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Proloog en samenvatting

Massaal uitsterven?

 De transitie van de geologische periode’Trias’ naar het ‘Jura’ (deze tweede 
is het best bekend van ‘Jurassic Park’ waarin de wereld gedomineerd werd 
door een grote verscheidenheid aan dinosauriërs) wordt gekenmerkt door een 
grote verandering in de soorten die op aarde leefden. Deze overgang, zo’n 
200 miljoen jaar geleden, behoort tot de top 5 van grootste uitsterving peri-
oden (massa extinctie) van dieren en planten sinds het bestaan van het leven 
op aarde. Deze extinctie zou ervoor gezorgd kunnen hebben dat de eerder 
genoemde dinosauriërs in staat waren de wereld te veroveren op een zelfde 
manier als het uitsterven van de dino’s (ongeveer 66 miljoen jaar geleden) er-
voor gezorgd heeft dat de zoogdieren tot verdere ontwikkeling konden komen. 
Er bestaat echter discussie hoe heftig de Trias-Jura (Tr-J) extinctie nou echt 
was en of deze nou juist geleidelijk of echt in één klap heeft plaats gevonden. 
Ik hoop aan deze discussie bij te dragen door een gedetailleerd tijdsframe te 
maken voor de laat Trias tot vroeg Jura periode. 

Trias-Jura grens – Definitie

Een geologische tijdschaal is een indeling van de geschiedenis van de Aarde 
in geologische tijdperken (“Wikipedia’). Zowel het Trias als het Jura zouden 
beschouwd kunnen worden als de hoofdstukken van een boek. De eerste 3 jaar 
van dit project was er nog geen officiële definitie van de Tr-J grens vastgelegd. 
Vandaar was het standaard om de extinctie die geassocieerd wordt met deze 
grens de Tr-J massa extinctie te noemen. Pas ruim een jaar geleden werd 
bekend dat de officiële definitie van de Tr-J grens niet samen zou gaan vallen 
met de massa extinctie maar nu is vastgelegd op het tijdstip waarop de eerste 
Jurassische ammonieten (vergelijkbaar met de tegenwoordig levende nautilus; 
een inktvis met een uitwendige schelp) te herkennen zijn in het gesteente. Dit 
betekende dus dat de voorheen immer Tr-J massa extinctie genoemde gebeur-
tenis ineens formeel geheel in het Trias plaatsvond. In mijn opinie had de 
Tr-J grens beter gedefinieerd kunnen worden op de massa extinctie en worden 
de eerder genoemde hoofdstukken van het boek over de geschiedenis van 
de aarde in ene op een onlogische manier ingedeeld. Maar het is nu eenmaal 
de officiële definitie van de Tr-J grens en dient daardoor ook zo gebruikt te 
worden. Het heeft helaas al tot de nodige verwarring geleid binnen de Tr-J 
gemeenschap. In dit proefschrift zal ik telkens de termen laatste-Trias (omdat 
het uiteindelijk volgens ons onderzoek maar zo’n 120 duizend jaar verschilt) 
of algemener eind Trias massa extinctie gebruiken. 

Argan Tree, Argana Valley, Morocco
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'Timing' is alles! 

Geologie is de wetenschap die de vaste en vloeibare aarde onderzoekt in 
verhouding tot de factor TIJD. Hoge resolutie tijdsframes zijn uitermate 
belangrijk voor het begrijpen van oorzaak-effect relaties, de snelheid van 
geologische processen en voor het integreren van data verkregen uit verschil-
lende disciplines op verschillende plekken op aarde. De absolute ouderdom 
van (specifieke) stenen kan bepaald worden door middel van radiometrisch 
verval van Argon (Ar) en/of Uranium (U), waardoor deze methode potentieel 
erg veel informatie kan geven. Helaas is het zo dat de fouten marges (lab-
methode-interpretatie) van deze methode al snel in de orde van één procent 
liggen, waardoor ze voor een periode ongeveer 200 miljoen jaar geleden nog 
niet precies genoeg zijn. Radiometrische dateringen kunnen dus een zeer goede 
eerste orde controle verschaffen, maar tot nu toe zijn ze van beperkt nut voor 
een tijdsframe met een resolutie van slechts enkele tientallen duizenden jaren. 
In dit onderzoek gebruiken we daarom een breed scala aan andere strati-
grafische correlatie methodes, met nadruk op de combinatie van paleomagnet-
isme (studie van het aardmagneetveld) en cyclostratigrafie (studie van klimaat 
gestuurde cycliciteit in afzettingen), welke tezamen een relatieve ouderdom 
voor verschillende plekken op aarde (en voor zowel continentale- en mariene 
afzettingen) kunnen geven met een resolutie van minder dan 20 duizend jaar. 
Beide methodes zijn al erg succesvol toegepast op de laat Trias en vroeg Jura 
continentale sedimenten en vulkanische gesteentes in het Newark bekken in 
Amerika (ten westen van New York) waardoor de tijdschaal opgesteld voor dit 
bekken het referentie-tijdsframe voor de Tr-J overgang is. Een goed referen-
tie frame zou al de helft van het werk moeten zijn, want idealiter zouden alle 
tijds-equivalente secties in de wereld (dus ook uit het mariene bereik) naar 
deze tijdschaal gekoppeld moeten kunnen worden. Maar als dit het geval ge-
weest zou zijn dan zouden alle belangrijke ‘relatieve timing’ vraagstukken 
rondom deze massa extinctie al lang beantwoord zijn geweest voor het begin 
van dit onderzoek. En het tegengestelde was het geval. Ondanks het relatief 
grote aantal mensen dat aan de Tr-J grens werken, was er nauwelijks con-
sensus over het hoe? en wat? en hoe snel? Het enige waar (bijna) iedereen het 
over eens was was de voor de hand liggende link tussen de eind-Trias massa 
extinctie en extreme vulkanische activiteit dat plaatsvond door het opbreken 
van de toenmalig aan elkaar zittende continenten (Pangea super continent). 
Op wanneer precies? Hoe? Waar? Hoe snel? En hoe lang? was geen duidelijk 
antwoord.
De belangrijkste vragen die ik in dit onderzoek heb willen beantwoorden 
waren daarom: 
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1) Hoe kunnen de gegevens uit het mariene bereik, waar onder andere de ge-
beurtenissen rondom de extinctie het best gedocumenteerd zijn, naar het ref-
erentie tijdsframe uit het continentale Newark bekken gecorreleerd worden. 
Iets specifieker; hoe kunnen de overgangen tussen de sub-periodes binnen het 
laat Trias en vroeg Jura (Carnian-Norian, Norian-Rhaetian, Rhaetian-Het-
tangian = Tr-j, and Hettangian-Sinemurian) die gedefinieerd zijn in mariene 
secties, aan de referentie tijdschaal gekoppeld worden?
2) Hoe kunnen we de extinctie zoals die gedocumenteerd is in het Newark 
bekken correleren naar de extinctie gevonden in de oceanen? Waren dit 
synchrone en dus dezelfde gebeurtenissen, of zit er nog tijdsverschil tussen de 
twee extincties?
3) Wat veroorzaakte deze gebeurtenis(sen)?
4) Wanneer vond het vulkanisme plaats? Was dit synchroon over enorme 
afstanden of zit er verschil in? En hoe verspreide het zich dan?
5) Hoe lang duurde de massa extinctie zelf? En wanneer begon het leven op 
aarde zich weer enigszins te herstellen?

In de komende hoofdstukken zullen we een tijdsframe opbouwen, met de be-
langrijkste tijds-controle verkregen uit de Newark tijdschaal, wat vervolgens 
gebruikt kan worden om de verschillende gebeurtenissen in de verschillende 
secties in chronologische volgorde te plaatsen in een gekalibreerde  referentie 
tijdschaal. 

Samenvatting

 De structuur van dit proefschrift is bepaald door stratigrafische volgorde 
en wel van oud naar jong. De verschillende onderzoeken zijn echter niet in 
dezelfde volgorde uitgevoerd waardoor er op enkele plekken gerefereerd wordt 
naar onderzoek wat later beschreven staat. We hopen de hoofdstukken van 
dit onderzoek te publiceren als aparte artikelen in wetenschappelijke bladen 
waardoor enkele overlap in conclusies, opmerkingen en figuren zal bestaan. 

In hoofdstuk 1 beginnen we met de definitie en positie van de Norian-Rhae-
tian grens (de grens de twee laatste sub-periodes in het Trias). Net als de over 
de definitie van de Tr-J grens bestaat er ook al erg lang discussie ook over deze 
grens. We hebben de sectie die voorgedragen is voor de officiële Norian-Rhae-
tian (N-Rh) grens; Steinbergkogel in Oostenrijk, paleomagnetisch onderzocht 
en hebben vervolgens de magnetostratigrafie (zwart-wit streepjes patroon) 
gebruikt om deze sectie te kunnen correleren naar andere mariene secties die 
ook de N-Rh grens bevatten en ook paleomagnetisch onderzocht zijn. Vervol-
gens hebben we deze resultaten gebruikt om een robuuste correlatie naar het 
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Newark bekken voor te stellen. Deze correlatie laat zien dat dat N-Rh grens 
hoogst waarschijnlijk een stuk ouder is dan veelal gesuggereerd werd en dat 
het Norian en Rhaetian respectievelijk 19 en 9 miljoen jaar geduurd hebben. 
Onze resultaten worden vervolgens bevestigd door cyclostratigrafische con-
trole op een andere N-Rh sectie op Sicilië, Italië. Het herkennen van lange 
periode cycliciteit (1.75 miljoen jaar durende cyclus) en kortere cycli van 100 
duizend jaar in deze (ook paleomagnetisch onderzochte) sectie bevestigen de 
positie van de Norian-Rhaetian grens in het Newark bekken. 

In hoofdstuk 2 onderzoeken we de periode die net vooraf gaat aan het vul-
kanisme, de massa extinctie, en het vulkanisme zelf in het continentale Argana 
bekken in Marokko. Paleomagnetische resultaten voor het einde van het Rha-
etian zijn nagenoeg afwezig en de referentie tijdschaal in het Newark bekken 
voor deze periode is regelmatig in twijfel getrokken omdat enkele mensen 
beweren dat er een groot hiaat (tijd mist) zou kunnen zitten in het Newark 
bekken. We hebben de rode sedimenten, die afgezet zijn net voordat het vul-
kanisme in Marokko begon, onderzocht met paleomagnetisme en cyclostrati-
grafie. Onze samengestelde tijdsframe voor de sedimenten in Marokko (in to-
taal 3.5-4 miljoen jaar lang) suggereren dat er inderdaad een hiaat zou kunnen 
zitten in het Newark bekken in Amerika. Echter zit dit mogelijke hiaat op een 
andere (oudere) plek dan vooralsnog werd aangenomen. Belangrijker is dat dit 
eventuele hiaat niet van invloed is op de correlaties van het vulkanisme en de 
massa extinctie gebeurtenissen tussen de twee plekken. De vulkanische afzet-
tingen laten alleen een ‘normaal’ (zoals momenteel het geval) aardmagnetisch 
veld zien, en lijken seculaire variatie te vertonen zoals ook is geobserveerd in 
de Hoge Atlas (Marokko) vulkanische afzettingen. Dit wijst mogelijk op syn-
chroon vulkanisme binnen Marokko op een sub-millennium tijdschaal. 

Hoofdstuk 3 gaat in hoog detail in op de gebeurtenissen rondom de Trias-Jura 
grens, met nadruk op de uitstervings gebeurtenissen. Met een multi-disci-
plinaire aanpak (integratie van cyclostratigrafie, paleomagnetisme, basalt geo-
chemie en geobiologie) construeren we een accuraat tijdsframe waarin we een 
gedetailleerde trans-Atlantische (Argana, Marokko versus Newark, USA) en 
marien-continentale (extinctie versus vulkanisme) correlatie voorstellen. We 
laten zien dat de oudste vulkanische pulsen diachroon zijn aan beide zijden 
van de Atlantische oceaan, waarbij het vulkanisme in Marokko zo’n 20.000 
jaar eerder begon. Deze eerste vulkanische puls veroorzaakt zowel extincties 
in het mariene bereik als wel in het Newark bekken. De tweede vulkanische 
puls, slechts 20 duizend jaar later (gedocumenteerd in zowel Marokko en de 
USA), veroorzaakt vervolgens een tweede extinctie-interval in het mariene 
bereik. 
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In hoofdstuk 4 gaan we dieper in op de correlatie tussen de verschillende 
continentale bekkens waar vulkanisme gedocumenteerd is. In dit hoofdstuk 
onderzoeken we of het vulkanisme in het meest noordelijke Noord Ameri-
kaanse Fundy bekken (Nova Scotia, Martitiem Canada) synchroon was met 
het eerste vulkanisme in Marokko of juist met het oudste vulkanisme in het 
Newark bekken. Een derde optie is dat het vulkanisme nog ouder is in dit 
bekken, zoals recentelijk is gesuggereerd op basis van radiometrische dater-
ingen en in lijn met een Noord naar Zuid migratie van het vulkanische cen-
trum in de tijd. Cruciaal voor robuuste correlaties tussen deze verschillende 
bekkens is een kort interval met omgekeerde polariteit van het magneetveld 
dat bestond zo’n 40 duizend jaar voor het begin van het vulkanisme in het 
Newark bekken. Ons paleomgentisch onderzoek wijst uit dat dit interval ook 
in het Fundy bekken aanwezig is. Onze correlatie, inclusief het gebruik van 
de geochemie van het vulkanische gesteente en organische koolstof isotopen 
data, laat zien dat het vulkanisme in het Fundy bekken ongeveer tegelijkertijd 
plaats vond met het vulkanisme in het Newark bekken, en daardoor dus net 
(tot 20 duizend jaar) na het begin van het vulkanisme in Marokko. Dit onder-
zoek laat  bovendien zien dat er substantieel provincialisme bestond van laat 
Trias pollen en sporen, en dat het totale vulkanisme in het Fundy bekken 
heeft plaats gevonden binnen 100 duizend jaar. 

Hoofdstuk 5 is volledig gewijd aan een van de belangrijke correlatie methodes 
die gebruikt zijn voor het onderzoek in de afgelopen 2 hoofdstukken; namelijk 
de opmerkelijk homogene geochemische signatuur, en dan vooral Zeldzame 
Aarde elementen (ZAE) ratio's, van tijds-equivalente vulkanische pulsen. Deze 
correlatie methode is nogal omstreden aangezien homogeniteit van vulkanische 
pulsen over erg grote afstanden ( 1000 km +) op zichzelf grote implicaties heeft 
voor de bron van het vulkanisme en het transport van vulkanisch gesteente. 
In dit onderzoek presenteren we een combinatie van een grote hoeveelheid 
nieuwe geochemische data van vulkanisch gesteente en uitgebreide literatuur 
data uit verscheide bekkens in Noord Amerika, Afrika en Europa. We laten 
zien dat Y/Nb versus Lu/Hf ratios aan te bevelen zijn voor het onderschei-
den van de oudste vulkanische pulsen en dat La/Yb versus Zr/Y ratio's beter 
geschikt zijn voor de jongere pulsen. De evolutie van deze geochemische ratio's 
in de tijd is fascinerend en lijkt volledige potentie te bieden om geochemie te 
gebruiken voor het relatief dateren van vulkanische afzettingen die gerela-
teerd zijn aan het opbreken van de continenten rondom de huidige Atlantische 
Oceaan. 

In hoofdstuk 6 gaan we door met het uitbreiden van de tijdschaal in het Jura. 
De eind-Trias extinctie wordt gevolgd door het eerste herstel in het vroeg Het-

Thesis_martijn.indb   15 22-03-2010   16:47:33



16

tangian. Veldgegevens gecombineerd met fysische en chemische proxies uit de 
mariene Tr-J afzettingen in St. Audrie’s Bay en East Quantoxhead (beide aan 
het Bristol-kanaal in Engeland) zijn gebruikt om een astronomische tijdschaal 
te construeren van in totaal ongeveer 2.5 miljoen jaar. Tijdcontrole is verkre-
gen uit de herkenning van precessie (~ 20 duizend jaar cyclus) en korte-eccen-
triciteit (~ 100 duizend jaar cyclus) in zowel het veld als in de proxies. Onze 
studie geeft een lengte aan het Hettangian van ~ 1.8 miljoen jaar en ongeveer 
120 duizend jaar (zes precesiie cycli) voor de periode tussen de eind-Trias 
massa-extinctie en het eerste herstel (de Tr-J grens!). Deze grenzen kunnen 
gecorreleerd worden aan de Newark bekken tijdschaal zodat nu bekend is 
waar de geologische grenzen zich in het continentale bereik bevinden. Tens-
lotte concluderen we aan de hand van lage koolstof-isotopen waarden in de 
gehele sectie dat deze hoogst waarschijnlijk een lange termijn verandering in 
de wereldwijde biogeochemische cyclus weerspiegelen. 
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Latest Triassic cyclic(?) limestones, Eiberg section, Austria
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Prologue and synopsis

Mass extinction?

The transition from the Triassic to the Jurassic period (~201 Ma) is character-
ized by a distinct change in species diversity which is considered to be among 
the biggest five since life emerged on Earth. This extinction event might have 
cleared ecological space for the rise of the dinosaurs as much as the K-T mass 
extinction (~66 Ma) prepared the way for mammalian ecological ascent. There 
is discussion, however, on how severe the late Triassic mass extinction was and 
whether it went gradually or catastrophic. In this thesis I will not focus on the 
severity of the mass extinction, but contribute to the discussion by providing 
an accurate timeframe for the late(st) Triassic and early Jurassic period. 

Triassic-Jurassic boundary – Definition and associated problems

“The geologic time scale is a chronologic schema (or idealized model) relat-
ing stratigraphy to time that is used by earth scientists to describe the timing 
and relationships between events that have occurred during the history of the 
Earth” (Wikipedia) The geological periods defined in the history of Earth can 
be considered as the chapters of a book. At the start of this project and the 
subsequent three years there was no formal definition for the stratigraphic 
level of the Triassic-Jurassic (Tr-J) boundary. It was thus common to refer 
to the extinction event associated with this boundary as the Tr-J mass extinc-
tion. During the last years, it became clear, although there was still consider-
able discussion, that the Tr-J boundary would not be defined at the extinction 
event, but at the stratigraphic level where the first (local) Jurassic ammonites 
could be recognized. And then finally, just over one year ago, it was officially 
decided that the Tr-J boundary will be defined (GSSP) in the Kujoch section 
in Austria at the stratigraphic level where the first Jurassic ammonites appear. 
(For the proposal and subsequent discussions see: http://www.stratigraphy.
org/forum/viewtopic.php?f=6&t=22)
This definition of the Tr-J boundary, postdating the extinction event, made 
that event a latest Triassic or end-Triassic mass extinction. And whether one 
agrees with this definition of the Tr-J boundary and thus end-Triassic mass 
extinction event (in my opinion it is like redefining the chapters of the earlier 
mentioned book in a very unlogical way), it is a definition and should therefore 
be used as one. Unfortunately, it gave, and gives, rise to many misunderstand-
ings concerning studies dealing with this time-interval since both definitions 
are mixed up in earlier works. In this dissertation we will follow the new defi-
nitions, and we will thus always refer to the mass extinction as an end-Triassic 
one.

Latest Triassic cyclic(?) limestones, Eiberg section, Austria
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Timing is everything! 

Geology is the science and study of the solid and liquid matter that constitutes 
the Earth with respect to TIME. High resolution time-frames are crucial for 
understanding cause and effect relationships, the pace of geological processes, 
and to effectively integrate temporal data from different geological disciplines 
and geological settings. Radiometric dating, by means of argon-argon or 
uranium-lead dating, provides numerical ages for discrete stratigraphic levels, 
and is potentially very powerful for correlations of events from one location 
to the other. Unfortunately errors on radiometric ages, including all lab- and 
interpretation-errors, are still in the order of one percent, and they increase 
the further we go back in history. Radiometric constraints in the time-interval 
discussed in this dissertation, about 200 Ma, can thus give very important 
first-order constraints but are so far of limited use on a <100 kyr resolution. 
In this thesis we therefore use a wide range of other stratigraphic correlation 
tools with a focus on the combination of paleomagnetism and cyclostratigra-
phy, which can provide relative timing between different sections and geologi-
cal realms within a less then precessional (~20 kyr) resolution.. Both these two 
tools have been very successfully applied to the sediments and intercalated 
lava flows in the Newark basin (US) and therefore this section provides the 
reference time-frame (over 30 Myr) for the late Triassic to earliest Jurassic 
periods (GPTS). Having a good reference frame is probably already half 
the work, and ideally all other time-equivalent sections in different geologi-
cal settings should be straightforwardly linked to this reference frame. But if 
this would be the case, then all major timing-problems around this important 
period would have been solved long before the start of this dissertation. And 
the opposite was true. Despite the large number of people working on this time 
slice there was no scientific consensus about almost anything. The one thing 
that almost (!) everybody from the Triassic-Jurassic community seemed to 
agree on was the ‘obvious’ link between the end-Triassic mass extinction and 
volcanism associated with the emplacement of CAMP. - When? How? Where? 
How fast? How long? – was usually not considered.
The main research questions concerning ‘time’ in the late-Triassic-early-
Jurassic time interval I want to address in this thesis are; 
(1) How to correlate the marine realm, where most of the extinction events are 
best recorded, to the continental realm of the Newark basin – and thus how to 
tie the stage boundaries defined in the marine realm (Carnian-Norian, Norian-
Rhaetian, Rhaetian-Hettangian, and Hettangian-Sinemurian boundaries) to 
the Newark timescale? 
(2) How can we correlate the mass extinction event in the continental realm to 
the marine realm? Were they synchronous or separate events? 
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(3) What caused this/these events? 
(4) What is the timing of CAMP emplacement? Was it synchronous over large 
areas or is there a progression in timing of emplacement from x to y? 
(5) How long did the extinction take itself? And how long did recovery take?

In the following chapters we will build a time frame, with the most important 
time constraints derived from the Newark GPTS, for the late Triassic. This 
time frame can than be used to link the series of events, recognized in the dif-
ferent sections/realms, to a calibrated reference. 

Synopsis

The structure of this thesis has been defined by stratigraphic order. Results 
will be shown for time-slices from old to young. However, the manuscripts 
have not been prepared in the same order and consequently cross-references 
between chapters are not always in correct order. The chapters of this the-
sis are or will be published as separate papers in scientific journals. Conse-
quently, some repetition of statements and figures could not be avoided. The 
datasets presented in this thesis are available upon request to the author.

In chapter 1 we start with the definition and position of the Norian-Rhaetian 
(N-Rh) boundary. Especially the duration of the Rhaetian stage has been 
subject of debate during the last decennia. We paleomagnetically sampled the 
proposed GSSP for the base of the Rhaetian (Steinbergkogel, Austria) and use 
our improved magnetostratigraphy to propose correlations to other Tethyan 
realm sections containing the Norian-Rhaetian boundary. Correlation to the 
astronomically dated continental successions of the Newark basin (US) indi-
cates that the N-Rh boundary is most likely determined in chron E16, which 
implies that the Norian and Rhaetian stages have durations of ~17 and ~9 Myr, 
respectively. Our correlations are additionally confirmed by cyclostratigraphic 
control on the marine Pizzo Mondello (Italy) section, where a combination of 
long period Milankovitch cycles (1.75 Myr) and short eccentricity (100 kyr) 
cycles provides additional correlation constraints to the Newark GPTS. 

In chapter 2 we mainly focus on the time-slice just before the onset of CAMP 
and the end-Triassic mass extinction. Paleomagnetic results from the marine 
upper Rhaetian are virtually non-existent and also the GPTS established in 
the Newark basin (US) has frequently been suggested to contain a major hiatus 
in the top of the section just below CAMP. We investigated the red bed sedi-
ments just below the first CAMP in the Argana basin (Morocco) for cyclo- and 
magnetostratigraphic control. Our composite record (3.5 – 4 Myr) indicates 
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that the Newark GPTS indeed might contain a hiatus. However, this hiatus is 
stratigraphically lower than previously suggested and therefore does not influ-
ence astronomical time control around CAMP emplacement. CAMP lavas show 
only normal polarity and seem to record secular variation, possibly indicating 
a synchronous onset of CAMP within Morocco on sub-millennial scales.

Chapter 3 provides a high resolution time frame for the events around the 
Triassic Jurassic boundary, most importantly the end-Triassic mass ex-
tinction. With a multi-disciplinary approach (integrating astrochronology, 
paleomagnetism, basalt geochemistry and geobiology) we develop an accu-
rate chronostratigraphic framework and established detailed trans-Atlantic 
(Argana, Morocco vs. Newark, US) and marine-continental (St. Audrie’s Bay, 
UK vs CAMP-composite) correlations. We show that the oldest CAMP basalt 
pulses are diachronous by 20 kyr across the Atlantic Ocean, starting in Mo-
rocco, and that these two pulses exactly coincide with the end-Triassic extinc-
tion interval documented in the marine realm.

In chapter 4 we continue with intra-CAMP basin correlations. In this study 
we investigate whether the onset of CAMP in the Bay of Fundy, the north-
ernmost American CAMP exposures, was synchronous with either (I) the 
CAMP in Morocco, or (II) CAMP in the Newark basin or (III) with an older 
event, as recently proposed and in line with a north-southward migration of 
the volcanic centre. Crucial for robust intra-CAMP basin correlations is the 
short reversed polarity interval E23r, which we here identify in the Fundy 
basin. Our correlation, also including basalt geochemistry and organic carbon 
isotope data, indicates that the onset of CAMP in the Fundy basin was roughly 
synchronous with the Newark basin, and therefore slightly later (up to 20 kyr) 
than the oldest CAMP volcanism in Morocco. Our combined CAMP overview 
furthermore indicates substantial provincialism of late Triassic palynoflora, 
and a very concise period (<100 kyr) of CAMP emplacement in the northern 
Atlantic region.

Chapter 5 is dedicated to one of the very important correlation tools used in 
the trans-Atlantic CAMP basin correlations: Rare Earth Element (REE) ratios 
of the different CAMP units. This correlation tool is rather controversial since 
our CAMP basin correlations indicate that time-equivalent CAMP pulses seem 
to have very distinct REE-ratios which on itself must have major implica-
tions for the e.g. the source and distances of dike-transport. In this study we 
present new data from different CAMP basins and compare these to literature 
data from the entire northern CAMP region. We show that Y/Nb vs. Lu/Hf 
ratios discriminate the oldest HTQ CAMP pulses best and that La/Yb vs. Zr/Y 
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ratios are more suitable for younger CAMP pulses. The striking evolution in 
time of REE ratios indicates the feasibility to use REE-ratios as an additional 
relative dating tool, which is especially useful for CAMP related rocks where 
additional stratigraphic constraints are lacking.

In Chapter 6 we extend our time frame around the end-Triassic mass extinc-
tion upwards into the Jurassic. The extinction event is followed by successive 
recovery in the early Hettangian. Combined field observations with physical 
and chemical proxy records covering latest Triassic and early Jurassic marine 
successions of the St. Audrie’s Bay and East Quantoxhead sections (UK) have 
been used to construct a floating astronomical time-scale of ~ 2.5 Myr. Our 
time control is derived from recognition of precession (~ 20 kyr) and short 
eccentricity (100 kyr) cycles in both the field as in the considered proxies. Our 
time control indicates a duration of the Hettangian stage of 1.8 Myr and the 
end-Triassic recovery interval preceding the first Jurassic ammonite occur-
rences is constrained to 6 precession cycles (~120 kyr). Finally we suggest that 
continuous low 13CTOC values throughout the Hettangian and early Sine-
murian, succeeding volcanic CAMP activity, may reflect a long-term change 
in Earth’s global biogeochemical cycles, which seem not to fully recover for 
several million years.
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Long period cycles in the Pizzo Mondello section, Italy
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Magnetostratigraphic dating of the Rhaetian 
GSSP at Steinbergkogel (upper Triassic, Austria):
implications for the Late Triassic Time Scale

Chapter 1

The Global Stratotype Section and Point (GSSP) for the Rhae-
tian Stage has recently been proposed at Steinbergkogel in Aus-
tria. Preliminary magnetostratigraphic polarity patterns could, 
however, not be correlated straightforwardly. We re-sampled the 
Steinbergkogel sections (STK-A and STK-B+C) in high-resolution 
to establish an improved magnetostratigraphy that allows glo-
bal correlation. The palaeomagnetic signal at Steinbergkogel 
is composed of three components, which can be separated by 
thermal demagnetization. The highest temperature component, 
revealed between 280/300 and maximum 600ºC is of dual polar-
ity and is interpreted as primary. Rock magnetic experiments 
showed that the signal is carried by magnetite. Our results allow 
straightforward correlation between the two individual Stein-
bergkogel outcrops and towards other Norian-Rhaetian sections 
of the Tethys domain. Correlation to the astronomically dated 
continental successions of the Newark basin indicates that the 
two key biostratigraphic horizons for the base of the Rhaetian, 
the M. hernsteini FO and the M. post-hernsteini FAD, are most 
likely determined in chrons E16n and E16r, respectively. This 
correlation is confirmed by cyclostratigraphic control on the 
marine Pizzo Mondello (Italy) section, where a combination of 
long period Milankovitch cycles (1.75 Myr) and short-eccentricity 
cycles (100 kyr) provide additional correlation constraints. Our 
study implies that the Norian and Rhaetian Stages have dura-
tions of ~17 and ~9 Myr, respectively, which is in good agreement 
with earlier estimates.

Hüsing, S.K., Deenen, M.H.L., Koopmans, J., Krijgsman, W. and Kür-
schner, W.M. (2010). Magnetostratigraphic dating of the Rhaetian GSSP at 
Steinbergkogel (late Triassic, Austria): implications for the Upper Triassic 
Time Scale. Earth and Planetary Science Letters, in review

Long period cycles in the Pizzo Mondello section, Italy
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1. Introduction

The late Triassic period is characterized by increasing environmental stress 
that eventually culminated in a mass-extinction in the latest Rhaetian. This 
end-Triassic extinction belongs to the five major mass-extinctions that have 
taken place on Earth and is generally considered to be related to massive 
volcanism in the Central Atlantic Magmatic Province (CAMP) (Hesselbo et 
al., 2002; Marzoli et al., 2004) corresponding to environmental changes in 
marine and continental ecosystems. It paved the way for the dinosaurs to 
become the dominant species on Earth. Understanding of the timing and pace 
of late Triassic extinctions is hampered by the poor quality of the available age 
constraints. Radiometric datings are scarce and magnetostratigraphic correla-
tions are generally debated. Changes in the Geological Time Scales (GTS) give 
rise to additional misunderstandings. Two different definitions were used for 
the base of the Rhaetian (middle Sevatian substage, or top Sevatian). Further-
more, marine-continental correlations are generally considered controversial. 
This evidently called for official definitions of stage boundaries in the GTS 
and various subcommisions of the International Committee of Stratigraphy 
have been working on the ratification of Global Stratotype Sections and Points 
(GSSP’s) for the base of the Norian, Rhaetian and Hettangian (= Triassic-
Jurassic boundary).
Recently, the Steinbergkogel section in Austria has been proposed as Rhaetian 
GSSP (Krystyn et al., 2007a, b). A preliminary magnetostratigraphy was pub-
lished for subsections A and B+C, but correlation between the two outcrops 
remained ambiguous (Krystyn et al. 2007b).
We re-sampled these two sections at Steinbergkogel in high-resolution to estab-
lish a reliable magnetostratigraphic record that would allow internally consist-
ent correlations and correlations to other magneto-bio-stratigraphically dated 
sections in the Tethys domain; Silická Brezová (Channell et al., 2003), Pizzo 
Mondello (Muttoni et al., 2004), Kavur-Tepe (Gallet et al., 1993), Scheiblkogel 
(Gallet et al., 1996) and Costa Imagna- Brumano-Italcementi Quarry com-
posite section (Muttoni et al. in press). Correlation to the continental Newark 
basin successions, which are astronomically calibrated to the radiometrically 
dated CAMP basalts (201.27 ± 0.06 Ma; Schoene et al., 2006), allows to calcu-
late the age and duration of the Norian and Rhaetian stages. We furthermore 
use new cyclostratigraphic data from Pizzo-Mondello to validate our results 
and discuss the consequences of our magnetostratigraphic correlations for the 
Late Triassic time scale.
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2. The Steinbergkogel section: geological setting and background data

The Steinbergkogel section is located near Hallstatt, in the Salzkammergut, 
Austria (47°33’53’’N, 13°37’33’’E) and is exposed in the cliffs of an aban-
doned quarry (Krystyn et al. 2007a, b) (Figure 1.1). The section is character-
ized by Hallstatt-type limestones, which were deposited at low palaeolatitude 
in the late Triassic Tethys Ocean. The limestones are occasionally interca-
lated with marls, which grade upwards into the grey marls of the Rhaetian 
Zlambach Formation (Krystyn et al., 2007a, b). The nodular limestones and 
nodular appearance of the marly layers indicate a low sedimentation rate and 
compaction after deposition. The transition to the Zlambach Formation most 
likely coincides with an increase in sedimentation rate (Krystyn et al. 2007a). 
The Steinbergkogel quarry consists of two subsections: the ~3.5m STK-A sec-
tion on the eastern side of the outcrop and the ~11m STK-B+C section to the 
west (Figure 1b, c). The bedding orientation at Steinbergkogel shows a steep 
dip towards North (257/63N). The Hallstatt-facies interval is characterized 
by thinning of the layers towards the west and additional layers are exposed 
along the eastern side (see Figure 1.1c). While logging section STK-A and STK-
B+C, we followed the numbering scheme for individual layers of Krystyn et al. 

Figure 1.1: a) Overview of the location of the Steinbergkogel section in Austria (map 
modified after Krystyn et al.,( 2007b). b) photograph of the STK-A subsection of Stein-
bergkogel, c) photograph of the lower part of the STK-B+C section of Steinbergkogel. 
Numbers in the photographs correspond to the numbers of layers indicated in Figure 
1.4 following Krystyn et al. 2007b.
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(2007b). However, based on field observation, our STK-B+C section is slightly 
extended downward including layer 106, 105, and 104.
Preliminary magnetostratigraphic results of both subsections yielded a polar-
ity pattern consisting of four normal and three reversed polarity intervals 
(Krystyn et al., 2007b). A straightforward palaeomagnetic correlation between 
the two sections was however not established. Positions of biostratigraphic 
events relative to polarity intervals were also not consistent (Krystyn et al., 
2007b). Nevertheless, these palaeomagnetic results indicated the potential for 
establishing an improved Rhaetian magnetostratigraphy at Steinbergkogel, if 
sampled at high-resolution.
The Rhaetian GSSP is proposed in the STK-A section (Krystyn et al., 2007a, 
b) with three biostratigraphic options that have been put forward. In option 
1, the Norian-Rhaetian boundary is defined by the First Occurrence (FO) of 

Figure 1.2: a-f) Representative Zijderveld diagrams of thermal demagnetization (th). 
Stratigraphic positions are given in the diagrams. a-b) Diagrams are from section 
STK-A; c-f) dia ed. Tc=Curie Temperature.
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Misikella hernsteini (A* in Figure 1.4), a conodont species that is easy recog-
nizable and widely present in low palaeolatitude regions of the Tethys Ocean. 
In the STK-B+C section, this level is also marked by the FO of Oncodella 
paucidentata and Epigondolella mosheri morphotype A of Orchard (2007) 
(Krystyn et al., 2007b). In option 2, the Norian-Rhaetian boundary is defined 
by the First Appearance Datum (FAD) of Misikella posthernsteini, the phylo-
genetic successor of M. hernsteini (B 111 * in figure 1.4). In both options, the 
Norian-Rhaetian boundary is closely associated with the Sevatian 1 – Sevatian 
2 boundary (Krystyn et al., 2007b). The third option to define the Norian-
Rhaetian boundary is related to the First Appearance (FA) of the ammonite 
Vandaites, a very prominent event that coincides with other well-defined first 
occurrences and disappearances (Krystyn et al., 2007b). This event, however, 
cannot be correlated to the magnetostratigraphic succession of Steinbergkogel.

3. Paleomagnetic results

3.1. Rock magnetism
Rock magnetic analyses were carried out on selected samples to understand 
the magnetic properties of the Steinbergkogel rocks before applying them to 
demagnetisation methods. First, Isothermal Remanent Magnetization (IRM) 
acquisition was performed by applying peak fields up to 700mT. The imparted 
IRM was subsequently measured on a robotized horizontal 2G Enterprise DC 
SQUID magnetometer (noise level 1-2x10-12 Am2). Each sample was alternat-
ing field (AF) demagnetized at 300mT prior to IRM acquisition so that they 
were in the AF demagnetized starting state (Heslop et al., 2004). All data were 
subjected to component analysis of cumulative log-Gaussian (CGL) curves 
(Kruiver et al., 2001), where every IRM curve was decomposed into a number 
of CGL curves. Two components were distinguished, which can be individu-
ally characterized by their saturation IRM (SIRM), remanent acquisition 
coercive force (B1/2), and dispersion parameter (DP). Component 1 is fitted 
for all samples in the medium field interval, with a B1/2 value of ~32mT and a 
DP of ~0.29 log10mT indicating a mixed grain size distribution (Figure 1.2). 
The B1/2 values are typical of magnetite and the mixed grain size distribu-
tion is indicative of a detrital origin. This magnetite component contributes 
about 86 per cent of the total IRM and is therefore the main magnetic carrier. 
Component 2 is fitted in the high-field interval and has B1/2 values 390 and 
950mT and a large DP of ~0.34 log10mT. Its presence is also indicated by the 
high-field ‘tail’ observed in the standardized acquisition plots (SAP). This 
component is responsible for the non-saturation of IRM and could be carried 
by either haematite or goethite. The observed NRM decrease below 600ºC 
precludes the presence of haematite. Goethite is likely present as a product 
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of weathering processes (Dunlop and Özdemir, 1997; France and Oldfield, 
2000; Kruiver et al., 2001; Maher and Hallam, 2005). Its contribution to the 
total IRM is only minor with on average 12 per cent. The B1/2 values are only 
indicative because the applied maximum field of 700mT is not sufficient for 
goethite saturation. 
Results of the CGL analysis are further used to select suitable peak fields for 
three-axis thermal demagnetization of the IRM (Lowrie, 1990). Fields of 1000, 
170 and 100mT were subsequently imparted, followed by stepwise thermally 
demagnetization up 150 to 600ºC. For all samples, the low coercivity frac-
tion (0-100mT) is a constant and main contributor to the IRM (Figure 1.2). 
This coercivity range is indicative of magnetite, maghemite, titanomagnet-
ite, greigite and/or pyrrhotite. Based on CGL analysis and thermomagnetic 
data we can rule out the presence of maghemite, titanomagnetite, greigite 
and pyrrhotite. The medium (100-170mT) and hard (170-1000mT) fractions 
contribute only a small percentage to the total remanence. The remanence of 
the low coercivity fraction (0-100mT) linearly decays up to 600ºC with a small 
remanence increase at ~480ºC. The maximum unblocking temperature of this 
fraction just below 600ºC indicates the presence of relatively pure magnetite. 

Figure 1.3: Equal area projections of the three components isolated from the demag-
netisation diagrams in (un)corrected – (no)tc – positions.
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The relatively small remanence increase between 450 and 500°C in the low 
coercivity fraction may indicate pyrite oxidation (Passier et al., 2001). Hence, 
we conclude that magnetite is the magnetic remanence carrier throughout the 
entire Steinbergkogel section.

3.2. NRM demagnetization
The Steinbergkogel section was re-sampled with a resolution of one oriented 
sample every 5 cm throughout the STK-A and STK-B+C sections. One speci-
men per sample level was thermally demagnetized in a magnetically shielded 
furnace using small temperature increments of 20 to 30ºC up to 600ºC. The 
natural remanent magnetization (NRM) was measured on a 2G Enterprise 
horizontal cryogenic magnetometer equipped with DC SQUIDS (noise level 3 
x 10-12 Am2). The directions of the NRM components were calculated by prin-
ciple component analysis (Kirschvink, 1980; Zijderveld, 1967). The 63° tilt 
will evidently help to distinguish primary (pre-tilt) from secondary (post-tilt) 
components and to recognize present-day field overprints. 
Initial NRM intensities (at 20ºC) range between 0.0038 and 0.2882 mA/m. 
Thermal demagnetization with linear decay towards the origin are considered 
reliable resulting in approximately 55% of the demagnetization diagrams of 
good quality (Figure 1.2). In general, the quality of the thermal demagneti-
zation is better for the STK-B+C than for STK-A section. During thermal 
demagnetization, a randomly oriented viscous component is removed between 
room temperatures (20ºC) and 80ºC (Figure 1.3). Further heating reveals the 
removal of a low-temperature component between 80 and 160/180ºC. Without 
tectonic tilt correction, the directions of this component cluster close to the 
present-day field direction of Steinbergkogel, with mean directions of Dec=0.3º 
and Inc=49.0º (expected direction at location Dec=2º and Inc=63º) (Figure 1.3). 
We interpret these directions as secondary post-tilt overprints. A medium-
temperature component is removed between 160/180º and 280/300ºC. Before 
tectonic tilt correction, the mean direction of this component is Dec=339.6º 
and Inc=0.4º. After tilt correction, these values change to Dec=332.3º and 
Inc=-61.3º and plot in a well-defined circle with little scatter on the equal 
area projection (Figure 1.3). This component is interpreted as secondary 
overprint, although the unusual combination of a northward declination 
(332.3º) and large negative inclination (-61.3º) is not conform to normal or 
reversed overprint directions. A high-temperature component is generally 
removed from 280/300ºC to maximum temperatures of 600ºC. After tectonic 
tilt correction, this component progressively decays towards the origin and 
shows dual polarity. The normal polarity samples have a mean direction of 
Dec=13.9º and Inc=40.9º, the reversed polarity samples have Dec=223.9º and 
Inc=-57.8º. Based on the dual polarity pattern and the significant difference 
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to the present-day fi eld directions, we interpret this Characteristic Remanent 
Magnetisation (ChRM) as a primary component, even though the normal and 
reversed directions are not antipodal.
The complex NRM behaviour indicates that three components are present 
with overlapping blocking temperatures. This caused mixed directions of the 
medium- and high-temperature components, which proved to be diffi cult to 
isolate. Rock magnetic experiments indicate that all three components are car-
ried by the same magnetic remanence carrier, magnetite.

Figure 1.4: Magnetostratigraphy for both subsections STK-A and STK-B+C of the 
Steinbergkogel section. Normal and reversed polarity is derived from declination and 
inclination interpretations. Numbers next to the layers in the lithology columns follow 
Krystyn et al., (2007b) numbering scheme and are also indicated on the photographs in 
Figure 1.1.
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3.3. Magnetostratigraphy
The directions of the high-temperature ChRM component are plotted in strati-
graphic order, resulting in magnetic polarity patterns for both subsections 
(Figure 1.4). The polarity column of STK-A section is characterized by four 
normal and four reversed polarity intervals. Unfortunately, it contains four 
intervals of uncertain polarity and polarity boundaries are not well defined. 
The STK-B+C section reveals a long normal interval at the base (~3m), fol-
lowed by an interval dominated by reversed polarity (~5m), which contains 
three to four short normal intervals. From ~8m upward, an uncertain polarity 
interval is present, where directions and reversal boundaries are unfortunate-
ly not well delineated. The uppermost ~2m – part of the Zlambach Formation 
- are entirely characterized by normal polarity.
Our new palaeomagnetic results support the general polarity pattern of the 
previously established magnetostratigraphy (Krystyn et al., 2007b), but we 
find an additional short normal polarity interval within the long reversed 
interval, and reversal boundaries are in general better defined. The palaeo-
magnetic correlation amongst the two subsections, STK-A and STK-B+C, is 
further supported by biostratigraphic data and field observations. The FO 
of M. hernsteini in the upper part of the normal polarity interval at the base 
of STK-B+C and STK-A sections confirms our correlation. The FAD of M. 
posthernsteini is located within the successive reversed interval, although 
the exact position differs between the two sections, possibly related to sample 
resolution (Figure 1.4). Upward correlation indicates that the STK-A section 
corresponds to the long interval dominated by reversed polarity, and the short 
normal polarity intervals correlate very well (Figure 1.4).

4. Implications for the late Triassic time scale

4.1. Magneto-biostratigraphic correlation within the marine Tethys domain
Now that we have established a magnetostratigraphy for the Steinbergkogel 
sections we first investigate the magneto-biostratigraphic correlations with 
other Tethyan sections. The marine biostratigraphic events FO of M. hern-
steini and/or FAD of M. posthernsteini are considered crucial for correlation 
purposes. We thus selected sections that have good biostratigraphic control 
and/or constitute a relatively large number of polarity reversals. Key sections 
for correlation are the Pizzo Mondello section on Sicily, the Silická Brezová 
section in Slovakia and the Kavur Tepe section in Turkey. 
The ~450 meter thick Pizzo Mondello section consists of deep marine cherty 
limestones, spanning the late Carnian to earliest Rhaetian and has a high-reso-
lution magnetostratigraphy (Muttoni et al., 2001, 2004). The Norian-Rhaetian 
boundary was tentatively placed on top of normal polarity zone PM11n, at the 
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base of the first calcilutite bed containing the FO of M. posthernsteini (Gullo, 
1996). The preceding FO of M. hernsteini is positioned within or just above the 
top of PM11n, but was not well delineated. These conodont events show that 
PM11 correlates to the basal normal polarity zone at Steinbergkogel (Figure 
1.5).

   
   

Figure 1.5: Late Triassic magnetobiostratigraphic correlations. References are given 
in the figure. Note that we scale the Newark GPTS to the most recent CAMP date by 
Schoene et al., (2006) and use 201 Ma instead of previously used 202 Ma (Kent and 
Olsen, 1999) and 200 Ma (Channel et al., 2003).
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The Silická Brezová section is a composite section of upper Carnian to low-
ermost Rhaetian marine limestones of ~125 meters in South Slovakia with a 
reliable magnetostratigraphy (Channell et al., 2003). The reversed polarity 
zone SB-10r was assigned to the lowermost M. hernsteini-P. andrusovi Zone, 
indicating a correlation to the first reversed polarity interval containing both 
M. hernsteini and M. posthernsteini. Consequently, SB-10n corresponds to 
the basal normal polarity interval of Steinbergkogel (Figure 1.5).
The Kavur Tepe section in Turkey consists of ~ 30 meter condensed Hallstatt 
limestones of upper Norian to lowermost Rhaetian and has a detailed magne-
tostratigraphy (Gallet et al., 1993). The position of the FA of M. hernsteini 
is located in the top of normal Chron KT-H1 allowing correlation to the long 
normal at the base of the Steinbergkogel section (Figure 1.5). This suggests 
that the short polarity zonation KT-H2-, which is originally based on one sam-
ple, represents a reversed polarity subchron. Downward correlation indicates 
a discrepancy in the position of the middle to late Norian boundary (Alaunian-
Sevatian-1). In Silická Brezová, this boundary is delineated within reversed 
Chron SB-9r which is palaeomagnetically correlated to KT-G reversed in 
Kavur Tepe, i.e. one reversal chron younger than proposed by Gallet et al. 
(1993). We follow here the magnetostratigraphic dating of Silická Brezová 
because it seems better constrained; related to a higher sample resolution and 
higher sedimentation rate of the stratigraphic sequence.
The Scheiblkogel section in Austria, in close proximity to the Steinbergkogel 
section, consists of ~23 meter of reddish and greyish limestones with conodonts 
ranging from middle Norian (Alaunian 1) to Sevatian 2 (Gallet et al., 1996). 
Although conodont resolution is rather coarse, the fist occurrence of M. hern-
steini is well-delineated within a short reversed polarity chron. We propose 
to correlate this reversed polarity chron to the Norian-Rhaetian boundary 
interval in the Steinbergkogel section. Downward correlation to the other sec-
tions confirms the stratigraphic position of the Alaunian-Sevatian boundary in 
Silická Brezová and is in good agreement with the stratigraphic position of the 
Lacian-Alaunian boundary in Kavur Tepe (Figure 1.5).

4.2 Magnetostratigraphic correlation to continental Newark GPTS
The magnetobiostratigraphic results of key sections of the Tethys domain are 
in very good agreement, especially for the Norian-Rhaetian boundary interval 
(Figure 1.5). The next step is to establish the correlation of the Norian and 
Rhaetian stages to the orbitally controlled magnetostratigraphy of the Newark 
Basin, USA (Kent and Olsen, 1999; Kent et al., 1995), allowing to calculate 
their astronomical durations. The Newark Basin formed during continuous 
rifting between Northern America and Africa in Triassic times, due to the 
break-up of Pangea. The combination of palaeomagnetic research (Kent et al., 
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1995) and excellent control on orbital forcing of the continental deposits (Kent 
and Olsen, 1999; Olsen and Kent, 1996, 1999) provides a reference section for 
the Late Triassic GPTS.
The dominantly reversed polarity interval at Steinbergkogel correlates well to 
the interval between E16r and E20r in the Newark GPTS. This suggests a ~6 
Myr time interval for a stratigraphic sequence of ~5 m in the Steinbergkogel 
section. 
Correlation of the Tethyan sections to the Newark GPTS is further con-
strained by the position of the Carnian-Norian boundary (Figure 1.5), defined 
by the FAD of Norigondolella navicula, at the top of normal Chron SB-3n.3n 
in the Silická Brezová section (Channell et al., 2003). SB-3n.3n is correlated 
to Chron PM4n in Pizzo Mondello and to the top of E7n (~226.6 Ma) in the 
Newark GPTS (Channell et al., 2003; Muttoni et al., 2004). This position is 
supported by the U-Pb zircon age of 230.91 ± 0.33 Ma from an ash bed of the 
upper Carnian in Italy (Furin et al., 2006). Upward correlation places the 
Lacian-Alaunian boundary (Kavur Tepe; Gallet et al., 1993), at the top of nor-
mal Chron E13n in the Newark GPTS (~216.4 Ma). The Alaunian–Sevatian 
1 boundary (Silická Brezová, Slovakia; Channell et al., 2003) correlates to 
Chron E15r of Newark (211.8 Ma). Our Steinbergkogel results, in agreement 
with the other Tethyan sections, delineate the Norian-Rhaetian boundary 
at the top of normal Chron E16n in the Newark GPTS (Figure 1.5). Conse-
quently, the Norian-Rhaetian boundary has an age of ~209.8 Ma using the FO 
of M. hernsteini. The definite position of the Norian-Rhaetian boundary will 
evidently depend on the decision of the I.U.G.S Subcommision on Triassic 
stratigraphy (http://paleo.cortland.edu/sts/).
Recent paleomagnetic results from Rhaetian shallow marine carbonate succes-
sions (520 meters) in the Southern Alps (Italy) (Muttoni et al. in press) are in 
agreement with our age determination. The correlation of the Norian-Rhaetian 
boundary to an age of 203.5 Ma (Gallet et al., 2007) is not supported (Figure 
1.5).
Magnetostratigraphic correlation to the Newark GPTS also provides dura-
tions for the Late Triassic (sub)stages. The early Norian (~10 Myr) is by far 
the longest; twice the length of the middle Norian (~4.5 Myr), and ~ five times 
longer than the late Norian substage (~2 Myr). This is in good agreement with 
the observation that the lower Norian is considerably thicker than the middle 
Norian in all studied Norian pelagic sequences (Gallet et al., 2007). The loca-
tion of the Lacian-Alaunian boundary on the top of chron E13n is in agree-
ment with the observation that polarity chron E12r (Newark) is still of Lacian 
age (Figure 1.5 and Channell et al., 2003). The duration of the entire Norian 
therefore becomes ~17 Myr. The adopted age model of the Newark GPTS 
results in a duration of ~9 Myr for the Rhaetian stage and ages of ~226.6 Ma 
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for the Carnian–Norian boundary and ~209.8 Ma for the Norian- Rhaetian 
boundary.

4.3. Consequences for the St. Audrie’s Bay section, UK
The mostly non-marine successions of the St. Audrie’s Bay section in the 
United Kingdom contain about 100 meters of mainly red dolomitic mudstones 
of continental deposits (Hounslow et al., 2004). The section has limited bio- 
stratigraphic control but a relatively straightforward palaeomagnetic correla-
tion to the interval between E14r and E20r of the Newark Basin GPTS (Figure 
1.5 and Hounslow et al., 2004). This correlation has recently been confirmed 
by cyclostratigraphic control (Kemp and Coe, 2007). The palaeomagnetic pat-
tern of the St. Audrie’s Bay section was correlated to the interval comprising 
NM3 to NM7 of the ‘Tethyan equal-biozone composite’ of Gallet et al. (2000) 
and Krystyn et al. (2002). As a result, the entire non-marine part of the St. 
Audrie’s Bay section (Twyning Mudstone Formation and Blue Anchor For-
mation) was assigned to the Norian. The Norian-Rhaetian boundary is now 
located at the top of the long normal SA3n (Figure 1.5). Consequently, the up-
per half of the non-marine St. Audrie’s Bay section (including the upper part 
of the Twyning Mudstone Formation and the entire Blue Anchor Formation) 
belongs to the Rhaetian.

4.4 Implication for a palynological characterization of the Norian-Rhae-
tian transition
To date, a biostratigraphic correlation of 338 the Norian-Rhaetian transitional 
interval between the marine Tethys realm and the continental sequences (e.g. 
Germanic Triassic basin, Newark basin) is difficult also because of the paucity 
of independently dated palynological records (Kürschner and Herngreen, in 
press). Unfortunately, palynological samples from the Steinbergkogel section 
proved to be barren (Krystyn et al., 2007a). Several other palynological stud-
ies of Rhaetian sections in the Alpine realm, such as Kendelbach and Weisslof-
erbach (e.g. Morbey, 1975; Schuurman, 1979) have suggested that the pres-
ence of Rhaetipollis germanicus may be a valuable biostratigraphic marker to 
characterize the Rhaetian. To date, R. germanicus has not yet been reported 
from the Arnstadt Formation (Steinmergelkeuper) which is traditionally as-
signed to the Norian (Nitsch, 2005). The exact entry level of R. germanicus is 
still unknown because no data exists from Plattenkalk deposits underlying the 
Rhaetian Koessen or Zlambach beds. 
In the U.K., R. germanicus has its lowest occurrence in the Twyning Mudstone 
Fm of the St. Audrie’s Bay section (Hounslow et al., 2004) in the reversed 
interval SA 3r - previously assigned to the Norian – now correlated to the 
Rhaetian. This suggests that R. germanicus can be used as a palynological 
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characterization of the Rhaetian stage. In addition R. germanicus has been 
observed in the Postera beds (Schulz and Heunisch, 2005 and literature cited 
herein; Lund, 1977; 2003) of the German Keuper, which has been tentatively 
correlated to Sevatian 2 (Rhaetian) of the Alpine realm. 
Based on our magnetostratigraphic correlation, the Norian – Rhaetian bound-
ary closely correlates with the transition of the lower Passaic Heidlersburg to 
the Upper Balls Bluff– 
Upper Passaic palynofloral zone in the Passaic Formation of the Newark 
Basin (Cornet, 1977; 1993). R. germanicus has not been reported from North 
American Upper Triassic sequences. From the few palynological elements 
that are common in both, the North American and the European sections, 
Granuloperculatipolis rudis may be useful for palynostratigraphic correla-
tion. It occurs in the middle and upper part of the Arnstardt Formation of the 
Germanic Triassic basin and near the top of the Lower Passaic – Heidlersburg 
palynofloral zone in the Newark basin, now closely correlated to the Norian-
Rhaetian boundary. This would result in an early Rhaetian age for the upper 
part of the Arnstadt Formation, similar to the Twyning Mudstone Formation 
in Great Britain. However, the palynostratigraphic correlation based on G. 
rudis should be confirmed by further detailed studies from sections in both the 
marine and the continental realm.

5. Cyclostratigraphic control on the age of the Norian-Rhaetian boundary

Several authors suggested placing the Norian-Rhaetian boundary at a substan-
tially younger level in the Newark GPTS (e.g. top of E20r; Gallet et al., 2003; 
top of E21n or higher; Gallet et al., 2007; just below the CAMP extrusives; 
Kozur and Weems, 2005). Cyclostratigraphic control can provide additional 
independent constraints on different paleomagnetic correlations as has been 
demonstrated before in the Triassic succession of the UK (e.g. Kemp and Coe, 
2007).
The Pizzo Mondello section on Sicily provides another unique opportunity to 
test for orbital control in the Triassic. Tens-of-meters-scale cycles are evi-

Figure 1.6 (in colour on p.187): a) The late Triassic Pizzo Mondello section. Large 
scale cycles (1-4) are indicated, as well as the proposed ~1.75–Myr eccentricity maxima 
and minima. Symbols refer to the same symbols used in b) and d). In the part of the 
section indicated with ‘MS’ magnetic susceptibility has been analyzes. b) Correlation 
of the Pizzo Mondello section (Muttoni et al., 2001, 2004) to the Newark section (Kent 
and Olsen, 1995, Olsen and Kent, 1999) and based on palaeomagnetic correlation (see 
Figure 1.5) and correlation of ~1.75-Myr eccentricity maxima and -minima. c) Power 
spectra of time-series analysis of the magnetic susceptibility measured on the 350- 400m 
interval in the Pizzo Mondello section. Frequencies are given with 90% uncertainty in-
tervals. d) Magnetic susceptibility (350-400 m) with the filtered 1.6m cycle (bandwidth 
1.45-1.8m). Symbols refer to the same symbols as used in a) and b).
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denced in the lithologic succession, characterized by distinct repetitions of 
indurated limestone intervals (Figure 1.6a). Four large-scale limestone-marl 
alternations are present between ~190 and ~350m (Figure 1.6; Muttoni et 
al. 2004). In the uppermost ~80 meters, two or three additional but weakly 
pronounced indurated limestone intervals are identified (Fig. 1.6). Biostrati-
graphic control indicates that the entire Norian (~17 Myr) is present at Pizzo 
Mondello. These cycles cannot be attributed to the ~100-kyr or ~400-kyr 
eccentricity cycle. Consequently it hints at a long-period eccentricity forcing, 
which is also recognized in the Newark Basin, where the ~1.75-Myr eccen-
tricity cycle maxima and minima are directly intercalibrated with the GPTS 
(Figure 1.6b).
The first order correlation between Pizzo Mondello and Newark is based on 
palaeomagnetic calibration (green lines in Figure 1.6b), which yields sedimen-
tation rates for the Pizzo Mondello section. It shows an increase from ~17 m/
Myr in the interval between ~170 and ~270 m to ~29 m/Myr between ~270 and 
~350 m, followed by a decrease to ~16 m/Myr in the uppermost ~60 m.
We compare the position of indurated limestone at Pizzo Mondello (red lines 
in Figure 1.6) to the filtered maxima of the ~1.75–Myr eccentricity time series 
of the Newark Basin stratigraphy. This shows a good agreement between the 
1.75-Myr eccentricity maxima and midpoints of indurated limestone intervals 
for the first three large-scale cycles at ~190, ~220, and ~250 m, respectively. 
We further notice that the filtered 1.75-Myr eccentricity maxima at ~216.0 Ma 
and ~214.25 Ma correlate to the unexposed intervals between ~290 and ~340m 
at Pizzo Mondello. This phase-relation-shift could be related to the ~1.75-Myr 
eccentricity cycle modulation of the ~404-kyr eccentricity cycle (ratio 1: ~4.3), 
which would eventually result in interference pattern and a shift of the ~404-
kyr peaks relative to the ~1.75-Myr modulation with a ~404-kyr minimum oc-
curring during ~1.75-Myr maximum . This transition could explain the double 
nature of the limestone interval of the large-scale cycle around ~290 and ~340 
m.
We sampled the upper 80m at Pizzo Mondello with a high resolution (~0.25m 
sample resolution) for magnetic susceptibility measurements to detect the 
smaller scale cyclicity. Measurements were performed at the Paleomagnetic 
laboratory at Utrecht University on a KLY-2 susceptometer (a weight-correct-
ed-average from at least three measurements). Spectral analysis in the depth 
domain using the Analyseries program of Paillard et al. (1996) revealed one 
significant (~90%) frequency peak corresponding to a cycle thickness of ~1.6 
meters (Figure 1.6c). Using the age model and a sedimentation rate of ~16 m/
Myr, this 1.6 meter cycle corresponds to ~100 kyr suggesting an influence of 
the ~100-kyr eccentricity cycle in the magnetic susceptibility record (Figure 
1.6d). We realize that this record is too short to recognize the influence of the 
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long-period ~1.75-Myr eccentricity cycle. We tentatively correlate the two 
maxima in magnetic susceptibility to minima in the filtered ~1.75-Myr time 
series at ~213.4 Ma and ~211.6 Ma in Newark and minima in magnetic suscep-
tibility to the filtered ~1.75-Myr eccentricity maxima at 212.4 Ma and 210.7 
Ma, respectively (Figure 1.6d).
The filtered 1.75-Myr eccentricity maxima with highest amplitudes in the 
interval of polarity zones E12 to E15 at Newark (~219-214 Ma) correlates very 
well to the interval with most pronounced large-scale cyclic alternations in 
Pizzo Mondello, supporting the magnetostratigraphic calibrations of Figure 
1.5.

6. Conclusions

We established a high-resolution magnetostratigraphy of the Steinbergkogel 
section in Austria, which contains the proposed Rhaetian GSSP and discuss 
the implications for the Geomagnetic Time Scale of the Late Triassic. The 
positions of the two conodont bio-event FO of M. hernsteini or FAD of M. 
posthernsteini - proposed to define the base of the Rhaetian – closely correlate 
with the top of the long normal polarity interval at the base of the section. The 
bio-magnetostratigraphic correlation to other marine Tethyan sections results 
in the calibration of this normal polarity zone to E16n of the Newark Basin 
GPTS. The Norian-Rhaetian boundary is now placed close to the top of E16n 
in the Newark GPTS and has an (astronomically intercalibrated) age of ~209.8 
Ma. Additionally, the biostratigraphic subdivisions of the marine Norian and 
early Rhaetian are correlated to the Newark Basin GPTS resulting in an age 
of ~226.6 Ma for the Carnian-Norian boundary, ~216.4 Ma for the Lacian-
Alaunian boundary and ~211.8 Ma for the Alaunian-Sevatian 1 boundary. 
Consequently, the duration of the Lacian is ~10 Myr, of the Alaunian is ~4.5 
Myr, of the Sevatian 1 is ~2 Myr and of the Rhaetian is ~9 Myr. These results 
are supported by a cyclostratigraphic correlation between the Newark and 
Pizzo Mondello sequences, which for the first time, indicates the presence of 
long period eccentricity cycles (~1.75 Myr) in the late Triassic of the Tethyan 
realm.
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Paleomagnetic research in the Argana basin, Morocco: 
Trans-Atlantic correlatin of CAMP volcanism and 
implications for the late Triassic geomagnetic polarity
time scale.

Chapter 2
The combination of cyclostratigraphy and magnetostratigraphy 
may provide a powerful tool for detailed intra-basin correlations. 
Here, we present high-resolution chronologic constraints for the 
Triassic-Jurassic boundary interval in Morocco. We investigated 
the cyclically bedded upper Triassic red beds and the interca-
lated volcanics associated with the Central Atlantic Magmatic 
Province (CAMP) in the continental Argana basin of Morocco. 
This basin is the trans-Atlantic counterpart of the extensively 
studied Fundy-, Hartford- and Newark basins in northeastern 
America, that have provided the astrochronologically tuned 
geomagnetic polarity time scale (GPTS) for the late Triassic and 
earliest Jurassic. The Argana sections show Milankovitch driven 
time control, and in conjunction with the magnetostratigraphy 
this indicates that our composite Moroccan section of upper Tri-
assic red bed sediments records an interval of 3.5-4.0 Myr. We 
argue that this interval towards CAMP volcanism is without any 
significant hiatuses, implying that in the Argana basin no major 
unconformity is present below the end-Triassic extinction event. 
The CAMP lava sequences of Argana are all of normal polarity 
and record secular variation in a manner that agrees with short-
lived pulses of CAMP activity in Morocco. Our composite magne-
tostratigraphic pattern of the Argana sections additionally sug-
gests that the Newark basin record might contain a hiatus of ~ 1 
Myr at a level ~ 1.8 Myr before the onset of CAMP. Examination 
of reported latest Triassic magnetostratigraphy studies, however, 
shows that this interval is still very poorly constrained in both 
marine- and terrestrial realm.

Deenen, M.H.l., Langereis, C.G., Krijgsman, W., El Hachimi, H. And El 
Hassane, C. (2010). Paleomagnetic research in the Argana basin, Morocco: 
Trans-Atlantic correlation of CAMP volcanism and implications for the late 
Triassic geomagnetic polarity time scale, to be submitted 
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1. Introduction

During the late Triassic, a series of half-graben and strike-slip basins formed 
along the presently eastern North American and northwestern African mar-
gins, caused by the breakup of Pangea (figure 2.1). The succession of sedimen-
tary facies in the Argana basin of Morocco is similar to that found in the Bay 
of Fundy, Maritime Canada (Smoot and Olsen, 1988; Whiteside et al., 2007). 
Both basins were at that time positioned at 20-25º N latitude where deposition 
took place under semi-arid to arid conditions (Hay et al., 1982). The Moroc-
can basins as well as their trans-Atlantic counterparts in North America show 
thick piles of tholeiitic lava flows on top of late Triassic clastic sediments. 
These sub-aerial lavas are part of the largest continental flood basalt province 
of the Phanerozoic; the Central Atlantic Magmatic Province, CAMP (Marzoli 
et al., 1999). The onset of CAMP in Morocco has recently been linked to the 
major end-Triassic mass extinction (Deenen et al., 2010), one of the ‘big five’ 
of the Phanerozoic (Raup and Sepkoski, 1982). 
Integrated stratigraphic studies focusing on cyclostratigraphy, magnetostratig-
raphy and basalt geochemistry (Ruhl et al., 2010; Deenen et al, 2010) have 
suggested that a series of short CAMP volcanic pulses took place 20-120 kyr 
after a characteristic short (~25 kyr) reversed polarity interval (E23r) first 
recognized in the Newark basin (Kent and Olsen, 1999). The Argana basin of 
Morocco forms a key region for trans-Atlantic CAMP correlation and is ideally 
suited for testing the records of the North American basins. This requires, of 
course, high resolution time control on both sides of the Atlantic. Astronomi-
cal timing of the magnetostratigraphic record provides such a high-resolution 
time scale for the volcanic and biologic events straddling the Triassic-Jurassic 
boundary interval. Here, we present the results of a cyclostratigraphic and 
magnetostratigraphic analysis of upper Triassic red beds and CAMP basalts 
on several sections in the Argana basin. They will be used to discuss the 
completeness of the late Triassic geomagnetic polarity time scale (GPTS), the 
duration of the volcanic CAMP pulses.
  
2. The Argana basin: geological setting, orbital control and paleomagnetic 
sampling

2.1. Geological setting
Triassic and earliest Jurassic continental deposits are well exposed in the 
Argana basin which is situated between the cities of Agadir and Marrakech 
along the western edge of the High Atlas mountain chain. The Argana basin is 
the westward extension of the Essaouira basin, now separated from it due to 
Alpine orogeny (Hofmann et al., 2000). Middle- to Upper Triassic rocks in the 
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Argana Valley consist of at least 2500 m of coarse to fi ne-grained red-brown 
fl uvial, lacustrine and fl ood plain clastic deposits (Olsen et al., 2003).  A suc-
cession of eight lithofacies consists essentially of a lower coarse stream-laid 
unit derived from nearby uplands, a middle lacustrine and deltaic complex, 
and an upper aggradational mud plain unit that passed westward into an ex-
tensive salt fl at (Hofmann et al., 2000). Thickness and lateral continuity of the 
sedimentary units vary considerably and this is attributed to a rather complex 
relation between sedimentation and differential movement of basement horsts 
and grabens during basin development. 
Eight lithostratigraphic units (T1 – T8; summarised as TS1-3 in fi g. 2.2) 
prior to CAMP emplacement have been described by Tixeront (1973) and are 
discussed in more detail by Hofmann et al. (2000). Another two units (T9-T10; 
TS4 in fi g. 2.2) have been classifi ed in the sediments deposited after CAMP  

Figure 2.1 (in colour on p. 188): Paleo-reconstruction (~200 Ma) of the CAMP prov-
ince. The important basins discussed in this study are indicated in large bold font. The 
extent of this magmatic province on the four continents surrounding the present-day 
Atlantic Ocean is indicated in b). Maps are modifi ed after McHone (2000).
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emplacement. In this study, we sampled units T8, CAMP and T9 (denoted as 
TS3 and TS4 in fig. 2.2; the indicated sections start in unit T8 and reach into 
unit T9), since this is the interval which is most important for timing of CAMP 
emplacement. 
As can be seen in figure 2.2, the stratigraphy in the southern part of the 

Figure 2.2 (in colour on p. 189): overview of Argana sections. A) Geological map of 
the Argana basin modified from Olsen and Et Touhami (2008) showing the sampling-
locations. TS 3 indicates the sediments of late Triassic age deposited prior to CAMP. 
TS 4 indicates CAMP and the overlying younger sediments (latest Triassic – earliest 
Jurassic age). TS 1&2 represent Permian to middle-late Triassic deposits which have 
not been considered in this study. B) Schematic overview of the studied sections within 
the Argana basin. Locations are indicated in figure 2.2a. Paleomagnetic studies have 
been performed on sections 2, 3, 4 and 5. Abbreviations correspond to sample-codes 
used in the sections. C) Photographs of the studied sections. Abbreviations are the 
same as in figure 2.2b; numbers refer to the section numbers given in figure 2.2a and b.
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Argana basin is laterally changing on kilometers scale. The thickness of the 
complete lava-sequence is thinning out towards the south of the basin, which 
indicates that emplacement of CAMP may occur as pulses on a restricted, re-
gional scale.  Additionally, the most southern part of the basin is characterized 
by the presence of intrusives (sills, dykes) of several tens of meters thickness. 
These intrusives have also been described by Ait Chayeb et al. (1998), who 
argued that they have a middle Jurassic age (K-Ar dating; between 151±8 and 
157±9 Ma; (Brown, 1980). In our sampled sections it is (parallel) intercalated 
in, and on top of, the Bigoudine Fm, respectively (figure 2.2), and thus strati-
graphically just below the first CAMP volcanics

2.2. Cyclostratigraphy of the Upper Triassic sediments (Bigoudine Forma-
tion)
The best studied and hence best known basin that formed during the break-
up of Pangea is the Newark basin, west of New York City. Scientific coring 
provided a ~5000 m thick composite section for the entire late Triassic and 
lowermost Jurassic, which thus comprises one of the longest records of climatic 
cyclicity. The combination of magnetostratigraphy and cyclostratigraphic con-
trol makes it the reference GPTS for the late Triassic (Kent and Olsen, 1999; 
Kent et al., 1995). The ~ 20 kyr precession cycles are termed Van Houten 
cycles and range 3 - 6 meters in thickness in the Newark basin. The expression 
of this cycle is modulated by other orbital frequencies, notably by eccentric-
ity variations with periods around 100 kyr and - most prominently - around 
404 kyr, the cycle referred to as McLaughlin cycle. Since the 404 and 100 kyr 
cycles are constant during geological time, they are perfectly useful to obtain 
time control in cyclic sections and to pinpoint events in a relative (and abso-
lute – tied to the radiometrically dated CAMP volcanics) timescale.
The same orbital variations appear to have controlled the depositional envi-
ronment in the Argana basin. Although they did not directly link the cylces 
to Milankovitch frequencies, Hofmann et al. (2000) observed various cycle 
thicknesses in the field. Without using spectral analysis, they assumed that the 
smallest scale cyclicity would correspond to the precessional variation (~20 
kyr) and they derived a sedimentation rate just prior to the onset of CAMP (in 
unit T8) of ~9.5 cm/kyr, or ~1.90 m per precession cycle. 
We studied a 200 m long latest Triassic section (AB-section in figure 2.2) in 
the Argana basin for Milankovitch forcing by obtaining a high resolution 
(~20 cm) magnetic susceptibility record in the field (at least 3 measurements 
per level, on cleaned surfaces with a hand-held magnetic susceptibility meter 
SM30). Frequency analysis on the interval that shows the best visible cyclicity 
(60-160 m) has been performed with the program AnalySeries 1.1 (Paillard 
et al., 1996). Data have been normalized and linearly detrended before using 
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the Blackman-Tukey analysis (compromise predefined level, Bartlet window). 
Results are given with a 90% confidence interval. Analysis of the record shows 
that a ~ 6 m cycle is recognized. We attribute this cycle – most prominently ob-
served in the field (fig 2.2, photo AB) - to the 100 kyr eccentricity cycle (figure 
2.3). Other peaks are visible in the spectral analyses,  and with an assumed 
sedimentation rate of ~6 cm/kyr these frequencies agree very well with the or-
bital periods predicted for the latest Triassic (figure 2.3; Berger et al., 1992). 
We subsequently use the recognition of the 100 kyr cycle (for AB section) and 
the corresponding average sedimentation rate (5.4 cm/kyr for the entire inter-
val 0-200m) for our other sections in the Argana basin, since these show a very 
similar prominent cycle thickness as observed in the AB section. 

2.3. Paleomagnetic sampling
The first-order control on sedimentation rates in the Argana basin, together 
with a magnetostratigraphic record, provides a good test for the correlation to 
the Newark record. We densely sampled the sediments prior to CAMP em-
placement for magnetostratigraphy in three sections (# 2, 3 and 4, fig. 2.2) to 
obtain a high resolution composite magnetostratigraphy for the time interval 
around CAMP emplacement. In addition, a short interval of clastic sedi-
ments just prior to the first emplacement of CAMP (MO-series in fig. 2.2) was 
sampled in the highest resolution possible, to test if we could locate the short 
reversed chron E23r found in the Newark basin just prior to the first CAMP 
(Kent and Olsen, 1999) also in Morocco, which indeed was found (Deenen et 
al., 2010). We sampled the Argana CAMP lava flows for paleomagnetic direc-
tions (13 flows, with 7 to 10 cores per flow; TL-series in fig. 2.2) to determine 
paleosecular variation (PSV)  and to compare our results to those of the lavas 
in the High Atlas (Knight et al., 2004). 

3. Paleomagnetic analyses of the Argana basin

Samples were demagnetized both thermally and by alternating fields (AF). 

Figure 2.3 (in colour on p. 190): Spectral analysis of the magnetic susceptibility 
record of the Bigoudine Fm. in the Argana basin (Bigoudine-section - #2 in figure 2.2), 
suggesting orbital control of the cyclostratigraphy (Deenen et al., 2010).  A) Frequency 
spectrum of the magnetic susceptibility record (60-160 m–old-young). The black line 
and bounding grey lines respectively show the presence of frequencies in this interval 
within 90% certainty. Boxes correspond to frequencies we consider important for this 
study. B) The first line shows the duration of the cycles identified in (A) when 100 kyr 
eccentricity is assigned to the 6 m cycle. For comparison, the second line shows ex-
pected durations for the different orbital frequencies for 200 Ma. (Berger et al., 1992). 
P: Precession; O: Obliquity; E: Eccentricity. C+D) Filtered frequencies shown on the 
linearly detrended magnetic susceptibility data (in black). E) Sum of filtered frequen-
cies (400 kyr and 100 kyr – 16-27m and 4-6.-7m, respectively) shown on the linearly 
detrended magnetic susceptibility data (0-200 m-in black).
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Figure 2.4 (in colour on p. 191): Magnetostratigraphy for the cyclostratigraphically 
investigated Bigoudine section. Magnetic susceptibility data are shown in the left panel 
together with the filtered 100- and 400 kyr eccentricity signal. Stratigraphic magnetic 
polarity cannot be represented by VGP data due to a pervasive overprint. Our inter-
pretation (N-N?-??-R?-R – see text for explanation) is illustrated on the right side with 
representative Zijderveld diagrams (all tectonically corrected) throughout the section. 
Durations of the polarity zones are derived from filtered 100 kyr cycles.
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Thermal demagnetisation was performed with temperature increments of 
50–100 °C up to ~500 °C followed by smaller steps (10-20 °C) towards 680 °C, 
in a magnetically shielded, laboratory-built furnace. Alternating field demag-
netization has been applied (up to 100 mT with increments of 5-10 mT) on an 
in-house developed robot, which let the samples pass through a 2G Enterprises 
SQUID magnetometer (noise level 10-12 Am2). The natural remanent magneti-
sation (NRM) of the thermally demagnetized samples was measured on a hori-
zontal 2G Enterprises DC SQUID cryogenic magnetometer (noise level 3*10-12 
Am2). Orthogonal projection diagrams (Zijderveld, 1967) were interpreted 
using principal component analysis (Kirschvink, 1980). We used Fisher (1953) 
statistics to derive mean directions, after applying a variable cut-off (Van-
damme, 1994) on the corresponding virtual geomagnetic pole (VGP) distribu-
tions.  

3.1 Upper Triassic red beds (Bigoudine section)
The NRM in the red beds generally consists of two components (fig. 2.4 and 
2.5), in addition to an occasional small component removed at low tempera-
ture steps (< 150º C) likely reflecting a recent viscous overprint. The first 
component (A) is the most persistent one and is usually observed in linear 
demagnetization trajectories in the temperature range 150-600 °C, or occa-
sionally slightly higher. Considering the unblocking temperature spectrum, we 
conclude that this component resides in magnetite (fig. 2.5d). Considering its 
consistent direction of invariably normal polarity, we conclude that this is a 
persistent overprint. The second component (B) is only removed at the highest 
temperatures, well above 500 °C and up to 680 °C, and could often not reli-
ably be determined because intensities became too low or the component was 
too much overprinted by the A component. This component most likely resides 
in hematite, as can be expected from red beds. We consider this component 
the characteristic remanent magnetization (ChRM) for these red beds, likely of 
primary (Triassic) origin, since it shows both normal and reversed polarities 
(fig. 2.4). On the contrary, the A component shows invariably normal polarity 
(fig. 2.5). Both tectonically corrected (tc) and uncorrected (no tc) A component 
directions show a substantial counterclockwise (CCW) rotation, excluding a 
present-day or recent overprint. The observed inclination after tilt correction 
(30°) is lower than expected for the latest Triassic (36°; Torsvik et al., 2008). 
The B component does not clearly show antipodal normal and reversed direc-
tions because of the persistent overprint of the A component, although in the 
majority of the cases the polarity can be established with a reasonable degree 
of confidence. A positive reversal test must therefore be excluded.  Since the 
persistent A component is either approximately parallel or anti-parallel to the 
hematite B component, it is close to a late Triassic – early Jurassic direction 
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as expected from the apparent polar wander path (APWP) of Torsvik et al. 
(2008) (see discussion below). We use several criteria to classify the sampled 
levels as normal or reversed (see also fig. 2.4). In the case of a normal polar-
ity B component, the temperature steps around 600º C fall within the  NW 
quadrant (typically with declinations ranging 300-330º), while samples with a 
reversed B component tend to go to the SW, S or even SE quadrant (fig. 2.5c). 
The majority of the samples we consider to be of reversed polarity show an 
intermediate behaviour (SW, S quadrant) caused by the pervasive overprint 
of the A component. This implies that in cases where the A component has 
fully overprinted the B component, we cannot recognize an original reversed 
polarity, implying that the intervals we interpret as reversed may actually be 
longer.  

Figure 2.5: Paleomagnetic results A-component (overprint) Bigoudine section. a-b) 
Equal area projections for the uncorrected (No TC) and tectonically corrected (TC) 
A-component (in general 100-600C°). Red/blue symbols have been rejected (Vandamme 
cut-off). In panel b we additionally show (dashed lines) the expected end-Triassic (~200 
Ma) direction for the Argana basin according to the APWP by Torsvik et al., 2008. c) 
Representative Zijderveld diagrams (all TC) with the A-component indicated with the 
red arrows. The coloured boxed correspond to the polarity classification as used in 
figure 2.4. Meters correspond to the stratigraphic level in figure 2.4. d) Representative 
normalized (150°C) decay curves for thermally demagnetized samples throughout the 
Bigoudine section
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3.2 Sill-section nearby Tazantoute (SW Tazantoute section)
The paleomagnetic results for the samples obtained from the red beds be-
low and above the sill in this section near the village of Tazantoute show a 
straightforward behaviour. We find only normal directions for both A and B 
components for all measured samples (fig. 2.6). The directions of the A and 

Figure 2.6 (in colour on p. 192): Paleomagnetism of the SW Tazantoute section (#3 
in figure 2.2). a) Magnetostratigraphy showing normal polarity for all intervals sam-
pled. Approximate time present in the section is shown on the right and is derived from 
the average sedimentation rate in the nearby Bigoudine section (54 m//Myr). b) Equal 
area projection of the A-component (overprint direction) in tectonically corrected (tc) 
position. T08-200 is expected latest Triassic direction (Torsvik et al., 2008 ). c) Repre-
sentative Zijderveld diagrams (all tc) from the red bed samples. Zijderveld diagrams for 
the ML-sill samples are shown in figure 2.8. Abbreviations (MS-ML-MR-TJ) correspond 
to sample-codes as given in figure 2.2.
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B components are almost indistinguishable, and the persistent (magnetite) A 
component in most cases hampers the reliable determination of the ChRM.  In 
figure 2.6 we show the magnetostratigraphy, characteristic Zijderveld dia-
grams and equal area plot of the A component directions. As mentioned for the 
Bigoudine section results, we cannot exclude with certainty reversed polarities 
within this section that has been obscured by a fully overprinted B compo-
nent. However, directions show a remarkable degree of homogeneity, with no 
single level indicating a reversed polarity signal, what makes us argue that this 
section is characterized by normal polarity only. We observe a very similar 
mean inclination for the A-component as has been observed for the Bigoudine 
section (fig. 2.5), which is again lower than would be expected from the APWP 
(Torsvik et al., 2008). 

3.3 Transitional interval to the CAMP basalts (Argana section)
The paleomagnetic pattern in the Newark basin for the Triassic-Jurassic inter-
val is characterized by normal polarity data, with only a very short reversed 
interval (E23r, ~25 kyr) of reversed-like directions just below the first CAMP 
lavas. The normal polarity is observed in the sediments deposited down to ~ 1 
Myr before the onset of CAMP volcanism as well as in the sediments deposited 
up to ~1.5 Myr after the onset of CAMP (Kent and Olsen, 2008). This very 
short reversed polarity chron (E23r) is therefore of crucial importance for 
intra-CAMP basin correlation based on paleomagnetism. Deenen et al. (2010) 
studied the topmost sedimentary interval just prior to the first CAMP in the 
Argana basin, and indeed found an interval which comprised transitional and 
reversed directions. Based on the cyclostratigraphic control obtained from the 
Bigoudine section they imply a similar short duration for this reversed polar-
ity interval as found in Newark. 

3.4 The CAMP lavas (Tazantoute sections) 
Paleomagnetic results from the lavas have been obtained from two sections 
near the village of Tazantoute (E- and SW Tazantoute sections, fig. 2.2). Both 
sections form the limbs of a gently north-dipping (~10º) anticlinal structure 
which complicates the tectonic correction for these lavas. Unfortunately, most 
of the samples in top of the lava sequence obtained from the west-side show 
clear overprint-directions (fig. 2.8). In figure 2.7 we show the results from 
the lava-flows that recorded late Triassic directions. In figure 2.8 we show 
characteristic Zijderveld diagrams for the lava samples. Samples are fully 
demagnetized with alternating field (AF) demagnetisation upto 100 mT. Full 
thermal demagnetisation is achieved with temperatures ranging 580-600 °C. A, 
small viscous component is removed in the first steps (max. 150 °C or ~20 mT), 
after which only a (Ti-poor) magnetite remains in the samples, providing very 
consistent ChRM directions towards the origin. 
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3.5 Sediments above CAMP (E Tazantoute section)
The paleomagnetic results for the red beds overlying the CAMP sequences are 
not straightforward. We again observe a pervasive and normal polarity over-
print direction in almost all samples, possibly residing in magnetite consider-

Figure 2.7 (in colour on p. 193): Paleomagnetism of the CAMP lavas.
a) Schematic overview of the sampled CAMP sections nearby Tazantoute. Symbols on 
right side of columns correspond to the symbols used in panels b-d. All samples lavas 
show nomal polarity. (also see figure 2.8)  b-d) Equal area projections (in uncorrected 
(NO TC), tectonically corrected (TC) and fold-axis corrected positions, respectively). e) 
Equal area projection of the (tectonically corrected) lavas from the High Atlas (Knight 
et al., 2004) for comparison with the Argana data. T08-200 is the expected latest Trias-
sic direction (Torsvik et al., 2008). 
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ing the unblocking temperature spectra. Before bedding tilt correction, these 
overprint directions show inclinations that are close to present day inclina-
tions for the present latitude of the site, but declinations show a CCW rotation 
of approximately 30º, precluding a recent overprint (fig. 2.9). After tilt correc-
tion, the directions show northward declinations and very shallow negative in-
clinations. Although the age of the overprint is uncertain (see below), it is not 
likely related to CAMP volcanism, but the observed rotation and the incom-
patible inclinations both before and after tilt correction suggests that it may 
have been acquired during folding. When we apply a partial tilt correction of 
~50%, the overprint direction matches the overprint direction as observed for 
the samples below CAMP. The high temperature component residing in hema-
tite is mostly insufficiently resolved, but the tendency of many samples to go to 
reversed polarity at higher temperatures (fig. 2.9) gives us a minimum estimate 
of reversed intervals. We cannot exclude, however, that there are intervals 
where the original hematite component has been fully overprinted by 

Figure 2.8: Representative Zijderveld diagrams from the lavas and sill nearby Tazant-
oute. Both alternating filed (AF) and thermal demagnetisation (T) show very consistent 
(normal polarity) directions. Sample TL5.6 (tc and no tc) is an example of the over-
printed lavas in the top of the west lava section. All other samples are tectonically cor-
rected (tc). Numbers in diagrams correspond to temperatures (°C) or AF-steps (mT), 
respectively. Abbreviations (sample codes)  are the same as used in figure 2.2.
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the younger magnetite component. The magnetostratigraphy of the sediments 
above CAMP can therefore not be reliably resolved. 

Figure 2.9 (in colour on p. 194): Paleomagnetic results for sediments above CAMP. 
A) Schematic log with polarity classifications as has been used for figure 2.4. We note 
that these results should be considered with care since the Zijderveld diagrams shown 
are with a modified tectonic correction (to fit the A-Component to the mean overprint-
direction as observed for the Bigoudine section; figure 2.5). B) Equal area projections 
for the uncorrected (No TC) and tectonically corrected (TC) A-component (in general 
100-600C°). C) Representative Zijderveld diagrams. Samples are shown with the modi-
fied (see above) correction. Numbers in diagrams correspond to temperatures (°C). 
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4. Discussion and conclusions

All sampled red bed sediments below the first CAMP extrusives show a very 
persistent overprint direction (component A), hampering the reliable determi-
nation of the primary B component. A first logic candidate for a thermal event 
causing these overprint directions would be the CAMP flows itself. However, 
the observed inclination for the A component is lower than would be expected 
for the latest Triassic (figs. 2.5 and 2.6; Torsvik et al., 2008). In addition, if 
we assume that the large overprint directions observed in the sediments above 
the CAMP lavas (E Tazantoute section), can be related to the same overprint 
event, we have to discard the CAMP as a potential remagnetization event. In 
Figure 2.10 we show the observed A component mean directions (both TC and 
NOTC) on the APWP of the last 200 Myr (Torsvik et al., 2008). Especially the 
relatively low inclination of the observed overprint directions provides some 
important constraints. We observe one period during the Jurassic (160-140 
Ma) where the Argana basin was located at lower latitudes than in the lat-
est Triassic. This period coincides with the assumed age of the sill (middle 
Jurassic; Brown, 1980) observed in both sections below the CAMP and also 
with a major thermal event, linked to the emplacement of plutonic bodies, 
that has been dated at ~160 Ma (Rais, 2002) in Triassic sedimentary rocks of 
the High- and Middle Atlas basins. These observations are supported by the 
relatively low inclinations (mean: 19°) that have been observed for the sill in 
the SW Tazantoute section.  

4.1 Late Triassic GPTS 
The very long and supposedly continuous continental record of the Newark 
basin (USA), makes it the reference section by choice to which important 
events in the late-Triassic can be tied. Several studies, however, have ques-
tioned the completeness of the Newark record. In particular, the interval just 
below the first CAMP extrusives has been suggested to contain a major uncon-
formity. Several biostratigraphic studies have implied a Norian-Rhaetian age 
for the sediments deposited just below the end-Triassic palynologic turnover 
event (Cirilli et al., 2009; Kozur and Weems, 2007; van Veen, 1995), docu-
mented approximately one precession cycle below the first CAMP extrusives in 
the Newark supergroup basins (Kent and Olsen, 1999). This suggestion would 
either indicate a very short duration for the Rhaetian stage, or an unconform-
ity at the palynologic turnover event level, which comprises at least the lower 
Rhaetian stage. This was also suggested by Gallet et al. (2007) who proposed 
that at least part of the Rhaetian is missing, based on paleomagnetic correla-
tion of a marine latest Norian (Sevatian 2)-Rhaetian section (Oyoklu, Turkey) 
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to the Newark GPTS,.
On the basis of the results of our Argana sections, we present a composite 
magnetic polarity stratigraphy for the sediments deposited before the onset of 
CAMP (fi g. 2.11). Our intra-basin correlation is not straightforward. Especial-
ly the correlation between the cyclostratigraphically studied Bigoudine section 

                          

Figure 2.10: Overprint mean-direction (A component) compared to the APWP for the 
last 200 Myr from Torsvik et al., 2008, for declination and inclination, respectively. 
Shaded areas represent de 95% confi dence interval. TC and NO TC refer to tilt cor-
rected and uncorrected directions.
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Figure 2.11: A composite magnetostratigraphy of the Argana sequences deposited 
below the first CAMP compared to the Newark GPTS (Kent and Olsen, 1999), Fundy 
Bay composite (Kent and Olsen, 2000; Deenen, 2010) and the marine Oyuklu section 
in Turkey (Gallet et al., 2007). Possible faults are indicated with ‘F’. Correlations are 
discussed in the text.
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with the sill at the top (figs. 2, 4) to the section SW Tazantoute (section 3 in fig. 
2.2) also containing a sill (figs. 2, 6) – at a different level within the sequence 
- is hampered by the lack of additional biostratigraphic or cyclostratigraphic 
control. Detailed paleomagnetic correlation is hampered by the exclusively 
normal polarity data (N3) we found in the SW Tazantoute section. The sam-
pling resolution below the first CAMP volcanics was not dense enough to reveal 
the presence of the very short reversed polarity interval just below CAMP 
(R3) that we found in the Argana section (section 5 in fig. 2.2; Deenen et al., 
2010). However, geochemical correlation of the CAMP exposures at both 
localities makes us confident that the exclusively normal polarity data found 
in SW Tazantoute section correlates to the long (~ 1 Myr; Kent and Olsen, 
1999) normal polarity interval (E23n) below E23r in the Newark basin (figure 
2.11). The normal polarity data in the upper part of the AB section (N3) then 
logically also correlates to the normal polarity interval E23n (fig. 2.11). Using 
the average sedimentation rate derived from the Bigoudine section to the SW 
Tazantoute section indicates that there is approximately 1.1 Myr in the red 
bed sediments below CAMP. When the upper normal polarity interval in the 
Bigoudine section (N3) indeed is correlative to E23n in the Newark basin it 
implies a significant overlap (700 ± 200 kyr) between the SW Tazantoute and 
Bigoudine section. The estimated duration ranging 1.0-1.2 Myr agrees well 
with the duration of E23n ( ~1 Myr)
The top reversed polarity interval in the AB section has a cyclostratigraphical-
ly estimated duration of ~230 kyr, somewhat shorter than E22r in the Newark 
GPTS (304 kyr; (Kent and Olsen, 1999). We note, however, that reversed po-
larities in the Argana sections may have been shortened or suppressed by the 
pervasive normal magnetite overprint. In Newark, the normal polarity zone 
E22n preceding E22r has a duration of ~ 600 kyr. In the Argana basin this 
normal polarity zone (N2) is estimated to be ~1.6 Myr. If N2 would correlate to 
E22n, than we have a mismatch of ~1 Myr. The lower reserved polarity zone 
in the Bigoudine section shows a duration of ~450 kyr but additionally shows 
short intervals where a normal polarity seems to be recorded. The most logical 
candidate in the Newark GPTS would be the E21r interval which is also char-
acterized by some short normal polarity sub-zones. However, in the Newark 
basin this chron has been shown to last for ~ 700 kyr, but again we note that 
our reversed polarity intervals are poorly constrained in duration. 
All results taken together indicate that an unequivocal correlation between 
the two trans-Atlantic basins is not feasible. If we assume correlation between 
E22r and R3, and E21r and R2, than the normal polarity interval N2 in the 
Argana basin is substantially longer than the same interval in the Newark 
basin. This would suggest that there may be a hiatus within normal polarity 
interval E22n in the Newark basin. The most logical candidate for such an 

Thesis_martijn.indb   61 22-03-2010   16:48:32



62

hiatus would be the level where Kent et al. (1995) indicate a small fault in their 
stratigraphic log (indicated in fig. 2.10). The duration of the possible hiatus 
would then be in the order of 1 Myr.  

4.2 Rhaetian magnetostratigraphy – correlation to other Rhaetian sections
We are very well aware that our composite magnetostratigraphy for the Ar-
gana basin is not without uncertainties. However, there are some observations 
to make about the time period investigated in this study. We will therefore dis-
cuss our results in the context of several other paleomagnetic studies consider-
ing this time period.
Two recent paleomagnetic studies (Hüsing et al., 2010 (Ch.1); Muttoni et al., 
2010) confirm a relatively long Rhaetian stage (~ 9 Myr) as first proposed by 
Channell et al. (2003). All Tethyan realm studies compiled by Hüsing et al. 
(2010) miss the upper part of the Rhaetian, with the exception of the new 
Italian study by Muttoni et al. (2010). The Husing et al. (2010) correlation 
indicates that the upper Rhaetian (several Myr) is also missing in the marine 
St. Audrie’s Bay (UK) section. There is only one more paleomagnetic study 
by Gallet et al. (2007) that claims to have resolved the entire marine Rha-
etian in the marine Oyuklu section (southwestern Turkey). However, with a 
long- duration Rhaetian, delineated in the Newark GPTS around chron E16, 
it is difficult to correlate the Oyuklu record to the Newark GPTS (fig. 2.11). 
We therefore suggest that there might be a substantial hiatus in the Oyuklu 
section: the interval in Oyuklu which contains the N-Rh transition can ten-
tatively be linked to the interval around E16r. The Newark record shows a 
subsequent long interval (E16r-E20r) with dominantly reversed polarity. This 
interval does not seem to be recorded in the Oyuklu section. The upper part 
of the Oyuklu section, above a fault indicated in their log (fig. 2.10), consists 
of a dominantly normal polarity interval with two reversed polarity intervals. 
We tentatively correlate these two intervals to the reversed polarity intervals 
in our Argana record (figure 2.11), and hence to E21r and E22r, respectively. 
Clearly, additional paleomagnetic studies concerning the marine Rhaetian 
interval are required for more robust continental-marine correlations for the 
middle- and upper Rhaetian stages. 
Also for the continental realm there are very few paleomagnetic records for 
the Rhaetian in general, but especially for the upper Rhaetian. The most 
extensive, and supposingly continuous, latest Triassic continental record has 
been obtained from the Fundy basin, maritime Canada. Kent and Olsen (2000) 
established a magnetic polarity stratigraphy from a continuously cored 360 
m thick red bed section from the late Triassic Blomidon Formation. Espe-
cially the lower 85% of the section (E15r-E21r) is convincingly correlated to 
the Newark GPTS, but the topmost part is less clear. Kent and Olsen (2000) 
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note that the sample resolution and a low sedimentation rate prevent a clear 
differentiation between chrons E22 and E23. Therefore they remark that they 
cannot exclude the possibility of a (short in duration) unconformity in the 
sampled section. Outcrop sampling of the latest Triassic red beds just below 
the first CAMP in the Fundy basin - or in another suitable basin - may further 
improve the intra-CAMP basins correlation. 

4.3 Duration of the CAMP pulses
Paleomagnetic research on the CAMP lavas in the High Atlas, Morocco 
(Knight et al., 2004) together with their geochemistry (Marzoli et al., 2004) 
suggests that CAMP in the High Atlas has been emplaced in three short con-
secutive pulses (Lower, Intermediate, Upper Units, or LU, IU, UU) followed 
by one younger pulse (Recurrent Unit, RecU). These pulses each have a char-
acteristic geochemical signature. Marzoli et al. (2004) use TiO2 to discriminate 
between the different units. Deenen et al. (2010) show that these separate 
pulses are better distinguished/diagnosed with typical Rare Earth Elements 
(REE) ratios, in particular Y/Nb vs. Lu/Hf (figure 2.11c). Previous geochemi-
cal results from the Argana basin (Deenen et al. 2010- Ch. 5) indicate that in 
the Argana basin the lower- and intermediate unit have been emplaced, very 
similar to the emplacement in the High Atlas (Knight et al., 2004). 
In general, our paleomagnetic results for the IU-group lavas within the Argana 
basin show directions that are very well comparable to those predicted by 
the APWP (fig. 2.7; Torsvik et al., 2008). This has also been observed for 
the IU-group lavas in the High Atlas (fig 2.7E; Knight et al., 2004). Unfortu-
nately, we obtained only one reliable direction from a LU-group lava. This 
direction shows a distinctly different direction, with no rotation (fig 2.7). We 
cannot exclude that this direction is a present-day overprint direction, since 
the direction before tilt correction is very similar to the present-day direc-
tion. However, since this direction has been obtained from a lava which is just 
below the IU-group lavas that show latest-Triassic directions, and since there 
are no obvious differences in the thermal demagnetisation unblocking spectra, 
we argue that this direction is most probably original. This is supported by 
the observation that this direction is very similar to the directions observed 
in the High Atlas LU lavas (fig. 2.7). In the High Atlas samples, it is unlikely 
that a present-day overprint caused a deviating declination compared to the 
APWP in these samples, since inclinations are too low, but they agree well 
with a Triassic inclination. Secular variation of the field, recorded as distinct 
directional groups reflecting the short CAMP volcanic pulses, has been put 
forward to explain this (Knight et al., 2004). Our (single) LU direction would 
then support that the onset of volcanism in Morocco (both in the High Atlas 
and Argana basins) occurred in synchronous short pulses.
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A new chronology for the
end-Triassic mass extinction

The transition from the Triassic to Jurassic Period, initiating the 
‘Age of the dinosaurs’, approximately 200 Ma, is marked by a 
profound mass extinction with more than 50% genus loss in both 
marine and continental realms. This event closely coincides with 
a period of extensive volcanism in the Central Atlantic Magmatic 
Province (CAMP) associated with the initial break-up of Pangaea 
but a causal relationship is still debated. The Triassic-Jurassic 
(T-J) boundary is recently proposed in the marine record at the 
first occurrence datum of Jurassic ammonites, post-dating the 
extinction interval that concurs with two distinct perturbations in 
the carbon isotope record. The continental record shows a major 
palynological turnover together with a prominent change in tetra-
pod taxa, but a direct link to the marine events is still equivocal. 
Here we develop an accurate chronostratigraphic framework for 
the T-J boundary interval and establish detailed trans-Atlantic 
and marine-continental correlations by integrating astrochronol-
ogy, paleomagnetism, basalt geochemistry and geobiology. We 
show that the oldest CAMP basalts are diachronous by 20 kyr 
across the Atlantic Ocean, and that these two volcanic pulses 
coincide with the end-Triassic extinction interval in the marine 
realm. Our results support the hypotheses of Phanerozoic mass 

extinctions resulting from emplacement of Large Igneous Prov-
inces (LIPs) and provide crucial time constraints for numerical 
modelling of Triassic-Jurassic climate change and global carbon-
cycle perturbations.

Latest Triassic red beds below CAMP, Argana Valley, Morocco
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1. Introduction

The end-Triassic mass extinction, with more than 50% genus loss in both 
marine and continental realms, is one of the five periods of major biodiversity 
loss in Earth’s history and provides an eminent case history of global bio-
sphere turnover (Raup and Sepkoski Jr., 1982; Sepkoski Jr., 1994). Current 
concepts differ with respect to source (celestial vs. terrestrial) and rate (cata-
strophic vs. gradual). The discovery of an iridium anomaly in co-occurrence 
with a fern spike (trilete spores) in the eastern US suggested a bolide impact 
scenario (Olsen et al., 2002a), but other supportive evidence such as shocked 
quartz grains and impact structures is controversial (Lucas and Tanner, 
2007; Tanner et al., 2004). Massive volcanism through large-scale flood basalt 
eruptions is the favoured terrestrial culprit (Chenet et al., 2007; Courtillot 
and Renne, 2003). Huge fluxes of mainly SO2 and sulphate aerosols, and to 
a lesser extend CO2, may result in initial climatic cooling, greenhouse warm-
ing, poisoning of ecosystems and anoxia (Beerling and Berner, 2002; Chenet 
et al., 2005; Self et al., 2006; Wignall et al., 2009). Indeed, the end-Triassic 
is marked by LIP emplacement of the Central Atlantic Magmatic Province 
(CAMP) (figure 3.1). However, the timing and duration of CAMP eruptions 
are still debated (Marzoli et al., 2004; Marzoli et al., 2008; Whiteside et al., 
2007; Whiteside et al., 2008). Recent U-Pb age constraints for the end-Triassic 
mass extinction (Schaltegger et al., 2008) indicate synchrony between CAMP 
emplacement and the extinction. However, at present, stratigraphic resolution 
and errors (lab- and interpretation errors) on absolute dating are inadequate 
to determine how the turnovers on the continents correlate with those in the 
marine realm. 
Recently, the base of the Jurassic (Hettangian) has been defined by the first 
occurrence of the ammonite Psiloceras spelae tirolicum (von Hillebrandt et 
al., 2007). The Kuhjoch section in the western Tethys Eiberg Basin is chosen 
as Global Stratotype Section and Point (GSSP) for the Hettangian. The Trias-
sic-Jurassic boundary is located approximately 6 m stratigraphically above the 
end-Triassic marine extinction interval. 
In this study we first construct a comprehensive chronostratigraphic frame-
work for the T-J boundary interval in the circum-Atlantic continental suc-
cessions by integrating paleomagnetism, geochemistry, palynology and 
cyclostratigraphy (figure 3.1). Next, we apply the same strategy to establish 
continental-marine correlations. 

2. Trans-Atlantic CAMP correlation

2.1. The continental records of Newark (USA) and Argana (Morocco) 
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The integrated approach has earlier been successfully applied to the Trias-
sic sequences of the Newark basin, US (Kent and Olsen, 1999; Olsen et al., 
2003; Olsen et al., 2002a), which form, at present, the reference frame for 
the continental realm. Orbitally forced climate cycles permeate the lacustrine 
Newark sediments, which resulted, in conjunction with a detailed paleomag-
netic record, in a high-resolution astronomically tuned geomagnetic polarity 
time scale spanning over 30 Myr of the late Triassic and early Jurassic (Kent 
and Olsen, 1999; Olsen et al., 2003). Astronomical tuning shows that the oldest 

Figure 3.1:  Map and methods 
A) Map showing the palaeo-position and distribution of the Central Atlantic Magmatic 
Province (CAMP) and the studied sections in the US, Morocco and UK in pre-drift 
position for the end-Triassic. B) Summary of the correlation-tools used to correlate the 
terrestrial and marine sections. Main events recognized in the different sections are 
shown in italic. GPTS: Geomagnetic Polarity Time Scale.
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CAMP lavas in Newark (Orange Mountain basalt) postdate the end-Triassic 
continental extinction event by ~20 kyr in eastern North America (Kent and 
Olsen, 1999). This event has been palynologically defined at the transition 
from assemblages dominated by Patinasporites densus with minor Classopol-
lis sp. to a dominantly Classopollis assemblage with no P. densus (Fowell et 
al., 1994). It coincides with a turnover in vertebrate footprints (resulting in 
an increase in size of theropod dinosaurs), a small iridium anomaly and a fern 
spore spike (Olsen et al., 2002a). Approximately 20 kyr below this level, the 
very short (~25 kyr) reversed magnetic polarity interval E23r occurs, crucial 
for global correlation (Kent and Olsen, 1999). These durations are derived 
from the core (Martinsville #1) in the Newark basin, which is incorporated in 
the GPTS. Outcrop data from the Jacksonwald syncline, Newark basin show a 
similar build-up, but indicate shorter durations (Olsen et al., 2002b). 
Despite the high quality of the Newark record, correlations to trans-Atlantic 
continental counterparts in Africa remain ambiguous (Marzoli et al., 2004; 
Whiteside et al., 2007). We selected the Argana basin in the western High Atlas 
of Morocco for a similar multi-disciplinary approach since this basin shows a 
very similar stratigraphy compared to the Newark basin. The Argana basin is 
located along the western edge of the High-Atlas mountain chain between the 
cities of Agadir and Marrakech (Imin-Tanout). Continental Triassic red beds 
are represented by a ~1500 m thick succession of alluvial, fluvial, aeolian and 
playa deposits (Hofmann et al., 2000). Locally, approximately 100 m of basalt 
flows cover the red beds and are in turn overlain by a succession of red beds 
and lacustrine limestones. Various sections show stratified lava sequences of 
50-100 m thickness that can be subdivided into two different basaltic pulses 
(Ait Chayeb et al., 1998).  

2.2.1. Cyclostratigraphy 
Cyclically bedded deposits attributed to paleoclimatic and paleohydrologic 
fluctuations within the Milankovic frequency band have earlier been described 
in the end-Triassic continental sequences of the Argana basin (Hofmann et al., 
2000). These red beds show distinct variations in clay and calcium content. 
Low-field magnetic susceptibility measurements can therefore be used as a 
paleoclimatic proxy to investigate orbitally controlled variations in insolation. 

Figure 3.2 (in colour on p. 190): Cyclostratigraphy
A) Frequency spectrum of the magnetic susceptibility record (60-160 m–old-young) 
obtained from sediments predating the first lavas (CAMP) in the Argana basin, Mo-
rocco (N30°34.9’, W9°21.0’). The black line and bounding grey lines respectively show 
the presence of frequencies in this interval within 90% certainty. boxes correspond to 
frequencies we consider important for this study. B) The first line shows the duration 
of the cycles identified in (A) when 100 kyr eccentricity is assigned to the 6 m cycle. For 
comparison, the second line shows expected durations for the different orbital fre-
quencies for 200 Ma. (Berger et al., 1992). C+D+E) Filtered frequencies shown on the 
linearly detrended magnetic susceptibility data (in black).
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We investigated meter-scale cycles, directly visible in the field, for orbital 
forcing by constructing a detailed magnetic susceptibility record from the 
sediments predating the oldest lavas. High-resolution magnetic susceptibil-
ity measurements (~ 20 cm resolution) were obtained in the field (at least 3 
measurements on cleaned surfaces with a hand-held Magnetic susceptibility 
meter SM30) from a 200 m end-Triassic red bed sequence from the Bigoudine 
formation nearby Tazantoute, Morocco (N30°34.9’, W9°21.0’). Frequency 
analysis on the part that shows best visible cyclicity (60-160 m) has been 
performed with the program AnalySeries 1.1 (Paillard et al., 1996). Data have 
been normalized and linearly detrended before using the Blackman-Tukey 
analysis (compromise predefined level, Bartlet window). Results are given with 
a 90% confidence interval (figure 3.2). Distinct frequencies are recognized and 
tentatively linked to orbitally controlled frequencies (precession, obliquity and 
eccentricity). Since the fundamental frequencies of the Earth’s orbital pa-
rameters have varied over the past 500 Myr (Berger et al., 1992) we compared 
our wavelengths with those estimated for the late Triassic (200 Ma). If the 6.0 
m cycle reflects 100 kyr eccentricity forcing, then other peaks in the power 
spectra closely match with the predicted duration of long-period eccentricity, 
precession and obliquity wavelengths (figure 3.2b). When we consider the up-
permost 40 m of our magnetic susceptibility record (160-200m, figure 3.2e) we 
observe less pronounced 400 kyr cyclicity but a more pronounced signal of the 
100 kyr cycle (with a slight decrease in length (5 m)). This interpretation yields 
a first-order control on the average sedimentation rate of approximately 6 (± 
1) cm/kyr for the Argana sediments deposited prior to the onset of volcanism.
 
2.2.2. Paleomagnetism 
The estimated sedimentation rate indicates that high-resolution sampling is 
necessary to resolve short-lived reversed polarity intervals like E23r (~25 
kyr) in the Argana basin. E23r has been documented in the Newark basin 
(Kent and Olsen, 1999) and is crucial for paleomagnetic correlation within 
the CAMP province. We sampled a CAMP section nearby Argana village 
(N30°46.4’, W9°10.0’) in high resolution with 36 samples in the top 3.5 m 
below the first CAMP basalts with an electrical drill and a generator as power 
supply. Stepwise thermal demagnetization has been applied to determine 
the paleomagnetic directions of the natural remanent magnetization (NRM). 
Temperature increments of 5-50°C up to a maximum of 675°C were used. The 
samples were heated and cooled in a magnetically shielded, laboratory-built 
furnace with a residual field less than 10 nT. The NRM was measured on a 
horizontal 2G Enterprises DC SQUID magnetometer (noise level 3*10-12 AM2). 
The lower-intensity lighter-coloured marls were first thermally demagnetized 
to 200°C, followed by AF demagnetization (up to 100 mT with increments of 
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Figure 3.3 (in colour on p. 195): Paleomagnetism
A) Overview of the magnetostratigraphic section in the Argana basin, Morocco 
(N30°46.4’, W9°10.0’). The dashed line is the boundary between the Bigoudine forma-
tion and the CAMP (Central Atlantic Magmatic Province) lava fl ows. B) The studied 
section in more detail. C) Lithostratigraphic column with all sample locations and the 
interpreted Normal (black), Reversed (white) or intermediate, unclear (grey) direc-
tions. D) Tilt-corrected Zijderveld diagrams of typical thermal demagnetization behav-
ior; Closed (open) circles denote the projection on the vertical (horizontal) plane. For 
the upper 6 examples also the equal-area plot is shown.
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5-10 mT) on an in-house developed robot, which let the samples pass through 
a 2G Enterprises SQUID magnetometer (noise level 10-12 AM2). Representa-

  

Figure 3.4 (in colour on p. 196): Geochemistry 
A) Averaged REE concentrations normalized to chondritic values (Sun and Mc-
Donough, 1989) for the four chemical units identifi ed in the High Atlas of Morocco 
by Marzoli et al. (2004) and showing that the three stratigraphically lowest fl ows in 
the Argana basin correspond to the lower unit (L.U.) of the High Atlas. B) The same 
REE plot showing the correspondence of stratigraphically higher Argana fl ows with 
the intermediate unit (I.U.). C) Averaged REE patterns of the four units identifi ed in 
the High Atlas, Morocco (Marzoli et al., 2004) compared with the CAMP fl ows of the 
Newark basin (Tollo and Gottfried, 1992) D-E-F) Same comparisons as in a-c in Lu/Hf 
vs. Y/Nb plots.
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tive Zijderveld diagrams are shown in figure 3.3d. Most of the samples show 
Normal (N) field behaviour with shallow positive inclinations and a moderate 
counterclockwise (CCW) rotation, in agreement with the APWP from Besse 
and Courtillot (2002) who predict a CCW rotation of 27° and a paleolatitude 
of 20°N. A few samples show evidence for Reversed (R) field behaviour at 
the highest temperature steps (e.g. sample MO16, figure 3.3). These samples 
are bound by unclear directions where there is no clear R-field end-direction 
but where great circle behaviour is distinctly different than observed for the 
N-field samples. All N- (and R-) directions occur in successive stratigraphic 
order, supporting our paleomagnetic interpretation.
This paleomagnetic data on the interval below the oldest CAMP lava in the 
Argana basin reveals a reversed polarity interval with a cyclostratigraphically 
determined duration of ~23 (±5) kyr (combination of figures 3.2 and 3.3), in 
excellent agreement with the duration of Newark’s E23r (~25 kyr). According 
to our age model, this reversed polarity interval occurs ~17(±5) kyr before the 
first basalt in Morocco while its equivalent in Newark is estimated to occur ~40 
kyr before the first CAMP basalts (Kent and Olsen, 1999), suggesting that the 
lowermost Moroccan CAMP lavas are approximately 20 kyr older than the 
Orange Mountain basalt of Newark. 

2.2.3. Basalt geochemistry 
Since both paleomagnetic and cyclostratigraphic results indicate that the onset 
of CAMP was slightly diachronous (~20 kyr) across the Atlantic Ocean we re-
investigated the geochemistry of the first CAMP lavas recorded in both basins. 
We sampled two CAMP sequences in the Argana basin and studied every single 
lava flow geochemically.
Major and trace elements from the lava flows were determined by X-ray fluo-
rescence (XRF) and inductively coupled plasma-mass spectrometry (ICP-MS), 
respectively. XRF analyses of major elements were performed on lithium-
meta/tetraborate glass beads. Calibration was achieved with more than 80 
geological reference materials using multivariate regression on concentrations, 
according to an adapted version of the Traill-Lachance algorithm, including 
an option for self-absorption. For ICP-MS analysis 125 mg of sample powder 
was digested using mixed acids (HCl-HNO3-HF), and solutions were analyzed 
with an Agilent® 7500 ICP-MS with a low-uptake nebulizer. A reference sam-
ple (JB-2) was included to monitor the destruction method and ICP-MS per-
formance. Argana basalts have SiO2 ranging from 50.4 to 53.7 wt.% and total 
alkali content between 4.8 and 5.7 wt.% (Table 3.1), which classifies them as 
(trachy-)basalts and basaltic andesites. Compared to other CFB (e.g., Puffer, 
2001) the Argana basalts have intermediate TiO2 (1.3–1.7 wt.%). They are 
relatively fractionated as indicated by the low Ni (< 88 ppm) and Cr (< 302 
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Table 3.1: Geochemistry Argana basalts.
Major and trace element composition of Argana CAMP basalts. Groups refer to Moroc-
can lower and intermediate basalt units (cf. Marzoli et al., 2004). Mg# Magnesium 
number (100*MG/(Mg+Fe2+); Fe2O3T: All iron expressed as FE2O3; LOI: loss on igni-
tion; n.d.: not determined
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ppm) concentrations (Table 3.1). Relative to other CAMP basalts from Mo-
rocco (Marzoli et al., 2004), the Argana basalts (this study; Aït Chayeb et al., 
1998) are richer in alkalis and TiO2 and poorer in CaO. Based on comparison 
of rare-earth element (REE) data the three stratigraphically lowest flows of the 
Argana basin that we sampled can be assigned to the lower geochemical unit as 
defined by Marzoli et al. (2004) for Moroccan CAMP (Figure 3.4a). Although 
the other Argana lavas show some variation in REE contents, presumably as 
a result of fractionation, their patterns have a similar shape and correspond 
closer to the intermediate unit (figure 3.4b). 
We use Lu-Hf and Nb-Y pairs for further correlation purposes, since 
HREE+Y and HFSE are not easily affected by alteration, their ratios are 
insensitive to crystallization in basaltic systems, potential effects of crustal 
contamination are modest, and because of availability of data on basalts from 
other basins in the literature. Figures 3.4d and 3.4e corroborate the correla-
tion of the Argana basalts to the Moroccan lower and intermediate units in 
a Y/Nb-Lu/Hf plot. Other ratios combining REE and/or HFSE (e.g. La/Yb 
ratios, cf. Marzoli et al., 2004) generally confirm these relationships although 
some tend to be more variable, making them less diagnostic.
Collectively, the Moroccan basaltic units show a systematic trend in trace ele-
ment composition through time (figure 3.4d), consistent with the inference that 
the lower, intermediate and upper units were derived from the same mantle 
source by increasing degrees of partial melting (Verati et al., 2005). The dif-
ferent geochemical characteristics of the recurrent basaltic unit (e.g., virtually 
flat REE patterns; Figure 3.4a) mark a transition from an enriched, possibly 
lithospheric to a depleted asthenospheric mantle source, as is seen in many 
flood basalt provinces (Verati et al., 2007) and references therein).
The CAMP flows of the Newark basin consist of three units interbedded with 
thick sediment sequences. The oldest unit, the Orange Mountain Basalt, 
shares many similarities with the intermediate unit (figures 3.4c and f) espe-
cially when REE ratios are considered. The Hook Mountain Basalts (Tollo and 
Gottfried, 1992) show a strong resemblance with the youngest (recurrent) unit 
in Morocco (figures 3.4c and f; cf., Marzoli et al., 2004). The Preakness Basalt 
(Tollo and Gottfried, 1992) does not match any of the Moroccan basaltic units, 
but its element ratios and average REE pattern might point to a volcanic pulse 
between the upper- and the recurrent unit (figure 3.4c+f) which is in agree-
ment with the correlations of Olsen et al. (2003) and Whiteside et al. (2007).
Ratios of immobile trace elements and REE patterns thus show that the oldest 
lavas in Newark correspond to the second (Intermediate Unit) volcanic pulse 
in Morocco and that the first pulse (Lower Unit basalts) did not reach the US. 
This geochemical analysis of the CAMP units confirms the diachrony which 
appeared from the paleomagnetic and cyclostratigraphic results. 

Thesis_martijn.indb   75 22-03-2010   16:48:53



76

2.2.4. Carbon isotope chemistry 
We present two bulk ð13Corg records from the continental Argana basin in 
Morocco. Grey to olive green sedimentary intervals are dispersed between the 
end-Triassic red bed successions preceding CAMP basalt deposition. Bulk 
stable C-isotope ratios were measured on sedimentary organic matter (SOM) 
from these intervals at two locations (N30°46.4’, W9°10.0’ and N30°38.5’, 
W9°22.3’), for the sections nearby Argana village and Tazantoute village 
respectively, in the Argana basin (Morocco). Both outcrops were sampled as 
detailed as possible for carbon isotope geochemistry (figure 3.5), with sample 
resolution decreasing down section. Carbonate was removed by rinsing 0.9 g 
of crushed sediment twice with 15 ml of 1 M HCl. To reach almost neutral pH 
values, the residue was also rinsed twice with 22.5 ml demineralised water. 
After freeze drying, ~9 mg of homogenized de-carbonated sample residue was 
analyzed online for carbon content with a CNS-analyzer (NA 1500) following 
standard procedures. The total organic carbon (TOC) content of the sediment 
was obtained by multiplying the carbon content of the de-carbonated sample 
with the ratio between the weight of the de-carbonated sample and the original 
weight of the sample. The ð13Corg values were then measured on homogenized 
de-carbonated sample residue, containing 30μg of carbon, by Elemental 
Analyzer Continuous Flow Isotope Ratio Mass Spectrometry using a Fisons 
1500 NCS Elemental Analyzer coupled to a Finnigan Mat Delta Plus mass 
spectrometer at the Geochemistry group of the Department of Earth Sciences, 
Utrecht University. Isotope ratios are reported in standard delta notation 
relative to Vienna PDB. Average analytical precision based on routine analysis 
of internal laboratory reference material demonstrates a standard deviation of 
0.18‰.
The C-isotope signature in both sections demonstrates increasingly heavier 
values from   -23‰ at the base of the sections to -21‰ higher up (figure 3.5). 
A 5‰ and 3‰ negative shift in sections (a) and (b) respectively, directly 
precedes basalt deposition. Total organic carbon (TOC) values of these 
samples are generally low (< 0.3%). There is no good correlation between ð                          
13Corg and TOC values, with R2 values of 0.007 and 0.2606 in sections (a) 
and (b) respectively (figure 3.5). 
Thermal heating of sediments directly underlying the basalt deposits could 
potentially affect the maturity of the SOM and preferentially remove certain 
compounds or particles from the sediment. This could partly explain the nega-
tive C-isotope shift preceding basalt deposition. However, thermal alteration 
index values based on colour changes of pollen from both sections, demon-
strate similar values before and during the negative C-isotope shift (see below). 
In addition, our data does not show a correlation between ð13Corg and TOC 
values. 
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Isotopic fractionation in modern terrestrial primary producers typically relate 
to a C-isotope composition of -23‰ to -34‰ of the organic matter (Killops 
and Killops, 2005; Tyson, 1995). Alternatively, changes in the bulk C-isotope 
signature of continental sections can therefore potentially be explained by 
changes in source of the terrestrial sedimentary organic matter. However, we 
find no indications for dramatic changes in type of organic matter that could 

                                   

      
     

       
            
     

         

    

         

    

       

     

       

     
       

     

       

     

Figure 3.5: Carbon isotope chemistry
ð13Corg record from two sections just below the first CAMP lavas in the Argana basin, 
Morocco. A) section from figure 3.3, near Argana and B) section nearby Tazantoute, 
~ 30 km SW of the Argana section. C) Total organic carbon (TOC) content (%) vs. 
ð13Corg (‰) in both sections. Sample codes with an asterisk (*) have been studied for 
palynology (see figure 3.6).
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potentially explain a large variation in C-isotope composition.
We thus find no evidence for either a change in organic source or indications 
for thermal alteration causing a change in the C-isotope composition of the 
sedimentary organic matter. Therefore we infer that this negative shift is genu-
ine and represents major changes in the global exchangeable carbon reservoirs 
by the release of 13C depleted carbon to the exogenic carbon pool.

2.2.5. Palynology 
Twelve sediment samples from the Argana basin were selected for paly-
nomorph analysis. Between 15-20 g of sediment was crushed into small 
fragments and dried for 24 h at 60 °C. The samples were treated twice alter-
nately with cold HCl (30%) and cold HF (40%) to remove the carbonates and 
silicates, respectively. The residues were sieved using a 250 μm and a 15 μm 
mesh. ZnCl2 was applied to separate the lighter organic material from the 
heavier mineral particles. The lighter fraction was transferred from the test-
tube and sieved once more using a 15 μm mesh. The remaining organic mate-
rial was mounted on two slides per sample with glycerine jelly. The slides are 
stored in the collection of the Section Palaeoecology, Laboratory of Palaeo-
botany and Palynology, Utrecht University, The Netherlands.
Most of the samples are very poor in palynomorphs (figure 3.6). Three samples 
are barren (Ma-8, Ma-25 and Ma-27). If palynomorphs are present they have 
a very dark colour, corresponding to 5-6 on the thermal alteration scale of 
Batten (2002). The very low numbers and poor preservation state of the paly-
nomorphs we studied in the Argana basin do not allow any reliable palynos-
tratigraphic correlation within the basin or with the sections from the Newark 
basin and are therefore of limited use for correlation purposes.

3. Terrestrial to marine realm correlation 

Our multi-disciplinary results converge to a robust chronostratigraphic 
framework for the continental realm in which the onset of CAMP volcanism in 
Morocco lines up with the palynological turnover (fern spore spike) and small 
iridium anomaly in Newark and with the negative shift in organic ð13C-iso-
topes in Argana (Fig. 3.7), all occurring ~20 kyr after E23r and ~20 kyr before 
the onset of CAMP volcanism in the US. Such a high-resolution chronostrati-
graphic framework allows a detailed correlation to the key successions of the 
marine domain.
One of the most studied T-J boundary sections in the marine domain is at St. 
Audrie’s Bay (UK). Biostratigraphic data from this section (Warrington et al., 
2008) reveals an end-Triassic marine extinction event, which closely matches 
a major carbon-cycle perturbation in the same section (Hesselbo et al., 2002), 
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Figure 3.6 (in colour on p. 197): Palynology
A) and B) Palynomorph samples from two CAMP sections in the Argana basin. Sample 
codes can be found in a stratigraphic log with an asterisk (*) in figure 3.5. Counts are 
the number of specimens after scanning two complete slides per sample. C) Photo-
graphs of selected palynomorphs from the Argana basin. (1) Enzonalasporites vigens 
Ma-42 (2) Enzonalasporites vigens Ma-42 (3) Enzonalasporites vigens Ma-11 (4) 
Enzonalasporites vigens Ma-11 (5) Enzonalasporites vigens Ma-42 (6) Enzonalasporites 
vigens Ma-42  (7) Enzonalasporites vigens Ma-42 (8) Classopollis meyeriana Ma-42 (9) 
Alisporites diaphanus Ma-42 (10) Alisporites diaphanus Ma-42 (11) Alisporites diapha-
nus Ma-37 (12) Deltoidospora sp. Ma-9  (13) Kyrtomisporis laevigatus Ma-42 and (14) 
Kyrtomisporis laevigatus Ma-42
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and shows subsequent early Jurassic recovery (Hounslow et al., 2004; War-
rington et al., 2008) (figure 3.8). However, the absence of high-resolution 
time control in St. Audrie’s Bay has hampered a conclusive correlation to 
the continental record. Cyclostratigraphic analyses have been applied to the 
older Norian successions (Kemp and Coe, 2007), but could not be extrapolated 
to the T-J boundary interval. A magnetostratigraphic record shows three 
short reversed polarity intervals, allowing multiple correlations to Newark’s 
E23r (Hounslow et al., 2004) (figure 3.9). Detailed marine C-isotope records 
(ð13Corg) documented two negative carbon isotope excursions (CIE); a short-
lived initial CIE is separated from a long main CIE by a return to initial values 
(Hesselbo et al., 2002) (figure 3.8). This pattern has now been recognized in 
several other marine sequences and is a powerful global correlation tool (Ruhl 
et al., 2009).
Here, we present a new marine-continental correlation based on the integrated 
stratigraphic approach and supported by multiple lines of evidence (figure 
3.8). The ð13Corg shift towards more negative values, observed directly below 
the Moroccan basalts, corresponds to the initial negative CIE in the marine 

      

Figure 3.7 (in colour on p. 198): Trans-Atlantic CAMP correlation 
 A) Correlation scheme for trans-Atlantic CAMP basins. The shift in ð13Corg in Ar-
gana  lines up with the trilete spores spike (Olsen et al., 2002a) in Newark; both occur 
~20 kyr after reversed polarity interval E23r (Kent and Olsen, 1999)  and coincide with 
the onset of CAMP volcanism in Morocco. B) Composite of the terrestrial trans-Atlantic 
CAMP basins. The reversed polarity interval found within the intermediate unit in 
Morocco is described by Knight et al., 2004. 
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record (Figure 3.8). Hence, the reversed magnetic interval E23r of Newark 
is represented by the two reversed levels below the initial CIE in St. Audrie’s 
Bay. Correlation of one single reversed chron in the Newark basin to two 
levels in the UK may seem problematic. The reversed interval in the Newark 
basin is in fact built up in a similar way; two very short reversed intervals with 
a short interval in between where directions are of transitional-normal polar-
ity (Kent and Olsen, 1999) (fi gure 3.9). The uppermost reversed interval in the 
marine record may correspond to a reversed site previously reported within 
the second lava pulse (Intermediate Unit) of Morocco (Knight et al., 2004) 

 

 

 

 

  

 

 

 

 

 

 

 

 

   

   

   

   

     

 

Figure 3.8 (in colour on p. 199): Continental-marine T-J correlation. 
The two pulses of CAMP basalts (L.U. and I.U.) in the continental sections correlate to 
the initial isotope shift (Hesselbo et al., 2002), spores spikes  and the extinction events 
observed in the marine record of St. Audrie’s Bay (UK) (Wignall and Bond, 2008), 
(Hounslow et al., 2004). Magnetic chrons E23r and R (High Atlas) (Knight et al., 2004) 
most likely correspond to the three reversed polarity zones in the UK (Hounslow et al., 
2004). Carbon isotopes curve (Hesselbo et al., 2002), foraminifera events (Hounslow 
et al., 2004), palynology (spores), and Os-geochemistry (Cohen and Coe, 2002) are all 
from St. Audrie’s Bay. T-J boundary is placed here at the level proposed (but not ac-
cepted) as GSSP in  St. Audrie’s Bay (Warrington et al., 2008). 
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(Figure 3.8).
This marine-continental correlation is further confi rmed by the existing paly-
nological records of both realms, showing similar trends: an upward increase 
in spores, followed by a monotonous Classopollis (thermophilous conifer) as-
semblage (Hounslow et al., 2004). 
A detailed palynological study of the T-J boundary interval of St. Audrie’s 
Bay (Bonis, 2010) reveals signifi cant changes in the terrestrial palynomorph 
composition across the boundary interval. Four different palynomorph as-
semblages (SAB1-SAB4) were distinguished based on cluster analysis on the 
quantitative (relative abundance) datasets. The study reveals a palynofl o-
ral transition interval with pronounced increases in the amount of spores. 
These spore peak intervals line up with the phases of volcanic activity in the 
continental realm (Figure 3.8). Possibly, volcanism induced climate changes 
affected the vegetation composition.  The spore spike in the continental realm 
has thus far only been recognized in the Newark Supergroup basins (Olsen 
et al., 2002b), which could indicate local climate changes. This is in contrast 
with the global phenomenon of increased spore abundance at the K/T bound-
ary (e.g. (Nichols and Johnson, 2008). Therefore supra-regional patterns and 
causal relationships of end-Triassic spore spikes must await confi rmation by 
other high-resolution palynological records. 

 

Figure 3.9: Correlation of E23r
The crucial interval of paleomagnetic chron E23r in the Newark Basin clearly shows 
two intervals of negative VGP latitude (= Reversed polarity) separated by an interval of 
positive (although shallow) VGP latitude (= Normal polarity). This characteristic pat-
tern is also observed now in Argana and St. Audrie's Bay and results in the most solid 
correlation. Figure (a) from Kent and Olsen, 1999. Since the duration of this interval 
was very short already (~25 kyr), the authors chose to not make a distinction (b), but 
these results can also be presented as in column c. L.U and I.U refer to lower- and 
intermediate geochemistry signature respectively (see fi gure 3.4).
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4. A new time frame for the end-Triassic extinction interval 

Having established a firm continental-marine correlation, we can tentatively 
incorporate the continental astrochronological constraints into the ma-
rine record to better understand the pace of end-Triassic events. All events 
observed in both realms can be linked, within resolution, to the onset of two 
pulses of flood basalt volcanism (the Moroccan and north-eastern American 
pulses, respectively). These two pulses, only 20 kyr apart, cause globally rec-
ognizable events that occur before the proposed T-J boundary.
The first CAMP pulse coincides with major palynological- and vertebrate 
turnovers in the continental realm, with extinction levels of bivalves and with 
transitions to different foraminifera- and palynomorph assemblages in St. 
Audrie’s Bay.  The globally recognized initial negative CIE is now linked to the 
first pulse of CAMP volcanism and is for the first time reported in continental 
records. A dramatic turnover in radiolarians (Hori et al., 2007; Ward et al., 
2001), one of the most promising paleontological markers of the end-Triassic 
extinction, also coincides with the initial CIE and is thus also linked to the 
first CAMP pulse. The onset of volcanism in Morocco furthermore provides 
a source for the minor iridium anomaly observed in Newark, a mechanism 
proposed by Tanner et al. (2008), not requiring an additional asteroid impact 
at this level.
The second, more widespread, pulse of CAMP volcanism can be correlated 
with the consecutive transitions in the foraminifera and palynomorph assem-
blages, the last occurrence of conodonts, marine anoxia (Wignall and Bond, 
2008) and a calcification crisis in calcareous nannofossils (van de Schoot-
brugge et al., 2007). Our study shows that low 187Os/188Os ratios reported in 
St. Audrie’s Bay, which is suggested to relate to increased and rapid weath-
ering of CAMP basalts (Cohen and Coe, 2002), directly succeed the second 
volcanic pulse.
Extrapolation of inferred sediment accumulation rates suggests that the onset 
of CAMP volcanism pre-dates the T-J boundary and the most important ma-
rine faunal recovery events by ~100 kyr. Accordingly, the main CIE, indica-
tive of significant and long-lived changes in climate, post-dates the second 
volcanic pulse by ~30 kyr.
We propose that dramatic release of SO2, sulphate aerosols, and other (green-
house) gases (Chenet et al., 2005; Self et al., 2006) has most likely been the 
final blow to the highly stressed end-Triassic ecosystems. Earlier studies and 
modelling exercises show that solely CO2 outgassing due to volcanism cannot 
explain the ~5 ‰ negative excursion in ð13Corg in the initial CIE (Beerling 
and Berner, 2002; Kump and Arthur, 1999), supporting the hypothesis that 
metastable methane clathrate release is an important additional factor (Hes-
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selbo et al., 2002; Palfy et al., 2001). The idea that meteorite impacts caused 
mass extinctions has been in fashion over the last 25 yr since the discovery 
of an extraterrestrial iridium anomaly at the K-T boundary. Our study 
however supports the alternative hypothesis that volcanism and associated 
(greenhouse) gases are a very important contributor to major mass extinctions 
(Chenet et al., 2007; Courtillot and Renne, 2003; Wignall et al., 2009); in the 
latest Triassic paving the way for the dinosaurs to become the dominant spe-
cies on Earth.
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Paleomagnetic sample holes at Partridge Island, Fundy basin, Canada
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The quest for E23r at Partridge Island (Bay of 
Fundy): CAMP emplacement post-dating the end-
Triassic extinction event in Canada

The Partridge Island section at the Bay of Fundy, maritime Can-
ada, reveals a continental sedimentary succession with the end-
Triassic mass extinction level closely followed by basalts of the 
Central Atlantic Magmatic Province (CAMP). New Paleomagnetic 
data show that a short reversed magnetic polarity chron, correla-
tive to E23r of the Newark GPTS, is present below the extinc-
tion event. Organic carbon isotope data and basalt geochemistry 
further indicate that the onset of CAMP emplacement in the Bay 
of Fundy was roughly synchronous with the Newark basin, but 
slightly post-dates the oldest CAMP volcanism in Morocco by ~20 
kyr. These results confirm the potential of long-distance CAMP 
correlations based on geochemical trace elements, indicate sub-
stantiate provincialism of late Triassic palynoflora, and suggest 
a very concise period (< 100 kyr) of CAMP emplacement in the 
northern Atlantic region.

Paleomagnetic sample holes at Partridge Island, Fundy basin, Canada
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1. Introduction

The end-Triassic mass extinction (~200 Ma) is considered to be one of the 
“big five” extinction events in geological history (Raup and Sepkoski Jr., 
1982; Sepkoski Jr., 1994). It is incr        easingly linked to the onset of flood 
basalt volcanism and emplacement of the Central Atlantic Magmatic Province 
(CAMP) (Courtillot and Renne, 2003; Deenen et al., 2010 (chapter 3)), the 
most extensive Large Igneous Provinces (LIP’s) on Earth (McHone, 2002).  In 
continental records, the extinction level was found in close correspondence to 
the onset of CAMP in the Bay of Fundy (Canada), the Newark basin (USA), 
and the Argana basin (Morocco) (Deenen et al., 2010 (ch. 3); Olsen et al., 
2002; Whiteside et al., 2007). However, 40Ar/39Ar data from the North Moun-
tain basalt of the Bay of Fundy suggest that the onset of CAMP emplacement 
in Maritime Canada started a few hundred thousand years earlier, in line with 
a southward temporal migration of magmatic activity (Jourdan et al., 2009). 
Weighted mean ages obtained for the Fundy CAMP (199.6+-0.6) are nonethe-
less within error of those obtained for NE America (198.9+-0.3). 
The continental extinction event has been palynologically defined in the 
Newark basin, ~20 kyr above the reversed polarity interval E23r (~25 kyr 
duration) and ~20 kyr below the first CAMP (Kent and Olsen, 1999), at the 
transition from assemblages dominated by Patinasporites densus with minor 
Classopollis sp. to a dominantly Classopollis assemblage with no P. densus 
(Fowell and Traverse, 1995). This level further coincides with a turnover in 
vertebrate footprints, a small iridium anomaly and a fern spike (Olsen et al., 
2002). Magnetostratigraphic correlation of a reversed polarity level within the 
Intermediate CAMP Unit of the Moroccan High Atlas to E23r led to the hy-
pothesis that CAMP volcanism started well-before (~50 kyr) the end-Triassic 
extinction event (Knight et al., 2004; Marzoli et al., 2004). 
Recently, magnetostratigraphic data from the Argana basin (Morocco) showed 
that E23r is located below the oldest Moroccan CAMP, proving the trans-
Atlantic correlation by Marzoli et al. (2004) to be incorrect (ch.3). The oldest 
(Lower Unit) CAMP volcanism of Morocco closely coincides with a negative 
shift in organic carbon isotope records, which strongly suggested that the 
onset of CAMP emplacement was synchronous with, and thus contributing to, 
the end-Triassic extinction event and that no volcanic CAMP unit had been 
emplaced before the extinction event (ch. 3).
The various intra-CAMP correlations thus indicate that the onset of CAMP 
in the Bay of Fundy was either (i) time-equivalent to the Lower Unit of the 
Argana basin in Morocco, (ii) synchronous with the Orange Mountain basalt of 
the Newark basin (Olsen et al., 2002; Kent and Olsen, 1999) or (iii) predating 
the onset of CAMP in the Moroccan and Newark basins by several 100 kyrs 
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(Jourdan et al., 2009). In this study we propose to resolve this controversy 
by determining the exact position of E23r with respect to the oldest CAMP 
unit in the Bay of Fundy. For this purpose, we sampled the Partridge Island 

Figure 4.1 (in colour on p. 200): Map and section overview. 
A) Overview of the northern CAMP province with the discussed basins in this study 
indicated in ‘italic’. Figure is modifi ed from Olsen et al. (2002) B) Map of the Bay of 
Fundy area. Partridge island section is indicated with the red dot. Figure modifi ed 
from Kent and Olsen, 2000. C, D & E) Photographs of the studied section, where the 
contact with the fi rst CAMP is shown
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section in high detail for magnetostratigraphy. Furthermore, we established 
an organic C-isotope record preceding CAMP and we measured geochemical 
trace elements of the North Mountain basalt to further establish CAMP-unit 
correlations. This multi-disciplinary approach substantiates a high-resolution 
stratigraphic framework of events straddling the Triassic-Jurassic transition 
interval. 

2. The Partridge Island section 

The Bay of Fundy, Nova Scotia (maritime Canada), comprises the northern-
most American exposures of CAMP extrusives (Fig. 4.1). Thick piles of lavas 
(100’s of meters) have been emplaced on latest Triassic red beds of the Blo-
midon Formation (Cirilli et al., 2009; Whiteside et al., 2007). The Partridge 
island section at the North shore of the Bay of Fundy (GPS: N45°20’13”, 
W64°20’,14”;figure 4.1), is exposed on a peninsula nearby the village of Pars-
borro. It comprises ~20 meters of alluvial red beds, overlain by CAMP basalts. 
This section has been extensively studied as it comprises the end-Triassic 
extinction event (Fowell and Traverse, 1995; Olsen and Et Touhami, 2008; 
Whiteside et al., 2007) Detailed sampling revealed a palynological turnover 
event ~15-25 cm below the CAMP basalts (Fowell and Traverse, 1995; White-
side et al., 2007) but this turnover event has been questioned by Cirilli et al., 
2009, who instead report a level with enriched fern spores ~ 15 cm below the 
proposed turnover event. Additionally, several horizons with small Iridium 
anomalies in the top 1.5 meter of the red bed sequence have been reported 
(Tanner and Kyte, 2005; Tanner et al., 2008). 
 The best available control on sedimentation rate comes from the magneto-
stratigraphic study of the nearby GAV-77-3 core (Kent and Olsen, 2000) (for 
location see figure 4.1), which has been correlated to the Newark GPTS. When 
core recovery is complete and there are no significant sedimentary hiatuses, 
a strong decrease of sedimentation rate is expected towards the top of the red 
bed sequences. Kent and Olsen (2000) derive sedimentation rates, by interpo-
lation, of roughly 0.76-1.65 cm/kyr.   

3. Paleomagnetism – The quest for E23r at the Bay of Fundy  

We sampled in high-resolution (71 levels) the top 3 meters of the Blomidon 
Formation at Partridge Island, directly preceding CAMP basalts (figures 4.1 
and 4.2). The dominant magnetic mineralogy of the rocks was characterized 
using isothermal remanent magnetization (IRM) acquisition to 2.5 T using an 
ASC pulse magnetizer. The sediments of the Blomidon Fm are very similar 
to those from the Newark and Hartford basins (Kent and Olsen, 2008; Kent 
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et al., 1995). Therefore a hematite carrier of remanence is expected in most 
of the sites. IRM acquisition curves (Figure 4.3b) generally show a gradual 
approach to saturation to 2.5 T. In this method of IRM acquisition, remanent 

Figure 4.2 (in colour on p. 201): Magnetostratigraphy and carbon isotope record 
for the Partridge Island section. All Zijderveld diagrams are in tectonically corrected 
position. N-R polarity classification is discussed in the text. Dotted lines in the carbon 
isotope record indicate the envelope described by multiple measurements for one strati-
graphic level. Zijderveld diagrams are all in tectonically corrected positions.
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coercivity is the intersection of the acquisition curve and null IRM. This IRM 
behaviour and the very high unblocking temperatures found in all the samples 
suggest that hematite is the most important (sole) magnetic carrier.  
Samples were consequently thermally demagnetized, with temperature incre-
ments of 5-50°C, up to 685°C in the paleomagnetic laboratory at Lamont-
Doherty Earth Observatory (USA). They were heated and cooled in a magneti-
cally shielded, laboratory-built furnace with a residual field less than 10 nT. 
The NRM was measured on a horizontal 2G Enterprises DC SQUID magne-
tometer (noise level 3*10-12 AM2), to determine palaeomagnetic directions of 
the natural remanent magnetization (NRM).  
Interpretation of the demagnetization diagrams is hampered by a very per-
sistent magnetic overprint between 150-600 (and up) degrees, which shows 
a clockwise rotation of the sample locality of about 40 degrees and a paleo-
latitude of about 20° N (both in tectonic corrected position; figure 4.3a). The 
moderately low inclination indicates an early stage overprint since the Bay of 
Fundy has moved about 2000 km to the North since latest Triassic times, when 
it was located at ~25° N (Kent and Tauxe, 2005).
Demagnetization at higher temperatures show several intervals with dis-
tinctly different paleomagnetic directions in the highest temperature range 
(600-685°C). The top and bottom parts of the section clearly show normal 
polarities. Diagrams from the middle part of the section pass the origin of the 
Zijderveld diagrams, and indicate a ChRM that is certainly not a late Triassic 
normal-polarity direction (e.g. PI20 – figure 4.2). However, clear antipodal 
reversed polarity samples have not been observed and it was not possible to 
obtain reliable VGP directions. We propose to categorize the samples in four 
groups (figure 4.2). This paleomagnetic interpretation indicates the presence 
of a short reversed polarity interval, about 60 cm below the first CAMP depos-
its, with a length of ~ 85 cm (figure 4.2). 

 

 

Figure 4.3: a) B-component directions (tectonically corrected). b) IRM acquisition for 
selected samples. The remanent coercivity is the intersection of the acquisition curve 
and null IRM.
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4. Carbon-isotope analyses

Most of the grey to green clay horizons in the studied section have also been 
sampled for organic carbon-isotope analyses of the sedimentary organic mat-
ter (figure 4.2). Carbonate was removed by rinsing 0.9 g of crushed sediment 
twice with 15 ml of 1 M HCl. The 13Corg values were measured on homoge-
nized de-carbonated sample residue, containing 30μg of carbon, by Elemental 
Analyzer Continuous Flow Isotope Ratio Mass Spectrometry using a Fisons 
1500 NCS Elemental Analyzer coupled to a Finnigan Mat Delta Plus mass 
spectrometer at the Geochemistry group of the Department of Earth Sciences, 
Utrecht University. Isotope ratios are reported in standard delta notation 
relative to Vienna PDB. Average analytical precision based on routine analysis 
of internal laboratory reference material demonstrates a standard deviation 
of 0.18‰. The data show a negative shift of almost 4‰ at ~ 40-60 cm below the 
first CAMP (figure 4.2). 

5. CAMP geochemistry

Trace-element (incompatible REE+HFSE) ratios of CAMP pulses have the 
potential to be a very powerful additional correlation-tool within the northern 
CAMP province. Especially Y/Nb vs. Lu/Hf ratios can be used to discriminate 
between a lower-, intermediate-, and upper- unit CAMP geochemistry as de-
fined in Morocco (ch. 3&5). This correlation-tool implies that lavas emplaced 
in the order of thousands kilometers apart (in palaeo position) from each 
other, would come either from the same source, or resulted from synchronous 
processes at several locations. ICP-MS geochemistry data from several CAMP-
locations within the Bay of Fundy (ch. 5), including the first CAMP exposures 
at Partridge Island, all plot convincingly on the Intermediate geochemistry 
pulse (figure 4.4). This suggests that the Partridge Island basalts are time 
equivalent to the Intermediate Unit of Morocco and the Orange Mountain 
basalt in Newark and also that the Fundy CAMP is slightly younger (up to ~20 
kyr) than the first CAMP deposits in Morocco (LU). 

6. Chronostratigraphic time frame for the end-Triassic extinction

We combined all results from the Fundy basin in figure 4.5, and propose a 
correlation to the Newark and Argana basins and the Triassic-Jurassic inter-
val in the marine realm (St. Audrie’s Bay, UK). We observe a large degree 
of similarity between the paleomagnetic data of all section, as all studied 
sections are characterized by a short reversed polarity interval with mainly 
transitional behaviour. In the Newark basin, the VGP directions observed for 
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E23r show more transitional behaviour than any of the other reversals in the 
~30 Myr record (see fi gure 3a in Kent and Olsen, 1999). The E23r reversed 
polarity interval in the Newark basin can even be interpreted as an interval 
with two subsequent ‘excursional-like’ fl uctuations. The short reversed polar-
ity interval in the Argana basin (ch. 3) shows similar behaviour as observed 
at Partridge Island. In the Argana samples this was largely due to a persist-
ent overprint, but can also be partly explained by a transitional character of 
E23r. These results suggest that the short reversed polarity interval found in 
the Partridge Island section indeed correlates to E23r.
The carbon-isotope signatures in the Partridge Island section are different 
from the Argana section, especially with respect to the location relative to 
E23r. In the Fundy basin a shift in isotope values is found between E23r and 
the extinction event documented by a palynofl oral turnover. In the Argana 
basin this shift occurs roughly 20 kyr after E23r at the onset of CAMP volcan-
ism in Morocco, interpreted to be coeval with the extinction event documented 
in Newark (ch. 3).
The similarity between the studied sections is striking, supporting the conclu-
sion that CAMP volcanism in Fundy, Newark and Argana is roughly of the 
same age (within ~ 20 kyr resolution) as has also been suggested by e.g. Olsen 
et al., 2003 and McHone {1996}. The proposed intra-CAMP correlation is 
independently supported by CAMP geochemistry. Trace element data indicate 
that volcanism fi rst started in the Moroccan basins, shortly followed by Fundy 

Figure 4.4 (in colour on p. 202): Trace-element ratios (Y/Nb vs Lu/Hf) for CAMP 
from the Moroccan basins (Marzoli et al., 2004; Chapter 3&5) , Newark basin (Gott-
fried et al., 1996; Puffer, 2009) and Fundy basin (Chapter 5).
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and Newark. The fi rst CAMP pulses can be correlated to the extinction-
interval in the marine domain, which is characterized by a large negative shift 
in carbon-isotope records (Hesselbo et al., 2002; Ruhl et al., 2009), enhanced 
spore-spikes (Bonis, 2010) and extinction event(s) of radiolarians (Hori et al., 
2007; Williford et al., 2007). 
The presence of the palynological marker, P. densus, has been observed in all 
basins just below the proposed extinction-levels (Newark/Fundy) or just below 
the fi rst CAMP deposits (Argana). In the Tethyan domain, P. densus is com-
monly found to disappear around the Norian-Rhaetian boundary (van Veen, 
1995), i.e. approximately 7-9 Myr earlier according to the most recent correla-
tions (Channell et al., 2003; Hüsing et al., 2010 (ch. 1); Muttoni et al., 2010). 
This led to the suggestion that a major stratigraphic gap is present in the 
Newark record at the extinction event (Gallet et al., 2007; Kozur and Weems, 
2005). Since E23r is now again found below the last occurrence of the P. 

 

 

 

 

   

 

      

Figure 4.5 (in colour on p. 203): Correlation of the northern CAMP basins to the 
marine St. Audrie’s Bay section. Carbon isotope data and paleomagnetic results from the 
St. Audrie’s Bay section are from Hesselbo et al., 2002 and Hounslow et al., 2004 respec-
tively. The Newark- to Argana basin correlation is from Deenen et al., 2010 (chapter 3). 
Time control within the Newark basin and St. Audrie’s Bay section are from Kent and 
Olsen, 1999 and Ruhl et al., 2010 (chapter 6), respectively. The extinction event in the 
continental realm is described by Olsen et al., 2002.
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densus at Partridge Island, we conclude that such a stratigraphic gap is rather 
difficult to implement. It would indicate either erosion to exactly the same 
level, or a period of non-deposition of exactly the same duration in all three 
studied basins. We therefore agree with the conclusion by (Fowell and Olsen, 
1993) that provincialism is at present the best explanation for the diachronous 
disappearance of P. densus.   
Astronomical tuning of the sedimentary cycles in the St. Audrie’s Bay section 
shows that the Triassic-Jurassic boundary (defined by F.O. of Jurassic ammo-
nites) is located ~ 120 kyr after the extinction event (Ruhl et al., 2010 (ch. 6)). 
This is in agreement with the palynological data from the Bay of Fundy region 
that indicate a Triassic age for the sediments directly overlying the North 
Mountain basalt (Cirilli et al., 2009). This further implies that the emplace-
ment of all the CAMP (up to 400 m thick) in the Bay of Fundy was almost in-
stantaneous and lasted at maximum ~ 100 kyr. Most probably the duration is 
even much less (~ 10 kyr), as has also been suggested by the cyclostratigraphic 
work in the Newark- and Hartford basins (Olsen et al., 2003).

7. Conclusions

Paleomagnetic results from the uppermost part of the Blomidon Formation, 
directly below the CAMP basalts at Partridge Island, shows evidence of a re-
versed polarity interval correlative to E23r. Geochemical trace element ratios 
of the CAMP basalts of the Bay of Fundy indicate that these correspond to the 
Intermediate Unit of Morocco. The combination of a negative isotope-excur-
sion concurring with the disappearance of P. densus above E23r and below the 
CAMP appears to be a good marker for the end-Triassic extinction event in 
continental records of the northern Atlantic region. Our results further indi-
cate that the hypothesis of the presence of a major stratigraphic gap below the 
Orange Mountain basalt  in the Newark Supergroup basins  is rather unlikely.
This study further supports the trans-Atlantic CAMP correlation and use of 
geochemical trace-element ratios as correlation tool for the northern CAMP 
province (ch. 3&5), where the onset of CAMP starts in Morocco, shortly 
followed by synchronous volcanism in Newark Supergroup basins during a 
second pulse. Since the sediments just above CAMP in the Bay of Fundy are 
of latest Triassic age, the North Mountain basalts have been emplaced within a 
very short period of <100 kyr. 
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Trace-element signatures of CAMP pulses as 
stratigraphic correlation tool for the Triassic-
Jurassic boundary interval

Large-scale continental flood basalts were emplaced in the Cen-
tral Atlantic Magmatic Province (CAMP) approximately 200 
million years ago, contemporaneous with the end-Triassic mass 
extinction. Trans-Atlantic CAMP correlations based on geochem-
istry are still controversial. Here, we show that the evolution of 
specific trace-element ratios provides a very powerful correlation 
tool for both intrusive and extrusive CAMP units. New as well 
as extensive published data sets from the entire northern CAMP 
province confirm the robustness of this correlation tool. We first 
analyze the ‘HTQ’ (initial) CAMP units for trace-element ratios 

and conclude that the first pulse of CAMP volcanism only oc-
curred in Moroccan basins. The subsequent two pulses, start-
ing ~20kyr later, can be traced throughout the entire Northern 
CAMP province; in Morocco (Intermediate- and Upper Units), 
USA (Orange Mountain-, Talcott basalt), Canada (North Moun-
tain basalt) and Europe (French and Iberian dikes and flows). 
Similarly we show that younger volcanic pulses, previously shown 
to be time equivalents, also show very characteristic trace-ele-
ment ratios.
Examination of the temporal evolution of REE-ratios indicates 
that an even older CAMP event comprises dikes of the African 
craton in Mali, while the youngest CAMP signature is traced in 
the oldest oceanic crust of the Atlantic (~160 Ma). We conclude 
that trace-element geochemistry of CAMP units is a very valuable 
chronostratigraphic correlation tool which has the potential to be 
used as a dating tool for CAMP units where other stratigraphic 
constraints are lacking.    

CAMP lavas, Argana Valley, Morocco
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1. Introduction

The Central Atlantic Magmatic Province (CAMP) covers substantial parts of 
North- and South America, Europe and Africa (figure 5.1) and is considered 
to be one of the largest continental flood-basalt (CFB) provinces on Earth, 
with an estimated aerial extent over 7*106 km2 (Marzoli et al., 1999; McHone, 
2003). CAMP is primarily made up of intrusions (dikes and sills) that are as-
sociated with the breakup of Pangaea and the opening of the central Atlantic 
Ocean. 40Ar/39Ar dating of CAMP basalts has yielded a mean age of 199.0 
± 2.4 Ma (Marzoli et al., 1999) with peak magmatic activity lasting less than 
1 Myr (Knight et al., 2004; Marzoli et al., 2004). Incorporation of the recent 
astronomical recalibration of the 40Ar/39Ar dating standard (Kuiper et al., 
2008) implies an adjustment of 0.65%, resulting in a mean age of 200.3 ± 2.4 
Ma for the CAMP. In addition, a U/Pb age 201.27 ± 0.06 Ma has been ob-
tained for a pegmatitic lense within the North Mountain basalt in the Bay of 
Fundy, Canada (Schoene et al., 2006). The timing of CAMP emplacement thus 
overlaps within errors with modern estimates for the Triassic-Jurassic (Tr-J) 
boundary (U/Pb age of 201.58 ± 0.17/28 Ma (Schaltegger et al., 2008)) and the 
end-Triassic mass extinction, which is positioned ~120 kyr before the Triassic-
Jurassic boundary (Ruhl et al., 2010). This led to the hypothesis that CAMP 
eruptions triggered an ecologically catastrophic climate change through mas-
sive input of volatiles (CO2 and probably most importantly SO2; Chenet et al., 
2007; Self et al., 2006  ) into the atmosphere, providing a causal relationship 
with the end-Triassic extinction (Courtillot et al., 1996; Courtillot et al., 1999; 
Marzoli et al., 1999). 
So far, analytical and interpretation errors on absolute ages remain too large 
for robust correlations on a precessional scale necessary for cause-effect 
relationships, fuelling the need for additional stratigraphic correlation tools 
in establishing a time frame for CAMP emplacement. Relative time control 
can be derived from astronomical dating. The Newark basin, consisting of 
thick red bed sequences with three intercalated volcanic CAMP units, has 
been extensively studied for orbital control. (Kent and Olsen, 1999; Kent and 
Olsen, 2008) (figure 5.1c). The level marking the end-Triassic extinction event 
in the Newark basin occurs about one precession cycle (20 kyr) before the first 
CAMP (Orange Mountain) basalt and is preceded, within another precession 
cycle, by reverse polarity Chron E23r, one of the shortest (~25 kyr) polarity 
intervals recognized in the Newark astronomically-tuned polarity time scale. 
Multi-disciplinary research in the Moroccan Argana basin, with a special focus 
on the correlation of reverse polarity interval E23r, shows that the onset of the 
oldest CAMP pulse in Morocco was roughly synchronous with the end-Triassic 
extinction event documented in the Newark basin (figure 5.1; Newark CAMP = 
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Orange Mountain basalt = IU; (Deenen et al., 2010)). Trace-element signatures 
of the CAMP basalts were instrumental in establishing trans-Atlantic correla-
tions in the work of Deenen et al. (2010), promising wider applicability within 
this major igneous province. To further test the robustness of geochemical 
properties of distinct CAMP pulses for stratigraphic correlation purposes we 
present new data from several locations within the northern CAMP province 
(table 1) and document conspicuous systematics in rare-earth-element (REE) 
data and, more specifi cally, in selected sets of incompatible trace-element 
ratios, based on a complete inventory for CAMP extrusives and intrusives in 
Morocco, Europe and North America with known geological contexts. From 
evidence for an apparent temporal evolution in trace-element signatures of 
CAMP units we argue that basalt chemostratigraphy provides a powerful 
framework for relative age relationships among CAMP-related deposits. This 
will be particularly useful in cases where unequivocal stratigraphic control is 
lacking (e.g. for sills and dikes)

Figure 5.1 (in colour on p. 204): CAMP overview and CAMP lava composite.
 a-b) Map of the Central Atlantic Magmatic Province, after McHone (2000) and Wh-
iteside et al. (2007). c) Terrestrial trans-Atlantic CAMP correlation composite (see 
Deenen et al., 2010 and references therein). Time control is derived from Kent and 
Olsen, 1999, Whiteside et al., 2007 and Ruhl et al., 2010. CAMP units and abbrevia-
tions LU, IU, UU and Rec.U (lower-, intermediate-, upper- and recurrent- unit respec-
tively) will be used in the remainder of this study  
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2. CAMP correlations based upon major and minor-element geochemistry 

Four decades ago, Weigand and Ragland (1970) examined over one hun-
dred Mesozoic dolerite dikes from eastern North America and distinguished 
four chemical types: 1) High-TiO2 quartz-normative (HTQ); 2) low-TiO2 
quartz-normative (LTQ); 3) High Fe2O3 quartz –normative type (HFQ); 
and 4) Olivine-normative (OLN). Later, Puffer (1988) subdivided group 3 
into an incompatible element-depleted (type 3a: HFQ/IED) and an incompat-
ible element-enriched group (type 3b: HFQ-IEE). The OLN group has been 
divided in multiple subgroups. See Ragland et al. (1992) for a comprehensive 
summary. 
Most of the North American CAMP extrusives and intrusives have been linked 
to one of these groups. All of the early CAMP flows in the eastern North 
American basins have been assigned to the HTQ group. They include the 
North Mountain basalt (Fundy basin), the Talcott basalt (Hartford basin), the 
Orange Mountain basalt (Newark basin), and the Mount Zion Church basalt 
(Culpeper basin). Lower, Intermediate and Upper unit flows in Morocco (Ber-
trand et al., 1982) and a dike in France (Caroff and Cotten, 2004) classify as 
HTQ as well. The youngest CAMP extrusives in the Newark (Hook Mountain 
basalt) and Hartford basins (Hampden basalt) have been assigned to the HFQ/
IEE (type 3b) group. 
Remarkable geochemical similarities over large distances as inferred raise the 
important question whether compositionally similar basalts are also time-cor-
relatives. Similar sequences of igneous events that transgress time are obvi-
ously conceivable. Nevertheless, wherever independent time constraints are 
available from biostratigraphic, cyclostratigraphic, radiometric, and magne-
tostratigraphic control, it appears that emplacement of geochemically similar 
(major elements) CAMP units was roughly coeval (Deenen et al., 2010; Olsen 
et al., 2003; Puffer, 1981; Whiteside et al., 2007). 

3. Correlating CAMP pulses with trace-element ratios

Recently, Marzoli et al. (2004) used the TiO2 (wt. %) to classify the CAMP 
data in four different basaltic units: the Lower Unit (LU), Intermediate Unit 
(IU), Upper Unit (UU) and Recurrent Unit (RECU) (figure 5.2b). The Lower 
and Intermediate basalts are composed of tens of flows and represent over 
80% of the preserved lava volume, whereas the Upper and Recurrent basalts 
are represented by a few lava flows and are separated by a sedimentary layer 
that locally reaches a thickness of ~ 80 m (figure 5.2a). Using TiO2 vs. SiO2 
wt. %, Marzoli et al. (2004) argued the Orange Mountain basalt to be time-
equivalent to the Moroccan Upper Unit, suggesting that the oldest two CAMP 
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pulses of Morocco are missing in the Newark basin of the USA (Orange Moun-
tain basalt of Newark = UU). This correlation was seriously questioned by 
Whiteside et al. (2007) who suggested that observed differences in geochemical 
signature could be due to crustal contamination derived from long-distance 
lateral transport through dikes (Orange Mountain = LU).

Figure 5.2 (in colour on p. 205): High Atlas vs. Argana basin data – REE-ratios method
A) Figure from Marzoli et al. (2004). Chemostratigraphy (TiO2 wt %) is shown for basalts 
(low-lower; int-intermediate; up-upper; rec-recurrent ð LU, IU, UU and Rec.U respec-
tively) of representative samples from the central High Atlas section. Symbols shown are 
used in this study. b) The geochemical data from Marzoli et al. (2004) combined with 
Argana data (Deenen et al., 2010) shown in a TiO2 wt % vs. Y/Nb plot. c-f) Argana data 
combined with (Marzoli et al., 2004) data in respectively REE ((Sun and McDonough, 
1989)), REE normalized to the average of the Intermediate unit data, Y/Nb vs. Lu/Hf, and 
La/Yb vs. Zr/Y plots.  
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The four units of Marzoli et al. (2004) can also be distinguished based on 
comparison of REE data (figure 5.2c and d), although, except for the RECU 
basalts, concentration differences are only modest, while normalized trends 
are roughly parallel or show significant overlaps (figure 5.2c and d). The REE 
patterns for Moroccan CAMP pulses in particular suffer from absence of obvi-
ously distinctive features.
Deenen et al. (2010) therefore proposed to use sets of incompatible trace-
element ratios for correlation purposes. The ratios of REE, yttrium and 
high-field-strength elements (HFSE) are extremely diagnostic, as figure 5.2b 
illustrates for Y/Nb (data from Deenen et al., 2010 – indicated with an ‘*’ in 
table 5.1 - at end of this chapter). These elements have the further advantage 
that they are immobile and thus not easily affected by alteration. Diagrams of 
Y/Nb vs. Lu/Hf or La/Yb vs. Zr/Y demonstrate that such trace-element ratios 
are highly effective in correlating Moroccan CAMP basalts (figures 5.2e,f) . 
Other ratios combining REE+Y and/or HFSE generally confirm these relation-
ships, but tend to be more variable. 
The Y/Nb-Lu/Hf and La/Yb-Zr/Y plots show the potential of using REE-ratio 
plots as an easy and very diagnostic correlation for Moroccan CAMP basalts 
(figures 5.2e,f). Collectively, the Moroccan basaltic units show a systematic 
trend in trace-element composition through time (figure 5.2e and 5.2f).

Table 5.2: Literature data used in this study. In the remainder of this study we will 
refer to the literature with the ref# given in the last column.
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4. Methods

Major and trace-elements of various CAMP basalts (table 1) were determined 
by X-ray fluorescence (XRF) and inductively coupled plasma-mass spectrom-
etry (ICP-MS), respectively. XRF analyses of major elements were performed 
on lithium-meta/tetraborate glass beads. Calibration was achieved with more 
than 80 geological reference materials using multivariate regression on concen-
trations, according to an adapted version of the Traill-Lachance algorithm, 
including an option for self-absorption. For ICP-MS analysis 125 mg of sample 
powder was digested using mixed acids (HCl-HNO3-HF), and solutions were 
analyzed with an Agilent® 7500 ICP-MS with a low-uptake nebulizer. Refer-
ence samples (JA-2, JB1b and JB2) were included to monitor the destruction 
method and ICP-MS performance. (See table 5.1).  

5. Trace-element ratios of Moroccan CAMP

5.1 The Argana Basin
In Morocco, synrift continental and shallow marine sedimentation started 
in the middle Triassic and continued without major hiatus through the early 
Jurassic. The best-preserved lava piles are exposed in the central High-Atlas, 
where they reach a maximum thickness of ~300 m and are composed of as 
many as 30 flows (Youbi et al., 2003). The Argana basin is located along the 
western edge of the High-Atlas mountain chain between the cities of Agadir 
and Marrakech (Imin-Tanout). Continental Triassic red beds are represented 
by a ~1500 m thick succession of alluvial, fluvial, aeolian and playa deposits 
(Hofmann et al., 2000). Locally, approximately 100 m of basalt flows overlie 
the red beds and are in turn overlain by a succession of lacustrine limestones. 
Various sections show stratified lava sequences of 50-100 m thickness that can 
be subdivided into two different basaltic pulses (Ait Chayeb et al., 1998). 
We examined additional samples from the basalt sections in the Argana basin 
nearby the village of Tazantoute (30° 39.976’ N, 09° 22.318’ W), where the 
rocks are folded into a gently north plunging anticline (Deenen et al., 2010). 
We additionally took basalt samples directly overlying latest Triassic clastic 
sediments (Deenen et al., 2010) on two nearby locations (N30°46.4’, W9°10.0’ 
and N30°38.5’, W9°22.3’ for the sections nearby Argana village and Tazant-
oute village respectively) and several other CAMP samples from discrete lava 
outcrops (table 1).
Based on comparison of trace-element ratio plots, one additional stratigraphi-
cally lowest flow of the lava sections of the Argana basin, as well as three 
discrete basalt samples overlying latest Triassic sediments, can be assigned to 
the LU (figure 5.3a-b). The other Argana lavas show some variation in REE 
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contents, but plot convincingly on the IU signature. (Figure 5.3a-b). 

5.2 Other Moroccan CAMP basalts
New data on trace-element ratios from various basins in the northern CAMP 
province, combined with existing literature data (table 2) can be used to fur-
ther investigate the robustness of the proposed correlation-tool.
Based on Y/Nb – Lu/Hf ratio plots, CAMP lavas from the Middle Atlas (Mah-
moudi, 2007) show the presence of the LU, IU and UU in similar stratigraphic 

Figure 5.3 (in colour on p. 206): Trace-element ratios for Moroccan CAMP.
a-b-c-d) both the Y/Nb vs. Lu/Hf and La/Yb vs. Zr/Y ratios for the new samples 
compared to the High Atlas data by (Marzoli et al., 2004). FZ= Fouem Zquid dike. e-f) 
ratio-plots for literature data for several Moroccan basins. Numbers in the legends 
refer to the studies given in table 5.2. HA = High Atlas.
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sequence as in the High Atlas (figures 5.3c,d). The RECU pulse is either ab-
sent, or not sampled. High Atlas samples (Bertrand et al., 1982) show all four 
pulses (best seen in figure 5.3f) and indicate that at that time no geochemical 
difference was made between the IU and UU pulse (both units were assigned 
HA2) The HA-3 (RECU) samples indicate that younger pulses than the HTQ 
pulse (LU-IU-UU) are better distinguished using the La/Yb - Zr/Y rather than 
the Y/Nb – Lu/Hf ratios. Finally, Anti-Atlas samples (Bertrand et al., 1982) 
indicate that only the youngest pulse of the HTQ suite (UU) has been emplaced 
in this region. 
We analysed several new samples from the Djebel Bou Dahar region in south-
eastern Morocco and from the Fouem Zquid dike of the Anti-Atlas (table 1). 
Figure 5.3c-d shows that all HTQ units (LU, IU, UU) have been emplaced in 
the Djebel Bou Dahar region. Results from the Fouem Zquid dike are less con-
clusive. According to our trace-element ratio plots, this dike could be either 
linked to the IU or UU pulse (figure 5.3c-d). We consider an UU pulse more 
likely, because all extrusives of the Anti-Atlas region have an UU signature 
(Fig. 5.3e-f).  

6. Trace-element ratios of CAMP from North America

6.1 Eastern USA
A massive set of basins - the central and north Atlantic margin rifts - formed 
during the crustal extension that led to the breakup of Pangea. The Newark, 
Hartford and Fundy basins (figure 5.1) are among the largest basins of the 
outcropping, deeply eroded North American contingent of these rifts, collec-
tively termed the Newark Supergroup (Figure 5.1). The Newark and Hartford 
basins are very similar in stratigraphy and both include a thick sequence of 
predominantly clastic sedimentary rocks and three series of CAMP lava flows. 
The Hartford basin lava sequences have been correlated to the three Newark 
basin basalts based on major element geochemical signature, a correlation that 
has been verified by cyclostratigraphic data (Olsen et al., 2003; Whiteside et 
al., 2007). In the Newark basin these basalt formations are exposed as three 
parallel ridges known as the Watchung Mountains. From oldest to youngest 
these ridges are named the Orange Mountain (three flows, total thickness 150 
m), Preakness (at least six flows, total thickness 250-310 m) and Hook Moun-
tain (two flows, total thickness 110 m). 
We analysed new samples (collected and provided by Dr. B. Schoene) from the 
Orange Mountain basalt (1 sample) and from the Preakness Mountain basalt 
(4 samples). The XRF and ICP-MS data are shown in table 5.1. The trace-
elements-ratios clearly show an IU signature for the Orange Mountain (figure 
5.4a-b). The Orange Mountain Basalt was previously correlated to the UU 
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(Marzoli et al., 2004), but all REE data (Puffer et al., 2009; Tollo and Gott-
fried, 1992), share more similarities with the IU especially when Y/Nb – Lu/
Hf ratios are considered (fi gure 5.4c-d). Our, as well as available literature 
data (Tollo and Gottfried, 1992) of the Preakness Mountain plot between UU 
and RECU (fi gure 5.4), which is also in good agreement with previous cyclos-
tratigraphic correlations (Olsen et al., 2003; Whiteside et al., 2007). The Hook 
Mountain Basalts (Tollo and Gottfried, 1992) show a strong resemblance with 
the youngest (Recurrent) unit in Morocco (fi gure 5.4). 

Figure 5.4 (in colour on p. 207): Trace-element ratios for eastern USA CAMP.
a-b) New data from the Newark basin compared to the data from (Marzoli et al., 2004). 
Literature data from the Preakness pulse is also shown with orange diamonds. c-d) Lit-
erature data from the Newark and Hartford basins. e-f) Literature data from the USGS 
diabase database. Data is shown as an average with 2* standard deviation (95%) error 
bars. Number of samples used is given with N in panel (e). Numbers in the legends refer 
to the studies given in table 5.2.
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Several studies indicated that the Hartford extrusives are time-equivalents 
of the Newark extrusives (e.g. see Kent and Olsen, 2008). Our trace-element 
ratio plots confirm these correlations, as the Talcott-, Holyoke- and Hampden 
basalt geochemistry exactly corresponds to their Newark basin equivalents 
(Orange Mountain, Preakness Mountain and Hook Mountain, respectively, 
figure 5.4c-d).  These Newark Supergroup results further show that Y/
Nb – Lu/Hf ratios are best used to discriminate within the HTQ pulse, while 
younger pulses (Preakness and RECU-Hook) are better distinguished with the 
La/Yb – Zr/Y ratios (figure 5.4).
The majority of CAMP in the eastern USA is found in the form of dikes and 
sills.  A large geochemical database has been compiled by the USGS who sam-
pled all major basins in the Newark Supergroup. The majority of the sampled 
dikes have been assigned HTQ. We averaged all HTQ pulse data (Gottfried, 
1991) from the several sub-basins in the eastern USA and determined the 95% 
error range (figure 5.4e,f). It shows that the entire HTQ group samples in the 
eastern USA (so both intrusives and extrusives) can be correlated to the IU 
pulse, implying a widespread character for this CAMP phase. 

6.2 Maritime Canada
 The Fundy Basin is the northernmost of the Mesozoic basins along the 
continental margin of North America. It contains subaerial basalt, known as 
the North Mountain Basalt. Along the eastern shore of the Bay of Fundy the 
basalts form a 200 km long cuesta. The basalt sequence has been subdivided 
into three groups: (1) a lower massive flow; (2) an Intermediate group of thin 
amygdaloidal flows; (3) an upper group consisting of interlayered massive and 
amygdaloidal flows (Dostal and Dupuy, 1984; Dostal and Greenough, 1992). 
On the northern shore CAMP outcrops are correlated to the cuesta on the east 
shore on the basis of flow characteristics and strontium isotope ratios (Gree-
nough et al., 1989), but stratigraphic and geochemical constrains are lacking. 
The North Mountain Basalt overlies shallow lacustrine sediments and red beds 
of the Blomidon Formation. Several authors have noted the strikingly similar 
sedimentary sequences of the Argana and Fundy basins (Hofmann et al., 2000; 
Olsen et al., 2003), suggesting a predrift proximity of both areas.
We examined several fresh samples (from stratigraphically lowest CAMP 
outcrops) from both the North- and South shore of the Fundy basin for 
trace-element ratios. Our new data (ICP-MS - table 5.1) indicate a convincing 
IU geochemistry for these localities (figure 5.5a). The La/Yb – Zr/Y is again 
less diagnostic and might suggest that also LU CAMP is present in the Bay of 
Fundy. However, this samples comes from a stratigraphic level from which we 
analyzed another sample as well. This sample also shows a clear IU in figure 
5.5b.  Examination of the published data indicates that some lavas on the 
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north shore of the Bay of Fundy roughly resemble the LU in terms of Y/Nb 
ratio (fi gure 5.5c). Other ratio-plots (e.g. La/Yb –Zr/Y) are less diagnostic in 
this sense, and only indicate a LU signature for two samples (fi gure 5.5d). We 
consider these data less reliable since 1) they have been measured with older 
methods, 2) south-shore North Mountain lavas, considered to be time-equiv-
alents of the ones on the north shore, show a clear IU signal in the Y/Nb – Lu/
Hf plot (fi gure 5.5c), and 3) the two ‘vesicular’ samples that show a LU signa-
ture both come from stratigraphically high levels within the CAMP (upper unit 
fl ow; Greenough and Dostal, 1992) while we know from our new data, which 

Figure 5.5 (in colour on p. 208): Trace-element ratios for Canadian CAMP.
a-b) New data from the Bay of Fundy compared to the data from (Marzoli et al., 2004). 
c-d). Literature data from the Bay of Fundy split up in North shore and South shore 
CAMP. e-f) Literature data from two Canadian dikes. Numbers in the legends refer to 
the studies given in table 5.2.
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are partly derived from stratigraphically lower CAMP flows, that these CAMP 
units have to be IU or younger.  The composition of the lower North Mountain 
flow (Papezik et al., 1988); (Dostal and Greenough, 1992) closely resembles 
the IU (Figures 5.5c-5.5d). The upper North Mountain flows trend between IU 
and UU signature. Stratigraphic control is insufficient to recognize separate 
pulses in these flows (figure 5.5c-d). 
Geochemical results from two extensive Canadian CAMP dikes (the Shellburne 
and Caraquet dike in Nova Scotia and New Brunswick, respectively) (Dostal 
and Durning, 1998).show a clear correspondence between the Shellburne dike 
and the IU (figure 5.5e), while the Caraquet samples plot on the Preakness 
pulse (figure 5.5f). This indicates that the Shellburne dike is most logically 
associated with the Fundy Bay extrusives, and that the Caraquet dike can be 
linked to the Preakness and Holyoke basalts emplacement. It was previously 
assumed that the Shellburne dike could have been derived from the Caraquet 
type magma by crustal assimilation-fractional crystallization process (Dostal 
and Durning, 1998). Our results, however, suggest that the Caraquet type 
magma is several hundreds of kyr younger than the Shellburne-type.

6.3 OLN basalts from the Durham basin (southern USA)
Finally we also consider data from the Durham basin (Gottfried, 1991). 
All sills and all but one dike sampled in this study are representative of the 
olivine-normative (OLN) magma type. We include this major-element-derived-
group in this study because there has been considerable discussion on the rela-
tive age of this pulse. Rare cross-cutting relationships of dikes in the field in 
the southern USA indicate that the OLN ones might be older than the quartz-
types. Furthermore, Weigand and Ragland (1970) conclude, based on simple 
crystal fractionation models, that all quartz-normative types can be derived 
from the olivine-normative type by the removal of slightly different cumulate 
assemblages. However, three deep test holes near Charleston, sampling the 
Clubhouse road basalts (Daniels, 1983), showed that OLN-type basalts were 
intercalated within a sequence of Quartz-normative basalts, indicating that 
OLN basalts do not necessarily represent the earliest stage of volcanism within 
eastern North America. These OLN-type magmas, and especially the Club-
house road basalts are additionally interesting since they have been traced in 
seismic profiles to the seaward dipping reflectors (SDRs), which are interpret-
ed as massive edifices of basalt formed during the initial formation of oceanic 
crust (Olsen et al., 2003) and may be volumetrically as large as the rest of the 
CAMP (Olsen, 1999). For a comprehensive review on the age of these SDRs 
we refer the reader to Olsen et al.(2003). They conclude that the SDRs might 
be part of CAMP, and that emplacement might have been very brief, possibly 
occurring within the first few million years after (or synchronous with) the 
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emplacement of the Orange mountain basalt. Benson (2003) suggests, based on 
the ages of the fi rst drift-stage sediments overlying the wedge, that ages could 
be in the range of 172 Ma to just post-dating CAMP in the Newark Supergroup 
basins. The Clubhouse road basalts thus remain without certain stratigraphic 
constraints. The OLN-data from the Durham basin show a relative large 
degree of scatter in the incompatible-elements-ratios-plots, but do all plot on 
the younger end of the RECU/Hook Mountain pulse (fi gure 5.7). Addition-
ally, we distinguish a group of data points that shows deviating Lu/Hf ratios as 
well as different La/Yb ratios. This group might represent a different ‘pulse’ 

Figure 5.6 (in colour on p. 209): Trace-element ratios for Europian CAMP.
a-b) New data from the Messejana dike compared to the data from (Marzoli et al., 
2004). c-f). Literature data from Europe. Numbers in the legends refer to the studies 
given in table 5.2.
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within the OLN group. The relative age of the OLN-type CAMP clearly needs 
more studies, but we predict a relatively young age (younger than the youngest 
extrusive pulse in the Newark basin) for this magma-type group
7. Trace-element ratios of CAMP from europe

7.1 France
Remnants of CAMP have also been described in Europe. Probably the 
northernmost CAMP has been emplaced in Brittany, France, where the South 
Brenterc’h dike, about 10 m thick, is comparable in age and composition to 
the tholeiitic CAMP units (Caroff, 1995; Caroff and Cotten, 2004; Jourdan 
et al., 2003). Strikingly, different geochemical signature have been assigned 
to this dike linking it to the HTQ=Intermediate-TiO2 group (Caroff, 1995; 
Caroff and Cotten, 2004) and to the low-TiO2 basalts signature (Jourdan et 
al., 2003). 
For the European samples we are forced to show two new-ratio plots, since not 
all trace-elements we prefer in this study are given in the literature. The trace-
element ratios of the South Brenterc’h dike (Caroff, 1995; Caroff and Cotten, 
2004; Jourdan et al., 2003)  provide a very consistent picture (figure 5.6c-f) 
and show that the dikes in northern France can be linked to the UU tholeiites 
(figures 5.7c&e). Consequently, we favor a HTQ = Intermediate TiO2 signa-
ture. 
Mainly sills, and some lavas, occur in the French and Spanish Pyrenees, 
probably related to units present in the subsurface of the Pyrenees where 
sheets of tholeiitic “ophites” are interbedded within late Triassic red mud-
stones and evaporites. Radiometric ages (187-197 +-7, (Lago San Jose et al., 
2000) of “ophites” in the southern Pyrenees indicate a possible link to CAMP 
but further evidence is lacking. Both Beziat et al.(1991) and Lago San Jose et 
al.(2000) studied the geochemical composition (major- and trace-elements) of 
ophites in respectively the western- and south eastern Pyrenees. For the Beziat 
et al.(1991) study unfortunately only Lu/Hf and La/Yb pairs are given. These 
data show an UU signature, while the south-eastern Pyrenees data indicate an 
IU signature for all ratios considered (figure 5.6c-f). This indicates that most 
probably both IU and UU pulses reached the Pyrenees.  

7.2 Spain and Portugal
CAMP remnants in Portugal and Spain have been extensively studied. The 
Messejana-Plasencia dike is one of the largest dikes of the CAMP province. It 
crops out for some 530 km (south Portugal to central Spain) with a variable 
width of 5 to 200 m. (Cebria et al., 2003). There is a remarkable homogeneity 
along the dike which is similar to other tholeiitic continental basalts (Alibert, 
1985; Cebria et al., 2003). 
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We measured one new sample (2 measurements) from the Messejana-Plasencia 
dike (table 1). This sample clearly indicates an upper unit signature. (figure 
5.6a-b). 
Unfortunately, for none of the Iberian literature samples both Y/Nb and Lu/
Hf ratios are known. This leaves us to comparison with less favorable ratios. 
The Cebria et al (2003) dataset, indicates two separate groups (we split the 
data up ourselves; there is no additional geological argument for it). One 
group closely corresponds to the UU and the other to the IU. The groups have 
been separated by means of their Lu/Hf-and Zr/Y ratios, and are confirmed 
by the other considered ratios (figure 5.6). We thus consider it likely that both 
IU and UU pulses reached the Iberian Peninsula in latest Triassic times. Also 
data by Alibert (1985) and Youbi et al.(2003) confirm that both IU and UU 
geochemistry can be assigned to the Messejana-Plasencia dike samples. How-
ever, both studies neither present ICP-MS data, nor all necessary elements, 
and indicate either only UU or IU signature.  
The geochemistry data for the Iberian extrusives are also not measured with 
ICP-MS, and lack Lu/Hf ratios. Furthermore, these data do not show very 
uniform results. La/Yb vs. Y/Nb ratios indicate that all extrusives have an 
Intermediate signature (figure 5.6e), but especially Zr/Y ratios (figure 5.6c) 
indicate that some of the samples might correspond to an Upper unit signa-
ture. Therefore, additional ICP-MS measurements on Iberian extrusives are 
necessary to exclude the presence of Upper unit CAMP extrusives.   

8. Discussion

8.1 Can we extend the evolution of trace-element ratios in time? 
The observed systematics in trace-element ratios provide a firm basis for their 
suitability to stratigraphically correlate extrusives and intrusives within the 
entire northern CAMP province. Moreover, all ratios considered demonstrate 
an intriguing temporal evolution, which encouraged us to explore whether it 
extends further into older- and younger CAMP-related rocks. 
Firstly, we consider the intrusive Taoudenni dike suite in Mali, emplaced 
far into the African craton (Verati et al., 2005). Two geochemically differ-
ent groups are recognised and although with mostly overlapping plateau ages 
confirmed by Ar/Ar dating. The younger group corresponds closely (for all 
ratios) with the IU lavas. The older group seems to correspond to a pulse older 
than the LU, based on La/Yb vs Th/Y ratios (Verati et al., 2005). Our trace-
element ratios tend to confirm the evidence for an older (intrusive) CAMP 
event in Mali (Figure 5.7). The Mali dikes have been emplaced approximately 
1000 kilometres to the south with respect to the Moroccan lavas, which again 
indicates that geochemical signatures of CAMP are remarkably systematic 
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over large distances.
The oldest Atlantic Ocean crust lavas are the youngest basalts that are directly 
related to CAMP. Janney and Castillo (2001) concluded, based on geochemi-
cal signature, that pre-120 Ma Atlantic ocean fl oor basalts may represent one 
isotopic end-member for CAMP basalts. We show the trace-element-ratios 
for this oldest oceanic crust (Bryan et al., 1977; Janney and Castillo, 2001) in 
fi gure 5.7; For all incompatible-element ratios considered in this study there 
is a striking continuation of the time-evolution-lines (fi gure 5.8) into the oldest 
oceanic crust data. Y/Nb ratios are more scattered, which is in agreement with 

Figure 5.7 (in colour on p. 210): Evolution of trace-element ratios in time.
a-d) Literature data from a wide age-range of CAMP related units. e-f) Averages from 
the data presented in panels (a) and (b). Numbers in the legends refer to the studies 
given in table 5.2.
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other CAMP data where Y/Nb vs Lu-Hf ratios seem to be less diagnostic for 
younger CAMP units. . 

8.2 Implications of the observed trace-element evolution
The inferred temporal evolution of the trace-element ratios used here for im-
proved correlations among CAMP products must reflect a systematic change in 
melting controls giving rise to tholeiitic magmatism that accompanied continen-
tal breakup and incipient opening of the Central Atlantic. We briefly speculate 
here on possible explanations for the trend observed, since a detailed account 
of magmagenetic implications is beyond the scope of this paper, 
The Y/Nb, Lu/Hf and La/Yb ratios represent pairs of a highly (HFSE+LREE) 
and a moderately (HREE+Y) incompatible element for basaltic melt in equi-
librium with common lherzolite mineralogies. Since garnet preferentially 
retains HREE+Y during melting, this mineral will exert a strong control on 
the magnitude of the ratios. Hence, the systematic increase in Y/Nb and Lu/
Hf and decrease in La/Yb from the onset of CAMP magmatism on could reflect 
a gradual decrease in the importance of residual garnet involved in mantle-
source melting with time. 
Comparable variations in trace-element signatures of mafic CAMP extrusives 
and intrusives from Morocco to Mali have been attributed to different degrees 
of batch or dynamic melting of a single slightly enriched spinel±garnet lherzo-
lite source (Verati et al., 2005). However, a more detailed evaluation of CAMP 
data from deposits on both sides of the Atlantic, is needed to assess if melts 
were indeed derived from a single source or from multiple mantle domains 
(e.g. both asthenosphere and lithosphere). 
Nevertheless, the overall decrease of incompatible-trace-element concentra-
tions with time, together with a decreasing role of garnet (and transition to 
spinel dominance) would be consistent with a scenario where melting initially 
occurred at low degrees and deep levels, and proceeded at gradually higher 
degrees and shallower levels. Numerical dynamic modeling of continental 
rifting indeed predicts that decompression melting is likely to start at about 
100 km depth (e.g., Schmeling, 2010), i.e. within the garnet stability field and 
below the base of the continental lithosphere. Melting will extend upwards to 
gradually larger degrees concomitant with the upwelling of asthenosphere, 
presumably facilitated by lithospheric thinning that precedes continental 
separation (White and McKenzie, 1989). Similar mantle-melting systemat-
ics have been inferred for continental breakup and ocean basin development 
elsewhere, e.g. for the North Atlantic (Fram et al., 1998). 
Although the CAMP has been associated with plume-type activity (e.g., Cour-
tillot et al., 1999), the arguments for passive, non-plume rifting seem to be 
more compelling (McHone, 2000; (Coltice et al., 2009). Based on trace-element 
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systematics, Puffer (2001) distinguished the sources of continental fl ood ba-
salts into plume-related and reactivated-arc types, citing the CAMP as typical 
example of the latter. 
The surprisingly consistent temporal evolution of incompatible trace-element 
ratios over distances of thousands of kilometers on both sides of the Atlantic 
favours a passive rifting model but further work is needed to substantiate this.    

Figure 5.8 (in colour on p. 211): Summary of CAMP emplacement in the Northern 
CAMP province.
a) Cyclostratigraphic correlation between the Newark and Hartford basin (USA) indi-
cating time-equivalence of the three CAMP units in both basins and providing time con-
trol for these three pulses. b)  Summary of CAMP emplacement which is derived from 
fi gures 5.2-5.6. Hickory Grove: an additional CAMP unit emplaced in the Culpeper 
basin (USA) which is expected to show trace-element ratios in between the Upper unit 
and Preakness unit ratios. c) REE (Sun and McDonough, 1989) normalized to the aver-
age REE signature of the oldest oceanic crust for all CAMP units shown in fi gure 5.7 
and panel (d). d) Idealized trace-element ratios evolution in time for discussed CAMP 
units derived from the results shown in fi gure 5.7. Time control is derived as described 
in fi gure 5.1.
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8.3 Implications for the end-Triassic biotic crisis
The trace-element signatures of the North American and Moroccan CAMP ba-
salts compiled here favor an alternative trans-Atlantic correlation than those 
previously proposed (Marzoli et al., 2004; Whiteside et al., 2007). Our results 
indicate that none of the investigated lava samples in Northern America cor-
respond to the Lower unit of Morocco but that the Orange Mountain Basalt 
of the Newark basin (and all other initial HTQ-extrusives and -intrusives) 
correspond to the Intermediate unit, which erupted slightly (~20 kyr) (Deenen 
et al., 2010) later. 
Our trans-Atlantic correlation of the CAMP basalts suggests that the latest 
Triassic biotic crisis documented in the Newark basin (Olsen et al., 2002) took 
place very close to, or was synchronous with, the lowermost CAMP basalts 
found in Morocco. Regarding the slight diachrony in the emplacement of the 
different basaltic units we conclude that the onset of CAMP volcanism in 
Morocco was likely synchronous with and caused the latest Triassic extinction 
event. 

9. Conclusions

The trace-element compositions, specifically incompatible-element-ratios, of 
CAMP lavas and dikes are a promising correlation tool for the timing of the 
emplacement of CAMP. The Y/Nb vs. Lu/Hf pairs tend to be more diagnostic 
for the oldest CAMP pulses (LU – IU - UU) while La/Yb vs. Zr/Y pairs are 
more suitable for the subsequent younger pulses (Preakness – RECU). 
The temporal evolution of the element-ratios over a ~40 Myr timespan is 
intriguing and might eventually be used for the identification of lavas or dikes 
where the stratigraphic position is unknown. Since additional time-control on 
the emplacement of CAMP is available from cyclostratigraphic work (figure 
5.8) we propose that the element-ratios should be determined for every sample 
from which an absolute age is obtained. These combined results might even-
tually provide an accuracy check on both methods and provide important 
constraints on the mechanism behind the emplacement of the largest LIP on 
Earth. 
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Table 5.1: Geochemistry for all new samples. Mg#: Magnesium number (100 x Mg 
/ (Mg+ Fe2+); Fe2O3T: All iron expressed as Fe2O3; LOI: loss on ignition: n.d.: not 
determined. Samples with an -*- have been reported in Deenen et al. (2010).
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Table 5.1 continued
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Table 5.1 continued
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Table 5.1 continued
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Latest Triassic cyclic? marine successions, Bristol Channel, UK
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Chapter 6

Ruhl, M., Deenen, M.H.L., Abels, H.A., Bonis, N.R., Krijgsman, W. and 
Kürschner, W.M. (2010). Astronomical constraints on the duration of the 
early Jurassic Hettangian stage and recovery rates following the end-Triassic 
mass extinction (St. Audrie’s Bay/East Quantoxhead, UK , Earth and Plan-
etary Science Letters, in revision

Astronomical constraints on the duration of the early 
Jurassic Hettangian stage and recovery rates follow-
ing the end-Triassic mass extinction (St. Audrie’s 
Bay/East Quantoxhead, UK) 

The end-Triassic environmental crisis with major extinctions in the marine 
realm is followed by successive recovery in the early Jurassic Hettangian stage. 
Accurate chronology of events is however still poorly constrained. In this 
study, combined field observations and physical and chemical proxy records, 
covering the uppermost Triassic and lower Jurassic marine successions of 

St. Audrie’s Bay and East Quantoxhead (UK), have been used to construct a 
floating astronomical time-scale of ~2.5 Myr. This time-scale is based on the 
recognition of meter-scale cycles in limestone and black shale predominance 
and similar-scale variability in physical and chemical proxy-records. Three 
to five individual black shale beds occurring within these meter-scale sedi-
mentary bundles are interpreted to reflect precession-controlled changes in 
monsoon intensity, while the bundles are interpreted as forced by the ~100 kyr 
eccentricity cycle. On the basis of these findings, we propose an astronomically 
constrained duration of the Hettangian stage of 1.8 Myr and unequal dura-
tion of Hettangian ammonite zones (P. planorbis zone: ~250 kyr; A. liasicus 
zone: ~750 kyr; S. angulata zone: ~800 kyr). The end-Triassic recovery 
interval preceding the first Jurassic ammonite occurrence is constrained to 6 
precession cycles (~120 kyr). The extinction interval and coinciding negative 
Carbon Isotope Excursion (CIE) represent 1 to 2 precession cycles (~20-40 
kyr). Cyclostratigraphic correlation to the astronomically tuned Geomagnetic 
Polarity Time-Scale of the continental Newark Basin (USA) allows to locate 
the stratigraphic position of the Triassic-Jurassic and Hettangian-Sinemurian 
boundary in the continental realm. Continuous low ð13CTOC values through-
out the Hettangian and early Sinemurian, succeeding volcanic activity in the 
Central Atlantic Magmatic Province (CAMP), may reflect a long-term change 
in Earth’s global biogeochemical cycles, which seem not to fully recover for 
several million years.

Latest Triassic cyclic? marine successions, Bristol Channel, UK
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1. Introduction

The end-Triassic earth experienced a severe environmental crisis with ma-
jor extinctions in the marine realm (Raup and Sepkoski, 1982), pronounced 
changes in terrestrial ecosystems (Olsen et al., 2002; McElwain et al., 2009), 
and large turnovers in global biogeochemical cycles (Hesselbo et al., 2002). 
Large parts of Jurassic chronostratigraphy, including the Triassic-Jurassic 
(T-J) boundary, are based on north-west European ammonite biochronology 
(Palfy, 2008). However, estimates on absolute ages for the base of the Jurassic 
period and the duration of lower Jurassic stages largely vary. An accurate geo-
logical time-scale is of crucial importance to effectively integrate temporal data 
from different geological disciplines (e.g. stratigraphy, paleontology, geochem-
istry, geophysics) and allow detailed correlations between different outcrops 
yielding crucial information of the T-J boundary interval. Independent time 
constraints allow to better constrain the pace of geological processes (e.g. 
sedimentation rate, plate velocity, subsidence/uplift rates) and is of particular 
importance for understanding recovery rates of ecosystems and biota after the 
end-Triassic mass extinction.
We studied a ~120 m long, marine sedimentary sequence in St. Audrie’s Bay 
and East Quantoxhead (Figure 6.1), which includes the Global boundary 
Stratotype Section and Point (GSSP) for the base of the Sinemurian stage 
(Bloos and Page, 2002). The studied late Rhaetian (Triassic) to lower Sine-
murian (early Jurassic) time interval covers the complete Hettangian stage 
and comprises the end-Triassic mass extinction and subsequent early Jurassic 
recovery interval (Warrington et al., 2008). The north Somerset coastal region 
was in the Jurassic located at the passive margin of the Tethys Ocean. The 
lack of nearby volcanic activity and deposition of ash layers made the use of 
radiometric dating techniques impossible. We propose to assign astronomi-
cal parameters to observed oscillations in lithology and physical and chemical 
proxy-records. This approach provides cyclostratigraphic constraints on (i) 
the pace of early Jurassic recovery rates, (ii) the duration of the Hettang-
ian stage, and (iii) the duration of Hettangian ammonite zones. We tune the 
biostratigraphically well-constrained early Jurassic marine proxy records 
to the astronomically tuned Geomagnetic Polarity Time-Scale (GPTS) of the 
continental Newark Basin and discuss the duration of perturbations in the 
ð13CTOC signature in relation to volcanic emissions in the Central Atlantic 
Magmatic Province. 

2. Geological background

2.1 Chronostratigraphy
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Absolute age estimates for the T-J boundary evolved from ~192 Ma (Van 
Hinte, 1976), to ~208 Ma (Kent and Gradstein, 1985), ~212.5 Ma (Bayer, 
1987) and ~199.6 Ma (Palfy et al., 2000). Contradicting dating results in this 
time interval may be caused by the use of different isotopic chronometers. For 
example, the latest Rhaetian in the Argana Basin and the High Atlas (Mo-
rocco) is 40Ar/39Ar dated between ~200.3 and 198.0 Ma (Marzoli et al., 2004) 
and the earliest Hettangian in the Fundy Basin is U-Pb dated at ~201.27 Ma 
(Schoene et al., 2006). The duration of the Hettangian was previously esti-
mated at ~4 Myr (Kent and Gradstein, 1985) and ~9 Myr (Haq et al., 1987; 
1988). With increased availability of radiometric dating methods, its duration 
decreased to ~3.1 Myr in the GTS2004 (Gradstein et al., 2004). New con-
straints on latest Rhaetian (~201.58 +/- 0.28 Ma) and uppermost Hettangian 
(~199.53 +/- 0.29 Ma) ages are based on zircon U-Pb dating (Schaltegger et al., 
2008) of ash layers in the marine Pucara Basin (Utcubamba valley, northern 
Peru) and indicate a duration of the Hettangian between ~1.48 and ~2.62 Myr. 
Cyclostratigraphic estimates of ~2.4 Myr for the Hartford sequence (Hartford 
Basin, USA) (Kent and Olsen, 2008) and magnetostratigraphic correlation to 
the Paris Basin Montcornet core (Yang et al., 1996) support a duration of the 
Hettangian stage of only a few million years.

  

Figure 6.1: Location of the St. Audrie’s Bay (51°10’54.70’’N/3°17’09.79’’W) and 
East Quantoxhead (51°11’27.91’’N/ 3°14’12.25’’W) sampling sites. Sections are 
located in south-west England along the Somerset shoreline, on the south coast of the 
Bristol Channel.
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2.2 Palaeoenvironment and biostratigraphy
The upper Triassic Blue Anchor, Westbury and Lilstock Formations (Fm) 
in the UK, are succeeded by the uppermost Rhaetian and lower Jurassic 
Blue Lias Fm, which covers the Hettangian stage and continues well into the 
Sinemurian. The Williton Mb (Blue Anchor Fm; Figure 6.2) was deposited in 
a shallow marine environment (Warrington et al., 2008) and is thought to rep-
resent the initial late Triassic marine transgression in SW Britain (Hesselbo et 
al., 2004). Fluctuations in relative sea level likely controlled the distribution of 
facies from the succeeding Westbury Fm (Hesselbo et al., 2004). The transition 
from the Westbury to Lilstock Fm (lower Cotham Mb) may reflect subsequent 
shallowing of the depositional environment from upper shelf to peritidal water 
depths (Wignall and Bond, 2008). The deformed limestone beds (0.5 m thick) 
in the middle of the Cotham Mb are followed by an erosional surface, which 
may indicate temporary emergence (Hallam and Wignall, 1999; Hesselbo et 
al., 2004; Warrington et al., 2008). The following upper Cotham Mb may 
represent a coastal environment (Mander et al., 2008) with a flooding surface 
at the Cotham to Langport Mb transition (Hesselbo et al., 2004). The Langport 
Mb (Lilstock Fm) was deposited either in a shallow lagoonal environment in a 
broad and shallow seaway (Warrington et al., 2008), or during sea level rise 
on a carbonate ramp (Hesselbo et al., 2004). Sea-level change at the Lilstock 
to Blue Lias Fm transition is disputed with either a sea-level fall (Wignall 
and Bond, 2008) or a sea-level rise and the final drowning of the carbonate 
platform (Hesselbo et al., 2004). The sedimentary basin was surrounded by 
partly emerged platforms (Radley, 2008). The early Jurassic Blue Lias Fm was 
deposited during a phase of rapid flooding allowing the development of lami-
nated, organic-rich shales (Hallam, 1995, 1997; Warrington et al., 2008). 
The Blue Lias Fm has been subject to extensive bio-, chrono- and chemos-
tratigraphic studies (Hallam, 1987; Smith, 1989; McRoberts and Newton, 
1995; Weedon et al., 1999; Hesselbo et al., 2002; Deconinck et al., 2003; 
Hounslow et al., 2004; Mander and Twitchett, 2008; Warrington et al., 
2008; Korte et al., 2009). The most important outcrops are located in the 
Lyme and Dorset regions (south-west coast, UK) and the northern Somer-
set coast (this study, Figure 6.1). The T-J boundary section at St. Audrie’s 
Bay (51°10’54.70’’N/3°17’09.79’’W) was previously proposed as GSSP for 

Figure 6.2: Lithological representation of the combined St. Audrie’s Bay and East 
Quantoxhead sections based on field observations (with stratigrapic position in cm). 
The studied stratigraphic sequence covers the upper Triassic (Rhaetian) to lower 
Jurassic (Hettangian and base Sinemurian). The assigned bundles on the right reflect 
changes in limestone predominance (L numbers). The assigned bundles on the left 
reflect changes in black-shale predominance (B numbers). The [numbers] on the far 
right reflect the stratigraphic position of maxima in the eccentricity-filters of proxy 
data (Figure 6.5). 
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the base of the Jurassic (Warrington et al., 1994 and 2008) with the first 
occurrence (FO) of the ammonite Psiloceras planorbis in the basal part of 
the Blue Lias Fm as principal boundary marker (Warrington et al., 2008). 
The slightly lower FO of Cerebropollenites thiergartii pollen may represent 
a terrestrial marker for the base of the Jurassic in this section (Bonis et 
al., submitted). Recently however, the Kuhjoch section (Hillebrandt et al., 
2007) was accepted as T-J boundary GSSP. The East Quantoxhead outcrop 
(51°11’27.91’’N/3°14’12.25’’W) is located 3 km east of St. Audrie’s Bay at 
Limekiln Steps. The Blue Lias Fm in this section contains the GSSP for the 
base of the Sinemurian (Bloos and Page, 2002).

2.3 Lithology
The sedimentary sequence of the Blue Lias Fm in the St. Audrie’s Bay and 
East Quantoxhead sections is marked by distinct alternations of homogene-
ous and inhomogeneous limestone beds and marls to shales. Limestone beds 
are mostly impure micrite mud- to wackestones and are 10 to 20 cm thick with 
extremes up to 50 cm. The limestone facies consists of fine-grained, predomi-
nantly clay-grade sediments containing varying proportions of siliciclastic clay 
minerals and micrite (Paul et al., 2008). They are suggested to have settled 
primary from suspension without any subsequent disturbance (Weedon, 
1985/86). Some of the limestone beds have been diagenetically altered by re-
distribution of calciumcarbonate cement (Campos and Hallam, 1979; Hallam, 
1986; Paul et al., 2008) with prolonged sulphate reduction and pyrite forma-
tion (Bottrell and Raiswell, 1989). This process led pale marls to cement into 
hard limestone beds that show an irregular lateral distribution. 
Limestones are interspersed by siliciclastic marl and shale intervals, which are 
a few centimeters up to several meters in thickness. These beds mainly consist 
of pale-grey marls, dark-grey marls and organic-rich laminated black shales 
(Paul et al., 2008). Siliciclastic sediments consist of (land-derived) clay miner-
als and organic particles from increased productivity combined with terrig-
enous input (Weedon 1986).
Sedimentary rhythms in the Blue Lias Fm consequently consist of a laminated 
black shale that grades up to a dark-grey marl, and a pale-grey marl com-
monly with concretionary to tabular (cemented) micritic limestone, which 
than turns back into dark grey marls (Paul et al., 2008). These rhythms are 
not exclusively symmetrical as (organic rich) shales not always developed or 
sediments were diagenetically altered. The number of limestone beds is signifi-
cantly different from the number of sedimentary rhythms, due to the differen-
tial secondary cementation (e.g. Paul et al., 2008). The origin of the rhythmic 
sedimentation has been matter of debate (Campos and Hallam, 1979; Weedon, 
1985/86; Hallam, 1986; Bottrell and Raiswell, 1989; Smith, 1989; Paul et 
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al., 2008), with few workers assigning orbital climate forcing as the dominant 
mechanisms. In this hypothesis, the rhythmic alternations of lithologies are 
assumed to represent ~20-kyr precession cycles while bundles of structurally 
different limestone beds resulted from harmonics between the ~20-kyr pre-
cession and 40-kyr obliquity (Weedon et al., 1999) or ~100-kyr eccentricity 
forcing (Paul et al., 2008). Distinct limestone-shale couplets in these sections 
are recognized over tens of kilometers at least suggesting chronostratigraphic 
significance and high-frequency climate control (Weedon, 1985/86; Smith, 
1989).

3. Methods

Field expeditions to the St. Audrie’s Bay (SAB) and East Quantoxhead (EQH) 
outcrops were undertaken in 2007, 2008 and 2009. A ~10 m stratigraphic 
overlap between both localities is observed through distinct patterns of al-
ternating limestone-shale sequences (Whittaker and Green, 1983). Over 700 
samples were collected from a ~108 m interval (10-15 cm resolution) compris-
ing the Rhaetian Lilstock Fm and the Rhaetian, Hettangian and lower Sine-
murian part of the Blue Lias Fm. Only the marly to silty sediments and shales 
were studied for several chemical and physical proxy markers (CaCO3: 394 
samples/ 109.5 m; Total Organic Carbon (TOC) content: 332 samples/ 94 m; 
magnetic susceptibility (MS): 738 samples/ 109.5 m). The ð13CTOC record of 
Hesselbo et al. (2002) was extended upwards with 317 samples (91.13 m) and a 

Figure 6.3 (in colour on p. 212): Cliff-face overview of the St. Audrie’s Bay section 
covering the T-J boundary and most of the Hettangian. Continuous black lines reflect 
~100 kyr eccentricity cycles (based on field observations and filtered proxy-data).
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2.4 m (14 samples) overlap. 
A high-resolution magnetic susceptibility record was measured (10-15 cm 
resolution within the shale intervals) on crushed and freeze-dried silty to 
marly sediments from the top of the Rhaetian Westbury and Lilstock Fm well 
into the Hettangian and Sinemurian Blue Lias Fm (Figure 6.5). Measurements 
were performed with a KLY-2 Susceptometer at the Paleomagnetic Laboratory 
‘Fort Hoofddijk’, Utrecht University, the Netherlands. The presented values 
of each sample are weight-corrected averages of at least three measurements.
The calcium carbonate content was measured on the same interval (20-30 cm 
resolution within the shale intervals, Figure 6.5). The weight-percentage of 
calcium carbonate in a dry sample is represented by the weight loss of the sam-
ple after acid dissolution. About 0.9 g of powdered sediment was rinsed twice 
with 15 ml of 1 M HCl. To reach almost neutral pH values, the residue was ad-
ditionally rinsed twice with 22.5 ml demi-water and subsequently freeze-dried.
The total organic carbon (TOC) content (20-30 cm resolution) was meas-
ured on the Hettangian (starting in the upper Psiloceras planorbis zone) and 
Sinemurian marls and shales from the Blue Lias Fm (Figure 6.5). The carbon 
content of around 9 mg of homogenized de-carbonated sample residue was 
analyzed online on a CNS-analyzer (NA 1500) following standard procedures, 
at the Geochemistry group of the Department of Earth Sciences, Utrecht Uni-
versity. The TOC content of the sediment was calculated by multiplying the 
carbon content of the de-carbonated sample by the ratio between the weight of 
the de-carbonated sample and the original weight of the sample. 
The ð13CTOC values were measured on marls/shales from the same interval 
as the TOC record (~20-30 cm resolution), starting at 26.10 m from the base 
of the Hesselbo et al. (2002) C-isotope curve and covering most of the Hettang-
ian and lower Sinemurian. Bulk organic C-isotope values were measured on 
homogenized de-carbonated sample residue, containing ~30 μg of carbon, by 
Elemental Analyzer Continuous Flow Isotope Ratio Mass Spectrometry using 
a Fisons 1500 NCS Elemental Analyzer coupled to a Finnigan Mat Delta Plus 
mass spectrometer at the Geochemistry group of the Department of Earth Sci-
ences, Utrecht University. Isotope ratios are reported in standard delta nota-
tion relative to Vienna PDB. Analytical precision based on routine analysis of 
two internal laboratory standards for every ten samples indicated a standard 
deviation of < 0.06‰. 
Frequency analysis was performed on all proxy records with the AnalySeries 
program, edition 1.1.1 by Paillard et al. (1996). Data were linearly detrended 
before using the Blackman-Tuckey method (compromise predefined level, Bar-
lett window). Power spectra (with a 90% confidence interval) of each proxy 
are reported in cycles/cm.
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4. Results

4.1 Lithologic trends
The upper Triassic and lower Jurassic sedimentary succession is marked by 
pronounced changes in lithology on a larger scale than the basic sedimentary 
rhythms discussed in section 2.3 (Figure 6.2 and Figure 6.3). The top of the 
Blue Anchor and the Westbury Fm are mainly represented by marly to silty 
shales (Figure 6.2). The succeeding Lilstock and lower part of the Blue Lias 
Fm (up to 26.5 m) and the upper Hettangian Schlotheimia angulata zone are 
marked by limestone predominance (Figure 6.2). Most of the Hettangian Alsa-
tites liasicus and Sinemurian Bucklandi zones are again represented by marl/
shale deposition.
 
4.1.1 Periodic oscillations in limestone predominance
A detailed lithological representation of the St. Audrie’s Bay and East Quan-
toxhead outcrops (Figure 6.2) reveals periodic changes in limestone predomi-
nance and distinct bundles of limestone beds, at a similar scale to the bun-
dles recognized by Smith (1989). These bundles are observed in most of the 
Hettangian and lower Sinemurian and arbitrarily numbered L0 to L18 (Figure 
6.2). Cyclic variations in limestone bed predominance are best observed in the 
lower Hettangian (L0 to L9) and the Hettangian-Sinemurian transition (L15 to 
L18). Bundling of limestone beds is less clear in the limestone-dominated in-
terval between 64.5–84 m (Figure 6.2). Field observations suggest that bundles 
L13-a/b and L14-a/b are potentially four separate bundles, similar to bundles 
L3-a,b and L8-a,b. The amount of individual limestone beds per bundle varies 
throughout the section. Most of the middle Hettangian A. liasicus zone (bun-
dles L3 to L6) is marked by only one limestone bed per bundle, in contrast to 
the T-J transition and the upper Hettangian where one bundle consists of up 
to 8 to 10 limestone beds.  

4.1.2 Periodic oscillations in black shale predominance
The lithological representation of the Blue Lias succession also reveals pro-
nounced changes in organic matter content, represented by distinct colour 
changes within the siliciclastic facies (Figure 6.2 and Figure 6.4). The pale-
grey marls alternate with distinctly dark-grey to black, often laminated, 
organic-rich shales every ~60 to 100 cm. On a larger scale, two pronounced 
black shale beds (tens of centimeters thick) alternate with two to three less-de-
veloped black shales. Such bundles of 3 to 5 black shale horizons are observed 
throughout the Hettangian (Figure 6.4) and lower Sinemurian. In Figure 6.2, 
these bundles are tentatively numbered B3 to B21. The bundles are most pro-
nounced in the A. liasicus zone (B3-B8) and lowermost Sinemurian, and less-
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pronounced in the uppermost Rhaetian and uppermost Hettangian (Figure 
6.2). Black shales do occur in bundles B3, B10 and B11, but bundling of these 
beds is less straightforward.

4.1.3 Periodic oscillations in limestone and black shale predominance  
Comparison of the recognized bundles in limestone and black shale occurrence 
reveals that these co-occur but in opposite phase relationship (Figure 6.2). 
This is most clear for bundles B4 to B9 with bundles L4 to L9, in which B8 and 
L8 are less certain bundles. Altogether, bundles consist of a limestone-dom-
inated and a shale-dominated interval. These bundles of limestone beds and 
black shales vary in thickness throughout the sedimentary sequence. On aver-
age both the limestone and the black shale bundles are around 4 m in thick-
ness, with thicker (thinner) bundles occurring in shale (limestone) dominated 
intervals. The distance between the black shale horizons varies positively rela-
tive to the thickness of the assigned bundles. Based on lithological interpreta-
tion and field observations, we count 16 (possibly +4) bundles of limestone 
beds and black shales in the Hettangian, which reflect periodic changes in 
limestone and black shale predominance, and 59 individual black shales. Two 

Figure 6.4 (in colour on p. 213): Cliff-face overview of part of the Hettangian sedi-
mentary sequence at St. Audrie’s Bay (with stratigrapic position in cm). Continuous 
black lines reflect ~100 kyr eccentricity cycles (based on field observations and filtered 
proxy-data). Black bars represent the stratigraphic position of black-shale horizons in 
the Hettangian A. liasicus and basal S. angulata ammonite zones in St. Audrie’s Bay.
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bundles, L15 and L16, do not contain any black shales leaving 14 bundles with 
4.2 (and possibly 3.2) individual black shales on average (Figure 6.2).

4.2 Chemical and physical proxy records
Our ð13CTOC record shows meter-scale fluctuations of ~2‰ around a -29‰ 
Hettangian and lower Sinemurian average (Figure 6.5). These values show, 
similar to lower Jurassic C-isotope data of Hesselbo et al. (2002), a ~2.5‰ 
negative offset relative to Rhaetian average values (Figure 6.5). Smaller am-
plitude oscillations at higher frequency (~0.5-1.5‰, ~80 cm), superimposed 
on the large-scale fluctuations, often coincide with individual black shale 
horizons (Figure 6.5). Not all black shale events may however be recognized 
in the ð13CTOC record due to too low resolution. The TOC, CaCO3 and 
magnetic-susceptibility records are all marked by similar small-scale (~80 
cm) oscillations superimposed on larger meter-scale fluctuations (Figure 6.5). 
Fluctuations in TOC content, varying between almost 0 and 6% with peaks up 
to 10%, mainly occur in the shale dominated Hettangian A. liasicus zone and 
Sinemurian Bucklandi zone. The CaCO3 content fluctuates with ~20% around 
a trend line that shifts from ~55% at the T-J transition to ~35% during the A. 
liasicus zone and gradually returns to ~50% in the upper Hettangian and low-
er Sinemurian (Figure 6.5). Note that the (potentially diagenetically-cemented) 
limestones are not included in the CaCO3 record. A similar but opposite trend 
line is observed for the magnetic susceptibility record. The large-scale fluctua-
tions in the ðð13CTOC and CaCO3 records are concurrent but opposite to the 
TOC and magnetic-susceptibility records. 

4.3 Frequency analysis
Spectral analysis was performed on the Hettangian and lower Sinemurian 
interval of the ð13CTOC record and the complete TOC and CaCO3 data-
sets. Power-spectra of the three proxy records show ~90% significant spec-
tral power, at ~3.5-4 m and at ~5.5-6 m (Figure 6.6). A band-pass filter that 
includes both peaks in the power-spectra indicates that these represent the 
larger meter-scale fluctuations observed in the proxy-records. The thickness 
of oscillations in the proxy-filters varies directly with the variation in thickness 
of the bundles of limestone and black-shale predominance that are observed in 
the field (Figure 6.5). Higher-frequency peaks in the power-spectra are likely 
related to the occurrence of individual black-shales. These are however not 
filtered due to too low resolution of the proxy records to resolve this cyclicity. 
The Hettangian stage is marked by 18 oscillations in the proxy-filters (Figure 
6.5). The potentially four observed limestone bundles in the middle of the S. 
angulata zone (bundles L13-a/b and L14-a/b) are clearly recognized in the 
proxy-records as only two 100 kyr eccentricity cycles (Figure 6.5). Bundles 
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L3-a/b and L8-a,b are marked 4 oscillations in the filters and likely represent  
four short eccentricity cycles. 

5. Discussion

5.1 Palaeoenvironmental interpretation
Increased TOC values during black-shale intervals concur with depleted 
ð13CTOC values, suggesting increased terrestrial organic matter influx as 
main driver of fluctuations in the ð13CTOC signature (Figure 6.5). Increased 
magnetic susceptibility values (with higher siliciclastic sediment input) also 
coincide with enriched TOC values and further suggest increased continental 
run-off. The formation of black shales in the western Tethys realm was likely 
related to an enhanced hydrological cycle, leading to increased run-off, in-
creased supply of terrestrial organic matter into the basin, a stratified water-
column and anoxic bottom water conditions (Bonis et al., 2009). In this, we 
follow a similar interpretation for the Blue Lias succession as formulated by 
Weedon (1985/86).
Changes in monsoonal activity have immediate consequences for the magni-
tude of precipitation rates, run-off and weathering patterns (Crowley et al., 
1992; Vollmer et al., 2008). Modelling studies by Kutzbach (1994) suggest ~23 
kyr precession cycle influence on rainfall and runoff over large parts of (sub-) 
tropical Pangaea. Black shale occurrence throughout the early Jurassic of 
England is suggested to be likely related to precession-scale variations in inso-
lation and increased monsoonal activity in this low latitude region (at approxi-
mately 26°N, Kent and Tauxe, 2005). Global warming due to CAMP related 
CO2 emissions (McElwain et al., 1999) and possible methane release from gas-
hydrates (Beerling and Berner, 2002), may have further enhanced the already 
large heat gradient between the vast Pangaean landmass and its surrounding 
oceans. It may have caused the landward expansion of atmospheric circulation 
patterns (Bonis et al., 2009) and intensified monsoon activity (Crowley et al,. 
1992).

Figure 6.5: The ð13CTOC [‰], TOC [%], CaCO3 [%] and Magnetic-Susceptibility 
proxy-records, covering the upper Rhaetian to lower Sinemurian time-interval (with 
stratigrapic position in cm). Red band-pass filters reflect ~100 kyr eccentricity oscil-
lations in the proxy-records. The filters are based on two distinct peaks in the power-
spectra with a bandwidth of 263-727 cm for the ð13CTOC record, 306-788 cm for the 
TOC record and 286-669 cm for the CaCO3 record. Grey shading represent tentatively 
assigned ~400 kyr eccentricity cycles. Data from the first ~28.5 m of the ð13CTOC 
record is from Hesselbo et al. (2002). Numbers on the right of the lithological column 
represent the number of 100-kyr eccentricity cycles from the base of the Hettangian 
stage.
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5.2 Astronomical forcing of Jurassic climate
The continuous presence of meter-scale sedimentary cycles, both in limestone 
and in black-shale predominance, and their co-occurrence with cyclical pat-
terns in the proxy-records argues for a stable allogenic forcing mechanism, 
likely to be astronomical forcing of Jurassic climate. Here, we argue that the 
occurrence of meter-scale black shale bundles, that include an average of 3.7 
individual black shale beds, are controlled by the ~100 kyr eccentricity cycle, 
with individual black shales being driven by precession. The ratio of preces-
sion to short eccentricity is about 1 to 5 (~18-21.5 kyr to ~100 kyr) in early 
Jurassic times (Berger et al., 1992). In such an orbitally-controlled system, 
not all individual precession cycles within an eccentricity cycle are expected to 
develop as black shales. During eccentricity minima the amplitude of preces-
sion may be too low in order to cross the threshold for black shale deposition. 
Neogene sapropel patterns deposited in the Mediterranean Sea for exam-
ple, exhibit 2 to 5 sapropels for every ~100 yr eccentricity cycle. At times of 
prolonged eccentricity minima related to the 405 kyr cycle, sapropels lack or 
occur at 41 kyr obliquity frequency, reducing the amount of sapropels consid-
erably (Hilgen et al., 2000; Hüsing et al., 2007). The individual black shale to 
black shale bundle patterns found in the Blue Lias Formation are thus in line 
with expected precession to short eccentricity forcing.
Eccentricity-controlled late Triassic climate oscillations have also been re-
corded in St. Audrie’s Bay, the mid-Germanic Basin and in the Argana and 
Newark basins (Olsen and Kent, 1996; Kemp and Coe, 2007; Vollmer et al., 
2008; Ch. 2-3). Terrestrial climate response on 100 kyr eccentricity modula-
tion of insolation can occur in low-latitude land areas affected by fluctuations 
in monsoon intensity (Crowley et al., 1992). Orbital-controlled eccentricity 
cycles in palynofacies and organic and inorganic proxy records in the Jurassic 
of England typically cover four to five precession cycles (Van Buchem et al., 
1994; Waterhouse, 1999 a,b). Eccentricity-scale increases in marine and ter-
restrial palynomorph concentrations in the upper Triassic and lower Jurassic 
St. Audrie’s Bay sequence (this study) coincide with low relative spore abun-
dances and low magnetic susceptibility values (Figure 6.7), further suggesting 
orbitally-controlled fluctuations in the strength of the hydrological cycle.
Eccentricity strongly modulates the intensity of precession-scale climate forc-
ing, especially also visible in the organic proxy-records (Figure 6.5). A strongly 
enhanced hydrological cycle in concurrence with the negative CIE at the mass 
extinction interval is suggested by highly increased relative spore abundances 
with precession-scale fluctuations (Figure 6.7). Wet phases in the lower 
Jurassic of St. Audrie’s Bay are likely enhanced during eccentricity maxima 
when the northern hemisphere summer resides in perihelion.
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5.3 Cyclostratigraphic constraints 
on the duration of the Hettangian 
stage
Based on cyclostratigraphic inter-
pretation of lithology, the Hettang-
ian is marked by 16 (but up to 20) 
bundles in limestone and black shale 
predominance. This time interval is 
however marked by 18 fi ltered oscil-
lations in the proxy-records. 
The 400 kyr orbitally forced ec-
centricity cycle is regarded as the 
most persistent eccentricity cycle 
over the past 200 Ma and it is 
clearly recognized in the Newark 
Basin (Olsen and Kent, 1996). It is, 
similar to most of the Triassic in the 
Germanic Basin (Bachmann and 
Kozur, 2004), not well recognized in 
the north Somerset coastal sections 
of St. Audrie’s Bay and East Quan-
toxhead. Tentatively assigned 400 
kyr cycles, based on tens of meters-
scale oscillations in the chemical 
proxy-records (and especially the 
ð13CTOC and TOC records (Figure 
6.5), suggest that the two intervals 
with shorter cycles (bundles L3-a,b 
and L8-a,b) should, rather than 
enhanced obliquity forcing during 
a long-term eccentricity minimum, 
also be considered as 100 kyr eccen-
tricity cycles. The potentially four 
observed limestone bundles in the 
middle of the S. angulata zone (bun-
dles L13a/b and L14a/b) are clearly 
recognized in the proxy-records as 
only two 100 kyr eccentricity cycles 
(Figure 6.5). We therefore consider 
a 1.8 Myr duration of the Hettang-
ian stage as most feasible.

 

 

Figure 6.6: Power spectra of time-series 
analysis of (A) the ð13CTOC, (B) the 
Total Organic Carbon and (C) the CaCO3 
proxy-records. All three power spectra 
show main frequency peaks with a ~3.8 
and ~5.8 m periodicity.
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A previous cyclostratigraphic study on magnetic-susceptibility records of 
the Blue Lias Fm in Lyme Regis, south-west England (Weedon et al., 1999), 
showed periodic fluctuations that are also regarded as an orbitally-controlled 
climate signal. They suggest an approximately equal duration of Hettang-
ian ammonite zones and a minimum duration of 1.29 Myr for the Hettangian 
stage. The Lyme Regis outcrop however, is marked by a significant hiatus in 
the top of the S. angulata zone (of about 50%) relative to the sedimentary se-
quences of St. Audrie’s Bay/East Quantoxhead and the Burton Row borehole 
(Smith, 1989). Previous estimates on the duration of the Hettangian stage, 
based on absolute radiometric dating techniques, varied significantly (Kent 
and Gradstein (1985): ~4 Myr; Haq et al. (1987; 1988): ~9 Myr; Gradstein et 
al. (2004): ~3.1 Myr). Our interpretation of the duration of the Hettangian 
stage is however well within the error-margin of the most recent radiometric 
estimated duration of ~2.05 +/- 0.57 Myr (Schaltegger et al., 2008). 

5.4 Cyclostratigraphic constraints on recovery rates and Hettangian am-
monite zones
Biological and biogeochemical changes at the T-J transition have been exten-
sively studied at St. Audrie’s Bay (Warrington et al., 2008 and references 
therein). The timing of recovery patterns is however poorly understood as no 
accurate chronostratigraphic framework is yet available. The first Jurassic 
Psiloceras planorbis ammonites in St. Audrie’s Bay occur ~6 m stratigraphi-
cally above the end of the extinction event (Figure 6.7) and mark the onset of 
post-extinction ecological recovery after the end-Triassic mass extinction.
Precession-induced climate forcing in the late Triassic Lilstock Fm may be 
reflected by periodic variations in relative spore abundance (Figure 6.7) 
(Bonis et al., submitted), suggesting a ~20-40 kyr duration of the extinction 
interval and concurrent negative CIE. The Jurassic P. planorbis is suggested 
to have its FO 6 precession cycles above the extinction event, suggesting a ~120 
kyr duration of the end-Triassic recovery interval (~140-160 kyr including 
the extinction interval) (Figure 6.7). A similar ~100 kyr duration for the end-
Triassic ammonite gap is also estimated by Hillebrandt and Krystyn (2009). 
They suggest that the first Jurassic ammonite P. planorbis in the north-west 
European sections may be ~250 kyr younger than P. spelae. Their correla-
tion of the earliest Jurassic bio-events in the western Tethys realm (Eiberg 
Basin) and those in north-west Europe (Great Britain and Ireland), however, 
is based on estimated sedimentation rates rather than a concise and independ-

Figure 6.7: The ð13CTOC [‰] and TOC [%] proxy-records of St. Audrie’s Bay (with 
stratigrapic position in cm), relative to terrestrial- and marine palynomorph concentra-
tions and relative spore abundance (red curve). First and last occurrences and marine 
and terrestrial assemblage changes are based on Warrington et al. (2008).
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ent stratigraphic age model. Moreover, considering a sedimentation rate of 3 
cm/kyr for this time interval in St. Audrie’s Bay, a hiatus of ~200 kyr would 
imply that about 6 m of the sedimentary record is lacking, which may be 
rather unlikely. By contrast, our data show a very similar C-isotope pattern 
in both regions, with the FO of Cerebropollenites thiergartii pollen in concur-
rence with a ~3.5‰ negative shift (Ruhl et al., 2009). The FO of C. thiergartii 
is closely succeeded (by only few meters) by the FO of P. planorbis and P. 
spelae in St. Audrie’s Bay and the Eiberg Basin, respectively. Consequently, 
our data suggests only a slightly younger age (~40-60 kyr) for the first Jurassic 
ammonites in the north-west European sections compared to those in the 
western Tethys Ocean. This would imply a short duration for the Tilmanni 
Standard ammonite Zone after Hillebrandt and Krystyn (2009). Alternatively, 
previous palynological and C-isotope stratigraphy correlations (Ruhl et al., 
2009; Kürschner et al., 2007) could be incorrect and a sedimentary hiatus or 
condensed interval marks the basal Blue Lias Fm. Yet, a sedimentary break is 
not observed in the field nor in any of the proxy records.    
The P. planorbis ammonite zone is succeeded by the A. liasicus zone (at ~28 
m), the Schlotheimia angulata zone (at ~58 m) and the Bucklandi zone (at 
~91 m). Based on the assumption of equal duration of ammonite zones, it was 
suggested that variations in thickness of ammonite zones in the Hettangian are 
largely related to changes in sedimentation rate (Weedon, 1986). Orbitally in-
duced cycles in limestone and shale predominance and the periodic occurrence 
of black-shales throughout the Hettangian and lower Sinemurian strongly 
suggest relatively continuous sedimentation rates and different ammonite 
zone durations. Unequal duration of ammonite zones in the Blue Lias Fm of 
south-west England was already suggested by Smith (1989). We show that the 
first Jurassic ammonite zone in St. Audrie’s Bay covers about 2.5 eccentricity 
cycles (~250 kyr) and is significantly shorter than the subsequent two Hettang-
ian ammonite zones (A. liasicus zone: ~750 kyr and S. angulata zone: ~800 
kyr). The duration of the P. planorbis zone may be critically influenced by 
increased origination/mutation rates of earliest Jurassic ammonites caused by 
environmental stress during enhanced, CAMP related, volcanic activity.

5.5 The early Jurassic ð13CTOC record
The T-J transition interval is marked by two pronounced negative excursions 
in ð13CTOC records at several locations around the world (Palfy et al., 2001; 
Guex et al., 2004; Galli et al., 2007; Ward et al., 2007; Ruhl et al., 2009). 
The St. Audrie’s Bay outcrop along the Somerset coast is marked by the short 
initial negative CIE of 5‰ that is separated from the succeeding and longer 
main negative CIE by a 3.5‰ positive excursion (Hesselbo et al., 2002). The 
main negative CIE in bulk organic matter coincides with a similarly shaped 

Thesis_martijn.indb   142 22-03-2010   16:50:04



Chapter 6

143

but smaller (~2‰) negative CIE in the ð13CCARB-Oyster record of the same 
section (Korte et al., 2009). Negative CIEs at the T-J boundary may therefore 
be regarded as actual recorders of carbon cycle perturbation that are likely 
(in-)directly related to massive CO2 release during CAMP volcanism (Hes-
selbo et al., 2002; Ch. 3). The CAMP related basalt deposition in the Newark 
Basin however, is astronomically constrained to a duration of ~600 kyr (Olsen 
et al., 2003; Whiteside et al., 2007). Volcanic activity and CAMP related CO2 
emissions may therefore be restricted to the early Hettangian. Our extended 
ð13CTOC curve exhibits continuously low values throughout the Hettangian 
and early Sinemurian and prolongs the duration of the main CIE to over 2.3 
Myr (Figure 6.5). These data imply that either CAMP related volcanic activ-
ity lasted much longer than recorded in the continental basins of the eastern 
US, or that the ð13CTOC signature is not directly related to volcanic emis-
sions. The main negative CIE may rather reflect a long-term ecosystem change 
with a shift to new steady state values following uppermost Triassic and basal 
Jurassic CAMP volcanism. Although new species began to evolve already in 
the lower Hettangian, biogeochemical cycles likely not fully recovered for 
several million years similar to delayed biogeochemical recovery following the 
Permian-Triassic (Payne and Kump, 2004; Galfetti et al., 2007) and Creta-
ceous-Paleogene mass extinctions (D’Hondt et al., 1998).  
The ~2‰ fluctuations (with a ~3.8-5.8 m thickness) in the ð13CTOC record of 
St. Audrie’s Bay coincide with observed bundles in black shale and limestone 
domination and are interpreted as 100 kyr eccentricity controlled climate 
cycles. This interpretation may further improve the correlation potential of 
ð13CTOC signatures in the Triassic-Jurassic transition interval. It may sug-
gest that the C-isotope curves in the Eiberg Basin (Ruhl et al., 2009) including 
the base of the Jurassic GSSP at Kuhjoch, represent a duration of ~200-300 
kyr following the initial CIE.
Previous studies spanning the Hettangian and early Sinemurian, show a 
distinct positive excursion in the ð13CTOC (Williford et al., 2007) and bulk 
ð13CCARB (Van de Schootbrugge et al., 2008) signature in the Kennecott 
Point (Queen Charlotte Islands, British Columbia, Canada) and Val Adrara 
(Italy) sections, respectively. The positive excursion in the latter section may 
be directly related to distinct changes in facies. An early Jurassic positive ex-
cursion in the Kennecott Point section may, similar to the early Triassic posi-
tive CIEs following the Permian-Triassic mass extinction, be related to local 
ecological conditions and explained by increased marine primary productivity 
under high atmospheric CO2 values (Payne and Kump, 2007).
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Figure 6.8 (in colour on p. 214): Correlation of the ~100 kyr eccentricity fi lters of 
chemical proxy-records in St. Audrie’s Bay/East Quantoxhead to the tuned lithology 
and eccentricity forced precession envelope of the Hartford Basin (Kent and Olsen, 
2008) (with stratigrapic position in cm). Orange lines represent the stratigraphic posi-
tion of [B] the Talcott/Orange Mt Basalt, [C] the Holyoke/Preakness Basalt and [D] the 
Hampden/Hook Mt Basalt in the Hartford Basin and possible time-equivalent intervals 
in St. Audrie’s bay.
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5.6 Cyclostratigraphic constraints for correlation of the marine and conti-
nental realms
Late Triassic to early Jurassic cyclostratigraphic time control is also very well 
established in the continental sequences of the Newark Supergroup (Kent and 
Olsen, 1999; Olsen and Kent, 1999; Kent and Olsen, 2008). Orbitally control-
led sedimentary cycles in these sections, mainly with precession and eccen-
tricity wavelengths, mark one of the longest continuous sedimentary records 
available. Additional paleomagnetic studies resulted in a high resolution astro-
nomically calibrated geomagnetic polarity timescale of over 30 Myr. This high 
resolution time frame constrained the duration of CAMP deposition in the 
eastern United States to ~580-610 (+/- 100) kyr (Olsen et al., 1996; Whiteside 
et al., 2007). Biostratigraphic time control in the Newark sequences is unfor-
tunately hampered by the lack of age diagnostic fossils and provinciality of fos-
sils. Several paleomagnetic correlations between the Newark and St Audrie’s 
Bay sequences have been proposed (Hounslow et al., 2004; Knight et al., 
2004; Whiteside et al., 2007; Marzoli et al., 2008, Ch. 3), but our study shows 
that most of these correlations are rather unlikely, since they imply a gener-
ally very low sedimentation rate in the St. Audrie’s Bay section (figure 6.9). 
Correlation of the extinction interval and negative CIE in St. Audrie’s Bay 
and the suggested extinction interval marked by terrestrial ecosystem changes 
in the Newark Basin (Olsen et al., 2002; Ch. 3), is independently supported 
by our data. Both records are marked by a long-term eccentricity minimum, 
~1.3 Ma after the extinction interval (Figure 6.8), reflected by poorly devel-
oped lake deposits in the continental sedimentary record and poorly devel-
oped black shale events in the marine realm. Our correlation implies however 
that reversed polarity chron SA5n.1r in the UK, is not recorded or absent in 
the Newark sequence. It may represent an extremely short excursion of the 
normal paleomagnetic field, which is not demonstrated in the Newark Basin. 
Alternatively, this chron, which is only based on one single sample of admitted 
poor paleomagnetic quality (Hounslow et al., 2004) may be an artifact. Addi-
tionally, chron SA5r, although demonstrated for the Moroccan lava sequences 
(Knight et al., 2004), has yet not been recorded in the Newark sequence. 
Our suggested cyclostratigraphic correlation of the marine St. Audrie’s Bay 
succession to the astronomically tuned GPTS of the Newark Basin, shows 
(i) the position of the marine defined Rhaetian-Hettangian and Hettangian-
Sinemurian boundaries in the continental record, (ii) time-equivalent intervals 
of CAMP deposition in the marine realm and (iii) the position in the marine 
record of three reversed polarity chrons at the Hettangian-Sinemurian transi-
tion.
Our correlation suggests that (i) the Triassic-Jurassic boundary is positioned 
between the Orange Mt/Talcott and Preakness/Holyoke basalts in the conti-
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nental Newark and Hartford Basins, respectively (Figure 6.8). This position 
is supported by a recent palynological study in the Fundy Basin (Cirilli et al., 
2009). We suggest the position of the base of the Sinemurian in the middle of 
the Mittinegue Mb of the Hartford Basin (eastern USA).
Deposition of (ii) the Orange Mt and time-equivalent basalts of the eastern US 
coincide with negative values following the initial CIE by ~20 kyr (Figure 6.8). 
Deposition of the subsequent Preakness and Hook Mt time-equivalent basalts 
coincide with already low ð13CTOC values during the main CIE and dimin-
ished carbonate deposition in the marine record. The onset of volcanic activity 
and the possible release of methane from clathrates (Beerling and Berner, 
2002, Ch. 3) at the extinction interval possibly initiated long-term changes in 
global biogeochemical cycles. Subsequent volcanic phases may therefore have 
been of less infl uence. 
Our proposed correlation also suggests (iii) the position of a short (~50 kyr) 
reversed polarity chron (Kent and Olsen, 2008) in the middle of the S. angu-
lata zone and two reversed chrons in the lower Bucklandi zone of south-west 
England.

Figure 6.9: Previously proposed paleomagnetic correlations between the continental 
CAMP basins and the marine St. Audrie’s Bay section (Hounslow et al., 2004).
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6. Conclusions
 
Combined field observations and proxy studies from the marine sedimentary 
sequence of St. Audrie’s Bay and East Quantoxhead demonstrate simultane-
ous fluctuations in black-shale and limestone predominance and chemical 
proxy-records. Time-series analysis of the proxy-records shows a main pe-
riodicity between ~3.8-5.8m for these oscillations. Each oscillation is marked 
by ~3-5 black-shale horizons that are likely controlled by changes in mon-
soon intensity with a precession-wavelength. The meter-scale oscillations are 
therefore regarded as orbitally forced ~100 kyr eccentricity cycles. Our data 
constrains the duration of the Hettangian to 1.8 Myr. Lower Jurassic ammo-
nite zones are suggested to be unequal in duration, with the P. planorbis zone: 
~250 kyr, the A. liasicus zone: ~750 kyr and the S. angulata zone: ~800 kyr. 
The recovery interval between the end-Triassic mass extinction and the first 
Jurassic ammonite occurrence is defined by 6 precession cycles (~120 kyr). 
The extinction interval and coinciding negative CIE may be represented by 1-2 
precession cycles (~20-40 kyr). Our cyclostratigraphic correlation of the St. 
Audrie’s Bay/East Quantoxhead succession to the astronomically tuned GPTS 
of the Newark Basin for the first time suggests the stratigraphic position of the 
continental equivalent of the marine defined T-J and Hettangian-Sinemurian 
boundary. The first would be positioned above the Orange Mt and time-equiv-
alent basalts and the latter would be located in the Mittinegue Mb of the Hart-
ford Basin (eastern USA). This correlation suggests no apparent influence of 
the CAMP related final volcanic phases on the ð13CTOC signature. The longer 
lasting negative carbon isotope excursion at the base of the Hettangian con-
tinues throughout the lower Jurassic and may reflect a shift to new long-term 
steady state values following CAMP volcanic activity in the early Hettangian. 
Although new species began to evolve already in the lower Hettangian, Earth’s 
biogeochemical cycles may have not fully recovered for several million years.    
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Jurassic (early Sinemurian) Ammonite, Bristol Channel, UK
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Epilogue and future research proposal

Jurassic (early Sinemurian) Ammonite, Bristol Channel, UK
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Epilogue

The main research questions I tried to answer in this thesis can be summarized 
as follows:
(1) How can we correlate the marine realm, where most of the (extinction) 
events are best recorded, to the continental realm of the Newark basin – and 
thus how can we define the stage boundaries which are all defined in the 
marine realm (Carnian-Norian, Norian-Rhaetian, Rhaetian-Hettangian, and 
Hettangian-Sinemurian boundaries) to the Newark timescale? And is the Ne-
wark record complete?
(2) How can we correlate the extinction/turnover event in the continental 
realm to that of the marine realm? Were these synchronous or separate 
events?
(3) What caused this/these events? 
(4) How long did the extinction take itself? And how long did recovery take?
(5) What is the timing of emplacement of CAMP? Was it synchronous over 
large areas or is there a progression in timing of emplacement from x to y (e.g. 
North to South)?

Most of the main questions have thus been (at least partly) solved (see Table 
7.1), but some questions remained as well. And of course also new questions 
came up. The main outstanding issues can be summarized as follows:

- The synchrony between the onset of volcanism in Morocco and the extinc-
tion-events recognized in the Newark Supergroup basins, as well as the extinc-
tion event (characterized by the initial isotope shift) in the marine realm has 
been established. However, we do wonder why this initial pulse of volcanism 
in Morocco caused such a severe changes in both the terrestrial- and marine 
realm, while the second, more widespread, CAMP pulse (observed in the Ne-
wark Supergroup, Morocco and Europe) seems to have less direct effects. (but 
most likely contributed to the main isotope shift, which represents a long-last-
ing change in palaeo environment). Methane release due to instable clathrates 
is a promising candidate for the causation of the initial carbon-isotope shift, 
but a direct link still has to be shown. 

- Our results show that the onset of CAMP in Africa, North America and 
Europe was almost synchronous (here ignoring the differences in the order of 
kyrs.). This synchrony is also represented by strikingly similar geochemical 
signatures of the CAMP. What are the implications of geochemically similar 
basalts over thousands of kilometres? Also the evolution of trace-element-
ratios in time towards the oldest Atlantic crust is intriguing and deserves 
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additional work. Furthermore, CAMP-related rocks have also been described 
far into Africa and South America. The question remains how these southern 
CAMP province volcanics can be linked to the ones in the Northern CAMP 
province. 

- The cyclostratigraphic and paleomagnetic results from the Argana basin (Mo-
rocco) indicate that a (minor?) hiatus might be present in the Newark record 
(where a fault has been described in one of the Newark cores). Is this real? 

Table 7.1: Time frame for the Late Triassic to early Jurassic
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And if so, how much time is missing?

These remaining questions can only be resolved with a combination of tech-
niques and are essential to improve the late Triassic timescale, where all 
events can be tied into. Especially the incorporation of paleomagnetism, 
cyclostratigraphy (sedimentation-rates), basalt-geochemistry (potentially very 
powerful basalt correlation tool) and organic geochemistry (C-isotopes – one 
of the best markers for the end-Triassic extinction event) will be necessary. I 
will therefore end this dissertation with a proposal for future work, which will 
hopefully allow me to continue unravelling the intriguing late Triassic to early 
Jurassic time period. 

Future research proposal

Rationale

Massive flood basalts of the Central Atlantic Magmatic Province (CAMP) have 
been emplaced contemporaneously with the end-Triassic mass-extinction, 
one of the “Big Five” extinction events in Earth’s history. The initial volcanic 
phase in the northern CAMP province is marked by multiple volcanic pulses 
that all occurred within a very short (~100 kyr) time span just preceding the 
Triassic-Jurassic boundary. Here, we propose to construct an astrochrono-
logical framework with a precessional (< 20 kyr) resolution for the entire 
CAMP province by applying integrated magneto-chemo-cyclostratigraphic 
techniques to key sections along a north-south transect. This will allow us to 
determine the age, duration and paleogeographic extent of the various CAMP 
pulses in an unprecedented high resolution. In addition, geochemical trace-
element signatures of CAMP units will be analysed to investigate their poten-
tial as a stratigraphic correlation tool. Our results will be used to quantify the 
influence of CAMP on the carbon-reservoir changes during the end-Triassic 
extinction event and can further be incorporated in modelling studies on the 
emplacement of large igneous provinces (LIP’s). 

Introduction

Throughout geological history of life, a small number of mass extinctions have 
forever changed the path of evolution. The two main mechanisms that account 
for these dramatic events are asteroid impacts and massive volcanic eruptions 
of Large Igneous Provinces (LIP’s). The interplay between mass-extinctions, 
LIP emplacement, extraterrestrial causes, and perturbations in the carbon cy-
cle belongs to the most significant, fascinating and hotly debated issues within 
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earth sciences (e.g. Courtillot and Renne, 2003). 
The end-Triassic mass extinction (~200 Ma) belongs to the “Big Five” of the 
Phanerozoic, causing a loss of more than 50% of the genera in both marine 
and continental realms. It provides an eminent case history of global bio-
sphere turnover that cleared ecological space for dinosaurs to become the most 
dominant species on Earth (Olsen et al., 2002). An extra-terrestrial cause for 
the end-Triassic extinction was suggested by Olsen et al. (2002), while cataclys-
mic volcanic activity in the Central Atlantic Magmatic Province (CAMP) was 
favoured by Marzoli et al. (2004), who claimed that CAMP volcanism started 
well before the extinction-level. Our recent multi-disciplinary data from 
Morocco showed that the onset of CAMP exactly coincides with the extinction 
event observed in continental basins of North America (Deenen et al., 2010). 

Figure 7.1 (in colour on p. 215): Schematic astrochronologic correlation of the 
northern CAMP basins based on reversed polarity chron E23r (Kent and Olsen, 1999; 
Deenen, 2010), the initial carbon isotope shift (Morocco and Nova Scotia) and CAMP 
geochemistry (Deenen et al., 2010). Cyclostratigraphic time control is derived from 
the continental Newark basin (Kent and Olsen, 1999) and the marine St. Audrie’s Bay 
section in the UK (Ruhl et al., 2010). Symbols used for CAMP geochemistry are the 
same as in figure 7.2. L.U, I.U and U.U refer to lower- intermediate- and upper unit 
geochemical signature, respectively (Marzoli et al., 2004)
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Correlation to the marine realm indicates that the onset of CAMP occurred 
also synchronously with a major perturbation in the carbon cycle and with the 
extinction interval in the global oceans (Fig. 7.1).

Our multi-disciplinary approach has proven to be very powerful in the north-
ern part of the CAMP province, but the geographical extent of CAMP is much 
larger (an area estimated over 10 million km2; McHone, 2002). However, 
integrated stratigraphic data are very scarce and much more controversial 
for the central and southern part of the province. Consequently, current 
chronostratigraphies differ significantly in terms of timing and rates of CAMP 
emplacement. Radiometric CAMP ages suggest prolonged (~ 2 Myr) duration 
of the main phase of volcanism, and a possible southward migration of the 
magmatic centre(s) (Jourdan et al., 2009; figure 7.2a). Our new astrochronol-
ogy combined with trace-element data on mafic extrusives, however, points to 
an almost synchronous onset (<<100 kyr) of CAMP emplacement within the 
northern CAMP province (figure 7.1) and is suggestive for a global synchro-
nous emplacement of CAMP (figure 7.2b). This difference has major conse-
quences for the mechanism behind CAMP emplacement and for the causal link 
to the end-Triassic mass extinction. 

Trace element ratios as stratigraphic correlation tool for CAMP pulses
CAMP units have been extensively studied by means of absolute dating and 
geochemistry (de Min et al., 2003, Verati et al., 2005, 2007, Bertrand et al., 
2005). A compilation of Ar-Ar dates (Nomade et al., 2007, Jourdan et al., 
2009) has been used to argue that CAMP in South America and Africa might 
be significantly younger than the northern CAMP, fuelling the hypothesis of 
southward movement of CAMP (Figure 7.3a). However analytical dating er-
rors for samples roughly 200 Ma old are too large to prove this hypothesis, and 
data from the African craton in particular show large error margins. 
Major-element basalt geochemistry (mainly Fe, Ti and Mg) has been used for 
decades to classify and correlate CAMP volcanics (e.g. Ragland and Weigland, 
1970; McHone, 1996; Marzoli et al., 2004). Based on paleomagnetic secular 
variation, Knight et al. (2004) suggested that CAMP emplacement in Morocco 
occurred in four distinct short ‘instantaneous’ pulses (lower- (L.U.), inter-
mediate- (I.U.), upper- (U.U.) and recurrent- unit) that each have a distinct 
geochemistry. An alternative correlation tool for the Moroccan CAMP pulses, 
based on distinct trace-element ratios (Lu/Hf - Y/Nb – La/Yb) appears to be 
extremely sensitive, correlating CAMP basalts over thousands of kilometres (in 
pre-drift locations) (Figure 7.2b). Everywhere in the northern CAMP province 
where additional time-constraints have been obtained by means of paleomag-
netism, cyclostratigraphy and/or carbon-isotope chemistry, a perfect match 
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in trace-element ratios can be seen in time-equivalent basalts (Figure 7.1 and 
7.2b; Deenen, 2010). Because the production of time-equivalent geochemi-
cally similar basalts (syn-drift) by a single source extending over thousands 
of kilometres (pre-drift) seems diffi cult to reconcile with current models, the 
observed distinct geochemical grouping might be coincidental. If true, how-
ever, it may have major implications for the formation of CAMP and LIP’s in 
general. Hence, we propose to verify this challenging hypothesis by studying 
CAMP geochemistry in a north-south transect.

The proposal

The aim of this proposal is twofold:
1) To astronomically date the onset and duration of volcanism at a pre-
cessional resolution (< 20 kyr) on several key locations along a north south 
transect. In the northern CAMP province, multi-disciplinary research, includ-
ing paleomagnetism, basalt geochemistry, cyclostratigraphy, palynology and 
carbon-isotope chemistry, has proven to be very powerful to construct such an 
astronomical timeframe for the end-Triassic extinction interval (Kent et al., 
1995, Kent and Olsen, 1999; Deenen et al., 2010). Southward extension of this 
timeframe will allow a temporal and spatial reconstruction of CAMP emplace-
ment in unprecedented detail. 

2) To analyse the trace element ratios of the various CAMP units and 
investigate their potential as a stratigraphic correlation tool. Preliminary geo-

Figure 7.2 (in colour on p. 216): a) Compilation of Ar-Ar dating modifi ed from 
Jourdan et al., (2009) suggests a southward migration of the onset of CAMP. b) Trace-
element ratios (averages) for most CAMP units show an Intermediate CAMP signature, 
which might indicate near-synchronous CAMP emplacement in all basins. Symbols 
used are the same as used in fi gures 7.1 and 7.2a.
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chemical results of CAMP 
remnants show striking 
similarities of trace-element-
ratios within the CAMP 
province, suggesting that the 
onset of CAMP emplacement 
occurred within an extreme-
ly short timespan (<100 
kyr), in several very short, 
but geochemically distinct, 
pulses. At present there is no 
explanation for the remark-
able homogeneity of CAMP 
geochemistry. Synchronous 
emplacement from a com-
mon mantle source over such 
large distances is controver-
sial, but very intriguing.
To construct a high-res-
olution timeframe for the 
Late Triassic CAMP suc-
cessions we aim to study 
areas where it is possible to 
obtain stratigraphic con-
trol on the sediments below 
and on top of the volcanic 
deposits. This integrated 
strategy has proven to be 
successful for the northern 
part of the CAMP province 
(Kent and Olsen, 1999; 
Deenen et al., 2010; Fig. 
7.1). The southern part of 
the CAMP is mainly exposed 

in (subsurface) dykes, but lava flows have also been emplaced into several 
basins at different (paleo) latitudes (Fig. 7.2).  The southern CAMP lavas are 
mostly intercalated in fluvial red beds, which are in general very suitable for 
combined cyclo- and magnetostratigraphy (Kent et al., 1995; Kent and Olsen, 
1999, Olsen and Kent, 1999). Based on previous results, outcrop availability 
and field experience; three critical areas will be extensively targeted along a 
north to south transect:

Figure 7.3 (in colour on p. 216): Map of CAMP 
province with proposed study-areas indicated 
with red boxes and the basins of figure 7.1 in blue. 
Trace element geochemistry denoting the corre-
sponding CAMP pulse is indicated with shades of 
green (map modified from Bertrand, 2005). L/I/U.
U= Lower, Intermediate, Upper Unit
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North: The Fundy basin (Canada): Deenen (2010) demonstrated the exist-
ence of time-equivalent, geochemically similar, CAMP extrusives in the Bay of 
Fundy compared to those of the Newark basin. Additional cyclostratigraphic 
and paleomagnetic work on the red bed sequence of the Blomidon Fm below 
the first CAMP is required to prove a robust correlation to the Newark GPTS 
and will provide important control on stratigraphic completeness of both the 
Fundy and the Newark basin red beds sequences.   

Central: The Culpeper basin (SE USA): this is the southernmost basin of the 
Newark Supergroup with exposed CAMP basalt flows (~7°N paleolatitude; 
Kent and Tauxe, 2005). Our geochemical approach will concern all lava flows 
that are intercalated in red beds. Most of the volcanic pulses in this basin 
can be linked to the CAMP pulses in the Newark basin. Preliminary results 
indicate the presence of one additional pulse that is expected to have been em-
placed between the Orange Mountain (I.U.) and Preakness basalt (post-U.U.). 
We will apply our multi-disciplinary approach on the red bed sediments 
(Catharmin Creek Fm.) below the first CAMP exposures (Mt. Zion basalt) to 
incorporate the Culpeper basalts in our astrochronologic framework.

South: Bolivia: Recently, CAMP remnants have been recognized far to the 
south in the Andes and Sub Andes (Bertrand et al., 2005). Of particular inter-
est are the lava flows of Bolivia, which appear to have similar geochemical sig-
natures (REE ratios) as the widespread North American initial CAMP units. 
The studied lava flows are positioned within a red bed sequence, and are thus 
very suitable for our multi-disciplinary study. We propose a comprehensive 
investigation of this area with our extensive and integrated approach.  In ad-
dition, we have studied samples (from our historical collection) from Suriname 
(South America) and Ivory Coast (Africa) that show promising geochemical 
and paleomagnetic results, useful to verify the CAMP stratigraphy.

Expected results

The combination of correlation techniques applied on new key sections will 
provide a global high-resolution time frame for the latest Triassic interval. 
Such a time frame will provide crucial results on: 
• Accurate and high-resolution timing and duration of CAMP emplace-
ment and the relationship with the end-Triassic extinction event; 
• (a)synchronicity of CAMP emplacement over very large distances and 
hence consequences for migration/immobility of the main centre of CAMP 
magmatism. This will provide new constraints on the mechanism of LIP em-
placement; 
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• the robustness of the different correlation tools, with an emphasis on a 
so far untested, potentially very powerful geochemical correlation parameters 
for CAMP; 
• direct and indirect  consequences of LIP emplacement on the (sulphur- 
and) carbon-cycle (e.g. metastable methane clathrate release). 

Innovations and Originality

The link between volcanism and mass extinctions is a hotly debated topic, 
and underlying causes and mechanisms are controversial. Solving these issues 
requires establishing the best possible time control available as a ‘conditio sine 
qua non’, our first objective.  Well established methodologies are powerful 
(paleomagnetism – cyclostratigraphy – isotope stratigraphy) but we propose to 
test a highly promising new technique on the basis of geochemistry (ratios of 
immobile trace-elements), our second aim. This will provide a spatial and tem-
poral framework for CAMP emplacement, one of the largest LIPs ever record-
ed in Earth’s history, and closely related to a major mass extinction. Modern 
advances in climate-environmentally sensitive proxies (organic geochemistry, 
CO2 and temperature proxies) will then aid in our understanding of major 
global changes that occur during an interval of catastrophic events. 
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    Triassic-Jurassic GSSP, Kujoch section, Austria
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Figure 1.6: a) The Late Triassic Pizzo Mondello section. Large scale cycles (1-4) are indicated, as 
well as the proposed ~1.75–Myr eccentricity maxima and minima. Symbols (red and blue) refer to the 
same symbols used in b) and d). In the part of the section indicated with ‘MS’ magnetic susceptibility 
has been analyzed. b) Correlation of the Pizzo Mondello section (Muttoni et al., 2001, 2004) to the 
Newark section (Kent and Olsen, 1995, Olsen and Kent, 1999) and based on palaeomagnetic correla-
tion (green; see Figure 5) and correlation of ~1.75-Myr eccentricity maxima (red) and minima (blue). 
c) Power spectra of time-series analysis of the magnetic susceptibility measured on the 350- 400m 
interval in the Pizzo Mondello section. Frequencies are given with 90% uncertainty intervals. d) Mag-
netic susceptibility (350-400 m) in blue with the fi ltered 1.6m cycle (bandwidth 1.45-1.8m) in orange. 
Symbols refer to the same symbols as used in a) and b).
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Figure 2.1: Paleo-reconstruction (~200 Ma) of the CAMP province. The important basins discussed in 
this study are indicated in large bold font. The extent of this magmatic province on the four continents 
surrounding the present-day Atlantic Ocean is indicated in b). Maps are modifi ed after McHone (2000)
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Figure 2.2: overview of Argana sections. A) Geological map of the Argana basin modified from Olsen 
and Et Touhami (2008) showing the sampling-locations. TS 3 indicates the sediments of late Triassic 
age deposited prior to CAMP. TS 4 indicates CAMP and the overlying younger sediments (latest Trias-
sic – earliest Jurassic age). TS 1&2 represent Permian to middle-late Triassic deposits which have not 
been considered in this study. B) Schematic overview of the studied sections within the Argana basin. 
Locations are indicated in figure 2a. Paleomagnetic studies have been performed on sections 2, 3, 4 
and 5. Abbreviations correspond to sample-codes used in the sections. C) Photographs of the studied 
sections. Abbreviations are the same as in figure 2b; numbers refer to the section numbers given in 
figure 2a and b.
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Figure 2.3: Spectral analysis of the magnetic susceptibility record of the Bigoudine Fm. in the Argana 
basin (Bigoudine-section - #2 in fi gure 2), suggesting orbital control of the cyclostratigraphy (Deenen 
et al., 2010).  A) Frequency spectrum of the magnetic susceptibility record (60-160 m–old-young). The 
black line and bounding grey lines respectively show the presence of frequencies in this interval within 
90% certainty. Coloured boxes correspond to frequencies we consider important for this study. B) 
The fi rst line shows the duration of the cycles identifi ed in (A) when 100 kyr eccentricity is assigned to 
the 6 m cycle. For comparison, the second line shows expected durations for the different orbital fre-
quencies for 200 Ma. (Berger et al., 1992). P: Precession; O: Obliquity; E: Eccentricity. C+D) Filtered 
frequencies (in corresponding colours) shown on the linearly detrended magnetic susceptibility data 
(in black). E) Sum of fi ltered frequencies (400 kyr and 100 kyr – 16-27m and 4-6.-7m, respectively) 
shown on the linearly detrended magnetic susceptibility data (0-200 m-in black).
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Figure 2.4: Magnetostratigraphy for the cyclostratigraphically investigated Bigoudine section. 
Magnetic susceptibility data are shown in the left panel together with the filtered 100- and 400 kyr 
eccentricity signal (green and blue lines respectively). Stratigraphic magnetic polarity cannot be rep-
resented by VGP data due to a pervasive overprint. Our interpretation (N-N?-??-R?-R – see text for 
explanation) is illustrated on the right side with representative Zijderveld diagrams (all tectonically 
corrected) throughout the section. Durations of the polarity zones are derived from filtered 100 kyr 
cycles.
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Figure 2.6: Paleomagnetism of the SW Tazantoute section (#3 in figure 2). a) Magnetostratigraphy 
showing normal polarity for all intervals sampled. Approximate time present in the section is shown 
on the right and is derived from the average sedimentation rate in the nearby Bigoudine section (54 
m//Myr). Coloured symbols within the polarity column correspond to the symbols used in panel b. b) 
Equal area projection of the A-component (overprint direction) in tectonically corrected (tc) posi-
tion. T08-200 is expected latest Triassic direction (Torsvik et al., 2008 ). c) Representative Zijderveld 
diagrams (all tc) from the red bed samples. Zijderveld diagrams for the ML-sill samples are shown in 
figure 8. Abbreviations (MS-ML-MR-TJ) correspond to sample-codes as given in figure 2.
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Figure 2.7: Paleomagnetism of the CAMP lavas.
a) Schematic overview of the sampled CAMP sections nearby Tazantoute. Colours (blue-yellow) cor-
respond to the geochemical signature (lower- and intermediate unit, respectively (Deenen et al., 2010 
– Ch. 3). Symbols on right side of columns correspond to the symbols used in panels b-d. All samples 
lavas show nomal polarity. (also see figure 8)  b-d) Equal area projections (in uncorrected (NO TC), 
tectonically corrected (TC) and fold-axis corrected positions, respectively). e) Equal area projection 
of the (tectonically corrected) lavas from the High Atlas (Knight et al., 2004) for comparison with the 
Argana data. T08-200 is the expected latest Triassic direction (Torsvik et al., 2008). 
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Figure 2.9: Paleomagnetic results for sediments above CAMP. 
A) Schematic log with polarity classifications as has been used for figure 4. We note that these results 
should be considered with care since the Zijderveld diagrams shown are with a modified tectonic cor-
rection (to fit the A-Component to the mean overprint-direction as observed for the Bigoudine section; 
figure 5). B) Equal area projections for the uncorrected (No TC) and tectonically corrected (TC) 
A-component (in general 100-600C°). Red symbols have been rejected (Vandamme cut-off). C) Repre-
sentative Zijderveld diagrams. Samples are shown with the modified (see above) correction. Numbers 
in diagrams correspond to temperatures (°C). 
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Figure 3.3: Paleomagnetism
A) Overview of the magnetostratigraphic section in the Argana basin, Morocco (N30°46.4’, W9°10.0’). 
The dashed line is the boundary between the Bigoudine formation and the CAMP (Central Atlantic 
Magmatic Province) lava fl ows. B) The studied section in more detail. C) Lithostratigraphic column 
with all sample locations and the interpreted Normal (black), Reversed (white) or intermediate, 
unclear (grey) directions. D) Tilt-corrected Zijderveld diagrams of typical thermal demagnetization 
behavior; Closed (open) circles denote the projection on the vertical (horizontal) plane. For the upper 
6 examples also the equal-area plot is shown.
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Figure 3.4: Geochemistry 
A) Averaged REE concentrations normalized to chondritic values (Sun and McDonough, 1989) for 
the four chemical units identifi ed in the High Atlas of Morocco by Marzoli et al. (2004) and showing 
that the three stratigraphically lowest fl ows in the Argana basin correspond to the lower unit (L.U.) of 
the High Atlas. B) The same REE plot showing the correspondence of stratigraphically higher Argana 
fl ows with the intermediate unit (I.U.). C) Averaged REE patterns of the four units identifi ed in the 
High Atlas, Morocco (Marzoli et al., 2004) compared with the CAMP fl ows of the Newark basin (Tollo 
and Gottfried, 1992) D-E-F) Same comparisons as in a-c in Lu/Hf vs. Y/Nb plots.
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Figure 3.6: Palynology
A) and B) Palynomorph samples from two CAMP sections in the Argana basin. Sample codes can be 
found in a stratigraphic log with an asterisk (*) in figure 5. Counts are the number of specimens after 
scanning two complete slides per sample. C) Photographs of selected palynomorphs from the Argana 
basin. (1) Enzonalasporites vigens Ma-42 (2) Enzonalasporites vigens Ma-42 (3) Enzonalasporites vi-
gens Ma-11 (4) Enzonalasporites vigens Ma-11 (5) Enzonalasporites vigens Ma-42 (6) Enzonalasporites 
vigens Ma-42  (7) Enzonalasporites vigens Ma-42 (8) Classopollis meyeriana Ma-42 (9) Alisporites di-
aphanus Ma-42 (10) Alisporites diaphanus Ma-42 (11) Alisporites diaphanus Ma-37 (12) Deltoidospora 
sp. Ma-9  (13) Kyrtomisporis laevigatus Ma-42 and (14) Kyrtomisporis laevigatus Ma-42
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Figure 3.7: Trans-Atlantic CAMP correlation 
 A) Correlation scheme for trans-Atlantic CAMP basins. The shift in ð13Corg in Argana  lines up with 
the trilete spores spike (Olsen et al., 2002a) in Newark; both occur ~20 kyr after reversed polarity 
interval E23r (Kent and Olsen, 1999)  and coincide with the onset of CAMP volcanism in Morocco. B) 
Composite of the terrestrial trans-Atlantic CAMP basins. The reversed polarity interval found within 
the intermediate unit in Morocco is described by Knight et al., 2004. 
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Figure 3.8: Continental-marine T-J correlation. 
The two pulses of CAMP basalts (L.U. and I.U.) in the continental sections correlate to the initial 
isotope shift (Hesselbo et al., 2002), spores spikes  and the extinction events observed in the marine 
record of St. Audrie’s Bay (UK) (Wignall and Bond, 2008), (Hounslow et al., 2004). Magnetic chrons 
E23r and R (High Atlas) (Knight et al., 2004) most likely correspond to the three reversed polarity 
zones in the UK (Hounslow et al., 2004). Carbon isotopes curve (Hesselbo et al., 2002), foraminifera 
events (Hounslow et al., 2004), palynology (spores), and Os-geochemistry (Cohen and Coe, 2002) are 
all from St. Audrie’s Bay. T-J boundary is placed here at the level proposed (but not accepted) as 
GSSP in  St. Audrie’s Bay (Warrington et al., 2008). 
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Figure 4.1: Map and section overview. 
A) Overview of the northern CAMP province with the discussed basins in this study indicated in 
‘italic’. Figure is modifi ed from Olsen et al. (??00) B) Map of the Bay of Fundy area. Partridge island 
section is indicated with the red dot. Figure modifi ed from Kent and Olsen, 2000. C, D & E) Photo-
graphs of the studied section, where the contact with the fi rst CAMP is shown
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Figure 4.2: Magnetostratigraphy and carbon isotope record for the Partridge Island section. All 
Zijderveld diagrams are in tectonically corrected position. Colours (blue-orange-grey) are discussed 
in the text. Dotted green lines in the carbon isotope record indicate the envelope described by multiple 
measurements for one stratigraphic level. Zijderveld diagrams are all in tectonically corrected posi-
tions.
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Figure 4.4: Trace-element ratios (Y/Nb vs Lu/Hf) for CAMP from the Moroccan ba-
sins (Marzoli et al., 2004; Chapter 3&5) , Newark basin (Gottfried et al., 1996; Puffer, 
2009) and Fundy basin (Chapter 5).
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Figure 4.5: Correlation of the northern CAMP basins to the marine St. Audrie’s Bay section. Carbon 
isotope data and paleomagnetic results from the St. Audrie’s Bay section are from Hesselbo et al., 
2002 and Hounslow et al., 2004 respectively. The Newark- to Argana basin correlation is from Deenen 
et al., 2010 (chapter 3). Time control within the Newark basin and St. Audrie’s Bay section are from 
Kent and Olsen, 1999 and Ruhl et al., 2010 (chapter 6), respectively. The extinction event in the con-
tinental realm is described in Olsen et al., 2002.
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Figure 5.1: CAMP overview and CAMP lava composite.
 a-b) Map of the Central Atlantic Magmatic Province, after McHone (2000) and Whiteside et al. (2007). 
c) Terrestrial trans-Atlantic CAMP correlation composite (see Deenen et al., 2010 and references 
therein). Time control is derived from Kent and Olsen, 1999, Whiteside et al., 2007 and Ruhl et al., 
2010. Colours used for the CAMP units and abbreviations LU, IU, UU and Rec.U (lower-, intermedi-
ate-, upper- and recurrent- unit respectively) will be used in the remainder of this study  
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Figure 5.2: High Atlas vs. Argana basin data – REE-ratios method
A) Figure from Marzoli et al. (2004). Chemostratigraphy (TiO2 wt %) is shown for basalts (low-lower; 
int-intermediate; up-upper; rec-recurrent; LU, IU, UU and Rec.U respectively) of representative 
samples from the central High Atlas section. Symbols shown are used in this study. b) The geochemi-
cal data from Marzoli et al. (2004) combined with Argana data (Deenen et al., 2010) shown in a TiO2 
wt % vs. Y/Nb plot. c-f) All new Argana data combined with (Marzoli et al., 2004) data in respectively 
REE ((Sun and McDonough, 1989)), REE normalized to the average of the Intermediate unit data, Y/
Nb vs. Lu/Hf, and La/Yb vs. Zr/Y plots.  
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Figure 5.3: Trace-element ratios for Moroccan CAMP.
a-b-c-d) both the Y/Nb vs. Lu/Hf and La/Yb vs. Zr/Y ratios for the new samples compared to the High 
Atlas data by (Marzoli et al., 2004). FZ= Fouem Zquid dike. e-f) ratio-plots for literature data for sev-
eral Moroccan basins. Numbers in the legends refer to the studies given in table 5.2. HA = High Atlas.
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Figure 5.4: Trace-element ratios for eastern USA CAMP.
a-b) New data from the Newark basin compared to the data from (Marzoli et al., 2004). Literature 
data from the Preakness pulse is also shown with orange diamonds. c-d) Literature data from the Ne-
wark and Hartford basins. e-f) Literature data from the USGS diabase database. Data is shown as an 
average with 2* standard deviation (95%) error bars. Number of samples used is given with N in panel 
(e). Numbers in the legends refer to the studies given in table 5.2.
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Figure 5.5: Trace-element ratios for Canadian CAMP.
a-b) New data from the Bay of Fundy compared to the data from (Marzoli et al., 2004). c-d). Litera-
ture data from the Bay of Fundy split up in North shore and South shore CAMP. e-f) Literature data 
from two Canadian dikes. Numbers in the legends refer to the studies given in table 5.2.
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Figure 5.6: Trace-element ratios for Europian CAMP.
a-b) New data from the Messejana dike compared to the data from (Marzoli et al., 2004). c-f). Litera-
ture data from Europe. Numbers in the legends refer to the studies given in table 5.2.
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Figure 5.7: Evolution of trace-element ratios in time.
a-d) Literature data from a wide age-range of CAMP related units. e-f) Averages from the data pre-
sented in panels (a) and (b). Numbers in the legends refer to the studies given in table 5.2.
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Figure 5.8: Summary of CAMP emplacement in the Northern CAMP province.
a) Cyclostratigraphic correlation between the Newark and Hartford basin (USA) indicating time-
equivalence of the three CAMP units in both basins and providing time control for these three pulses. 
b)  Summary of CAMP emplacement which is derived from fi gures 5.2-5.6. Hickory Grove: an ad-
ditional CAMP unit emplaced in the Culpeper basin (USA) which is expected to show trace-element 
ratios in between the Upper unit and Preakness unit ratios. c) REE (Sun and McDonough, 1989) nor-
malized to the average REE signature of the oldest oceanic crust for all CAMP units shown in fi gure 
7 and panel (d). d) Idealized trace-element ratios evolution in time for discussed CAMP units derived 
from the results shown in fi gure 7. Time control is derived as described in fi gure 5.1.
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Figure 6.3: Cliff-face overview of 
the St. Audrie’s Bay section cover-
ing the T-J boundary and most of 
the Hettangian. Continuous black 
lines reflect ~100 kyr eccentricity 
cycles (based on field observations 
and filtered proxy-data).
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Figure 6.4: Cliff-face overview of part of the Hettangian sedimentary sequence at St. Audrie’s Bay 
(with stratigrapic position in cm). Continuous black lines reflect ~100 kyr eccentricity cycles (based on 
field observations and filtered proxy-data). Black bars represent the stratigraphic position of black-
shale horizons in the Hettangian A. liasicus and basal S. angulata ammonite zones in St. Audrie’s Bay.
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Figure 6.8: Correlation of the ~100 kyr eccentricity fi lters of chemical proxy-records in St. Audrie’s 
Bay/East Quantoxhead to the tuned lithology and eccentricity forced precession envelope of the 
Hartford Basin (Kent and Olsen, 2008) (with stratigrapic position in cm). Orange lines represent the 
stratigraphic position of [B] the Talcott/Orange Mt Basalt, [C] the Holyoke/Preakness Basalt and 
[D] the Hampden/Hook Mt Basalt in the Hartford Basin and possible time-equivalent intervals in St. 
Audrie’s bay.
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Figure 7.1: Schematic astrochronologic correlation of the northern CAMP basins based on reversed 
polarity chron E23r (Kent and Olsen, 1999; Deenen, 2010), the initial carbon isotope shift (Morocco 
and Nova Scotia) and CAMP geochemistry (Deenen et al., 2010). Cyclostratigraphic time control is 
derived from the continental Newark basin (Kent and Olsen, 1999) and the marine St. Audrie’s Bay 
section in the UK (Ruhl et al., 2010). Symbols used for CAMP geochemistry are the same as in figure 
7.2. L.U, I.U and U.U refer to lower- intermediate- and upper unit geochemical signature, respec-
tively (Marzoli et al., 2004)
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Figure 7.2: a) Compilation of Ar-Ar dating modifi ed from Jourdan et al., (2009) suggests a southward 
migration of the onset of CAMP. b) Trace-element ratios (averages) for most CAMP units show an In-
termediate CAMP signature, which might indicate near-synchronous CAMP emplacement in all basins. 
Symbols used are the same as used in fi gures 7.1 and 7.2a.

Figure 7.3: Map of CAMP province with proposed 
study-areas indicated with red boxes and the basins 
of fi gure 1 in blue. Trace element geochemistry denot-
ing the corresponding CAMP pulse is indicated with 
shades of green (map modifi ed from Bertrand, 2005). 
L/I/U.U= Lower, Intermediate, Upper Unit
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