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Abstract 

The late Aptian – early Albian interval (110 – 118 Ma) represents a crucial period 

of pronounced biotic and climate/ocean changes. It was characterized by enhanced 

volcanic activity linked to the progressive opening of the Indian Ocean, increased 

levels of atmospheric greenhouse gases, and high climate instability. The 

widespread deposition of multiple prominent black shale horizons in the Northern 

Tethyan and North Atlantic realms is the sedimentary expression of Oceanic 

Anoxic Event (OAE) 1b, a major perturbation of global carbon cycle. The late 

Aptian – early Albian OAE 1b is also the scenario of the first major turnover in the 

planktonic foraminifera evolutionary history, with an event of dramatic extinction 

of large-sized, heavy ornamented planktonic species, and subsequent 

diversification of small and thin-walled taxa. Investigation of the complex nature 

and dynamics of oceanographic changes in response to the OAE 1b are the goals of 

this thesis, along with a deep analysis of the ecological stressors affecting the 

evolutionary behaviour of the planktonic foraminiferal community. A high-

resolution study of multiple paleontological, organic and inorganic geochemical 

proxies (microfaunal assemblage composition, morphometry of Pa. rohri, δ13Ccarb, 

TOC, CaCO3, trace elements, organic biomarkers) has been performed on the 

nearly continuous and undisturbed pelagic sedimentary succession of Poggio le 

Guaine (Umbria-Marche Basin, central Italy). The results clearly suggest the 

emplacement of the Southern Kerguelen Plateau as the external driver triggering 

global climatic/oceanographic changes. The consequent complex feedback 

mechanisms among ocean, land and atmosphere, strictly controlled by the regional 

features, led to intermittent episodes of water column anoxia/dysoxia, inducing 

enhanced burial and preservation of marine organic carbon. The high environmental 

variability destabilized the marine ecosystems, triggering ecological stress and 

forcing biotic crises. The planktonic foraminifera turnover has been therefore the 

result of an irreversible and drastic regime shift toward more mesotrophic – 

eutrophic ecosystem that promoted the blooming of opportunistic/disaster species 

and siliceous organism as Radiolaria, which dominated the microfaunal 

assemblages. The comparison of the planktonic foraminifera records from the 

Poggio le Guaine succession and the DSDP Site 511 section chosen as “control 
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ocean section”, provided the evidence that widely separated marine ecosystems had 

similar response to global drivers, both experiencing relevant ecological system 

shift. The dwarfism of planktonic foraminifera prior the extinction turned out to be 

an ecological response to increasing environmental stresses rather an evolutive 

behaviour preceding the extinction.  
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Chapter 1 
Introduction 

 

1.1 The late early-Cretaceous time  

The late early-Cretaceous (~120-90 Ma) is generally considered as the period of 

most extreme greenhouse conditions in the Earth’s history. It was characterized by 

sea surface temperatures 5°C warmer than the present time, absence of polar ice-

caps, low thermal latitudinal gradients and the sea level 50-170 m higher than today 

(Barron, 1983; Sellwood et al., 1994; Huber et al., 1995; Price et al., 1998; Fassel 

and Bralower, 1999; Hay, 2008). It was a time of considerable changes in plate 

tectonics, continental rifting, and volcanism associated with the rapid breakup of 

Gondwana into African and South American plates (Larson, 1991, Tarduno et al., 

1991; Arthur et al., 1991; Erba and Larson, 1991; Bralower et al., 1994). Large 

volcanic episodes led to the formations of seamount chains, continental flood 

basalts and production of the so-called Large Igneous Plateau (LIP), as Ontong 

Java, Kerguelen, and Caribbean Plateau (Hays and Pitman, 1973; Schlanger et al., 

1981), which affected ecological, climatic, and oceanic conditions across the planet 

(Föllmi, 2012). The late early-Cretaceous greenhouse climate was probably caused 

by increased levels of atmospheric greenhouse gasses as mantle CO2, methane 

(CH4) and water vapor (H2O) due to extensive submarine volcanic degassing 

(Arthur et a., 1985; Weissert and Lini, 1991; Huber, et al., 1995; Price, et al., 1998; 

Hay, 2008; Madhavaraju, et al., 2013; Millán, et al., 2014). Several events of 

volcanic CO2 release into the atmosphere linked to the emplacement of LIP have 

been inferred from pronounced negative shifts of both carbon and strontium isotope 

compositions of marine carbonates associated with the main Cretaceous OAEs 

(Jenkyns, 2010; Erba, 2004; Wagner et al., 2007; Erba et al., 2010; Barral et al., 

2017). The largest event of CO2 release events in terms of magnitude of carbon 

isotope excursions was related to OAE 1b and lasted ca. 25 kyr (Erba, 2004; Wagner 

et al., 2007; Barral et al., 2017). 

Several studies suggest that the late early-Cretaceous climate was far from 

stability, and the upper Aptian and the Aptian–Albian transition interval was 
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characterized by global cooling and possible formation of ice-caps (Weissert and 

Lini, 1991; Pirrie et al., 1995; Mütterlose et al., 2009; McAnena et al., 2013). 

Evidence of cool climate comes from i) information of stable isotopes and detection 

of poleward expansion of vegetational provinces and thermophilic organisms (e.g., 

Kauffman, 1973; Vakhrameev, 1991; Tarduno et al., 1998; Bice and Norris, 2002; 

Huber et al., 2002; Wilson et al., 2002; Norris et al., 2002; Barral et al., 2017), ii) 

evidence of dropstones and glendonites deposition occurred at high latitudes 

(Kemper and Schmitz, 1981; Price and Nunn, 2010), iii) proof of extreme glacio-

eustatic sea level drop based on subsurface seismic and core data (Maurer et al., 

2013), iv) signal of relevant variations in calcareous nannofossil assemblages 

(Mütterlose et al., 2005).  

1.2 The Oceanic Anoxic Events (OAEs) 

The late early-Cretaceous climate and ocean dynamics promoted episodic 

deposition of anoxic sediments by effect of intense oceanic periods of dysoxia-

anoxia, referred as Oceanic Anoxic Events (OAEs; Schlanger and Jenkyns, 1976). 

These were generally short-lived (<1 Myr) intervals of increased organic carbon 

burial in marine sediments, marked by the widespread deposition of dark-coloured, 

laminated, organic-carbon-rich shales (the so-called “black shales”), and the 

preferential removal of 12C from the ocean and atmosphere compartments, inducing 

relative positive carbon isotopic excursion (tipically 1.0-2.5‰) in biogenic 

carbonate (Schlanger and Jenkyns, 1976; Ryan and Cita, 1977; Arthur and Premoli 

Silva, 1982; Arthur et al., 1990; Erbacher and Thurow, 1997; Wilson et al., 1998; 

Erbacher et al., 2001; Leckie et al., 2002; Erba 2004; Pacton et al., 2007; Jenkyns, 

2010; Trabucho Alexandre et al., 2010; Huber and Leckie, 2011; Millán et al., 

2014). Some of these black shales horizons are synchronous and have a supra-

regional or even global distribution, as the early Aptian Selli Event (OAE 1a), and 

the Cenomanian/Turonian Bonarelli level (OAE 2) (e.g., Arthur et al., 1990; 

Bralower et al., 1994; Leckie et al., 2002). Others regionally and locally distributed 

black shales are common in the Aptian to Albian sedimentary successions of the 

Northern Tethys and the Northern and Central Atlantic Oceans, as the late Aptian 

– early Albian OAE 1b and the upper Albian OAE 1c and 1d (e.g. Tornaghi et al., 

1989; Bréhéret, 1994, 1997; Leckie et al., 2002; Herrle et al., 2004; Tiraboschi et 
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al., 2009). These latter horizons are partly characterized by a cyclic pattern 

organization and have been interpreted as a result of changes in seasonality and 

monsoonal activity confined to certain regions (e.g. de Boer, 1982; Herbert and 

Fischer, 1986; Erba, 1992; Bellanca et al., 1996; Herrle, 2002; Friedrich et al., 2003; 

Galeotti et al., 2003; Herrle et al., 2003a,b; Tiraboschi et al., 2009).  

Although the mechanisms responsible for OAEs has been strongly debated and 

are not yet definitely understood, there is no doubt that they significantly 

contributed to changes and evolution of the biological marine community, 

especially particularly in the planktonic assemblages (Fig. 1.1). Microfossil and 

organic geochemical records suggest drastic change in assemblages of marine 

organisms during OAEs, associated to dramatic biotic turnovers on planktic protists 

(Erbacher et al., 1998; 1999; Kuypers et al., 2002; Leckie et al., 2002; Dumitrescu 

and Brassell., 2005; Okano et al., 2008).  

 
Fig. 1.1. The late early-Cretaceous record of major black shales and oceanic anoxic events (OAEs) 
in the context of the carbon isotopic record (Erbacher et al., 1996; Bralower et al., 1999), changing 
global sea level (Haq et al., 1988), seawater chemistry (Bralower et al., 1997), and plankton 
evolutionary events. (From Leckie et al., 2002). 
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1.3 The OAE 1b 

The Oceanic Anoxic Event 1b replicates many features of the late early-

Cretaceous in terms of dynamics of climate, tectonics, sea level, lithofacies and 

marine plankton. It is shaped by 4 black shale horizons that straddle the 

Aptian/Albian boundary (named Jacob, Kilian, Paquier and Leenhardt), probably 

linked to shorter-term perturbations of the carbon cycle (Arthur and Premoli Silva, 

1982; Bréhéret et al., 1986; Bréhéret and Delamette, 1987; 1989; Bréhéret, 1988; 

1994; 1997 Premoli Silva e Sliter, 1999; Leckie et al., 2002; Huber and Leckie, 

2011; Sabatino et al., 2015). The overall duration of the OAE 1b has been estimated 

3.8 Myr by Coccioni et al. (2014) based on Grippo et al. (2004) and Huang et al. 

(2010) studies. This multiple event is associated with cooling interval and sea level 

fall in the latest Aptian and later, sea level rise and global warming during the early 

Albian (Leckie et al., 2002; McAnena 2013), documented as the break point 

between the end of a positive δ13C excursion in the latest Aptian and the beginning 

of a pronounced negative shift of δ13C in the early Albian (Weissert and Lini, 1991; 

Herrle et al., 2004).  

The black shale horizons of the OAE 1b are enriched in organic matter deposited 

under dysoxic-anoxic conditions and correlate with negative excursions in the 

δ13Ccarb record, interrupted by brief periods of oxygenation and pelagic carbonate 

deposition (Moullade et al. 2011; Coccioni et al., 2014; Kennedy et al., 2014; 

Sabatino et al., 2015). The black shales of the OAE 1b do not have global 

distribution, being documented only in Northern Tethys and North-Central Atlantic 

palaeo-domains; this is also due to unavailable samples from Tethyan and Pacific 

crust, that was significantly subducted (Li et al., 2016). The lithological and 

geochemical signatures, as well as the number of black shale levels, vary 

geographically and can be clearly attributed to different palaeoceanographical 

settings, variations in the source of OM or diagenetic effects (e.g., Bralower et al. 

1999; Erbacher et al. 2001; Kuypers et al. 2002; Herrle et al. 2004; Tsikos et al. 

2004). Multiple proxies have been used to investigate OAE 1b intervals: C-O and 

Sr isotopes, microfossil assemblages, Tex86, TOC, CaCO3, trace metals on sediment 

and foraminiferal test, molecular biomarker (e.g. Bralower et al., 1999; Erbaker et 

al., 1999, 2001; Kuypers et al., 2002; Ludvigson et al., 2010; Huber and Leckie, 



Chapter 1: Introduction 
________________________________________________________________________ 

5 
 

2011; Trabucho Alexandre et al., 2011; Coccioni et al., 2014; Herrle et al., 2004; 

McAnena et al., 2013; Hu et al., 2014; Millán et al., 2014; Sabatino et al., 2015). 

To date, the Jacob, Kilian, Paquier and Leenhardt anoxic sub-events are considered 

the record of the regional short-term carbon isotope responses to the global OAE 

1b, superimposed on a long-term disturbance of carbon isotope signature of the 

carbon reservoirs in the global ocean-atmosphere system.  

The uppermost Aptian black shale horizon of the OAE 1b is known as the Jacob 

sub-event and its duration has been estimated 40 ky by Huang et al. (2010). It was 

interpreted as a “detrital OAE”, induced by land-derived organic matter (Erbacher 

et al., 1996; Bralower et al., 1993; Leckie et al., 2002). It has been documented only 

in the Vocontian basin and in Central Italy, where it is referred as 113 level (Herrle, 

2002; Friedrich et al., 2005; Coccioni et al., 2012; 2014). However, Coccioni et al. 

(2014) suggest a possible expression of the Jacob sub-event in the North Atlantic 

(DSDP Site 545), on the basis of the negative CIEs reported by McAnena et al. 

(2013). The Jacob sub-event falls in the Paraticinella rohri Zone of Coccioni et al. 

(2014), corresponding to the Ticinella bejaouensis Zone of Herrle (2002) and 

Herrle et al. (2004), and to the Paraticinella rohri Zone of Petrizzo et al. (2012).  

The Kilian level is the second sub-event of the OAE 1b, and it falls within the 

Aptian/Albian boundary. It records a 120 kyr-long perturbation documented in the 

Vocontian Basin, Central Italy, and North and Central Atlantic Ocean (Huang et 

al., 2010; Trabucho-Alexandre et al., 2011; Petrizzo et al., 2012; Coccioni et al., 

2014; Kennedy et al., 2014; Sabatino et al., 2015). According to Herrle (2002) and 

Herrle et al. (2004), the Kilian level falls in the Hedbergella planispira Zone, 

whereas Petrizzo et al. (2012), Coccioni et al. (2014) and Kennedy et al. (2014) 

consider the Kilian level as spanning from the top of the Mi. miniglobularis Zone 

to the lower part of the Mi. renilaevis Zone.  

The lower Albian black shales of the Paquier sub-event is documented in 

Vocontian basin, Central Italy, North and Central Atlantic Ocean, Pacific Ocean 

and Mexico (Bréhéret 1983; 1994; Tribovillard and Gorin 1991; Bralower et al. 

1999; Erbacher et al. 1999; 2001; Herrle et al. 2003b; 2004; Tsikos et al. 2004; 

Wagner et al. 2008; Trabucho Alexandre et al. 2011; Coccioni et al., 2014; Sabatino 

et al., 2015). It has been interpreted as formed by deposition of marine organic 
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matter and controlled by rising sea level (Herrle et al. 2004; Friedrich et al. 2005; 

Browning and Watkins 2008; Wagner et al. 2008; Huber and Leckie 2011; Huber 

et al. 2011; Trabucho Alexandre et al. 2011). Its thickness varies in different 

sedimentary sequences (e.g. 1.63 m in the Vocontian Basin, 46 cm at ODP 

Hole1049C) and it lies in the middle part of the Hedbergella planispira Planktonic 

Foraminiferal Zone (currently the Microhedbergella rischi planktonic foraminiferal 

Zone of Huber and Leckie 2011).  

Finally, the Leenhardt sub-event has been documented only in the Vocontian basin 

and in Central Italy (Bréhéret, 1994; Herrle, 2002; Coccioni et al., 2014; Sabatino 

et al., 2015). According to Herrle (2002) and Herrle et al. (2004), the Leenhardt 

level occurs in the upper part of the Hedbergella planispira Planktonic 

Foraminiferal Zone (currently the Microhedbergella rischi planktonic foraminiferal 

Zone of Huber and Leckie, 2011). In analogy with the Paquier level, also the 

Leenhardt sub-event is considered as “productivity-induced OAE” (Leckie et al., 

2002).  

Confined only to the Poggio le Guaine section in Central Italy, the Monte Nerone 

interval comprises several thin levels of dark to black shales, whose equivalents 

have not been correlated in other sections.  

1.4 The late Aptian – early Albian planktonic foraminifera turnover 

 The late Aptian – early Albian OAE 1b represents a hinge period of biological 

events on marine biota, recording a major turnover in marine flora and fauna, 

mainly reflected in changes in the belemnite, radiolarian, and benthic foraminifera 

taxa, radiation and diversification of planktonic foraminifera (PF) and 

silicoflagellates, and diversification and crisis within the calcareous nannofossils 

(Fig. 1.1) (Bralower et al., 1999; Aguado et a., 1999; Leckie et al., 2002). Several 

studies documented this crucial evolutionary period, even if the continuous 

sedimentation across the Aptian – Albian Boundary Interval (AABI) is rare, as it is 

often marked by unconformity (e.g., Amedro, 1992) or dissolution (e.g., Leckie, 

1984; Tornaghi et al., 1989) in deeper water sections, or ecological collapse in 

shallow carbonate-platform sections, providing further evidence of a global 

environmental perturbation at the boundary level (e.g., Föllmi et al., 2006, Iba and 
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Sano, 2007). Papers by Huber and Leckie (2011), Petrizzo et al. (2012), and 

Coccioni et al. (2014) represents reference works for the late Aptian – early Albian 

planktonic foraminiferal turnover and provide a robust biostratigraphic framework.  

Planktonic foraminifera evolved since the Middle Jurassic and their evolution in 

the late early-Cretaceous period records short episodes of elevated rates of turnover 

alternating with longer times of relatively diminished rates or stasis. According to 

Premoli Silva and Silter (1999), the early Cretaceous evolutionary history of PF 

could be divided into three phases: a first diversification phase in the early 

Valanginian to the latest Aptian, with continuous diversification pattern temporally 

interrupted by a single moderate turnover near the Selli Event (OAE 1a). A second 

evolutionary interval that encompasses the late Aptian - early Albian boundary and 

records higher diversification rates, and the third phase from the middle Albian to 

the end of the Cretaceous. Therefore, the AABI records the first and most 

significant species turnover in the evolutionary history of PF, with the 69% of the 

late Aptian species becoming extinct and a speciation rate of 23%, for a total of 

92% species turnover (Fig. 1.1; Leckie et al., 2002). This turnover resulted in the 

net change from latest Aptian assemblages dominated by large-sized (mean 

diameters >250 µm), robust, and coarsely ornamented species, to early Albian 

assemblages comprised only of minute (mean diameters <100 µm), weakly 

calcified forms that lack ornamentation (Leckie, 1989; Tornaghi and others, 1989; 

Erbacher et al., 1999; Premoli Silva and Sliter, 1999; Leckie et al., 2002; Herrle and 

Mutterlose, 2003; Huber and Leckie, 2011; Petrizzo et al., 2012; Coccioni et al., 

2014).  

Notably, Radiolaria show strikingly similar patterns of evolutionary turnover to 

the planktic foraminifera (Erbacher et al., 1996; Aguado et al., 1999; Leckie et al., 

2002), and the highest rates of turnover in both organisms occur at or near the major 

OAEs (Fig. 1.1). Instead, calcareous nannofossils undergone to rapid turnover only 

at OAE 1a in the early Aptian and OAE 2 at the Cenomanian/Turonian boundary 

(Fig. 1.1; Leckie et al., 2002).  
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1.5 Aims and structure of this thesis 

The late Aptian / early Albian OAE 1b represents a crucial period of pronounced 

biotic and climatic/ocean changes. It is indisputable that this OAE induced major 

perturbations in the oceanic environment and severe disturbance of the biosphere 

which, in turn, triggered the ecological stress forcing biotic crises. Despite the 

number of studies reported from literature, the nature and dynamics of 

oceanographic changes in response to the OAE 1b are still poorly detailed and 

understood, as well as the role and modes of ecological stressors on the evolutionary 

behaviour of planktonic foraminiferal community.  

Thus, the main aim of this research is to provide additional information and 

knowledge about the potential relationship between the Oceanic Anoxic Event 1b 

(OEA 1b) and the first major planktonic foraminiferal turnover occurring at the late 

Aptian – early Albian interval. This objective will be accomplished using an 

innovative and multiproxy approach based on high resolution inorganic and organic 

geochemical analyses, together with micropaleontological and morphometrical 

investigations of the Poggio le Guaine section, an expanded and well 

stratigraphically constrained sedimentary succession from the Umbria-Marche 

Basin (Western Tethys paleo-domain). The late Aptian – early Albian sedimentary 

sequence from DSDP Site 511 will be used as “control section” to compare the 

microfaunal signals.  

To achieve the overall aim of this thesis, the following specific objectives have 

been addressed:  

i) Investigate the environmental perturbations linked to the OAE 1b, by 

reconstructing the evolution of oceanic anoxic conditions leading to the 

Jacob and Kilian black shales deposition, as well as the subsequent gradual 

restoring of normal oceanic oxic conditions. 

ii) Investigate “if” and “how” the regional palaeoceanographic setting 

amplifies or mitigated the effects of global environmental changes.  

iii) Assess the key features of the planktonic foraminifera evolutive turnover 

and discriminate which signals could represent biotic responses due to 

basin-scale factors. 
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iv) Provide new insights into the process which control the intermittent black 

shale deposition during the OAE 1b.  

In a nutshell, Chapter 1 presents a general introduction on late early-Cretaceous 

climate and a brief review of the state of the art of knowledge on OAEs and in 

particular on OAE 1b.  

Chapter 2 outlines the geological setting of the three sedimentary successions 

selected for this study, also providing the lithostratigraphic description and the 

biostratigraphic frameworks for each of them. 

Chapter 3 describes the sampling strategies adopted in this study and provides a 

scheme of the micropaleontological and geochemical dataset produced. The 

detailed description of the used analytical techniques is also reported.  

Chapter 4 offers details about the results of investigations conducted on PLG and 

GC sections, whereas the results of DSDP Site 511 are described in Chapter 5.  

Chapter 6 provides the overall discussion that tie together the main results of this 

study, attempting to draw conclusions about the climate and ocean evolution and 

triggers of the OAE 1b, the major environmental changes linked to this multi-event, 

and the response of the planktonic foraminifera Pa. rohri, (considered as 

representative of Aptian taxa) to the environmental changes.  
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Chapter 2 
Geological setting, litho- and biostratigraphy 

 

2.1 Poggio le Guaine and Gorgo a Cerbara sections 

The Umbria-Marche Basin is a Triassic to Messinian extensional basin developed 

in the northern offshore of the continental margin of the Apulia block, in the 

southwestern part of Tethys ocean. This basin experienced the pre-orogenic 

deformation linked to the northward movement of the Adria continental microplate 

from Africa relative to northern Europe, such as extensional normal faulting 

(Marchegiani et al., 1999) that resulted in the deposition of upper Jurassic – lower 

Miocene pelagic strata above the Triassic to lower Jurassic carbonate platforms. 

During the Neogene, the succession underwent tectonic inversion linked to the 

Alpine-Himalayan orogeny, and became part of the foreland fold-and-thrust belt of 

the Umbria Marche Apennines of central Italy. The Cretaceous sedimentary 

sequence of the Umbria-Marche Basin is now exposed in the outer part of the 

arcuate NE-verging northern Apennine fold and thrust belt, and it has been 

subdivided into four discrete formations: the Maiolica (upper Tithonian – lower 

Aptian), Marne a Fucoidi (lower Aptian – upper Albian), Scaglia Bianca (upper 

Albian – lowest Turonian) and Scaglia Rossa (lowest Turonian to middle Eocene) 

Formations.  

 
Fig. 2.1. Palaeogeographic map at ~113 Ma modified after Huber and Leckie (2011) 
showing the location of the Poggio le Guaine (PLG) and Gorgo a Cerbara section (red 
dots), and of DSDP Site 511 (yellow star). 
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The Poggio le Guaine (PLG) section (lat. 43°32’29.06” N, long. 12°34’51.09” E; 

Fig 2.1) is situated on the eastern limb of the Monte Nerone anticline, 500 m 

southwest of the PLG relief, 6 km west of the town of Cagli (Marche Region) (Fig 

2.2).  

 
Fig. 2.2 Schematic geological map (modified from Satolli et al., 2008) of 
the study area and location of the studied section.  
 

The Aptian – Albian succession of PLG belongs to the Marne a Fucoidi Formation 

and it deposited at well above the calcite compensation depth, at middle to lower 

bathyal depths (1000-1500 mbsl) (Coccioni, 1990), in a relatively isolated pelagic 

basin at ⁓20°N paleolatitude over the southern margin of the western Tethys Ocean 

(Coccioni et al., 2012, 2014). It consists primarily of pale reddish to dark reddish, 

and pale olive to greyish olive argillaceous limestones and calcareous marlstones, 

marlstones, slightly calcareous mudstones to argillaceous mudstones intercalated 

with several organic–rich black shales, some of which have been identified as the 

regional to global sedimentary expression of the anoxic sub-events of the OAE1b 

(Coccioni et al. 1987a,b; 1989a,b; 1990ab; 2006; 2012; 2014; Coccioni and 
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Battistini 1989; Erba et al. 1989; Coccioni 1996; Leckie et al. 2002; Trabucho 

Alexandre et al. 2011; Petrizzo et al. 2012; 2013; Kennedy et al. 2014; Sabatino et 

al., 2015). 

 

Fig. 2.3. Stratigraphy of the studied interval at Poggio le Guaine and Gorgo a Cerbara sections. 
Biostratigraphic and age data are from Coccioni et al. (2014) and Coccioni personal 
communications. Colours were estimated by visual comparison of samples with the Munsell color 
chart (Munsell, 1907). Dashed line indicates the stratigraphic relationship between the PLG and GC 
sections. 
 

The Gorgo a Cerbara section (lat. 43°36’01” N, long. 12°33’16” E, Fig. 2.1) is 

located in the northeastern part of the umbro-marchean Ridge, 4 km east of the town 
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of Piobbico (Marche Region), along the Candigliano River (Fig. 2.2). The section 

crops out in the bed of the Candigliano River east of Monte Nerone, by the km 

41.800 of the “Apecchiese” State Road N. 257 and belongs to the Maiolica, the 

Marne a Fucoidi, the Scaglia Bianca and the Scaglia Rossa Formations (Fig. 2.3). 

The Gorgo a Cerbara section has been proposed for the GSSP stratotype of the 

Barremian – Aptian boundary (Erba et al., 1996; Channell et al., 2000; Gradstein et 

al., 2012) and detailed magnetostratigraphy, chemostratigraphy, cyclostratigraphy, 

and biostratigraphy has been established by several authors (e.g. Herbert et al., 

1995; Channell et al., 1995, 2000; Speranza et al., 2005; Tejada et al., 2009; Stein 

et al., 2011  Bralower et al., 1989, Coccioni et al., 1992, 2006, 2012; Erba, 1994, 

1996; Patruno et al., 2015; Unida and Patruno, 2015; Li et al., 2016).  

2.1.1 Lithostratigraphy of Poggio le Guaine section 

The studied outcrop covers a 19 m thick succession of late Aptian – early Albian 

marine sediments with no physical evidence of unconformable surfaces, thus 

basically confirming the stratigraphic continuity of the section. Contacts between 

different lithotypes are sharp and planar, calcite veins are extremely rare, and no 

macroscopic diagenetic minerals were observed. Stratigraphic positions of samples 

are expressed in terms of distance from the base level (Figs. 2.3, 2.4).  

The lower part of the section, from 0.00 to 3.40 m, is mainly composed by reddish 

argillaceous limestone and calcareous marlstone levels with thickness ranging from 

few centimetres up to 30 cm. The stiffer intercalated greenish-white limestone strata 

create prominent morphological break in the outcrop. Few thin layers of dark and 

soft marlstones occur at 0.5 m, 1.0 m, 1.4 m, 1.55 m, and 2.55 m (Fig. 2.4a).  

At 3.46 m an abrupt contact marks the deposition of the organic rich black-shale 

level of the Jacob sub-event. This blackish interval is 10 cm-thick and does not 

show evidence of inner lamination. The Jacob level passes upward to soft dark 

greenish argillaceous marlstones, strongly laminated, with total thickness of 8 cm.  

A monotonous series of pale reddish argillaceous and marly limestones starts at 

3.65 m, without main sedimentary change for about 2.36 m. The only interruption 

are the sporadic beds of greyish marly limestones whose thickness do not exceed 

10 centimetres.  
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Fig 2.4. The Poggio le Guaine outcrop. A: lower part of the section from 0 to 6 m; B: section from 
6 to 11 m; C: section from 11 to 19 m.  Stratigraphical meters and the location of black-shale 
horizons are shown. (from Coccioni et al., 2014).  

At about 6.00 m the lithology becomes gradually more clay-rich, and thin bedded, 

dark green and brown coloured argillaceous marlstones span over 40 centimetres 

(Fig. 2.4b). From ⁓6.50 m, the succession is characterised by argillaceous 

limestones with upward chromatic change from pale reddish to mainly pale olive 

levels. Also the thickness of the single strata changes in parallel with colour, 

increasing from initial 2-5 cm up to 20 cm at the quote of 7.30 m. Above this 
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interval, the 40 cm-thick (from 7.97 m to 8.37 m) black shales of the Kilian sub-

event are characterized by very fine laminations (Fig. 2.5a), without evidence of 

bioturbation. Interesting, strata from 10 cm below and above the Kilian level 

contain small smudges and inclusions of black muds without isorientation (see Fig. 

2.5b). Above the sharp boundary with the Kilian level, a rhythmic alternation of 

dark olive-greyish calcareous mudstone strata and blackish mud and shale horizons 

occurs, and the frequency of the muddy and shale layers increase upward.  

 
Fig. 2.5. a: Detail of the Kilian black shale level showing the characteristic very fine laminations. 
b: small smudges and inclusions of black mud in strata below and above the Kilian black shale 
level. 

The “Monte Nerone” interval (10.99 - 13.93 m) consists of about 3 m-thick 

alternation of pale reddish slightly calcareous mudstones, argillaceous mudstones 

and black shales. From 14.00 m upward, argillaceous limestones show again the 

grey-greenish coloration, and show decimetric thicknesses (Fig. 2.4c). The 

lithological expression of the Paquier sub-event is a 25cm-thick interval of organic-

rich black shales (from 16.12 m to 16.37 m), distinctly laminated and with 

bituminous appearance. Between ca 16.38 m to 17.70 m grey-greenish argillaceous 

limestones are interrupted by sporadic beds of black clays thinner than 4.5 

centimetres. From 17.71 m to 18.00 m, the 29cm-thick black shale of the Leenhardt 

sub-event is found. The lower part of the level (ca 10 cm) does not show any 

lamination despite the upper portion that shows an overall waxy and fissile 

appearance. Finally, from 18.00 m to the top of the studied section, the succession 

continues with grey-greenish argillaceous limestone strata interbedded with few 

levels of dark muds and shales.  
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2.1.2 Lithostratigraphy of Gorgo a Cerbara section 

The studied interval of the Gorgo a Cerbara section (4.80 meters) belong to the 

Marne a Fucoidi formation and it is dominated by bioturbated dark-red marlstones 

and thick beds of red marly limestones (Figs. 2.3 and 2.6). Red-brownish calcareous 

shales occur in thin layers which are more common from -4.80 m to -3.70 m. Two 

centimetric layers of green-grey-coloured marly limestones interrupt the 

monotonous series of reddish lithologies at -2.00 and -2.80 meters. The correlation 

with the PLG section is based on the biostratigraphic observations on planktonic 

foraminifera assemblages carried out by Prof. Coccioni (personal communications).  

 
Fig. 2.6. Alternation of marls, calcareous marls 
and argillaceous limestones of the Paraticinella 
rohri Zone at Gorgo a Cerbara section. Scale bars is 50 cm. 
 

2.1.3 Biostratigraphy of the PLG-GC composite section 

The plankton foraminifera biostratigraphy of the uppermost Aptian–lower Albian 

sedimentary sequence exposed at the Poggio le Guaine was reported in detail by 

Coccioni et al., (2014). Based on the biozonal schemes of Huber and Leckie (2011) 

and of Petrizzo et al. (2012), the authors identified different major events that, along 
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with minor bioevents, allowed the subdivision in 4 biozones. The terminology of 

lowest occurrence (LO) and highest occurrence (HO) is here used to delineate the 

appearance and disappearance of taxa. The major bioevents identified at the PLG 

section are: 

1) HO of Paraticinella rohri at 6.50 m (= Ticinella bejaouaensis in Herrle et al. 

2004, and Paraticinella eubejaouensis in Huber and Leckie 2011, and McAnena et 

al. 2013);  

2) LO of the planktonic foraminifera Microhedbergella renilaevis at 7.6 m;  

3) LO of the planktonic foraminifera Microhedbergella rischi at 10.8 m. 

The minor bioevents identified are:  

1) HO of the planktonic foraminifera Pseudoplanomalina cheniourensis at 1.9 m; 

2) LO of the benthic foraminifera Pleurostomella subnodosa at 2.3 m; 

3) acme of the planktonic foraminifera Schackoina cepedai from 2.7 m to 3.4 m; 

4) LO of the planktonic foraminifera Microhedbergella miniglobularis at 6.42 m;  

5) LO of the planktonic foraminifera Microhedbergella praeplanispira at 11.53 

m; 

6) the LO of the planktonic foraminifera Microhedbergella pseudoplanispira at 

12.1 m.  

The horizons corresponding to the 3 main bioevents have been used as horizons 

boundary of the following planktonic foraminiferal biozones:  

1) the Paraticinella rohri Total Range Zone (that is the Ticinella bejaouaensis 

Zone of Robaszynski and Caron 1995, and the Paraticinella eubejaouensis Zone of 

Huber and Leckie 2011), from the base of the section to the HO of Pa. rohri at 6.50 

m (see Appendix 1);  

2) the Microhedbergella miniglobularis Interval Zone spans from the HO of Pa. 

rohri to the LO of Mi. renilaevis recorded at 7.60 m (see Appendix 1);  

3) the Microhedbergella renilaevis Partial–range Zone corresponding to the 

stratigraphic interval from the LO of Mi. renilaevis to the LO of Mi. rischi (see 

Appendix 1), and lastly  

4) the Microhedbergella rischi Total–range Zone, comprising the stratigraphical 

interval from the LO of Mi. rischi to the top of the section (see Appendix 1). 

The lowest occurrence of Pa. rohri at -4.8 m in the Gorgo a Cerbara section was 

identified by Coccioni (unpublished biostratigraphic data). 
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Estimated ages for the studied section are inferred after Grippo et al. (2004), 

Huang et al. (2010), Ogg and Hinnov (2012) (GTS 2012), and Ogg et al. (2016) 

(GTS 2016).  

2.2 DSDP Site 511  

Cretaceous cores from DSDP Leg 71 Site 511 (51°00.28′S, 46°58.30′W; Fig. 2.1) 

were drilled on the back slope of a cuesta-type ridge in the basin province of 

Falkland Plateau (southwest Atlantic Ocean), about 10 km south of Maurice Ewing 

Bank (Ludwig et al., 1983; Plancq et al., 2014; Fig. 2.7, Tab 2.1).  

 
Fig. 2.7 Actual ubication of the DSDP Site 511 (red dot) and main physiographic 
features of the area.   

 

The Falkland Plateau extends eastwards off southernmost South America, and is 

bounded by the Falkland Island Platform to the west, the narrow ridge of Falkland 

Escarpment to the north and by the Falkland Trough and North Scotia Ridge to the 

south. The occidental portion of the plateau is a segment of oceanic crust (or thinned 

continental crust) overlaid by a 4-6 km thick sediment wedge, gently dipping 

southward. During the Jurassic to middle Cretaceous this site was located at about 

60°S in a relatively narrow est-west trending ocean basin that had limited or no 

connection with the South Atlantic (Hay et al., 1999; Huber and Leckie, 2011). 

Paleowater depth has been estimated to have been between 100-400 m (Basow and 

Krashenninikov, 1983). Open marine conditions were probably established by the 

early Albian, and rapid subsidence leaded to a progressive deepening of the basin 

resulting in the deposition of pelagic clays rich in planktonic fossils (Huber et al., 

1995).  
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Tab. 2.1. Technical data of the DSDP Site 511 coring 

DSDP Site 511 
Leg 71 (15 – 21 January 1980) 

Coordinate 51° 00.28’S, 46°58.30’W 
Water depth 2586 m 
Penetration 632 m 

Number of Core 70 
Meters cored 632 

Meters recovered 385.62 
Percentage recovered 61 

 

2.2.1 Lithostratigraphy of DSDP Site 511 

The sediments assigned to upper Aptian – early Albian interval of the DSDP Site 

511 (Core 55 Sect. 2 – 6 and Core 56 Sect. 1-3, from 482.00 to 493.20 m sub-

bottom) correspond to the Unit 5 descripted by Ludwig et al. (1981). The lithology 

is mainly composed of light-grey to dark grey claystone and mudstone with 

subordinate amounts of brownish mudstone. In many cases, colours appear to grade 

from the lightest to the darkest (Fig 2.8), suggesting some gradational 

environmental change. The darker intervals that rhythmically occur in Core 56 Sect. 

2 and 3, coincide with higher content of clay and in place are very fissile. 

The moderate to intense bioturbation is a common feature to most samples, and 

mainly consist of burrows filled with matrix of lighter colour compared to that of 

the surrounding sediment.  

Pyrite is widespread in most of the samples, in the form of macro-aggregates of 

prismatic crystals, scattered loose aggregate of octahedral micro-crystals, small 

framboidal spheres, or as long solid or hollow rods which resemble the pyritic 

“worm tube” described by Siesser and Rogers (1976). 

Layers of skeletal carbonate macro-debris, principally pelecypods occur 

frequently as muddy microcoquinas. Single, thin, whole pelecypod valves (e.g. 

Aucellina) occur as well throughout the unit, and a small ryncholite was also found 

in Core 55 Sect. 5 interval 5.0-8.0 cm (485.76 msb). Almost all the samples contain 

calcite in the form of mollusc shell prims which are probably from Inoceramus, and 

that are often concentrated in thin bands.  
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Fig. 2.8. Biostratigraphic scheme and photographs of the upper Aptian – early Albian cored 
interval from DSDP Site 511. The interval comprises sediments from Core 56 Section 3, 70-72 
cm to Core 55 Section 2, 50-51.5 cm. (From Ludwig et al., 1983; Huber and Leckie, 2011).  
 

2.2.2 Biostratigraphy of the DSDP Site 511 

The biostratigraphic framework adopted in this study for the DSDP Site 511 is 

based on the reference scheme proposed by Huber e Leckie (2011). On the basis of 

a sampling resolution varing from 1-150 cm, the authors identified the LO of Pa. 

eubejaouaensis (= Pa. rorhi in this study and Ticinella bejaouaensis of Herrle et 

al., 2004; see Appendix 1) at 491.23 mbsf. This horizon marks the base of the Pa. 

eubejaouaensis Taxon Zone, characterized by the occurrence of the nominated 

taxon along with several specimens of Pa. transitoria, Hedbergella excelsa, Hd. 

aptiana, Hd. praelippa e few specimen of Hd. infracretacea. The LO of 

Microhedbergella miniglobularis is recorded at 486.70 mbsf (see Appendix 1), and 
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hence Pa. eubejaouaensis and Mi. miniglobularis co-occur in a very short 

stratigraphic interval, which is similar to observation made by Coccioni et al. (2014) 

at Poggio le Guaine (Umbria-Marche Basin). The upper boundary of the biozone is 

marked by the HO of Pa. eubejaouaensis at 486.14 mbsf, coinciding with the biotic 

turnover level of planktonic foraminifera and in coincidence of which Huber and 

Leckie (2011) place the Aptian/Albian boundary.  From this horizon upward, PF 

assemblages decrease in maximum diameters and species diversity. The overlaying 

Mi. miniglobularis Zone spans from the HO of Pa. eubejaouaensis to the LO of Mi. 

rischi at 484.75 mbsf (see Appendix 1). This ⁓1 m -thick biozone comprises the 

evolutionary transition from Mi. miniglobularis to Mi. renilaevis, and the extinction 

of Hd. praelippa. The stratigraphic interval from the LO of Mi. rischi to the highest 

studied sample (482.00 mbsf) belongs to the Mi. rischi Partial-range Zone. In the 

lower part Mi. miniglobularis decreases in abundance and then becomes extinct, 

while Mi. renilaevis becomes increasingly abundant.  

The high-resolution micropaleontological observations conducted in this study 

and the low abundances of planktonic foraminifera along the sedimentary sequence, 

may slightly change the exact position of some bio-events respect to those reported 

by Huber and Leckie (2011), as the case of the LO of Pa. eubejaouaensis, (at 491.23 

mbsf for Huber and Leckie (2011), at 492.10 mbsf in this study).  
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Chapter 3 
 Materials and Methods 

 

3.1 Sampling strategy and data sets  

3.1.1 Poggio le Guaine and Gorgo Cerbara sections 

This study stays in a framework of three decades of dedicated and detailed 

stratigraphic research on the Poggio le Guaine section (Arthur and Premoli Silva 

1982; Coccioni and Cocon 1987; Coccioni et al. 1987a; 1987b; 1989a,b; Erba, 

1988; Coccioni and Battistini 1989; Erba et al., 1989; Tornaghi et al. 1989; 

Coccioni, 1990; Coccioni et al. 1990a; 1990b; 1991; 1992; Coccioni and Galeotti 

1993; Ingram et al. 1994; Coccioni 1996; Baudin et al. 1998; Coccioni et al., 2006; 

2012; Fiet and Masure 2001; Satolli et al. 2008; Tiraboschi et al. 2009; Turchyn et 

al. 2009; Coccioni et al., 2014; Sabatino et al., 2015). This offered the opportunity 

to start with a large pre-existing dataset and i) to implement knowledge by 

increasing sampling resolution in specific intervals and ii) enriching the dataset with 

a new spectrum of chemical/micropaleontological analyses.  

The scheme in Figure 3.1 offers a graphical view of the micropaleontological and 

geochemical dataset produced for the composite section Poggio le Guaine –  Gorgo 

Cerbara.  

The main aim of this study was to investigate the potential relationship between 

the environmental evolution associated to the Oceanic Anoxic Event 1b (OEA 1b) 

and the first major planktonic foraminiferal turnover occurring at the late Aptian – 

early Albian interval. To achieve that, new investigation, at high resolution, of the 

environmental changes potentially related to the Oceanic Anoxic Event 1b (using a 

multiproxy and innovative approach) provided new constrain for reconstructing the 

palaeoceanographic evolution of the studied geological interval in term of i) 

variations in deep-water oxygenation and productivity, and ii) the role of ecological 

stressors on the evolutionary behaviour of planktonic foraminiferal community. 

 The stratigraphic interval encompassing the PF turnover (from 3.00 m to 9.00 m) 

was chosen as primary “target interval” for all the geochemical investigation. The 

δ13C and δ18O isotope stratigraphy, and CaCO3 content provided by previous works 
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of Coccioni et al. (2014) and Sabatino et al., (2015) cover the entire section of 

Poggio le Guaine at centimetric resolution (from 5 cm to 1 cm in proximity of 

crucial levels), and therefore they didn’t require any implementation. To assess the 

correct correspondence between the previously logged section and the new one, all 

the data were re-calibrated by correlating markers beds (e.g. black shales levels).  

Elemental geochemistry analyses (Al, Ba, Cd, Co, Cr, Cu, Fe, Hg, K, Mg, Mn, 

Ni; P, Pb, Sr, Ti, V, Zn, Zr) were carried out for the “target interval” with resolution 

ranging from 10 to 2 cm, in order to improve the lower sampling resolution reported 

by Sabatino et al. (2015) for this interval. Samples comprise black-shales of Jacob 

and Kilian sub-events, marly limestones and argillaceous marlstones.  

The biomarkers investigation was carried out on the Poggio le Guaine section. In 

the absence of previous data in literature, a total of 59 samples was selected along 

the 19 m-thick section, in order to fully reconstruct the palaeoceanographycal 

changes linked to all the sub-events of the OAE 1b. Higher resolution was adopted 

in the “target interval”, with sample spacing from 2 cm in black shales levels to 20 

cm in the argillaceous limestone – marlstone intervals. An average resolution of 60 

cm was adopted for the marly limestone from 0.00 to 3.00 meters. These represent 

“control samples” with low contents of organic matter and recording the 

environmental conditions predating the onset of the OAE 1b. In the upper part of 

the section, from 9.00 m to 19.00m, samples were taken from the organic-rich 

black-shale levels.  

A higher resolution with respect to the previously reported TOC dataset (Coccioni 

et al., 2014; Sabatino et al., 2015) was achieved by analysing further 64 samples 

from the “target interval” and from the specific black shale level in the upper part 

of the section. More specifically, black-shales of the Jacob and Kilian sub-events 

were sampled every 2 cm and marly limestones and marls of the “target interval” 

were selected every 10 cm. From 9.00 and 19.00 meters, samples were selected in 

order to identify a good correspondence with the samples used for the organic 

biomarkers analysis.   
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Fig. 3.1. Graphical scheme of data sets collected during the three-years doctoral research and 
samples positioning along the composite-log Gorgo Cerbara – Poggio le Guaine. Keys to symbols 
and abbreviations: J: Jacob sub-event; K: Kilian sub-event; M.N.: Monte Nerone black-shales 
interval; P: Paquier sub-event; L: Leenhardt sub-event; Up arrow: LO of Pa. rohri; Down arrow: 
HO of Pa. rohri; *: new dataset produced in this study; **: data set from Coccioni et al. (2014) and 
Sabatino et al. (2015) implemented in this study; ***: data set from Coccioni et al. (2014) and 
Sabatino et al. (2015).  
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Finally, the planktonic and benthic foraminiferal and radiolarian assemblages 

were investigated along the “target interval”. This allowed the positioning along the 

section of the major foraminiferal bioevents previously identified by Coccioni et al. 

(2014). The documentation of magnitude and rate of microfaunal turnover across 

the AABI is based on micropaleontological observations conducted on the target 

interval with a resolution of 1 sample every 4 cm, and on high resolution abundance 

data reported in Coccioni et al. (2014).  

3.1.2 The morphometrical investigation on Pa. rohri: aims and sampling 

strategy 

After the assessment of the palaeoenvironmental framework and the definition of 

the turnover event in the microfaunal assemblaeges, it was necessary identify a 

planktonic foraminifera taxon which would best represent the effect of biotic crisis, 

until the final extinction, of the late Aptian, and also permitting worldwilde 

stratigraphic correlations. Among all the possible candidates, Paraticinella rohri 

best fitted specific requisites. In particular, Pa. rohri is a large-sized, heavy 

ornamented, and thick-walled taxon (see Appendix 1), very abundant in most of 

PLG samples, and its presence is reported in several coeval sections such as the 

Vocontian Basin (Southeastern France; Petrizzo et al., 2012), the North (ODP Sites 

1049, DSDP Site 390 and 39, ODP Site 545; Huber and Leckie, 2011) and South 

(DSDP Sites 511; Huber and Leckie, 2011) Atlantic Ocean, and the South Indian 

Ocean (ODP Site 763, Huber and Leckie, 2011).  

Morphometric analyses were carried out on picked specimens of Pa. rohri going 

backwards from its highest occurrence (HO) at 6.50 m in the section. The sampling 

strategy for picking was one sample every 20 cm, in order to ensure an average 

temporal resolution of ⁓20 ky based on the age model and sedimentation rates 

estimated by Coccioni et al. (2014). In proximity of significant morphological 

and/or abundance changes, sample frequency was enhanced until 1 cm (e.g. from 

6.23 to 6.50 m). The 4.8 m belonging to the middle Aptian of Gorgo Cerbara section 

were also analysed for picking of Pa. rohri specimens, allowing to complete and 

fully describe the total range of this taxon, from its lowest occurrence (LO at -4.8 

m at Gorgo Cerbara) to its extinction (HO at 6.5m at PLG). The sampling criteria 

in GC section were identical to those adopted for PLG section: minimum resolution 
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20 cm and higher resolution, until 1 samples/5 cm in correspondence of significant 

and/or Pa. rohri-barren intervals.  

3.1.3 DSDP Site 511 

As already stated, this study wants to assess “if” and “how” the oceanic anoxic 

event 1b (OEA 1b) influences the major planktonic foraminiferal turnover 

occurring at the late Aptian – early Albian interval. For this purpose, data collected 

from the Tethyan sedimentary successions of PLG and GC necessarily required the 

comparison and correlation with coeval records from different palaeo-domains, in 

order to discriminate signals representing biotic responses due to basin-scale 

factors, as basin physiography, sea-connections, proximity to continents, ecological 

niches, from signal that could be related to global evolutionary process. The study 

of the DSDP Leg 71 Site 511, appropriate for its continuous and well-preserved 

record for the upper Aptian – early Albian interval, offered a great chance to record 

the morphometric changes of Pa. rohri in a the South Atlantic paleodomain. Based 

on the planktonic foraminifera biostratigraphic ranges reported by Huber and 

Leckie (2011), 10 to 5 cm-spaced samples from Core 55 – Section 2 to Core 56 

Section 3 (overall 11 meters) were requested to the IODP Core Repository of the 

University of Bremen, and, because of a gap due to the partial recovery of Core 55 

– Sect. 6, only 125 samples were received.  

The Figure 3.2 provide a simple scheme of the sampling strategies adopted for 

DSDP Site 511.   

All the samples were processed for micropaleontological observations in order to 

identify the major planktonic foraminifera bioevents. All the samples belonging to 

the Pa. rohri Total Range Zone were analysed to pick-up the Pa. rohri specimens 

object of morphometric analysis.  

The analysis of microfossils assemblages and the relative percentages of 

planktonic and benthic foraminifera, and radiolarian were estimated with a 

sampling resolution of about 20 cm, in order to ensure the regular control of biotic 

fluctuations through the section.   

Finally, stable carbon and oxygen isotopes and the total organic carbon content 

were measured in all the samples.  
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Fig. 3.2. Graphical scheme of data sets collected and sampling strategies adopted for the Core 
DSDP Site 511.   
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3.2 Methods 

3.2.1 Micropaleontologycal Analysis  

Samples preparation of Poggio le Guaine and Gorgo a Cerbara samples 

Samples from the target interval of Poggio le Guaine section were treated 

following the modified cold acetolysis technique of Lirer (2000). This method 

consists in the mechanic disaggregation of the lithic samples in smaller fragments 

(⁓5mm), a soaking in acetic acid (80%) for 4-6 hours (according to the marly or 

carbonate nature of the bulk), washing under running water through a 45µm sieve, 

and finally drying on a hot plate. In case of residual encrustation and clay material, 

the residue was dipped again in a solution of Desogen and water for some hours, 

and then re-washed and dried on hot plate. This technique allows to extract 

planktonic foraminifera, as well as benthic foraminifera, Radiolaria, and other 

microfossils, without destroying and corroding fossil content. 

Sample preparation of Core DSDP Site 511 samples 

The poor lithified sediments from Core DSDP Site 511 did not require any acid 

or mechanic disaggregation. All 125 samples were oven-dried at 50°C for 24 hours, 

soaked in distilled water, and then wet sieved at 45 µm mesh.  

Abundance data  

Planktonic and benthic foraminiferal and radiolarian abundances were calculated 

in the > 63 µm fraction of PLG section by Coccioni et al. (2014).  

All the samples of Core DSDP Site 511 were observed to evaluate the assemblage 

composition and to identify significant biostratigraphic events. Samples were also 

dry-sieved through 355 µm, 250 µm, 180 µm, 100 µm, and 80 µm mesh and 

abundance data of planktonic and benthic foraminifera and Radiolaria, were 

estimated in the obtained six fractions (>355 µm, 355-250 µm; 250-180 µm; 180-

100 µm, 100-80 µm; 80-45 µm).  

Tests showing > 50% fragmentation were excluded from the specimen counts. 

The planktonic foraminiferal framework used and the species concepts adopted in 

this study follow Coccioni et al. (2014), Huber and Leckie (2011), Petrizzo et al. 

(2012) and the CHRONOS online Mesozoic taxonomic dictionary located at 

http://portal.chronos.org with references therein. Additional reference to the 
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taxonomic notes of Ando et al. (2013) was also made. Herein we use the 

terminology of lowest occurrence (LO) and highest occurrence (HO) to delineate 

the appearance and disappearance of taxa. 

Morphometry of Pa. rohri 

About 100 samples from PLG and GC sections were analysed for the hand-picking 

of Pa. rohri, with a sample spacing varying from 20 to 1 cm (see paragraph 3.1) 

depending on proximity to significant levels, such as the black shale interval of the 

Jacob sub-event or the LO and HO of Pa. rohri. Samples with abundant occurrence 

of Pa. rohri were splitted to obtain aliquots with at least 100 specimens; where Pa. 

rohri was present in low percentages, the entire sample was observed and all the 

specimens picked up. 

All the samples falling in the Pa. rohri Total Range Biozone of the DSDP Site 

511 section were analysed for the hand-picking. Because of the low abundances of 

planktonic foraminifera in these sediments, residues were not splitted, and all the 

encountered specimens picked-up. 

For both sections, test size changes across the Pa. rohri Total Range Biozone were 

obtained by manual measuring of the maximum test diameters of minimum 100 

specimens (or less in case of low abundances of this species) in each sample, using 

a Zeiss Discovey V20 stereo-microscope and the software AxioVision SE64 

Rel.4.8. For each sample, the size variability of the population was also estimated 

by evaluating the standard deviation (σ) from the mean diameter value. The 

analytical error was estimated by repeating 100 time the manual measurement of 

the same specimen, obtaining a value of ±2.31 µm.  

3.2.2 Inorganic geochemistry 

3.2.2.1 Stable Carbon and Oxygen isotopes analysis  

Coccioni et al. (2014) and Sabatino et al. (2015) report the stable carbon e oxygen 

isotope composition of 155 bulk samples from Poggio le Guaine Section. In this 

study, data from 3.00 m to 9.00 m are considered.  

All the 125 samples of Core DSDP Site 511 were analysed for carbon and oxygen 

stable isotopes using an automated continuous flow carbonate preparation 

GasBench II devise (Spötl and Vennemann, 2003) and a ThermoElectron Delta V 

Advantage mass spectrometer at the geochemistry laboratory of IAMC – CNR of 
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Capo Granitola. Dried samples were grounded using an agata mortar. The 

acidification of the samples was performed at 60 °C. Replicate measurements of 

NBS19 international standard (δ18O = – 2.20 ‰ versus VPDB and δ13C = + 1.95 ‰ 

vs. VPDB) yielded reproducibility better than 0.06 and 0.1 ‰ for carbon and 

oxygen isotope measurements, respectively. 

All the isotope data are reported in δ‰ vs. VPDB  

3.2.2.2 Elemental geochemistry 

Major and trace elements 

A total of 65 samples from Poggio le Guaine section was selected for the 

determination of major and trace elements by inductively coupled plasma optical 

emission (ICP-OES).  

Sample preparation 

Acid digestion procedure was employed to completely transfer the analytes of 

samples into solution, so they can be introduced into the determination step (ICP-

OES) in liquid form. This digestion was produced by placing about 250 mg of 

sample (previously dried and homogenized) in Teflon closed pressure vessels with 

an acid mixture (2 ml H2O2, 8 ml HNO3, 3 ml HCl, 1.5 ml HF) at T = 220 ± 5 °C 

for 90 min using a Mars 5 CEM Digestion Microwave System at the IAMC-CNR 

geochemistry laboratory of Naples. Subsequently, a solution of boric acid (H3BO3 

4%) was added to buffer the hydrofluoric acid. After cooling, the resulting solution 

was filtered (0.45 µm) and diluted to 100 ml with ultra-pure water. A second 

dilution (1/20) was performed prior to analysis. Reference standard materials 

(PACS-2, BCR-2), reagent blanks and duplicated samples were also prepared.  

Instrumental analysis: inductively coupled plasma optical emission (ICP-OES) 

All the digested samples were analysed by inductively coupled plasma optical 

emission at the IAMC-CNR geochemistry laboratory of Capo Granitola. Reference 

standard materials (PACS-2, BCR-2), reagent blanks and duplicated samples 

allowed to assess accuracy (estimated between 90–110%), detection limits, 

precision (routinely better than 6%; RSD%, n = 3), and the reproducibility (better 

than 93% for all elements) of the analyses. Major elements are given in weight 

percent (wt%), minor elements in parts per million (ppm). Elemental values were 
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normalised to Al in order to account for dilution effects by potential biogenic 

components such as carbonates, silica, and phosphorites. To obtain further 

information, concentrations of trace metals (TM) were compared to the average 

shale values (AS) of Wedepohl (1971, 1991).  

Total mercury content  

Hg analyses were conducted in 64 samples (one for every ~10 cm) selected in 

the stratigraphic interval between 3.00 and 9.00 meters of Poggio le Guaine section 

(target interval). Hg content was determined at the IAMC-CNR geochemistry 

laboratory of Capo Granitola using an atomic absorption spectrophotometer 

specifically designed for Hg determination (Milestone_DMA-80; US-EPA 7473). 

Measurement are based on the direct thermal evaporation of Hg from solid matrix 

and do not require chemical pre-treatment of samples, thus avoiding potential 

contaminations during sample preparation. The accuracy of ⁓8% was assessed by 

the analysis of a Reference Standard Material (PACS-2 Marine sediment, NRCC). 

Excellent correspondence to the certified values was obtained with a precision 

routinely better than 6.5% and a standard residual deviation (RSD) of 4%. Analysis 

were conducted on duplicate samples (about 20% of the total number of samples) 

to estimate reproducibility, which was better than 7%.  

3.2.3 Organic Geochemistry 

3.2.3.1 Total Organic Carbon (TOC) analysis  

Total organic carbon (TOC) analysis were carried out on 75 samples selected from 

PLG section (64 samples from the “target interval”, 11 samples from the rest of the 

section) to integrate the dataset reported by Sabatino et al. (2015), and on 50 

samples selected from Core DSDP Site 511. About 15 mg of powdered bulk sample 

was weighted into silver cups and then acidified using HCL 1M for 24h at ambient 

temperature to remove all CaCO3. When reaction stopped, samples were dried in 

an oven at 60°C for 24 hours before loading the cups into the autosampler. TOC 

analysis was carried out using a Thermo Electron Flash EA 1112 at the IAMC-CNR 

isotope geochemistry laboratory of Capo Granitola. Analytical errors for TOC were 

generally better than 0.2%.  
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3.2.3.2 Organic biomarkers analyses 

Organic biomarkers analyses were carried out during a 3 months internship at the 

Organic Geochemistry Unit (OGU) at the University of Bristol, thanks to a 

collaboration with Prof. R.D. Pancost and Dr. B.D.A. Naafs.  

A total of 59 samples was selected from the entire Poggio le Guaine section, 

encompassing all the sub-events of OAE 1b.  

Sample preparation 

59 dried powdered rock samples (about 30 g) were Soxhlet extracted for 24h with 

220 ml solvent mixture of dichloromethane: methanol 9:1 (v/v). Activated copper 

cuttings were added to the round-bottom flasks to adsorb free elemental sulphur 

during extraction. The Total Lipids Extract (TLE) was obtained by removing the 

solvent with a rotary vapor a 40°C. Subsequently, the TLE extract was taken up in 

a small amount of DCM:MeOH (9:1 v/v) and evaporated to dryness under N2. As 

internal standard, a mixture of 5-androstane (214.9 ng/ul) and Hexadecanol (207.4 

ng/ul) was added to the TLEs. The TLEs were separated in apolar and polar 

fractions through a column chromatography using a glass Pasteur pipette plugged 

with clean cotton filter and filled with SiO2 (Sigma-Aldrich, 100-200 mesh, 75-100 

mm, pore diameter 30 Å) activated for 2.5 h at 150°C.  As eluents, 4ml 

hexane/DCM (9:1, v/v) and 4 ml methanol/DCM (2:1, v/v) were used for apolar 

and polar fractions, respectively. Fractions were collected in clean vials; the elution 

solvents were careful evaporated to dryness under a gentle stream of N2 and the 

eluted fractions of each extract were dissolved in 100 µl n-hexane. A total of 8 

blanks were also prepared to verify the occurrence of accidental contamination 

during samples preparation. 

Instrumental analysis: gas chromatography – mass spectrometry (GC-MS) 

GC-MS analysis was conducted with a Thermo Scientific Trace 1300 gas 

chromatography equipped with a Restek Rtx-1 GC non-polar column of fused silica 

(length 50 m, interior diameter 0.32 mm; film 0.17 µm; dimethyl polysiloxane 

equivalent) coupled to a Thermo Scientific ISQ LT Single Quadrupole Mass 

Spectrometer (electron voltage, 70 eV; emission current, 50 µA;). Helium was used 

as carrier gas and 1µl of each sample was introduced via an on-column injector. 



Chapter 3 Materials and Methods 
________________________________________________________________________ 

34 
 

The GC oven was set to 300 °C and the ion source at 200°C. The temperature was 

programmed as follows: initial temperature was held at 70°C for 1 min, followed 

by a ramp to 130°C at 20°C/min, then a second ramp to 300°C at 4°C/min, held for 

24 min isothermal. The mass spectrometer continuously scanned between m/z 50 

and 650 with a dwelling time of 0.2 second per scan.  

Instrument control and data acquisition was carried out using Thermo Xcalibur 

software (v. 3.0). Apolar fraction were analysed using the MS in total ion current 

(TIC) scan range m/z 50-650 with a dwelling time of 0.2 second per scan.  

Quality Control Procedures  

Before analysing, the instrument was tuned and calibrated by injecting different 

concentrations of specific standard sample. Obtained result showed acceptable 

RSD% and mass deviation, and confirms the linearity of the method.  Linearity of 

the method was verified by injecting different amounts of prepared sample. 

Obtained results showed acceptable RSD% and mass deviationof these six analyses 

for major and minor constituents and confirms the linearity of the method. Because 

response factors change with instrument conditions, and to verify optimum 

operating conditions blanks and FAMEs were run periodically.  

Identification and quantitation of compounds 

The identification of individual compounds using mass chromatograms was 

achieved by comparison of GC/MS retention times of identified peaks to the co-

injected internal standard, mass spectra published in scientific papers and MS data 

base libraries.  

Quantitation of compounds in samples was obtained through electronic 

integration of the peaks and comparison with the area of co-injected standards on 

specific mass chromatograms (m/z). The amount of each compound (Acomp) is 

calculated as:   

𝐴௖௢௠௣  (𝑝𝑝𝑚) =
(𝑎𝑟𝑒𝑎 𝑝𝑒𝑎𝑘஼௢௠௣.) ∙ (𝐴ௌ௧) ∙ (𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟)

𝑎𝑟𝑒𝑎 𝑝𝑒𝑎𝑘௦௧௔௡ௗ௔௥ௗ
 

where:  

ASt is the amount of standard added to samples, and 
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𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =
(𝑎𝑟𝑒𝑎 𝑝𝑒𝑎𝑘

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝐴𝑐𝑜𝑚𝑝)⁄

(𝑎𝑟𝑒𝑎 𝑝𝑒𝑎𝑘
𝐶𝑜𝑚𝑝.

𝐴𝑆𝑡)⁄
 

In this study, concentrations are reported as relative amount, estimated as µg 

compound / g TOC.  
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Chapter 4 
Results from PLG and GC sections 

 

4.1 Planktonic foraminiferal bioevents and remarks on microfaunal 

assemblages 

The qualitative and quantitative micropaleontological analysis of this study 

allowed the detailed documentation of the microfaunal contents across the “target 

interval” from Poggio le Guaine section. The abundance data here used are from 

Coccioni et al. (2014). Planktonic foraminifera occur in almost all the samples, with 

relative abundance fluctuations generally accompanied by significant changes in 

the carbonate content.  

The base of the target interval falls in the Paraticinella rohri Total-range Zone 

(Coccioni et al., 2014; corresponding to the Ticinella bejaouaensis Zone of 

Robaszynski and Caron, 1995, and the Paraticinella eubejaouensis Zone of Huber 

and Leckie, 2011). From 3.00 m to 6.2 m, planktonic foraminifera dominate the 

faunal assemblages, with percentages up to 97% and average value of 21%, except 

for few samples slightly above the black shale horizon of the Jacob sub-event in 

which percentages temporarily decrease to 37.3% (Fig. 4.1). Planktonic 

foraminiferal assemblages include Pa. rohri and Pa. transitoria in the 250 µm size 

fraction, and Globigerinelloides aptiensis, G. duboisi, G. ferreolensis, G. 

maridalensis, G. paragottisi, Hedbergella aptiana, Hd. excelsa, Hd. gorbachikae, 

Hd. infracretacea, Hd. occulta, Hd. praelippa, Hd. praetrocoidea,Hd. rhinoceros, 

Hd. ruka, Hd. trocoidea, , Pseudoguembelitria blakenosensis, Pseudoplanomalina 

cheniourensis, and Schackoina cepedai (more common at the base of the interval) 

in the smaller size fractions. The relative abundances of benthic foraminifera rise 

from 1% at 3.00 m up to 43.2% at 6.25 m. A progressive reduction in the number 

of planktonic foraminiferal species is observed from this level upward, combined 

with marked high-frequency fluctuations of abundances between 0.3% and 68.5%, 

and simultaneous and opposite shifts on the benthic foraminifera e radiolarian 

abundances. Moreover, the coarser fractions of washed residues contain organic 

particles and fish teeth, indicating enhanced superficial productivity. 

Microhedbergella miniglobularis records its lowest occurrence at 6.42 m, and 

therefore it co-occurs with late Aptian taxa for a short stratigraphic interval, until 
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the top of Paraticinella rohri Total-range Zone. At 6.50 m, the PF percentages 

definitively drop, and they are absent or occur in low to very low percentages in the 

overlaying stratigraphic levels. The sedimentary level at 6.50 m records the first 

major turnover in the evolutionary history of planktonic foraminifera, with the 

extinction of Pa. rohri and other large-size aptian species. This level marks also the 

deterioration of preservation, and most specimen show diagenetic alteration with 

different degrees of test recrystallization until the top of the target interval. The HO 

of Pa. rohri marks the lower boundary of the Microhedbergella miniglobularis 

Interval Zone, which spans from 6.50 m to the HO of Microhedbergella renilaevis 

at 7.60 m. This 1-meter-thick biozone and the following Microhedbergella 

renilaeivis Partial Range Zone are devoid of planktonic foraminifera >250 µm. 

Assemblages are dominated by radiolarians, followed by BF. The depauperate 

planktonic assemblages consist of small-sized specimens of Mi. miniglobularis and 

Mi. renilaevis (100 µm in average) together with rare to few specimens of Aptian 

taxa as G. duboisi, G. maridalensis, G. paragottisi, Hd. excelsa, Hd. infracretacea, 

Hd. occulta, Hd. praelippa, Pa. transitoria e Ps. Blakenosensis. At 7.50 m 

planktonic foraminifera record a temporary rapid rise in abundances up to 28.2%, 

but at 7.80 m percentages drop again and do not exceed 9% until the end of the 

target interval (9.00 m). The Kilian sub-event records the overwhelming abundance 

of benthic foraminifera compared to planktonic foraminifera and radiolarians, but 

immediately above radiolarians turn dominant again.  

4.2 Test size variations in Pa. rohri 

Pa. rohri has its lowest occurrence (LO) at the stratigraphic level -4.80 m and, for 

about 1.90 meters above, it shows a narrow and quite stable dimensional range, with 

mean values of ⁓380.31 µm and population variability of ± 31.94 µm (Fig. 4.1; Tab. 

1 – Supplementary materials). A short increasing trend starts at meter -2.80 and 

culminates in correspondence of meter -2.30, reaching a maximum value of 485.11 

± 44.15 µm. After this level, Pa. rohri specimens show a short and rapid reduction 

of the test size until the value of 308.82 µm at -1.20 meters, reducing the mean 

diameters of about 176.29 µm in just 1.10 meters. Moreover, also the population 

size variability decreases its wideness from ± 56.58 to ± 21.77 µm. From this level 

to 3.01 m., the mean diameters show a long and gradual increasing trend 
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concomitant with the progressive increase of the dimensional variability in each 

population.  

 
Fig. 4.1. Mean diameters of Pa. rohri along the composite section of PLG-GC and relative 
foraminiferal and radiolarian abundances through the target interval. Orange dashed lines marks 
major bioevents in the target interval. Estimated ages for the studied section are inferred after 
Grippo et al. (2004), Huang et al. (2010), Ogg and Hinnov (2012), and Coccioni et al. (2014). 
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Key to abbreviations: Pa. = Paraticinella, Mi. = Microhedbergella, minigl. = miniglobularis, S. 
= Schackoina, J = Jacob sub-event; K = Kilian sub-event.  
 

A moderate diminution occurs between 3.00 m and the 3.45 m, which is the last 

carbonate level before the black shale level of the Jacob sub-event. From this 

horizon to the sample at 3.59 m, no specimens of Pa. rorhi occurred in the highly 

impoverished assemblages typical of the black-shales horizons. As normal marly-

carbonate deposition restored, Pa. rohri experiences a short decline of its mean test 

size, but it shows a wide dimensional variability of populations (51.04 µm on 

average). From 4.61 to 6.21 m, mean diameters record a slightly increasing trend 

until the value of 357.61 ± 23.37 µm, then Pa. rohri temporarily disappears from 

6.30 to 6.48 m, and two specimens are found at 6.49 m, with mean diameter of 

289.27 µm. Finally, last occurrence of Pa. rohri in the PLG section is recorded at 

6.50 m, where only one specimen is found with mean diameter of 372.93 µm. 

4.3 Carbon Isotope Stratigraphy  

The δ13C data for the “target interval” of Poggio le Guaine section presented in 

Fig. 4.2, where magnifications of the 3.00 – 7.80 m and 7.90 – 9.00 m intervals are 

also reported (data from Coccioni et al., 2014; Sabatino et al., 2015).  

From 3.00 to 3.46 m, δ13C carb values fluctuate between 2.95 and 4.16‰, defining 

a slight negative trend. The Jacob level is marked by a negative peak at 3.51 m 

followed by wide fluctuations. Values ranging around the mean value of 3.56‰ 

characterize the interval between 4.00 and 6.20 m, followed by a decreasing trend 

up to 6.70 m with δ13C value of 2.70‰. From 6.70 to 7.90 m the δ13C values 

oscillate between 2.55 and 3.88‰. Then a weak increase of the δ13C occurs, 

followed by an abrupt drop of the values from 3.52‰ to -0.38‰ at the base of the 

Kilian level (7.95 - 8.13 m). This negative shift in the δ13C curve is followed by an 

increase in values up to 2.60‰ at 8.21 m. Stratigraphically higher, a slight 

increasing trend characterize the δ13C curve up to the top of the section.  

4.4 CaCO3 content 

The figure 4.2 shows the curve of CaCO3 content along the target interval of PLG 

section (data are from Coccioni et al., 2014). The moving average (5 points) curve 
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is also shown, as it smooths out short-term fluctuations and highlight longer-term 

trends.  

 

Fig. 4.2. CaCO3 (%), TOC (%), and δ13C depth profiles from the “target interval” of Poggio le 
Guaine Section. CaCO3 and δ13C are from Coccioni et al., (2014), TOC data from this study. 
Blue and red lines represent the moving average curve for CaCO3 (period 5 points) and δ13C 
(period 10 point), respectively. J = Jacob sub-event; K = Kilian sub-event.  

 
 

The lower part of the target interval from 3.00 m to 3.40 m, shows CaCO3 

concentrations ranging from ⁓43 to ⁓78% (Fig. 4.2). The Jacob level marks an 

abrupt fall in the CaCO3 content up to ⁓10%, followed by a gradual increasing 

trend. Between 4.60 and 5.8 m the CaCO3 values are rather stable (⁓60%), then 

gradually decrease, showing several short-term drops and rises. This pattern mainly 

characterizes the interval between 6.00 and 7.30 m. A brief increase of the values 

up to 50% at 7.60 m anticipates the drastic fall linked to the onset of Kilian level. 

This black-shale interval shows very low CaCO3 content (⁓4%) in the first 20 cm 

(8.00 - 8.19 m) in particular. From 8.50 m upward, the CaCO3 content increases 

showing values ranging from ⁓29 to ⁓55%, with an average value of 41%.  

4.5 Total Organic Carbon content  

The total organic-carbon (TOC) contents of Poggio le Guaine section are reported 

in Table 2 (Supplementary materials).  
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The TOC curve from the target interval of Poggio le Guaine section shows a flat 

profile through the entire interval analysed, apart the peaks in correspondence of 

the black shales levels (Fig. 4.2). Particularly, limestones and carbonate marls show 

mean TOC values of ca. 0.10% with slightly increase up to 0.23% in proximity of 

the Pa. rohri Zone upper boundary (6.41 m). Black shales level of the Jacob sub-

event shows the most significant enrichment in organic matter for the target interval, 

with values of 3.5%. The 38cm-thick black shale level of the Kilian sub-event, 

shows a lower enrichment in organic content, with higher TOC value at the base 

(up to 1%). Increases in the TOC contents occur in coincidence of the several thin 

black shale horizons below and within the Monte Nerone interval, with a major 

peak of 1.14% at 11.99 m (Tab. 2 - Supplementary materials). The organic-rich 

episode corresponding to the Paquier level is characterized by a TOC content up to 

9.8%, slightly preceded by a TOC enrichment at ~16.1 m, where the values reach 

3.2%. From 17.04 m upward, the TOC content increases up to 0.95% in coincidence 

with Leenhardt level, and a second rise to 0.92% at 18.82 m.  

4.6 Major and trace elements  

Major and trace elements concentrations (vs. Al) detected along the PLG section 

are reported in Table 3 (Supplementary materials) and plotted in figures from 4.3 

to 4.6. Aluminium can be considered as an indicator of the aluminosilicate fraction 

of the sediments, with very little ability to move during diagenesis (Brumsack, 

1989; Calvert and Pedersen, 1993; Morford and Emerson, 1999; Piper and 

Perkins, 2004; Tribovillard et al., 2006). Therefore, TM values were normalised 

to Al in order to account for dilution effects by potential biogenic components 

such as carbonates, silica, and phosphorites.  

Contents of Mn in ancient sediments can be used to reconstruct temporal 

variation in the oxygenation of bottom water (Arthur et al., 1987; Dickens and 

Owen, 1994; Davis et al., 1999). The high sedimentary concentrations of 

manganese from 3.00 to 3.40 m, revealed by Mn/Al ratios up to 3048.33∙104, 

suggest that these sediments originally accumulated under oxic bottom water 

conditions (Fig. 4.3). A drastic drop of Mn/Al ratios is recorded in coincidence of 

the Jacob level, where it reaches a value of ⁓38∙104, close to those of AS, followed 

by a rapid increase up to 1610∙104 at 3.91. From this point to 4.71 m the values 

oscillate around the mean values of 1211.244∙104, followed by a decreasing trend 
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up to 6.31 m. Then, the values show wide fluctuations around a mean value of 

974.69∙104. The Kilian level is characterized by a Mn/Al ratio of 24.73∙104 at its 

base, after which values gradually rise up to 1377.87∙104 at the top of the section 

(9.00 m). The Mn concentrations close to those of average shales in Jacob and 

Kilian levels, could indicate oxygen-depleted bottom water in which Mn cannot 

precipitate as oxyhydroxide, and thus it is maintained as dissolved species. 

Vanadium is removed from the ocean into anoxic sediments because of the 

propensity to precipitate as soluble oxides/hydroxides or to be strongly adsorbed 

on particle surface. Relative increase in the sedimentary concentration of V may, 

therefore, be indicative of a proportional increase of the oxygen-depletion in 

bottom waters (Tribovillard et al., 2006). The V/Al curve records background 

values close to those of AV (Fig. 4.3). An increasing trend start at the base of the 

target interval, with the strongest enrichment in correspondence of the Jacob level 

(92.65∙104). Then values slightly oscillate around the mean value of 15.77∙104 up 

to 6.30 m (Fig. 4.3; Tab. 3 - Supplementary materials). From 6.30 m to 7.60 m, 

the V/Al ratios record pronounced increases in values, with major peaks at 6.40 

m, 7.10 m and 7.40 m (values of 34.25∙104, 54.80∙104, and 32.78∙104, 

respectively). The black shales of the Kilian level do not show any significant 

enrichment, but from its top the V/Al curve records an increasing trend that 

persists up to 9.00 m, reaching the value of 44.44∙104. 

 
Fig. 4.3. Depth profile of Mn, V, Ni, Fe, Cd and Cr /Al ratios from Poggio le Guaine section. The 
grey bands highlight the black shales levels of the Jacob (J) and Kilian (K) sub-events. Dashed red 
line marks the extinction level of Pa. rohri. Dashed grey lines marks the AS values (Wedepohl, 
1971, 1991). 
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The Fe/Al curve does not show significant enrichment in coincidence of the Jacob 

and Kilian black shale levels, and major increases of Fe/Al ratios are recorded at 

the interval from 6.40 to 7.10 m, and from 8.50 to the top of the section (Fig. 4.3; 

Tab. 3 - Supplementary materials). The Fe enrichment in sediments is commonly 

considered one of the most faithful recorders of ancient euxinia. However, the 

higher Fe/Al values recorded along PLG section in apparently oxic facies could be 

interpreted to reflect iron enrichment in the terrigenous source material rather than 

authigenic enhancement. The similarity of Fe/Al profile with those of the so-called 

“detrital proxies” (Mg, K, Ti, and Zr) seems to support this hypothesis (Fig.4.5). 

 
Fig. 4.4. Depth profile of Co, Cu, Zn, Pb /Al ratios and of V/Cr and V/(V+Ni) ratios from Poggio 
le Guaine section. The grey bands highlight the black shales levels of the Jacob (J) and Kilian (K) 
sub-events. Dashed red line marks the extinction level of Pa. rohri. Dashed grey lines marks the 
AS values (Wedepohl, 1971, 1991).  
 

Other “redox-sensitive elements”, as Ni, Cd, Co, Cu and Zn show significative 

enrichment compared to the AS concentrations just in correspondence of the Jacob 

level, and only a minor perturbation within the Kilian level (Figs. 4.3 - 4.4), 

suggesting more pronounced redox conditions during the first sub-event of the OAE 

1b. However, the interval between 6.30 m and 7.10 m shows variable rises in these 

TM/Al ratios, suggesting the occurrence of some perturbation of the water-column 

chemical structure. 

Pb/Al curve shows mean values of 25.20∙104 from 3.00 through the Jacob black 

shale level, over which they drastically drop (Fig. 4.4, Tab. 3 Supplementary 
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materials). Only three prominent peaks are recorded at 6.80 m, 7.40 m, and 8.70 

m (Pb/Al of 16.12∙104, 27.55∙104, 34.72∙104, respectively), and the Kilian level 

does not record any significant enrichment.  

 
Fig. 4.5. Depth profile of Ti, Mg, K, Zr /Al ratios from Poggio le Guaine section. The grey bands 
highlight the black shales levels of the Jacob (J) and Kilian (K) sub-events. Dashed red line marks 
the extinction level of Pa. rohri. Dashed grey lines marks the AS values (Wedepohl, 1971, 1991). 

 

Magnesium, K, Ti, and Zr are often used as proxy for detrital component source 

(Fig. 4.5). These element/Al ratios represent the proportion of heavy minerals, 

quartz and detrital dolomite (proxies for aeolian transport) relative to the clay 

fraction. Mg/Al, K/Al, Ti/Al, Zr/Al ratios show similar patterns and they have 

mean values relatively close to that of average shale (AS, Wedepohl, 1971, 1991) 

(0.34, 0.50, 0.09, and 15.77, respectively) along the lower part of the section (Fig. 

4.5; Tab. 3 - Supplementary materials). More specifically, the graphical plots of 

Mg/Al, K/Al, Ti/Al, and Zr/Al ratios highlight rather stable values from 3.00 to 

the meter 6.30, with mean values of 0.35, 0.48, 0.07 and 17.79, respectively, and 

just a slight decrease coinciding with the deposition of the Jacob level. 
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Significative increase of the ratios occurs between 6.30 and 7.10 m, with three 

prominent peaks at 6.40 m, 6.80 m and 7.10 m, probably recording major pulse of 

the detrital supply. From 7.10 m upward, the metal/Al ratios gradually decrease 

and restore to the background values. At the Kilian level, Mg/Al ratios decrease 

whereas K/Al, Ti/Al and Zr/Al show a slight increase. After the Kilian interval, 

all the ratios rapidly rise and reach their highest values at the top of the section 

(0.89, 1.67, and 0.20, 52.06, respectively), suggesting another contribution from 

terrigenous sources.   

Chromium is a “redox-sensitive” element with strong affinity for the detrital 

fraction (Tribovillard et al., 2006). In the PLG section, the Cr/Al profile has similar 

trend to Mg/Al, K/Al, Ti/Al, an Zr/Al, except for the strong peak coinciding with 

the black shales of the Jacob Level (up to 41.14 ∙104). Along the section, values are 

comparable to AS values ((Cr/Al)AS = 10.2∙104) and they cluster around 17.69∙104. 

As in Mg/Al, K/Al, Ti/Al, and Zr/Al profiles, Cr/Al ratio records a three-peaks 

increase up to values of ⁓20∙104 from 6.30 to 7.10 meters, and a rapid increase from 

8.50 to the top of the section (Fig. 4.3, Tab. 3 - Supplementary materials).  

Barium is largely used as paleoproxy for productivity since it is incorporated 

into bioaggregates in the water columns or released during phytoplanktonic 

necromass decay (Dymond et al., 1992; Francois et al., 1995; Dymond and 

Collier, 1996; Kasten et al., 2001; Tribovillard et al., 2006; Paytan and Griffith, 

2007; Sabatino et al., 2015). In micro-environments where Ba-sulphate reaches 

supersaturation, the Ba precipitate as barite by live phytoplankton marine 

organisms forming barite (BaSO4). Hence, variations in the Ba/Al profile can be 

used to infer the temporal dynamics of organic matter degradation causing various 

shifts in the BaSO4 precipitation zone (Sabatino et al., 2015). Along the PLG 

section, Ba/Al ratios record rather smooth pattern from 3.00 m to 6.30 m, with 

weak peaks below and above the Jacob level (at 3.40 m and 3.80 m), and at 5.70 

m (Fig. 4.6). From 6.40 m Ba/Al curve shows an increasing trend with three 

prominent peaks at 6.50 m, 7.00-7.10 m and 7.40-7.50 m with values of 

1679.05∙104, 1527. 95∙104, and 1381.54∙104, respectively (Tab. 3 - Supplementary 

materials). At the Kilian level, values drop to 170.51∙104, then gradually increase 

and at 8.90 m the Ba/Al ratio records its maximum value of 2244.99∙104. The 

remarkable enrichments of Ba respect the AS value, particularly from 6.30 m 

upward (Fig. 4.6), could reflect higher marine primary productivity, presumably 
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driven by the higher nutrient delivery to the ocean suggested by the detrital 

proxies. The lower values of Ba/Al ratios in coincidence of the Jacob and Kilian 

sub-events, however, could reflect the complete depletion of SO4 within the black 

shale sequences, resulting in an undersaturation of pore water with respect to 

barite (BaSO4). This may have promoted the remobilization of biogenic barium, 

while authigenic barite may precipitate at the top of the sulfate-depletion zone, 

forming diagenetic barite fronts within or above the TOC-rich strata (e.g., von 

Breymann et al., 1992; Torres et al., 1996; Dickens et al., 2003; Sabatino et al., 

2015).  

The P/Al ratio shows a similar trend as Ba/Al, characterized by values drops at 

the Jacob and Kilian levels, higher variability from 6.00 m to 7.90 m, and 

increasing trend from the Kilian level to the top of the section.  

 
Fig. 4.6. Depth profile of Ba and P /Al from Poggio le Guaine section. The 
grey bands highlight the black shales levels of the Jacob (J) and Kilian (K) 
sub-events. Dashed red line marks the extinction level of Pa. rohri. Dashed 
grey lines marks the AS values (Wedepohl, 1971, 1991). 
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4.7 Mercury content 

At Poggio le Guaine, mercury values around 8 µg∙kg-1 are observed at the base 

of the section, followed by an enrichment trend starting at 3.20 m and culminating 

in correspondence of black shales of the Jacob level (3.46-3.56), where they rise to 

237 µg∙kg-1 (Fig. 4.7; Tab. 4 - Supplementary materials). Hg concentrations fall to 

values around 3.71 µg∙kg-1 from ⁓3.70 to 5.90 m, with some mercury spikes around 

7.16 and 11.83 µg∙kg-1 at 4.10m and 5.70 m, respectively. A slight increasing trend 

from 4 to 14 ppb starts at ⁓6.00 m, followed by two evident peaks at 7.30 m and 

7.80 m (⁓75 µg∙kg-1 and 45.96 µg∙kg-1, respectively). In the Kilian level (7.96 – 

8.38 m), mercury contents reach 141.52 µg∙kg-1, and then decrease to a mean value 

of ⁓22.53 µg∙kg-1 (Fig.4.7 – Tab 4 - Supplementary materials).  

 
Fig. 4.7. Hg concentrations, total organic carbon (TOC) and Hg/TOC, Hg/Fe, Hg/Al depth profiles 
along PLG section. The grey bands highlight the black shales levels of the Jacob and Kilian sub-
events. Dashed red line marks the extinction level of Pa. rohri. 

 

The Hg concentrations have been normalized against TOC, Fe and Al, in order 

to investigate the role of organic-matter scavenging and/or adsorption onto clay 

minerals or hydrous iron oxides in the sequestration of Hg in sediment. At the 

bottom of the section, the Hg/TOC profile shows high values of ⁓ 141 with a double 

spike centred at 3.40 m and 3.70 m, respectively below and above the Jacob level, 

because of the higher TOC values in black-shales (up to 3.53 wt%). The absence of 
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a Hg/TOC peak in coincidence of the Jacob level suggest that the Hg enrichment in 

this horizon is strongly related by organic matter deposition. Then ratio gradually 

decreases to the value of 2.15 (at 5.31 m) and start to rise at ⁓6.00, with three main 

spikes 0.66cm, 0.46cm and 16 cm below the Kilian level (Hg/TOC of 1098.95, 

587.67, and 596.96 µg∙kg-1/wt%, respectively). In analogy with the Jacob level, the 

high TOC of black shales of the Kilian level (ca 1.0 wt%) results in a less 

pronounced peaks of the Hg/TOC ratios (higher value of 253.46). In the upper part 

of the section, values range between 132.78 and 39.59 µg∙kg-1/wt%.  

Hg/Fe and Hg/Al are rather well correlated with the overall Hg contents, and 

intervals of maxima in Hg/Fe and Hg/Al ratios correspond to samples with 

relatively high Hg contents. This is the case of prominent peaks at 3.50 m (Jacob 

level), 3.70 m, 5.70m, 6.40m, 7.30m, and 8.10 m (Kilian level) (Fig. 4.7, Tab 4 - 

Supplementary materials). Hence, the Hg contents along the target interval do not 

seem to be primarily controlled by sulphide precipitation and/or clay contents, as 

alternatively evident in the black shales levels of the Kilian sub-event (Fig. 4.7). 

4.8. Biomarkers identified and their distribution in Poggio le Guaine section  

Gas chromatograms obtained by GC/MS of apolar fractions display a full suite of 

saturated hydrocarbons belonging to n-alkanes, regular and irregular acyclic 

isoprenoids, aryl isoprenoids, steranes and hopanes. All the detected specific 

compounds are listed in Table 5 (Supplementary materials) with additional 

information such as the characteristic mass chromatograms (m/z), abbreviations 

and the biological precursor presumed.  

The Most Abundant Compound (MAC) in each analysed sample is listed in Table 

6 (Supplementary materials). The OM extracted from limestones from 0.00 m up 

to 3.00 m records the C31-alkane as the most abundant organic compound with mean 

relative concentrations of 134.5 µg/g TOC. The only exception is one sample at 

1.80 m where TMI is more abundant. The black shales of the Jacob level (3.46 – 

3.56 m) are dominated by significant amounts of pristane (mean value of 604.0 µg/g 

TOC), with main peak of 1105.2 µg/g TOC at the median horizon of the black-shale 

interval (3.51 m). Restoration of carbonate deposition is marked by the re-

establishment of n-alkanes as most abundant compounds in sediment extracts, with 

the short-chain n-C18 dominant between 4.14 and 7.96 meters (concentrations of 

201.86 µg/g TOC). The 40 cm-thick black shales interval of the Kilian sub-event 
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(samples from 7.97 to 8.38 m) shows a patchy composition with alternation of n-

C16, n-C18, n-C31, and pristane, as most abundant compounds. Above the Kilian 

level, both limestones from 8.39 m to 10.42 m and black shales of Monte Nerone 

level (11.44 - 13.09 m) are dominate mainly by n-alkanes with 16 and 18 carbon 

atoms, with concentrations ranging between 28.6 and 532.2 µg/g TOC. Black shales 

from the Paquier level record higher amounts of pristane, which vary from 68.3 to 

483.7 µg/g TOC, whereas Leenhardt interval shows major abundances of short-

chain C16- n-alkanes (up to 758.42 µg/g TOC).  

4.9 Biological Source of Organic Matter  

Biomarkers (molecular fossils) can provide key information about climate (e.g. 

sea surface temperature), biogeochemistry (e.g. redox state of the ocean), and 

evolution of life (e.g. first appearance of steranes derived from algae). In many 

cases their carbon skeleton is identical or slightly altered relative to the structure of 

their precursor biolipids generated by living organisms (Peters et al., 2005).  

Here a range of biomarkers has been used to determine the dominating biological 

source of hydrocarbons and changes in water column redox state in sediments from 

the Poggio le Guaine section (Italy).  

4.9.1 N-alkanes parameters 

N-alkanes (or n-paraffins) are saturated hydrocarbon with a linear arrangement of 

carbon atoms and with general formula CnH2n+2. Most of n-alkanes isolated from 

marine sediments typically are derived from the degradation of bacterial cell 

membranes, algal algaenans and vascular plant waxes (cutans). More specifically, 

the aquatic range of n-alkanes comprises short-chain homologues with 16 to 22 

carbon atoms that typically originate from aquatic algae and cyanobacteria (Blumer 

et al., 1971; Gelpi et al., 1970; Han and Calvin, 1969; Brassell et al., 1978; Peters 

et al., 2005). The long chain (n-C23-C35+) n-alkanes are characteristic biomarker for 

contributions from terrestrial plants, (Eglinton and Hamilton, 1967).  

 

The apolar fraction of the analysed PLG extracts display full site of saturated 

hydrocarbon between C16 and C35 n-alkanes (Fig. 4.8). For most samples, the n-

alkane distribution is dominated by the aquatic-derived n-C16 to n-C18 homologous, 

except for sediments from 0.00 to 3.00 m and from 7.31 to 8.99 m, where the most 
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abundant n-alkane is the long-chain n-C31 homologue, biomarkers belonging to the 

terrestrial range (Cmax-aquatic and Cmax-waxes; Tab. 7 - Supplementary materials). This 

suggests the presence of land-plant derived input in the sedimentary environment 

during these intervals.  

 
Fig. 4.8. Partial GC-MS gas-chromatogram (m/z 71.1) of apolar fraction from sediment extract of 
black shales samples of PLG section. Abbreviations are: n-Cx for n-alkanes with x carbon atoms; 
Pr: pristane; Ph: phytane.  

 

The ratio of long- to short-chain alkanes (L/S) is a simple parameter that reflects 

relative contribution of aquatic/marine and terrestrial n-alkanes, and can be 

calculated by the following formula: 

L/S =
(𝑛𝐶ଶହ + 𝑛𝐶ଷଵ + 𝑛𝐶ଷଷ)

(𝑛𝐶ଵ଻ + 𝑛𝐶ଵ଼ + 𝑛𝐶ଵଽ)
  

The proportion of land-plant material in Poggio le Guaine sediments varies 

through time. Precisely, the lower part of the section, from the 0.00 m to the onset 

of Jacob black shale interval at 3.46 m, is characterised by major contributions of 

terrestrial organic matter, highlighted by high values of the L/S ratios (mean value 

ca. 9.55, Tab. 7 - Supplementary materials). Conversely, from 3.46 m to the top of 

the section, L/S ratios significantly decrease to mean values of about 0.79, due to 

the higher concentrations of short-chain n-alkanes relative to long-chain 

counterpart, suggesting the interruption of terrestrial inputs and a primary role of 

marine sources during the deposition. Slight increases of L/S ratios are recorded 

below and above the Kilian level, and in the black shales of the Monte Nerone 

interval.  
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The terrigenous / aquatic ratio (TAR) is the n-alkanes parameter more 

commonly used to provide evidence of the organic matter sources (Bourbonnier 

and Meyers, 1996; Peters et al., 2005). This ratio correlates odd- long-chain and 

odd- short-chain n-alkanes in analogy to the L/S ratio, and it is expressed by the 

formula:  

TAR =
(𝑛𝐶ଶ଻ + 𝑛𝐶ଶଽ + 𝑛𝐶ଷଵ)

(𝑛𝐶ଵହ + 𝑛𝐶ଵ଻ + 𝑛𝐶ଵଽ)
 

TAR ratio in the analysed PLG sediments shows strong predominance of long-

chain n-alkanes in the basal tree meters and low-medium values, ranging between 

0.39 – 5.45, throughout the rest of the section (Fig. 4.9; Tab. 7 - Supplementary 

materials).  

 
Fig. 4.9. Plots of TAR and CPI n-alkanes ratios along the stratigraphic succession of 
PLG. J = Jacob sub-event; K = Kilian sub-event; M.N. = Monte Nerone black-shales 
interval; P = Paquier sub-event; L = Leenhardt sub-event.  
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The Carbon Preference Index (CPI) (Bray and Evans, 1961) is a mathematical 

expression of the odd over even predominance between n-C24 and n-C34, and it is 

expressed as: 

CPI =
1

2
൬

𝐶ଶହ + 𝐶ଶ଻ + 𝐶ଶଽ + 𝐶ଷଵ + 𝐶ଷଷ

𝐶ଶସ + 𝐶ଶ଺ + 𝐶ଶ଼ + 𝐶ଷ଴ + 𝐶ଷଶ
+

𝐶ଶହ + 𝐶ଶ଻ + 𝐶ଶଽ + 𝐶ଷଵ + 𝐶ଷଷ

𝐶ଶ଺ + 𝐶ଶ଼ + 𝐶ଷ଴ + 𝐶ଷଶ + 𝐶ଷସ
൰ 

Long-chain n-alkanes from land plant originating material usually show a 

significant odd to even carbon number predominance (usually dominated by C27, 

C29 or C31 homologues) with CPI values in non-degraded plant material normally 

between 5 and 10 (Eglinton and Hamilton, 1967; Rielley et al., 1991; 

Commendatore et al., 2012; Kanzari et al., 2014). For PLG section the values range 

between 1.56 and 4.37, and only a sample at 3.00 meters shows a CPI value >5 (Fig. 

4.9, Tab. 7 - Supplementary materials). The n-C16-C22 derivates from marine OM 

tend to have no carbon number preference or slight preferences for even numbers. 

However, as CPI decreases with maturity, high values could indicate low maturity 

and/or terrestrial plants input, and then sediments with CPI ≤ 1 may result from the 

lack of terrestrial input and/or thermal maturity.  

4.9.2 Isoprenoids 

4.9.2.1 Acyclic isoprenoids 

Acyclic isoprenoids are single isoprenoids concatenated to form long chains 

widely used in organic geochemistry studies. They were among the earliest lipids 

on Earth and many isoprenoids have proven to be useful biomarkers to determinate 

the biological source of organic matter in sediments and crude oil (Volkman, 2014). 

Acyclic isoprenoids may be connected in a regular head-to-tail manner or an 

irregular tail-to-tail one. Compounds belonging to the first group of linear 

isoprenoids found in PLG extracts are Pristane and Phytane, whereas in the realm 

of the irregular tail-to-tail isoprenoids, the acyclic C24 2,6,15,19-tetramethylicosane 

(TMI) and C25 2,6,10,15,19-pentamethylicosane (PMI) were detected. Regular 

head-to-tail isoprenoids have low biological specificity as they originate from 

multiple sources in addition to the phytol side chain of chlorophyll (Illich, 1983; 

Peters et al., 2005). Irregular tail-to-tail isoprenoids seem to be, on the contrary, 
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synthetized exclusively by Archaea, and they have excellent potential as biomarker 

(Chappe et al., 1979; Ward et al., 1985; Stefanova, 2000, Barber et al., 2001).  

Pristane and Phytane 

Pristane (2,6,10,14-tetramethylpentadecane) and phytane (2,6,10,14-

tetramethylhexadecane) are regularly branched C19- and C20-isoprenoids primarily 

derived from phytol sidechain of the chlorophyll a in photoautotrophic organism 

(e.g. cyanobacteria) (Didyk et al., 1978; Volkman and Maxwell, 1986; Peters et al., 

2005) and can be used as biomarkers for phytoplankton.  However, other primary 

sources have been proposed as bacteriochlorophyll a and b of phototrophic bacteria 

(e.g. purple sulphur bacteria), tochoferls, and, only for phytane, the phytanyl ether 

lipids of archaea or other from archaeal membrane lipids (Brassel et al., 1983; 

Goossens et al., 1984; Risatti et al., 1984; Peters and Moldowan, 1993; Koopmans 

et al., 1999; Greenwood and Summons, 2003; Brocks and Summons, 2004; Peters 

et al., 2005).  These multiple possible primary sources lead bias in their use as 

biologic-source indicators and, consequently, to infer the redox conditions in the 

depositional environment.  

Generally, in oxic conditions, phytol would be oxidised to phytenic acid, yielding 

Pr after decarboxylation. In the absence of oxygen, i.e. in anoxic condition, phytol 

would be dehydrated, yielding phytadienes which eventually would be 

hydrogenated to Ph. Hence, the amounts of pristane and phytane reflect the oxic-

anoxic setting and allow the use of Pr/Ph ratio as indicator of depositional 

environment of sedimentary organic matter. Pr/Ph ratios substantially < 1.0 were 

ascribed to reducing and stratified conditions, whereas Pr/Ph ratios > 3.0 were 

ascribed to oxidizing depositional environments (Didyk et al., 1978; Hunt, 1996). 

Values between 1 and 3 indicate alternating oxic and anoxic conditions. Moreover, 

empirical observations have also suggested that specific depositional environments 

and lithologies are associated with specific values for the Pr/Ph ratio (e.g. Hughes 

et al., 1995). Values <1 have been associated with marine carbonates, values 

between 1 and 3 with marine shales, and values >3 with non-marine shales and 

coals (oxidizing conditions) (Peters et al., 2005). Lastly, the Pr/Ph ratio is positive 

affected by thermal stress (e.g. Alexander et al., 1981; ten Haven et al., 1987).  

Pr and Ph were detected along the entire succession of Poggio le Guaine (Figs. 

4.8, 4.10). In carbonate levels Pr and Ph concentrations are very low and range 
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around the mean value of 11.5 and 10.7 µg/g TOC, respectively (Tab. 8 - 

Supplementary materials). An abrupt increase of Pr and Ph content is recorded in 

the black shales of the Jacob level, where Pr shows the highest concentrations 

among all the identified compound (1105.2 µg/g TOC at the middle level of Jacob 

level), suggesting a strong presence of cyanobacteria and/or purple sulphur bacteria 

in the depositional environment. These enrichments are recorded also in the Paquier 

black shales, where the Pr is the most abundant compound in the apolar fractions 

with concentration up to 483.7 µg/g TOC. The predominance of Pr respect Ph leads 

to moderate to high Pr/Ph ratios, especially in black-shales, where ratios reach the 

value of 3.53 (at 3.55 m – Jacob level). The higher concentrations of Pr in black 

shales cannot be interpreted as exclusive products of decarboxylation of phytol, 

which preferentially produces Ph under reducing conditions. Probably, additional 

source of Pr acted during deposition of black shales and therefore the Pr-signal 

should not be considered as exclusively linked to the oxic state of the depositional 

environment.  

 
Fig. 4.10. Plots of pristane and phytane concentrations, Pr/Ph, Pr/n-C17 and Pr/n-C18 along the PLG 
section. K = Kilian sub-event; M.N. = Monte Nerone black-shales interval; P = Paquier sub-event; 
L = Leenhardt sub-event. 
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Redox conditions at the time of sediment deposition and the type of kerogen (I, II, 

III a) in sedimentary organic matter can be inferred from scatter log plots of Pr/n-

C17 versus Ph/n-C18 (Lijmbach, 1975; Obermajer et al., 1999). Kerogen is the 

portion of OM present in sedimentary rocks that is insoluble in ordinary organic 

solvents. The chemical and physical characteristics of a kerogen are strongly 

influenced by the type of biogenic molecules from which the kerogen is formed. 

Hence, based on the chemical characteristics and the nature of the organisms from 

which it derives, kerogen can be identified as i) Type I, derived principally from 

lacustrine algae; ii) Type II, from several very different sources, including marine 

algae, pollen and spores, leaf waxes, fossil resin, and contributions from bacterial-

cell lipids. Most Type II kerogens are found in marine sediments deposited under 

reducing conditions. iii) Type III kerogens, composed of terrestrial organic material 

that is lacking in fatty or waxy components (Tyson, 1995; Hantschel and Kauerauf, 

2009). 

 
Fig. 4.11. Scatter log plots of Pr/n-C17 versus Ph/n-C18 

 Pr/n-C17 vs. Ph/n-C18 ratio in apolar fractions of PLG section indicates that 

kerogen in the samples analysed can be classified as type III and II (Fig. 4.11). Most 

of the samples contain OM mainly originated from terrestrial plants and humic 

substances (Tissot and Welte, 1978), whereas the limestones from 0.00 to 3.00 m 

and the Paquier black shales shows contents of kerogene type II, originating from 

mixtures of zooplankton, phytoplankton, and bacterial debris in marine sediments.  

PMI and TMI 
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C25 2,6,10,15,19-pentamethylicosane (PMI). This C25 acyclic isoprenoids is 

considered diagnostic marker for Archaea. This compound has been detected in 

various cultured organism, microbial communities and sediments comprising 

methanogenic Archaea (e.g. Brassell et al., 1981; Koga et al., 1993; Risatti et al., 

1984; Schouten et al., 1997; 2001a,b,c;) and methanotrophic Archaea in anaerobic 

consortia with S-reducing bacteria (e.g. Elvert et al., 1999; Thiel et al., 1999; 

Pancost et al., 2000; Hinrichs et al., 2002; Brocks and Summons, 2004). PMI is 

particularly abundant in Methanosarcina barkeri¸ of which is the main free lipid 

(Holzer et al., 1979; Pancost et al., 2001).  

 
Fig. 4.12. Plots of PMI, TMI and C16- and C18-aryl isoprenoids along the studied section of 
PLG. K = Kilian sub-event; M.N. = Monte Nerone black-shales interval; P = Paquier sub-
event; L = Leenhardt sub-event. 

All late Aptian – early Albian sediments of Poggio le Guaine contain PMI, with 

concentration ranging around the mean value of 7.77 µg/g TOC (Figs 4.8 and 4.12 

Tab 9 - Supplementary materials). Remarkably, small amounts of PMI (ranging 
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between 1.12 and 30.38 µg/g TOC) are recorded in marly limestones of the lower 

part of the section, in the interval between the Jacob and Kilian events, and between 

the Kilian and Monte Nerone black-shales, with a weak peak at 6.25 m (Fig. 4.12, 

Tab. 9 - Supplementary materials). Significant amounts of PMI are recorded at 

black shale levels, with most prominent peak at the Kilian sub-event (up to 64.99 

µg/g TOC), and a less intense excursion corresponding to the Leenhard sub-event 

(up to 22.83 µg/g TOC) (Fig. 4.12 Tab. 9 - Supplementary materials). Black shales 

of Jacob sub-event record lower concentrations of PMI (max concentration 9.15 

µg/g TOC) suggesting lower anoxia levels compared to the other sub-events of 

OAE 1b. This is a very interesting finding, since the continued presence of PMI 

provides a reliable evidence of methanogenesis during deposition, even if 

concentrations are very low in some tract.   

C24 2,6,15,19-tetramethylicosane (TMI). TMI, first discovered by Vink et al. 

(1998), is rarely found in natural archives. To date, TMI has only been reported 

before from saturated hydrocarbon fractions and in kerogen extracted from 

laminated black shales and massive marls of the Paquier and Kilian levels (OAE1b) 

in the Vocontian Basin (SE France), the Ionian Basin (NW Greece), and at the ODP 

Site 1049C (North Atlantic Ocean), whereas it is absent either in underlying and 

overlying levels or in any other non-contemporaneous black-shale horizon (Vink et 

al., 1998; Kuypers et al., 2001, 2002; Okano et al., 2008; Tsikos et al., 2004). There 

are no modern analogues for this isoprenoid nor any evidence about its biological 

precursor. Nevertheless, because its structure and carbon isotopic composition are 

similar to those of PMI, TMI is widely considered as a methanogenic and/or 

methanotrophic archaeal compounds (Vink et al., 1998; Kuypers et al., 2001, 2002; 

Brocks and Summons, 2004; Peters et al., 2005; Okano et al., 2008).  

TMI was detected on the basis of their corresponding mass spectra and 

characteristic retention times (Vink et al. 1998). It is recorded in all samples of 

Poggio le Guaine section, in both limestone and black shales levels (Figs. 4.8, 4.12-

4.13), although highest levels are recorded in the black shales intervals. 

This is surprising as this is the first time that TMI is detected in sediments which 

do not belong to the Kilian and the Paquier black shales levels (Vink et al., 1998; 

Kuypers et al., 2001, 2002; Okano et al., 2008). The GC-MS chromatograms in fig. 
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4.13 clearly shows the occurrence of TMI peak in the apolar fraction from limestone 

sample at 4.70 m.   

TMI shows similar trend to that of PMI, but slightly higher concentrations. 

Argillaceous limestone levels from 0.00 to 3.00, from 4.15 to 7.81, and from 8.55 

to 9.88 meters record TMI content of ⁓25 µg/g TOC, with a modest increase up to 

101.39 µg/g TOC corresponding to the sample 6.25 m, as PMI. The strongest TMI 

signal is recorded at the black shales of the Leenhardt sub-event, with a prominent 

peak up to 132.11 µg/g TOC, after which TMI content decreases to the mean value 

of 33.21 µg/g TOC (Tab. 9 - Supplementary materials).  

 
Fig. 4.13. Partial GC-MS gas-chromatogram (m/z 71.1) of apolar fraction from 
sample 4.70 m of the PLG section. 
  

Ultimately, patterns of PMI and TMI along the Late Aptian / Early Albian Poggio 

le Guaine section provide evidence of the leading role of Archaea in the 

biochemical cycle of carbon during the OAE 1b, with temporary expansion of 

archaeal biomass concomitant to the black-shales deposition.  

4.9.2.2 Cyclic aryl isoprenoids 

Aryl isoprenoids are a large range of diagenetic and catagenetic products of 

isorenieratene, a photosynthetic pigments aromatic carotenoid that is considered to 

be uniquely biosynthesized by brown-coloured photosynthetic green sulphur 

bacteria (Chlorobiaceae) (Summons & Powell 1987; Sinninghe Damsté et al., 2001; 

Liaaen-Jensen, 1978; de Wit and Caumette, 1995). Green sulphur bacteria are 

phototrophic anaerobes that require both light and H2S for growth. They thrive 

when the euxinic zone reaches the photic zone in the water column, creating the 

optimal habitat that offers a combination of lights and H2S availability. Hence, 

presence of Chlorobiaceae-derived aryl isoprenoids in sediments and oils extracts 
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allows to evaluate the redox conditions in the depositional source rock 

environments (Summons and Powell, 1986, 1987; Clark and Philp, 1989; Yu Xinke 

et al., 1990; Fowler, 1992; Requejo et al., 1992; Hartgers et al., 1994a,b; Koopmans 

et al., 1996a). However, Koopmans et al. (1996b) found that aryl isoprenoids may 

also derivate from aromatisation of β-carotene, a carotenoid ubiquitous in higher 

plants, algae and some Bacteria. Their results indicate that mere identification of 

aryl isoprenoids, without determination of their δ13C values, cannot be used to 

assess the presence of Chlorobiaceae, and, thus, photic zone euxinia in the 

depositional environment. 

 
Fig. 4.14. Peaks of C16- and C18-aryl isoprenoids in the partial GC/MS gas-chromatogram (m/z 
133.1) of apolar fraction from sediment extract of black shales samples of PLG section.  
 

In this study, only C16- and C18- aryl isoprenoids were found (Figs. 4.12, 4.13, 

Tab. 9 - Supplementary materials). Carbonate levels are devoid of aryl isoprenoids, 

whereas all the black-shales levels along the investigated section record C16- and 

C18-aryl isoprenoid concentrations ranging around the mean value of ⁓6.40 µg/g 

TOC. Abrupt and brief increases are detected just in the Jacob and Paquier levels, 

where C16- and C18- concentrations rise to 61.67 and 88.97 µg/g TOC, and to 38.50 

and 50.96 µg/g TOC, respectively. These patterns point to episodic expansion of 

euxinia to the photic zone during the late Aptian – early Albian interval in the 

western Tethys realm.  

4.9.3 Steranes  

Sedimentary steranes derive from sterols that are present in cell membranes of a 

wide variety of eukaryotes, mainly algae and higher plants (Mackenzie et al., 

1982). Sterols are essential lipids that control membrane permeability and rigidity. 

Even if sterols are widespread among eukaryotes, a large number of steranes is 

diagnostic for certain taxonomic groups (e.g., Volkman, 2003). The conversion of 

sterols to steranes occurs without loss or gain of carbon atoms. Hence, the sterane 
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carbon number distribution will reflects the carbon number distributions of the 

sterols of the organism active in the depositional environment (Grantaman and 

Wakelfield, 1988). Steranes with 21 and 22 carbon atoms are known (Wingert and 

Pomerantz, 1986) although those with carbon numbers ranging from 26 to 30, and 

especially those with 27, 28 and 29 carbon atoms, are more frequently reported in 

crude oils and source rocks extract. (Seifert and Moldowan, 1978, 1979; 

Mackenzie et al., 1982; McKenzie et al., 1983). C27 sterols are typical of 

zooplankton and red algae, C28 sterols dominate in phytoplankton (green algae e 

diatoms), and C29 sterols occur in higher plants and some strains of brown or green 

algae (Huang and Meinschein, 1979).  

 
Fig. 4.15. GC/MS gas-chromatograms (m/z 217.1) showing the peaks relative to C27, 
C28 and C29 5αααS-R isomers.  
 

In Poggio le Guaine sample extracts, the 5α,14α,17α(H)-20R (5αααR) isomers 

of 3 steranes, cholestane (C27; M+=372), 24-methylcholestane (C28; M+=386), e 

24-ethylcholestane (or stigmastanes) (C29; M+=400), were identified in all black-

shales samples (Fig. 4.15), albeit with very low concentrations (highest 

concentration 13.18 µg C29 / g TOC at 10.82 m, few cm below the Monte Nerone 

black-shale interval; Tab 10 - Supplementary materials). Limestones and 

calcareous marls from 0.00 to 3.00 m, 4.14 to 7.90 m and from 8.39 to 8.98 m, are 

devoid of steranes or have concentrations minor of 1.00 µg / g TOC, except for 

just two samples at 5.80 and 6.18 m. Steranes relative abundances are reported in 

Table 10 (Supplementary materials), which shows that C27 and C29 steranes are 

more abundant than C28. Minor amounts of C27, C28 and C29 5αααS isomers were 

also detected (Fig. 4.15, Tab 10 - Supplementary materials), whereas no 14β, 

17β(H)- isomers or 5β,14α,17α(H)-20R configurations were found. 
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The source-specificity of C27, C28, and C29-steranes is the base of using their 

abundances (expressed as %) on a ternary diagram to differentiate ecosystems. 

Figure 4.16 displays homogenous planktonic-marine organic facies for most of 

PLG samples, with only minor deviations towards terrestrial input shown by 

extracts from argillaceous limestones from the interval between the Jacob and the 

Kilian levels.  

 

 
Fig. 4.16. Ternary diagram showing the relative abundances of C27, C28, C29 regular 
steranes in the apolar fractions of Poggio le Guaine section determined by gas 
chromatography / mass spectrometry (M+  217).  

 

4.9.4 Hopanes 

Hopanes are general biological source indicator. They are pentacyclic 

triterpenoids commonly containing 27-35 carbon atoms derived from cell 

membranes of prokaryotes. The major precursors include bacteriohopanetetrol and 

related bacteriohopanes produced mainly by heterotrophic bacteria and 

phototrophic cyanobacteria (e.g., Ourisson et al., 1987; Ourisson and Rohmer, 

1992). Hopanes with more than 30 carbon atoms are commonly called 

homohopanes, where the prefix homo- refers to additional methylene groups 

attached to C30 hopane.  

Full range hopane series from C29 to C32 is present in trace to substantial amount 

in the apolar fraction (Fig. 4.17, Tab. 11 - Supplementary materials). All αβ, βα, 
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and ββ stereochemical arrangement are displayed along with 22S- and 22R- 

stereoisomers. Table 5 (Supplementary materials) provides the list of the hopanes 

identified in all samples except in the basal three meters of the section (0.00 - 3.00 

meters) and in the 1.17m-thick interval before the Kilian event (from 8.71 to 9.88 

m). C31 αβ- and βα- homohopane is the prominent compound in most of the studied 

samples, with 22R-isomers dominating over the 22S-isomers but subordinate to ββ-

hopanoids (Tab. 11- Supplementary materials). Highest concentrations of C31-

homohopane are recorded in the black shale levels from the Jacob (highest 

concentration of 36.36 µg/g TOC), the Kilian (35.26 µg/g TOC), and Paquier (60.79 

µg / g TOC) sub-events, suggesting temporary pulses of bacterial input and/or 

bacterial reworking during early diagenesis.  

 
Fig. 4.17. Mass chromatogram (m/z 191.1) showing the full range hopane series C29 to C32 detected 
in the apolar fraction of sediments extracts of PLG section.  

 

4.10 Thermal Maturity Parameters and Their Use 

The use of biomarkers as thermal maturity parameters is based on the structural 

modifications of compound by stepwise transformations from biological precursor 

molecules to geochemical fossil thermodynamically more stable through sequences 

of enzymatic reactions. Generally, biological molecules have a so-called 

“biological configuration”, that is the particular structural arrangement of atoms 

(stereochemistry) that confers the best functionality to the living organism. 

However, such biological configuration is no thermodynamically stable, and 

therefore the diagenetic pathways operates on a sequential structural rearrangement 

toward more stable molecules having the so-called “geological configurations”. 

The stereochemical transformations are progressive and proportional to time and 

temperature of sedimentary burial. The concept of “thermal maturity” hence refers 

to the extent of thermal alteration and intensity of stereochemical transformations 

between the “biological molecules” and “fossil molecules” end-members. Peters et 

al. (2005) defines “immature” the organic matter affected by diagenesis, including 
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biological, physical and chemical alteration, but without a pronounced effect of 

temperature. “Mature” organic matter has been affected by catagenesis, that is 

equivalent to the oil-generative window. Finally, “postmature” is the organic matter 

heated to such high temperatures that it has been reduced to a hydrogen-poor 

residue capable of generating only small amounts of hydrocarbon gases. 

In this study, the following thermal maturity proxies were considered: Pr/n-C17 

and Ph/n-C18 ratios, Steranes 20S/(20S+20R) isomerization, 22S/(22S+22R)-

homohopanes, moretane vs hopane ratios, ββ/(ββ+αβ+βα)-hopane, and 

ββ/(ββ+αβ+βα)-homohopane ratios.  

4.10.1 Pr/n-C17 and Ph/n-C18 

The isopreniods / n-alkanes (Pr/n-C17 and Ph/n-C18) ratios provide valuable 

information on biodegradation, maturation and diagenetic conditions, as by 

increasing maturity n-alkanes are generated faster than isoprenoids in contrast to 

biodegradation (Waples; 1985; Peters et al., 2005). Isoprenoid hydrocarbons are 

generally more resistant to biodegradation than normal alkanes, and therefore the 

ratio of the pristane to its neighbouring n-alkane C17 is provided as a rough 

indication to the relative state of biodegradation. This ratio decreases as weathering 

proceeds.  

Pr/n-C17 and Ph/n-C18 ratios along Poggio le Guaine section shows mean values of 

1.41 and 0.60, respectively, and prominent peaks in correspondence of Jacob level 

(Fig. 4.10, Tab. 8 - Supplementary materials), indicating significant abundances of 

isoprenoids respect to n-alkanes, and consequently low maturity and/or low 

biodegradation of organic matter.  

4.10.2 Steranes 20S/(20S+20R) isomerization ratio 

During diagenesis and catagenesis the biological stereospecificity of sterols, 

particularly at C-5, C-14, C-17, and C-20, is usually lost and a diverse range of 

isomers is generated. In the first three stereocenters, that are the conjunctions points 

between rings in the tetracyclic system, hydrogen atom can be below or above the 

plane formed by the four rings, and these positions are referred as α and β 

respectively. Hence, the term αββ-sterane is commonly used as short-hand to denote 

steranes with the 5α(H),14β(H),17β(H) configuration, while ααα-sterane refers to 

those with 5α(H),14α(H),17α(H) stereochemistry. 
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 C-20 stereocenter is not a conjunction point of rings and two main sterane 

isomerisation reactions have been described (Mackenzie et al., 1980, 1981, 1982, 

1983, 1984; Mackenzie and McKenzie, 1983). The first is the isomerisation of 

"normal" 5α(H),14α(H),17α(H)-20R steranes, that is the only configuration at C-20 

that occurs in steroid precursors in living organism and consequently occurs as the 

most prominent steranes of very immature sediments. As the maturity increases, 

isomerisation at the chiral carbon-20 takes place gradually converting C20-R 

steranes in a mixture of R- and S-sterane configurations.  The increase of the 20S 

isomer concentrations relative to the 20R isomers continues until an equilibrium 

condition is reached [20S / (20S + 20R) ~ 0.55], after which the relative isomer 

concentrations remain the same although source rock maturity may continue to 

increase. The steranes isomerization ratios are often reported for the C29 

compounds, even if all C27, C28 and C29 20S/(20S+20R) ratios have equivalent 

potential as effective maturity parameters. Moreover, comparison of 

20S/(20S+20R) ratios of steranes with different carbon number can be useful to 

verify if these biomarkes are all indigenous, as different ratios suggest that they 

experienced distinct thermal histories, and therefore some them results from 

contamination.   

The C29 20S / (20S+20R) ratios is considered to be independent of organic matter 

input and therefore an effective maturity parameter for oils and some source rocks 

extracts (Peters et al., 2005). This ratio in PLG extracts shows values far below 

the equilibrium threshold (⁓ 0.55), generally around of 0.29, except for three 

samples (4.71, 9.88 and 17.92 m) where values are ≥ 0.45 (0.48, 0.45 and 0.45, 

respectively) (Tab. 12 - Supplementary materials). C27 and C28 20S / (20S+20R) 

ratios show general trends similar to that of C29, thus indicating a comparable 

thermal history and excluding any contamination from non-indigenous organic 

matter.  

4.10.3 Hopanes parameters 

The biological configuration of hopanes precursors, which show the biological 

17β,21β(H)-stereochemistry, is nearly flat to allow bacteriohopanetetrol to fit into 

the lipid membrane structure (Rohmer, 1987). Because this stereochemical 

arrangement is thermodynamically unstable, diagenesis and catagenesis of 

bacteriohopanetetrol result in transformation of the 17β,21β(H)-precursors to the 
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17α,21β(H)-hopane and 17β,21α(H)-hopanes, where notations α and β indicate if 

the hydrogen atoms are below or above the plane of the rings, respectively. 

Compounds in the βα series are also called moretanes. Hopanes and homohopanes 

with a ββ configuration are usually absent from petroleum and sedimentary rocks 

that have undergone mild diagenesis because it is thermally unstable. Conversely, 

hopanes with αα stereochemical arrangement are not natural products and it is 

unlikely that they occur above trace levels in petroleum (Bauer et al., 1983). 

Likewise, bacteriohopanetetrol holds the biological 22R configuration, which is an 

extended side chain with an additional asymmetric centre at C-22. Experiencing 

diagenesis and catagenesis processes, 22R arrangement gradually converts to an 

endpoint mixture of 22S and 22R αβ-homohopanes (Seifert and Moldowan, 1980), 

which results in two peaks for each homolog (22R and 22S) on the mass 

chromatograms for these compounds.  

As stated above, apolar fractions of Poggio le Guaine section display all αβ, βα, 

and ββ stereochemical arrangement of hopanes, along with 22S- and 22R- 

stereoisomers, suggesting low thermal maturity and degradation of the organic 

matter. 

All the maturity-sensitive stereoisomers and configurations of hopane series allow 

to use the moretane/hopane and 22S/(22S+22R) ratios as thermal maturity 

indicators.  

Isomerization of terpanes. since the 22R configuration of biological hopane 

precursor is converted gradually to a mixture of 22R and 22S stereoisomers, the 

proportion of 22R and 22S can be calculated for any of all the homohopanes to infer 

the thermal maturity of OM. The 22S/(22S+22R) ratio rises from 0.00 to ⁓0.60 

(0.57-0.62 = equilibrium) during maturation (Seifert and Moldowan, 1980). Ratios 

in the range 0.50-0.54 suggest that samples have barely entered oil generation, 

while ratios in the range 0.57-0.62 indicate that the main phase of oil generation has 

been reached or surpassed (Peters et al., 2005). After reaching equilibrium at the 

early oil-generative stage, no further maturity information is available because the 

22S/(22S+22R) ratio remains constant. 

In Poggio le Gauine saturated hydrocarbon fraction, both C31 and C32 

22S/(22S+22R)-homohopanes ratios shows values far lesser than equilibrium range 

(Tab. 13 - Supplementary materials), meaning that most of the sediments never 
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entered oil generation phase. Exceptions are sediment from 1.80 to 2.40 meters, and 

from 4.71 to 6.53 meters, that show ratios ranging between 0.51 to 1.00, indicative 

of high thermal maturity.  

Moretane / hopane ratio. As stated above, the 17β,21α(H)-moretanes are thermally 

less stable than the 17α,21β(H)-hopanes, and abundance of the C29 and C30 

moretanes decrease relative to the corresponding hopanes with thermal maturity. 

During burial, the ββ-hopanes readily convert to βα-(moretane) and αβ-hopane 

configuration. At low temperature, the conversion on these compounds back to ββ-

hopanes is not possible. At higher temperatures, the conversion of moretanes back 

to αβ-hopane become possible through a ββ-hopane intermediate. However, the 

high energy barrier allows little conversion of αβ-hopanes to ββ-hopanes, resulting 

in an equilibrium mixture favouring αβ-hopanes over βα-moretane by ⁓20:1. The 

ratios of ββ/(ββ+αβ+βα) and of moretanes to their corresponding hopanes, then 

decreases with thermal maturity. Moretane / hopane ratios range from ⁓0.8 in 

immature bitumes to <0.15 in mature source rocks and oil to a minimum of 0.05 

(Mackenzie et al, 1980; Seifert and Moldowan, 1980).  

In PLG extracts, moretane/hopane ratios reflect low thermal maturity with values 

generally greater than 0.15, except for some level in the carbonate interval from 

4.15 to 6.53 m that, again, records higher maturity degree (C29- and C30- moretane 

/ hopane ratios of ⁓0.10) (Tab. 13 - Supplementary materials). Table 13 

(Supplementary materials) shows the abundances of the ββ- hopanes and -

homohopanes respect to total of hopanes (or homohopanes) expressed in per cent. 

The results clearly show that the ββ- isomers are major contributor among all 

isomers (average contribution 43.76%) and hence confirm low thermal maturity 

and degradation of the organic matter extracted.   
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Chapter 5 
Results from DSDP Site 511 

 

5.1 Identification of bioevents and comments on the faunal assemblages 

The microfaunal assemblages observed in the samples from the late Aptian – 

early Albian succession of the DSDP Site 511 are remarkably well-preserved and 

typical of upper-bathial depths. In addition to planktonic and benthonic 

foraminifera, and Radiolaria, washed residue contains several ostracods, abundant 

pelecypods (unbroken or fragments), siliceous sponge spicules, fragments of 

calcareous algae, bryozoans, and echinoids. Most of samples are dominated by 

benthic foraminifera (both agglutinated and throchospiral calcareous), which shows 

high genera diversity and often glassy (i.e., optically translucent) shells. The 

planktonic foraminifera are poorly represented and show low species diversity. 

Their abundances are always subordinate to those of benthic foraminifera and 

radiolarian, and specimens > 200 µm are from few to rare even in the Aptian strata.  

The lower biozone identified at the DSDP Site 511 correspond to the 

Hedbergella trocoidea Partial Range Zone, and includes common occurrence of 

Hd. aptiana and Hd. infracretacea, and subordinate Hd. trocoidea, Hd. excelsa and 

Hd. gorbachikae. Planktonic foraminifera record a drastic drop in abundance from 

43.14% to 0.36% at 482.80 mbsf, followed by a brief increase to 24.65% at 492.10 

mbsf (Fig. 5.1, Tab. 14 - Supplementary materials). The benthic foraminifera 

dominate the microfaunal assemblages, with abundances up to 91.50%. The 

Radiolaria shows mean abundances of 12.72% with a prominent peak 492.80 mbsf 

where they temporary reach the 60% of the total assemblage.  

 The upper boundary of the Hedbergella trocoidea Zone is marked by the LO of 

Pa. rohri (= Paraticinella eubejaouaensis of Huber and Leckie, 2011, and Ticinella 

bejaouaensis of Robaszynski and Caron, 1995) at 492.10 mbsf. Huber and Leckie 

(2011) reported this bio-event at 491.23 mbsf merely because of the lower 

resolution adopted by the authors respect those of this study. The Pa. rohri Taxon-

range Zone comprises total range of Pa. rohri that, at the DSDP Site 511, spans 

from the LO of Pa. rohri at 492.10 mbsf to the HO of this taxon at 486.20 mbsf. 

This biostratigraphic interval records the co-occurrence of few specimens of Pa. 

rohri, Pa. transitoria, Hd. trocoidea, Hd. infracretacea, Hd. gorbachikae, and more 
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common Hd. aptiana, Hd. excelsa, Hd. ruka, and Hd. praelippa. The planktonic 

foraminiferal abundances are low throughout the biozone, ranging around the mean 

value of 6.83%. Benthic foraminifera are more abundant in the lower part of the 

biozone, with mean percentages between the 50 and 60%, whereas from 487.41 

mbsf to the top Radiolaria account on average for the 60% of the total assemblages 

(Tab. 15 - Supplementary materials). The LO of Mi. miniglobularis is recorded at 

486.71 mbsf, and hence this taxon co-occurs with Pa. rohri for a short interval, 

which is similar to observations made at PLG (Fig. 5.1).  

 

 
Fig. 5.1. Depth profiles of TOC content, δ13C, mean diameters of Pa. rohri and relative abundances 
of planktonic, benthic foraminifera and Radiolaria at DSDP Site 511. Orange dashed lines marks 
major bioevents. Key to planktonic foraminiferal abbreviations: Pa. = Paraticinella, Mi. = 
Microhedbergella, Hd. .= Hedbergella,  minigl. = miniglobularis 

 

The last specimen of Pa. rohri is found at 486.20 mbsf, almost in agreement with 

Huber and Leckie (2011) who place the HO of this species at 486.16 mbsf. The 

extinction horizon of Pa. rohri coincides with a major change in the planktonic 

foraminifera assemblages resulting in the abrupt and dramatic decrease of tests size, 

although the relative abundances do not show significant deviation from the mean 
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value of 3.55%. The extinction of Pa. rohri is, in fact, concomitant to the definitive 

disappearance of the large-sized late Aptian planktic species, dimensions of which 

range 200-500 µm, whereas species occurring within the overlying levels average 

80-100 µm. The Mi. miniglobularis Interval Zone represents the biostratigraphic 

interval from the HO of Pa. rohri to the LO of Mi. rischi (Fig. 5.1). Species diversity 

is very low, with only Mi. miniglobularis and Hd. praelippa occurring up to 485.95 

mbsf, where the latter records its HO. Then Mi. miniglobularis co-occurs with small 

microperforate hedbergellids that Huber and Leckie (2011) consider as gradual 

evolutionary transition from the nominate taxon to Mi. renilaevis, whose LO is 

identified at 485.11 mbsf. Benthic foraminifera and Radiolaria account for the 86% 

of the total assemblages alternating in dominating during short intervals (Fig. 5.1).  

The LO of Mi. rischi is identified at 484.75 mbsf, in agreement with Huber and 

Leckie (2011). However, this taxon is rare to few in relative abundance and is 

sporadic in its stratigraphic occurrence. The Mi. rischi Partial-range Zone 

comprises the biostratigraphic interval from the HO of the nominate taxon to the 

top of the studied succession. The relative abundances of planktonic foraminifera 

tend to increase slightly, also reaching peaks of 30% and 24% (at 484.15 mbsf and 

482.60 mbsf, respectively). From 484.15 mbsf benthic foraminifera dominate the 

assemblages with percentages ranging from 45% to 97.88%, whereas Radiolaria 

progressively decrease in number upward (Tab. 14 - Supplementary materials).  

5.2 Test size variations in Pa. rohri 

The Pa. rohri Taxon-range Zone spans from 492.10 mbsf to 486.20 mbsf, with 

total thickness of 5.96 meters (Fig. 5.1). Planktic foraminifera occur as the 6.83% 

of the total assemblage through the Aptian biozone. Consequently, the nominated 

taxon is difficult to find, and it is recorded sporadically and in low amount. It should 

be noted that the discontinuous occurrence of Pa. rohri could have possibly led 

uncertainty of the boundary assignment above and below its recorded range.  

The mean size of Pa. rohri throughout the biozone is 448.40 µm, ranging from 

the minimum of 376.06 µm to the maximum diameter of 623.70 µm (Tab. 15 - 

Supplementary materials).  

The first specimens of Pa. rohri occurring at 492.10 mbsf shows mean test size 

of 417.94 µm. After a brief decreasing phase to 376.06 µm, mean diameters record 

a long-term increasing trend culminating at 489.50 mbsf with the mean value of 
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487.64 µm. Some brief size reduction is recorded at 490.89 mbsf and 489.81 mbsf. 

Pa. rohri populations show moderate to high size-variability (mean standard 

deviation of ± 45.9 µm) throughout this interval. The wider dimensional range is 

shown by the specimens picked at 490.00 mbsf, whose diameters range between 

341.38 µm and 549.70 µm. Unfortunately, the not-recovered sediments from 

489.50 mbsf to 487.50 mbsf does not allow the reconstruction of the dimensional 

changes through this 2 m -thick interval.  

From 487.57 mbsf upward, the mean diameters show a strong increasing trend 

culminating at 487.11 mbsf with the value of 623.70 µm, the largest dimension 

recorded throughout the section. The overlying samples up to 486.39 mbsf yields 

smaller specimens of Pa. rohri with mean size of 444.75 µm. The brief interval 

prior its extinction is marked by an increase of 20% in size and the last specimens 

of Pa. rohri occurring before its extinction show diameters of about 500 µm (Fig. 

5.1, Tab. 15 - Supplementary materials).  

5.3 Carbon isotope data 

Carbon isotope values vary between -0.78‰ and +2.99‰ through the late Aptian – 

early Albian sedimentary succession of DSDP Site 511 (Fig. 5.1, Tab. 14 - 

Supplementary materials). In the Hd. trocoidea Zone, the δ13C value range from 

1.42‰ to 2.65‰. The lower part of Pa. rohri is characterized by wider short-term 

shift of δ13C values, which range between 0.59‰ and 2.99‰ (492.1 - 489.5 mbsf). 

From 489.50 to 487.50, the δ13C is interrupted because of the not recovered interval. 

This is followed by a gradual negative trend of the δ13C values, up to -0.59‰ at 

485.54 mbsf, interrupted by an abrupt increase (2.25‰) coinciding with the 

extinction level of Pa. rohri. From 485.5 mbsf the carbonate δ13C values increase 

and the horizon at 485.14 mbsf is marked by an abrupt increase up to 1.06‰, 

followed by a nearly constant vertical trend up to slightly above the lower boundary 

of the Mi. rischi Zone. At 484.50 mbsf the δ13C decrease to the value of 0.42‰, 

followed by a prominent negative spike of -0.78‰ at 484.286 mbsf. Then the δ13C 

curve gradually returns to positive values and display a relatively increasing trend 

interrupted by a weak negative shift of ⁓1.11‰ at 482.795 mbsf. 

5.4 Total Organic Carbon Content 
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The late Aptian – early Albian interval of the DSDP Site 511 does not show 

significant TOC contents, with values ranging between 0.17% and 0.36%, 

confirming the absence of black-shale levels in this section (Fig. 5.1, Tab. 14 - 

Supplementary materials). Only some interval shows weak enrichment compared 

to the background value of 0.17%, as from 492.00 mbsf to 491.59 mbsf, at 489.81 

mbsf, 483.80 and 482.98 mbsf (TOC content of ⁓0.28‰, 0.36‰, 0.35‰ and 

0.26‰, respectively). Moreover, there is no correspondence between higher TOC 

values and darker-coloured sedimentary horizons.  
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Chapter 6  
Discussions 

 
 

6.1 The emplacement of the Southern Kerguelen Plateau as trigger for the 

OAE 1b  

The climatic impact triggered by the emplacement of Large Igneous Provinces 

(LIPs) during the Earth’s history has long been a topic of intense interest and of 

considerable research effort. The volcanic activity linked to LIPs is now recognised 

as an important trigger for major environmental and climatic changes as the OAEs, 

with relevant impact on the ocean-atmosphere system by injecting large amount of 

gases and particulate that alter the structure and chemistry of atmosphere and oceans 

(Coffin and Eldholm, 1994; Ernst, 2014, Erba, et al., 2015). In particular, enhanced 

volcanic and hydrothermal activity associated with LIPs i) increase atmospheric 

pCO2 and temperature, leading to enhanced chemical weathering intensified by 

increased runoff and input of terrestrial nutrient fluxes to the oceans, ii) increase 

input of reduced trace metal fluxes, and iii) induce oxygen depletion and possibly 

inject extra-input of micronutrients producing enhanced primary production (e.g., 

Adams et al., 2010; Frijia and Parente, 2008; Kerr, 1998; Kuroda et al., 2007; Sinton 

and Duncan, 1997; Turgeon and Creaser, 2008).  

6.1.1 The Southern Kerguelen Plateau 

The Kerguelen Plateau is one of the largest ingenuous province in the world, 

consisting on ⁓2.5x107 km3 –wide submarine structure of mafic crust in the 

Southern Indian Ocean, on the Antarctic plate (Coffin et al., 2002)  

Knowledge of this province is extensive thanks a huge number of available 

seismic reflection data, piston coring and drilling results of Ocean Drilling Program 

(ODP) Legs. Evidence from basalts and overlying sediments combined with results 

of subsidence modelling, has shown that much of the igneous crust of the Southern 

(SKP) and Central Kerguelen Plateau (CKP) was erupted in a subaerial 

environment (Mohr et al., 2002). Moreover, portions of the SKP remained subaerial 

for as much as ≥ 50 Ma after volcanism ceased. 



Chapter 6 Discussions 
________________________________________________________________________ 

76 

Compared with most other LIPs, which formed typically within a few million 

years, Kerguelen had an unusual and complex emplacement history (Frey et al., 

2000; Duncan, 2002).  

Geochronology of the uppermost igneous crust of the Kerguelen Plateau suggests 

that its older southern portion (the SKP) formed over a prolonged period, with a 

major peak in magmatic output from ca. 119 to ca. 110 Ma (Coffin et al., 2002; 

Duncan, 2002; Frey et al., 2003). The volcanism was linked to the onset of the sea-

floor spreading between India, Australia and Antartica plates (Houtz et al., 1977; 

Operto e Charvis, 1995; Frey et al., 2002). Over its geological history, the SKP 

activity correlates, in time and place, with the southward movement of the 

Kerguelen hotspot interacting with the overlying lithosphere (Frey et al., 2002). In 

contrast, the Northern Kerguelen Plateau (NKP) is appreciably younger, having 

been erupted largely in the late Eocene-early Oligocene, with minor volcanism 

continuing up to the present on Kerguelen Island.  

On the basis of 40Ar/30Ar ages measurements of magmatic rocks, Coffin et al. 

(2002) estimated that the magma output rate increased by several orders of 

magnitude (to ⁓0.9 km3/y), during the emplacement of the SKP and the structurally 

linked Rajmahal LIP. There is a general correlation between the size of the LIP and 

the amplitude of the associated climatic perturbation, and that is why the South 

Kerguelen is considered a direct responsible for the end of late Aptian cold-house 

phase and the restoration of the normal greenhouse state (Bodin et al., 2015). 

6.1.2 Mercury chemostratigraphy as a powerful tool for recognising worldwide 

LIP impact 

Since very recently, the mercury chemostratigraphy has been considered as a 

powerful proxy for distal volcanic activity, offering the possibility to evaluate the 

potential relationship between major environmental perturbations and LIP activity 

(Nascimento-Silva et al., 2011; Sanei et al., 2012; Sial et al., 2016). Volcanic and 

submarine hydrothermal emissions are the major contributors of natural Hg in the 

ocean-atmosphere system. The enrichments of this element are generally used to 

trace increased volcanic activity in both proximal and distal sites, because of its 

emission in the form of gaseous elemental mercury (Hg0), which is globally 

distributed due to a rather long atmospheric residence time (0.5-2 y) (Lindberg et 

al., 2007; Ariya et al., 2008). After a gas-phase oxidation to reactive and soluble 
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Hg2+ by halogen, ozone and other radicals, Hg is deposited in continental and 

marine environment by precipitations. In the aquatic realm, most of Hg is 

scavenged and deposited in the sediments by organic matter, where biotic or abiotic 

reactions may form mercury sulphide poly-complexes (HgS) or methylmercury 

(MeHg) (Sanei et al., 2012; Grasby et al., 2013; Percival et al., 2015). Also, mercury 

can be also adsorbed on clays with subsequent transport deposition and burial in 

marine sediments (Font et al., 2016).  

Hg anomalies attributed to LIP activity have been identified in marine 

sedimentary sequences spanning major mass extinction events, in association with 

second-order extinctions, and in strata that records several Mesozoic OAEs (e.g., 

Sanei et al., 2012; Grasby et al., 2015; Percival et al., 2015; Font et al., 2016; Jones 

et al., 2016; Sial et al., 2016; Thibodeau et al., 2016, 2017). Grasby et al. (2013) 

also demonstrated that background Hg levels appear constant over geologic time, 

showing that Hg spikes associated with LIPs are truly anomalous feature or the rock 

record.  

The Hg record are low throughout the “target interval” of PLG section, generally 

<5 ppb (Fig. 4.7, Tab. 4 - Supplementary materials). However, in the Jacob and 

Kilian levels the Hg concentrations increased rapidly to 200 ppb, preceded and 

followed by gradual impoverishments. The Hg/TOC ratios well mirror with the Hg 

contents, and intervals of maxima Hg concentrations correspond to samples with 

relatively high TOC contents. Actually, after the normalization, positive excursions 

in Hg/TOC ratios persist, implying that most of the Hg enrichments cannot simply 

be explained only by TOC enrichments and corresponding fluctuations in primary 

productivity and redox conditions. Furthermore, normalizing Hg concentrations 

against Fe contents does not remove the trend observed in overall Hg contents, 

which suggests that iron-hydroxides and Fe-sulphides did not influence Hg 

sequestration (Pyle and Mather; 2003). The Hg/Al profile also correlates well with 

the overall Hg contents, suggesting that the Hg fluctuations are not primarily 

controlled by changes in detrital input and/or absorption onto clays mineral. 

Noteworthy, the onsets of the two major Hg anomalies parallel the decreasing 

segments of the δ13Ccarb curve and both culminate at the black shale levels of the 

Jacob and the Kilian sub-events (Figs. 4.2 and 4.7), suggesting a degree of temporal 

synchronicity between the global carbon cycling perturbation and the process 

promoting the Hg enrichments. 
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Based on previous works, in which anomalous enrichments in Hg were interpreted 

as indicative of an increase in volcanic activity (Sanei et al., 2012; Sial et al., 2013; 

Grasby et al., 2015; Percival et al., 2015; Font et al., 2016; Thibodeau et al., 2016; 

Charbonnier et al., 2017), data collected along the PLG section suggest a rapid 

increase in atmospheric Hg concentrations, likely associated with main pulse of 

volcanic activity that released massive amount of volcanic Hg into the atmosphere. 

The more realistic candidate for the main pulse in Hg contents to the atmosphere, 

and then in the studied sediments, seems to be the massive eruptions leading to the 

emplacement of the Southern Kerguelen Plateau (SKP). In the late Aptian time, in 

fact, volcanic activity on a massive scale constructed most of the SKP linked to the 

incipient Indian Ocean opening between India, Australia, and Antarctica at high 

southern latitudes (Coffin et al., 2002). The SKP volcanism was almost entirely 

subaerial and correlated with a period of excess of CO2 (Retallack, 2001), although 

magma fluxes may have been an order of magnitude lower relative to other major 

LIP in the Earth history, as the Ontong-Java Plateau (Eldholm and Coffin, 2000). 

This difference might explain, at least partially, why greenhouse conditions were 

not fully reached, actually leading to the well-known “Late Aptian cold snap” (Price 

et al., 2012; McAnena et al., 2013, Erba et al., 2015). The SKP formed over a 

prolonged period, with a major peak in magmatic output from ca. 119 to ca. 110 

Ma (Coffin and Eldhom, 1994; Coffin et al., 2002; Duncan, 2002; Frey et al., 2003). 

Thus, the multiple excursions observed in the Hg profile (Fig. 4.7) could reflect a 

multiple phase emplacement of the LIP.  

6.2 The palaeoceanographic evolution of the OAE 1b 

The mechanisms of black shale deposition are the focus of a long-standing 

controversy. The most accredited models to explain the widespread occurrence of 

this organic-rich layers refer to two end-members: the ocean stagnation model 

(STO) and the expansion of the oxygen minimum layer (OMZ) model. According 

to the first model, the high organic matter content in black shales is ascribed 

primarily to the elevated preservation efficiency of organic matter in the bottom of 

ocean, which was directly caused by oxygen deficiency resulting from seawater 

stagnation, strong vertical stratification and weak ventilation (e.g., Schlanger and 

Jenkyns, 1976; Bralower and Thierstein, 1984; Erbacher et al., 2001). In contrast, 

the second model stresses the importance of elevated primary productivity in the 
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surface ocean. The enhanced flux of organic matter sinking to the deep ocean 

increases the oxygen demand for degradation, until the overcoming of the oxygen 

supply and eventually causes the deep ocean to become anoxic (e.g., Pedersen and 

Calvert, 1990; Hochuli et al., 1999; Premoli Silva et al., 1999). However, some 

researcher considers a combination of both causes (e.g., Bralower et al., 1994; 

Bellanca et al., 1999).  

Whatever the mechanism, both models involve continued and complete anoxia 

(and/or euxinia) until the oxygen content is restored by the reprise of bottom 

ventilation and/or the slowdown of the primary productivity. This produces to the 

recovery of benthic fauna and the reprise of OM degradation.  

The OAE 1b apparently differs from the other Cretaceous OAEs. Its prolonged 

duration, the presence of multiple short-intervals of black shales deposition and the 

occurrence of highly specialized biota argue in favour of different mechanisms and 

feedbacks of the atmosphere-land-ocean system. This multi-episodic OAE seems 

related to i) several high-frequency short-term perturbations of the carbon cycle, ii) 

sudden increase of sea surface temperatures and iii) strengthening of density driven 

stratification of water column (Erbacher et al., 2001), suggesting similarity with the 

STO model. Moreover, the debate as to whether or not this multi-episodic event 

was completely anoxic is still open, whereas most of the studies would favour low 

oxygen conditions (Bralower et al., 1993; Holbourn et al., 2001).  

It is now known that the late early-Cretaceous climate was far to be stable. Several 

brief global cooling and warming episodes (1 to 5 Myr-scale) have been identified 

during a generally extreme greenhouse climate (Weissert and Lini, 1991; Price, 

2003; Weissert and Erba, 2004; Takashima et al., 2007), and basically, warming 

episodes are associated with accelerated water cycling, increased terrigenous influx 

(for example, siliciclastics and nutrients), rise of sea level and marine transgression 

(Weissert, 1990; Huber et al. 1995; Weissert et al., 1998; Clarke and Jenkyns, 1999; 

Wilson et al. 2002; Wortmann et al., 2004; Forster et al. 2007; Bornemann et al. 

2008; Föllmi and Gainon, 2008; Mutterlose et al., 2009; Heldt et al., 2010; Herrle 

et al., 2010; McAnena et al., 2013).   

This climatic transition reasonably punctuated the environmental forcing resulting 

in the multi-episodic OAE 1b, characterized by a rapidly changing oceanic system. 
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6.3 The late Aptian – early Albian record of PLG 

The biological source of the organic matter of PLG samples has been evaluated 

based on the identification of several source-specific biomarkers and on their ratios. 

This allow to interpret the dynamics of the depositional environment based on the 

known physiological, biological, and environmental limitations of organisms from 

which the biomarkers originated (Peters et al., 2005).  

6.3.1 Major contributors to the organic matter during the OAE 1b 

The distributions of algal-, bacterial-, archaeal- and terrestrial- derived 

biomarkers through the PLG section suggest relevant variability of OM sources into 

the depositional basin during the late Aptian – early Albian interval (Fig. 6.1).  

N-alkanes constitute a significant fraction of saturated hydrocarbons in almost 

samples. For most samples, the n-alkanes distribution is dominated by n-C16 and n-

C18 (see MAC in Tab. 6 Supplementary materials), indicating a predominant marine 

source for the sedimentary OM. This is also supported by the significant amount of 

pristane and subordinate phytane identified through the section, and in particular at 

the Jacob, Paquier and Leehnardt levels and the marly interval from 13.95 m to 

16.00 m.   

However, the TAR ratio, which reflects the relative contribution of 

aquatic/marine and terrestrial n-alkanes, evidently shows the temporal variability in 

the proportion of land-plant material introduced in sediments during the deposition 

(Fig. 4.9, Tab. 7 Supplementary materials). The high molecular weight odd-

numbered n-alkanes (n-C23 to n-C35) associated with leaf waxes well occur in 

almost the samples, particularly in the lower 3 meters of the section, and, to a lesser 

extent, from 4.14 m to the Monte Nerone interval. Specifically, the sedimentary 

interval from 0.00 to 3.00 m is dominate by the n-C31 (mean concentration of 134.5 

µg/g TOC) and all the long-chain n-alkanes account for ⁓76% of the total OM. This 

suggests intensive delivery of high amounts of terrestrial organic matter during the 

deposition. Nonetheless, the proportion of terrestrial relative to marine organic 

matter could be due to enhanced preservation of terrestrial relative to marine OM 

under oxidising conditions (Sinninghe Damsté et al., 2002; Słowakiewicz et al., 

2015). The low amounts of OM in these levels (TOC of ⁓0.05%), the absence of 

more labile lipids as steranes and hopane stereoisomers, as well as the low 

concentrations of short-chain n-alkanes, suggest that OM degradation processes 
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were active on the ventilated oceanic floor, and can therefore alter the source signal 

of n-alkanes.  
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Fig. 6.1 Pie charts showing the mean biomarker composition of apolar fractions 
from the Poggio le Guaine section.  

 
However, the active terrestrial input during late Aptian – early Albian interval is 

also supported by the Pr/n-C17 vs. Ph/n-C18 log plot and the steranes ternary plot 

(Fig. 4.11, 4.16). The former indicates prevailing terrestrial origin of the 

sedimentary OM extracted from most of the samples, in particular marly limestones 

between 4.15 m and 7.80 m, and Jacob, Kilian, Monte Nerone and Leenhardt black 

shales levels. Major marine algal contribution is suggested for the interval from 

0.00 m to 3.00 m. The apparent contradiction with the results of the TAR ratio is 

probably related to the absence of the long-chain n-alkanes signal in this parameter. 

The distribution of C27 to C29 steranes, instead, emphasizes the mixed origin of the 

OM belonging to the sedimentary interval between the Jacob and Kilian sub-events, 

whereas support a mixed input of predominantly phyto- planktonic algae mainly 

during the Kilian and Leenhardt sub-events (Fig. 4.16).  

6.3.2 Photic Zone Euxinia in Western Tethys Ocean during the late Aptian – 
early Albian OAE 1b 

Trace metal and biomarker distributions through the PLG section suggests that 

fluctuating but frequently anoxic conditions were established during the deposition 

of black-shales levels. An efficient burial of OM under O2-depleted conditions is 

indicated by high TOC contents, high abundances of biomarkers and high redox-

sensitive proxies enrichments. Recent hypotheses about the OAEs occurrence, have 

invoked for OAEs the strong expansions of oceanic euxinia below the oxygenate 

surface layer, allowing the buildup of free H2S through the water column 

concomitant with an upward excursion of the chemocline (Pancost et al., 2004; 

Kump et al., 2005). This presence of H2S in the photic zone, termed Photic Zone 

Euxinia (PZE), can be inferred from the occurrence of aryl isoprenoids, which are 

diagenetic derivatives of isorenieratane, a pigment diagnostic for the presence of 

Chlorobiaceae. These are green sulphur bacteria that perform anoxygenic 

photosynthesis (Summons and Powell, 1986, Koopmans et al., 1996a; Sinninghe 

Damsté and Schouten, 2006), and thus require both light and H2S for growth. 

However, Koopmans et al. (1996b) suggests extreme caution when using such 

biomarkers as indicators of PZE without any further constrain (as their δ13C values), 
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since aryl isoprenoids may also originate from β-carotene, losing their redox-

specificity.  

Notably, at PLG section, the aryl isoprenoid concentrations became established 

following the development of reducing conditions in bottom waters, and rapidly 

disappear when oxic-suboxic conditions return (Fig. 4.12). This could reflect a 

marked shift in water-column redox state during the black shale deposition, likely 

associated with the intensification and vertical expansion of an intermediate-water 

oxygen minimum zone (OMZ) indicative of PZE. However, data of this study 

cannot resolve the PZE expansion and requires further investigations.  

6.3.3 The methanogenic Archaea biomass in the Western Tethys Ocean during 

the OAE 1b 

Many organic geochemical studies of OAE1b suggested that this multi-event 

was characterized by planktonic archaea as the main producers in sea waters (e.g., 

Kuypers et al., 2001, 2002; Tsikos et al., 2004; Okano et al., 2008; Trabucho 

Alexandre et al., 2011). The evidences consist in the occurrence of archaeal 

biomarkes such as TMI and PMI, as well as glycerol dialkyl glycerol tetraethers 

(GDGTs), in the Kilian and Paquier sediments from the southeast France 

(Vocontian Basin), the North Atlantic (ODP Site 1049) and the Ionian Basin 

(Tsikos et al., 2004).  For the OAE 1b at PLG, Sabatino et al. (2015) speculated the 

expansion of marine archaea based on Rock-Eval parameters (mainly Hydrogen 

Index, HI), the δ13Corg excursions and correlations with the well-constrained 

contemporary sedimentary sequences.  

The biomarkers analyses carried out on the saturated hydrocarbon fractions 

extracted from Poggio le Guaine samples allow not only to confirm the occurrence 

of archaeal biomass during the OAE1b, but also to determine its temporal 

variability. The major archaeal lipids detected on PLG extracts are PMI and TMI, 

both considered reliable biomarkers for methanogenic archaea (Vink et al., 1998; 

Peeters et al., 2005; Kuypers et a., 2002; Pancost et al., 2000). They are present in 

considerable amounts throughout the section, not only in all the black shale 

intervals, but also in marly limestones and calcareous marlstones. This is surprising 

in many aspects. Firstly, this is the first time that TMI is detected in sediments 

which do not belong to the Kilian and the Paquier black shales levels (Vink et al., 

1998; Kuypers et al., 2001, 2002; Okano et al., 2008). This probably relies on the 
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different lithological expressions of the OAE 1b event across basins, since previous 

authors studied sedimentary successions recording only the Paquier sub-event, as 

the ODP Site 1049 (Okano et al., 2008) or otherwise devoid of black shales levels 

correlated with all four sub-events of the OAE 1b.  

The second, and perhaps most important aspect of the results of this study, is the 

detection of biomarkers diagnostic of methanogens in sediments documenting well-

oxygenated depositional environment. Methanogenic Archaea are widely 

distributed in soils, wetlands, lakes, rivers, and marine environments (DeLong, 

1992; McDonald et al. 1999, Takai and Horikoshi, 1999; Florin et al. 2000; 

Schouten et al., 2002; Galand et al., 2005; Bapteste et al., 2005; Knittel et al., 2005; 

Pouliot et al., 2009; Angel et al., 2012) and are responsible for a large fraction of 

organic carbon decomposition under anaerobic conditions (Kuntz et al., 2015). In 

early studies, archaeal habitats were thought to be limited shallow or deep-sea 

anaerobic sediments (Whitman et al., 1992) and deep-sea hydrothermal vents 

(Brock, 1978; Whitman et al., 1992). However, methanogens have been 

successfully isolated from plankton samples of oxic marine surface waters (Cynar 

and Yayanos, 1991; Hoef et al., 1997), suggesting the occurrence of potential 

anaerobic niches through the water column (De Long, 1992; De Long et al., 1994; 

Noble and Henk, 1998; Peters et al., 2005). From this perspective, the record of 

PMI and TMI throughout the PLG section suggests the continuous occurrence of 

methanogenic archaeal biomass during the whole OAE 1b. During interval of 

enhanced anoxic condition leading to the black shales deposition, methanogens 

thrive and can have ubiquitous presence throughout oxygen-depleted water mass. 

This would explain the highest abundance of PMI and TMI coinciding with the 

major anoxic sub-events. The weaker but permanent occurrence of both biomarkers 

during periods of relative oceanic equilibrium, on contrary, suggest the availability 

of ecological niches satisfying the anaerobic requirements of methanogens, which 

can be the deep sediments with oxygen-depleted pore water, but it is not possible 

to rule out the possibility that some water column methanogens inhabited transient 

anoxic microzones in a not well-ventilated water column (Karl and Tilbrook, 1994; 

Hoefs et al., 1997).   

6.4 The PLG record of the late Aptian – early Albian regime shift 
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The high-resolution investigations conducted in this study on the “target interval” 

of PLG provide new insights on the evolution of anoxic conditions that led to the 

Jacob and Kilian black shales deposition, as well as the subsequent gradual 

restoring of normal oceanic conditions.  

The Figure 6.2 reports the temporal subdivision of the sedimentary target interval 

in 5 major phases, based on the achieved multi-proxy dataset and conveying 

towards a multiple palaeoceanographic response of the Tethyan basin to specific 

climate dynamics evolving during the late Aptian / early Albian interval. Complete 

and detailed interpretation of data from the single intervals are presented in the 

following paragraphs. In nutshell, their key features can be summarised as follow: 

the first phase is characterised by an increasing environmental “pressure”, likely 

triggered by an important interval of volcanic activity of the SKP, inducing a 

systematic shift toward more dysoxic/anoxic conditions in the deep ocean and 

culminating with the deposition of the black shales at the Jacob sub-event. The 

second phase appears as an interval of substantial and relative climate – oceanic 

equilibrium, emphasised by the lack of relevant anomalies in the geochemical and 

micropaleontological records. The third phase records a highly unstable time 

interval, both from an environmental and the biotic point of view. Inorganic 

geochemical proxies provide evidence of massive detrital input from land, which 

reasonably strongly affected the chemical structure of the water column. Moreover, 

at this interval the planktonic foraminifera experienced their first dramatic turnover, 

with an important extinction of almost all the large – sized Aptian taxa and the 

occurrence of few new species of small size. The fourth phase identified throughout 

the “target interval” records a new perturbation in the global carbon cycle, 

documented by the deposition of the 40 cm-thick black shale level of the Kilian 

sub-event. The Hg curve suggests the resumption of volcanic activity, probably 

linked to an early Albian phase of the SKP emplacement. Drastic shifts in the 

microfaunal assemblages occurred in coincidence of the organic-rich level, 

reflected also in the CaCO3 content. The fifth and last phase documents enhanced 

detrital input and higher productivity. 

The observed fluctuations resemble those of a system characterised by multiple-

threshold instability where rapid transitions among different states (oxic – dysoxic 

– anoxic) linked to natural forcing shift lead to different responses of the system 

and multiple thresholds crossing. These observations well reflect the theory of the 
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ecological regime shift, that has become a fast-growing scientific discipline in the 

last decades. An ecological regime shift can be defined as the abrupt changes on 

several trophic levels (Lees et al., 2006) associated to a rapid, substantial and 

persistent reconfiguration in the state of communities / ecosystems (Scheffer et al., 

2001, 2003; de Young et al., 2008). Commonly, the regime shifts are explored to 

investigate the response of modern ecosystems to anthropogenic activities and 

changing climate, and their impact on ecosystem services and human well-being 

(Carpenter et al., 2009; Millennium Ecosystem Assessment, 2005). The application 

of the regime shifts on the long-term history of the Earth is almost fragmentary 

although geological and paleontological records provide valuable insight on short 

burst of extinction and speciation, interspersed with longer periods of relative stasis 

when turnover of species is slower (Alroy, 2008; Hughes et al., 2013). 

 
Fig. 6.2. The multiproxy-oriented division of the 
sedimentary target interval in 5 major phases on the 
basis of the inorganic and organic geochemical 
proxies.  

 

The overall key features to detect in studies of ecological regime shifts are: 
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i) The external drivers of changes or shocks:  major regional/global drivers 

influenced by any natural factors that directly or indirectly influence the 

ecosystem processes (feedbacks). Indirect driver operates diffusely 

affecting one or more direct drivers (Nelson et al., 2006, Andersen et al., 

2009; Rocha et al., 2015). Examples of external drivers are climate change, 

volcanic activity, bolide impacts, invasive species after gateway opening, 

etc.  

ii) Internal responses: transmission of the effects from the external drivers to 

ecosystems in pelagic realm, resulting in reinforcing structures and 

processes. The capacity of a system to absorb changes so as to still retain 

essentially the same function, structure, identity and feedbacks (Walker et 

al., 2004) is called resilience. The internal responses can mitigate (positive 

feedbacks) or exacerbate the pressure exerted by the external drivers. In 

the latter case, the negative feedback became the internal driver gradually 

eroding the resilience of the system (e.g. habitat fragmentation, 

biodiversity loss, etc.), pushing ecosystem closer to a global tipping point 

and making it more vulnerable to shocks and disturbances.  

iii) Tipping point: is a critical value of an environmental driver for which 

small changes can produce a not reversible ecological regime shift (shift 

in variables). It is closely related to the concept of ecological threshold, 

with feedbacks that act to maintain a particular regime, and is the point at 

which there is an abrupt change in an ecosystem due to the loss resilience 

by the system. Hence, a perturbation must cross a threshold to cause a 

regime shift. However, May (1977) and Scheffer et al. (2001) point out 

that there is another type of threshold operating in a system, notably the 

dotted line or the unstable equilibrium separating the two regimes, mainly 

linked to a change in a parameter of the system. In this case, the system 

would respond more smoothly to changes.  

iv) New regime or state: it consists on changes in feedbacks and consequently 

on the direction (the trajectory) of the new stable ecological equilibrium, 

incompatible with the previous (alternative stable states). After the rapid 

diversification, ecosystems experience a relative stasis.  
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This work tries to interpret from this perspective, the late Aptian – early Albian 

record of Poggio le Guaine. The conceptual matric of the ecological regime shift 

provides an excellent multi-dimensional approach to understand causal-effect 

relationship between environmental forcing and ecological response particularly in 

the pelagic community. Actually, the high resolution geochemical investigations of 

this study allow to reconstruct the complex system of internal feedback 

mechanisms, whereas the paleontological results provide insights on the impacts 

and responses on marine communities.  

6.4.1 Evolution of the Jacob sub-event 

Figure 6.3 groups together the major features of the 1-meter-thick interval 

straddling the Jacob black shale level, our first out five major phases of the late 

Aptian / early Albian OAE 1b. Here, the Hg anomalies reveal a major pulse in the 

volcanic activity linked to the emplacement of the SKP (see par. 6.1, this chapter), 

with injection of large amount of atmospheric CO2.  

In response, the oceanic system gradually shifts toward more dysoxic – anoxic 

conditions, as highlighted by several geochemical proxies. Particularly, progressive 

oxygen depletion in bottom waters appears well reflected in the gradual decreasing 

concentration of manganese in sediments. Oxic conditions favour equilibrium of 

the Mn3+ and Mn4+ hydroxides or oxides highly insoluble; conversely, reducing 

conditions favour reduction of Mn to the valence state Mn2+ characterised by 

formation of highly soluble complexes and high potential for moving to the 

overlying seawater (Quinby-Hunt and Wild, 1994; Tribovillard et al., 2006). 

Concomitant Mn impoverishment, enhancement of other redox-sensitive TM (as V, 

Ni, Zn, etc), change in trace metal ratios (as V/Cr, V/(V+Ni) (Hatch and Leventhal, 

1992; Jones and Manning, 1994)) reliable proxies of oxygenated sediment 

conditions, and enhanced TOC contents seem clearly suggest incipient anoxic 

conditions, culminating with the deposition of the black shales of the Jacob sub-

event. In particular, vanadium is considered a reliable proxy of sediment redox 

condition, being another element whose oxidation state can vary as a function of 

the prevailing redox potential. It occurs as highly soluble anionic species in oxic 

waters but is reduced to reactive or insoluble species under anoxic conditions 

(Morford and Emerson, 1999; Tribovillard et al., 2006). From the bottom of the 

“target interval” the V/Al curve shows a rising hyperbolic trend, reaching highest 
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enrichment at the Jacob level. This clearly indicates a progressive system-shift 

toward more euxinic sea-water conditions. The organic-rich black shales of the 

Jacob sub-event also document the occurrence of organic biomarker indicative of 

anaerobic methanogenic Archaea (TMI and PMI) and expansion of euxinia in the 

photic zone (C16- and C18- aryl isoprenoids), as well as large amount of pristane. As 

previously reported (Par. 4.9.2), this molecular fossil is usually considered as proxy 

of oxic conditions since it is readily produced by oxidation and decarboxylation of 

phytane. However, its higher occurrences in black shale levels seem to be 

attributable to primary sources as cyanobacteria or purple sulphur bacteria, and, to 

a lesser extent, to moderate oxygen content in the depositional environment.  

All the evidences just mentioned suggest growing anoxia culminating with the 

carbonate crisis (well expressed by the decreasing trend in the CaCO3 curve) and 

the black shale deposition of Jacob sub-event.  

Detection of relatively higher Zr (proxy of the heavy fraction of continental input) 

concentration well reflects enhanced river runoff and associated stratification of the 

water column, culminating with the deposition of the Jacob level.  A significant role 

of aeolian dust in this context is also well testified by the long- to short-chain n-

alkanes ratio, that reveals an active source of higher plant waxes prior the Jacob 

level deposition, as also supported by the lightening of the carbon isotopic 

composition of the carbonate bulk. The Jacob deposition, however, marks the 

abrupt and definitive interruption of enhanced continental plant-waxes supply (fall 

of TAR ratios), probably reflecting a change from wet to dryer climatic condition 

that affects the vegetative growth on land and the intensity of wind.  

The transitory anoxic conditions dramatically affect the planktonic communities, 

resulting in a temporary drop in planktonic foraminifera and Radiolaria relative 

abundances. The strengthening of water column stratification probably restricts the 

survival and adaptation of planktonic organisms to limited ecological niches. At the 

same time, the concomitant abrupt increase on benthic foraminifera abundance 

provides evidence of short-lived oxygenation events that would allow transient 

colonization even by bottom-living species. After the anoxic event, the restore of 

water mass mixing and oceanic ventilation enhance the primary productivity, as 

evidenced by the prominent peak of the Ba/Al proxy. However, this pulse on 

productivity appear to be adverse to the trophic requirements of planktonic 

foraminifera, that consequently records a new drops in abundance.   
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Fig. 6.3. Major inorganic and inorganic geochemical, and micropalaeontological features of the 
sedimentary interval encompassing the Jacob sub-event at Poggio le Guaine (3.00 – 4.10 m).  
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Fig. 6.4. Major inorganic and inorganic geochemical, and micropalaeontological features of the 
“mute zone” sedimentary interval at Poggio le Guaine.  
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Fig. 6.5. Major inorganic and inorganic geochemical, and micropalaeontological features 
of the sedimentary interval encompassing the planktonic foraminiferal turnover at Poggio 
le Guaine.  
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6.4.2 The “mute zone” 

After the Jacob sub-event, the interval from 4.00 m to 6.00 m sound as a “mute 

zone”, where relevant geochemical anomalies or micropaleontological variability 

are extremely reduced in amplitude and frequency (Fig. 6.4). The mercury curve 

does not show significant enrichments, ranging around ⁓4 ppb, suggesting reduced 

volcanic activity linked to the emplacement of SKP. The oxygen levels at the 

bottom of the basin appear restored through the water column, and the planktonic 

foraminifera show higher abundances compared to that of benthic foraminifera and 

Radiolaria. Short-lived reductions in the percentage of PF correspond to small 

increase in the number radiolarian specimens.  

The relatively stable pattern of proxies of detrital input (Ti, Mg, K, and Zr/Al) 

underline a temporary interruption of enhanced terrigenous input (riverine and 

aeolian) and potentially indicate dryer climatic conditions. The few biomarkers 

detected in significant amounts are n-alkanes from the aquatic range (n-C16 and n-

C18 with concentrations of ⁓ 166 µg/g TOC), pristane and phytane (concentrations 

≤ 0.1 µg/g TOC) and TMI (concentration < 90 µg/g TOC). The anomalous 

occurrence of the latter compound in sediments with “fully oxic” conditions could 

indicate anaerobic methanogenic archaeal activity below the water-sediment 

interface.  

6.4.3 An interval of ecological regime shift 

The interval between 6.00 and 7.60 m encompasses the planktonic foraminiferal 

turnover event (Fig. 6.5). It records the onset of a new interval of Hg increase, which 

possibly reflects a new resumption of the volcanic activity of the Southern 

Kerguelen igneous province. The Hg sedimentary content increases upward and at 

7.30 m reaches the value of ⁓75 ppb, three time the background level. This 

increasing trend will continue up to the top of the “target interval”. The main effect 

of the enhanced volcanic activity with injection of CO2 in atmosphere produced a 

climatic shift toward wetter and warmer conditions, which once again strengthened 

the continental weathering and the wind intensity, in agreement with several authors 

who documented late Aptian – early Albian strong monsoonal activity (Barron et 

al., 1985; Oglesby and Park, 1989; Wortmann et al., 1999; Herrle, 2002; Herrle et 

al., 2003a,b; Bornemann et al., 2005; Hofmann et al., 2008; Wagner et al., 2008).  
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Stronger winds, in turn, could have increased the detrital supply, and consequently 

enhanced primary production in oceanic realms. The interval between 6.30 m and 

7.10 m at PLG section actually records a relative increment of terrigenous input to 

the basin. Either riverine (Mg, K,) and aeolian (Ti, Zr) terrigenous proxies show 

three prominent peaks at 6.40 m, 6.70 m and 7.10 m, indicative of enhanced 

hydrologic cycle also highlighted by the lightening of the isotopic carbon ratios. 

This enrichment is also suggested by the enhancement in Cr, characterised by a 

strong affinity for the detrital fraction. Increase in concentration of other redox-

sensitive metals as Mn, V, Fe, Ni, Cd, Cu, Zn, and Pb can be observed in this 

interval. Moreover, the three peaks of enrichment in the barium/Al curve highlights 

the productivity increase triggered by the pulses of detrital input, events slightly 

delayed compared to the peaks of other trace elements.  

Ultimately, effects of sudden detrital discharges generally provide large nutrients 

supply in a short time. This destabilises the physical and ecologic equilibrium 

throughout the water column and lead to a regime shift toward eutrophic and 

mesotrophic conditions, low oxygen waters and weaker water mass stratification 

(Herrle et al., 2010).  

The profound and relatively sudden changes of the ecosystem dynamics 

dramatically affect the planktonic and benthic communities. The highly spiky 

pattern of PF, BF and Radiolaria abundance curves clearly reflects how the 

ecosystem gradually shifted toward its ecological threshold, because of 

destabilizing feedbacks significantly eroding the resilience of marine biota. The 

massive terrigenous supply does not appear to be responsible for the short-term 

changes in faunal assemblages, as suggested by the slight lag between the two 

signals. It rather affected and/or complicated the attempt at survival of planktic 

foraminifera, destabilizing the physical niches and promoting the primary 

production. The extinction event of the Aptian planktonic foraminifera, coinciding 

with the HO horizon of Paraticinella rohri at 6.50 m, unequivocally marks the 

regime shift to an alternate stable ecological state. The new mesotrophic – eutrophic 

conditions, inhospitable for Aptian taxa, drive changes in the plankton community 

composition, promoting the blooming of opportunistic/disaster species and 

siliceous organism as Radiolaria.  

Biomarkers are very scarce in this interval, since the degrees of oxygen in bottom 

water supported the effective degradation of the abundant organic matter, 
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preventing preservation. However, the low concentrations of TMI and PMI indicate 

archaeal presence,  likely confined to deep sediments with pore-water are 

depleted in oxygen.   

6.4.4 The Kilian sub-event 

The higher sedimentary concentrations of mercury throughout the sedimentary 

interval between 7.60 and 8.50 meters, provide evidence of the persistence of the 

volcanic activity linked to an early Albian phase of the emplacement of the SKP 

(Fig. 6.6). This lead to a further upset of the basin system, recorded at 7.96 m: the 

Kilian black shale deposition marks a new phase of enhanced organic matter 

deposition and preservation.  

The high atmospheric pCO2 (volcanic – external drive) and the high rates of 

primary production (internal driver) resulting from the early regime shift, gradually 

push the oceanic system toward the impoverishment of the oxygen water levels, 

shown by the fall of Mn/Al ratio, and the small increase in redox-sensitive TMs, 

comparable to that of detrital proxies as Zr, Ti and K. Even if the geochemical 

signals are not as strong as at the Jacob level, the Kilian sub-event is marked by the 

sudden fall of the δ13C values concomitant to the drastic drop of the CaCO3 content. 

The productivity drops in correspondence of the bottom of the Kilian level, 

evidenced by the Ba/Al curve and, more broadly, by the dramatic fall of Radiolaria 

abundances, point toward the strengthening of water column stratification as 

reasonable driver of the Kilian anoxic sub-event. The small amount of organic 

biomarkers indicative of photic zone euxinia and archaeal biomass (namely C16- 

and C18- aryl isoprenoids, PMI and TMI) also sustain the anoxic conditions, 

although the rise of the benthic fauna (mainly agglutinated benthic foraminifera) is 

proof of episodic oxygenation of the bottom waters.   

6.4.5 The new regime 

The end of the organic-rich black shale deposition is marked by the restoring of 

the chemical equilibrium through the water column, highlighted by the geochemical 

proxies as the Mn/Al ratio, the CaCO3 and δ13C curve (Fig. 6.7). The wetter climatic 

conditions that are well established since the late Aptian (see.  Par. 6.4.3), enhance 

the continental weathering and promote strengthened winds, resulting in larger 

terrigenous inputs evidenced by the significantly increasing trend of all the detrital-
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proxies. The subsequent widespread nutrient availability result in eutrophic 

conditions promoting the blooming of siliceous organism as Radiolaria, which 

dominate over the calcareous foraminifera with mean abundances of about 70%. 

The depauperate planktonic foraminifera assemblages, composed only by small Mi. 

miniglobularis and Mi. renilaevis specimens, do not show deviations from the 

background abundance of 0-10%.  
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Fig. 6.6. Major inorganic and inorganic geochemical, and micropalaeontological 
features of the sedimentary interval encompassing the Kilian sub-event at Poggio 
le Guaine 
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Fig. 6.7. Major inorganic and inorganic geochemical, and micropalaeontological features of the 
upper sedimentary interval at PLG section 
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6.5 The impact of environmental changes on planktonic community: a view 

on an ecological regime shift 

Large environmental variations, as rapid climatic changes (cooling; greenhouse 

warming) and massive volcanic activity, significantly affected the atmosphere-

oceanic system, resulting in changes in ice volume, temperature, seasonality, 

upwelling and hydrographic regimes, chemical and physical structure of water 

column. In the oceanic realm, these environmental changes influence the stability 

of pelagic ecosystems and their boundaries, and therefore could have a crucial effect 

on all planktonic groups, promoting long-term biotic stress that may exceed the 

threshold conditions for certain organisms (Keller and Pardo, 2004a; Keller, 2005; 

Pardo and Keller, 2008; Tantawy et al., 2009). Although the link between 

environmental pressures and evolutive changes is still poorly known, the body size 

is considered as a key indicator for the organism’s health, since this morphological 

attribute has a fundamental impact on the ecology, evolutionary history and 

physiology of organisms (McKinney, 1990). Decreases in size have been described 

as transient phenomena, systematically associated with biologic extinctions (Aubry 

2009). In fact, high environmental stresses promote the overall decrease on body 

size before the taxon extinction (pre-extinction dwarfing in Wade and Olsson,2009) 

and the size reduction of relict taxa after the extinction and before of the ri-

diversification (Lilliput effect in Urbanek, 1993; Twitchett, 2006, Tantawy et al., 

2009). This is the reason why dwarfism is considered a stress signal leading the 

organism to optimise the dimensions and the reproductivity capability for survival. 

Dwarfism has been often associated with mass events but it has been also 

documented in intervals of high biotic stress resulting in smaller extinction events 

and biotic crises, in an extensive range of organisms from both terrestrial and 

marine realms, from large mammals to invertebrates and to the smallest, single-

celled microscopic organisms (e.g., Cordey et al., 1970; Harris and Mundel, 1974; 

Mancini, 1978; Hart and Ball, 1986; Leckie, 1987; Keller, 1989, 1993, 2003a, 

2003b, 2004, 2005; MacLeod, 1990; Hart and Leary, 1991; Keller et al., 1997, 

2004, 2007; Twitchett, 1999; MacLeod et al., 2000; Fürsich et al., 2001; Twitchett 

et al., 2001; Abramovich and Keller, 2003; Raia et al., 2003; Thomas, 2003; 

Coccioni and Luciani, 2004, 2005, 2006; Lockwood, 2005; Payne, 2005; Wheeley 

and Twitchett, 2005; Twitchett, 2006, 2007; Isozaki and Aljinovic 2009; Keller and 
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Abramovich, 2009; Morten and Twitchett, 2009; Mutter and Neuman, 2009; 

Tantawy et al., 2009; Wade and Olsson, 2009; Erba et al., 2010; Metcalfe et al., 

2011; Yamaguchi et al., 2012). Many question remain unanswered regarding the 

causes of dwarfism, its duration and mechanisms. However, it appears that the 

ecological response to biotic stress is similar in all types of high-stress 

environments, varying only with the degree of environmental change, regardless of 

the particular causes that induced stress conditions (e.g., Wade and Twitchett, 

2009). 

6.5.1 The planktonic foraminiferal response to the OAE 1b at PLG section 

The late Aptian – early Albian biotic turnover records a dramatic extinction event 

of the large-sized Aptian planktonic foraminifera taxa and the emergence of few 

new small-sized Albian species. In parallel to the selective 

extinction/disappearances of large species, that consequently results in the 

interspecific size reduction, planktonic foraminifera show also the intraspecific 

decreasing of the test size preceding extinction (pre-extinction dwarfing of Wade 

and Olsson, (2009), in contrast with the post-extinction dwarfing as in the Lilliput 

effect). Wade and Olsson (2009) claim that the terminal size reduction is an 

adaptive response to changing water column conditions. This survival strategy 

relies on early sexual maturity (progenesis), faster reproductive rates and larger 

numbers of offspring, which maximize survival test (Tantawy et al., 2009).  

Dwarfism involves the large, morphologically complex, ornate, and specialized 

k-strategist Aptian taxa, which in comparison to smaller species tend to have slower 

reproduction rates, higher resource requirements, and therefore reduced population 

densities (Riveros, 2007). Planktonic foraminiferal assemblage from the aftermath 

of biotic turnover are almost entirely composed by small and thin Mi. 

miniglobularis specimens, accompanied by rare to few specimens of Aptian taxa, 

that soon become extinct. The ecological behaviour of Mi. miniglobularis seems 

that of disaster opportunist, since it occurs and thrives during a period of high but 

variable environmental stresses associated to anoxia, eutrophic waters, and intense 

volcanic activity (highlighted in previous paragraphs), when no other species 

blooms. Actually, Keller and Abramovich (2009) state that in the aftermath of 

major catastrophes often a single disaster taxon, generally small and unornamented, 

tends to dominate for a brief time, whereas it is rare or absent in normal 
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environments, exactly as Mi. miniglobularis and Mi. renilaevis after the late Aptian 

– early Albian turnover.  

On the other hand, Pa. rohri perfectly symbolises the major features of Aptian 

taxa. It has generally larger test size (300-600 µm), numerous chambers (8-10), 

thick-walled test, and well-developed rugosities on the early chambers of the final 

whorl. Through the PLG-GC section, Pa. rohri shows a gradual size decrease which 

closely parallels that of the entire planktic foraminifera assemblage approaching the 

extinction event. From this perspective, the size changes on Pa. rohri can be used 

as a mirror of the progressive deterioration of PF assemblages. The mean value of 

the maximum diameter of Pa. rohri throughout its biostratigraphic interval (394.99 

µm) can therefore be considered a threshold separating larger-sized populations, 

indicative of optimum ecological conditions, from lower size specimens, that reflect 

selective environmental pressures (Fig. 6.8).  

After an early evolutive phase during which Pa. rohri progressively increases both 

in number of specimens and dimension, from -2.79 m upward this taxon 

experiences a thriving period, highlighted by the broad dimensional range of 

populations and by the larger mean maximum diameter of 453.84 µm. However, 

from -2.40 m to -0.12 m, mean size of Pa. rohri decreases to 339.36 µm, and 

populations are composed of smaller specimens (until 264.33 µm in diameter) with 

rather uniform size (mean st. dev. of ± 23.81 µm) (Fig. 4.1, Tab. 1 - Supplementary 

materials). This could be interpreted as a period of high selective pressure that 

compels the PF to limit the metabolic activity for calcification, reducing the growth 

and fitness of the organism. Unfortunately, the absence of geochemical data from 

the GC section makes it impossible to further constrain the role of Pa. rohri as 

ecological indicator through this interval.  

Sabatino et al. (2015) reported stable oceanic conditions throughout the 

sedimentary interval from 0.00 m to 3.00 m of PLG section. Remarkably, Pa. rohri 

seems to record a period of relative ecological optimum as well, reflected on the 

test diameters 15% larger than the threshold value and on the widest population 

variability (Fig. 6.8, Tab. 1 - Supplementary materials). A progressive decline in 

the test-size starts at 3.00 m, concomitant with the reduction of dimensional 

variability among populations, leading to dimensional threshold crossing at 4.40 m. 

From this level to the final extinction, Pa. rohri is < 400 µm and populations show 

the occurrence of dwarfed specimens (size <300 µm).  The geochemical 



Chapter 6 Discussions 
________________________________________________________________________ 

103 

investigations conducted in this study have demonstrated a gradual system shifting 

toward more dysoxic/anoxic conditions starting at 3.00 m and culminating with the 

deposition of the black shale of the Jacob sub-event. This environmental pressure 

seems to affect the growth and calcification process of Pa. rohri, triggering its long-

term decline that persist even during periods of apparently stable oceanographic 

conditions (i.e. the “mute zone”). Moreover, from 6.00 m upward, massive detrital 

inputs destabilize the water column structure and provide large nutrients supply in 

a short time. The resulting regime shift toward mesotrophic to eutrophic conditions, 

confirmed by temporary blooms of Radiolaria and concomitant enrichments on 

productivity proxies as barium, may have further hindered the attempts at survival 

of Pa. rohri and all other Aptian k-strategist, leading to their final extinction at 6.50 

m. The increasing trophic levels, on the other hand, favoured the thriving of very 

small-sized opportunistic/disaster Albian taxa and siliceous plankton, in analogy 

with the general trend observed in actual frontal mixing zones and high-fertility 

upwelling areas (Schmidt et al., 2004).  

Abrupt increases of radiolarian abundances concomitant to the decline of large k-

strategist PF have been reported from different sites and geological times (e.g. 

Leckie, 1984, 1987; Erbacher et al., 1996; Erbacher and Thurow, 1997; Stoll and 

Schrag, 2000; Leckie et al., 2002; Luciani et al., 2010). The common factor is the 

sudden shift from an oligotrophic ecosystem to eutrophication, due to enhanced 

upwelling or changes in nutrient fluxes. Brasier (1995) suggests that oligotrophic 

environments tend to support communities with higher species diversity than 

eutrophic ones, and contain more specialized species. If the nutrient levels of an 

oligotrophic-adapted system rise too high, blooms of plankton reduce water clarity 

(i.e. 'green water') and limited water transparency will shift primary production 

further towards the phytoplankton, favouring the suspension feeders. Studies of 

sediment traps on the deep ocean floor confirm that fluxes of siliceous diatom and 

radiolarian skeletons are indeed good indicators of high ocean productivity 

(Takahashi 1986; Schrader and Sorknes 1991), and consequently rests of diatoms, 

radiolarians and biogenic opal can therefore be used to provide estimates of past 

ocean fertility.  
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Fig. 6.8. Stratigraphy of the studied interval at PLG plotted against morphometric changes of 
Pa. rohri through the 0.00 m – 6.50 m interval of PLG section, and relative abundance of 
planktonic foraminifera and Radiolaria from 3.00 m to 9.00 m. The cartoon at the bottom 
simplify the effects of regime shift on two upper Aptian Pa. rohri (decreasing size) and a 
specimens of Mi. miniglobularis. Green dots symbolize primary productivity. Key to simbols: J 
= Jacob event; K = Kilian event.  
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6.5.2 The size-record of Pa. rohri at the South Atlantic Ocean 

The dimensional variation of Pa. rohri through the DSDP Site 511 succession 

provide interesting information and very useful points of comparison to the PLG 

record. Above all, the mean maximum diameter through its biostratigraphic range 

is of 448.40 µm, larger than those recorded at PLG. This probably means that, in 

the South Atlantic, the oceanic environment was more advantageous for the 

ecological requirement of Pa. rohri, allowing it to spend large part of the metabolic 

activity for the biocalcification of larger tests. Using the mean diameter as 

ecological threshold indicator as for PLG, Pa. rohri shows healthy during most of 

its range, with test-size close to the mean value except for the early evolutive stages 

(Fig. 6.9). However, its extinction provides evidence that even the planktonic 

foraminifera of the South Atlantic Ocean have undergone the dramatic effects of 

the late Aptian – early Albian ecological shift toward a new eutrophic. The fairly 

stable dimensional range, and, even more, the size increase of Pa. rohri before the 

extinction, suggest the absence of internal negative feedbacks exacerbating the 

pressure of external drivers, allowing the system to respond smoothly to global 

changes.  
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Fig. 6.9. Stratigraphy of the studied interval at DSDP Site 511 plotted against 
morphometric changes of Pa. rohri. The cartoon at the bottom simplify the effects 
of the global carbon cycle perturbation on the planktonic foraminifera assemblage 
at the South Atlantic: upper Aptian Pa. rohri and early Albian Mi. miniglobularis. 
Green dots symbolize primary productivity.  
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Chapter 7 

Conclusion 

 

The pelagic section of Poggio le Guaine (central Italy) provided a continuous and nearly undisturbed 

record of late Aptian – early Albian OAE 1b in the western Tethyan Realm. The high-resolution 

multi–proxy investigations performed in this study and the comparison of the results with the widely 

separated marine realm of the South Atlantic Ocean, reveals new insights on the potential 

relationships between ocean events and climate changes, and the feedback responses of ecosystems 

at basin-scale.  

The principal findings of this research can be synthesised as follow: 

i) The high-resolution Hg chemostratigraphy along the target interval of Poggio le Guaine section 

demonstrates relative good match between the timing of large igneous province eruptions and 

strong perturbations of the global carbon cycle. Major pulses in the large-scale volcanism 

leading to the emplacement of the Southern Kerguelen Plateau are likely responsible for the 

climatic fluctuations that punctuated the late Aptian – Early Albian, perturbing the global 

Atmosphere-Ocean system over longer time scales.  

ii) The rapid climatic changes and the complex interaction between global Oceans and Atmosphere 

synergistically transfer their effects on the pelagic realm. The chain of reactions and subsequent 

feedbacks are complex and strongly affected by the regional palaeoceanographic settings.  

iii) The OAE 1b is the result of the long-term perturbation induced by the SKP emplacement. The 

peculiar hydrographic and oceanographic features of the PLG sedimentary basin determine brief 

and intermittent episodes of anoxia/dysoxia, which favoured the enhanced burial and 

preservation of marine organic carbon. The Jacob, Kilian, Paquier and Leenhardt black-shales 

levels are therefore the result of repeated mid-term oceanic collapses, characterised by transient 

disoxic/anoxic of water column. The absence of black shales in the sedimentary record of the 

South Atlantic Ocean suggests that the local palaeoceanographic conditions hindered the 

reduction of bottom water ventilation and subsequent anoxia.   

iv) Local hydro-climatic variability exacerbated the influence of large scale forcing on ecosystems. 

The short-term amplification of the hydrologic cycle is a local response to moderate climate 

variations. This amplification had direct impact on the continental weathering and prevailing 

wind patterns, resulting in enhanced continental matter and nutrient inputs, thereby destabilizing 

the ecological niches and trophic equilibrium.  
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v) The instabilities in global climate and the local destabilizing feedbacks eroded the resilience of 

the marine ecosystem, pushing it closer to its ecological threshold, that was finally breached by 

at the AABI. The abrupt and drastic changes in the ecological structure of the pelagic system 

definitively marks the irreversible regime shift. The new eutrophic ecological state dramatically 

resulted in profound and sudden changes in the plankton community composition.  

vi) The first major planktic foraminifera turnover is the result of the late Aptian – early Albian 

ecological regime shift. The new mesotrophic – eutrophic conditions were inhospitable for the 

Aptian k-strategist taxa, which finally lose their resilience capability and go extinct. The early 

Albian ecosystem promoted the blooming of opportunistic/disaster species and siliceous 

organism as Radiolaria, which dominate the microfaunal assemblages.  

vii) The comparison of the planktonic foraminifera records across the two sections of PLG and 

DSDP Site 511 provide the evidence that widely separated marine ecosystems have similar 

response to global drivers. Both South Atlantic and Tethys oceans experience the late Aptian – 

early Albian regime shift to a new eutrophic ecological state, leading to the dramatic planktonic 

foraminifera turnover. Consequently, the ecological regime shift and the planktonic foraminifera 

turnover can be defined as a global response to the global mid-Cretaceous climatic change.  

viii) The planktonic foraminifera dwarfism is not an adaptive response to global 

climatic/environmental changes. It is mostly sustained by the negative internal feedbacks that 

exacerbate the pressure exerted by the external drivers, eroding the resilience of planktonic 

foraminifera, which consequently attempt to survive reducing the test size.  
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