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Blue Ridge Mountains, Shenandoah River
Life is old there, older than the trees
Younger than the mountains
Growin’ like a breeze.

J. DENVER

Take me home, Country Roads 
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ABSTRACT

The Central Atlantic Magmatic Province (CAMP), associated with the breakup of  Pangea and 

straddling the Triassic-Jurassic boundary, has been recognized as one of  the largest Phaneorozoic 

igneous provinces. Its volcanogenic gas outpurs possibly led to global climatic perturbations that in 

turn have been suggested to have had a trigger role on the end-Triassic biotic crisis.

To further test this causal link, several aspects need to be investigated, through a multidisciplinary 

approach. In particular, eruptive style and rate as well as chemistry of  the outpurred volcanics 

weak environmental impact of  a Large Igneous Province. Additionally, precise (isotopic and bio-

between CAMP onset and other events documented in the global stratigraphic record, such as the 

end-Triassic biological turnover.

the south-eastern North American intrusive (dykes and sills) occurrences of  the CAMP. Previous 

studies had attempted discerning the mantle source of  these tholeiitic suites, leaning toward either 

a mantle-plume or a lithospheric mantle origin. Our combined new major and trace element and 

Sr-Nd-Pb-Os isotopic analyses on more than 70 rock samples and detailed electron microprobe 

mineral data provide further insights into the petrogenesis of  eastern North American (ENA) 

CAMP dykes and sills. Ranging in composition from Olivine/Hyperstene- to Quartz-normative, 

the low-Ti (TiO2 0.36-1.35 wt%) sampled tholeiites show large variations in major elements (e.g., 

MgO 17-5 wt%; CaO 12-7 wt%) that are interpreted to derive from closed-system fractional crys-

tallization, starting from (at least) two different parental magma-types: high- and low-Fe olivine-

normative basalts. ENA diabases show uniform, rather depleted trace element contents, decoupled 

from Sr-Nd-Pb isotopic systematics that in turn are generally enriched and show a large spread of  

values (87Sr/86Sr200Ma 0.70438-0.70880; 143Nd/144Nd200Ma 0.5120-0.5125; 206Pb/204Pb200Ma 17.41-18.61; 

207Pb/204Pb200Ma 15.54-15.63; 208Pb/204Pb200Ma 37.32-38.38). In particular, 206Pb/204Pb ratios reach very 

low values, that are not observed on low-Ti basalts from the rest of  CAMP, and extending towards 
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signatures typical of  the Enriched Mantle-I pole. On the contrary, 187Os/188Os200Ma isotopes are ho-

mogenously low, showing mantle signatures, and not correlated with other isotopic compositions. 

Consistently, numerical modeling of  assimilation processes constrains the role of  crustal contami-

nation to be no larger than 3-10%. Thus, the heterogeneous and enriched signatures are interpreted 

to reside in the mantle-source, which in turn is suggested to consist of  sub-continental lithosphere 

-

gested to be conveyed by sediments-bearing recycled oceanic crust, incorporated as pyroxenitic 

veins within the lithospheric mantle. 

In the second part, the results of  applying the high resolution of  marine biostratigraphy to con-

strain the detailed timing of  the CAMP onset are presented. Analyses of  biogenic apatite from 19 

shifts of  the oceanic 87Sr/86Sr composition during the latest Triassic: a rapid drop of  87Sr/86Sr during 

the lower Rhaetian, followed by an increase during the upper Rhaetian. These shifts are positively 

correlated with synchronous variations of  oceanic 187Os/188Os and they may be attributed to a rapid 

emplacement and erosion of  the CAMP, followed by a prompt increase of  continental weather-

boundary, hence implying a short duration for the Rhaetian stage (<2 Ma). Volcanogenic triggering 

of  end-Triassic climatic perturbations is thus plausible, with bearings on the biotic crisis starting 

from the Norian-Rhaetian and culminating at the Triassic-Jurassic boundary. The hypothesis of  a 

step-wise character previously suggested for this mass extinction is also reinforced by these new 

data.
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RIASSUNTO

La Central Atlantic Magmatic Province (CAMP), legata al breakup del supercontinente Pangea, 

e messa in posto a cavallo del limite Triassico-Giurassico, è stata riconosciuta come una delle più 

grandi province magmatiche del Fanerozoic. L’emissione di gas vulcanici da parte della CAMP ha 

potenzialmente avuto un impatto considerevole sul clima globale, tale da essere stata una possibile 

Per testare l’effettiva consistenza di questo rapporto di causa-effetto, è necessario indagare la CAMP 

sotto diversi aspetti, attraverso un approccio di tipo multidisciplinare. In particolare, lo stile e la 

frequenza eruttiva, così come il chimismo delle intrusioni e delle vulcaniti messe in posto possono 

forte o blando da parte di una provincia magmatica. Inoltre, si rendono necessarie precise analisi ge-

Nella prima parte di questa tesi vengono presentati  e interpretati nuovi dati ottenuti da un recente 

America. Studi precedenti hanno affrontato il problema di determinare la sorgente di mantello di 

questi corpi intrusivi tholeiitici, propendendo alternativamente per un’origine determinata dall’arri-

vo di un mantle-plume, o per una provenienza di questi magmi dal mantello litosferico. I nuovi dati 

ottenuti (elementi maggiori e in traccia e analisi isotopiche di Sr-Nd-Pb-Os su oltre 70 campioni di 

roccia totale e analisi dettagliate dei fenocristalli da microsonda elettronica)  forniscono una migliore 

comprensione della petrogenesi di questa parte della CAMP. I campioni mostrano un ampio ran-

ge composizionale, variando da Olivin/Hyperstene-normativi a Quarzo-normativi. Generalmente 

basse in Ti (TiO2 0.36-1.35 wt%), le doleriti campionate mostrano abbondanti variazioni in elementi 

maggiori (es. MgO 17-5 wt%; CaO 12-7 wt%), che sono state interpretate derivare da processi di 

cristallizzazione frazionata a partire da magmi parentali di (almeno) due diverse composizioni: ba-

salti Olivin-normativi alti e bassi in Fe. Contrariamente agli elementi in traccia, che mostrano com-
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posizioni uniformi e tendenzialmente impoverite, i rapporti isotopici (Sr-Nd-Pb) presentano valori 

molto eterogenei e signature arricchite (87Sr/86Sr200Ma 0.70438-0.70880; 143Nd/144Nd200Ma 0.5120-

0.5125; 206Pb/204Pb200Ma 17.41-18.61; 207Pb/204Pb200Ma 15.54-15.63; 208Pb/204Pb200Ma 37.32-38.38). In 

particolare, i rapporti 206Pb/204Pb raggiungono valori molto bassi, mai riscontrati prima in rocce 

CAMP basse in Ti., estendendosi verso il campo composizionale dell’Enriched Mantle I (EMI). 

Viceversa, i valori di 187Os/188Os200Ma

mantello, e non correlati con altri isotopi. In accordo con tali dati, la modellizzazione numerica dei 

processi di assimilazione limita la contaminazione crostale tra il 3 e il 10 %. Quindi, l’elevata variabi-

mantello litosferico sub-continentale, arricchito di una componente EMI da un’antica subduzione. 

relativi sedimenti oceanici), incorporati come vene pirossenitiche all’interno del mantello litosferico.

calibrate ha portato al riconoscimento di due shift nella composizione isotopica dell’acqua ocea-

nica. Una rapida caduta del rapporto 87Sr/86Sr durante il Retico inferiore è seguita da un aumento 

nel Retico superiore. Queste variazioni isotopiche sono positivamente correlate con perturbazioni 

nel rapporto 187Os/188Os in acqua oceanica, e possono essere imputate a una rapida messa in posto 

ed alterazione della CAMP, seguite da un veloce aumento del tasso di erosione continentale. Que-

sta interpretazione implica un riposizionamento della prima messa in posto della CAMP intorno 

al limite Norico/Retico, cui consegue necessariamente un limite massimo per la durata del Retico 

(<2 Ma). Un rapporto di causa/effetto tra vulcanismo CAMP e perturbazioni climatiche è quindi 

plausibile. A sua volta, il mutamento del clima può aver potenzialmente innescato la crisi biologica 

globale culminata al limite Triassico/Giurassico. Questa nuova interpretazione appoggia inoltre il 

progressiva di estinzioni iniziata al limite Norico/Retico e culminata al Triassico/Giurassico.
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INTRODUCTION

I.1 LARGE IGNEOUS PROVINCES

The geologic history has been punctuated by the outpur of  Large Igneous Provinces (LIPs), major 

geodynamic events constituted by emplacement of  giant volumes of  magmatic rocks in within-

plate tectonic settings during geologically brief  to nearly instantaneous periods. Extruded volumes 

of  the order of  1 million km
3 
extending on a surface of  the order of  1 million km

2
 are typically 

as a consequence of  it (Courtillot et al., 1999). Unraveling this causal relationship requires further 

insights into the processes originating these large scale events. In particular, LIPs have been variably 

attributed, with strong debate, either to a (active) mantle plume origin (e.g. Morgan, 1971; Camp-

bell, 2005) or a (passive) derivation from adiabatic melting following extensional thinning of  the 

lithosphere (e.g. White and McKenzie, 1989; Anderson, 1998). Many different features have also 

been appealed to represent straightforward evidences of  a LIP being generated through one of  the 

two models, e.g. high-rate magmatic production, geochemically enriched signatures, high-T rocks 

mantle plume origin. 

Secondly, a growing body of  evidences has recently been calling for a time-correspondence be-

tween Large Igneous Provinces and other global scale events such as mass extinctions (Courtillot 

and Renne, 2003). In particular, Courtillot and Renne (2003) showed that the most recent 12 LIPs 

preserved in the global geological record (covering a good portion of  the Phanerozoic, from 300 

Ma to the present) do not show any periodicity in their timing of  emplacement, and that four of  

them correspond in time (to the best resolution available) to the 4 major mass extinctions of  the 

last 260 Ma (Raup and Sepkowski, 1984). This temporal correspondence has thus led to infer a gen-

eral causal relationship between LIPs and mass extinctions, where the connection between the two 

would be represented by catastrophic climatic perturbations driven by the volcanism (e.g. Wignall, 
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2001). This causal relationship is however still debated, drawbacks including the existence of  LIPs 

2
, S and Cl) are still 

sparse (e.g. McHone, 2002; Self  et al., 2008), and climatic response models to volcanic perturbation 

still unclear (Rampino et al., 1988; McElwain, 1999). However, even if  a triggering role of  LIPs on 

environmental perturbations seems likely, the highest accuracy of  radiogenic isotope geochronol-

extinctions. In this context, the application of  precise bio- and chronostratigraphic tools, and of  

new analytical methods to assess the extent of  volcanic gas emissions are required.

The Central Atlantic Magmatic Province (CAMP) has not been spared debates concerning a) its 

Triassic global biotic crisis (Pàlfy et al.; 2000; Wignall et al., 2001; Marzoli et al., 2004; Whiteside et 

al., 2007) and c) its atmospheric burden of  volcanic gases (Grossmann et al., 1991; McHone, 2002).

Along this thesis two of  the above presented main topics will be addressed, with the contribution 

of  newly obtained data.

Part I

eastern North American CAMP dykes and sills, sampled along the Piedmont area of  the southern 

Appalachians, aiming to depict the petrogenetic processes and the mantle source residing at the 

base of  this part of  the province. 

Part II the onset of  CAMP is constrained with the unprecedented precision of  marine biostra-

tigraphy to the Late Triassic. 
87

Sr/
86

Sr data obtained on conodont samples highlight variations in 

weathering. Through this newly applied biostratigraphic tool, onset of  the CAMP is re-positioned 

around the Norian-Rhaetian boundary, with major implications for the duration of  the Rhaetian 

stage (c. 1.7 Ma).
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I.2 THE CENTRAL ATLANTIC MAGMATIC PROVINCE

-

ment of  tholeiitic basaltic and basaltic-andesitic dykes, sills, lavas and minor intrusive bodies over 

7
 km

2
, 

though perhaps not being the most voluminous (a possible estimate of  erupted magma volume 

sums up to ~2×10
6
 km

3
; Marzoli et al., 1999; McHone, 2002).

2
<2 wt%) and crop out all over the 

2
>2 wt%) is recorded in palaeo-

-

Marzoli et al, 2004) and uniform geochemical characteristics in other groups of  CAMP tholeiites 

2
 1-2 

wt%). A general geochemical depletion is observed with time in CAMP lava piles, e.g. a decrease in 

La/Yb ratio and in Ti (Marzoli et al., 2004). Eventually, late-stage magmatism (namely the Recurrent 

Unit in Morocco and the Hook Mt. basalts in the eastern North American basins) with geochemical 

incipient continental separation. An overall isotopically enriched signature is recorded for low-Ti 

Dupuy et al., 1988; Greenough et al., 1989;  Mauche et al., 1989; Heatherington and Mueller, 1991; 

Puffer, 1992; Dostal and Durning, 1998; Heatherington and Mueller, 1999; De Min et al., 2003; 

Snider, 1979; Hill, 1991; Wilson, 1997), there is general tendency to support a (methasomatized) 
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14

lithospheric origin for CAMP magmatism (e.g. Pegram, 1990; Heatherington and Mueller, 1999; 

McHone, 2000) and to limit the possible involvement of  a mantle plume essentially as a heat sup-

plier (Cebria et al., 2003; Merle et al., 2011). 

High-precision geochronology (mostly 
40

Ar/
39

for CAMP rocks, recently reviewed by Marzoli et al. (2011) and recalculated after newly-estab-

lished 
40

K decay constant (Renne et al., 2010), allows constraining the main peak of  CAMP activity 

-

chronologic evidences support stratigraphic and palaeomagnetic data in constraining the main pulse 

minor pulse of  CAMP magmatism (corresponding to the Recurrent Unit basalts, Morocco) ap-

American margin volcanic wedge have been interpreted to be CAMP-related and in this sense they 

al., 1998). However, recently obtained ages of  ~170 Ma (Hames et al., 2010) cast doubts to their 

America. However, geochemistry and geochronology support a slightly older onset of  CAMP lava 

piles in Morocco (Marzoli et al., 2004; 2011) with respect to eastern North America. Moreover, 

recent biostratigraphic data (palynology and conchostracan biostratigraphy) constrain oldest ENA 
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PART I

GEOCHEMISTRY OF CAMP DYKES AND SILLS 
FROM EASTERN NORTH AMERICA
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1 EARLIER STUDIES

The North American portion of  the Central Atlantic magmatic province encompasses volcanics 

and magmatic bodies outcropping along the Eastern, coastal states of  the U.S.A and Canada. Mag-

matism in this area has long been referred as eastern North American (ENA) Mesozoic magma-

the entire Mesozoic. In particular, the second of  these episodes (latest Triassic-earliest Jurassic) is 

linked to the lithospheric thinning that led to the breakup of  Pangea and the opening of  the At-

lantic ocean. Intrusion and outpur of  tholeiitic magmas along a discontinuous network of  rift- and 

transform-related structures along the entire extent of  the Appalachian Mountain system is now 

straightforwardly related to the CAMP (Marzoli et al., 1999, 2011). 

CAMP magmatism in the Southern Appalachians comprises a) numerous diabase dykes, in NW to 

NE trending swarms (King, 1961; Ragland, 1983), which can be followed from Georgia to Pennsyl-

vania (i.e. cropping out also in the northern Appalachians) and are not directly related to (feeding) 

within sedimentary basins (e.g. the Tallahassee basin; Heatherington and Muller, 1999) of  Florida, 

Georgia (South Georgia rift; McBride et al., 1989) and Alabama; d) wedge-shaped basaltic bod-

ies offshore of  eastern North America (Holbrook and Kelemen, 1993; Oh et al.,1995; McHone, 

1996; Hames et al., 2010; Heffner, 2011). Among the thickest (up to 450 m; Tollo and Gottfried, 

1992; Marzoli et al. 2011) basaltic lava piles of  the entire CAMP crop out in the northern Appala-

chians, within sedimentary basins of  the Newark Supergroup (Schlische, 2003; Olsen et al, 2003). 

magnetostratigraphy to have been briefer than 1 Ma   (~ 600 ky; Olsen et al., 2003). Here, the 

2009; Kozur and Weems, 2010). Up to three different basaltic units were emplaced in the Newark 
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(Puffer and Student, 1992; Kontak, 2008; Jourdan et al., 2009; Fig.1.1) and precise chemo-, magne-

to- and biostratigraphic analyses allow inter-basinal correlations. Intrusive and sub-volcanic bodies 

-

dependent bodies (Higganum, Fairheaven, Butress, Bridgeport and Shelburne dykes and Belmont, 

Rapidan, Palisades and French King sills; e.g. Philpotts and Asher, 1993).

Few U/Pb ages exist for ENA CAMP rocks. Baddeleytes from the Gettysburg sill and from the 

Palisades sill yielded ages of  201.3±1.0 Ma and 200.9±1.0 Ma, respectively (Dunning and Hodych, 

1990). Zircons from pegmatitic layers within the North Mountain basalt in the Fundy basin resulted 

in a U/Pb age of  201.7±1.4 Ma (Hodych and Dunning, 1992), of  201.3±0.3 Ma (Schoene et al., 

2006) and 201.38±0.31 Ma (Schoene et al., 2010). On the contrary, a fair number of  40Ar/39Ar 

dates are now available for ENA CAMP rocks, since the dataset has been increased by geochrono-

logic data recently obtained by Jourdan et al. (2009) and Marzoli et al. (2011). Moreover, Marzoli 

et al. (2011) reviewed pre-existing 40Ar/39Ar ages on ENA CAMP rocks, i.e. data were carefully 
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thus being now directly comparable with U/Pb ages. CAMP dykes from the Carolinas yielded (re-

calculated)  40Ar/39Ar ages between 202.1±1.5 Ma and 195.2±2.0 Ma (Hames et al., 2000; Beutel 

et al., 2005; Nomade et al., 2007). Dates from bitoite and plagioclase separates from ENA CAMP 

lava piles and sills within Newark supergroup basins range instead from 202.9±1.4 (Fundy basin; 

Jourdan et al., 2009) to 195.1±2.1 Ma (Palisades sill; Marzoli et al. 2011). The recalculated mean 

40Ar/39Ar age for CAMP peak activity in North America (201.5±0.9 Ma; Marzoli et al., 2011) 

is thus indistinguishable from the U/Pb age of  the Triassic-Jurassic boundary (201.31±0.43 Ma; 

Schaltegger et al., 2008; Schoene et al., 2010). Hames et al. (2010) obtained 40Ar/39Ar crystal-

lization ages (on plagioclases and whole rock) between 172.35±0.80 Ma and 169.1±2.0 Ma from 

basalts of  the South Georgia Rift (from a core of  the Clubhouse Crossroads basalts and one from 

Dorchester County, SC). Given this c. 30 Ma age difference, Hames et al. (2010) hypothesized a 

-

-

ments geochemistry, i.e. on CIPW-normative compositions (Wiegand and Ragland, 1970; Ragland 

numerous dykes. Olivine/Hyperstene-normative basalts occur instead mostly in the South (Ragland 

tholeiites into enriched and depleted magma types, i.e. at a given MgO content, the enriched magma 

type shows higher TiO2 (and trace elements) content. Applied to the entire ENA CAMP, this cri-

terion marked that despite the widespread occurrence, tholeiites belonging to the enriched group 

showed a considerable chemical uniformity. On the contrary, though more geographically localized, 

21
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depleted magmas displayed a wider geochemical heterogeneity. Such differences were related by 

Cummins et al. (1992) to different plumbing systems feeding rocks of  different chemical groups, 

emplacement, no ponding or fractionation) would have originated depleted and enriched magmas, 

-

ern North America (Wiegand and Ragland, 1970). This led Puffer and Sudent (1992) to propose 

that the rifting of  Pangea triggered a decompression melting acting uniformly on Pangean litho-

sphere and producing a “common”, primary, HTQ magma type in eastern North America, which 

successively underwent a rapid emplacement, with limited ponding or fractionation (e.g. Philpotts 

and Asher, 1993). Isotopic data for ENA tholeiites (Pegram, 1990; Puffer and Student, 1992; Tollo 

and Gottfried, 1992; Heatherington and Muller, 1999) appear to mostly support this hypothesis, 

However, other geochemical traits disagree with this interpretation (e.g. enriched Pb signatures, 

convergent margin-like trace element ratios; Pegram, 1990) and have led to different models to 

unravel the origin of  these tholeiites. Different mechanisms have been claimed to supply the heat 

CAMP magmatism, as a) the impingement of  a hot mantle plume head under the Carolinas (e.g., 

DeBoer and Snider, 1979); b) delamination of  the lithospheric mantle after the Alleghanian orogeny 

-

both ENA Mesozoic rift basins and produced tholeiitic magmas by decompressional melting that 

followed lithospheric thinning (McHone, 2000); d) heat accumulation driven by thermal insulations 

under Pangea supercontinent (following to the model proposed by Coltice et al., 2007). 
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2 GEOLOGY OF EASTERN NORTH AMERICA

An appraisal of  the eastern North America geology helps understanding the context in which 

volcanics and intrusives of  the Central Atlantic Magmatic Province (CAMP) were emplaced. Infor-

-

ited via crustal contamination processes, while the reconstruction of  geodynamic events may help 

outlining the characteristics of  the lithospheric mantle. In particular, differences between the geol-

ogy of  northern and southern portions of  eastern North America may account for observed (e.g. 

isotopic) differences between CAMP magmatism emplaced on different areas (cf., Pegram, 1990). 

the same area in different ages (e.g. Badger and Sinha, 1988; Murphy and Dostal, 2011) may provide 

a proxy to understand mantle evolution below an area as eastern North America, which underwent 

a complex geodynamic history.

The geological history and evolution of  eastern North America are envisaged through the develop-

ment of  more than one entire Wilson cycle (Fig. 2.3), from the formation of  Rodinia supercon-

tinent (Mesoproterozoic) to the breakup of  Pangaea (Early Jurassic). These complex, world-wide 

scale events resulted in the formation of  two main orogenic belts in the eastern North America 

(ENA), i.e. the Grenville province and the Appalachians. 
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Figure 2.1: Generalized geological out-

line of  the eastern North America, in-

dicating geographic extent of  cratonic 

terrains and of  Grenvillian and Appala-

chian orogens. Grenville inliers within 

Appalachian terrains are shown in black. 



2.1  THE GRENVILLE PROVINCE

Grenvillian terrains witnessed metamorphism and tectonic deformation during the Grenville orog-

eny (1190-990 Ma; Gower and Krogh, 2002), which led to the collision between Laurentia with Bal-

tica (and other continental masses) and to the assemblage of  Rodinia supercontinent. They mainly 

constitute the northern part of  ENA (Nova Scotia, Adirondack Mountains and surrounding areas) 

and the immediate western hinterland of  the Appalachian orogen. Nevertheless, portions of  Gren-

ville crust are present also as inliers cropping out in tectonic windows within Appalachian terrains 

(Fig. 2.1), while Appalachian outliers overrode and crop out on Grenvillian domains. 

Grenville Province rocks have been thrust over their foreland along a series of  ductile to brittle 

shear zones and faults that truncate the structural trends of  the proto-Laurentian craton (Lud-

den & Hynes, 2000). Allochthonous and parautochthonous crustal nappes were transported to 

the NW and are now stacked above basement rocks of  the pre-Grenvillian Laurentian margin, 

High-grade metamorphic terranes of  the Grenville Province are considered a complex juxtaposi-

tion of  Andean-type plutonic and volcanic arc environments. The ENE-trending and SE-dipping 

Grenville Front is a shear zone marking the boundary between the Grenville province and the older 

structural, cratonic provinces to the NW, i.e. it is a NW limit for Grenville orogeny-linked tectonic 

reworking of  rocks belonging to the older provinces. These faults and shear zones occasionally re-

activate pre-existing Archean to Proterozoic structures that acted as persistent crustal weaknesses, 

while in other cases truncate pre-existing lithotectonic boundaries. Three principal tectonic units 

constitute the Grenville Province: a) the Parautochthonous Belt, b) the Allochthonous Polycyclic 

Belt, and c) the Allochthonous Monocyclic Belt (Rivers et al., 1989; Rankin et al., 1993). The Parau-

tochthonous Belt (Davidson and van Breemen, 2001), adjacent to the Grenville Front, includes re-

worked Archean to Mesoproterozoic rocks of  the Superior Province foreland (that were the south-

ern margin of  Laurentia during the Mesoproterozoic), deformed by NW thrusting of  the multiply 

metamorphosed Allochthonous Polycyclic Belt. This overlies the Parautochthonous belt along the 

Allochthon Boundary Thrust and is composed of  transported Paleoproterozoic and Mesoprotero-

zoic rocks. The Allochthonous Monocyclic Belt consists of  rocks younger than ca. 1.35 Ga, which 

thus underwent a single metamorphic event. Allochthonous lithologies were emplaced during the 
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closure of  an oceanic basin (Martignole & Pouget 1994). During the Grenvillian Himalayan-type 

orogeny, extensive crustal thickening and tectonic extrusion led to widespread high-grade metamor-

phism (Ludden and Hynes, 2000) and anatectic magmatism.

2.2  THE APPALACHIANS

2.2.1  OROGENIC PHASES

The Appalachian system stretches for c. 3000 km in a NE-SW orientation along the eastern mar-

gin of  North America (Fig. 2.2), from Newfoundland (Canada) to Alabama (USA). This marginal 

separated from Europe and Africa along approximately the same line as that marking earlier conti-

nental collisions (Hatcher, 2010). The geological history of  the Appalachians can be tracked back to 

1.3-1.1 Ga, when the Grenville orogeny deformed and metamorphosed (up to the granulite facies) 

the eastern part of  Laurentia, a proto-American continental mass, during the assemblage of  the su-

percontinent Rodinia (Tollo et al., 2004). Crystalline rocks cropping out in several tectonic windows 

along the Appalachians (i.e. Sauratown Mountains window; Wright Horton and McConnel, 1991) 

testify this event. The rifting phase marking Rodinia breakup (Mesoproterozoic, 750-700 Ma) led 

to the opening of  the Iapetus ocean and separated Laurentia from Baltica and Siberia continents 

broadly along the present North American margin (Scotese et al., 1979). Lithospheric thinning as-

sociated to continental rifting in eastern North America allowed the intrusion of  peralkaline gran-

ites (Odom and Fullagar, 1984) as well as the emplacement of  the Bakersville tholeiitic dyke swarm 

(Goldberg et al., 1986) and of  a bimodal, rift-related, volcanic suite (Rankin, 1975; Hibbard et al., 

2002). The opening of  the Iapetus ocean led to the Cambrian-early Ordovician inundation of  Lau-

to shelf  carbonates, i.e. eastern North America was then the southern passive margin of  Laurentia 

(Schwab, 1972). A transient uplift phase (Penobscottian orogeny) is recorded in the Early Ordovi-

cian by the post-Knox-Beekmantown unconformity, of  nearly worldwide occurrence (Hatcher and 

Repetski, 2007). The Iapetus ocean, opened in late Proterozoic-Cambrian times, began to close in 

Middle Ordovician times with a compressional orogenic phase named Taconic orogeny. Decou-

pling between southern and northern Appalachian domains is already visible at this time, i.e. while 

northern Appalachians witnessed the obduction of  ophiolitic complexes, the southern area devel-
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oped as a foredeep environment, interested by sedimentation of  different character (Hatcher, 2010; 

Pollock and Hibbard, 2010). Accretion of  volcanic arcs is the trade-mark of  the Taconic phase. A 

complex arc system (Piedmont arc) had formed off  shore of  present day Newfoundland in the 

Ordovician, and was accreted to Laurentia through W and E-vergent subduction of  the Iapetus 

oceanic crust (van Staal et al., 2007). This Taconic allochtons are not present in the southern Ap-

al, 1984). The peak of  the Taconic regional metamorphism, up to the upper-amphibolite facies, is 

diachronous, proceeding from North to South, i.e. dating back to 495-455 Ma in the North, 480-

455 Ma in New England and 460-455 Ma in the southern Appalachians (van Staal et al., 2004). 

A Late Ordovician-Early Silurian molasse was deposited unconformably throughout the orogeny, 

above the Taconic unconformity (Rodgers, 1971). 
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A collisional phase started in the Late Devonian (c. 410 Ma), named Acadian orogeny in the North 

and Neoacadian orogeny from New England southward (ending here around 345 Ma, early Carbon-

iferous; Hatcher, 2010). A rotational (zippered; Hatcher, 2010) north-to-south closing of  the Rheic 

ocean resulted in collision between Laurentia and microcontinents (superterranes) of  Gondwanan 

the North (New England and Canadian Maritimes; e.g Ayuso and Bevier, 1991; Hibbard et al., 

2010), but sparse in the South (e.g. Butler and Fullagar, 1978; McSween et al., 1991). This marked 

difference may be due opposite directions of  Acadian subduction, i.e. westward from New England 

to the North, eastward in the central and southern Appalachians, as suggested by Hatcher (2010). 

A possibly limited amount of  available oceanic crust in the South led to a) sparse suprasubduction-

zone plutons and b) subduction of  continental crust that totally shut off  plutons emplacement 

(Hatcher, 2010; Hibbard, 2010). This decoupling may be supportive of  chemical differences in the 

lithospheric mantle from North to South inherited during the Acadian orogeny and eventually re-

area, i.e. tholeiites emplaced before the Acadian event display depleted signatures (e.g. Badger and 

Sinha, 1989), while those emplaced after it show isotopic enrichment (Pegram, 1990, and data from 

this work).

Closure of  the Rheic ocean during the following Alleghanian (late Carboniferous-Permian) orogeny 

eventually resulted in the continental collision between Laurentia and Gondwanaland, leading to the 

assemblage of  the supercontinent Pangaea (Bradley, 1982). This last orogenic phase was the most 

prominent for the southern and central Appalachians, resulting in pervasive deformation of  the 

molasse deposits in the west (Appalachian Plateau) and of  the sedimentary series of  the Valley and 

Range. Evidences of  this major continental collision are represented by (Hercynian) S-type granitic 

intrusions pervading the area SE of  the Brevard fault zone (Sinha & Zietz, 1982), amphibolite-

facies regional metamorphism and deformation in belts of  the Appalachian Piedmont (Secor at al., 

1986) and westward transportation and stacking of  the crystalline thrust sheets now forming the 

Piedmont and Blue Ridge areas. 

The Appalachian orogen was subsequently interested by the Late Triassic continental rifting phase 
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that led to the opening of  the Atlantic Ocean, an event witnessed by the formation of  NE-trending 

Schlische, 2003). Attendant Triassic-Jurassic magmatism occured as 1) differently trending diabase 

dyke swarms penetrating the Piedmont and Coastal Plain areas (being the main topic of  the pres-

ent work), 2) intrusions of  diabase sills in the Late Triassic sedimentary basins (e.g. the sampled 

Durham sill, NC) and 3) onset of  lava piles in the basins, interlayered by the rift-facies deposits. 

dykes of  porphyritic rhyolite, cropping out along in the eastern Piedmont and dated between 202±5 

Ma (Stoddard et al., 1986; Stoddard, 1992), and 196.3±0.7 Ma (Ganguli et al., 1995). However, at 

present, evidences for a straightforward connection between CAMP and this felsic magmatism are 

still lacking.

The prosecution of  the extensive regime resulted in tilting of  the basinal sedimentary series and 

link with CAMP magmatism has recently been questioned;  Heffner et al., 2012).

A physiographic approach has been applied to describe the Appalachians and to divide them into 

Province and 5) the New England Province (Fig. 2.4). 
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Figure 2.3:  Schematic sequence of  development of  the Appalachian orogen from 1.2 Ga to the present. The 

GEOLOGY OF EASTERN NORTH AMERICA



30

PART I - CHAPTER 2



2.2.2  PHYSIOGRAPHIC AND LITHOTECTONIC DOMAINS

 and 

 Appalachians. The Appalachian Basin constitutes the foreland basin of  the Appa-

range. Two sub-regions are here recognizable: the Appalachian (or Cumberland) Plateau to the west 

and the Valley and Ridge to the east. Early Cambrian to Early Permian shallow sea sediments (c. 

540-300 Ma) characterize the Plateau, where the bland deformation associated to the following 

uplift resulted at most in giant-radius folds involving both the Mississippian limestones and the 

younger Pennsylvanian shales and sandstones. The terrigenous sediments organized in clastic wedg-

The , the eastern portion of  the Appalachian Basin, encompasses the same sedi-

mentary series, though showing a stronger deformation, with Allaghenian-driven imbricate thrust-

ing and folding. Boarding the Valley and Ridge to the east, the Blue Ridge fault system (composed 

by Holston-Iron Mountain, Cartersville and Great Smoky faults) separates the Sedimentary from 

the Crystalline Appalachians, and represents the thrust level over which Piedmont and Blue Ridge 

crystalline nappes (composed by Precambrian basement, late Proterozoic-early Paleozoic metasedi-

ments and metavolcanics, and Paleozoic plutons) north-westerly overrode the sedimentary series of  

the Valley and Ridge (Cook, 1983). 

The Blue Ridge, lying between the Valley and Ridge and the Piedmont, is NW bounded by the 

Blue Ridge fault system and SE by the Brevard fault zone. The Blue Ridge consists of  several 

stacked thrust sheets, formed by NE-trending thrust faults that were activated by the compressive 

phase of  Iapetus ocean closure (Hatcher and Goldberg, 1991). The stacked sheets were subsequent-

ly obducted during the Alleghanian continental collision (Samson et al., 1995) around 300 km to the 

NW and this tectonic phase imprinted deformation on the Valley and Ridge sedimentary series to 

the west. Differences in lithologies, deformational and metamorphic history allows the distinction 

among different nappes, originally discovered in several tectonic windows in the area. The province 

was primarily physiographically described, but a geological approach further subdivides it into west-

ern and eastern Blue Ridge, with the Hayesville-Gossan Lead (Fries) faults marking this separation. 

Rocks of  the Blue Ridge most thoroughly record the entire Proterozoic-Paleozoic Wilson cycle 
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from the opening of  Rodinia to the formation of  Pangaea supercontinent. The western Blue Ridge 

is dominated by the late Proterozoic low- to high-grade metamorphosed sedimentary rocks of  the 

formed during the extensional phase associated to the breakup of  Rodinia and subsequent opening 

are absent in the Ocoee Supergroup (Goldberg et al., 1986). Lower Cambrian platform and rifted 

continental margin deposits of  the Chilhowee Group overlie conformably the late-Proterozoic 

metasedimentary series. In the western Blue Ridge sedimentary covers lie in nonconformity (or 

tectonic contact) upon the crystalline continental Grenvillian basement of  1.2-0.9 Ga, composed 

by granitic and quartz-monzonitic gneisses (metamorphosed in amphibolite to granulite phase), 

migmatites, paragneisses and schists, i.e. western Blue Ridge is formed by obducted sediments that 

were deposited all along the Laurentian passive margin. The eastern Blue Ridge is markedly differ-

ent, containing fewer lithologies and very minor occurrences of  North American continental base-

ment, with (meta)-sedimentary series resting nonconformably over oceanic (ophiolitic) basement. 

Eastern Blue Ridge terranes yield a variety of  allochtonous igneous and high-grade metamorphic 

rocks, including numerous granite bodies. A minor portion of  these rock units were already meta-

morphosed, originally belonging to the Precambrian basement, others were volcanic and sedimen-

tary rocks deposited partly on continental and partly on oceanic crust during the Iapetan closure in 

the early Paleozoic. Rocks as quartzites and migmatites testify the high temperatures reached during 

the metamorphic phase that interested the eastern Blue Ridge during the late Proterozoic. Partial 

melting in this phase led to the intrusion of  several granitic plutons now constellating the region. 

The Piedmont area, though broadly constituted by the same rock types of  the Blue Ridge, is char-

acterized by milder relief  shapes and is bounded to the E by the Fall line and to the NW by the Bre-

vard fault zone. NE trending and SE dipping, the Brevard fault is a mylonitic and cataclastic splay 

and the Piedmont (Cook, 1983; Dallmeyer et al., 1986; Carrigan et al., 2003). According to seismic 

distance from the SE onto the North American continent. Major, long inactive fault zones striking 
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metamorphic grade, or on tectonic boundaries, thus setting confusion on the descriptive attempts 

of  the area (e.g. from NW to SE: Inner Piedmont block, Kings Mountain Belt, Charlotte Belt, Mil-

ton Belt, Carolina Slate Belt). A different approach to the geologic outline of  the Piedmont starts 

from the physiographic observation of  the relief  variance across the province: the higher relief  In-

ner Piedmont to the west (more resistant metamorphics alternate with more erodible lithologies to 

form the monadnocks), and the lower relief  Outer Piedmont to the east (Bell et al., 1974). The In-

ner Piedmont block is a composite stack of  thrust sheets containing gneisses, schists, amphibolites, 

of  the folded bedrock have been obliterated by erosion. In a general view, also the geology of  the 

Piedmont recorded the evolution of  eastern North America from the Middle Proterozoic to the 

Mesozoic. The basement rocks cropping out in the Sauratown Mountains and in other tectonic 

windows in the Piedmont area show at least two metamorphic phases, a) a Middle Proterozoic, 

high-grade event associated to the Grenville orogeny and b) a second one, of  Paleozoic age, oc-

casionally resulting in late-stage retrogressive metamorphism. In the Western Piedmont an inverted 

pattern of  metamorphic zones can be observed for the Paleozoic phase, in which allochtonous, 

high-grade (sillimanite-facies) metamorphic units overlie lower-grade (kyanite-facies) rocks. In the 

Inner Piedmont the thermal peak of  regional metamorphism did not affect granitic intrusions ag-

ing around 450 Ma (Horton et al., 1989), thus it is constrained to the Ordovician Taconic orogeny, 

even if  its associated anatectic plutonism lingered well into the Silurian. Sediments deposited along 

the outer continental shelf  of  the western passive margin of  the Iapetus Ocean were folded and 

metamorphosed during the continental collision phase and now constitute part of  the Piedmont 

rock formations. Granitic intrusions and major amphibolitic metamorphic bodies (ophiolites) occur 

in these belts, as well as remnants of  severely deformed pillow lavas, indicative of  submarine extru-

sions. In particular, the Carolina Slate belt, whose name marks its low metamorphic grade, contains 

the remains of  shallow subvolcanic intrusions, volcanic sediments, and extrusive rocks, typical of  

the explosive volcanism and hydrothermal activity of  volcanic island systems. In this subregion 

long, narrow rift valleys started forming from the Carnian (Olsen et al., 2003). These Triassic basins 

-

tic Magmatic Province, cropping out in several of  these basins, not only restricted to the Piedmont 
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area. Diabase dyke swarms crop out instead in the Piedmont and the Blue Ridge areas, constituting 

the sampling regions of  this work.

Marking the eastern border of  the Piedmont area and its transition to the Coastal Plain, the Fall 

 is a low east-facing cliff  paralleling the Atlantic coastline from New Jersey to the Carolinas. It 

separates the hard Proterozoic and Paleozoic metamorphic rocks of  the Appalachian Piedmont to 

the west from the softer Mesozoic and Tertiary sedimentary series of  the Coastal Plain. This ero-

sional scarp was thus named after the alignment of  many rapids and waterfalls it marks.

The wide Coastal Plain belt, extending from New Jersey to Texas, encompasses Triassic to Ho-

locene deposits. Coastal Plain sediments overlap the Paleozoic and Precambrian basement rocks 

(Dennis et al., 2003) cropping out immediately to the north and west, and occurring deeper and 

deeper toward the south and east, reaching depths of  up to 3000 m b.s.l. beneath the modern 

Georgia coast. Coastal Plain sequences, then, essentially form a large, wedge-shaped body, which is 

thickest along the modern Atlantic coast and the Florida state line and thinnest along the edge of  

the Fall Line. These sedimentary sequences were later uplifted and tilted, and now dip seaward (part 

of  them forming the broad Atlantic continental shelf). Due to their attitude, the oldest Coastal Plain 

rocks are on the proximity of  the Fall Line, and outcropping sediments grow younger eastward. 

These sediments recorded sea level variations and show that the Coastal Plain was submerged and 

emerged several times during the last 100 Ma. Marine transgressions are marked by shallow marine 

sediments, whereas regressive periods were characterized by the deposition of  continental sedi-

and sandy beaches. 

The Coastal Plain characteristically alternate basement downwarps called embayments and major 

upwarps termed arches. The emabayments are areas of  major subsidence, where the weaker base-

ment could sink under the sediments burden offering more accommodation space and marked by 

thicker sedimentary strata. The arches are instead areas of  stronger basement offering no space to 

opened during the Triassic distensive phase and hosted the deposition of  thick layers of  coarse red 
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occurred all along North America east coast, from Georgia to Nova Scotia (Canada).

The Crystalline Appalachians include also the northernmost past of  the chain, the New England 

Appalachian province (Ayuso and Bevier, 1991). Late Cambrian-Early Ordovician foundering of  

the Laurentian passive margin and ophiolite obduction was here followed by Late Ordovician–De-

vonian collisions between Laurentia and several micro plates (including the Avalon and Meguma 

terranes) and by the terminal (Alleghanian) collision that formed Pangaea (Dorais et al., 2008). 

There is evidence that the eastern Avalonian terranes of  the New England region have underthrust 

the central Acadian terranes during the Pennsylvanian-Permian Alleghanian collisional orogeny (the 

thrust boundary is a ductile shear zone, the Putnam-Nashoba belt). Alleghanian phase constituted 

essentially a metamorphic event in the New England province, originating plutonism, and a kyanite-

facies metamorphism overprinting the Acadian one (of  sillimanitic facies). The Meguma terrane, 

south of  the Avalon terrane, consists of  a Cambrian-Ordovician continental-rise prism overlain 

by Late Ordovician bimodal volcanic rocks, and Silurian-earliest Devonian shallow-marine rocks 

fading upward into continental deposits of  Early-Middle Devonian age (Schenk, 1997). The onset 

of  the Acadian orogeny (c. 410 Ma) was associated with oblique convergence between Avalon and 

Meguma terranes during or following the collision of  the Meguma terrane with Laurentia (Clarke et 

al., 1997; Murphy et al., 1999). Polyphase deformation and regional metamorphism within Meguma 

terrane rocks testify this event. Moreover, Silurian arc-related magmatism in adjacent Maine and 

New Brunswick suggests the existence of  a northward-dipping subduction zone at that time.

The Adirondack Monutains, a roughly circular dome about 200 km in diameter in northern New 

York State sorrounded by the Carthage-Colton Mylonite Zone, are a main subregion of  the New 

England Appalachian domain, and represent a tectonic window exposing older, Grenvillian terranes 

(McLelland et al., 2010). A Tertiary tectonic phase uplifted the area, leading to erosive removal of  

the metasedimentary and metavolcanic late Proterozoic and sedimentary Paleozoic covers. The 

Grenvillian continental basement thus crops out in the Adirondacks, with lithologies varying from 

metasediments (marbles, quartzites, paragneisses), metavolcanics and metaplutons (granitic gneiss-

es, metanorthosites, metanorites).
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Differences in the geologic evolution of  the northern and southern part of  the Appalachians are 

thoroughly depicted in the recent reviews by Hibbard et al. (2010) and Hatcher (2010).

Northern Appalachians extend farther northward to Canada. Newfoundland Appalachians well 

summarize this long geological history through their three main subregions. The Humber Zone to 

the W, that constitutes the North American continental margin; the Central Mobile Belt, contain-

ing various tectonic units associated with the formation and destruction of  Iapetus Ocean, and 

(Cawood, 1994; Van Der Pluijm et al., 1990).
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3 SAMPLING

Seventy-four samples were collected along the Piedmont area of  Georgia, South Carolina, North 

Carolina and Virginia (USA), following previously published maps of  the dyke swarms and sills, 

obtained prevalently from aeromagnetic surveys (e.g. Burt et al., 1978; Ragland et al. 1983). Given 

their magnetic properties, many of  these dykes have been discovered with airborne and ground 

magnetometer surveys both in the subsurface of  the Coastal Plain and in Piedmont outcrops          

(e. g. Bell et al., 1974; Popenoe e Zeitz, 1977; Fig. 3.1). Previously 
40

Ar/
39

Ar dated dykes (Hames et 

al., 2000; Beutel et al., 2005; Nomade et al., 2007) were re-sampled and the sampling was extended 

to as much dykes and sills as possible in the surroundings. The sampling strategy consisted in 

magmatic bodies represented a major hinder to the measurement of  the dykes trend. A very 

limited number of  dykes and sills were observed in clear outcrops where trend, thickness and, if  

present, petrographic variations were recognizable. More samples per site were collected where the 

good outcrop exposure allowed the macroscopic recognition of  different petrofacies or textures. 

All the directly sampled rocks are intrusive, i.e. a sill was sampled in the Durham basin area (the 

Durham sill; Ackerman et al., 1976), while all the other sampled bodies were sub-vertical dipping 

dykes (e.g. Ragland et al. 1983).

The sampled eastern North America diabase dykes vary in thickness from few decimetres to 

several tenths of  meters (Pageland dyke reaches a thickness as high as 150 m), and show maximum 

elongation of  250 km (King, 1961; Ragland et al., 1983; McHone, 1996). Initially, a radial pattern was 

recognized (King, 1961) observing the directions of  these dykes, as they vary in trend from NW (N 

10°-30° W) in the South, to N-S, to mostly NE (N 30° E) in the North. Minor occurrences of  E-W 

dykes are also reported (and were sampled). Though previously considered the upwarping effect of  

a mantle plume emplaced under the Carolinas (De Boer and Snider, 1979), recent geochronological 

2005). Cross-cutting relationships and paleomagnetic data show that the N-S swarm is slightly 
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younger (Smith and Hare, 1983; Ragland et al. 1983; Beutel et al. 2005). All dykes cropping out in 

Georgia and most of  those from South Carolina are NW trending, whereas moving northward 

also dykes of  N-S and NE directions were sampled in North Carolina and Virginia, with the NW 

trend remaining the most frequent. This pattern in dykes orientations was recognized by Ragland et 

al. (1983), and in particular, he described four directional domains in the Piedmont area of  North 

Carolina, proceeding roughly from SW to NE, i.e. domain I, dominated by NW trends; domain 

II, N-S dominated, with dykes radiating northward into Virginia and converging southward under 

the Coastal Plain; domain III, NW dominated with some minor N-S trends and domain IV, NW 

dominated. Dykes apparently occur in tight sets alternated by areas with low density of  dykes 

mapping bias. No straightforward explanation for this distribution exists yet, but several hypotheses 

have been presented, either dealing with the structural concept of  dykes being emplaced along 

inherited weakness zones, or with alternating brittle and ductile behaviours in the lower crust, or 

with more lithologically resistant crustal plutons controlling dykes trends (Ragland et al., 1983). An 

evident example of  this juxtaposed different dyke densities is observed in correspondence of  the 

well developed Pageland dyke, which shows few smaller satellite dykes in its direct proximity, but 

no other important dyke for broad areas on each side. In any case, regardless these regional scale 

differences in dyke density, with respect to the entire CAMP, eastern North America presents one 

of  the largest and densest dyke swarms of  the province. 
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39

SAMPLING

Figure 3.1: Sample sites (purple dots) plotted on an overview map of  the eastern North America diabase dyke 
swarm as it results from the compilation of  Ragland et al. (1983), based on aeromagnetic mapping (King, 
1961). NW- trending dykes were color coded in red, N-S in green, NE in blue and E-W in black. Triassic rift 
basins indicated as orange outlined areas. Black line marks the limit between Appalachian Piedmont area 
(NW) and Coastal Plain (SE).
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4 MAJOR ELEMENTS

XRF (WDS Philips PW2400) analyses for major elements were performed on 74 samples at the 

University of  Padova. SiO2 (46.2-54.3 wt%) and Na2O+K2O (1.2-4.3 wt%) contents classify the 

sampled ENA dykes and sill as basalts and basaltic andesites (Le Maitre et al. 1989; Fig. 4.1) while 

CIPW-normative compositions (either Olivine/Hypersthene, Ol-Hy-, or Quartz,                Q-
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A wide range in MgO (16.9-4.7 wt%), Al2O3 (12.9-18.6 wt%) and TiO2 (0.36-1.35 wt%) contents is 

observed, with Mg numbers [Mg# = 100* Mg/(Mg+Fe2+), Fe2+ being 0.87*Fetot] varying from 77.3 

to 43.4. (Fig. 4.3, Tab. 4a. In general, Ol/Hy-normative rocks are higher in MgO and lower in SiO2 

by their distinct Fe2O3 contents: low-Fe olivine normative samples (hereafter, LFO) yield less than 

13 wt% Fe2O3, while high-Fe samples (HFO) show more than 13 wt% Fe2O3. Similarly, a further 

subdivision of  the quartz -normative group is established considering TiO2 contents, that is, rocks 

with less than 1.00 wt% TiO2

more than 1.00 wt% TiO2 are high-Ti quartz normative (HTQ). The differences among the four 

groups are well highlighted also by the SiO2 vs Fe2O3 diagram of  Fig. 4.4 e. 

2 < 2 wt%; e.g. Marzoli 

et al., 1999), with TiO2 showing no correlation with MgO in the quartz-normative and in the LFO 

samples, while HFO rocks, enriched in Ti with respect to LFO, show a neat negative co-variance 

of  TiO2 with MgO. Very limited overlap is observed between the four chemical groups in a TiO2 vs 

MgO plot (Fig. 4.4 a). SiO2 varies between 46.3-54.3 wt% and shows no clear correlation with MgO 

for the olivine normative samples. Rocks of  the HFO group appear depleted in SiO2 with respect 

to the LFO ones. A rapid increase in SiO2 with decreasing MgO is observed for quartz-normative 

ENA diabases, which are clearly higher in SiO2 compared to olivine-normative ones (Fig. 4.4 b).  

samples, and a relative depletion in HFO samples, that in turn do not plot in any co-variating trend 
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in the CaO-MgO space. HTQ samples broadly follow the negative trend on the Ca-rich end mem-

ber of  LFO array. Conversely, LTQ diabases are aligned to form a steep positive correlation at 

generally lower CaO and MgO contents (Fig. 4.4 c). 

LFO, HFO and LTQ samples are aligned along a negative trend in a Al-Mg variation diagram, 

i.e. Al2O3 2O3 

(12.9-14.1 wt%), and low MgO (Fig. 4.4 d). Total iron expressed as Fe2O3 is negatively correlated 

with SiO2 for olivine-normative samples. The gap in data distribution around 13 wt% Fe2O3 sug-

gests the distinction between low-Fe and high-Fe olivine normative samples. HFO samples plot on 

the high- Fe2O3, low-SiO2 end-member of  the olivine-normative compositional array array. LTQ 

samples parallel the trend described by the OLN, plotting on its high SiO2 side. Totally separated 

2O3 and SiO2 

than that shown by the olivine normatives (Fig. 4.4 e).

samples is given by an enrichment in Na2O content (total range 3.21-1.20 wt%; Fig. 4.4 f). A clear 

negative correlation between Na2O and MgO is shared by LFO and LTQ groups, while HFO data 

points plot in a more scattered, negatively correlated cluster, shifted to higher Na2O contents. HTQ 

rocks show different Na2O composition at broadly constant low MgO. K2O ranges between 0.08 

and 0.89 wt% in the sampled ENA diabases (Fig. 4.4 g), lower values belonging to olivine normative 

samples and higher ones to quartz-normative. A good overlap is visible between LFO and HFO, 

thus K appears not to contribute to the higher alkalinity of  the latter group. If  the entire dataset is 

observed, a broad and scattered negative correlation between K2O and MgO is observed account-

ing for the incompatibility of  K, but co-variations are not visible for each of  the different chemical 

groups. Slightly less incompatible, P (expressed as P2O5) ranges between 0.03 wt% and 0.27 wt% 

(Fig. 4.4 h). In a P2O5 vs MgO diagram, a shallow negative correlation is shown by the olivine-

P2O5 at nearly constant, low MgO values.

43

MAJOR ELEMENTS



4444

-

PART I - CHAPTER 4



5 COMPATIBLE TRACE ELEMENTS

Compatible trace elements were analysed with XRF (WDS Philips PW2400) at the University of  

Padova for all the 74 sampled rocks.

A strong positive linear correlation with MgO is observed for Ni (varying from 747 to 10 ppm), and 

it is shared by all the four chemical groups (Fig. 5.1 a). Cr instead ranges between 1983 and 22 ppm 

and behaves differently depending on the normative character of  the samples (Fig. 5.1 b). LFO 

rocks show a steep linear correlation between Cr and MgO. Less steep is the positive correlation 

trends, the LTQ one yielding the higher Cr contents and the HTQ the lower (lowest within all the 

data set). No correlation is observed between V and MgO for olivine-normative and LTQ samples 

(Fig. 5.1 c), which show a restricted variability in V (157-264 ppm) for different MgO contents. Two 

anomalous HFO samples however plot apart from this main group, at low V (79 and 136 ppm). 

HTQ rocks cluster at distinctly higher V (379-433 ppm) and low MgO (4.76-5.93) showing abso-

lutely no overlap with the former group. A Sc versus MgO variation diagram (Fig. 5.1d) separates 

53 ppm) at near-constant MgO, and the latter forming a scattered cluster (8-36 ppm). In particular, 

LFO samples show no correlation at all between Sc and MgO, while HFO data points are aligned 

(not without some scatter) in a trend of  positive co-variation. Quartz normative samples, taken as a 

whole, draw a steep negatively sloping trend in which a small decrement in MgO is accompanied by 

ones do not describe any clear trend.
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Figure 5.1 a-d: Compatible trace elements variation diagrams plotted versus MgO for 74 ENA diabase 

samples.



6 INCOMPATIBLE TRACE ELEMENTS

Trace elements were measured on 39 whole rock samples by ICP-MS at the Washington State 

University laboratory. Normalized to primitive mantle compositions (Sun and McDonough, 1989) 

and plotted on spidergrams (Fig. 6.1), ENA diabases display moderately enriched incompatible 

elements (IE), comparable with E-MORB compositions (Sun and McDonough, 1989). A consider-

able spread in primitive mantle-normalized compositions is observed for different samples, but all 

the rocks broadly share similar trends. No pronounced differences in compositions are observed 

between quartz- and olivine-normative, with the only exceptions of  Rb, Th, U, Nb e Ta being sig-

deviation from the trend between Ce an Sr). Though broadly similar in concentrations, E-MORB 

differ profoundly from ENA diabases with regard to these anomalies, as they in turn display posi-

tive Nb and Ti anomalies and negative Pb anomaly (e.g. McDonough and Sun, 1989). The widest 

the concentration in the primitive mantle.

47

Figure 6.1: Spider diagram showing primitive mantle normalized (Sun and McDonough, 1989) incompatible 
trace elements contents for 39 ENA CAMP sampled tholeiites. I.E. are ordered on the x-axis for increasing 
compatibility in basaltic systems from left to right. For comparison, N-MORB and E-MORB compositions 
are shown (data from Sun and McDonough, 1989).



Rocks from each chemical (normative) group share very similar IE compositions, showing narrow 

ranges in IE contents and similar patterns. Along with their more evolved character, quartz-nor-

negative anomalies among the entire dataset (Fig.6.3). HFO samples are slightly more I.E. enriched 

with respect to LFO samples.
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Figure 6.2 a-d: Spider diagrams showing primitive mantle-normalized (Sun and McDonough, 1989) incom-
patible trace elements contents for a) LFO, b) HFO, c) LTQ and d) HTQ samples. Incompatible elements 
are ordered on the x-axis basing on increasing compatibility in basaltic systems from left to right. 

Figure 6.3: Ti negative anomaly 
displayed for each sample from the 
four different normative-groups.

a b

c d



Rare Earth Elements (REE) concentrations are moderately enriched compared to chondritic values 

LaCh Ch Ch Ch Ch Ch

REE patterns of  quartz- and olivine-normative ENA diabases, but with the quartz-normatives 

Again, REE patterns and contents are very uniform within each normative group, showing poorly 
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Figure 6.4: Spider diagram displaying 
chondrite-normalized (McDonough 
and Sun, 1995) REE contents for 39 
ENA CAMP sampled tholeiites (black 
lines). For comparison, N-MORB and 
E-MORB compositions from Sun and 
McDonough (1989) are shown.

Figure 6.5 a-d: Spider diagrams showing chondrite-normalized (McDonough and Sun, 1995) REE contents 
for a) LFO, b) HFO, c) LTQ and d) HTQ samples.

a b

c d
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O3 content, 

degree of  evolution or CIPW-normative character and Eu-anomalies (Fig. 6.6 a and 6.6 b), arguing 

50

Figure 6.6 a-b: Variation diagrams of  Eu anomalies (Eu/Eu*) plotted against Al2O3 wt% (a) and Ce/Pb (b).
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6.1  INCOMPATIBLE TRACE ELEMENTS RATIOS

Observations on incompatible elements ratios can help constraining the mantle source of  the ENA 

tholeiites, as well as correlating dykes and sills from the Southern part of  the ENA province with 

-

rays, but LFO and LTQ samples more steeply than HFO and HTQ ones (which in turn reach the 

U (ppm) plotted against La content (ppm) shows two differently sloping positive arrays of  LFO 

samples. The steeper array continues with HTQ samples, which fall in the high-U, high-La area of  

-

51

INCOMPATIBLE TRACE ELEMENTS



52

Figure 6.7 a-f: Variation diagrams between incompatible elements ratios and incompatible elements 
(a: La/Yb vs La; b: La/Nb vs La;  c: Zr/Y vs Zr; d: Zr/Nb vs Zr; e: U vs La and f: Ce/Pb vs Ce).

PART I - CHAPTER 6
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samples display a reduced variability in IE ratios, with respect to LFO samples, which yield the wid-

respect to LFO ones (Fig. 6.8 d).
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Figure 6.8 a-d: Variation diagrams between incompatible elements ratios and wt% MgO. a: Th/Nb vs MgO; 
b: Th/Ce vs MgO; c: U/Pb vs MgO; d: Th/U vs MgO.
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7 ISOTOPES

7.1 METHODS

Isotopic analyses for Sr, Nd and Pb were carried out on a subset of  24 whole rock samples at the 

University of  Geneva (on a Thermo Finnigan Triton TIMS). All the isotopic ratios were back cor-

rected to initial values using a 200 Ma age, and starting from trace elements contents obtained by 

ICP-MS (at the Washinghton State University laboratory).

87Sr/86Srmeasured ratios vary between 0.704719-0.710105. Initial ratios were calculated using the decay-

ing equation: 

(87Sr/86Sr) 200Ma = (87Sr/86Sr)measured – [(87Rb/86Sr) * (e t-1)],

where 87Rb decays to 87Sr with a decay constant =1.42*10-11 yr-1. [Rb] in these rocks varies between 

4.4-20.4 ppm and [Sr] between 87-265 ppm, and the ratio 87Rb/86Sr was estimated as :

87Rb/86Sr = (Rb/Sr) * [{2.692938345 + [0.2830396178 * (87Sr/86Sr)measured]}.

Similarly, 143Nd/144Ndmeasured ratios range between 0.512222 and 0.512759. An analogous equation 

was used for the age correction of  Nd isotopic ratios: 

(143Nd/144Nd) 200Ma = (143Nd/144Nd) measured – [(147Sm/144Nd) * (e -1)],

where 147Sm decays to 143Nd with =6.54*10-12 yr-1, and the ratio 147Sm/144Nd  was estimated as:

147Sm/144Nd = (Sm/Nd) * {0.149957* [532.9463529 + (142.90982* (143Nd/144Nd) measured)]/150.36556}, 

with [Sm] ranging between 1.39-4.91 ppm, and [Nd] between 4.47-19.43 ppm.

Nd isotopic ratios were then translated into  ( Nd)200Ma  = [( 143Nd/144Nd200Ma /CHUR200Ma)-1]*10000.  

( Nd)200Ma were calculated related to the CHUR at 200 Ma using the present day values for CHUR: 

(143Nd/144Nd)CHUR=0.512638, and 147Sm/144Nd=0.1967 (Hamilton, 1983).
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Measured lead isotopic ratios yielded ranges of  206Pb/204Pbmeasured: 17.462-18.847, 207Pb/204Pbmeasured: 

15.539-15.649, 208Pb/204Pbmeasured: 37.469-38.764. To back correct these values to 200 Ma, the three 

different decaying systems must be taken into account, that is, 238U decaying to 206Pb, 235U to 207Pb 

and 232Th to 208Pb with, respectively, 

238U = 1.551×10-10 y-1, 

235U = 9.849×10-10 yr-1,  

232Th = 4.948×10-11 yr-1.  

Trace elements concentrations in the analyzed samples range between [Pb]: 0.79-3.86 ppm, [U]: 

0.03-0.63 ppm, [Th]: 0.18-2.04 ppm. 204Pb is calculated as:

[Pbtot] / (1 + 206Pb/204Pbmeasured + 207Pb/204Pbmeasured + 208Pb/204Pbmeasured).

206Pb was calculated as 204Pb*( 206Pb/204Pbmeasured), and the same was done for 207Pb and 208Pb. A 

238U/235U=137.88 ratio is assigned, thus allowing the separation between 235U and 238U starting 

from the total U measured with the ICP-MS. Every radioactive/radiogenic species ratio (238U/204Pb, 

235U/204Pb, 232Th/204Pb) was thus calculated and utilized in the decaying equation.

The same approach was used for recalculating Os isotopic ratios to the initial values at 200Ma, with: 

(187Os/188Os) 200Ma = (187Os/188Os) measured – [(187Re/188Os) * (e -1)],

where 187Re decays to 187Os by -  with a =1.666×10-11 y-1 (Smoliar et al., 1996). Os concentrations 

were measured by isotopic dilution and N-TIMS, Re concentrations by isotopic dilution and ICP-

MS, and ranged, respectively, between 0.13-0.92 ppb and 0.50-1.37 ppb. Measured 187Os/188Os ra-

tios varied between 0.1435 and 0.2656. 
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7.2 Sr-Nd-Pb ISOTOPES

Samples selected for Sr-Nd-Pb isotopic analyses were 24, i.e. fourteen from the LFO group (CS14, 

CS28, CS31, CS41, CS48, CS49, CS51, CS55, CS57, CS60, CS62, CS64, CS73), six from the HFO 

group (CS7, CS9, CS17, CS22, CS26, CS32), three belonging to the LTQ group (CS23, CS44, CS77) 

and two to the HTQ group (CS2 and CS46). Measured isotopic ratios were recalculated to 200 Ma 

to get initial values.

A wide range is observed for 87Sr/86Sr200Ma (0.70438-0.70880) and 143Nd/144Nd200Ma (0.51251-0.51204; 

Nd-200Ma from +2.42 to -6.67) (Fig.7.1). Negative correlation exists between Sr and Nd isotopic ra-

tios, broadly parallel to the mantle array on the enriched quadrant of  the Nd-Sr space. Samples from 

the various normative groups show total overlap in Sr and Nd isotopic compositions, but LFO 

samples show the greatest variation in both Sr and Nd isotopes. 
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Figure 7.1.: Initial (200 Ma) Sr and Nd isotopic compositions of  ENA tholeiites. Fields for low-Ti and high-
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Pb isotopic signatures of  the sampled ENA tholeiites show a high variability (206Pb/204Pb200Ma  = 

17.46-18.85, 207Pb/204Pb200Ma = 15.54-15.65, 208Pb/204Pb200Ma = 37.47-38.76). The less radiogenic 

samples plot to the left of  the Geochron and the most radiogenic ones well to the right. In par-

ticular, both on a 207Pb/204Pb200Ma versus 206Pb/204Pb200Ma (Fig. 7.2 a) and on a 208Pb/204Pb200Ma versus 

206Pb/204Pb200Ma plot (Fig. 7.2 b), all the samples form a positive trend displaced towards higher 

207Pb/204Pb200Ma and 208Pb/204Pb200Ma values with respect to the Northern Hemisphere Reference Line 

(NHRL), thus trending roughly between EMI and EMII compositions (Zindler and Hart, 1986).
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Figure 7.2 a-b: Isotopic data back corrected to 200 Ma are plot on 207Pb/204Pb200Ma versus 206Pb/204Pb200Ma 
space (a) and Pb/204Pb200Ma versus 206Pb/204Pb200Ma (b). A measure of  the vertical displacement from the 

206Pb/204Pb200Ma.

Part I - CHAPTER 7



A measure of  this displacement is given by 7/4, (calculated as [(207Pb/204Pb)sample-(
207Pb/204Pb)

NHRL]*100; varying between 10 and 18) and 8/4, (calculated as [(208Pb/204Pb)sample-(
208Pb/204Pb)

NHRL]*100; ranging between 19 and 73). The trend formed by ENA isotopic data is not parallel to the 

NHRL and this is shown by the negative correlation between 7/4 and 8/4 and 206Pb/204Pb200Ma, 

i.e. samples yielding the less radiogenic 206Pb/204Pb200Ma signatures display the highest deviation from 

NHRL values (Fig. 7.2 a-b). Both 7/4 and 8/4 are positively correlated with Sr isotopic ratios 

and negatively correlated with Nd isotopic values (Fig. 7.3 a-d). 

59

Sr/ Sr200Ma Nd/144Nd200Ma (c-d) and 206Pb/204Pb200Ma (e-f).
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A 143Nd/144Nd200Ma versus 206Pb/204Pb200Ma isotopic space sees the samples plotting along a broadly 

-

relation is visible in a 87Sr/86Sr200Ma vs 206Pb/204Pb200Ma plot. HFO samples, though with some scat-

ter, yield more radiogenic Sr and less radiogenic Nd signatures than LFO, while sharing similar 

206Pb/204Pb200Ma values (Fig. 7.4 a-b) 

A good overlap exists between samples from the different normative groups, but while Ol/Hy-

normative samples display the maximum observed variation, the two analyzed HTQ samples oc-

cupy the most radiogenic position in both the Pb-Pb isotopic spaces, while yielding among the least 

radiogenic initial Sr isotopic signatures and the highest initial 143Nd/144Nd. 
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Figure 7.4 a-b. Initial (200 Ma) Sr and Nd isotopic compositions of  ENA tholeiites plot as a function of  
206Pb/204Pb200Ma.
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Our new isotopic data are in agreement with those obtained by Pegram (1990) on dykes (mostly Ol/

Hy-normative) cropping out in North and South Carolina. Nd and Sr isotopic values from Pegram 

(1990) were back corrected to 200 Ma instead of  180 Ma (Fig. 7.5 a). Pb isotopic data from Pegram 

(1990) cannot be corrected to initial values, but a comparison between uncorrected values shows 

an excellent concordance between new and previous data (Fig. 7.5 c-d). The same concordance 

is shown by Nd initial isotopic compositions and 206Pb/204Pb uncorrected values, where the most 

radiogenic data from Pegram (1990) overlap our quartz-normative samples in a short vertical align-

ment (Fig. 7.5 b).

ISOTOPES

A subset of  12 samples taken from those analyzed for Sr-Nd-Pb isotopes was selected for whole-

rock Re-Os chemical and isotopic analyses. Samples were chosen basing on the highest possible 

MgO content. Therefore, all the selected samples belong to Ol/Hy-normative LFO (CS14, CS28, 
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data from the present work. In b) initial (200 Ma) Nd isotopic ratios are plotted as a function of  uncorrected 
206Pb/204

ISOTOPES

a b

c d



CS31, CS41, CS49, CS55, CS57, CS60, CS64, CS73) and HFO (CS9, CS26) groups.

Analyses were carried out at the CRPG-CNRS of  Nancy (FR), where chemical extraction of  Re 

and Os in the clean lab (cf. Methods on Appendix 2) from 0.5 g of  powdered whole-rock samples 

was followed by determination of  Re concentrations by isotope dilution and Re isotopic ratios by 

peak jumping using a Daly detector on a Micromass Isoprobe ICP-MS. Os concentrations were 

determined by isotope dilution, and Os isotopes were measured by Negative Thermal Ionization 

Mass Spectrometry (N-TIMS) (Creaser et al., 1991; Volkening et al., 1991) in ion counting mode, 

using a Finnigan MAT262 mass spectrometer. The average measured Os blank was 13 ppt, and Re 

blank 370 ppt, while uncertainties on 187Os/188Os initial signatures range between 0.3 and 0.05%. 

Measured Os concentrations range from 0.13 to 0.92 ppb, while [Re] varies between 0.5 and 1.4 

ppb, with uncertainties of, respectively 0.1 and 1.9 % and 1.06-1.56%.

Measured 187Os/188Os ratios range between 0.1435 and 0.2656, and plotted against 187Re/188Os re-

sulted in apparent isochron yielding an age of  201±40 Ma (MSWD=406), with initial 187Os/188Os of  

0.137±0.012 (Fig.7.6 a). This age, although obviously very imprecise, is comparable to the 40Ar/39Ar 

ages of  the samples (201.4-195.2 Ma, Hames, 2000; Beutel, 2005; Nomade et al., 2007; all data re-

200 Ma. 

Sample CS31 yielded a result that is distinctly higher than all the others, probably due to a labo-

ratory bias, thus it is not considered further in the results discussions. Eliminating CS31 from 

the 187Os/188Os-187Re/188Os diagram brings to a cleaner apparent isochron with a different age of  

211±22Ma (MSWD=56), that is nevertheless still comparable, within error, with the 40Ar/39Ar 

ages of  ENA CAMP dykes. In this case the initial 187Os/188Os calculated from the regression is 

0.1319±0.0066 (Fig. 7.6 b).

187Os/188Os200Ma of  sampled ENA diabases display a restricted compositional range (0.1278±0.0011-

0.1442±0.0015), with HFO and LFO samples sharing similar Os isotopic traits. There is no correla-

tion between [Re] and initial Os isotopic ratios. The two HFO samples display higher Re concen
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 and include 
in-run errors as well as blank and weighing uncertainties.
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trations than the LFO ones (Fig. 7.7 a). No correlation is observed between initial 187Os/188Os and 

[Os] as well, but the two samples showing distinctly higher [Os] (CS9, HFO: 0.90 ppb and CS14, 

LFO: 0.92 ppb; Fig. 7.7 b) are among the least radiogenic ones. 

Os isotopic compositions for ENA CAMP tholeiites vary from values close to the estimated 

187Os/188Os composition of  the Primitive Upper Mantle (0.1281±0.0008, recalculated to 200 

Ma after the present-day ratio from Meisel et al., 2001), to slightly more radiogenic ones (up to 

0.1441±0.0015) and plot, in Sr–Os and Nd–Os isotopic spaces among DMM, EMI and EMII 

compositions (Shirey and Walker, 1998). Os isotopic ratios are poorly correlated with Sr-Nd-

Pb ones, even though the sample with the most radiogenic Os signature shows also the highest 

87Sr/86Sr200Ma and lowest Nd (Fig.7.8 a-b). Similarly, and 8/4 signatures appear uncorrelated 

with 187Os/188Os initial ratios (Fig. 7.9 a-b). 

200Ma for 12 ENA 
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isotopic ratios for ENA CAMP tholei-

-

reservoirs values are from Zindler 

are back-corrected to 200Ma (pres-

al. 2001: 
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8     MINERALOGICAL COMPOSITIONS (EMPA)

-

8.1 OLIVINE

-

-

-

K
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Figure 8.1: a-e) Fo content (in %) for 18 olivines analyzed from 5 Ol-Hy-normative ENA diabases. 
Squares mark punctual analyses, plotted as a function of  the distance (in µm) from the crystal rim. f) Fo 
content (in %) from 10 analytical points from the core portion in olivine phenocryst from CS77 (LTQ).

a b

c d

e f
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MINERALOGICAL COMPOSITIONS (EMPA)

Figure 8.2: Microphotographs (crossed polars) of  the analyzed olivines in thin sections from 6 ENA di-
abases. Analytical paths are marked by straight line and letters (c:core, r:rim, a-b: random points).
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Figure 8.3: a) Fo content (in %) for all analytical points in olivines, plotted against total Fe2O3 (wt%) 
in the respective whole rocks. b) Rhodes diagram for analyzed olivines, with olivine/melt equilib-
rium curves drawn with a KD(Fe-Mg)olivine/liquid of  0.3±0.03 (Roeder and Emslie, 1970; Ulmer, 1989). 
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Figure 8.4. Ni (a) and Mn (b) concentrations (ppm) in olivines from ENA tholei-
ites, plotted against Fo%. c) Compositions of  olivine cores from CS28 and CS57 are com-

MINERALOGICAL COMPOSITIONS (EMPA)

a b

c

Table  8a: Representative compositions (EMPA, in wt% oxides) of  analyzed olivines.



8.2 PYROXENES

-

-

-
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Figure 8.5: EMPA data points for 
each analyzed pyroxene crystal 
plotted on the pyroxene compo-
sitional quad. (Di: diopside, Hd: 
hedembergite; En: enstatite; Fs: 

frequent augitic compositions.
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Figure 8.6: a) Fs content (in %) for all analytical points in pyroxenes, plotted against total Fe2O3 (wt%) in the 
respective whole rocks. b) TiO2 content plotted versus Mg# for both pyroxenes compositions (small symbols) 
and whole rocks (big symbols).

MINERALOGICAL COMPOSITIONS (EMPA)

a b



K
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Figure 8.7: Rhodes diagram with clino-
pyroxene/melt equilibrium curves 
drawn with a KD(Fe-Mg)pyroxene/liquid of  
0.25±0.5 (Gaetani and Grove, 1998). 

Table  8b: Representative EMPA data points (expressed in wt% oxides) for analyzed pyroxenes.
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Figure 8.8: Mg# content (in %) for clinopyrox-
enes analyzed from 7 ENA diabases. Symbols 
mark punctual analyses, plotted as a function 
of  the distance (in µm) from the crystal rim.
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Figure 8.9: Microphotographs (crossed polars, except for CS31-cpx1 and CS28-cpx3, parallel polars) of  the 
analyzed pyroxenes in thin sections from 7 ENA diabases.

PART I - CHAPTER 8



8.3 PLAGIOCLASE

-

77

Figure 8.10: Triangular diagram for feldspars (averaged compositions), classifying plagioclases from ENA 
tholeiites as labradorites and bytowntites. Black triangles for crystals from LFO rocks, white for HFO. Or: 
orthoclase, Ab: albite, An: anorthite. 
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Figure 8.11: Anorthite content (in %) for 7 plagioclases analysed from 4 ENA diabases. Triangles mark punc-
tual analyses, plotted as a function of  the distance (in µm) from the crystal rim. Microphotographs on the 
right side (crossed polars) show examples of  analyzed plagioclases from three coarse grained samples.
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Figure 8.12: Rhodes diagram for analyzed pla-
gioclase crystals from 5 samples. Plagioclase/
melt equilibrium line drawn with a KD(Ca-Na) 
plagioclase/liquid of  1 (Aigner-Torres et al., 2007).

MINERALOGICAL COMPOSITIONS (EMPA)



8.4 OXIDES

-

-

-
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Figure 8.13: Cr2O3 content (in %) in Cr-spinel crys-
tals plotted against Cr content (in ppm) in the re-
spective whole rocks.
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Table 8d: Representative examples of  the EMPA analyses on oxides from 6 different ENA tholeiites.

MINERALOGICAL COMPOSITIONS (EMPA)



82



9 GEOTHERMOBAROMETRY

From the Rhodes diagram clinopyroxenes cores from sample CS6, CS31 and CS49 appear in equi-

librium with the whole rock, therefore they are suitable for estimating crystallization pressures and 

temperatures basing on the thermo-barometer of  Putirka (2008). P and T are calculated starting 

from the composition of  a clinopyroxene core and of  its relative whole rock.

-

cantly, between 8.5 and 5 kbar. 

Pressures and temperatures obtained from augites in disequilibrium with the bulk rock are less 

crystallization temperatures obtained for CS28 and CS57 (1243-1295 °C) are concordant with those 

obtained from augites in equilibrium. The disequilibrium is visible in the imprecise estimation of  

pressure (4.6-9.5 kbar for CS28, 5.4-9.6 kbar for CS57). A crystal core of  an augite from CS23 is 

also in equilibrium with the whole rock, but results in relatively low crystallization temperature and 

pressure (1176°C, 3.2 kbar). 

Coexisting augites and pigeonites (or orthopyroxenes) from samples CS23, CS31 and CS67 at a 

pressure of  5 kbar give equilibrium crystallization temperatures (after Andersen, 1993) between 

917 and 1196°C (with uncertainties between ±15°C and ±222°C), i.e. 100-200°C lower than those 

estimated following Putirka (2008). However, since these are crystallization temperatures for low-

Ca pyroxenes (i.e. pyroxenes whose crystallization starts at lower T), results from both the geother-

mometers are reasonable. 
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Table 9a: A) Crystallization tempera-
tures (°C) and pressures (kbar) calcu-
lated on augite cores (on single ana-
lytical points), after Putirka (2008). B) 
Equilibrium temperatures calculated 
at 5 kbar for pyroxenes pairs with 
Quilf  4.0 (Andersen, 1993).



Starting from pressures obtained with Putirka (2008) thermo-barometer, crystallization tempera-

tures for olivine (Fig. 9.1 a) were estimated basing on the olivine-liquid equilibrium, again following 

Putirka (2008). In particular, the calculation was carried out for olivine cores from samples CS28 

and CS57, which are in equilibrium with the whole rock composition. Thus, crystallization tempera-

tures of  1350±15 °C and 1325±15°C were obtained for olivine cores from CS28 and CS57, on an 

anhydrous base and at pressures of  9 and 5 kbar, respectively.

Mantle potential temperature (Tp -

ing mantle would attain if  it could reach the surface without melting (McKenzie and Bickle, 1988). 

Using the equilibrium temperatures for olivine cores and the P conditions previously obtained from 

clinopyroxene compositions, a Tp of  1487 and 1466 °C is calculated after Putirka (2008),  based on 

the approach of  Roeder and Emslie (1970). These values are in agreement with those published for 

the CAMP by Herzberg and Gazel (2009). They calculated mantle Tp ranging between 1330 and 

1480°C for CAMP primary magmas, even though the majority of  values plot on a more restricted 

range (1430-1480°C; Fig. 9.1 b), entirely above the potential temperature range of  the average ambi-

ent mantle (1300-1400°C). 
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Figure 9.1 a-b: a) Crystallization temperatures (°C) calculated with Putirka (2008) thermo-barometer for 2 
olivine phenocrysts from ENA tholeiites. b) TP obtained for CS28 and CS57 compared to mantle potential 
temperatures (TP) obtained for different volcanic provinces by Herzberg and Gazel (2009).



The ILMAT geothermometer (Lepage, 2003) was applied to the oxides analyzed from sample CS28, 

the only analyzed sample yielding ilmenite crystals. Magnetite-ilmenite pairs were thus used to cal-

culate the oxygen fugacity (fO2) and the equilibrium T between the two oxides. Resulting tempera-

tures (following Andersen & Lindsley, 1985) are rather low (770-750°C) and on a T-logfO2 diagram 

oxides pairs are aligned, but do not parallel any fO2 buffer curve (plotting at higher logfO2 and at 

equilibration at still relatively high temperatures, and cannot be used to infer oxides crystallization 

T or fO2 condition of  the melt.
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Figure 9.2: Oxygen fugacity (in 
log10 units) vs temperature (°C) 
values calculated with ILMAT 
geothermometer (Lepage, 2003) 
for oxides from sample CS28.  
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10 PETROGRAPHY

ENA dykes and sills display simple mineralogical assemblages, typical of  diabasic or doleritic rocks 

-

tive composition (CIPW olivine-hyperstene or quartz normative), i.e. olivine phyiric and pigeonite-

granophyre bearing diabases.  The olivine-phyric diabases show phenocrysts of  plagioclase (An
47-84

), 

augite (En
33-56

Fs
9-30

Wo
17-42

), olivine (Fo
48-89

), orthopyroxene and oxides (Ti-magnetite, ilmenite, Cr-

spinel). The others, devoid of  olivine phenocrysts, contain plagioclase and augite of  broadly similar 

compositions, as well as pigeonite, which is never present in the olivine-bearing diabases) and in 

some cases thin granophyric intergrowths of  K-feldspar and quartz in the groundmass. Oxides are 

present as well in this second group. Warner & Wasilewski (1985) showed Ti-magnetite to be the 

main oxide phase in olivine-hyperstene normative ENA diabases, while ilmenite is more common 

in quartz normative diabases. Primary sulphides are also observed in some of  the sampled rocks. 

with secondary zeolites or carbonates. Alteration phases such as serpentine and iddingsite on olivine 

crystals are observed in some rocks as well as clay minerals coating plagioclases, and amphiboles 

substituting pyroxenes. A broad grain spectrum is observed for these rocks, varying continuously 

from nearly aphiric (smaller dykes and margins of  the thicker dykes) to sub-pegmatitic (Durham sill) 

and ranging from equigranular, to seriate, to strongly porphyiritic. All textural shades are observed, 

from porphyritic to intersertal, from intergranular to ophitic, regardless of  the different grain sizes. 

Porphyritic rocks show coarse grained olivine (rarely plagioclase and clinopyroxene) phenocrysts 

in a microcrystalline to glassy groundmass (e.g. sample CS28, Fig. 10.1 a). This texture is typically 

found in chilled margins or in small dykes. Alteration appears to preferentially affect the ground-

mass, partially eluding phenocrtysts. Intersertal rocks show randomly oriented, euhedral, plagioclase 

-

terstices between euhedral plagioclases. In some samples intersertal portions grade to intergranular, 

and this change can be observed even at the thin section scale. Diabases from the thickest dykes 
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grained pyroxene crystals encompass plagioclase smaller laths (Fig. 10.1 c). 
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Figure 10.1 a-c: Crossed polars micro-
photographs of  samples showing por-
phyritic (a, sample CS28), intersertal/in-
tergranular (b, sample CS43) and ophitic 
(c, sample CS47) textures. Schematic 
petrographic descrition of  all the sam-
pled rocks is reported in Appendix V.

a b

c



11  OBSERVATIONS ON THE DATA

The main whole-rock and mineral composition features of  the analyzed dykes and sills from the 

SE-USA are listed here and will be discussed in the following chapters. 

The studied diabases display decoupled major elements vs trace elements and isotopic composi-

tions. The dykes and sill can be subdivided in four clearly distinct groups in terms of  CIPW norm 

as well as for major (Si, Fe, Ca, Al, Ti) and compatible trace elements (Sc and V).  To group samples 

basing on criteria other than normative composition has proven unworthy, since no systematic 

geochemical characteristics are observed between groups based on a) direction of  the dykes or              

b) geographic position (including both latitude and country rock intruded, an approach followed by 

e.g. Pegram, 1990).

Except for U/Pb, Th/Ce, Th/Nb ratios being highest in quartz-normative diabases, all the rocks 

yield rather uniform, depleted incompatible element contents, show negative Ti and Nb and posi-

Ch
/Yb

Ch
: 0.54-2.60), 

with major and trace element compositions and show a very large variability, covering the almost 

0.51251-0.51204), and falling largely out of  it in Pb-Pb spaces. Pb isotopic values (
206

Pb/
204

Pb
200Ma

: 

Pb/
204

Pb
200Ma

: 15.54-15.65, Pb/
204

Pb
200Ma

, plotting roughly between EMI 

and EMII mantle poles. There is good positive correlation between Nd and Pb isotopes, while no 

covariance is shown by Sr and Pb isotopes. Os/ Os
200Ma

correlate with either Sr, Nd or Pb isotopes. In general, the described geochemical variations are not 

correlated with geographic position of  the dykes (or their orientation). Finally, it should be noted 

that olivine phenocrysts from some porphyritic samples are high in Fo (up to Fo ) and yield crystal-

91



92



12 CLOSED-SYSTEM MAGMATIC DIFFERENTIATION

The software MELTS (Ghiorso and Sack, 1995) was used to model the closed system magmatic 

differentiation through fractional crystallization for ENA diabases. Starting samples were chosen to 

be representative of  their normative groups (CS28 and CS57 for LFO, CS9 for HFO) and to best 

approximate primitive and near-liquidus magmatic characteristics, i.e. relatively high MgO (12-13 

wt%) and porphyritic (rather than intersertal or ophitic) texture. Different pressure conditions span-

ning the range obtained with clinopyroxene-liquid geobarometry (CS28: 4.6-9.5 kbar; CS57: 5.4-9.6 

kbar; cf. Chapter 9) and low water (H2O: 0 wt% or 0.3 wt%) and oxygen fugacity (constrained to the 

Quartz Fayalite Magnetite, QFM buffer) were considered as starting conditions (Table 12a). 

Liquidus temperatures at 8 kbar and 0.3 wt% H2O range between 1343° (CS9) and 1457°C (CS28). 

Starting from LFO composition, fractionation of  spinel is followed by an orthopyroxene + spinel 

assemblage and again by high-Ca clinopyroxene + spinel. Fractionation of  high-Ca clinopyroxene 

starts at 1300°C, in agreement with crystallization T for augites (1247-1295°C) obtained following 

Putirka (2008). 

Starting from HFO composition (with 0.3 wt% H2 -

lizing phase, substituted by orthopyroxene. Crystallization of  low-Ca clinopyroxene follows (from 

1288°C), followed by an assemblage of  high-Ca clinopyroxene + feldspar + spinel (Table 12a) 

The smooth increase in Al2O3, TiO2, Na2O and P2O5 in the residual liquid observed for modeled 

fractionation at (relatively) high-pressure (8 kbar) well resembles the trends described by LFO ENA 

dykes compositions for these elements. However, SiO2 and Fe2O3 variations for dykes are not re-

produced by the modeled liquid lines of  descent, i.e. at 8 kbar Fe2O3 should increase with fraction-

ation and SiO2 should decrease, while the opposite is observed for analyzed samples,   suggesting 

that evolution of  LFO dykes is not controlled by high-pressure fractionation. 

The same situation is observed for HFO samples, even though, starting from CS9 composition, 

closed system differentiation results in a late increase in SiO2, as oxides (spinel) enter the fractionat-

ing assemblage. Again, HFO rocks seem not controlled by high-pressure fractionation.
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Setting pressure at 3 kbar and a H2O content of  0.3 wt% lowers liquidus temperatures to 1338° 

followed by olivine + spinel assemblage. Clinopyroxene starts crystallizing at 1218-1200° forming 

an olivine + spinel + high-Ca clinopyroxene fractionating assemblage that eventually turns to high-

Ca clinopyroxene + low-Ca clinopyroxene + plagioclase. Fractionation from HFO compositions 

does not see the involvement of  spinel, i.e. differentiation is controlled by early olivine fraction-

ation, followed by olivine + high-Ca clinopyroxene + plagioclase fractionation (Table 12a)

 For all major element vs MgO variations (Fig. 12.1 a-g), liquid lines of  descent resulting from 

fractional crystallization at 3 kbar are broken, with kinking occurring as fractionation of  Fe-Mg 

minerals (olivine ± spinel) ceases in favor of  Ca-Al silicates. First portions of  the modeled fraction-

ation curves at 3 kbar well mimic both LFO and HFO trends. This is valid for most of  the major 

elements oxides, with the exception of  Fe2O3tot, whose evolution is not well described by the trend 

starting from sample CS9 (HFO), i.e. in the modeled trend Fe2O3 is decreasing with differentiation, 

while it is increasing in the analyzed samples. However, data are largely scattered in Fe2O3 vs MgO 

There is no way to produce HFO compositions from LFO (or vice versa) by fractional crystalliza-

tion, thus different parental magmas must be at the origin of  the two Ol/Hy-normative groups. On 

the contrary, Q-normative samples plot along the 3 kbar liquid lines of  descent for most major ele-

ments, thus potentially deriving from LFO or HFO magmas after fractional crystallization process-

es. However, marked discrepancies between calculated and observed compositions are observed 

for 1) SiO2, whose concentration in Q-normative samples is too high to result from fractionation 

processes, i.e. LTQ and HTQ samples do not plot along the extension of  any modeled liquid line 

of  descent; 2) Al2O3, that is too low for LTQ samples to be reached with fractional crystallization 

alone, except if  anhydrous conditions are considered allowing for early plagioclase saturation (cf. 

the liquid line of  descent from CS28 at 3 kbar); 3) Na2O and P2O5 in Q-normative samples, which 

appears too low to be achieved by fractional crystallization alone from primitive Ol/Hy-normative 

magmas. However, this is partly due to the fact that starting compositions are relatively Na2O- and 

P2O5-rich. Both LTQ and HTQ samples may potentially derive for fractional crystallization from a 

LFO magma type. On the contrary, while HFO magmas may result in HTQ differentiated composi-
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tions, they do not appear to evolve as LTQ magmas.
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13 MANTLE MELTING

As shown in Chapter 12 on shallow level closed-system differentiation processes, parental magmas 

of  different compositions are required to explain the distinct compositions of  LFO and HFO ENA 

diabases, which is most evident in terms of  FeO, CaO, SiO2 and Na2O contents. Major element 

compositions of  ENA dykes were thus compared to those of  melts obtained by experimental (near) 

anhydrous partial melting of  spinel lherzolite and pyroxenite between 10 and 30 kbar (Fig. 13.1 a-e). 

Major element compositions of  high-Mg LFO samples well overlap those of  melts obtained from 

spinel lherzolite KLB-1 between 1370°C and 1450°C at 20-25 kbar by Hirose and Kushiro (1993) 

or those issued from a depleted spinel lherzolite at 15 kbar at 1319-1336°C as shown by Robin-

son et al. (1998). On the contrary, most major element compositions for high-Mg HFO samples 

are comparable with experimental partial melts of  HK-66 spinel olivine-websterite between 1425° 

and 1500°C at 25-30 kbar (Hirose and Kushiro, 1993). However, these latter experimental melts 

appear slightly CaO-enriched with respect to HFO diabases. Relatively low-CaO, high-FeO com-

positions typical of  HFO basalts resemble those of  partial melts obtained at 30-50 kbar (around 

1500-1600°C) from a mixture of  pyrolite and MORB (representing a pyroxenitic mantle source) by 

Kogiso et al. (1998, 2003), but these experimental melts are in turn either too SiO2 and Na2O rich 

(at 30 kb) or too Al2O3 poor and CaO rich (at 50 kbar) to represent parental HFO magmas. The 

experimental melts best approaching HFO compositions are those obtained by Keshav et al. (2004) 

from a high-Mg garnet pyroxenite at 20-25 kbar, between 1340° and 1430°C.
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Figure 13.1 a-e:  Major elements composition for ENA diabases plotted together with experimental melts of  
different mantle lithologies. Yellow, orange, red diamonds: experimental melting of  lherzolite and spinel py-
roxenite after Hirose et al. (1993); pink triangles: depleted spinel lherzolite after Robinson et al. (1998); light 
green squares: pyrolite-MORB mixed compositions after Kogiso et al. (1998); dark green sqares: MIXIG low 
Si-garnet pyroxenite (Kogiso et al. 2003) and light and dark blue circles: high-Mg pyroxenite after Keshav et 
al. (2004). Small light green squares represent liquid lines of  descent for fractional crystallization at 3 kbar 
(olivine + spinel fractionation) of  melts obtained from pyrolite+MORB at 30 kbar (Kogiso et al., 1998), mod-
eled with MELTS (Ghiorso and Sack, 1995).



According to Herzberg and Asimow (2008), a further proxy calling for a pyroxenitic mantle source 

for HFO ENA diabases is their low CaO content. CaO depletion can also result from removal of  

clinopyroxene from primitive partial melts, but if  fractional crystallization occurs at low pressures 

(as suggested by closed-system differentiation trends modeled with MELTS, cf. Chapter 12), the 

drop in CaO would be evident between 10-7 wt % MgO, i.e. only quite evolved HFO magmas can 

Henceforth, two mantle sources of  different composition appear to reside at the origin of  ENA 

diabases, i.e. LFO magmas being most probably issued from a (dominantly) peridotitic mantle 

source (lherzolite) at 20-25 kbar and 1370-1450°C (consistent with estimated olivine crystallization 

temperatures of  1325-1350°C), and HFO from a (dominantly) pyroxenitic source between 20 and 

30 kbar (1340-1500°C).
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Figure 13.2: CaO and MgO contents in ENA dykes compared with primary magmas produced by accu-
mulated fractional melting of  fertile peridotite. According to Herzberg and Asimow (2008), magmas with 
CaO contents below the green line potentially represent pyroxenite partial melts. A liquid line of  descent for 
crystallization of  gabbro in the crust is shown in black. Gray shaded area shows computed CaO and MgO 
contents of  accumulated fractional melts of  fertile peridotite (from Herzberg, 2006). Red line joins points of  
near-solidus melts compositions at different initial melting pressure. Blue lines represent clinpyroxene frac-
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An independent indication of  possible pyroxenitic source components hinges on olivine major and 

trace element compositions, as underlined by Sobolev et al. (2007). Pyroxenite-derived melts are 

enriched in SiO2 and NiO and depleted in MgO, CaO and MnO with respect to those issued from 

a peridotite at given P and T, and early crystallized olivines would record these features. Primitive 

(Fo86-89) olivines from LFO samples support a contribution of  40-70% pyroxenitic source in their 

genesis. This is at odds with what suggested by observations on major elements and REE data, i.e. 

calling for a spinel peridotitic source for LFO samples.

To further constrain the mantle source originating ENA diabases, REE behavior during non-modal 

partial melting of  mantle lithologies was modeled in both fractional and batch mode, at differ-

ent melting degrees. In particular, La/Yb was used to represent fractionation between LREE and 

HREE, while Sm/Yb is representative of  MREE/HREE ratios. Primitive (McDonough, 1991) to 

depleted (Workman and Hart, 2005) mantle peridotites were considered as starting compositions, 

Cpx/meltKD for 

REE measured by Chazot et al. (1996) for melts issued from a lherzolite were used. Mineral/meltKD for 

olivine, orthopyroxene, garnet and spinel are as in Johnston et al. (1998) and references therein. 

Melting in presence of  residual garnet appear at odds with ENA dykes REE patterns (Fig. 6.4). 

The melting curve best approaching the majority of  ENA dykes compositions and in particular 

LFO samples is the one obtained by 4-10% batch melting of  a depleted spinel peridotite (Fig. 13.4 

a). Thus, ENA LFO dykes magmas appear to be issued from a REE-depleted mantle source at a 
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Figure 13.3:  To ease the reading, here 
reported is again Fig. 8.4c. Composi-
tions of  high-Fo olivine phenocrysts 
(from LFO samples CS28 and CS57), 
plotted with primitive olivine composi-

from different tectonic settings. MIX 
Herzberg curve represents equilibrium 
olivine compositions calculated for mix-
tures (10% steps) of  pyroxenite-derived 

after Sobolev et al., 2007).
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1989). The presence of  a (very minor) amount of  residual garnet in the mantle source of  HFO 

diabases may be revealed by the slightly higher La/Yb ratios of  these samples compared to LFO 

ones. Indeed, 20-24% batch partial melting of  a garnet-bearing peridotitic mantle source (starting 

from primitive mantle compositions after McDonough, 1991) approaches but does not intersect 

REE ratios typical of  HFO samples (Fig. 13.4). In turn, modeled 10-24% partial melts of  a py-

roxenitic mantle source (0.4 modal fraction of  clinopyroxene, 0.5 of  orthopyroxene, 0.1 of  either 

spinel or garnet; Bodinier et al., 2008) well reproduce HFO ENA dykes compositions. If  a melting 

thus low LREE/HREE fractionation observed in these rocks may be due to relatively high melting 

fraction of  a garnet pyroxenite.

REE compositions for LFO samples are thus reproduced by partial melting of  peridotitic litholo-

gies at a lower degree than that required to replicate HFO compositions, starting from a pyroxenitic 

source. On the hypothesis of  a mixed source partial melting, these estimates would respect the 

higher fertility (i.e., lower solidus temperature) of  mantle pyroxenites with respect to peridotites.
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Fig. 13.4 a-b:  La/Yb and Sm/Yb ratios 
in ENA dykes compared to those ob-
tained by batch and fractional melting of  
a) garnet- and spinel-bearing mantle pe-
ridotites (primitive and depleted) and b) 
by garnet and spinel websterites (olivine-
free pyroxenites). Modal compositions 
for peridotites and pyroxenites according 
to, respectively, Hirose et al. (1993) and 
Bodinier et al. (2008).
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14 OPEN-SYSTEM MAGMATIC DIFFERENTIATION

Despite closed-system processes (fractional crystallization) reproduce reasonably well major ele-

ment trends observed for ENA dykes, their large spread in isotopic compositions suggests a pos-

sible contribution of  lower and/or upper crustal contamination.

Magmatic evolution through open-system processes for ENA tholeiitic magmas was modeled for 

Sr-Nd-Pb and Os isotopes as simple AFC (Assimilation and Fractional Crystallization; DePaolo, 

1981), and as EC-AFC (Energy Constrained Assimilation and Fractional Crystallization), following 

the formulation of  Spera and Bohrson (2001). 

To model the possible role of  crustal contamination in the evolution of  ENA diabases, three LFO 

samples were chosen to represent starting compositions (namely, CS41, CS49 and CS60), given their 

near-primitive character both in major and trace elements geochemistry and mantle-like isotopic sig-

natures (i.e. low Os and Sr and high Nd ratios). Though sharing similar low 187Os/188Os200Ma (1.1278-

1.1354), and different but rather depleted Sr and Nd isotopic ratios (0.7043-0.7055 and 0.5123-

0.5125, respectively), the three starting samples show very different initial Pb isotopic compositions 

(206Pb/204Pb200Ma 17.4-18.6; cf. also Table 14a to compare compositions of  the three samples).

A fair amount of  literature deals with Sr and Nd (and, to a lesser extent, Pb) isotopic compositions 

of  the Eastern North American upper crust. In particular, different areas of  the Appalachians were 

investigated by several authors (e.g. Jones and Walker, 1973; Fullagar and Butler, 1976; Sinha and 

Zietz, 1982; Pettinghill et al., 1984; Badger and Sinha, 1989; Holm-Denoma and Das, 2010). What 

arises from this dataset is the extreme variability of  Appalachians upper crust in lithology and iso-

topic composition (e.g. 87Sr/86Sr200Ma may vary from 0.7048 to 0.7622 in an area as restricted as the 

Central Virginia Blue Ridge). Averaging out all the available data appears however to lack geologic 

signatures of  all the different terrains. Thus the upper crust contamination was modeled starting 

from a “standard” upper crust with geochemical parameters as in Taylor and McLennan (1995) and 

with isotopic compositions as in Hoffman (1997) and in GERM (http://earthref.org/GERM/) 

and GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/) web databases. Analyses of  lower 
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crustal rocks (from terrains or xenolithes) are lacking for the Southern Appalachians, thus reason-

able compositions (i.e., concentration and isotopic signatures of  Sr-Nd-Pb) for the lower crust were 

estimated following reports of  Grenvillian (i.e., Meyzen et al., 2005) or different age lower crust 

(Bohrson and Spera, 2001; Hoffmann, 1997; Jourdan et al., 2007) from other areas. Trace element 

concentrations for the lower crust was taken as in Rudnick and Fountain (1995). Os compositions 

(concentration and isotopes) for the upper and lower crust were estimated starting from Saal et al. 

(1998), Shirey and Walker (1998) and Heinonen et al. (2010). Thermodynamic characteristics of  the 

upper and lower crust were set following Bohrson and Spera (2001). 
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Table 14a-b: Input parameters for the EC-AFC(a) and AFC (b) modeling and geochemical characteristics of  

the contaminants, and relative data sources. Isotopic compositions for upper and lower crust were chosen 

taking into account a Grenvillian to Paleozoic age (1.2-0.4 Ga) for eastern North American crust (cf. Chapter 

1). 
187

Os/
188

Os ratio for the c. 600 Ma Appalachian continental crust at the time of  ENA dykes emplacement 

(200 Ma) was estimated to be around 0.46 starting from a Primitive Upper Mantle isotopic composition of  

0.129, a 
187

Re/
188

Os value of  50 and a of  1.666×10
-11

 yr
-1 

(Shirey and Walker, 1998). 

a

b



On an EC-AFC base, starting from the above mentioned three supposedly less contaminated (or 

uncontaminated) samples, the isotopic compositions and Os concentrations of  the most radiogenic 

ones (e.g., CS73: 187Os/188Os200Ma 0.144, [Os] 213 ppt) is reached with a very limited amount of  as-

similation of  either upper (0.3-0.8%) or lower (0.8-1.2%) crust, with an Mm (fraction of  residual 

magma; Spera and Bohrson, 2001) of, respectively, 0.8 and 0.7. Differences in percentage of  assimi-

lated crust rest on which starting sample is considered. Slightly higher (but still quite low) amounts 

of  crustal contribution (ca. 3%) are obtained if  a lower 187Os/188Os200Ma crustal composition (0.46) 

Os=0.1) chosen for the crustal assimilant, 

-

tamination proceeds fast, and moderately radiogenic compositions (as for CS73) are soon achieved. 

Modeling with simple AFC gives slightly different results, i.e. with r (the ratio between assimilation 

rate over crystallization rate; De Paolo, 1981) set at either 0.1 or 0.3, and F (fraction of  residual 

magma; De Paolo, 1981) ranging between 0.9 and 0.5, 2.5% up to 9.5% assimilation of  continen-

tal crust is required to reproduce the compositions of  the most contaminated samples. It should 

be noted that crustal contamination on an EC-AFC base, starting from a lower (0.46) 187Os/188Os 

signature for the upper crust (reported in Table 14a as UC2) i.e. Hinging on the modeled effect of  

contamination on Os isotopes, the effects of  a comparable amount of  crustal assimilation were 

considered for other isotopic systems (Sr, Nd and Pb).

On element concentration versus isotopic ratio diagrams, the observed general trends and compo-

sitions for Sr and Nd are fairly reproduced with assimilation models, but the most enriched data 

points are reached only through a large amount of  crustal contamination, which largely exceeds 

those derived for Os. In particular, both EC-AFC and AFC assimilation paths well represent ENA 

dyke trends, but to reproduce radiogenic (e.g. 87Sr/86Sr200Ma: 0.7067; [Sr]: 108 ppm) Sr compositions 

through EC-AFC modeling, an upper crustal contamination between 4 and 5% is required (a value 

-

tion is an order of  magnitude higher than that required to reproduce Os data. The majority of  ENA 

dykes data are intersected by assimilation trends for the upper crust, but some are better represent-

ed by lower crustal contamination trends (Fig. 14.1 a-b). Lower crustal assimilation appears to bet-

ter reproduce the ENA dykes Nd elemental and isotopic compositions by simple AFC modeling, 
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assimilation is estimated with EC-AFC to reproduce less radiogenic samples (e.g. 143Nd/144Nd200Ma: 

0.5122; [Nd]: 11 ppm), up to 16% appears necessary through AFC modeling. What appears certain, 

both from Sr and Nd compositions, is that the large spread of  isotopic compositions observed can-

not be obtained by different amounts of  crustal contamination of  a single parental magma. Scarce 

extents of  assimilation starting from parental magmas of  different initial isotopic compositions 

must instead be considered.
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A different situation is shown by Pb plots (Fig. 14.1 g-h), because of  a) the very different isotopic 

compositions of  the starting samples (i.e. 206Pb/204Pb200Ma: 17.4-18.6) and b) the considered upper 

and lower crustal poles plot far apart from each other in Pb compositions, resulting in totally dif-
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Figure 14.1 a-h: Concentration versus isotope ratios diagrams for Os (a-b), Sr (c-d), Nd (e-f) and Pb (g-h) 

representing ENA dykes data along with assimilation paths calculated via EC-AFC modeling (left column) 

and AFC modeling (right column). Tick marks on EC-AFC paths represent steps of  2°C equilibration T (T 

decreases moving away from starting samples). Tick marks on AFC paths represent 0.1 steps of  F (fraction 

of  residual magma). Some ticks are labeled for reference.

e f

g h



ferent orientations for calculated contamination paths. Nearly all the ENA dykes data plot within 

the space enclosed between lower and upper crustal contamination paths starting from the least 

radiogenic sample (CS41), but they do not plot along, or even parallel, any of  the calculated paths. 

Starting from CS41, the most radiogenic samples (e.g. 206Pb/204Pb200Ma: 18.5; [Pb]: 1.98 ppm) are 

reached through 2.5% of  upper crustal contamination (EC-AFC), or 1% if  CS60 is taken as a 

parental magma, i.e. the amount of  upper crustal contamination is comparable to that calculated 

to crustal contamination processes, since samples with very high 206Pb/204Pb200Ma (e.g., CS49) yield 

high Nd and low Sr and Os isotopic compositions which are hardly related to low 206Pb/204Pb200Ma 

samples (e.g. CS41) by crustal assimilation processes. Similarly aberrant results are reached if  the 

whole dataset of  Pb isotopic compositions is modeled starting from the highest 206Pb/204Pb200Ma 

samples (e.g., CS49) and considering assimilation of  lower crust. In this case, > 20% of  assimilation 

is required (EC-AFC and AFC), an amount totally unreasonable if  other isotopic systems are con-

sidered (e.g. it would raise 187Os/188Os200Ma to 0.36, and such radiogenic signatures are never reached 

by ENA dykes). 

Similar fundamental discrepancies between modeled and observed isotopic variations are observed 

in combined Sr-Nd-Pb-Os isotopic space. While the general observed Sr-Nd (Fig. 14.2 a-b) or Pb-

Nd (Fig. 14.2 c-d) isotopic variations seem to be reproduced at least by AFC trends, it should how-

crust in the second case (Pb-Nd). Furthermore, the needed amounts of  crustal contribution (26% 

for r = 0.3, F = 0.4; 14.2 a-b and 14.2 c-d, respectively) are so high that they would result in extreme 

variations of  Os isotopic compositions, for example, as well as in much more evolved compositions 

(e.g., lower MgO) than those observed. While we exclude therefore that the entire set of  (isotopic) 

compositions of  ENA-dykes can be reproduced through assimilation processes, starting from a 

common parental magma, we cannot rule out a moderate contribution of  crustal contamination 

(< 3%), compatible with the observed Os isotopic variations. Such moderate amount of  crustal 

assimilation would only slightly modify the Pb and in particular the Sr-Nd isotopic composition 

of  the contaminated magmas. Upper crust assimilation would shift the Sr isotopic composition 

from, for example, 0.7043 to 0.7051, 143Nd/144Nd from 0.5125 to 0.5119 and 206Pb/204Pb from 

18.61 to 18.66, whereas addition 3% of  lower crust would instead shift 87Sr/86Sr from 0.7043 to 
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0.7049, 143Nd/144Nd from 0.1525 to 0.5122 and 206Pb/204Pb from 18.61 to 18.34. That is, shifts in Sr 

and Nd isotopic ratios are dampened in magnitude if  lower crust is added in spite of  upper crust, 

while shifts in Pb isotopes witness a change in direction (i.e. towards less radiogenic signatures in 

the second case). Another concern that should be pointed out is that while 206Pb/204Pb signatures 

are reasonably reproduced by AFC modeling, 207Pb/204Pb ones are not, i.e. assimilation does not 

proceed parallel to the ENA dyke alignment in Pb/Pb space, thus resulting in systematically higher 

calculated 207Pb/204Pb signatures at a given observed 206Pb/204Pb.

A different situation is shown by Pb plots (Fig. 14.1 g-h), because of  a) the very different isotopic 

compositions of  the starting samples (i.e. 206Pb/204Pb200Ma: 17.4-18.6) and b) the considered upper 

and lower crustal poles plot far apart from each other in Pb compositions, resulting in totally dif-

ferent orientations for calculated contamination paths. Nearly all the ENA dykes data plot within 

the space enclosed between lower and upper crustal contamination paths starting from the least 

radiogenic sample (CS41), but they do not plot along, or even parallel, any of  the calculated paths. 

Starting from CS41, the most radiogenic samples (e.g. 206Pb/204Pb200Ma: 18.5; [Pb]: 1.98 ppm) are 

reached through 2.5% of  upper crustal contamination (EC-AFC), or 1% if  CS60 is taken as a 

parental magma, i.e. the amount of  upper crustal contamination is comparable to that calculated 

to crustal contamination processes, since samples with very high 206Pb/204Pb200Ma (e.g., CS49) yield 

high Nd and low Sr and Os isotopic compositions which are hardly related to low 206Pb/204Pb200Ma 

samples (e.g. CS41) by crustal assimilation processes. Similarly aberrant results are reached if  the 

whole dataset of  Pb isotopic compositions is modeled starting from the highest 206Pb/204Pb200Ma 

samples (e.g., CS49) and considering assimilation of  lower crust. In this case, > 20% of  assimilation 

is required (EC-AFC and AFC), an amount totally unreasonable if  other isotopic systems are con-

sidered (e.g. it would raise 187Os/188Os200Ma to 0.36, and such radiogenic signatures are never reached 

by ENA dykes). 

Similar fundamental discrepancies between modeled and observed isotopic variations are observed 

in combined Sr-Nd-Pb-Os isotopic space. While the general observed Sr-Nd (Fig. 14.2 a-b) or Pb-

Nd (Fig. 14.2 c-d) isotopic variations seem to be reproduced at least by AFC trends, it should how-

109

OPEN-SYSTEM  MAGMATIC  DIFFERENTIATION



crust in the second case (Pb-Nd). Furthermore, the needed amounts of  crustal contribution (26% 

for r = 0.3, F = 0.4; 14.2 a-b and 14.2 c-d, respectively) are so high that they would result in extreme 

variations of  Os isotopic compositions, for example, as well as in much more evolved compositions 

(e.g., lower MgO) than those observed. While we exclude therefore that the entire set of  (isotopic) 

compositions of  ENA-dykes can be reproduced through assimilation processes, starting from a 

common parental magma, we cannot rule out a moderate contribution of  crustal contamination 

(< 3%), compatible with the observed Os isotopic variations. Such moderate amount of  crustal 

assimilation would only slightly modify the Pb and in particular the Sr-Nd isotopic composition 

of  the contaminated magmas. Upper crust assimilation would shift the Sr isotopic composition 

from, for example, 0.7043 to 0.7051, 143Nd/144Nd from 0.5125 to 0.5119 and 206Pb/204Pb from 

18.61 to 18.66, whereas addition 3% of  lower crust would instead shift 87Sr/86Sr from 0.7043 to 

0.7049, 143Nd/144Nd from 0.1525 to 0.5122 and 206Pb/204Pb from 18.61 to 18.34. That is, shifts in Sr 

and Nd isotopic ratios are dampened in magnitude if  lower crust is added in spite of  upper crust, 

while shifts in Pb isotopes witness a change in direction (i.e. towards less radiogenic signatures in 

the second case). Another concern that should be pointed out is that while 206Pb/204Pb signatures 

are reasonably reproduced by AFC modeling, 207Pb/204Pb ones are not, i.e. assimilation does not 

proceed parallel to the ENA dyke alignment in Pb/Pb space, thus resulting in systematically higher 

calculated 207Pb/204Pb signatures at a given observed 206Pb/204Pb.
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Figure 14.2 a-f: Isotopic ratios diagrams for 
187

Os/
188

Os
200Ma

, as a function of  Sr (a), Nd (b) and Pb (c) isotopes, 

representing ENA dykes data along with assimilation paths calculated via EC-AFC modeling (left column) 

and AFC modeling (right column). Tick marks as in Fig.14.1.
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In summary, what can be deduced from AFC and EC-AFC modeling of  open system differentia-

tion rules out a massive involvement of  crustal assimilation processes in producing the vast spread 

in isotopic compositions for ENA dykes. However, a slight amount of  (presumably upper) crustal 

contamination is conceivable, and would explain small isotopic differences observed among several 

samples. An upper limit to the amount of  this contamination is constrained from Os isotopes to 

be around 3%. This implies that the observed co-variations and the large diversity in initial isotopic 

signatures must reside in the mantle source of  ENA dykes.
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Figure 14.3 a-h: Initial isotopic ratios diagrams for
 87

Sr/
86

Sr against 
143

Nd/
144

Nd (a) and for 
206

Pb/
206

Pb as a 

function of  Sr (b), Nd (c) and 
207

Pb/
204

Pb (d) isotopes, representing ENA dykes data along with assimilation 

paths calculated via EC-AFC modeling (left column) and AFC modeling (right column). Tick marks as in 

Fig. 14.1.
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15 ENA DYKES AND NEWARK SUPERGROUP BASINS CAMP FLOWS: A COMPARISON

CAMP is represented in Eastern North America by dolerite dykes and sills and by basaltic and 

-

-
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Figure 15.1: Schematic color-
coded stratigraphy sequences 
showing correlations between 

rift basins. Left to right se-
-

-



-

-

-
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16  DISCUSSION 

16.1 NORMATIVE GROUPS

Through major and trace element geochemistry, parental magmas of  two different compositions 

can be envisaged for LFO and HFO ENA diabases, i.e. HFO magma type is enriched in Fe2O3 

tot and I.E. with respect to LFO magma type. Modeling of  closed-system differentiation shows 

that the correlations between major elements is controlled largely by fractionation of  olivine, and, 

subsequently, of  a late clinopyroxene + plagioclase assemblage. HTQ compositions may thus be 

achieved through ~60% fractional crystallization of  both LFO- and HFO-type parental magmas. 

LTQ compositions are less straightforwardly interpreted as closed-system differentiates. However, 

an origin linked to magmatic evolution of  an HFO parental magma-type can be ruled out with a 

2-enriched. LTQ 

compositions can be reached through a fractional crystallization ruled mostly by olivine. 

-

16.2 MANTLE SOURCE

-

ferent parental magmas, it may be possible that they require two different mantle sources. However, 

a broad overlap in isotopic traits is observed for the two dyke suites. Since the isotopic composi-
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sources with different mineralogy or major element compositions, yet sharing similar, heteroge-

neous, isotopic compositions.

may be suggestive of  a unique source. Anyway, a general, slight enrichment in I.E. is observed for 

HFO compared to LFO tholeiites that may lead to hypothesize their derivation from a lower de-

gree of  partial melting with respect to LFO tholeiites. Higher contents of  Na and K of  the HFO 

magma-types resides in the degree of  partial melting, it would most probably lead to a continuous 

spectrum of  compositions rather than to two separate groups. HFO samples are fewer than LFO 

lower volumes of  primary magma produced, i.e. lower melting degree. There is no particular geo-

graphic localization for HFO vs LFO samples, so a possible drawback to this interpretation is the 

feasibility of  melting a source at different degrees in the same restricted area, and separate the dif-

slightly older than N- and NE-trending ones, i.e. emplacement of  low-degree melts could have oc-

for HFO magmas than for LFO ones at a given pressure. Melting of  a similar source at different 

pyroxenitic source, where HFO magmas are pyroxenite-controlled, and LFO peridotite-controlled. 

This is supported also by a comparison with experimental melts issued from peridotitic and pyrox-

-
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If  pyroxenite veins are supposed to coexist interlayered with lherzolite at the same pressure and 

-

/Yb

for both magma types suggest formation in absence of  residual garnet, thus either partial melts 

even if  pyroxenites are generally thought to be garnet-bearing rocks, their partial melting at high 

those observed for HFO. In this sense, differences in major element geochemistry between HFO 

and LFO diabases would reside in their origin from different mantle lithologies. To reconcile the 

-

ered.  However, this second process hardly reconciles similar I.E. patterns and the trace element 

enrichment in HFO tholeiites with respect to LFO, unless a slightly enriched character is supposed 

-
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16.3   ENRICHED SIGNATURES

high 

enriched signatures as principal arguments. Indeed, because of  the relatively short half-life of  U, 

high 

that is, a reservoir that has been enriched in U in the early history of  the Earth and has evolved 

as a closed-system for a certain time. The sub continental lithospheric mantle, being isolated from 

asthenospheric convection, can be envisaged as the most likely repository of  this high 

-

these domains within the lithospheric roots of  eastern North America. Eventually, during incipient 

negative Ta and Nb anomalies are thus explained without involving massive crustal contamination. 

In this view trace element compositions and isotopic ratios are controlled and buffered by melts 

issued from the enriched domains, while major element contents are not, and record the compo-
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-

cretion may have taken place, thus even if  not strongly supported nor discarded by the new data 

here presented, this latter interpretation is however plausible.

-

natures to magmas eventually tapping the reservoir. Altered subducted oceanic crust may partially 

melt within the asthenosphere and subsequently crystallize in veins or conduits within lithospheric 

-

anic crust recycling may have interested ENA lithospheric mantle during opening of  the Iapetus 

pyroxenitic vening via partial melts of  subducted oceanic crust would not result in the negative Nb 

In any case, EMI component is generally recognized to be conveyed by the recycling of  oceanic 

-
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16.4    MANTLE PLUME?

Sr/ Nd/ Nd, that is, higher 

-

gin, a large extent of  assimilation of  either crust or lithospheric mantle must be accounted for. For 

role in the petrogenesis of  ENA diabases. Interaction of  asthenospheric melts with enriched por-

however lacking in ENA, thus this latter hypothesis appears unlikely, unless for some reason no 

plume-issued melt could escape interaction with the lithospheric mantle. Anyway, since calculated 

cannot be ruled out. Nevertheless, other authors suggested that heat supply could be conveyed by 

the upper asthenosphere, due to lithospheric mantle delamination that followed the Alleghanian 
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17 CONCLUSIONS

The most likely scenario suggested for the petrogenesis of  southern ENA diabase dykes and sills 

envisages a mixed source origin, i.e. a peridotitic mantle source veined by pyroxenites. Different ma-

jor element characteristics of  the two parental magma-types register the composition of  the domi-

nant source from which they are issued, i.e. either their pyroxenitic (HFO) or peridotitic (LFO) pre-

vailing character. Contrarily, incompatible elements and isotopic systematics are controlled mainly 

by the pyroxenite. Therefore, the isotopic heterogeneity and the depleted I.E. character are invari-

ably imparted by the pyroxenitic source to both the magma-types. The observed spinel-signature 

(poor fractionation of  LREE/HREE) may be conveyed by the peridotite, implying a relatively low 

-

tite, and low pressure partial melting of  peridotite-issued magmas. Co-variation trends in major 

elements compositions between the different diabases are controlled by fractional crystallization, 

a closed-system differentiation mechanism possibly linking HTQ rocks to either LFO or HFO pa-

rental magma-types, and LFO rocks to LFO ones. Crustal assimilation up to 3-10% may answer for 

an SCLM source is conceived for these magmatic bodies, being the reservoir that more reasonably 

explains both the isotopic enrichment and the heterogeneity observed. Indeed, different domains 

can be embedded within the SCLM through several geodynamic processes and can maintain their 

isotopic distinctiveness for a long time, isolated from the convective homogenization of  the asthe-

nosphere. ENA lithospheric mantle has undergone a complex geodynamic history, during which 

-

bridized in a supra-subductive context or inclusion of  recycled oceanic crust and sediments can 

have taken place during the geologic evolution of  ENA area, which has alternatively behaved as 

passive or active margin and as suture zone of  continental collisions. Conceivably, differences in the 

-

pergroup basins can reside in the different lithotectonic evolution in which the two areas have been 
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respect to the North. Even if  no geochemical evidence for mantle plume related CAMP magmatism 

is recorded in the ENA area, the possible involvement of  a mantle plume source is not straight-

forwardly ruled out. Relatively high mantle potential temperatures deduced from the investigated 

diabases may indeed mirror the contribution of  a mantle plume merely as heat supplier.
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1 OVERVIEW

Two large-scale events characterized the latest Triassic: 1) one of  the main Phanerozoic biotic cri-

ses, which culminated at the Triassic–Jurassic boundary (TJB) at 201.31 ± 0.43 Ma (Schoene et al., 

2010), but possibly started from the latest Norian or earliest Rhaetian, as a progressive reduction in 

the marine and terrestrial biota (Tanner et al., 2004); and 2) the emplacement of  one of  the largest 

igneous provinces, the Central Atlantic Magmatic Province (CAMP; Marzoli et al., 1999), centered 

at 200.0 ± 2.6 Ma (Marzoli et al., 2011; ages recalibrated after Renne et al., 2010) on a surface in 

excess of  10 million km2 in Pangaea (Marzoli et al., 1999). Since CAMP eruptions straddled the 

TJB (Marzoli et al., 2004; Cirilli et al., 2009), volcanogenic pollution of  the atmosphere may have 

triggered the end-Triassic extinction (McElwain et al., 1999; Hesselbo et al., 2002; Ruhl et al., 2011; 

Schaller et al., 2011).

As the onset of  CAMP magmatism within the latest Triassic is poorly constrained, here we take an 

alternative approach to correlate the marine biostratigraphic time-scale (based on conodonts) with 

the magmatic event. This approach rests on the measure of  Sr isotopic compositions of  biostrati-

graphically well-constrained conodont samples of  late Norian to latest Rhaetian age, i.e. Mockina 

bidentata, Misikella hernsteini–Parvigondolella andrusovi, Misikella posthernsteini and Misikella 

ultima Biozones (Kozur and Mock, 1991). The potential of  Sr isotope stratigraphy hinges on the 

global homogeneity of  the 87Sr/86Sr composition of  the oceanic water, the residence time of  Sr in 

seawater being far longer (e.g. 2.4 Ma; Jones and Jenkyns, 2001) than the ocean mixing time (about 

thousand years; Hodell et al., 1990). Henceforth, the 87Sr/86Sr composition of  a single marine fossil 

87Sr/86Sr variations are used to constrain the biostratigraphic age of  CAMP magmatism, to con-

strain the end-Triassic time-scale and to evaluate the effects of  CAMP on end-Triassic climate 

change and biological crisis.
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2 METHODS

For Sr isotopic analyses, washed and crushed limestones (6-7 kg) were dissolved in 7% acetic acid 

and the insoluble residues sieved carefully with distilled water to retain a fraction between 104 and 

825 µm, without density separation. Conodonts were handpicked under binocular microscope, se-

lecting single elements without adhering sediment particles. Conodonts (40-60 elements per sample, 

corresponding to  ~1 mg) were dissolved in sub-boiling distilled 6M HCl. Sr was separated from 

Sr isotope ratios were measured on a Thermo Finnigan TRITON thermal ionization mass spec-

trometer at the Department of  Mineralogy (University of  Geneva, Switzerland) at a pyrometer-

87Sr/86Sr values were corrected for internal fractionation 

using a 88Sr/86Sr value of  8.375209. Raw values were further corrected for external fractionation 

based on repeated measurements of  the SRM987 standard for which a normalization value of                

87Sr/86Sr = 0.710254 was used. External reproducibility of  the 87Sr/86Sr ratio for the SRM987 stan-

dard is 5 p.p.m. 87Sr/86Sr values are normalized to NBS 987 of  0.710254.
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Table 2a.   Measured 87Sr/86Sr composi-
tions of  biogenic apatite from late Norian 
to latest Rhaetian conodont samples. The 
stratigraphic position, conodont alteration 
index (CAI) and conodont association of  
the analysed samples are described in detail 
in Fåhræus and Ryley (1989), Giordano et al. 
(2010), Muttoni et al. (2010) and Mazza and 
Rigo (2012).
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3 RESULTS

We analyzed 19 conodont biogenic apatite samples from sections belonging to the Tethyan realm 

(Table 2a). In particular, the 87Sr/86Sr composition of  the analyzed conodonts is considered to re-

hernsteini–Parvigondolella andrusovi Biozones), early Rhaetian (Misikella posthernsteini Biozone) 

and late Rhaetian (Misikella ultima Biozone). The advantages of  analyzing conodont samples are 

represented by a) conodont fossils being the most reliable biostratigraphic tools for the latest Tri-

assic (Giordano et al., 2010); b) the high Sr (and low Rb) content of  the apatite constituting these 

fossils; c) the possibility to check the state of  preservation of  conodonts considering their CAI 

(Conodont Alteration Index), which should be lower than 2.5 for the original Sr isotopic composi-

tion to be maintained (Ebneth et al., 1997; Korte et al., 2003).

Electron Microprobe analyses were performed on 10 conodonts, representative of  different CAI 

values observed from the analyzed stratigraphic sections (cf. Appendix VI). Sr contents averaged 

for each sample range from   1500 to 2500 p.p.m., in agreement with compositions of  previously 

analyzed conodont apatites considered not to be altered by diagenetic overprint and weathering 

(Ebneth et al., 1997; Korte et al., 2003; Trotter and Eggins, 2006). Sr contents (p.p.m.) show no 

correlation with 87Sr/86Sr or with CAI values (Fig. 3.2 a) indicating that no major contribution of  

diagenetic Sr was added to the conodont samples. Nonetheless, conodonts yielding CAI of  2.5 are 

probably altered being characterized by higher 87Sr/86Sr ( 2 × 10 4) values compared with coeval 

Previously published 87Sr/86Sr data for Triassic fossils (conodonts and brachiopods) show a global 

drop in Sr isotopic ratio during the latest Triassic (Korte et al., 2003; Cohen and Coe, 2007 and 

references therein). Largely consistent with these data, our new results are focused on the latest 

87Sr/86Sr variations from the late 
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conodont Misikella posthernsteini (Giordano et al., 2010; Fig. 3.1 a, c) and is marked by a rapid drop 

from relatively high (0.70798) to lower 87Sr/86Sr values ( 0.70777 at the base of  the Misikella ultima 

Biozone). The second 87Sr/86Sr shift starts within the latest Rhaetian when the Sr isotopic values rise 

again to relatively high values, up to 0.70807 (upper Misikella ultima Biozone). Later, the seawater Sr 

isotopic curve shows a long negative trend from the earliest to the middle Lower Jurassic, i.e. Het-

tangian–Pliensbachian/Toarcian (e.g. Jones et al., 1994; Jones and Jenkins, 2001).

The 87Sr/86Sr isotopic curve observed for our conodont samples is mimicked by the seawater 

187Os/188Os curve for the Rhaetian illustrated by Cohen and Coe (2002) and Kuroda et al. (2010) 

(Fig. 3.1 b), who documented a decreasing trend of  187Os/188Os starting from the lowest Rhaetian 

and then an abrupt increase in the latest Rhaetian, which in turn is followed by a stable phase from 

the TJB to the late Hettangian. Notably, the Sr and Os isotopic shifts are biostratigraphically corre-

lated considering the coeval occurrences of  the Tethyan conodont Misikella posthernsteini and the 

North American conodont Epigondolella mosheri A at the base of  the radiolarian Propavicingula 

moniliformis Assemblage Zone (Giordano et al., 2010), corresponding to Haeckelicyrtium breviora 

Zone for Japan (Carter, 2007), and the global disappearance of  the bivalve genus Monotis, after a 

al., 2008). The calibration between the base of  the radiolarian Globolaxtorum tozeri Zone and the 

occurrence of  conodont Misikella ultima  is shown in Pàlfy et al. (2007), (Fig. 3.1 c). 

PART II - CHAPTER 3
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RESULTS

Figure 3.1:  (a) Sr isotopic variations of  Norian to Hettangian fossils. Dark grey circles: our conodont 87Sr/86Sr 
87Sr/86 -

et al. (1994). (b) Marine sediment 187Os/188

2010). (c) Biostratigraphical calibrations after Giordano et al. (2010), Carter (2007) and Pálfy et al. (2007). (d) 
Relative probability and frequency distribution of  40Ar/39Ar plateau ages of  CAMP basalts (Marzoli et al., 2011 
and references therein). Note the peak activity occurring between c. 202 and 200 Ma. Ages are recalculated 



PART II - CHAPTER 3

152

Figure 3.2:  Sr content (p.p.m.) and 87Sr/86Sr vs. conodont alteration index (CAI) (a and b, respectively).        

(black circles), although at slightly higher 87Sr/86Sr. In (c), samples are plotted in stratigraphic order with old-
est left.
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4 DISCUSSION

The variations in the Sr and Os isotopic curves are well correlated for the period between the latest 

Norian and the TJB, despite the different residence times of  the two elements in oceanic waters 

(the residence time of  Sr being at least one order of  magnitude longer than that of  Os). Therefore, 

the global perturbations affecting contemporaneously the isotopic balance of  both the systems are 

most likely attributed to abrupt and intense large-scale events. In detail, the progressive drop of  

Sr and Os marine compositions recorded from the base of  the Rhaetian may suggest a reduction 

in the contribution to the oceans from old continental crust-derived material with high 87Sr/86Sr 

and 187Os/188Os, i.e. a reduction in the global run-off. Following calculations of  Jones and Jenkins 

(2001), the observed negative shift may be compatible with a reduction of  15–20% in global run-

by a catastrophic event, such as a bolide impact or a LIP emplacement and possible associated vol-

canogenic SO2 emissions (e.g. Wignall, 2001; Self  et al., 2008). Notably, no major asteroid impact 

is known for the Late Triassic, after that forming the c. 214 Ma Manicougan crater (cf. Jourdan et 

al., 2009a). Instead, SO2 release from basalt eruptions may have reduced global temperatures with 

Therefore, a short-term drop in run-off  is not a likely mechanism to explain the Sr isotopic nega-

tive shift.

An alternative scenario is that the earliest-Rhaetian 87Sr/86Sr and 187Os/188Os drop may be due to 

a change in the isotopic signature of  the sedimentary source, most likely attributed to a magmatic 

origin, i.e. either to enhanced hydrothermal activity at Mid-Ocean ridges, or to chemical weathering 

of  young juvenile mantle-derived basalts (Jones and Jenkyns, 2001; Cohen and Coe, 2007 -

cant changes in oceanic crust production rates at Mid-Ocean ridges cannot be documented for the 

Late Triassic and in any case would affect the Sr marine budget for time-scales of  several Ma (e.g. 

Jones and Jenkyns, 2001; Cohen and Coe, 2007). Therefore, even if  we cannot completely rule out 

the presence of  any yet undocumented LIP (e.g. an oceanic plateau) during the Late Triassic, in ac-

cordance with previous studies (Cohen and Coe, 2007; Kuroda et al., 2010), we propose to attribute 
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the source of  low 87Sr/86Sr and 187Os/188Os to chemical alteration/weathering of  juvenile basalts 

belonging to the only remarkable volcanic event known in the Late Triassic, the continental em-

can be modelled considering reasonable estimates for the volume of  the CAMP ( 2 million km3; 

Marzoli et al., 1999), the mean Sr isotopic composition of  the basalts ( 0.705) and their Sr concen-

tration ( 200 p.p.m.; e.g., Merle et al., 2011). Based on the dynamic response model (Hodell et al., 

1990) and on the equilibrium isotopic mass balance calculation used by Jones and Jenkyns (2001), 

erosion of  8% of  the total volume of  CAMP rocks could explain the difference between the high 

87Sr/86Sr value of  the Norian ( 0.70798) and the low Rhaetian 87Sr/86Sr value (0.70777). Similar cal-

culations were performed in previous studies (Cohen and Coe, 2007; Kuroda et al., 2010) to assess 

the role of  the CAMP in changing seawater 187Os/188Os. We note that a rapid weathering of  CAMP 

basalts, shortly after their emplacement, is consistent also with the indistinguishable 40Ar/39Ar al-

teration and magmatic crystallization ages for CAMP basalts (Jourdan et al., 2009b) as well as with 

2 values responding to CAMP eruption and weathering cycles 

(Schaller et al., 2011).  In a period of  rather stable climate (Preto et al., 2010

CAMP basalts acted as a source of  unradiogenic Sr and Os, driving early Rhaetian seawater towards 

lower Sr and Os isotopic ratios (Fig. 3.1 a). The subsequent late Rhaetian recovery (positive shift, 

Fig. 3.2 c) of  seawater 87Sr/86Sr and 187Os/188Os has been interpreted as an enhancement of  rainfall 

on ancient continental crust (Cohen and Coe, 2007; Kuroda et al., 2010), as would be consistent 

with strongly increased global temperatures observed at the TJB (e.g. Ruhl et al., 2011). While shar-

ing this interpretation, we propose furthermore that this late Rhaetian increase of  seawater 87Sr/86Sr 

observed in the Circum-Atlantic Mesozoic basins of  Morocco, Eastern North America and Bra-

transient stasis of  CAMP eruptions. Even if  not detectable by the 40Ar/39Ar age data for CAMP 

basalts, due to the c. 1 Ma resolution of  this dating method, brief  periods of  volcanic quiescence 

(e.g. Olsen et al., 2002) and are consistent with palaeomagnetic data suggesting that CAMP basalts 

erupted as successive intense brief  pulses (Knight et al., 2004).
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5 EVIDENCES FOR A RHAETIAN ONSET OF THE CAMP

Our interpretation is that the negative Sr isotopic shift at the beginning of  the Rhaetian was trig-

gered by the CAMP, thus implying that CAMP activity started close to the NRB. Previous to this 

study, the biostratigraphic calibration of  the CAMP was based on palynological associations, in par-

ticular, on the distribution of  the sporomorph Patinasporites densus, which has been documented 

to disappear in the upper Norian–lowermost Rhaetian in several sections worldwide from different 

palaeoclimatic belts of  both Southern and Northern hemispheres (Cirilli et al., 2009). In this sense, 

Marzoli 

et al., 2004), and the CAMP lava pile from the Fundy basin (Canada), emplaced below strata con-

taining a Rhaetian palynological assemblage (Cirilli et al., 2009), are constrained to be Rhaetian in 

Kozur and Weems, 2010).

The backward repositioning of  the CAMP onset close to the NRB, as suggested by our new 87Sr/86Sr 

analyses (and consistent with the 187Os/188Os data of  Kuroda et al., 2010), does not contrast the 

common idea of  a causal link between the CAMP event and the TJB biotic turnover. Instead, it 

suggests the extension of  its trigger role on the entire latest Triassic biotic crisis, emphasizing its 

step-wise style (Tanner et al., 2004) and is largely consistent with models predicting the environ-

mental effects of  CAMP basalts and their trigger effect on Late Triassic atmospheric CO2 injections 

(McElwain et al., 1999; Bonis et al., 2010; Ruhl and Kürschner, 2011; Ruhl et al., 2011; Schaller et al., 

2011), which then led to a global warming event and perturbations of  global biogeochemical cycles 

(e.g. Beerling and Berner, 2002; Ruhl et al., 2011).

As 40Ar/39

(Renne et al., 2010) can be directly compared with the U/Pb zircon age of  the TJB (201.31 ± 0.43 Ma; 

Schoene et al., 2010), we can estimate the maximum time possibly elapsed between the NRB (i.e. 

the onset of  the negative Sr and Os isotopic shifts) and the TJB, and thus the duration of  the end-

Triassic biotic crisis and of  the Rhaetian stage. The relative probability plot (Fig. 3.1 d) of  all avail-

able 40Ar/39Ar plateau ages (Marzoli et al., 2011

may have been emplaced before the TJB as the peak of  CAMP magmatism has an age comprised 
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between c. 202 and 200 Ma, whereas any activity before c. 203 Ma was probably of  minor volume. 

The Sr (and Os) isotopic curve and particularly the negative shift observed during the earliest 

NRB. This poses a maximum age for the onset of  the peak activity of  CAMP at the NRB of  about 

203 Ma and, consequently, a maximum duration  of  c. 1.7 Ma for the Rhaetian and the end-Triassic 

biological turnover.
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APPENDIX I - METHODS

A1.1 SAMPLE PREPARATION

Samples were reduced in size and separated from alteration crusts and surfaces with a steel and 

diamond disk miter saw. Smaller portions of  rock were then crushed under a hand screw-press, 

covering the crushing surfaces with two plexiglass tablets (1x10x10 cm) to protect the samples from 

steel contamination. New plexiglass gaskets were used for each sample. The obtained chips were 

small batch of  the sample itself  and blowing it with compressed air before crushing the sample. 
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A1.2 X-RAY FLUORESCENCE

-

cision scale (±  0.0003

-

°C,  and  re-weighted.  

A fraction of  the ignited sample powder is then mixed with Li
2
B

4
O

7

a homogeneous glass disk. 
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A1.3 Sr-Nd-Pb ISOTOPES

-

87
Sr/

86
Sr values were corrected for internal fractionation 

using a 
88

Sr/
86

87
Sr/

86 87
Sr/

86
-

87
Sr/

86
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A1.4 Os ISOTOPES

-

-

as following:

1. spike Os 0.05 ppb, 0.14g (~7 drops)

2. spike Os 0.05 ppb

spike Os 0.05 ppb, 0.07g (~4 drops)

4. Blank: spike Os 0.05 ppb, 1 drop.

1. All samples: spike Re 3.5 ppb, 0.14g (~6 drops)

2. Blank: spike Re 3.5 ppb, 1 drop.

Spike containers are refrigerated, thus a re-equilibration with the clean room temperature was need-

the weight difference between the full spike tank and its weight after spiking the sample. 

chamber, where high pressure (N
2
 pumped up to 100 bar) was maintained to prevent vials opening. 

2

2
 was extracted 

2

ml Br
2
, in the big becker and repeating the heating to perform a second extraction. All the water, 

2
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serves as a reducer for Os, thus impeding its evaporation during the Br
2

were screw-secured as a connection between the sample-bearing small becker and a second, water-

2 

condenses into the second becker, where the water protects it from covering the inverse path. Br
2
 

and water were trashed, and the remaining of  the sample was recovered. 

-

2
SO

4

 

2
 extractions in the big 

Distilled, ultra-pure acids and reactants were used throughout the above described procedure.
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1. Quartz vials were washed under abundant water, to eliminate insoluble residues after dis-

, all the vials were dipped 

 

careful rinsing with distilled water, the vials were air-dried and stored.

2. 

 for 48 

hours. 

4. 

and heated for 24 hours. 

48 hours on hot plate under hood.
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APPENDIX III - DATA TABLES: GEOCHEMISTRY OF ENA DYKES
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APPENDIX IV - NORMATIVE COMPOSITIONS OF ENA DYKES
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APPENDIX V - PETROGRAPHY OF SAMPLED ENA DYKES
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APPENDIX VI - EMPA ANALYSES OF CONODONT SAMPLES

Sr content (ppm) measured by electronic microprobe (CAMECA SX50, IGG-CNR of  Padova), 

run at 10 nA and 20 kv, for 10 conodonts.  Conodont elements were included in epoxy and pol-

ished. Analyzed species, Sr content for each data point, minimum and maximum Sr content (ppm), 

number of  data points, statistical mean and median (ppm) are here reported for each sample.
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