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is a matter of belief. Unfortunately, the near-consensus of the scientific community does not suffice in 
convincing politicians, science-denialist groups, and the general public of human contributions to climate 
change and its dramatic implications. 
 
With climate change threatening the health, safety, economies, and societies of future generations, it will soon 
be too late to mitigate our irreversible damage to the atmosphere and climate. Because of the numerous 
perspectives on climate change and the varying degrees of responsibility of the entities involved, the subject 
remains unresolved. The international community grapples with innumerable questions. Do we prioritize the 
well-being of humanity over that of the environment? Who’s to be held responsible for climate change, and to 
what extent? Going forward, how are we to handle the wide spectrum of the implications of climate change? Is 
climate change even worthy of our concern? 
 

 
Gauge the class’ knowledge and initiate a preliminary discussion with the following questions:  
 

1. What is climate change? How does it occur? 
2. What is global warming? 
3. What is the difference between climate change and global warming? 

 
2. WHAT IS CLIMATE CHANGE? 
See “Additional Resources” for an accompanying slideshow. 
 
Global warming and climate change are often used interchangeably, but there is an important distinction to be 
made between the two. Global warming describes the recent rapid increase in the average temperature of the 
planet due to our reliance on fossil fuels as an energy source. Our emissions contribute to global warming 
through a phenomenon known as the greenhouse effect. 

 
Photo Credit: U.S. Environmental Protection Agency 

 

Most common greenhouse gases

Water vapor is the most
abundant greenhouse gas, its
abundance in the
atmosphere does not change
much over time.
CO2 less abundant but it has
a long residence time in the
atmosphere and added to
the atmosphere by human
activities

Present Greenhouse
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The Keeling Curve, Keeling et al., 2001 

The atmCO2 concentration
is predicted to rise in the
21st century reaching up to
2000 ppm at rates ~100x
faster than has occurred
over the past

At the present rate of
increase, atmCO2 may
reach 600 ppm by the end of
this century, a value that
appears not to have been
typical for at least 24My

compromise ecosystem resilience, global thermal-stress and alteration of 
ocean chemistry, triggering responses of marine biota in terms of extinction, 
innovation and/or temporary adaptations

Present

CO2  has increased by 40% since
1750 and the rate of increase has
been the fastest during the last 
decade 

atmCO2   increasing

https://www.co2.earth/daily-co2
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Present Global Warming

Increasing T up to 5°C in 2100

Land-ocean T° index, 1880 to present. black line: global annual mean; 
red line: 5-year Lowess smoothing; blue uncertainty bars (95% 
confidence limit) account only for incomple spatial samples

Gardiner/UCAR with 
IPCC (2013) 

Jajda et al., 2011
Jajda et al., 2011
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The oceans are absorbing about 80% to 90% of the additional heat. The top 2000 m of the ocean will increase in T° of about
0. 8 C at the end of 21 century
The oceans absorbe about 30% of CO2, which has an impact on marine organisms that secrete calcium carbonate shells. 

Studies on recent ecosystems have demonstrated that abrupt global warming
and OA are detrimental for carbonate-secreting organisms and can determine
dramatic biotic shifts with the demise of carbonate platforms and coral reefs
as well as biocalcification failure of planktonic calcifiers. 

Ocean Warming and AcidificationPresent
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Napoli – 6 Aprile 2017 

Pizzo Bernina, 1978 Pizzo Bernina, 2003Kilimangiaro, 1993

Kilimangiaro, 2000

La fusione dei ghiacciai riduce la disponibilita’ di acqua dolce

Ghiacciaio del Forni

Antarctica is melting at 118 gigatons per year

Greenland is melting at 281 gigatons per year

Melting Glaciers and Shrinking Sea Ice

Decline of Antarctic ice mass from 2004 to 2016

Present
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Rising Sea-Level 

Causes: melting of glaciers and thermal expansion, since 1970, account for 75% of the sea-level rise 

Observed sea level from tide gauges (dark gray) and satellites (light gray) from 
1800-2015, with future sea level through 2100 under six possible future scenarios
(colored lines). The scenarios differ based on potential future rates of greenhouse
gas emissions and differences in the plausible rates of glacier and ice sheet loss. 
NOAA Climate.gov graph, adapted from Sweet et al., 2017.

3.4 mm per year

Church and White, 2011 (light blue line) and University of 
Hawaii (dark blue). 

0,8 - 1 m end 21° centuryPresent
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O2 lowering: 
- Atmosphere: 0,1 % in the last 
100 years
- Oceans: more than 2% in the 

last 50 years
- 1% to 7% within 2100
(Schmidtko et al, 2017, Nature Letter) 

Water stratification and anoxia

Acidification combined with warmer temperature and 
lower oxygen levels is expected to have severe impacts
on marine ecosystems

atm O2 loweringPresent
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Hypoxia: low or depleted
oxygen

+
Eutrophication: increased
load of nutrients to estuaries
and coastal waters

lead to 'dead zones‘

Schematic of 
interaction of 
open ocean
oxygen
minimum zone 
(OMZ, red) with 
hypoxic shelf
system and 
dead zones on 
continental
shelves of 
eastern ocean
boundaries modified after Stramma et al., 2010, Stramma and Schmidtko, 2019

Present
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Ice Ice IceGreenhouseGreenhouse

Pre-industrial CO2

Earth has experienced extreme environmental disturbances, with varied
tempos and modes of ecosystem resilience, occasionally reaching
tipping-points that triggered permanent modification in abundance, 
diversity of marine and continental organisms untill to arrive to mass-
exctintion, 

Life on Earth has
survived major 
paleoenvironmental
disturbances with 
evidence of variable
engineering and 
ecological resilience

current CO2

Modified from Foster et al., 2017

Modified from Keller, 2005 Jenkins, 2010 

Brink, 2015

Oceanic
Anoxic
Event
OAE

Figure 1. Time scale [Gradstein et al., 2005] illustrating the stratigraphic position and nomenclature of OAEs
discussed in the text. The major OAEs, identified by the extent of associated chemical change, are denoted by the
larger pink!colored ellipses. Discussion in the text concentrates on these three major OAEs, the early Albian Paquier
Event (OAE 1b), and the PETM.

Geochemistry
Geophysics
Geosystems G3G3 JENKYNS: REVIEW 10.1029/2009GC002788

3 of 30

Past
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Data set from PRIN 2017 
(CIRILLI et al)

Throught a suite of biotic
and abiotic archives and 
geochemical proxies

The research aims to reconstruct the
tempo and mode of resilience in
marine and continental ecosystems
when tipping-points trigger permanent
modifications and the response of
continental and marine ecosystems to
excess CO2 and global warming to
produce data for understanding
strategies enabling ecosystems to
adapt to current (and future) global
change

Paleoecosystems
- before pre-disturbed
conditions
- during disturbed conditions
- returning to pre-disturbed
conditions (recovery)
- shifting to a new regime 
after reaching tipping-points

Modified from Keller, 2005

Calculated evolution of the atmospheric CO2 level over the Phanerozoic

Goddéris et al, 2014

Past
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Deep DUST project: A. Spina (PI)-Anadarko (Oklaoma) and 
Paris Basins

Domeier and Torsvik, 2014

Modified from Soreghan et al., 2020 Largest mass extinction of the Earth history

Global negative peak of δ13C: Siberian traps, ocean
anoxia, methan hydrate dissociation

Increased amount of atmospheric CO2 linked to the 
Siberian Traps LIP: global warming and ocean
acidification

End Permian Mass Extinction 
(260-250 My)

High-resolution CO2 reconstructions include 
values comparable to those predicted for Earth's 
immediate future

UP

LP

Modified from Foster et al., 2017

Pre-industrial CO2

Ice Greenhouse GreenhouseIcehouse Ice

current CO2
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Southern Alps (Italy) End-Permian
mass extinction

event

Spina et al. 2015

Low or absent
plant extinction

Jurikova et 
al., 2020 

Nowak et al. 2019 
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END PERMIAN MASS 
EXCTINCTION: 

CENTRAL and NW IRAN

End Permian:

• sea level rise
• biocalcification

crisis
• mass extinction
• dysoxic to anoxic

ocean water

Abadeh - Central Iran

Zal - NW Iran 

Early Triassic: 

• Microbialite bindstone: recovery of 
carbonate sedimentation and life

• Change in the carbonate factory type: 
tropical (late Permian) to microbial after
mass extinction

Sorci et al., 2022
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Central Taurides
Turkey

Dead Sea, 
Jordan

United Arab
Emirates and Oman

Karakhorum, 
Pakistan

North 
Victoria 
Land, 
Antarctic

Northern Apennines (Italy)

Krasnye
Kamni
section, 
Norilsk, 
Northern
Siberia

Saunders et al., 2009 

Siberia

Map of present-day western Siberia and
distribution of Permo - Triassic basaltic
volcano and sedimentary rocks, dashed
line: putative limit of the Siberian Traps
LIP

PT Siberian Traps Project, PI: Spina
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248 Pálfy and Kocsis

Figure 2. Global paleogeographic map at the Triassic-Jurassic transition (ca. 200 Ma). Surface distribution of Central Atlantic magmatic 
province rocks is in dark red; reconstructed total area of Central Atlantic magmatic province is shown in light and dark red (after McHone, 
2003). Numbered areas and localities include the important rift basins on the eastern North American and the northwest African side of the 
future Central Atlantic, and key sections with marine biostratigraphic data, !13C data, or radiometric ages mentioned in the text. 1—Fundy 
Basin (Blackburn et al., 2013; Schoene et al., 2006); 2—Hartford Basin (Whiteside et al., 2010); 3—Newark Basin (Blackburn et al., 2013; 
Marzoli et al., 2011; Schaller et al., 2011; Whiteside et al., 2010); 4—Culpeper Basin (Marzoli et al., 2011); 5—Argana Basin (Blackburn 
et al., 2013; Deenen et al., 2010); 6—High Atlas Basin (Marzoli et al., 2004); 7—Northern Calcareous Alps (Kürschner et al., 2007; Ruhl 
and Kürschner, 2011; Ruhl et al., 2009, 2011); 8—Pelso Unit, Hungary (Pálfy et al., 2001, 2007); 9—Western Carpathians (Michalík et al., 
2007, 2010); 10—southern Alps (Bachan et al., 2012; Galli et al., 2007; van de Schootbrugge et al., 2008); 11—Apennines (Bachan et al., 
2012; van de Schootbrugge et al., 2008); 12—southern Germany (van de Schootbrugge et al., 2008; Ruhl and Kürschner, 2011); 13—Polish 
Trough (Pienkowski et al., 2012); 14—northern Germany (van de Schootbrugge et al., 2013); 15—Danish Basin (Lindström et al., 2012); 
16—southwest Britain (Clémence et al., 2010; Hesselbo et al., 2002; Korte et al., 2009; Ruhl et al., 2010); 17—East Greenland (McElwain 
et al., 1999; Hesselbo et al., 2002); 18—Queen Charlotte Islands (Friedman et al., 2008; Pálfy et al., 2000a; Ward et al., 2001; Williford 
et al., 2007); 19—New York Canyon, Nevada (Bartolini et al., 2012; Guex et al., 2004, 2012; Schoene et al., 2010; Ward et al., 2004); 
20— Utcubamba Valley, Peru (Schaltegger et al., 2008; Schoene et al., 2010). Base map is from Ruiz-Martínez et al. (2012).

 on September 17, 2014specialpapers.gsapubs.orgDownloaded from 

palynological markers prevent a detailed correlation, the palynological
assemblages from the sedimentary beds intercalated with the Inter-
mediate and the Upper Basalt indicate a Rhaetian age and constrain the
CAMP basalt eruption below the higher portion of the TH and SAB 3
palynozones established at Kuhjoch and St. Audrie's Bay respectively.

Beyond the still debated correlations with the marine Tr–J sections
(e.g., the GSSP at Kuhjoch and St. Audrie's Bay), the palynological as-
sociations recovered in the sedimentary strata, both below and above
the Moroccan CAMP basalt flows, are Rhaetian, thus excluding an early
Jurassic age for the volcanic pile. By combining the carbon isotopic
data and U-Pb ages with the new palynological data, we show that the
emplacement of almost all CAMP basalts in Morocco occurred during
the end-Triassic extinction interval and was very fast (probably< 150
Kyrs). Hence, our results precisely link the ETE to the CAMP volcanism.
This shows that very rapid release of large amounts of volcanic gases
(mainly CO2 and SO2) into the latest Triassic atmosphere – land – ocean
system caused widespread disruption of the ecosystems.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gloplacha.2018.09.009.

Aknowledgments

The paper greatly benefits of the revision of Sofie Lindström
(Geological Survey of Denmark and Greenland, Copenhagen, Denmark)
and of an anonymous reviewer.

This study was partly supported by funds of the Sedimentary
Organic Matter Laboratory of the Department of Physics and Geology
(Perugia University), Grant number: CONLABSSOR-000934 - SC and by
PhD funds (GP). The authors (NY, JDC, AM) are grateful to CNR-Italy,
CNRST Morocco for financial support of fieldwork. JDC acknowledges
the Hanse-Wissenschaftskolleg (Delmenhorst, Germany) for the fi-
nancial support.

References

Bertrand, H., Dostal, J., Dupuy, C., 1982. Geochemistry of early Mesozoic tholeiites from
Morocco. Earth Planet. Sci. Lett. 58, 225–239. https://doi.org/10.1016/0012-821X
(82)90196-0.

Blackburn, T.J., Olsen, P.E., Bowring, S.A., McLean, N.M., Kent, D.V., Pu!er, J., McHone,

Fig. 4. An attempt to correlate the Tiourjdal section (CHA, Morocco) with the GSSP section for the Tr-J boundary (Khujoch, Austria) (Hillebrandt et al., 2013) and
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and Hg/TOC (Percival et al., 2017). Geochemical data of Morocco section are from Dal Corso et al., 2014). The negative carbon isotope shift at the base of the Lower
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plant diversity increased
across the T/J boundary
probably due to climatic
warming. Very few plant
families became extinct

Plants:
the great 

survivors!

End Triassic Exctintion (ETE)
(201 My) ETE

pre-industrial CO2

current CO2

GreenhouseGreen IceIceIce

total area of >7x106 km2

volume of magma flow: ~2–3 × 106 km3

Past

Short event ~600,000y
rapid release of large amounts of volcanic
gases (CO2 and SO2) into atmosphere
widespread disruption of the ecosystems

Panfili et al., 2019

Modified from Foster et al., 2017

End Triassic
Mass Extinction

Central Magmatic
Province CAMP 
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As here defined, the Meriden Group consists of five successive
formations that are recognized on their lithic characteristics and
relative stratigraphic position. In the past, these formations
have been given different names in different basins, but each is
lithologically unique throughout the Newark Supergroup re-
gion and thus recognizable as a single formational unit wher-
ever Rhaeto-Liassic strata of appropriate age are preserved. A
comparison of past stratigraphies and the stratigraphy proposed
here is shown in text-figure 11. These units are characterized
and defined as follows:

Talcott Formation

Emerson (1898) named the Talcott Diabase in the Hartford Ba-
sin, Rodgers et al. (1959) modified this name to Talcott Lava
Member of the Meriden Formation, and Lehmann (1959) fur-
ther changed it to Talcott Basalt. Sanders (1968) noted that the
unit contains interbedded sedimentary rocks, so he changed it to
the Talcott Formation. We concur with his designation of the
Talcott as a formation and not just as a basalt. Later, Sanders
(1970) recognized seven members of the Talcott Formation in
the Gaillard graben of the Hartford Basin but did not formally
name them. The igneous rocks of this unit have a distinctive,

high-titanium quartz-normative (HTQ) chemistry (Puffer 1992)
that is quite unlike the chemistry of the overlying Holyoke and
Hampden basalt sequences. The Talcott Formation occupies the
same stratigraphic position in all basins where it is preserved
(Schlische et al. 2003, fig. 2) and almost certainly represents the
record of a single major eruptive episode. Therefore, it is need-
lessly confusing to give each isolated erosional and/or structural
remnant of this flow sequence a separate formational name wher-
ever it is preserved, and it is equally confusing to place each rem-
nant in a different stratigraphic group. These younger names,
which are herewith abandoned, are the Mount Zion Church Ba-
salt in the Culpeper Basin (Lee and Froelich 1979), the Aspers
Basalt in the Gettysburg Basin (Weems and Olsen 1997), the
Jacksonwald Basalt in the southwestern Newark Basin (Wherry
1910; McLaughlin 1983), the Orange Mountain Basalt in the
northeastern Newark Basin (Olsen 1980), the East Hill Basalt in
the Pomperaug Basin (Burton 2006), and the North Mountain Ba-
salt in the Fundy Basin (Powers 1916). The thickest remnants of
this flow are in the Fundy Basin, and from there the unit generally
thins southwestward. The greater thickness of the Talcott Forma-
tion toward the northeast can be explained, at least in part, by the
observation that this unit began to accumulate in the Fundy Basin

137

Stratigraphy, vol. 13, no. 2, 2016

TEXT-FIGURE 11
Comparison of the stratigraphy previously proposed for the Meriden Group with the year that each name was proposed (upper row), and the stratigraphic
nomenclature proposed here (lower row). Zigzag lines mark unconformities.

Talcott Fm

Passaic 
Fm

East Berlin
Fm

Boonton
Fm

Shuttle 
Meadow 

Hampden 
Fm

Holyoke 
Fm

Dal Corso et al., 2014; 
Marzoli et al., 2018

Newark 
(ENA)

(Cirilli et al., in prep)
log under costruction

Earth-Science Reviews 212 (2021) 103444
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and green clay-spherules interpreted as altered glass spherules in the 
topmost part of the K!ossen Formation in the Kendelbachgraben section 
in Austria, just below the Marshi CIE and the onset of the mass extinction 
(Hillebrandt et al., 2013; Lindstr!om et al., 2017b). P"alfy and Zajzon, 
2012 interpreted the goethite pseudomorhs and green clay-spherules to 
be of volcanic origin and linked to CAMP volcanism. In addition, there 
are various geochemical signals recorded in TJB strata that can poten-
tially be interpreted as indications of volcanic activity, including records 
of !13C, biomarkers, iridium, REE, and mercury, which are all discussed 
below. 

Although the correlation charts discussed below are constructed 
using the above described stratigraphic framework, it needs to be 
emphasized that the individual records are not normalized to deposition 
rate. The only points that are fixed relative to the timescale on the right 
are the dated ash beds, However, these are associated with substantial 
errors. In principal, the ammonoid occurrences and the dated ash beds 
constrain each other. Because the LO of C. marshi or C. crickmayi and the 
FO of P. spelae always occur separated by strata, we know that they 
cannot be of the same age. The occurrence of these ammonoid events 

can be used to constrain the interval between them in time, i.e. the 
extinction interval, albeit with errors, and all other biostratigraphic 
events hinges on these. This means that the positions of stratigraphically 
important levels in the individual records on Figs. 4–10 can sometimes 
appear slightly offset compared to the stratigraphic framework 
(Figs. 4–10). This becomes especially apparent when deposition rates 
varied within sections. 

6.1. Organic !13C records 

Numerous records of fluctuating !13C values from organic material 
across the end-Triassic event and the TJB, indicate that the carbon cycle 
was highly unstable at this time (Hesselbo et al., 2002; Williford et al., 
2007; van de Schootbrugge et al., 2008; Korte et al., 2009; Ruhl and 
Kürschner, 2011; Ruhl et al., 2011; Lindstr!om et al., 2012; Schobben 
et al., 2019). Major negative excursions in these C-isotope records are 
generally attributed to large scale input of light carbon to the atmo-
sphere, either from volcanic CO2 or methane (Hesselbo et al., 2002; Ruhl 
et al., 2011). However, the records vary extensively depending on the 

Fig. 5. Correlation of organic !13C-records from the Panthalassa and the CAMP area, after 1Akikuni et al. 2010, 2De Jersey and McKellar 2013; 3Hori et al. 2007, 
4Kuroda et al. 2011; black line, 5Fujisaki et al. 2018; orange dotted line; 6Schoene et al. 2010, 7Wotzlaw et al. 2014, 8Yager et al., 2017; 9Ward et al. 2004; orange 
dotted line, 10Longridge et al. 2007, 11Williford et al. 2007; black line; 12Guex et al. 2004; orange stipled line, 13Guex et al. 2008; blue stipled line, 14Thibodeau et al. 
2016; orange dotted line; 15Whiteside et al., 2010; 16Cirilli et al. 2009, 17Deenen et al. 2011; 18Deenen et al. 2010, 19Panfili et al. 2019; 20Dal Corso et al. 2014. 
Horizontal blue lines marks position of U/Pb dated ash beds on the C-isotope curves of Nevada and Peru. A list of all the biostratigraphic events can be found 
on Fig. 7. 

S. Lindstr!om et al.                                                                                                                                                                                                                              

Cirilli et al., 2009; Deenen et al., 2011

Fundy basin
Canada

TJB

J. DAL CORSO ET AL .2

2004; Galli et al. 2005, 2007; Michalík et al. 2007; Wignall et al. 
2007; Ruhl et al. 2009, 2011; Clémence et al. 2010; Deenen et al. 
2010, 2011; Whiteside et al. 2010; Ruhl & Kürschner 2011; Bartolini 
et al. 2012; Lindström et al. 2012) and is locally characterized by a 
maximum negative shift of –8.5‰ in leaf-wax n-alkanes (Ruhl et al. 
2011). The initial negative CIE was followed by a long-term –3.5‰ 
main negative CIE (sensu Hesselbo et al. 2002) coincident with the 
first appearance of Jurassic biota. A recently defined minor (–2 to 
–3‰) late Rhaetian precursor negative CIE (sensu Ruhl & Kürschner 
2011) in organic matter preceded the initial negative CIE (Fig. 1).

As suggested by several researchers, one of the trigger mecha-
nisms of the end-Triassic mass extinction and accompanying nega-
tive CIEs may have been the release of volcanic gases (mainly CO2 
and SO2) from the Central Atlantic magmatic province (CAMP) 
into the ocean–atmosphere system (Hesselbo et al. 2002; Guex et al. 
2004; Marzoli et al. 2004; Pálfy et al. 2007; Deenen et al. 2010; 
Whiteside et al. 2010; Ruhl et al. 2011; Schaller et al. 2011; 
Lindström et al. 2012; Mander et al. 2013). The relative timing of 
the magmatic event and of the negative CIEs, however, remains 
controversial. Radioisotopic dating (e.g. Schoene et al. 2010; 
Marzoli et al. 2011; Blackburn et al. 2013) suggests a synchrony 
between CAMP and mass extinction. A new zircon U–Pb radioiso-
topic age for a CAMP intrusion (Amelal sill), which possibly fed the 
second volcanic unit of the Argana Basin, Morocco, is indistin-
guishable in age (201.564 ± 0.23 Ma) from the calculated age of a 
palynological turnover; that is, the disappearance of Patinasporites 
densus and the ‘fern spike’, recorded in the Newark Basin and con-
sidered as recording the end-Triassic extinction (Blackburn et al. 
2013). Radioisotopic dating of CAMP basalts does not resolve the 
relative timing of the onset of CAMP volcanism and of the carbon 
cycle perturbation and mass extinction. In fact, previous studies 

recording the initial negative CIE in continental sediments fixed it at 
a level below the first CAMP lava flows both in North America and 
Morocco (Deenen et al. 2010, 2011; Whiteside et al. 2010). 
Geochemical and mineralogical data from the marine section of 
Kendlbachgraben in the Northern Calcareous Alps (Austria) give 
evidence of distal deposition of mafic volcanic material, possibly 
deriving from early explosive CAMP activity that is coeval with or 
slightly precedes the initial CIE and the mass extinction level (Pálfy 
& Zajzon 2012). However, the extinction among various marine and 
terrestrial fauna and flora seems to have started before the initial 
CIE (e.g. Wignall & Bond 2008; Lindström et al. 2012; Mander 
et al. 2013). Hence, potential cause-and-effect relationships between 
CAMP volcanism, the initial negative CIE, and extinction on land 
and in the oceans are not rigorously established, given that existing 
data from below-CAMP continental sedimentary successions only 
suggest that the initial negative CIE and extinction stratigraphically 
preceded the initial outpouring of CAMP basalt.

To constrain the relative timing between CAMP volcanism and 
the perturbation of the carbon cycle and thus elucidate further the 
possible role of the CAMP in triggering the end-Triassic environ-
mental disruption and, by association, the mass extinction, two 
continental sedimentary successions cropping out below the oldest 
CAMP flood basalts in the Central High Atlas (Morocco) were 
investigated. Combined !13CTOC (!13C of total organic carbon), 
palynology, major and trace elements, and mineralogy of the sedi-
ments precisely constrain the sequence of end-Triassic events.

Geological setting

The geology of Morocco can be divided into four main domains: 
from south to north, the Anti-Atlas (Palaeozoic to Precambrian 
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Fig. 1. C-isotope curves redrawn from 
published data for bulk organic matter 
(!13Corg) from the Newark Basin, USA 
(Whiteside et al. 2010), St Audries Bay, SW 
England (Hesselbo et al. 2002) and Kuhjoch, 
Austria (Ruhl et al. 2009). At Newark, the 
mass extinction and initial negative CIE 
(sensu Hesselbo et al. 2002) occur before 
the first outcropping CAMP basalt flow. 
At Kuhjoch the GSSP (Global Boundary 
Stratotype Section and Point) of the base of 
the Hettangian (Early Jurassic) corresponds 
to the first occurrence of the ammonite 
Psiloceras spelae Guex (von Hillebrandt 
et al. 2007). It should be noted that on the 
basis of ammonoid biostratigraphy and !13C 
data from the New York Canyon (Nevada, 
USA), Guex et al. (2004), Clémence et al. 
(2010) and Bartolini et al. (2012) placed 
the Triassic–Jurassic boundary within the 
positive shift between the initial and the 
main CIEs (‘A’ in St. Audries Bay plot). 
The y-axis of the Newark Basin record is in 
million years, after the astrochronological 
framework of Whiteside et al. (2010). 
New U–Pb radioisotopic dating of a sill 
chemically equivalent to the second lava 
flow unit in Morocco (intermediate unit) 
gives an age of 201.52 Ma (Blackburn et al. 
2013). The radioisotopic age (U–Pb) of the 
Triassic–Jurassic (Tr–J) boundary is taken 
from Schoene et al. (2010).
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the radiolarian Pantanellium tanuense, and the level where several spe-
cies of the radiolarian genus Bipedis occur. However, as P. tanuense is 
considered a lower Hettangian index taxon indicative of the Canoptum 
merum Zone (Hori et al., 2007; Kuroda et al., 2010), the TJB boundary 
must be placed at or below its FO in the Kurusu section. Fujisaki et al. 
(2018) published an organic C-isotope record from the Katsuyama sec-
tion in the Inuyama area, Japan (Fig. 5). The Katsuyama record is more 
expanded across the TJB compared to the Kurusu section, and displays 
three major negative shifts in !13C (Fig. 5). The lowermost negative CIE 
occurs in the upper part of the Haeckelicyrtium breviora radiolarian 
Subzone and the second negative CIE straddles the boundary between 
this zone and the succeeding Globolaxtorum tozeri Subzone (Fujisaki 
et al., 2018) (Figs. 3, 5). The latter subzone is considered to be Rhaetian 
in age and has been correlated in part to the C. marshi ammonoid Zone 
(Fujisaki et al., 2018). The third negative CIE straddles the boundary 
between the G. tozeri Subzone and the lower Jurassic (Hettan-
gian–Sinemurian) Pantanellium tanuense radiolarian Zone (Fujisaki et al., 
2018). The authors correlated this CIE with the top-Tilmanni CIE 
(Fujisaki et al., 2018). Here, we instead follow the arguments given 
above regarding the age of the G. tozeri Subzone and the FO of 

P. tanuense, thus correlating the third CIE of Fujisaki et al. (2018) with 
the Spelae CIE (Figs. 3 and 5). 

The Haida Gwaii (western Canada) and the Peru records both 
encompass data from the Norian to the Sinemurian (Williford et al., 
2007; Yager et al., 2017), and also have relatively few data points across 
the end-Triassic event and the TJB (Fig. 5). The Peru record of Yager 
et al. (2017) is constrained by U-Pb ages of zircons from volcanic ash 
beds that were dated by Guex et al. (2012) and Schoene et al., 2010 and 
then re-calibrated by Wotzlaw et al. (2014). The Peru record is cali-
brated to the stratigraphic framework suggested here using these U-Pb 
ages and ammonoid events (Fig. 5). This results in a very protracted 
negative CIE encompassing the entire extinction interval, as defined by 
the LO of Triassic ammonoids and the FO of P. spelae (Fig. 5). 

Correlation of the Haida Gwaii record is challenging. Organic C- 
isotope records for this succession were published by Ward et al., 2004 
and Williford et al., 2007, respectively. The two records are form the 
same locality, but the Williford et al., 2007 record extends the Ward 
et al. (2004) record upwards and downwards. In addition, the fluctua-
tions in the Ward et al., 2004 record, were disregarded in the Williford 
et al., 2007 paper. According to Williford et al., 2007, the two records 

Fig. 10. Correlation and comparison of pCO2-records from pedogenic carbonate in the Newark Basin (Schaller et al., 2011; Schaller et al., 2016) and from plant fossil 
cuticles (stomatal index) from Germany (Bonis et al., 2010a), Northern Ireland and Jameson Land, Greenland (Steinthorsdottir et al., 2011), with C-isotopes from 
C25–29 n-alkanes from Greenland (Williford et al., 2014), SW Britain in UK (Whiteside et al., 2010), Kuhjoch in Austria (Ruhl et al., 2011) and the Newark and 
Hartford basins in eastern USA (Whiteside et al., 2010). Please note that there is a difference in scale of the Exeter Member, between the soil carbonate record 
(Schaller et al., 2011, 2016) and the n-alkane record (Whiteside et al., 2010). A list of all the biostratigraphic events can be found on Fig. 7. 
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infer possible flows and eruption rates. To reach these 
objectives, approximately 300 samples were collected 
from nine sites distributed along the E-W South Portugal 
margin. However, only seven paleomagnetic sites gave 
reliable magnetostratigraphic data. Ayamonte (AY) and 
Rio de Alte (RL) were disregarded due to unreliable 
paleomagnetic data and dubious structural orientations 
(Fig. 1). 

 
Fig. 1. A) Sketch map showing the paleo-position and distribution of 
CAMP volcanism worldwide (modified from Font et al., 2014); B) 
Simplified geological map of Iberia showing the representative CAMP 
lavas in Messejana dyke (modified from Martins et al., 2008); C) 
Sampling locations in Southern Portugal (modified from Martins et al., 
2008). 
 
Fig. 1. A) Mapa da distribuição e paleo-posição do vulcanismo da 
CAMP no mundo (modificado de Font et al., 2014); B) Mapa 
geológico simplificado da Ibéria mostrando as lavas da CAMP 
representadas essencialmente pelo dique da Messejana (modificado de 
Martins et al., 2008); C) Locais de amostragem no Sul de Portugal 
(modificado de Martins et al., 2008). 

2. Geological setting and sampling 

The Central Atlantic Magmatic Province (CAMP) is one 
of the largest flood basalt provinces known in the 
Phanerozoic, with an average volume greater than 2×106 
km3(Marzoli et al., 1999). It is associated with the breakup 
of the Pangea supercontinent that precludes the opening of 
the Atlantic Ocean. CAMP volcanism is represented by 
continental flood basalts, sills and dykes, which crop out 
across four continents: North and South America, 
Northwestern Africa and Southwestern Europe (Fig. 1A). 
In Portugal, CAMP volcanism is mainly represented by the 
Messejana dyke which actually correspond to the unique 
high-quality paleomagnetic pole for Iberia at around 200 
Ma (Ortas et al., 2006). CAMP volcanism is also 
expressed by lava flows cropping out in the Algarve and 
Santiago do Cacém basins for which paleomagnetic data 
are still lacking. 

The Algarve and Santiago do Cacém basins comprises 
a basal sequence of continental sediments, namely 
siltstones and limestones of Hettangian age, capped by 
CAMP continental lava flows, pyroclastic deposits and 
peperites (Martins et al., 2008). Comparison with the 
Moroccan sequence suggests that Algarve basin outcrops 
are relatively homogeneous and similar to the Moroccan 
intermediate and upper unit (Marzoli et al., 2004; Rapaille 
et al., 2002). Recent 40Ar/39Ar data on the Portuguese 
volcanic units yields an age close to the Tr-J boundary 

with a mean value of 198.1 ± 0.4 Ma (Verati et al., 2007). 
This age is correlated to the recurrent unit of the Moroccan 
basins and suggests a synchronous rifting and volcanism 
on both Southwestern Europe and Northeastern Africa 
(Marzoli et al., 2004; Verati et al., 2007).  

Samples were collected along the E-W transect in the 
Algarve basin using a gasoline powered rock drill (Fig. 
1C). All samples were oriented on the field by a magnetic 
and solar compass. We also measured structural 
orientations (magmatic walls and joints) of the lava flows 
and, when possible, the underlying sediments. 

3. Methods 

All samples were progressively demagnetized with an 
alternating field (AF) using a LDA-3A demagnetizer 
(AGICO). At each demagnetization step, the remanence 
was measured with a JR6 spinner magnetometer.  

Principal Component Analysis (Kirschvink, 1980) and 
Fisher statistic (Fisher, 1953) were used to calculate the 
direction of the Characteristic Remanent Magnetization 
(ChRM) using the REMASOFT software (Chadima & 
Hrouda, 2006). Representative samples, previously 
demagnetized, were submitted to a progressive uniaxial 
and constant magnetic field up to 1 T at constant 
temperature, using a pulse magnetizer (ASC Scientific IM-
10-30). Data were subsequently treated by the cumulative 
log-Gaussian function by using the Kruiver et al. (2001) 
software. 

Thermomagnetic curves were performed in an Argon 
controlled atmosphere using a CS-L cryostat apparatus for 
the low temperature measurements and a CS4 furnace for 
the high temperature measurements in a MFK1 
Kappabridge (AGICO). Data were treated by the Cureval 
8.0 (AGICO) software. Curie temperatures were 
determined by the inverse susceptibility method 
(Petrovský & Kapricka, 2006). 

4. Rock magnetism 

Raw IRM curves conducted on more than 30 samples, for 
which two representative samples are illustrated at figure 
2. Approximately 90% of the saturation is reached at fields 
below 100 mT. After unmixing raw IRM curves by using 
the CLG function ( Robertson & France, 1994; Kruiver et 
al., 2001), results show the dominance of a low coercivity 
phase (<0.3 T). This low coercivity phase is present in all 
measured samples and is interpreted to be magnetite. Few 
samples also display the presence of a higher coercive 
phase with B1/2 values up to 250 mT, which is thought to 
be hematite (Fig. 2). 

Under low temperature (LT) thermomagnetic curves, 
all samples display the Verwey transition at about -150ºC, 
characteristic of structural changes of magnetite (Dunlop 
and Özdemir 1997, Özdemir et al., 1993). Under high 
temperature (HT) treatment most samples are 
characterized by the presence of a single magnetic phase 
with Curie temperatures ranging from 554ºC to 577ºC 
which is interpreted to be Ti-poor titanomagnetite in 
agreement with the presence of the Verwey transition (Fig. 
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Plate II. 1–3: Selected palynomorphs from the Conraria Formation at theOutcrop Parque de Campismo section (CG palynozone). 4–8: Selected palynomorphs from the Pereiros Formation
at the Outcrop Lordemão section (IK palynozone). 9: Selected palynomorph from the Pereiros Formation at the Outcrop Lamas section (Pm palynozone). Species name is followed by the
sample and slide number, and microscope coordinates. 1. Vallasporites ignacii Leschik 1955; sample PC1, slide 7, MC 1078-98. 2. Duplicisporites granulatus Leschik 1955 emend. Scheuring
1970; sample PC2, slide 9, MC 1261-250. 3. Alisporites sp.; sample PC2, slide 9, MC 1478-20. 4. Ischyosporites variegatus (Couper) Schulz 1967; sample LAG 27b, slide 7, MC 1339-156. 5.
Dictyophyllidites mortonii (Jersey) Playford & Dettmann 1965; sample LAG 27b, slide 7, MC 1329-141. 6. Cibotiumspora sp.; sample LAG 27b, slide 7,MC 1330-60. 7. Rhaetipollis germanicus
Schulz 1967; sample LAG27b, slide 4,MC1255-128.8.Rhaetipollis germanicus Schulz 1967; sample LAG27t, slide 7,MC1395-142. 9. Classopollismeyerianus (Klaus) de Jersey 1973; sample
LAM 6, slide 1, MC 1520-100.
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Plate V. 1–3, 9: Selected palynomorphs from the Conraria Formation at the Outcrop Parque de Campismo section (CG palynozone). 4–8: Selected palynomorphs from the Pereiros
Formation at the Outcrop Lamas section (Pm palynozone). Species name is followed by the sample and slide number, and microscope coordinates. 1. Abnormal pollen; sample PC2,
slide 9, MC 1340-242. 2. Abnormal pollen; sample PC2, slide 9, MC 1470-190. 3. Abnormal pollen; sample PC2, slide 9, MC 1362-140. 4. Classopollis torosus Reissinger 1950; sample
LAM 1, slide 8, MC 1400-75. Cluster with two abnormal Classopollis pollen. 5. Classopollis torosus Reissinger 1950; sample LAM 2, slide 1, MC 1310-70. Tetrad with one abnormal
Classopollis pollen. 6. Classopollis torosus Reissinger 1950; sample LAM 1, slide 2, MC 1405-105. Tetrad with two abnormal Classopollis pollen. 7. Classopollis meyerianus (Klaus) de
Jersey 1973; sample LAM 2, slide 1, MC 1375-135. Tetrad with two abnormal Classopollis pollen. 8. Classopollis torosus Reissinger 1950; sample LAM 1, slide 3, MC 1460-200. Cluster. 9.
Paracirculina quadruplicis Scheuring 1970; sample PC2, slide 9, MC 1411-160. Tetrad with one abnormal Paracirculina pollen.
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Plate V. 1–3, 9: Selected palynomorphs from the Conraria Formation at the Outcrop Parque de Campismo section (CG palynozone). 4–8: Selected palynomorphs from the Pereiros
Formation at the Outcrop Lamas section (Pm palynozone). Species name is followed by the sample and slide number, and microscope coordinates. 1. Abnormal pollen; sample PC2,
slide 9, MC 1340-242. 2. Abnormal pollen; sample PC2, slide 9, MC 1470-190. 3. Abnormal pollen; sample PC2, slide 9, MC 1362-140. 4. Classopollis torosus Reissinger 1950; sample
LAM 1, slide 8, MC 1400-75. Cluster with two abnormal Classopollis pollen. 5. Classopollis torosus Reissinger 1950; sample LAM 2, slide 1, MC 1310-70. Tetrad with one abnormal
Classopollis pollen. 6. Classopollis torosus Reissinger 1950; sample LAM 1, slide 2, MC 1405-105. Tetrad with two abnormal Classopollis pollen. 7. Classopollis meyerianus (Klaus) de
Jersey 1973; sample LAM 2, slide 1, MC 1375-135. Tetrad with two abnormal Classopollis pollen. 8. Classopollis torosus Reissinger 1950; sample LAM 1, slide 3, MC 1460-200. Cluster. 9.
Paracirculina quadruplicis Scheuring 1970; sample PC2, slide 9, MC 1411-160. Tetrad with one abnormal Paracirculina pollen.
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Plate II. 1–3: Selected palynomorphs from the Conraria Formation at theOutcrop Parque de Campismo section (CG palynozone). 4–8: Selected palynomorphs from the Pereiros Formation
at the Outcrop Lordemão section (IK palynozone). 9: Selected palynomorph from the Pereiros Formation at the Outcrop Lamas section (Pm palynozone). Species name is followed by the
sample and slide number, and microscope coordinates. 1. Vallasporites ignacii Leschik 1955; sample PC1, slide 7, MC 1078-98. 2. Duplicisporites granulatus Leschik 1955 emend. Scheuring
1970; sample PC2, slide 9, MC 1261-250. 3. Alisporites sp.; sample PC2, slide 9, MC 1478-20. 4. Ischyosporites variegatus (Couper) Schulz 1967; sample LAG 27b, slide 7, MC 1339-156. 5.
Dictyophyllidites mortonii (Jersey) Playford & Dettmann 1965; sample LAG 27b, slide 7, MC 1329-141. 6. Cibotiumspora sp.; sample LAG 27b, slide 7,MC 1330-60. 7. Rhaetipollis germanicus
Schulz 1967; sample LAG27b, slide 4,MC1255-128.8.Rhaetipollis germanicus Schulz 1967; sample LAG27t, slide 7,MC1395-142. 9. Classopollismeyerianus (Klaus) de Jersey 1973; sample
LAM 6, slide 1, MC 1520-100.
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Plate II. 1–3: Selected palynomorphs from the Conraria Formation at theOutcrop Parque de Campismo section (CG palynozone). 4–8: Selected palynomorphs from the Pereiros Formation
at the Outcrop Lordemão section (IK palynozone). 9: Selected palynomorph from the Pereiros Formation at the Outcrop Lamas section (Pm palynozone). Species name is followed by the
sample and slide number, and microscope coordinates. 1. Vallasporites ignacii Leschik 1955; sample PC1, slide 7, MC 1078-98. 2. Duplicisporites granulatus Leschik 1955 emend. Scheuring
1970; sample PC2, slide 9, MC 1261-250. 3. Alisporites sp.; sample PC2, slide 9, MC 1478-20. 4. Ischyosporites variegatus (Couper) Schulz 1967; sample LAG 27b, slide 7, MC 1339-156. 5.
Dictyophyllidites mortonii (Jersey) Playford & Dettmann 1965; sample LAG 27b, slide 7, MC 1329-141. 6. Cibotiumspora sp.; sample LAG 27b, slide 7,MC 1330-60. 7. Rhaetipollis germanicus
Schulz 1967; sample LAG27b, slide 4,MC1255-128.8.Rhaetipollis germanicus Schulz 1967; sample LAG27t, slide 7,MC1395-142. 9. Classopollismeyerianus (Klaus) de Jersey 1973; sample
LAM 6, slide 1, MC 1520-100.
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Plate III. Selected palynomorphs from the Pereiros Formation at the Outcrop Lamas section (Pm palynozone). Species name is followed by the sample and slide number, andmicroscope
coordinates. 1. Cycadopites sp.; sample LAM2, slide 5,MC 1340-215. 2. Cycadopites sp.; sample LAM 1, slide 2, MC 1415-105. 3. Classopollis torosus Reissinger 1950; sample LAM12, slide 3,
MC 1370-215. 4. Classopollis torosus Reissinger 1950; sample LAM 12, slide 4, MC 1432-172 see the proximal tetrad scar. 5. Araucariacites sp.; sample LAM 1, slide 2, MC 1464-60. 6.
Cyathidites sp.; sample LAM 1, slide 3, MC 1415-215. 7. Kraeuselisporites reissingeri (Harris, 1957) Morbey, 1975; sample LAM 1, slide 2, MC 1323-55. 8. Kraeuselisporites reissingeri
(Harris, 1957) Morbey, 1975; sample LAM 6, slide 1, MC 1470-130. 9. Kraeuselisporites reissingeri (Harris, 1957) Morbey, 1975; sample LAM 12, slide 1, MC 1190-210.

M. Vilas-Boas, Z. Pereira, S. Cirilli et al. Review of Palaeobotany and Palynology 290 (2021) 104426

10

Plate III. Selected palynomorphs from the Pereiros Formation at the Outcrop Lamas section (Pm palynozone). Species name is followed by the sample and slide number, andmicroscope
coordinates. 1. Cycadopites sp.; sample LAM2, slide 5,MC 1340-215. 2. Cycadopites sp.; sample LAM 1, slide 2, MC 1415-105. 3. Classopollis torosus Reissinger 1950; sample LAM12, slide 3,
MC 1370-215. 4. Classopollis torosus Reissinger 1950; sample LAM 12, slide 4, MC 1432-172 see the proximal tetrad scar. 5. Araucariacites sp.; sample LAM 1, slide 2, MC 1464-60. 6.
Cyathidites sp.; sample LAM 1, slide 3, MC 1415-215. 7. Kraeuselisporites reissingeri (Harris, 1957) Morbey, 1975; sample LAM 1, slide 2, MC 1323-55. 8. Kraeuselisporites reissingeri
(Harris, 1957) Morbey, 1975; sample LAM 6, slide 1, MC 1470-130. 9. Kraeuselisporites reissingeri (Harris, 1957) Morbey, 1975; sample LAM 12, slide 1, MC 1190-210.
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Plate IV. 1, 2, 5–8: Selected palynomorphs from the Pereiros Formation at the Outcrop Lamas section (Pm palynozone). 3, 4: Selected palynomorphs from the Pereiros Formation at the
Outcrop Castelo Viegas II section (Pmpalynozone). 9: Selected palynomorph from the Coimbra Formation at the Outcrop Carvalhais section (Pmpalynozone). Species name is followed by
the sample and slide number, and microscope coordinates. 1. Deltoidospora sp.; sample LAM 5, slide 1, MC 1300-55. 2. Carnisporites sp.; sample LAM 12, slide 3, MC 1380-75. 3.
Ischyosporites variegatus (Couper) Schulz 1967; sample CVII-3, slide 2, MC 1243-143. 4. Leptolepidites sp.; sample CVII-3, slide 2, MC 1557-193. 5. Pinuspollenites minimus (Couper)
Kemp 1970; sample LAM 8, slide 4, MC 1175-162. 6. Perinopollenites elatoides Couper 1958; sample LAM 12; slide 1, MC 1129-161. 7. Perinopollenites elatoides Couper 1958; sample
LAM 12, slide 4, MC 1420-80. 8. Polypodiisporites sp.; sample LAM 1, slide 3, MC 1070-175. 9. Porcellispora longdonensis (Clarcke) Scheuring emend. Morbey, 1975; sample CARVA 1B,
slide 7, MC 1300-170.

M. Vilas-Boas, Z. Pereira, S. Cirilli et al. Review of Palaeobotany and Palynology 290 (2021) 104426

He
tt

an
gi

an

Ju
ra
ss
ic

Holyoke 
Fm

TJB
Holyoke 

Fm

Regional framework of the SW Iberian basins 

ARRABIDA 

STC 

Alentejo 
Basin 

Algarve Basin 

LAGOS 

Lusitanian 
Basin 

Andeweg, 2002 

8 

To be done

Fine-grained 
sandstones 

Platty Dolomites 

Massive  
Dolomites 

Red Clays  
with Gypsum 

LUSITANIAN BASIN 

NO STRATIGRAPHIC RECORD of the CAMP-related magmatic event. 
Its position is occupied by thin coastal siliciclastics. 

Continental to coastal dep. setting

NO CAMP-related basalts

27 

U.Triassic  
 redbeds  

Carboniferous 
metasedimentary 
basement 

Hettangian red 
clays and marls 

Pliocene marine abrasion surface 

This major  unconformity between Carboniferous shales and Triassic redbeds resulted from a long geological evolution: 

 i) deposition of deep marine clays and sands in a distal turbiditic environment, c. 360 My ago; 

 ii) intense orogenic subsidence, heating and ductile deformation at depths of around 5 km, c.310 My ago; 

 iii) post-orogenic gradual uplift and erosion of thousands of meters, until exposure and weathering, c.260 My ago; 

 iv)  deposition of the first layers of fluvio-aeolian sands  lying unconformably on top of the deformed Carboniferous shales. 
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edge of the Plateau, is composed of wackestones, packstones and oolitic
grainstones which have been considered as beach ridge deposits
(Patacca et al., 1979; Brosse et al., 1988). The third facies, named the
Mila Member of the Noto Formation, occurs in the marginal area of
the carbonate platform (Fig. 2). The Mila Member consists of two
superimposed carbonate bodies, which backstep northwards, and are
locally recrystallized and dolomitized. The lower microbial body lies
above the carbonate platform of the Sciacca Formation, while the
upper body overlies the lower microbial body (basinwards) and the
Noto Formation (landwards, Frixa et al., 2000; Felici et al., 2014)
(Fig. 2). As subsidence increased, sedimentation in the inner platform
was mostly dominated by limestones and organic rich shales (still in-
cluded in the Noto Formation; Frixa et al., 2000). At the same time, in
the rapidly subsiding adjacent basin, a thick succession (Streppenosa
Formation) deposited under suboxic-anoxic conditions. The thickness
of the Streppenosa Formation is variable and reaches a maximum of
about 3000 m in the southeastern part of the Hyblean Plateau. It has
been subdivided into three members (Frixa et al., 2000). The Lower
Streppenosa Member mainly consists of radiolarian-bearing muddy
limestoneswith calciturbidites. Shale horizons occur in its lower portion.
The Middle Streppenosa Member includes mudstones/wackestones,
with intraclastic-peloidal and oolitic thin intercalations, often recrystal-
lized or dolomitized, and black silty shales. The Upper Streppenosa
Member consists of gray-green shales, marls and radiolarian-bearing
muddy limestones with calcarenite intercalations. Compared with the
Lower and Middle members, the silty shales and quartz siltstones in-
crease, while the organic matter decreases (Frixa et al., 2000). Basalts
and tuff layers occur in the sedimentary sequence at various strati-
graphic levels and become more frequent in the Upper Streppenosa
Member. On the basis of previous studies, basaltic horizons have an
overall intraplate alkaline nature (Rocchi et al., 1996). The drowning of
the carbonate platform-basin system !rst occurred with the spread of
the basinal facies (Upper Streppenosa Member) over the marginal-
inner platform complex, as also reported at a regional scale (Catalano
et al., 2013). According to previous authors, the drowning phase !rst oc-
curred in the Early Jurassic time (Patacca et al., 1979; Brosse et al., 1988;
Frixa et al., 2000) (Fig. 3).

Within this stratigraphic framework, the main elements of the
Hyblean Plateau Petroleum System are as follows.

- Two reservoirs, represented by the carbonate platform succession
(Sciacca Formation) and the marginal microbial mound complex
(Mila Member). In the Sciacca Formation porosity reaches maxi-
mum values of 20%, mostly due to fracturing (Mattavelli et al.,
1969; Frixa et al., 2000). In the Mila Member, the poor reservoir
properties are due to prevailing muddy facies but are improved by
hydrothermal dolomitization, fracturing and karst.

- Two source rock units, represented by the Noto Formation whose
TotalOrganic Carbon (TOC) reaches about 13%andby the Streppenosa
Formation. Although the average TOC of the Streppenosa Formation is
low (around 1%), its great thickness makes this formation a good
source rock (Brosse et al., 1988; Frixa et al., 2000).

- One seal, consisting of the upper portion (Upper Streppenosa Mem-
ber) of the Streppenosa Formation (Frixa et al., 2000).

The investigated wells, Streppenosa 1 and Bimmisca 1, were drilled
in the northwestern and eastern parts of the Hyblean Plateau, respec-
tively. The Streppenosa 1 well (36°50!45"N/02°16!09"E), reached a
depth of 2908.4 m in the upper part of the Sciacca Formation. The
Bimmisca 1 well (36°48!34"N/02°37!28"E) terminated at a depth of
3169 m within the Mila Member of the Noto Formation, and thus
never reached the Sciacca carbonate platform. All the depthsweremea-
sured below the Rotary Table (MDBRT). The Streppenosa 1 and the
Bimmisca 1 wells penetrated the inner area and the marginal complex
of the carbonate platform-basin system, respectively (Figs. 1, 2). In
this area, only the Upper Streppenosa Member is present, directly over-
lying the Noto Formation (including the Mila Member). The complete
Streppenosa Formation, including all the three members, is present
only in the depocenter of the basin, and is penetrated by the Polpo 1
and Pachino 4 wells (Frixa et al., 2000; Cirilli et al., 2015) (Figs. 2, 3).

The succession investigated in the Streppenosa 1 borehole includes
the Upper Streppenosa Member (2126 m–2452 m) and the Noto For-
mation (2452 m–2825 m). In the Bimmisca 1 well, the succession

Fig. 2. Paleoenvironmental restoration and facies distribution of the Hyblean Plateau during the Late Triassic (not to scale). See the text for explanation.
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Warrington et al., 2008; Ruhl et al., 2009; Cirilli, 2010; de Jersey and
McKellar, 2013; Hillebrandt et al., 2013; Lindström, 2016; Lindström
et al., 2017b). Palynological assemblages with similar compositions
have been recorded from the Southern Alps and Apennines in Italy
(Cirilli et al., 1994; Galli et al., 2007) and in some southern Mediterra-
nean areas such as Tunisia, Libya, Algeria, Morocco (Adloff et al., 1986;
Yaroshenko, 2007; Cirilli, 2010). Palynological assemblages from north-
ern Spain (Asturias) and France, although showing some common ele-
ments (e.g. dominance of Classopollis spp. and fern spores) differ in
terms the presence of Ricciisporites tuberculatus (Barrón et al., 2006;
Gómez et al., 2007). The absence of R. tuberculatus could be related to

the paleogeographic position of Sicily during the Late Triassic along
theAfrican- Europeanplate boundary, underwarmpaleoclimatic condi-
tions (Ruiz-Martínez et al., 2012; Catalano et al., 2013; Berra and
Angiolini, 2014; Scotese and Schettino, 2017). Recent data have
shown that the gymnosperm pollen R. tuberculatus appears to be
more restricted to the Northern Hemisphere (Kürschner et al., 2014;
Lindström, 2016; Lindström et al., 2017a). Its abundance seems to be vi-
cariantwith that of Classopollis. In fact it is less common or absentwhere
Classopollis is abundant, as in the present case, revealing different eco-
logical and/or climatic preferences. In the GSSP stratotype Kuhjoch sec-
tion (Karwendel Mountains, Austria), the lowest occurrences of I.

Fig. 6. The Streppenosa 1 well: lithostratigraphic log, lithofacies and palynofacies intervals (I–VI) de!ned on the basis of different organic debris percentages. PM1: vitrinite 1 and PM2:
vitrinite 2; PM3: cutinite, PM4: inertinite; SP: sporomorphs (land spores and dispersed pollen grains); T: sporomorph tetrads; MC: marine components (dino"agellate cysts, acritarchs
and microforaminiferal linings); Botryoc: Botryococcus sp.; AOM: amorphous organic matter.

Plate II. Palynomorphs from the Bimmisca 1 well: 1) Dictyophyllidites mortonii, Bim 16, E.F. P38; 2) Trachysporites fuscus, Bim 18, E.F. E51/4; 3) Trachysporites fuscus, Bim 17, E.F. T27/3;
4) Deltoidospora mesozoica, Bim 16, E.F. V44/4; 5) Converrucosisporites sp., Bim 25, E.F. Q34; 6) P. polymicroforatus, Bim 15, E.F. G49/3; 7) Classopollis meyerianus, Bim 16, E.F. G32;
8) Kraeuselisporites sp., Bim 16, E.F. N33/4; 9) Paraklukisporites foraminis, Bim 18, E.F. F45/1; 10) Limbosporites lundbladiae, Bim 17, E.F. V45; 11) Verrucosisporites sp., Bim 17, E.F. P40/1;
12) Granulatisporites sp., Bim 19, E.F. F44/2; 13) Schizosporis scissus, Bim 19, E.F. G35/3; 14) Perinopollenites elatoides, Bim 18, E.F. H50/1; 15) Leptolepidites reissingeri, Bim 18, E.F. J42/2;
16) Porcellispora longdonensis, Bim 16, E.F. M42/1; 17) Porcellispora longdonensis, Bim 16, E.F. E.F. N42/1; 18) Ischyosporites variegatus, Bim 1, E.F. E.F. R40/1; 19) Retitriletes
austroclavadites, Bim 17, E.F. T50; 20) Convolutispora klukiforma, Bim 16, E.F. V39/2. Scale bar 10 !m.

80 S. Cirilli et al. / Review of Palaeobotany and Palynology 253 (2018) 70–87

variegatus and Cerebropollenites thiergartii,which is considered the best
marker for the T/J boundary, have been recorded several meters below
the !rst appearance of the ammonite Psiloceras spelae de!ning the
base of the Hettangian (Bonis et al., 2009; Kürschner and Herngreen,
2010; Hillebrandt et al., 2013). Therefore, the presence of I. variegatus
without C. thiergartii and in association with Classopollis spp., P.
longdonensis and Kraeuselisporites reissingeri, could mean that at least
part of the Upper Streppenosa Member belongs to the lowermost part
of the Trachysporites–Heliosporites Zone (TH), which is considered to
be latest Rhaetian (Hillebrandt et al., 2013). The thickness of the interval
below the FO of the C. thiergartii depends on the sedimentation rate,
whichwas not the same for all the sections bracketing the T/J boundary.
In this case study, considering the high subsidence rate caused by
synsedimentary tectonic activity and the medium-to high sedimenta-
tion rate (Patacca et al., 1979), the presence of C. thiergartii in the
upper part of the Upper Streppenosa Member cannot be ruled out.
However its presence has not previously been recorded either in these
two wells or in the Pachino 4 well (Cirilli et al., 2015). The micro"oral
content recorded in the lower part of the Upper Streppenosa Member

and in the Noto Formation dominated by Classopollis meyerianus in as-
sociation with T. fuscus, P. longdonensis, Kraeuselisporites sp. and
Polypodiisporites polymicroforatus could be correlated with the
Trachysporites–Porcellispora Zone (TPo) considered Rhaetian as de!ned
in the Tiefengraben section and Northern Calcareous Alps, Austria,
(Kürschner et al., 2007; Hillebrandt et al., 2013). Attributing this well
section to late Rhaetian would also explain the lack of Patinasporites
densus and Enzonalasporites vigens, which seems to have their last
occurrences in the uppermost Norian-lower Rhaetian (Cirilli, 2010 for
references). In Sicily these two species have been recorded in indepen-
dently dated Carnian and Norian strata both from outcrops and the
subsurface (Visscher and Krystyn, 1978; Buratti and Carrillat, 2002;
Trincianti et al., 2015).

On thebasis of a correlation of our newpalynological datawith those
of the Pachino 4well (Cirilli et al., 2015), the deposition of the Noto For-
mation, at the marginal and inner carbonate platform-basin system, is
likely coeval with the Middle Streppenosa Member deposited in the
deepest part of the basin. Furthermore, it implies that the initial drown-
ing phase of the carbonate-basin system (Upper Streppenosa Member)

Fig. 7. The Bimmisca 1 well: lithostratigraphic log, lithofacies and palynofacies intervals (I - V) de!ned on the basis of different organic debris percentages. PM1: vitrinite 1 and PM2:
vitrinite 2; PM3: cutinite, PM4: inertinite; SP: sporomorphs (land spores and dispersed pollen grains); T: sporomorph tetrads; MC: marine components (dino"agellate cysts, acritarchs
and microforaminiferal linings); Botryoc: Botryococcus sp.; AOM: amorphous organic matter.

Plate III. Palynofacies from the studied interval of the Streppenosa 1 well: 1) Interval I - Palynofacies A (Noto Formation), dominated by inertinite and a low percentage of other
palynomacerals (Str9); 2) Interval II - Palynofacies B (Noto Formation) from the shaly intervals, with moderate to high percentages of inertinite and vitrinite (Str11); 3) Interval III -
Palynofacies C (Noto Formation) with low percentages of vitrinite 2, moderate inertinite and low AOM content from marly limestone (Str23); 4) Interval IV - Palynofacies D (including
the Noto Formation and the Upper Streppenosa Member boundary), with moderate to high amounts of vitrinite, inertinite, sporomorphs and AOM (Str28); 5) Interval V - Palynofacies
E, with abundant inertinite and less vitrinite and AOM (Str30); 6) Interval VI - Palynofacies F (Upper Streppenosa Member) with vitrinite, "akes of AOM and less inertinite at the base
of the interval (Str36). Scale bar 200 !m.
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overlying association at 2580 m, together with Classopollis meyerianus.
Acritarchs are also abundant (i.e., at 2634m and 2604m) in association
with minor foraminiferal linings.

A gradual diversi!cation occurs upwards, in the Upper Streppenosa
Member Classopollis meyerianus is still abundant and dominates over
Classopollis torosus (Fig. 2). The latter scarcely appears in the underlying
strata but becomes relatively more abundant than C. meyerianus
towards the top of the Streppenosa Formation. Trilete spore occurrences
(Annulispora microannulata, Kyrtomisporis laevigatus, Uvaesporites
argentaeformis and Densosporites foveocingulatus) characterize the
upper part of the Upper Streppenosa Member.

4.1. Palynostratigraphical consideration

The upper part of the Middle Streppenosa Member, up to 2736 m is
characterized by a micro"oral assemblage referable to the Norian, for
the presence of typical Norian and Rhaetian sporomorphs, such as
Classopollis meyerianus, Carnisporites spiniger and Acanthotriletes varius
in association with Paracirculina verrucosa which ranges from Carnian
up to Norian (Morbey, 1975; Schuurman, 1977; Krystyn and Kürschner,
2005; Warrington et al., 2008; Cirilli, 2010; de Jersey and McKellar,
2013). The available data on theEuropeanmiospore assemblage zones re-
vealed a transitional nature in the composition of Norian palynomorph
assemblages, being characterized by the progressive disappearances of
Carnian taxa and the !rst occurrence of species that become dominant
during the Rhaetian (Cirilli, 2010 and herein references).

At the boundary between the Middle and the Upper members of
the Streppenosa For (Fig. 2) the co-occurrence of Norian–Rhaetian
elements such as Porcellispora longdonensis, Trachysporites fuscus

and Granuloperculatipollis rudis and common Rhaetian sporomorphs,
only sporadically reported in theNorian, asRetitriletes austroclavatidites,
Carnisporites megaspiniger, Carnisporites anteriscus and Carnisporites
leviornatus could indicate a Rhaetian age (Morbey, 1975; Schuurman,
1977, 1979; Visscher et al., 1980; McKellar, 1982; Suneby and Hills,
1988; Cornet, 1993; Hounslow et al., 2004; Krystyn and Kürschner,
2005; Barron et al., 2006; Krystyn et al., 2007a, 2007b; Kürschner et al.,
2007; Warrington et al., 2008; Bonis et al., 2009; Cirilli, 2010). Few taxa
ranging from Rhaetian to Hettangian e.g., Retitriletes semimuris,
Neochomotriletes triangularis, Vitreisporites bjuvensis and Leptolepidites
major (Cornet and Traverse, 1975; Pedersen and Lund, 1980;
Mettraux and Mohr, 1989; Hounslow et al., 2004; Bonis et al., 2009)
also occur at 2736 m, just before the boundary between Middle and
Upper Streppenosa members in association with the previous men-
tioned Norian–Rhaetian taxa.

The dino"agellate cyst Dapcodinium priscum has been widely
recorded fromalmost all the Rhaetianmarine assemblages of the Tethyan
Realm (e.g., uppermost Triassic–Sinemurian D. priscum Zone of Woollam
and Riding, 1983; Courtinat and Piriou, 2002). Its occurrence, associated
with the recorded sporomorph assemblages, suggested assignment of
the Upper Member of the Streppenosa Formation to Rhaetian and not
to the Hettangian as previously indicated (Frixa et al., 2000).

5. Palynofacies analysis

The distribution and selection of organic components in the deposi-
tional environment are controlled by the same hydrodynamic factors
affecting inorganic sedimentary particles (Huc, 1988; Tyson, 1995,
2001). The organic components behave like sedimentary grains, with

Fig. 3. Schematic lithostratigraphic log and palynofacies intervals with percentage abundances of the most common organic particles found in the Streppenosa Formation. Legend: PM4
(inertinite), black opaque and strongly oxidized fragments of higher plants. It is subdivided in “equidimensional” (PM4) and “lath-shaped” (PM4T); PM1 and PM2 (vitrinite) includes semi
opaque phytoclasts, orange to dark brown (e.g., cortex, stem and root tissues), respectively partially (PM1) and moderately oxidized (PM2); PM3 (cutinite), translucent cell-structured
orange to dark particles, they are resistant extra-cellular layers covering the epidermids of higher land plants; MC (marine components), includes dino"agellate cysts, acritarchs and
foraminiferal linings; AOM (amorphous organic matter), structureless particles with indistinct outlines mostly originates from the bacterial degradation of structured organic matter,
both terrestrial (plant remains) and marine (phytoplankton) and/or related to fecal remains of zooplankton. SP (sporomorphs) includes land spores and pollen grains.
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palynological markers prevent a detailed correlation, the palynological
assemblages from the sedimentary beds intercalated with the Inter-
mediate and the Upper Basalt indicate a Rhaetian age and constrain the
CAMP basalt eruption below the higher portion of the TH and SAB 3
palynozones established at Kuhjoch and St. Audrie's Bay respectively.

Beyond the still debated correlations with the marine Tr–J sections
(e.g., the GSSP at Kuhjoch and St. Audrie's Bay), the palynological as-
sociations recovered in the sedimentary strata, both below and above
the Moroccan CAMP basalt flows, are Rhaetian, thus excluding an early
Jurassic age for the volcanic pile. By combining the carbon isotopic
data and U-Pb ages with the new palynological data, we show that the
emplacement of almost all CAMP basalts in Morocco occurred during
the end-Triassic extinction interval and was very fast (probably< 150
Kyrs). Hence, our results precisely link the ETE to the CAMP volcanism.
This shows that very rapid release of large amounts of volcanic gases
(mainly CO2 and SO2) into the latest Triassic atmosphere – land – ocean
system caused widespread disruption of the ecosystems.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gloplacha.2018.09.009.
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During Early Jurassic, at least at the temperate belts, the shallow 
marine settings are characterized by an extensive carbonate deposition 
not only of biogenic origin but also as abiogenic carbonate precipitation. 

The low oxygen level prevented the colonization of the marginal area by 
sphinctozoan/coral communities and allowed the development of microbial
and serpulid dominated reefs. 

Late Triassic
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shallow and confined
basins in the deepest
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Past for future

Tierney et al., 2020

Understanding of the Earth system at time scales longer than human observations has became imperative, because
anthropogenic activities are likely to telescope by order of magnitude the rates of climatic change that usually result from
geologic (= natural) processes.

Past climates provide the only opportunity to observe how the Earth system responds to high
carbon dioxide, underlining a fundamental role for paleoclimatology in constraining future climate
change
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CO2 Capture, Underground Storage, UtilizationFuture

𝐶𝑂! + 3𝐻! → 𝐶𝐻"𝑂𝐻 + 𝐻!𝑂

methanol

Sedimentary
reservoirs enable to 
host injected CO2

GeoFac project
ERC Synergy Grant 

In progress
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Facies and 
petrographic 
analyses

Chemical and 
mineralogical 
analyses

Sedimentologic 
and Structural 
analyses

Future

X-ray Powder 
Diffraction 
(XRPD) 
analysis. 

ü Catalysts
elements

X-ray 
Computed 
Tomography 
(XRCT) 
analysis. 

X-ray phase-
contrast 
microtomography 
(μ-CT)

Experimental 
phase to 
understand the 
physics and 
chemical role of 
the rock within 
the catalytic 
process.
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Individuo e società: benessere e inclusione

Azioni di Ateneo

Linea azione 5: 
Clima, energia e mobilità

WP 5.2 

WP 5.1 

Cambiamenti climatici: consapevolezza impatto sociale, modelli scientifici 
e soluzioni tecnologiche

Infrastrutture, sistemi energetici e produttivi a basso impatto ambientale

Linea azione 2: 
Cultura, creatività e 
società inclusive

WP 2.2 

WP 2.3 

Tecniche e strategie di comunicazione della conoscenza

Kick-off Meeting – Piano Triennale della Ricerca e Terza Missione (2021-2023)
Dipartimento di Fisica e Geologia

10-11 gennaio 2022 


