing consensus that these effects warrant the 

definition of a distinct epoch of geological time: the Anthropocene (Zalasiewicz et al., 

2008, 2011). One of the largest of these effects, and the one generally recognised as 

the biggest threat to human civilisation, is anthropogenically-driven climate change 

(IPCC, 2013). Observational and historical records document current climate changes 

that include: increasing temperature (Hansen et al., 2010; GISTEMP Team, 2018); 

eustatic sea-level rise (Mitchum et al., 2010; Ray and Douglas, 2011); land ice volume 

reduction (Vaughan et al., 2013), ocean de-oxygenation (Diaz and Rosenberg, 2008); 

and ocean acidification (Caldeira and Wickett, 2003). There is compelling evidence that 

many of these changes can be attributed to anthropogenic actions including carbon 

release (IPCC, 2013). 

Observational and historical records are limited in their use for understanding climate 

change and Earth system responses by their length, and the magnitude of changes 

that are captured. Furthermore, a paucity of historical records before anthropogenic 

influences limit our ability to reveal the respective roles of natural and anthropogenic 

drivers, consequences and feedbacks that affect the Earth system during climate 

change. The principle of uniformitarianism (Hutton, 1788; Lyell, 1830) implies that 

understanding past Earth processes through interrogation of the geological record can 

inform understanding of Earth processes in the present day. Palaeoclimate studies 

allow the examination of natural drivers, responses and feedbacks during all stages 

(i.e. onset, acme and recovery) of climate changes of greater magnitude and duration 

than that possible using historical/observational records. These studies can enhance 

our understanding of the Earth system responses that may occur with future 

anthropogenic climate changes.  
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This thesis investigates environmental change during the Toarcian Oceanic Anoxic 

Event (T-OAE; Jenkyns, 1985), which occurred ~183 Ma. The T-OAE is an example of 

an extreme global warming event that occurred in response to the significant release of 

carbon into the ocean and atmosphere systems (Section 1.2.4 and 1.2.8.2). Global 

warming during the T-OAE resulted in worldwide environmental changes and Earth 

system responses of apparently extreme magnitude including: ocean deoxygenation 

and acidification; hydrological acceleration; enhanced tropical storm activity; eustatic 

sea-level rise; and extinction (Section 1.2). The T-OAE is therefore considered an 

analogue for potential extreme anthropogenic global warming (Cohen et al., 2007). 

Studies of the T-OAE can contribute to our understanding of the possible 

consequences of extreme anthropogenic warming, and also our understanding of how 

the Earth system can recover from such extreme climate change.  

Model predictions of anthropogenic climate change over the next century suggest that 

some climatic changes such as changes in the amount of extreme precipitation are 

going to be most severe at tropical latitudes (Christensen et al., 2013; IPCC 2013). 

Models also predict increases in the frequency of the most intense tropical cyclones 

(Knutson et al., 2010; Christensen et al., 2013; Camargo and Wing, 2016; Walsh et al., 

2016; Korty et al., 2017) and their poleward extent (Christensen et al., 2013; Walsh et 

al., 2016). These predictions are supported by observational trends over the past 30 

years (Kossin, Olander and Knapp, 2013; Kossin et al., 2014). At the present day, the 

tropics are highly populated areas with extremely high biodiversity, high food 

production, and relative extremes of temperature and weather. These areas are 

therefore highly susceptible to anthropogenic climate changes and the effects of these 

changes including physical damage (Emanuel, 2017) and changes to water resources 

(Christensen et al., 2013), are likely to be socio-economically significant. Knowledge of 

the sensitivity of tropical climate and weather is limited by the paucity of detailed 

records of the effects of unequivocal, long-term palaeoclimate change (such as the T-

OAE) on tropical climate and weather (Walsh et al., 2016).  

In this thesis, records of T-OAE climate change have been generated from sedimentary 

successions that were deposited in a tropical (~18°N) setting, and which are now 

exposed in Morocco. Analysis of these records has been conducted in order to further 

understand the effects of T-OAE climate change on tropical regions, and inform the 

debate about the effects of large-scale carbon release on the Earth system.   
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1.2 The Toarcian Oceanic Anoxic Event: current knowledge 

1.2.1 Oceanic Anoxic Events 

The Toarcian Oceanic Anoxic Event (T-OAE; Early Jurassic ~182.7 Ma) is the earliest 

of eight Oceanic Anoxic Events (OAEs) known to have occurred during the Mesozoic 

(Jenkyns, 2010; Figure 1.1). The term Oceanic Anoxic Event was coined by Schlanger 

and Jenkyns (1976) after the recognition of organic carbon-rich lithologies at distinct 

horizons in the Cretaceous at many widespread sites of the Deep Sea Drilling Project. 

Schlanger and Jenkyns (1976) suggested that these organic carbon-rich lithologies 

formed as the result of enhanced organic carbon production, which caused increased 

ocean oxygen uptake and widespread oceanic anoxia. Whilst it is agreed that 

widespread oceanic anoxia is likely to have been associated with increased organic 

carbon accumulation during OAEs, the relative roles of increased primary productivity 

(Demaison and Moore, 1980) and increased organic matter preservation as a result of 

deoxygenation (Pedersen and Calvert, 1990) have been debated (Jenkyns, 2003). 

The significant burial of organic carbon associated with OAEs (Schlanger and Jenkyns, 

1976), implicitly represents a perturbation to the global carbon cycle. Burial of organic 

carbon (relatively enriched in 12C; (Farquhar et al., 1989)) leads to an increase in the 

proportion of 13C in the ocean-atmosphere carbon reservoir, resulting in increased 

carbon isotope (δ13C) values (Equation 1) in the geological record (Scholle and Arthur, 

1980). As such, OAEs are coincident with positive carbon isotope excursions (CIEs), 

where carbon isotope values depart from a baseline norm before returning close to that 

baseline (Jenkyns, 2010). It has been shown that the Oceanic Anoxic Events in the 

Toarcian (see Section 1.2.2), early Albian, early Aptian and Cenomanian-Turonian also 

exhibit negative CIEs superimposed on positive CIEs (Jenkyns, 2010; Figure 1.1). 

These negative CIEs imply mechanisms of carbon cycle perturbation during these 

OAEs that drive the global exogenic carbon pool to be more 12C-enriched (see Section 

1.2.8). 
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Figure 1.1 Position of the eight Mesozoic Oceanic Anoxic Events (OAEs) relative to 
the Geological Timescale. Pink ellipses represent the events of greatest 
environmental effect. From Jenkyns (2010).   
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Equation 1: Definition of carbon isotope delta notation (δ13C) with reference to the VPDB 
(Vienna Pee Dee Belemnite) standard. 

OAEs are now known to be complex intervals of environmental change associated with 

temperature rise likely driven by carbon release and an increase in atmospheric CO2 

concentration (Weissert, 2000; Jenkyns, 2003, 2010). OAEs are also associated with 

hydrological cycle acceleration, enhanced weathering (Jones and Jenkyns, 2001; 

Cohen et al., 2004), increased run-off and nutrient delivery to the oceans, and 

consequently, increased primary production (Erba, 2004). Increased primary 

production during OAEs likely led to depleted oxygen levels in the photic zone due to 

biological utilisation and bottom water oxygen depletion through increased organic 

matter oxidation (Jenkyns, 2003, 2010). OAEs of the greatest magnitude (the T-OAE, 

OAE2 and OAE1a; Figure 1.1) are also associated with significant biotic turnover and 

extinction (Raup and Sepkoski, 1986; Harries and Little, 1999). These characteristics 

result in OAEs being considered to be extreme events of environmental change that 

are analogues for possible extreme anthropogenic climate change (Jenkyns, 2003; 

Cohen et al., 2007). The Paleocene-Eocene Thermal Maximum (PETM) is an episode 

of global palaeoclimate change that is regarded as a possible putative OAE, as it 

shares the same key features as an OAE (Jenkyns, 2003), but until recently (Yao et al., 

2018) lacked evidence for widespread deoxygenation.  

1.2.2 Carbon cycle perturbation 

During the early Toarcian organic carbon-rich shales were widely deposited and their 

deposition would have caused a significant carbon cycle perturbation during the T-OAE 

(Jenkyns, 1988; Jenkyns et al., 2002; Figure 1.2). This carbon burial led to the 

occurrence of a positive CIE of ~2‰ in lower Toarcian strata that was used in some 

early studies to identify the Toarcian OAE (Jenkyns, 1985, 1988; Jenkyns and Clayton, 

1986). A larger (up to ~7‰) negative carbon isotope excursion was first recognised 

across the T-OAE by Küspert (1982). 
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Figure 1.2: Global distribution of early Toarcian deposits rich in organic carbon 
(modified after Jenkyns et al., (2002)). 

The negative CIE associated with the Toarcian OAE has been observed at sites in 

Europe, Asia, North and South America, and Africa (Section 1.2.9). The succession in 

Yorkshire where much of the ammonite zonation was defined (Howarth, 1992) shows 

that the negative CIE spans the uppermost Dactylioceras tenuicostatum Zone and the 

Harpoceras falciferum Zone (Kemp et al., 2005; Figure 1.3) and their global equivalents 

(Figure 1.4). Furthermore, this early Toarcian negative CIE has been demonstrated in 

multiple different types of geological deposit (Figure 1.5) including: 1) marine carbonate 

(e.g. Hesselbo et al., 2007; Hermoso et al., 2009a; Sabatino et al., 2009; Bodin et al., 

2010); 2) bulk organic carbon (e.g. Jenkyns and Clayton, 1997; Hesselbo et al., 2000; 

Cohen et al., 2004; Kemp et al., 2005; Sabatino et al., 2009; Al-Suwaidi et al., 2010; 

Caruthers et al., 2011; Suan et al., 2011; Kafousia et al., 2014; Fantasia et al., 2018); 

and 3) fossil wood and phytoclasts (e.g. Hesselbo et al., 2000, 2007; Al-Suwaidi et al., 

2010; Caruthers et al., 2011; Hesselbo and Pieńkowski, 2011). The globally-distributed 

nature of the T-OAE negative CIE, and its occurrence in all major biospheric reservoirs 

of carbon, has led to the consensus that a source of 12C-enriched carbon must have 

been released to the ocean-atmosphere system on a global scale (Section 1.2.8). The 

widespread nature of the Toarcian negative CIE means that it is commonly used as a 

stratigraphic marker of the T-OAE interval (Jenkyns, 2010). 
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Figure 1.3: Extent of the T-OAE negative CIE relative to early Toarcian ammonite 
biostratigraphy. Ammonite biostratigraphy and log of the Yorkshire, UK early 
Toarcian succession from Howarth, 1992, shown against the extent of the negative 
CIE at Yorkshire (red bar; Kemp et al., 2005). 

A high-resolution study of the Yorkshire succession from Kemp et al. (2005) 

demonstrated that there were 3 abrupt negative shifts of 2 to 3 per mil in the Toarcian 

negative CIE in Yorkshire and that these were astronomically paced, and therefore 

climatically driven (Figure 1.6). A further 4th shift was recognised by Cohen et al. 

(2007) These “shifts” have since been observed in multiple other T-OAE carbon 

isotope records (Hesselbo et al., 2007; Hermoso et al., 2012; Them et al., 2017a). 

 

Subzones Zones 
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Figure 1.4: Extent of the Toarcian Oceanic Anoxic Event negative carbon isotope 
excursion (NEGATIVE CIE) relative to global ammonite biozones. Ammonite 
biozones from Page, 2003, CIE extent from Kemp et al., 2005.   
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Figure 1.5: Composite summary of geochemical variations during the T-OAE from 
sites across Europe. The pink bar marks the extent of the T-OAE negative CIE. 
Modified after Kemp et al. (2011). 
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1.2.3 Oceanic anoxia 

Extensive deposition of organic carbon–rich sediments was originally used to suggest 

ocean anoxia during the Toarcian OAE (Jenkyns, 1985). However, organic carbon 

enrichment is not a consistently reliable indicator of oceanic anoxia, due to potential 

productivity, facies and sedimentation rate controls on organic carbon accumulation 

(Raiswell and Berner, 1985; Burdige, 2007).  

Toarcian successions in France and Germany contain increased concentrations of 

isorenieratane and Chlorobactane during the T-OAE, suggesting increased prevalence 

of photosynthetic green sulfur bacteria (Schouten et al., 2000; Pancost et al., 2004; van 

Breugel et al., 2006).  This evidence indicates free H2S in the photic zone of the water 

column at these sites, indicating deoxygenated, euxinic water column conditions 

(Schouten et al., 2000; Pancost et al., 2004; van Breugel et al., 2006). A more recent, 

higher-resolution, multiproxy biomarker study of T-OAE strata at Yorkshire, UK (French 

et al., 2014) provides further evidence for a shift towards more reducing conditions 

broadly coincident with the onset of the Toarcian negative CIE. 

The molybdenum (Mo) and thallium (Tl) isotope compositions of seawater are both 

sensitive to global scale redox changes in the ocean on <Myr timescales (Pearce et al., 

2008; Owens et al., 2017). T-OAE deposits in Yorkshire, UK (Pearce et al., 2008), Italy, 

The Netherlands and Dotternhausen, Germany (Dickson et al., 2017) all demonstrate 

Mo isotope conditions that indicate extensive bottom-water euxinia during the T-OAE. 

Additionally, Tl isotope values in T-OAE deposits from East Tributary, Canada and 

Dotternhausen, Germany have been interpreted as representing an increase in the 

global extent of bottom water anoxia, during the T-OAE (Them et al., 2018).Together, 

metal isotope evidence for globally extensive bottom water anoxia/euxinia and local 

biomarker evidence for photic zone euxinia during the T-OAE strongly suggests 

increased deoxygenation during the T-OAE.  

The Mo study of the Yorkshire Toarcian succession by Pearce et al. (2008) allowed for 

definition of the temporal extent of globally enhanced anoxia (the T-OAE sensu stricto; 

Figure 1.6) and identified four cycles of changing anoxia. The precise interpretation of 

these four cycles has been debated by Dickson et al., (2017) using new Mo data from 

other T-OAE sites, although the resolution of comparative records is very low and 

poorly constrained stratigraphically. It is therefore insufficient to unequivocally reject the 

hypothesis of Pearce et al., (2008). The recent thallium isotope data of Them et al. 
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(2018) have been used to suggest that ocean deoxygenation was more protracted than 

previously thought, starting at the Pliensbachian-Toarcian boundary with an 

enhancement at the T-OAE (Them et al., 2018). Discrepancies between thallium and 

molybdenum isotope data are not fully understood, and thallium data are of insufficient 

resolution to reject the T-OAE sensu stricto definition of Pearce et al., (2008). This 

demonstrates that, whilst evidence for enhanced global ocean deoxygenation during 

the T-OAE is strong, improved resolution of multisite and/or multiproxy analyses is 

required to confidently establish extent of T-OAE sensu stricto. 

 

Figure 1.6: Extent of the T-OAE sensu stricto at Yorkshire, UK. The T-OAE sensu 
stricto, indicated by the extent of Interval 2, shown against changes in C isotope, 
Mo isotope, Mo concentration and Re/Mo values through the early Toarcian 
succession at Yorkshire, UK. From Pearce et al. (2008). The carbon isotope data is 
after Kemp et al., 2005 and the four carbon-isotope ‘shifts’ (see Section 1.2.2) are 
labelled A to D. 

1.2.4 Temperature increase 

Decreases in oxygen isotope (δ18O) values and increases in Mg/Ca values from fish, 

brachiopod and belemnite fossils from European sections during the T-OAE indicate 

significant global warming (McArthur et al., 2000; Bailey et al., 2003; Rosales et al., 

2004; van de Schootbrugge et al., 2005; Gómez et al., 2008; Suan et al., 2008a; Dera 
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et al., 2009b; Suan et al., 2010; Gómez and Arias, 2010; Ullmann et al., 2014; Figure 

1.5).  Combining δ18O and Mg/Ca records suggests that sea temperature warming was 

between 6 and 13°C during the T-OAE (McArthur et al., 2000; Bailey et al., 2003; Suan 

et al., 2008a; Dera et al., 2009b). It is considered likely that increased freshwater input 

into the marine realm during the T-OAE affected δ18O signatures, suggesting that the 

extreme (~20°C) palaeotemperature changes interpreted from δ18O alone are 

overestimates (Bailey et al., 2003; Suan et al., 2008a; Dera et al., 2009b).  

Toarcian seawater temperature records follow a consistent pattern of rapid warming 

with the onset of the T-OAE negative CIE, and reach a maximum broadly coincident 

with the lowest carbon isotope values, before a more gradual cooling (Figure 1.5; 

Bailey et al., 2003; Dera et al., 2009b). Despite the strong evidence for T-OAE warming 

coincident with carbon cycle perturbation, a reliable high-resolution record of 

palaeotemperature changes, and a precise assessment of warming magnitude, 

through the T-OAE is lacking. Construction of such a record is severely hampered by 

the paucity of suitable macrofossils, such as belemnites, during the event (Cohen et al., 

2004; Hesselbo et al., 2007; Xu et al., 2018) and the lack of a reliable calibration for 

belemnite palaeotemperature as they are now extinct (McArthur et al., 2000). The lack 

of early Jurassic deposits that are not diagenetically altered prevents the use of other 

palaeotemperature proxies such as biomarkers or microfossils. 

1.2.5 Accelerated hydrological cycling  

The T-OAE has long been suggested to be associated with changes to hydrological 

cycling such as monsoon rainfall, runoff and nutrient supply to the continental shelf 

(Parrish and Curtis, 1982; Röhl et al., 2001). More recently, Osmium (Os) isotopes 

have been used to assess changes in global weathering during the T-OAE (Cohen et 

al., 2004; Percival et al., 2016; Them et al., 2017b). Os isotope (187Os/188Os) records 

from Yorkshire, UK (Cohen et al., 2004); Wales, UK (Percival et al., 2016) and Alberta, 

Canada (Them et al., 2017b) all demonstrate shifts to more radiogenic Os isotope 

values in T-OAE sediments and contemporaneous seawater, suggesting an increased 

contribution of continental material due to increased continental weathering. The 

coincidence of increasing 187Os/188Os with decreasing carbon isotope values, and 

decreasing 187Os/188Os with increasing carbon isotope values (Figure 1.5), in all three 

Os isotope records strongly suggests that accelerated global hydrological cycling and 

increased weathering was driven by global warming during the T-OAE (Them et al., 

2017b). A ~1.2‰ negative excursion in bulk carbonate δ44/40Ca coincident with the T-
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OAE at Peniche, Portugal suggests an increase in delivery of riverine Ca to the ocean 

(and a change in global ocean alkalinity) during the T-OAE (Brazier et al., 2015). This 

evidence further supports increased weathering and run off due to T-OAE global 

warming (Brazier et al., 2015).  

The isotopic excursions indicating global increases in weathering due to T-OAE 

accelerated hydrological cycling are supported by local increases in kaolinite 

abundance (Dera et al., 2009a; Hermoso and Pellenard, 2014; Xu et al., 2018), which 

suggest increased continental weathering and run off. Changes in elemental ratios of 

Rb/Zr and K/Ti in T-OAE deposits from Wales and Japan also suggest local increases 

in clay deposition, and therefore accelerated hydrological cycling and enhanced 

continental weathering (Kemp and Izumi, 2014; Xu et al., 2018). This is because high 

Rb/Zr and K/Ti ratios reflect relatively high concentrations of Rb and K in clay minerals 

such as aluminosilicates. In contrast, Zr and Ti are more commonly associated with the 

silt-sand portion of sediment as they are associated with dense minerals such as 

zirconium and rutile (Calvert and Pedersen, 2007).  Increases in the abundance of 

coarse-grained event deposits in marine T-OAE strata (Figure 1.7) in Portugal 

(Hesselbo et al., 2007; Pittet et al., 2014), Wales (Xu et al., 2018), France (Suan et al., 

2013), Japan (Izumi et al., 2018) and China (Han et al., 2018) further support 

widespread hydrological cycle acceleration and sediment delivery to the oceans. The 

substantial body of evidence for accelerated hydrological cycling during the T-OAE 

(summarised in Figure 1.7) is consistent with the hypothesis of increased freshwater 

input during the CIE having affected δ18O signatures (Bailey et al., 2003; Suan et al., 

2008a; Dera et al., 2009b). Accelerated hydrological cycling would also have provided 

nutrients for increased primary productivity during the T-OAE (Jenkyns et al., 2001). 



Chapter 1 – Introduction and background                                        M.Saker-Clark, 2018  

 

14 

 

Figure 1.7: Summary of evidence for accelerated hydrological cycling during the T-
OAE. After Xu et al. (2018). Grey bars represent debris-flow deposits, sandstones, 
storm deposits or turbidites. 
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There are differences in the magnitude of 187Os/188Os increase during the T-OAE: ~0.7 

in Yorkshire (Cohen et al., 2004) and ~0.4 in Wales (Percival et al., 2016) and Canada 

(Them et al., 2017b), though none of these records are high-resolution so aliasing 

cannot be ruled out. These data have led to contrasting estimates of the magnitude of 

global weathering increase, between ~2.58 times (Percival et al., 2016) and 4-8 times 

(Cohen et al., 2004). The similarity in estimates from Os isotope records in Wales and 

Canada has been used to suggest that these represent the true magnitude of global 

weathering increase, and that values from the Yorkshire succession are affected by 

local factors such as basin restriction (Them et al., 2017b). However, the δ44/40Ca 

decrease of ~1.2 associated with the T-OAE has been used to suggest increased 

global weathering of ~500% (Brazier et al., 2015), which corroborates the estimates of 

Cohen et al. (2004). These discrepancies highlight the present uncertainty in the 

magnitude of global weathering and hydrological cycle increase during the T-OAE. 

In addition to evidence for overall hydrological cycle acceleration, there is 

geographically widespread evidence that supports enhanced tropical cyclone activity 

during the T-OAE (Krencker et al., 2015 and references therein). Though, unequivocal 

evidence of storm-wave activity such as hummocky cross stratification has only been 

documented in a few T-OAE successions globally (Duarte et al., 2007; Suan et al., 

2013; Krencker et al., 2015; Han et al., 2018). It has been suggested (Krencker et al., 

2015) that evidence for enhanced storm activity during the T-OAE was a result of 

tropical cyclone intensification in response to global warming. Current records of T-

OAE storm activity and carbon cycle perturbation are of insufficient resolution to assess 

changes to storm activity in relation to carbon cycle and temperature changes. Further 

work is therefore required to: 1) confidently establish a causal link between changes to 

Toarcian storm activity and T-OAE global warming, and 2) assess precise changes in 

Toarcian extreme weather through the onset, acme and recovery of this carbon cycle 

perturbation.   

1.2.6 Eustatic sea-level rise 

The integrated chronostratigraphic and eustatic sea-level study of Haq et al. (1988), 

that primarily used continental shelf onlap surfaces in seismic data to assess sea level 

changes, indicates that the late Pliensbachian-early Toarcian was characterised by a 

major eustatic sea-level rise with a maximum flooding surface in the falciferum 

Subzone (Haq et al., 1988). This study is supported by sequence stratigraphic studies 

of Toarcian successions from the British Isles that identify a large-scale (second order) 
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transgression through the tenuicostatum and falciferum zones (Hesselbo and Jenkyns, 

1998; Wignall et al., 2005; Hesselbo, 2008).  Detailed studies of individual sites have 

argued for a more complex array of relative sea-level changes over printed on this 

global transgression (Hesselbo and Jenkyns, 1998; Thibault et al., 2017). 

1.2.7 Biotic changes 

The early Toarcian is marked by significant extinction and biotic turnover (Raup and 

Sepkoski, 1986; Little and Benton, 1995; Harries and Little, 1999; Caswell et al., 2009; 

Caruthers et al., 2013) with estimated extinctions at the family, genus and species 

levels of 8%, 26% and 33-53% respectively (Harries and Little, 1999). This early 

Toarcian extinction event impacted both nektonic (Cecca and Macchioni, 2004; Wignall 

et al., 2005; Caswell et al., 2009; Dera et al., 2010; Caruthers et al., 2013; Caswell and 

Coe, 2014; Ullmann et al., 2014) and benthic taxa (Little and Benton, 1995; Caswell et 

al., 2009; Caswell and Coe, 2012, 2013; Danise et al., 2015). 

With increasingly detailed studies, understanding of the timing of the early Toarcian 

extinction has increased from the original hypothesis of a single mass extinction at the 

Pliensbachian-Toarcian boundary (Raup and Sepkoski, 1986), to current 

understanding of a multi-phased, step-wise extinction from the Pliensbachian-Toarcian 

boundary into the lower Toarcian (Harries and Little, 1999; Caswell et al., 2009; Dera et 

al., 2010; Caruthers et al., 2013). Caswell et al., (2009) found that the latest “step” in 

the extinction at Yorkshire, UK coincided with the start of the T-OAE sensu stricto 

(Pearce et al., 2008), and the first abrupt negative step in the negative CIE as identified 

by Kemp et al., (2005) (Figure 1.6). A compilation of faunal data from 22 early Toarcian 

successions in western North America demonstrates that ammonite and foraminifera 

species diversity reached minimum values during the T-OAE (Caruthers et al., 2013). 

These findings demonstrate that environmental change associated with the T-OAE 

contributed to extinction during the early Toarcian.   

In addition, the T-OAE itself is marked by an apparent carbonate production crisis, the 

base of which is coincident with the onset of the negative CIE (Tremolada et al., 2005). 

This carbonate crisis at the T-OAE is supported by a widespread drop in bulk rock 

CaCO3 concentration (Mattioli et al., 2004; Hermoso, Minoletti, et al., 2009); an abrupt 

decrease in calcareous nannofossil diversity, abundance and size (Tremolada et al., 

2005; Mattioli et al., 2009; Hermoso et al., 2012; Danise et al., 2013; Clémence, 2014); 

and a reduction in carbonate platform calcification evidenced by decreased bivalve and 
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calcareous algae abundance (Trecalli et al., 2012). It has been proposed that ocean 

acidification led to this carbonate production crisis during the T-OAE, possibly causing 

extinctions during the T-OAE (Hermoso et al., 2012; Trecalli et al., 2012).  

Statistical correlation of epifaunal bivalve size and abundance with [Mo] and carbon 

isotopes during the T-OAE has been used to suggest control on these benthic 

organisms by levels of primary productivity and oxygenation during the T-OAE (Caswell 

and Coe, 2013). Caswell and Coe (2014) also demonstrated stratigraphic correlation of 

the mortality of pelagic fauna (fish and ammonites), Mo isotope data, and benthic 

faunal abundance, and used this to suggest that photic zone euxinia during the T-OAE 

affected pelagic fauna, likely through food supply control. Further multivariate statistical 

analysis by Danise et al. (2015) suggested that benthic organisms were primarily 

affected by hypoxia, whilst nektonic organism extinctions were driven by run off, 

nutrient supply and primary productivity during the T-OAE. The statistical analysis of 

Danise et al. (2015) suggests that marine community dynamics were not directly 

controlled by temperature change. This conclusion is also in contrast with previous 

suggestions based on comparisons with modern day fauna that temperature likely 

influenced turnover of nektonic fauna such as belemnites (Caswell and Coe, 2014; 

Ullmann et al., 2014). Together, available faunal data for the T-OAE suggest that a 

combination of ocean acidification, oceanic deoxygenation, increased sea temperature 

and changes to nutrient supply and primary productivity contributed to profound 

changes in population dynamics and marine assemblages at this time.  

1.2.8 Causal mechanisms of Toarcian environmental change  

1.2.8.1 Ocean overturning hypothesis 

Küspert (1982) first recognised the large negative CIE coincident with widespread 

organic carbon enrichment at the T-OAE and proposed that oceanic overturning might 

be able to reconcile the features of the T-OAE, although expressed uncertainty in this 

model. This model suggested that during the T-OAE increased run off (Section 1.2.5) 

caused surface water freshening and stratification in restricted basins. Stratification led 

to euxinic bottom waters with organic matter degradation by sulphur-reducing bacteria, 

producing an isolated body of 13C-depleted bottom water, and organic carbon 

accumulation (Küspert, 1982). The authors invoked a change in ocean circulation to 

trigger remixing with surface waters and consequent uptake of 13C-depleted carbon by 

primary producers. Burial of this organic matter would then have led to the observed 

negative CIE (Küspert, 1982; Röhl et al., 2001). McArthur et al. (2008) supported this 
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hypothesis due to bias in the locations where the negative CIE is observed, to the NW 

European epicontinental sea, and a lack of widespread evidence of the CIE at the time 

(See Section 1.2.9). 

1.2.8.2 Carbon release and global warming 

Evidence for the negative CIE in terrestrial plant material (Section 1.2.2; Figure 1.5; 

Hesselbo et al., 2000) indicates that the T-OAE carbon cycle perturbation affected the 

atmosphere and was global in extent, as the atmosphere mixes on timescales much 

shorter than the duration of the event (Hesselbo et al., 2000). This evidence, combined 

with evidence for the T-OAE negative CIE in multiple geological media from Africa, 

Asia, Europe and America (See Section 1.2.2 and 1.2.9) is not compatible with the 

Küspert model. Rather, the data suggest that the negative CIE was a result of 

significant release of 13C-depleted carbon to the ocean atmosphere system (e.g. 

Hesselbo et al., 2000; Kemp et al., 2005). This hypothesis of carbon release is 

supported by stomatal evidence for elevated atmospheric CO2 concentrations during 

the T-OAE, including the rapid uptake of 2600-4400 Gt of C into the atmosphere 

(McElwain et al., 2005). Furthermore, all of the environmental changes that occurred 

during the T-OAE (Sections 1.2.1-1.2.7) can be explained as direct or indirect 

consequences of significant global carbon release and associated greenhouse 

warming (Figure 1.8; Jenkyns, 2010). Whilst there is consensus that the T-OAE and 

associated environmental changes (Sections 1.2.1-1.2.7) were the result of 13C-

depleted carbon release, the source of this carbon is still debated (e.g. Hesselbo, 

Gröcke, et al., 2000; Kemp et al., 2005; Svensen et al., 2007; Brazier et al., 2015).  
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Figure 1.8 Mechanisms of environmental responses to carbon release during the 
T-OAE. Flow diagram inspired by (Jenkyns, 2003) 

1.2.8.3 Source of early Toarcian carbon release  

The Karoo-Ferrar Large Igneous Province was emplaced during the early Toarcian 

over a 2-4 Myr period around 183 Ma (e.g. Duncan et al., 1997; Jourdan et al., 2008; 

Sell et al., 2014) with 1-2 Myr of intense volcanism (Pálfy and Smith, 2000). The 

coincidence of Karoo Ferrar LIP emplacement with the T-OAE has led to suggestions 

that this emplacement had a role in the triggering of the T-OAE (e.g. Cohen et al., 

2007). A recent study assessing alkalinity changes during the T-OAE provided mass 

balance model results that suggested that the T-OAE was caused by the release of 

>40000 Gt of C of carbon isotope ratio (δ13C) ~-13.6‰ to -8.2‰ (Brazier et al., 2015). 

These constraints on the isotopic composition of released carbon are consistent with 

carbon dioxide primarily sourced from volcanic degassing (Brazier et al., 2015). 

However, it is noted by the authors that this study is limited by the low resolution of the 

Ca isotope record and requires confirmation by studies using more realistic fully-

coupled carbon and calcium cycle models (Brazier et al., 2015).  
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The Karoo-Ferrar LIP may have also triggered carbon release through the contact 

metamorphism of facies rich in organic carbon (such as coals) (McElwain et al., 2005; 

Svensen et al., 2007). McElwain et al. (2005) suggested that thermogenic methane 

produced in this way may have contributed over 3000 Gt of CH4 to the atmosphere 

during the T-OAE, although this estimate is limited by uncertainty in the extent of the 

contact metamorphic aureole, and the mass of organic carbon in this area. 

Extrapolation of TOC-loss has been used to suggest 394-675 Gt CH4 of potential C 

release from the early Toarcian western Karoo Basin, with the potential for 15 times 

this amount across the whole basin (Svensen et al., 2007).  Whilst these results 

suggest that thermogenic methane may have contributed significant amounts of 

carbon, that led to warming and helped to trigger the T-OAE, modelling suggests that 

thermogenic methane fails to reconcile the magnitude and extent of the CIE, and CO2 

concentration estimates (Beerling and Brentnall, 2007). 

Hesselbo et al. (2000) suggested that a potential source of 13C-depleted carbon during 

the T-OAE was methane released by dissociation of methane hydrates. Methane 

hydrates contain biogenic methane with a carbon isotope ratio (δ13C) ~-60‰ 

(Kvenvolden, 1993), held in metastable water ice lattices (Kvenvolden, 1988). Methane 

hydrates accumulate on continental shelves at the present day, in areas where 

pressure-temperature conditions are within their stable range (Figure 1.9). Methane 

hydrates melt when changes in pressure and/or temperature push them beyond their 

stable range, releasing methane into the ocean atmosphere system (Kvenvolden, 

1988). Methane is both a powerful greenhouse gas itself, but also oxidises over ~12 

years to form CO2 (IPCC, 2013), and it is this created CO2 which is hypothesised to 

result in the greenhouse warming of the T-OAE (Beerling, 2002). 
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Figure 1.9: Phase diagram showing the stable range of methane hydrate (stippled 
area) in the pure water-methane system. From Kvenvolden, 1988.  

Modelling has suggested that the Toarcian negative CIE would have required >6000 Gt 

C release from methane hydrates (Beerling et al., 2002; Beerling and Brentnall, 2007), 

although this estimate has large inherent uncertainty due to uncertainty in the true 

magnitude of the CIE (Suan et al., 2015).  This mass of methane carbon is comparable 

to estimates of the present day methane hydrate reservoir, which are variable but are 

generally >5x103 Gt (Kvenvolden, 1988). The mass of stable methane hydrate during 
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the early Toarcian is extremely poorly constrained, this therefore cannot be used to 

confirm or rule out methane hydrate contribution to the T-OAE (Cohen et al., 2004).  

The four astronomically-paced abrupt shifts in carbon isotope data  (Kemp et al., 2005; 

Section 1.2.2), are inconsistent with volcanogenic CO2 or thermogenic methane 

release as these cannot be astronomically-paced, but are consistent with the methane 

hydrate dissociation hypothesis (Kemp et al., 2005). Nevertheless, thermogenic 

methane and/or volcanogenic CO2 release associated with the Karoo-Ferrar LIP may 

have initiated warming, eventually leading to methane hydrate dissociation (Hesselbo 

et al., 2000; Kemp et al., 2005).  

1.2.9 Spatial distribution of T-OAE records 

Records of the early Toarcian negative CIE have been produced from sites located in 

Asia, North and South America, Europe and Africa, but detailed (multiproxy and high-

resolution) studies are mostly from European sites (Figure 1.10). Knowledge of early 

Toarcian environmental change is limited by the paucity of studies from outside west 

Tethys (Europe). Moreover, detailed studies are limited to mid latitudes, and no 

detailed studies of environmental change during the T-OAE have been completed in 

the tropics (Figure 1.9). Thus, new high-resolution records of the T-OAE and 

associated environmental changes from tropical latitudes (<23° N/S) are required to:  

1) Increase understanding of the spatial variation in the effects of early Toarcian 

global warming and the Earth system responses; and 

2) Allow the distinction between global effects of early Toarcian climate change 

and those that primarily affect mid or low latitudes. 
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Figure 1.10: Palaeogeographic map of location and data points of records of T-
OAE climate change. Data points refers to the total number of data points 
published at a given site. Map adapted after Jenkyns et al. (2002).  

1.2.10 Current estimates and limitations of the T-OAE timescale 

Radiometric techniques (U/Pb and Ar/Ar dating) have been used to assign absolute 

dates to the base and top Toarcian stage of 183.6 +1.7/-1.1 Ma and 178.0 +1.0/-1.5 Ma 

respectively (Pálfy and Smith, 2000). These dates yield an estimated duration of the 

Toarcian of ~5.6 Myr. U/Pb dating has also been used to suggest that the Toarcian 

negative CIE started at 182.16 ± 0.6 Ma and ended at 180.16 ± 0.66 Ma, resulting in a 

CIE duration of between 0.74 and 3.26 Myr (Mazzini et al., 2010). Reliability of this 

estimate has been questioned (e.g. Huang and Hesselbo, 2014) due to the lack of 

constraint of the stratigraphic position of the Toarcian CIE within the dated succession 

in the Neuquen Basin, Argentina. This issue is compounded by a lack of ammonite 

fossils (Mazzini et al., 2010), highlighting the need for a more precise ammonite 

stratigraphy for this location. Uncertainty in radiometric age estimation of early Toarcian 

strata, largely due to insufficient quantity of material for dating, means that radiometric 

dating techniques are insufficient to resolve the duration of the T-OAE, which is likely 

on the scale of 105-106 yr (see later in this section). Furthermore, dated horizons in 

successions with reliable bio- and chemo-stratigraphy are not sufficiently numerous to 

confidently constrain the duration of the T-OAE.  

Milutin Milankovitch (1930; 1941) established Milankovitch theory which recognises 

that cycles in eccentricity, precession and obliquity parameters of Earth’s orbit cause 

changes in seasonality, which can be recorded as perturbations in the geologic record 
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(Hays et al., 1976). This recognition of these cyclic orbital variations in climate-sensitive 

geological proxies led to the establishment of cyclostratigraphy (Hays et al., 1976). 

Cyclostratigraphy is the only method of timescale analysis of sufficient resolution to 

reconstruct Jurassic geologic timescales on the scale of 103-105 yr (Weedon, 2003). 

The key geologically relevant orbital parameters of Milankovitch theory are: 

1) Eccentricity: a measure of how elliptical Earth’s orbit around the sun is. 

Eccentricity is found to vary cyclically between ~0.058 (elliptical) and ~0.0005 

(near-circular) on periods of ~400 kyr and ~100 kyr (Berger, 1988; Laskar et al., 

2011; Figure 1.11). Eccentricity affects the Earth’s climate processes by 

modulating the contrast between seasons, having greatest effects on the length 

and intensity of low latitude summers (Berger, 1988).  

2) Obliquity: the angle of the ‘tilt’ of the axis on which Earth spins, this varies 

between ~22.1° and ~24.4° within an obliquity cycle (Figure 1.10). Obliquity 

cycles have a period of ~41 kyr, although this has varied through time and is 

calculated to have been ~36 kyr during the Toarcian (Laskar et al., 2011). 

Obliquity variation changes the amplitude of seasonality, with high tilt causing 

high seasonal cycle amplitude (Berger, 1988). The magnitude of obliquity-

forced change in summer-winter insolation contrast increases with increasing 

latitude (Berger, 1988). This latitudinal contrast is at maximum when obliquity is 

at maximum (Berger, 1988).  

3) Precession: the change in the orientation of Earth’s axis of rotation (Figure 

1.10), which cycles over a ~26 kyr period (Berger, 1988). Precession varies the 

date of the equinoxes and changes when seasons occur relative to Earth 

position in its orbit (Berger, 1988). This leads to precession control on 

seasonality, e.g. when perihelion occurs during southern hemisphere summer, 

insolation due to both inclination towards the sun and proximity to the sun are at 

maxima in the summer and minimum in winter, maximising seasonality. 

Precession effects on insolation vary in 2 components with periods of ~23 and 

~19 kyr, which often are indistinguishable in geological datasets, so are 

interpreted as having a mean ~21 kyr periodicity (Laskar et al., 2011). The 

amplitude of precession cycles is modulated by changes in eccentricity on ~100 

kyr and ~400 kyr cycles, due to eccentricity’s control on the distance between 

the Earth and Sun at perihelion and aphelion (Berger, 1988).  
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Figure 1.11: Schematic depiction of the cyclic variation of orbital parameters 
according to Milankovitch theory. From Zachos et al. 2001. 

Multiple cyclostratigraphic studies of the T-OAE interval have identified statistically 

significant cycles in proxy data which have been used to assign durations of the 

Toarcian negative CIE that range from ~300 kyr to ~900 kyr, (Kemp et al., 2005; Suan 

et al., 2008b; Boulila et al., 2014; Huang and Hesselbo, 2014; Ruebsam et al., 2014; 

Boulila and A. Hinnov, 2017). A cyclicity at a ~75 cm wavelength has been identified in 

CaCO3 concentration, δ13Corg, TOC concentration and S concentration data from the 

Yorkshire, UK, early Toarcian succession (Kemp et al., 2005, 2011). Spectral analysis 

of high-resolution CaCO3 concentration data from the early Toarcian succession at 

Peniche, Portugal has found statistically significant cycles of ~1.4-1.5 m wavelength 

(Suan et al., 2008b; Kemp et al., 2011; Huang and Hesselbo, 2014). Kemp et al. (2011) 

suggested that the statistically significant cycles in the Yorkshire and Peniche sections 

are correlative due to the comparable stratigraphic position of the cycles relative to the 

CIE, and the similar number of cycles through the negative CIE. This correlation has 
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since been extended to correlate ~0.7 m cycles in magnetic susceptibility in early 

Toarcian strata at Sancerre, France (Boulila et al., 2014; Figure 1.12). This widely 

accepted correlation (Figure 1.12) suggests that the ~0.75 m, ~1.4-1.5 m and ~0.7 m 

cyclicities, from Yorkshire, Portugal and France respectively, are products of the same 

orbital forcing parameter (Kemp et al., 2011; Boulila et al., 2014; Huang and Hesselbo, 

2014; Boulila and A. Hinnov, 2017). 

Figure 1.12: Correlation of the early Toarcian negative CIE and cycles in δ13Ccarb, 
δ13Corg and CaCO3 data from Sancerre, Yorkshire and Peniche respectively. From 
Boulila et al., 2014. 
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Kemp et al., (2011) used comparison of Yorkshire (~75 cm) and Peniche (~1.4-1.5 m) 

cycles, and estimates of the duration of the Toarcian at the time (Gradstein et al., 2004) 

to suggest precession (~21 kyr) or obliquity (~36 kyr) forcing of these cycles. 

Subsequently, Boulila et al. (2014) and Boulila and Hinnov (2017) have used the 

apparent identification of ~8 m cycles in the Sancerre succession and a ~3 m cycle in 

the Peniche succession to ascribe obliquity forcing to the 0.7 m cycle in Sancerre 

(Figure 1.12). This work was used in combination with radiometric dates (Pálfy and 

Smith, 2000; Mazzini et al., 2010) to provide an updated duration of the Toarcian of 

~8.3 Myr (Gradstein, 2012).  Conversely, Suan et al. (2008b) and Huang and Hesselbo 

(2014) suggest a 100 kyr eccentricity forcing of the Peniche ~1.4-1.5 m cycle based 

upon identification of statistically significant cycles of shorter wavelengths in the 

Yorkshire and Peniche successions. This hypothesis has been supported by the results 

of cyclostratigraphic analysis of a T-OAE succession from Luxembourg (Ruebsam et 

al., 2014). Contradictory suggestions of obliquity (~36 kyr) and eccentricity (~100 kyr) 

forcing of correlative cycles have led to estimates of the duration of the T-OAE negative 

CIE varying by a factor of ~2.5–3, between ~300 kyr and ~900 kyr (Boulila and Hinnov, 

2017). Radiometric dates used to estimate the duration of the Toarcian stage (Pálfy 

and Smith, 2000; Mazzini et al., 2010) are not precise enough to distinguish between 

these two competing theories.   

Cyclostratigraphic studies of the same early Toarcian successions have yielded 

contrasting results, and inference of different numbers of statistically significant 

cyclicities (Suan et al., 2008b; Kemp et al., 2011; Huang and Hesselbo, 2014; Boulila 

and Hinnov, 2017). Differences in the results of these studies are likely to be partly due 

to inconsistent cyclostratigraphic methods including: the use of complex detrending 

methods (Huang and Hesselbo, 2014); variations in the use of filtering (Boulila et al., 

2014; Huang and Hesselbo, 2014; Boulila and Hinnov, 2017); and variations in the 

statistical significance levels used to validate cyclicities (Kemp et al., 2005; Huang and 

Hesselbo, 2014; Boulila and Hinnov, 2017). This variation indicates the need for a 

more standard, conservative method of time series analysis for application to early 

Toarcian time series, to produce a comprehensive and unified cyclostratigraphic 

timescale.  

The cyclicity that forces the ~75 cm cycle from the Yorkshire succession, and the 

correlative ~1.4-1.5 m and ~0.7 m equivalents from Peniche and Sancerre, is the only 

cyclicity that is observed consistently in multiple successions, independent of analysis 

method (Kemp et al., 2005, 2011; Suan et al., 2008b; Boulila et al., 2014; Boulila and 
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A. Hinnov, 2017). More than one cycle is required to be able to use the ratio between 

the cycle wavelengths to confidently assess the astronomical forcing of these cycles. 

This highlights the need for independent high-resolution studies of sufficient resolution 

to capture the potential high frequency cycles identified by Suan et al. (2008b) and 

Huang and Hesselbo (2014), to comprehensively assess the nature of Early Toarcian 

orbital forcing. 

In addition to uncertainty in the orbital forcing of cycles observed in T-OAE climate 

proxy data, no studies have shown a pervasive cyclicity through the entire T-OAE 

negative CIE (e.g. Figure 1.11). This leads to uncertainty in assessment of the full 

duration of the T-OAE, even when an orbital forcing is assumed. Therefore, further 

work is required to produce a continuous, high-resolution climate proxy record through 

a complete, expanded T-OAE succession to acquire a cyclostratigraphic timescale for 

the entire T-OAE. 

1.3 Thesis objectives 

This thesis seeks to develop further knowledge and understanding of environmental 

change during the T-OAE by addressing three objectives as outlined below.  

This thesis will:  

1) Investigate the effects of the T-OAE at tropical palaeolatitudes (see Section 

1.2.9) by:  

a) establishing the first high-resolution, multiproxy records of the T-OAE at 

tropical palaeolatitudes using graphic logging and studies of sedimentology, 

and geochemistry of previously published and new Toarcian successions in 

Morocco.  

b) investigating the sedimentological changes along a proximal to distal basin 

profile to establish basin setting and the effects of basin setting on changes 

in the sedimentary expression of the T-OAE.   

 

2) Use new high-resolution proxy data to produce a new, independent 

cyclostratigraphic timescale for the T-OAE to address current debates 

surrounding the duration of the event (see Section 1.2.10) 
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3) Investigate the efficacy of portable X-ray fluorescence spectroscopy as an 

efficient method of producing high-resolution elemental abundance datasets 

suitable for cyclostratigraphic analysis and palaeoenvironmental interpretation.   

1.4 Structure  

Chapter 2 and 3 of the thesis present the methodology used in this thesis. Chapters 4 

to 6 present the results and discussion of three different aspects of the research. 

Chapter 7 provides an overall synthesis of the conclusions of the research in this 

thesis. 

The chapters of this thesis are: 

Chapter 2: Geological setting and field methodology 

This chapter describes the study area and the methods used to identify sections in the 

Middle Atlas (Morocco) to enable completion of objectives 1 and 2. The chapter also 

presents the field methods and field sampling strategy used in this research project.  

Chapter 3: Portable X-ray fluorescence spectroscopy as a tool for 

cyclostratigraphy 

This chapter presents a new optimised method for using portable X-ray fluorescence 

spectroscopy (pXRF) in cyclostratigraphic studies to address objective 3. The method 

was developed and tested using early Toarcian strata from Yorkshire, UK to test the 

efficacy of pXRF data for cyclostratigraphy. The method presented here is also used to 

produce results in chapter 5. 

Chapter 4: Enhancement and astronomical modulation of tropical storms during 

early Jurassic warming 

This results chapter presents the first detailed sedimentological and carbon isotope 

record of the T-OAE from the tropics. The new data are used to detail and quantify the 

nature, timing and forcing mechanisms of changes to tropical storm activity during early 

Toarcian climate change. This is the first high-resolution record of storm events on a 

multi-millenial timescale from anywhere in the rock record. This chapter contributes to 

thesis objectives 1 and 2.  
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Chapter 5: A millennial-scale record of Toarcian tropical climate 

This results chapter utilises the potential of the expanded section discovered through 

the analysis presented in chapter 4 to investigate the geochemistry of a T-OAE section 

deposited in the tropics (objective 1). The general character of the Pleinsbachian-

Toarcian boundary is also presented. This chapter includes a large elemental 

concentration data set produced through the application of the new pXRF method, 

developed during this research project (objective 3) and described in Chapter 3. The 

elemental concentration data set is used to produce a new timescale for the T-OAE 

and thereby allow better constraints on the rates and durations of climatic changes 

(objectives 2 and 3).  

Chapter 6: Basin-wide response to Toarcian climate change: The Middle Atlas, 

Morocco 

This results chapter builds directly on the findings presented in Chapters 4 and 5 and 

demonstrates how the sedimentary expression of the tropical storm activity varied 

across the Middle Atlas Basin. Sedimentological and geochemical records from four 

sites along a proximal to distal transect across the Middle Atlas Basin are presented. 

These results are used to discuss the climatic and tectonic controls on early Toarcian 

deposits in the Middle Atlas Basin and develop understanding of the effects of T-OAE 

climate change at tropical latitudes (objectives 1 and 2). 

Chapter 7: Synthesis, implications and future work 

This chapter draws together the results of this research and discusses the key 

implications of the findings. It provides a summary of tropical environmental changes 

during early Toarcian climate change. The significance of these results, and the new 

timescale produced in this research, on wider understanding of early Jurassic 

palaeoclimate change are discussed. Opportunities for future work identified during this 

research are also presented.  
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Chapter 2  

Geological setting and field methodology 

2.1 Introduction 

This chapter outlines: (i) the location and geological history of the sections studied in 

this research project and how these sections were chosen for study (Section 2.2); (ii) 

the field methods applied to each site (Section 2.3) and (iii) details of the sampling 

strategies used (Section 2.4).  

2.2 The Middle Atlas Basin, Morocco 

2.2.1 Location 

The Middle Atlas a NE-SW trending mountain range in central-eastern Morocco that 

lies SE of Fes and forms an arm of the larger Atlas mountain belt (Figure 2.1). Previous 

studies have shown that the Middle Atlas contains exposures of Toarcian rocks  that 

were deposited on the Northern Gondwanan margin on the SW edge of the Tethys 

Ocean at ~18°N palaeolatitude (Benshili, 1989; Fedan, 1989; Bassoullet et al., 1993; 

Bejjaji et al., 2010; Figure 2.2). This area of study was chosen because of the potential 

that these low latitude successions provide for insights into tropical latitude 

palaeoenvironmental change during the Toarcian (Section 1.3).  
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Figure 2.1: Middle Atlas location map. Simplified map of Morocco indicating the 
location of the Middle Atlas (modified after Krencker et al., 2014). Grey shading 
shows the extent of the Atlas Mountains. 

Figure 2.2: Palaeogeographic location maps of the Middle Atlas during the 
Toarcian. a) Global map after Smith et al. (1994); b) Detail of western Tethys 
Ocean after Bassoullet et al. (1993). Grey shading represents exposed land mass. 
Yellow star represents Middle Atlas location.  

2.2.2 Geological history 

2.2.2.1 Rift basin formation and Jurassic sedimentation 

The Middle Atlas rift basin developed during the Mesozoic as a branch of the Atlasic rift 

complex and is considered to represent a ‘failed rift’ scenario (du Dresnay, 1987; 

Laville et al., 2004; Frizon de Lamotte et al., 2008). Rifting in the Middle Atlas region 
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occurred in 2 distinct phases of crustal extension (Beauchamp et al., 1996). Primary 

regional extension, from the Carnian to the earliest Jurassic, has been described as the 

“dry”-rift episode, characterised by fault blocks overlain with continental siliciclastics 

(red beds), evaporites and basalts (Petit and Beauchamp, 1986; El Arabi et al., 2003).  

Subsequent Early Jurassic rifting has been described as “wet” and is represented by 

deposits of shallow and deep-water argillaceous limestones and carbonate platforms 

(R. du Dresnay, 1987; Fedan, 1989; El Arabi et al., 1999).  

The architecture of rifting through the Pliensbachian and Toarcian (“wet” rifting phase) 

was governed by SW-NE and SE-NW oriented structural trends, inherited from 

structures related to the end-Hercynian orogeny (Charrière et al., 1994; Beauchamp et 

al., 1996; El Arabi et al., 1999; Hammichi, 2002). This resulted in the 

compartmentalisation of the Middle Atlas Basin into blocks tilted either towards the NE 

or the SW and the creation of depocentres (Fedan, 1989; El Arabi et al., 2001; El 

Hammichi et al., 2002, 2007).  Early Jurassic rocks deposited the northern Middle Atlas 

depocenter prograded to the NE and were inferred to have been deposited on tilted 

blocks dipping in the same direction (Figure 2.3; El Arabi et al., 1999, 2001; Hammichi 

et al., 2007). The northern Middle Atlas Basin was open to Tethyan influences (Figure 

2.3; El Arabi et al., 1999, 2001; Hammichi et al., 2007). Deposition in the SW Middle 

Atlas depocentre is thought to have occurred on SW-tilted fault blocks, this depocentre 

was isolated from the northern Middle Atlas depocenter by the Boulemane shoal (‘Haut 

Fond de Boulemane’) (Figure 2.3; El Arabi et al., 2001; El Hammichi et al., 2002; El 

Hammichi and Tabyaoui, 2015). 

Figure 2.3: Block diagram of the Middle Atlas Basin in the early Toarcian. Diagram 
after El Arabi et al., 2001. Note the isolation of the SW Middle Atlas (Bloc du 
Selloum) from the Northern Middle Atlas (Bloc de Skoura and Bloc de Zloul) by the 
Haut-fond de Boulemane. The northern Middle Atlas depocentre dipping to the NE 
basin was open to the Tethys Ocean. 

early Toarcian 
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The sites chosen for this research project are located in the Northern Middle Atlas 

depocentre (Section 2.2.3) due to the connection of this depocentre to the Tethyan 

ocean and multiple known sites of Toarcian successions along a proximal-distal profile 

in this depocentre, that would provide greatest opportunity for satisfaction of Objective 

1 (Section 1.3). Lower Toarcian deposits in this area form part of the Marnes de 

Bechyne, hereby referred to by the English translation, The Bechyne Marls 

(Benzaquen, 1965; Benshili, 1989; Akasbi et al., 2001). This formation comprises grey 

and blue marls with pyritised ammonites and limestone intercalations, indicating 

deposition in a relatively deep, low energy, open-marine environment. Previous studies 

have suggested that there is significant spatial variation in the Middle Atlas Basin and 

that this might be related to tectonic partitioning (Colo, 1961; Benshili, 1989; Fedan, 

1989; Akasbi et al., 2001). General sedimentological and stratigraphic trends were 

used to partition the northern Middle Atlas depocentre into four regions of differing early 

Toarcian deposition (El Arabi et al., 1999, 2001; Hammichi et al., 2007; Figure 2.4). 
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Figure 2.4: Basin structure of the northern Middle Atlas. After El Hammichi et al., 
2007. The Proximal Platform area corresponds to the ‘Haut fond de Boulemane’ 
and the Deep Basin zone to the ‘Bloc de Zloul’ depicted in Figure 2.3. 

The lower Toarcian strata deposited in the Deep Basin region (Figure 2.4) or Bloc de 

Zloul (Figure 2.3; Figure 2.5) comprise thickly bedded grey marls interrupted by a dark 

brown member referred to as the ‘Niveau Brun’ (Colo, 1961; Figure 2.5). The Niveau 

Brun is 5-10 m thick and comprises marls interbedded with planar-bedded, sharp 

based, ~10 cm thick dark-brown silty-limestones that contain 10-20% quartz (El Arabi 

et al., 1999) and  weather proud of the surrounding marl. These silty limestones have 

been described as containing features typical of Bouma sequences, and they are 

therefore interpreted to be turbidites deposited due to fault block instability in the deep 

basin (Akasbi et al., 1993; Akhssas, 1993; El Arabi et al., 1999). Ammonites from the 

Niveau Brun indicate that the member is approximately tenuicostatum-serpentinum 

ammonite Zone boundary age (El Arabi et al., 1999, 2001), broadly coincident with the 
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start of the T-OAE negative CIE (Section 1.2.2). El Hammichi et al., (2002, 2007) 

considered that this area was dominated by deep marine sedimentation, interrupted by 

a brief episode of turbidite influx during the early Toarcian.  

Figure 2.5: Schematic cross section of the lower Toarcian deposits in the Northern 
Middle Atlas. From El Arabi et al., 2001.  

The Basin Border region (Figure 2.4) is characterised by marl regularly interbedded 

with limestones (El Arabi et al., 1999; El Hammichi et al., 2007). The eastern flank of 

this region contains evidence of the Niveau Brun, whereas the SW portion (‘Bloc de 

Skoura’, Figure 2.3 and Figure 2.5) has been reported as not showing evidence for the 

Niveau Brun (Benshili, 1989; El Hammichi et al., 2002, 2007). The general character of 

this region has led to the interpretation that these beds were deposited in a shallower 

setting than the Deep Basin region, and that they formed part of the border of the basin 

(El Hammichi et al., 2007). Although dominated by marl deposition, this region is also 

reported to have contained isolated carbonate platforms (Reolid et al., 2013).  

The SW border of the northern Middle Atlas, Proximal Platform (Figure 2.4) or ‘Haut 

fond de Boulemane’ (Figure 2.3) is characterised by a variety of carbonate-rich facies 

including highly-fossiliferous micrites, calcarenites and marls with evidence of hiatuses 

and condensation (El Hammichi et al., 2007). This is considered to be representative of 

a shallow water depositional environment with carbonate platform development 

(Benshili, 1989; El Hammichi et al., 2002, 2007; Reolid et al., 2013) that acts as the 
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boundary between the Northern Middle Atlas depocentre to the NE and the SW Middle 

Atlas depocentre to the SW. 

2.2.2.2 Cenozoic inversion 

Triassic-Jurassic sedimentary deposits are preserved as unfolded successions in the 

NW portion of the present day Middle Atlas, as part of the Middle Atlas Causse (Frizon 

de Lamotte et al., 2008; Figure 2.6). The Folded Middle Atlas (Moyen Atlas Plissé; 

Figure 2.6) makes up the present day Middle Atlas mountain chain and was formed by 

Cenozoic fold-thrusting of Mesozoic sediments in a 20 km wide fold belt between two 

rigid converging crustal blocks (Gomez et al., 2000; Arboleya et al., 2004). The 

compressional regime started as Hercynian fault reactivation that lasted from the late 

Cretaceous until the Eocene (Frizon de Lamotte et al., 2008). From the Late Eocene to 

Pleistocene regional shortening was taken up through thrust-related folding of the 

Mesozoic sediment pile, oblique to the general N-S direction of compression (Gomez et 

al., 2000; Frizon de Lamotte et al., 2008). The exposure of early Jurassic Middle Atlasic 

deposits studied in this research is primarily on the limbs of anticlinal ridges in the 

Folded Middle Atlas (Figure 2.6). 
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Figure 2.6: Map of geological areas of the Middle Atlas Morocco. “Causse Moyen 
Atlasique” refers to the Middle Atlas Causse, “Moyen Atlas Plisse” is the Folded 
Middle Atlas and “Haut Atlas” is the High Atlas. Map from Frizon de Lamotte et al., 
2008. 

2.2.3 Field sites 

The field sites for this research were all located in the Middle Atlas region of Morocco. 

Exposure in the Middle Atlas is generally good, due to the semi-arid nature of the 

region. However, low density and quality of access roads and tracks, and land 

ownership can limit access to successions.  
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The Toarcian succession at five field sites along a proximal to distal transect in the 

Northern Middle Atlas depocenter were studied for this research project: Tizi Nehassa, 

Ait Moussa, Issouka, Ait Braham and Koudiat Touila (Figure 2.7). The Toarcian 

successions at Issouka, Tizi Nehassa and Koudiat Touila had been the subject of 

previous studies (see Section 2.3.1), whilst the Toarcian strata at Ait Braham and Ait 

Moussa are studied here for the first time. The coordinates for these sites are 

presented in Table 2.1. Three field excursions took place in Spring 2015 (sections near 

Boulemane only), Autumn 2015 (Koudiat Touila and surrounding area only) and Spring 

2016 (sections near Boulemane only). Field study spanned a total of 11 weeks.  

Additional sites (Figure 2.7) at Tizi Issoulitene (Colo, 1961; Benshili, 1989; Bejjaji et al., 

2010); Tagnamas (Bejjaji et al., 2010); Ras El Ma (Benshili, 1989) and Ribat El Kheir 

(Benshili, 1989) were identified through review of literature. These sites were visited 

during the Spring 2015 and Autumn 2015 field seasons. These sections were assessed 

for their practicality for sampling and detailed study and were rejected for use in this 

research due to a lack of safe access (Tagnamas); uncertainty in identification of 

Toarcian strata by correlation to previous logs (Ras El Ma) and poor exposure due to 

recent farming and land ownership changes (Ribat El Kheir).  

Site Latitude Longitude 

Tizi Nehassa 33°16'12" N 4°11'48" W 

Ait Moussa 33°25'26" N 4°20'20" W 

Issouka 33°27'6" N 4°20'39" W 

Ait Braham 33°29'56" N 4°14'12" W 

Koudiat Touila 34°5'2" N 3°55'30" W 

Table 2.1: Coordinates of field sites studied in this research project. 
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Figure 2.7: Map of field site locations in the Middle Atlas, Morocco. White markers 
represent towns and cities. Yellow markers denote studied sites. Red markers 
represent rejected study sites. Base map from Google Earth imagery (accessed 
20th June 2018).  

2.2.3.1 Tizi Nehassa  

Toarcian strata at Tizi Nehassa are exposed on a road cutting, to the east of the road, 

and further exposure can be found to the SW in in a large gully that runs ~N-S (Figure 

2.8).  



Chapter 2 – Geological setting and field methodology                     M.Saker-Clark, 2018 

 

41 

 

Figure 2.8: Tizi Nehassa location map. Red lines represent the locations of 
exposures studied at Tizi Nehassa. Base map from Cartes Du Maroc, Division de 
la Carte, Morocco, 1973 (Sheet Immouzer Des Marmoucha NI-30-VIII-2, 
1:100000).  

2.2.3.2 Ait Moussa 

The studied succession at Ait Moussa is exposed on the banks of the River “Oued Ait 

Bazza” (Figure 2.9). Toarcian marls are well exposed on banks either side of the river 

that runs through the site and are further exposed in the cliff on the south bank of the 

river, on top of which Ait Moussa village is located (Figure 2.9). 

2.2.3.3 Issouka 

The Issouka site is located ~3.2 km NNW of the Ait Moussa site (Figure 2.9). The 

Issouka site suffers from heavy coverage from soil and thick scree, meaning that 

exposure is limited to cut gullies and cliffs and banks either side of the river ‘Oued 

Idlane’ that runs through the site (Figure 2.9).  
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Figure 2.9: Location maps of the Ait Moussa and Issouka study sites. Black lines 
represent succession location. Base map from Cartes Du Maroc, Division de la 
Carte, Morocco, 1977 (Sheet Immouzer Des Marmoucha NI-30-VIII-2c, 1:50000). 

2.2.3.4 Ait Braham 

The Ait Braham site lies ~4 Km NE of Imouzzer Marmoucha, ~400 m north of the river 

that runs through the village of Ait Braham (Figure 2.10). Toarcian strata are excellently 

exposed on a cliff-side exposure, allowing detailed logging and sampling (Figure 2.10; 

Figure 6.6). 
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Figure 2.10: Ait Braham location map. a) Aerial imagery showing location of Ait 
Braham field site (yellow marker) relative to town of Imouzzer Marmoucha. b) 
Aerial imagery showing precise location of exposure of Toarcian strata at Ait 
Braham (black line) on cliff-side of dry river valley. Base maps both from Google 
Earth imagery (accessed 20th June 2018).  
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2.2.3.5 Koudiat Touila 

Koudiat Touila is located ~10 km SE of the city of Taza and Toarcian strata at Koudiat 

Touila are well exposed in a river gully orientated ~E-W (Figure 2.11). The succession 

studied in this research is located above and by the side of a concrete water well 

enclosure along the river.  

 

 
Figure 2.11: Koudiat Touila location map. a) Topographic map from Benshili, 1989, 
showing location of the Koudiat Touila site (KA) with a thick black line. b) Aerial 
imagery of the location of the Koudiat Touila exposure (black line), imagery from 
Google Earth (accessed 20th June 2018).  

2.3 Field methods 

2.3.1 Lithostratigraphy and biostratigraphy  

All of the exposure at the five studied field sites were logged at 0.5 cm resolution in 

order to document the lithologies of each succession. Structural measurements and 

marker bed correlation was used to estimate the size of any exposure gaps and 
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correlate between separate exposures. In the cases of Tizi Nehassa, Ait Moussa, 

Issouka and Koudiat Touila, every attempt was made to recognise the beds described 

by previous studies (e.g. Fedan, 1984; Benshili, 1989; Bassoullet et al., 1991; Rachidi 

et al., 2009; Bejjaji et al., 2010) in the field. Where this was possible, the results of 

logging in this study were correlated to the published data. The logged sections were 

all photographed to capture the entire succession and the locations of samples taken 

(Section 2.3.2). At all sites, and in particular Ait Braham and Ait Moussa where 

Toarcian strata had had no previous study, the strata were searched over for 

ammonites during detailed logging. Where found these were photographed and 

collected if possible. Preliminary identifications were made in the field and then 

photographs were sent to the specialist, Dr Kevin Page (University of Plymouth) for 

confirmation and in most cases species identification for biostratigraphic correlation.  

2.3.1.1 Tizi Nehassa 

The Toarcian deposits at Tizi Nehassa (Figure 2.7) were described by Benshili (1989), 

who also used ammonites to identify the Pliensbachian-Toarcian boundary and assign 

a broad biostratigraphy to the succession. The readily identifiable ferruginous 

limestone, with Zoophycos, overlain by a thick marl, that marks the Pleinsbachian-

Toarcian boundary was used to correlate our graphic log to that of Benshili (1989) 

(Figure 2.8). Benshili (1989) assigned the ~6 m of marls containing discontinuous 

limestones that directly overlie the Pliensbachian-Toarcian boundary, which this study 

focussed on, to the lower Toarcian (Beds 42-44; Figure 2.12). This was based on the 

ammonites that were found in the overlying strata and that can be confidently used to 

constrain this to the middle Toarcian (Benshili, 1989). No lower Toarcian ammonites 

were identified by either previous workers or this study that would allow biostratigraphic 

constraint of the lower Toarcian stratigraphy. However, this section is also badly 

weathered which may have affected the preservation of any ammonites. A full 

description of the results of sedimentary logging of this succession from this research 

project is presented in Section 6.3.1, and a detailed log can be found in Appendix B. 
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Figure 2.12: Lithostratigraphy and biostratigraphy of the Tizi Nehassa succession 
from Benshili, 1989. Domerien represents the upper Pliensbachian, Toarcien refers 
to the Toarcian and inférieur to the lower Toarcian.  

2.3.1.2 Ait Moussa 

The Pliensbachian strata exposed at Ait Moussa have been the subject of numerous 

studies (Benshili, 1989; Assaoud, 1994), most recently focussing on the source rock 

potential of marls rich in organic carbon (Assaoud, 1994; Rachidi et al., 2009; Sachse 

et al., 2012). Benshili (1989) logged the Pliensbachian strata at Ait Moussa in detail 

and used ammonite biostratigraphy to locate the Pliensbachian-Toarcian boundary.  

However, only one of these studies (Assaoud 1994) goes as far as to mention the 

Toarcian strata. This is possibly because of both the rather different appearance of the 
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Toarcian strata at this site compared to others nearby, and because the exposure is cut 

by a river making it possible that previous workers thought there was a fault. Assaoud, 

1994 described the Toarcian deposits broadly as grey marls but present no detailed log 

or further details.  

The Pliensbachian-Toarcian boundary was identified using the results of our detailed 

logging of the succession and the detailed Pliensbachian lithostratigraphy and 

biostratigraphy of Benshili (1989). The Pliensbachian limestones are overlain by grey 

Toarcian marls of the Marnes des Bechynes, which were logged and sampled in detail 

as the subject of this study (see Section 4.3 and 5.3.1). Full detailed description of the 

results of sedimentary logging and faunal study are presented in Chapters 4 and 5, and 

a detailed log is presented in Appendix B.  

2.3.1.3 Issouka 

The Toarcian strata at Issouka have been the subject of many studies leading to a well-

established ammonite and foraminiferal biostratigraphy for the succession (Colo, 1961; 

Fedan, 1984; Benshili, 1989; Bassoullet et al., 1991; Bejjaji et al., 2010; Reolid et al., 

2013). Descriptions of lithostratigraphy and exposure vary with regard to details and 

some of the published logs were impossible to reconcile with field observations. 

Pliensbachian limestones are overlain by tens of meters of lower Toarcian marl (Figure 

2.13) interbedded with irregular limestone interbeds (Marnes des Bechyne). This is turn 

is overlain by regular marl-micrite interbeds of the middle Toarcian (Benshili, 1989; 

Bejjaji et al., 2010; Figure 2.9). Initial identification of the Issouka succession was 

achieved using field maps and the detailed logs of Fedan (1984) and Benshili (1989). 

Precise correlation to these logs allowed the confident identification and logging of 

lower Toarcian strata, exposed either side of the river. A section across the 

Pliensbachian-Toarcian boundary as described by Benshili (1989) was located in a 

gully ~100 m north of the riverside exposure. Logs from these exposures were 

combined to create a composite log of the Toarcian at Issouka, using structural 

measurements to estimate gaps in exposure. Full description of the results of 

sedimentary logging of this succession are presented in Section 6.3.2, and a detailed 

log can be found in Appendix B. 
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Figure 2.13: Biostratigraphy and lithostratigraphy of the Issouka succession. From 
Benshili, 1989  

2.3.1.4 Ait Braham 

No previous studies of the Toarcian strata at Ait Braham have been published. Original 

identification of this site was based upon reference to a geological map of the Middle 

Atlas and the identification of a dark coloured horizon visible on Google Earth satellite 

imagery (viewed in March, 2015). The identification of sampled ammonites was used to 

identify Toarcian strata and develop a biostratigraphy for the section (Section 6.3.3). 

Full description of the results of sedimentary logging of this succession are presented 

in Section 6.3.3, and a detailed field log can be found in Appendix B.     
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2.3.1.5 Koudiat Toulila 

The sedimentary facies of the Koudiat Touila section were described by Colo (1961), 

as ~160 m of marl and muddy limestone alternations (Marnes de Bechyne), interrupted 

by 6-7 m of  the Niveau Brun (see Section 2.2.2.1. Benshili (1989) identified 

Dactylioceras ammonites within the Niveau Brun and used this to confirm lower 

Toarcian age of these deposits. More recent studies from the Zloul in the Middle Atlas 

Basin have prescribed the Niveau Brun as tenuicostatum-serpentinum ammonite Zone 

boundary age (El Arabi et al., 1999, 2001). The logs of Benshili (1989) and the 

distinctive beds of the Niveau Brun, were used to identify Toarcian strata which were 

subsequently logged and sampled for this research project. A new summary graphic 

log of this succession is presented in Section 6.3.4, and a detailed log can be found in 

Appendix B.     

2.3.2 Sample collection methods 

Samples of ~100 g of marl or mudrock were taken from each field site for laboratory 

geochemical analyses including organic carbon isotope analysis, pXRF major and 

minor elemental analysis, Leco dry combustion elemental analysis, and gas 

chromatograph mass spectrometer analysis of organic material. Samples were taken 

using a rock hammer and chisel from stratigraphic intervals with a maximum thickness 

of 2 cm. Only material that did not show visible signs of weathering were selected for 

sampling. For high-resolution sampling (e.g. 20 cm spacing, Section 2.3.3.2) 2-5 m 

sections of the exposure were cleared by removing the top ~10 cm of weathered rock 

surface. Sampling stations were then marked up for the whole cleared interval, using 

structural measurements of bed dip and thickness where necessary, before sampling 

at each sample station. For lower-resolution samples (e.g. 1 m spacing, Section 

2.3.6.2) stratigraphic measurements were made to identify the sample stations, before 

the removal of weathered material and sampling at the identified sample location. 

Larger samples, of >4 cm thickness were taken with way-up marking for thin section 

analysis. During logging and sample collection all observed fossils were photographed, 

ammonite specimens were sampled where possible to allow detailed study for species 

level identification. The stratigraphic levels of thin section and fossil samples were 

noted with respect to the graphic log and stratigraphic height scale for that site.  
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2.3.3 Sampling strategy 

2.3.3.1 Tizi Nehassa 

A total of 23 samples were taken from the Tizi Nehassa succession (see Figure 6.2). 

As this was a relatively condensed section on the basin border (Section 2.3.1.1), high-

resolution sampling (0.125 m spacing) was used between 0 m and 0.75 m in order to 

gather detailed information about the lowermost Toarcian strata preserved at Tizi 

Nehassa (see Figure 6.2). Lower sampling resolution (0.25 m spacing) was used from 

0.75 m to 4.25 m in order to gather an overview of the younger strata, likely to 

represent the lower Toarcian (Section 2.3.1). Two samples were taken at 0.5 m 

spacing in the Pliensbachian strata in order to allow comparison between 

Pliensbachian and Toarcian strata.  

2.3.3.2 Ait Moussa 

A total of 433 samples were taken from the Ait Moussa section. The entire exposed 

succession at Ait Moussa above the Pliensbachian-Toarcian boundary (Benshili, 1989), 

was sampled at 1 m resolution in Spring 2015 to get an overview of the succession. In 

Spring 2015 samples were also taken at 0.05 m spacing between -0.75 m and 3.3 m 

height in order to provide detailed insight into the strata above the tenuicostatum-

serpentinum ammonite Zone boundary, close to the onset of the T-OAE globally 

(Sections 1.2.2, 4.3 and 5.3.2.3). Following the results of geochemical analysis 

(presented in Chapters 4 and 5), the succession between -11 m and 51.2 m was 

sampled at a resolution of one sample every 0.2 m in Spring 2016. This sampling 

strategy was employed to maximise coverage of the early Toarcian strata, at a 

sufficiently high resolution to allow cyclostratigraphic analysis of geochemical data in 

order to build a cyclostratigraphic timescale (Objective 2, Section 1.3).  

2.3.3.3 Issouka 

A total of 34 samples were taken from the Issouka study site (see Figure 6.4). In Spring 

2015, the succession at Issouka was sampled at 1m intervals between 57.59 m and 

77.52 m and 45.8 m and 48.2 m (Figure 6.4), based upon preliminary identification of 

this interval as lower Toarcian strata, possibly reflective of the T-OAE CIE succession. 

Upon the subsequent discovery of the Pliensbachian-Toarcian boundary in Spring 

2016 (Section 2.3.1.3), further samples were collected (Section 6.2.1, Figure 6.4). 

Samples were collected at ~4 m spacing between 9.9 m and 18.2 m (Section 6.2.1; 

Figure 6.4) in order to capture an overview of the lower Toarcian strata. Whilst ~2 m 
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spacing was used between 24.5 and 35.5 m in order to assess the strata immediately 

following the tenuicostatum-serpentinum Zone boundary, correlative to the onset of the 

T-OAE globally (Section 1.2.2), in detail.  

2.3.3.4  Ait Braham 

A total of 41 samples were taken from the Ait Braham succession. Samples were taken 

at ~1 m spacing between 27.7 m and 47.9 m in Spring 2015. In Spring 2016 a new 

sample strategy was devised after the identification of ammonites allowed a 

biostratigraphy to be developed (Section 6.3.3). Samples were taken at 0.25 m spacing 

around the tenuicostatum-serpentinum Zone boundary to capture the onset of the T-

OAE interval (Figure 6.8). Samples were then taken at 0.5 m and 1 m spacing through 

the middle and upper exaratum Subzone (Figure 6.8) in order to sample the interval 

where the T-OAE was likely to lie.   

2.3.3.5 Koudiat Touila 

A total of 9 samples were taken from the Koudiat Touila succession. In autumn 2015 

samples were taken at 0.5-1 m intervals through the Koudiat Touilla succession around 

the silty limestones thought to be correlative to the Niveau Brun and the tenuicostatum-

serpentinum Zone boundary (Section 2.3.1.5). Irregular sample spacing was used to 

avoid silty limestones and ensure that only marls were sampled for geochemical 

analysis. Samples were taken in order to cover as much of the exposed interval as 

possible, in an effort to encompass the approximate T-OAE interval.  
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Chapter 3  

Portable X-ray fluorescence spectroscopy as a tool 
for cyclostratigraphy 

This methods chapter presents the development and testing of pXRF as a method for 

efficiently producing time series for cyclostratigraphic studies (Section 1.3; Objective 3).  

A different version of this chapter has been submitted for consideration for publication. 

Much of this chapter has therefore benefitted from more iterations and closer 

collaboration with PhD supervisors Angela Coe (ALC) and David Kemp (DBK).  The 

contributions were as follows: The samples used for testing the method were collected 

by DBK and ALC. All of the pXRF measurements and analysis was carried out by MS-

C under the supervision of DBK and ALC. The first draft was written by MS-C, the 

interpretation and multiple drafts benefitted from comments from DBK and ALC. 

3.1 Introduction 

The construction of high-resolution geological timescales is important for understanding 

the duration, timing and rapidity of Earth system processes such as 

paleoenvironmental change and evolution. Cyclostratigraphy is one of the best 

methods for producing high-resolution relative timescales in sedimentary successions 

(Weedon, 2003). Cyclostratigraphic studies typically require construction of long, high-

resolution and regularly spaced climate proxy data that can accurately resolve 

astronomical cycles via Fourier-based methods of time series analysis (e.g. Weedon, 

2003).  

X-ray fluorescence spectroscopy (XRF) of sedimentary rocks, particularly using core 

scanners, has long been used as a chemostratigraphic and palaeoenvironmental tool 

(e.g. Algeo and Maynard, 2008; Kujau et al., 2010; Kylander et al., 2011, 2012; 

Wilhelms-Dick et al., 2012; Naeher et al., 2013). Recent studies have emphasised how 

portable XRF (pXRF) analyses also have potential applications in sedimentary rock 

analyses, particularly for linking elemental changes to stratigraphic, paleoclimatic and 

sedimentologic observations (Kessler and Nagarajan, 2012; Rowe et al., 2012; Dahl et 

al., 2013). The ability to measure elemental concentrations, and sensitivity of modern 
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pXRF instruments, provides a clear rationale for employing pXRF analysis for 

cyclostratigraphy (e.g. Ruhl et al., 2016). To date, however, the merits and limitations 

of pXRF as a cyclostratigraphic tool have not been explored in detail.   

Traditional techniques for constructing cyclostratigraphic time series focus on relatively 

time-consuming, destructive and costly methods such as stable C- and O-isotopes, 

grain size and elemental concentration analyses such as total organic carbon, S and 

CaCO3 (Cleaveland et al., 2002; Holbourn et al., 2007; Zachos et al., 2010; Liebrand et 

al., 2016). Cheaper, quicker methods, such as magnetic susceptibility and color 

analyses, have also been used in cyclostratigraphy, (e.g. Kemp and Coe, 2007; Boulila 

et al., 2008, 2014) However, these data only indirectly reflect compositional variation 

that may be climate-forced, potentially limiting their widespread effectiveness and 

interpretation in cyclostratigraphy.  

Elemental analysis using pXRF tools has several potential advantages over more 

traditional data gathering methods, owing primarily to the ability to produce large, high-

precision datasets of elemental concentrations quickly (typical analysis time <3 minutes 

per sample). Additionally, portability of the instrument allows use in the laboratory and 

field. Both powdered and solid samples can be analysed, as well as exposure/core 

material. Because pXRF analysis is non-destructive, analysed samples can also be 

used for other purposes, facilitating the generation of multiproxy datasets on exactly 

the same samples and thereby removing any possible errors associated with 

stratigraphic position or rock homogeneity. 

In this study a protocol for high precision and accurate pXRF analysis of sedimentary 

rock samples has been developed. For the first time, the accuracy, precision and 

efficacy of the technology for cyclostratigraphy have been quantitatively investigated. 

To do this, 360 Toarcian (Early Jurassic) samples of powdered mudrock collected from 

North Yorkshire, UK, that have been used in previous cyclostratigraphic studies (Kemp 

et al., 2005, 2011) were analysed. Spectral and cross-spectral analysis of pXRF [Ca], 

[S] and [Fe] data and previously gathered, [CaCO3] and [S], data from a dry 

combustion elemental analyser, and subsequent statistical analyses of data quality, 

has been used to assess the method efficacy.  
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3.2 Materials and methods 

A Niton XL3t GOLDD+ pXRF analyser was used in this study in Soils Mode, with 

standard internal calibration. In this mode, the instrument can quantify the 

concentration of elements from Mg through to U. Individual analysis times were 130 

seconds: the first 60 seconds of analysis were carried out at 50kV and 40μA, followed 

by 60 secs at 20kV and 100μA, and 10 secs at 50kV and 40μA. The powdered 

samples were placed in an upturned vial, with the vial opening covered in tight cling 

film and placed on the instrument aperture in a proprietary laboratory stand (Figure 

3.1). This method follows that outlined by Dahl et al., (2013). 

 

 
Figure 3.1: Experimental set up for pXRF analysis showing upturned vial of 
powdered sample (b), with opening covered in a thin layer of tight cling film 
membrane, placed on the aperture of a Niton XL3t GOLDD+ analyser held in a 
proprietary laboratory stand (a).  

Calibration of pXRF data was performed by comparing data from the Niton XL3t 

GOLDD+ pXRF to that from an ARL 8420+XRF and a Leco CNS-2000 dry combustion 

analyser from analyses of 29 in-house Jurassic mudrock standards. Linear regression 

coefficients were determined by the least squares method. These coefficients were 
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used to adjust pXRF data toward a 1:1 correlation with the ARL WD-XRF or Leco CNS-

2000 data. These adjusted data are termed ‘calibrated pXRF’ data.  

In order to test potential effects of cling film membrane used in powder analysis, a 

pressed internal standard XRF powder pellet of Ailsa Craig microgranite from Scotland, 

UK (named AC-E, (Potts et al., 1992) was repeatedly (n=10) analysed uncovered and 

with two types of cling film covering: PVC (polyvinyl chloride)-containing and non-PVC 

(low-density polyethylene). This pellet was produced by combining 10 g of sample 

powder with 0.7 ml polyvinylpyrollidone/methylcellulose binder and pressing at 7-9 

ton/in2 and drying at 110°C.  

Accurate matrix effect correction in XRF analysis requires an element-specific 

minimum sample thickness, known as the Compton critical penetration depth (Potts 

and Webb, 1992). To assess the effects of powder depth on pXRF-measured 

elemental concentrations, a powdered mudrock standard was analysed repeatedly in 

upturned borosilicate glass vials, covered in non-PVC cling film, of both 7ml and 20ml 

volume, using 3, 5, 7, 9, 11, 13, 15 and 20 mm powder thicknesses.  

The optimised pXRF method (Section 3.4.1), was applied to 360 samples of lower 

Toarcian (Lower Jurassic) mudrock. Long-term analytical precision during this study 

was quantified by repeat measurement (n=208) of an in-house mudrock standard. The 

samples were used in previous geochemical and cyclostratigraphic studies of the 

interval (Kemp et al., 2005, 2011), and were collected from Port Mulgrave and Hawsker 

Bottoms, near Whitby, North Yorkshire, UK (54°32’48.64”N, 00°45’59.50”W and 

54°27’29.89”N, 00°33’25.62”W). The samples were collected every 2.5 cm between 

1.30 m above and 7.81 m below the base of the Harpoceras exaratum ammonite 

Subzone, as defined by Howarth (1992) using a cordless drill with an 8 mm masonry 

drill bit. Time series analysis of [CaCO3], [TOC], [S] and 13Corg data from these 

samples has shown regular ~75 cm wavelength cycles attributable to astronomical 

forcing (Kemp et al., 2011).  

The [Ca], [S] and [Fe] data from pXRF analyses were directly compared to the Leco 

CNS-2000 dry combustion elemental analyser-derived [CaCO3] and [S] data from 

Kemp et al., (2011) to assess data accuracy using the pXRF method.  The same dry 

combustion elemental analyser was used to measure the 29 internal rock standards, 

used for calibration of pXRF data. The resulting power spectra results from these pXRF 
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analyses were compared to those from (Kemp et al., 2011). Cross-spectral analysis of 

data from the two instruments was used to investigate differences in coherency and 

phase between the two methods. Power spectral estimation was carried out using the 

multi-taper method (Thomson, 1982; Weedon, 2003), with four tapers used. Statistical 

significance of peaks in these spectra was assessed by least squares fitting of first 

order autoregressive (AR1) background noise models to the log power spectra, 

following methods outlined in (Weedon, 2003).  

3.3 Results 

3.3.1 Protocol development 

Measured values of the standard XRF powder pellet covered with non-PVC cling film 

membrane are within error (±2σ) of those measured with no membrane, for all 

elements where analyses registered values above detection limits to allow precision 

(2σ) to be established (Table 3.1). Covering the powder pellet with PVC-containing 

cling film reduced measured values of [Fe], [Ca], [K] and [Ti], compared to analysis of 

the uncovered powder pellet. [Fe] is proportionally reduced by ~10%, from 1.192% to 

1.073%, [Ca] is proportionally reduced by ~32%, from 0.240% to 0.163%, [K] is 

proportionally reduced by ~50%, from 3.999% to 1.988%, whilst, [Ti] is proportionally 

reduced by ~32%, from 467.727 ppm to 317.191 ppm (Table 3.1). Conversely, the use 

of PVC-containing cling film to cover the standard powder pellet increased [S] 

concentrations from levels below the limit of detection of the instrument, measured with 

no membrane, to 0.384% with a PVC-containing membrane.   

At powder depths of ≥9 mm pXRF data for [Mo], [Nb], [Zr], [Y], [Sr], [Fe], [Rb] and [As] 

are consistent and independent of vial size (Figure 3.2). Below this threshold, 

concentrations increase with decreasing powder thickness. Similarly, [Ag], [Cd], [Sn], 

[Sb] and [Cs] data are independent of vial size and consistent within error (±2σ) at 

powder depths ≥9 mm. However, these data show negative values and decreasing 

concentration with decreasing powder thickness below 9mm (Figure 3.2). [Ba] also 

shows decreasing concentration with decreasing powder thickness below 9mm, above 

which data are consistent and within error, but [Ba] is consistently ~500ppm higher 

when analysed in 7ml vials than 20ml vials (Figure 3.2).  [Cu], [Hg], [Co], [U], [Mn], [Cr], 

[V], [Ti], [Sc], [W], [K], [S], [Zn], [Se], [Pb] and [Th] data remains mostly within error 

(±2σ) at all powder thicknesses and the two vial sizes, showing no systematic variation 

in relation to these parameters (Figure 3.2). At powder thicknesses of 7 mm and above 
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[Ca] and [Ni] are consistent, showing no variation with powder thickness or vial size 

(Figure 3.2). For powder thickness of <7 mm in 20 ml vials, [Ca] is elevated compared 

to that from equivalent samples analysed in 7 ml vials, whilst the opposite trend is 

observed in [Ni].  

Membrane PVC-cling film Non-PVC cling film None 

Element 
Mean 
concentration 

Precision 
(2σ) 

Mean 
concentration 

Precision 
(2σ) 

Mean 
concentration 

Precision 
(2σ) 

S (%) 0.384 0.037 <LOD - <LOD - 

Fe (%) 1.073 0.020 1.185 0.028 1.192 0.028 

Ca (%) 0.163 0.008 0.228 0.020 0.240 0.021 

Zr (%) 0.120 0.002 0.121 0.002 0.122 0.002 

K (%) 1.988 0.057 3.863 0.096 3.999 0.097 

Ti (ppm) 317.191 39.664 442.295 53.786 467.727 44.440 

Cr (ppm) 73.749 32.150 111.776 23.712 97.051 18.958 

Mn (ppm) 281.820 60.048 299.379 52.140 314.871 77.606 

Zn (ppm) 194.436 20.648 189.954 15.063 198.952 16.028 

Pb (ppm) 37.221 5.884 39.316 4.049 36.815 6.191 

Th (ppm) 21.869 2.813 22.700 4.292 23.204 5.640 

Rb (ppm) 128.958 5.762 129.484 4.602 130.822 5.033 

Y (ppm) 214.522 10.217 216.549 8.182 217.745 4.721 

Nb (ppm) 82.741 6.186 82.792 4.517 82.811 3.557 

Mo (ppm) 6.200 2.222 6.105 1.531 6.963 1.854 

Table 3.1: pXRF-measured elemental concentrations for an XRF powder pellet 
sample of the Ailsa Craig microgranite, uncovered, covered by non-PVC cling film 
and covered by PVC cling film. Elements where too few results above instrument 
limits of detection (LOD) were obtained to calculate precision (2σ) have been 
omitted. Mean concentrations are calculated from results of 10 repeat 
measurements and measurement precision is calculated as 2σ. 
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Figure 3.2: Variation in pXRF measured concentrations with changing analysed 
powder thickness. Elemental concentrations for all measured elements of a 
powdered mudrock standard, measured in 20 ml and 7 ml glass vials at powder 
thicknesses of 3, 5, 7, 9, 11, 13, 15 and 20 mm. Error bars show ±2σ. 
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The following optimised protocol for the pXRF analysis of sedimentary rocks was 

developed based on the findings presented above: 

1) Produce 2-5 g of very fine-grained homogeneous powder sample using a 

masonry drill, ball mill or pestle and mortar. 

2) Place ~0.75 g of ground sample in a 7 ml glass vial, tightly covered in a single 

layer of non-PVC cling film ensuring that the depth of the sample is at least 10 

mm. 

3) Place the upturned vial directly on the Kapton-covered aperture of the pXRF 

instrument held in a laboratory stand (see Supplementary Information).  

4) Analyze the sample using the pXRF. For the Niton XL3t GOLDD+ portable XRF 

analyser use Soils Mode for 130 seconds: 60 secs at 50 kV and 40 μA, 60 secs 

at 20 kV and 100 μA and 10 secs at 50 kV and 40 μA.  

5) Apply post-analysis linear best-fit calibration to the results using regression 

coefficients derived from a suite of internal reference materials of similar matrix 

and composition to the study samples (in accordance with Rowe et al., 2012).  

3.3.2 Application of the protocol to early Toarcian mudrocks 

3.3.2.1 Data reproducibility and calibration errors 

Long-term analytical precision of pXRF measurements (n=208) was 0.15%, 0.058% 

and 0.041% for Fe, Ca and S respectively (2σ). For comparison, analytical precision 

(2σ) for dry combustion elemental analyser measurements of C and S abundance was 

better than 0.03 wt% and 0.06 wt% respectively (Kemp et al., 2011).  Calibration error 

is quantified as the difference between expected and calibrated pXRF values for a 

given sample elemental concentration. Calibration errors were better than 0.302%, 

0.340% and 0.889% for Fe, Ca and S measurements respectively.  

3.3.2.2 Comparison to combustion elemental analyser data 

There is very strong positive linear correlation for [S] (r2=0.96) between calibrated data 

from pXRF and those produced using a Leco dry combustion elemental analyser for 

the 360 early Toarcian mudrock samples (Figure 3.3). The datasets also show similar 

relative changes throughout the section. However, pXRF [S] is mostly greater than 

Leco elemental analyser-measured [S], with a mean difference of 0.235% (Figure 3.4). 

Similarly, calibrated pXRF [Fe] data shows a very strong linear correlation with [S] from 

both Leco analyser and pXRF measurements; r2=0.93 and 0.92 respectively (Figure 
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3.3). [Fe] data derived from Leco elemental analyser [S], assuming measured [S] is 

entirely from pyrite (see Kemp et al., 2011; Figure 3.4), shows equivalent relative 

changes through the section to pXRF [Fe]. However, pXRF [Fe] is consistently greater 

than Leco elemental analyser-derived [Fe], with a mean difference of 2.47% (Figure 

3.4).  

 

Figure 3.3: Cross plot comparison of pXRF and Leco dry combustion elemental 
analyser data. Cross plots comparing a) pXRF and Leco elemental analyser [S], b) 
pXRF [Fe] and Leco elemental analyser [S], c) pXRF [Fe] and [S] and d) pXRF 
[Ca] and [Ca] derived from Leco elemental analyser [CaCO3]. 
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Figure 3.4: Comparison of [S], [Fe] and [Ca] data from pXRF analyses with 
equivalent Leco elemental analyser-derived data alongside bio- and litho-
stratigraphy from early Toarcian succession from Whitby, UK. Elemental data is 
also shown filtered centred on the 75 cm wavelength using a Gaussian filter in 
Analyseries. Leco elemental analyser data and lithostratigraphy from (Kemp et al., 
2011), biostratigraphy from (Howarth, 1992). 
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In order to compare calibrated pXRF [Ca] data with an independent measurement of 

[Ca] it was assumed that CaCO3 is the only inorganic carbon mineral phase. This is 

supported by the absence of siderite in the studied stratigraphic interval (Kemp et al., 

2011), which would represent the only other plausible source of inorganic C that would 

not be detected by Leco dry combustion elemental analyser analysis. pXRF [Ca] data 

and [Ca] derived from dry combustion elemental analyser inorganic C measurements 

show a weaker linear correlation (r2=0.7616) compared to [Fe] and [S]. These Ca 

datasets show similar relative changes through the section, but pXRF [Ca] is greater 

than dry combustion elemental analyser-derived [Ca], with a mean difference of 

0.359% (Figure 3.4). Anomalously high [Ca] values at ~-5 m, observed in both pXRF 

and Leco elemental analyser data, are likely to be related to the carbonate nodules 

around this height (Figure 3.4). 

3.3.2.3 Time series analysis 

Power spectral analysis and significance testing indicates that a 75 cm wavelength 

cyclicity is present in pXRF [S] and [Fe] data (Figure 3.5) above the 99.92% and 

99.99% confidence levels respectively (Figure 3.5). A 75 cm cyclicity in dry combustion 

elemental analyser [S] over the same interval was found to be significant above the 

99.99% by Kemp et al., [2011]. Cross spectral analysis demonstrates that the cyclicity 

observed in pXRF [S] and [Fe] is coherent and in-phase with that observed in dry 

combustion elemental analyser [S] data, with coherency above the 98.62% and 

98.69% confidence levels respectively (Figure 3.5). This demonstrates a consistent in-

phase relationship, which is also apparent from similarities in filtered data (Figure 3.4).  

Spectral analysis of pXRF-measured [Ca] data shows a 75 cm wavelength regular 

cyclicity across the interval from -7.81 to 1.30 m (Figure 3.5). A 75 cm wavelength 

regular cyclicity in Leco dry combustion elemental analyser-derived [CaCO3] was 

demonstrated by (Kemp et al., 2011) over the same interval. The pXRF [Ca] spectral 

peak associated with this cyclicity is significant at the 98.12% confidence level, 

compared to 99.96% for the Leco elemental analyser [CaCO3] power spectrum (Figure 

3.5). Cross spectral analysis shows these cyclicities to be coherent above the 98.34% 

significance level and in phase (Figure 3.5 b). This in-phase relationship can also be 

seen through comparison of filtered data (Figure 3.4). Frequencies in the power 

spectra for pXRF [Ca] and Leco elemental analyser [CaCO3] are mostly coherent 

above the 95% confidence level and are in phase at frequencies below 12 cycles per 

meter (Figure 3.5). At frequencies above 12 cycles per meter, where no statistically 
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significant cycles are observed, coherency drops and fluctuates greatly (Figure 3.5). 

Correspondingly, there is no consistent or reliable phase relationship (as phase error is 

dependent on coherency (Weedon, 2003)). 

 

Figure 3.5: Power spectral and cross-spectral plots of pXRF and Leco elemental 
analyser data. (a) Power spectra of Leco elemental analyser-derived [CaCO3] and 
[S], and power spectra of pXRF [Ca], [S] and [Fe]. Bandwidth = 0.437 cycles per 
meter. (b) Coherence and (c) phase for cross-spectral plots of pXRF [Ca] vs. Leco 
[CaCO3], pXRF [S] vs. Leco [S] and pXRF [Fe] vs. Leco [S]. Prior to power spectral 
analysis all data were detrended through removal of a linear fit. 
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3.4 Discussion 

3.4.1 Refined protocol for pXRF analysis of sedimentary rocks 

The use of finely powdered samples in our optimised protocol, ensures high sample 

homogeneity in terms of composition and grain size, whilst also obviating 

heterogeneities in physical properties such as cementation. The use of a powder also 

ensures a smooth sample surface, which reduces errors caused by the non-detection 

of fluorescence X-rays which do not reach the sensor due to space between sample 

and instrument (Andersen et al., 2013). Additionally, because pXRF analysis is non-

destructive, the powders can be used for other analyses to produce multi-proxy 

datasets from precisely the same sample.  

Results presented here show that the membrane used to contain the powdered 

samples and prevent contamination needs to be of appropriate composition to prevent 

undesirable effects on the measurements. Chlorine-containing (PVC) cling films have 

an adverse effect on the quality of pXRF data, reducing [Fe], [Ca], [K] and [Ti] and 

increasing [S] (Table 3.1). Non-PVC cling film has no significant effect on elements 

measured in this study. The consistency of results between analyses made with non-

PVC cling film and those without a membrane covering suggests that non-PVC cling 

film is transmissive to X-rays. 

Analyses of a powdered mudrock internal standard using pXRF show that a powder 

thicknesses of <9 mm induces errors, whilst powder thicknesses of >9 mm enable the 

production of accurate and precise data using the Niton pXRF in Soils Mode (Figure 

3.2). Incorrect Compton normalization (i.e. normalization to the intensity of the 

Compton scatter peak to correct for matrix effects) is likely to be the cause of the 

observed increase in [Fe], [As], [Rb], [Sr], [Y], [Zr], [Nb] and [Mo] and decrease in [Ag], 

[Cd], [Sn], [Sb], [Cs] and [Ba] in the analysis of samples with <9 mm of powder (Potts 

and Webb, 1992; Dahl et al., 2013). Such error is not observed in [S], [K], [Ti], [Mn], 

[Pb], [U], [Th], [Se], [Hg], [W], [Cu], [Co], [Sc], [V], [Cr], [Ca] and [Ni] data (Figure 3.2). It 

is likely that for [S], [K], [Ca], [Sc], [Ti], [V], [Cr] and [Mn], the thicknesses investigated 

here exceed the Compton critical penetration depths for these elements, as Compton 

normalization error is only observed in heavier elements and Compton critical 

penetration depth increases with increasing atomic weight (Potts and Webb, 1992). In 

contrast, for [Pb], [U], [Th], [Se], [Hg], [W], [Cu], [Co] and [Ni] Compton normalization 

error isn’t observed (Figure 3.2). This is likely because any error of this kind is within 
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the large analytical error (Figure 3.2) caused by instrument limitations, such as 

measured quantities being close to element-specific detection limits of the pXRF 

instrument. 

Observed negative [Ba], [Cs], [Sb], [Sn], [Cd] and [Ag] data, which become increasingly 

negative with decreasing powder thickness below 9 mm, are likely related to 

inappropriate calibration combined with Compton normalisation error. At thicknesses 

>9 mm there is no variation in data for analyses of the same powder depth in 7 ml vials 

compared to 20 ml vials for all measured elements other than Ba. Further work is 

required to understand why Ba concentration is affected by the volume of the analysed 

sample. For the Niton pXRF in Soils Mode, small 7 ml vials that cover the entire 

instrument aperture can therefore be used to produce the critical powder thickness. 

Importantly, the efficacy of using 7 ml vials allows very small samples (~0.75 g) to be 

analysed accurately.    

3.4.2 Quality of pXRF data and its suitability for use in cyclostratigraphy 

A ~75 cm regular cyclicity of similar significance levels was obtained from data 

collected by pXRF ([S], [Fe] and [Ca]) and dry combustion elemental analyser analyses 

([S] and [CaCO3]; (Kemp et al., 2011)) of the same samples of Toarcian mudrocks 

(Figure 3.5). This observation is further supported by coherency significant above the 

98% confidence level, and an in-phase relationship, between comparable/equivalent 

dry combustion elemental analyser-derived and pXRF data at the 75 cm wavelength 

(Figure 3.5). This demonstrates that the pXRF data are eminently suitable for 

cyclostratigraphy. 

Whilst it has been shown that pXRF analysis can be a suitable alternative to more 

expensive dry combustion or coulometric elemental analysis, our results do show 

absolute differences between equivalent/comparable datasets (Figure 3.4). 

Nevertheless, differences between Leco dry combustion elemental analyser and pXRF 

obtained [S] data (mean difference = 0.235%), and errors related to pXRF precision 

limits (0.041%), are small in comparison to the absolute concentrations measured 

(1.09-8.48 wt%). The analysis of lower absolute concentrations may be affected more 

severely by accuracy and precision limitations of pXRF analysis and as the limits of 

detection of the pXRF instrument are approached.  
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The very strong positive linear correlation of pXRF [Fe] with both pXRF [S] and 

elemental analyser [S] (r2 = 0.9237 and 0.9274 respectively) emphasizes that pyrite is 

the dominant phase of Fe and S in the studied succession, as suggested by Kemp et 

al., (2011). However, the mean difference of 2.47% between pXRF [Fe] data and [Fe] 

derived from elemental analyser [S] data cannot be attributed to total uncertainty in 

pXRF [Fe], combined instrument precision limitations and calibration error, which is 

better than 0.452%. Instead, it is likely that pXRF analysis also measured some non-

pyritic Fe, most likely from detrital mineral phases (e.g. ilmenite) or possibly due to 

contamination from the sample extraction method which used a masonry (steel) drill bit.  

The strong linear correlation between [Ca] measured using pXRF with predicted [Ca] 

derived from dry combustion elemental analyser inorganic C data demonstrates that 

pXRF analyses are a high accuracy alternative to CaCO3 quantification using 

coulometer or dry combustion elemental analyser C analysis. However, there is a 

mean offset between pXRF and dry combustion elemental analyser-derived Ca data of 

0.359%. The calibration and precision limitations of the pXRF instrumentation are 

unlikely to be the cause of this discrepancy, as calculated uncertainty related to 

calibration error and instrument precision is generally smaller than the discrepancy 

observed. Additionally, calibration against accepted values from the ARL WD-XRF 

machine means that data presented here shouldn’t be subject to [Ca] increases 

intrinsic to the use of ED-XRF (energy dispersive X-ray fluorescence) instrumentation 

(Rowe et al., 2012) such as the Niton pXRF used here. Rather, like the Fe data, it is 

likely that the discrepancy is due to additional sources of Ca in the samples that are 

measured by pXRF analyses but are not included in estimates from CaCO3 

measurements based on C analysis. These small data discrepancies may contribute to 

the reduced variability and statistical significance of cycles observed in this study. 

3.5 Conclusions 

1) Portable X-ray fluorescence spectroscopy (pXRF) is suitable for constructing 

long cyclostratigraphic time series and identifying orbital forcing. The method 

provides an inexpensive, fast and non-destructive alternative to dry combustion 

elemental analysis techniques commonly used in cyclostratigraphic studies.  

2) Cycles of 75 cm seen in [CaCO3] and [S] Leco dry combustion elemental 

analyser data with significance levels above 99.96% and 99.99% respectively, 

are observed at similarly high significance levels in pXRF [Ca], [S] and [Fe] data 

(significance above the 98.12%, 99.92% and 99.99% levels respectively).   
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3) The use of portable X-ray fluorescence spectroscopy, using non-PVC cling film 

covering 10 mm thickness of rock powder in borosilicate glass vials enables the 

collection of high quality elemental concentration data for sedimentary rocks. 
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Chapter 4  

Enhancement and astronomical modulation of 
tropical storms during Early Jurassic warming 

This results chapter presents the first detailed sedimentological and carbon isotope 

record of the T-OAE from the tropics.  A different version of this chapter has been 

submitted for consideration for publication. This chapter has therefore benefitted from 

more iterations and closer collaboration with PhD supervisors Angela Coe (ALC) and 

David Kemp (DBK). The specific contributions are as follows: MS-C, ALC and DBK 

identified the section and initiated the fieldwork which was then completed by MS-C. 

MS-C completed the statistical analyses and prepared the samples for geochemical 

analysis. Simona Nicoara measured the carbon isotopes from the samples prepared by 

MS-C. MS-C, ALC and DBK interpreted the data. MS-C wrote the first draft. MS-C, 

ALC and DBK collaborated closely on subsequent drafts.  

4.1 Introduction 

Climate models indicate that the frequency of the most intense (Saffir-Simpson 

categories 4 and 5) storms is likely to increase over the next century in response to 

anthropogenic warming (Trenberth et al., 2007; Knutson et al., 2010; Christensen et al., 

2013; Camargo and Wing, 2016; Walsh et al., 2016; Korty et al., 2017), but these 

predictions are subject to large uncertainties (Christensen et al., 2013; Walsh et al., 

2016). An apparent increase in the frequency of the most intense storms has been 

directly observed over the past 30 years (Kossin, et al., 2013). Proxy data from the last 

6000 years suggest substantial variations in storm frequency on centennial timescales 

but the link to the climate system is equivocal (Nott et al., 2009; Brandon et al., 2013; 

Toomey et al., 2013; Donnelly et al., 2015).  

The sedimentary rock record provides a unique opportunity to examine the Earth’s 

natural response to the onset, acme and recovery from global warming events. These 

events have the potential to provide insights into mechanistic links between extreme 

weather events and long-term (tens to hundreds of thousands of years) climate 

change, which is not possible from modern-day records. During the early Toarcian 
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Stage (183 million years ago) the Earth experienced an interval of extreme 

environmental change associated with transient global warming (~7°C; Bailey et al., 

2003; Gómez et al., 2008) forced by large-scale release of light carbon (Stephen P. 

Hesselbo, Gröcke, et al., 2000; Kemp et al., 2005; McElwain et al., 2005) and known 

as the Toarcian Oceanic Anoxic Event (T-OAE). This event is marked by a negative 

carbon-isotope excursion (CIE) of up to 7‰ (Hesselbo  et al., 2000; Kemp et al., 2005; 

Hermoso et al., 2012), significant extinctions (Caswell et al., 2009; Danise et al., 2013),  

widespread oceanic de-oxygenation (Pearce et al., 2008), and accelerated hydrological 

cycling (Cohen et al., 2004; Brazier et al., 2015; Them et al., 2017b). Previous work 

has noted the occurrence of storm deposits during the T-OAE and suggested an 

intensification of tropical storm activity during the event (Krencker et al., 2015).  

However, this study lacks the quantification and detail required to define the pattern of 

storm activity during this climate event.  

In this chapter, high-resolution organic-carbon isotope (δ13Corg), sedimentological data 

and time series analysis from a new, expanded T-OAE section at Ait Moussa, Morocco 

(33° 25’N, 4° 20’W), palaeolatitude ~18˚N are used to investigate the precise 

relationship linking atmospheric carbon release, astronomical forcing and storm activity 

during this period of global warming. Furthermore, these data are used to develop a 

new T-OAE cyclostratigraphic timescale that allows elucidation of the rates and 

durations of the carbon cycle perturbation and changes in tropical storm activity during 

this event (see Section 1.3, Objective 2). 

4.2 Materials and methods 

4.2.1 Samples and sample preparation 

A total of 349 samples were collected from early Toarcian strata at Ait Moussa between 

-13 m and 64.175 m stratigraphic height (Figure 4.1), see Section 2.3 for further details 

of sampling methods. Approximately 15g of unweathered bulk rock samples were 

powdered using an agate pestle and mortar to form a very fine-grained homogenous 

powder.  

4.2.2 Organic carbon isotope measurements 

Aliquots of ~0.75g of powdered rock were decarbonated, in 15ml centrifuge tubes, by 

repeated addition of 1 M HCl solution, before being repeatedly washed to return them 

to neutral pH (see Appendix A.4.1 for full details of decarbonation procedure). Dried 
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decarbonated samples were homogenised by powdering in an agate pestle and mortar, 

before being weighed into tin capsules to provide 0.075 ±0.02 mg of C for stable 

isotope analysis (Appendix A.4.1).  

The organic-carbon isotope ratio (13Corg) of each sample was determined using a 

Thermo Flash 2000 HT Organic Elemental Analyser connected to a Thermo Finnigan 

MAT 253 isotope ratio mass spectrometer (Appendix A.4.2 for full procedure). 

Measurements are quoted relative to VPDB (Coplen, 1996). Long-term reproducibility 

(±2σ) was determined through repeated analysis (n = 71) of L-alanine IR-041 standard 

with a 13C value of -23.33 ‰ and this gave a relative standard deviation of ±0.245 ‰. 

4.2.3 Sedimentological data  

The Ait Moussa succession was logged at a half-centimetre resolution over two field 

seasons. The precision of all observations were cross-checked each field season. 

Hand specimens and thin sections were examined in the laboratory. The abundance of 

silt-grade calcilutites (siltstones) and calcarenites (sandstones) was determined by 

calculating the number of distinct siltstone/sandstone beds per 20 cm of stratigraphy.  

4.2.4 Spectral analysis 

The power spectra for siltstone/sandstone abundance (per 20 cm stratigraphic interval) 

between stratigraphic the heights -2 m and 44.2 m were calculated using Multitaper 

spectral analysis (Thomson, 1982; Weedon, 2003) with 4 tapers. The statistical 

significance of spectral peaks was assessed by fitting a first-order autoregressive 

function to the log transformed power spectrum to model the background noise 

(Weedon, 2003). Filtered storm bed abundance data (generated in this study) and S 

and CaCO3 data (from the Early Toarcian succession at Yorkshire, UK (Kemp et al., 

2011)), presented in Figure 4.1, were produced using Gaussian filters in Analyseries 

software (Paillard et al., 1996). Storm bed abundance data were filtered with filters 

centred at wavelengths of 6.19 m (bandwidth = 0.0375 cycles per metre) and 1.45 m 

(bandwidth = 0.0375 cycles per metre). The [S] and CaCO3 data were filtered by 

centering at 0.75 m wavelength (bandwidth = 0.28 cycles per metre). 

4.3 Results 

Our 13Corg results show that at Ait Moussa, Morocco the T-OAE is characterised by a 

negative CIE of ~8‰ in over 66.6 m of strata (Figure 4.1). The strata within the 
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negative CIE contain abundant (267) silt-grade calcilutites and four calcarenites (herein 

termed siltstones and sandstones, respectively) interbedded with grey marlstones 

(Figure 4.2 and Figure 4.3). The siltstones vary in thickness from 0.5–5 cm (mean = 1.7 

cm), and the sandstones from 9–12 cm thick. Both the siltstones and sandstones are 

sharp- based and contain small-scale, wave-formed ripples, scours and hummocky 

cross-stratification (Figure 4.3 d,e,f,g,h). The marlstones interbedded with siltstones 

within the negative CIE contain variable amounts of silt-grade clasts and occasional 

micro-scale wave-formed ripples (Figure 4.2 a,b; Figure 4.3 b,c). In contrast, the 26.2 

m of marlstones below the CIE, representing the remaining early Toarcian (>500 kyr 

(Suan et al., 2008b)), contains no siltstones or visible wave-formed sedimentary 

structures in hand specimen or thin section. 

The base of the gradual decrease in δ13Corg at −5.6 m is synchronous with a facies 

change from marlstones containing pelagic and benthic macrofossils to marlstones 

interbedded with thin siltstones (Figure 4.1). At −2.0 m, 13Corg values begin a sharp 

decrease of 4.2‰ over 1 m of strata (Level 1; Figure 4.1). The strata between the base 

of the negative CIE and the shift at -2 m contains ammonites indicative of the 

uppermost semicelatum Subzone and two levels rich in the opportunist bivalve Bositra 

radiata (Figure 4.1). Bositra radiata occurs at a comparable stratigraphic level in the T-

OAE section in Yorkshire, UK where it is interpreted to mark the onset of lower oxygen 

conditions on the sea-floor (Caswell et al., 2009). At Level 1, marlstones cease to 

contain macrofossils, and just above two ~10 cm sandstone beds occur (0 m and 1.4 

m; Figure 4.1).  

At 2.6 m (Level 2) there is a significant increase in the abundance of siltstones, from 10 

siltstones in the 8 m between the first siltstone (-5.475 m) and Level 2 (average 0.25 

per 0.20 m) to 62 siltstones in the 8 m above level 2 (average 1.55 per 0.2 m). This 

increase in siltstone abundance is coincident with the end of a smaller 13Corg shift of 

−1.08‰ between 2.0 m and 2.6 m. From Level 2, 13Corg decreases gradually by 4.94‰ 

to −31.7‰ at 36.6 m, except for an interval between 9.4 m and 26.5 m where values 

increase from −28.62‰ to −26.58‰ (Figure 4.1). 
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Figure 4.1: Sedimentological, 13Corg and cycle data for the Toarcian Oceanic 
Anoxic Event at Ait Moussa, Morocco.  Lithology colours are: grey: medium-grey 
marlstones; brown: silt-grade calcilutites (siltstones) and calcarenites (sandstones), 
and white: micritic limestones. Black squares indicate siltstones and triangles 
indicate sandstones. The data from Yorkshire, UK are from Kemp et al., 2011. The 
band marked “CIE” represents the inferred extent of the Toarcian negative CIE (–
5.6 to 61 m) at Ait Moussa, and the grey lines indicate Levels 1, 2 and 3 at Ait 
Moussa. The grey portion of the 100 kyr eccentricity-based timescale is 
extrapolated based on the sedimentation rates inferred from strata below. For more 
information and discussion about the Gaussian filters used see Section 4.2.4 and 
4.4. 



Chapter 4 – Tropical storms during Early Jurassic warming            M.Saker-Clark, 2018 

 

74 

 

Figure 4.2: Photomicrographs, all at the same scale, showing the sedimentary 
lithologies at Ait Moussa. a) Marlstone (under plain polarised light) with massive 
sedimentary structure, ~5% silt-grade detrital quartz and carbonate grains, and <5 
% opaque organic material. Sample from -2.3 m height, 30 cm below the base of 
Level 1. b) Marlstone (under plain polarised light) with massive sedimentary 
structure, containing abundant (~20%) silt-grade detrital carbonate and quartz 
grains, minor (<<5%) organic clasts within a carbonate mud matrix. Sample from 
11.2 m height, between Level 2 and 3. c) Silt-grade calcilutite (siltstone) under 
cross-polarised light. Clast-supported lithology containing mainly silt-grade, and 
some very fine sand-grade, clasts of rounded micrite, sub-angular-sub-rounded 
sparite, occasional sub-angular quartz and organic material, surrounded by a 
carbonate mud matrix. Sample from 9 m height, between Level 2 and 3. d) Very 
fine sand-grade calcarenite (sandstone) with clasts of rounded micrite, 
subrounded-rounded sparite and rare quartz and organic material in a carbonate 
mud matrix. Sample from 0 m height, between Level 1 and 2. 
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Figure 4.3: Photomicrographs and field photos showing the sedimentary structures 
at Ait Moussa. a) Homogenous claystone with no clear sedimentary structures and 
minimal silt material, from below level 1 at -2.5 m height. b) Grain size and 
compositional lamination in a marlstone with small wave-formed ripples and 
scours, from 20.6 m height. c) Marlstone showing wave-formed ripples picked out 
by opaque material near the centre. Contains opaque organic material and shows 
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compositional variation between clay-rich (grey) and silt- grade rich (white) 
portions, from 11.2 m height. d) and e) Calcarenite (sandstone) showing 
alternations between clay-rich (dark) and silt-grade rich (pale) layers with in d) 
wave-formed ripples, scours, and in e) low amplitude cross cutting swales, from 0 
m height. f) Sharp-based, planar siltstones (yellow), interbedded with grey 
mudstone. g) Sharp based sandstone, planar laminated in the basal 7 cm with 
increasing laminae spacing upwards, overlain by ~4 cm of hummocky cross 
stratification at the top of the bed (height = 1–2 cm wavelength = 7–10 cm in 
wavelength. Sample from 49 m height. h) Low amplitude hummocky and swaley 
cross-stratification in very fine-grained sandstone from 0 m height. 

Siltstones remain abundant from Level 2 up to 32.6 m (Level 3). At Level 3, average 

siltstone abundance decreases from 56 siltstones in the 8 m before Level 3 (average 

1.4 per 0.20 m) to 20 siltstones in the 8 m after Level 3 (average 0.5 per 0.2 m). At 36.6 

m, 13Corg values increase gradually from −31.7‰ to −23.84‰ at 61 m, this return to 

pre-excursion values marks the top of the negative CIE (Figure 4.1). Siltstone 

abundance decreases during this 13Corg increase, and at 43 m the dominant facies 

becomes marl-limestone interbeds containing rare macrofossils (Figure 4.1). Only rare 

siltstones and one bioclastic sandstone (49.1 m) occur between 43 and the uppermost 

siltstone at 56.58 m, well below the top of the CIE at 61 m.  

Spectral analysis (see Section 4.2.4) of siltstone bed abundance per 20 cm interval 

within the negative CIE reveals cyclicities with wavelengths of 6.19 m and 1.45 m 

(Figure 4.1 and Figure 4.4). These cyclicities are significant above the 99.3% and 

98.8% confidence levels respectively (Figure 4.4). In the well-documented Yorkshire, 

UK succession (Hesselbo et al., 2000; Bailey et al., 2003; Cohen et al., 2004; Kemp et 

al., 2005, 2011; Pearce et al., 2008; Caswell et al., 2009), a clear pattern of ~0.75 m 

cycles is observed through the onset of the CIE in CaCO3 and [S] (Kemp et al., 2011; 

Figure 4.1). The Ait Moussa and Yorkshire negative CIEs can be correlated based on 

the first abrupt shift in 13Corg and the end of the CIE (Figure 4.1). Taking into account 

that the negative CIE is eight times thicker at Ait Moussa compared to Yorkshire 

(Figure 4.1), this correlation strongly suggests that the individual 6.19 m cycles in 

siltstone abundance at Ait Moussa have the same origin as the individual ~0.75 m 

cycles in [S] and CaCO3 at Yorkshire, UK (Kemp et al., 2011).  
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Figure 4.4: Power spectrum of siltstone/sandstone abundance per 0.2 m interval 
for the T-OAE section at Ait Moussa, Morocco. The lines marked 99 CL and 98 CL 
represent 99% and 98% confidence levels respectively (see methods). The AR(1) 
fit line is the first order autoregressive function fitted to the log spectrum. The black 
bar in the top right shows the resolution bandwidth of the spectrum. 

4.4 Discussion 

The sedimentary structures in the siltstones and sandstones at Ait Moussa are 

diagnostic of storm-wave deposition. Each siltstone/sandstone records a period when 

storm-waves were of sufficient amplitude to impinge on the sea-floor and deposit a 

siltstone/sandstone tempestite. The micro-scale, wave-formed sedimentary structures 

(Figure 4.3 b,c) in the marlstones within the negative CIE suggest a background of 

storm-wave action which was of insufficient magnitude to deposit discrete siltstones. 

“Intense storms” at this site are therefore defined as those represented by 

siltstone/sandstone tempestites. The restriction of siltstone/sandstone tempestites to 

the negative CIE, and the accompanying evidence for global warming during this event 

(Bailey et al., 2003; Dera et al., 2009), strongly supports a causal link between carbon-

forced greenhouse warming and the intensification of storms.  

In principle, a relative sea-level fall could have led to an increase in storm waves 

reaching the sea floor at the section now exposed at Ait Moussa. However, there is no 

other evidence for relative sea-level fall at this site. Furthermore, significant eustatic 
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sea-level rise across the Toarcian negative CIE is documented from multiple lines of 

evidence and localities (Haq et al., 1988) and is an established consequence of global 

warming due to thermal expansion of seawater. Additionally, relative sea-level fall 

cannot explain the observed restriction of tempestites to the CIE.  

The cyclic variation in the abundance of intense storm deposits at Ait Moussa, 

demonstrated by our spectral analysis, indicates that the frequency of intense tropical 

storms was controlled by astronomical forcing. The 1.45 m and 6.19 m wavelength 

cycles in siltstone storm bed frequency are consistent, within the bandwidth resolution 

of the analysis, with forcing by ~21 kyr changes in Earth’s axial precession, and 100 

kyr changes in orbital eccentricity. Together, precession and eccentricity modulate 

seasonality and the length and intensity of low latitude summers. Therefore, it is 

suggested that during the Toarcian negative CIE precession and eccentricity cycles 

drove the observed cyclic variations in the frequency of intense storms via modulation 

of tropical summer temperatures.  

Our interpretation that the 6.19 m cycles in Ait Moussa represent eccentricity indicates 

that the correlative ~0.75 m cycles in Yorkshire (Figure 4.1) are also eccentricity-

forced. This result conflicts with previous work that ascribed these cycles in Yorkshire 

to precession or obliquity forcing (Kemp et al., 2005; Boulila et al., 2014), but agrees 

with one recent study (Huang and Hesselbo, 2014). Correlative cycles to those in 

Yorkshire are also recognised across the onset of the negative CIE from sections in 

Portugal (Suan et al., 2008b) and Luxembourg (Ruebsam et al., 2014), and these too 

have been interpreted as eccentricity (Suan et al., 2008b; Ruebsam et al., 2014). 

Removal of the 6.19 m eccentricity cyclicity, by averaging silt abundance data every 

6.2 m, shows a pattern of increasing storm activity during the onset of the negative CIE 

(Figure 4.1). This trend is coincident with increasing seawater palaeotemperature 

through the onset of the negative CIE recorded in northern Europe (Dera et al., 2009b 

and references therein). Within the resolution of these palaeotemperature data, 

maximum seawater temperatures during the negative CIE coincided with the maximum 

in storm frequency at Ait Moussa at ~15 m. These observations further emphasise a 

direct causal link between intense storm frequency and seawater temperature during 

the Toarcian negative CIE.  
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Temperature-driven changes in intense storm frequency are consistent with the known 

direct relationship between tropical storm intensity and the temperature of the sea 

surface over which they form (Emanuel, 1999). Furthermore, there is increasing 

geographically widespread evidence from Toarcian continental shelf deposits for the 

occurrence of storm deposits during the T-OAE but not before or after (Krencker et al., 

2015). This is despite the T-OAE being associated with high eustatic sea-level (Haq et 

al., 1988), when higher amplitude storm waves would be needed to impinge on the 

sea-floor. Our evidence for a temperature-driven increase in intense storm deposition 

and their modulation by astronomical cycles, together with the widespread evidence for 

storms at this time, is therefore interpreted to represent an increase in the frequency of 

intense storms, rather than localised changes in storm distribution and tracks 

(Christensen et al., 2013; Walsh et al., 2016).  

Eight 100 kyr eccentricity cycles are recognised between -2 and 44.2 m. Assuming a 

consistent sedimentation rate over the succession, the negative CIE (-5.6 m to 61 m) 

lasted ~1.2 Myr.  This new timescale for the Toarcian negative CIE demonstrates that 

whilst the initial gradual release of 12C-enriched carbon led to the occurrence of intense 

storms, it was not until >100 kyr after the start of gradual carbon release, and ~50 kyr 

after the end of a period of more abrupt carbon release (Level 1), that there was a six-

fold increase in the frequency of intense storms (Level 2). This delay indicates that the 

continued release of carbon and the associated increase in temperature led to the 

passing of a climate threshold above which intense storm frequency increased (Level 

2). Importantly, the data indicate that increased intense storm frequency persisted for 

~526 kyr (Level 2 to Level 3; Figure 4.1).   

4.5 Conclusions 

These results demonstrate that global warming associated with massive carbon 

release during the Toarcian Oceanic Anoxic Event triggered intense storm activity and 

that the frequency of storms increased with increasing temperature. Furthermore, it is 

shown that intense storm frequency was modulated by 21 kyr precession and 100 kyr 

eccentricity cycles, and that intense storms occurred over more than 800 kyr. Our 

record of storm activity shows that the frequency of intense storms increased 

significantly after a threshold was passed ~100 kyr after the start of carbon release, 

and that increased intense storm frequency lasted for ~526 kyr. We reveal and 

quantify, for the first time, a causal link between global temperature increase and the 

frequency of intense tropical storms. This provides an important context in which to 
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consider the effects of anthropogenic warming on the probability of extreme weather 

events. 
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Chapter 5  

A high-resolution record of the Toarcian OAE from 
the tropics 

5.1 Introduction 

This chapter assesses the effects of the Toarcian OAE in the tropics through 

integration of high-resolution records of geochemistry, palaeobiology and 

sedimentology from the Ait Moussa section (~18°N palaeolatitude; Section 2.2.3). 

Through the production of high-resolution records, this study aims to provide detailed 

information about the Toarcian OAE in the tropics that is currently lacking due to a 

relative paucity of detailed studies from low latitudes (Bodin et al., 2010, 2016; 

Krencker et al., 2015).  

Enhanced storm activity due to T-OAE global warming instigated changes in 

sedimentation at Ait Moussa (Section 4.4). Climate model results suggest that the 

Northern Gondwanan Margin (including the Middle Atlas) was subject to increased 

precipitation during the T-OAE (Dera and Donnadieu, 2012). This chapter uses organic 

geochemistry and elemental inorganic chemistry to assess changes in the composition 

of sediment deposited at Ait Moussa through the early Toarcian. These results are 

used to establish potential changes in hydrological cycling, including storm activity, 

during the T-OAE.  

High resolution records, mainly from mid-latitudes, document increased siliciclastic flux, 

oceanic anoxia, faunal turnover and extinction, and sea temperature increase, 

alongside CIE evidence of carbon release during the T-OAE (e.g. Bailey et al., 2003; 

Kemp et al., 2005; Hesselbo et al., 2007; Hermoso et al., 2009a and 2009b; Caswell 

and Coe, 2013; Izumi et al., 2018). Comparisons have been made to these high-

resolution, multi-proxy records to better understand the latitudinal differences between 

expressions of the T-OAE (Section 1.3, Objective 1).  

Astronomically-forced cycles during the Toarcian OAE are observed in carbon isotopic, 

elemental concentration and magnetic susceptibility records from Europe and America 
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(Kemp et al., 2005, 2011; Suan et al., 2008b; Boulila et al., 2014; Huang and Hesselbo, 

2014; Ruebsam et al., 2014). These cyclicities represent astronomically-forced climatic 

changes, likely enhanced by the astronomically-forced release of 13C-depleted carbon 

into the biogenic carbon system (Kemp et al., 2005). Evidence for astronomical forcing 

of storm activity from the extremely expanded record of the T-OAE negative CIE at Ait 

Moussa (66.6 m; Chapter 4), indicates that hydrological cycling may have been 

astronomically-forced at this site. This chapter utilises the pXRF protocol developed in 

Chapter 3, to produce high-resolution elemental datasets. These high-resolution 

datasets are used in spectral analysis to investigate astronomical forcing of these data, 

and investigate the effects of astronomically-forced carbon release through comparison 

to the negative CIE. The results of spectral analysis build upon the cyclostratigraphic 

work presented in Chapter 4, to refine the T-OAE timescale (Section 1.3, Objective 2).     

5.2 Materials and methods  

A total of 432 samples were collected from early Toarcian strata at Ait Moussa, 

Morocco (33° 25’ N, 4° 20’ W), see Section 2.3 for further details of section and 

sampling methods. 349 of these samples (heights -13 m to 64.175 m) were measured 

for organic carbon isotope values for the study presented in Chapter 4 (Section 4.2.2; 

Figure 4.1). An aliquot of c.15 g of each sample was crushed and ground using an 

agate pestle and mortar to form fine-grained powder which was used in subsequent 

organic and inorganic geochemical analysis. 

Major and minor elemental concentrations in all 432 powdered samples were 

measured using a Niton XL3t GOLDD+ portable X-ray fluorescence spectrometry 

(pXRF) elemental analyser. Analyses were conducted in Soils Mode using the protocol 

developed in Chapter 3. Post-analysis calibration of data was performed using 2 sets of 

linear regression coefficients (pXRF Calibration Sets 1 and 2; Appendix A.3.1), 

determined by least squares regression of pXRF data with ARL 8420+XRF data from 

analyses of 29 in-house mudrock standards (Chapter 3.2; Appendix A).  Calibration 

errors were better than 8.64 ppm, 8.31ppm, 0.31%, 0.03%, 0.341% and 0.31% for Zr, 

Rb, Fe, Ti, Ca and K measurements respectively (Appendix A). Calibration error is here 

quantified as the maximum difference between calibrated and expected values for a 

given elemental concentration of a sample.  Analytical precision (±2σ), based on repeat 

measurement (N = 82) of sample from the Ait Moussa succession (AMC-8), was better 

than ± 6.74ppm, 5.85ppm, 0.073%, 0.017%, 0.41% and 0.22% for Zr, Rb, Fe, Ti, Ca 

and K measurements respectively (Appendix A).  
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Rb, Zr, K and Ti concentrations of 100 samples from Yorkshire, UK (Chapter 2) were 

obtained by analysis using the same Niton XL3t GOLDD+ instrument and the pXRF 

method developed in Chapter 3. These data were obtained during analyses of 

Yorkshire samples used to test the efficacy of pXRF for cyclostratigraphy (Chapter 3). 

Post-analysis data calibration was performed, as described above, using Calibration 

set 1 (Chapter 3.2; Appendix A; Table A.1). Maximum calibration errors were 8.64 ppm, 

5.19 ppm, 0.03% and 0.31% for Zr, Rb, Ti and K measurements respectively (Appendix 

A). Long-term analytical precision (±2σ) was determined based on repeat 

measurement (N=208) of an in-house mudrock standard (MUD). Analytical precision 

(2σ) was 14.92 ppm, 5.49 ppm, 0.024% and 0.108% for Zr, Rb, Ti and K 

measurements respectively (Appendix A; Table A.3).  

Concentrations of total carbon (TC), total inorganic carbon (TIC), total organic carbon 

(TOC), and sulfur (S) were determined on aliquots of 69 samples using a Leco CNS-

2000 dry combustion elemental analyser at the Open University (for full analytical 

protocol see Appendix A.5). A further 11 samples were analysed using a Leco CS244 

dry combustion analyser at the University of Aberdeen. For both instruments, total 

carbon (TC) was measured through analysis of bulk samples, and inorganic carbon 

content (TIC) was measured through analysis of aliquots that had been previously 

heated to 450°C to remove organic carbon (Appendix A). Total organic carbon (TOC) 

was calculated as the difference between TC and TIC for a given sample. CaCO3 

concentration was calculated by multiplying TIC by 8.33, based on the stoichiometry of 

CaCO3. Carbon and sulfur data measured at the University of Aberdeen were 

calibrated using linear regression coefficients that were defined based on the results of 

analyses of 3 in-house standards measured on both Aberdeen and Open University 

Leco instruments (see Appendix A for full details of calibration method). Associated 

calibration errors were better than 0.059 wt.% and 0.02 wt.% for C and S respectively. 

Long-term analytical precision (2σ) for all analyses was 0.115 wt.% and 0.065 wt.% for 

C and S analyses respectively, based on analyses (n=34) of an in-house mudrock 

standard at the Open University and University of Aberdeen (Appendix A). High-

resolution Ca data from pXRF analysis were used to estimate CaCO3 for 433 samples 

by multiplying pXRF-determined Ca concentration by 2.5, based upon the 

stoichiometry of CaCO3 (Appendix A).  

Aliquots of 1 g were decarbonated using 1 Mol HCl to remove carbonate material for 

organic carbon isotope analysis (Appendix A, Section 4.2.2). δ13Corg of 12 

decarbonated samples was determined using a Thermo Flash 2000 Organic Elemental 
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analyser connected to a Thermo Finnigan MAT 253 isotope ratio mass spectrometer 

(Appendix A). Measurements are quoted relative to VPDB (Coplen, 1996). Long-term 

analytical precision (±2σ) was ± 0.245‰, from repeat inter-sample analysis (n=71) of 

an alanine standard (δ13C = -23.33‰). 

For the 283 samples not analysed using Leco elemental analysis, carbon concentration 

measurements made during carbon isotope measurement (described above) were 

used to calculate an estimation of the TOC concentration (Appendix A.6). The carbon 

concentration from organic carbon isotope measurement does not include C contained 

in CaCO3, so is referred to as Cdecarb. TOC concentration of 42 samples, of a variety 

of compositions across the stratigraphy, were calculated using decarbonated carbon 

(Cdecarb) concentration and pXRF-estimated CaCO3 concentration of these samples.  

Derived TOC concentrations were compared to Leco-elemental analyser-derived TOC 

concentrations for the same 42 samples to create a linear regression model, r2=0.91 

(Appendix A.6; Figure A.3). This model was subsequently used to calibrate TOC 

concentrations for the 283 samples that were calculated using Cdecarb and pXRF-

estimated CaCO3 concentrations (Appendix A). Calibration error associated with the 

method was better than 0.093 wt.%. 

Bulk rock powder aliquots, of approximately 10 g, were subjected to Soxhlet extraction 

and reconstitution into hexane to isolate organic material for gas chromatography mass 

spectrometry (GC-MS) analysis (see Appendix A.7 for full protocol). Organic extracts of 

10 samples were analysed using an Agilent 690 Series Gas Chromatograph (GC) 

system connected to an Agilent 5973 mass-selective detector, for n-alkane composition 

and relative abundance (Appendix A). Determined N-alkane abundances were used to 

calculate Terrestrial-Aquatic Ratio (TAR) for each sample in accordance with 

Bourbonniere and Meyers (1996) (Appendix A). 

Elemental concentration and carbon isotopic data were placed onto an evenly-spaced 

sampling interval of 0.2 m using integration interpolation in Analyseries (Paillard et al., 

1996) for power spectral analysis (Appendix A). Power spectra of these data were 

calculated for 4 stratigraphic intervals (Figure 5.5): (i) Interval 1, between -11 m and -2 

m; (ii) Interval 2, between -11 m and 2.6 m; (iii) Interval 3, between 2.6 m and 36 m; 

and Interval 4 between 36 m and 51 m. These intervals are defined upon Levels 1-3 

(as defined in Chapter 4) and marked changes in geochemical data (see Table 5.2 for 

full explanation of rationale). Power spectra were calculated using the multitaper 

method (Thomson, 1982; Weedon, 2003) with 8 degrees of freedom. Gaussian filters 
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were applied using Analyseries (Paillard et al., 1996), wavelengths and bandwidths 

used were based upon the results of spectral analysis and are presented in Section 

5.3.4; Table 5.3.   

5.3 Results 

5.3.1 Stratigraphy, sedimentology and fauna 

Stratigraphy is described here, and throughout this thesis, using the following 

nomenclature for mud-grade (Wenthworth, 1922; Folk et al., 1970) lithologies based 

upon grainsize observations and CaCO3 concentration: mudstone (<20% CaCO3); marl 

(20-60% CaCO3); calcareous marl (60-80% CaCO3); and limestone (>80% carbonate).     

As noted by previous studies (Fedan, 1989; Rachidi et al., 2009), the Pliensbachian 

strata at Ait Moussa are characterised by beds of micritic limestone, around 30-60 cm 

thick, interbedded with dark-grey mudstones, 10-40 cm thick (Figure 5.1 a). These 

studies also noted that the uppermost 7m of the Pliensbachian shows an increase in 

the thickness of the mudstone interbeds and a commensurate decrease in limestone 

bed thicknesses. At the Pliensbachian-Toarcian boundary (as defined by Fedan 

(1989)) limestone-shale interbeds are replaced by grey marls (Figure 5.1 b). Between 

the Pliensbachian-Toarcian boundary and a gap in exposure at -27.75 m (Figure 5.1 b) 

the marls contain three 20-40 cm thick limestones with ammonites, belemnites, 

bivalves, brachiopods and chondrites (Figure 5.2). Above the exposure gap the facies 

between -25.75 m and -24.75 m comprise grey marls with ammonites and bivalves 

(Figure 5.2; Figure 5.4). Dactylioceras (Eodactylites) at -24.9 m is indicative of the 

lowermost Toarcian ammonite subzone, the mirabile Subzone, within the tenuicostaum 

Zone (Guex, 1973; Page, 2003).  
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Figure 5.1: Photographs of uppermost Pliensbachian- lowermost Toarcian deposits 
at Ait Moussa. Showing: a) Pliensbachian limestone-marl interbeds on the right 
with progressively more marl moving left to the Toarcian; b) Pliensbachian-
Toarcian boundary (black line) showing the change from Pliensbachian limestones 
to Toarcian marls; and c) Exposure gap overlying Toarcian grey marl. 
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Figure 5.2: Photographs of fossils observed at the Ait Moussa section. a) 
Ammonite (Dactylioceras (Eodactylites) sp.) from -24.9m; b) Bivalve, -33.3 m 
height; c) Dactylioceras laticostatum, -4.8 m height; d and e) Bositra radiata, -2.05 
m height; f) Trace fossils from the top surface of sandstone bed at 0 m height. 

These strata are followed by a further exposure gap of ~7.5 m (Figure 5.1 a). Above 

this gap, between -17.55 m and -5.45 m, facies are friable medium-grey marls (Figure 

5.3 a). These grey marls have a generally homogenous structure and are composed of 

clay material, with minor proportion of silt-grade detrital carbonate and quartz (Figure 

4.2 a; Figure 4.3 a). These marls contain occasional belemnite, disarticulated 

gastropod and ammonite fossils, and a large scour at -7.3 m containing abundant 

ammonite fragments (Figure 5.4). 
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Figure 5.3: Photographs of early Toarcian strata at Ait Moussa. Showing: a) Fissile 
grey mudstones; b) Interbeds of marl and tabular silt-grade calclutites (siltstones); 
c) Alternations of cream-coloured calcareous marl and grey marls; d) Large incised 
channel amongst marl-calcareous marl interbeds; and e) yellow-orange coloured, 
hummocky-cross stratified sandstone at 49.05 m. Ruler in a) and b) is 2 m long.  

At -5.45 m the lowest tabular, sharp-based silt-grade calclutite (herein termed 

siltstones) occurs. This bed marks the base of a new facies of interbedded marls and 

siltstones with occasional calcarenites (herein termed sandstones; Section 4.3; Figure 
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5.3 b) which dominates up to 42m. The siltstones vary in abundance through the 

succession (as described in Section 4.3) and are most abundant between Level 2 and 

3 (2.6 m – 32.6 m; Section 4.3). The siltstones and sandstones contain abundant 

angular grains of detrital sparite and rounded grains of micrite (Figure 4.2 c,d). 

Between -5.45 m and -2.05 m the marl interbeds contain ammonite fossils. 

Dactylioceras laticostatum at -4.7 m (Figure 5.4) suggest that these strata belong to the 

uppermost semicelatum ammonite Subzone, within the tenuicostatum ammonite Zone 

(Bardin et al., 2015). Occurrence of Dactylioceras semicelatum ammonites at -2.56 m 

(Figure 5.4) indicate that the lowermost possible position of the tenuicostatum-

serpentinum ammonite Zone boundary is at -2.56 m (in accordance with Howarth, 

1992). At -2.05 and -1.98 m, there are single laminae rich in the bivalve Bositra radiata 

(Figure 5.2 d and e). No other macrofauna were found within the marl-siltstone 

interbeds, except for 5 ammonite macrofossils between 33.3 m and 35 m (Figure 5.4). 

Harpoceras sp. ammonites at 34.8 m and ammonites c.f. Hildaites at 33.3 m (Figure 

5.4) are indicative of the serpentinum ammonite Zone, providing an uppermost limit for 

the tenuicostatum-serpentinum Zone boundary at 33.3 m (Howarth, 1992; Page, 2003). 

Although macrofauna are rare or absent in the interval between -1.98 m and 42 m, 

signs of bioturbation (chondrites) are visible in thin sections from specimens of this 

facies, and the top surface of the sandstone bed at 0 m is heavily bioturbated, including 

possible horizontal burrows and traction traces (Figure 5.3 f; Figure 5.4).  

At 42 m alternations of grey marl with cream-coloured calcareous marl become the 

dominant facies and the siltstones decrease in frequency (Figure 5.3 c). This facies 

dominates to the top of the section and contains a large incised channel at 48.65 m, 

1.5 m thick at its thickest and ~7.5 m wide (Figure 5.3 d), and a 10 cm thick hummocky 

cross-stratified sandstone at 49.05 m (Figure 5.3 e). Ammonite macrofossils reappear 

at 51.5 m and are seen sporadically between this level and the top of the studied 

section, but no other macrofossils were found (Figure 5.4). 
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Figure 5.4:  Fossiliferous horizons of the Ait Moussa section. Filled circles indicate 
fauna present, identified at the phylum and species levels where possible. Open 
circles represent samples where no bioturbation is observed in thin section. 



Chapter 5 – Expanded tropical T-OAE record                                  M.Saker-Clark, 2018 

 

91 

5.3.2 Geochemistry 

The geochemical results from this study are described and discussed with reference to 

the Pliensbachian boundary (-32.45 m; Fedan, 1989) and Levels 1 to 3, as defined in 

Section 4.3 (see Table 5.1 for the definition for each Level). 

Level Height  Definition 

P-To 
boundary 

-32.45 m 
Pliensbachian-Toarcian boundary identified using 

ammonite biostratigraphy by Fedan (1989) 

1 -2 m 
Base of negative organic carbon isotope shift of 

4.2‰ 

2 2.6 m 
Base of interval of abundant storm deposition, 

marked by statistically significant increase in storm 
bed frequency 

3  32.6 m 
Top of interval of abundant storm deposition, marked 

by significant decrease in storm bed frequency 

Table 5.1: Table of Levels of the Ait Moussa succession and their definitions.  

5.3.2.1 Pliensbachian-Toarcian boundary 

δ13Corg values increase from -26.19‰ to -24.41‰ over ~1 m from -33.7 m to -32.77 m, 

before generally decreasing to -26.90‰ at -25.75 m (Figure 5.5). This decrease spans 

the Pliensbachian-Toarcian boundary (-32.45 m) and lowermost Toarcian strata as 

defined by Fedan (1989). δ13Corg then increases sharply from -26.90‰ to -23.83‰ over 

the following 1 m, marking the end of a negative carbon isotope excursion (CIE) 

between -32.77 m and -24.75 m (Figure 5.5). Rb/Zr, K/Ti and Ca/Ti all show short-term 

increases, to peaks of 0.575, 7.25 and 0.120 respectively, between -32.77 m and -

27.75 m that are broadly coincident with the negative CIE (Figure 5.5). CaCO3 

concentration shows a short-term decrease from 95.45% at -33.70 m, to 57.07% at -

31.69 m, before increasing to 92.45% at -28.83 m. TOC varies in antiphase to CaCO3, 

increasing from 0.031 wt.% to 0.252 wt.% between -33.7 m and -31.69 m, before 

decreasing to 0.007 wt.% at -28.83 m (Figure 5.5).  
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Figure 5.5 (previous page): Geochemical and facies trends through the late 
Pliensbachian to early Toarcian section of Ait Moussa, Morocco. Height scale is 
relative to the 0 datum as defined in Chapter 4. Toarcian ammonite biostratigraphy 
is as defined upon ammonite occurrences described in Section 5.3.1. Placement of 
the Pliensbachian-Toarcian boundary is in accordance with the ammonite 
biostratigraphy of (Fedan, 1989). δ13Corg, siltstone frequency and filtered siltstone 
frequency data between 64.18 m and -11 m are from Chapter 4. Levels 1, 2 and 3 
refers to Levels 1-3, as defined in Chapter 4. Average siltstone frequency refers to 
a centred 6.2 m moving average of un-filtered siltstone frequency (per 20 cm), 
taken every 20 cm.  “GAP” refers to an interval where rock is not sufficiently 
exposed to allow logging or sampling. The stratigraphic thickness of the exposure 
gaps was estimated in the field using structural measurements of marker beds. 
Intervals 1-4 are those used in spectral analysis and are defined in Table 5.2. 

5.3.2.2 Pre-Level 1 Toarcian (-17.55 m to -2 m) 

The gap in exposure between -24.75 m and -17.55 m is succeeded by a decrease in 

δ13Corg from -22.62‰ to -24.80‰ between -17 and -15 m, followed by increase to -

23.04‰ over the following 2m (Figure 5.5). These two shifts define a ~2‰ negative 

CIE over 4 m of stratigraphy between -17 m and -13 m (Figure 5.5). Coincident with 

this negative CIE, values of S concentration, Rb/Zr, K/Ti and TOC concentration 

increase, to peaks of 0.60 wt.%, 0.780, 6.94 and 1.209 wt.% respectively, between -17 

and -15 m before decreasing between -15 and -13 m (Figure 5.5). Between -17.55 m 

and -12 m, CaCO3 concentration gradually increases from 24.60% to 32.92%, mirrored 

by a gradual decrease in Ti/Ca from 0.043 to 0.029 (Figure 5.5). 

The small CIE at -17 to -13 m is followed by 7.4 m of stratigraphy within which δ13Corg 

fluctuates between -23.89‰ and -22.45‰ with no clear trend. The start of the 

decreasing trend in δ13Corg at -5.6 m marks the start of the early Toarcian CIE (as 

defined and described in Chapter 4; Figure 5.5). From -11 m to -2 m where the sample 

resolution is sufficient to identify smaller scale changes, oscillations in δ13Corg occur on 

a 1.2-2 m wavelength, within the range -23.89‰ to -22.45‰ (Figure 5.6). These 

oscillations occur broadly in phase with oscillations in TOC, Rb/Zr and K/Ti, and in 

antiphase with Ti/Ca oscillations, which occur within the ranges of 0.671–0.276 wt.%, 

0.400–0.981, 5.35–7.49, and 0.023–0.065 respectively (Figure 5.6). CaCO3 values 

show minimal variability between -11 and -5.4 m, but from -5.4 m to -2 m oscillate 

broadly in phase with Rb/Zr (Figure 5.6). Whilst TOC, CaCO3, Rb/Zr, K/Ti, Ti/Ca 

oscillate through Interval 2, no overall trends are apparent. Similarly, between -11 m 

and -2 m sulphur concentration is consistent, fluctuating within a narrow range between 

0.08 wt.% and 0.31 wt.% (Figure 5.5). Terrestrial:Aquatic ratio (TAR), shows no clear 

trend through interval, with values of 0.03 at -9.4 m and 0.04 at -2.6 m which are within 

uncertainty of each other (Figure 5.5). 
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Figure 5.6: Geochemical trends through Interval 2 (-11 to -2 m) at Ait Moussa, 
Morocco. Notes the in-phase oscillations in δ13Corg, TOC, Rb/Zr and K/Ti between -
11 m and -2 m. 

5.3.2.3 Level 1 to Level 2 (-2 m to 2.6 m) 

Between -2 m (Level 1) and -1.6 m TOC decreases from 0.481 wt.% to 0.101 wt.%, 

coincident with the first 0.4 m of the 4.2‰ negative shift in δ13Corg between -2 m and -1 

m (Section 4.3; Figure 5.5). TOC varies between 0.200 wt.% and 0.091 wt.% between -

1.6 m and 0.6 m, then increases to 0.284 wt.% between 0.6 m and 1.8 m before 

decreasing to 0.165 wt.% at 2.6 m (Figure 5.5).  

In contrast, Ti/Ca, CaCO3, Ti and K/Ti values vary in apparent asymmetric cycles 

between -2 m and 2.6 m (Figure 5.5). Ti/Ca and Ti vary in phase, gradually decreasing 

between -2 m and 2 m, before increasing abruptly between 2 m and 2.05 m, and 

gradually decreasing between 2.05 m and 2.6 m (Figure 5.5). CaCO3 varies in precise 

antiphase to Ti/Ca and Ti, increasing between -2 m and 2 m, before a sharp decrease 

over 0.05 m, and a subsequent increase to 2.6 m (Figure 5.5). K/Ti and Rb/Zr vary 

broadly in phase with CaCO3 but show much noisier signals (Figure 5.5). 

5.3.2.4 Level 2 to Level 3 (2.6 m to 32.6 m) 

Through Interval 4 (2.6 m to 36 m) CaCO3 and Ti/Ca values show correlation (r2=0.30; 

Figure 5.7) with average siltstone tempestite abundance per 6.2 m (6.2 m moving 

average of siltstone frequency per 20 cm data presented in Chapter 4). CaCO3 shows 

positive correlation with siltstone abundance, increasing from 30.27% at 2.6 m to 

47.33% at 15 m, before decreasing to 17.30% at 31.4 m (Figure 5.5). Ti/Ca shows 
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negative correlation with siltstone abundance, decreasing from 0.035 at 2.6 m to 0.017 

at 15 m, before increasing to 0.064 at 31.4 m (Figure 5.5). These patterns are not 

mirrored by K/Ti, Rb/Zr, TOC or δ13Corg, which do not show strong correlation to 

siltstone abundance through Interval 4 (Figure 5.7). K/Ti shows no overall increase or 

decrease between 2.6 m and 15 m, before decreasing gradually from 6.67 at 15 m to 

5.73 at 25.8 m (Figure 5.5) Conversely, Rb/Zr shows no overall trends between 2.6 m 

and 26.2 m, generally oscillating in apparent cycles of 1-3 m wavelength between 

0.452 and 0.653 (Figure 5.5). Rb/Zr and K/Ti both increase gradually between 26.2 m 

and Level 3 (32.6 m; Figure 5.5).  

From 2.6 m to 14.8 m TOC increases slowly from 0.160 wt. % to 0.191 wt.%, before 

gradually decreasing to 0.052 wt% at 26.2 m (Figure 5.5). TOC then increases from 

26.2 m to Level 3 (32.6 m); TOC between 2.6 m and Level 3 is in broad antiphase with 

δ13Corg (Section 4.3; Figure 5.5). TAR increases from 0.02 at 0.8 m, before Level 2, to 

0.13 at 10.4 m, before remaining approximately consistent to 0.14 at 23.6 m (Figure 

5.5). 

Sulfur concentration is consistent from 2.6 m to 7.95 m (within the range 0.16-0.26 

wt.%), before increasing to 0.40% at 9.13 m. From 9.13 m to 16.19 m sulphur 

concentration varies within a narrow range (0.32 to 0.47 wt.%), which is followed by a 

gradual decrease to 0.06 wt.% between 16.19 m and 23.39 m (Figure 5.5). This 

gradual decrease is interrupted by 2 periods of higher sulphur concentration at 17.18 

m, sulphur concentration of 1.35 wt.%, and at 20.35 m, sulphur concentration of 0.47 

wt.% (Figure 5.5). Elevated sulphur concentration at 20.35 m corresponds to an 

increase in TOC concentration to 0.40 wt.% (Figure 5.5). Between 23.39 m and 32.6 m 

sulphur concentration is consistently low, between 0.02 and 0.07 wt.%, (Figure 5.5).  
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Figure 5.7: Cross plots diagrams of geochemical data vs. average siltstone 
abundance. Cross plots of CaCO3, Ti/Ca, TOC, δ13Corg, Rb/Zr and K/Ti data vs. 
average siltstone abundance between Level 2 (2.6 m) and Level 3 (32.6 m). 
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5.3.2.5 Level 3 to section top (32.6 m to 64.15 m).  

Rb/Zr and K/Ti vary in phase from 32.6 m to the section top, decreasing between 32.6 

m and 35 m, from 0.630 to 0.486, and 7.92 to 4.94 respectively (Figure 5.5). Rb/Zr and 

K/Ti then both increase gradually to 0.717 and 6.44 respectively, at 41.9 m, before 

decreasing to 0.566 and 5.87 at 43.6 m (Figure 5.5). Between 43.6 m and the section 

top Rb/Zr and K/Ti values remain steady, showing no clear overall trends (Figure 5.5). 

Ti/Ca varies in antiphase with Rb/Zr and K/Ti from 32.6 m to 36 m, increasing to 35 m 

before increasing from 35 m to 36 m (Figure 5.5). From 36 m Ti/Ca shows no clear 

phase relationship to Rb/Zr and K/Ti, but varies in close antiphase with CaCO3. CaCO3 

increases from 23.91% at 36 m to 42.80 % at 37 m, whilst Ti/Ca decreases from 0.05 

to 0.02 (Figure 5.5). Between 37 m and 42.9 m CaCO3 and Ti/Ca values oscillate in 

apparent cycles of wavelengths of ~1-2 m, around respective means of ~37% and 

~0.036 (Figure 5.5). CaCO3 then increases from 22.73% at 42.9 m to 64.58% at 45.8 

m, and Ti/Ca decreases from 0.05 to 0.01 across the same interval. The CaCO3 

increase between 42.9 m and 45.8 m coincides with a facies change to interbeds of 

grey marls and calcareous marls (which contain >60% CaCO3). From 45.8 m to the top 

of the section CaCO3 and Ti/Ca oscillate between ~35% and ~67%, and ~0.008 and 

0.036 respectively, within this facies of marl and calcareous marl interbeds (Figure 5.5).  

TOC increases from 0.102 wt.% at 36 m to 0.211 % at 36.4 m, before oscillating 

around a mean of ~0.23 wt.% in apparent cycles of wavelength ~2 m until 53 m (Figure 

5.5). Sulphur concentration values are consistent between 36 and 53 m height, varying 

around a mean of ~0.15 wt.%, except for a period of increased values between 37 m 

and 42 m, coincident with elevated TOC, peaking at 1.36% at 40.04 m (Figure 5.5). 

From 53 m to the top of the section TOC increases from 0.05 wt.% to 0.39 wt.%, whilst 

sulphur concentration increases from 0.02 wt.% to 0.47 wt.% (Figure 5.5).  TAR values 

in between Level 3 and the section top vary within the range 0.11 to 0.18, which 

encompasses the range of values between Level 2 and Level 3 (Figure 5.5) 

5.3.3 Yorkshire, UK inorganic geochemistry 

Between -3 m and -2.465 m Rb/Zr and K/Ti values decrease, from 0.71 to 0.50 and 

3.86 to 3.09 respectively (Figure 5.8). This is followed by gradual increases between -

2.465 m and 1.45 m in both metrics, with Rb/Zr increasing to 1.037 and K/Ti increasing 

to 5.206. These increases are coincident with the gradual decrease in δ13Corg at the 

start of the T-OAE negative CIE (Kemp et al., 2005; Figure 5.8). Superimposed on 

these trends of gradual increase in Rb/Zr and K/Ti are 2 apparent cycles of 
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approximately 75 cm wavelength between -2.25 m and -0.5 m (Figure 5.8). Cycles in 

Rb/Zr and K/Ti are in phase with each other, with a consistent anti-phase relationship 

to statistically significant cycles in δ13Corg (Kemp et al., 2005; Figure 5.8). Above these 

2 cycles, Rb/Zr increases from 0.62 at -0.74 m to 1.00 at -0.61 m, before decreasing to 

0.66 at -0.51 m (Figure 5.8). K/Ti varies synchronously, increasing from 3.02 at -0.74 m 

to 4.44 at -0.61 m, before decreasing to 3.47 at -0.51 m (Figure 5.8).  

 
Figure 5.8 : Rb/Zr and K/Ti trends during the onset of the T-OAE at Yorkshire, UK. 
Rb/Zr and K/Ti data shown against carbon isotope data and lithostratigraphy 
(Kemp et al., 2005) and ammonite biostratigraphy (Howarth, 1992) from Yorkshire, 
UK. 
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5.3.4 Spectral analysis 

Spectral analysis was undertaken on Intervals 1-4 of the Ait Moussa succession 

(Figure 5.5), the boundaries of these intervals were assigned based upon changes in 

geochemical data and sampling resolution (Table 5.2). The interval between -2 m and 

2.6 m is of distinct geochemical character but includes too few data points for 

independent spectral analysis. Interval 2 was therefore chosen to include the strata of 

Interval 1 and those between -2 m and 2.6 m (Table 5.2), in order to provide enough 

data for robust spectral analysis and allow for inference of cycles between -2 m and 2.6 

m through comparison to spectral results for Interval 1.  

Boundary Rationale Interval extent 

-11 m 
Base of interval of 0.2 m sample spacing, of 

sufficient resolution for spectral analysis 

    

Interval 
1 

Interval 
2 -2 m 

Level 1 (Section 4.3) marking an end to in-phase 
fluctuations in geochemical data (Section 5.3.2.2) 

with a 4.2‰ negative shift in δ13Corg   

2.6 m 
Level 2 (Section 4.3) marking a change to lower 

amplitude geochemical variation (Section 5.3.2.4).  

  

Interval 
3 

  

36 m 
Change in character of TOC, CaCO3 and Ti/Ca 

data to higher frequency, higher amplitude 
variation 

  

Interval 
4 

  

51 m 
Top of data of sufficient resolution for spectral 

analysis (0.2 m sample spacing) 

  

    

Table 5.2: Definition of boundaries and intervals used in spectral analysis.  

Only spectral peaks that are considered to be robust are discussed in this chapter,  

where cycles defined by 5 samples or less (i.e. with periods >1.25 cycles per metre) 

are not considered robust due to the likelihood of aliasing cyclic signals, in accordance 

with the findings of Kemp (2016). Spectral analysis of the Ait Moussa section 

demonstrates that in Interval 1 (-11 m to -2 m; Figure 5.5) Rb/Zr, Ti/Ca, K/Ti and 

CaCO3 data contain one statistically significant robust cyclicity (>95% confidence level) 

with a wavelength ~2 to 2.1 m (Figure 5.9). TOC data from this interval contains a 

cyclicity of around 1.8 m wavelength, significant above the 99% confidence level 

(Figure 5.9). This cyclicity in TOC is within the bandwidth error of the cyclicity observed 

in Rb/Zr, Ti/Ca, K/Ti and CaCO3 data (Figure 5.9). Through Interval 1 δ13Corg data 

shows no robust statistically significant cyclicity (Figure 5.9).  
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Figure 5.9: Power spectral plots showing results of spectral analysis of 
geochemical data from Ait Moussa through Interval 1 (-11 m to -2 m). 

In Interval 2 (-11 m to 2.6 m), the only robust power spectral peaks that are statistically 

significant above the 95% confidence level are at ~2.8 m wavelength in Ti/Ca and 

CaCO3 (Figure 5.10). The ~2 m cyclicity observed in power spectral analysis of Interval 

1 (Figure 5.9) is not statistically significant through Interval 2 (Figure 5.10). 

Through Interval 3 (2.6 m to 36 m) CaCO3, K/Ti, Rb/Zr and δ13Corg data all show a 

statistically significant cyclicity (above the 95% confidence level) with a wavelength 

~6.8 m (Figure 5.11). Ti/Ca data show 3 cyclicities significant above the 95% 

confidence level within this interval at 6.8 m, 3.7 m and 1.85 m wavelengths (Figure 

5.11). Ti/Ca and CaCO3 data both contain cyclicities of period >1.25 cycles per metre 

which are not considered to be robust (see above). TOC shows no statistically 

significant cyclicity through Interval 3 (Figure 5.11).  
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Figure 5.10: Power spectral plots showing results of spectral analysis of 
geochemical data from Ait Moussa through Interval 2 (-11 m to 2.6 m). 

 
Figure 5.11: Power spectral plots showing results of spectral analysis of 
geochemical data from Ait Moussa through Interval 4 (2.6 m to 36 m). 
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Between 36 and 51 m (Interval 4), Ti/Ca data contain a 1.1 m wavelength cyclicity 

above the 95% confidence level, whilst TOC data shows 2 significant cyclicities (95% 

confidence level), at 1 m and 2.2 m wavelengths (Figure 5.12). A cyclicity of 1.4 to 1.6 

m wavelength is found to be statistically significant (at the 95% confidence level) in 

Rb/Zr and K/Ti data through this interval, whilst no statistically significant cyclicities are 

found in δ13Corg or CaCO3 data (Figure 5.12). 

 

Figure 5.12: Power spectral plots showing results of spectral analysis of 
geochemical data from Ait Moussa through 36 m to 51 m (Interval 4). 

These results of spectral analysis were used to determine the wavelengths and 

bandwidths of Gaussian filters (Table 5.3) used to identify the stratigraphic distribution 

of the cyclic variance identified by spectral analysis (see Section 5.4 and Figure 5.15).  
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Interval Height (m) 

Filter wavelength 
(m) 

Bandwidth (cycles per m) 

Centre 
 

1 -11 to -2 2.00 0.5 

3 2.6 to 36 

1.85 0.15 

3.70 0.125 

6.67 0.125 

4 36 to 51 

1.11 0.3 

1.48 0.4 

2.20 0.25 

Table 5.3: Spectral analysis gaussian filter properties. Table showing wavelength 
around which each Gaussian filter is centred, and the base and top of the 
wavelength range, as determined by the bandwidth used for each filter, against the 
Interval over which this filter was used.  

5.4 History of early Toarcian deposition at Ait Moussa 

5.4.1 Pliensbachian-Toarcian boundary environmental change 

The ~2.5‰ negative CIE over -32.77 to -24.75 m, that spans the Pliensbachian-

Toarcian boundary (Figure 5.13) at Ait Moussa is stratigraphically comparable with 

negative CIEs recorded in bulk carbonate, bulk organic, brachiopod calcite and wood 

material from sites around Europe and North Africa (e.g. Hesselbo et al., 2007; Suan et 

al., 2008; Bodin et al., 2010; Littler, Hesselbo and Jenkyns, 2010; Suan et al., 2011; 

Ait-Itto et al., 2017; Xu et al., 2018). It is therefore interpreted that the CIE at Ait 

Moussa is a representation of the Pliensbachian-Toarcian global warming event (PTo-

E), which is thought to have resulted in the widespread occurrence of a negative CIE at 

the Pliensbachian-Toarcian boundary due to the release of 13C-depleted carbon (Littler 

et al., 2010).  

Figure 5.13 (next page): Annotated geochemical and facies trends through the end 
Pliensbachian- early Toarcian succession at Ait Moussa. Geochemical results are 
presented (as presented in Figure 5.5) annotated with: Stratigraphic Intervals as 
defined in section 5.3.2; Inferred periods of early Toarcian carbon cycle 
perturbation, the Pliensbachian-Toarcian Event (PTo-E), the possible pre-T-OAE 
CIE (labelled “CIE?”) and the Toarcian negative CIE of the T-OAE. Horizontal 
dashed lines mark the boundaries between stratigraphic intervals, and horizontal 
grey lines represent stratigraphic levels, as defined in Chapter 4.  
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Short-term increases in Rb/Zr and K/Ti coincident with the PTo-E CIE (Figure 5.13), 

indicate transient increases in the clay content of siliciclastic sediment, due to the 

relatively high concentrations of Rb and K in clay minerals and association of Zr and Ti 

with the silt-sand portion (Calvert and Pedersen, 2007). Ti is primarily associated with 

siliciclastic material, whilst largest Ca concentrations are in carbonate material (Calvert 

and Pedersen, 2007), suggesting that the transient increase in Ti/Ca at the PTo-E CIE 

represents an increase in the ratio of siliciclastic to carbonate sediment deposition. 

Increasing siliciclastic and clay deposition are interpreted to be, at least in part, 

responses to previously-evidenced accelerated continental weathering (Brazier et al., 

2015; Percival et al., 2016) and increased terrigenous run-off (Wilmsen and Neuweiler, 

2008; Bodin et al., 2010, 2016) at the P-ToE (Bailey et al., 2003; Suan et al., 2008a; 

Bodin et al., 2016).  

5.4.2 Pre-Level 1 Toarcian: Hemipelagic sedimentation affected by 
astronomically-forced fluctuations in hydrological cycling and sediment 
input prior to abrupt carbon release 

The 2‰ negative CIE observed in δ13Corg, and transient increases Rb/Zr, K/Ti, and 

TOC and S concentration, between -17 m and -13 m (Figure 5.5) indicate deposition of 

sediment rich in 13C-depleted organic material and clay minerals. Enhanced clay 

mineral deposition associated with this CIE can be explained by accelerated 

hydrological cycling during an OAE-style warming event caused by release of 13C-

depleted C (c.f. Section 1.2.1; Figure 5.14). Increases in TOC and S concentration can 

also be explained by this scenario, with increased nutrient delivery to the oceans 

driving increased marine primary productivity leading to increased organic carbon and 

sulfur burial (Figure 5.14). Evidence for a CIE correlative to the -17 to -13 m CIE at Ait 

Moussa is not widely recorded in carbon isotopic records of the early Toarcian, 

although many records are of lower resolution. Alternatively the negative CIE and 

increases in clay portion proxies at Ait Moussa could be caused by coincidental local 

deposition of sediment rich in clay and marine organic material (which is known to have 

been depleted in 13C relative to terrestrial organic material in the Toarcian (Suan et al., 

2015 and references therein)).  
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Figure 5.14: Schematic depositional model of environmental and depositional 
changes at the study site at Ait Moussa, Morocco during the early Toarcian. Bold 
symbols represent processes of greater rate, symbol size also corresponds to 
process rate (not scaled).  

The strata between -17 m and -2 m that comprise grey marls with ammonites, 

belemnites and gastropods, and occasional siltstones from -5.45 m, suggest that 

siliciclastic hemipelagic deposition was dominant through this interval with the onset of 

occasional intense storms at -5.45 m (Section 4.4). No overall trends in TOC and 

CaCO3 concentrations; Terrestrial:Aquatic Ratio (TAR); and Rb/Zr, K/Ti and Ti/Ca 

values suggest no gradual changes in sediment type during between -17 and -2 m.  



Chapter 5 – Expanded tropical T-OAE record                                  M.Saker-Clark, 2018 

 

107 

Consistent means in geochemical values between -17 m and -2 m are superimposed 

with visible cyclic variation in Rb/Zr, Ti/Ca, TOC, K/Ti and CaCO3 between -11 m and –

2 m (Interval 2), which is statistically significant at the 2 m wavelength (Figure 5.9). 

Results of filtering of Rb/Zr, Ti/Ca, TOC, K/Ti and CaCO3 data at the 2 m wavelength 

Interval 2 (-11 m to -2 m), supports the visible observation (Figure 5.6) that these 

cyclicities show consistent phase relationships (Figure 5.15). Consistent cycle 

wavelength and phase relationship suggests that Rb/Zr, Ti/Ca, TOC, K/Ti and CaCO3 

data are forced by the same astronomical parameter between -11 m and -2m. Whilst 

δ13Corg from Ait Moussa does not show a significant spectral peak at this wavelength 

(Figure 5.9), results of filtering δ13Corg data at the 2 m wavelength indicate that δ13Corg 

do show variance at this wavelength, that is in phase with Rb/Zr, TOC and K/Ti 

oscillations (Figure 5.15). This suggests that δ13Corg is likely to have been forced by an 

astronomical cycle of 2 m wavelength, despite spectral analysis not yielding a 

statistically significant peak at this wavelength (Figure 5.9). 

Astronomically-forced 2 m Rb/Zr cycles at Ait Moussa between -6.2 m and ~ -2 m are 

stratigraphically correlatable to ~75 cm cyclic fluctuations in Rb/Zr in Yorkshire, UK 

(Figure 5.16). This correlation is based on: (i) their respective stratigraphic positions 

compared to the negative carbon isotopic shifts (Level 1 at Ait Moussa and Shift A in 

Yorkshire; Chapter 4; Figure 5.16) and (ii) and the close match in number and style 

between Rb/Zr variations in Ait Moussa and Yorkshire (Figure 5.16). Cyclic fluctuations 

in Rb/Zr data from Yorkshire are in antiphase with statistically significant 75 cm cycles 

in δ13Corg (Kemp et al., 2005) over the same interval (Figure 5.16). These δ13Corg cycles 

are synchronous with 75 cm cycles in CaCO3 and S (Kemp et al., 2011), which 

correlate to the 6.19 m wavelength 100 kyr eccentricity-forced cycles in storm bed 

frequency between 0 m and 41.2 m at Ait Moussa (Section 4.4). This correlation 

suggests that the 75 cm Rb/Zr cycles at Yorkshire (Figure 5.16) are 100 kyr in length, 

paced by 100 kyr eccentricity cycles that forced CaCO3 and S data in Yorkshire. By 

extension, it is highly likely that the 2 m cycles in Rb/Zr, Ti/Ca, CaCO3, TOC and δ13Corg 

between -6.2 m and -2 m at Ait Moussa (Figure 5.6) are also therefore also 100 Kyr 

eccentricity-paced.  
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Figure 5.15: Geochemical data filtered at statistically significant wavelengths. 
Comparison of geochemical data from the Ait Moussa section with the outputs of 
Gaussian filtering of this data at wavelengths deemed statistically significant 
through spectral analysis (Figures 5.9-5.12).  



Chapter 5 – Expanded tropical T-OAE record                                  M.Saker-Clark, 2018 

 

109 

 

Figure 5.16 : Comparison of cycles in Rb/Zr and δ13Corg data in strata at the start of 

the Toarcian CIE in Ait Moussa, Morocco and Yorkshire, UK. Filtered δ13Corg and 

Rb/Zr data from Ait Moussa were filtered using a Gaussian filter at 2 m wavelength. 

Filtered Yorkshire δ13Corg and Rb/Zr data were filtered using a Gaussian filter at 

0.75 m wavelength. Yorkshire δ13Corg data are from Kemp et al., (2005). Solid black 

lines represent confident points of inter-section correlation. 

The in-phase relationships between TOC, Rb/Zr, K/Ti and δ13Corg  within the 

eccentricity-forced cycles between -6.2 m and  -2 m (Figure 5.6; Figure 5.15) are 

consistent with the cyclic deposition of clay minerals and 13C-enriched organic matter at 

Ait Moussa. Furthermore, the Rb/Zr cycles at Yorkshire, in phase with Ait Moussa 

Rb/Zr cycles, suggest a synchronous cyclicity in clay deposition in Yorkshire. The 

antiphase relationship between correlated Rb/Zr cycles (at Yorkshire and Ait Moussa) 

and Yorkshire δ13Corg cycles (Figure 5.16), suggests that deposition of this clay- and 

13C-rich material at Ait Moussa fluctuated in phase with astronomically-modulated 

release of 13C-depleted carbon (Kemp et al., 2005). Astronomically-modulated carbon 

release is thought to have occurred in response to changes in seasonality and summer 

temperature conditions, with seasonality maxima causing maximum carbon effusion 

through methane clathrate destabilisation (Kemp et al., 2005). It therefore follows that 

maximum deposition of clay- and 13C-rich material at Ait Moussa, and clay deposition 

at Yorkshire, occurred where temperatures were at maximum in response to extreme 

seasonality and subsequent C-forced global warming. Increased temperatures during 

the T-OAE and P-ToE have been shown to increase chemical weathering and 

hydrological cycling (Cohen et al., 2004; Brazier et al., 2015; Percival et al., 2016), 

resulting in increased clay deposition (Dera et al., 2009a; Hermoso and Pellenard, 

2014) and terrestrial sediment deposition through fluvial run off (Bodin et al., 2010). 
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Cycles in terrestrial sediment deposition can account for observed cycles in TOC and 

δ13Corg (Figure 5.6), due to variable deposition of 13C-rich terrestrial organic matter. 

Cycles in chemical weathering and hydrological cycling can account for cycles in Rb/Zr 

and K/Ti (Figure 5.6) through forcing of cyclic variation in clay deposition. It is therefore 

inferred that 100 kyr eccentricity-modulated hydrological cycling and chemical 

weathering during Interval 2 (-11 m to -2 m), caused fluctuations in terrigenous 

sediment deposition at Ait Moussa (Figure 5.14).  

The occurrence of abundant Bositra radiata at Ait Moussa 5 cm beneath the base of 

the carbon isotope shift (Level 1 (-2 m); Figure 5.4; Section 4.3), is comparable to a 

similar occurrence of Bositra radiata immediately prior to carbon isotope Shift A in the 

Yorkshire T-OAE succession (Caswell and Coe, 2013). Bositra radiata occurrence at 

Yorkshire has been regarded as due to the development of hypoxic conditions during 

the desent towards anoxia (Caswell and Coe, 2013). The Bositra radiata occurrences 

at Ait Moussa and Yorkshire both occurred after the onset of gradual carbon release, 

as indicated by the start of the negative CIE (-5.6 m at Ait Moussa; Section 4.3), but 

prior to massive carbon release at Level 1. This suggests that hypoxia may have 

developed at Ait Moussa in response to gradual carbon release between -5.6 m and -2 

m (Figure 5.4).  

5.4.3 Level 1- Level 2 (-2 m to 2.6 m): Abrupt sedimentation change in 
response to rapid carbon release 

The evidence for 100 kyr eccentricity cycles at Ait Moussa of 2 m wavelength between 

-6.2 m and -2 m (Section 5.4.2), and 6.19 m wavelength between 0 m and 42 m 

(Chapter 4), suggests that sedimentation rate increased by a factor of ~3 in the interval 

between -2 m (Level 1) and 0 m (Figure 5.14). If the thicknesses of all siltstones are 

removed from this calculation, assuming that siltstones were deposited 

instantaneously, this suggests a marl sedimentation rate increase of ~2.75 times. The 

step change in marl TOC concentration between -2 m and -1.6 m marks a reduction in 

TOC by a factor of ~3; from mean TOC of 0.434% between -11 m and -2 m, to mean 

TOC of 0.145% between -1.6 m and Level 3 (32.6 m). This TOC decrease is consistent 

with a ~3-fold increase in marl sediment deposition between -2 m and -1.6 m (Figure 

5.14), where TOC of the additional sediment is minimal, supporting an 100 kyr 

eccentricity interpretation of 2 m cycles below Level 1 (Section 5.4.2) and 6.19 m 

cycles between 0 m and 42 m (Chapter 4).  
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The step change in sedimentation between -2 and -1.6 m is directly overlain by an 

asymmetric cycle in Ti/Ca, CaCO3, Rb/Zr and K/Ti between -2 m and 2 m (Figure 5.5). 

The 4 m wavelength of the cycle between -2 m and 2 m are consistent with 100 kyr 

eccentricity forcing, as interpreted for the 2 m cycles between -6.2 and -2 m (Section 

5.2.2), assuming a two-fold sedimentation increase between -2 m and -1.6 m. There is 

discrepancy between the two-fold sedimentation rate increase inferred from this 4 m 

cycle, and the three-fold increase suggested by TOC concentration and the 6.19 m 

cyclicity between 0 m and 42 m (outlined above). This discrepancy may suggest that 

sedimentation rate increased ~2-fold between -2 m and -1.6 m, before further 

sedimentation rate increase to result in an average eccentricity cycle wavelength of 

~6.19 m between 0 m and 42 m (Section 4.3). However, the 4 m cycle between -2 m 

and 2 m is overlain by a shift in geochemical values between 2 m and 2.05 m (Figure 

5.5), suggesting that this 4 m cycle may have been truncated. Furthermore, spectral 

analysis including this interval (Interval 3; Section 5.3.4) does not produce a statistically 

significant spectral peak at 4 m wavelength (Figure 5.10), and is therefore insufficient 

to confirm an astronomically-forced 4 m cycle between -2 m and 2 m. However, the 

statistically significant peak at 2.8 m (Figure 5.10) is consistent with being the result of 

a 2 m cyclicity between -6.2 and -2 m (Section 5.4.2) and one 4 m cycle between -2 m 

and 2.6 m. It is therefore considered that an abrupt sedimentation rate increase 

between two- and three-fold occurred between -2 m and -1.6 m (Figure 5.14).  

The step increase in sedimentation rate between -2 m and -1.6 m is coincident with the 

first 40 cm of the 4‰ negative carbon isotope shift that starts at Level 1 at Ait Moussa 

(Figure 5.5), strongly suggesting a causal link between these changes in TOC and 

δ13Corg. The Rb/Zr, K/Ti, Ti/Ca ratios and TAR values do not show an abrupt change in 

mean value with increased sedimentation rate between -2 m and -1.6 m (Figure 5.5), 

suggesting that sediment composition and source did not change significantly. This 

suggests that the 4‰ negative carbon isotope shift was not influenced by a change in 

organic matter composition, suggesting instead that sedimentation rate increase (and 

TOC decrease) was likely caused by the rapid carbon release that the negative carbon 

isotope shift at Level 1 is considered to represent (Section 4.4).  

Rapid carbon release at Level 1 and consequent global warming (Bailey et al., 2003) 

are likely to have caused accelerated hydrological cycling as temperature increase 

leads to increased kinetic energy in the atmosphere, and increased water mass held in 

the atmosphere (in accordance with the Clausius-Clapeyron relationship). The increase 

in sedimentation rate at Ait Moussa is consistent with evidence for increased 
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terrigenous flux in other T-OAE sections (Hesselbo et al., 2007; Han et al., 2018; Izumi 

et al., 2018); and a global increase in chemical weathering (Cohen et al., 2004; Dera et 

al., 2009a; Hermoso and Pellenard, 2014; Brazier et al., 2015; Percival et al., 2016; 

Them et al., 2017b). It is therefore interpreted that sedimentation rate increase at Ait 

Moussa was driven by hydrological cycle acceleration as a result of global warming 

during the T-OAE (Figure 5.14).  

5.4.4 Level 2 to Level 3: Climatically-modulated changes in storm and 
hydrologically-mediated sediment deposition  

The sedimentation rate between Level 2 (2.6 m) and Level 3 (32.6 m) is broadly 

consistent, as shown by pervasive precession and eccentricity cycles of broadly 

constant thickness (Section 4.4). The consistent, high sedimentation rate through this 

interval indicates that accelerated hydrological cycling triggered by abrupt carbon 

release at Level 1 persisted throughout these intervals (Figure 5.14). Furthermore, the 

4.6 m height difference between step changes in sedimentation in response to 

hydrological acceleration at Level 1, and intense storm activity at Level 2 (Section 4.4), 

suggests that fluvial run off and intense storm activity at Ait Moussa responded to 

different climatic thresholds during the onset of the T-OAE.  

CaCO3 and Ti/Ca values from marls between Level 2 and Level 3 both show 

correlation with average siltstone tempestite abundance per 6.2 m (R2= 0.30 in both 

cases; Figure 5.7). This suggests a causal relationship between the gradual increase 

and decrease in CaCO3 between Level 2 and 3 (Figure 5.5) and storm activity at Ait 

Moussa. Thin section analyses demonstrate that marls between Level 2 and Level 3 

show wave-formed structures and rounded, detrital carbonate grains, but minimal 

detrital quartz (Figure 4.2 b and Figure 4.3 c). These detrital sparite and micrite grains 

are similar to those seen within siltstone and sandstone tempestites (Section 4.3, 

Figure 4.2 c,d). The occurrence of these grains is consistent with reworking of mature 

carbonate material from a more proximal carbonate platform/shelf environment. It is 

therefore suggested that increasing and decreasing trends in CaCO3 (Figure 5.5), 

correlative to trends in siltstone abundance (Figure 5.7)  represent increasing and 

decreasing proportion of storm-reworked detrital carbonate material deposited in marls. 

In Chapter 4, it was suggested that detrital carbonate and wave-formed structures in 

marls are representative of “less intense” storm deposition, insufficient to deposit 

siltstone tempestites. The increasing and decreasing trends in siltstone abundance 

through this interval are inferred to be controlled by global warming and cooling 
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(Section 4.4). It is thus inferred that temperature is likely to have controlled a gradual 

increase in detrital carbonate abundance in marlstones up to 15 m, before a gradual 

decrease to 36 m (Figure 5.13), through modulation of the abundance and/or intensity 

of “less intense” storm events (Figure 5.14).  

The antiphase relationship between Ti concentration and CaCO3 concentration (Figure 

5.5), suggests that siliciclastic flux did not respond in line with storm activity and 

carbonate content between Level 2 and Level 3. Instead, this antiphase relationship 

suggests that Ti flux was relatively constant across this interval, and that storm-induced 

increase and decrease in CaCO3 flux drove antiphase changes in Ti concentration. 

This suggests a consistent rate of siliciclastic flux (and likely terrigenous flux) between 

Level 2 and Level 3 (Figure 5.14), which is supported by the consistent sedimentation 

rate indicated by cyclicity of consistent wavelength (see above). Consistent TAR values 

between Level 2 and Level 3, higher than those before Level 2 (Figure 5.5), support 

consistent terrigenous flux in an accelerated hydrological state (Figure 5.14). 

Furthermore, lack of correlation between Rb/Zr or K/Ti and siltstone abundance (Figure 

5.7) support consistent terrigenous flux through this interval (Figure 5.14).  

The close to flat δ13Corg profile at Ait Moussa between Level 2 and Level 3, is 

comparable to the profiles from T-OAE successions at Peniche, Portugal (Hesselbo et 

al., 2007; Figure 5.17) and Japan (Izumi et al., 2012). The successions in Portugal and 

Japan both show evidence for increased coarse-grained sedimentation within the T-

OAE negative CIE that is inferred to be an increase in mass flow deposition in 

response to T-OAE global warming (Hesselbo et al., 2007; Izumi et al., 2018). These 

sections contrast with the more symmetrical negative CIEs observed in Yorkshire, 

Sancerre, Germany (Kemp et al., 2005; Hermoso et al., 2009a; Ruebsam et al., 2014), 

and in records of wood carbon isotopic composition (Hesselbo et al., 2000; Hesselbo 

and Pieńkowski, 2011). T-OAE wood carbon isotope records are considered to be the 

most accurate reflection of the pattern of carbon effusion during the event, as they 

record an atmospheric isotope signal with minimal influence from changing organic 

matter source (Hesselbo et al., 2000). The flat profiles in Morocco, Portugal and Japan 

can be explained by increased siliciclastic sedimentation and terrestrial organic matter 

flux in response to carbon-forced global warming that results in suppression of negative 

CIE, due to increased deposition of terrestrial organic matter, and ‘stretching’ of the 

CIE due to increased sedimentation rate (Izumi et al., 2018; Figure 5.14).  
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Figure 5.17 Comparison of δ13Corg data from early Toarcian strata at Ait Moussa, 

Morocco and δ13Ccarb data from the early Toarcian succession at Peniche, Portugal. 

Peniche δ13Corg data  and ammonite stratigraphy are from Hesselbo et al., 2007.  
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5.4.4.1 Orbital forcing during enhanced storm deposition between Level 2 and Level 
3 

In Interval 3 (2.6 m to 36 m), Rb/Zr, K/Ti, Ti/Ca, δ13Corg and CaCO3 data all show 

significant cyclicity at ~6.8 m wavelength (Figure 5.11). Filtering these data (at ~6.7 m 

wavelength) to isolate these ~6.8 m cycles suggests that the power at this wavelength 

is not evenly distributed and pervasive through the interval (Figure 5.15). Furthermore, 

the results of filtering at 6.7 m wavelength show that the distribution of power at this 

wavelength is not consistent between proxies (Figure 5.15). This suggests that the 6.8 

m spectral peaks in these data are not the results of a common astronomical forcing of 

these proxies at the 6.8 m wavelength. 

When raw data is detrended with 1st or 2nd order polynomials, the 6.8 m wavelength 

peak is not defined and statistically significant (above the 95% confidence level) in 

spectral analysis of Ti/Ca, CaCO3 and δ13Corg data from Interval 3 (Figure 5.18 a,b).  

The 6.8 m wavelength peak only becomes defined when detrended with 3rd or higher 

order polynomial (Figure 5.11; Figure 5.18c). Previous studies (Vaughan et al., 2015) 

demonstrate that low frequency peaks, such as the 6.8 m peak observed here, can be 

artificially created from noise signals with no cyclicity by inappropriate detrending. It is 

therefore possible that the 6.8 m spectral peak is only statistically significant in spectral 

analysis of Ti/Ca, CaCO3 and δ13Corg data owing to the use of de-trending.  

Spectral analysis of Ti/Ca data also shows statistically significant cyclicities at 3.7 m 

and 1.85 m wavelengths (Figure 5.11). Statistically significant peaks at 3.7 m and 1.85 

m wavelengths are obtained irrespective of the order of detrending used in spectral 

analysis (Figure 5.11; Figure 5.18), suggesting that they are not artefacts of detrending. 

Filtering at the 3.7 m and 1.85 m wavelengths to isolate the variance at these 

wavelengths suggests that cyclicities at these wavelengths are not pervasive through 

the interval (Figure 5.15). Furthermore, filtered signals suggest that most of the 

variance in Ti/Ca data at 3.7 m and 1.85 m wavelengths derives from the interval 

between 33 m and 36 m. These features contrast with the results of filtering siltstone 

abundance data at statistically significant wavelengths of 6.19 m and 1.45 m (Figure 

5.15; Section 4.3). Cycles in siltstone abundance are pervasive symmetric cycles 

through the entire analysed interval, consistent with continuous astronomical forcing 

(Section 4.3). This suggests that the statistically significant peaks at 3.7 m and 1.85 m 

wavelengths through Interval 3 (Figure 5.11), are not sufficient to suggest astronomical 

forcing of Ti/Ca data by cyclic astronomical parameters.  
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Figure 5.18: Power spectral plots of geochemical data from Interval 3 detrended 
using different polynomial orders. Results of power spectral analysis using a) 1st-
order; b) 2nd-order and c) 4th-order detrending and Interval 3 geochemical data 
(see Figure 5.11 for spectral plot using 3rd-order detrending).  
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5.4.5 Level 3 to Section top: Carbonate-rich sedimentation during 
environmental recovery  

The increase in TOC and CaCO3 concentration and decrease in Ti/Ca values and Ti 

concentration at 36 m, coincident with an increase in the variability of these values, 

marks a change in facies. At 42.8 m there is a further change to marlstone-calcareous 

marlstone facies that is coincident with the start of an increasing trend in CaCO3 and 

decreasing trends in Ti/Ca and Ti (Figure 5.5). These facies changes indicate a 

decrease in the relative proportion of siliciclastic deposition, and an increase in 

carbonate deposition, above Level 3. Consistent CaCO3 and Ti/Ca values between 

45.8 m and the top of the section suggests that a new deposition state of increased 

carbonate deposition became established at 45.8 m. This gradual change to increased 

proportion of carbonate deposition occurs during the ‘recovery’ phase of the T-OAE 

carbon cycle perturbation, indicated by gradually increasing δ13Corg 37.5 m to the top of 

the negative CIE at 61 m (Figure 5.5). The decrease in siliciclastic deposition from 36 

m is consistent with deceleration of the hydrological cycle and reduction in terrigenous 

siliciclastic flux, related to gradual global cooling (Bailey et al., 2003; Dera et al., 2009b) 

that occurs during the T-OAE recovery phase (Figure 5.14).  

Decreasing siliciclastic flux is also consistent with increased TOC concentration above 

36 m, as organic matter likely became less diluted as siliciclastic flux decreased. This is 

consistent with higher CaCO3, and TOC due to less dilution. TOC concentrations above 

Level 3 are lower than those below Level 1 (prior to sedimentation rate increase), 

suggesting that siliciclastic flux and sedimentation decrease after Level 3 was of lower 

magnitude than the increase in sedimentation at Level 1 (Section 5.4.3). TAR values 

above Level 3 are comparable to those between Level 2 and Level 3, and markedly 

greater than those below Level 1 (Figure 5.5), further supporting a less marked 

decrease in terrigenous flux above Level 3. The large incised channel observed at 48.8 

m (Figure 5.3) occurs 5 cm below a sandstone bed displaying hummocky cross 

stratification (Figure 5.5). These features are consistent with a transient period of high 

energy deposition during this reduction in siliciclastic flux, possibly related to an 

astronomically-forced enhancement of storm activity and hydrological cycling. 

Spectral peaks above the 95% confidence level at 1.1 m wavelength from the spectral 

analysis of TOC and Ti/Ca data (Figure 5.12) suggest that 1.1 m wavelength 

astronomical cycles may have driven TOC and Ti/Ca variation through Interval 4 (36 m 

to 51 m). TOC variations exhibit cycles with 2.2 m wavelength that are also significant 
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above the 95% confidence level (Figure 5.12; Figure 5.15). The pervasive 2.2 m cycles 

in TOC through Interval 4 and the in-phase relationship between 1.1 m cycles in TOC 

and Ti/Ca, where Ti/Ca cycles are defined, (Figure 5.15) support astronomical forcing 

on 2.2 m and 1.1 m wavelengths. Astronomical cycles of 2.2 and 1.1 m wavelength are 

consistent within bandwidth error of forcing by ~36 Kyr obliquity and ~21 Kyr 

precession (Laskar et al., 2011) cycles. Furthermore, studies of T-OAE sections from 

Europe also suggest that orbital forcing may switch from predominantly eccentricity-

precession to predominantly obliquity during the recovery from the T-OAE (Kemp et al., 

2011; Boulila et al., 2014; Ruebsam et al., 2014). This interpretation suggests that the 

1.45 m precession cyclicity (observed in siltstone storm bed abundance between -2 

and 42.2 m (Chapter 4)) has a 1.1 m wavelength above 36 m. This suggests a 

sedimentation rate above 36 m that is ~25% lower than between Level 2 and Level 3. 

This is consistent with decreasing terrigenous flux above Level 3 as a result of 

decelerated hydrological cycling (Figure 5.14). High amplitude cyclic fluctuations in 

sediment geochemistry above Level 3, relative to between Level 2 and Level 3 (Figure 

5.5), are consistent with reduced terrigenous flux after Level 3 causing reduced 

buffering of astronomically-forced sedimentation variations.  

Statistically significant spectral peaks at 1.4-1.6 m wavelength observed in Rb/Zr and 

K/Ti data through Interval 4 are within bandwidth error of each other (Figure 5.12, so 

cannot be distinguished as separate independent cyclicities. Rb/Zr and K/Ti data 

filtered at 1.48 m wavelength do not show pervasive cyclicity through Interval 4, and do 

not demonstrate a consistent phase relationship (Figure 5.15). This prevents the 

conclusion that spectral peaks in Rb/Zr and K/Ti data are related to astronomically 

cyclicity of 1.4 m to 1.6 m wavelength.  

This marlstone-calcareous marlstone facies from 45.8 m to the top of the section is 

more carbonate-rich than facies between -17 m and 36 m (Figure 5.5), suggesting that 

decreased siliciclastic sedimentation alone cannot explain this increase in carbonate 

concentration. Higher CaCO3 concentration above 36 m (during the recovery phase) 

and  around the Pliensbachian-Toarcian boundary, than between -17 m and 36 m 

(Figure 5.5) is consistent with the widely documented carbonate production crisis 

during the T-OAE (Mattioli et al., 2009; Trecalli et al., 2012). It is therefore suggested 

that higher carbonate concentration in the recovery facies above 45.8 m may have 

been influenced by the reduction in ocean acidification during the recovery from the T-

OAE.  
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5.5 Faunal changes during Toarcian climatic change at Ait 
Moussa 

The disappearance of macrofauna in the Ait Moussa section at -2.05 m marks the start 

of a “macrofaunal gap” that persists until 51.5 m, except for a 1.7 m interval between 

33.3 and 35 m that contains ammonites (Figure 5.19). This “macrofaunal gap” is similar 

to the “belemnite gap” observed at many European sites during the T-OAE (Hesselbo 

et al., 2007; Caswell and Coe, 2014; Ullmann et al., 2014; Danise et al., 2015; Xu et 

al., 2018). Exposure at Ait Moussa prevents the observation of bedding planes for most 

of the succession and marls are commonly friable (Figure 5.3 a). These features are 

not conducive to finding macrofossils, limiting certainty about macrofossil exclusion 

during the T-OAE. Nevertheless, the contrast between the fossiliferous lithologies 

below Level 1 and the lack of fossils found above Level 1 (Figure 5.4), without a 

change in exposure, indicates that this macrofossil exclusion is not just an artefact of 

the exposure.  

Macrofaunal disappearance at -2.05 m directly precedes increased sedimentation, 

abrupt carbon release, at -2 m (Level 1; Chapter 4; Section 5.4.4). The short interval at 

33.3 m that contains ammonites is coincident with an eccentricity-forced decrease in 

storm activity and summer temperature (Figure 5.19; Section 4.3). The return of 

ammonite fossils at 51.5 m occurred when siliciclastic deposition and storm activity had 

both reduced in response to global cooling (Section 5.4.5). The coincidence between 

macrofaunal exclusion and changes in sedimentation and storm activity suggests that 

increased sedimentation and storm activity likely contributed to macrofaunal exclusion 

at Ait Moussa. It is therefore suggested that a combination of increased suspended 

sediment load due to increased terrestrial run off and storm-induced sediment 

reworking, and damage to macrofauna caused by increased storm wave energy, likely 

contributed to macrofaunal exclusion at Ait Moussa. However, coincidence of 

macrofaunal changes with changes in temperature suggests that temperature changes 

may have also affected macrofaunal exclusion at Ait Moussa, by providing 

physiological stress and affecting food supply, as was suggested for T-OAE biotic 

changes by Caswell and Coe (2014).  
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Figure 5.19: Variation in faunal occurrence at Ait Moussa during early Toarcian 
climate change. Fossiliferous horizons marked with observed fauna, annotated 
with the apparent macrofaunal gaps, interpreted to represent local faunal 
exclusion.  
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Marls within the interval of macrofaunal exclusion show ichnofauna (Figure 5.19) that 

indicate that macrofauna were present at Ait Moussa through this interval, despite the 

lack of macrofossils. Furthermore, ichnofauna suggest bottom water oxygenation 

during the macrofaunal gap, despite occurrence of Bositra at -2.05 m which are 

consistent with the development of hypoxia (Section 5.4.2). This indicates that 

deoxygenation was not the primary cause in the sustained macrofaunal exclusion at Ait 

Moussa.  

5.6 A refined early Toarcian timescale 

The identification of 100 Kyr, eccentricity-paced cycles between -2.4 m and -6.2 m at 

Ait Moussa (Figure 5.9; Section 5.4.2) indicates that strata between the start of the CIE 

at Ait Moussa (-5.6 m) and Level 1 (-2 m) encompass ~150 Kyr of time (Figure 5.20). 

When combined with the ~8 eccentricity cycles in siltstone/sandstone abundance 

identified in Chapter 4, these newly identified eccentricity cycles in Rb/Zr allow an 

extension of the astronomically-defined timescale through the Toarcian negative CIE at 

Ait Moussa to ~950 kyr between -5.6 m and 42.5 m (Figure 5.20). Furthermore, a new 

timescale for the interval between -5.6 m and -2 m demonstrates that the marked 

increase in intense storm activity at Ait Moussa at Level 2 (Section 4.4) occurred ~250 

kyr after the start of the Ait Moussa negative CIE (Figure 5.20). 

If the sedimentation rate between 42.5 m and the end of the CIE at 61 m was the same 

as that from -2 m to 42.5 m, the full extent of the CIE at Ait Moussa (from -5.6 to 61 m) 

would represent ~1.27 Myr (Figure 5.20). However, the inferred 1.1 m precession 

cycles and 2.2 m obliquity cycles between 36 and 51 m (Section 5.4.5) suggest that the 

interval from 42.5 m to 61 m represents ~353 kyr, due to sedimentation rate fall in 

response to decelerated hydrological cycling (Section 5.4.5). This alternative estimate 

suggests that the full extent of the CIE spanned ~1.33 Myr. However, the lack of 

continuous 1.1 m or 2.2 m cycles between 36 and 51 m (Figure 5.15), and the 

uncertainty of the continuation in this cyclicity between 51 m and 61 m, leads to 

significant uncertainty in the robustness of the timescale estimate using this cyclicity 

alone. As a result of uncertainty in the ~1.27 and 1.33 Myr estimates for the extent of 

the Ait Moussa CIE, neither is here used as a definitive estimate, but it is suggested 

that the Ait Moussa CIE lasted ~1.3 Myr, provided no abrupt sedimentation rate change 

after 51 m.  
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Figure 5.20: Eccentricity-based relative timescale of the T-OAE strata of the Ait 
Moussa succession. δ13Corg, Rb/Zr and siltstone frequency data are shown against: 
siltstone frequency data filtered at 6.2 m and 1.45 m wavelengths ; Rb/Zr data 
filtered at 2 m wavelength; and the eccentricity-based timescale derived from 
cyclicities identified in Rb/Zr and siltstone frequency data (see Section 4.4 and 
Sections 5.4.2 & 5.4.3). The dashed section of the eccentricity-based timescale 
represents estimated relative timescale based upon the extrapolation of 
sedimentation rate calculated from the 6.2 m eccentricity cycles in siltstone 
abundance.   
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The onset of the negative CIE at Ait Moussa (-5.6 m; Section 4.3), is separated from 

the start of the negative δ13Corg shift at Level 1 (-2 m) by ~1.5 short (100 kyr) 

eccentricity cycles (Figure 5.21). Whilst the onset of the negative CIE at the Yorkshire 

Toarcian succession (defined on the start of the gradual progression to lower δ13Corg 

values) at -3.3 m is separated from carbon isotope shift A (-0.7 m) by three 100 kyr 

eccentricity cycles (Figure 5.21). The start of the negative CIE at Yorkshire is 

correlative with CIEs from succession at Sancerre, France and Peniche, Portugal 

(Hesselbo et al., 2007; Hermoso, Le Callonnec, et al., 2009; Kemp et al., 2011; Boulila 

et al., 2014). This suggests that the start of the T-OAE negative CIE at Ait Moussa is 

offset from the start of the T-OAE negative CIE in other successions, suggesting that 

widespread carbon release may have commenced earlier than the δ13Corg record at Ait 

Moussa suggests. This implies that estimates of the chronology of the Ait Moussa 

Toarcian negative CIE likely represent minimum estimates of the timescale of 

widespread carbon cycle perturbation during the early Toarcian.  

 

Figure 5.21: Comparison of cycles in Rb/Zr and δ13Corg data in strata at the start of 

the Toarcian CIE in Ait Moussa, Morocco and Yorkshire, UK. Data are as 
presented in Figure 5.16. Note the offset between the base of the T-OAE negative 
CIE at Ait Moussa (-5.6 m) and in Yorkshire (-3.25 m). 

5.7 Conclusions 

The new cyclostratigraphic analysis presented in this study shows that the negative 

CIE at Ait Moussa associated with the Toarcian Oceanic Anoxic Event is likely to have 

lasted for ~1.3 million years. Detailed correlation of the Toarcian CIE at Ait Moussa to 
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CIEs from Europe suggests that the start of the CIE is offset in at Ait Moussa, and that 

global carbon release may have commenced prior to the start of the CIE at Ait Moussa.  

Geochemical and cyclostratigraphic results presented here reveal that for the first 150 

kyr of the Ait Moussa CIE astronomically-forced variations in hydrological cycling 

caused cyclic variations in sedimentation at Ait Moussa. After 150 Kyr of the CIE (at 

Level 1) the sedimentation rate at Ait Moussa significantly increased (between two- and 

three-fold), in response to an increase in hydrological cycling caused by abrupt carbon 

release. This marked a change in deposition regime at Ait Moussa to a state of 

increased siliciclastic flux and sedimentation, until hydrological deceleration related to 

global cooling led to decreased sediment input to this site. Increased sedimentation at 

Ait Moussa was coincident with macrofaunal exclusion, likely due to the onset of hostile 

living conditions related to increased temperatures, storm wave action and increased 

suspended sediment content of the water column.  

Hydrologically-forced sedimentation increase at Ait Moussa occurred ~50 Kyr before 

the significant increase in intense storm activity (Level 2), and was sustained after 

intense storm deposition declined, suggesting different climate sensitivities for 

terrestrial sediment transport and intense storm deposition at Ait Moussa. Furthermore, 

the marked increase in intense storm activity occurred at ~250 kyr after the start of the 

negative CIE at Ait Moussa. Geochemical and sedimentological results also indicate 

that the proportion of storm-reworked material in marlstones during the Ait Moussa CIE 

was driven by temperature variations. This suggests that frequency and/or intensity of 

“less intense” storms was temperature driven during the Ait Moussa CIE, in conjunction 

with temperature forcing of “intense” storm frequency. 

In addition to yielding the most expanded (66.6 m) record of the Toarcian CIE, our 

results show that the Ait Moussa section records a major carbon cycle perturbation at 

the Pliensbachian-Toarcian boundary (P-ToE) and a potential minor carbon cycle 

perturbation in the run up to the T-OAE.  
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Chapter 6  

Basin-wide response to the Toarcian OAE from the 
Middle Atlas, Morocco 

This chapter characterises the variation in sedimentation during the T-OAE across a 

proximal-distal basin transect of the Middle Atlas Basin by analysing the sedimentology 

and geochemistry of early Toarcian strata from five sections (Objective 1b; Section 

1.3). 

6.1 Introduction 

This chapter discusses the possible controls on T-OAE sedimentation in the Middle 

Atlas Basin, allowing inferences to be made on the relative effects of basin-scale 

controls, such as tectonics and sediment supply, on the Middle Atlas record of T-OAE 

climate change (Objective 1; Section 1.3). Five sections were identified during 

reconnaissance fieldwork which aimed to find at least one section suitable for a high-

resolution study of the T-OAE in the tropics. Ait Moussa was identified as the section 

most suitable for detailed study (Chapters 4 and 5). The results from these detailed 

studies provide context for the processes and conditions that prevailed at the other four 

sites which are discussed in this chapter. 

The variation in facies of early Toarcian strata of the Middle Atlas Basin have led to 

previous inferences of compartmentalised sedimentation governed by basin 

architecture (Benshili, 1989; El Hammichi et al., 2002, 2007). Results from Ait Moussa 

indicate that sedimentation at this site during the T-OAE was significantly influenced by 

enhanced storm activity and accelerated hydrological cycling resulting from T-OAE 

global warming (Chapters 4 and 5). Toarcian strata of four additional sites are studied 

here. Relative to the Ait Moussa section these represent: 1) a more proximal position 

(Tizi Nehassa), 2) a similar basinal position (Issouka), 3) a slightly more distal position 

(Ait Braham) and 4) a distal basinal position (Koudiat Touila) (Figure 6.1; Section 

2.2.3). Previous work on these sites (see Section 2.3) has not specifically investigated 

the effects of T-OAE climate change. Here, carbon isotope chemostratigraphy and 

ammonite biostratigraphy are used to assess whether early Toarcian strata of these 
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sites preserve an expression of the T-OAE. The pXRF protocol developed in Chapter 3 

was used to analyse samples of the early Toarcian successions from these Middle 

Atlas Basin sites for elemental concentration. Comparison of the T-OAE sedimentology 

and geochemistry of these sites, in the context provided by new evidence of climatic 

change at Ait Moussa, is used to assess the controls on sedimentation across the 

northern Middle Atlas Basin.  

 

Figure 6.1: Location map of studied sites within the northern Middle Atlas Basin. 
Shaded areas represent depositional zones of the Middle Atlas Basin as defined by 
El Hammichi (2002). Studied sites form a transect from the shallow ‘Proximal 
platform’ through the ‘basin border’ zone into the ‘deep basin’. 
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6.2 Materials and methods 

6.2.1 Sample selection and preparation 

The early Toarcian successions of Tizi Nehassa, Ait Braham, Issouka and Koudiat 

Touila (Figure 6.1), were studied. Details on their locations are given in Section 2.2.3. 

Early Toarcian strata of Tizi Nehassa, Issouka and Koudiat Touila have been recorded 

in previous studies (Fedan, 1984; Benshili, 1989; Bassoullet et al., 1991) whereas the 

early Toarcian strata at Ait Braham, like Ait Moussa, are described here for the first 

time (Chapter 2.). Ammonites were collected or photographed where observed, 

identifications were made in the field and photographs were sent to Dr. Kevin Page 

(University of Plymouth) for confirmation and advice on species level identification. The 

results of these ammonite identifications were used to develop the biostratigraphy of 

each site (Section 6.3) and determine sampling strategy (Section 2.3.3). The sampling 

methods described in Section 2.3.2 were used to collect 107 samples from the strata at 

these sites, as outlined in Table 6.1.  

 
Tizi Nehassa Issouka Ait Braham Koudiat Touila 

Number of 
samples 

23 34 41 9 

Height 
range (m) 

-0.68 to 4.25 1.415 to 77.52 2.63 to 57.96 1.51 to 5.76 

Table 6.1 : Number and height range of samples from the Tizi Nehassa, Issouka, 
Ait Braham and Koudiat Touila sections used in this chapter.   

A ~15 g subsample of each sample was taken in the laboratory, avoiding visibly 

weathered material. This subsample was crushed using an agate pestle and mortar to 

form a very fine-grained powder. Samples were prepared for organic carbon isotope 

ratio mass spectrometry analyses by removing carbonate material from 1 g aliquots of 

bulk rock powder using addition of 1M HCl (Appendix A.4).  

6.2.2 Analytical techniques 

A total of 105 samples were measured for major and minor element concentrations 

with a Niton XL3t GOLDD+ portable X-ray fluorescence spectrometer (pXRF), using 

the protocol developed in Chapter 3. Post-analysis calibration of data was performed 

using 2 sets of linear regression coefficients (pXRF Calibration Sets 1 and 2), as 

outlined in Section 5.2 and Appendix A.3.  Maximum calibration errors, i.e. the 

maximum difference between calibrated and expected values for a given elemental 
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concentration within analyses of the 29 calibration samples used, were 8.64 ppm, 8.31 

ppm, 0.029%, 0.341% and 0.310% for Zr, Rb, Ti, Ca and K measurements respectively 

(Appendix A.3). Long-term analytical precision (2σ), based on repeat measurement (N 

= 208) of internal standard “MUD”, was 14.92 ppm, 5.50 ppm, 0.024%, 0.058% and 

0.108 % for Zr, Rb, Ti, Ca and K measurements respectively (Appendix A.3). 

Concentrations of total carbon (TC), inorganic carbon (TIC), total organic carbon (TOC) 

and calcium carbonate (CaCO3) were determined on aliquots of 59 samples using a 

Leco CNS-2000 dry combustion elemental analyser at the Open University (for full 

analytical protocol see Appendix A.5). An additional 32 samples were analysed using a 

Leco CS244 dry combustion analyser at the University of Aberdeen. For both 

instruments, total carbon (TC) was measured through analysis of 200 mg of bulk 

sample, and inorganic carbon content (TIC) was measured through analysis of 300 mg 

of pre-heated aliquots (Appendix A). The concentration of total organic carbon (TOC) 

was calculated as the difference between concentrations of TC and TIC for a given 

sample. CaCO3 concentration was calculated by multiplying measured TIC by 8.33, 

based upon the stoichiometry of CaCO3 (Appendix A.5). Data measured at the 

University of Aberdeen were calibrated using linear regression coefficients that were 

defined based on the results of analyses of 3 in-house standards using both Aberdeen 

and Open University Leco instruments (see Appendix A.5 for full details of inter-

machine calibration). Associated maximum calibration errors were 0.059 wt.% and 0.02 

wt.% for C and S respectively. Analytical precision (2σ) was 0.145 wt.% and 0.062 

wt.% for C and S analyses respectively, based on analyses (n=20) of an in-house 

mudrock standard on Open University and University of Aberdeen instruments 

(Appendix A.5).  

Organic carbon isotope ratios (δ13Corg) of 75 samples, with carbonate material 

removed, were determined using a Thermo Flash 2000 Organic Elemental analyser 

connected to a Thermo Finnigan MAT 253 isotope ratio mass spectrometer (Appendix 

A) at the Open University. Measurements are quoted relative to VPDB (Coplen, 1996). 

Long-term analytical precision (2σ) was 0.245‰, based on repeat inter-sample 

analysis of an alanine standard (δ13C = -23.33‰, n = 71).  
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6.3 Results 

6.3.1 Tizi Nehassa 

The uppermost Pliensbachian sedimentary strata at Tizi Nehassa (Figure 6.2) 

comprise grey marls and two micritic limestones, which weather orange. The lower 

limestone at -0.4 m is 30 cm thick and the limestone at -0.05 m is 10 cm thick (Figure 

6.2). The 10 cm thick limestone is ferruginous and contains Zoophycos, scattered 

belemnites and encrusted bivalves on the top surface (Figure 6.3 a). The top of this 

limestone marks the Pliensbachian-Toarcian boundary (Benshili, 1989; Figure 6.2). 

This ferruginous top surface is overlain by heavily weathered mudstones which are 

yellow in colour for the basal 3-5 cm (Figure 6.3 b) and brown grey in the 3.2 m above 

(Figure 6.3 c). At 3.2 m height, there is a nodular micrite around 10 cm thick, which is in 

turn overlain by c. 2.5 m of heavily weathered brown-grey marl (Figure 6.3 d). This marl 

is overlain by a ferruginous, orange-yellow, 42 cm thick, sandy bio-oo-sparite 

containing whole bivalves, which marks the top of the studied section (Figure 6.2). No 

new ammonites were found during this study. 

Rb/Zr is consistent and around 0.23 in Pliensbachian strata (-0.68 m to 0 m), before 

increasing sharply to 1.03 over the first 50 cm of Toarcian marl (Figure 6.2). Values 

then remain around 0.83-1.03 until 2 m stratigraphic height. Over the same interval K/Ti 

increases gradually from 7.99, at the base of the section, to 11.55 at 2 m, showing no 

distinct change as lithology changes from limestones to mudstones at the 

Pliensbachian-Toarcian boundary (Figure 6.2). Rb/Zr and K/Ti values show similar 

trends from 2 m to the top of the analysed section, both decrease between 2 and 2.75 

m, to values of 0.25 and 8.21 respectively (Figure 6.2). Rb/Zr and K/Ti both increase 

between 2.75 m and 3.5 m to values of 1.09 and 9.83 respectively, before varying in 

the narrow ranges of 0.96-1.11 and 9.83-10.34 between 3.5 m and 4.25 m (Figure 6.2). 

CaCO3 increases from 20.44% to 34.87% over the 0.68 m of Pliensbachian strata, 

before decreasing to 21.28% at the transition to Toarcian mudstone (Figure 6.2). 

CaCO3 concentration shows no overall trend between 0.13 and 3 m, varying between 

17.08 and 27.94%, apart from an increase to 53.7% at 2 m (Figure 6.2). Between 3 and 

3.25 m CaCO3 concentration decreases from 21.47 to 10.86%, before increasing to 

19.38 over the 1 m to the top of the section. Ti/Ca values are in antiphase with CaCO3 

concentration throughout the section, varying within the range 0.012 to 0.140 (Figure 

6.2). TOC concentration varies broadly in phase with Ti/Ca across the succession, 

within the range 0.060 wt.% to 0.245 wt.% (Figure 6.2). 13Corg changes across the 
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succession show no clear relationship to other geochemical values (Figure 6.2). 13Corg 

increases from -22.73‰ at -0.18 m to -20.48‰ at 0.13 m, before decreasing to -

21.55‰ at 0.5 m. 13Corg values vary within the narrow range -21.5‰ and -22.64‰ 

between this point and 4.25 m (Figure 6.2). 

 

Figure 6.2: Sedimentology, geochemistry and fauna of the Pliensbachian-Toarcian 
deposits at Tizi Nehassa. Sediments are displayed in a graphic log, shown against 
carbon isotope, carbonate concentration, TOC (total organic carbon) concentration 
and Rb/Zr, K/Ti and Ti/Ca data. Biostratigraphy is after Benshili, 1989.  
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Figure 6.3: Facies of the Pliensbachian-Toarcian at Tizi Nehassa. Photographs 
displaying a) Zoophycos on the ferruginous surface of the micritic limestone at the 
Pliensbachian-Toarcian boundary; b) ferruginous micrite at 0 m overlain by heavily 
weathered yellow and brown marls; c) weathered brown marls between 0 and 1 m 
height, with sample bags representing sampling locations marls; d) weathered 
grey-brown marls overlying discontinuous micrite at c.3.15 m height.  

6.3.2 Issouka 

The latest Pliensbachian strata at Issouka are made up of a stack of ~30 cm thick 

micritic limestones (Figure 6.4) containing abundant belemnites, bivalves, brachiopods 

and ammonites (Figure 6.5 a,b), interbedded with ~10 cm thick marls. The 

Pliensbachian-Toarcian boundary (Benshili, 1989) is marked by a transition into facies 

where grey marls are dominant (Figure 6.4). There are two argillaceous limestones and 

one micritic limestone in the overlying 2 m (Figure 6.4). From 3 m to 18.5 m, grey marl 

is dominant, with one nodular, fossiliferous, micritic limestone at 14.4 m (Figure 6.5 c) 

and 3 others between 17.5 and 18.5 m (Figure 6.5 d). Between 24.5 m and 36.1 m the 

facies comprise 5-10 cm thick tabular, sharp-based argillaceous limestones 

interbedded with marlstones (Figure 6.4). These limestones are correlative to the 

limestones (beds 10-13) described by Benshili (1989) and Bassoullet et al., (1991) at 

the polymorphum-serpentinus ammonite Zone boundary. The polymorphum-

serpentinus Zone boundary was placed at 24.4 m (Figure 6.4) based upon bed-by-bed 
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correlation to the biostratigraphically-constrained log of Benshili (1989). This 

succession of tabular limestones is followed by an exposure gap of 9.9 m, above this 

the facies comprise further interbedded marls and tabular, sharp-based argillaceous 

limestones between 46 and 48.2 m (Figure 6.5 e). Following a further exposure gap, 

the facies between 57.75 m and the top of the section are generally highly weathered 

grey marls (Figure 6.5 f), with some more prominent, calcareous bands, which contain 

occasional ammonites and bivalves (Figure 6.4).  

13Corg increases from -24.9‰ at 9.90 m to -22.8‰ at 14.27 m, where it remains almost 

constant to -22.95‰ at 18.5 m (Figure 6.5). Either side of the exposure gap between 

18.5 m and 24.5 m 13Corg decreases to -28.13‰, coincident with a facies change to 

interbeds of tabular limestones and marls, before decreasing further to -29.26‰ at 

27.55 m (Figure 6.4). 13Corg then increases to -25.42‰ at 29.55 m before showing 

minimal variation, remaining between -25.13 ‰ and -25.54‰ from 29.55 m to 35.54 m 

(Figure 6.4). Between 46.14 m and 47.67 m, 13Corg increases from -25.71 ‰ to -

24.98‰, before increasing to -22.33‰ at 57.59 m (across a gap in exposure and facies 

change from marl-limestone interbeds to marls). From 57.59 m to the top of the section 

(78 m) values show no overall trend, remaining between -22.33‰ and -23.66‰ (Figure 

6.4).  

Ti/Ca values and CaCO3 concentrations vary in antiphase throughout the succession, 

(Figure 6.4). Between 24.5 m and 31.65 m CaCO3 increases from 19.2% to 68.1%, 

before decreasing to 28.7% at 35.54 m, while Ti/Ca decreases from 0.0466 to 0.00534 

and then increases to 0.0263 between the same heights (Figure 6.5). Ti/Ca then 

increases from 0.00651 to 0.0466 between 46.14 m and 46.96 m, before decreasing to 

0.0300 at 47.67 m. CaCO3 decreases from 65.1% to 21.3%, then increases to 28.8 % 

across the same interval (Figure 6.4). From 57.59 m to 77.52 m Ti/Ca oscillates on a 

wavelength of ~6 m between 0.0216 and 0.0494; CaCO3 oscillates in antiphase with 

Ti/Ca over the same interval, between 20.18 % and 41.23 % (Figure 6.4). Rb/Zr values 

show similar trends to Ti/Ca across the section, from 25.9 m to 31.65 m values 

decrease from 0.637 to 0.471, before increasing to 0.597 at 35.54 m (Figure 6.4). 

Between 46.14 and 47.67 m Rb/Zr values are consistently between 0.620 and 0.660, 

showing no clear trends. Between 57.59 m and 77.52 m Rb/Zr oscillates on a ~6 m 

wavelength in approximate phase with Ti/Ca variation, ranging between 0.525 and 

0.755 (Figure 6.5).  
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Figure 6.4: Geochemistry and lithologies of the Pliensbachian-Toarcian strata at 

Issouka. Middle Atlas. Geochemical trends (13Corg, CaCO3, TOC, Ti/Ca and 
Rb/Zr), sample locations and fossil occurrences against a graphic log, correlated to 
biostratigraphic zonation of Benshili (1989). 
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Figure 6.5: Pliensbachian-Toarcian facies at Issouka, Middle Atlas. Photographs of 
a) fossiliferous Pliensbachian micritic limestone containing bivalve fossils; b) 
fossiliferous micritic limestone at the Pliensbachian-Toarcian boundary containing 
belemnites; c) nodular grey micrite at 14.4 m containing gastropods and 
belemnites; d) grey marl with 3 ~10 cm thick beds of nodular micrite ~14-16 m; e) 
interbeds of 5-10 cm thick, sharp-based, argillaceous limestones, and grey marl 
which weathers to light brown ~ 24.5 to 36 m; f) Toarcian grey marl exposed on the 
distinct hill next the road, c. 58 m to 65 m.  

Total organic carbon (TOC) concentrations are generally low throughout the section, 

ranging between 0.120% and 0.430%, except for 2 intervals of higher TOC 

concentrations (Figure 6.4). Between 25.9 m and 33.66 m values of 0.456%, 0.678% 
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and 4.022% are observed, whilst TOC increases from 0.182% at 55.59 m to 0.501% at 

59.59 m, before decreasing to 0.227% at 61.52 m (Figure 6.4). 

6.3.3 Ait Braham 

Between the base of the section and 3.5 m, the strata at Ait Braham are characterised 

by 30-50 cm thick micritic limestones interbedded with soft, grey marls of 10-30 cm 

thickness (Figure 6.6; Figure 6.7 a). The limestones contain abundant bivalves, 

brachiopods, belemnites and ammonites (Figure 6.6; Figure 6.7 a,b). Ammonites were 

up to 30 cm in diameter. Dactylioceras sp., Harpoceras serpentinum and Dactylioceras 

laticostatum ammonites were found during this study in the limestone beds between 3 

and 3.6 m (Figure 6.6).The tenuicostatum-falciferum ammonite Zone boundary is 

therefore at 3.05 m or higher (Figure 6.6) based upon the occurrence of Dactylioceras 

laticostatum at 3.05m (which indicates the upper semicelatum Subzone of the 

tenuicostatum Zone (Bardin et al., 2015)). The limestone-marl interbeds are overlain by  

~12 m of heavily weathered brown mudstone (Figure 6.7 c), which contains a nodular 

micrite at 8.5 m and an argillaceous limestone at 11.6 m. At 14.75 m the dominant 

facies becomes decimetre-scale ammonite-rich, dolomitic limestones interbedded with 

10 cm to 1 m thick grey marls (Figure 6.6; Figure 6.7 d,e). These dolomitic limestones 

identified as Dactylioceras, Hildaites cf. subserpentinus and Hildaites trans. Hildoceras 

(Figure 6.6). Hildaites cf. subserpentinus and Hildaites trans. Hildoceras indicate that 

the highest possible position of the exaratum-falciferum ammonite Subzone boundary 

(in accordance with Guex, 1973 and Page, 2003) is at 16.8 m (Figure 6.6). The lack of 

ammonites diagnostic of the exaratum Subzone mean that it is possible that this 

subzone is absent. The dolomitic limestone-marl interbeds are dominant up to 19 m, 

where they are replaced by 1.5 m of micrite-marl interbeds, which are overlain by c. 40 

m of grey marl (Figure 6.6) Groups of decimetre-scale micrite-marl interbeds around 5 

m in thickness interrupt this marl deposition at 39.5, 44 and 47.7 m (Figure 6.7 f).  
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Figure 6.6 Toarcian sedimentary deposits at Ait Braham. Graphic log displayed 
against section photograph and fossil occurrence locations, including species-
specific ammonite occurrences used to create the ammonite biostratigraphy also 
presented in this chapter. Photographs show the sampled succession with 
limestone beds at the base, overlain by heavily weathered brown marl, a prominent 
bench of decimeter-scale limestones and marls, overlain by grey marls with 
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regularly-spaced, m-scale clusters of limestones. Note the base of the exaratum 
Subzone is shown at the lowest possible position but it could be as high as 16.8 m, 
synchronous with the highest possible position of the base of the falciferum 
Subzone. 

 

Figure 6.7: Photographs of the Toarcian strata at Ait Braham showing: a) Basal 
micrites interbedded with decimetre-scale marls (0-3.5 m); b) example of 
fossiliferous micrites (0-3.5 m); c) heavily weathered grey-brown mudstone (3.5- 
14.75 m); d) interbedded dolomitic limestones and marls (14.75-20.75 m); e) 
dolomitic limestone (16 m) and f) grey marls with regularly-spaced clusters of 
micritic limestones (20.75 m to section top). 
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13Corg increases from -25.12‰ to -23.52‰ between 3 and 3.43 m, before decreasing 

to -25.18 ‰ at 4.93 m (Figure 6.8). Between 4.93 m and 6.43 m 13Corg increases to -

22.55 ‰, values vary with the range -22.26‰ to -23.25‰ between this point and 14.43 

m (Figure 6.8). Between 27.7 m and 47.96 m, 13Corg values show no clear trends and 

are consistently within the range -23.69‰ to -24.46‰ (Figure 6.8). Total organic 

carbon (TOC) concentration increases from 0.198% at 3 m to 0.541 % at 3.93 m, 

before decreasing to 0.171% at 5.43 m (Figure 6.8). Concentrations show no overall 

increase or decrease between 5.43 m and 12.43 m, varying between 0.171% and 

0.427%, except for one value of 0.893% at 10.43 m (Figure 6.8). From 12.43 m to 

14.43 m TOC decreases from 0.328% to 0.103%, before oscillating between 0.280% 

and 0.496%, on a wavelength of around 8 m, between 27.7 m and the top of the 

section (Figure 6.8). 

Rb/Zr and Ti/Ca vary in phase throughout the succession, both gradually increasing 

between 2.63 m and 4.93 m, from 0.267 to 0.764 and 0.020 to 0.074 respectively 

(Figure 6.8).  Rb/Zr then decreases to 0.497 at 11.43 m, whilst Ti/Ca decreases to 

0.029 over the same interval, except for an increase to 0.138 at 9.43 m (Figure 6.8). 

Rb/Zr and Ti/Ca both then increase between 11.43 m and 15.43 m, to 0.687 and 0.081 

respectively, before decreasing to 0.550 and 0.023 respectively, at 27.7 m (Figure 6.8). 

Between 27.7 m and 47.96 m Rb/Zr and Ti/Ca values vary within the ranges 0.546 to 

0.694, and 0.009 to 0.037 respectively, showing no overall trend. Throughout the 

section, CaCO3 concentration shows an antiphase relationship to Ti/Ca, decreasing 

from 34.7% to 18.1% from 2.63 m to 4.93 m, before increasing to 22.6% at 10.43 m 

(Figure 6.8). CaCO3 concentration gradually decreases to 12.3% at 13.43 m, then 

increases to 34.6% at 27.7 m (Figure 6.8). Between 27.7 m and 47.96 m CaCO3 

oscillates on a ~8 m wavelength between 24.11 % and 43.22 %, apart from one value 

outside of this range of 56.1 % at 39.65 m height (Figure 6.8). 
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Figure 6.8: Geochemical trends through the Toarcian succession at Ait Braham. 

13Corg, CaCO3, TOC, Rb/Zr and Ti/Ca data are plotted against a graphic log of the 
succession and biostratigraphy.  
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6.3.4 Koudiat Touila 

The succession studied and logged in this research project (Figure 6.9) is underlain by 

10’s of meters of soft grey marl and overlain by a weathered slope (Figure 6.10 f) of 

brown marls which were not logged in detail for this study. These observations are 

similar to the findings of Benshili (1989) who stated that 6-7 m of silty limestone-marl 

interbeds, interpreted as turbidites, weathered proud of surrounding 10’s of meters of 

Toarcian marl at Koudiat Touila. The basal 0.45 m of the Koudiat Touila succession is 

a well cemented, very dark grey marl with occasional 0.5 cm-scale planar lamination 

and shallow cross-lamination (Figure 6.9). From 0.45 m to 4.15 m the dominant facies 

is soft grey marl of variable weathering profile, mainly planar laminated but with 

occasional cross-lamination. This is punctuated by silty limestones at 0.65 m and 3.3 

m. At 1.95 m there is a hard, cemented marl bed that contains evidence of slumping 

and ends abruptly (Figure 6.10 a). A swale is observed on the top surface of grey 

laminated marl at 2.8 m (Figure 6.10 b). From 4.15 m to the top of the succession, the 

main facies is a series of 2-15 cm thick dark grey, sharp-based, silty limestones which 

weather brown, interbedded with 5 to 30 cm thick, grey-brown, planar laminated marls 

(Figure 6.9; Figure 6.10 c). The silty limestones have sharp, planar bases, one contains 

a massive lower part and is capped by finely laminated silty material (5.05 m; Figure 

6.10 d), those at 5.75, 5.85 and 6.1 m contain hummocky cross-stratification (HCS) and 

wave-formed ripples (Figure 6.10 e). 

13Corg increases very gradually from -24.4 ‰ at 2 m, to -24.0 ‰ at 4.25 m, before 

decreasing to -25.7 ‰ at 5.76 m (Figure 6.9).  Conversely, CaCO3 concentration 

gradually decreases from 19.9 % to 11.0 % between 1.51 and 4.25 m (Figure 6.9). 

Ti/Ca increases from 0.0454 at 1.51 m, to 0.0842 at 4 m, before decreasing to 0.0161 

at 5.76 m. Rb/Zr increases from 0.555 at 1.51 m to 0.742 at 3.30 m, coincident with 

increasing Ti/Ca values (Figure 6.9). But Rb/Zr then decreases between 3.30 m to 4.25 

m, from 0.742 to 0.629, before increasing from 0.663 at 5.63 m to 0.833 at 5.76 m, 

contrary to variation in Ti/Ca (Figure 6.9).  
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Figure 6.9: Sedimentary log and geochemical trends of the Toarcian strata at 

Koudiat Touila. δ13Corg, CaCO3, Rb/Zr and Ti/Ca data are plotted against a graphic 

log of the succession.   
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Figure 6.10: Toarcian strata at Koudiat Touila, Middle Atlas, Morocco. Photographs 
showing: a) grey cemented marl with evidence of slumping and termination of the 
bed (at 1.95 m); b) swale on top of finely laminated grey marl (at 2.8 m); c) 
alternations of brown silty limestones and heavily weathered marl (~4.25 m to 6.25 
m); d) brown  silty limestone showing a massive lower part (4 cm) overlain by 1.2 
cm of finely laminated material (at 5.05 m); e) hummocky cross stratification (HCS) 
in brown silty limestone (at 5.85 m); f) weathered slope (above the logged 
succession) overlying protruding silty-limestone-marl interbeds recorded in the 
logged succession.  
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6.4 Discussion 

6.4.1 Controls on sedimentation along a proximal-distal transect through the 
Middle Atlas Basin during the T-OAE 

6.4.1.1 Tizi Nehassa 

The Toarcian strata at Tizi Nehassa do not show carbon isotope values indicative of a 

negative CIE (Figure 6.2). Biostratigraphy of this succession (Benshili, 1989) suggests 

that the studied succession represents the lower part of the lower Toarcian, but does 

not identify specific ammonite zones. It is therefore possible that the T-OAE negative 

CIE was not observed due to: (i) a hiatus associated with the firmground at the 

Pliensbachian-Toarcian boundary (Figure 6.3 a) meaning that T-OAE strata are not 

preserved at this site, or (ii) T-OAE strata not having been sampled. Alternatively, T-

OAE strata may have been sampled, but weathering of the marl immediately overlying 

the Pliensbachian-Toarcian boundary (Figure 6.3 b,c,d) may have compromised the 

organic carbon isotope record (Figure 6.2). 

The fossil-rich micrites and bio-oo-sparite are evidence that a carbonate platform was 

established in this area during the early Toarcian. The higher Rb/Zr and Ti/Ca values in 

the marl at Tizi Nehassa than in the Toarcian marl of Ait Moussa (Section 5.3.2), 

indicate a greater proportion of siliciclastic sediment, consistent with the interpretation 

of Tizi Nehassa as a more proximal site (Figure 6.1; El Hammichi et al., 2002; 

Hammichi et al., 2007). The change from carbonate to siliciclastic deposition is directly 

reflected in the relative increase in Ti/Ca and decrease in CaCO3. The increases in 

Rb/Zr and K/Ti across the Pliensbachian-Toarcian boundary (between -0.18 and 0.50 

m; Figure 6.2) indicate increases in clay content of the siliciclastic portion at Tizi 

Nehassa.  

The change from deposition of ferruginous biomicrites in the Pliensbachian to 

siliciclastic mudstones in the early Toarcian (Figure 6.2) and increase in clay mineral 

content, and then the facies change from marls to sandy bio-oo-sparite at the top of the 

logged section (Figure 6.2), could be explained by T-OAE global warming-forced 

hydrological cycle acceleration, as suggested by results from Ait Moussa (Section 5.4). 

However, the lack of positive evidence for the T-OAE interval in these strata, prevent 

confirmation of this hypothesis. It has previously been suggested that sea level rise 

may have caused this change to more siliciclastic deposition (Benshili, 1989), although 

eustatic sea level is thought to have been rising throughout the time represented by 
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these strata (e.g. Haq et al., 1988; Hesselbo, 2008), struggling to explain the return to 

ooid deposition at the top of the succession (Figure 6.2).  

6.4.1.2 Issouka  

Carbon isotope values between -29.26‰ and -24.98‰ from 24.5 m to 47.75 m 

represent a clear departure from background values of ~-23‰ above and below this 

interval (Figure 6.4), thus defining a negative carbon isotope excursion (CIE). This CIE 

occurs in strata immediately following the polymorphum-serpentinus ammonite Zone 

boundary, in accordance with the ammonite biostratigraphy of Benshili (1989) (Figure 

6.4). This ammonite zone boundary is correlative to the onset of the T-OAE interval 

(Section 1.2.2), suggesting that this CIE represents the T-OAE negative CIE. 

Furthermore, values more negative than -28‰ are observed, which are only observed 

within the T-OAE CIE at Ait Moussa (Section 4.3). This further suggests that the CIE 

identified at Issouka represents the T-OAE CIE (Figure 6.11). The precise extent of this 

negative CIE is uncertain due to gaps in exposure, but isotopic values allow the 

attribution of minimum and maximum extents of 23.25 m and 38.75 m respectively, 

assuming that the gaps in exposure do not contain faults (; Table 6.2).  

Figure 6.11 (next page): Comparison of the sedimentary and geochemical 
response to the T-OAE at Ait Moussa and Issouka, Middle Atlas. The extent of the 
negative CIE at each section is marked by an orange bar. For Issouka, the dark 
orange bar marks the extent of the negative carbon isotope values, defining the 
inferred minimum extent of a negative carbon isotope excursion (CIE), whilst the 
pale orange extension indicates the maximum possible CIE extent, taking into 
account the exposure gap. Note the coincidence of siltstone/sandstone (at Ait 
Moussa) and tabular argillaceous limestones (at Issouka) within the negative CIE. 
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Ait Moussa Issouka 

Lithology Thick. Ti/Ca Rb/Zr Lithology Thick. Ti/Ca Rb/Zr 

Post 
T-OAE 

Marls + 
calcareous 

marls 
- 

0.0170-
0.0325 

0.609-
0.634 

Marls - 
0.0216-
0.0494 

0.525-
0.755 

T-OAE 
Marl-

siltstone 
interbeds 

66.6 m 

0.00586-
0.0910 
Mean = 
0.0341 

0.322-
0.854 
Mean 

= 
0.596 

Marl- 
tabular 

arg. marl 
interbeds 

23.25-
38.75 m 

0.00534-
0.0466 
Mean = 
0.0248 

0.471-
0.660 
Mean 

= 
0.587 

Pre T-
OAE 

Hemipelagic 
marls 

26.9 m 

Increase 
to 

0.0287-
0.0503 

0.400-
0.803 

Marls with 
occasional 

nodular 
micrites 

17.60-
23.6 m 

0.0298-
0.0310 

0.327-
0.381 

Pliens. 
Micrites with 
10 cm marls 

- 
0.00472-
0.00819 

0.327-
0.346 

Micrites 
with 10 

cm marls 
- - - 

Table 6.2 : Table comparing the lithology, thickness (thick.), Ti/Ca and Rb/Zr for the 
Pliensbachian, Pre- T-OAE, T-OAE and Post T-OAE intervals of the Ait Moussa 
and Issouka sections, Middle Atlas, Morocco.  

Sharp-based, 5 to 10 cm thick, argillaceous limestones occur only within the CIE 

interval at Issouka (Figure 6.11), similar to the restriction of calcilutite tempestites at Ait 

Moussa (Chapter 4). This suggests that these argillaceous limestone beds occur due to 

climate change during the T-OAE. The sharp-bases and high carbonate content of 

these limestones are consistent with event bed deposition of reworked proximal 

carbonate material, as hypothesised for the calcilutites observed within the T-OAE CIE 

at Ait Moussa (Section 4.4). It is therefore considered that these argillaceous 

limestones could also be the results of tropical cyclones that caused calcilutite 

deposition at Ait Moussa (Chapter 4).  

In addition to calcilutite tempestite deposition, the sedimentation rate at Ait Moussa 

increased threefold during the T-OAE CIE (Section 5.4.3). Considering exposure gaps 

and assuming no faults in these gaps, the Toarcian strata within the T-OAE at Issouka 

is between 1 and 2.2 times the thickness of the strata between the Pliensbachian-

Toarcian boundary and the base of the T-OAE at Issouka (Table 6.2). At Ait Moussa 

the T-OAE strata is 2.5 times thicker than the between the Pliensbachian-Toarcian 

boundary and the base of the T-OAE (Table 6.2). Without the inferred ~3 times 

increase in sedimentation during the T-OAE, the T-OAE strata would have been ~0.83 
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times as thick as the preceding Toarcian strata (Section 5.4.3). This suggests that 

sedimentation rate at Issouka increased during the T-OAE similar to sedimentation rate 

at Ait Moussa, and it is postulated that this is the result of an increased weathering and 

sediment flux due to accelerated hydrological cycling (c.f. Section 5.4). The slightly 

lower ratio between pre-T-OAE and T-OAE strata at Issouka, of 1:2.2, indicates that 

sedimentation increase at Issouka was smaller than the threefold increase at Ait 

Moussa that resulted in a 1:2.5 thickness ratio. 

The Pliensbachian and Toarcian facies progressions at Issouka and Ait Moussa are 

very similar, including the transition from limestone-marl interbeds to marls at the 

Pliensbachian-Toarcian boundary and presence of marls and calcareous marls above 

the T-OAE negative CIE (; Table 6.2). Additionally, the ranges of values of Rb/Zr and 

Ti/Ca, before, during and after the T-OAE CIE are similar at Ait Moussa and Issouka 

sections (Table 6.2). This suggests the amounts of siliciclastic, clay mineral and 

carbonate material were similar at these sites. Foraminiferal assemblages at Issouka 

indicate early Toarcian deposition in a relatively distal, basinal depositional 

environment, dominated by oxygenated hemipelagic deposition (Bejjaji et al., 2010; 

Reolid et al., 2013). The presence of TOC-poor marls with signs of bioturbation in the 

early Toarcian strata at Ait Moussa (Section 5.3) is consistent with oxygenated 

hemipelagic deposition.  

Due to uncertainty of the precise location of the T-OAE interval at the time of sampling 

at Issouka, sampling did not include the argillaceous limestones, but concentrated on 

marls for geochemical analyses (see Section 2.3.2). Samples of argillaceous limestone 

at Issouka have therefore not been analysed for micro-scale evidence of storm wave 

action, such as wave-formed structures like micro-ripples and HCS observed in thin 

section sedimentary analysis of Ait Moussa siltstones (Section 4.3). Further analysis is 

therefore required to confidently assess whether storm waves impinged on the sea 

floor at Issouka. 

6.4.1.3 Ait Braham 

The strata at Ait Braham do not show a clear negative carbon isotope excursion in 

organic carbon isotope values in the upper tenuicostatum Zone to uppermost exaratum 

Subzone interval where a negative CIE is observed globally (Figure 6.8; Section 

1.2.1.2). However, carbon isotope values as low as those around the lowermost 

possible position of tenuicostatum-falciferum Zone boundary (-24.59‰ to -25.18‰) at 
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Ait Braham (Figure 6.8) are only observed in negative CIEs at Issouka and Ait Moussa 

(Figure 6.11). This suggests that these strata are likely to represent the T-OAE. The 

brown mudstones which likely correspond to the exaratum Subzone, where the 

negative CIE would be expected, are heavily weathered (Section 6.3.3; Figure 6.6). 

This could possibly have resulted in the organic carbon isotope values being 

compromised. It is also, however, possible that the Ait Braham succession does not 

preserve all of the T-OAE interval due to a hiatus in deposition in limestone beds above 

the occurrence of Dactylioceras laticostatum at 3.05 m, or at the transition from 

limestone to mudstone at 3.4 m (Figure 6.8). 

The colour and lower CaCO3 content of the mudstones in the exaratum subzone, in 

contrast to limestone-marl deposition in the preceding tenuicostatum Zone (Figure 6.8), 

indicate an increase in siliciclastic deposition at Ait Braham. This is also reflected in 

increase in Rb/Zr and Ti/Ca values just above the tenuicostatum-falciferum Zone 

boundary (Figure 6.8). The increase in Ti/Ca suggests an increasing proportion of 

siliciclastics compared to carbonates and the increase in Rb/Zr indicates an increase in 

clay mineral content of the siliciclastic portion. The coincidence of this change in 

sediment type with the approximate interval of the T-OAE supports a causal link 

between T-OAE climate change and sedimentation change at Ait Braham. These 

increases in siliciclastic flux and clay mineral content are most likely due to enhanced 

weathering and run off driven by global warming-forced hydrological cycle acceleration, 

as suggested for increased sediment flux at Ait Moussa (Section 5.4) and Issouka 

(Section 6.4.1.2).  

Assuming that all of the T-OAE is preserved in strata at Ait Braham, the ammonite 

occurrences at Ait Braham constrain the T-OAE interval, which lies within the exaratum 

ammonite Subzone, at this site to a maximum of 13.75 m (Figure 6.8). These T-OAE 

strata are therefore significantly thinner than the extents of the T-OAE at Ait Moussa 

(66.6 m; Section 4.3) and Issouka (>23.25 m; Section 6.4.1.2). Nevertheless, Ait 

Braham is still a thick early Toarcian section compared to others in Europe (e.g. Kemp 

et al., 2005; Hesselbo et al., 2007; Hermoso et al., 2009a). Equally, it is also possible 

that much of the T-OAE is not preserved at Ait Braham. Toarcian facies at Ait Braham 

comprise micritic limestone-marl interbeds in the tenuicostatum Zone, in contrast to 

marls at Ait Moussa and Issouka (Table 6.2; Figure 6.11). Additionally, dolomitic 

limestone-marl interbeds dominate the falciferum Subzone, in contrast to marl-

calcareous interbeds and marls at Ait Moussa and Issouka respectively (Table 6.2; 

Figure 6.11). Reduced sediment thickness, the increased relative proportion of 
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carbonate to siliciclastic deposition and the possibility of a hiatus at Ait Braham, 

compared to Issouka and Ait Moussa, all suggest relative condensation at Ait Braham. 

The position of Ait Braham ~8 km NE of Issouka, suggests that it had a more distal, 

deeper, basinal position than Issouka or Ait Moussa in the early Toarcian (Figure 6.1; 

Hammichi, Benshili and Tabyaoui, 2007). It is therefore considered likely that Ait 

Braham was located on an intrabasinal high in the Middle Atlas Basin, resulting in 

condensed, carbonate-rich Toarcian sedimentation, and that part of the T-OAE may be 

absent. 

6.4.1.4 Koudiat Touila  

The strata at Koudiat Toulia (Figure 6.9) have been logged in detail for the first time 

and are interpreted to be part of the Niveau Brun (see Section 2.2.2.1; Colo, 1961; 

Benshili, 1989; El Arabi et al., 1999), as also suggested by Benshili (1989). The Niveau 

Brun in general has been correlated to the tenuicostatum-serpentinum ammonite Zone 

boundary using ammonite biostratigraphy (El Arabi et al., 1999) so these beds are 

close to where any expression of  the T-OAE is expected (Section 1.2.2).  

The new carbon isotope data from Koudiat Touila do not show an unequivocal 

Toarcian negative CIE (Figure 6.9). However, a δ13Corg value of -25.74‰ at 5.76 m is 

considerably lower than other values in the succession and is consistent with values in 

negative CIEs (at the Pliensbachian-Toarcian boundary and T-OAE) at other Middle 

Atlas sites (Figure 5.5). This low C-isotope value lies within alternations between marls 

and sharp-based brown silty limestones with wave-formed ripples and hummocky cross 

stratification (HCS) (Figure 6.9; Figure 6.10 e). The presence of HCS is diagnostic 

evidence that  storm wave base impinged on the seafloor at this location (Duke, 1985). 

This facies is very similar to the interbedded marls and sharp-based calciclutites, 

calcarenites, and argillaceous limestones, found in the T-OAE negative CIEs at Ait 

Moussa (Section 4.3) and Issouka (Section 6.4.1.2; Figure 6.12). Based on the low 

carbon isotope value, the likely age of the Niveau Brun, and the similarity of the facies 

to those at Ait Moussa and Issouka, it is therefore interpreted that the silty limestones 

at Koudiat Touila are highly likely to be event beds produced by the reworking of more 

proximal material by storm wave action during the T-OAE. 
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Figure 6.12 : Comparison of tabular limestone deposits restricted to the T-OAE 
interval at Koudiat Touila (a) and Issouka (b).  

Carbon isotope data suggest that the base of the T-OAE negative CIE at Koudiat 

Touila is likely to start above 4.25 m, where 13Corg is -24.02‰, and before 5.76 m 

(Figure 6.9), although further carbon isotopic analyses are required to confirm the 

presence of the T-OAE CIE at this site and to establish its extent. Strata above 4.15 m, 

likely coincident with the T-OAE, represent a significant increase in evidence for storm 

deposition and silty limestone event bed deposition at Koudiat Touila, although swales 

and silty limestones lower in the succession (Figure 6.9; Figure 6.10) may also 
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represent less abundant preceding storm activity. Furthermore, observations of marls 

below the logged interval and weathered slope above and previous descriptions of 

Koudiat Touila (Benshili 1989), suggest that deposits outside of the logged interval are 

indicative of low energy, basinal marine deposition consistent with suggestions that this 

site lies in the “deep basin” zone of the Middle Atlas Basin (El Hammichi et al., 2002, 

2007). This suggests that that the logged interval represents a restricted interval of 

coarse-grained deposition in the early Toarcian at Koudiat Touila. 

The interpretation that the silty limestones at Koudiat Touila are storm beds has 

implications for the whole of the Niveau Brun (which these silty limestones are 

interpreted to represent (Benshili, 1989)). This interpretation is inconsistent with the 

interpretation of the Niveau Brun as turbidites and Bouma Sequences (Colo, 1961; 

Benshili, 1989; Fedan, 1989; El Arabi et al., 1999, 2001, El Hammichi et al., 2002, 

2007). Records of the Niveau Brun from elsewhere in the Middle Atlas Basin (Colo, 

1961; El Arabi et al., 1999; El Hammichi et al., 2007), such as at Zloul (El Arabi et al., 

1999), also indicate that, similar to Koudiat Touila, the Niveau Brun is a limited interval 

of harder, coarser-grained deposition within the early Toarcian. This suggests that the 

Niveau Brun was formed during a restricted interval of storm deposition, approximately 

coincident with the T-OAE interval (El Arabi et al., 1999). Restriction of storm deposits 

to the T-OAE interval is consistent with the expression of the event seen at Issouka 

(Section 6.4.1.2) and Ait Moussa (Section 4.3). This suggests that storm deposition 

that formed the Niveau Brun, was related to enhanced T-OAE storm activity.  

Similar to Ait Moussa, Issouka and Ait Braham, during the lead in to the T-OAE, 

increasing Ti/Ca coincident with decreasing CaCO3, from 1.51 m to 3.3 m (Figure 6.9), 

suggest an increasing proportion of siliciclastic material and a decreasing proportion of 

marine carbonate material prior to the T-OAE. Furthermore, increasing Rb/Zr suggests 

increased proportion of clay minerals, suggesting that these sedimentological changes 

are linked to accelerated hydrological cycling. Above 5.7 m the increased Rb/Zr and 

decreased Ti/Ca values within the interval of silty limestone deposition (Figure 6.9) 

suggests relative increases in clay mineral and carbonate proportions, consistent with 

weathering and reworking of more proximal, carbonate rich material.   

6.4.2 T-OAE in the Middle Atlas Basin  

Evidence for early Toarcian shallow water deposition at Tizi Nehassa; hemipelagic 

deposition at Ait Moussa; similar but likely slightly deeper marine conditions at Issouka; 
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and deeper marine deposition at Koudiat Touila are consistent with previous 

suggestions of progradation and deepening to the NE in the northern Middle Atlas 

Basin (Figure 6.1; Figure 6.13; El Hammichi et al., 2002; El Hammichi, Benshili and 

Tabyaoui, 2007). However, deposits at Ait Braham indicate deposition on an 

intrabasinal high, interrupting this general pattern of NE deepening (Section 6.4.1.3; 

Figure 6.13). It has been postulated that NE-SW and NW-SE structural lineations 

caused the development of subbasins in the Middle Atlas Basin during Mesozoic rifting 

(Fedan, 1989; El Arabi et al., 2001; El Hammichi et al., 2002, 2007), it is therefore 

suggested here that the Ait Braham strata were deposited on a fault-bounded 

intrabasinal high (Figure 6.13). 

Hummocky cross-stratification in event bed deposits that are limited to T-OAE strata, 

found at Ait Moussa (Section 4.3) and Koudiat Touila (Section 6.4.1.4) demonstrates 

deepening of storm wave base related to increased intense storm frequency (Section 

4.4), across an >80 km span across the Middle Atlas Basin. Enhanced event bed 

deposition during the T-OAE interval at Issouka and the occurrence of the ‘Niveau 

Brun’, interpreted in this study to represent storm beds, across multiple sites in the NE 

Middle Atlas basin (Colo, 1961; El Arabi et al., 1999; Hammichi, 2002; El Hammichi et 

al., 2007) is consistent with enhanced storm activity as a result of T-OAE global 

warming (Figure 6.13). Lack of evidence for storm deposition at Ait Braham is likely to 

be related to the position of this section on a relative topographic high, preventing the 

accumulation of coarse event deposits which form in surrounding depocentres (Figure 

6.13). 

Increased sedimentation during the T-OAE interval (Figure 6.13) at Ait Moussa 

(Section 5.4), Issouka (Section 6.4.1.2) and Ait Braham (Section 6.4.1.3) suggests 

significant increase in sediment flux into the Middle Atlas Basin, likely in response to 

accelerated hydrological cycling during the T-OAE (Section 1.2.5). These findings 

provide multiple points of physical evidence to support climate model results (Dera and 

Donnadieu, 2012) that suggest increased run off in the Middle Atlas basin in response 

to hydrological cycle change in the T-OAE.  
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Figure 6.13 : Schematic correlation panel of Toarcian successions across a 
transect in the Middle Atlas Basin. All scales are in metres but note the change in 
vertical scale. Correlation panel of graphic logs of the Tizi Nehassa, Ait Moussa, 
Issouka, Ait Braham and Koudiat Touila sections is shown against schematic 
sketch of Middle Atlas Basin topography relative to sea level (SL) displaying 
inferred depositional environments of each section during the early Toarcian. 
Extent of the T-OAE interval is placed based upon carbon isotope data and 
biostratigraphy presented in Chapter 4, 5 and 6. Map is adapted after El Hammichi 
et al., 2007. Blue vertical bars against logs represent the extent of event bed 
deposition.  
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None of the Middle Atlas Toarcian successions studied here display organic carbon-

rich black shale deposits or sulfur enrichment, which are commonly observed in T-OAE 

strata and are considered to represent depleted marine oxygenation (Section 1.2.3). 

This suggests that bottom waters of the Middle Atlas Basin remained largely 

oxygenated during the T-OAE, despite globally enhanced marine deoxygenation 

(Pearce et al., 2008; Dickson et al., 2017; Them et al., 2018). The coincidence of the 

lack of evidence for oxygen-depleted deposition conditions in the Middle Atlas and 

increased sedimentation matches results from Portugal (Hesselbo et al., 2007), UK (Xu 

et al., 2018), Japan (Kemp and Izumi, 2014) and the High Atlas Basin, Morocco (Bodin 

et al., 2010; Krencker et al., 2015). Increased sediment flux may have promoted water 

column mixing at these locations, as suggested by Hesselbo et al., (2007),  limiting the 

formation of oxygen-depleted bottom waters.  

6.5 Conclusions 

Toarcian strata from a transect across the Middle Atlas Basin preserve sediments 

deposited during the T-OAE that are consistent with a basin-wide sedimentary 

response to global warming during this event. Sedimentological evidence of storm-

wave action and hence episodic deepening of storm-wave base to the sediment-water 

interface during the T-OAE is found across a >80 km span in the Middle Atlas Basin. 

This evidence also suggests that the widespread early Toarcian Niveau Brun Member 

in the Middle Atlas Basin (previously interpreted as a result of turbiditic deposition) is 

more likely to represent storm deposition resulting from the environmental changes 

during the T-OAE. 

Toarcian deposits from at least three Middle Atlas sites (Ait Moussa, Issouka and 

Koudiat Touila) show evidence for increased sedimentation during the T-OAE, 

suggesting significant hydrological acceleration, increased run off and sediment 

delivery in response to T-OAE climate change. These results are consistent with model 

evidence that suggests increased precipitation in this area due to T-OAE global 

warming. Comparison to mid latitude T-OAE records (e.g. Kemp et al., 2005; Hermoso 

et al., 2009b), which do not show such significant sedimentation increase, further 

highlights the spatial variation of run off increases during T-OAE warming. The 

sedimentological expression of the OAE at Ait Braham is likely to be incomplete due to 

its deposition on an intrabasinal high. 
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Contrasts in the sedimentary responses to T-OAE climate change through the Middle 

Atlas Basin are also likely to be influenced by tectonic factors such as sediment 

routing, basin topography and proximity to land. These results highlight the importance 

of obtaining palaeoclimate records from a wide variety of depositional environments to 

comprehensively assess the effects of climatic change, and the importance of 

considering intrinsic biases caused by the study site when interpreting palaeoclimate 

change.  
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Chapter 7  

Synthesis, implications and future work 

This thesis presents the most comprehensive study to date of tropical environmental 

change during the T-OAE. The findings underline the importance of obtaining robust 

analogues from the geological record to help understand the effects of extreme 

anthropogenic warming at tropical latitudes (Section 1.1).  

Section 7.1 draws together the results of the research presented in this study in relation 

to the thesis objectives set out in Section 1.3. Section 7.2 discusses the wider 

implications of research findings, and Section 7.3 outlines potential future work arising 

from this study.  

7.1 Synthesis 

The synthesis of the results presented in this thesis is organised by the objectives that 

these results address, as set out in Section 1.3. 

7.1.1 Objective 1: To investigate the effects of the T-OAE at tropical latitudes 

a) By establishing the first high-resolution, multiproxy records of the T-OAE at 

tropical palaeolatitudes using graphic logging and studies of sedimentology, 

and geochemistry of previously published and new Toarcian successions in 

Morocco.   

Sedimentological, palaeobiological and geochemical study of five sections from the 

Middle Atlas Basin (Chapters 4, 5 and 6) has provided clear evidence for the 

expression of the T-OAE across the Middle Atlas Basin. This is contrary to previous 

work which had previously considered that there was no evidence of the T-OAE (El 

Arabi et al., 1999). These data demonstrate for the first time that early Toarcian 

successions at Ait Moussa and Issouka preserve T-OAE negative CIEs of ~8‰ and 

~7‰ across 66.6 m and at least ~30 m of stratigraphy respectively (Section 4.3 and 

Section 6.4.1.2). It was also demonstrated that the newly discovered Toarcian 

succession at Ait Braham preserves at least part of a negative CIE (Section 6.4.1.3). 
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High-resolution organic carbon isotope analyses during the first study of the Toarcian 

succession at Ait Moussa (Section 2.2.3; Section 4.2) revealed a 66.6 m negative CIE 

which includes an abrupt negative shift correlative with equivalent shifts in other 

successions (Section 4.3). 

Evidence for increased sedimentation rates and event bed deposition at Ait Moussa 

and Issouka (Section 4.3; Section 6.4.1.2); event bed deposition at Koudiat Touila 

(Section 6.4.1.4); and increased siliciclastic deposition at Ait Braham (Section 6.4.1.3), 

during the T-OAE provide evidence for increased run off throughout the Middle Atlas 

Basin (Section 5.4; Section 6.4.2). This finding indicates accelerated hydrological 

cycling and increased precipitation in the Middle Atlas during T-OAE global warming, 

supporting modelling results (Dera and Donnadieu, 2012) and global evidence for 

increased continental weathering (Cohen et al., 2004; Percival et al., 2016; Them et al., 

2017b).  

Evidence for T-OAE storm deposition (i.e. hummocky cross-stratification) observed at 

Ait Moussa and Koudiat Touila in the Middle Atlas Basin (Section 4.3 and 6.3.4), 

significantly increases the current body of evidence for storm activity during the T-OAE 

(Duarte et al., 2007; Suan et al., 2013; Krencker et al., 2015; Han et al., 2018). 

Furthermore, occurrence of HCS in the early Toarcian Niveau Brun at Koudiat Touila, 

provides evidence that the Niveau Brun deposits found across the Middle Atlas Basin 

(El Hammichi et al., 2007) are the results of storm deposition, rather than turbidite 

deposition as previously suggested (El Hammichi et al., 2007). These storm deposits 

are comparable to event bed at Issouka that occur during the T-OAE (Section 6.4.1.4), 

suggesting that storm-influenced mass flow deposition was widespread across the 

Middle Atlas Basin as a result of the T-OAE.  

Detailed logging of the Ait Moussa succession, and petrographic study of hand 

samples and thin sections, revealed the occurrence of siltstones indicative of storm 

deposition above a threshold intensity (“intense storms”) (Section 4.4). Occurrence of 

these deposits only within the T-OAE negative CIE indicates more intense storm 

activity during the T-OAE relative to the intervals immediately before and after (Section 

4.4). This supported previous evidence for increased storm intensity during T-OAE 

(Krencker et al., 2015).  
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Statistical analysis of the abundance of these siltstone storm deposits at Ait Moussa 

indicated that the frequency of intense storms increased in response to increasing 

temperature up to the acme of warming during the T-OAE (Section 4.4). The frequency 

of intense storms then decreased due to global cooling during the ‘recovery’ stage of 

the event, demonstrating the temperature control on tropical storm activity in the Middle 

Atlas Basin (Section 4.4). During the trend of increasing intense storm activity, the six-

fold increase in storm deposit abundance indicated the passing of a climate threshold 

that triggered a significant increase in intense storm frequency. Cyclostratigraphic 

analysis indicated that intense storm frequency during the T-OAE was modulated by 

changes in summer sea surface temperature, forced by 100 kyr eccentricity and ~21 

kyr precession cycles.  

Quantification of sedimentation rate at Ait Moussa using the results of 

cyclostratigraphic analysis and of portable X-ray fluorescence spectroscopy (pXRF) 

and Leco elemental analyser analysis, indicated a threefold sedimentation rate 

increase in response to increased run off during the T-OAE (Section 5.4.3). Detailed 

logging revealed a paucity of macrofossils coincident with evidence for increased 

sedimentation and storm deposition at Ait Moussa, indicating that storm activity likely 

impacted on macrofauna at Ait Moussa during the T-OAE (Section 5.5). A lack of 

evidence for local anoxia in all 5 successions suggests that anoxia was not prevalent in 

the Middle Atlas Basin during the T-OAE. This is despite evidence for a global increase 

in deoxygenation (Pearce et al., 2008) during the T-OAE. 

b) Investigate the sedimentological changes along a proximal to distal basin profile 

to establish basin setting and the effects of this on changes in the sedimentary 

expression of the T-OAE 

Early Toarcian sedimentary deposits from five Middle Atlas Basin across a basinal 

transect provide evidence for shallow marine carbonate deposition in the SW grading 

into deposition of marls at moderate water depths in the NE (Section 5.4 and Section 

6.4.2). This evidence supports previous stratigraphic studies of the area which suggest 

progradation of the sedimentary deposits to the NE (Benshili, 1989; Fedan, 1989; El 

Arabi et al., 1999; El Hammichi et al., 2002). This study has also demonstrated that 

basin topography of the Middle Atlas Basin influenced the character of the sedimentary 

response to the T-OAE, resulting in predominantly coarser-grained carbonate 

deposition in basinal depocenters (Section 6.4.2), in contrast to more carbonate-poor, 

siliciclastic-rich mud deposition on an intrabasinal high (Section 6.4.1.3).  
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7.1.2 Objective 2: To establish a comprehensive, independent timescale for 
the T-OAE CIE 

Cyclostratigraphic analysis of the abundance of siltstones at Ait Moussa revealed two 

statistically significant (above the 98% confidence level) cycles in siltstone storm bed 

frequency (Chapter 4). A 6.19 m cyclicity is likely forced by 100 kyr eccentricity cycles, 

and a 1.45 m cyclicity forced by 21 kyr precession cycles (Section 4.4). 

Cyclostratigraphic analysis of pXRF elemental concentration data indicated that 2 m 

cycles in Rb/Zr are forced by 100 kyr eccentricity cycles (Chapter 5) within the T-OAE 

at Ait Moussa. Taken together, these findings demonstrated that the strata between the 

start of the negative CIE at Ait Moussa (-5.6 m) and the end of robust cyclicity (42.5 m) 

represent ~950 kyr (Section 5.6). Using extrapolation of average sedimentation rates 

and recognition of potential ~36 Kyr obliquity-forced cycles in elemental geochemistry, 

this timescale was extended to suggest a total duration of ~1.3 Myr for the entire the T-

OAE negative CIE (Section 5.6). This independent assessment of the duration of the T-

OAE negative CIE is ~400 Kyr longer than the largest previous estimates (Suan et al., 

2008b; Huang and Hesselbo, 2014), and ~1 Myr longer than the shortest previous 

estimates (Kemp et al., 2005; Boulila et al., 2014). 

The timescales of inferred environmental changes at Ait Moussa during the T-OAE 

(see Section 7.1.1) have been quantified using this new timescale (Section 5.6; Figure 

7.1). This demonstrated that: intense storm activity at Ait Moussa lasted for >950 kyr 

(Section 5.6; Figure 7.1); a period of massive, abrupt carbon release occurred after 

>150 kyr of gradual carbon release (Section 5.6; Figure 7.1); and that the onset of 

~526 kyr of sustained intense storm activity occurred with an increase in storm 

frequency ~50 kyr after this end of this abrupt carbon release and ~250 kyr after the 

onset of gradual carbon release (Section 5.6; Figure 7.1). The cyclostratigraphic 

timescale also suggests that increased sedimentation at Ait Moussa commenced >150 

kyr after the start of carbon release and lasted for >700 kyr (Section 5.6; Figure 7.1).  
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Figure 7.1: Timescale of inferred environmental changes at Ait Moussa during the 
T-OAE. The eccentricity-based timescale presented in Figure 5.24 annotated with 
the durations of (i) storm activity, indicated by the extent of siltstone deposits; (ii) 
sustained storm activity between Level 2 and Level 3 (see Section 4.4); (iii) 
increased sedimentation rate (as interpreted in Section 5.4) and (iv) the 
macrofaunal gap at Ait Moussa (Section 5.5). Level 1, 2 and 3 are as defined in 
Section 4.3.  
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7.1.3 Objective 3: Investigate the efficacy of portable X-ray fluorescence 
spectroscopy (pXRF) as a more efficient method of producing datasets 
for time series analysis 

Through laboratory testing, the pXRF protocol for sedimentary rocks was optimised, 

allowing fast, cheap and non-destructive collection of elemental concentration data 

(Section 3.3.1). The method was tested using samples from the T-OAE, Yorkshire, UK 

where a cyclostratigraphic timescale had already been established (Kemp et al., 2011). 

These data were able to record astronomically-forced cycles in S, Fe and Ca elemental 

concentration, significant at confidence levels of 99.92%, 99.99% and 98.12% 

respectively (Section 3.3.2.3). These results were comparable to results of 

cyclostratigraphic analyses of S and CaCO3 data obtained using combustion elemental 

analysis (confidence levels of 99.99% and 99.96% respectively; Section 3.3.2.3). This 

work demonstrated that pXRF is an efficient method suitable for constructing long 

cyclostratigraphic time series of sufficient quality to accurately identify astronomical 

forcing and build cyclostratigraphic timescales (Section 3.4).  

Furthermore, the identification of statistically significant cycles in Rb/Zr in the Ait 

Moussa succession that contributed to the cyclostratigraphic timescale presented in 

this study (Section 5.6) further demonstrated the efficacy of pXRF analysis for 

cyclostratigraphy. The identification of these cycles in trace elemental ratio 

demonstrated the potential that pXRF provides for new avenues of cyclostratigraphic 

study, by allowing the analysis of elemental concentrations not possible through more 

commonly-used combustion elemental analysis. Observation of equivalent Rb/Zr 

cycles in the Yorkshire succession where no correlative cycles in TOC, CaCO3 or 

δ13Corg were seen (Section 5.4.2) further highlights the potential that pXRF provides for 

chemostratigraphic and cyclostratigraphic study. 

7.2 Implications of this study 

7.2.1 Tropical storm activity in response to T-OAE global warming 

The study of T-OAE storm activity presented here (Chapter 4) has significant 

implications for the understanding of storm activity during long term global warming. 

This study provides the first observational evidence for increasing intense storm 

frequency as a response to unequivocal global warming on timescales of 104 to 105 

years. This finding provides key supporting evidence for model predictions 

(Christensen et al., 2013; Walsh et al., 2016; Korty et al., 2017) and theory (Emanuel, 
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1999) that suggest that anthropogenic global warming will lead to an increase in the 

frequency of the most intense tropical storms. Additionally, evidence from Ait Moussa 

for more intense storms during the T-OAE than before or after the event, provides 

geological evidence for increasing past tropical cyclone intensity in response to carbon-

release forced global warming. This supports the suggestions that anthropogenic 

warming may result in tropical storms of greater magnitude than those observed in the 

historical record (e.g. Knutson et al., 2010; Korty et al., 2017). 

A further implication is derived from precession and eccentricity orbital forcing of 

intense tropical storm frequency (Section 4.4), which indicates a seasonality control on 

T-OAE storm activity. The implication is that changing local insolation and changing 

global average temperature both likely controlled T-OAE storm activity (Section 4.4). 

This evidence provides important context for anthropogenic climate change, suggesting 

that the predicted spatial heterogeneity in future global warming (IPCC 2013) may 

influence future changes in extreme weather. This study also demonstrates that there 

may be complexities in the timing of extreme weather responses to future climate 

change. This is because the most significant increase in the frequency of intense 

storms at Ait Moussa was not synchronous with the most abrupt carbon release 

(Section 4.3). 

Evidence for increased storm intensity during the T-OAE (Section 4.3; Suan et al., 

2013; Krencker et al., 2015) demonstrates that global warming on the scale of 6-13°C 

(Bailey et al., 2003) can cause the instigation of a climatic state where storms are more 

intense. Furthermore, evidence that 6-13°C of global warming over 105-106 years 

caused gradual intense storm frequency increase (Chapter 4; Section 5.6) implies that 

intense storm frequency is sensitive to climate changes of this rate. This provides 

context for understanding the potential response of intense storm activity to 

anthropogenic warming, although the utility of this for direct comparison is currently 

limited by the low resolution and reliability of temperature proxy data for the T-OAE 

(Section 1.2.4).  

7.2.2 Extent of de-oxygenation during the TOAE 

Evidence for oxygenated depositional conditions throughout the Middle Atlas Basin 

during the T-OAE (Section 6.4.2) is consistent with similar evidence for oxygenated 

conditions during this period in the High Atlas, Morocco (Bodin et al., 2010, 2016) and 

Portugal (Hesselbo et al., 2007). Taken together, these observations suggest that the 



Chapter 7 – Synthesis, implications and future work                        M.Saker-Clark, 2018  

 

164 

SW Tethyan region did not suffer widespread deoxygentation during the T-OAE. This 

contrasts with widespread evidence of oceanic anoxia in the NW Tethys including from 

the UK (Pearce et al., 2008; French et al., 2014), France (van Breugel et al., 2006; 

Hermoso et al., 2013), Germany (Schouten et al., 2000; Pancost et al., 2004) and 

Greece (Kafousia et al., 2011, 2014). The key implication of this is that it emphasises 

that not all regions of the continental shelf were anoxic during the T-OAE, despite 

global increase in the extent of oceanic anoxia (Pearce et al., 2008; Dickson et al., 

2017; Them et al., 2018). This highlights the need for further work to establish the 

spatial variation in deoxygenation during the T-OAE, in order to improve the T-OAE as 

an analogue for potential future deoxygenation as a result of climate change.  

7.2.3 Thickness and resolution of the new Moroccan T-OAE records 

The 66.6 m T-OAE negative CIE at Ait Moussa is the most expanded record of the 

entire T-OAE negative CIE globally to date, and around 2-10 times more expanded 

than the most well studied successions (Kemp et al., 2005; Hesselbo et al., 2007; 

Hermoso et al., 2012; Xu et al., 2018). The 20 cm-resolution geochemical record 

presented here is of comparable temporal resolution to the 2.5 cm-resolution record 

from Yorkshire, UK (Kemp et al., 2011), making it one of the most detailed T-OAE 

studies to date. The identification of 20 kyr cycles of 1.45 m wavelength suggests that 

this section could provide the first ~1 kyr resolution record of the T-OAE with 5 cm 

sampling. This has implication for the use of the T-OAE as an analogue for climate 

change, potentially allowing the T-OAE to act as an analogue for climate changes on 

the 1 kyr to 1 Myr timescale. The complete and well-preserved nature of the Ait 

Moussa succession, with no clear depositional hiatus, limited exposure gaps and 

limited evidence of structural or diagenetic alteration, suggests that through further 

high-resolution multiproxy analyses an even more comprehensive record of T-OAE 

climate change can be obtained from Ait Moussa. Furthermore, the position of the Ait 

Moussa succession at 18°N provides opportunity for comparison of the results of 

further studies of this section to equivalent studies from other latitudes, providing 

detailed insights into the latitudinal variation of these climate change.  

Additionally, the identification of T-OAE strata in relatively expanded sections at 

Issouka, Koudiat Touila and Ait Braham provides a further 3 new expanded T-OAE 

succession from low latitudes (Figure 7.2). A key implication of this finding is that this 

increases the pool of known T-OAE sites in the tropics significantly (Figure 7.2), 

providing potential for future insights into tropical climatic changes in the T-OAE, 
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including storm activity. A further implication derives from the relative expansion of 

these sites, suggesting that they could yield high-resolution insights into T-OAE climate 

change.  

 

Figure 7.2: Palaeogeographic map of location and data points of T-OAE records. 
The yellow star indicated the position of the Middle Atlas Basin sites studied in this 
research. Map adapted after Jenkyns et al., 2002.  

 

7.2.4 A new astronomical timescale for the T-OAE CIE (Objective 3) 

The new astronomical timescale presented in this study suggests that the T-OAE is 

between 400 kyr and ~1 Myr more protracted than previously considered (Section 

7.1.2). This has multiple implications: 

1) The T-OAE might play a slightly different role as a potential analogue for future 

change than previously considered (e.g. Cohen et al., 2007). This timescale 

suggests that the protracted and extreme effects of the T-OAE, including mass 

extinction, oceanic deoxygenation and enhanced storm activity, occurred in 

response to carbon release and warming of slower rates than previously 

considered. This provides important context for the potentially severe 

consequences of anthropogenic carbon release. Furthermore, this implies that 

the T-OAE provides evidence for the timescale of recovery from climate change 

that last hundreds of thousands of years, providing an analogue for extreme 

and prolonged future climate change.  
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2) That there is a need for reassessment of the models and mechanisms invoked 

to explain T-OAE climate change. Hypotheses for causes and mechanisms of 

environmental change during the T-OAE are reconciled with rates and durations 

of change much shorter than implied by our timescale (Kemp et al., 2005; 

McElwain et al., 2005; Svensen et al., 2007; Brazier et al., 2015), suggesting 

that these hypotheses may need reconsideration with respect to this much-

extended timescale.  

7.3 Future work 

7.3.1 Potential insights from the Middle Atlas Basin, Morocco  

The first identification of the T-OAE interval at five sites across the Middle Atlas 

(Chapter 4 and Chapter 6), and the detailed record of the T-OAE negative CIE across 

66.6 m at Ait Moussa (Chapter 4) provides potential for future work to build on that 

presented in this thesis.  

7.3.1.1 Tropical storm activity 

Petrographic analysis of the marls between the calcarenite/calcilutite storm beds in the 

Ait Moussa succession revealed sedimentary structures (such swales, micro scours 

and micro wave-formed ripples), and reworked detrital carbonate grains that suggest 

that these marls also record storm activity (Section 4.4). These are likely to record 

activity of lower intensity storms than the “intense” storms that produce 

calcarenite/calcilutite storm beds (Section 4.4). Further detailed sedimentological 

analysis, including high-resolution thin section analysis, would allow assessment of 

possible changes in abundance or magnitude of storm-wave features and marlstones. 

This would complement the record of siltstone tempestite abundance presented here 

(Section 4.3), and potentially quantify the response of less intense storms to T-OAE 

warming. By combining a record of less intense storm frequency and the record of 

intense storm frequency presented here (Chapter 4), assessment could be made of 

whether the relative abundance of intense:less-intense storms changed during T-OAE 

warming.  Such a study is required to provide key context for potential changes in the 

frequency distribution of storms of variable intensity during anthropogenic warming 

(Walsh et al., 2016), although conclusions are likely to be limited by the low-resolution 

temperature record through the T-OAE.  
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Potential storm-influenced deposits at Issouka and storm deposits at Koudiat Touila 

successions (Section 6.4.1) provide an opportunity to further develop knowledge of 

storm activity in the Middle Atlas. These deposits require more detailed sedimentary 

analysis to confirm the depositional processes of these beds and compare these 

depositional processes and environments to those of storm beds at Ait Moussa 

(Section 4.4). Furthermore, analysis of the abundance of these beds could provide 

quantitative records of storm frequency changes during the T-OAE, provided further 

development of the carbon isotope stratigraphy at these sites.  

7.3.1.2 Detailed hydrological cycling  

Geochemical and sedimentological evidence from Ait Moussa suggests that 

hydrological cycling accelerated significantly during the T-OAE (Section 5.4). However, 

the elemental proxies used are limited in their use due to contributions from multiple 

sediment sources that respond in different ways to hydrological cycling changes. 

Integrated palynological and organic geochemical study of the Ait Moussa succession 

would provide further insights into organic matter and sediment sources, and therefore 

sediment input and run off, at Ait Moussa during the T-OAE.  

Furthermore, as the Ait Moussa succession represents an expanded (66.6 m) 

expression of the T-OAE in a non-restricted basin connected to Tethys (Section 2.2), 

this site could be used to study global changes in hydrological cycling. High-resolution 

study of a global weathering proxies at the Ait Moussa section would provide the 

opportunity for detailed insights into changes in global weathering across the T-OAE.  

7.3.1.3 Biotic change during the T-OAE  

Significant supply of siliciclastic clay minerals and terrestrial organic matter to Ait 

Moussa during the T-OAE (Section 5.4) highlights the opportunity for palynological 

study of this succession to assess changes to vegetation at low latitudes. Such a study 

could act as a comparator to the detailed palynological study of Kennedy (2015) from 

the Yorkshire T-OAE succession, to provide insights into latitudinal variation in the 

terrestrial ecosystem response to T-OAE global warming.  

Faunal data presented in this research (Section 5.3.1) are sufficient to recognise faunal 

exclusion, but lack the detail required to confidently assess the causes and dynamics 

of marine faunal change at Ait Moussa. The scarcity in macrofauna, coupled with the 

evidence for storms which would likely break up any macrofossils, and the nature of 
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exposure at Ait Moussa, restrict opportunities for more detailed macrofaunal study. 

However, a high-resolution microfossil study has the potential to assess detailed 

changes to the marine system at Ait Moussa during the T-OAE. Furthermore, 

comparison of a microfossil study from Ait Moussa to the detailed faunal datasets of 

Yorkshire, UK (e.g. Caswell et al., 2009; Kennedy, 2015), could allow assessment of 

the spatial variation of the marine microfossil ecosystem change during the T-OAE.  

7.3.1.4 The Toarcian negative CIE at Ait Moussa 

N-alkane abundance data suggest that the negative CIE at Ait Moussa is likely 

suppressed by an increase in 13C-rich terrestrial organic matter during the T-OAE. 

Furthermore, the start of the negative CIE at Ait Moussa appears offset in comparison 

to the start of this CIE in other sections such as Yorkshire (Section 5.6). High-resolution 

carbonate carbon isotope data from the Ait Moussa section have potential to reveal the 

seawater carbon perturbation associated with the T-OAE. Such a study would allow 

identification of any decoupling between organic and seawater carbonate carbon 

records, highlighting the influence of changing organic matter source at Ait Moussa. 

Additionally, carbon isotope analysis of micro-wood fragments or compound-specific 

isotope analysis from the Ait Moussa succession could provide insights into decoupling 

of carbon isotope records and allow assessment of the reliability of correlations 

presented in this thesis, based upon δ13Corg (Chapter 4). However, the paucity of wood 

fragments and organic material in the Ait Moussa succession may make such work 

impossible, a thorough feasibility assessment would be required before such work.  

7.3.1.5 Further refinement of the T-OAE timescale 

Work to accurately assess the onset of the T-OAE negative CIE at Ait Moussa would 

potentially further refine the ~1.3 Myr estimate of the duration of carbon cycle 

perturbation suggested in this thesis (Section 5.6). Reliability of the T-OAE timescale 

presented in this research (Section 5.6) is limited by the lack of a pervasive cyclicity 

above 42.5 m (Section 5.6). Ti/Ca and TOC data at 20 cm sample spacing suggest 1.1 

m and 2.2 m precession and obliquity-forced cycles between 42.5 m and 51 m, but 

cycles are not pervasive and 1.1 m cycles are defined by just 6 samples, close to the 

lower limit for reliability suggested by Kemp (2016) and Martinez et al. (2016). Future 

elemental geochemical (pXRF) study at 10 cm resolution between 42.5 m and the top 

of the negative CIE, and subsequent cyclostratigraphic analysis, may allow the 

development of a cyclostratigraphic timescale for that interval. When combined with the 
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cyclostratigraphic timescale produced in this work, this could produce a comprehensive 

timescale for the entire T-OAE for the first time.   

7.3.1.6 Early Toarcian global warming prior to the T-OAE 

δ13Corg, Rb/Zr, K/Ti and Ti/Ca data from Ait Moussa (Chapter 5) suggest the 

preservation of carbon cycle perturbations, and possible hydrological acceleration, at 

the Pliensbachian-Toarcian boundary (P-ToE) and prior to the T-OAE (-17 m to -13 m). 

Further carbon isotopic analyses are required from below the P-ToE strata to the start 

of the T-OAE at Ait Moussa to determine whether these apparent CIEs represent 

genuine CIEs (i.e. a departure from background values) and to more precisely define 

the extent of the CIEs. The P-ToE at Ait Moussa is preserved over ~8 m of stratigraphy 

(Section 5.4.1), compared to ~3 m at the Pliensbachian-Toarcian boundary stratotype 

section in Peniche, Portugal (Hesselbo et al., 2007). This highlights the potential for 

detailed insights into possible climatic change during the P-ToE through multiproxy 

palaeoenvironmental study of the Ait Moussa succession.  

7.3.2 T-OAE modelling 

Current global climate modelling of the T-OAE is limited, and the majority of evidence 

for changes to early Toarcian hydrological cycling have occurred since the latest global 

climate modelling study (Dera and Donnadieu, 2012). This highlights the potential for 

global climate modelling of the early Toarcian, considering new geological evidence 

(including that from this study), to improve our understanding of Toarcian climate and 

hydrological cycling. Furthermore, evidence of changing storm activity during the T-

OAE presented here (Chapter 4) provides the most detailed constraints of T-OAE 

storm activity, which could be used to improve accuracy of hydrological models of the 

T-OAE. 

The new estimate of the duration of the T-OAE presented in this study (~1.3 Myr; 

Section 5.6) is ~400 kyr longer than the duration used in an alkalinity mass balance 

model (Brazier et al., 2015) to suggest a volcanogenic source of T-OAE carbon to 

cause the negative CIE. Our estimate is >800 kyr longer than that used in mass 

balance models of carbon (Beerling and Brentnall, 2007) used to imply a significant 

role of methane release in T-OAE carbon perturbation. The results of these models are 

likely to be affected by such significant changes in the T-OAE duration. This suggests 

that further modelling studies should be undertaken utilising this new timescale to 

assess current hypotheses of the cause of the T-OAE.  
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7.3.3 Future studies of storm activity  

Evidence for micro-scale storm wave features at Ait Moussa highlights the need for 

future studies of storm activity through the T-OAE to include thin section analyses as 

well as field analyses of sedimentary structures. Furthermore, turbidites and coarse-

grained event deposits have been found associated with the T-OAE (Hesselbo et al., 

2007; Izumi et al., 2018; Xu et al., 2018); detailed sedimentological studies of these 

event beds are required to identify the depositional processes of these beds, and 

establish if they were linked to storm deposition. Detailed studies of the stratigraphic 

distribution of these event beds (similar to that of Chapter 4) have the potential to 

quantify detailed hydrological changes during the T-OAE.  

7.3.4 Spatial distribution of storms and hydrological cycling during the T-OAE 

This research has enhanced our understanding of storm activity during the T-OAE 

although the effects of this climate change on geographical storm distribution during 

the Toarcian are currently poorly constrained (Section 7.3.2). Detailed sedimentological 

analyses through the early Toarcian, at successions displaying evidence for T-OAE 

storm activity from a variety of latitudes (Krencker et al., 2015), are required to build up 

a fuller picture of changes in the distribution of storm activity as a result of T-OAE 

climate change. Such studies would allow assessment of whether storms moved 

poleward due to T-OAE warming, as is predicted (Christensen et al., 2013; Walsh et 

al., 2016) and observed (Kossin et al., 2014) to be a consequence of current warming.  
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Appendix A  
Analytical techniques 

A.1 Introduction 

This appendix includes descriptions of the analytical techniques used for this research 

project. The measurement procedure for portable X-ray fluorescence (pXRF) analyses 

was developed as part of this research project and is described in Chapter 3. The 

method was used to produce the pXRF results presented in Chapters 5 and 6.  Specific 

calibration and reproducibility details for pXRF measurements are included in this 

appendix. 

A.2 Sample preparation  

Samples from Yorkshire, UK, analysed in Chapter 3 with analysis results presented in 

Chapters 3 and 5, were bulk rock powders sampled by Kemp (2006) (see Chapter 2 for 

sampling methods.  

All samples from Morocco, used in the analytical techniques described here for 

research presented in Chapters 4-6, were c.15 g subsamples of rock samples collected 

from Moroccan sections (see Chapter 2 for sampling locations). Rock samples were 

collected by hand using a rock hammer and chisel, using care to avoid weathered 

material (see Chapter 2 for full sampling methods). Any remaining visibly weathered 

material in each collected rock sample was precluded from the 15 g subsample taken 

for analysis. These 15 g subsamples were crushed and ground using an agate pestle 

and mortar to form a very fine-grained, homogenous powder. Powdered samples were 

dried at 40°C until stable weight was reached, before storing in a glass scintillation vial. 

Aliquots of these powders were subsequently used for analyses. 
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A.3 Portable X-ray fluorescence (pXRF) elemental analysis 

Samples were prepared and analysed using a Niton XL3t GOLDD+ portable X-ray 

fluorescence (pXRF) spectrometer, using the methods developed as part of this 

research project and described in Chapter 3.  

A.3.1 Calibration and uncertainty 

The elemental concentration data used in this research were derived using pXRF-

measured concentrations calibrated using post-analysis linear regression coefficients. 

Coefficients were determined by the least squares method, using comparison of pXRF 

data to concentrations from ARL 8420+XRF and Leco CNS-2000 dry combustion 

elemental analyses of 29 in-house Jurassic mudrock standards. Two sets of calibration 

coefficients were used in this research, due to alteration of the internal instrument 

calibration during instrument servicing. The gradient, intercept, Pearson’s r2 and 

maximum calibration error of the linear calibration coefficient for each element, 

presented in this thesis, is presented in Table A.1 and Table A.2, for calibration sets 1 

and 2 respectively. Calibration error is defined in this study as the difference between 

expected (as determined by ARL 8420+XRF or Leco CNS-2000 elemental analyser 

analysis) and calibrated concentration values for a given sample. Maximum calibration 

error (as presented in Table A.1) is defined as the greatest calibration error, for a given 

elemental concentration, out of the 29 mudrock calibration samples.   

 Zr 
(ppm) 

Rb 
(ppm) 

Pb 
(ppm) Fe (%) Ti (%) Ca 

(%) K (%) S (%) 

Slope 0.639 1.120 1.076 0.954 0.797 0.898 0.948 4.620 
Intercept 10.832 3.541 -6.194 0.934 0.116 0.135 -0.440 0.361 

R2 0.991 0.977 0.989 0.989 0.971 0.998 0.898 0.976 
Max. 

Calibration 
error 

8.639 5.193 9.712 0.301 0.029 0.343 0.311 0.889 

Table A.1 : Element-specific gradient, intercept, Pearson’s r2 and calibration error 
of each linear regression coefficient of Calibration Set 1, used for post-analysis 
calibration of pXRF elemental data. Quoted calibration error is the greatest of 
samples within this calibration set.  
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 Zr 
(ppm) 

Rb 
(ppm) 

Pb 
(ppm) Fe (%) Ti (%) Ca 

(%) K (%) S (%) 

Slope 0.929 1.209 1.012 0.846 0.794 1.088 1.157 2.515 
Intercept 8.586 -4.589 4.338 0.939 0.106 0.096 -0.424 0.412 

R2 0.993 0.975 0.992 0.991 0.978 0.998 0.888 0.968 
Max. 

Calibration 
error 

8.174 8.311 7.201 0.257 0.029 0.334 0.310 0.893 

Table A.2 : Element-specific gradient, intercept, Pearson’s r2 and calibration error 
of each linear regression coefficient of Calibration Set 2, used for post-analysis 
calibration of pXRF elemental data. Quoted calibration error is the greatest of 
samples within this calibration set. 

Reproducibility of pXRF measurements was quantified using repeat analysis of two 

internal mudrock standards intercalated with samples during analysis, 3 standards at 

the run start and end, and one standard between every 15 samples. “MUD” standard is 

a sample of Toarcian mudrock sampled from Yorkshire, UK, whilst AMC 8 was 

sampled from the Toarcian strata at Ait Moussa, Morocco in this study. The long-term 

reproducibilities of the mudrock standards used in pXRF analyses presented in each of 

Chapters 3, 4 and 5 are presented in Table A.3. 

 

Table A.3 : Long-term reproducibility of pXRF elemental concentration data of 
mudrock standards used in pXRF analyses in Chapters 3-5. Reproducibility is 
referred to here as ± 2 standard deviations (2σ). N refers to number of analyses 
and <LOD = below limit of detection.  

A.4 Carbon isotope ratio mass spectrometry 

A.4.1 Sample preparation  

Samples were prepared for isotopic analysis by acidification to remove inorganic C, in 

the form of CaCO3, ensuring that all remaining C present in the sample analysed was 

organic. For each prepared sample, ~10 ml of 1 mol HCl, made up from Fisher 

scientific laboratory grade HCl and Milli-Q purified water, was added to c. 0.75 g of 

Sample N Zr 
(ppm)

Rb 
(ppm)

Pb 
(ppm) Fe (%) Ti (%) Ca (%) K (%) S (%)

Mean 306.68 106.78 33.45 4.199 0.586 1.115 2.906 0.367
2σ 14.920 5.494 8.365 0.149 0.024 0.058 0.108 0.041

Mean 145.39 91.48 14.06 3.868 0.412 12.48 2.632 < LOD
2σ 6.731 5.848 17.26 0.073 0.017 0.409 0.210 -

AMC 8 82

MUD 208
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powdered rock sample in a 15 ml centrifuge tube. When effervescence ceased 

samples were span in a centrifuge at 3000 rpm for 5 minutes before removing the 

supernatant. HCl addition and centrifuge spinning were repeated until HCl addition 

caused no further effervescence. Decarbonated samples were washed with ~10 ml of 

Milli-Q purified water and shaken thoroughly to ensure full suspension, before spinning 

in a centrifuge at 3000 rpm for 5 minutes and removing the supernatant. Washing and 

centrifuge spinning was repeated (6-8 times per sample) until testing with universal 

indicator paper indicated neutrality had been reached. Following final supernatant 

removal, samples were dried at 40ºC, for 4 to 5 days, until sample mass became 

stable.  

Dried samples were rehomogenised by powdering using an agate pestle and mortar, 

before weighing the powder into tin capsules for analysis. Samples were weighed such 

that each capsule contained 0.075 ± 0.02 mg of carbon for analysis, adjusting for the 

specific total organic carbon concentration of the decarbonated sample (TOCdecarb).  

A.4.2 Analysis technique 

Sample analysis took place using a Thermo Flash 2000 Organic Elemental Analyser 

connected to a Thermo Finnigan MAT 253 isotope ratio mass spectrometer at The 

Open University, conducted by Simona C. Nicoara. Measurements are quoted relative 

to VPDB (Coplen, 1996). Runs were composed of 35 samples, intercalated with 20 

urea, sucrose, glutamic acid and alanine standards. Measurements of carbon isotope 

ratio were calibrated using run-specific linear regression coefficients, derived from 

three-point calibration of sucrose, glutamic acid and alanine standards (δ13C = -

10.449‰, -26.39‰ and -23.33‰ respectively). Long-term analytical reproducibility 

(±2σ) over the 14-month analysis period, determined using repeat analysis of L-alanine 

IR-041 standard (N=71; δ13C = -23.33‰), was ± 0.245‰.  

A.5 Leco dry combustion elemental analysis 

A.5.1 Sample preparation 

Ceramic boats, used to house the sample during analysis, were prepared by heating in 

a furnace at 1000ºC for 1 hour, before cooling and storing in a desiccator. This ensured 

all volatiles and moisture were removed prior to sample analysis. Two subsamples of 

each sample, one for “inorganic” analysis and the other for “total” analysis, were 

weighed into the prepared ceramic boats for analysis. For analysis of inorganic 

concentrations, 300 mg subsamples of sample powder were weighed into ceramic 
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boats, before being heated in a furnace at 450ºC overnight (12 hours) to remove any 

organic material. For analysis of total concentrations, 200 mg of sample powder was 

weighed into a ceramic boat. 1 g of combustion catalyst (ComCat) was added to the 

200 mg and 300 mg cooled “inorganic” and “total” subsamples, and mixed thoroughly, 

before analysis. 200 mg samples of an in-house mudrock standard of Oxford Clay 

material, mixed with 1 g of ComCat, were used in reproducibility assessment (Section 

A.4.2).  

A.5.2 Analysis technique 

Samples were analysed using a Leco CNS-2000 dry combustion elemental analyser at 

the Open University. Runs of 40 prepared subsamples were each autoloaded into the 

instrument, where they were heated at 1350ºC and amounts of evolved CO2 and SO2 

gases were measured by infrared detection. Measured masses of each sample were 

entered into the instrument, allowing the calculation of carbon and sulfur concentration 

(wt.%). The instrument was calibrated by internal correction based upon repeat 

measurement (N=5) of a Sulfamethazine standard with known C and S concentration 

([C]= 51.78%, [S]=11.52%). Samples were intercalated with samples of Oxford Clay 

Open University in-house mudrock standard (1 standard every 10 samples) for 

reproducibility assessment.  

Due to malfunction of the Open University Leco elemental analyser, 127 samples were 

analysed using a Leco CS225 elemental analyser at the University of Aberdeen. These 

samples were prepared using the method described above for Open University 

analyses. 3 samples, AMC 34, AMC 50 and OXC-12 (the Oxford Clay standard) were 

repeatedly (N=5) analysed at the University of Aberdeen. Results of these analyses 

were compared to results of analyses of these samples using the Open University Leco 

elemental analyser to define a 3 point linear regression calibration model (R2= 0.9993 

and 0.9994 for C and S measurements respectively; Figure A.1; Figure A.2). These 

linear regression models were used to calibrate sample and Oxford Clay standard C 

and S measurements made at the University of Aberdeen.  
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Figure A.1: Cross plot of Leco elemental analyser-measured C concentration at the 
Open University and the University of Aberdeen. 

Figure A.2: Cross plot of Leco elemental analyser-measured S concentration at the 
Open University and the University of Aberdeen. 

Reproducibility (±2σ) of Oxford Clay mudrock standard C and S measurements, 

analysed alongside samples used in Chapters 5 and 6, are presented in Table A.4. 
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Table A.4 : Reproducibility of C and S measurements, by Leco elemental analysis, 
presented in Chapter 5 and 6. Reproducibility is referred to here as ± 2 standard 
deviations (2σ) and N refers to number of analyses.  

Sulfur data presented in this thesis is taken from “total” analyses of untreated bulk rock 

samples. Total organic carbon concentration (TOC) of a given sample was calculated 

as the difference between total carbon (TC) and total inorganic carbon (TIC) values for 

that sample. CaCO3 data was calculated by multiplying measured total inorganic 

carbon by 8.33, in accordance with the stoichiometry of CaCO3, based on the 

assumption that all inorganic carbon in analysed samples is in the form of CaCO3.  

S data presented in Chapter 3 were determined using pXRF analysis, S data for all 

other chapters were determined using Leco elemental analysis. CaCO3 data presented 

in Chapter 6 were obtained using Leco elemental analysis. CaCO3 data for 433 

samples presented in Chapter 5 were determined by multiplying pXRF-determined Ca 

concentration by 2.5, based upon the stoichiometry of CaCO3. TOC data presented in 

Chapter 6 were determined using the above Leco elemental analysis technique. TOC 

data presented in Chapter 5 were determined using C concentration data from Flash 

elemental analysis, obtained during carbon isotope ratio mass spectrometry (Section 

A.4), calibrated using Leco elemental analyser-determined TOC and pXRF-determined 

CaCO3 data (Section A.6).  

  

N CHAPTER C (2σ) S (2σ) 
34 Chapter 5 0.114 0.064 
20 Chapter 6 0.145 0.062 
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A.6 Total organic carbon calibration 

During the process of carbon isotope ratio mass spectrometry, the carbon 

concentrations of the 433 carbonate-free samples were analysed by a Thermo Flash 

2000 Organic Elemental Analyser before mass spectrometer analysis (Section A.4). 

For the 283 samples not analysed using Leco elemental analysis, the pXRF-derived 

CaCO3 concentration of the bulk sample (Section A.5.2) and carbon concentration of 

the carbonate-free subsample, were used to calculate the equivalent TOC (total 

organic carbon) concentration of the bulk sample. These Flash-derived TOC data were 

then calibrated using a linear regression model, determined by comparison of Flash-

derived and Leco-derived TOC concentrations of 42 samples (r2=0.9129; Figure A.3). 

Maximum calibration error, the maximum difference between calibrated Flash-derived 

TOC and Leco-derived TOC out of the 42 calibration samples, was 0.093 wt.%. 

Calibrated Flash-derived TOC data are presented in Chapter 5.  

Figure A.3 : Cross-plot of Flash-derived total organic carbon concentration (TOC) 
and Leco-derived TOC data for a set of 42 samples, defining a linear regression 
model used to calibrate 283 Flash-derived TOC measurements.  

A.7 Gas Chromatograph Mass Spectrometry 

Aliquots of ~10g of powdered bulk rock sample were prepared for analysis using 

Soxhlet extraction into a mixture of dichloromethane (95 ml) and methanol (5 ml), 
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before reconstitution into 50μl of hexane. For each sample, 1μl of the reconstituted 

extract was analysed by gas chromatograph mass spectrometry, using an Agilent 6890 

Series Gas Chromatograph (GC) system connected to an Agilent 5973 mass selective 

detector. Data analysis was performed using MS Chemstation, and peaks were 

assigned to specific N-alkanes through use of the NIST (98) mass spectra database. 

Manual integration of the spectral peak of the mass=71 ion fragment for each identified 

N-alkane was used to assess N-alkane relative abundance. Determined N-alkane 

abundances were used to define the terrigenous-aquatic ratio (TAR) for each sample in 

accordance with Bourbonniere and Meyers (1996). 
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Appendix B  
Graphic logs 

B.1 Introduction 

This appendix includes detailed graphic logs of the early Toarcian successions at Tizi 

Nehassa, Ait Moussa, Issouka, Ait Braham and Koudiat Touila (Section 2.2.3) that 

result from the field study at these sites during this study (see Section 2.3).  Logs are 

presented against ammonite biostratigraphies developed through a combination of 

correlation to previously published biostratigraphies and ammonite identification during 

this research (see Chapters 5 and 6 for details). 

B.2 Legends 

The lithological legend for each log is included with the log itself in subsequent 

sections. In all logs curved bed endings represent a smooth weathering profile, whilst 

squared beds represent a sharp, straight weathering profile. All heights are in m.  The 

faunal legend used in all logs in this appendix is presented in Figure B.1. 

Figure B.1: Faunal legend for the graphic logs presented in this Appendix 
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B.3 Tizi Nehassa  

Graphic log of the studied succession at Tizi Nehassa (next page), the lithological 

legend for this log is presented in Figure B.2 and the faunal legend is presented in 

Figure B.1.  

 

Figure B.2: Lithological legend for the Tizi Nehassa graphic log presented in this 
Appendix 
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B.4 Ait Moussa 

Detailed graphic log of the studied succession at Ait Moussa (from next page), the 

lithological legend for this log is presented in Figure B.3 and the faunal legend is 

presented in Figure B.1. 

 

Figure B.3: Lithological legend for the Ait Moussa graphic log presented in this 
Appendix 
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B.5 Issouka 

Detailed graphic log of the early Toarcian succession at Issouka (from next page) 

which was studied as part of this research, the results of this study are presented in 

Chapter 6. The lithological legend for this log is presented in Figure B.4 and the faunal 

legend is presented in Figure B.1. 

 

Figure B.4: Lithological legend for the Issouka graphic log presented in this 
Appendix 
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B.6 Ait Braham 

Detailed graphic log of the early Toarcian succession at Ait Braham (from next page) 

which was studied as part of this research. The lithological and ammonite identification 

legend for this log is presented in Figure B.5 and the faunal legend is presented in 

Figure B.1. 

 

 

Figure B.5: Lithological and ammonite identification legend for the Ait Braham 
graphic log presented in this Appendix.  

  



Appendix B – Graphic logs                                                              M.Saker-Clark, 2018  

 

231 

 



Appendix B – Graphic logs                                                              M.Saker-Clark, 2018  

 

232 

  



Appendix B – Graphic logs                                                              M.Saker-Clark, 2018  

 

233 

B.7 Koudiat Touila 

Detailed graphic log of the studied early Toarcian succession at Koudiat Touila (next 

page). The lithological legend for this log is presented in Figure B.6 and the faunal 

legend is presented in Figure B.1. 

 

Figure B.6: Lithological legend for graphic log of the Koudiat Touila succession 
presented in this Appendix 
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Appendix C  
Data tables 

C.1 Introduction 

This appendix contains the data obtained during this study and presented in Chapters 
3 to 6.   
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C.2 Chapter 3 

The tables in this section present a full listing of the data generated in this study that is 

presented in Chapter 3. 

Table C.1: pXRF-measured elemental concentrations (uncalibrated) for an XRF 
powder pellet of Ailsa Craig microgranite, uncovered, covered by non-PVC cling 
film and covered by PVC cling film. <LOD represents points where concentrations 
were below limit of detection of the analyser. All concentrations are quoted in ppm 
(parts per million). 

  

Membrane Analysis Mo Nb Zr Y Sr U Rb Th Pb Se As
1 < LOD 85.94 1205.53 208.30 < LOD < LOD 127.51 24.39 35.49 < LOD < LOD
2 < LOD 84.88 1204.89 212.06 3.14 < LOD 131.46 22.76 36.18 < LOD < LOD
3 < LOD 81.84 1211.37 216.04 3.16 < LOD 132.48 21.11 40.35 < LOD < LOD
4 5.85 75.53 1192.43 216.19 < LOD < LOD 126.09 22.38 38.32 < LOD < LOD
5 5.63 86.42 1194.08 211.95 < LOD < LOD 130.89 20.04 37.06 < LOD < LOD
6 5.47 82.83 1196.86 225.53 3.40 < LOD 122.95 21.54 35.98 < LOD < LOD
7 < LOD 82.22 1208.52 220.17 < LOD < LOD 131.04 22.16 37.60 < LOD < LOD
8 < LOD 82.97 1203.72 211.72 < LOD < LOD 128.05 20.62 33.51 < LOD < LOD
9 < LOD 80.91 1213.20 211.03 3.19 < LOD 129.44 23.38 34.28 < LOD < LOD
10 7.85 83.87 1214.40 212.23 2.87 < LOD 129.67 20.31 43.44 < LOD < LOD
1 6.80 82.47 1206.87 214.07 < LOD < LOD 129.20 23.11 39.45 < LOD < LOD
2 6.45 87.84 1205.72 215.97 < LOD < LOD 133.44 21.53 40.42 < LOD < LOD
3 < LOD 83.13 1216.99 219.15 < LOD < LOD 132.55 22.19 37.33 < LOD < LOD
4 < LOD 82.08 1223.22 213.93 < LOD < LOD 126.87 22.87 39.32 < LOD < LOD
5 < LOD 79.32 1208.54 214.27 2.83 < LOD 127.54 26.28 38.12 < LOD < LOD
6 5.03 84.80 1202.44 212.54 2.72 < LOD 129.65 20.21 35.54 < LOD < LOD
7 6.14 81.89 1208.81 216.17 2.86 < LOD 129.86 20.56 39.88 < LOD < LOD
8 < LOD 82.48 1218.51 226.93 < LOD < LOD 131.04 24.97 40.23 < LOD < LOD
9 < LOD 82.76 1218.63 216.99 < LOD < LOD 127.64 24.97 39.72 < LOD < LOD
10 < LOD 81.15 1223.90 215.47 < LOD < LOD 127.05 20.31 43.15 < LOD < LOD
1 < LOD 81.28 1225.95 217.92 < LOD 14.71 126.16 21.69 39.28 < LOD < LOD
2 6.11 84.90 1217.86 215.19 < LOD < LOD 130.30 19.99 41.60 < LOD < LOD
3 < LOD 84.40 1232.85 215.21 < LOD < LOD 133.18 21.71 33.49 < LOD < LOD
4 < LOD 80.37 1206.66 219.80 < LOD < LOD 128.17 28.23 39.61 < LOD < LOD
5 < LOD 83.50 1216.73 219.56 2.97 < LOD 131.00 21.69 36.70 < LOD < LOD
6 < LOD 80.56 1206.82 218.63 < LOD < LOD 132.34 24.33 38.23 < LOD < LOD
7 < LOD 85.26 1227.21 215.04 < LOD < LOD 128.41 21.82 32.63 < LOD < LOD
8 6.83 81.71 1229.62 216.32 < LOD < LOD 133.10 27.05 37.77 < LOD < LOD
9 < LOD 83.51 1232.35 222.16 < LOD < LOD 131.95 25.09 36.22 < LOD < LOD
10 7.95 82.62 1228.93 217.62 < LOD < LOD 133.61 20.44 32.62 < LOD 9.82

Elemental concentration (ppm)

PVC- 
containing 
cling film

Non-PVC 
cling film

No 
membrane
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Membrane Analysis Hg Zn W Cu Ni Co Fe Mn Cr V Ti
1 < LOD 198.38 < LOD < LOD < LOD < LOD 10897.75 350.74 70.51 < LOD 316.19
2 < LOD 216.03 < LOD 22.08 < LOD < LOD 10753.68 271.77 < LOD < LOD 323.31
3 < LOD 202.87 < LOD 29.96 < LOD < LOD 10878.76 272.78 97.74 < LOD 325.75
4 < LOD 177.22 < LOD < LOD < LOD < LOD 10693.13 304.85 77.14 < LOD 338.53
5 < LOD 191.67 < LOD < LOD < LOD < LOD 10558.16 248.14 50.73 < LOD 348.96
6 < LOD 197.55 < LOD < LOD < LOD 127.95 10666.73 267.15 96.49 < LOD 306.74
7 < LOD 189.48 < LOD 22.55 < LOD 110.16 10715.22 260.22 78.45 < LOD 307.51
8 < LOD 193.80 < LOD < LOD 42.84 < LOD 10659.03 262.09 72.27 < LOD 293.16
9 < LOD 189.50 < LOD 21.93 < LOD < LOD 10759.35 277.92 64.17 < LOD 327.41
10 < LOD 187.86 < LOD < LOD < LOD < LOD 10693.53 302.54 56.24 < LOD 284.35
1 < LOD 182.82 < LOD < LOD < LOD < LOD 11627.08 265.00 107.75 < LOD 401.43
2 < LOD 177.72 < LOD < LOD < LOD < LOD 11910.40 297.58 117.26 < LOD 472.90
3 < LOD 193.06 < LOD < LOD < LOD 121.39 11882.45 331.57 119.89 < LOD 491.11
4 < LOD 198.80 < LOD 29.27 < LOD < LOD 12010.11 318.93 85.14 < LOD 424.88
5 < LOD 189.03 < LOD < LOD < LOD < LOD 11714.24 276.56 112.95 < LOD 436.26
6 < LOD 191.78 < LOD < LOD < LOD < LOD 11745.30 270.09 99.06 < LOD 425.71
7 < LOD 197.43 < LOD 21.94 < LOD < LOD 11761.67 308.15 124.76 < LOD 422.56
8 < LOD 199.12 < LOD 23.64 < LOD < LOD 11953.95 276.82 119.81 < LOD 457.14
9 < LOD 188.54 < LOD < LOD 41.37 < LOD 11806.10 336.42 118.61 < LOD 457.20
10 < LOD 181.24 < LOD 21.66 < LOD < LOD 12056.08 312.67 112.53 < LOD 433.76
1 < LOD 196.19 < LOD < LOD < LOD < LOD 11687.79 251.55 99.89 < LOD 493.57
2 < LOD 199.33 < LOD < LOD < LOD < LOD 11931.18 376.36 103.53 < LOD 484.61
3 < LOD 202.18 < LOD < LOD < LOD < LOD 12104.48 315.10 95.99 < LOD 458.73
4 < LOD 200.18 < LOD < LOD < LOD < LOD 11958.75 354.78 87.20 < LOD 458.91
5 < LOD 191.18 < LOD 25.56 < LOD < LOD 11961.56 293.06 115.26 < LOD 504.86
6 < LOD 203.96 < LOD < LOD 43.36 < LOD 11763.97 273.19 100.75 < LOD 467.09
7 < LOD 188.24 < LOD < LOD < LOD < LOD 11838.72 306.95 86.26 < LOD 478.32
8 < LOD 209.77 < LOD < LOD < LOD < LOD 11828.25 356.58 97.78 < LOD 442.28
9 < LOD 188.27 < LOD < LOD < LOD < LOD 12080.33 318.17 100.46 < LOD 437.06
10 < LOD 210.22 < LOD < LOD < LOD < LOD 12078.98 302.97 83.39 < LOD 451.84

Elemental concentration (ppm)

PVC- 
containing 
cling film

Non-PVC 
cling film

No 
membrane
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Membrane Analysis Sc Ca K S Ba Cs Sb Sn Cd Ag
1 < LOD 1612.05 20221.80 3764.33 < LOD < LOD < LOD < LOD < LOD < LOD
2 < LOD 1617.24 19622.94 3655.15 < LOD < LOD < LOD < LOD < LOD < LOD
3 < LOD 1616.98 19747.14 3517.21 < LOD < LOD < LOD < LOD < LOD < LOD
4 < LOD 1660.18 20253.15 3977.72 < LOD < LOD < LOD < LOD < LOD < LOD
5 < LOD 1655.11 20114.17 3879.04 < LOD < LOD < LOD < LOD < LOD < LOD
6 < LOD 1631.80 19674.43 3905.96 < LOD < LOD < LOD < LOD < LOD < LOD
7 < LOD 1655.81 20154.11 3782.91 < LOD < LOD < LOD < LOD < LOD < LOD
8 < LOD 1598.03 19619.20 3958.61 < LOD < LOD < LOD < LOD < LOD < LOD
9 < LOD 1700.30 19927.18 3802.28 < LOD < LOD < LOD < LOD < LOD < LOD
10 < LOD 1560.06 19499.88 4190.02 < LOD < LOD < LOD < LOD < LOD < LOD
1 < LOD 2299.88 38227.18 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
2 < LOD 2295.78 38191.38 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
3 < LOD 2245.42 38232.25 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
4 < LOD 2328.74 38344.79 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
5 < LOD 2247.17 39611.09 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
6 < LOD 2241.47 38317.68 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
7 < LOD 2418.05 39154.41 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
8 < LOD 2057.60 38684.34 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
9 < LOD 2264.90 38515.89 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
10 < LOD 2406.32 38996.48 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
1 < LOD 2342.08 39622.16 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
2 < LOD 2356.12 39291.38 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
3 < LOD 2200.53 40198.42 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
4 < LOD 2283.85 39356.14 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
5 < LOD 2459.12 39831.16 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
6 < LOD 2438.22 39835.46 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
7 < LOD 2551.47 40547.23 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
8 < LOD 2469.20 40641.44 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
9 < LOD 2408.07 40483.53 < LOD < LOD < LOD < LOD < LOD < LOD < LOD
10 < LOD 2491.25 40075.54 < LOD < LOD < LOD < LOD < LOD < LOD < LOD

Elemental concentration (ppm)

PVC- 
containing 
cling film

Non-PVC 
cling film

No 
membrane
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Table C.2: pXRF-measured elemental concentrations (uncalibrated) for an internal 
mudrock standard, measured in 20 ml and 7 ml glass vials at powder thicknesses 
of 3, 5, 7, 9, 11, 13, 15 and 20 mm. <LOD represents points where concentrations 
were below limit of detection of the analyser. All concentrations are quoted in ppm 
(parts per million). 

  

Vial 
volume 

(ml)

Powder 
depth 
(mm)

Analysis  Mo  Nb  Zr  Y  Sr  U  Rb  Th  Pb  Se  As

1 5.32 17.39 330.84 39.47 165.57 9.28 117.64 18.51 39.44 -1.33 46.52
2 5.59 15.91 332.27 36.05 165.32 7.07 121.28 23.89 35.75 -0.19 44.89
3 7.39 19.33 332.81 37.76 159.12 1.21 120.77 18.73 37.21 2.13 48.19
1 2.37 16.59 321.66 37.38 155.97 0.45 115.93 16.12 40.61 1.72 36.92
2 4.62 13.25 320.22 37.40 159.84 8.43 110.23 21.93 34.81 2.41 35.66
3 3.90 16.14 314.36 36.78 154.09 3.95 106.08 13.84 32.50 2.43 41.17
1 4.03 11.93 303.56 34.78 147.20 2.92 106.55 15.85 35.72 -0.78 34.80
2 2.59 13.57 301.54 36.06 148.49 3.00 104.17 19.98 29.07 0.12 41.46
3 1.92 14.44 310.94 37.40 149.18 4.26 106.37 16.47 33.81 1.31 34.62
1 1.51 10.23 306.09 33.31 147.28 4.50 101.34 15.32 33.32 2.42 37.10
2 2.51 11.78 295.39 29.77 149.00 2.89 105.56 18.32 28.70 0.86 36.11
3 2.31 16.37 299.08 32.42 152.05 -2.96 106.44 18.76 30.78 0.99 39.68
1 3.30 13.47 301.33 31.65 151.30 2.69 105.85 17.04 29.04 1.61 36.93
2 2.85 13.07 309.61 33.30 143.56 3.15 106.89 17.24 30.74 2.78 33.41
3 2.65 10.79 300.12 37.72 146.12 2.80 104.96 19.90 29.62 1.45 37.01
1 2.34 12.45 296.89 34.79 143.97 1.74 105.25 14.38 34.01 1.64 38.31
2 2.43 12.43 293.24 35.11 142.47 3.23 107.96 18.77 31.88 0.85 37.40
3 2.74 14.44 306.23 29.19 145.65 3.71 106.14 17.80 34.34 1.10 37.13
1 0.85 14.26 299.29 36.31 145.52 5.66 102.54 19.81 34.24 0.63 34.10
2 1.64 13.76 296.03 32.33 143.89 4.19 104.55 12.22 41.60 2.32 33.73
3 4.37 13.59 305.78 34.23 150.75 0.77 107.81 15.79 32.17 -0.27 45.32
1 2.32 13.05 306.43 38.02 146.36 4.96 99.30 14.09 33.22 0.19 33.88
2 2.69 14.70 303.55 31.63 144.91 5.83 107.10 14.98 38.33 -0.40 29.43
3 5.74 13.91 294.42 32.82 142.82 2.96 105.35 19.84 27.48 1.26 38.82
4 1.91 9.77 303.96 36.98 147.31 4.50 105.82 17.47 30.26 2.97 32.49
5 4.85 12.69 294.13 30.36 147.56 6.84 103.62 18.48 36.64 0.71 31.80
6 2.39 13.88 298.37 35.71 148.82 6.42 107.49 16.06 33.00 -1.59 30.47
7 4.76 14.93 313.13 30.43 151.13 3.44 111.30 16.82 33.53 1.55 36.38
8 1.32 14.74 301.53 36.01 152.37 6.95 101.44 14.89 33.09 4.74 34.22
9 2.80 14.45 297.44 34.65 143.46 6.64 103.12 21.77 36.25 -0.12 31.86
10 2.06 13.30 294.76 32.87 150.02 -5.06 110.70 17.82 37.33 2.46 32.09

Elemental concentration (ppm)

7ml

3

5

7

9

11

13

15

20
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Vial 
volume 

(ml)

Powder 
depth 
(mm)

Analysis  Hg  Zn  W  Cu  Ni  Co  Fe  Mn  Cr  V  Ti

1 0.80 119.96 32.83 51.27 77.32 115.29 49232.29 339.85 246.39 120.04 5751.18
2 -2.98 108.81 52.39 49.54 62.76 112.79 49765.40 336.63 289.45 113.00 5735.67
3 5.79 134.93 3.63 33.15 80.84 334.24 49290.15 288.80 294.43 135.86 5958.73
1 2.89 109.22 -7.49 36.64 74.40 381.86 44625.90 306.78 235.31 156.49 5798.02
2 4.00 90.99 22.88 21.65 76.65 96.38 45254.22 317.23 188.18 103.80 5752.53
3 8.02 102.35 -16.34 32.62 87.05 240.63 44076.10 373.71 255.03 152.42 5665.11
1 -1.05 93.14 4.85 28.07 66.52 237.94 41074.83 308.34 286.31 142.89 5937.05
2 3.43 90.08 35.17 20.26 55.33 228.90 40741.02 271.89 245.92 114.90 5706.65
3 4.30 95.11 1.92 34.12 55.97 374.44 41715.53 281.85 253.37 119.49 5773.75
1 3.68 111.50 -11.80 18.28 62.35 329.98 40512.02 315.88 235.43 130.53 5794.45
2 2.44 103.01 7.96 30.96 85.28 101.04 40282.45 309.86 266.55 110.52 5822.06
3 3.31 111.69 -7.62 33.72 70.37 131.76 40579.54 267.51 300.11 127.85 5869.90
1 7.40 115.00 -9.37 19.64 55.45 151.91 41397.88 325.20 218.13 172.09 5739.58
2 -2.95 120.39 34.10 15.83 68.06 219.03 41176.48 333.20 296.89 155.23 6032.68
3 9.34 105.71 -6.24 29.21 62.02 272.57 40528.65 277.95 272.55 164.22 5790.41
1 0.20 116.02 23.99 32.07 67.04 243.78 40427.42 283.43 280.82 118.71 5966.01
2 -0.28 98.96 23.28 27.61 77.69 179.01 40355.35 259.75 242.81 129.34 5835.75
3 1.46 105.66 14.68 36.08 84.39 244.86 40307.71 251.80 285.14 133.03 5992.83
1 4.20 96.38 0.72 27.98 70.30 153.98 41248.26 271.30 243.37 137.96 5579.41
2 -0.60 103.96 9.09 35.01 84.86 217.33 41004.79 264.52 254.05 122.65 5726.48
3 0.92 108.21 -9.01 40.19 82.49 191.58 41601.73 279.91 249.04 152.17 5644.36
1 -1.98 98.51 36.14 42.07 74.91 197.84 40784.51 273.45 315.48 143.35 5912.76
2 -0.26 81.37 36.74 31.06 68.42 212.93 40717.88 302.58 307.62 150.75 5893.47
3 12.19 87.45 0.18 25.81 56.83 220.57 40746.05 335.06 309.04 112.41 5789.26
4 4.75 77.38 36.45 19.46 77.13 199.44 40757.98 327.64 317.22 149.89 5959.26
5 2.51 84.46 -10.84 40.32 88.12 152.43 40526.01 225.81 258.89 131.96 5743.65
6 0.33 87.94 27.53 16.39 74.92 155.87 41188.52 300.93 218.55 135.10 5912.06
7 3.67 84.69 -20.84 36.55 74.40 119.99 41285.00 243.95 335.13 146.60 5730.26
8 -0.47 104.52 16.01 25.32 74.88 177.86 41134.23 287.24 255.97 148.27 5800.60
9 -2.89 74.98 34.14 32.69 56.58 303.09 40826.54 275.72 279.19 137.76 5856.89
10 4.54 89.17 -21.24 37.18 87.03 102.65 41182.48 268.13 305.89 145.72 5741.02
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Vial 
volume 

(ml)

Powder 
depth 
(mm)

Analysis  Sc  Ca  K  S  Ba  Cs  Sb  Sn  Cd  Ag

1 111.59 10871.95 28311.55 3562.38 541.85 -926.22 -99.41 -118.05 -58.86 -26.70
2 87.78 10751.56 29330.82 3821.27 307.06 -900.05 -145.89 -117.10 -61.29 -38.57
3 101.24 10834.72 28626.95 3505.87 320.10 -914.23 -139.95 -126.04 -61.51 -34.21
1 86.26 11425.67 29165.19 3652.98 212.21 -903.88 -131.92 -90.69 -37.85 -27.32
2 126.17 10708.92 28508.03 3393.12 163.54 -947.84 -104.95 -81.68 -50.27 -41.81
3 75.98 10899.92 29196.75 3477.81 323.61 -769.92 -106.51 -101.24 -35.38 -7.62
1 81.10 11232.57 28326.45 3682.19 493.17 -403.18 -93.15 -62.76 -37.26 -26.99
2 82.09 11172.10 28463.66 3568.68 446.97 -534.77 -52.54 -98.79 -47.56 -12.67
3 28.00 11379.35 28841.07 3884.28 595.77 -388.73 -60.56 -84.06 -26.39 -7.12
1 19.37 11568.52 29375.45 3953.55 277.82 -426.39 -68.38 -74.78 -18.85 -23.49
2 75.15 11251.22 29635.22 3843.44 396.81 -410.38 -38.66 -78.09 -42.83 -26.22
3 48.56 11299.51 29681.77 3623.67 388.14 -381.39 -25.65 -51.02 -23.03 -14.50
1 72.91 11352.99 28630.55 3642.23 601.18 -379.83 -64.33 -59.88 -35.96 -20.52
2 83.82 11243.38 28529.60 3729.15 403.53 -480.54 -53.05 -52.94 -22.52 -44.41
3 89.23 11051.28 28508.43 3651.31 611.70 -348.50 -60.68 -48.28 -40.66 13.88
1 110.53 10758.51 29329.18 3629.95 535.22 -312.14 -37.70 -48.91 -23.54 -24.73
2 42.76 11056.04 29101.72 3488.80 566.95 -288.12 -42.16 -25.82 -8.15 -5.58
3 111.05 11208.32 29206.45 3846.61 854.60 10.17 6.13 25.42 -21.48 -2.69
1 71.54 11289.31 28410.96 3600.29 428.08 -381.30 -59.57 -45.42 -34.35 -24.92
2 107.56 11040.46 29264.91 3739.64 431.40 -435.03 -65.77 -15.80 -46.04 -33.56
3 97.87 11126.66 28876.62 3459.44 482.26 -381.31 -42.97 -30.68 -34.74 -26.80
1 93.95 11148.55 29873.81 3529.45 525.91 -210.90 -11.96 -47.66 -49.16 -26.26
2 71.03 11225.22 29220.67 4011.21 632.20 -331.72 -52.54 -62.02 -19.57 -7.48
3 42.44 11000.30 29121.98 3902.25 615.87 -203.31 -35.42 -49.07 -20.89 -9.59
4 25.33 11344.24 30141.06 4071.64 492.93 -381.28 -33.61 -48.15 -55.23 -8.42
5 39.44 11415.93 29831.06 3724.55 635.71 -164.30 -19.81 -19.50 -30.95 -12.79
6 22.66 11134.48 29455.70 3719.50 677.16 -230.48 -45.15 -48.01 -31.92 -10.86
7 54.87 10985.36 29845.59 3929.97 495.02 -371.36 -27.11 -39.28 -17.57 -29.84
8 48.75 11460.58 29279.96 3374.49 579.41 -190.59 -34.73 -39.39 -15.08 -18.16
9 117.78 11029.17 28950.47 3440.79 663.18 -137.49 -12.92 -62.48 -40.73 -6.09
10 22.25 11147.12 29455.73 3677.38 555.89 -287.59 -8.32 -35.25 -33.23 -7.93
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Vial 
volume 

(ml)

Powder 
depth 
(mm)

Analysis  Mo  Nb  Zr  Y  Sr  U  Rb  Th  Pb  Se  As

1 6.06 17.35 339.17 41.51 159.98 5.86 118.23 18.43 36.69 0.14 37.61
2 4.64 15.79 333.03 40.80 162.63 2.01 120.25 17.02 41.78 -0.47 40.64
3 4.71 15.50 340.56 40.31 166.91 3.79 116.59 22.07 40.07 2.50 39.94
1 4.73 13.83 307.74 34.09 153.37 3.74 107.39 17.78 35.57 1.89 41.15
2 4.97 14.32 310.90 34.98 149.08 4.41 109.70 16.35 30.75 4.17 41.36
3 4.20 15.18 313.28 35.11 150.15 6.63 104.59 19.83 29.51 1.22 35.88
1 3.67 12.68 306.34 34.50 146.94 4.23 108.11 17.41 35.57 2.63 34.25
2 5.61 15.56 310.68 38.78 152.62 5.00 109.88 21.10 26.30 0.18 44.24
3 4.73 14.47 312.48 36.66 146.83 5.17 108.37 14.57 33.02 2.80 40.21
1 3.97 13.28 291.12 33.63 142.92 1.05 104.07 15.89 33.59 1.67 33.60
2 0.90 11.79 295.54 35.39 144.50 6.23 103.84 22.74 32.04 1.98 28.69
3 2.89 12.50 295.13 32.21 142.91 0.63 102.98 20.17 29.10 2.68 38.03
1 0.90 12.50 307.87 36.93 146.16 5.90 103.00 18.09 26.91 0.85 37.55
2 0.65 13.83 308.86 31.82 142.63 4.33 103.58 17.84 29.35 3.88 39.76
3 3.34 11.48 299.68 32.39 147.16 2.68 99.43 20.53 34.90 1.24 34.73
1 2.69 13.57 294.09 33.22 146.70 6.79 106.94 13.31 32.78 2.05 39.24
2 2.02 13.07 284.97 31.79 144.97 2.99 106.73 15.36 32.83 0.59 29.84
3 2.84 12.88 286.77 33.11 145.24 0.68 104.53 13.21 35.58 1.68 34.05
1 -0.55 13.70 305.53 31.87 145.54 7.98 104.58 15.24 32.69 0.52 33.67
2 2.93 13.98 304.24 35.87 142.95 4.74 102.35 17.27 35.51 2.86 28.90
3 2.94 12.34 301.38 30.85 144.17 4.31 99.48 20.21 28.81 1.93 38.67
1 3.13 13.02 305.82 37.28 144.04 2.31 101.57 17.04 30.79 3.49 35.82
2 1.09 14.57 302.45 34.68 149.72 4.66 105.01 21.39 28.35 3.82 38.10
3 2.52 14.44 306.71 36.25 154.21 -1.40 106.01 16.87 31.64 2.14 39.56
4 1.17 13.08 306.28 34.40 142.78 7.93 101.62 16.23 32.39 1.70 32.89
5 3.72 12.37 295.33 35.04 142.67 0.51 105.11 20.26 30.74 2.03 37.33
6 -1.22 13.23 299.10 34.66 143.91 4.93 103.56 18.75 32.31 0.77 38.62
7 1.12 12.73 312.51 36.72 144.79 6.39 107.33 17.77 25.33 1.94 40.04
8 1.44 10.44 300.56 35.99 147.75 10.61 103.70 19.94 31.71 2.94 30.63
9 1.70 12.85 309.44 36.22 142.95 4.86 104.79 18.25 34.86 0.22 35.48
10 2.06 14.11 297.27 32.94 150.92 -0.05 103.43 17.98 32.80 -0.35 33.16
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Vial 
volume 

(ml)

Powder 
depth 
(mm)

Analysis  Hg  Zn  W  Cu  Ni  Co  Fe  Mn  Cr  V  Ti

1 -2.82 125.70 20.93 33.56 27.15 99.84 48379.07 290.89 236.62 146.36 5863.87
2 -0.60 119.47 11.83 34.22 50.88 152.72 48037.66 329.27 299.26 147.76 5859.94
3 5.30 105.85 25.12 37.11 56.48 247.68 48027.77 346.56 282.06 101.82 5779.99
1 -0.90 90.44 15.89 16.54 79.03 115.87 42776.32 356.90 290.38 123.84 5794.05
2 9.56 95.04 -15.14 26.89 52.53 215.07 42679.16 346.20 208.78 142.39 5725.20
3 1.51 99.97 -4.32 39.78 45.86 237.87 42452.82 248.81 263.28 161.89 5685.89
1 2.60 96.77 -1.52 25.97 67.73 145.19 41670.66 301.70 235.59 129.69 5845.54
2 4.91 92.42 7.01 40.99 84.68 213.42 42053.09 339.57 281.59 133.52 5740.80
3 2.41 95.71 18.52 36.85 56.29 324.98 41770.80 228.74 248.08 140.09 5767.66
1 -1.84 89.14 18.34 13.91 77.32 197.33 40209.13 309.38 278.58 141.84 6018.90
2 5.43 98.48 2.66 34.30 59.11 164.53 40342.47 323.26 309.68 127.79 5915.17
3 4.30 92.59 5.76 34.71 78.12 282.32 40138.20 248.08 319.32 129.24 5826.86
1 2.82 85.95 -0.04 41.53 46.13 317.58 40425.27 339.34 317.77 144.30 6076.01
2 -5.74 100.21 37.05 29.71 61.18 188.40 40306.27 350.37 251.92 156.26 5897.96
3 12.68 86.99 -22.25 18.11 67.94 215.08 40452.59 261.80 268.64 107.16 5971.76
1 0.95 106.42 20.99 28.26 44.10 332.51 40791.03 242.08 242.83 104.87 5702.67
2 4.62 110.78 -6.50 29.19 49.27 165.99 40873.50 296.06 309.12 124.97 6076.50
3 1.03 108.46 20.77 36.64 77.94 141.81 41008.09 348.99 293.94 116.22 5931.72
1 5.38 101.88 -24.27 33.30 74.44 262.59 40632.96 374.38 233.39 149.16 5817.26
2 8.46 106.35 -14.84 38.61 83.55 141.22 40977.39 307.02 244.04 164.81 5995.64
3 2.67 89.82 3.17 25.82 68.24 169.14 41057.50 339.84 313.43 165.99 5871.99
1 6.25 103.60 -13.40 31.89 89.77 125.14 40359.96 296.63 239.72 116.38 5850.40
2 10.44 110.21 -15.71 28.73 55.74 202.05 40444.03 297.70 251.49 119.46 5910.19
3 2.96 104.56 12.04 34.61 72.77 211.92 40916.09 282.91 312.32 179.55 6020.12
4 10.61 111.40 -9.22 26.01 56.40 200.18 40256.79 309.56 315.40 140.58 5906.98
5 0.68 104.22 1.67 27.12 52.31 262.76 40192.37 317.14 281.83 127.15 5905.83
6 4.29 111.99 19.98 35.03 73.10 261.60 40757.42 227.77 343.32 140.13 5886.75
7 0.25 107.29 23.99 29.72 65.94 172.74 40437.29 327.71 269.24 145.94 6005.74
8 -0.84 97.18 15.93 29.98 80.47 113.47 40801.55 308.81 294.69 142.09 5802.45
9 -3.87 109.59 38.72 28.44 61.91 208.03 40760.98 326.59 231.28 140.05 6070.17
10 8.63 106.61 -9.80 38.06 64.64 241.62 40567.36 290.25 271.48 143.22 5971.28
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Vial 
volume 

(ml)

Powder 
depth 
(mm)

Analysis  Sc  Ca  K  S  Ba  Cs  Sb  Sn  Cd  Ag

1 57.64 11139.36 28627.97 3295.46 -507.44 -1028.29 -106.13 -121.53 -61.50 -33.28
2 36.82 11414.18 28497.30 3540.89 -449.03 -1117.04 -129.47 -124.56 -59.50 -29.09
3 101.62 11082.00 28463.11 3461.98 -504.03 -1012.29 -131.49 -116.01 -76.20 -40.68
1 17.80 11747.18 28067.01 3686.75 -293.13 -676.40 -85.38 -79.16 -42.36 -21.81
2 14.14 11656.56 28227.02 3498.65 -327.58 -672.97 -87.21 -91.30 -27.20 -41.88
3 74.30 11277.87 28783.82 3783.04 -180.53 -540.36 -72.24 -60.64 -10.06 -2.80
1 67.55 11127.51 29016.62 3574.84 -258.63 -632.52 -99.98 -67.70 -45.17 -41.81
2 125.78 11332.50 29178.56 3737.72 -162.32 -521.15 -90.36 -77.30 -49.19 -23.64
3 19.47 11337.77 28642.93 3467.49 -230.55 -607.08 -96.69 -71.66 -21.60 -19.02
1 50.69 11617.28 29318.84 3740.59 94.87 -328.79 -37.93 3.34 -10.36 -16.41
2 -8.34 11260.82 29944.48 3696.16 21.84 -295.37 -5.20 -9.71 -38.25 -30.94
3 52.76 11215.61 28895.15 3676.70 93.74 -195.43 -5.28 -10.69 -29.12 -8.18
1 55.10 11330.78 29932.01 3605.58 162.69 -124.71 -23.17 30.97 -44.92 -12.13
2 14.32 11330.57 29433.07 3458.56 62.25 -490.29 -27.58 -47.09 -29.95 -35.37
3 71.13 11220.02 29346.56 3669.85 51.72 -255.02 -0.82 -36.85 -3.89 -29.04
1 49.04 11021.25 29036.91 3488.57 28.64 -413.12 -30.69 -32.52 -15.32 -14.48
2 23.74 11279.36 29972.17 3724.35 98.49 -353.81 -24.12 -39.97 -49.24 -22.00
3 114.25 11030.93 30165.15 3870.22 35.57 -252.63 -8.52 -53.81 -34.18 6.00
1 35.02 10916.51 29469.74 3821.13 25.91 -398.68 -22.64 -46.53 -14.64 -25.73
2 58.97 11358.77 30010.64 4219.29 8.07 -321.88 -43.13 -43.73 -52.67 -9.16
3 139.12 11198.43 29447.65 3741.87 256.51 -146.82 -43.89 19.70 -9.02 10.06
1 55.70 11922.62 29287.50 3724.04 -70.65 -271.64 -23.84 -59.98 5.95 -1.53
2 118.67 11429.77 29375.23 3732.25 49.25 -269.76 8.92 -16.60 -2.95 -0.97
3 76.01 11561.12 29914.59 3933.77 209.10 -24.92 -22.09 -3.57 1.62 -19.52
4 48.26 11726.26 29838.55 3631.72 84.41 -103.54 0.73 -24.80 -40.20 -9.55
5 64.98 11636.16 29614.70 3769.19 -48.22 -377.19 -45.44 -18.91 -13.48 -19.09
6 51.05 11520.95 29204.74 3234.67 5.57 -288.84 9.52 -15.14 -25.04 -46.13
7 75.96 11458.66 29363.36 3698.76 65.18 -226.89 -52.43 -35.32 -22.99 -26.72
8 63.31 11688.55 29480.94 3692.95 167.79 -206.25 -16.54 -47.47 -24.30 -16.40
9 115.62 11674.31 29757.81 3875.25 136.58 -257.58 -4.61 -42.45 -20.69 -8.33
10 65.99 11601.02 29928.18 3543.66 7.01 -350.94 -8.33 -58.74 -27.30 -24.60
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Table C.3: Calibrated pXRF-measured S, Ca and Fe concentrations, for 360 early 
Toarcian samples from Yorkshire, UK. Height is relative to the height scale of 
Kemp et al. (2005). All concentrations are quoted in percent (%). 

Height (m) Calibrated 
[S] (%)

Calibrated 
[Ca] (%)

Calibrated 
[Fe] (%)

Height (m) Calibrated 
[S] (%)

Calibrated 
[Ca] (%)

Calibrated 
[Fe] (%)

1.3 3.763 2.570 5.420 0.275 4.057 1.379 5.734
1.275 3.849 1.490 5.510 0.25 4.264 1.568 5.998
1.25 3.625 2.218 5.584 0.225 3.532 2.430 5.220
1.225 4.062 1.665 5.512 0.2 3.654 1.977 5.385
1.2 4.208 0.858 5.753 0.175 3.846 1.286 5.677

1.175 5.887 0.782 6.858 0.15 3.786 1.811 5.389
1.15 5.655 0.985 6.692 0.125 3.886 1.669 5.325
1.125 4.760 0.456 6.361 0.1 3.800 1.063 5.583
1.1 5.603 0.437 6.654 0.075 3.835 1.464 5.509

1.075 5.088 0.387 6.404 0.05 3.540 2.072 5.186
1.025 4.724 0.253 6.512 0.025 4.512 3.361 6.289

1 4.809 0.882 6.215 0 4.718 2.010 6.593
0.975 4.725 0.820 6.077 -0.01 4.919 0.252 6.441
0.95 4.942 0.463 6.110 -0.035 5.263 0.305 6.623
0.925 5.501 0.956 6.691 -0.06 4.846 0.295 6.491
0.9 5.415 0.922 6.955 -0.085 7.201 0.298 8.102

0.875 6.117 0.824 7.345 -0.11 5.005 0.268 6.458
0.85 7.565 1.517 8.178 -0.135 4.214 0.282 5.891
0.825 5.281 1.101 6.821 -0.16 4.615 0.301 6.235
0.8 4.994 1.146 6.656 -0.185 4.513 0.416 6.206

0.775 5.557 0.882 6.953 -0.235 6.072 0.616 6.822
0.75 4.703 1.048 6.439 -0.26 5.363 0.672 6.632
0.725 5.341 0.999 6.977 -0.285 4.964 1.375 6.492
0.7 5.563 1.190 6.944 -0.31 5.363 0.661 6.689

0.675 5.920 1.453 7.407 -0.335 5.202 1.047 6.503
0.65 5.415 0.751 6.908 -0.36 5.074 1.236 6.408
0.625 5.359 0.425 6.892 -0.385 5.561 1.510 6.848
0.6 6.293 0.615 7.706 -0.435 5.357 1.278 6.823

0.575 5.379 0.948 6.472 -0.46 5.528 1.125 6.665
0.55 6.511 1.295 7.541 -0.485 4.962 1.389 6.286
0.525 5.751 0.684 7.201 -0.51 4.754 1.570 6.113
0.5 6.068 0.749 7.853 -0.535 4.691 2.000 6.123

0.475 4.774 1.363 6.439 -0.56 4.419 1.299 5.934
0.45 4.566 1.146 6.454 -0.585 4.689 1.291 6.276
0.425 4.873 1.469 6.315 -0.61 3.881 1.799 5.662
0.4 4.781 1.811 6.196 -0.635 4.061 3.200 5.747

0.375 4.879 1.556 6.172 -0.66 3.565 3.608 5.603
0.35 3.966 1.338 5.616 -0.685 4.228 2.315 5.848
0.325 4.052 1.273 5.645 -0.735 7.456 0.640 9.646
0.3 4.328 1.521 5.933 -0.76 6.049 0.724 6.979
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Height (m) Calibrated 
[S] (%)

Calibrated 
[Ca] (%)

Calibrated 
[Fe] (%)

Height (m) Calibrated 
[S] (%)

Calibrated 
[Ca] (%)

Calibrated 
[Fe] (%)

-0.785 6.419 0.631 7.322 -1.785 4.545 1.014 6.175
-0.81 5.222 0.648 6.437 -1.81 4.362 1.044 5.948
-0.835 6.003 0.745 6.846 -1.835 3.973 1.680 5.672
-0.86 5.493 0.766 6.561 -1.86 4.271 1.776 5.879
-0.885 4.992 0.846 6.223 -1.885 4.691 1.068 6.113
-0.91 4.700 1.254 5.834 -1.91 4.794 1.464 6.380
-0.935 4.734 0.587 5.924 -1.935 4.152 1.192 5.991
-0.96 4.616 0.661 6.006 -1.96 4.207 1.282 5.738
-0.985 4.781 0.879 6.342 -1.985 3.753 1.095 5.695
-1.01 4.870 0.705 6.526 -2.01 4.693 1.358 6.268
-1.035 4.995 0.844 6.554 -2.035 5.084 1.030 6.512
-1.06 5.464 1.767 6.707 -2.06 5.662 1.072 7.194
-1.085 4.665 2.438 6.232 -2.085 4.930 0.948 6.580
-1.11 4.494 1.459 6.101 -2.11 5.870 2.163 7.105
-1.135 4.685 1.077 6.416 -2.135 5.235 1.839 6.687
-1.16 5.166 1.749 6.572 -2.16 4.084 1.865 5.728
-1.185 5.340 1.872 6.801 -2.185 3.031 2.556 4.948
-1.21 5.092 1.924 6.611 -2.21 2.219 1.868 4.229
-1.235 4.850 5.749 6.317 -2.235 2.049 1.620 4.027
-1.26 5.581 1.891 7.015 -2.26 2.167 1.125 4.204
-1.285 5.528 1.260 6.816 -2.285 2.222 1.059 4.097
-1.31 5.046 0.359 6.494 -2.31 2.322 1.254 4.300
-1.335 5.058 2.443 6.417 -2.335 2.676 0.983 4.510
-1.36 3.998 2.262 5.785 -2.36 2.267 1.478 4.226
-1.385 3.891 1.878 5.805 -2.385 2.938 1.557 4.779
-1.41 4.518 2.087 6.111 -2.41 3.223 2.973 5.155
-1.435 3.198 2.417 5.043 -2.435 5.147 1.165 6.666
-1.46 2.763 2.135 4.717 -2.46 4.189 1.960 5.569
-1.485 2.089 1.549 4.126 -2.485 5.398 1.676 6.707
-1.51 2.435 1.224 4.378 -2.51 5.463 0.978 7.028
-1.535 2.619 1.373 4.372 -2.535 5.830 1.154 7.271
-1.56 3.476 1.051 5.100 -2.56 8.239 1.130 9.082
-1.585 2.839 1.296 4.447 -2.585 7.403 1.200 8.947
-1.61 3.062 1.296 4.546 -2.61 5.068 1.393 6.441
-1.635 3.597 1.161 5.171 -2.635 5.182 1.931 6.474
-1.66 3.349 1.518 4.875 -2.66 4.459 1.956 6.079
-1.685 4.687 0.851 6.005 -2.685 4.362 1.704 5.847
-1.71 4.584 0.318 5.853 -2.71 3.234 0.907 4.955
-1.735 5.232 1.195 6.424 -2.735 3.115 0.849 4.826
-1.76 4.582 1.053 6.151 -2.76 2.987 0.923 4.668
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Height (m) Calibrated 
[S] (%)

Calibrated 
[Ca] (%)

Calibrated 
[Fe] (%)

Height (m) Calibrated 
[S] (%)

Calibrated 
[Ca] (%)

Calibrated 
[Fe] (%)

-2.785 2.413 1.435 4.383 -3.81 1.882 0.252 4.172
-2.81 2.332 1.464 4.249 -3.835 3.169 0.979 5.248
-2.835 2.103 0.823 4.087 -3.86 2.103 1.083 4.390
-2.86 2.249 0.484 4.400 -3.885 2.892 1.164 5.054
-2.885 2.181 0.836 4.332 -3.91 2.276 1.316 4.584
-2.91 2.309 0.734 4.295 -3.935 2.425 1.382 4.737
-2.935 2.287 0.460 4.259 -3.96 2.203 2.880 4.636
-2.96 2.321 0.733 4.287 -3.985 5.129 2.819 6.966
-2.985 2.299 0.794 4.245 -4.01 2.523 1.279 4.767
-3.01 2.792 0.414 4.607 -4.035 2.339 1.262 4.599
-3.035 2.551 0.691 4.610 -4.06 1.737 1.096 4.212
-3.06 2.394 0.562 4.416 -4.085 1.513 0.875 4.088
-3.085 2.468 0.805 4.403 -4.11 1.781 0.974 4.147
-3.11 2.372 0.923 4.210 -4.135 2.141 0.877 4.263
-3.135 2.541 0.724 4.404 -4.16 1.960 0.933 4.305
-3.16 2.274 0.865 4.249 -4.185 2.229 0.644 4.407
-3.185 2.799 0.734 4.600 -4.21 2.924 1.042 4.727
-3.21 2.831 0.994 4.608 -4.235 3.066 0.893 4.954
-3.235 2.742 0.537 4.600 -4.26 1.802 1.002 4.256
-3.26 2.702 0.770 4.626 -4.285 2.243 0.843 4.436
-3.285 3.047 0.276 4.875 -4.31 3.411 0.508 5.109
-3.31 2.497 0.621 4.331 -4.335 1.927 0.474 4.382
-3.335 2.942 0.377 4.724 -4.36 3.033 0.461 4.871
-3.36 2.645 0.373 4.720 -4.385 2.061 0.993 4.239
-3.385 2.528 0.903 4.528 -4.41 2.671 1.040 4.465
-3.435 3.426 0.696 5.256 -4.435 2.558 0.967 4.533
-3.46 2.879 0.787 4.819 -4.46 3.148 1.052 4.910
-3.485 2.549 0.560 4.521 -4.485 1.376 1.294 3.788
-3.51 2.841 0.288 4.905 -4.51 4.875 1.319 5.902
-3.535 3.578 0.358 5.393 -4.535 2.028 1.173 4.204
-3.56 2.568 0.530 4.660 -4.56 2.637 0.837 4.764
-3.585 3.003 0.693 4.943 -4.585 2.544 0.966 4.805
-3.61 2.623 0.297 4.744 -4.61 1.550 1.849 3.713
-3.635 2.503 0.312 4.733 -4.635 1.209 0.923 3.785
-3.66 5.630 0.238 7.111 -4.66 1.479 0.748 3.936
-3.685 2.643 0.269 4.676 -4.685 1.670 0.906 4.109
-3.71 2.856 0.232 4.921 -4.71 1.759 0.865 3.990
-3.735 2.627 0.233 4.659 -4.735 6.887 0.568 7.025
-3.76 2.623 0.221 4.642 -4.76 2.656 0.493 4.704
-3.785 2.182 0.235 4.274 -4.785 1.478 0.424 4.122
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Height (m) Calibrated 
[S] (%)

Calibrated 
[Ca] (%)

Calibrated 
[Fe] (%)

Height (m) Calibrated 
[S] (%)

Calibrated 
[Ca] (%)

Calibrated 
[Fe] (%)

-4.81 1.632 0.864 4.166 -5.81 1.653 0.990 4.150
-4.835 1.969 0.770 4.408 -5.835 1.034 0.980 3.835
-4.86 1.913 0.582 4.238 -5.86 1.904 1.687 4.395
-4.885 1.721 0.586 4.140 -5.885 1.125 2.021 3.972
-4.91 2.974 0.385 4.725 -5.91 3.879 1.040 5.566
-4.935 2.423 0.850 4.578 -5.935 1.104 0.895 4.134
-4.96 1.451 0.367 3.945 -5.96 0.732 1.034 3.812
-4.985 1.499 0.399 4.132 -5.985 0.890 0.906 3.964
-5.01 4.497 0.359 6.054 -6.01 1.099 0.867 4.113
-5.035 1.714 4.279 4.072 -6.035 1.256 0.402 3.934
-5.06 1.952 8.999 4.028 -6.06 2.179 0.284 4.428
-5.085 1.689 1.782 4.238 -6.085 2.054 0.395 4.471
-5.11 1.863 0.819 4.433 -6.11 1.423 0.459 4.096
-5.135 1.930 0.629 4.287 -6.135 1.699 0.834 4.402
-5.16 1.306 0.779 4.052 -6.16 1.364 0.718 4.224
-5.185 1.264 1.068 4.026 -6.185 1.745 0.572 4.447
-5.21 1.440 1.091 4.028 -6.21 1.844 0.625 4.425
-5.235 0.909 0.939 3.637 -6.235 1.868 0.388 4.531
-5.26 1.033 1.282 3.751 -6.26 2.078 0.324 4.524
-5.285 1.233 0.869 3.954 -6.285 4.075 0.424 6.027
-5.31 1.191 0.593 4.026 -6.31 2.517 0.454 4.807
-5.335 0.761 0.825 3.646 -6.335 1.586 0.440 4.425
-5.36 1.372 1.128 4.023 -6.36 1.627 0.515 4.483
-5.385 0.916 0.837 3.798 -6.385 2.739 0.543 5.138
-5.41 1.122 0.757 3.846 -6.41 1.003 0.547 4.110
-5.435 1.134 0.497 3.854 -6.435 1.513 0.783 4.611
-5.46 1.195 0.392 3.858 -6.46 1.739 0.677 4.590
-5.485 1.729 0.608 4.298 -6.485 1.475 0.587 4.308
-5.51 1.697 1.006 4.132 -6.51 1.322 1.377 4.564
-5.535 0.947 0.988 3.690 -6.535 1.366 0.732 4.284
-5.56 1.725 1.119 4.273 -6.56 1.797 0.741 4.543
-5.585 1.095 0.520 3.874 -6.585 0.846 1.402 4.119
-5.61 2.193 0.536 4.645 -6.61 1.388 0.494 4.240
-5.635 2.342 0.387 4.667 -6.635 2.074 0.543 4.639
-5.66 4.755 0.481 6.229 -6.66 1.352 0.429 4.150
-5.685 1.487 1.808 4.274 -6.685 1.251 0.945 4.304
-5.71 1.948 1.302 4.600 -6.71 1.197 0.893 4.148
-5.735 1.736 0.722 4.427 -6.735 0.950 0.488 3.929
-5.76 2.403 0.729 4.899 -6.76 1.556 0.584 4.161
-5.785 2.091 0.812 4.382 -6.785 0.920 0.560 3.968
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Height (m) Calibrated 
[S] (%)

Calibrated 
[Ca] (%)

Calibrated 
[Fe] (%)

-6.81 1.187 0.416 4.030
-6.835 1.019 0.625 3.965
-6.86 1.229 0.718 4.120
-6.885 1.068 0.692 4.039
-6.91 1.516 0.858 4.362
-6.935 1.755 0.668 4.451
-6.96 1.204 0.539 4.016
-6.985 1.360 0.449 4.017
-7.01 1.018 0.882 4.087
-7.06 2.348 1.127 5.546
-7.085 1.552 1.118 4.807
-7.11 1.729 0.716 4.468
-7.135 1.437 0.680 4.353
-7.16 1.327 0.738 4.155
-7.185 1.099 0.757 4.119
-7.21 1.311 0.897 4.532
-7.235 1.083 0.808 4.165
-7.26 1.798 0.857 4.682
-7.285 1.039 1.471 4.622
-7.31 1.172 0.913 4.507
-7.335 1.337 0.662 4.425
-7.36 0.950 0.947 4.136
-7.385 1.554 0.864 4.602
-7.41 1.996 0.809 4.738
-7.435 0.971 0.875 4.257
-7.46 1.560 1.025 4.584
-7.485 1.198 0.813 4.446
-7.51 1.367 0.819 4.327
-7.535 1.449 0.830 4.477
-7.56 1.064 0.946 4.308
-7.585 0.994 1.211 4.626
-7.61 0.877 2.068 5.129
-7.635 2.280 1.276 5.392
-7.66 1.037 0.821 4.371
-7.685 1.971 0.806 4.844
-7.71 1.251 0.872 4.478
-7.735 2.559 1.527 5.866
-7.76 1.073 0.642 4.463
-7.785 1.353 0.845 4.897
-7.81 1.274 0.691 4.715
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C.3 Chapter 4 

The tables in this section present the carbon isotope and siltstone abundance data 

generated in this study and presented in Chapter 4. Height in these tables is given 

relative to the base of the lowermost sandstone in the Ait Moussa succession (see 

Chapter 4).  

Table C.4: Siltstone/sandstone frequency (per 20 cm bin) data, as presented in 
Chapter 4.  
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Bin centre 
height (m) 

Number of 
siltstone/  

sandstone beds 
 Bin centre 

height (m) 

Number of 
siltstone/  

sandstone 
beds 

 Bin centre 
height (m) 

Number of 
siltstone/  

sandstone beds 

-9 0  0 1  9 1 
-8.8 0  0.2 1  9.2 2 
-8.6 0  0.4 0  9.4 1 
-8.4 0  0.6 1  9.6 3 
-8.2 0  0.8 0  9.8 2 
-8 0  1 0  10 3 

-7.8 0  1.2 0  10.2 2 
-7.6 0  1.4 1  10.4 3 
-7.4 0  1.6 0  10.6 2 
-7.2 0  1.8 0  10.8 5 
-7 0  2 0  11 2 

-6.8 0  2.2 0  11.2 1 
-6.6 0  2.4 0  11.4 3 
-6.4 0  2.6 3  11.6 1 
-6.2 0  2.8 1  11.8 2 
-6 0  3 1  12 3 

-5.8 0  3.2 0  12.2 1 
-5.6 0  3.4 1  12.4 1 
-5.4 2  3.6 0  12.6 2 
-5.2 0  3.8 1  12.8 1 
-5 0  4 0  13 2 

-4.8 0  4.2 3  13.2 2 
-4.6 0  4.4 2  13.4 2 
-4.4 0  4.6 1  13.6 0 
-4.2 0  4.8 0  13.8 2 
-4 0  5 2  14 2 

-3.8 0  5.2 3  14.2 1 
-3.6 1  5.4 2  14.4 3 
-3.4 0  5.6 1  14.6 2 
-3.2 0  5.8 3  14.8 2 
-3 0  6 1  15 3 

-2.8 0  6.2 2  15.2 3 
-2.6 0  6.4 0  15.4 2 
-2.4 0  6.6 1  15.6 2 
-2.2 0  6.8 2  15.8 4 
-2 0  7 1  16 2 

-1.8 0  7.2 2  16.2 2 
-1.6 1  7.4 0  16.4 3 
-1.4 0  7.6 2  16.6 3 
-1.2 0  7.8 1  16.8 2 
-1 0  8 1  17 2 

-0.8 0  8.2 2  17.2 2 
-0.6 0  8.4 2  17.4 3 
-0.4 1  8.6 2  17.6 4 
-0.2 1  8.8 2  17.8 0 
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Bin centre 
height (m) 

Number of 
siltstone/  

sandstone beds 
 Bin centre 

height (m) 

Number of 
siltstone/  

sandstone 
beds 

 Bin centre 
height (m) 

Number of 
siltstone/  

sandstone beds 

18 0  26.4 0  34.8 0 
18.2 0  26.6 2  35 0 
18.4 0  26.8 1  35.2 0 
18.6 0  27 1  35.4 0 
18.8 0  27.2 0  35.6 0 
19 0  27.4 4  35.8 0 

19.2 0  27.6 0  36 0 
19.4 0  27.8 1  36.2 1 
19.6 0  28 1  36.4 2 
19.8 1  28.2 1  36.6 0 
20 3  28.4 1  36.8 0 

20.2 2  28.6 1  37 1 
20.4 3  28.8 3  37.2 0 
20.6 1  29 3  37.4 0 
20.8 0  29.2 2  37.6 0 
21 2  29.4 1  37.8 0 

21.2 0  29.6 0  38 0 
21.4 1  29.8 1  38.2 0 
21.6 2  30 2  38.4 2 
21.8 3  30.2 2  38.6 1 
22 3  30.4 1  38.8 0 

22.2 1  30.6 1  39 1 
22.4 0  30.8 0  39.2 3 
22.6 3  31 0  39.4 3 
22.8 3  31.2 1  39.6 1 
23 3  31.4 1  39.8 2 

23.2 1  31.6 0  40 0 
23.4 0  31.8 5  40.2 1 
23.6 0  32 2  40.4 1 
23.8 0  32.2 2  40.6 0 
24 2  32.4 1  40.8 0 

24.2 0  32.6 1  41 0 
24.4 1  32.8 0  41.2 1 
24.6 1  33 0  41.4 0 
24.8 0  33.2 0  41.6 0 
25 0  33.4 0  41.8 0 

25.2 1  33.6 0  42 0 
25.4 3  33.8 0  42.2 0 
25.6 3  34 0  42.4 0 
25.8 2  34.2 0  42.6 0 
26 3  34.4 0  42.8 0 

26.2 1  34.6 1  43 0 
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Bin centre 
height (m) 

Number of 
siltstone/  

sandstone beds 
 

Bin centre 
height (m) 

Number of 
siltstone/  

sandstone 
beds 

43.2 0  51 0 
43.4 0  51.2 0 
43.6 1  51.4 0 
43.8 1  51.6 0 
44 1  51.8 0 

44.2 0  52 0 
44.4 0  52.2 0 
44.6 0  52.4 0 
44.8 0  52.6 0 
45 0  52.8 0 

45.2 0  53 0 
45.4 0  53.2 0 
45.6 0  53.4 0 
45.8 0  53.6 0 
46 0  53.8 0 

46.2 0  54 0 
46.4 0  54.2 0 
46.6 0  54.4 0 
46.8 0  54.6 0 
47 0  54.8 0 

47.2 0  55 0 
47.4 0  55.2 0 
47.6 0  55.4 0 
47.8 0  55.6 0 
48 0  55.8 0 

48.2 0  56 0 
48.4 0  56.2 0 
48.6 0  56.4 1 
48.8 0    
49 1    

49.2 0    
49.4 0    
49.6 0    
49.8 0    
50 0    

50.2 0    
50.4 0    
50.6 0    
50.8 0    
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Table C.5: Organic carbon isotope data from the Ait Moussa section presented in 
Chapter 4. 

 

 

Height 
(m) 

δ13Corg  
(‰ 

VPDB)  

Height 
(m) 

δ13Corg  
(‰ 

VPDB)  

Height 
(m) 

δ13Corg  
(‰ 

VPDB)  

Height 
(m) 

δ13Corg  
(‰ 

VPDB) 
-13 -23.04  -3 -23.93  5.2 -26.99  13.185 -28.12 
-12 -23.03  -2.8 -23.86  5.4 -27.19  13.4 -28.01 
-11 -22.44  -2.6 -23.56  5.6 -27.42  13.6 -27.99 

-10.8 -22.80  -2.4 -23.93  5.8 -27.28  13.8 -28.38 
-10.6 -22.82  -2.2 -24.09  6 -27.37  14 -27.89 
-10.4 -22.91  -2.1 -21.96  6.2 -27.45  14.2 -28.66 
-10.2 -23.23  -2 -21.61  6.4 -27.27  14.4 -28.62 
-10 -22.45  -1.8 -22.97  6.6 -27.20  14.6 -28.21 
-9.8 -23.50  -1.6 -22.80  6.8 -27.41  14.8 -28.48 
-9.6 -22.92  -1.4 -23.91  7 -27.30  15 -28.45 
-9.4 -22.44  -1.2 -24.26  7.2 -27.36  15.185 -27.47 
-9.2 -22.89  -1 -25.80  7.4 -27.62  15.4 -28.08 
-9 -22.52  -0.8 -25.92  7.6 -27.77  15.6 -27.55 

-8.8 -23.07  -0.6 -26.24  7.8 -27.83  15.8 -27.89 
-8.6 -23.82  -0.4 -26.27  7.95 -28.35  16 -27.73 
-8.4 -23.26  -0.2 -26.98  8 -28.19  16.2 -27.84 
-8.2 -22.72  0 -26.47  8.2 -28.12  16.4 -27.70 
-8 -22.70  0.2 -26.28  8.4 -28.32  16.6 -27.83 

-7.8 -23.54  0.4 -26.60  8.6 -28.14  16.8 -27.63 
-7.6 -23.18  0.6 -26.32  8.8 -27.88  17 -27.80 
-7.4 -23.34  0.8 -26.45  9 -28.14  17.175 -28.37 
-7.2 -23.89  1 -26.98  9.1325 -27.91  17.4 -28.54 
-7 -22.65  1.2 -26.56  9.2 -28.18  17.6 -27.87 

-6.8 -22.79  1.4 -26.06  9.4 -28.62  17.8 -27.83 
-6.6 -23.11  1.6 -26.34  9.6 -28.37  18 -27.72 
-6.4 -22.68  1.8 -26.31  9.8 -28.29  18.2 -28.08 
-6.2 -23.77  2 -25.68  10 -28.04  18.4 -28.27 
-6 -23.13  2.2 -26.02  10.2 -27.79  18.6 -27.88 

-5.8 -22.79  2.4 -26.53  10.4 -28.44  18.8 -27.89 
-5.6 -22.65  2.6 -26.76  10.6 -28.09  19 -27.53 
-5.4 -23.10  2.8 -26.44  10.8 -28.28  19.18 -27.61 
-5.2 -23.34  3 -26.95  11 -28.21  19.4 -27.25 
-5 -22.34  3.2 -26.85  11.17 -27.89  19.6 -27.47 

-4.8 -23.64  3.4 -26.68  11.4 -27.82  19.8 -27.55 
-4.6 -23.58  3.6 -27.16  11.6 -28.02  20 -27.42 
-4.4 -23.76  3.8 -26.78  11.8 -28.00  20.2 -27.46 
-4.2 -23.95  4 -26.85  12 -28.05  20.35 -27.52 
-4 -23.03  4.2 -27.13  12.2 -28.56  20.6 -27.36 

-3.8 -23.26  4.4 -27.43  12.4 -28.13  20.8 -26.56 
-3.6 -23.29  4.6 -27.22  12.6 -28.34  21 -27.51 
-3.4 -23.53  4.8 -27.15  12.8 -28.20  21.2 -27.11 
-3.2 -24.30  5 -27.61  13 -27.96  21.385 -27.06 
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Height 
(m) 

δ13Corg  
(‰ 

VPDB)  

Height 
(m) 

δ13Corg  
(‰ 

VPDB)  

Height 
(m) 

δ13Corg  
(‰ 

VPDB)  

Height 
(m) 

δ13Corg  
(‰ 

VPDB) 
21.6 -27.11  29.2 -28.04  36 -29.88  42.7 -28.33 
21.8 -27.13  29.4 -28.16  36.2 -30.18  42.9 -28.04 
22 -26.79  29.5 -28.33  36.4 -30.97  43.1 -28.00 

22.2 -27.25  29.6 -28.56  36.5 -29.70  43.3 -27.86 
22.39 -27.32  29.8 -29.84  36.6 -31.70  43.5 -27.58 
22.6 -27.10  30 -29.12  36.8 -29.58  43.6 -28.33 
22.8 -26.88  30.2 -29.05  37 -30.65  43.7 -28.21 
23 -26.78  30.4 -28.92  37.2 -30.90  43.9 -27.83 

23.2 -27.72  30.5 -28.51  37.4 -30.93  44.1 -27.65 
23.4 -27.66  30.6 -28.64  37.535 -30.95  44.3 -28.17 
23.6 -27.19  30.8 -28.05  37.6 -31.01  44.5 -27.80 
23.8 -27.26  31 -28.38  37.8 -30.37  44.6 -27.20 
24 -27.05  31.2 -28.63  38 -30.66  44.7 -27.22 

24.2 -27.56  31.4 -28.78  38.2 -30.53  44.9 -27.40 
24.37 -27.29  31.5 -28.44  38.4 -31.46  45.1 -26.91 
24.6 -27.43  31.6 -28.83  38.535 -30.36  45.3 -27.62 
24.8 -27.34  31.8 -28.55  38.7 -30.77  45.5 -27.54 
25 -27.03  32 -28.69  38.9 -31.17  45.5 -27.25 

25.2 -27.50  32.2 -28.98  39.1 -30.46  45.7 -27.72 
25.4 -27.34  32.4 -28.88  39.3 -30.23  45.8 -27.64 
25.5 -26.92  32.5 -28.75  39.405 -30.04  46 -27.67 
25.6 -27.56  32.6 -28.84  39.5 -29.72  46.2 -27.24 
25.8 -27.51  32.8 -28.62  39.7 -29.79  46.4 -27.72 
26 -27.29  33.2 -28.73  39.9 -29.73  46.6 -27.63 

26.2 -27.08  33.4 -29.75  40.04 -29.89  46.8 -26.98 
26.4 -27.44  33.5 -29.96  40.1 -29.72  47 -29.01 
26.5 -26.58  33.53 -29.49  40.3 -29.66  47.5 -25.57 
26.6 -27.52  33.6 -29.46  40.5 -30.32  47.6 -25.69 
26.8 -27.48  33.8 -29.02  40.7 -30.55  48.2 -26.38 
27 -28.04  34 -28.78  40.845 -30.56  48.4 -26.47 

27.2 -27.60  34.2 -29.71  40.9 -30.56  48.6 -26.63 
27.4 -27.35  34.4 -29.30  41.1 -29.53  48.8 -26.53 
27.5 -27.75  34.525 -29.01  41.3 -29.94  49 -25.48 
27.6 -28.01  34.6 -29.95  41.5 -28.31  49.2 -26.54 
27.8 -28.01  34.8 -29.67  41.63 -28.54  49.4 -26.27 
28 -27.00  35 -29.63  41.7 -27.96  49.6 -25.83 

28.2 -27.60  35.2 -29.61  41.9 -27.88  49.8 -26.53 
28.435 -27.42  35.4 -29.93  42.1 -27.78  50 -26.24 
28.6 -27.97  35.525 -29.93  42.3 -27.50  50.2 -26.17 
28.8 -28.26  35.6 -29.99  42.5 -29.21  50.4 -24.98 
29 -28.16  35.8 -30.11  42.625 -29.25  50.6 -26.36 
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Height 
(m) 

δ13Corg  
(‰ 

VPDB) 
50.8 -26.60 
51 -26.31 

51.8 -25.19 
52 -25.77 
53 -26.03 
54 -24.97 
55 -24.68 
56 -24.24 
57 -24.70 
58 -24.21 
59 -25.89 
60 -24.41 
61 -23.84 
62 -24.09 
63 -24.04 

63.9 -24.25 
64.175 -23.94 
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C.4 Chapter 5 

The tables in this section present the data generated in this study and presented in 

Chapter 5. Height in these tables is given relative to the base of the lowermost 

sandstone in the Ait Moussa succession (see Chapter 4).  

Table C.6: δ13Corg, CaCO3, TOC,S,  Rb, Zr, K, Ti, Ca and T.A.R (terrestrial-aquatic 
ratio) data from the early Toarcian succession at Ait Moussa, presented in Chapter 
5. Further δ13Corg data also presented in Chapter 4, are included in Table C.5. 
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Height 
(m)

δ13Corg 
(‰ 

VPDB)

CaCO3 
(%)

TOC 
(wt%)

S 
(wt%)

Rb 
(ppm)

Zr 
(ppm) K (%) Ti (%) Ca (%)

64.175 45.92 0.388 0.47 73.16 115.39 2.385 0.312 18.37
63.9 43.97 0.174 71.14 115.31 2.495 0.316 17.59
63 32.98 0.430 85.52 140.44 2.146 0.377 13.19
62 29.75 0.397 86.60 139.54 2.171 0.387 11.90
61 30.30 0.293 83.03 140.37 2.224 0.389 12.12
60 38.53 0.361 0.328 80.30 125.47 2.129 0.345 15.41 0.153 0.115
59 63.55 0.364 48.18 96.83 1.598 0.256 25.42

58.55 46.68 0.124 57.87 104.41 2.914 0.317 18.67
58 41.49 0.243 0.026 76.06 113.86 2.080 0.339 16.60
57 43.28 0.338 72.46 117.25 1.987 0.323 17.31

56.42 40.86 0.269 0.14 61.40 108.04 3.032 0.329 16.34
56 26.39 86.18 146.17 2.395 0.420 10.55

55.42 31.00 0.029 88.17 141.44 2.322 0.399 12.40
55 46.29 0.207 66.11 123.86 1.863 0.315 18.52

54.42 37.55 0.032 81.29 134.49 2.132 0.350 15.02
54 47.10 0.180 64.75 117.13 2.011 0.308 18.84

53.42 50.75 0.018 66.18 120.47 2.094 0.313 20.30
53 84.11 0.049 28.64 69.72 1.076 0.197 33.64

52.4 33.78 0.279 86.25 140.51 2.374 0.364 13.51
51.5 39.60 0.13 79.08 131.08 2.166 0.368 15.84
51.2 35.06 77.05 139.98 2.212 0.362 14.02
51 38.39 0.417 73.43 127.94 2.102 0.358 15.35

50.8 35.36 0.370 77.26 136.39 2.147 0.364 14.14
50.6 48.49 0.249 62.09 118.66 1.852 0.309 19.40
50.5 50.46 0.053 67.27 116.52 2.050 0.323 20.19
50.4 69.96 0.114 41.54 79.49 1.372 0.225 27.98
50.2 57.37 0.178 59.02 97.63 1.771 0.286 22.95
50 67.27 0.097 47.19 86.13 1.522 0.243 26.91

49.8 50.36 0.240 62.73 108.70 1.996 0.311 20.15
49.6 67.48 0.120 48.12 84.56 1.631 0.259 26.99
49.5 53.97 0.261 59.32 99.62 2.056 0.304 21.59
49.4 46.27 0.259 69.14 119.58 1.964 0.322 18.51
49.2 27.78 0.353 87.62 154.59 2.475 0.403 11.11
49 28.86 0.122 85.71 151.78 2.257 0.372 11.54

48.8 63.15 0.166 47.82 85.56 1.596 0.245 25.26
48.6 67.03 0.137 45.15 87.07 1.570 0.243 26.81
48.5 56.64 0.038 61.99 98.63 1.848 0.298 22.66
48.4 63.75 0.099 44.08 92.02 1.592 0.253 25.50

T.A.R
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Height 
(m)

δ13Corg 
(‰ 

VPDB)

CaCO3 
(%)

TOC 
(wt%)

S 
(wt%)

Rb 
(ppm)

Zr 
(ppm) K (%) Ti (%) Ca (%)

48.2 67.41 0.069 44.65 81.95 1.377 0.242 26.97
47.6 51.89 0.107 61.59 106.41 2.299 0.308 20.76
47.5 30.20 0.229 0.027 86.69 139.01 2.302 0.390 12.08 0.158
47 63.12 0.846 45.02 83.20 1.527 0.235 25.25

46.8 24.79 0.375 101.80 148.30 2.550 0.403 9.92
46.6 77.95 0.062 41.48 68.65 1.394 0.218 31.18
46.5 67.17 0.141 52.95 90.18 1.627 0.253 26.87
46.4 76.49 0.084 39.02 70.92 1.329 0.216 30.59
46.2 47.29 0.190 66.21 105.36 2.006 0.308 18.92
46 66.35 0.144 46.97 78.46 1.509 0.238 26.54

45.8 64.58 0.130 47.62 89.10 1.616 0.255 25.83
45.7 59.74 0.141 57.32 96.38 1.788 0.285 23.90
45.5 45.74 0.217 0.022 72.51 108.72 2.156 0.326 18.29
45.5 63.31 0.116 52.82 91.53 1.687 0.270 25.32
45.3 70.81 0.118 47.02 77.75 1.464 0.236 28.32
45.1 27.25 0.544 83.80 143.92 2.308 0.399 10.90
44.9 57.14 0.199 55.94 102.84 1.804 0.267 22.86
44.7 41.99 0.308 73.50 119.59 2.095 0.334 16.79
44.6 57.57 0.122 0.036 63.98 100.61 1.841 0.291 23.03
44.5 56.67 0.183 52.48 99.61 1.783 0.285 22.67
44.3 30.65 0.494 83.60 142.94 2.271 0.383 12.26
44.1 50.73 0.210 65.46 105.02 1.905 0.302 20.29
43.9 41.96 0.230 71.48 121.48 2.033 0.325 16.78
43.7 38.61 0.412 75.02 132.48 2.170 0.343 15.44
43.6 34.04 0.352 0.174 83.23 146.11 2.338 0.398 13.62
43.5 39.69 0.194 73.15 124.63 2.145 0.348 15.88
43.3 46.75 0.163 66.74 109.70 1.960 0.323 18.70
43.1 30.91 0.230 80.06 134.04 2.210 0.381 12.36 0.113 0.099
42.9 22.73 0.243 99.34 155.47 2.500 0.435 9.09
42.7 20.06 0.203 96.93 159.19 2.550 0.442 8.02

42.625 22.48 0.226 0.136 103.05 161.69 2.682 0.452 8.99
42.5 24.64 0.259 91.19 161.06 2.525 0.423 9.86
42.3 57.30 0.035 54.89 95.35 1.788 0.270 22.92
42.1 57.02 0.041 56.41 92.96 1.747 0.275 22.81
41.9 26.58 0.150 98.25 136.95 2.537 0.394 10.63
41.7 25.95 0.083 93.34 144.38 2.550 0.415 10.38

41.63 22.03 0.119 0.123 104.28 143.80 2.805 0.429 8.81
41.5 20.26 0.158 100.33 145.92 2.686 0.431 8.10

T.A.R
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Height 
(m)

δ13Corg 
(‰ 

VPDB)

CaCO3 
(%)

TOC 
(wt%)

S 
(wt%)

Rb 
(ppm)

Zr 
(ppm) K (%) Ti (%) Ca (%)

41.3 32.68 1.274 79.92 116.37 2.211 0.349 13.07
41.1 123.17 0.300 4.29 36.95 0.092 0.132 49.27
40.9 21.45 0.289 104.91 139.82 2.647 0.405 8.58

40.845 19.29 0.229 0.805 99.34 149.55 3.132 0.405 7.72
40.7 23.13 0.310 98.41 137.86 2.608 0.400 9.25
40.5 19.91 0.400 111.28 149.33 2.838 0.421 7.97
40.3 45.22 0.232 65.34 105.62 2.084 0.315 18.09
40.1 54.40 0.135 58.03 98.58 1.899 0.279 21.76

40.04 25.57 0.217 1.356 93.41 142.27 2.612 0.409 10.23
39.9 59.49 0.123 53.91 93.10 1.808 0.272 23.80
39.7 32.36 0.247 78.93 134.05 2.322 0.367 12.94
39.5 55.08 0.154 58.72 104.70 1.675 0.270 22.03

39.405 20.96 0.196 0.357 103.08 166.15 2.737 0.448 8.38
39.3 34.38 0.291 79.81 128.31 2.361 0.360 13.75
39.1 19.09 0.294 104.49 167.79 2.737 0.435 7.64
38.9 23.53 0.381 94.71 141.35 2.574 0.396 9.41
38.7 35.22 0.301 76.19 120.24 2.126 0.338 14.09 0.159 0.202

38.535 25.57 0.321 0.939 95.49 152.15 2.576 0.418 10.23
38.4 46.14 0.447 62.30 115.54 1.938 0.314 18.45
38.2 21.21 0.221 96.60 166.83 2.525 0.427 8.48
38 59.21 0.080 52.35 92.78 1.632 0.257 23.68

37.8 53.99 0.113 56.17 102.99 1.825 0.281 21.60
37.6 50.99 0.137 60.46 109.28 1.913 0.298 20.40

37.535 20.71 0.357 0.966 86.69 163.21 2.622 0.447 8.28
37.4 25.77 0.420 87.59 154.34 2.468 0.386 10.31
37.2 39.86 0.125 73.73 129.99 2.130 0.342 15.95
37 42.80 0.131 72.98 126.58 2.045 0.328 17.12

36.8 17.55 0.070 104.16 169.73 2.631 0.460 7.02
36.6 22.41 0.831 84.82 158.46 2.395 0.393 8.96

36.525 23.20 0.076 0.029 97.94 167.23 2.757 0.434 9.28
36.4 28.27 0.211 82.45 158.36 2.286 0.404 11.31
36.2 21.07 0.116 102.89 161.46 2.680 0.471 8.43
36 23.91 0.102 94.17 172.75 2.579 0.445 9.56

35.8 27.27 0.097 90.77 163.46 2.420 0.432 10.91
35.6 17.83 0.112 105.70 178.92 2.540 0.460 7.13

35.525 16.59 0.114 0.233 105.12 183.64 2.695 0.484 6.64
35.4 16.26 0.116 99.62 200.45 2.515 0.497 6.51
35.2 13.94 0.109 107.12 182.80 2.588 0.506 5.58
35 15.35 0.104 94.12 193.75 2.362 0.478 6.14

T.A.R
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Height 
(m)

δ13Corg 
(‰ 

VPDB)

CaCO3 
(%)

TOC 
(wt%)

S 
(wt%)

Rb 
(ppm)

Zr 
(ppm) K (%) Ti (%) Ca (%)

34.8 13.88 0.148 107.63 192.34 2.568 0.498 5.55
34.6 39.75 0.145 72.77 138.06 1.967 0.349 15.90

34.525 17.63 0.128 0.017 107.45 168.00 2.617 0.498 7.05
34.4 23.66 0.162 91.40 153.75 2.454 0.431 9.46
34.2 24.74 0.161 96.70 151.84 2.497 0.412 9.90 0.061 0.093
34 40.18 0.046 71.76 118.77 2.250 0.342 16.07

33.8 26.81 0.100 90.64 142.90 2.447 0.402 10.72
33.6 18.06 0.170 107.12 163.99 2.646 0.455 7.22

33.53 21.10 0.124 0.027 89.73 151.19 2.954 0.423 8.44
33.4 17.45 0.251 105.13 157.94 2.790 0.471 6.98
33.2 31.54 0.152 92.01 141.17 3.080 0.369 12.61
32.8 25.17 0.130 103.70 150.88 3.311 0.418 10.07
32.6 29.12 0.140 99.08 157.29 2.719 0.390 11.65

32.53 24.60 0.124 0.026 99.87 154.58 2.961 0.427 9.84
32.4 24.97 0.128 103.81 162.57 3.208 0.396 9.99
32.2 24.11 0.137 103.64 158.79 3.252 0.419 9.64
32 24.29 0.133 94.64 160.95 3.051 0.421 9.72

31.8 20.33 0.097 116.40 165.75 3.189 0.432 8.13
31.6 19.41 0.129 109.27 160.25 3.102 0.423 7.76

31.535 22.02 0.104 0.032 97.09 169.66 2.740 0.446 8.81
31.4 17.30 0.159 117.56 176.80 3.367 0.446 6.92
31.2 20.19 0.133 111.63 167.05 3.269 0.438 8.08
31 19.09 0.118 108.60 170.25 3.352 0.457 7.64

30.8 30.93 0.094 82.74 143.00 2.472 0.394 12.37
30.6 19.12 0.165 106.14 158.40 2.758 0.452 7.65

30.515 22.57 0.112 0.041 96.46 164.82 2.707 0.442 9.03
30.4 20.84 0.128 98.47 172.17 2.599 0.445 8.33
30.2 21.11 0.149 96.66 159.65 2.599 0.422 8.44
30 22.09 0.201 105.88 166.88 3.003 0.442 8.84

29.8 22.17 0.251 95.87 161.68 2.940 0.424 8.87
29.6 22.04 0.141 98.76 166.83 2.714 0.429 8.81

29.51 22.82 0.101 0.065 96.47 166.58 2.794 0.443 9.13
29.4 24.56 0.104 93.85 168.26 2.916 0.435 9.82
29.2 23.82 0.115 104.26 168.26 2.770 0.440 9.53
29 22.06 0.113 103.71 174.21 3.211 0.421 8.82

28.8 23.83 0.124 99.85 161.74 2.945 0.442 9.53
28.6 21.58 0.112 94.17 176.16 3.026 0.421 8.63

28.435 24.70 0.04 93.09 165.17 2.557 0.424 9.88
28.2 23.02 0.083 94.35 160.89 2.680 0.434 9.21
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Height 
(m)

δ13Corg 
(‰ 

VPDB)

CaCO3 
(%)

TOC 
(wt%)

S 
(wt%)

Rb 
(ppm)

Zr 
(ppm) K (%) Ti (%) Ca (%)

28 22.06 0.066 88.06 176.65 2.574 0.426 8.82
27.8 20.46 0.121 98.96 171.05 3.017 0.455 8.19
27.6 21.61 0.116 101.09 170.93 2.933 0.443 8.65

27.415 24.73 0.06 77.66 147.26 3.058 0.399 9.89
27.4 30.43 0.065 77.84 151.31 2.667 0.393 12.17
27.2 22.07 0.072 95.29 163.06 2.896 0.453 8.83
27 20.50 0.099 96.90 162.81 2.871 0.447 8.20

26.8 25.32 0.055 85.44 169.60 2.433 0.414 10.13
26.6 28.15 0.066 86.67 170.58 2.373 0.416 11.26
26.4 21.22 0.069 89.61 176.23 2.627 0.438 8.49

26.37 27.72 0.028 85.35 169.85 2.480 0.414 11.09
26.2 29.31 0.051 82.39 150.05 2.495 0.406 11.72
26 20.57 0.080 100.29 181.80 2.621 0.438 8.23

25.8 22.42 0.071 83.59 182.57 2.477 0.432 8.97
25.6 31.14 0.061 76.69 165.01 2.219 0.390 12.46
25.4 25.04 0.089 86.01 172.89 2.370 0.422 10.02

25.37 26.16 0.054 89.66 169.16 2.480 0.420 10.46
25.2 22.03 0.092 95.48 182.53 2.458 0.428 8.81
25 22.98 0.099 89.05 186.72 2.503 0.443 9.19

24.8 14.86 0.148 110.35 171.80 2.858 0.502 5.94
24.6 31.08 0.078 82.61 147.84 2.391 0.396 12.43

24.37 22.97 0.098 0.052 92.66 157.40 2.495 0.431 9.19
24.2 28.33 0.084 86.16 162.01 2.405 0.399 11.33
24 28.99 0.103 89.02 151.57 2.366 0.392 11.60

23.8 26.12 0.093 90.29 159.74 2.432 0.412 10.45
23.6 33.64 0.074 79.29 158.73 2.378 0.378 13.46 0.125 0.160
23.4 28.73 0.114 91.22 150.20 2.552 0.411 11.49

23.385 29.42 0.064 91.79 155.49 2.508 0.407 11.77
23.2 22.58 0.131 98.71 164.42 2.680 0.440 9.03
23 27.24 0.076 88.00 167.62 2.575 0.404 10.90

22.8 32.07 0.092 82.18 174.79 2.326 0.399 12.83
22.6 36.76 0.110 74.21 155.71 2.130 0.353 14.70

22.39 25.75 0.116 0.139 96.66 159.13 2.589 0.422 10.30
22.2 29.55 0.113 85.03 155.75 2.424 0.407 11.82
22 31.18 0.086 75.95 148.99 2.286 0.386 12.47

21.8 33.36 0.130 74.96 165.19 2.317 0.374 13.35
21.6 28.13 0.073 90.33 164.40 2.449 0.415 11.25

21.385 27.23 0.120 0.033 89.23 158.86 2.458 0.430 10.89
21.2 21.77 0.153 96.11 173.54 2.540 0.458 8.71
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Height 
(m)

δ13Corg 
(‰ 

VPDB)

CaCO3 
(%)

TOC 
(wt%)

S 
(wt%)

Rb 
(ppm)

Zr 
(ppm) K (%) Ti (%) Ca (%)

21 30.97 0.140 76.10 174.08 2.121 0.417 12.39
20.8 17.59 0.181 103.16 191.27 2.747 0.483 7.04
20.6 39.54 0.247 77.46 129.20 2.211 0.345 15.82

20.35 35.68 0.314 0.47 61.08 134.12 3.396 0.362 14.27
20.2 31.23 0.398 90.88 150.63 2.427 0.382 12.49
20 35.52 0.225 77.31 151.67 2.304 0.362 14.21

19.6 40.95 0.122 73.27 134.93 2.247 0.350 16.38
19.4 28.06 0.152 91.46 162.88 2.497 0.436 11.23

19.18 24.68 0.125 0.055 92.17 166.57 2.685 0.434 9.87
19 36.89 0.102 67.89 151.94 2.212 0.381 14.76

18.8 23.55 0.147 89.54 164.43 2.453 0.427 9.42
18.6 23.22 0.165 95.80 175.61 2.778 0.473 9.29
18.4 23.84 0.166 98.59 159.60 2.610 0.428 9.54
18.2 26.55 0.143 92.06 167.57 2.558 0.424 10.62

18.18 27.54 0.128 67.20 145.32 3.645 0.376 11.02
18 28.51 0.087 89.57 159.12 2.465 0.416 11.41

17.8 25.49 0.110 101.21 147.49 2.712 0.429 10.19
17.6 26.60 0.110 91.14 148.05 2.695 0.424 10.64
17.4 27.46 0.144 85.45 153.03 2.591 0.420 10.98

17.175 30.77 0.088 1.348 93.05 147.71 2.623 0.402 12.31
17 52.35 0.089 58.61 113.90 1.863 0.307 20.94

16.8 29.23 0.117 90.48 153.42 2.593 0.419 11.69
16.6 31.29 0.122 90.62 147.00 2.514 0.399 12.52
16.4 31.20 0.130 90.58 151.81 2.551 0.399 12.48
16.2 28.23 0.139 89.97 157.41 2.606 0.408 11.29

16.185 31.20 0.321 92.28 148.88 2.556 0.402 12.48
16 28.41 0.155 90.53 155.99 2.678 0.407 11.36

15.8 30.65 0.133 88.22 151.88 2.576 0.403 12.26
15.6 32.06 0.163 88.73 155.09 2.592 0.400 12.82
15.4 37.33 0.176 79.18 144.06 2.365 0.385 14.93

15.185 34.51 0.158 0.406 88.32 147.93 2.669 0.397 13.80
15 47.33 0.124 63.41 129.73 2.115 0.317 18.93

14.8 30.93 0.191 80.93 153.80 2.515 0.392 12.37
14.6 55.54 0.084 58.83 115.55 2.006 0.305 22.21
14.4 38.78 0.162 75.81 129.79 2.278 0.349 15.51
14.2 33.39 0.201 87.33 144.54 2.550 0.385 13.35

14.185 32.77 0.399 86.32 151.17 2.577 0.399 13.11
14 38.57 0.134 76.94 143.51 2.481 0.379 15.43

13.8 44.80 0.136 69.64 139.55 2.221 0.364 17.92
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Height 
(m)

δ13Corg 
(‰ 

VPDB)

CaCO3 
(%)

TOC 
(wt%)

S 
(wt%)

Rb 
(ppm)

Zr 
(ppm) K (%) Ti (%) Ca (%)

13.6 44.63 0.133 68.81 137.52 2.179 0.339 17.85
13.4 45.84 0.099 65.64 135.78 2.202 0.345 18.34

13.185 35.35 0.141 0.363 88.36 142.23 2.582 0.403 14.14
13 32.78 0.165 87.77 162.18 2.485 0.419 13.11

12.8 36.25 0.174 78.61 144.21 2.496 0.383 14.50
12.6 33.59 0.154 89.59 149.00 2.426 0.397 13.44
12.4 34.25 0.178 87.18 148.32 2.510 0.385 13.70
12.2 35.45 0.214 82.39 137.49 2.480 0.384 14.18

12.18 47.52 0.367 69.44 132.24 2.108 0.340 19.01
12 38.14 0.131 77.89 141.85 2.372 0.376 15.25

11.8 32.60 0.229 85.85 155.42 2.606 0.399 13.04
11.6 29.86 0.160 83.60 169.77 2.493 0.422 11.94
11.4 38.40 0.157 73.69 146.66 2.211 0.369 15.36

11.17 33.57 0.156 0.334 91.72 153.64 2.581 0.411 13.43
11 25.99 0.178 97.34 165.77 2.658 0.444 10.40

10.8 30.63 0.195 92.45 155.39 2.602 0.411 12.25
10.6 35.82 0.151 80.68 141.33 2.200 0.375 14.33
10.4 26.81 0.228 94.55 163.61 2.702 0.427 10.73 0.120 0.136
10.2 33.35 0.165 80.35 155.03 2.382 0.398 13.34

10.18 40.43 0.467 72.33 144.20 2.377 0.394 16.17
10 30.70 0.168 88.17 149.18 2.581 0.415 12.28
9.8 37.77 0.133 74.59 155.14 2.318 0.385 15.11
9.6 30.93 0.178 94.36 154.10 2.663 0.419 12.37
9.4 34.25 0.166 85.10 152.02 2.389 0.388 13.70
9.2 30.31 0.207 90.73 153.97 2.653 0.423 12.13

9.1325 33.35 0.138 0.399 88.42 150.08 2.832 0.407 13.34
9 31.45 0.213 84.36 158.48 2.420 0.401 12.58

8.8 31.64 0.226 84.30 152.97 2.543 0.414 12.66
8.6 51.02 0.127 58.85 125.32 2.047 0.314 20.41
8.4 41.08 0.189 75.07 143.64 2.234 0.364 16.43
8.2 31.96 0.202 93.02 159.77 2.625 0.433 12.78
8 39.26 0.168 76.74 139.65 2.276 0.388 15.71

7.95 31.49 0.174 0.158 95.46 140.46 2.617 0.420 12.59
7.8 30.33 0.156 93.20 157.06 2.532 0.414 12.13
7.6 34.92 0.147 80.35 141.55 2.543 0.399 13.97
7.4 38.68 0.140 71.24 144.50 2.279 0.380 15.47
7.2 30.20 0.189 84.15 149.95 2.552 0.409 12.08
7 32.15 0.170 0.258 93.94 149.76 2.620 0.412 12.86

6.8 33.58 0.187 76.42 157.58 2.357 0.395 13.43
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Height 
(m)

δ13Corg 
(‰ 

VPDB)

CaCO3 
(%)

TOC 
(wt%)

S 
(wt%)

Rb 
(ppm)

Zr 
(ppm) K (%) Ti (%) Ca (%)

6.6 29.79 0.241 94.31 149.75 2.513 0.402 11.92
6.4 27.92 0.186 98.86 153.40 2.705 0.426 11.17
6.2 30.58 0.201 90.94 152.43 2.574 0.404 12.23
6 32.56 0.164 0.184 92.59 148.80 2.696 0.424 13.02

5.8 29.94 0.176 95.02 149.74 2.632 0.426 11.97
5.6 29.72 0.191 93.53 153.77 2.527 0.409 11.89
5.4 32.43 0.161 85.74 153.85 2.579 0.410 12.97
5.2 29.96 0.191 90.58 147.73 2.624 0.416 11.98
5 43.50 0.153 0.177 77.72 139.88 2.307 0.357 17.40

4.8 30.34 0.202 89.54 157.79 2.636 0.414 12.14
4.6 30.10 0.177 96.35 150.07 2.661 0.409 12.04
4.4 29.91 0.159 94.41 153.71 2.557 0.406 11.96
4.2 38.06 0.154 76.48 146.83 2.271 0.374 15.22
4 28.50 0.171 0.203 92.55 147.76 3.516 0.406 11.40

3.8 29.10 0.194 92.82 140.50 2.522 0.392 11.64
3.6 28.98 0.182 90.95 155.73 2.487 0.419 11.59
3.4 28.83 0.169 91.42 153.81 2.493 0.413 11.53
3.3 30.49 84.01 159.33 2.518 0.408 12.20
3.25 29.81 91.49 157.18 2.546 0.422 11.92
3.2 29.58 0.138 95.89 148.71 2.752 0.434 11.83
3.15 31.47 89.91 155.03 2.592 0.431 12.59
3.1 27.89 98.53 165.52 2.660 0.436 11.16
3.05 27.78 102.14 163.16 2.832 0.440 11.11

3 26.66 0.168 0.148 100.95 151.08 2.932 0.448 10.67
3 27.72 102.45 151.48 2.796 0.432 11.09

2.95 26.73 101.57 160.26 2.646 0.433 10.69
2.9 47.69 56.06 168.77 1.884 0.358 19.07
2.85 27.81 93.65 153.30 2.776 0.444 11.12
2.8 28.98 0.157 95.94 154.17 2.774 0.437 11.59
2.75 28.48 96.64 168.13 2.781 0.438 11.39
2.7 35.21 84.23 159.18 2.374 0.414 14.08
2.65 28.71 97.10 153.41 2.631 0.417 11.48
2.6 30.27 0.160 97.18 154.17 2.665 0.424 12.11
2.55 31.22 88.21 154.39 2.506 0.417 12.49
2.5 27.68 98.67 158.08 2.870 0.452 11.07
2.45 30.17 89.59 177.06 2.466 0.441 12.07
2.4 30.44 0.148 93.82 166.72 2.487 0.421 12.18
2.35 25.47 99.09 165.98 2.723 0.442 10.19
2.3 24.87 102.13 166.30 2.848 0.470 9.95
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Height 
(m)

δ13Corg 
(‰ 

VPDB)

CaCO3 
(%)

TOC 
(wt%)

S 
(wt%)

Rb 
(ppm)

Zr 
(ppm) K (%) Ti (%) Ca (%)

2.25 27.96 96.44 163.71 2.608 0.444 11.19
2.2 22.36 0.165 104.54 161.41 2.827 0.453 8.94
2.15 21.43 115.25 160.44 2.983 0.471 8.57
2.1 22.04 109.04 164.84 2.842 0.476 8.82
2.05 19.47 111.17 167.82 2.822 0.478 7.79

2 21.03 0.248 0.24 114.65 162.40 2.946 0.482 8.41
2 19.91 111.47 180.34 2.984 0.491 7.96

1.95 19.17 108.29 188.40 2.693 0.502 7.67
1.9 18.54 107.60 192.14 2.805 0.514 7.42
1.85 20.22 108.72 169.92 2.863 0.481 8.09
1.8 40.59 0.284 85.93 127.92 2.501 0.363 16.24
1.75 40.90 85.97 125.94 2.435 0.359 16.36
1.7 41.39 84.35 124.62 2.456 0.363 16.56
1.65 41.16 85.62 134.49 2.386 0.360 16.47
1.6 41.18 0.274 81.74 119.70 2.458 0.364 16.47
1.55 41.70 84.09 122.66 2.518 0.362 16.68
1.5 41.76 86.66 126.20 2.539 0.362 16.71
1.45 39.94 87.51 124.10 2.635 0.373 15.98
1.4 53.23 0.178 53.63 137.48 1.701 0.301 21.29
1.3 74.43 35.62 110.59 1.079 0.239 29.77
1.25 34.74 89.11 129.76 2.464 0.367 13.90
1.2 34.74 0.289 88.14 138.45 2.482 0.368 13.90
1.15 31.24 94.92 136.18 2.543 0.387 12.50
1.1 35.96 82.87 133.17 2.602 0.379 14.38
1.05 37.84 80.26 127.43 2.485 0.375 15.14

1 37.99 0.229 0.189 80.98 123.19 2.378 0.356 15.19
1 34.42 87.74 127.86 2.409 0.376 13.77

0.95 35.22 87.90 130.32 2.500 0.383 14.09
0.9 37.07 85.39 134.54 2.510 0.372 14.83
0.85 34.19 90.07 131.89 2.516 0.382 13.68
0.8 35.90 0.144 89.06 124.91 2.525 0.373 14.36 0.033 0.017
0.75 45.72 71.10 116.55 2.151 0.326 18.29
0.7 48.77 78.24 109.98 2.239 0.316 19.51
0.65 44.87 82.16 104.02 2.554 0.346 17.95
0.6 44.13 0.091 81.68 116.53 2.325 0.340 17.65
0.55 45.42 75.86 113.30 2.295 0.334 18.17
0.5 34.85 91.72 135.39 2.582 0.385 13.94
0.45 32.20 92.01 136.13 2.683 0.385 12.88
0.4 32.49 0.147 95.51 137.62 2.583 0.381 13.00
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Height 
(m)

δ13Corg 
(‰ 

VPDB)

CaCO3 
(%)

TOC 
(wt%)

S 
(wt%)

Rb 
(ppm)

Zr 
(ppm) K (%) Ti (%) Ca (%)

0.35 30.33 101.73 133.39 2.791 0.395 12.13
0.3 30.44 92.63 144.50 2.869 0.416 12.17
0.25 48.11 71.79 118.81 2.196 0.321 19.24
0.2 39.17 0.112 80.52 130.20 2.520 0.363 15.67
0.15 30.17 98.04 148.77 2.708 0.412 12.07
0.1 49.50 72.00 120.80 2.198 0.332 19.80
0.05 43.10 82.24 117.51 2.370 0.346 17.24

0 32.77 0.132 0.216 97.99 141.94 2.780 0.401 13.11
0 37.28 87.62 129.73 2.604 0.352 14.91

-0.2 27.47 0.200 99.06 158.71 2.726 0.421 10.99
-0.4 26.95 0.121 98.58 151.87 2.731 0.406 10.78
-0.5 26.94 100.55 147.52 2.766 0.434 10.78
-0.55 25.60 102.33 153.65 2.829 0.437 10.24
-0.6 22.78 0.114 104.90 167.13 2.744 0.462 9.11
-0.65 20.74 108.39 171.28 2.752 0.464 8.30
-0.7 22.68 103.84 162.53 2.881 0.468 9.07
-0.75 21.60 105.10 175.17 2.998 0.500 8.64
-0.8 22.41 0.138 105.68 164.58 2.878 0.454 8.96
-1 19.98 0.145 0.181 91.48 165.76 3.394 0.443 7.99

-1.2 20.36 0.130 115.50 154.59 3.030 0.451 8.14
-1.4 28.07 0.152 97.33 137.90 2.885 0.402 11.23
-1.6 29.71 0.101 74.05 187.27 2.068 0.401 11.88
-1.8 18.33 0.218 112.03 166.51 2.834 0.455 7.33
-2 14.64 0.481 0.142 131.87 189.98 3.211 0.509 5.86

-2.2 31.84 0.441 81.95 154.32 2.267 0.397 12.73
-2.4 38.60 0.419 79.59 132.15 2.200 0.358 15.44
-2.6 38.46 0.379 85.29 122.23 2.249 0.347 15.38 0.004 0.075
-2.8 39.97 0.470 77.75 118.76 2.259 0.328 15.99
-3 37.93 0.422 0.286 89.20 110.73 2.439 0.349 15.17

-3.2 38.95 0.384 89.11 106.41 2.479 0.334 15.58
-3.4 34.09 0.516 101.67 119.08 2.625 0.364 13.64
-3.6 30.10 0.313 102.60 131.85 2.774 0.386 12.04
-3.8 24.91 0.366 114.05 136.13 2.945 0.421 9.96
-4 21.71 0.410 0.25 111.28 156.40 2.985 0.445 8.68

-4.2 23.44 0.326 94.47 164.41 2.510 0.435 9.37
-4.4 19.57 0.297 103.44 166.68 2.472 0.440 7.83
-4.6 17.72 0.319 99.13 190.45 2.508 0.460 7.09
-4.8 28.52 0.522 92.16 145.10 2.513 0.392 11.41
-5 28.88 0.408 0.315 97.40 138.24 2.675 0.406 11.55
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Height 
(m)

δ13Corg 
(‰ 

VPDB)

CaCO3 
(%)

TOC 
(wt%)

S 
(wt%)

Rb 
(ppm)

Zr 
(ppm) K (%) Ti (%) Ca (%)

-5.2 30.50 0.435 101.96 124.83 2.649 0.380 12.20
-5.4 37.10 0.466 89.54 124.45 2.385 0.345 14.84
-5.6 23.98 0.331 126.54 128.99 3.172 0.424 9.59
-5.8 27.36 0.436 107.86 134.25 2.812 0.403 10.94
-6 25.11 0.286 0.149 99.93 161.51 2.706 0.431 10.04

-6.2 26.61 0.285 84.65 167.48 2.428 0.410 10.64
-6.4 25.70 0.391 91.19 152.61 2.388 0.410 10.28
-6.6 25.25 0.451 104.31 146.57 2.715 0.418 10.10
-6.8 30.88 0.486 91.64 141.86 2.650 0.402 12.35
-7 29.07 0.457 0.215 102.23 141.18 2.700 0.416 11.63

-7.2 30.39 0.276 90.70 161.56 2.435 0.390 12.16
-7.4 26.14 0.384 85.80 186.41 2.315 0.431 10.46
-7.6 25.63 0.449 90.07 181.10 2.404 0.445 10.25
-7.8 26.06 0.427 80.38 198.17 2.155 0.429 10.42
-8 25.22 0.433 0.18 89.39 175.04 2.479 0.446 10.09

-8.2 23.95 0.484 100.09 170.57 2.769 0.451 9.58
-8.4 27.57 0.303 79.98 199.92 2.088 0.418 11.03
-8.6 27.97 0.340 85.68 162.57 2.247 0.414 11.19
-8.8 31.44 0.473 80.29 160.73 2.179 0.389 12.58
-9 22.82 0.507 0.153 107.98 164.03 2.814 0.459 9.13

-9.2 26.84 0.667 106.84 142.56 2.700 0.424 10.74
-9.4 24.10 0.621 115.10 144.51 2.839 0.421 9.64 0.008 0.054
-9.6 23.59 0.459 99.02 169.61 2.618 0.448 9.43
-9.8 27.53 0.292 92.27 164.96 2.300 0.411 11.01
-10 25.06 0.671 0.301 120.29 135.17 2.937 0.435 10.02

-10.2 29.74 0.358 77.37 172.18 2.090 0.391 11.90
-10.4 31.25 0.581 94.09 145.64 2.441 0.400 12.50
-10.6 26.87 0.590 108.23 137.07 2.781 0.423 10.75
-10.8 24.25 0.652 106.70 145.39 2.791 0.427 9.70
-11 20.41 0.516 0.081 122.40 154.57 3.079 0.457 8.16
-12 32.92 0.323 0.135 77.70 172.63 2.135 0.377 13.17
-13 28.54 0.425 0.168 92.37 165.39 2.319 0.407 11.42
-14 -23.57 28.51 0.438 0.18 90.69 160.98 2.485 0.392 11.40
-15 -24.80 27.38 1.209 0.601 104.84 134.42 2.732 0.394 10.95
-16 -23.48 21.81 0.398 0.159 105.29 159.39 2.683 0.429 8.73
-17 -22.62 24.99 0.594 0.052 94.82 170.26 2.514 0.439 10.00

-17.55 -23.01 24.60 0.600 106.40 148.37 2.733 0.419 9.84
-24.75 -23.83 50.46 0.248 53.29 142.35 1.799 0.291 20.18
-25.75 -26.90 27.11 0.161 83.20 180.70 2.356 0.388 10.84
-27.75 -24.92 58.16 0.129 46.74 172.44 1.654 0.275 23.26
-28.83 -26.19 92.45 0.007 33.20 57.75 1.129 0.186 36.98
-29.68 -25.34
-30.64 -25.59 60.08 0.247 61.79 128.40 1.925 0.270 24.03
-31.69 -25.52 57.07 0.252 66.10 121.58 1.987 0.274 22.83
-32.77 -24.41 71.02 0.214 38.00 116.36 1.268 0.233 28.41
-33.7 -26.19 95.45 0.031 25.09 72.58 0.940 0.180 38.18
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C.5 Chapter 6 

The tables in this section present a full listing of the data generated in this study that is 

presented in Chapter 6. Site names are abbreviated as follows: Ait Braham (AB); 

Issouka (ISS); Koudiat Touila (KT) and Tizi Nehassa (TN). 

Table C.7: δ13Corg, CaCO3, TOC, Rb, Zr, K, Ti and Ca data from the early Toarcian 
successions at Ait Braham, Issouka, Koudiat Touila and Tizi Nehassa, presented in 
Chapter 6.  

 

Site Height 
(m)

δ13Corg 

(‰  
VPDB)

CaCO3 

(wt%)
TOC 
(wt%)

Rb 
(ppm)

Zr 
(ppm)

K 
(%)

Ti 
(%)

Ca 
(%)

AB 2.63 -24.64 34.66 0.272 63.56 237.76 2.025 0.336 16.818
AB 3.00 -25.12 25.27 0.198 80.14 228.48 2.398 0.386 12.360
AB 3.25 -24.59 25.10 80.51 235.83 2.483 0.380 12.812
AB 3.43 -23.52 53.39 0.271 25.95 155.27 0.814 0.218 28.151
AB 3.93 -23.65 27.52 0.541 92.13 162.97 2.720 0.427 10.903
AB 4.43 -23.79 11.95 0.332 109.14 224.76 2.900 0.480 6.453
AB 4.93 -25.18 18.08 0.276 130.18 170.33 3.401 0.440 8.725
AB 5.43 -24.10 13.11 0.171 115.51 204.41 2.996 0.469 6.710
AB 5.93 -23.06 17.75 0.426 120.73 168.23 3.066 0.440 9.089
AB 6.43 -22.55 16.19 0.269 117.85 193.02 3.118 0.459 7.717
AB 7.43 -23.25 16.82 0.372 100.91 175.46 2.703 0.431 8.692
AB 9.43 -22.26 5.33 0.200 133.36 228.94 3.436 0.512 3.707
AB 10.43 -22.92 22.59 0.893 93.10 169.15 2.668 0.408 11.479
AB 11.43 19.62 0.284 85.11 170.94 2.496 0.383 12.989
AB 12.43 -22.29 15.20 0.328 120.44 197.40 2.873 0.464 8.118
AB 13.43 -22.33 12.25 0.189 105.36 168.17 2.923 0.442 9.482
AB 14.43 -22.92 15.61 0.103 121.60 179.38 3.175 0.459 7.502
AB 15.43 125.27 182.26 3.302 0.513 6.317
AB 18.43 115.66 213.56 3.032 0.468 7.807
AB 27.70 -23.92 34.64 0.296 75.81 137.67 2.387 0.359 17.485
AB 28.70 -23.97 31.31 0.414 92.84 142.98 2.324 0.379 15.448
AB 29.70 -23.69 27.23 0.414 97.15 143.12 2.569 0.397 13.660
AB 30.70 -23.73 31.00 0.422 89.95 134.92 2.423 0.374 15.747
AB 31.70 -24.40 37.69 0.487 76.79 130.50 2.352 0.341 19.203
AB 32.64 -23.77 37.06 0.436 80.67 131.67 2.430 0.348 19.627
AB 33.64 -23.77 36.42 0.390 81.15 129.63 2.425 0.345 19.052
AB 34.64 -24.28 31.92 0.358 87.11 137.43 2.527 0.382 16.301
AB 35.64 36.56 0.344 81.09 135.88 2.439 0.353 17.319
AB 36.63 -24.28 35.32 0.462 81.52 131.94 2.379 0.350 17.511
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Site Height 
(m)

δ13Corg 

(‰  
VPDB)

CaCO3 

(wt%)
TOC 
(wt%)

Rb 
(ppm)

Zr 
(ppm)

K 
(%)

Ti 
(%)

Ca 
(%)

AB 37.65 -24.46 43.22 0.455 72.27 114.98 2.167 0.312 21.634
AB 38.65 42.00 0.457 70.41 116.69 2.152 0.320 22.073
AB 39.65 -23.96 56.08 0.285 55.34 91.10 1.782 0.245 30.281
AB 40.97 -24.00 24.18 0.280 100.58 157.92 2.693 0.414 12.305
AB 41.97 -24.18 24.11 0.294 99.97 161.43 2.733 0.414 12.506
AB 42.97 -24.13 31.56 0.441 93.52 136.73 2.580 0.371 15.945
AB 44.96 -24.41 30.87 0.361 87.70 142.82 2.613 0.380 15.741
AB 45.96 -24.19 29.38 0.496 97.01 139.67 2.655 0.380 15.182
AB 46.96 -23.96 38.12 0.392 71.75 131.50 2.188 0.339 19.656
AB 47.96 -23.74 37.93 0.471 79.48 128.32 2.382 0.330 19.768
ISS 9.90 -24.95
ISS 14.27 -22.79 29.57 0.283 67.62 177.39 1.905 0.385 12.423
ISS 18.50 -22.95 28.77 0.237 67.87 207.59 1.874 0.393 13.218
ISS 24.50 -28.13 19.18 0.105 100.80 162.86 2.633 0.430 9.214
ISS 25.90 -27.82 24.93 0.123 91.93 144.41 2.513 0.403 10.601
ISS 27.55 -29.26 26.37 0.456 83.52 151.23 2.393 0.383 13.803
ISS 29.55 -25.42 53.76 0.678 39.04 69.92 1.460 0.221 29.073
ISS 31.65 -25.54 68.11 0.000 28.03 59.51 1.064 0.188 35.263
ISS 33.66 -25.13 24.60 4.021 37.97 79.70 1.474 0.232 30.130
ISS 35.54 -25.22 28.70 0.121 86.94 145.68 2.313 0.374 14.200
ISS 46.14 -25.71 65.07 0.197 41.74 67.27 1.360 0.215 33.068
ISS 46.26 -25.56 28.99 0.184 95.78 145.19 2.596 0.399 13.117
ISS 46.96 -25.37 21.28 0.203 105.36 168.98 2.825 0.444 9.528
ISS 47.68 -24.98 28.83 0.176 90.41 139.65 2.503 0.391 13.023
ISS 57.59 -22.33 32.95 0.191 86.28 131.36 2.322 0.367 15.221
ISS 58.59 -22.79 27.55 0.182 92.55 155.57 2.443 0.393 12.411
ISS 59.59 -22.97 35.89 0.500 82.77 128.36 2.133 0.354 16.369
ISS 60.59 -23.21 40.72 0.466 70.31 126.00 2.007 0.329 18.271
ISS 61.52 -22.60 24.57 0.227 92.57 161.63 2.564 0.422 10.480
ISS 62.52 -23.66 41.23 0.347 72.95 120.49 2.159 0.330 18.737
ISS 63.52 -23.37 39.03 0.353 70.79 134.76 2.131 0.346 17.184
ISS 64.52 -22.48 20.18 0.350 109.43 158.93 2.735 0.447 9.058
ISS 65.52 -22.52 25.76 0.429 96.08 144.24 2.422 0.409 10.950
ISS 66.52 -22.80 26.71 0.430 95.01 140.59 2.486 0.407 11.873
ISS 67.52 -22.72 32.81 0.389 85.17 123.43 2.297 0.363 14.234
ISS 68.52 36.41 0.333 73.84 132.22 2.102 0.363 16.706
ISS 69.52 103.89 137.57 2.651 0.413 12.015
ISS 70.52 23.90 0.318 103.47 142.48 2.718 0.430 10.494
ISS 71.52 83.15 131.94 2.271 0.380 14.688
ISS 72.52 32.90 0.359 86.53 137.79 2.270 0.376 15.042
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Site Height 
(m)

δ13Corg 

(‰  
VPDB)

CaCO3 

(wt%)
TOC 
(wt%)

Rb 
(ppm)

Zr 
(ppm)

K 
(%)

Ti 
(%)

Ca 
(%)

ISS 73.52 77.42 127.47 2.139 0.354 16.675
ISS 74.52 30.93 0.325 81.81 133.81 2.278 0.389 13.918
ISS 75.52 91.47 143.92 2.382 0.401 12.411
ISS 76.52 -22.97 27.09 0.275 96.58 137.34 2.544 0.413 12.005
ISS 77.52 99.95 137.83 2.652 0.414 11.234
KT 1.51 19.85 0.129 91.35 164.69 2.311 0.413 9.080
KT 2.00 -24.44 20.69 -0.113 102.03 167.17 2.744 0.453 8.763
KT 2.90 -24.15 18.28 0.091 106.91 158.28 2.646 0.452 8.097
KT 3.30 0.094 160.54 216.48 3.632 0.616 0.450
KT 3.70 -24.36 13.91 0.180 113.86 165.61 2.802 0.453 6.904
KT 4.00 15.44 0.124 122.65 177.52 2.824 0.486 5.764
KT 4.25 -24.02 11.02 0.248 112.35 178.61 2.796 0.467 6.310
KT 5.63 93.27 140.68 2.525 0.382 12.718
KT 5.76 -25.74 76.59 91.90 2.279 0.292 18.131
TN -0.68 20.44 0.128 79.15 345.11 3.229 0.404 8.573
TN -0.18 -22.73 33.00 0.169 69.11 300.86 2.959 0.355 15.036
TN 0.00 34.87 -0.155 55.20 274.55 3.137 0.325 15.455
TN 0.13 -20.48 21.28 -0.073 118.08 185.39 3.676 0.402 9.190
TN 0.25 -21.62 128.85 150.06 4.105 0.437 7.525
TN 0.38 140.97 148.54 4.364 0.458 6.944
TN 0.50 -21.55 22.17 -0.048 139.29 134.92 4.311 0.448 7.189
TN 0.63 135.23 142.40 4.286 0.423 7.059
TN 0.75 -21.50 21.92 0.123 139.85 140.84 4.482 0.437 6.649
TN 1.00 -22.19 27.94 0.060 128.72 139.56 3.985 0.406 9.076
TN 1.25 24.93 0.054 135.58 139.50 4.309 0.430 7.491
TN 1.50 -22.18 28.86 0.030 124.31 145.03 4.065 0.396 9.099
TN 1.75 22.56 0.104 131.26 158.60 4.175 0.445 5.995
TN 2.00 53.70 0.118 77.93 87.63 3.052 0.264 22.341
TN 2.25 19.42 0.165 133.05 186.05 4.178 0.442 5.384
TN 2.50 -22.12 17.35 0.147 119.17 248.98 3.919 0.461 5.049
TN 2.75 17.08 0.110 87.93 346.70 3.346 0.408 5.587
TN 3.00 21.47 0.090 82.45 315.66 3.217 0.375 7.269
TN 3.25 10.86 0.245 155.43 188.63 4.643 0.509 3.625
TN 3.50 -21.50 13.97 0.202 160.31 146.67 4.828 0.491 3.905
TN 3.75 155.89 145.19 4.804 0.471 4.320
TN 4.00 18.03 0.156 155.68 140.25 4.637 0.448 4.686
TN 4.25 -22.64 19.38 0.202 142.42 147.88 4.557 0.450 5.438


