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1 INTRODUCTION

During Triassic time, in the proto-North Atlantic area, the late Palaeozoic
fracture system, inherited from the building of Pangea supercontinent, was re-
activated. Rifting and breakup of Pangea, initiated during the early Triassic,
continued and intensified at the beginning of the Norian. After few million years
later, a massive magmatic event, namely CAMP (Central Atlantic Magmatic
Province), occurred in the rifted and inside the cratonic areas, covering more
than 10 millions kilometers square, leaving its products on 4 continents: North
and South America, southwest Europe and west Africa. The main magmatic
event occurred at ca 199-200 Ma near the Triassic-Jurassic boundary (Tr-J) with
two minor secondary pulses al ca. 195 Ma and 192 Ma. The time spanned by
the main magmatic event is very short, probably less than 1 Ma (ca. 610 Ka
based on Milankovitch cyclostratigraphy), and the tight occurrence with one of
great extinctions events in the Phanerozoic time and the climatic crisis and bi-
otic turnover demarcating the Tr-J, led to the intriguing hypothesis that CAMP
magmatism triggered these global events. At present the CAMP magmatism
is represented by tholeiitic dikes, sills and minor amounts of lava flows, deeply
eroded and in few places well preserved, being due to the subtropical palacogeo-
graphic position of the basaltic outcrops which led to heavy weathering. Most of
the CAMP basalts throughout circum-Atlantic domain have quite homogeneous
compositions, with low-Ti (TiOs <2wt.%) except for high-Ti dyke storms docu-
mented in Liberia, French Guyana and northern Brazil, strong Nb-Tap); negative
anomaly, enriched in light earth rare elements (LREE) and large ion lithophile
elements (LILE) respect to the common normal mid-ocean ridge basalts. The
purpose of this work is to describe and correlate 6 CAMP volcanic sequences
in three different Morocco regions (three in the Central High Atlas, two in the
Middle Atlas and one in the Western Meseta) on the base of a petrographic-
mineralogic-geochemical-magneto-stratigraphic study in order to highlight sim-
ilarities between the four basaltic units which made up the lava piles. Phase
relationships, their major, minor and trace element compositions will be investi-

gated to constrain crystallization order and conditions (T, P, HoO content and



fO9) of basalts while the accurate chemo-magneto-stratigraphic correlation of five
lava sequence allow to do new suppositions about feeding system of the Moroccan
CAMP basalts. Finally new and accurate °Ar/3°Ar dating on plagioclase and
biotite separates from 11 basaltic sample of the Eastern North America (Newark
and Culpeper basins) will be presented, discussed and compared to both previous

dating of the same province and a overall CAMP ages dataset.



2 INTRODUZIONE

Durante il Triassico, nell’area circostante 1’Oceano atlantico, furono riattivati
sistemi di fratture Paleozoiche ereditate dall’assemblamento del supercontinente
Pangea. Il processo di distensione (rifting) e frattura della Pangea, iniziato du-
rante il Triassico inferiore, continuo e si intensifico al’inizio del Norico (Triassico
superiore). A cavallo del limite tra il Triassico e il Giurassico (e precedendo di
pochi milioni di anni la rottura definitiva della Pangea e 'allontanamento delle
nuove placche continentali formatesi), ebbe luogo su una superficie di oltre 10
milioni di chilometri quadrati un massiccio evento magmatico, conosciuto con
il nome di CAMP (Central Atlantic Magmatic Province, Provincia Magmatica
dell’Atlantico Centrale), con un volume stimato di almeno 2 milioni di chilometri
cubi di prodotti sia intrusivi (sills e dikes) che effusivi (colate laviche). Attual-
mente, questi prodotti vulcanici sono ritrovati in quattro continenti: nella costa
orientale del Nord America (dalla Nuova Scozia in Canada fino alla Florida), Sud
America (dalla Guinea Francese fino alle province centrali del Brasile e alla Bo-
livia), Sud-Ovest Europa (penisola Iberica e Francia nord occidentale) e Africa
occidentale (dall’Algeria, passando per il Marocco e giu fino alla Sierra Leone).
Il picco di attivita magmatica principale si sviluppo ca. 199-200 milioni di anni
fa (Ma) con due picchi secondari di minore importanza (per quanto riguarda il
volume di prodotti vulcanici) a 195 e 192 Ma. Secondo le piu recenti ricerche,
il picco magmatico principale fu veramente breve (su scala geologica), proba-
bilmente meno di un milione di anni (circa 610.000 anni, sulla base di studi
ciclostratigrafici). La stretta vicinanza temporale dell’evento CAMP con uno
dei piu grossi eventi di estinzione di massa del Fanerozoico che demarca il lim-
ite Triassico-Giurassico, ha portato gli studiosi del settore ad ipotizzare che la
CAMP possa avere innescato l'evento estintivo, anche se con modalita ancora
non completamente chiarite.

La maggioranza dei prodotti vulcanici della CAMP oggi preservati e cos-
tituita da rocce intrusive (dicchi e sills), poiche gli enormi espandimenti lavici
hanno subito un lungo processo di alterazione, a causa della loro posizione pa-

leogeografica subtropicali. La maggior parte dei rocce vulcaniche della CAMP



¢ rappresentata da basalti e basalti andesitici. Le composizioni di queste rocce
sono abbastanza omogenee, con contenuti di SiOy, TiOy e KoO piu alti rispetto
al piu comuni basalti di dorsale oceanica (N-MORB). I basalti hanno contenuti
di TiOy <2 wt.%, eccetto che per pochi e geograficamente circoscritti prodotti
intrusivi (dicchi alti in Ti, fino al 4 wt% in Liberia, Guyana Francese e Brazil del
nord), mostrano una forte anomalia negativa di Nb-Tapy, e un arricchimento in
terre rare leggere (LREE) e elementi litofili (LILE) rispetto alle terre rare pesanti
(HREE) ed elementi ad alta forza di campo (HFSE).

L’obiettivo di questo lavoro ¢ descrivere e correlare sei sequenze di colate
laviche in the differenti regioni del Marocco: tre sequenze nella catena dell’Alto
Atlante centrale, due sequenze nel Medio Atlante e una nella Meseta occidentale
marocchina. Operando uno studio su base petrografica, mineralogica, geochim-
ica e magnetostratigrafica, si evidenzieranno similarita e differenze tra le quattro
unita di colate basaltiche, riconoscibili sulla base di criteri composizionali e in
cui le sequenze laviche sono suddivise. Le relazioni tra le fasi minerali e le com-
posizioni in elementi maggiori, minori e tracce permetteranno di investigare sulle
condizioni (T, P, contenuto di HyO e fO,) e ordine di cristallizzazione a cui sono
stati sottoposti i basalti marocchini prima e durante la messa in posto in superfi-
cie. Inoltre un’accurata correlazione geochimica e magnetostratigrafica di cinque
delle sei sequenze laviche, permettera di fare nuove supposizioni sulle modalita
temporale e geografica di messa in posto dei basalti marocchini

Infine, verrano proposte e discusse nuove e accurate etd “CAr/3?Ar ottenute
su separati di plagioclasi e biotiti, provenienti da basalti dei bacini sedimentari
di Newark e Culpeper della provincia orientale nord americana (Eastern North
America) della CAMP, in relazione alle poche eta “°Ar/3?Ar disponibili nella
stessa provincia e in relazione ad un piu ampio database di eta disponibile per

Iintera provincia magmatica.

Ringrazio il supporto da parte della Fondazione della Cassa di Risparmio di
Padova e Rovigo (CaRiPaRo) che ha garantito la mia borsa di dottorato e mi
ha permesso di svolgere un proficuo stage di analisi presso il Western Australian
Argon Isotope Facility (Department of Applied Geology & JdL Centre Curtin
University of Technology, Perth, Australia).



3 GEODYNAMIC EVOLUTION OF PERI-ATLANTIC
DOMAIN

3.1 OPENING OF PROTO-ATLANTIC: IAPETUS AND
RHEIC OCEAN

Although many details remain obscure, it is almost universally accepted that
the continents ride across the face of the Earth on tectonic plates which have been
in constant movement since the formation of the crust. The continents we recog-
nise today have not always existed: great blocks of crust have united in many
configurations over the planet’s history. And all (or at least the most of them)
of the Earth’s crust has been united into a single supercontinent. The most re-
cent and best known supercontinent was Pangea. Otherwise the oldest one which
history is already well known is the Precambrian supercontinent Rodinia. The
existence of this supercontinent was proposed in the 1970s, largely motivated by
the evidence of contemporaneous (1.3 to 1.0 Ga) ”Grenville” mountain belts on
the actual different continents, and broadly supported by paleomagnetic studies
(Dalziel, 1991). The Rodinia supercontinent was ripped apart during the Early
Neoproterozoic (Tonian), ca 750 Ma. Fragmentation of Rodinia led to the open-
ing of the lapetus Ocean (Torsvik, 2003). Towards the end of the Proterozoic,
this supercontinent fragmented, giving rise to the late Ediacaran supercontinent
of Pannotia, which was very short-lived, and in turn from its disruption were
created new continents: Laurentia (N America), Gondwana (Africa, S. America,
Antarctica, Australia and India), Baltica (NE Europe) and Siberia. Laurentia
and Baltica, according to Torsvik et al. (1996) drifted apart from Gondwana
during the late Neoproterozoic. The early Ordovician (ca. 490 Ma) was the time
of maximum dispersion of continents of the Palacozoic (Fig. 3.1). A plate reor-
ganization occurred just prior the Middle Ordovician. Successive arc-continent
collisions occurred along the margins of the Iapetus-Tornquist oceanic system
in Baltica and Avalonia caused the Penobscottian, Grampian, Finnmarkian and
Athollian orogenies which might have been related to the transformation of a

passive margin into a convergent one, due to the development of a subduction



Figure 3.1: Paleogeographic reconstructions at Early Ordovician ca. 490 Ma, Late Silurian
ca. 420 Ma, Middle Devonian ca. 400 Ma, Early Carboniferous ca. 360 Ma, Late Carboniferous
ca. 320 Ma and at Early Permian ca. 280Ma. Modified after Stampfli & Borel (2002).



Figure 3.2: Paleogeographic reconstructions at Permian-Triassic boundary ca. 250 Ma, Early
Norian ca. 220 Ma, Triassic-Jurassic boundary ca. 200 Ma, Early Middle Jurassic ca. 180 Ma,
Aptian ca. 124 Ma and at Santonian ca. 85Ma. Modified after Stampfli & Borel (2002).



zone. The lapetus Ocean and the Tornquist Sea, this being situated between
Baltica and Avalonia (part of Gondwana) at that time, begun to narrow. Avalo-
nia drifted away from Gondwana towards Baltica. Between Gondwana, Baltica,
Avalonia and Laurentia, a large longitudinal oceanic unit known as Rheic Ocean

was formed (Fig. 3.1).

3.2 CLOSING OF TAPETUS OCEAN

This period is mainly characterized by the widening of the Rheic Ocean be-
tween Gondwana and Avalonia-Baltica and the formation of a large longitudinal
ocean bounded by two large subduction zones (Fig. 3.1). The Caledonian orogeny
during the Silurian and early Devonian was the result of the collision of Baltica,
Laurentia and Avalonia terranes. These plates were sutured together to form the
large Laurussia continent, after the complete closure of the Iapetus Ocean (Fig.
3.1).

3.3 CLOSING OF RHEIC OCEAN

The final stage of Caledonian orogeny was marked by a change in the strain
field in the upper crust from contraction to extension. Sinistral displacement in
Scandinavia and Greenland was a result of transtensional orogenic collapse and
the western part of the Rheic Ocean begun to narrow. During the Devonian,
Gondwana moved northward and rotated clockwise. At the same time, Laurussia
was rotating clockwise at a faster rate. This led to collision with Gondwana and
the closure of the southwest part of Rheic Ocean (Fig. 3.1). The Hercynian
orogeny was the consequence of the collision of several mini-plates of Gondwana
with Laurussia ones. The same happened in N. America, named here Alleghenian

orogeny.

3.4 PANGEA BUILDING

The collision between Gondwana and Laurussia continued to develop. The
intercontinental collision led to the building of the West African orogenies: Mau-
ritanides, Bassarides and Rokelides (Lécorché et al., 1989). The Alleghe-
nian and Ercynian orogeny in N. America and Europe, respectively, continued
(Ziegler, 1989; Rast, 1990). The clockwise rotation of Gondwana resulted in

the deformation in Europe and a NE-SW stress direction was added the northern
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one. The early stage of formation and suture of the Urals marked the forma-
tion of the supercontinent Pangea (Fig. 3.2). The progressive closure between
Gondwanan and Laurussian elements of Pangea eliminated the equatorial seaway
between the Paleotethys and the western oceans. According to Beauchamp
(1997), a very large stress-release event, probably associated with a plate reor-
ganization shift from convergent to divergent tectonics, occurred at the Permian-
Triassic boundary (Fig. 3.2). In north-western Africa, western Europe and the
proto-North Atlantic area, the late Palaeozoic fracture system was reactivated
(Ziegler, 1982, 1989; Doré (1991)). Rifting of Pangea, initiated during the
early Triassic, continued and intensified at the beginning of the Norian (Fig. 3.2)
(Veevers, 1994; Manspeizer, 1994; Withjack et al., 1998). The separation
of North America and Gondwana, which was initiated by the Triassic stretching
and rifting phase, started during the Early-Middle Jurassic. According to With-
jack et al. (1998), the transition from rifting to drifting was diachronous in the
eastern North America, beginning earlier in the south-eastern, where the exposed
strata within the synrift basins are Late Triassic age, with respect to the north-
eastern where the rift basins are Middle Triassic to Early Jurassic in age. The
final rifting phase of the Central Atlantic Ocean is marked by the massive outcrop
basaltic products, both intrusive (sills and dikes) and effusive (lava flows), with
the emplacement of the latter in synrift sedimentary basin. This large magmatic
province, named CAMP (Central Atlantic Magmatic Province, Marzoli et al.,
1999) is one of the biggest LIPs (Large Igneous Provinces) known and it is sup-
posed to have triggered the biotic crisis at the Triassic-Jurassic boundary, one of
the most important of the Phanerozoic time (Sepkowski, 1996). The start of
seafloor spreading in the Central Atlantic is dated as 195 Ma (Fig. 3.2, Sahabi
et al. (2005)). In maritime Canada, the drift-rift transition occurred at about
185 Ma (Fig. 3.2) (Withjack et al., 1998).

3.5 PANGEA BREAK-UP

In this period the newly formed central portion of Atlantic Ocean was in
advanced drift stage. Extension of the Neotheys to the northwest, through the
proto-Mediterranenan, produced a connection with the Central Atlantic. A con-
nection between the Gulf of Mexico, the Central Atlantic and the Tethyan branch
of the proto-Pacific Ocean was established. Rifting continued in the North Sea
and in the northern proto-Atlantic (Ziegler, 1989). At the end of the Juras-

sic also rifts developed in West and Central Africa. Initial rifting occurred be-
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tween Canada and Greenland. Seafloor spreading developed in the Caribbean
region, while narrow seaway developed across Europe and the North Atlantic.
The initial oceanic opening of the South Atlantic took place during the early
Aptian, being 124.6 Ma in age the oldest South Atlantic seafloor (Fig. 3.2)
(Bird et al., 2005) which is connected to the Parana-Etendeka continental
flood basalt (Peate, 1997). The opening of South Atlantic Ocean caused the
drift and counterclock rotation of Africa, which will led to Alpine orogeny in the
peri-Mediterranean domain between Middle-Late Cretaceous and Miocene (Fig.
3.2).

12



4 GEODYNAMIC EVOLUTION OF MOROCCO

The Moroccan tectonic fabric, before the beginning of Africa/Eurasia con-
vergence, was characterized by the building of the Tethyan margin to the north
and the Atlantic margin to the west. The correlation between these two margins
are not well constrained as they coexist and interfere. It is possible to recog-
nize three main structural domains from the North to the South: the Mediter-
ranean domain, the Alpine domain, i.e. the paleo-Tethyan margin, remodelled by
thrust tectonics and local inversions during the Alpine orogeny from Cretaceous
to present, and the Saharian platform, essentially Palaeozoic terrains affected by
Pan-african orogeny. In Morocco, the CAMP volcanism occurred in the Alpine
domain as emplacement of basaltic lava flows, mainly because of the particular
tectonic configuration which led to the formation of the Alpine domain, from
Triassic to recent, while the Saharian platform was interested by an essentially
intrusive magmatism, mainly sills and dikes (Ellouz et al., 2003).

The Alpine domain includes several tectonic units. From the North to the
South :

e the Rif: an asymmetric fold-and-thrust belt of classical Alpine-type, dom-
inated in its frontal area by a thick skinned tectonic style, with numerous
well-mapped thrusts and nappes, and its associated foredeep, the pre-Rif

unit;

e the Meseta and its basins: this consists of two large tabular plateaux, sep-
arated by the structured Middle Atlas domain, and bordered to the South
by the High Atlas. The Meseta domain is mainly composed by Paleozoic
series, strongly deformed by the Hercynian orogeny, which created a het-
erogeneous basement prior to the Triassic rifting. The western Meseta, is
located on the atlantic side and consists mainly of three Mesozoic basins:
the Essaouira, Tadla and Doukkala basins. The eastern Meseta, connected
to Algerian Meseta, consists of two Palaeogene basins: the Missour and
High Plateaux basins. Both the western and eastern Meseta are composed

of mega-blocks, which were slightly subsiding during Mesozoic times and



weakly reactivated during the Alpine compression;

e the Atlas mountains: this domain, composed by the main ENE-WSW High
Atlas branch and the minor NE-SW branch of the Middle Atlas, recorded
the highest deformation due to the Alpine orogeny. We will focus our atten-
tion on the Atlas domain hereafter, speaking about the geophysical tectonic

units where the CAMP lava flows are located;

e the Anti-Atlas: south of the High Atlas and its associated flexural basins,
the Souss and Ouarzazate basins, the Anti-Atlas chain records the strong
deformation during the Hercynian orogeny (7). Separated from the High
Atlas by the South Atlasic Fault (Russo & Russo, 1934) or South Atlas
Front (de Lamotte et al., 2000) that marks the boundary between the
African plate and the Euroasiatic ones, the Anti-Atlas chain is composed by
Precambrian and Paleozoic rocks exposed to more than 2000 meters above
sea level. Its structure suggests a large scale deformation, linked with Ceno-
zoic compression, propagated along deep intra-crustal detachment levels.
Finally, the Anti-Atlas marks the transition with the Precambrian West

African craton.

4.1 THE ATLAS MOUNTAINS

The High Atlas and its Middle Atlas NE-trending branch are intracontinental
mountains, a classical example of in plate-boundary orogenic belts, formed during
the Cenozoic from inversion of Triassic-Jurassic transtensional troughs in the
African plate (Giese & Jacobshagen, 1992; de Lamotte et al., 2000; Piqué
et al., 2002; Arboleya et al., 2004). This intraplate belt extends for more
than 2000 km in a E-W direction and 100 km wide, from Morocco into Algeria
and Tunisia, where it is named Saharan Atlas and Tunisian Atlas, respectively.
The Atlas chain rises to 4165 m, one of the highest peaks of the Mediterranean
alpine domain (Beauchamp et al., 1999). In the atlasic domain it is possible
to recognize three tectonic phases related to well defined tectonic domains and
lithostratigraphic units: a prerift phase (Paleozoic and Precambrian basement),

a synrift phase (Triassic and Jurassic), a postrift phase (Cretaceous to present).

e PRERIFT PHASE: It’s mainly represented by the Anti-Atlas domain,
south of the High Atlas, in which Paleozoic and Precambrian rocks are ex-
posed up to 2000 m, in response to the marginal up-doming of the West

African craton occurred as the African plate impacted with the Eurasian
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one. The late Proterozoic rocks were affected by the Pan-African orogeny
and by a Hercynian deformation along a NNE-SSW strike (Piqué & Lav-
ille, 1996). In the late Palaeozoic, dislocation of the Pangean plate by
extensional crustal field stress led to the development of extensive episodes
recorded in late Triassic to early Jurassic synrift basins striking older Hercynian-
Alleghenian thrusts (Laville et al., 2004);

e SYNRIFT PHASE: From the Mid-Late Triassic to Early Jurassic, the
Atlantic Moroccan rifting developed in successive phases recorded in synrift
deposits. During Ladinian-Carnian times, the early extension is marked by
presence on the continental fluviatile sandy silico-clastic deposits. In the
Norian-Rhaetian times emplacement of basaltic lava flows is roughly con-
temporaneous to the depositions of silty sediments, evaporates (anhydrite
and salt) in a shallow water environment in connection with the Tethyan
domain, while Jurassic time is marked by deposition of marine carbonate
and shales capped by continental red beds (Roy & Piqué, 2001; Ellouz
et al., 2003; Davison, 2005);

e POSTRIFT PHASE: At the end of the Jurassic, and during the Creta-
ceous, large parts of North Africa were flooded by shallow epicontinental
seas that connected the Central Atlantic Ocean with the Tethys Ocean.
Postrift sedimentary rocks are composed of transgressive shallow marine
clastic, carbonate and continental sedimentary rocks. In the upper Eocene,
the geodynamic evolution of the Atlasic domain changed back way, being re-
lated to convergence between Africa and Europe. The previous grabens and
hemigrabens underwent compressional/transpressional deformations and,
subsequently, a strong uplift happened, which is documented by the fre-
quent appearance of Atlas pebbles within the foreland basins along the
southern (Harfi et al., 2001) and the northern rims of the High Atlas.

Another consequence of the Cenozoic compression and subsequent building of
the Atlasic orogenic belt is the present crustal structure of the Atlas mountains.
Recent studies (Teixell et al., 2003; Arboleya et al., 2004; Ayarza et al.,
2005; Harfi et al., 2006) showed that the shortening related to convergence
between Africa and Europe was achieved by thick-skinned thrusting and folding
tectonics, which affected the pre-Mesozoic basement and the Mesozoic-Cenozoic
cover. According to the work of Teixell et al. (2003) the total shortening, based
on sections restoration, varies between 15% and 24% from west to east along the
High Atlas while Gomez et al. (1998) estimated it in 15% for the Middle
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Atlas. Nevertheless, geophysical evidences suggest that the high topography of
the Atlas, up to 4000 m in the High Atlas and up to 3000 m in the Middle Atlas,
can not be supported by the crustal thickening alone, requiring so some buoyancy
contribution from subcrustal levels. In fact, based mainly on gravity and seismic
refraction analyses (Makris et al., 1985; Tadili et al., 1986; Wigger et al.,
1992; Ayarza et al., 2005), the crust in the areas adjacent to the High and
Middle Atlas is 33-36 km thick, only. Near Midelt, a punctual value of 36 and
39 km (Sandvol et al., 1998; der Meijde et al., 2003), has been interpreted
by Ayarza et al. (2005) as a Moho duplication. The crust beneath the Middle
Atlas has similar thickness (35 km). A little greater value beneath the High
Atlas in the range of 35-38 km, with localized maxima up to 40 km based only
on gravity analyses (Tadili et al., 1986; Ayarza et al., 2005). A gravity
model at low resolution over North Africa and the Middle Atlas by Seber et al.
(2001) indicates that the crust underneath the High Atlas is about 5 km thinner
than expected if topography was to be compensated at Moho levels. Moreover,
seismic tomography seems to indicate a hot, low velocity mantle below the High
Atlas Seber et al. (1996), this being supported by heat flow data which yield
a value of 54 mW/m? for the High Atlas and 85 mW/m? in the Middle Atlas
(Rimi, 1999). If it is taken into account that in the same area a widespread
alkaline magmatism occurred in Cenozoic times, a contribution from a hot and
shallow asthenosphere beneath a thin lithosphere could be possible, even if an
arching of the lower crust, which helped maintaining the topography can not be
ruled out (Ayarza et al., 2005).
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5 CAMP OVERVIEW

Continental rifting in Central Pangea started during the Middle-Late Triassic
along the trend of Late-Paleozoic Alleghenian-Hercynian sutures. After a few mil-
lion years, a widespread magmatic event, straddling the Triassic-Jurassic bound-
ary occurred near and far away from both sides of the Atlantic rift. Covering a
not yet well defined surface, estimated in more than 10 million square kilome-
tres (McHone, 2000), the volcanic products of the Central Atlantic Magmatic
Province (CAMP, Marzoli et al. 1999), are present on four continents and make
it one of the largest igneous provinces known on Earth (Fig. 5.1). Its products are
mainly giant sills, large dike swarms, some of the dikes being hundred kilometres
long, few stratified intrusions, and lava flow piles preserved in Paleozoic-Mesozoic
(i.e. in Brazil) and Mesozoic basins. Moreover, two longitudinally wide (up to
70-90 km) and thick (up to 25 km) basaltic wedge bodies run 2000 km along
the eastern continental margin of North America (ECMA, East Coast Magnetic
Anomaly) and the western continental margin of Africa (WACMA, West African
Coast Magnetic Anomaly plus S1 anomaly) (Holbrook & Keleman 1993; Oh
et al. 1995; Sahabi et al. 2005), revealed as seaward dipping reflectors (SDRs)
by their magnetic anomaly and seismic reflections. The plutonic or volcanic na-
ture of these magmatic bodies is not known, but it is supposed to belong to
the CAMP event even if it has never been sampled, marking the continental to
oceanic crust transition (COB, Continental-Oceanic Boundary) and the onset of
the Atlantic seafloor spreading at 195 Ma (Benson, 2003; Sahabi et al., 2005;
Maillard et al., 2006).The total volume of emitted products of the CAMP is
not well constrained, but is estimated in at least in 2 million cubic kilometres
(Marzoli et al., 1999; McHone, 2003). In the last years the available ages
(“°Ar/39Ar, mainly) of the samples from all areas of the province are strongly in-
creasing and suggest a rapid magmatic event. The results indicate that the whole
magmatic event spanned ca. 10 Ma, commencing as early as 202 Ma. Extrusive
activity initiated at ca. 200 Ma with a main peak at ca. 199 Ma (199.1£1.0 Ma,
10Ar/39Ar ages, Marzoli et al., 1999), in which ca. 90% of the volcanic prod-
ucts were emitted in 1 Ma or less (Sebai et al., 1991; Deckart, 1996; Baksi &
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Archibald, 1997; Hames et al., 2000; DeMin et al., 2003; Marzoli et al.,
1999, 2004; Knight et al., 2004; Beutel et al., 2005; Nomade et al., 2007;
Verati et al., 2005, 2007). Consistently cyclostratigraphic studies by Olsen
et al. (1996, 2003) and Whiteside et al. (2007) suggest that the duration
of the CAMP extrusive event in the USA basins lasted ca. 600 Ka. Moreover,
paleomagnetic data from 6 section in the High Atlas, Morocco, provide a tight
constrain for a brief volcanic event since the occurrence of five short volcanic
pulses , each possibly less than 450 years long, could led to an estimate on the
duration of the entire volcanic activity in Morocco of ca. 20 Ka or less (Knight
et al. 2004). Two volumetrically minor, but distinct magmatic peaks are cen-
tred at 195 and 192 Ma (Nomade et al. 2007). The age of the main peak is
very close to the age of the Triassic-Jurassic boundary proposed by Schaltegger
et al. (2008) obtained by ID-TIMS U-Pb dating of single chemical-abrated zir-
cons from volcanic ash layer in a deep marine sedimentary section in northern
Peru (201.58+0.28 Ma, Schaltegger et al., 2008). Since numerous studies have
highlighted that “°Ar/3?Ar ages are systematically younger than U-Pb ages by
ca. 1% (Renne et al., 1998; Renne, 2000; Villeneuve et al., 2000; Min
et al., 2000, 2001; Nomade et al., 2004; Schoene et al., 2006; Schal-
tegger et al., 2008), synchrony between the 199 Ma Ar age for CAMP basalts
may correspond to the 201.6 Ma U/Pb age of the T-J boundary. The possible
occurrence of the CAMP main peak at the same time as the Triassic-Jurassic
biotic crises, one of the largest of the Phanerozoic (Sepkowski, 1996), rises
the intriguing hypothesis that CAMP volcanism could have triggered the extinc-
tion event and the biotic turnover which characterized the boundary (Tanner
et al., 2004) marked also by shifts of C and Os isotopes in marine sediments
(Hesselbo et al., 2002; Cohen & Coe, 2002). The compositions of CAMP
magmatic products are quite homogeneous and no substantial differences are in
general evident between the different regions of the magmatic province. They
are mostly basic in composition, ranging between basalts and basaltic andesites,
with a tholeiitic affinity. Alkaline and silicic rocks are absent. Most basalts are
low in TiOy (<2 wt%) and display in multi-elementary mantle-normalized dia-
grams a negative Nb and Ti anomaly coupled with a moderate enrichment in
LREE (Light Rare Earth Elements) and LILE (Large Ion Lithophile Elements)
over the HREE (Heavy REE). Notable exception are dikes and basaltic lava flows
in French Guyana, Liberia and Brazil, high in TiOy (up to 4.41 wt%, Deckart
et al., 1997, 2005; DeMin et al., 2003; Merle et al., submit.), moderate
Nb anomaly and slight positive Ti anomaly. The origin of the CAMP, like other
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magmatic provinces, is still debated. Traditionally the origin of large igneous
provinces and its relationships with continental break-up has been regarded as
the consequence of melting of a mantle plume head impinging at the base of
the lithosphere, so pointing to a deep mantle origin (Morgan, 1983; Richards
et al., 1989; Hill, 1991; Hill et al., 1992; Courtillot et al., 1999). More
recently, an alternative non-plume class of models has been pointed out to ex-
plain the occurrence of these igneous provinces, relating the continental break-up
and rifting to lithospheric processes and to the dynamics of the upper mantle.
The plume incubation hypothesis, for example, postulates that beneath stable
supercontinents with thick thermal (perisphere) or chemical (tectosphere) roots
the upper mantle warms up over time, resulting in thermally driven uplift, rifting
and magmatism (Anderson, 1994). Another model by King & Anderson
(1995, 1998) is the Edge Driven Convection (EDC), that is an instability in the
convective rolls in the upper mantle that occurs at the boundary between thick
stable lithosphere (for example, an Archean craton) and thinner lithosphere. One
of the more recent model is the mantle incubation under a large and stable su-
percontinent (like Pangea), where the subcontinental heating is generated by an
increase of the flow wavelength in the convective mantle, caused by continental

aggregation and leading to a less efficient heat removal (Coltice et al., 2007).

In the following paragraphs I will briefly describe the occurrence of CAMP

magmatic products across the four continents in which these are preserved.

5.1 CAMP SUBPROVINCES

5.1.1 Southwest Europe

¢ FRANCE: the Kerforne dike in West Brittany, France, is the northern-
most occurrence of CAMP (Jourdan et al., 2003). It is an intrusive
body, 100 km long with a variable thickness up to 30 meters which splits
into two branches in its northern part. This tholeiitic dike intrudes re-
activated NW-SE Hercynian faults, crosscutting igneous and metamorphic
rocks of the Armorican Massif. ©Ar/3?Ar geochronology gives ages ranging
from 193.443.7 to 174.3+£3.3 Ma (isochrones ages), being the oldest age the
closest to the magmatic event and falling in the range of other *°Ar/3Ar
ages of the CAMP basalts, while the youngest probably record a hydrother-
mal event. Geochemical and isotopic data confirm that the Kerforne dike

is similar in composition to most low-TiOy CAMP tholeiites;
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¢ PORTUGAL and SPAIN: CAMP products are represented by sills,
dikes, and lava flows occurring in localized areas. The sills outcrop across
most of the Pyrenean chain both in France and Spain, in the southern
Aquitania basin (France) and in the Cantabrian range (Spain). The 550
km long and up to 300 m thick Messajena-Plasencia dike trending NE-SW
across the central-western Iberia is the most impressive outcrop of this do-
main (Cebria et al., 2003; Youbi et al., 2003). Smaller dikes occur
along the coast of SW Portugal. In the Pyrenean basin, tholeiitic doleritic
(ophites) sills from the Bedous region (Aspe Valley in south Aquitania)
have been dated by the U-Pb method on zircon, by ion micro-probe (Rossi
et al., 2003) revealing an age of 198.7+2.1 Ma and displaying a compo-
sition of continental tholeiitic basalts comparable with that of other rocks
from Pyrenees, the Messajena-Plasencia dike and other CAMP products.
Extrusive products are represented by lava flows and pyroclastic deposits
(generally associated in the most complete sequence). In the Bosmediette
area (from Ariege to Basque country), ”Ségalas Tuffs” are supposed to be
the eruptive equivalent of the Bedous ophites (Rossi et al., 2003). In
the Algarve and Santiago do Cacém basins of southern Portugal (Verati
et al., 2007; Martins et al., 2008), the basins are filled by lava piles with
maximum thickness of about 100 m, composed by no more than about 10
lava flows interstratified with sedimentary layers and volcanocalstic prod-
ucts (Martins et al., 2008). Tholeiitic affinity, low TiO (up to 1.2 wt%)
and incompatible element patterns (LILE and LREE enrichments relative
to HFSE and HREE) show the affinity of these magmatic rocks to the other
CAMP continental tholeiites. A weighted mean “°Ar/3°Ar age of 198.14-0.4
Ma (Sebai et al., 1991; Verati et al., 2007) represents the best estimate
of the age of CAMP in this region, highlighting that the Iberian Mesozoic
magmatism belongs to the main peak of CAMP.

5.1.2 West Africa

e ALGERIA: basaltic magmatism occurs in the Saharian platform (south-
west Algeria) and in the Saharan Atlas, the eastern continuation of the
Moroccan High Atlas. In the southwest Algeria CAMP magmatism occurs
as NE-SW to ENE-WSW trending dikes, some of them hundred kilome-
tres long (up to 800 km, Ksi-Ksou dike), sills intruding Neoproterozoic to
Paleozoic terrains in three contiguous basins and two small and few me-

ters thick lava flows (Chabou et al., 2007). Sparse geochemical data of
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the doleritic dikes and tholeiitic lava flows show a low TiO, content, simi-
lar to the low-Ti CAMP basalts. 9Ar/39Ar weighted mean minimum ages
range from 192.743.0 to 197.942.0 Ma (on plagioclase separates by incre-
mental step-heating technique) for the less altered samples. In the Ksour
Mountains of the Saharian Atlas volcanic outcrops are represented by thin
metric lava piles, where are recognizable three basaltic units, geochemically
similar to the Moroccan CAMP low-Ti tholeiites, interbedded with metric
silico-clastic and evaporitic strata (Meddah et al., 2007).

MALI: in northern Mali, the CAMP is represented by one of the densest
dike swarms (with some sills) outcropping in the Taoudenni basin, located
about 1000 km from the western African margin, just in the middle of
the West African Craton (Sebai et al., 1991; Verati et al., 2005).
Unlike the other known swarms (North America, Liberia, French Guyana)
no univocal preferential trend in the dike directions is evident. However, it is
possible to recognize two prevailing trends (N-S and E-W), where the former
predominates in number of dikes on the latter. Geochemical analyses allow
distinguishing two differentiation trends on the base of the TiO, content
and La/Yb and Th/Y enrichments, being the N-S trending group more
enriched in highly incompatible elements than the E-W trend one. These
incompatible element variations are comparable to those described for the
Moroccan CAMP lava flows (Bertrand et al., 1982; Marzoli et al.,
2004). YAr/*Ar geochronology (plateau ages on plagioclase separates)
confirms the relation to the CAMP magmatic event with a main peak at
198.1 Ma. Notable is also the presence of the 7000 km? large Kaarta sill
(Bertrand & Coffrant, 1986).

GUINEA': here the CAMP tholeiites are represented by enormous volumes
of magma intruded in Archean and Paleozoic basement mainly as sills,
namely on the Fouta Djalon plateau, spanning an area larger than 1000
km? and reaching a thickness of up to 500 m of doleritic/gabbro norite. A
voluminous mafic to ultramafic laccolithic layered intrusion, the Kakoulima
complex, extends on the coast for 50 km and up to 1000 m in thickness
(Diallo et al., 1992). Both sills and laccolith intruded along old NW-
SE lineaments reactivated during the Mesozoic (Bertrand & Villeneuve,
1989). Also a minor N-S trending dike swarm occurs in Guinea, West of
Fouta Djalon. Geochemical analyses show that Guinea intrusions are low-

Ti and are characterized by negative Nb-Ta anomaly and LILE enrichments
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(Deckart et al., 2005), while °Ar/3°Ar dating by Deckart et al. (1997)

gave for the magmatic event an age spanning between 200 and 195 Ma.

e SIERRA LEONE: the Freetown Layered Complex is a 65 km long, 14
km wide and 7 km thick, rift related tholeiitic intrusion formed by mafic-
ultramafic cumulate rocks (Hattori & Chalokwu, 1995; Chalokwu
et al., 1999; Chalokwu, 2001) intruded above a Paleozoic metamorphic
basement. The age of the Freetown Complex is 193+3 Ma (Beckinsale
et al., 1977) based on a Rb/Sr whole rock isochron of a composite gabbro-
granophyre.

e LIBERIA: high-Ti (TiO2 up to 4 wt%) and low-Ti tholeiitic dikes have
been documented in Liberia (together with French Guyana and the north-
east Brazil) by Dupuy et al. (1988) and Mauche R. (1989). The
NE-SW trending dikes intrude Precambrian basement and K-Ar dating by
Dalrymple et al. (1975) gave ages between 17744 and 19746 Ma, while
a more tight interval by Mauche R. (1989) gave ages ranging between
186+4 and 201+2 Ma.

5.1.3 Northeastern North America

e CANADA: the Fundy Basin, Nova Scotia, in the Canadian Atlantic region
is the northern part of the Newark Supergroup, a series of Mesozoic exten-
sional sedimentary basins which follow the Appalachian Orogen, coincident
with the Appalachian gradient anomaly and considered to approximate the
edge of the Precambrian-Early Paleozoic basement. In the Fundy Basin, the
CAMP magmatism is represented by the North Mountain Basalt, composed
by three lava units exposed for a length of 200 km and an average thickness
of 250 m (Greenough & Papezik, 1987; Dostal & Greenough, 1992,
Kontak D. J., 2003; Kontak, 2008) where very recent “°Ar/39Ar ages
determination ranged from 198.9+0.7 to 201.0+1.4 Ma (?) . In addition,
basalts from Grand Manan Island, New Brunswick (McHone, 2005) are
correlated with the North Mountain Basalt. Also prominent NE-SW trend-
ing dikes are present: the Avalon dike in Newfoundland, the Shelburne dike
in Nova Scotia, the Caraquet dike in New Brunswick and Minster Island
(Pe-Piper et al., 1992; Dostal & Durning, 1998). U/Pb (Hodych &
Dunning, 1992; Schoene et al., 2006) and “°Ar/3°Ar (Kontak D. J.,
2003) ages for the North Mountain Basalt gave respectively 202+1 and
201.042.5 Ma. The rocks of the Shelburne (*°Ar/3?Ar plateau ages, Dunn
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et al.), Avalon and Caraquet dikes (whole rock K-Ar, Hodych & Hay-
atsu, 1988) yielded similar ages.

¢ UNITED STATES: as said before the Newark Supergroup consists of a
series of extensional Mesozoic basins between the Appalachian Mountains
and the Atlantic coast from Newfoundland in Canada to South Carolina
in U.S.A., while elsewhere the CAMP products are found in far land until
Georgia and Alabama (King, 1961, 1971) and to the South in Florida
(Heatherington & Muller, 1999). In the United States these basins
are, from North to South the Deerfield, Hartford, Pomperaug, Newark,
Gettysburg, Culpeper and Richmond basins. In these basins occur tholei-
itic basalts (lava flows) and doleritic intrusions (sills and dikes). On the
base of sedimentary strata below and interbedded with basalt lava flows it
is possible to correlate these among distinct basins (Olsen et al., 2003).
Moreover drilling and seismic reflection revealed the presence of high-Ti
basaltic rocks more south beneath the Cretaceous-Cenozoic cover in the
Florida Coastal Plain (Heatherington & Muller, 1999), partly similar
to high-Ti CAMP basalts from Liberia and French Guyana basalt. Whole
rock K/Ar and *°Ar/3?Ar ages on dikes and lava flows yielded early Juras-
sic ages (Dooley & Wampler, 1983; Lanphere, 1983) between 185-
195 Ma. U/Pb ages from Palisades and Gettysburg sills yielded ages of
200.9£1.0 and 201.3+1.0 Ma, respectively (Dunning & Hodych, 1990).
More recently, “°Ar /3 Ar dating on plagioclase separetes by Hames et al.
(2000) gave ages for the Orange Mountain and Hook Mountain basalt flows
in the Newark basin of 201.04+2.1 (mini-plateaux age) and 198.8+£2.0 Ma
(plateaux age) and a mean age of 199.5+2.0 Ma for three dike samples from
South Carolina. Dikes from Northern Carolina yielded “°Ar/3°Ar plateau
ages on plagioclase separates ranging between 198+1.8 and 197£1.7 Ma
(Beutel et al., 2005), while plateau ages from six Carolinas dikes range
from 200.9+1.5 to 198.842.3 Ma (Nomade et al., 2007). Very recent
10Ar/39Ar plateau ages have been obtained on ultra-sericitizied plagioclase
selections from basalts of the Hartford-Deerfield basins, yielding ages from
198.642.0 to 199.841.1 Ma (7).

5.1.4 South America

e BRAZIL: the Brazilian CAMP magmatism is represented by low- and

minor high-TiO, tholeiites as dike swarms (Roraima and Cassiporé dikes)
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intruding Archean and Proterozoic basement, sills intruding Paleozoic sed-
iments (Amazonia basin) and lava flow sequences overlying Paleozoic and
Triassic sedimentary basins (Maranhao basin, Lavras da Mangabeira, Anari
and Tapirapua). The tholeiitic dike swarms studied by DeMin et al.
(2003) are present near the coast in North-eastern Brazil extending to-
ward French Guyana and Surinam (Nomade et al., 2000, 2002; Deckart
et al., 1997, 2005) with length of up to 300 km and thickness up to 100 m
with prevailing NE-SW to NNE-SSW trends, which are the main orienta-
tions of Proterozoic dikes and fault systems occurring in the same regions.
The Cassiporé dike swarms (like the French Guyana ones) probably continue
in the contiguous regions of Western Africa, where they are represented by
coeval Early Jurassic tholeiitic dikes of Liberia (Dupuy et al., 1988). The
Amagzonia sill is the most extensive magmatic body in the northern part
of South America, covering an area of more than 106 km2 and a variable
thickness from 100 to 800 m being contiguous in three sedimentary basins.
Lava outcrops occur in the western Maranhao basin, at present covering
about 40.000 km? (Mosquito Formation; Bellieni et al., 1990) and with
a thickness of up to 175m (Almeida, 1986) and further east with the
Lavras da Mangabeira flows. Finally, the southernmost Brazilian outcrop
are represented by the Anari and Tapirapua lava flows, with a present sur-
face of about 1000 km? each and thicknesses of 80 and 315 m, respectively.
The Brazilian CAMP magmatism is dominated by low-TiOs basalts (<2
wt%) displaying a strong negative Nb and Ti anomaly, while few high-
TiOy (up to 4 wt%) dikes in the Cassiporé and Maranhao region show no
significant Nb and Ti anomaly (DeMin et al., 2003, Merle et al., sub-
mit.). In general, the Brazilian CAMP yielded *°Ar/3°Ar ages of 199.0+2.4
Ma (Baksi & Archibald, 1997; Marzoli et al., 1999, DeMin et al.,
2003), indistinguishable from those of other CAMP basalts. Nevertheless,
a younger age of 192.7+1.8 Ma from a Cassiporé dike sample is well con-
sistent with “°Ar/?*?Ar ages for French Guyana dikes and similar to those
of some samples from the West Africa margin in Guinea (189.84+1.9 Ma;
Deckart et al., 1997). Moreover, paleomagnetic data, over a wide area of
the South American CAMP provide further evidence for a coeval magmatic
event with West Africa, North America and SW Europe ones (Marzoli
et al., 1999; Besse & Courtillot, 2002; Ernesto et al., 2003).

BOLIVIA: the Tarabuco-Entre Rios sill in Bolivia intrudes Triassic sedi-

ments in a Permian to Middle Jurassic rift system (Sempere et al., 2002).
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In the same area more than 3000 km away from the Atlantic margin, occur
also lava flow piles, which cover a surface of ca. 30.000 km? and reach a
maximum thickness of 150m, being at present the southernmost basaltic
occurrence of the entire CAMP (Bertrand et al., 2005).

FRENCH GUYANA and SURINAM: In French Guyana/Surinam the
CAMP basalts occur mainly as dikes intruding the northern and eastern
part of the Palacoproterozoic Guyana Shield (Deckart et al., 1997, 2005;
Nomade et al., 2002) with a NNW-SSE main trend and minor horizontal
sill-like structures forming the Devil’s Island NE of Kourou. The doleritic
dikes, tens of meters thick and up to 100 km long, show both low and
high TiO, contents (1.85-3.56 wt%), weak LREE enrichment over HREE,
no LILE enrichment and no significant Nb anomalies with a positive Ti
anomaly (Bertrand et al., 1999; Nomade et al., 2002). Anisotropy
of magnetic susceptibility (AMS) data indicate that dikes have horizontal
flow direction indicating lateral injection of the magma during two major
magma pulses (Nomade et al., 2000). “°Ar/3?Ar ages for these dikes
range from 198.3+2.0 to 188.7+1.9 Ma (Deckart et al., 1997).
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5] CAMP IN MOROCCO

As described previously, it is possible to recognize from North to South three
tectonic units in the Morocco region: the fold-and-thrust Rif-Tell chain, the Atlas
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Figure 6.1: Simplified geological map of Morocco with highlighted the main CAMP outcrops
(modified after Ellouz et al., 2003 and Youbi et al., 2003).

mountains and its western and eastern Mesetas and finally the Anti-Atlas chain,
separated from the Atlas system by South Atlasic fault and marking the transi-
tion with the southern Precambrian West African craton. The CAMP magmatic
products outcrop as dykes and sills, lava flows and rare pyroclastic sequences in
the Atlasic domain (lava flows and pyroclastic sequences in wide syn-rift Triassic
sedimentary basins) and in the Anti-Atlas chain (dikes and sills intruding Precam-

brian to Paleozoic terranes) (Fig. 6.1). Strongly tectonized lava flow sequences



belonging to the CAMP are recognized in the Rif-Tell domain (Mahmoudi,
pers. comm.. 2007). The formation of the Triassic sedimentary basins in the
High Atlas was greatly influenced by the pre-existing ENE-WSW trending late
Hercynian basement fabric (Laville, 1991). The present day outcrops of the
rocks deposited within these basins are primarily controlled by the Alpine re-
verse faults associated with the Tertiary Alpine orogeny (Michard, 1976). This
resulted in a number of ENE-WSW elongated narrow basins bound by Tertiary
faults and filled with silicoclastic continental red beds and basalts, capped by
Jurassic carbonates. It is possible to recognize fifteen individual basins, showing
ill-defined limits, were the Triassic-Jurassic boundary is present (Youbi et al.,
2003). Overlying the Hercynian basement it is possible to find in stratigraphic
order two lithologic sequences: coarse detrital rocks made of sandstones and con-
glomerates, and felsic lava flows both of them of Permian age (Wartiti, 1990).
Above there is a sequence of sedimentary rocks comprising conglomerates and ma-
rine to fluvial sandstones (Oukaimeden sandstone, Beauchamp, 1987), dated
as Carnian by palynomorphs (Cousminer & Manspeizer, 1976). Above this
there is a sequence made up of finer grained sandstones, siltstone, pelites and
evaporites (Piqué & Laville; Roy et al., 1997). Within the upper part of
this sequence occur the successions of CAMP lava flows, straddling the Triassic-
Jurassic boundary, which ages are supported not only by determinations on paly-
nomorphs on siltstone layers, but also by °Ar /3% Ar dating of the tholeiitic basalts
(Knight et al., 2004, Marzoli et al., 2004, Verati et al., 2007, Nomade
et al., 2007).

6.1 DIKES AND SILLS

The Foum Zguid dyke is one of the major dykes of the Anti-Atlas domain, ex-
tending with a NE-SW trend for more than 200 km, with a thickness of 100-150 m.
It cuts Precambrian and Paleozoic terrains affect by Hercynic orogeny (Leblanc,
1973; Hollard, 1973). Locally, a system of small parallel and perpendicular
dykes, a few meter thick, forms a dense swarm accompanying the Foum Zguid
dyke (Youbi et al., 2003). Another important dyke, rarely mapped on CAMP
maps, is the NE-SW trend Asdrem dyke, ca. 100 km westward the Foum Zguid
dyke. The Asdrem dyke extends for 200 km, with a variable thickness up to
150 m, crossing Precambrian and Paleozoic formations and intruding along late-
Hercynian fractures (Youbi et al., 2003). In the Dra plain, the sills, which

present variable extension and thickness, are intruded in the folded sedimentary

28



sequences closely following all structures (Hollard, 1973), occurring preferen-
tially along folding between layers of contrasting competence. However, neither
the sill dolerites nor the dykes that fed them and link sills at different stratigraphic
levels show any deformation (Youbi et al., 2003).

6.2 PYROCLASTIC DEPOSITS

The ”Oued Defali Formation” is a volcano-sedimentary complex in the El
Hajeb region, with a kilometric length and a thickness of 10 to 50 m, overly-
ing the latest basalt flows, following Ouorhache (1987) and Baudelot et al.
(1990). The volcano-sedimentary sequence comprises red siltstones, tuffaceous
siltstones and lapilli or lapilli-breccia tuffites. The sequence is covered by marly
sediments of lagoonal character resembling the Hettangian-Sinemurian ”Harira
Formation” (Baudelot et al., 1990). The stratigraphic series continues with

Liassic dolomites.

6.3 LAVA FLOWS

Lava flows can be found in the both branches of the Atlas belt (Middle and
High Atlas), as in the Western and Eastern Meseta, well exposed in Triassic
sedimentary basins and subsurface (in this case their knowledge comes from well
data). In most basins, the thickness of the lava piles is 100 to 200 m. The
greatest thickness is reached on the southern flank of the Central High Atlas (as
high as 350 m) while in the inter-basin area the thickness of the lava piles is
not more than 50 m. The basaltic sequence is composed of one to several lava
flows (up to 34 flows at Tiourjdal in the southern flank of Central High Atlas for
a total section thickness of ca. 300 m, Knight et al., 2004) with or without
inter-bedded red-clastic, evaporitic or carbonated sedimentary layers, testifying
brief periods of volcanic quiescence. The variations in thickness between the
lava piles can be explained either by differential subsidence of the basement in
the different parts of the Atlasic domain during the emplacement of the lava
flows, or by the emplacement of the volcanic flows on an irregular paleotopogra-
phy or on a horst and graben structure (Youbi et al., 2003). In the Eastern
Meseta (Oujda Mountains) the basaltic outcrops are sometimes associated with
a system of dolerite dykes trending NE-SW to E-W, and NW-SE in the Zekkara
Massif and in Jbel Ez Zidour near Jerrada (Oujidi, 1996). Interbedded with

the lava flows are limestone intercalations, up to 13 m thick, dated as Upper
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Ladinian-Lower Carnian (Crasquin-Soleau et al., 1997), witnesses a shallow
epicontinental sea open to Tethys reflecting an important time interval between
the two eruptive events. Unfortunately for the present work no data of complete
lava pile sections are available, mainly because of the paucity of outcrops and
the general bad preservation of basalts in this part of Morocco. So only some
samples from 3 localities around Oujda/Jerada zone will be described for the sake
of completion. In the NE-SW trending chain of the Middle Atlas (MA) it is pos-
sible to recognize two structural domains where the basaltic lava flows outcrop:
a tabular plateau, made of red beds and basaltic lava flows capped by dolomites
unconformable on the Paleozoic basement and an eastern folded part, which con-
sist of anticlinal ridges separated by synclines filled with mid-Jurassic sediments
(Mahmoudi & Bertrand, 2007). The ridge axes consist of Triassic red beds
and discontinuous magmatic formations, dismembered by faults. Two complete
lava flow sections placed in the MA will be described, the Agourai section (ca.
30 km S from Meknes) and the Oum R’RBia section (ca. 90 km S from Mek-
nes). In the High Atlas (HA), we recognize basal conglomerates characterized by
coarse and immature detrital facies, usually unconformably lying over deformed
Paleozoic rocks and sometimes Lower Permian red beds. Above them there are
siltstones ("Ramuntcho siltstones”) whose sedimentary facies and faunas suggest
a marine coastal environment, followed by the Oukaimaden sandstones, up to 600
m in thickness, composed of Carnian sandstones, deposed in marine to fluviatile
environments. Finally, there are the upper fine-grained pink to red siltstones
with thin beds of gypsum and salt (Beauchamp, 1988; Roy & Piqué, 2001).
This last part of the continental sequence contains the CAMP tholeiitic basalt
overlying, not only in the HA but also in other localities (Argana basin as well
as in the MA) a sequence of alternating gray and black siltstone, which yield a
Late Triassic palynological assemblage (Marzoli et al., 2004). Belonging to the
Central High Atlas (CHA), three complete lava flow sections will be described in
this work: the Oued Lahr section (ca. 60 km E from Marrakech) on the northern
flank of CHA and the Tiourjdal and Telouet sections (both of them ca. 80 km
SE from Marrakech) on its southern flank, ca. 50 km S from the Oued Lahr
section. These sections are the most complete and thick (up to 34 lava flows with
a total thickness of 350 m at Tiourjdal) of the HA, and of Morocco in general.
Moreover, in the CHA all four lava units are preserved and are subdivided on the
base of chemostratigraphic criteria (Bertrand et al., 1982; Patchtére, 1983),
from the base to the top: the Lower, Intermediate, Upper and Recurrent Unit.

In the Western Meseta (WM), where the Triassic-Liassic deposits crop out, the
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stratigraphic sequence is similar to that described for the HA. However, the lower
part of Carnian age is not preserved and only the upper part unconformably lying
on top of the Hercynian basement represented by few meter thick pebbles con-
glomerate, with thickness varying from 100 to 3000 m (Roy & Piqué, 2001). A
complete lava flows section near the Maaziz locality (ca. 55 km SE from Rabat)
placed in the northern part of WM will be described.
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7 MOROCCAN LAVA PILES

The oldest lava flows in the HA, MA and WM occur on a sequence of al-

ternating grey and black siltstone layers, constituting the uppermost part of the
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Figure 7.1: Simplified geological map of Morocco with indicated the six lava sequences studied
(vellow stars) .

Upper siltstones of Beauchamp (1988), which are well preserved in several lo-
calities of the Atlas chain and of the Mesetas. The contact between the black
and grey siltstones appears to be tectonically undisturbed below the oldest lava
flows in the MA and CHA (Marzoli et al., 2004), being the sediments some-
times mingled with the basalts or plastically deformed by loading deformation

structures and showing no hardground or paleosol, suggesting that no prolonged



depositional hiatus occurred before the volcanism. In the CHA analyses of the
siltstone palynological assemblage yield a typical Late Triassic association of Pati-
nasporites densus, Corollina murphyae, Gliscopollis meyeriana, Classopollis toro-
sus and other sporomorphs (Warrington, 1996), similar to that observed in
mudstone layers sampled just below the oldest basaltic flow in Argana basin lava
sequences (Marzoli et al., 2004). In the CHA, the studied sections are: Tiour-
jdal and Telouet (on the southern side of the CHA) and Oued Lahr (on the
northern side of the CHA) (Fig. 7.1). Here, the basaltic lava piles are the thick-
est of Morocco, composed by up to 33 lava flows at the Tiourjdal locality (with
one more stratigraphically successive flows at the Agouim locality, few kilometers
NW of Tiourjdal) and a total thickness up to ca. 350 m, taking in account the
thick sedimentary layer between the top of the Tiourjdal lava flow section and
the ca. 15 meters massive lava flow at Agouim. The MA, WM, are represented
by 3 complete sections: Maaziz (North WM), Agourai and Oum R-Rbia (also
named ”Barrage” due to the dam under construction where the section crops
out) in the MA (Fig. 7.1). In these locations the lava piles are less thick (up
to 150-170 m) and made up of no more than 18/20 flows. From the base to the
top, it is possible to recognized on the basis of field observation, petrography,
mineral chemistry and geochemistry (Bertrand et al., 1982; Marzoli et al.,
2004) four distinct basaltic units, even if each of these does not outcrop ev-
erywhere: the Lower, Intermediate, Upper and Recurrent Unit. From EM few
samples from three different locations around the Oujda’s Mountain. The three
locations sampled lack of complete volcanic sections and sometimes the outcrops
are deeply altered. Five of the seven samples collected belongs to the Lower Unit
and notably two of them appear to be quite evolved compared to the other studied
basalts, because of the presence in the paragenesis of biotite, micrographic quartz
and alkali feldspar. The absence of vitreous ground-mass and the holocrystalline
texture led to think to an intrusive product, even if the field evidences do not
allow to confirm this hypothesis. The two remaining samples seem to have an
Intermediate Unit compositions, on the base of preliminary XRF analyses. A

brief petrographic description will be done in the 11.

7.1 LAVA PILES OF THE CENTRAL HIGH ATLAS

The Tiourjdal section is placed on the southern flank of the CHA, ca. 80
km SE from Marrakech. The outcrop is characterized by sub-horizontal (12°-15°
dip) massive basaltic flows. With a height of ca. 300 m of exposed flows this
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is the thickest known lava pile of the Moroccan CAMP (Knight et al., 2004)
(Fig. 7.2). At its base there are the black and grey siltstones mentioned above,
although the contact is not locally visible but outcropping slightly to the south.
On the top, the last basaltic lava flow is covered by Liassic dolomitic limestones,

Cretaceous limestones and sandstones. From the base to the top, the thickness of
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Figure 7.2: Simplified stratigraphy of the CHA, MA and WM lava sequences with indicated
the stratigraphic positions of samples analysed. Chemostratigraphic unit after Bertrand et al.
(1982).

the lava flows generally increases. It is possible to recognize, on the basis of field
evidences, at least 33 lava flow, partitioned on the basis of chemostratigraphic
data in 22 lava flows belonging the Lower Unit, 9 lava flows for the Intermediate
and 2 lava flows for Upper Unit. The Recurrent Unit is not present at Tiourjdal
section, but it does few kilometers NW at Agouim locality as a single well ex-
posed 15 or more meters thick lava flow. Even here at Agouim the sedimentary
layers below (baked limestone) and above (Liassic red clays) the single massive
lava flow are well visible. While the Lower and Intermediate Units are composed

of multiple 1 to 10 meters thick lava flows, which present well preserved volcanic
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features like pillow lavas and interdigitated flow lobes, the Upper and Recurrent
Unit are made up of two and one massive decametric lava flows respectively,
showing a columnar jointing, often characteristic of this units. The succession of
lava flows is continuous with just one important sedimentary layer, a limestone
bed ca. 1 meter thick in the middle of the Intermediate Unit. Paleomagnetic
analyses showed that this layer is characterized by a magnetic inversion (Knight
et al., 2004), making this sedimentary bed a fundamental marker, first of all
for the stratigraphic inter-correlations between the lava piles in the Moroccan
area but also with the counterpart lava flows in the sedimentary basins of the
Newark Supergroup, Eastern North America (Olsen et al., 2003; Whiteside
et al., 2007). This brief magnetic reversal recorded in this sedimentary layer is
also crucial for global correlations as it can be correlated with reversals recorded
in very Late Triassic or T-J boundary strata from a marine section in England
(Hounslow M. W., 2004) and in the continental Newark basin of Eastern
North America where it occurs just below the oldest CAMP basalt flow (Orange
Mountain basalt; Kent & Olsen, 2006). According to the different possible
correlations, the reversal within the Tiourjdal section would in fact define the
T-J boundary (Knight et al., 2004) or be correlative with an Early Jurassic
reversal (Whiteside et al., 2007) as observed in the Paris basin strata (Yang
et al., 1996). Data relative to petro-mineralogic descriptions and compositions
used in this work refer to 33 samples sampled for paleomagnetic studies (Tiour-
jdal sequence, Knight et al., 2004) and from 7 other samples collected for
geochemical analyses (Agouim sequence). In the following petrographic descrip-
tion I will include samples from the Agouim section because of its close position
to the Tiourjdal section, hereafter I will speak about this two sections as one,

referring them as Tiourjdal section.

The Telouet section is located ca 17 km NE from the Tiourjdal section. Here
there are 24 lava flows preserved with a thickness of the exposed lava pile of ca
120 m (Fig. 7.2). The base of the Telouet section is not exposed, leading to an
underestimation of the total number of lava flows. The top of the lava pile is the
same of the Tiourjdal section capped by Early Jurassic limestones. Even if it is
problematic to recognize the real number of lava flows, it is possible to assign,
by chemostratigraphic analyses, the sampled lava flows to the four volcanic units
as: at least 12 lava flows belonging to the Lower Unit, 10 lava flows belonging to
the Intermediate Unit, three lava flows to the Upper Unit and again after about
30 meters thick sediments one single massive lava flow belonging the Recurrent

Unit. An interesting point is that the first occurrence of a lava flow with an
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Upper Unit geochemistry fingerprint happens between the two uppermost Inter-
mediate lava flows. This point will be discussed further on. As for Tiourjdal
sequence, the petro-mineralogic analyses have been done on 23 samples collected

for paleomagnetic studies (Knight et al., 2004) and 1 for geochemical analyses.

The third section studied in the CHA is at the Oued Lahr locality. Placed
on the northern flank of the CHA, it is ca. 50 km NNE from Tiourjdal. All four
CAMP units are preserved here with a total thickness of the lava pile of at least
210 m (Knight et al., 2004) (Fig. 7.2). Like at Telouet the contact with the
black and grey siltstone is not directly observed, but is outcropping nearby. The
lowermost unit is the thickest of the site, containing at least nine lava flows, with
variable thickness from less than 1 meter to more than 20 meters. Sometimes
the flow contacts are baked and show a vesiculated flow top thus marking the
distinction between two contiguous lava flows. Overlying the Lower Unit flows
and marking the onset of the Intermediate Unit is a well preserved pillow lava
which grades into an aerial lava flow. In the pillow lava, paleomagnetic analyses
have identified a magnetic reversal (Knight et al., 2004). Notably, it is not clear
if the two magnetic reversal discovered in the Tiourjdal and Oued Lahr lava piles
record the same magnetic inversion event, because of its different stratigraphic
position within the Intermediate Unit, just in the middle at Tiourjdal and at
the base of the unit at Oued Lahr. Overlying the pillow lava flow, at least five
more Intermediate flows are recognizable with the uppermost of these showing a
prismatic columnar jointing. A thin limestone layer separates the Intermediate
from the Upper Unit. The lowermost flow of this unit is represented by pillow
lavas grading into sub-aerial lava at the top. Altogether it is possible to recognize
at least six lava flow belonging the Upper Unit. Finally, overlying a ca. 50 m
thick sedimentary layer (red clays and limestones), there is the Recurrent Unit
lava flow. Even for Oued Lahr, like for Tiourjdal and Telouet sequences, I will

describe 18 samples collected for paleomagnetic studies (Knight et al., 2004).

7.2 LAVA PILES OF THE WESTERN MESETA

The Maaziz section is placed in the North WM, ca. 60 km SE from Rabat
(Fig. 7.1). Here, outcrop only the Lower and Intermediate Units, for a estimated
lava pile thickness of 100-110 m (Fig. 7.2). The lava flows are quite tilted (ca.
30°). The section overlies red clays, which at the top have at least a 1-1.5 meter

of black and grey siltstones in undisturbed contact with the first lava flow. Only
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three flows, each with a constant thickness of 2-3 meter build up the Lower Unit.
Above there is a less than 1 meter thick deeply stratified carbonate-evaporite
layer. The Intermediate Unit builds up the remaining section, consisting of at
least 13 lava flows easily identifiable due the good exposure of the section. The
Intermediate Unit lava pile is composed by two flow groups separated by a thin
(few centimeters) baked red siltstone layer. The lower group is made up of a
15 meter thick pillow lava flow (almost at the base of Intermediate Unit) and
7 massive lava flows with thickness decreasing upward. Only one of these flows
has not been sampled due its dangerous accessibility. Above the thin sedimentary
layer, at least 5 thin (less than 1 meter) lava flows are recognizable. Only the first
one has been sampled, being the others almost completely altered and difficult
to distinguish. Finally a carbonate layer caps the volcanic sequence. Samples
collected in the Western Meseta, Middle Atlas and Eastern Meseta come from
two field work in 2007. The first sampling campaign had the purpose to individ-
uate new complete lava sequences, to gain some basaltic samples for geochemical
analyses, to understand how many units are preserved, and siltstone samples for
palynological analyses. The second campaign was aimed at a complete flow by
flow (where possible) geochemical and paleomagnetic sampling with more silt-
stone samples for palynological studies. On the whole, at the Maaziz sequence
have been collected 5 basaltic samples belonging the Lower Unit and 11 for the
Intermediate Unit. 10 samples for paleomagnetic analyses have been collected (9

from lava flows and 1 from the carbonate-evaporite sedimentary layer).

7.3 LAVA PILES OF THE MIDDLE ATLAS

The Agourai volcanic pile, placed 30 km S from Meknes, has a thickness of
ca. 140 m in which is preserved only the Intermediate Unit (Fig. 7.2). The
stratigraphy at the base and at the top of the lava pile is nearly the same as for
the other sections: below the lava flows we found the black and grey siltstone in
undisturbed contact with the lowermost flow, while the whole section is capped
by red siltstones and carbonates. This sample has been found in an anomalous
stratigraphic position, at the base of a 10-12 m thick lava flow overlying a 10 m
thick pillow lava flow, apparently between flows belonging the Intermediate Unit.
More in general, the stratigraphy of Agourai section is quite complex because of
the terrigenous and debris cover, lacking only in the steepest part of the volcanic
section, which hides the flow contacts. Moreover the presence of faults cutting

the volcanic pile and displacing the lava flows led to a difficult reconstruction
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of the volcano-stratigraphic section and the correct numeration of lava flows. In
general the thickness of the flows decrease upward, with fresher massive columnar
jointing with interdigitated lava lobes and thick pillow lavas flows at the base of
the Intermediate Unit while thin lava flows at the top of the section are mostly
weathered. At least 14-15 flows are recognizable, even if the number is probably
underestimate especially in the uppermost part of the section, where the flows
are thinner, more altered and partially covered by debris. At the top we found
red siltstones and thick limestone layers. 15 samples belonging the Intermediate
Unit have been collected, while only 2 represent the Upper Unit at Agourai. The
Lower Unit has not been detected. For paleomagnetic studies have been collected
11 samples (10 from lava flows and 1 from a limestone layer in the middle of the

sequence).

The Oum R-Rbia (Le Barrage) section is placed ca. 90 km S of Meknes (Fig.
7.1), outcrops with a thickness of ca. 120-130 m on a hill where recently works for
a dam have exposed a section with the Lower to Upper units are outcropping (Fig.
7.2). The section is well visible along a service-road used for the construction of
the dam, even if sometimes interrupted by debris build-up. Like in other sections
the lowermost flow overlies a thin black siltstones layer and lower red siltstones.
Also here the Lower Unit is represented by few lava flows (no more than 3),
with only one massive 10-12 m thick lava flow sampled, being the overlying flow
(or 27) unattainable and unsampled due to the bad section orientation and
the debris and vegetation cover. The Intermediate Unit is well represented by
numerous lava flows, with more or less the same features of the Agourai and
Maaziz sections: thickness of lava flows decreasing upward, numerous thin (1-1.5
m thick) highly vesicular lava flows in the uppermost part of the unit frequently
displaying interdigitated lava lobes and presence of syn-volcanic faults. Also the
Intermediate Unit has not been sampled completely (flow by flow) because of
the bad preservation of the thin lava flows and the difficulties in reconstructing a
precise volcanic stratigraphy. Altogether, it is possible to recognize about 14-15
lava flows, of which only 8 sampled. The uppermost 8-10 m thick pillow lava
flow of the Intermediate Unit, with fragments of baked red siltstones well visible
between the pillows (" peperites”), mark the onset of the massive columnar jointed
lava flow, at least 10 meters thick, belonging the Upper Unit. The presence of
pillow lavas with mingled clay-siltstone records the emplacement of lava flows in
an subaqueous, maybe lagoon ambient. Moreover, the interdigitation between
the columnar flow with a more vesicular one is visible and above this another

thick columnar lava layer, even if it is not clear if it records a second Upper Unit
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flow or not. Finally red siltstones cap the top of volcanic section. As a whole,
2 basaltic samples belong the Lower Unit, 10 basalts have an Intermediate Unit
composition while only one records the Upper Unit. Globally, 9 samples have

been collected for paleomagnetic analyses.
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8 SAMPLING AND METHODOLOGIES

8.1 TYPES OF SAMPLING

During the field works have been sampled, where it was possible, the more
massive, unfractured and non vesiculated lava flows to obtain the freshest sam-
ples as possible in order to avoid as best as possible contamination effects by
secondary deposition minerals (siliceous/carbonate veins and/or vesicle). Never-
theless, there have been sampled the black siltstones at the base of the lava piles
and the sedimentary layers interbedded with lava flow, for a complete interdisci-
plinary study allowing a better comprehension about the genesis of basaltic lava

flows. There have been collected three kind of samples:

e massive basaltic chunks for XRF, EMP, ICP-MS, LA-ICP-MS, isotopic and

geochronology analyses;

e basaltic and limestone (from the interbedded sedimentary layers) cylindri-
cal cores (0=2.5 cm, 10-12 cm long) sampled with a special driller for

paleomagnetic analyses;

e samples of black and grey siltstone at the base of the lava piles for palyno-

logical studies to constrain a lower age for the inset of CAMP event.

8.2 PROCEDURE FOR SAMPLE PREPARATIONS

The procedure for sample preparations consisted of cutting off from the
basaltic rocks the outer and less fresh parts, recognizable for their brownish halo
and then cm-thick slices from the inner and freshest parts. From the cm-thick
slice have been cut a pair of rectangular bricks, from which have been obtained 30
pm thin sections for mineralogical-petrographic analyses under polarized micro-
scope and successive EMP analyses (major and minor element compositions on
plagioclases and augitic and pigeonitic pyroxenes) and 100 pm thin sections for
LA-ICP-MS analyses (trace element spot compositions on plagioclases and augitic

pyroxenes). The remaining parts of the slices have been crushed, using an agate



mortar to minimize contamination effects, to obtain a very fine powder (<10 pm)
for successive XRF analyses for determination of bulk major and minor element
compositions. An aliquot of this powder has been used for ICP-MS analyses for
determination of bulk trace element contents. Subsequently some of the basaltic
rocks, after careful inspection under the optical microscope of the freshest samples
which displayed fresh mineral with no alteration in the groundmass, were selected
for crushing and to obtain granulates of different sizes. The coarsest granulates
(800<<2000 pm and 2000<@<3000 pum) have been analyzed under binocular
microscope to pick-up the freshest grains used for isotopic analyses on whole rock
(Sr-Nd-Pb-Os systematics; performed by R. Merle). Like the coarsest, also the
finest granulates (315<(<200 pm, 200<@®<160 pm and 160<)<100 pm) have
been carefully inspected under binocular microscope to separate, by hand picking,

a granulate of the freshest, unfracturated and inclusion-free plagioclases, used for
10Ar/39Ar dating.

8.3 ANALYSES ON WHOLE ROCK

8.3.1 XRF (X-Ray Fluorescence)

Mineral major element whole rock compositions have been analyzed at the
Dipartimento di Geoscienze, Universita di Padova (Italy) by X-ray fluorescence
methodology (XRF). After the preparation of a ca. 5 mm granulate, the sample
is grinded in a milling machine RETSCH RS100, using an agatha mortar to
obtain a fine powder (<10 pm). After loss on ignition determination (L.O.1.), the
sample is mixed with Li;B4O7 powder (1:10 ratio) and then melted at 1150°C in
a Pt-Au-Rh crucible with a melting-machine CLASSIE FLUXY. The glassy disk
obtained is highly homogeneous and ready to be analysed. The instrument used
is a sequential spectrometer WDS Philips PW2400, using the Super(Q program
for quantitative and qualitative analyses. The analyzed major elements are Si,
Ti, Al, Fe, Mn, Mg, Ca, Na, K e P (as oxides weight per cent), while the trace
elements are Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Nd,
Pb, Th e U (as ppm). Detection limit for major elements are 0.01% for Al, Mg
and Na, 0.2% for Si and 0.005% for Ti, Fe, Mn, Ca, K and P. Detection limits
for trace elements vary from 3 ppm (i.e. U and Th) to 10 ppm (for LREE).
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8.3.2 ICP-MS (Inductively Coupled Plasma - Mass Spectrometry)

Inductively coupled plasma-mass spectrometry (ICP-MS) is well established
as a rapid and precise method for the determination of the rare earth elements
(REEs) and trace elements in geologic samples (Jenner et al., 1990; Longerich
et al., 1990) Unfortunately analyses have been performed on three different
laboratories: for Tiourjdal sequence (series AN100 and TJ) samples have been
analysed at Grenoble. Samples from Telouet (series TEL) and Oued Lahr (series
OL) have been analysed at Acme Analytical Laboratories in Vancouver (Canada),
while samples from WM /MA (Maaziz, Agourai and Oum R’Rbia, all series AN500
and AN600) have been analysed at WSU GeoAnalytical Laboratory, Washington
State University (United States). Unfortunately, only for the last one laboratory
are available the analytical procedure. In the Chap. 14, I'll try to compare
ICP data from different laboratories, in order to find out eventual analytical bias
among different ICP data-set.

At WSU GEOANALYTICAL laboratory (United States) samples have been
prepared with an combination fusion-dissolution home-developed method which
consists of a low-dilution fusion with Lithiun-tetraborate followed by an open-
vial mixed acid digestion. This method allows to analyze 14 REEs and 13 ad-
ditional trace elements in a wide range of geologic samples without having to
make assumptions as to the presence or absence of resistant mineral phases. The
dissolution with HF after the Lithium-tetraborate fusion quantitatively removes
silica and more than 90% of the flux as gaseous fluorides, leaving clear, sta-
ble solutions for analysis. The Flux used for the fusion is Lithium-tetraborate
(Spectromelt® A-10, EM Science, Gibbstown, NJ). Reagents are HNO3 69-70%
(Fisher ACS plus grade), HF 48-52% (Baker ACS reagent grade), HCIO4 67-
71% (Fisher Trace Metal Grade), and HyOo (Baker ACS Reagent). The HF is
further purified before use by sub-boiling distillation in a teflon still. All water
used is > 18 M2 deionized water from a Nanopure analytical grade water system
(Barnstead /Thermolyne). Powdered samples are mixed with an equal amount
of lithium tetraborate flux (typically 2g), placed in a carbon crucible and fused
at 1000° C in a muffle furnace for 30 minutes. After cooling, the resultant fu-
sion bead is briefly ground in a carbon-steel shatterbox and a 250 mg portion
is weighed into a 30 ml, screw-top Teflon PFA vial for dissolution. The acid
dissolution consists of a first evaporation with HNOj3 (2 ml), HF (6 ml), and
HCIO,4 (2 ml) at 110° C. After evaporating to dryness, the sample is wetted and
the sides of the vial are rinsed with a small amount of water before a second

evaporation with HC1O, (2 ml) at 160° C. After the second evaporation, samples
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are brought into solution by adding approximately 10 ml of water, 3 ml HNOg,
5 drops HyO», 2 drops of HF and warmed on a hot plate until a clear solution is
obtained. The sample is then transferred to a clean 60 ml HDPE bottle diluted
up to a final weight of 60 g with deionized water. Solutions are analyzed on
an Agilent model 4500 ICP-MS and are diluted an additional 10X at the time
of analysis using Agilent’s Integrated Sample Introduction System (ISIS). This
yields a final dilution factor of 1:4800 relative to the amount of sample fused.
Instrumental drift is corrected using Ru, In, and Re as internal standards. Inter-
nal standardization for the REEs uses a linear interpolation between In and Re
after Doherty, 1989) to compensate for mass-dependant differences in the rate
and degree of instrumental drift. Isobaric interference of light rare earth oxides
on the mid-heavy REEs can be a significant source of error in ICP-MS analysis,
so tuning is optimized to keep the CeO/Ce ratio below 0.5%. Correction factors
used to compensate for the remaining oxide interferences are estimated using two
mixed-element solutions. The mixed element solutions contain. Standardization
is accomplished by processing duplicates of three in-house rock standards with
interspersed within each batch of 18 unknowns. Concentrations, oxide and drift

corrections are then calculated offline using a spreadsheet.

8.3.3 Sr and Nd isotopic systematics

Twelve samples for 87Sr/%6Sr and 3Nd/!*Nd isotopic measurements have
been analysed at Instituto de Geocéncias Universidade de Sao Paulo, Brazil by
Thermal Tonization Mass Spectrometry (TIMS). After the preparation of a ca. 5
mm granulate, the samples were grinded in a milling machine RETSCH RS100,
using an agata mortar to obtain a fine powder (j10 micron). In the chemical
separation has been used a separation column with ionic exchange AG50WXS8
resin for Sr bulk separation from REE. A second column loaded with LN Spec for
Nd and Sm separation has been used. A Finnegan Mat Mass Spectrometer Model
262 has been used for Sr and Nd ratios determinations up to 200 analyses for
each sample in order to minimize standard deviation. During analyses have been
used M6Nd/MNd = 0.7219 and #Sr/®Sr = 0.1194 to correct mass fractionation
(Steiger & Jager, 1977). NBS487 was analysed as external standard yielding,
during laboratory runs (13/8/06 - 17/9/06), *3Nd/*Nd = 0.511838+0.000015
and 87Sr/®0Sr = (.710254+0.000015 value. Blank measurements yielded a mean
value of 0.3 ng for Nd and 1 ng for Sr. All errors reported are quoted at 20 level.
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8.3.4 Paleomagnetism

Approximately 2.5 cm diameter, 5-10 cm length, specimen cores were col-
lected using an ASC Scientific Pomeroy Model D026-C gasoline powered drill.
The cores were oriented using an ASC Scientific Pomeroy Model OR-2 precision
orienting fixture and a Brunton compass. When possible, approximately 6-8 cores
from each flow were collected. Cores were cut into 1.5 cm long specimens using
a rock saw. At least 2 specimens from each core were cut, when possible. The
specimens were sanded after cutting in order to remove any stray metal that
may have been left by the rock saw. All measurements were conducted in a
lab shielded from the earth’s magnetic field. Each specimens natural remanence
magnetization (NRM) was measured on a 2-G Enterprises superconducting DC
SQUID magnetometer. Every specimen was then put through alternating field
demagnetization in 2 mT intervals up to 10 mT to remove any viscous remag-
netization. At this point one specimen from each core was put through thermal
demagnetization in an ASC Model TD-48 thermal demagnetizing furnace in 15-
25°C steps up to 650°C. The number of steps varies due to different behavior of
the specimens during demagnetization, in order to obtain the most measurements
when the sample is losing the most magnetization, so we watch, and do smaller
steps when the magnetization is changing the most). When a second specimen
from a core was available, (~90% of our cores had 2 specimens) the second speci-
men was demagnetized in an alternating field in 21 steps up to 100 mT. Specimen
directions were calculated as a Fisher mean of measurements of the last remaining
component of magnetization as determined by analysis of a Zijderfeld diagram
(typically used step 20-80 mT for AF samples, and 300-500°C for thermal sam-
ples). Flow means were calculated as a Fisher mean of the specimen directions

from each flow.

8.4 ANALYSES ON MINERAL PHASES

8.4.1 EMPA (Electron Micro Probe Analyses)

Mineral major element compositions have been analyzed at the Dipartimento
di Geoscienze, Universita di Padova (Italy) on a microprobe CAMECA SX50 of
the IGG-CNR laboratory using ZAF on-line data reduction and matrix correc-
tion procedures. At constant acceleration voltage of 15 kV, the beam current
was varied between 15 nA (for plagioclase) and 20 nA (for clinopyroxenes and

pigeonites). It was used counting times of 2 minutes both for plagioclase and
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pyroxenes with analytical uncertainties of 2% for major elements and about 5%

for minor elements.

8.4.2 LA-ICP-MS (Laser Ablation ICP-MS)

In situ trace element analyses of clinopyroxenes and plagioclases were carried
out using laser-ablation inductively-coupled-plasma mass-spectrometry (LA-ICP-
MS) at IGG-CNR, Unit of Pavia, Italy. The laser probe consists of a Q-switched
Nd:YAG laser, model Quantel (Brilliant), whose fundamental emission in the
near-IR region (1064 nm) was converted into 266 nm wavelengths using two har-
monic generators. The laser power was varied in the range of 0.8-4.2 mW, whereas
the spot diameter was in the range of 20-100 gm (mostly 50 pym, 40 pm in the
analyses done). The ablated material was analysed by using an Elan DRC-e
quadrupole mass spectrometer. Helium was used as carrier gas and mixed with
Ar downstream of the ablation cell. Data Reduction was carried out using the
Glitter Software. NIST SRM 610 was analysed as external standard (reference
values from Pearce et al., 1997), while *Ca has been used as internal stan-
dard. Precision and accuracy were assessed from repeated analyses of the BCR-2
or NIST SRM 612 standards and resulted usually better than 10%. Detection
limits were typically in the range of 100-500 ppb for Sc, 10-100 ppb for Sr, Zr,
Ba, Gd and Pb, 1-10 ppb for Y, Nb, La, Ce, Nd, Sm, Eu, Dy, Er, Yb, Hf and Ta,
and usually <1 ppb for Pr, Th and U.
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9 PETROGRAPHY AND MINERALOGY OF
CENTRAL HIGH ATLAS PILES

Broadly, the Moroccan lava flows have quite homogeneous compositions, rang-
ing from basalts to andesitic basalts with tholeiitic affinity. No evolved rocks
(andesites-rhyolites) are present. Nevertheless, the lava flows belonging to the
four units are well distinguishable not only on the base of differences of whole
rock compositions (major, minor, trace elements and isotopic ratios) but also
based on textures, mineral assemblage and mineral compositions which allow us
to infer about affinities and differences between volcanic sections situated in dif-
ferent places of Morocco. The textures and mineralogical assemblages have been
observed under polarized microscope, while the mineral chemistry are obtained
by EMP analyses (on 30 and 100 gm thin sections) and by LA-ICP-MS analy-
ses (on 100 pm thin sections). The proportions between different phases, their
occurrences in the different units and their compositional variations will be inves-
tigated and discussed in order to establish a petrogenetic grid and allow a better
comprehension of the processes occurred during the shallow-level differentiation

of the magmas starting from a near primitive parental magma.

9.1 TEXTURES AND PARAGENESIS

As said previously, the samples from the Central High Atlas come from cylin-
drical basaltic rock cores drilled for paleomagnetic investigation (Knight et al.,
2004) and they are labelled TJ (for the Tiourjdal section), TEL (for the Telouet
section) and OL (for the Oued Lahr section). These samples were used for whole
rock chemical analyses (major and minor elements by XRF, trace elements by
ICP-MS, isotopes by TIMS) and to obtain 30 and 100 pm thin sections for min-
eral chemistry by microprobe and LA-ICP-MS analyses. For this study, samples
labelled AN were also used, some of them coming from the same (e.g., Tiourjdal)
or other sections (for example the Agouim section). These latter are massive sam-
ples collected for geochemical and geochronologic analyses and they were used to

obtain 100 pm thin sections for trace elements content determinations on pla-



gioclases and clinopyroxenes by LA-ICP-MS analyses (except one sample, OL14,
coming from the Oued Lahr section). The mineral assemblage mainly consists of
olivine (always altered), plagioclase, clinopyroxenes (both augitic and pigeonitic)
and oxides (magnetitetilmenite). No hydrated primary minerals (like biotite or

amphibole) do occur.

9.1.1 Tiourjdal sequence

e The Lower Unit: it is composed by 22 lava flows sampled at Tiourjdal
(samples from TJ1, at the base, to TJ22, hereafter the samples numeration
will be done in stratigraphic order, i.e. from the base to the top of the unit)
with 2 more samples AN49 and AN134 sampled nearby. Samples TJ1, TJ2,
TJ11, AN49 and AN134, after a mineralogical-petrographic study under the
polarized microscope, were selected for detailed EMP chemical analyses of
the main mineral phases (see next paragraph), and sample AN134 was fur-
ther selected for trace element LA-ICP-MS analyses on clinopyroxene and
plagioclase. Lava flows belonging to the Lower Unit have a hypocrystalline
intergranular to sub-ophitic texture, with a mineralogy dominated by al-
most equigranular euhedral plagioclases, with normal progressive zoning,
and sub-euhedral to euhedral clinopyroxenes, sometimes zoned. Olivine
occurs sometimes included in clinopyroxenes or grouped in little clusters,
showing their typical shape with an euhedral habitus despite almost com-
plete alteration into hiddingsite. In the samples TJ2, TJ3, TJ22 and AN49
occur also abundant and fresh pigeonite, a low-Ca pyroxene, recognizable
for its high relief (higher than the augitic clinopyroxenes one) and rounded
fractures. Sparse oxides, represented by magnetite with ilmenite exsolu-
tions, are rarely euhedral, being more frequently in allotriomorphic plagues
between the plagioclases and clinopyroxenes or rarely as micro-phenocrysts
in the glassy ground-mass. In some flows the oxides are present only in
the glassy ground-mass as tiny euhedral crystals or with a dendritic shape.
The glassy ground-mass shows spherulitic devitrification and rare to abun-
dant vesicles are filled with secondary minerals, like zeolites, chalcedony
and more rarely quartz. These features are more or less constant along the
whole unit, with few exceptions regarding the presence and abundance of

olivines, vesicles or glassy ground-mass.

e The Intermediate Unit: it is composed of 9 lava flows (samples TJ23 to
TJ26, TJ28 to TJ32) and 2 others sampled nearby (AN137A and AN138).
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Samples TJ23, TJ25, TJ32 (30 pm thin sections), AN137A and AN138
(100 pm thin sections) were analyzed by EMP for mineral chemistry, while
trace element analyses by LA-ICP-MS were performed on samples AN137A
and AN138. The Intermediate Unit samples show an intersertal ophitic to
sub-ophitic texture with abundant euhedral to sub-euhedral zoned clinopy-
roxenes. Elongated idiomorphic laths of plagioclase show multiple inverse
rhythmic zoning, with rare rounded core and frequent glassy brownish
patches of melt included within the crystals. Altogether plagioclases and
clinopyroxenes are surrounded by a network of little euhedral plagioclase
showing an acicular shape and normal zoning. Olivines are completely ab-
sent (except for one sample, TJ23, where they are altered), while abundant
pigeonite is present as big euhedral to sub-euhedral phenocrystals, or with
rounded shapes, in most of the samples (TJ25, TJ26, TJ29, TJ30, TJ31).
The oxides show a euhedral habitus, are isolated or grouped to mimic a
dendritic shape, and are present exclusively in the glassy brownish ground-
mass. More rarely, they are large and euhedral (sample TJ25 and TJ26).
The abundant glassy ground-mass, showing spherulitic devitrification, is
more abundant than in the Lower Unit, as the vesicles filled with secondary

minerals.

The Upper Unit: it is composed by 2 samples from Tiourjdal (TJ33 and
TJ34) and 1 more sampled nearby (AN141). All three samples were ana-
lyzed by EMPA for mineral chemistry (TJ33 and TJ34 on 30 pm thin sec-
tions and AN141 on 100 pm thin sections) while AN141 was used for trace
element determinations by LA-ICP-MS. The texture of the flows belonging
to the Upper Unit is porphyric with a microlithic ground-mass of plagio-
clase, clinopyroxenes and oxides, dominated by euhedral phenocrysts of
fresh augitic clinopyroxene, frequently showing typical sector zoning (hour-
glass), and euhedral plagioclases often showing multiple inverse rhythmic
zoning with cores with rounded borders and glassy brownish patches of
melt included within them. Rare sparse olivines, preserving a euhedral to

sub-euhedral shape, occur completely altered in the ground-mass.

The Recurrent Unit: one lava flow sampled at the Tazgaoute section
(sample AN156A) few kilometers from Tiourjdal. This sample was ana-
lyzed both for EMPA and LA-ICP-MS analyses on 100 pym thin section. It
has a porphyric microlithic texture dominated by big euhedral phenocrysts

of plagioclase, rare augitic clinopyroxenes with a very fine ground-mass of
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plagioclases, clinopyroxenes and rare euhedral oxides. The plagioclase crys-

tals show rounded core and inverse rhythmic zoning.

9.1.2 Telouet sequence

e The Lower Unit: it is composed by 10 lava flows (samples TEL1 to TELA4,
TEL6, TEL7, TEL9 to TEL12). Samples TEL1 and TEL4 were analyzed
by EMPA for mineral chemistry on 30 £+m thin sections, while no sample
was used for LA-ICP-MS analyses. In general the samples coming from
Telouet show a stronger alteration with respect to the Tiourjdal samples,
thus limiting the microprobe analyses. The flows belonging to the Lower
Unit show an intergranular intersertal texture with equigranular euhedral
laths of plagioclase and poikilitic clinopyroxenes. The plagioclases have
rarely large size and show progressive zoning. In one sample (TEL1) it has
not been possible to analyze the plagioclases due to their deep alteration in
sericite. Even the clinopyroxenes are often altered, showing large patches
of chlorite, making the microprobe analyses difficult especially in the rare
large phenocrysts. Olivines are well recognizable for their shape even if
they are always altered like in the other sections. Apparently no pigeonite is
detectable in these samples, even if the pervasive alteration could obliterate
the presence of this mineral. Oxides have always micrometric size in the
abundant glassy ground-mass, showing an euhedral shape. The brownish
glassy ground-mass show abundant spherulitic devitrification and vesicles

filled with zeolite minerals, calcite, chlorite and quartz.

e The Intermediate Unit: it is composed by 10 lava flows (samples TEL13,
TEL15 to TEL18, TEL19a, TEL19b, TEL20, TEL22, TEL23). TEL16 and
TEL 23 were analysed by EMP for mineral chemistry, no samples was anal-
ysed by LA-ICP-MS. Also the Intermediate Unit shows a deep alteration,
thus making the mineralogic-petrographic description in thin section dif-
ficult. The textures of these samples range from intergranular intersertal,
with abundant glassy ground-mass, to intergranular to sub-ophitic from
the base to the top of the Intermediate Unit. At the same time, plagio-
clase shows acicular to euhedral habitus in laths with rhythmic zoning.
Clinopyroxenes increase their size upward in the unit, from poikilitic to eu-
hedral habitus sometimes enclosing acicular plagioclase, and showing the
typical sector zoning of augitic clinopyroxenes. Pigeonite is present only
in two flows TEL22 and TEL23, being more abundant in the latter than
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the former. Olivine, differently from Tiourjdal and Oued Lahr, is present,
being recognizable because of its euhedral shape, often grouped in clus-
ters, and is totally replaced by secondary minerals. Apparently, it does not
appear in the sample TEL22 and TEL23, where pigeonite occurs. Even
the oxides change their habitus upward in the unit from dendritic, in the
glassy ground-mass, to euhedral to sub euhedral large phenocrysts. The
glassy ground-mass shows abundant spherulitic devitrification and presence

of vesicles filled with secondary minerals.

e The Upper Unit: it is composed by 3 lava flows (samples TEL21, TEL24,
TEL25). Only TEL24 was analysed by EMP. Except for TEL21, that even
if deeply altered shows an intergranular textures, TEL24 and TEL25 have
the typical porphyric microlithic texture of the Upper Unit. Few euhedral
clinopyroxene and plagioclase phenocrysts and rare agglomerates of these
minerals are interspersed in a quite fine ground-mass of acicular plagioclase,
clinopyroxenes and oxides. Large euhedral olivines are completely altered.

No vesicles are detectable.

e The Recurrent Unit: it consists of only one lava flow occurs at Telouet (
sample AN169). This sample was used both for EMP and LA-ICP-MS anal-
yses and it comes from a massive rock sampled for geochemical analyses. It
has a porphyric microlithic texture dominated by big euhedral phenocrysts
of plagioclases, rare augitic clinopyroxenes with a very fine ground-mass
of plagioclases, clinopyroxenes and abundant big-size sub-euhedral skeletal
oxides. The plagioclase crystals show rounded core with resorption features,
inverse zoning with rare clinopyroxene micro-phenocrysts included within
and frequent brownish glassy patches of melt. Olivines display their typical

habitus but are completely altered.

9.1.3 Oued Lahr sequence

e The Lower Unit: it is composed by 6 lava flows (samples from OL1 to
OL6). Only sample OL2 was analyzed by EMPA for mineral chemistry,
while no sample from this unit was used for LA-ICP-MS analyses. The
samples have an intergranular to sub-ophitic texture, dominated by rare
fresh euhedral laths of plagioclases with normal progressive zoning, from
poikilitic to rare big euhedral clinopyroxenes and from allotriomorphic to
sub-euhedral or skeletal oxides, which show ilmenite exsolutions. Olivines

are present but always altered. Pigeonite is present in two samples, OL1 and
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OL2. Altogether the samples are quite altered, being plagioclases frequently
altered into sericite and calcite and the clinopyroxenes altered into chlorite.
The glassy ground-mass shows spherulitic devitrification and abundant vesi-

cles filled with zeolite minerals, calcite, hematite and quartz.

e The Intermediate Unit: it is composed by 6 lava flows (samples OL8
to OL12). Samples OL10 and OL11 were analyzed by EMPA, while no
sample from this unit was used for LA-ICP-MS analyses. Textures vary
from intergranular to ophitic intersertal with normal zoned plagioclase laths
and poikilitic clinopyroxenes passing to acicular plagioclase and big euhedral
sector-zoned clinopyroxene phenocrysts. No olivines are detected. Pigeonite
is present only in two samples, OL10 and OL11. Oxides are present only in
the glassy ground-mass as little euhedral phenocrysts or showing a dendritic
shape. The ground-mass shows partial spherulitic devitrification and rare

vesicles filled with secondary minerals.

e The Upper Unit: it is composed by 6 lavas flows (samples from OL13 to
OL18). The samples OL14 and OL15 were used for EMP analyses, while
OL14 was analysed first by EMPA then by LA-ICP-MS. These samples
have a porphyric microlithic texture dominated by big euhedral phenocrysts
of plagioclase, rare augitic clinopyroxenes with a very fine ground-mass
of plagioclase, clinopyroxenes and rare euhedral oxides with a dendritic
shape. The plagioclase crystals show rounded core with resorption features,
rhythmic zoning with rare clinopyroxene micro-phenocrysts included within
and frequent brownish glassy patches of melt. Clinopyroxenes are present
in big euhedral phenocrysts, showing sector zoning. Rare euhedral olivines

are always altered and replaced by secondary minerals.

e The Recurrent Unit: it consists of only one lava flow (AN61) not analysed

in this work.

9.2 MINERAL COMPOSITIONS

9.2.1 Olivine

No fresh olivine was detected in all thin sections from the three localities of
the Central High Atlas and so it was not possible to analyse them by EMP or
LA-ICP-MS. As described previously, the olivine is always present in the Lower

and Recurrent Unit in all three sections. Only rarely olivine appears in the
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Intermediate and Upper Unit at Tiourjdal and Oued Lahr, nevertheless it is
present in all lava flows of the Intermediate Unit at Telouet except for a few
flows.

9.2.2 Plagioclase

Plagioclase was investigated by electronic microprobe (EMPA) to study the
compositional variation in major and minor elements (see details in methodolo-

gies chapter) along some traverses, from the core to the rim, and in some case
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Figure 9.1: Variation of An mol% along core to rim (transects distance in microns) of pla-
gioclase from the Lower Unit at Tiourjdal (9.1(a)), Oued Lahr (9.1(b)) and Telouet (9.1(c))
(EMP analyses). The normal progressive zoning from the core to the rim of phenocrysts is

clearly observed. Moderate inverse zoning does occur in a few plagioclase crystals (TJ11 plg3
and TEL4 plgl).

from rim to rim, of the freshest minerals. A narrow spacing between each analysis
point (in most cases 5-6 um) was applied, especially on the minerals which present
interesting features (multiple and inverse rhythmic zoning) useful to understand
what happened during the crystallization of the magma. In other few cases, a
more spaced analysis (ca. 10 pm) was applied, where crystal do not present inter-
esting features (monotonous progressive zoning). Together with augitic clinopy-

roxenes (and in some cases pigeonite), plagioclase is the predominant phase which

93



composes about 45-50 vol.% of the basalts. EMP analyses highlight quite high
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Figure 9.2: Variation of MgO and K20 wt% along core to rim (transects distance in microns)
of plagioclases from the Lower Unit at Tiourjdal (Fig. 7.2a and 7.2b), Oued Lahr (Fig. 7.2c
and 7.2d) and Telouet (Fig. 7.2e and 7.2f) (EMP analyses). It is well visible the positive and
negative correlation with An content, respectively for MgO and K5O, as described in the text.

plagioclase compositional homogeneity or similar zoning within each unit and
between the same units of different sections. The plagioclase phenocrysts from
the Lower Unit range from bytownite to andesine compositions (An76Aby3Ory
to AnggsAbgyOrs with An=100x Ca/(Ca+Na+K), Ab=100xNa/(Ca+Na+K) and
Or=100xK/(Ca+Na+K); Ca, Na and K are expressed in atoms). Their most
striking feature is the normal progressive zoning in all the lava flows, displayed

by a monotonous decrease of anorthite (An) content from core to rim of the
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phenocrysts. Inverse zoning is rare, with moderate increase of An of up to 5-7

0.4 - 0.4 10
TH T4 T
a 4 8
0.3 | 03 A
A 'y
a Iy
2 'S | A o6 a
E E > s aar oy
502 502 = ¥y
] A o A g " “ A
= Iy = & Py w4 Iy 4
aay %A A} N g‘A’f A 4 1
£ At 01 A . " i
01 A, " d A, 2
0 - . L 0 ! . .
L] 50 60 70 80 o0 6 01 o0z 03 04 05 06 07 40 50 60 7 80 20
‘An mol% K0 Wit An mol%
0.4 - 0.4 10 i
TJ2 TJ2 TJ2
Ay
8 Yy
0.3 4 A 0.3 a ™
A A
s
; 3 g . gl o+ Al
4T a
50-2 N 502 aalta z 1842
=) =] oy Q A A
= 4 ﬁ‘q ‘ = B VY e b s
a4 At 2
o PO - *Jm‘ N A amkly, 4
A 7 4 A 4
A A ‘A . 4 ‘ a L
i
04 . ; L 0 . ; ;
40 50 60 70 80 20 6 01 o0z 03 04 05 06 07 40 50 80 70 80 %0
‘An mol% K0 Wit An mol%
0.4 - 0.4 10
T4 i T4
A A Aa 8
0.3 LY 0.3 4 4,
e Lo 60
3 A g e g S
A u =) A
%oz ah L&“ 50.2 LarsuA = =
k) oA > R, g s,
= ‘ﬂ" ™ = 4 agd fus [ra éi i
ot 3 " ;ﬁ
01 it 01 A, I
A R 2 R 4
A & N i L'y
i i 4.
0 - - \ o 0 T - - . .
40 50 60 70 80 20 6 01 o0z 03 04 05 06 07 40 50 [ 70 80 %0
An mol% K,0 wt% An mol%

Figure 9.3: Compositional trend in the Lower Unit at Tiourjdal section. It is visible the

increasing content of An, of the MgO for the same content of KoO and the decreasing of

FeO/MgO ratio.

mol% (Fig. 9.1). At the same time the MgO and K;O content are positively

and negatively correlated, respectively, with the An content, as expected for a

normal crystallization of phenocryst from a progressively evolving magma. The

K50 content tends to increase towards the rim (Fig. 9.2) passing from ca 0.1-0.2

wt% in the core to ca. 0.6-0.7 wt% at the more albitic rims. By contrast, MgO
varies from about 0.3 wt% in the core to 0.1 wt% at the rim (Fig. 9.2). While

the compositional variation in An and KO is well defined, those of MgO varia-

tion are less pronounced, maybe depending of slightly faster diffusivity of Mg?*

compared to KT in the plagioclase lattice (Costa et al., 2003), so leading to

a less marked zoning in MgO composition of the crystal. In the most complete

Lower Unit of Tiourjdal, 7 plagioclases from four lava flows were analysed by
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EMPA (one plagioclase for TJ1, 2 for TJ2, 2 for TJ11 and 2 for AN134). On
the base of data it is possible to recognize a compositional trend (Fig. 9.3) from
the base to the top of the unit: the An and MgO content increase in the core,
respectively from 72.50 to 76.40 mol% and from 0.19 to 0.27-0.30 wt%. Also the
K50 decreases slightly in the plagioclase core from 0.13-0.15 wt% to 0.09 wt%

from the lowest to the highest sample of the Tiourjdal Lower Unit. Moreover,
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Figure 9.4: Ca#,hole —rock (XRF analyses) vs Ca#piqgio Of all analysed plagioclases (EMP
analyses) in the Central High Atlas. Curves represent plagioclase compositions in equilibrium
with melt for different Kg‘I*N“: green line Kp =1, orange line Kp =1.1, red line Kp =1.5,
black line Kp =2. Blue for the Lower Unit, red for the Intermediate Unit, yellow for the Upper
Unit and green for the Recurrent Unit. Triangles for Tiourjdal, circles for Telouet and squares
with star for Oued Lahr. Explanations in the text.

the FeO/MgO ratio, which on the whole has a large range (from nearly 1.0 up
to 9.3) from the base to the top of the unit it decreases from the lower value
of ca. 2.5 to 1.0. It is not already clear if this trend is linked to the partic-
ular choice of the analysed samples, so being an analytical bias, or if it is real
having in this way a petrogenetic meaning. Nevertheless all these data could be
compatible with crystallization from slightly less evolved magmas, with higher
Ca/Na and MgO and lower K,O and FeO. Both at Oued Lahr and Telouet, only
1 lava flow belonging to the Lower Unit was analysed, so it is not possible to
infer about a possible trend. At Telouet (few analysis points on one plagioclase,
sample TEL4) the compositions in An, MgO, K;O and FeO/MgO fit well those
of Tiourjdal plagioclases. At Oued Lahr the three analysed plagioclases (sample
OL2) show a systematic lower An, ranging from 63.6 mol% in the core to 40.3
mol% at the rim, lower MgO (no more than 0.16 wt%) and higher K20 (between
0.2 and 0.4 wt%). FeO/MgO also shows higher values from 4 to 9 (see Fig. 9.5,
9.6 and 9.7). In a Ca#ynote—rock-Cattpragio diagram (Ca#=100*Ca/(Ca + Na)),
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the cores of plagioclases belonging to the Lower Unit have a composition that is
nearly in equilibrium with the whole-rock (mineral/melt K$*~"* between 1 and
1.1, green and orange lines in Fig. 9.4). The plagioclase from the Intermedi-
ate Unit show both normal progressive and reverse rhythmic zoning (Fig. 9.5)
with rare rounded core and brownish glassy inclusions, which could reflect dis-
equilibrium and resorption phenomena during the crystallization of plagioclase
(probably melt generated and trapped during the dissolution of the plagioclase
edge when the phenocryst entered in contact with new compositionally different
magma). However, the high An variations recorded in reverse rhythmic zoning
(up to 10-14 mol%) could be due to decompression phenomena, i.e. variations in
the plagioclase crystallization pressure which in turn would led to high An con-
tent or to an increased water content. The crystals show higher An (84-47) and
MgO (0.05-0.30 wt%), and lower K,O (0.05 and 0.30 wt%) and more restricted
FeO/MgO (1.0 and 8.0) with respect to the Lower Unit plagioclases (Fig. 9.11,
9.12 and 9.13). Compositions vary from bytownite to andesine (Angs5Ab520r 3
to AngzgAbsooOras) with frequent abrupt jumps in An from the core toward
the rim, always occurring in few microns (10-15 pm) (Fig. 9.9(a),9.9(b),9.9(c)).
This high An variation are accompanied by other low amplitude variations of the
order of 3-5 mol% which result in a saw-tooth pattern. Only at Oued Lahr (Fig.
9.9(d)) and rarely at Tiourjdal (not shown here) the plagioclase crystals display
at the rims normal progressive zoning with decreasing An. An content displays
the largest variation (almost 20 mol%) at the same MgO content and FeO/MgO.
MgO, K50 and FeO/MgO correlate broadly with An which has a lower variation
range with respect to that of Lower Unit crystals (Fig. 9.11, 9.12 and 9.13).
While at Oued Lahr is well visible the positive and negative correlation between
the MgO and KO content with An, at Tiourjdal and Telouet, this correlation
is less evident, especially for MgO (Fig. 9.10). The Intermediate Unit at Tiour-
jdal is the most complete, with 5 lava flows and 15 plagioclases analysed (3 for
TJ23, 2 for TJ25, 3 for TJ32, 4 for AN137A and 3 for AN138). At Telouet, it is
represented by two samples, TEL16 (1 plagioclase and few analysis points on a
plagioclase aggregates) and TEL23 (2 plagioclases), has the lowest analysis point
number which are quite scattered on compositional diagrams. Nevertheless the
plagioclase compositions at Telouet fit quite well with those of Tiourjdal, display-
ing the same compositional variability. — Differently, the Oued Lahr plagioclases
(4 phenocrystals for OL10 and 2 for OL11) display quite narrow compositional
ranges, with An varying from Angs;Ab580r105 to Angsg7Aby; 501 s and MgO
slightly higher than for Tiourjdal and Telouet. FeO/MgO ranges between 1.3
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Figure 9.8: Microphotographs showing the complex zoning pattern in plagioclases from the
Intermediate Unit at Tiourjdal (TJ25 plg2, on the left and AN137A plg2 on the right). Red
arrows represent EMP transects.

29



85 85
80 80 %
‘\. —+—TJ25 pl2a
=75 4 f7s
= s
z s CORE
j=
£70 | £70 RIM RiM
65 e AN13TA plg2 65 4
—o— AN13TA plg3
60 T ; i i i 60 T T T T T T T T
0 50 100 150 200 250 300
Dist. (micran) 0 50 10 150 200 g0 30 30 400
(a) (b)
85 RIM %
—e—Tel16 plg1 CORE
50 4
80 1 75 |
£ |CORE S
E 20
g < —s— 0L10 plgd
75 65 - —s— OL1 plg3
50 |
70 . : : . \ 85 , . . : T
0 50 100 180 200 250 300 0 50 100 150 200 250 300 350
Dist. {micron) Dist. {micron)

() (d)

Figure 9.9: Variation of An mol% along core to rim (transects distance in microns) of pla-

gioclase from the Intermediate at Tiourjdal (9.9(a),9.9(b)), Telouet (9.9(c)) and Oued Lahr
(9.9(d)) (EMP analyses). Description in the text.

60



0.4 - 0.4 -
0.3 0.3 —+ AN13TA plg2
RIM| |
§0.2 ] z .
2 o
= <
i —e— AN137A plg2
’ —o— AN137A plg3
0 ! ! ! ! ! \ 0 ! ! ! ! ! \
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Dist. (micron) Dist. (micron)
(a) (b)
0.4 - 0.4
g g CORE
%02 | RIM RIM 20_2
o o
= <
0.1 ] 0.1
o T T T T T T T 0
o 0 100 0 Disp'll.j?microzr?P 300 250 b1 0 DI& ?mlcron) 3
(d)
0.4 0.4 -
0.3 4 0.3
- . +TEL16 plg1
) R
L. q”\(. £5.. CORE
2 CORE —» TEL16 p|g1 2 RIM
0 . ! ! T \ 0
0 60 100 150 200 250 300 o 50 100
Dist. {micron) Dist. (mlcron)

(f)

0 50 100

150 . 200 250 300 350
Dist. {micron)

50 100 150 200 250
Dist. {micron)

(2)

(h)
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and 3.5 for most plagioclases and up to 7.1 in the most evolved ones. Differently
from the plagioclases of the Lower Unit, the Intermediate ones have a higher
Ca# than the whole-rock, i.e. they would be in equilibrium with the host basalt
for Ca/Na Kp between 1.1 and 2.0 (Fig. 9.4). We will try to investigate what
could affect this higher Kp, thus leading to high Ca/Na of the plagioclase cores.
In all three sections of the Central High Atlas, plagioclase crystals belonging to

Figure 9.14: Microphotographs showing the complex zoning pattern and rounded cores in
plagioclases from the recurrent Unit at Tiourjdal (TJ33 plg4, on the left) and at Oued Lahr
(OL14 plgl, on the right). Red arrows represent EMP transects.

the Upper Unit have lower compositional ranges but show the highest An (up
to Angg; Fig. 9.16, 9.17 and 9.18). In particular Tiourjdal (TJ33, 1 plagio-
clase and AN141, 3 plagioclases) and Oued Lahr samples (OL14, 4 plagioclases
and OL15 with 2 plagioclases) have the highest An content. Telouet is repre-
sented by only one analysed rock (TEL24, 2 plagioclases), that could lead to an
under-sampling and underestimation of the An variation in this lava unit. The
plagioclase crystals show frequent reverse rhythmic zoning with rounded core
and frequent brownish glassy inclusion. The compositions range from bytownite
to labradorite (AnggAbi110rp3 to Angs 3Abse9Orsg) and in all samples, most
phenocrysts show resorbed, rounded and relatively homogeneous high-An cores

(Ang;_gg), followed by an abrupt drop (few analysis points, i.e. 10-15 pm, Fig.
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9.15) to Anzs_7s and multiple oscillatory zoning in the Anyy_go range (Fig. 9.14).
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Figure 9.15: Variation of Anorthite mol% along core to rim (transects distance in microns)
of plagioclases from the Upper Unit at Tiourjdal (AN141 plgl and TJ33 plg4, above), Telouet
(TEL24 plg3 and plg4, in the middle) and Oued Lahr (OL14 plgl and plgla, below) (EMP
analyses).

The MgO content is lower than in plagioclase of the Intermediate Unit and
similar to those of the Lower Unit (generally from 0.10 to 0.25-0.30 wt%, rarely
exceeding the last value). The K,O content in the plagioclases of the Upper unit
is lower than in those of the Intermediate and Lower units, rarely exceeding 0.1
wt%, whereas FeO/MgO ranges from 2 to 4 and in few cases reaches up to 8.
The high Ca/Na ratio of the plagioclase cores imply equilibrium with the host
basalts for a Kp between 1.5 and 2 or even higher (note that the Ca# of some
whole-rock may be slightly lowered by alteration) (Fig. 9.4). Plagioclases from
the Recurrent Unit have the most homogeneous compositions compared to the
other units (Fig. 9.16, 9.17 and 9.18). Only 2 samples were analysed: AN156A
(3 plagioclases) from Tiourjdal and AN169 (4 plagioclases) from Telouet (Fig.

9.20). As said in the petrographic description (previous section) analyses of
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Figure 9.17: Anorthite mol% and K2O wt% vs MgO wt% and FeO/MgO variations of plagio-

clase crystals from the Upper (yellow diamonds) and Recurrent (green squares) Unit at Telouet

(EMP analyses).
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Figure 9.18: Anorthite mol% and KO wt% vs MgO wt% and FeO/MgO variations of pla-
gioclase crystals from the Upper Unit at Oued Lahr (EMP analyses).

65



the Recurrent Unit from Oued Lahr are missing in this work. They show rare
normal progressive and frequent reverse rhythmic zoning with frequent rounded
cores which could register disequilibrium and resorption phenomena during the
crystallization of the plagioclase (Fig. 9.19). Globally, they have the lowest
An and MgO content. The compositions range from bytownite to labradorite
(Anzg1Abgs1Org g to AnsggAbys7Ora15). The MgO content is the lowest between

Figure 9.19: Microphotographs showing the complex zoning pattern and rounded cores in
plagioclases from the Recurrent Unit at Tiourjdal (AN156A plg3, on the left) and at Telouet
(AN169 plgl, on the right). Red arrows represent EMP transects.

the four units, except for the Lower Unit at Oued Lahr (compare with Fig. 9.7),
being in the range between 0.10 and 0.20 wt% with few analysis points exceeding
0.22 wt% (Fig 7.21, on the left). The K5O content is quite higher compared to the
Upper Unit (mostly between 0.1 and 0.2 wt%, Fig. 7.21, on the right). FeO/MgO
has a higher compositional range with respect to the Upper Unit (between 2.5
and 6.0) with few analysis points up to 9. Finally, the equilibrium Ca/Na Kp
with the host basalts is about 1.0, i.e. comparable to those for the Lower Unit

samples (Fig. 9.4).
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(EMP analyses)from the core to the rim of plagioclases from the Recurrent Unit at Telouet
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9.2.3 Augite (high-Ca pyroxene)

Like plagioclase, also clinopyroxenes (both high-Ca and low-Ca) were investi-
gated by electron microprobe to study the compositional variation of major and
minor elements (see details in methodologies chapter) along some traverses, both
from the core to the rim and from rim to rim of the freshest and in some cases of
the most zoned crystals. EMP analyses show the occurrence of augite (high-Ca
clinopyroxenes) and pigeonite (low-Ca clinopyroxenes). Neither orthopyroxenes
nor other clinopyroxenes have been detected. As for plagioclase analysis, a narrow
spacing between each analysis point was applied (in most cases 5-6 pm). Differ-
ently from plagioclase, in general clinopyroxenes do not show optically visible
rhythmic or progressive zoning. Nevertheless the augites display in the prop-

erly oriented crystals the typical sector zoning (hourglass zoning, Fig. 9.22). In

Figure 9.22: Sector zoning in fresh euhedral augitic clinopyroxenes, samples TJ11 cpx5 (left,
Lower Unit) and AN141 cpx1 (right, Upper Unit). Red arrows represent EMP transects.

general pyroxenes display a less fresh aspect than plagioclase, sometimes being
altered into a pale greenish fibrous mineral (probably chlorite). Like plagioclases,
they have a quite wide compositional range and it is possible to recognize simi-
lar composition characteristics for clinopyroxenes from each of investigated lava

piles and for the four lava flow units (Fig. 9.23). Like plagioclase, clinopyroxenes
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(both augitic and pigeonitic) compose about 45-50 vol.% of the basalts. The
occurrence in some samples of augite together with pigeonite, like the presence
or not of pigeonite together with olivine, is indicative of particular T-P-HyO-fO,
conditions that we will try to investigate in order to gather information on the
differentiation process of the CAMP magmas.

In all the lava flows of the Lower Unit occur augitic clinopyroxenes princi-
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Figure 9.23: Compositions of all analysed pyroxenes plotted in a partial Wo-En-Fs ternary
diagram for the three sections (TJ on the left, TEL in the middle, OL on the right) and for the
all units (EMP analyses).

pally, except for a few flows at the base (TJ2, TJ3 and AN49) and at the top
(TJ22) of the unit, just before the onset of Intermediate Unit, where it appears
together with pigeonite (see next paragraph). As for plagioclases of the Lower
Unit, the pyroxenes are best represented in the Tiourjdal section, with 4 sam-
ples analysed: TJ1, TJ2, TJ11 and AN134. Sample AN49 was analysed only
for pigeonite. At Telouet and Oued Lahr, the general bad preservation and the
few lava flows of the Lower Unit hinder analyses a large number of pyroxenes.

However the few available data concord with the more complete dataset from
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Tiourjdal. Along the whole unit clinopyroxenes plot within the augite field yet
display a wide compositional variation range in the ternary diagram Wo (wol-
lastonite, CagSiaOg mol%), En (enstatite, MgsSioOg mol%) and Fs (ferrosilite,
FeySisOg mol%): Woagg_sgEngg s57Fsg o5 (Fig. 9.23). Even at Telouet and Oued
Lahr the augite compositions, as visible from the Wo-En-Fs diagrams, overlap
very well those from Tiourjdal. All augite crystals tend to evolve toward more

Fs-enriched composition, decreasing their Wo and En content. Minerals have a
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Figure 9.24: Core-rim compositional (Mg#) traverses of augites from the Lower Unit (EMP

analyses).

quite wide Mg# range (Mg# = 100*atomic Mg/(Mg + Fe?"), where Fe?" has
been calculated after Papike et al. (1974) varying from 83.6 to 60.5, in general
with the highest value in the core and the lowest towards the rims of the crystals
(Fig. 7.24). CryO3 ranges between 1.2 and 0 wt% and its variations are corre-
lated with Mg#, with the higher values in the core and a progressive depletion
of this element towards the rims of the phenocrysts (Fig. 9.25). TiOy contents
(0.27 and 1.12 wt%) are the highest among those of the four units, reflecting the
high bulk TiO, concentration of the samples of the Lower Unit. In the augites,
TiO, increases at decreasing Mg#, thus leading to an enrichment towards the
rims as clinopyroxene crystallize from more evolved magma (Fig. 9.25). In some
augites, it is possible to see a change of trend of TiOy vs Mg# variations, prob-
ably reflecting the initial crystallization of oxides leading to Ti depletion in the

melt. Nevertheless, the high TiO, measured in some sector zoned augites reflects
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higher Ti partition coefficient for particular crystallographic orientation of the

augite (Shimizu, 1981)(Fig. 9.22). Some augites display inverse zoning with
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Figure 9.25: Cr203 and TiOy variations (EMP analyses) of augites from the Lower Unit

showing the positive and negative correlation respectively with Mg#.
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Figure 9.26: Core-rim compositional traverses (EMP analyses) of some augites from the Lower
Unit showing as the Al;O3 content is not directly correlated with Mg#.

rim-ward increase of Mg and Cry0O3 and decrease of TiOy. Mg#, Cr,O3 and TiO,
variations are not continuous, but display numerous little jumps, up to 20-25% of
the relative concentration of the element. This inverse zoning and its saw-tooth
pattern probably reflects mixing phenomena between with possible recharge of
less differentiated magma from which the augite rims crystallized (Fig. 9.27).

Also Al,O3 varies from the core toward the rim of augites, but its behaviour
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seems not to be directly correlated with Mg#, probably being affected by magma
evolution driven by plagioclase crystallization as well as by pressure effects (Fig.
9.26). Like in the Lower Unit, in the Intermediate Unit the predominant pyroxene
is an augite, but it is often joined by pigeonite. Augites display the widest compo-
sitional variation ranges (Woos_42Enss_s6Fse_s3 Fig. 9.23) among the four units,
with an Mg# spanning from 84 to 53. CryO3 has a slightly higher content (up to
1.24 wt%) and it is positively correlated with Mg# (Fig. 9.27). On the contrary,
TiOy is slightly lower, both in the core and at the rims of phenocrysts (0.13 to
0.6 wt%, in few cases up to 0.9 wt%), in accordance with the lower bulk concen-
tration of the lava flows belonging the Intermediate Unit compared to those of
the Lower Unit. Also for Intermediate Unit augites, TiO2 is negatively correlated
with Mg# (Fig. 9.27). Differently from the more evolved clinopyroxenes of the
Lower Unit, in those of the Intermediate Unit (AN138 cpx1 and TJ25 cpxb, Fig.
9.27) it is not visible the change of TiOy vs Mg# variation trend. Thus could
mean that augite stopped to crystallize before that oxides begun or that magma
was not enough saturated in TiO, to start the oxides crystallization before the
eruption event. The second hypothesis could be supported by the presence of
tiny dendritic oxides in the glassy ground-mass in most of the Intermediate lava
flows. The Upper Unit is characterized by the occurrence of large euhedral, often
sector zoned augites interspersed in the fine microlithic ground-mass. Pigeonite
phenocrysts are detected as microphenocryst in the groundmass, but has not
been analysed. The augites belonging the Upper Unit have the highest and most
homogeneous compositions among the four units, with composition spanning in
the range Woo7_43Enyy 57Fss 15 (Fig. 9.23), with the highest and most restricted
Mg# range (varying from 86.0 and 70.4). Augites from the Upper Unit have a
nearly constant Wo CaO content compared to those of the Intermediate Unit but
with a slightly higher En component (Fig. 9.23) and higher Cr203 (up to 1.28
wt%). TiOq concentration is the lowest observed between the four unit (from the
core to the rim 0.18 to 0.54 wt%, rarely exceeding 0.70 wt%, Fig. 9.29), again
consistent with the low TiOs of the Upper Unit basalts. An important feature
of Upper Unit augites is that they are strongly zoned in terms of CryOgz, Al;O3
and TiO,. Large phenocryst cores often present high concentration of Cr, Al and
Ti (Fig. 9.29). Like in the Upper Unit, the only detectable pyroxene phenocryst
in the Recurrent Unit is augite. The minerals are compositionally homogeneous
(Wogr_3sEngg_50Fs15_30, Fig. 9.23), low in CaO and MgO, and enriched in fer-
rosilitic component. Mg# values are the lowest among the four unit (75 to 54,
Fig. 9.29), coupled with the lowest CroO3 (0.6 wt% in the core to 0 wt% at the
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Figure 9.29: Core-rim compositional (Mg#, TiO2, Al;O3 and CroQOs) traverses of augites
AN141 cpx1 and OL14 cpx2 from the Upper Unit (EMP analyses).
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rims), while TiO5 has higher concentrations, similar to those of the Intermediate
Unit (Fig. 9.31, 9.32).
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Figure 9.31: Core-rim and rim-rim compositional (Mg#) traverses of augites AN156A cpxl
and AN169 cpx2 from the Recurrent Unit (EMP analyses).
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Figure 9.32: Cry03 and TiOg vs Mg# variations (EMP analyses) of augites AN156A cpx1,
AN169 cpx2 from the Recurrent Unit (EMP analyses).

9.2.4 Pigeonite (Low-Ca pyroxene)

Pigeonite is restricted to few lava flows of the Lower Unit and quite diffuse in
most of the lava flows of Intermediate Unit. Pigeonite in the Upper and Recurrent
Unit is limited to the ground-mass. While in the Lower Unit pigeonite occurs
together with olivine, that is a constant presence of this unit in all three sequences
of the Central High Atlas, in the Intermediate Unit pigeonite occurs only when
olivine is not present, and vice-versa. In general, pigeonite is recognizable as small
rounded phenocrysts or microphenocrysts and only in a few samples it occurs as
large euhedral phenocryst, larger than augites which are sometimes rimmed by
pigeonite (Fig. 9.33). In the Lower Unit, pigeonite is present at Tiourjdal at the
base (TJ2, TJ3, AN49) and at the top (TJ22) of the unit. At Oued Lahr it is
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Figure 9.33: Large augite phenocryst bordered by pigeonite (sample AN49 pigeo2, Lower Unit
of Tiourjdal) and relative EMP transect showing the Mg# variation from the core to the rim.

present in the first two lava flows (OL1 and OL2), while no pigeonite is detected at
Telouet. The lack of pigeonite in the Lower Unit at Telouet could be due possibly
to the bad preservation of the samples of this unit or may be a systematic primary

characteristic of this section. In the Wo-En-Fs diagram pigeonites of the Lower
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Figure 9.34: Cry03; and TiO, variations vs Mg# (EMP analyses) of pigeonites AN49 pigl,
pig2 and OL2 pig of the Lower Unit.

Unit have a Wog_39Eny;_g5Fs11_34 composition, displaying a strong enrichment
toward Fs-rich member during the crystallization (Fig. 9.23). They display a
quite wide Mg# variation (from 83.1 to 61.6), being in general the highest value
in the core and the lowest toward the rim of crystal.However, in the pigeonite
AN49 pigeo2 (Fig. 9.33), Mg# tends to increase towards the rim. This feature
is recorded only in this phenocryst among those analyzed. CryO3 is lower than
in the augites of the same samples. It varies positively with Mg# from 0.6
and 0 wt% with the higher values in the core (Fig. 9.34). Like for augites,
TiOs (0.6 and 0.3 wt%) increases at decreasing Mg# but in general has a lower
concentration than in the augites of the same sample (Fig. 9.34), implying that

probably pigeonites begun to crystallize after the augites, but before the oxides
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(see previous section, Fig. 9.25). The pigeonites of the Intermediate Unit are
present at Tiourjdal, in almost all flows of this unit (TJ25, TJ26, TJ29, TJ30,
TJ31), while at Telouet and Oued Lahr it is present only in two lava flows of the
uppermost part of the unit: TEL22 and TEL23 at Telouet and OL10 and OL11 at
Oued Lahr. Pigeonites of the Intermediate Unit have the widest compositional
variation range both in Wo-En-Fs composition (Wo7_12Eny; 70Fs9;_45) and in
Mg# (between 76.3 to 47.6). CroO3 concentration is lower than pigeonite of the
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Figure 9.35: Cro03 and TiO, variations vs Mg# (EMP analyses) of pigeonites TJ25 pig3,
TEL23 pigh and OL11 pigl of the Intermediate Unit.

Lower Unit. It varies positively with Mg#, between 0.18 and 0 wt% with the
higher values in the cores (Fig. 9.35). TiOs concentration varies negatively with
the Mg# between 0.13 and 0.49 wt%. Again, it has a lower concentration than
in pigeonites of the Lower Unit (Fig. 9.35). As stressed before, pigeonites have
been detected in some flows of the Upper Unit, occurring as microphenocrysts in
the porphyric ground-mass, but have not been analysed. However, EMP analyses
for pigeonites of the Upper Unit flows are available in sample AN540 from the
Oum R’Rbia sequence (Chap. 12)
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10 WHOLE-ROCK GEOCHEMISTRY OF CENTRAL
HIGH ATLAS PILES

10.1 MAJOR, MINOR AND TRACE ELEMENT COM-
POSITIONS

Major and trace elements analyses on whole-rocks have been determinated by
XRF and ICP-MS analyses (Chap. ?7?). In total 34 samples from Tiourjdal (TJ),
23 samples from Telouet (TEL) and 18 samples from Oued Lahr section (OL)
have been analysed by XRF, while 23 samples from Tiourjdal, 10 samples from
Telouet and 9 from Oued Lahr have been analysed by ICP-MS. Together with
the Tiourjdal set we will take in account the data whole-rock compositions of the
samples AN49, AN134 (belonging the Lower Unit), AN137A, AN138 (Interme-
diate Unit) and AN156A (Recurrent Unit) and AN169 (Recurrent Unit) for the
Telouet section since these samples, as described in previous chapters, have been
analysed by EMPA and LA-ICP-MS (during this work, Laser Ablation not per-
formed on AN49), ICP-MS (analyses already done). For the sake of completeness
I will include also the sample AN61 belonging the Recurrent Unit at Oued Lahr.
XRF and ICP-MS whole rock analyses allow to recognize four units in which the
basaltic lava piles of each locality can be grouped, on the basis of some element
contents. From the base to the top of the lava piles (i.e., from the oldest to
the youngest unit) there are: the Lower, Intermediate, Upper and the Recurrent
Unit. Moreover this chemo-stratigraphy allows to correlate the different sections
over an area of 10 Km? in the Central High Atlas (CHA). In a TAS diagram
(Total Alkali Silica, SiOs wt% vs NayO + KyO wt%, Bas et al., 1992, Fig. 10.1,
triangles for Tiourjdal section, circles for Telouet section and squares with star
for Oued Lahr section. Blue for the Lower Unit, red for the Intermediate Unit,
yellow for the Upper Unit and green for the Recurrent Unit) CHA rocks plot in
the sub-alkaline rocks field (Irvine & Baragar, 1971), being mostly basaltic
andesites with few basalts. In particular both the Lower and Intermediate Unit
are principally represented by basaltic andesites with minor basalts, the Upper

Unit is represented by basalts with few slightly evolved basaltic andesites while



rocks belonging the Recurrent Unit are only basalts. Some rocks show very low
and high SiOs plotting off from the rest of the rocks, i.e. one sample belonging to
the Intermediate Unit at Telouet classifies as andesite. If we compare the TAS di-
agram with that of SiOy vs L.O.L;,; (total Loss On Ignition defined as the volatile
loss from 0°C to 1000°C), it is possible to note that rocks with the highest and
lowest SiOy are among those which have the highest L.O.1.;,; (Fig. 10.2), so it is
possible that alteration could have affected the whole rock composition towards

more basic and acid compositions, remobilizing some elements. In an AFM dia-
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Figure 10.1: TAS and AFM classification diagram of all basalts from CHA analysed by XRF.

gram (A = Alkali, NayO + K0 wt%, F = FeOypy wt% and M = MgO wt% all
recalculated to 100, Fig. 10.1, curved line separating tholeiitic and calc-alkaline
rocks after Irvine & Baragar (1971)) CHA rocks define a tholeiitic evolution
trend with the typical increase of Fe (and/or Fe/Mg) for the most differentiated
rocks. The alkali enrichment in not visible, indicating the low differentiation de-
gree of the CHA rocks. Major elements (wt%) vs L.O.Ly (wt%) diagrams show
that some elements are affected by remobilization due to weathering and/or hy-
drothermal fluids. In particular, as previously highlighted for SiOs, some major
element contents are correlated (both positively and negatively) with L.O.L .
MgO, Alkali (NayO + K5O) are positively correlated with L.O.1.;,;. TiOy and
P,0O5 are nearly constant, with no apparent correlation with L.O.1.,,;. CaO is
negatively correlated, while Al;O3 and FeOy,; seem to be unaffected even if at
high L.O.L¢s (4-5 wt% or higher) concentrations of these elements are more scat-
tered (Fig. 10.2). Noteworthy, in TiO and P5O5 vs L.O.1.;,; diagrams the four
units are well recognizable and the Telouet and Oued Lahr section have higher
L.O.I.;; than the Tiourjdal section. Globally, CHA rocks are slightly to moder-
ately evolved, with Mg# (Mg# = 100 x molar Mg/(Mg + Fe), Fe3* /Fe?t = (.13)

varying from 68.4 to 44.0. It is possible to note that Mg# increases from the
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Figure 10.2: Major elements and Mg# vs L.O.1.;,; diagrams of all basalts from CHA analysed
by XRF.
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Figure 10.4: Major elements and Mg# vs L.O.1.;,; diagrams of all basalts from CHA analysed

by XRF.
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Lower to the Upper Unit in all CHA sections, except than at Tiourjdal where the
highest Mg# of the Lower Unit could be affected by the high L.O.I.;,; of the sam-
ples (Fig. 10.2) as for two Intermediate samples, with the highest and the lowest
Mg# (Fig. 10.3), which display high L.O.1;x ( 6 wt%). Mg# of the Lower Unit
varies from 49.4 to 68.4, from 46.2 to 66.9 for the Intermediate Unit, from 59.1 to
64.2 for the Upper Unit. On the other side the Recurrent Unit shows the lowest
Mg# both at Tiourjdal and Telouet. In general Mg# is poorly correlated with
major elements. Alkalies (NayO + K50) are too scattered, as said before due to
secondary alteration. TiOy and P5Oj5 are almost constant within each unit and
both of them allow to identify one unit from the others. The Lower Unit has
the highest TiOy with contents varying from 1.30 and 1.70 wt%, progressively
decreasing in the Intermediate (1.12-1.43 wt%) and in the Upper Unit (0.98-1.17
wt%). In the Recurrent Unit TiOs increases again (1.56-1.65 wt%). However
globally the Recurrent Unit has a mean TiO, content higher than the Lower
Unit. Also P,Oj displays the same behaviour with contents decreasing from the
Lower to the Upper Unit and again high concentrations for the Recurrent Unit
(Fig. 10.4). SiO4 and CaO show a negative correlation with Mg#, even if the val-
ues are very scattered. MgO and FeO,,; are well correlated with Mg# while Al;O3
shows a global positive correlation. The high L.O.I.,,; measured in most samples
(up to 7.6 wt%, Fig. 10.2) hides possible differentiation trend within each unit in
all sections. Compatible minor elements are slightly better correlated with Mg#,
being less sensible to secondary alteration (Fig. 10.5). Cr and Ni are roughly
positively correlated probably indicating olivine and clinopyroxene fractionation
during the differentiation of the parental magmas. Globally the Lower Unit has
the highest Cr and Ni contents (508 and 142 ppm, respectively), even if at Telouet
the Lower, Intermediate and Upper Unit have similar Cr and Ni content so being
not distinguishable. Also at Tiourjdal, Cr and Ni compositional field of the Up-
per Unit is overlapped to that of the Intermediate Unit. Notably, at Oued Lahr
even if the Lower, Intermediate and Upper Unit are quite well distinct and Cr
and Ni are positively correlated with Mg# within each unit, these elements tend
to decrease from the Lower to the Upper at increasing Mg#. The Recurrent Unit
has low Cr and Ni at Telouet (118 and 67 ppm, respectively) while at Tiourj-
dal Cr and Ni of the Recurrent flow are comparable with the Intermediate and
Upper Unit (235 and 90 ppm, respectively). V and Sc show a quite restricted
range (generally from 242 to 315 ppm and from 13 to 25 ppm respectively). The
compositional fields of the Lower, Intermediate and Upper Unit are largely over-

lapped for V (which increases slightly up-section) and for Sc (Fig. 10.6). V of
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the Recurrent Unit has the same concentration of the other units at Tiourjdal,
but it is very high at Telouet (422 ppm). On the contrary, Sc has very high
values in the Recurrent Unit both at Tiourjdal (39 ppm) and Telouet (50 ppm).
LILE (Large Ion Lithophile Elements) are probably the elements which are worst
correlated with Mg#, also due to their high affinity with aqueous fluids, leading
to a great mobility during weathering and hydrothermal alteration. Only Sr and
Ba allow to recognize partially the first three units even if with no obvious trend,
except for a decreasing Sr content in the Lower Unit at Tiourjdal. Ba seems to be
more affected by secondary alteration compared to Sr, as visible from its negative
correlation with L.O.1,,; (Fig. 10.8). Sr and Ba compositions of the Recurrent
Unit are well distinct. Rb and Cs (not shown) are too scattered and except for
the Recurrent Unit, the Lower, Intermediate and Upper Unit compositional fields
are completely overlapped (Fig 10.7). The Lower Unit has the highest Sr and
Ba contents (up to 306 and 290 ppm, respectively), while the Intermediate and
Upper Unit have progressively lower concentrations. Sr and Ba seem not to be
affected by alteration, since their concentrations remain constant at increasing
L.O.I¢y (Fig. 10.8) within each unit, even if for Ba it is possible to see a decrease
in the Lower Unit at Tiourjdal. No apparent correlation between Sr and Ba/Sr
with CaO within each unit, indicative of plagioclase fractionation, it is visible
(Fig. 10.10), even if from the Lower to the Upper Unit there is an apparent Sr
and Ba/Sr decrease at increasing CaO. However in the Ba vs Ba/Sr diagram (also
seen in a similar diagram based on Sr and Ba content in plagioclase, CHAP. ?7?),
the Lower Unit, the Intermediate and Upper Unit define three fractional crystal-
lization trends (Fig. 10.10), while the Recurrent Unit shows much higher Ba/Sr
with respect to the older units, probably indicating a very important contribu-
tion of plagioclase fractionation to the genesis of the Recurrent Unit basalts. We
will see in the Chap. 15, relative to the basalts petrogenesis as these whole-rock
geochemistry informations and compositional variations of mineral phases (pla-
gioclases and augites), are confirmed by computer modelization performed with
PETROLOG (Danyushevsky, 2001). HFSE (High Field Strength Elements) are
better correlated with Mg# with respect to LILE. All elements, except for Pb,
allow to recognize the four units with a general increase of concentration towards
lower Mg#. In particular, the Lower Unit is the most enriched in HFSE, while
the Intermediate and the Upper Unit have decreasing concentrations. The Re-
current Unit has a more depleted composition plotting at lower HFSE contents
for low Mg# (Fig. 10.11). The four units are well distinct in the Zr vs Zr/Nb

and Th vs Th/Nb diagrams. In the first it is visible an increasing trend from
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the Lower to the Upper Unit for an almost constant Zr and Nb composition of
the source. In the second, the Th and Nb composition decreases from the Lower
to the Upper Unit (Fig. 10.11). The Recurrent Unit displays depleted compo-
sitional field compared to those of the younger units for the most incompatible
elements. Also REEs (Rare Earth Elements) show a good negative correlation
with Mg#, generally being enriched in the most evolved samples (Fig. 10.12). In
general the four units are well recognizable, with REE concentrations decreasing
from the Lower to the Upper Unit. However, two particular features are visible
in the Mg# vs LREE, MREE and HREE diagrams. The first is the progressive
overlapping of the Lower, Intermediate and Upper Unit compositional fields from
the LREE to HREE.
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Figure 10.5: Mg# vs Cr, Ni, V, Sc and Cr vs Ni diagram for all CHA basalts analysed by
XRF.

This is probably related not to a change in the REE-source composition of
the basalts, but to its different partial melting degree (i.e., increasing from the
Lower to the Upper Unit) which affect mostly the LREE content with respect
to that of the HREE. The second important feature is the increase of HREE
relative to LREE in the Recurrent Unit, this probably related to a change in the
composition and/or source mineralogy, relative to the older units. A similar be-
haviour is visible in the Mg# vs Ce/Yb, Sm/Nd and Lu/Hf (not shown), where

the ratios remain almost constant within each unit and vary progressively from
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Figure 10.6: Mg# vs V, Sc diagram for all CHA basalts analysed by XRF.
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by ICP-MS.
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Figure 10.11: Mg# vs HFSE, Nb vs Nb/Zr and Th vs Th/Nb diagrams for all CHA basalts

analysed by ICP-MS.
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Figure 10.12: Mg# vs Ce (LREE), Gd (MREE) and Yb (HREE) diagrams for all CHA basalts

analysed by ICP-MS.
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Figure 10.13: La vs La/Yb, Sm vs Sm/Nd and Lu vs Lu/Hf diagrams for all CHA basalts

analysed by ICP-MS.
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Figure 10.14: REE spider-diagrams C1 chondrite normalized (Andres & Grevesse, 1989)

for all CHA basalts analysed by ICP-MS.
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the Lower to the Upper Unit, but they are completely different in the Recur-
rent Unit. In chondrite normalized diagrams (Andres & Grevesse, 1989), the
analysed basalts display REE sub-parallel patterns with a monotonous decrease
from the La to Lu (LREE to HREE). LREE enrichment over HREE decreases
from the Lower (La/Ybey, = 4.8-5.2) to Upper Unit (La/Yb¢y, = 2.8-2.2), while
the Recurrent Unit is characterized by a nearly flat REE pattern (La/Ybey, =
1.4) with a LREE depletion and a HREE enrichment with respect to the older
units (Fig. 10.14). The negative Eu anomaly, well visible in the REE pattern of
the Recurrent Unit, is less marked in the other units, which probably means that
plagioclase fractionation played an important role in the genesis of the Recurrent
Unit basalts. This information supports the plagioclase fractionation hypothesis
brought forward on the base of Ba vs Ba/Sr diagram (Fig. 10.10). The Primi-
tive Mantle (PM) normalized multi-element diagram (McDonough & s. Sun,
1995), shows most of the features described before. First of all the common
scattering of Rb and Cs, more susceptible to secondary alteration. The strong
Srpys and, less evident, Eupj, negative anomaly, maybe sign of plagioclase frac-
tionation. Nbpy, and Tapy, show a clear negative anomaly, which together the
decreasing LREE/HREEp,; from the Lower to the Upper Unit and an almost
REEp); flat pattern for the Recurrent Unit are characteristic of CAMP basalts
(Fig. 10.14). Some flows show a Pbp,, anomaly: in the Lower Unit at Tiourjdal
both positive and negative Pbp,, anomaly is present, while the Intermediate, Up-
per and Recurrent Unit basalts have positive Pbpy, anomaly (Fig. 10.15). If this
feature is compared with the Ce vs Ce/Pb diagram (Fig. 10.8) the Pbp,, negative
anomaly could be related to its remobilization by aqueous fluids which in turn led
to high Ce/Pb values. A similar behaviour is visible for Telouet samples where
almost all the flows have a Pbpys negative anomaly (and high Ce/Pb), except for
one flow of the Intermediate Unit and for the flow belonging the Recurrent Unit.
Even at Oued Lahr most of the flows have a negative Pbpj, anomaly, few with
positive or no Pbp,, anomaly. Finally the Recurrent Unit is characterized by a

little negative Tipy, anomaly, not present in the oldest units.

10.2 Sr-Nd ISOTOPIC COMPOSITIONS

Only samples from the Tiourjdal section have been analysed for Sr and Nd
isotopic compositions by TIMS (Thermal Ionization Mass Spectrometry). No
isotopic analyses are available for Oued Lahr while for Telouet we will use Sr

and Nd isotopic compositions of sample AN169. In total 12 samples from the
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Figure 10.15: Primitive mantle normalized spider-diagrams (McDonough & s. Sun, 1995)
for all CHA basalts analysed by ICP-MS.
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and orange circles for the Intermediate Unit, yellow diamonds for the Upper Unit and green

square for the Recurrent Unit.
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Figure 10.17: 87Sr/%6Sr vs eNd diagram (calculated at 200 Ma). In the diagram are plotted
samples AN49 and AN134 for the Lower Unit, AN137A and AN138 for the Intermediate Unit
at Tiourjdal and AN169 for the Recurrent Unit at Telouet. Triangles for Tiourjdal section

and circle for Telouet sequence. In the inset are shown the main oceanic mantle reservoirs of
Zindler & Hart (1986).
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Tiourjdal lava piles 8 for the Lower Unit (TJ3, TJ4, TJ5, TJ7, TJ13, TJ16,
TJ19, TJ22) and 4 for the Intermediate Unit (TJ23, TJ25, TJ30, TJ32) have
been analysed both for Sr and Nd isotopes. From the Upper Unit two samples
have been analysed, one (AN140) for Nd, while another (AN141) both for Sr
and Nd. Finally for the Recurrent Unit, one sample from the Tazgaoute section
(few km from Tiourjdal) has been analysed for Sr and Nd isotopes (Fig. 10.16).
Like for minor and trace elements, the four units are well recognizable having
distinct Sr and Nd isotopic compositions, as visible in a eNdi vs 87Sr/%6Sr; di-
agram (Fig. 10.17). As a whole, the Lower and the Intermediate Unit show a
quite to strong enriched initial (calculated at 200 Ma) 87Sr/%6Sr (0.70595-0.70677
for the Lower Unit and 0.70614-0.70761 for the Intermediate Unit) isotopic com-
positions and from nearly chondritic to fairly depleted for *3Nd /144Nd composi-
tions (0.512321-0.512383, i.e., -0.04jeNdj-1.15 for the Lower Unit and 0.512240-
0.512281, -1.92jeNdj-2.72 for the Intermediate Unit). The Upper Unit has lower
radiogenic Sr composition (0.705587, one sample) compared with the Lower and
Intermediate Unit and almost chondritic Nd composition (0.512333-0.512346, i.e.,
-0.65jeNdj-0.90). The Recurrent Unit shows the lowest initial Sr isotopic com-
position (0.705040-0.705061) and a marked enriched Nd composition (0.512448-
0.512479, i.e. 1.33jeNd;j1.95). In the chapter relative to CHA and MA/WM
lava pile correlations (Chap. 14), I will show as using geochemical (REE and
HFSE) and paleomagnetic data, it is possible to correlate the volcanic units be-
longing different Moroccan sequences and as some geochemical units, i.e. lava
flow groups with a well define trace elements composition, do not outcrop in all
studied sites. Moreover the combined use of geochemical and paleomagnetic data
allows to recognize the existence of two sub-units within the Lower and Inter-
mediate Unit, namely the Lower 1, Lower 2, Intermediate 1 and Intermediate 2
sub-units, in the Tiourjdal sequence supposedly the most complete (Fig. 14.3
and 14.5). Although isotopic data are scarce, the four sub-units defined by the
incompatible element diagrams have distinct Sr and Nd isotopic compositions.
In particular, within each unit, the youngest sub-unit (Lower 2 and Interm 2)
have respectively higher and lower Sr and Nd isotopic compositions with respect
to the older ones (Lower 1 and Interm 1), i.e. the two youngest sub-units have
more enriched Sr and depleted Nd compositions. #Sr/%¢Sr; and 3Nd/"*4Nd;
plotted together with the relative parent-daughter ratios (Fig. 10.18), have a
distinct negative correlation for the Lower and Intermediate Unit. More in de-
tail, the Rb/Sr vs 87Sr/80Sr; diagram shows that the youngest sub-units (Lower 2
and Interm 2) have lower Rb/Sr and higher 8%7Sr/®¢Sr; compared to the relative
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older sub-units (Lower 1 and Interm 1), so giving a roughly negative correlation
across the Lower and Intermediate Unit. Such trends would mean that the high
87Sr /86Sr; of the youngest sub-units are not due to higher amounts of crustal
contamination, since this should be produce also higher Rb/Sr. On the other
side, a similar negative trend is present in the Sm/Nd vs "3Nd/*Nd; diagram,
where a time-related (from the Lower 1 to Interm 2 sub-unit) increase of Sm/Nd
coupled with a decreasing 1*3Nd/*4Nd; is clearly visible. Also here, crustal con-
tamination could be excluded, as it would produce a positive correlation between
Sm/Nd and 3Nd/!¥Nd;. The Upper Unit has Sr isotopic composition lower
than the Lower and Intermediate Unit, but Nd isotopic compositions similar to
those of the Lower Unit (in particular to that of the Lower 1 sub-unit) coupled
with a slightly higher Sm/Nd. Finally the Recurrent Unit displays the lowest
87Sr/86Sr; and low Rb/Sr coupled with the highest 3Nd/144Nd; compositions
and Sm/Nd. One possible explanation, at least for the negative correlation in
the Rb/Sr vs 8Sr/%Sr; diagram, could be the remobilization of Rb with respect
to Sr by secondary alteration, as visible in the Rb/Sr vs L.O.1.;,; diagram where
the negative correlation for the samples of the Lower and Intermediate Unit is
clear (Fig. 10.19). In fact, the samples with the highest L.O.1.;,; have the highest
87Sr/%5Sr; and the lowest Rb/Sr, even if this effect is more pronounced for Lower
1 sub-unit samples (Fig. 10.19). The effects of alteration could be highlighted
also by the Ce vs Ce/Pb diagram where it is possible to see that samples from the
Lower 1 sub-unit show very high Ce/Pb for a nearly constant Ce while the other
units show almost Ce/Pb for decreasing Ce. On the other side, the Interm 2 sub-
unit displays the highest 87Sr/%Sr; coupled with only moderately high L.O.L,
this probably indicating that these samples have been affected in lesser amount
by alteration and, even if some secondary alteration occurred, this could have
not hide the negative correlation visible in Fig. 10.19. By contrast, the Sm/Nd
system is not affected by fluid remobilization which suggests that the negative
trend shown by the Lower and Intermediate samples in Fig. 10.18 (diagram on
the right) reflects magmatic and not post-magmatic effects. No clear evolution is
shown by the samples of each unit (and sub-unit) if 37Sr/%¢Sr; and *3*Nd/"**Nd;
are plotted versus SiOy or Mg#, even if in the SiOy vs 87Sr/80Sr; diagram the
two youngest sub-units (Lower 2 and Interm 2) show a negative trend with re-
spect to the oldest one (Fig. 10.19). More clear is the positive correlation with
Ce/Yb, where the units are progressively enriched in LREE over HREE from the
youngest to the oldest one. Again, within the Lower and Intermediate Unit, the

two sub-unit are well defined, having the youngest sub-units higher 8"Sr/®Sr;
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than the oldest one for constant Ce/Yb (Fig. 10.20). The same sub-units show
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Figure 10.18: Rb/Sr vs 87Sr/%Sr; and Sm/Nd vs *3Nd/'*4Nd; diagrams (calculated at 200
Ma) of Tiourjdal and Telouet basalts analysed by TIMS.
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Figure 10.19: 87Sr/%6Sr; and Rb/Sr vs L.O.L; and Ce vs Ce/Pb diagrams of Tiourjdal and
Telouet basalts analysed by TIMS.

progressively enriched Nd compositions, with no obvious correlation with Mg#
nor SiOy, while *3Nd /141Nd; shows a negative correlation with Ce/Yb from the
Recurrent, through the Upper to the Intermediate Unit. In the Lower Unit the
Nd isotopic composition increases again at Ce/Yb higher than the other units.
As for Ce/Yb vs 87Sr/%Sr; diagram, the youngest Lower and Intermediate sub-
units show an lower Nd isotopic composition for constant Ce/Yb (Fig. 10.21).
Also for HFSE vs 87Sr/8¢Sr; and 3Nd/!*Nd; there is no clear correlation within
the Lower and Intermediate Unit, since samples with the most enriched isotopic
compositions do not have the highest HFSE concentration (Fig. 10.22). The
same happens if isotopic ratios are plotted versus HFSE ratios (i.e., Th/Nb and
Nb/Zr, not shown).
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Telouet basalts analysed by TIMS.
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11 MINERAL PHASE TRACE ELEMENT
COMPOSITIONS

In situ trace element analyses of augites and plagioclases were carried out us-
ing laser-ablation inductively-coupled-plasma mass-spectrometry (LA-ICP-MS)
at IGG-CNR, Unit of Pavia, Italy (see details in the 8). No pigeonite have been
analyzed for trace element contents. As previously said all the samples labelled
AN have been collected for geochemical analyses and come from a big rock chunk
(see details in the Chap. 8). The only one sample analysed for trace element
contents coming from basaltic cores drilled for paleomagnetic investigation is
OL14, from the Oued Lahr sequence. The samples analysed are AN134 (Lower
Unit at Tiourjdal), AN137A and AN138 (Intermediate Unit at Tiourjdal), AN141
and OL14 (Upper Unit, respectively at Tiourjdal and Oued Lahr), AN156A and
AN169 (Recurrent Unit, respectively at Tiourjdal and Telouet). The LA analyses
have been performed on 100 pm thin sections, allowing to collect more material
ablated as possible for a better determination of trace element contents. Before
the LA-ICP-MS analyses, EMP analyses have been performed, as described in
the previous paragraph, to determine major and minor element compositions for
comparison. Where possible, the LA analysis points have been done as near as
possible to the EMPA transect, in order to compare the major and minor element
composition with the trace elements contents, performing analysis points (40 pm
pit size) near the core, the rim and sometimes, if the crystal was big enough, in
the middle of the phenocryst. Often we have operated a double analysis point,
in order to obtain a better sensibility for detection of trace elements. For double
analysis points the concentration results have been mediated, even if this would
lead to a bad data interpretation, since many data are quite different, so hav-
ing different meaning. In the table A.23, A.24, A.25, A.26, A.27, A.28, mean
plagioclase and augite compositions are shown (EMP and LA-ICP-MS data).



11.1 PLAGIOCLASE

11.1.1 Titanium

For the Lower Unit only one phenocryst was analysed: AN134 plgl (Fig.
A.30). Only 2 analysis points have been performed near the core of the phe-
nocryst. Titanium is the only minor element analysed in plagioclases both with
EMP and LA-ICP-MS analyses. Concentrations obtained with both techniques
are roughly correlated. In fact there is a quite large scatter of the data. In the
sample AN134 plgl Ti concentration in the core vary from 295 to 359 ppm (321
to 389 ppm for EMP analyses, A.23). However, EMP analyses are probably more
reliable than laser ablation ones. In fact, differently from the punctual EMP
analysis, laser ablation analyses mediate the composition on a 40 pm spot, more-
over digging a deep pit on 100 pgm thin sections, so possibly analysing included
micrometric size oxides or glassy melt patches, undetectable below the surface
of the thin section (Fig. 11.1, blue triangles for the Lower Unit, red circles for
the Intermediate Unit, yellow diamonds for the Upper Unit and green squares for
the Recurrent Unit). Using the more realistic EMP Ti concentrations, a constant
K29~ — (.034 (Aigner-Torres et al., 2007), and using equation:

= —= 11.1
melt KZD ( )

this yields a TiO, concentration between ca. 1.45 and 1.75 wt% for the melt
in equilibrium with the plagioclase core is obtained, which is just slightly higher
than the TiO2 whole rock concentration (1.43 wt
In the Intermediate Unit 4 phenocrysts have been analysed: 2 from sample
AN137A (labels AN137A plg2 and AN137A plg3, Fig. A.32) and 2 from AN138
(labels AN138 plgl and AN138 plg3, Fig. A.34). Ti content is lower than in
plagioclases of the Lower Unit (Fig. 11.1), thus confirming the lower TiOy con-
tents of the Intermediate Unit measured by EMPA (Chap. 9), but the analysis
points, compared to those obtained by LA, are very scattered and poorly corre-
lated. For each sample analysed, two analysis points have been taken in the core
of the plagioclase (AN137A plg2 C,C1, AN137A plg3 C,C1, AN138 plgl C,C1
and AN138 plg3 C,C1), one point at the rim of the AN137A plg2 and plg3 and
two points at the rim of AN138 plg3 (A.23). No analyses are available for the
rim of AN138 plgl. In general Ti data points obtained with both methodologies
are poorly correlated. Ti concentrations at the plagioclase cores, obtained both
with LA and EMPA| are partially concordant with values around 200450 ppm.
Only one point analysed in the core of AN137A plg3 has a quite higher Ti con-
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Figure 11.1: Correlation between Ti analysed by EMPA and LA-ICP-MS (left) and SiO2 vs
Ti diagram (right) for all plagioclases analysed.
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Figure 11.2: REE (left) and all trace elements (right) spidergrams of the plagioclase AN134
plgl of the Lower Unit, normalized to CI carbonaceous chondrite of Andres & Grevesse
(1989).
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plagioclase AN137A plg2 and plg3 (above) and AN138 plgl and plg3 (below) of the Intermediate
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Figure 11.4: REE (on the left) and all trace elements (right) spidergrams of the plagioclases
OL14 plgl (above) and AN141 plgl, plg2 and plg3 (below) of the Upper Unit, normalized to
CI carbonaceous chondrite of Andres & Grevesse (1989).
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Figure 11.5: REE (on the left) and all trace elements (on the right) spidergrams of the
plagioclases AN156A plgl and plg2 (above) and AN169 plgl, plg2 and plgd (below) of the
Recurrent Unit, normalized to CI carbonaceous chondrite of Andres & Grevesse (1989).
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centration up to ca. 350 ppm. In all rims analysed, Ti content is always higher
than in the core (up to ca. 430 ppm), except for AN137A plg3 (ca. 200 ppm).
Nevertheless, EMP analyses of the AN137A plg3 gave higher Ti content at the
rim than the core (ca. 300 and 240 ppm respectively). Again, taking in account
the TiOy EMP concentrations, the Ti composition of melt in equilibrium with
the plagioclase (K29 ™= 0.034, Aigner-Torres et al., 2007) AN137A plg2
would be in the 0.78-1.06 wt% range, 1.16-1.46 wt% for AN137A plg3, 0.93-1.28
wt% for AN138 plgl (only the core analysed) and 1.06-1.91 wt% for AN138 plg3.
All of these values, except for AN138 plgl, are quite different respect to the whole
rock for both AN137A and AN138 (TiO5 1.16 wt

In the Upper Unit 4 phenocrysts have been analysed: 1 from sample OL14
(label OL14 plgl, Fig. A.39) and 3 for AN141 (labels AN141 plgl, AN141 plg2
and AN141 plg3, Figs. A.35 and A.37) Ti in the Upper Unit plagioclases, like Ti
content of augites, has the lowest content among the four units, confirming the
whole rock data (Fig. 11.1). Concentration data from EMP and LA analyses are
fairly correlated. On the sample OL14 plgl 5 analysis points have been performed
(Fig. A.39): one in the core (C), two in the middle on the rim-side (R, R1) and
two at the rim (R2, R3). Ti concentrations of LA-ICP-MS confirm those of EMP
analyses for the core and the middle point: respectively ca. 119 (C) and 118
ppm, ca. 105-124 (R-R1) and 124 ppm. For the rim, LA analyses are higher than
those of the EMPA: ca. 170-190 (R2-R3) and 140 ppm, respectively. On sample
AN141 4 analysis points for plgl have been performed, 2 for the core (C, C1)
and 2 for the rim (R, R1), 2 points in the core (C, C1) of plg2 and one point in
the core (C) of plg3. Ti concentrations in all analysis points are, respectively for
LA and EMPA: ca. 110 and 109 ppm (plgl C), ca. 94 and 186 ppm (plgl C1),
ca. 118 and 97 ppm (plgl R), ca. 111 and 138 ppm (plgl R1), ca. 152 and 139
ppm (plg2 C), ca. 136 ppm (plg2 C1, only LA analysis), ca. 167 and 181 ppm
(plg3 C). Ti compositions calculated, using EMPA data, for melt in equilibrium
with plagioclase (K29~ ""= (.034, Aigner-Torres et al., 2007), give for OL14
plgl TiOy content between 0.58 and 0.68 wt%, quite lower respect to the whole
rock concentration (TiOs 1.10 wt%). For AN141, which has a TiOs whole rock
content of 1.03 wt%, the melt in equilibrium with plgl has TiO5 0.46-0.90 wt%,
with plg2 has TiOy 0.68 wt% and with plg3 has TiOy 0.88 wt

In the Recurrent Unit, 5 phenocrysts have been analysed: 3 from sample
AN169 (labels AN169 plgl, AN169 plg2 and AN169 plgd, PHOTOS) and 2 from
sample AN156A (labels AN156A plgl and AN156A plg2, Fig. A.41) Ti contents

of the Recurrent Unit plagioclases are similar to those of the Intermediate Unit
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(Fig. 11.1). Nevertheless, while EMPA data span a wide compositional range,
from ca. 170 to 310 ppm, LA data cover a more tight range, from ca. 190 to
270 ppm. Here we will take in account only EMPA data. Both the plagioclases
of sample AN156A have been analysed with two analysis points at the core and
at the rim, while the three plagioclases of sample AN169 have been analysed
with three points each one, at the core, middle and rim for plgl, one at the core
and two points at the rim for plg2 and plgd (Figs. A.42 and A.43). In both
samples AN156A plgl and plg2 Ti concentration increases from the core towards
the rim: from ca. 250 to 300 ppm for plgl and from ca. 180 to 200-220 ppm
for plg2. In the plagioclases of the sample AN169, Ti has a different behaviour
for each crystal analysed. In the plgl, Ti decreases from the core toward the
middle point from ca. 260 to 170 ppm, then increases at the rim to ca. 210 ppm.
In the plg2 Ti decreases from the core toward the rim, from ca. 250 ppm to
220-180 ppm (R-R1). LA data confirm these trends, but display different value,
sometimes higher some other lower. Finally in the plg4 Ti increases from the core
towards the rim from ca. 270 up to 310 ppm. No data for plgd Rlare available.
Differently from EMPA data, LA analyses show a decreasing Ti content from the
core toward the rim with overall lower values. Ti compositions of the calculated
melt in equilibrium with plagioclases (K29 ™= 0.034, Aigner-Torres et al.,
2007) give content for AN156A plgl in the 1.21-1.46 wt% range (C-R) and 0.86-
1.08 wt% (C-R) for AN156A plg2. For sample AN169, the calculated melt for
plgl has TiO, varying from ca. 1.28 through 0.83 to 1.03 wt% (C-I-R), for plg2
from 1.23 to 0.90 wt% (C-R) and for plg4 from 1.31 to 1.53 wt% (C-R). If we
take in account for AN156A and AN169 a TiO whole rock concentration of 1.63
wt% and 1.56 wt% respectively, probably only the rim of AN169 plgd was in
equilibrium with the bulk rock, being the others plagioclases crystallized from a

melt with lower Ti.

11.1.2 LILE

The large ion lithophile elements (LILE) analysed in plagioclase phenocrysts
are Cs, Rb, Ba, Sr, Pb, Li. In a trace elements spidergram Ba, Sr (together
with Eu) show positive anomaly, due to their great compatibility leading to their
high concentrations in plagioclases. Nevertheless also Pb and Li present have a
sufficient concentration (Fig. 11.2, 11.3, 11.4 and 11.5), due to their discrete com-
patibility in the plagioclase (Bindeman et al., 1998; Bindeman & Davies,
2000; Bedard, 2006Bedard, 2006, Aigner-Torres et al., 2007). Rb and Cs

are incompatible in plagioclase and display very low concentrations. Sr and

104



500 1 Anvs SrinPLG 80 AnvsBain PLG
450 -
I 70 1 N
400
X 80
350 - i
A
E300 | £50 -
§300 . A:&“ A y s I .
5250 | x B4 - A A
s s 4 = N .
5200 a0 ) e o %mﬂi a B
150 o o 9§ gal A
20 - B
100 &
50 | 10
[ . . . . . . : 0 . . . . . . .
55 60 8 70 75 80 85 90 55 60 68 70 75 80 8 90
An (plg) mol% An (plg) mol%
2 Anvs Pbin PLG 27 An vs Rbin PLG
18 1.8 4
16 a® 16 1 X
1.4 14 4
r'y
12 e 12 x
2 @ 2
S 1 X 14
o o
e ® . = o ® 4 Cak
iO.B " A N EO.B o
06 ° o, A x 06 | o4y N
A, @ '3
° PCT P 24 VN 4
0.4 ® 0.4 - A A
A éx LENNS
0.2 02 A
0 ] . . . . . . .
55 60 0 15 85 90 55 60 0 78 85 90
An (plg) mol% An {plg) mol%

Figure 11.6: An mol% vs Sr, Ba, Pb and Rb for all plagioclases analysed by LA-ICP-MS. Li

and Cs not showed. Symbols as above.

2 = = . 2 24
MELT in equil. with PLG . Whole-rock CHA
a a
1.6 1.6 1.6
ARec-TJ

%} AUpper - TJ

Alinterm -TJ

= ®a . - i Alower-TJ

=12 & . 12 o o aRee 7| 12 ° as Alowersl

£ 1 A @ P 2. Uppe @ " ©Upper - TEL
& 4 A 3 A N Alnterm -TJ | g A, @Interm - TEL
2 s & s Y Alower-TJ " 'S @Lower-TEL

[0 . g A A @Rec-TEL 084 » o2 x Upper - OL
° & 44 x Upper - OL Lpe Wh Hinterm -OL

A M . mLower -OL

AX =3 B a
0.4 0.4 o 0.4 =
1] 0 T T T T T T T v 0 T T T T T T T v
50 100 150 200 260 300 350 400 450 50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 360 400 450
Ba {melt)ppm Ba ppm Ba ppm

Figure 11.7: Ba/Sr ratios vs Ba diagrams of melt in equilibrium with all plagioclases anal-
ysed by LA-ICP-MS (on the left), for whole rock of the Tiourjdal sequence (plus the Upper
Unit at Oued Lahr and the Recurrent Unit at Telouet)(in the middle) and for all whole rock
compositions of the Central High Atlas (on the right).

105



25 1 Melt in equil. with PLG 25 1
*
2 4 4
" 2.0
A A
— X
2154 . % .
£ LN
5 “ s 3
S A 4y oy
Q n %i ° " 1.0 4
.
@ i
A e A
0.5 4 L3 0.5 4
° °
0 . - ! " 0.0
0 10 20 30 40
Ce (melt) ppm

Wholesock CHA

AEN -TJTJ
& er -
Alnggrm 2-T
alnterm 1-TJ

pper - TEL
@ Interm - TEL
@ Lower -TEL
x Upper - OL
# Interm - QL
ELower-OL

40 &0

Figure 11.8: Ce/Y vs Ce diagrams of the melt in equilibrium with all plagioclases analysed
by LA-ICP-MS (left) and for whole rock compositions of the Central High Atlas (right).

100

100

=

Melt/C1
=)

e b

MELT in equil. with PLG

i

* pose o0

Melt’C1
s

MELT in equil. with PLG

=

peSale Re

mmm 5o

°

La Ce Pr

Nd

Sm Eu Gd Tb Dy Ho Y Er Tm Yb Lu

La Ce Pr Nd Sm Eu Gd Tb Dy Heo

Y

Er Tm Yb Lu

Figure 11.9: REE (plus Y) spidergrams C1 normalized of calculated melt in equilibrium with
plagioclases analysed by LA-ICP-MS (Andres & Grevesse, 1989). Lower (blue triangles)

and Intermediate Unit (red circles) on the left, Upper (yellow diamonds) and Recurrent Unit

(green squares) on the right. Spidergrams are poorly defined because the lack of data in many

analysis points. Explanations in the text.

106



Ba in the Lower Unit plagioclases display the highest content among the four
units (Fig. 11.6). Since LILE have an overall incompatible character, as ex-
pected these elements are more concentrated as plagioclases are more evolved
(lower An content). Nevertheless, while Sr, Ba and Rb are well correlated with
An, Pb and Li (not showed) are less correlated presenting more scattered data.
Cs is not shown because of its low concentration, close to detection limit of laser
ablation analysis, which in turn gave no results for most of the analyses (Tables
A.23, A.24, A.25). The Lower Unit is well distinct in a Ba/Sr vs Ba content
diagram calculated for a melt in equilibrium with plagioclases (K29~""= (.226,
K29~" =16, Aigner-Torres et al., 2007). In a such diagram the Lower Unit
has the highest Ba content (except for an anomalous analysis in a sample of the
Intermediate Unit, see below) and a Ba/Sr ratios near 1 (Fig. 11.7). This dia-
gram resembles the Ba/Sr vs Ba of whole rock of the Tiourjdal sequence (and
more in general of the Central High Atlas samples, Fig. 11.7). In particular, the
calculated Ba/Sr ratio of the melt in equilibrium with plagioclase of the Lower
Unit is slightly higher than the same whole rock ratio at the same Ba content.
The correlation between An and Sr content is well visible in the Intermediate
Unit plagioclases (Fig. 11.6). This correlation is also quite visible for Ba but it is
less evident for Pb, which displays more scattered data, while in the An vs Rb the
unit fields are poorly defined and partially overlapped. The Pb and Rb features
are probably due to a remobilisation of these elements by aqueous fluids. Sr and
Ba contents of the Intermediate Unit are lower compared to those of the Lower
Unit plagioclases, except for one analysis point at the rim of sample AN137 plg3
in which Ba is much higher (not showed in Fig. 11.6). Pb and Rb have nearly the
same concentration of those of the Lower Unit plagioclases but tend to increase
their concentration with An content. In a Ba/Sr vs Ba diagram of the calculated
melt in equilibrium with plagioclases, the Intermediate Unit plot from the same
to lower Ba/Sr ratios, but with a much lower Ba content, again resembling the
relative whole rock diagram, with an almost parallel trend (Fig. 11.7). The Up-
per Unit show comparable or slightly lower Sr, Ba and Pb values respect to those
of the Intermediate Unit at much higher An contents of the plagioclases. LILE
values are more scattered for the sample OL14 (yellow squares with black star in
the diagram), which show a strong zonation from the core toward the rim. Ba/Sr
and Ba of the calculate melt of the Upper Unit are slightly lower compared to
the Intermediate Unit showing a parallel trend with the latter. Finally the Sr
concentration of the Recurrent Unit plagioclases is the lowest among the four

units (Fig. 11.6), moreover remaining almost constant with the An plagioclase
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content. Ba and Rb seem to increase with An content with compositional fields
well distinct for Ba and partially overlapped for Rb, respectively, with those of
the Intermediate Unit. Ba/Sr of the calculated melt in equilibrium with plagio-
clases is the highest among the four units while Ba content is similar to that of

the Upper Unit even if with a more restricted variation range.

11.1.3 HFSE

The high field strength elements (HFSE) analysed are U, Th, Nb, Ta, Zr,
Hf. In general HFSE are to incompatible and therefore poorly concentrated in
plagioclase (Fig. 11.2). In fact Hf, Th and Ta have not been detected in most of
the plagioclases analysed. U, Nb and Zr have been easily detected but with at
very low concentrations. For example in the sample AN134 plgl U, Nb and Zr
concentrations are 0.010, 0.025 and 0.027 ppm, respectively. In the other units,
the HFSE contents in plagioclases are very low with Zr, Nb, Hf Ta, Th and U
respectively up to 1.75, 0.091, 0.181, 0.024, 0.049 and 0.114 ppm (if we exclude
an anomalous analysis point in the rim of the sample AN138 plg3 enriched in the
most incompatible elements, which has 9.18 ppm Zr, 0.197 ppm Nb, 0.199 ppm
Hf and 0.265 ppm Th). Being the HFSE concentrations so low and not available
for all analysis points, it is difficult to extract useful and reliable information
about the melt composition in equilibrium with plagioclase. Therefore, we will

not discuss about HFSE in plagioclases.

11.1.4 REE

Rare Earth elements (REE) are a 14 elements group which displays a highly
homogeneous geochemical behaviour. This group is divided in LREE (Light
REE, La, Ce, Pr, Nd), MREE (Middle REE, Sm, Eu, Gd, Th, Dy, Ho) and
HREE (Heavy REE, Er, Tm, Yb, Lu). Together with this group we will de-
scribe the behaviour of Y, which displays a geochemical behaviour very similar
to that of HREE. The plagioclases analysed present, in all analysis points (Fig.
11.2), the typical enrichment in LREE (Light REE, i.e. La, Ce, Pr, Nd) with
respect to other REE, a decreasing concentration (C1 normalized after Andres
& Grevesse, 1989) with a monotonous pattern from La to Dy (except for Eu)
and a marked Eu positive anomaly. The LREE enrichment is explained by the
lower incompatibility of the LREE with respect to MREE and HREE in the
plagioclase lattice. The high positive Eu anomaly (Euy/Euy,=19.8, where
Euy. =v/SmyxGdy , Taylor & McLennan, 1985) reflect the higher concen-
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Figure 11.10: An mol% vs Sc, Zn, V, Co and Ni for all plagioclases analysed by LA-ICP-MS.
Cr not showed. Symbols as above.
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tration of Eu?T which is more compatible in the plagioclase with respect to Eu?t.
This feature could lead to think to quite reducing conditions of the magma when
plagioclase was crystallizing. HREE behaviours are not easily explainable. As
expected from the decreasing compatibility of HREE in plagioclase, the concen-
tration of these elements should decrease instead of increasing as visible in the
spidergram in Fig. 11.2, 11.3, 11.4 and 11.5. However the natural low HREE
concentrations in the plagioclase, close to the detection limit of the laser abla-
tion analyses hinders a reliable constraint of HREE content. Hereafter we will
not discuss about HREE in plagioclases anymore but we will use Y as proxy for
HREE (Fig. 11.8). The only plagioclase analysed belonging to the Lower Unit
displays the highest LREE/Y ratio and LREE concentrations among the units
(excluding few data points with anomalous compositions). Ce/Y vs Ce of the cal-
culated melt in equilibrium with plagioclase (ngfg‘me”z 0.046, K@lg_me”:().OOS,
Aigner-Torres et al., 2007) resembles quite well, even if data are scattered
especially for Intermediate and Upper Unit, the corresponding of the whole rock
with Ce/Y and Ce decreasing from the Lower to the Recurrent Unit (Fig. 11.8).
The REE spidergram of the melt in equilibrium with AN134 plgl does not allow
to recognize the LREE enrichment because of the lack of data for most of these
elements. However the high La/Gdy (9.5) lead to think to a possible LREE en-
richment (Fig. 11.9). The REE spidergram of the melt in equilibrium with the
Intermediate, Upper and Recurrent Unit plagioclases (Kf{l%;mdt after Aigner-
Torres et al., 2007) are more complete and it is possible to see features like
the LREE enrichment, decreasing from the Intermediate to Recurrent Unit, the
decreasing Y concentration from the Intermediate to Upper Unit and its increase
in the Recurrent Unit. Light Rare Earth elements in the Recurrent Unit have
the lowest concentration among all the units (Fig. 11.9). For the Upper and
Recurrent Unit it is possible to note the much lower value of Eu concentrations
in the calculated melt, compared to the Lower and Intermediate Unit. This neg-
ative Eu anomaly (only respect to Gd, no data are available for Sm) could be

representative of a previous plagioclase fractionation (Fig. 11.9).

11.1.5 Transition metals

Other elements analysed in plagioclases (like in augites) by LA-ICP-MS are
some transition metals: Cr, Ni, Zn, Co, V, Sc. In general transition metals have a
low concentration in plagioclase. In general, Cr is nearly undetectable in almost
all the samples analysed so no data will be presented. Co, Ni and Sc have a few

ppm concentration (some data points are lacking for Ni), while Zn and V are well
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detected with concentrations up to 10 ppm. As a whole transition metals are
bad correlated with An content, taken as differentiation index. Only for V and
less for Zn it is possible to see a negative correlation, even if with some values
scattering, while Sc seems to show a slightly positive correlation with An content.
V and Zn concentrations tend to increase as plagioclases become more albitic,
from the Upper, through the Intermediate and Lower Unit to the Recurrent
Unit. Co and Ni values are too scattered values to infer about any correlation
with An content. V content of AN134 plgl are the highest among all the samples
like for augites of the same unit (Fig. 11.21), if we excluded two anomalous
points in the samples AN137 plg3 and An138 plg3, belonging the Intermediate
Unit. The Intermediate and Upper Unit have progressively lower V contents as
plagioclase SiO, content decreases, while the Recurrent Unit has nearly the same
mean V concentration the Intermediate Unit partially overlapping on it, being
shifted toward higher SiOy contents. In a V vs Sc diagram the Lower, Upper
and Recurrent Unit are quite well distinct, while the Intermediate Unit present
more scattered data (Fig. 11.11). In this diagram V contents seem to decrease
for an almost constant Sc contents (even these result quite scattered) from the
Lower to the Upper Unit, while the Recurrent Unit presents V concentration
comparable with those of the Intermediate Unit but with lower Sc contents. V
and Zn seem to be positively correlated with decreasing contents from the Lower
to the Upper Unit. The Recurrent Unit overlaps the Intermediate Unit field (Fig.
11.11). In a Sc/V vs Sc diagram of the melt in equilibrium with plagioclases the
four units are well recognizable even if partially overlapped. The Lower Unit has
low Sc/V ratio respect to the Intermediate and Upper Unit (Fig. 11.11) with
quite high Sc content (ca. 130 ppm). The Intermediate and the Upper Unit
display a wide compositional variation range both for Sc/V ratio and Sc content,
while the Recurrent Unit show a restricted Sc/V ratio range (comparable or slight
lower than that of the Lower Unit) but a wide Sc range with lower concentrations
respect to the Lower Unit and the mean of the Intermediate and Upper Unit.
This diagram compared to its similar calculated for augites (Fig. 11.22) shows
as Sc variation range is wider than that of augites, especially for Intermediate
and Recurrent Unit. While Sc¢/V ratios are much higher (up to 6 compared to
the highest value for melt in equilibrium with augites, Sc/V = ca. 1). Moreover
while the Lower, Intermediate and Upper Unit decrease drastically both Sc/V
ratios and Sc contents, the Recurrent Unit display a minor decreasing of Sc/V

ratio for an almost constant Sc concentration.
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Figure 11.15: REE (on the left) and all trace elements (on the right) spidergrams of the
augites OL14 cpxl and cpx2 (above) and AN141 cpxl and cpx2 (below) of the Upper Unit,
normalized to CI carbonaceous chondrite of Andres & Grevesse (1989).
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Figure 11.16: REE (on the left) and all trace elements (on the right) spidergrams of the augites
AN156A cpxl (above) and AN169 cpx1 and cpx2 (below) of the Recurrent Unit, normalized to
CI carbonaceous chondrite of Andres & Grevesse (1989).
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Figure 11.17: Correlations of Sr, Li, Pb, Rb and Ba with Mg# contents for all LA-ICP-MS
analysis points on augites belonging the four units. As visible, many analysis points are lacking
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16 25 0.9
18 A " 08 e
16 4
0.7
129 4 . Iy " "
0.6 Ay A
£ A ) £12 £ e
2 - s w 20.5 |
] A 4 AA @ =
8 Ag =) So.4 | EIEN
< - agh 08 4 A & bt @
N6 " & ~Y Ay £ s A L.E
¥ oy 4 5 el &,
4 x A 4 B
A ] ° A 0.2 4 A
0.4 . . A al
2 @ 0.1+
@
o LA ’ﬁﬁ
0 - - - - \ 0 - - A, 0 - : : - \
65 70 75 80 85 o0 0 005 01 015 02 025 03 035 65 70 ] 85 90
Mg# (cpx) MgO (plg) wt% Mg# (cpx)
12 Melt in equil. with CPX
A
1
A @
0.8 4
3 s,
Eos x
I °
3 i e ° °
0.4 ax
%( A
A
02 Aok
[} - - - - \
0 0.2 0.4 0.6 0.8 1
Lu {melt) ppm

Figure 11.18: Mg# (top on the left) and MgO wt% (top on the right) vs Zr concentration,
respectively for all augites and plagioclases analysed by LA-ICP-MS. Mg# vs Hf concentration
(bottom on the left) and Lu/Hf ratio vs Lu content for a melt in equilibrium with all augites
(bottom on the right)(LA-ICP-MS). Symbols as above.

114



11.2 AUGITE

11.2.1 Titanium and chromium

The minor element analysed in augites both with EMP and LA-ICP-MS
analyses are Ti and Cr (Fig. 11.13). In the Lower Unit 2 phenocrysts have been
analysed: AN134 cpxl and AN134 cpx2 (Fig. A.29). Both of phenocrysts have
been analysed with two analysis points, one at the core and one near the rim.
Concentration obtained with both techniques, for some analyses, differ largely
for both augites analysed and in general LA analyses tend to underestimate the
concentrations respect to the EMPA ones. Ti content in the AN134 cpx1 core
is lower for LA-ICP-MS analyses compared to the EMP one (ca. 2810 vs 3690
ppm) while at the rim it is slightly higher (ca. 2760 vs 2420 ppm)(Tables A.26,
A.27 and A.28). Ti content in the AN134 cpx2 core is nearly the same both for
La and EMP analyses (ca. 2870 and 2840 ppm) while at the rim it is slightly
lower (ca. 2340 vs 2710 ppm). For Cr content LA compositions of AN134 cpxl
gave higher values both for the core and the rim, from ca. 2450 to 4240 ppm,
with respect to the EMP ones (from 1430 to 3000 ppm, Fig. 11.13). For AN134
cpx2 the Cr content in the core is lower for laser ablation analysis compared to
the EMP one (ca. 5580 vs 7280 ppm), while at the rim Cr is higher (ca. 2850
vs 1580 ppm). The calculated TiOs compositions of melt in equilibrium with
augites (KZ"~"" = (.384, Hill et al., 2000) give a concentration for AN134
cpxl from 1.60 to 1.05 wt% (C-R) and for AN134 cpx2 from 1.23 to 1.16 wt%
(C-R), someway comparable with whole rock (TiOy= 1.43 wt%). For Cr, again
using the more reliable EMP analyses, we obtain for the melt in equilibrium with
augites (K&* ™" = 8.3, Hill et al., 2000) a concentration for AN134 cpxl
between ca. 177 and 360 ppm (C-R), while for AN134 cpx2 between ca. 870 and
190 ppm (C-R), both of these around to the Cr bulk rock of 288 ppm. These
seem to be reasonable estimates for Ti and Cr content, since for a K%’m_me“ lower
than those here used for calculations, it would result in a higher Ti and Cr melt

content.

Two phenocrysts have been analysed for the Intermediate Unit: 1 from sam-
ple AN137A (AN137A cpx1, Fig. A.31) and 1 from AN138 (AN138 cpxl, Fig.
A.33)Ti contents in both analysed samples are always underestimated by LA-
ICP-MS analyses compared to those of EMPA (Fig. 11.1). Like for plagioclase
Ti contents are lower than those of the Lower Unit augites and show a more
restricted variation range. Both the augites have been analysed with three anal-

ysis points: one in the core (C), one in the middle (I) and one towards the rim
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(R). AN137A cpx1 shows a decreasing Ti content from the core (ca. 2460 ppm,
EMPA data) toward the middle point (ca 1680 ppm). At the rim Ti increases
to ca. 2140 ppm. LA-ICP-MS analyses, even if lower than EMPA one, confirm
this trend (ca. 1900 ppm at the core, ca. 1680 ppm for the middle point and ca
1960 ppm at the rim). Differently, AN138 cpx1 has a Ti content almost constant
from the core to the middle point (from ca. 2190 to 2250 ppm), then decreasing
at the rim (ca. 1810 ppm). Also here, LA-ICP-MS analyses confirm this trend
showing lower values (ca. 1800, 1840 and 1630 ppm respectively). EMPA data
of the Cr content for sample AN137A show a monotonous decrease from the core
towards the rim, with ca. 7540 (C), 4250 (I) and 1010 ppm (R), confirmed by
LA-ICP-MS analyses even if with quite different values, i.e. ca. 5550 (C), 4200
(I) and 1330 ppm (R). A different pattern for Cr content of sample AN138 cpx1
is confirmed by both kind of analyses: a middle point with higher Cr respect
to both the core and the rim: ca. 4700 (C), 7020 (I), 5260 ppm (R) for EMP
analyses and ca. 5140 (C), 5580 (I), 4180 ppm (R) for LA analyses. TiOy and Cr
contents calculated for a melt in equilibrium with both augites give for AN137A
cpxl compositions with Ti 1.06-0.73-0.93 wt% (C-I-R) and Cr ca. 910-510-120
ppm (C-I-R) (whole rock with 1.16 wt% TiO4 and 110 ppm Cr) while for sample
AN138 compositions with Ti slightly lower, 0.95-0.98-0.78 wt% (C-I-R), and Cr
ca. 570-840-630 ppm (C-I-R) (whole rock with 1.16 wt% TiOy and 326 ppm Cr).

For the Upper Unit, 4 phenocrysts have been analysed: 2 from sample OL14
(OL14 cpx1 and OL14 cpx2, Fig. A.38) and 2 from sample AN141 (AN141 cpx1
and AN141 cpx2, Figs. A.35 and A.37) Ti and Cr contents, measured by both
LA and EMP analyses, are better correlated than the other units (Fig. 9.1). Also
here LA tends to underestimate the concentration of the two elements. On sample
OL14 have been done 2 analysis points on cpx1 (C, R), while 5 for cpx2: two at
the core, two at the middle of augite and one at the rim (C, C1, I, 11, R). AN141
has been analysed with 6 analysis points: 4 for cpx1, 2 at the core (C, C1) and 2
at the rim (R, R1), 2 for cpx2, 1 at the core and one at the rim (C, R respectively).
Like for plagioclases of the same unit, Ti concentrations are the lowest among
the four units (Fig. 11.1), while Cr data, even if spanning a wide variation range,
are the highest among all units, if we exclude few points with unusual high Cr
in AN134 cpx2 and AN137A cpxl. Ti concentration in the sample OL14 cpx1
decreases slightly from core to rim, (1920-1530 ppm, EMPA). Sample OL14 cpx2
has very different value in the core, ca. 1770 (C) and 2350 (C1) ppm, lower but
almost identical for the two middle points, 168145 ppm, and higher value for

the rim, ca. 2010 ppm. On the contrary, this strong Ti zoning is not visible in
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the LA data, which show Ti concentrations variable between ca. 1520 and 1890

ppm.  AN141 cpx1 has a core with Ti content of ca. 2150460 ppm (LA data
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equilibrium with augites (on the right). Symbols as above.

100 100
MELT in equil. with CPX MELT in equil. with CPX
[y
= = i i
] R g :
210 ] ’ 3104 g §
= . =
. - °
©
1 T T T T T T T T T T T T T 1 T T T T T T T T T T T T T
La Ce¢e Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

100

MELT in equil. with CPX

=

ey
»» paco

Melt/iC1
E

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
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(below).

ca. 2020+50 ppm) and lower Ti in the rim with ca. 1570£100 ppm (LA data
ca. 1430430 ppm). Finally both EMPA and LA data confirm a lower Ti content
in the core with respect to the rim: ca. 1960 (C) and 2030 (R) ppm, ca. 1520
(C) and 1900 (R) ppm respectively. As previously said Cr displays the highest
concentrations, but also the widest compositional range, this probably due to the
sector zoning of the Upper Unit augites. In the sample OL14 cpx1 Cr decreases
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from the core to the rim, from ca. 4800 to 2500 ppm, in the sample OL14 cpx2
progressively decreases from the core, through the middle points to the rim, with
ca. 5180, 5830, 4230, 3800 and 2830 ppm. In the core of sample AN141 cpx1, Cr
reaches its highest value (ca. 6700+£200 ppm), then decreasing towards the rim
at ca. 4820 and 3880 ppm. Finally AN141 cpx2 displays only a smooth decrease
in Cr from the core towards the rim (from ca. 5560 to 5360 ppm). TiOy and Cr
K%x—melt _

compositions of the calculated melt in equilibrium with the augites (
0.384 and chpf_mdt = 8.3, Hill et al., 2000) vary, respectively for TiOy and
Cr, for OL14 cpx1 0.83-0.66 wt% and ca. 580-300 ppm (C-R), for OL14 cpx2
1.01-0.73-0.98 wt% and ca. 700-480-340 ppm (C-I-R), for AN141 cpx1 0.93-0.68
wt% and ca. 810-520 ppm (C-R) and for AN141 cpx2 0.85-0.86 wt% and 670-645
ppm (C-R). These values must be compared with whole rock data: for OL14 1.10
wt% and 242 ppm, for AN141 1.04 wt% and 229 ppm. These results indicate
that augites of the Upper Unit could have crystallized from a less evolved melt
(or with different composition), with higher Cr and lower Ti, than the melt that
generated the samples OL14 and AN141.

For the Recurrent Unit 3 phenocrysts have been analysed: 2 from sample
AN169 (AN169 cpxl and AN169 cpx2, Fig. A.42) and 1 from sample AN156A
(AN156A cpxl1, Fig. A.40) Ti concentrations of the Recurrent Unit augites are
comparable with those of the Lower Unit and in some cases are higher, resembling
the whole rock composition behaviour of the two units (Chap. ?7). On the
contrary, Cr displays the lowest concentration among the four units (Fig. 11.1).
Ti and Cr from both EMPA and LA-ICP-MS are well correlated, even if LA
analyses tend again to underestimate concentrations with respect to EMPA. It
is interesting that augites of sample AN169 are more enriched in Ti and Cr
compared to the augite of AN156A. In the sample AN156A cpx1 three analysis
points have been performed: one in the core (C), one in the middle (I) and one in
the rim (R). In the augites of sample AN169 three (cpxl C, R and R1) and two
(cpx2 C and R) analyses points have been analysed. In AN156A cpx1, Ti content
slightly increases from the core toward the rim, from ca. 2220 to 2380 ppm (EMP
analyses). The same happens in AN169 cpx2 (ca. 2980 to 4110 ppm), while in
AN169 cpx1 both the rim analyses are higher than the core one, but the repeated
one (R1) gave a quite lower value, i.e. ca, 1910 (C), 3100 (R) and 2750 ppm (R1).
Cr content tends to decrease from the core towards the rim (ca. 1760 to 1330 ppm
for AN156A cpx1, ca. 3090 to 280 ppm for AN169 cpx2), while for AN169 cpx1
Cr increases from ca. 2040 to 2500 ppm. The melt in equilibrium with augites
(K%‘E_mdt = 0.384 and ngf_mdt = 8.3, Hill et al., 2000) has a composition,
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respectively for TiO, and Cr, for AN156A cpx1 of 0.95-1.01 wt% and ca. 210-160
ppm (C-R), for AN169 cpx1 of 0.81-1.33 wt% and ca. 246-300 ppm (C-R), for
AN169 cpx2 of 1.28-1.78 wt% and ca. 370-34 ppm (C-R). Compared to Ti and
Cr whole rock composition, 1.63 wt% and 235 ppm for AN156, 1.56 wt% and
118 ppm for AN169, it results that AN156A augite crystallized from a melt with
lower TiOy and Cr content, while AN169 augites crystallized from a melt with
lower Ti but higher Cr content. Obviously melt compositions calculated for all
parental magma in equilibrium with each analysis points vary accordingly with
K pepr=melt that, if different from those used here it lead to a misleading petrologic
interpretations.
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Figure 11.23: Cr vs Ni, V vs V/Cr and Mg# vs Sc/V diagrams for all augites analysed by
LA-ICP-MS. Symbols as above.

11.2.2 LILE

In general, augites have a very different trace element compositions with
respect to plagioclases as visible from their REE and trace elements spidergrams
(Fig. 11.12). LILE concentrations are very low (Fig. 11.12, 11.14, 11.15 and
11.16). Sr has quite high concentrations, while Rb, Ba and Pb are much lower.
In fact, many analysis points gave no data for these elements (Fig. 11.17). The Sr
compositions plotted vs Mg# are well clustered and do not show any particular
trend. So it does Pb even if the values are more scattered even due to the its low

concentration in augites. Rb and Ba have very sparse values.

11.2.3 HFSE

HFSE concentrations in augites, even if slightly higher than in plagioclases,
are very low and close to the detection limit for LA-ICP-MS analyses. Again
Zr is the more abundant among HFSE, reaching 14 ppm in the sample of the
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Lower Unit. Fig. 11.18 shows Zr variations vs Mg# in augites compared to
those of plagioclases, plotted vs MgO content. Among the others elements only
Hf has been always detected, with concentration varying from 0.134 and 0.803
ppm (Fig. 11.18). The other HFSE, in most analyses have not been detected
with overall very low concentrations, respectively up to 0.0429 ppm for U, 0.051
ppm for Th, 0.098 ppm for Nb and 0.0178 ppm for Ta. Both in a Mg# vs Zr
and Hf diagram the four units are well recognizable. Zr from the Lower to the
Upper Unit decreases as Mg# increases, but it increases again at much lower
Mg# for the samples of the Recurrent Unit. This diagram results completely
different if compared with the similar MgO vs Zr for plagioclases, due to their
low Zr concentration. Hf displays roughly the same behaviour as Zr, decreasing
from the Lower to the Upper Unit as Mg# increases and again increasing its
concentration at much lower Mg# values for Recurrent augites. Nevertheless the
Hf ranges of each unit are quite larger than the Zr ones. Finally the Lu/Hf vs
Lu diagram (Fig. 11.18) calculated for a melt in equilibrium with augites shows
different but well defined compositional fields for all units. Since Lu and Hf have
very similar Kp for augites (szf_mdt =0.61 and Kﬁﬁ_melt = 0.58, Hill et al.,
2000), these compositional differences probably indicate heterogeneous Lu and

Hf compositions and /or processes which generated the parental magma of augites.

11.2.4 REE

Differently from plagioclase, Rare Earth elements are more concentrated in
clinopyroxenes, especially the HREE, with the typical increasing monotonous
pattern and no Eu anomaly, as visible from Fig. 11.3. As for plagioclase, augites
belonging to the Lower Unit display the highest LREE/HREE and LREE/Y and
LREE concentrations among the four units (excluding few data with anomalous
compositions, Fig. 11.19), as visible in La/Y vs La diagram of the calculated melt
in equilibrium with augites (K%"~" from Hill et al., 2000; Fig. 11.19). In this
diagram, the distinction between the four units is much more visible than in the
same diagram relative to plagioclases (Fig. 11.11). In general, the higher La/Y
and La for melt in equilibrium with plagioclases than with augites (Fig. 11.11)
probably indicate that plagioclase begun to crystallize before augites, even if the
low La and Y concentrations in plagioclases could lead to a wrong interpretation.
The REE spidergrams of augites are more complete compared to those calculated
for plagioclases. It is possible to see a trend, in which passing from the Lower to
the Upper Unit the REE concentrations decrease with a progressive flattening of

the REE pattern (i.e., La/Yb ratio from 4.7 tend to approach 1 or even lower).
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11.2.5 Transition metals

The transition metals are much more compatible in augites, so their concen-
trations are much higher than in plagioclases, and also are better correlated with
an differentiation index like Mg# (Fig. 11.13). Sc, V, Zn have positive and Co
fairly negative correlation with Mg#, i.e. their concentration increase as augites
have less mafic compositions. In general, Sc and V are higher in the Lower Unit
compared to the Intermediate Unit. The Upper Unit displays a strong variation
of these two elements for an almost constant Mg#, with Sc being similar to those
of the Intermediate Unit and V being much lower. Probably, the parental magma
of the Upper Unit basalts fractionated a phase like oxide, which retains prefer-
entially V with respect to Sc, before the crystallization of analysed augite. The
Recurrent Unit augites are the most enriched in Sc among the four units, while V
has the same or slightly higher concentration than the Lower Unit. On the con-
trary Ni seems to be constant for the Lower and Intermediate Unit while in the
Upper and Recurrent Unit it varies strongly for almost constant Mg#. Moreover
Ni has quite lower concentration in the Lower, Intermediate and Recurrent Unit
compared to the Upper Unit, probably indicating olivine fractionation before the
augite crystallization while in the Upper and Recurrent Unit olivine and augite
could have crystallized together. V and Sc are well correlated, allowing to recog-
nize very well not only the four units but even the single samples (Fig. 11.22).
In particular, they seem to be two parallel trends with V and Sc concentrations
decreasing from the Lower to the Intermediate Unit in the first and from the
Recurrent to the Upper Unit in the second, being the Recurrent and the Upper
Unit more enriched in V with respect to the Lower and the Intermediate Unit
respectively. Also the Sc vs Sc/V diagram calculated for a melt in equilibrium
with augites (K& ™ =2.46 and K#*~ ™ = 0.151, Hill et al., 2000) allow
to recognize the four units. Here Sc remains almost constant at increasing Sc/V
from the Lower, through Intermediate to the Upper Unit, while the Recurrent
Unit augites display higher Sc at Sc/V comparable with those of the Intermedi-
ate Unit. Compared with that for plagioclases (Fig. 11.22), this diagram shows
as the Lower, Intermediate and Upper Unit have much lower both S¢/V and Sc
compared to the same diagram calculated for augites, but the Recurrent Unit
displays a minor decrease of Sc/V at almost constant Sc. This could mean that
phases like clinopyroxenes and/or oxides could have fractionated Sc and V before
the crystallization of the analysed augite. Ni and Cr concentrations are not well
correlated (Fig. 11.23), as data are quite scattered and the four units have not

well defined compositional fields. Anyway the Recurrent Unit seems to have the
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lowest Ni and Cr value probably indicating a higher olivine and pyroxene crys-
tallization compared to the other three units. The Intermediate and Upper Unit
have a highest Ni and Cr concentration accordingly with the EMP analyses on
plagioclases and augites. Also in a V vs V/Cr and a Mg# vs Sc/V diagrams
the four units are well recognizable (Fig. 11.23). As visible in Fig. 11.22 and
11.23, melt V and Sc/V contents are irrealistically too high and too low, respec-
tively, thus leading to think that K#*~™“* from Hill et al. (2000) is highly
underestimated.
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12 PETROGRAPHY AND MINERALOGY OF
WESTERN MESETA PILES

As said in the previous chapter the Maaziz lava pile is composed by the Lower
and the Intermediate Units. The volcanic sections, as previously described, were
sampled flow by flow when possible, collecting two kinds of samples. A basaltic
rock core drilled for paleomagnetic investigation, and a massive and possibly un-
fractured and fresh chunk, being the freshness of the samples is more important
or geochemical rather than for paleomagnetic analyses. The samples from the
Western Meseta like for the Middle Atlas were collected during two sampling
campaigns, so some lava flows were sampled two times. The first in April/May
2007 (samples series AN500) pointed to a general sampling of the studied section,
to understand the state of conservation and stratigraphy of lava pile and which
volcanic units are preserved. After a preliminary geochemical study by XRF anal-
ysis for major, minor and some trace elements (i.e., Zr and Nb), it was possible to
recognize the presence of two units. The second sampling campaign, in Septem-
ber/October 2007 (samples series AN600), pointed to a flow by flow sampling
(where possible) to exactly determine the number of flows belonging to each unit
and collect samples not only for geochemical but also for magneto-stratigraphic
analyses, to further constrain the magneto-chemo-stratigraphic correlations from
the Central High Atlas to Western Meseta and Middle Atlas. Both the cam-
paigns also yielded sedimentary rock samples, mainly black and gray siltstones,
for palynological investigation in order to constrain the stratigraphic relationship
between lava flows (and more in general of the Moroccan CAMP volcanism) and

the T-J boundary in Morocco.

12.1 TEXTURES AND PARAGENESIS

Like in volcanic sections of the CHA (Central High Atlas) the mineral as-
semblage of lava flows mainly consists of olivine (always altered), plagioclase,
clinopyroxenes (both augitic and pigeonitic), oxides. No hydrated primary min-

erals (like biotite or amphibole) and no K-feldspar or quartz is observed.



12.1.1 Maaziz sequence

e The Lower Unit: it is composed by 3 sampled lava flows (samples AN503,
AN504 (double sample with AN602), AN506[603]. Only AN504 was anal-
ysed by EMP for mineral chemistry. This sample has been analysed also in
order to have a reference composition for ongoing Ar-Ar analyses on pla-
gioclases (see chapter about methodology). These samples have an inter-
granular intersertal texture, dominated by fresh euhedral plagioclase laths,
surrounding poikolitic clinopyroxenes, rarely big in size. Olivines are abun-
dant, grouped in clusters, well recognizable from their habitus but are com-
pletely altered and replaced by reddish-greenish fibrous mineral. No pi-
geonites are recognizable in thin section. Little euhedral oxides are present
in the ground-mass, often showing a dendritic shape. Frequent vesicles in

the glassy ground-mass are filled with calcite, zeolite minerals and quartz.

e The Intermediate Unit: it is composed by 9 lava flows sampled (samples
AN508[604], AN509, AN510[605], AN606, AN511, AN607, AN608, ANG27,
ANG628). Samples AN510 and AN627 have been analysed by EMP. The
samples have a texture from intergranular intersertal to porphyric with aci-
cular plagioclase with rare euhedral plagioclase laths with inverse rhythmic
zoning. The plagioclases surround little poikolitic clinopyroxenes. Like at
Telouet, olivines are present, yet also here always altered and replaced by
reddish-greenish fibrous mineral. Olivines are no more present in the last
two samples, AN627 and AN628. Pigeonite is probably present in one sam-
ple, AN628, which has a texture from intergranular to sub-ophitic but its
detection is quite ambiguous because of the little size of clinopyroxenes in
these samples. Oxides are always present in the glassy ground-mass as little
euhedral phenocrysts of micrometric size with sometimes a dendritic shape.
Only in the sample AN628, big oxides have euhedral to sub-euhedral or
skeletal habitus.

12.2 MINERAL COMPOSITIONS

12.2.1 Olivine

Like in the CHA and Middle Atlas, no fresh olivine was detected in the thin
sections of the Maaziz lava pile, so it hasn’t been possible to analyse them by

EMP for mineral chemistry or LA-ICP-MS for trace element contents.
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12.2.2 Plagioclase

As previously said (in this chapter and in the lava pile descriptions, Chap.
??) the Lower Unit in the Western Meseta and Middle Atlas is poorly repre-

sented. In particular at Maaziz, the Lower Unit is represented by 3 thin,

Figure 12.1: Microphotographs showing the plagioclases AN504 plgl (on the left) and AN504
plg2 (on the right) from the Lower Unit at Maaziz. Red arrows represent EMP transects.

55 T t T T T T )

Ca# wholetock

Figure 12.2: Ca# of whole-rock (XRF analyses) vs Ca# of all analysed plagioclases (EMP
analyses) in the Maaziz section (Western Meseta). Blue triangles for Lower Unit, red circles
for Intermediate Unit. Curves represent plagioclase compositions in equilibrium with melt for
different K%lg:ﬁzlt: green line Kp =1, yellow line Kp =1.1, red line Kp =1.5, black line Kp
=2.

similar lava flows. Only one sample, AN504, has been analysed by EMPA. In
this thin section two plagioclase crystals have been analysed (AN504 plgl and
AN504 plg2; Fig. 12.1). Plagioclases of the Lower Unit at Maaziz are gener-
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ally equigranular with smaller size (few hundred micron) with respect to those
of the same unit of the CHA (compare EMPA transects) and with compositional
normal zoning. Very few bigger phenocrysts show optical and compositional re-
verse zoning (Fig. 12.1, 12.3), features uncommon in the Lower Unit of the

CHA. The plagioclases phenocrysts display a more restricted variation range
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Figure 12.3: Variation of An mol% along transects (distance in microns) of plagioclases from
the Lower Unit at Maaziz (EMP analyses). The slight reverse zoning from the core to the rim

of phenocrysts is clearly observed.
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Figure 12.4: Variation of MgO and KO wt% along transects (distance in microns) of pla-
gioclases from the Lower Unit at Maaziz (EMP analyses). It is well visible the positive and
negative correlation with An content, respectively for MgO and K5O.

compared to the CHA plagioclases, from bytownite to labradorite compositions
(Anzy 5Aber 5011 o to Angy oAby sOry 5, Fig. 10.2) with an An- composition of
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the core almost constant at Angg_g9 followed by a little An-jump up to 71-71.5
and finally by progressive monotonous decrease in An content towards the rim.
MgO and KO contents follow quite well the An behaviour, being respectively
positively and negatively correlated (Fig. 12.4, 12.5). MgO varies from 0.22-0.25
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Figure 12.5: Anorthite mol% and K20 wt% vs MgO wt% and FeO/MgO variations of pla-
gioclase crystals from the Lower Unit at Maaziz (EMP analyses).

Figure 12.6: Microphotograph showing the plagioclase AN627 plg2 from the Intermediate
Unit at Maaziz. Red arrows represent EMP transects.

wt% (or slightly higher) in the core to 0.10 wt% at the rim with values up to 0.36
wt% corresponding to the highest An contents in the reverse zoning. Conversely
K50 contents varies from 0.13-0.19 wt% of the core up to about 0.40 wt% at the
rim. Compositional variation diagrams in Fig. 12.5 show the positive and nega-
tive correlation of MgO and K5O (and FeO/MgO) respectively with An content.
Compared with the same diagrams of the Lower Unit of the CHA, it is possi-

ble to see that the composition fields of plagioclases from Maaziz overlap well
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with those of the CHA, especially with the those from Tiourjdal. No particular
compositional differences are visible, except for a quite evident shift of the MgO
contents towards higher values and an overall lower An content. Nevertheless it
can be kept in mind that only two plagioclase crystals, with few tens of EMPA
data points, are taken here as representative of the Lower Unit in the Western
Meseta. So it is possible that this little higher and lower values of MgO and An
contents could be due to analytical bias. The only difference between Maaziz and
the CHA Lower units is that the plagioclases from the Maaziz section are some-
what less differentiated respect to those of the CHA, which reach An contents
down to 40 or less. Finally in a Ca#tynote—rock - Ca#fpiagio diagram, the cores of
plagioclases belonging to the Lower Unit have a composition that is nearly in
equilibrium with the whole-rock (K’élfi:ﬁzlt between 1 and 1.1, green and yellow
lines in Fig. 12.2), again being this comparable with the plagioclases of the Lower
Unit from the CHA.

Only one plagioclase belonging to the Intermediate Unit, AN627 plg2, has
been analysed by EMPA (Fig. 12.6), so only few data points are available for
the Intermediate Unit. The obtained informations confirm the main features
characteristic of the Intermediate Unit, even if with some differences. First of all,
the plagioclase analysed has the same complex optical and compositional zoning
pattern found in the Intermediate Unit plagioclases from the CHA (Fig. 12.6,
12.7). ANG627 plg2 has a narrow compositional range, from Anzg 4Absg1Org 5 and
Ang;7Abs; 0Ory.3, but higher than for plagioclases of the Lower Unit at Maaziz
even if not as high as in the same unit of the CHA. The EMPA transect from the
core to the rim show a quite regular reverse An-zoning, with An content around
75-76 in the core, oscillating from 71.8 up to 79.4 along the transect and reaching
the lowest value of 67.7 at the rim. The same complex zoning is visible in the
MgO and K2O compositional transects (Fig. 12.7). MgO contents are nearly
the same of those of the sample AN504, belonging the Lower Unit (Fig. 12.8),
but tend to increase towards the rim and do not follow the An content variation
as it does in the Lower Unit. Probably, like in the CHA, the An content of
plagioclase is affected not only by compositional variations of the parental melt
but also by other factors like H20 content and decompression phenomena. The
K50 concentration is oscillating from 0.06 to 0.22 wt%. While this is in line with
what found in the Intermediate Unit of the CHA (Chap. 9), the MgO contents
are different from what we see in the CHA where MgO reaches up to 0.30 wt%.
This influences the FeO/MgO ratio which is slightly higher (Fig. 12.8) in AN627
plg2 than in the plagioclases of the CHA. Even here, like for the Lower Unit, we
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need to keep in mind the few available data. Differently from the plagioclases of
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Figure 12.7: Variation of An mol% (on the left), MgO and KoO wt% (on the right) along
transects (distance in microns) of AN627 plg2 from the Intermediate Unit at Maaziz (EMP

analyses). The complex zoning pattern from the core to the rim of phenocrysts is clearly
observed
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Figure 12.8: Anorthite mol% and KoO wt% vs MgO wt% and FeO/MgO variations of AN627
plg2 from the Intermediate Unit at Maaziz (EMP analyses).

the Lower Unit, AN627 plg2 has a higher Ca# than the whole-rock, i.e. it would
be in equilibrium with the host basalt for K%~ %" around 1.5 (Fig. 12.2), this
feature being the same of the plagioclases of the Intermediate Unit of the CHA.

12.2.3 Augite (high-Ca pyroxene)

In the lava flows of the Maaziz section only augitic clinopyroxenes have been
observed (yet pigeonite may be present in the groundmass of some Intermediate
units flows, AN510, AN627 and AN511; Fig. 12.14). Hereafter, we will describe
only two augite phenocrysts from sample AN504 (Lower Unit, Fig. 12.9, on the
left) and three from the sample AN510 (Intermediate Unit, Fig. 12.9, on the

right). Augites from the Lower Unit have small size (few hundred microns) and
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Figure 12.9: Compositions of all analysed augites plotted in a partial Wo-En-Fs ternary
diagram for the Maaziz sections for the Lower Unit (on the left) and the Intermediate Unit (on
the right) (EMP analyses).

rarely show an euhedral habitus (Fig. 12.10), being more frequently grown be-
tween plagioclase lathes. Phenocrysts plot within the augite field in a ternary
diagram Wo-En-Fs with a fairly wide compositional range (Fig. 12.9) which,
although more restricted, resembles that of the augites of the Lower Unit in the
CHA (Chap. 9): Wosy.7-402En439 51.90FS10.9-205. The general trend is an enrich-
ment toward the Fs apex and the depletion in the Wo and En components. At the

Figure 12.10: Microphotographs showing the augites AN504 cpx2 (on the left) and AN504
cpx3 (on the right) from the Lower Unit at Maaziz. Red arrows represent EMP transects.

same time, the Mg# range (83.9 to 68.6) is more restricted than corresponding
augites of the CHA. Unlike those from the CHA, augites of the Maaziz Lower Unit
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do not show a normal Mg# zoning, but an overall complex Mg# zoning pattern

(Fig. 12.11).  Cry0j3 concentrations vary positively with Mg#, from 0.20-0.50
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Figure 12.11: Core-rim compositional (Mg#, CroO3 and TiOs) traverses of augites from the
Lower Unit at Maaziz (EMP analyses).
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Figure 12.12: CryO3 and TiOq variations (EMP analyses) of augites from the Lower Unit
showing the positive and negative correlation, respectively, with the Mg# even if values are

quite scattered.

wt% in the core up to 0.75 wt% in the crystal zone where Mg# is highest and
finally decrease at the rim. On the contrary TiO,, which is negatively correlated
with Mg#, has core concentrations in the 0.44-0.75 wt% range, which increase
up to 0.80 wt% at the rim (Fig. 12.11). Even if CryO3 and TiO, are broadly

correlated with the Mg# pattern, their compositional variations are not perfectly
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anti-correlated one to each other as would be expected, probably due to oxide co-
crystallization. Finally the Mg# ,hote—rock-Mg# cpr diagram shows that augites of
the Lower Unit are in equilibrium with the whole-rock for a K;fj__ﬂglt = 0.30-0.33,

like that found for the Lower Unit augites of the CHA (Fig. 12.13). Augites
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Figure 12.13: Mg# of whole-rock (XRF analyses) vs Mg# of all analysed augites (EMP anal-
yses) in the Maaziz section (Western Meseta). Blue for the Lower Unit, red for the Intermediate
Unit. Curves represent augite compositions in equilibrium with melt for different K?f__ﬁ;lt:

orange line Kp = 0.33, green line Kp = 0.30, blue line Kp = 0.25 and black line Kp = 0.22.

Figure 12.14: Microphotographs showing the augites AN510 cpx1 (on the left), AN510 cpx2
(on the middle) and AN510 cpx3 (on the right) from the Intermediate Unit at Maaziz. Red

arrows represent EMP transects.

from the Intermediate Unit have larger size with respect to those of the Lower
Unit, present an euhedral habitus (Fig. 12.14), with some little acicular enclosed
plagioclase crystals. Phenocrysts plot within the augite field in the Wo-En-Fs di-
agram with a wider compositional range than that of the Lower Unit (Fig. 12.9),
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resembling that of the augites of the intermediate Unit in the CHA even if with
a more restricted range: Wosgo_415En445_5145FS9s 21.5. The evolution trend is a
general depletion in Wo for an almost constant En/Fs ratio and a final marked
Fs/En enrichment. Augites from the Intermediate Unit have peculiar features if
compared with the homologues from the CHA. First of all, the high Mg# values
resemble those of the Upper rather than of the Intermediate Unit (Mg# of the
CHA Intermediate Unit augites never exceed 85, being more frequently in the 82-
84 range). At Maaziz, all three analysed augites have a mean Mg# around 82-83
with values up to 87, remaining nearly constantly above 80 except at the rim
of most phenocrysts (Fig. 12.15). Even CryO3 and TiO, contents are similar to
those of the CHA Upper Unit augites. CryO3 reaches 1.27 wt% decreasing toward
the rim (even at constant Mg#). On the other side, TiOs remains quite constant,
oscillating in the 0.25-0.45 wt% range and only increasing its concentration at the

rim up to no more than 0.61 wt%. Another feature which resembles the augites
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Figure 12.15: Core-rim compositional (Mg#, CroO3 and TiOs) traverses of the three augites
from the Intermediate Unit at Maaziz (EMP analyses).

of the CHA Upper Unit is the low calculated K;ff__ﬂ’glt, 0.20-0.25 or less (Fig.
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12.13). These low values are typical of the augites of Upper Unit and probably
related to high HyO concentrations of the magma during the crystallization at
mid-crustal level (Sisson & Grove, 1993).

12.3 EASTERN MESETA SAMPLES

Due to the paucity of outcrops and bad preservation of the basalts, few sam-
ples were collected from mountains in the Oujda/Jerada zone. Moreover during
the field work was collected only massive sample for geochemical analyses. No
rock cores were drilled for paleomagnetic studies. The mineral assemblage, like
elsewhere, consist of plagioclases, clinopyroxenes (both augitic and pigeonitic),
oxides (magnetitetilmenite), olivines (always altered) and in some samples there
is the occurrence of biotite, alkali feldspar and micrographic quartz, which to-
gether with glassy groundmass absence led to think to intrusive rock even if from
the field investigation it does not result clear the stratigraphic relationship of
these samples with terrains aside. All these samples have been analysed only by
XRF and in this work we will described them only briefly. No more analyses have
been performed on these samples (EMPA, LA-ICP-MS, isotopic, Ar-Ar dating,
paleomagnetism) and probably these samples will be object of further more de-
tailed studies in the future, since there is the possibility of presence of feeder dike

(or more in general intrusive rock belonging the CAMP) in this part of Morocco.

12.3.1 Col de Tizi Nmeur

These samples collected on a little mountain (Col de Tizi Nmeur), between
Tanacherfi and Dada Ali villages (mean GPS coordinates 34°19'40” N, 2°34'50”
W). The outcrop consists of a discontinuous volcanic succession ca. 40 m thick
with frequent sedimentary calcareous layers interbedded, overlying red siltstones
and limestones with Ba and Mn mineralizations. The three samples collected

show a typical Lower Unit composition:

e ANS512: the sample has an intergranular to ophitic texture with euhedral
laths of plagioclase, rarely big in size, surrounding poikilitic augitic clinopy-
roxenes often altered in chlorite. Plagioclases present a progressive zoning
and are often altered in sericite. The predominant femic phase is a pigeonitic
clinopyroxene showing an euhedral habitus. Olivines are abundant and rec-
ognizable from their habitus, but are always altered in a reddish-brownish

material (probably hiddingsite). Oxides are present as big euhedral to sub-
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euhedral or as elongated phenocrysts or with skeletal shape. Little glassy

ground-mass with spherulitic devetrification is present.

e AN513 and ANS514: both the samples have a holocrystalline intergran-
ular to ophitic texture like the previous samples with some granophyric
patches. Plagioclases show together with normal zoning also inverse rhyth-
mic zoning. The femic phases are more altered in chlorite. Olivines are
not present. Oxides present the same features of the previous sample.
Notable is presence of biotite well recognizable by its reddish-brownish
colour and pleochroism, even if slightly altered, and small patches of micro-
graphic quartz and alkali feldspar filling the interstices between plagioclases,
clinopyroxenes and biotites. The presence of mineral evolved as biotite, K-
feldspar and quarzt together with the holocrystalline texture could do to
think to an intrusive rock.

12.3.2 Jbel Lamquam

These samples have been collected in the Jbel Lamquam locality (GPS co-
ordinates 34°2'55.5"” N, 2°22'21.4” W). The outcrop consists of a ca. 30 m thick
lava pile, overlying black and red siltstones. The basal contact shows mingling
structures, with baked siltstone enclaves within basalts. On the top, the basaltic
sequence is covered by Liassic limestones. Like previous samples, these have a

Lower Unit compositions:

e AN516 and AN517: both the samples show a fairly cumulitic textures
with mega-phenocrysts of fresh plagioclases, with normal progressive zon-
ing, mega-phenocrysts of augitic clinopyroxenes with olivines enclosed within,
often altered in serpentine. Oxides have big size and present from euhedral
to sub-euhedral shapes. Little glassy ground-mass is present between pla-

gioclases and clinopyroxenes.

12.3.3 Owued Berkane

These samples have been collected in the Oued Berkane river bed, near the
Ain Merini locality (GPS coordinates 34°5'51.6" N, 2°22'21.4” W), ca. 20 Km to
the west of Merija. The outcrop where the samples have been collected consists
of ca. 10 m of basaltic lava flows overlied by 1 m thick limestone layer, 2-3 m
thick of red claystone and siltstone and finally by several meters thick Liassic

limestones. The basal contact between the lava piles and underlying sediments is
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not visible, as basalts made the river bed. Based on preliminary XRF analyses,
these two samples have an Intermediate Unit compositions, even if this should be

confirmed by more precise analyses (i.e. I[CP-MS measures):

e ANS518 and AN519: both samples show ophitic intersertal texture with
few big pyroxene and plagioclase phenocrysts (>500-600 micron) sparsed
in a groundmass made by little elongated idiomorph plagioclases and pe-
cilitic pyroxenes. Oxides have big size and present from euhedral to sub-
euhedral shapes. Little glassy ground-mass is present between plagioclases

and clinopyroxenes. Overally quite altered samples.
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13 PETROGRAPHY AND MINERALOGY OF
MIDDLE ATLAS PILES

13.1 TEXTURES AND PARAGENESIS

The main features of the sampling procedure are the same for those of Western
Meseta samples. Unlike at Maaziz, at the Agourai section only the Intermediate
Unit is preserved. At the Oum R’Rbia section, the lava pile is more complete,
comprising also the Upper Unit, but both the Lower and the Upper Unit are rep-
resented by (at least) 1 lava flow. Again the mineral assemblage consists mainly
of altered olivine, plagioclase, clinopyroxenes (both augitic and pigeonitic), and

oxides (magnetite). No biotite or other hydrous minerals are present.

13.1.1 Agourai sequence

e The Intermediate Unit: it is composed by 12 lava flows sampled (in
stratigraphic order AN521, AN629, AN522, AN523, AN524, AN525[630],
AN525B, AN631, AN632, AN529, AN531, AN532). As previously said, the
Intermediate Unit only is preserved at Agourai, even if a couple of samples
(AN525[630] and AN525B)have a high TiO5 content up to 2 wt% (see Chap.
14) which would suggest Lower Unit-like compositions. In general, the
textures of the samples vary from intergranular to sub-ophitic with few
exceptions: AN525[AN630], the sample with the highest TiO5 content (up
to 2.2 wt% in the sample AN630), having a cumulitic-like structure with
plagioclase megacrysts (>1000 pm) with enclosed clinopyroxenes plus oxide
crystals and ANbH26, globally very altered with a porphyric texture. The
main feature of the whole section, is the pervasive presence of pigeonite,
detected in almost all the lava flows and in particular in two of them, AN523
and ANbH24, where this mineral is present in well shaped big elongated
phenocrysts (> 1000pum) (Fig. XXX) modally representing the first femic

phase of the paragenesis.

e The Upper Unit: is represented by only one lava flow (sample AN530[633]).



Similarly to the sample TEL21 (Telouet sequence in the CHA, Chap. 9),
sample AN530[633] has been collected in the middle of the Intermediate lava
flows, stratigraphically above AN529 and prior to numerous not sampled
thin lava flows (maybe more than six for a lacking stratigraphy thick at least
20-30 meters) in the upper part of the volcanic sequence. AN530[633] has a
nearly porphyric texture, dominated by big augitic phenocrysts (up to 900-
1000pm) interspersed in a roughly microgralular ground-mass of acicular

plagioclase, clinopyroxenes and oxides.

13.1.2 Oum R’Rbia sequence

The Lower Unit: it is composed by one lava flow (sample AN534 [AN609))
and analysed by EMP. As described in the stratigraphy chapter, the lower
part of this section has not been sampled completely due to its bad section
orientation and debris and vegetation cover. Above the first sampled and
lowermost lava flow belonging to the Lower Unit, there is at least one other
lava flow (maybe 2) before the successive belonging to the Intermediate
Unit. The collected sample has an intergranular to intersertal texture, with
a network of little laths and aciculae of fresh plagioclases, which show nor-
mal progressive zoning. Big euhedral plagioclase phenocrysts with multiple
inverse rhythmic zoning are rare. Little fresh poikilitic clinopyroxenes are
enclosed between the plagioclase network and rarely display big dimensions
and euhedral shape. Olivines are abundant, always altered in a red-greenish
fibrous aggregate and grouped in clusters. Little euhedral oxides are sparse
in the glassy ground-mass together with frequent vesicles filled with zeolites

and calcite.

The Intermediate Unit: it is composed by 8 lava flows (sampled in
stratigraphic order: AN535 [double sample with AN610], AN536, AN537,
AN538, AN611, AN612, AN539 [double sample with AN613], AN614). Only
sample AN539 was analysed by EMP. The textures vary from intergranular
to ophitic intersertal, in the lower part of the unit, passing to a porphyric-
like structure, in the upper part where the lava flows are thinner, with
sparse plagioclase/clinopyroxene aggregates and abundant devitrified glassy
ground-mass. Olivines are always present, even with big size, but like other
sections/units similarly altered like in the Lower Unit. Plagioclases show
multiple inverse rhythmic zoning and rare brownish glassy inclusion. Oxides

display big size in the more massive lava flows at the base of the unit, while
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their size is micrometric and their habitus dendritic in the porphyric lava

flows.

e The Upper Unit: it is composed by one lava flow (sample AN540) with the
typical porphyric texture characterizing these unit. Few big plagioclase and
clinopyroxene phenocrysts are sparse in a coarse micro-crystalline ground-
mass, in which we observe pigeonite micro-phenocrysts together with acicu-
lar plagioclase and augite. Only in this sample of the Oum R’Rbia lava pile
pigeonite has been detected. Olivines are absent while oxides are observed

only in the ground-mass as tiny phenocrysts.

13.2 MINERAL COMPOSITIONS

13.2.1 Olivine

Like in the CHA and in the Meseta no fresh olivine has been analysed in the
MA samples.

13.2.2 Plagioclase

Hereafter, I will describe only the EMPA compositional variations of pla-
gioclases of the Oum R’Rbia sequence, since no analyses are available for the
Agourai sequence. As described above, only one Lower Unit lava flow has been
detected (and analysed) at Oum R’Rbia. Three plagioclases belonging the AN534
sample (AN534 plgl, plg2 and plg3 not shown, Fig. 13.1), representing this
flow, have been analysed by electronic microprobe (EMPA). The three plagio-
clases analysed have big size (>500-600 pm), show inverse zoning and are sur-
rounded by ground-mass network of little plagioclase laths (>200-300 pm) normal
zoned. Plagioclase compositions range from bytownite to andesine compositions
(Anz5Aby,Or; to AngyAbs3Ors) with moderate core An content (65-66 mol%) fol-
lowed by strong increase An content (up to 10 mol%) and its subsequent rimward
decreasing (Fig. 13.3). MgO and K;O content are positively and negatively
correlated, respectively with An, thus probably indicating mixing phenomena
with less differentiated magma batches (Fig. 13.3) and their compositional fields
are nearly the same of those of the CHA plagioclases (Fig. 13.4, cf. Chap 9).
Also FeO/MgO which varies from ca. 1.5 up to 8.6 cover the same range of
the CHA and WM sequences. In the Ca# yhoie—rock-Cadpiagio diagram, the cores
of plagioclases belonging to the Lower Unit have a composition that is nearly

in equilibrium with the whole-rock (K’ggﬂZ X,_ame“ = 1 or less, green lines in Fig.
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Figure 13.1: Microphotographs showing the augites AN534 plgl (on the left) and AN534 plg2
(on the right) from the Lower Unit at Oum R’Rbia. Red arrows represent EMP transects.

55 —" T T T T )

Ca#wholerock

Figure 13.2: Ca# of whole-rock (XRF analyses) vs Ca# of all analysed plagioclases (EMP
analyses) in the Oum R’Rbia section (Middle Atlas). Blue triangles for AN534 (Lower Unit),
red circles for AN539 (Intermediate Unit), yellow diamonds for AN540 (Upper Unit). Curves
represent plagioclase compositions in equilibrium with melt for different K%l;liig,;melt: green

line Kp= 1, yellow line Kp = 1.1, red line Kp = 1.5, black line Kp = 2.
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13.2), almost comparable with the plagioclases of the Lower Unit from the CHA.
Only three plagioclases belonging one sample, AN539, of the Intermediate Unit

85 0.4 -

AN539 pig2| | MO

80 4 —o—K20
4

875 4

S 2
£ £0.2 4
c, Gore =% 1Core
AN539 plg2 .
0.1 4
Rim WW
Rim
50 ; : : : : . 0 ; ; : : : .
Q 30 G%ist. (mﬁlgmn) 120 150 180 0 30 G%ist. (m?gmn) 120 150 180
85 04 o
AN539 plg2a| |~ ¢
I —o— K20
#
75 |
s | Gore
g0
AN539 plg2a .
65 ¢
Rim
80 . . . | ; : ‘ :
0 15 30 45 60 75 90 0 15 30 45 80 75 90
Dist. (micron) Dist. (micron)
85 04
80
0.3 %j
§75 W’\ .
g Core 2
<%7’0
o : -y
60 Im le 0 Rim )
] 80 100 15°Di§. (m%gpon) 250 300 3850 0 50 100 160 Dist. (m%gpon) 250 300 350

Figure 13.5: Variation of An (mol%, on the left) and MgO and KO (wt%, on the right),
along transects (distance in microns) of plagioclases from the Intermediate Unit at Oum R’Rbia
(EMP analyses).

have been analysed (AN539 plg2, plg2a and plg3, Fig. 13.6). Plagioclase with
big size (>500-600 pm) have inverse multiple zoning with compositions ranging
from bytownite to labradorite (Ang;.1Abyg 4Org 5 to Angs 1Absg 501 4) with a nar-
rower compositional range compared to that of CHA plagioclase of the same unit
(Chap. 9). Differently from CHA Intermediate Unit plagioclases, phenocrysts
of Oum R’Rbia sequences (and Agourai) have rare glassy brownish inclusions,
thus indicating that mixing and disequilibrium compositional phenomena are less
common. This hypothesis is somewhat corroborated by the EMPA compositional
transects, that do not show any appreciable MgO and K,O variations together
with An content (cf. below Fig. 13.5). As typical of the Intermediate Unit,

plagioclase core An contents is much higher compared to the same phenocrysts
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Figure 13.6: Microphotographs showing the augites AN539 plg2 and plg2a (on the left) and
AN539 plg3 (on the right) from the Intermediate Unit at Oum R’Rbia. Red arrows represent

EMP transects.
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Figure 13.7: Anorthite (mol%) and KO vs MgO (wt%) and FeO/MgO variations of plagio-
clase crystals from the Intermediate Unit at Oum R’Rbia (EMP analyses).
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of the Lower Unit. In the cores An varies from 75 to 80-82, increasing slightly
rimward with a saw-tooth pattern up to ca. 80 and then decreasing abruptly in
few tens of micron down to 65-70 (Fig. 13.5). MgO and K,O follow nearly par-
allel trends (Fig. 13.5) in all three plagioclases analysed, except at the rim of the
biggest (AN539 plg3) where display anti-correlated behaviours, i.e. while MgO
decreases, K5O increases. Moreover is well visible in the AN539 plg3 (the crystal
that the plagioclases analysed probably records the longest differentiation history)
EMPA transect that MgO and K5O tend to increase rimward, then decrease at
one of the two rims phenocryst (the opposite rim insist on c¢px phenocrysts thus
not recording the latest differentiation stage, Fig. 13.6). This unusual behaviour
(rarely or not observed in none of analysed plagioclases) could be explained if it
was that plagioclase AN539 plg3 start to crystallize before augites. In fact, Mg
and K are highly incompatible in plagioclase and would tend to increase as the
latter evolve. However, I described as generally MgO tend to decrease rimward
(except when increase together with An, i.e. magma mixing phenomena) and
this feature is well explained if together with plagioclase crystallize a femic phase
(like augite and/or olivine) which fractionate MgO. Since in AN539 plg3 MgO
and K5O increase rimward, probably no augite and olivine crystallization occur
prior to its rim crystallization onset. Also FeO/MgO in Fig. 13.7 could validate
this hypothesis, since it remains nearly constant (ca. 1.7-2.5) from An = 82 to
ca. 72, then increase as usually seen in all plagioclases previously analysed. The
same behaviour is well visible in the most complete Tiourjdal Intermediate Unit
plagioclase dataset, where An decrease from ca. 84 to 68-69 for nearly (even
with a larger variation range of 1.3-3.5) constant FeO/MgO (Fig. 9.11).  Like
for the Lower Unit, the Upper Unit is represented by only one sample, AN540,
where four plagioclases have been analysed (AN540 plgl, plgla, plg2 and plg3
not shown, Fig. 13.10). The Upper Unit plagioclases show strong similarities
with those of the same unit in other lava sequences: big sizes (>600-700 pm), eu-
hedral shapes, glassy brownish inclusions, multiple inverse zoning with strong An
variations and again the highest An content. Phenocrysts vary their composition
from bytownite to labradorite (Angs;Ab1470101 to AngsgAbss2Ory) with the
highest An contents near the rim in some phenocrysts (AN540 plgl, plgla and
plg3 not shown Fig. 13.8) and An decreasing rimward in other (AN540 plg2).
Like for Upper Unit plagioclases of the other sequences, An-content variations
are not correlated with MgO and K5O content and in the two phenocrysts with
the high-An rim, MgO and K5O display parallel trend (along the compositional
transect) with the highest and lowest concentration, respectively. In AN540 plg2,
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Figure 13.10: Microphotographs showing the augites AN540 plgl and plgla (on the left) and
AN540 plg2 (on the right) from the Upper Unit at Oum R’Rbia. Red arrows represent EMP

transects
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Figure 13.11: Anorthite mol% and KoO wt% vs MgO wt% and FeO/MgO variations of all
plagioclase analysed from the Upper Unit at Oum R’Rbia (EMP analyses).

148




the two compositional transects performed near the phenocryst rims show lower
MgO and higher K;O contents, probably due that the phenocryst crystallized
from a more evolved magma (Fig. 13.9). Notably this mineral shows strong K,O
variation coupled with higher MgO content roughly coincident with anomalous
extinction patches, resembling the ”Tartan twinning” of potassic feldspars. This
last feature, coupled with the huge presence over the almost entire phenocryst
surface of little glassy brownish inclusion (which hinders any EMP analysis) and
maybe resulting from a compositional ri-equilibration with the hosting magma,
is unique among all plagioclases analysed, and at present it remains inexplicable.
Plagioclase cores are nearly in equilibrium with the whole rock as visible in the
Ca#twhote—rock-CaFtpiagio diagram (Fig. 13.2). The disequilibrated high-An rim of
some phenocrysts (Kp = 1.5) could be due decompression phenomema and/or

increasing water content in the melt, as highlighted for CHA plagioclases.

Figure 13.12: Microphotographs showing the augites AN534 cpxl (on the left) and AN534
cpx2 (on the right) from the Lower Unit at Oum R’Rbia. u Red arrows represent EMP transects

13.2.3 Augite (high-Ca pyroxene)

Both in the Agourai and Oum R’Rbia sections augitic clinopyroxenes have
been observed, which together with plagioclase build up 90-95 vol% of the para-
genesis. Like the lava piles of the CHA, but differently from those of the Maaziz
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section (WM), augites are accompanied with pigeonites even if not in all units.
In the Lower Unit (represented only at Oum R’Rbia with one lava flow) only
augite is present, which is volumetrically subordinate to plagioclase. Only rarely
phenocryst show an euhedral habitus, being more frequently poikilitic and en-
closed in a plagioclase lath network. Two augites have been analysed, AN534
cpxl and cpx2 (Fig. 13.12). Both minerals plot within the augite field in a
ternary diagram Wo-En-Fs with a fairly wide compositional range (Fig. 13.13)
similar to that of the augites of the Lower Unit in the CHA (see Chap. 9) and
at Maaziz: Wos1.9_40.0En47.3_53.4Fs105_154. Nevertheless they display a narrower
Mg# range, 83.2-77.1, with normal zoning from the core to the rim (Fig. 13.14).
Cry03 decreases with Mg# from 1.0-1.1 wt%, in the core, down to nearly zero
at the rim. On the contrary, TiO, remains almost constant varying from 0.40
wt% in the core to 0.64 wt% at the rim. Only in the core of AN534 cpx1, TiO,
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Figure 13.13: Compositions of all analysed augites and pigeonites plotted in a partial Wo-En-
F's ternary diagram for the Oum R’Rbia and Agourai sections for the Lower Unit (on the upper
left side), the Intermediate Unit (on the bottom) and the Upper Unit (on the upper right side)
(EMP analyses).

reaches 0.61 wt% which is correlated with high CryO3 (Fig. 13.14) and Al,O3 (not
shown), thus probably due to the sector zoning of the crystal (Fig. 13.12). The

pr—melt

Mg# whote—rock-Mg# qugite diagram gives a K%C_Mg = 0.33 for the augite cores
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(green line in Fig. 13.18), thus being in equilibrium with the parental magma
and comparable both with the CHA augites and with Maaziz ones in the WM
(Fig. 12.13) and confirming what found for plagioclases of the Lower Unit (Chap.
12).
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Figure 13.14: Core-rim compositional (Mg#, CraO3 and TiOg wt%) ) traverses of augites
from the Lower Unit at Oum R-Rbia (EMP analyses).

For the Intermediate Unit have 4 samples been analysed: 3 from Agourai (4
pigeonites in AN523, 2 pigeonites and 2 augites in AN525B, 1 augite in AN633,
Fig. 13.17) and 1 from the Oum R’Rbia section (3 augites in AN539, Fig. 13.17).
As visible from the Wo-En-Fs diagram, augites belonging the Intermediate Unit of
MA span a wide compositional range similar to the homologous of the CHA, plot-
ting in the augite field and entering in that of sub-calcic augite, this corresponding
to a phenocryst augite rimmed by pigeonite, as seen for the sample AN49 pigeo?2
(Chap 9 Fig. 9.33), which presents transitional composition (Fig. 13.13). The
overall compositional variation is in the range Wo1g.3_41.0Eny6.4_¢2.5Fss.9_19.1 with
Mg# between 84.0 and 67.2 with a clear difference between the augite of sample
AN525B and AN539 and the augite of sample AN633. While the first two samples
show pyroxenes with Mg# values decreasing from nearly 84 in the core to 67.2 to-
ward the rim, AN633 cpx2 show the highest En contents of the Intermediate Unit
with the highest Mg# values up to 89.9 near the core decreasing to 81.1 at the
rim with a saw-tooth pattern and Mg#-jump of up 4.5 units (Fig. 13.16). The
difference among sample AN525B/AN539 and AN633 arise again if we compare
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Figure 13.17: Microphotograph showing the augites AN539 cpxl,la,1b (on the left) and
ANG633 cpx2 (on the right) from the Intermediate Unit at Agourai and Oum R’Rbia sections

respectively. Red and yellow arrows represent EMP transect.
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Figure 13.18: Mg# of whole-rock (XRF analyses) vs Mg# of all analysed augites (EMP
analyses) in the Oum R’Rbia and Agourai section (Middle Atlas). Blue for the Lower Unit, red
for the Intermediate Unit, yellow for the Upper Unit. Circles for Oum R’Rbia sequence and
squares with stars for Agourai sequence. Curves represent augite compositions in equilibrium
with melt for different K%p;:ﬁ;lt: orange line Kp = 0.33, green line Kp = 0.30, blue line Kp
= 0.25 and black line Kp = 0.22.
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Figure 13.19: Core-rim compositional (Mg#, CroO3 and TiOy wt%) traverses of augite from
AN525B and AN539 samples from the Intermediate Unit at Oum R-Rbia.
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contents and variations of CryOsz and TiO,: while CryO3 and TiO4 of the former
samples tend to vary positively and negatively respectively with Mg#, for the lat-
ter sample CroO3 and TiO; remain almost constant along the whole transect from
the core to the rim (Fig. 13.19). Moreover, CryO3 and TiO, are somewhat com-
parable in AN525B/AN539 samples (0.60-0.80 wt% CryO3 in the core decreasing
to zero at the rim, and TiO5 0.30-0.40 wt% in the core increasing up to 0.60 wt%
at the rim). Higher CryO3 and TiO, in some augites, again correlated with high
Al,O3 contents (not shown), are probably due to sector zoning of the minerals
(Fig. 13.10). On the contrary, the CryO3 and TiO, concentrations in AN633 cpx2
are slightly lower (0.45-076 wt% for Cr,O3 and 0.22-0.35 wt% for TiO,) with a
saw-tooth variation pattern along the transect which someway resembles that of
Mg# one (Fig. 13.19). As a whole Mg#, Cry,O3 and TiO, of AN633 cpx2 are
very similar to those displayed by augite AN540 cpx2 belonging the Upper Unit
at the Oum R’Rbia section. Moreover whole-rock geochemical analyses of sample
ANG633 lead to think that this sample has actually an Upper Unit affinity, despite
of its higher TiOs content with respect to Upper Unit whole-rock samples from
the CHA, and despite its stratigraphic position. The Mg# ,hoie—rock-MEHqugite
diagram gives for the Intermediate Unit augites K?Z:A’Elt values very different
for all samples. Augite cores from sample AN539 seem to be close to equilibrium
with the parental magma for Kff:__]\?;lt = 0.30, similar to those of the Lower Unit
of the same section and again confirming what found for plagioclases of the same
sample. Augite from the Agourai Intermediate Unit have much lower K%’fjﬂ;lt
(down to 0.22), for AN525B, or even lower for AN633, thus probably indicating
high HyO-fO; conditions which affected the Fe?* /Mg ratio (and so Mg#) of the

parental magma.

Finally, for sample AN540 from the Oum R’Rbia lava pile, the only one be-
longing to the Upper Unit in the MA, two augites have been analysed by EMP
analyses: AN540 cpx2 and cpx3 (Fig. 13.20). The first phenocryst is a big eu-
hedral augite with marked sector zoning (hour-glass zoning), both optical and
chemical concentric zoning and tiny plagioclase micro-phenocryst enclosed even
near the core (Fig. 13.20, 13.21 and ?7). AN540 cpx3 has big size and euhedral
habitus, with no optical zoning but marked chemical zoning (Fig. 13.21) with
enclosed plagioclase micro-phenocrysts. Two other important features of AN540
cpx3 are the presence of micrometric size phenocrysts (both plagioclase and py-
roxenes) near the augite edge, which mimic a possibly previous rounded rim and
the presence of pigeonite which rims the augite (Fig. 13.20). Like other augites
analysed in the CHA, augites from AN540 sample plot from the Di-En enriched
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Figure 13.20: Microphotograph showing the augites AN540 cpx2 (on the left) and cpx3 (on
the right) from the Upper Unit at Oum R’Rbia section. Augite AN540 cpx3 (blue-purple) is

rimmed by pigeonite (orange). Red arrows represent EMP transect

side of the augite field to the sub-calcic augite field in the Wo-En-Fs diagram
(Fig. 13.13) with compositions in the range Woig9_41.8En478 59.0F8g6-24.0. The
Mg# are very high for AN540 cpx2 (Fig. 13.20) varying from 88.9 and 80.9 with
a saw-tooth pattern from the core toward the rim with jumps in Mg# up to 4
points (Fig. 13.21). Mg# of AN540 cpx3 varies from 76.7 to 83.3 in the core up
to 85.6 in the middle of the crystal and decrease then more or less monotonously
to 76.8 towards the rim down and increases again up to 81.6 before dropping
down to 71.3 at the augite-pigeonite transition (Fig. 13.21). CryO3 and TiOq
are similar to those found in the other Upper Unit augites. CryO3 in the AN540
cpx2 decreases from 0.50-0.68 wt% in the core to 0.24 wt% towards the rim with
quite complex pattern which partially resembles the Mg# one except for an in-
verse zoning near the rim. The CryO3 concentration of AN540 cpx3 are lower
than those of cpx2 and it varies with a more complex pattern (0.44-0.63 wt%
in the core to 0.07 wt% before the augite-pigeonite transition, then dropping to
zero). TiOy for AN540 cpx2 varies in the range 0.20-0.32 wt% from the core
toward the rim, while AN540 cpx3 have a little higher TiO, content with re-
spect to cpx2 (0.28-0.56 from the core toward the rim, decreasing again at the
augite-pigeonite) and reflecting more closely the Mg# variation. Like for some
augites of the Intermediate Unit, KCpr__ﬁglt of AN540 cpx2 and cpx3 are very low
(less than 0.22-0.23, Fig. 13.18), similar to that found for AN633 cpx2 and for
Tiourjdal and Telouet Upper unit augites (southern flank of CHA) and confirm-
ing the high K29’ (1.5-2) found for plagioclases of the same samples, index

of high HyO-fO, conditions of the parental magma from which the minerals were
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Figure 13.21: Core-rim compositional (Mg#, CroO3 and TiOs wt%) traverses of augites
AN540 cpx2 (on the left) and AN540 cpx3 (on the right) from the Upper Unit at Oum R’Rbia
(EMP analyses).

crystallizing.

13.2.4 Pigeonite (low-Ca pyroxene)

As said briefly before, pigeonites are well represented in the Agourai lava pile,
where in some flows (AN523 and AN524), together with subordinate augites build
up to 55-60 vol% of the paragenesis. In these samples pigeonites have large size
(up to more than 1.2 mm) with euhedral habitus. In fact in the sample AN523
EMP analyses are available for pigeonites only. In other samples, like AN525B,
even if pigeonite is very common it has smaller size and is present both as isolated
phenocryst and as rims of augite (Fig. 13.20 and 13.22). In the Lower Unit at
Oum R’Rbia pigeonite has not been detected, like in the Intermediate Unit. But
in the Upper Unit it does as in the Upper Unit basalts of Oued Lahr (CHA, not
analysed), both as tiny phenocryst in the microlithic ground-mass and as rims of
big augite phenocryst (Fig. 13.23 on the right and Fig. 13.20 on the right). In the
Intermediate Unit of the Agourai section 4 pigeonites have been analysed in the
samples AN523 (cpx1, cpx2, c¢px3, cpx3a) and 2 pigeonites in sample AN525B
(cpx1 and cpx2). No pigeonites have been detected in the Intermediate Unit
at Oum R’Rbia. Pigeonites belonging the Intermediate Unit have the widest
compositional range: Woz7g 1400457 71.6FS19.9_408 and most of them display a
strong rimward enrichment of the F's component (Fig. 13.13). Mg+ is higher with
respect to pigeonites of the CHA: from 79.0 to 72.3 in the pigeonite rimming the
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Figure 13.22: Microphotograph showing the pigeonite AN523 cpx5 (on the left, not analysed)
and augite rimmed by pigeonite AN525B cpx2 (on the right) from the Intermediate Unit at
Agourai (Middle Atlas). AN523 cpx5 has not been analysed. Red broken arrow represents
EMP transect

Figure 13.23: Microphotograph showing pigeonites of the sample AN523 (cpx3 and cpx3a,
on the left) from the Intermediate Unit at Agourai and little pigeonite phenocrystals in the
microlithic ground-mass of sample AN540 (on the right) from the Upper Unit at Oum R’Rbia.

Coloured arrows represent EMP transects
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augite AN525B cpx2 and from 78.3 to 52.1 for the isolated AN5H23 cpx2, with Mg#
of the other pigeonites comprised in the latter range (Fig. 13.24). CryO3 and TiOq
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Figure 13.24: Core-rim compositional (Mg#, CroO3 and TiOg wt%) traverses of pigeonites
AN523 cpx2 (on the left) and AN230 cpx3 (on the right) from the Intermediate Unit at Agourai
(EMP analyses).

span a slightly wider rang with respect to that found in the pigeonites of the CHA
Intermediate Unit. Both vary positively and negatively with Mg# respectively
from the core to the rim: 0.21 to 0 wt% for CryO5 and 0.11 to 0.51 wt% for TiOs.
The other pigeonites analysed have slightly lower and higher CroO3 and TiOq
concentrations respectively (Fig. 13.24). Nevertheless, pigeonite AN525B cpx2
gives us an other information: in the CaO core-rim compositional traverse it is
possible to see a clear decrease in CaO content related to the transition from the
augite core to the pigeonite rim. Within this pigeonite rim CaO (and Wo) clearly
increase rimward (from near 260 to 400 pum; Fig. 13.25). Since, as pigeonites
evolve their CaO content increases (Lindsley, 1983), the CaO drop occurring
at about 50 microns from the rim could be due to the beginning of plagioclase
crystallization. In the sample AN540 belonging the Upper Unit at Oum R’Rbia
4 pigeonites have been analysed including 3 micro-phenocrysts from the ground-
mass (Fig. 13.23) and one which rims an augite (Fig. 13.20, 13.21 and ?7?). As
a whole pigeonites of the Upper Unit span a more restricted compositional range
with respect to those of the Intermediate Unit: Wor5_134Eng 7_6s.0FS23.0 265
(Fig. 13.13). At the same time Mg# has a more restricted range (79.8-70.6; Fig.
13.26). Cry03 and TiO, are very low and not correlated each other and neither

with Mg#. Cry03 does not exceed 0.24 wt% and for the analysis points it is less
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than 0.10 wt%. TiO, varies from 0.17 to 0.40 wt% (Fig. 13.26).
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14 WHOLE-ROCK GEOCHEMISTRY OF MA-WM
PILES

In total 16 samples from Maaziz (WM), 13 samples from Oum R’Rbia (MA)
and 16 samples from Agourai section (MA) have been analysed for major and
minor elements by XRF, while 8 samples from Maaziz, 6 samples from Barrage
and 8 from Agourai have been analysed for trace elements by ICP-MS. Also in
the WM and in the MA, XRF and ICP-MS analyses allow to group the basaltic
flows into units, as for CHA, with the notable difference that in the WM and MA
the uppermost Recurrent Unit does not outcrop. Moreover, as described in the
previous chapters, the Lower Unit is present with only three lava flows at Maaziz,
with no more than 2 or 3 lava flows at Oum R’Rbia, while it does not outcrop
at Agourai. The Intermediate Unit is the best represented in all three sections
with numerous lava flows. Finally the Upper Unit is not represented at Maaziz,
it is present with only one thick lava flow at Oum R’Rbia, while at Agourai it is
probably represented by (at least) one lava flow interbedded with the uppermost
Intermediate lava flows. In a TAS diagram (Total Alkali Silica, SiO wt% vs NayO
+ K20 wt%) samples from WM and MA plot mainly in the basaltic andesite field
(Fig. 14.1, triangles for Maaziz section, circles for Barrage section and squares
with star for Agourai section. Blue for the Lower Unit, red for the Intermediate
Unit, yellow for the Upper Unit) with SiOy between 52 and 54 wt% and only
2 samples are more acid (SiOy ca. 56 wt%). In an AFM diagram (A = Alkali,
NayO + Ky0 wt%, F = FeOy; wt% and M = MgO wt% all recalculated to 100,
Fig. 14.1, curved line separating tholeiitic and calc-alkaline rocks after Irvine &
Baragar, 1971) Ma and WM basalts define a tholeiitic evolution trend, as for
CHA basalts with the increase in the Fe content and an alkali enrichment fairly
visible in the 2 most evolved samples. In general, L.O.I. of the MA and WM
basalts are lower than those of the CHA samples, with major elements remaining
nearly constant and increasing their scattering only for very high L.O.I. (Fig.
14.2). However CaO and FeOy,; seem to show a negative correlation with L.O.1.;,,
while MgO is positively correlated. As for CHA basalts, TiOy and P,O; are

unaffected from secondary alteration, thus being constant and moreover allowing



to recognize the three units preserved in MA and WA (Fig. 14.2 and 14.3). MA
and WM basalts are slightly to moderately evolved. All the samples have Mg#
varying from 54.6 and 68.0, except one sample (AN525[AN630]) belonging to the
Intermediate Unit at Agourai which has a quite evolved composition with Mg#
= 43.7 and high TiO; (up to 2.1 wt%). In general SiOq, TiOy, FeOyy, NagO, KO
and CaO tend to increase at decreasing Mg#, while MgO, Al,O3 decrease with
Mg#. P50j5 tend to remain constant. The decrease of MgO and Al,O3 could
be driven by olivine and plagioclase fractionation, even if this should be seen
also in the CaO variation. However the low CaO content at high L.O.I. could
explain the lack of correlation among CaO and MgO-Al,O3 pair. The possible
sign of olivine and plagioclase fractionation is visible in the Mg# vs CaO/MgO
and CaO/Al,O3 diagrams, where compositions suggest a liquid line of descent
controlled by olivine and clinopyroxene with only minor plagioclase fractionation
(Fig. 14.4), as highlighted by the slight Sr increasing for CaO decreasing.. Cr and
Ni have higher concentrations with respect to the CHA basalts. In general there
is a good correlation with Mg# and between Cr and Ni (Fig. 14.5). Differently
from the CHA, the Intermediate Unit is the richest in Cr and Ni, both at Maaziz,
Oum R’Rbia and Agourai with Cr up to 500 ppm. The Lower Unit has a more
restricted Cr range (330-360 ppm), while the Upper Unit has lower Cr (270 ppm),
as described for the CHA basalts. Ni, like for Cr, reaches the highest content in
the Intermediate Unit (ca. 140 ppm at Agourai), while in the Lower and Upper
Unit has slightly lower contents (93-115 ppm) with one sample (AN633), with an
Upper-like composition on the base of trace element contents, has only 63 ppm
Ni. As said before, Cr and Ni are quite well correlated, thus again indicating
olivine and minor amount of clinopyroxene fractionation. V and Sc, like in the
CHA basalts, span a restricted range. In general both of them are nearly constant
or slightly increasing for decreasing Mg#. Only at Agourai, V shows a steep slope
(266-363 ppm) maybe due to oxide fractionation in the less evolved samples. In
the other units V varies in the range 281-318 ppm. The same happens for Sc,
which shows an increase at lower Mg#, with variation in the 32-39 ppm range
indicating very little amount of clinopyroxene fractionation. LILE, except for Sr,
are not obviously correlated with Mg#. Ba, Rb and Cs show a wide scattering if
plotted with L.O.1.;,; (Fig. 14.8, Rb and Cs not shown), even if a broad negative
correlation with Mg# is visible (Mg# vs Cs not shown), as expected for a Rb and
Ba enrichment towards more evolved rocks. Sr is more difficult to evaluate. The
Lower and Intermediate together with the Upper Unit are well distinct but, while

the Intermediate and the Upper Unit seem to have an almost constant Sr content,
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the Lower Unit seems to have decreasing Sr at decreasing Mg#. However, the
highest Sr contents could be due to the remobilization by aqueous fluids, since
the samples which show the highest Sr have the highest L.O.1.;,;. HFSE show a
good correlation with Mg#, increasing towards more evolved samples (Fig. 14.9).
The three units are well distinct with decreasing concentration from the Lower to
the Upper Unit, like for CHA basalts. Also in the Zr vs Zr/Nb and Th vs Th/Nb
diagrams the three units are distinct. In the first, the compositional fields of the
three units are similar to those of the CHA basalts (Fig. 10.11), while in Th vs
Th/Nb the Lower and Intermediate Unit display slightly different compositions.
In fact the Lower Unit in the MA and WM has the same Th/Nb but slightly higher
Th. The Intermediate Unit displays for the same Th content much higher Th/Nb.
Like for CHA, the MA and WM basalts have REE well correlated with Mg#, with
the three units well differentiated on the base of the LREE concentrations. From
the Lower to the Upper Unit, LREEs decrease their contents, with a progressive
overlapping of the compositional fields towards the HREEs (Fig. 14.10). While
the Lower and Intermediate Unit have similar REE composition to those of the
CHA (i.e., 33-36 ppm Ce for the Lower Unit and 22-27 ppm for the Intermediate
Unit), the Upper Unit has slight higher REE, and for MREE and HREE the
Upper Unit composition overlaps completely with that of the Intermediate Unit.
Also La vs La/Yb, Sm vs Sm/Nd and Lu vs Lu/Hf diagrams are very similar
to those of the CHA basalts (Fig. 14.11), displaying the same trends from the
Lower to the Upper Unit, but with Sm/Nd and Lu/Hf quite higher compared
to the same ratios of the CHA basalts. In the next chapter we will talk about
this difference. In chondrite normalized diagrams (Andres & Grevesse, 1989),
the MA and WM basalts analysed display sub-parallel REE patterns similar to
those of the CHA, with monotonous decrease from La to Lu (Fig. 14.12). It is
always present the LREE enrichment compared to HREE (La/Yb¢y, = 4.85-5.5)
to Upper Unit (La/Ybe, = 2.7-2.9) comparable with that of the CHA, but the
absolute concentration are lower for the Lower Unit and higher for the Upper
Unit, making more tight the three REE patterns. Another important feature is
the almost absent Eugj, negative anomaly, fairly visible only in the Intermediate
Unit at Agourai. Finally, in a Primitive Mantle (PM) normalized multi-element
diagram (McDonough & s. Sun, 1995), most of the features seen in the CHA
basalts, occur also in the MA and WM samples (Fig. 14.13). There is scattering
in the Rb and Cs data, even if in lesser amount. HFSE concentrations well
distinguish the three units, with the typical negative Nbpy, and Tap,; anomaly
and progressively decreasing HFSE contents from the Lower to the Upper Unit.
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All samples of the Lower and Intermediate units display strong positive Pbpy,
and negative Srp); anomaly except for two sample of the Lower Unit (AN534 at
Oum R’Rbia and AN503 at Maaziz) and two sample of the Intermediate Unit at
Oum R’Rbia (AN611 and AN539[613]). These samples show any positive Pbpy,
and vary fair negative Srpy; anomaly, this probably related to their remobilization
by aqueous fluids as previously highlighted for Sr and Ba and as visible in the Ce
vs Ce/Pb diagram (Fig. 14.11).
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Figure 14.2: Major elements vs L.0.1.;,; diagrams of all basalts from MA and WM analysed
by XRF.
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Figure 14.3: Mg# vs major elements diagrams for all MA and WM basalts analysed by XRF.
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Figure 14.5: Mg# vs Cr and Cr vs Ni diagrams
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Figure 14.6: Mg# vs V and Sc diagrams for all MA and WM basalts analysed by XRF.
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Figure 14.7: Mg+# vs LILE diagrams for all MA and WM basalts analysed by ICP-MS.
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Figure 14.9: Mg# vs HFSE, Nb vs Nb/Zr and Th vs Th/Nb diagrams for all MA and WM

basalts anal

ysed by ICP-MS.
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WM basalts analysed by ICP-MS.
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basalts analysed by ICP-MS.
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15 MOROCCAN LAVA PILES CORRELATION

In this chapter XRF and ICP-MS data, isotopic systematics and paleomag-
netic data available for the samples analysed from the CHA will be used to infer
about a possible magneto-chemo-stratigraphic correlation among the three lava
piles of Tiourjdal, Telouet and Oued Lahr. After a similar correlation among the
volcanic sections of the WM (Maaziz) and MA (Oum R’Rbia and Agourai), all
data will be summarized possibly to extend this correlation at regional scale over
an area ca. 10° Km? large, between Central High Atlas and Middle Atlas/West-
ern Meseta. As shown previously major and trace elements allow to recognize
a systematic time-related compositional variation among the four units which
build-up the Moroccan lava piles. However many problems arise for a straight-
forward correlation among the sections sampled in different parts of Morocco:
trace element analyses performed in different laboratories, isotopic analyses not
available for all sections, different lava pile structures, magneto-stratigraphy not

available for the Telouet section.

15.1 GEOCHEMICAL DATA SETS

Trace element analyses have been done in different laboratories. For the
Tiourjdal section, series AN100 and TJ have been analysed at Grenoble. Sam-
ples from Telouet (series TEL) and Oued Lahr (series OL) have been analysed
at Acme Analytical Laboratories in Vancouver (Canada), while samples from
WM/MA (Maaziz, Agourai and Oum R’Rbia, all series AN500 and AN600) have
been analysed at WSU GeoAnalytical Laboratory, Washington State University
(United States). In Fig. 15.1 the differences (%) are visible between the analyses
done in Vancouver (series TEL and OL) and in Washington (series AN500 and
ANG600) with respect to those of a reference samples (AN136 for the Lower Unit,
AN141 for the Upper and AN156A for the Recurrent Unit) previously analysed
at Grenoble. However, for the Vancouver data-set only one reference sample
is available (AN136), so correction for systematic instrumental shift is possible
only for the Lower Unit of Telouet and Oued Lahr. For the WM/MA sections
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Figure 15.1: Differences % between analyses performed at Vancouver (upper two diagrams)

and Washington (lower two diagrams) compared with samples already analysed at Grenoble

corrections are available for the Lower and the Upper Unit (Fig. 15.1). In the
case of Telouet and Oued Lahr trace elements, corrections for most of REE are
less than 10%. Only Ce, Nd, Tb and Dy are overestimated more than 10% with
respect to the same element concentration measured at Grenoble, while Eu, Ho
and Er are slightly underestimated (ca. 5%). Also LILE and HFSE are overesti-
mated, up to 20% with exception of Y, Zr and Nb which are overestimated less
than 5% and Ta only slightly underestimated. In practice the Y, Zr, Nb and Ta
concentrations, like their relative ratios, are almost identical to those obtained
from the Grenoble analyses. On the contrary, Pb and Th are underestimated
(ca. 70%) while U is up to 3 times overestimated compared to Grenoble analyses.
REE analysed in Washington are always overestimated with respect to analyses
performed in Grenoble. In Fig. 15.1 it is visible that MREE are overestimated
(except for Gd) with respect to LREE and HREE. The cause of this behaviour
is not known. Differences % for La and Ce (LREE) and Yb and Lu (HREE) are
very similar so LREE/HREE ratios need no or slight correction to be comparable
with those calculated in the Grenoble data-set. Also LILE and HFSE are always
overestimated except for Nb and Zr which are slightly underestimated in AN136
and AN141 samples (up to 5-6%). Ta is always overestimated except for sample
AN141 where is only slightly underestimated (few %). More in general the high-
est analytic differences between new and old analyses for LILE and HFSE are
reached in AN156A (Recurrent Unit) with no more than 15%. Only U is up to
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22%. The most important thing is that Th, Nb, Y, Hf, Ta and Zr (the most im-
mobile elements during secondary alteration) have analytic differences not higher
than 5-6%, being so almost identical to concentrations measured in Grenoble. An
other feature is visible in both the diagrams. Differences between the new and the
old measures decrease from the Lower sample towards the Upper sample, while

the Recurrent sample has the highest differences % among the analysed samples.

15.2 LAVA PILE STRUCTURES

The studied lava piles are structured differently in terms of the presence of
the units within the volcanic sections and the number of lava flows belonging to

each unit (Fig. 15.2). The four units detectable on the geochemical base are

CENTRAL HIGH ATLAS W MESETA MIDDLE ATLAS
TIOURJDAL OUED LAHR MAAZIZ AGOURAI
TELOUET OUM R’'RBIA
E @
=g umesTone
CLAYSTONE
[ ravarLows
PILLOW LAVA
[ITTT] coLumnar Lava
Y BASAL SILTSTONE

Figure 15.2: Stratigraphy of the CHA and MA /WM lava piles based on chemographic criteria.
Blue for the Lower Unit, red for the Intermediate Unit, yellow for the Upper Unit and green
for the Recurrent Unit.

not present in all studied sites and have global different thickness in the various
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sites. For example, while the Lower Unit is present in all sites (WM, MA | Eastern
Meseta and CHA), the Intermediate unit is thick in the WM, MA and CHA, but
only one Intermediate Unit sample is available from the Eastern Meseta. The
Upper Unit is represented occasionally in the MA and in the Eastern Meseta and
in all CHA sites and finally the Recurrent Unit is present only in the CHA. More
in detail, as previously described (Chap. 9), the Tiourjdal sequence seems to be
the most complete, with a Lower Unit build up by 22 flows, while only 12 and 6
Lower flows are present at Telouet and Oued Lahr, respectively. On the other side
the Lower Unit in MA and WM is poorly represented (3 flows at Maaziz and 1,
maybe 2 flows, at Oum R’Rbia) or completely absent like at Agourai. Differently
the Intermediate Unit is best preserved in the MA /WM with 9 to 13 flows sampled
and numerous not sampled thin and altered flows, while in the CHA 10 lava flows
are recorded at Tiourjdal and Telouet and only 6 at Oued Lahr. Also the Upper
Unit is not equally recorded everywhere: at Tiourjdal only 2 flows are present,
3 at Telouet and 6 at Oued Lahr. In the MA/WM only one flow belonging
to the Upper Unit at Oum R’Rbia is recorded, while one flow geochemically
equivalent to Upper basalts is interbedded with the uppermost Intermediate flows
at Agourai. Finally the Recurrent Unit, represented in the central High Atlas by
one single flow, is completely absent in the MA /WM realm. Another problem is
that not all units in each section are represented by a large number of analysed
flows for trace elements and isotopic measures, first due to the low flow numbers
belonging to some units and also for bad preservation of most basalts. If we
add that the same chemostratigraphic units in different volcanic sections are
spatially and probably temporally separated, it results that a correlation only
on geochemical base results somewhat arbitrary. For these reasons, I tried to
use both geochemical and paleomagnetic data to infer a possible tight correlation

over all volcanic sections studied in this work.

15.3 MAGNETO-CHEMOSTRATIGRAPHIC CORRELA-
TION

As described in the previous chapters, the 2007 sampling campaigns (Maaziz,
Agourai and Oum R’Rbia sections) gave back samples for geochemistry and pa-
leomagnetic studies. For the CHA, samples for geochemistry (Tiourjdal, Telouet
and Oued Lahr) and core rocks for paleomagnetic studies (only Tiourjdal and
Oued Lahr) are available from previous sampling campaigns (Knight et al.,

2004). The starting point for a stratigraphic correlation between the CHA lava
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piles with those of the WM/MA operated in this work are the paleomagnetic
data (i.e. paleo-inclination and paleo-declination) of sampled lava flows. In fact,
paleomagnetic data allow to group lava flows in directional groups (DG), defined
as "a set of consecutive lava flows with statistically indistinguishable paleomag-
netic directions where the variation of the DG is less than the A95 of the mean
group direction, and the jump in the direction is greater than the mean A95 of
the previous group” (Knight et al., 2004). Since the paleo-direction variations
recorded within each directional group are smaller than those observed in a sec-
ular variation cycle, it follows that lava flows of each DG have been emplaced in
e period shorter than about 450-years (in the hypothesis that paleosecular varia-
tions at T-J boundary were similar to those recorded in the Holocene; Schnepp
et al., 2003). At Tiourjdal, magnetostratigraphy allows to individuate 5 DG
(Fig. 15.3), four with normal polarity (NP) and one with reversed polarity (RP).
The first two groups (DG1 and DG2, following the nomenclature of Knight
et al. (2004)) cover the entire Lower Unit. DG3 is formed by the Intermediate
Unit basalts below a sedimentary layer (TJ27) which yielded a RP and defines
DG4. The last group, DG5 is build up by the rest of the Intermediate Unit (above
the RP) and the two lava flows belonging to the Upper Unit. Paleomagnetic data
for the Recurrent Unit did not yield any confident DG (see details in Knight
et al., 2004). At Oued Lahr, four DGs have been identified, all at NP except
one RP at the base of the Intermediate Unit. The first group (DG2) covers the
entire Lower Unit (Fig. 15.3). Its denomination is determined by comparison
with the Tiourjdal section on the base of the paleomagnetic directions (inclina-
tion and declination). The RP which marks the onset of the Intermediate Unit
at Oued Lahr (sample OLT7) defines the DG4, following Knight et al. (2004).
The remaining Intermediate Unit is assigned to the DG5, while the last group
(DG6) is formed by the 6 lava flows that build up the Upper Unit (Fig. 15.3).
The finding of the brief RP event both at Tiourjdal and Oued Lahr, in over-
all normal polarity sequences, allow to compare and possibly correlate (in the
hypothesis that the two reversal record the same polarity inversion event) flows
belonging to homologues units (Fig. 15.3). I tried to combine paleomagnetic and
geochemical data to improve the correlation among lava piles, since it is possible
to relate to each lava flow group (which correspond to a temporally defined DG)
a well defined trace element (and isotopic) composition, with the main goal to
constrain if units (or sub-units) belonging to different lava piles, sharing similar
trace elements compositions are temporally related, indicating a probably com-

mon magmatic feeding system, or if homologues DGs have different compositions
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Figure 15.3: Magnetostratigraphy (mean flow inclination corrected for bedding-tilt) and
chemostratigraphy (TiOs wt% and Ce/YDb) of the Tiourjdal and Oued Lahr sequences. The
correlation between the two sections is based on paleomagnetic and geochemical data. Triangles
for Tiourjdal samples and squares with black star for Oued Lahr samples. Blue and cyan for the
Lower Unit (Lower 1 and Lower 2 sub-groups respectively), red and pink for the Intermediate
Unit (Interm 1 and Interm 2 sub-groups respectively), yellow for the Upper Unit, green for the
Recurrent Unit.
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thus indicating that different magmatic systems have been active nearly at the
same time. This method applied to the most complete Tiourjdal sequence al-
lows recognizing two sub-units within the Lower (Lower 1 and Lower 2) and tow
sub-units within the Intermediate Unit (Interm 1 and Interm 2) each of them
corresponding to a specific DG (Fig. 15.3). In fact all four sub-units display a
slightly different mean trace element composition (partially supported by isotopic
data, Chap. 10). The other two sections of the CHA, Telouet and Oued Lahr,
have less lava flows compared to Tiourjdal so this subdivision of the two oldest
units is not visible. Using geochemical criteria it is possible to correlate the Lower
Unit both at Telouet and Oued Lahr with the Lower 1 sub-group of Tiourjdal,
while the Intermediate Unit at Telouet and Oued Lahr corresponds with the In-
term 2 sub-group of Tiourjdal (Fig. 15.5). In fact, geochemical data show that
the REE and HFSE compositions of the lava flows belonging to the Lower and
the Intermediate Unit at Oued Lahr match closely in composition the Lower 1
and the Interm 2 sub-groups respectively. Ce vs Ce/Y, Sm vs Sm/Nd and Nb
vs Nb/Zr diagrams (Fig. 15.5) support this correlation. The Lower 2 sub-group
at Tiourjdal, even if partially overlapping with the Lower 1 sub-group is quite
distinguishable having higher mean REE and HFSE concentrations and ratios.
The Intermediate Unit at Oued Lahr is distinct from the Interm 1 sub-group
at Tiourjdal, matching more closely the Interm 2 sub-group compositions even
if with lower REE and HFSE concentrations and ratios than the Interm 2 sub-
group. The Lower Unit at Telouet has composition similar to that of the Lower 1
sub-group, while the Intermediate Unit overlaps perfectly the Intermediate Unit
at Oued Lahr, thus being more similar to the Interm 2 rather than to the Interm
1 sub-group (Fig. 15.5). Notably, in the Intermediate Unit at Telouet a flow with
a clear Upper Unit composition (TEL21) occurs stratigraphically within the up-
permost part of the Intermediate Unit (cf. below for a similar feature within the
Agourai section, MA). In all three diagrams, the Upper Unit of CHA lava piles
displays a narrow compositional range, except for Sm/Nd which is slightly scat-
tered, similar to those of the Lower and Intermediate Unit. Assuming that the
Nd concentration of the Intermediate and Upper Unit samples should be slightly
corrected for analytical bias, similar to the Lower Unit samples, then Sm/Nd
would have more narrow compositional range. If paleomagnetic data seem to
support the basaltic units subdivision based on geochemical criteria, they tell
us a more complex situation. For the successive correlations I used the RP at
Tiourjdal (DG4, sample TJ27, white triangle in Fig. 15.3, a sedimentary layer
sampled in the middle of the Intermediate Unit) and at Oued Lahr (DG4, OL7,
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a pillow lava just above the transition between the Lower and the Intermediate
Unit) as anchor point, considering that these represent the same magnetic inver-
sion event. While the Lower Unit at Oued Lahr seems to be geochemically similar
to the Lower 1 sub-unit at Tiourjdal, its paleomagnetic directions indicate that
it is nearly contemporaneous with the Lower 2 sub-unit (same DG), since the
mean longitudes and latitudes of the virtual geomagnetic pole (VGP) are similar
(Fig. 15.4). This eliminates almost completely the large volcano-stratigraphic
gap visible in the Fig. 15.3 between the top of the Lower Unit and the RP (i.e.
base of the Intermediate Unit) at the Oued Lahr sequence and it could highlight
the contemporaneous presence of two geochemically slightly distinct magmatic
feeding system at Tiourjdal and Oued Lahr, respectively, excluding the possi-
bility of relative rotations between the two sequences. For the Lower Unit at
Telouet (few tens of kilometres apart from Tiourjdal), the correlation is possible
only on the base of trace elements content (Fig. 15.5), since no paleomagnetic
date are available at present. The Intermediate 1 sub-unit of Tiourjdal has nei-
ther a geochemically nor magnetostratigraphically counterpart in the other CHA
sections (Fig. 15.3,15.4,15.5) while the Intermediate 2 sub-unit, as inferred from
trace element compositions, has a counterpart both at Oued Lahr and Telouet.
However, VGP directions at Tiourjdal and Oued Lahr are again different (Fig.
15.4), thus indicating that the two magmatic systems are temporally unrelated.
The Upper Unit, as visible in Fig. 15.3, belongs to two different DGs. At Tiourj-
dal, the two Upper Unit flows occur very little time after the emplacement of the
underlying Intermediate 2 sub-unit. In fact both the Upper Unit and Interme-
diate 2 sub-unit belong the same DG (DG5). In the near Telouet sequence (few
kilometers apart) interbedded within the Intermediate Unit basalts (geochemi-
cally equivalent to the Intermediate 2 sub-unit of Tiourjdal, Fig. 15.3) there is
an Upper Unit flow. This could be a very compelling evidence for the hypothesis
of two magmatic systems of different composition active nearly at the same time,
if confirmed by paleomagnetic data. At Oued Lahr the Upper Unit, although
geochemically similar to the Tiourjdal Upper unit, is temporally unrelated to it,
since the VGP directions of the two units are different (Fig. 15.4). No paleomag-
netic data are available for the Recurrent Unit in the CHA lava piles investigated
here (see details in Knight et al., 2004).

As seen previously (Chap. 13), the three basaltic units detected in the
WM/MA volcanic sections have a narrower compositional range compared to
those of the CHA. The Lower Unit flows from Maaziz and Oum R’Rbia are simi-
lar in the Ce vs Ce/Y, Sm vs Sm/Nd and Nb vs Nb/Zr diagrams (Fig. 15.6). As
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seen before, analytical corrections for the Lower Unit in the Washington data-set
vs Grenoble data are minimal. While Ce needs to be correct by 10-12% (towards
lower values), Ce/Y is almost the same (i.e., 4% overestimated). Altogether in a
Ce vs Ce/Y, the Lower Unit samples diagram need to be shifted slightly towards
lower Ce concentrations, overlapping perfectly with the Lower 1 sub-group of the
CHA (Fig. 15.7). In the Sm vs Sm/Nd diagram, the Lower Unit samples need to
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Figure 15.6: Ce vs Ce/Y, Sm vs Sm/Nd and Nb vs Nb/Zr diagrams relative to the Maaziz
(WM), Agourai and Oum R’Rbia (MA). Triangles for Maaziz section, circles for Oum R’Rbia
section and crossed squares for Agourai section. Blue for the Lower Unit, pink for the Interme-

diate Unit, yellow for the Upper Unit.
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Figure 15.7: Ce vs Ce/Y, Sm vs Sm/Nd and Nb vs Nb/Zr diagrams relative to the chemo-
graphic correlation among CHA and WM/MA sequences. Colours as above. Filled and hollow
symbols for the CHA and WM/MA sequences respectively.

be shifted only by 10% towards lower Sm contents, also in this case overlapping
with the Lower 1 sub-group in the CHA. No corrections are needed for Nb and
Nb/Zr. The Intermediate Unit of WM /MA covers a much wider range compared
to that of the Lower Unit, but narrower than the Intermediate unit from the CHA
(Fig. 15.6). Considering similar analytical corrections to those of the Lower and
the Upper Unit, in the Ce vs Ce/Y and Sm vs Sm/Nd diagrams the Intermediate
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compositions should be shifted towards lower REE contents for almost constant
Ce/Y and Sm/Nd.

The WM/MA Intermediate Unit in this case should be the similar to the In-
term 2 sub-group of CHA. Finally, the Upper Unit is represented by one sample at
Oum R’Rbia (AN540) and probably one sample (AN540[633]) at Agourai which
displays a composition with Upper-unit affinity. In fact, despite its stratigraphic
position (between the uppermost Intermediate lava flows) it displays REE and
HFSE compositions resembling more closely that of the Upper Unit. AN540[633]
could record the same phenomenon seen in the Telouet section, where an Upper
Unit flow (TEL21) occurs stratigraphically within the uppermost part of the In-
termediate Unit. In the Ce vs Ce/Y, Sm vs Sm/Nd and Nb vs Nb/Zr diagrams,
ANG633 plots near the clearly Upper Unit sample AN540. Analytical corrections
for these two samples are necessary only for REE and Y, since Nb and Nb/Zr
need corrections lower than 5%, being so nearly identical to Nb and Nb/Zr com-
positions of the CHA Upper Unit. With regard to Ce vs Ce/Y, the Upper Unit
samples are overestimated by ca. 7% in Ce content, while Ce/Y is underestimated
by about 15%. With these corrections the WM /MA compositional Upper Unit
field overlaps closer with the CHA homologues. In the Sm vs Sm/Nd diagram,
the sample compositions are overestimated both in Sm (ca. 11%) and Sm/Nd
(ca. 3%). Also here, the analytical correction induces overlap of the WM/MA
Upper samples with the CHA ones (Fig. 15.7).

Paleomagnetic data (data obtained by S. Brownlee, Berkeley Geochronology
Centre, U.S.A.) allow to recognize at least three DGs: two at Maaziz, three at
Oum R’Rbia and at Agourai (Fig. 15.8). However, as visible in the chemostratig-
raphy (TiOs wt% and Ce/YDb in Fig. 15.8) of the three sections, some flows are
not included in the DG computation, since the relative samples did not give stable
mean paleomagnetic directions or were not sampled. At Maaziz the first two flows
are not included in the first directional group detected (DG1) due to poor statis-
tics of the paleomagnetic results. However, the first DG at Maaziz comprises the
last Lower Unit flow and (at least) the first flow belonging the Intermediate Unit.
The flows are interlayered by an about 1 m thick carbonate level. As seen for
the CHA sequences, also here some paleomagnetic directional groups are defined
by lava flows which belong to two compositionally different magmatic systems.
The second directional group (DG2) of the MA /WM is formed by at least 5 flows
which have Intermediate-like chemical compositions. The magnetostratigraphy
of the Oum R’Rbia section is the most complete (Fig. 15.8). The first (DG1), like
for Maaziz, is constituted by the only sampled Lower Unit flow and by the first

183



16 MAAZIZ 16 1 MAAZIZ 16 MAAZIZ
4 Interm - MAZ aInterm - MAZ
12 4 12 | & 12 A
A A
10 4 B3 10 A 10 4
e iy
g, g, g,
= = | D62 2 4 0GZ e DG2
6 HA| 6 - A 6
A&
4 4 4 4
- ] oet 6t [
2 2 A 2 A
, : 061? R EN
0 T T T T T " o] T T T . 0 T T T |
0 10 Inscq e 40 50 60 08 1.2 Tia'zawt"/n 2 2.4 0 ger ("1;%) 16 20
16 OUMR'RBIA 16 OUMR'RBIA |30 -8 o1 | 161 OUMR'RBIA | RP-540
* Low - BAR * Low - BAR
14 4 14 4 14 4
—~— DG o DG 06 o
12 —— 12 4 12
10 —o— DGZ 10 | DG2 10 » | DGZ
—o—
‘_% 8 [ S— EB B & ‘_%3 4
[TH w w
6 6 - @ 6 -
00— o ]
4 4 @ 4 DGI
DG1 . ot i
24 2 2 |
= = r
0 T T T T T 1 0 T T T ) 0 T T T )
0 10 Inscq © 40 50 60 0s 1.2 Tia'zawt"/n 2 2.4 0 %er (Ié%) 16 20
16 1 AGOURAI 16 AGOURAI | *Upp-ACR 16 - AGOURAI | Wp-AcGR
®Interm - AGI # Interm - AGR
14 4 —&— 14 * 14 - *
0G3 = D63 = DG3
12 A 12 * 12 4 x
[ — *
10 10 X D 2 10 4
. G2 ) G GZ
[T ' - w -
5 1 DGt 6 DGt 5 [T
—— 5
4 —E— 4 4 * 4 4 *
2 —— - 2 ® - 24 L)
—— ® *
0 T T T T T ! 0 T T T ) 0 T T T T |
0 10 |n33 © 40 50 60 0.8 1.2 Tié'zswt% 2 2.4 0 ger ("13%) 16 20

Figure 15.8: Magnetostratigraphy (DGs in coloured boxes) shown the mean flow inclination
and chemostratigraphy (TiO2 wt% and Ce/Yb) of the MA/WM lava piles with of the Maaziz,

Oum R’Rbia and Agourai sequences.
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half (at least four lava flows) of the Intermediate Unit. The second DG is formed
by the remaining part of the Intermediate Unit and it is followed by the DG3
that corresponds with the only Upper Unit flow. Magnetostratigraphy of the
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Figure 15.9: A possible magnetostratigraphic correlation among MA /WM lava piles super-
imposed on chemostratigraphy (Zr/Nb by ICP-MS). Coloured boxes represent only homologues

DGs in different sequences, thus not implying similar basaltic composition.

Agourai section suffers more or less of the same problems encountered at Maaziz,
since many lava flows at the base of the section yielded scattered paleomagnetic
data (cyan dashed box in Fig. 15.6) and other flows in the middle of the section
are not sampled for magnetostratigraphy because of their bad preservation. The
collected samples allow to define three DGs: the first (DG1) is formed by 1 lava
flow, the second (DG2) is formed by at least three flows in the middle part of the
section (with a limestone layer which was not analyzed yet) and the third (DG3)
comprises the uppermost flows, from the Upper Unit-like AN530[633] sample to
the top of the section (Fig. 15.8). With regard to the lava flows at the base
of the Agourai sequence that are not included in the defined DGs, it is possi-
ble that their emplacement took a longer time with respect to that inferred for
other DGs, i.e. between each flow the magnetic directions changed enough to
be different compared to those recorded in the overlying flow. This would be
very interesting if compared with the "usual” magmatic activity found in CHA
and MA /WM, that manifests itself as brief (few hundred years) magmatic pulses
(Knight et al., 2004). However, we note that there is no field evidence for long
hiatuses between eruption of the lowermost Agourai samples (i.e. no presence of

significant paleo-sole or sedimentary interlayers).
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Mean VGP directions of the basaltic flows of the MA/WM sequences are
visible in Fig. 15.10. At first glance it is possible to note that, differently from
CHA lava flows/units, those of the MA and WM cluster more tightly, except for a
couple of lava flows (Fig. 15.10). This could mean that lava flows were emplaced
in a period of time shorter than that spanned in the CHA. Another striking
feature is that, despite the individuation within each volcanic sequence of 2 or 3
DGs (on the base of paleomagnetic directions, inclination and declination), some
of these have nearly coincident mean VGP directions. In fact, DG1 and DG2
at Oum R’Rbia (blue and purple circles in Fig. 15.11), DG2 at Maaziz (purple
triangles) and Agourai (purple squares with white star) have overlapping VGP

directions. This could suggest:
e extremely short magmatic event for the DGs mentioned above;

e the recognition of DG1 and DG2 at Oum R’Rbia, DG2 at Maaziz and
Agourai is wrong (especially taking into account the large error bars asso-
ciated with paleodirections of Oum R’Rbia lava flows, Fig. 15.8) thus im-

plying a single magmatic pulse recorded above an area spanning ca. 5x10%
km? for these DGs in the MA /WM.

On the other side, DG1 at Agourai (blue squares with white star) and Maaziz
(blue triangle) and DG3 at Oum R’Rbia and Agourai (yellow circle and squares
with black star) are quite clearly distinct, thus possibly representing, in the case
of realistic mean VGPs, two other magmatic pulses. In DG3 (recorded only
in the MA), AN633 and AN540 samples (chemical Upper Unit at Agourai and
Oum R’Rbia, respectively) cluster quite near (Fig. 15.10), while the third sample
belonging to DG3, AN532 (the topmost flow, yet chemically belonging to Inter-
mediate 2 sub-unit at Agourai), plots far away from the others (VGP(long) at
ca. 330°). Since, between sample AN633 and AN532 are present numerous not
sampled thin lava flows (maybe more than six for a lacking stratigraphy thick
at least 20-30 meters), it is possible that AN532 plots far away from AN633 and
ANDBH40 because it records a later magmatic event. However, its paleomagnetic
inclination and declination (Fig. 15.8) are nearly the same of the underlying flow
ANG633, thus arising a difficult interpretation problem. A similar behaviour is
visible at the base of the same sequence, as explained before.

Taking into account the hypothesis that the mean MA/WM VGPs are real,
correlation between CHA and MA /WM lava piles (based on DGs temporally but

not chemically equivalent) could be this:
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related geochemical affinity see Fig. 15.8.

e DG1 and DG2 at Oum R’Rbia, DG2 at Maaziz and Agourai could record the
same magmatic event and these parts of the lava sequences could correlate
with DG5 at Oued Lahr (i.e., the Intermediate 2 sub-unit in Fig. 15.3)
(Fig. 15.11);

e DG1 at Agourai (geochemically the Lower 1 sub-unit) could correlate with
the Lower 1 sub-unit of Tiourjdal, since plot close to DG1 of this sequence
(Fig. 15.11);

e DGI1 at Maaziz and DG3 at Agourai and Oum R’Rbia could not correlate
with any CHA DGs.

On the other side, taking as real the paleodirections of single flows (to group lava
flows temporally related) and using the geochemistry of associated sub-units (to
relate homologues sub-units in different sequences) a possible interpretation of
paleomagnetic data could be that shown in Fig. 15.9, which in part fits with
what found in CHA at Tiourjdal and Oued Lahr. The situation recorded in the
DG3 at Agourai and Oum R’Rbia is very similar to what found in the DG5 at
Tiourjdal (and Telouet, although no paleomagnetic data are available to support

this hypothesis), where the Intermediate 2 sub-unit and the Upper Unit occur
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together (Fig. 15.3). The underlying DG2, at Oum R’Rbia, Agourai and at
Maaziz could correlate with the Intermediate 2 sub-unit at Oued Lahr (DG5).
Finally DG1 of the MA/WM, which is composed by both the Lower Unit and
Intermediate Unit basalts (Fig. 15.9), poses the major problem for a regional

scale correlation.
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Figure 15.11: VGP (Close view of VGP (Virtual Geomagnetic Pole) longitude and latitude
of the CHA (on the left) and MA/WM (on the right) sequences.

DG1 should record in a brief time the occurrence of two compositionally
different magmatic systems, which based on geochemical data correspond to the
Lower 1 and the Intermediate 2 sub-unit of the CHA (Fig. 15.3). However, as
visible in Fig. 15.3, in the CHA both these formations are separated by the
outcropping of the Lower 2 and Intermediate 1 sub-units at Tiourjdal and at
Oued Lahr which are separated by a RP event. This RP event, at present has
not been sampled in the MA/WM at Maaziz nor at Oum R’Rbia (Agourai is
excluded since the Lower Unit does not outcrop in the DG1). This could be due
to the incomplete sampling of that part of Oum R’Rbia sequences, as described
in the Chap. 8. On the other side, at Maaziz the RP may be found within a 1
meter thick sedimentary layer which has not been analyzed so far. Alternatively
the magnetic inversion could be recorded in the lava flows below (AN503 and
AN504[602]) or above (AN509) for which paleomagnetic data are not available.
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16 EVOLUTION OF THE MOROCCAN MAGMAS

As previously described, the paragenesis of the investigated Moroccan CAMP
basalts is dominated by augitic pyroxenes, plagioclases, sub-ordinate pigeonites
and oxides (magnetite and ilmenite). Olivines occur frequently but are mostly
completely altered. Except for the latter, both pyroxenes (high-Ca and low-
Ca), plagioclase and oxides allow to infer about crystallization conditions of the
parental magmas en route to the surface. The results and considerations obtained
from our petrographic and mineralogical study (paragenesis, major and minor
elements compositions by XFR and EMP analyses, trace element compositions
by LA-ICP-MS) of the basaltic rocks from each unit of each lava pile studied can
be used to infer about conditions (T, P, HoO content and fO,), crystallization
order and processes (i.e., fractional crystallization) which affected the parental

magmas from which the studied Moroccan basalts were derived.

16.1 THERMO-BAROMETRY

The occurrence of pigeonite together with augite in some basalts of the Lower,
Intermediate and Upper Unit, allow to determine the equilibrium temperature
between these two minerals. The equilibrium crystallization temperatures (more
correctly the intergranular diffusion closure temperature) of the augite-pigeonite
pair has been calculated using the QUILF program (Andersen et al., 1993).
This geothermometer has been applied only on few mineral pairs (8 augite-
pigeonite pairs), because of the scarce occurrence of pigeonite together with augite
in the samples analyzed. Globally, the temperatures vary from 1040 to 1174°C
(Tab. 16.1), values well comparable with those found in literature for other Mo-
roccan CAMP basalts (1020-1170°C, Bertrand, 1991) and in Brazilian CAMP
basalts (1130-1190°C, De Min et al., 2003). Only one augite-pigeonite pair yielded
a much higher temperature, ca 1250°C. As showed hereafter, since crystallization
pressures of the augites correlated with the pigeonites is always lower than 10
KBar and that the used geothermometer is fairly sensible to the pressure (the

differences between high-P and low-P of the calculated equilibrium temperature



are in the 20-25°C range), all temperatures are calculated for a reference crystal-

lization pressure of 5 KBar. As seen previously, in the Lower Unit crystallization

Sample Fm Loc Aug comp. Pig comp. TG dT 0
AN49 pig2  |Low1 TJ- CHA  'wo35.9-End79-Fs147 ‘Wod 5-EnG05-Fs294 1056 a
OL10 cpx2  |Interm 2 OL- CHA  wo258-Ens5.4-Fs18.5 Woll2-En67 6-Fs221 1174 17
OL11 cpx2  |Interm 2 OL- CHA wo314-En537-Fs151 WoT 4-Enf0.3-Fs223 1102 31

OL11 cpx3  |Interm 2 OL- CHA wo365-En51 4-Fs11.5 Wod 2-En71 4-Fs188 1168 10
OL11 pig1 Interm 2 OL- CHA  wWo231-En54.4-Fs211 WolB4-EnBT0Fs232 1138 11
OL11 pig3  |Interm 2 OL- CHA  wo34 4-End54-Fs16.2 Wod.2-EnG6.5-Fs238 1118 g
ANS25B cpx2 [Interm 2 AGR - MA o3t 6-En52.4-Fs16.0 Wol0.0-EnG9.3-Fs20.3 1246 10
ANS40 cpx3 |Upp BAR - M4 wwo394-EndE.3-F=12.3 wo7 98-En671-Fs249 1040 50

Figure 16.1: Equilibrium temperatures calculated for augite-pigeonite pairs with QUILF pro-

gram (Andersen et al., 1993). Fm and Loc are respectively Formation and sampling Locality.

of pigeonites occurs together with augites in the first flows (sub-unit Lower 1) of
the CHA piles (Tiourjdal, Telouet and Oued Lahr) and in the last flow of the
second sub-unit at Tiourjdal (sample TJ22, not analysed by EMP). For this unit,
the temperature has been determined on sample AN49 pig2 which yielded 1056+9
°C (Tab. 16.1). Higher temperatures are found for the augite-pigeonite pairs of
the Intermediate Unit (sub-unit 2) which is well represented, as described in the
previous chapters, since pigeonite seems to be almost ubiquitous in the parage-
nesis of the basalts belonging to this sub-unit. Six temperature determinations
have been possible, 5 in the range 1102-1174°C (for Oued Lahr, CHA) and one
of 1246+£10° C (Agourai, MA). The Upper Unit has only one determination on
sample AN540 from the Oum R’Rbia section. The calculated temperature is
relatively low, 1040450 °C, even if the large error renders this temperature indis-
tinguishable from those of the Intermediate Unit. A much more complete dataset
has been obtained for augite crystallization pressure, by using the geobarometer
of Putirka et al. (1996, 2003), and clinopyroxene saturation temperature fol-
lowing Putirka (1999). The main assumptions done by using this program are
that the augites analysed were in equilibrium with the parental melt and that the
corresponding whole-rock composition represents this melt. The crystallization
pressures have been calculated only for the augite cores (some examples in Figs.
14.18 to 14.22), in particular for the cores with highest Mg# and CryOs; and
lowest TiOs which should represent the most mafic and earliest crystallized por-
tions of the minerals. However many problems have been encountered in applying

the geobarometer, since the frequent and often very subtle sector zoning of the
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Figure 16.2: Crystallization pressure calculated with CPX-PLAG-OL THERMOBAR pro-
gram (Putirka, 1999; Putirka et al., 2003) for augite core of the CHA in equilibrium with
the whole rock. Colours are blue for the sub-unit Lower 1, cyan for Lower 2, red for Interm 1,

pink for Interm 2, yellow for the Upper Unit and green for the Recurrent Unit.

augites may induce disequilibrium compositions (Shimizu, 1981) in particular
for Al,O3, Cry03 and TiOs, so yielding a misleading pressure value. Globally,
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Figure 16.3: Crystallization pressure calculated with CPX-PLAG-OL THERMOBAR pro-
gram (Putirka, 1999; Putirka et al., 2003) for augite core of the NA/WM in equilibrium
with the whole rock. Colours as above.

the geobarometer gives pressures varying from ca. 1 up to 7 KBar corresponding
to upper to lower crustal depths for augite core composition (Fig. 16.1 and 16.2).
The CHA basalts of the Lower and Intermediate Unit record an apparently wide
polybaric crystallization history, with pressure values spanning between less than
1 KBar up to 6-6.5 KBar. Augites of the sub-unit Lower 1 and Interm 2 show
a wider pressure range with respect to that of the sub-unit Lower 2 and Interm
1, which yielded 0.5-3.5 KBar and 3.5-6 KBar, respectively. It should be consid-
ered that the sub-unit Lower 2 is represented by only one sample (TJ11 with 2
analysed augite) and its pressure is thus poorly constrained. On the contrary,

the sub-unit Interm 1 is well represented with 4 samples and 8 augites analysed,
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thus suggesting a systematically higher crystallization pressure for the augites
(and then of the hosting basalts) of this sub-unit compared to sub-unit Interm 2.
The CHA Upper Unit yielded a similar pressure range, 2.5-6 KBar, as the Lower
and Intermediate Unit, but lacks fairly low apparent pressure (<2.5 KBar), while
the Recurrent Unit has the most shallow crystallization pressure (1 to 4 KBar).
In the MA /WM, probably due to the low number of analysed augites, the three
units show a narrower pressure range compared to that of the homologues of the
CHA (Fig. 16.2). The Lower Unit (sub-group 1) has the highest pressure crystal-
lization range (5-7 KBar). The Intermediate Unit (sub-group 2) has slightly lower
pressures, between 2 and 6 KBar, while the Upper Unit basalt yielded between
3 and 5.5 KBar. In any case, it should be kept in mind that these crystallization
pressures are associated with large errors (1.5-1.7 KBar, Putirka et al., 2003)

which could in part explain the wide pressure range shown above.

16.2 OXY-THERMOMETRY

Only sparse magnetite-ilmenite series oxides of the CHA Lower and Recur-
rent Unit basalts have been analysed to calculate fO5 conditions. No data from
MA /WM basalts are available. The use of ILMAT (Lepage, 2003) based on the
empirical approaches given by Andersen & Lindsley (1985), allows to calcu-

late equilibrium crystallization temperature and the oxygen fugacity. For the
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Figure 16.4: Crystallization temperature and oxygen fugacity calculated with ILMAT
(Lepage, 2003) for magnetite-ilmenite pairs from the Lower Unit in different parts of Mo-
rocco and the Recurrent Unit from CHA.

Lower Unit we analysed different oxide pairs belonging to CHA, Eastern Meseta
and Argana basalts (Tab. 16.1, courtesy of A. Marzoli), while for the Recurrent
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Unit all points represented in Fig. 16.4 are from sample AN169 of the Telouet
section, CHA. No data points are available for the Intermediate and Upper Unit,
where only magnetites are detected (Tab. 16.1). As visible, magnetite-ilmenite
pairs from the Lower Unit gives temperatures spanning a wide range, from 1000
to 600°C with most of them at oxygen fugacity corresponding to QFM-1 log unit
and QFM-2 log unit buffer. Recurrent Unit oxides show a more narrow temper-
ature range, from 920 and 720°C, but with similar oxygen buffer with respect
to the Lower Unit. Except for a sample of the Lower Unit (AN132) which gave
quite high fO,, all the oxide pairs analysed have very low fO,.

16.3 WATER CONTENT

As described in the previous chapter, no hydrated minerals as biotite or am-
phibole do occur in the paragenesis of basalts from CHA and MA/WM. This
could be due to different causes: too high magma temperatures, a low water
activity in the parental magma not high enough to crystallize these minerals or
alternatively decompression phenomena which allow decreasing of water pressure
in the magma during its differentiation, so preventing crystallization of hydrous
minerals. One way to constrain the water content is by evaluating the Ca-Na
exchange between plagioclase and basaltic liquid in terms of Kp©®~N¢ defined
as (Ca/Na)p,/(Ca/Na);, (Sisson & Grove, 1993). In the chapter relative to
the mineralogical composition of plagioclases (Chap. 9), it was described that
plagioclase of the Lower Unit, both in the CHA and MA/WM, are nearly in
equilibrium with the whole rock, supposedly representing the parental magma.
K p©e=Na plagioclase cores have values between 1.1 and 1.2 (or slightly higher Fig.
9.4), this meaning that the cores are nearly in equilibrium with the whole-rock
for almost dry conditions (H2O j 0.50 wt%) at low crustal pressure (1-2 KBar or
less). The modeling of the crystallization process with the PETROLOG program
(Danyushevsky, 2001, see below) confirms the low water content and the rel-
atively low crystallization pressure of the low-An plagioclase of the Lower unit
(Fig. 15.7). Also equations:

927.91 P(bar)
In An = ———— — 0.86298 — 0.02 01674 x H. t 16.1
ndn = 5 0.86298 — 0.02693 X T +0.01674 x HyO(wt%)(16.1)
_ 10695 P(bar)
In K&+ Ne = ——= _ 67781 — 0.1 —0. H. t%)(16.2
n K¢ T 6.7781 — 0.1009 x ) 0.00860 x H,O(wt%)(16.2)

from Takagi et al. (2005), confirm this hypothesis requiring for a Kp“e=Va
=1.2-1.3 and Ca# content up to 74 for the plagioclase core, crystallization pres-
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sure

of ca. 1-2 KBar or even lower.

Moreover the low oxygen fugacities calcu-
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Figure 16.5: Augite composition variations (Mg#) for calculated fractionation trends at dry

(left) and wet conditions (HoO 0.5 wt%, right) at different pressures of sample TJ3, taken as

representative of the Lower Unit basalts. Calculation performed with PETROLOG program
(Danyushevsky, 2001).
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Figure 16.6: Plagioclase composition variations (An mol%) for calculated fractionation trends
at dry (left) and wet conditions (HoO 0.5 wt%, right) at different pressures of sample TJ3, taken
as representative of the Lower Unit basalts. Calculation performed with PETROLOG program
(Danyushevsky, 2001).

lated for the oxides of the Lower Unit (Fig. 16.4) confirm the low water content,

since a higher HyO activity should have increased the oxidizing conditions of

the magma. On the other side, it is possible to infer higher crystallization pres-

sures for plagioclase of the Lower Unit at Oued Lahr, where the very low An
content (62-64, Fig. 9.7) and the low estimated water content (ca. 0.5 wt%)

would suggest pressure in the 5-7 KBar range. The situation for the Intermedi-

ate Unit basalts is more complicated. First of all due to the observed textural

features, that, although similar in paragenesis to the Lower Unit rocks, display

an inequigranular texture, with euhedral to sub-euhedral big augites, elongated

idiomorphic laths of plagioclase showing multiple inverse rhythmic zoning, with
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rounded core and frequent brownish glassy patches included within the plagio-

clase crystals, altogether surrounded by a network of little euhedral plagioclase

showing an acicular shape with normal zoning and poikilitic augites. Olivines
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Figure 16.7: Plagioclase composition variations (An mol%) for calculated fractionation trends
at dry conditions at different pressures of sample TJ25, taken as representative of the Inter-

mediate Unit basalts. Calculation performed with PETROLOG program (Danyushevsky,
2001).
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Figure 16.8: Plagioclase composition variations (An mol%) for calculated fractionation trends
at wet conditions (HoO 0.5 wt%) at different pressures of sample TJ25, taken as represen-

tative of the Intermediate Unit basalts. Calculation performed with PETROLOG program
(Danyushevsky, 2001).

are absent (except for few samples) while remarkable is the presence of pigeonite.
All these informations tell us a complex history of the Intermediate Unit parental
magmas, where in the EMPA plagioclase compositions (Figs. 9.9 and 9.10) it is
possible to read magma mixing events and multiply decompression phenomena.
For the Intermediate Unit plagioclases Kp©*~V® varies from 1.1 up to 2 and more
(Fig. 9.4), and most of them seem to be in disequilibrium with the whole rock.
In the chapter relative to the EMPA compositions, it has been noted that some

plagioclase crystals display reverse multi-zoning with abrupt An jump up to 10
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mol% or more. However most of these An-compositional variations apparently
do not reflect magma mixing, since no variations in MgO and K,O content are
detected in the plagioclase (cf. EMP transect in Chap. 9). Neither increasing
water content in the melt is sufficient to explain these An variations, as visible in
Figs. 16.7, 16.8 and 16.9. I modeled with PETROLOG the fractionation trend
of a basaltic melt with starting composition corresponding to sample TJ25, with
different water content (dry, 0.5 and 1 wt%) and at different pressures. It re-
sults clearly that, as for Lower Unit basalts, the increase of water content shifts
the beginning of plagioclase crystallization at lower temperatures at decreasing
pressures and forces the plagioclase to appear earlier at middle pressures with
respect to high or low pressures (Fig. 16.8 and 16.9). Differently from water, it
is the pressure to exert a stronger control on An plagioclase content as visible in
Figs. 16.7, 16.8 and 16.9, increasing up to 8-9 mol% passing from middle-high
to sub-superficial pressures. So it is possible to think that a magma pooling at
middle-high crustal depth with low water content (and so in under-saturated con-
dition), after a certain amount of fractional crystallization of anhydrous minerals
can ascend towards shallower depth and the combined effect of the increasing
water and quick decompression enhances crystallization of high-An plagioclase
portions (Panjasawatwong et al., 1995; Berndt et al., 2005; Feig et al.,
2006). The wide occurrence of pigeonite in most of the Intermediate Unit basalts
is more difficult to explain. PETROLOG fails to crystallize pigeonite in every
simulation done, both at high and low pressure with dry conditions. Unfortu-
nately PETROLOG allows to simulate fractionation trends in wet conditions only
with olivine, augite and plagioclase. At dry condition, the main low-Ca pyrox-
ene is orthopyroxene, that does not appear in the studied samples. The lack of
orthopyroxenes in the Moroccan basalt paragenesis could be related to the sup-
pression at high pressure of the reaction point between olivine and silicatic melt
yielding orthopyroxene. Crystallization of pigeonite could be enhanced by rapid
decompression phenomena in the ascending melt, since the widening of stability
plagioclase field at shallow depth and consequent lowering of CaO activity in
the melt could stabilize pigeonite. On the other side it is more probable that
PETROLOG simulation require different starting compositions from those used
here, consequently modifying the simulated liquid line of descent. Concluding,
even for most of Intermediate Unit basalts it is possible to envisage a polybaric
differentiation history, as highlighted from the wide range of crystallization pres-
sures obtained on augites, with variation in water content exerting a strong effect

on the sequence of the crystallizing phases and on their compositions (especially
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for plagioclases).

The Upper Unit plagioclases have the highest Kp“*¢ (about 1.5 to 2,
mostly) with the highest value observed in a sample (OL14) which displays Ca#
up to 88.8 with at whole-rock Ca# of 64.7 (Fig. 9.4).  As described in the
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Figure 16.9: Plagioclase composition variations (An mol%) for calculated fractionation trends
at wet conditions (HoO 1 wt%) at different pressures of sample TJ25, taken as represen-
tative of the Intermediate Unit basalts. Calculation performed with PETROLOG program
(Danyushevsky, 2001).
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Figure 16.10: Augites (Mg#) and plagioclases (An mol%) composition variations for calcu-
lated fractionation trends at different pressures of sample ANG61, taken as representative of the
Recurrent Unit basalts. Calculation performed with PETROLOG program (Danyushevsky,
2001).

chapter relative to the mineralogical composition of mineral phases, it results
that both Upper Unit plagioclases and augites crystallized from a little evolved
magma (cf. the high MgO and low FeO/MgO and TiO; in plagioclase and high
Mg# and CryOj3 in the augites). Since none of the analyzed minerals seems
to be in equilibrium with the whole-rock, I did not perform any simulation with
PETROLOG and no water content has been estimated using equations of Takagi
et al. (2005) presented above.
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The K$*~N plagioclase of the Recurrent Unit basalts have values near 1 and
the low An plagioclase compositions revealed by EMPA analyses, suggest very
low water contents or dry conditions, also supported by the low fO, calculated for
magnetite-ilmenite pairs (Fig. 16.4). PETROLOG calculations for dry conditions
support this hypothesis as visible in Fig. 16.10, where the calculated augite and
plagioclase compositions (Mg# and An mol% respectively) match very well those
measured by EMPA on the same phases belonging samples AN156A and AN169
(Figs. plgs and cpxs AN156A and AN169) for crystallization pressure not higher
than 3.5-4 KBar. Fig. 16.10 also shows that the plagioclase stability field is
expanded with respect to those of augite and olivine that fit well with the observed

paragenesis dominated by plagioclases and scarce pyroxenes and olivines.

16.4 MINERAL PHASE TRACE ELEMENT COMPO-
SITIONS

In the previous paragraph on the base of petro-mineralogical evidences and
some calculations with PETROLOG, I showed that augites and plagioclases of
the Lower and Recurrent Unit are probably in equilibrium with the host rock
(supposedly representing the parental melt of these minerals), while those of the
Intermediate and Upper Unit seem to be in disequilibrium with the whole-rock.
One way to further constrain these hypotheses is to investigate the trace element
compositions of the melt in equilibrium with both augites and plagioclases. By
knowing concentrations C;h and the distribution coefficient (K%,) of trace element
for both minerals, it could be possible to calculate the concentrations C,,.;" of
the same element for the melt in equilibrium with minerals by:

i zi)h
= — 16.3
melt F(ZD ( )

and then to compare them with the whole rock trace element compositions. In
the Chap. 11, I described augites and plagioclases trace element compositions ob-
tained by LA-ICP-MS technique. As said previously, trace element measurements
have been performed on few minerals of each unit and only for the Tiourjdal se-
quence, and because of the highlighted problems of the LA-ICP-MS technique
(i.e., few analysis spots on each mineral, concentrations averaged on a 40 um
spot size, often zoned minerals, no analyses on the vitreous groundmass) the fol-
lowing considerations are qualitative. Another tricky problem is the choice of
the K%. Determination of trace elements partition coefficients between crystal

and silicate melts is a critical problem in igneous petrology since, in principle, it
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allows to constrain the origin of the magma from which rocks are derived. How-
ever, after years of experimental measurements it has become clear that partition
coefficients are strongly influenced by pressure, temperature, f{O,, water content,
mineral and melt compositions and at present there is no satisfactory theory
that takes into account all these variables, thus resulting in limited K%, dataset,
for specific mineral-melt pairs, compositions and environmental conditions of the
melt. In the past, the simplest way to obviate this problem was to admit a
constant K¢, even if this could mean to ignore compositional effects during dif-
ferentiation processes, i.e. during fractional crystallization. In the following, I
will show some trace element diagrams for an hypothetical melt in equilibrium
both with augites and plagioclases. For the former, I used the constant K¢,
dataset of Hill et al. (2000). For the latter, I used two different approaches:
in the first I used constant partitioning coefficient after Aigner-Torres et al.
(2007), while in the second, I used the partitioning compilation obtained with a

‘) semi-empirical parameterization from Bedard (2006). The equations used
for the parameterizations are calibrated for SiO, in plagioclase content. Unfortu-
nately, since analysed plagioclases display very low concentration for most trace
elements (details in Chap. 11), it is possible to compare them with augites only
for few elements. In the following I will use Ce, Eu, Y (as proxy for HREE) and
St to infer if both augites and plagioclases are in equilibrium with whole rock and

to obtain some info about melt composition equilibrated with these minerals.

Ce vs Ce/Y diagrams for the whole rocks and melt in equilibrium with augites
(meltqyy)(Fig. 16.11) are nearly identical. The four units are different from each
other having Ce and Ce/Y of the equilibrated melt systematically lower with
respect to those of the whole-rocks (Fig. 16.11). This could mean that 1) augites
crystallized from a less evolved melt with lower Ce (and higher Y), thus being not
in equilibrium with the whole rock or 2) the Kp set used here (K$¢ = 0.148 and
KY = 0.64, Hill et al. (2000)) are not appropriate. In Fig. 16.12, Ce and Ce/Y
are shown for melt in equilibrium with plagioclases (melt,;,), calculated using
constant Kp (K$¢ = 0.046 and K}, = 0.008) after Aigner-Torres et al. (2007)
and K, parameterized against SiO5 plagioclase content (and fixed temperature at
1250 °C) after Bedard (2006) (egs. 42b and 50b for Ce and Y respectively). The
four units are roughly distinguished among them even if data points are scattered
due the low Ce and Y concentration in plagioclase. The two Kp datasets result
in slightly different calculated melt compositions, in particular Bedard’s partition
coefficients result in slightly lower Ce and Y melt values. By contrast, the parti-

tion coefficients of Aigner-Torres et al. allow a better distinction among the four
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units. Using the constant Kps (Aigner-Torres et al., 2007), the calculated Ce
of melt,;, is comparable with Ce of the whole rock, but higher than that in melt,,,
while Ce/Y is roughly comparable or higher with respect to whole-rock and much
higher compared with augite, although values are heavily scattered. This could
suggest an earlier crystallization of augite compared to plagioclase (Fig. 16.11).
If we consider instead the Kp of Bédard, Ce of melt,;, is comparable with that of
melt equilibrated with augite, whereas it is lower compared with the whole rock.
Moreover Ce/Y is higher than both whole rock and melt,,,, thus implying low Y
contents. However, it should be highlighted that the low Ce and Y content in the
plagioclase (less than 2 ppm) and thus relatively large analytical errors, coupled
with low partition coefficients in plagioclase (ca. 0.02 and 0.008 for Ce and Y,
respectively) leads to large uncertainties of the calculated equilibrium melt. An
interesting feature common to both Kp plagioclase modellization is that Recur-
rent melt,;, have Ce/Y values higher compared to those of augites, even if quite
scattered. Since Ce content is comparable in both minerals, this suggest roughly

contemporaneous crystallization of augite and plagioclase in Recurrent basalts.

Another suitable element is Sr, since its compatibility in plagioclase and con-
sequent depletion in the residual melt during plagioclase crystallization. By cal-
culating Sr composition of melt in equilibrium with mineral phases it is possible to
recognize earlier plagioclase crystallization and fractionation. Ce vs Sr of melt,,,
(Fig. 16.13) and melt,;, (Fig. 16.14) display clearly distinct compositions for
the four units and display strong similarities with to whole rock data, although
differently from whole rock the Intermediate and Upper Unit have overlapped
compositional fields. Sr content in the melt,,, displays quite scattered values
(K75 = 0.063, Hill et al., 2000), i.c. great variation between phenocryst core
and rim and so it is difficult to say if augites are in equilibrium with whole rock.
Despite this, Sr content in the melt,,, displays a behaviour compatible with
earlier augite crystallization with respect to plagioclase, since melt,,, of most
analysed augite cores have higher Sr contents than rims. Since Sr is incompat-
ible in augite, it should increase its content in the melt in equilibrium, unless
plagioclase crystallization fractionate it. Also for Sr, there is a clear difference
between melt,;, calculated with constant (K77 = 1.6, Aigner-Torres et al.,
2007) and parameterized Kg, using eq. 19a of Bedard (2006) (Fig. 16.14).
Differently from augites, Sr variations within plagioclases are narrower. Using
constant Kp, only Recurrent Unit plagioclases seem to be in equilibrium with
the host whole rock, while the Lower, Intermediate and Upper Unit plagioclases

yield slightly different calculated Sr compositions compared with whole rocks. On
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the contrary, using Bédard’s parameterization, all minerals analysed have lower
St content than whole rock. Since Sr is not compatible in augite and almost all
St bulk rock content is yielded by plagioclase, the lower Sr concentration in the

equilibrated melt using Bedard (2006) is probably wrong.

Sr/Eu of calculated melt in equilibrium with augites are higher than those of
whole rock, due to the low Eu content in phenocrysts (Fig. 16.15). Although Eu
is nearly compatible in clinopyroxene (KE* = 0.75, Hill et al., 2000), its low
concentration could be due to an earlier augite crystallization in a little evolved
melt. The Eu vs Sr diagram shows that for an almost constant Eu, Sr decreases
from the Lower to Recurrent Unit, maybe indicating a increasing contribution of

plagioclase crystallization during melt differentiation. Eu and Sr/Eu in melt,,
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show strong variations depending on applied Kp as visible in Fig. 16.16. Using
constant Kp (KB* = 0.91, Aigner-Torres et al., 2007), for Sr content similar
to those of the whole rock, melt Eu concentrations are lower than whole rock and
comparable to those calculated for melt,,,. Sr/Eu is consequently higher than
both melt,,, and whole rock. Sr/Eu of the Lower and Recurrent units in Fig.
16.16, are roughly comparable with the same ratio obtained from augites, while
the Intermediate and Upper Unit display wider Sr/Eu variation ranges compared
to Sr variations. Since both these elements are compatible in plagioclase this
could be due to Eu compatibility variation which in turn could be related to fO,
variations, although difficult to explain, during plagioclase crystallization. On
the contrary, with the Bedard Kp (eq. 46b, Bedard, 2006) melt Eu is higher
than whole rock, with Sr/Eu extremely low compared not only with melt,,, but
even with the bulk rock. Although the Bédard parameterization should result
more realistic than using constant Kp, it yields results hardly explainable, at

least for the Sr-Eu pair.

16.5 CRYSTALLIZATION ORDER

To define the order and crystallization conditions of the CAMP Moroccan
basalts, besides the petrographic observations of relationships among mineral
phases, EMP analyses and the previously described constraints on T, P, f{O5 and
water content, I used the PETROLOG program, which performs modeling of
magma fractionation at variable HyO contents and P. This program models frac-
tionation trends of a basaltic melt from a starting composition (in major and mi-
nor elements), water content and pressure (Danyushevsky, 2001). To simulate
fractionation trends and to estimate what phases are involved during differentia-
tions (i.e. what minerals fractionate) and drive the composition of basalts, I used
as starting composition for each unit, the less evolved basalt, with the highest
Mg#, Cr and Ni content and with the lowest TiO, and L.O.I.;,; possible. Then,
I tried to simulate for different water contents (i.e., 0.1, 0.2, 0.5, 1 and 2 wt% and
dry conditions) and with pressure values consistent with those calculated with the
Putirka geobarometer on augites (1, 2, 3.5, 5, 7 and 10 KBar), in order to define
what is the near-liquidus crystallization sequence. Unfortunately, as said before,
PETROLOG simulates fractionation trends in wet conditions with olivine, augite
and plagioclase as liquidus phases, only. At dry conditions PETROLOG can
simulate the crystallization and the compositional evolution of 8 phases includ-

ing residual melt: spinel, olivine, orthopyroxene, augite, plagioclase, pigeonite,
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ilmenite, and magnetite. In the Lower Unit, almost all olivines, even if altered,
have euhedral shape like augites and are modally little important. So it is possi-
ble to think that earlier olivine fractionation was important, as highlighted in the
whole rock geochemistry descriptions (Chap. ??). Augites show well shaped and
big size (>500-600 pm) phenocrysts with no olivines and (few) plagioclases en-
closed within. Plagioclases have nearly constant and relatively little dimensions
(<400-500 pm), thus probably indicating that they begun to crystallize more or
less at the same time. Taking in account all these informations it is possible
to think that olivines was the first crystallizing phase, followed by augite and
finally by plagioclase. Considering An content, plagioclases could have crystal-
lized at lower pressure compared to augites (cf. PETROLOG data, see above)
in a melt with low water content (see previous section) (Fig. 16.6). All these
information, together with the relatively high crystallization pressure inferred for
augite cores (calculated after Putirka et al., 2003) and the supposed low wa-
ter content, match well with what found in literature about the near-liquidus
crystallization sequence of a tholeiitic basalt at mid-high crustal pressure (5-7
KBar) (Danyushevsky et al., 1996; Danyushevsky, 2001), where the high
initial crystallization pressure enhances the stability field of pyroxene compared
to olivine. A small amount of water together with relatively high pressure sup-
presses plagioclase crystallization, that appears at liquidus for the Lower Unit
basalts only at low pressure (cf. An content from PETROLOG). As said before,
in some flows belonging to the Lower Unit, pigeonite appears together with augite.
Dry or poorly hydrous conditions are probably required for significant pigeonite
crystallization (Baker & Eggler, 1987) and EMPA analyses suggest that pi-
geonite follows augite in the crystallization sequence but precedes the oxides. In
fact the low pigeonite CryO3 concentration indicates that, before its crystalliza-
tion, occurred important augite crystallization, while the TiO, increasing of at
decreasing Mg# indicates that the melt was not yet saturated in oxides when
pigeonite was crystallizing. Low equilibrium temperature on the augite-pigeonite
pair of Lower basalt AN49 confirms the late appearing at liquidus of pigeonite
(Fig. 9.28). Finally the oxides, present in the glassy groundmass or between
other phases with allotriomorphic habitus, join the assemblage in a late stage as
witnessed by low crystallization temperature found with QUILF. EMP analyses
on augites confirm this, since it was showed in Chap. 9 that TiO, in augite in-
creases as clinopyroxene evolves, then decreases for Mg# as low as 65, when the
equilibrium melt probably saturated with respect to oxides. In the Intermediate

Unit basalts the crystallization sequence is nearly the same, even if the situation
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is complicated by different factors as explained before. In fact in the Intermediate
Unit samples are present two kind of plagioclase phenocrysts. The first repre-
sented by big (>600 pm) roughly euhedral phenocryst with frequent rounded core
with glassy patches enclosed within and showing inverse An-zoning. The An core
content suggest that crystallized more or less at middle crustal depth (4-5 KBar,
Fig. 16.8). The second kind of plagioclase have more little size (<200-300 um),
An normal zoned and no rounded core or glassy inclusion. These informations
maybe record at least two plagioclase crystallization phases, in which the big
ones begun to crystallize early in a slightly wet melt. A rapid ascent (decom-
pression phenomena) of the melt make plagioclases in disequilibrium with the
hosting magma, creating rounded cores and let melt drops enclosed in the min-
eral and at the same time increasing An content of the new crystallizing plagio-
clase around the old core. The An uncorrelated and decreasing MgO plagioclase
content (Chap. 9) could confirm this hypothesis. In some samples augites pre-
cedes plagioclase crystallization, being favored by the higher pressure (6-7 KBar,
sample AN137A, Fig. 16.2). Pigeonite crystallization is probably successive to
that of pyroxenes (see the low equilibrium temperatures of augite-pigeonite pairs,
Tab. 16.1) but preceding that of oxides, since TiOs increases both in evolving
augites and pigeonites. Finally oxides join the assemblage in the late stage of
differentiation. Textures of Upper Unit basalts are porphyric with big euhedral
augites, few plagioclases and rare olivine phenocrysts. Major and minor element
compositions indicate that both augites and plagioclases have crystallized from
a melt with a less evolved composition with respect to that of the whole rock
(Chap. 9). Augites crystallized mostly at middle crustal depth (4-5 KBar) with
few sample at higher or lower pressure. Successive magma batches (unfortunately
trace elements on plagioclases and augites can not constraint if with slightly dif-
ferent compositions) could have transported these phenocrysts towards surface.
Petrographic inspection of the Recurrent Unit basalts has showed that the par-
agenesis in dominated by big euhedral plagioclase phenocrysts with only minor
and rare augites plus altered olivines and oxides of magnetite-ilmenite series in a
microlithic groundmass. It is difficult to say what was the first phases to appear
at liquidus, but plagioclase crystallization is very important compared to that of
augites which are modally less important. An plagioclase and Mg# augite com-
positions calculate with PETROLOG (Fig. 16.10) indicate that both minerals
crystallize at middle-low crustal depth (2-4 KBar), as confirmed by the quite low
augite crystallization pressures (Fig. 16.2). In the plagioclase EMPA analyses
(e.g. ANI169 plgl, Figs. 9.19) are recorded an An and MgO content increase,
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just before the rim phenocrysts. This could record a possible magma mixing
event with a less evolved magma prior the ascent to the surface and subsequent

emplacement. Finally only at low temperatures oxides begun to crystallize (Fig.
16.4).
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17 CONCLUSIONS

The Central Atlantic Magmatic Province (CAMP), one of the largest Meso-
zoic continental flood basalts (CFBs) recognized on the planet, covers an es-
timated (and conservative) surface of more than 107 km? over four continents
in the circum-Atlantic domain. Mainly represented by sills and dikes with few
and poorly preserved relatively thin lava flow sequences in Paleozoic-Mesozoic
sedimentary basins, CAMP emplaced along old Ercynian-Alleghenian sutures,
inherited from the Pangaea building and re-activated in the extensional regime
of pangean rifting in Late-Triassic time, and in circum-cratonic areas around the
newly forming Atlantic Ocean. The magmatic activity spanned ca. 10 Ma, with a
main peak occurred at 199-200 Ma (mostly “°Ar /3 Ar ages) preceding by few mil-
lion years the initial opening of the Central Atlantic ocean. Two less important
and voluminous peaks occurred at ca. 195 and 192 Ma. The close occurrence of
the 199-200 Ma magmatic peak with one of the most important Phanerozoic bi-
otic crises which marks the Triassic-Jurassic boundary, arises the possibility that
this biological turnover is related to the CAMP event. In Morocco, north west
Africa, CAMP occurs mainly in middle-late Mesozoic syn-depositional sedimen-
tary basins, as lava flows and minor sills and dikes intruding Palaeozoic basement.
The volcanic lava flow sequences reach maximum thickness (up to 300 m) in the
central portion of the High Atlas chain, while progressively thinner volcanic se-
quences are present in the distant Moroccan provinces (i.e. Oujda Mountains)
or more eastward in the Algerian Atlas. Three lava piles in the Central High
Atlas chain (Tiourjdal, Telouet and Oued Lahr sections), partially studied in
previous works, are here studied in detail flow by flow and compared to three
new lava sequences in the Moroccan Western Meseta (Maaziz section) and the
Middle Atlas (Agourai and Oum R’Rbia sections) sampled flow by flow for geo-
chemical and magnetostratigraphic studies. Volcanic sequences are composed
of variable number of flows (up to 34 in the most complete Tiourjdal section),
with rarely interbedded sedimentary layers, testifying the brevity of the mag-
matic event. Major (TiOy) and trace elements (LREE/HREE and LILE/HFSE)

allow recognizing systematic time-related compositional variations within lava



piles and definition of four main chemostratigraphic units. From the base to the
top of the lava piles following units are defined: the Lower, Intermediate, Up-
per Unit (present in most studied lava sequences) which are associated with the
main magmatic peak, while a fourth group, the Recurrent Unit, is associated
with a second younger (ca. 196 Ma) and less voluminous magmatic event pre-
served in the Central High Atlas basins only. The volcanic rocks mainly consist of
quartz normative tholeiitic basaltic andesites and few basalts, with petrographic,
mineralogical and geochemical features resemble those of other CAMP low-Ti
rocks. Basaltic andesites present textures from hypocrystalline intergranular to
sub-ophitc and porphyric with a paragenesis dominated invariably by plagioclase,
augitic pyroxene, minor (locally important) pigeonite, Fe-Ti oxides and (always
altered) olivine. No hydrated minerals (biotite and hornblende), zircons or ap-
atites have been observed, as is compatible with the little evolved character of
the basalts. Although sometimes heavily weathered, whole-rock compositions are
characterized by higher SiO5, K2O and TiOs compared to N-MORB. They are
enriched in LREE and LILE with respect to HREE and HFSE and have negative
Nb-Tapy, anomaly, typical of CAMP rocks (with few exceptions) as of other LIPs
(Large Igneous Provinces), negative Srpy; anomaly and variable Pbpy, anomaly,
maybe linked to remobilization by fluids during post-magmatic processes. The
few Sr-Nd isotopic data available for the studied rocks indicate variably enriched
compositions for the older units, while a more depleted astenosphere-like char-
acter characterizes the younger Recurrent Unit. Simple computer modelling on
whole-rock composition variations suggests a complex polybaric differentiation
history in lower to relatively shallower crust magma chambers at relatively low
temperature (1150-1200 °C), HoO contents (< 2wt%) and O, (QFM-1 to QFM
buffers). At middle-high pressure, computer modelling suggests liquid lines of
descent at nearly dry condition (0.1-0.2 wt% H,0O) driven by subsequent crystal-
lization of olivine, olivine + augite, augite (£pigeonite) + plagioclase and only
in the late stage (ca. 800-900 °C) followed by Fe(-Ti) oxide. At lower pressure
(relatively higher water contents, 0.5 wt%) plagioclase joins earlier the liquidus
assemblage, showing higher anorthite compositions. The wide occurrence of pi-
geonite in most flows, probably highlights efficient degassing processes during
magma ascent and/or eruption, as its presence requires (almost) dry magmatic
conditions (and possibly previous plagioclase crystallization that lower the melt
CaO activity, thus making possible pigeonite crystallization). The inferred crys-
tallization order is consistent with the mineralogical (EMP analyses) studies on

phases (Anorthite content variations in plagioclase and TiOy and CryOz content
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in augite-pigeonite pair) and in the features observed on mineral phases as in
their relationships. Unfortunately, the sparse trace element mineral phase com-
positions by LA-ICP-MS on augites and plagioclases of Tiourjdal sequence do not
allow to gather further informations about crystallization order and/or eventual
fractionation processes, whereas major and trace elements on whole-rock allow to
infer a differentiation pattern driven mostly by olivine, clinopyroxene and minor
plagioclase. On the other side, LA-ICP-MS on phases and relative melt composi-
tions calculated in equilibrium with minerals, confirms the progressive depletion
in LREE with respect to HREE from the Lower to Recurrent Unit, as high-
lighted by ICP-MS analyses on whole-rock. Petrographic (paragenesis, mineral
phase relationships), mineralogic (major, minor and trace element compositions),
geochemical (major, minor, trace element whole-rock composition) and magne-
tostratigraphic (declination and inclination paleomagnetic of lava flows) system-
atic studies have been operated in order to correlate the six volcanic sequences
over an area spanning more than 105 kms. In particular, a careful geochemical
comparison between lava piles, based on immobile elements (Ce, Yb, Sm, Nd,
Zr and Nb) matched with magnetostratigraphic data, allows to recognize first of
all a second order geochemical subdivision within volcanic sequences, identify-
ing two well defined sub-units both in the Lower and Intermediate Unit. This
view is partially supported by Sr-Nd isotopic systematics, at least in the Tiour-
jdal sequence. Moreover, the newly defined sub-units, are not recorded in all
lava piles and with the same volcanic volumes, thus arising a number of ques-
tions about the causes (compositional heterogeneity of the magma source, crustal
control on the magma chambers setting, paleo-topography, undetected volcano-
stratigraphic gaps?) which make the Moroccan CAMP activity geographically
discontinuous. On the other side, magnetostratigraphy highlights that these sub-
units are only occasionally contemporaneous, since VGP direction are partially
concordant between CHA and MA /WM piles. While in the CHA, it seems that
volcanic activity spanned a relatively long time manifested itself as multiple geo-
chemically distinct magmatic pulses, in the MA /WM most of the basalts, even
belonging to distinct chemographic sub-units, are emplaced in a very short time
followed (and maybe preceded) by a longer duration of episodic activity. Mag-
netostratigraphic investigations indicate also the CHA and MA /WM volcanism
may be slightly diachronous, since VGPs from the two areas do not precisely
overlap, in general. This leaves some open questions on magma dynamics: do
the geochemically equivalent but slightly diachronous sub-units express a migra-

tion of the magmatism recorded at regional level as proposed by several authors
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for the whole CAMP magmatism? Are geochemically slightly different yet syn-
chronous sub-units in the CHA and MA/WM produced by the same plumbing
system? Or are they generated from distinct magma chambers systems, reflecting
heterogeneous mantle sources? Globally, geochemical and magnetostratigraphic
analyses highlight for the Moroccan CAMP a much more complex history of the
volcanic record than previously recognized and show , comparing both methodolo-
gies (together with geochronological and palynological data), that it is possible to
operate tight correlations among lava sequences, in order to reconstruct a precise
volcanic chronostratigraphy, first step for any genetic model that tries to explain

the geodynamic significance and the origin and differentiation of (CAMP) basalts.
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18 0Ar/¥Ar DATING OF ENA-CAMP BASALT

18.1 INTRODUCTION

The Central Atlantic Magmatic Province (CAMP, Marzoli et al., 1999) is
one of the most widespread Large Igneous Province (LIP, Coffin & Eldholm,
1994) known. It is mostly represented by intrusive basaltic rocks (sills and dikes)
and few lava flows sequences emplaced and preserved in late Mesozoic syn-rift
basins formed few million years prior the supercontinent Pangea break-up. At
present CAMP is dismembered over four continents around circum-Atlantic area,
covering a surface of 107 km? and with a (conservative) estimated original vol-
ume of 2x10% km?® (Marzoli et al., 1999, McHone, 2003). In recent years
the available of more and more precise and accurate ages (mostly 40Ar/39Ar
on plagioclases) of the samples from all areas of the province, strongly support
the hypothesis of a brief and episodic magmatic event. The results indicate that
the whole magmatic event spanned ca. 10 Ma with a main peak at ca. 199
Ma (199.1+1.0 Ma, “°Ar/39Ar ages), in which ca. 90% of the volcanic products
were emitted in 1 Ma or less (probably <600 Ka)(Sebai et al., 1991; Deckart,
1996; Baksi & Archibald, 1997; Hames et al., 2000; DeMin et al., 2003;
Marzoli et al., 1999, 2004; Knight et al., 2004; Beutel et al., 2005; No-
made et al., 2007; Verati et al., 2005, 2007; Olsen et al., 1996, 2003;
Whiteside et al., 2007; Jourdan et al., 2009), while two volumetrically mi-
nor and distinct magmatic peaks are centred at 195 and 192 Ma (Nomade et al.,
2007) connected with the forthcoming oceanization process. Since a number of
studies have highlighted that 40Ar/39Ar ages are systematically younger than
U-Pb ages by ca.1% (Renne et al., 1998; Renne, 2000; Villeneuve et al.,
2000; Min et al., 2000, 2001; Nomade et al., 2004; Schoene et al., 2006;
Schaltegger et al., 2008), the close occurrence of the main volcanic event with
one of the most important extinction event of the Phanerozoic age (Sepkowski,
1996) at the Triassic-Jurassic boundary (201.5840.28 Ma proposed by Schal-
tegger et al. (2008) based on U-Pb method), arise the question if the biological

turnover is or not genetically linked to the CAMP event and more in general if



the origin of numerous LIPs described in literature have possible implications on
the mass extinctions (Courtillot et al., 1999) periodically occurred on Earth.
Beside to petrologic, paleomagnetic and palynologic studies which try to inves-
tigate the genesis of these huge volcanic provinces and their relationship with
the extinction event, a promising method that provides to better constrain this
hypothesis is to investigate the timing (absolute and relative ages) of volcanic
events by several inter-calibrated geochronometers in order to build up a robust
and statistically reliable ages database, start point of any genetic model which try
to explain the geographic and temporal dynamic of such events. Unfortunately
because of the scarce occurrence of evolved rocks belonging the CAMP (which
do not allow to use the robust and precise U-Pb method) the wide extension of
the province and the frequent alteration of magmatic products, the distribution
of the CAMP ages is by far to be geographically homogeneous and complete
(with regard to both effusive and intrusive rocks), being more than half of the
data available regarding the African sub-provinces. The eastern North America
CAMP sub-province is affected by this analytical bias since until recent (Beutel
et al., 2005, Nomade et al., 2007, Jourdan et al., 2009) very scarce robust
ages data were not available. In this work we will present 13 new statistically ro-
bust “°Ar/3%Ar plateau ages obtained on plagioclases and biotites separates from
lava flows and sills from Newark (New York-New Jersey-Pennsylvania states) and
Culpeper basins (Virginia-Maryland states) belonging the Newark Supergroup,
a series of continental exposed Mesozoic syn-rift basins, where CAMP products

occur interbedded within thick highly cyclical continental sediment sequences.

18.2 GEOLOGY AND STRATIGRAPHY OF NEWARK
AND CULPEPER BASINS

The late Palaeozoic Variscan-Alleghanian orogeny culminated in the closure
of the Iapetus Ocean and assembly of the North American and African conti-
nents into the Pangea supercontinent. The new thrust faults formed during the
Palaeozoic orogeny were successively reactivated in the Middle Triassic time as
normal faults developing rift basins all around the Central Atlantic domain both
in eastern North America and western Africa. At present the Newark Super-
group (Manspeizer & Cousminer, 1988) is represented by several late Triassic
rift basins occurring from Nova Scotia (Fundy Basin, Canada) to South Eastern
U.S.A. (Jedburg Basin, South Carolina), filled by late Triassic-early Jurassic km-

thick syn-rift continental sediments in which it is possible to recognize a detailed
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cyclostratigraphy of sedimentary strata, interpreted as controlled by Milankovitch
cycles (Olsen et al., 1996). Within syn-rift sedimentary strata outcrop basaltic
flows and intrusive rocks (dikes and sills), belonging to the Central Atlantic Mag-
matic Province (CAMP, Marzoli et al., 1999). The lava flows occur just above a
palynological turnover interpreted as the local expression of the Triassic-Jurassic
extinction event (Fowell, 1993; Fowell, 1994). The Newark and Culpeper
basins are two of the syn-rift Newark Supergroup system. Hereafter will be sum-
marize the volcano-sedimentary stratigraphy of both basins. The Newark Basin
is the largest and best known among the exposed basins of the northeast Amer-
ica Mesozoic rift system (Olsen et al., 1996). It is more than 200 km long
and 60 km wide with kilometric thick sedimentary sequence comprehensive of
the intercalated CAMP basalts, and a half-graben structure delimitated on its
north-western margin by a normal fault system (Hozik, 1992). The oldest sedi-
mentary outcropping unit is the mostly fluvial Stockton Formation (Fm.) overlied
by the highly cyclical lacustrine Lockatong Fm. and followed by the Passaic Fm.
Overlying this basal sequence there are three basaltic units and two interbed-
ded sedimentary units. The oldest basaltic unit is the Orange Mountain basalt
(170-180 m thick) composed by three chemically homogeneous high-TiO2 (TiO,
= 1.1-1.2 wt%) quartz normative (HTQ) tholeiite flows and equivalent (based
on concentrations of immobile elements) to the Palisades Sill in the same basin,
the Talcott basalt of the Hartford basin and Mount Zion Church basalt of the
Culpeper basin (cf. below). Moreover is chemically correlated to the basaltic
CAMP Intermediate Unit formation of the Moroccan Mesozoic syn-rift basins in
northwest Africa (unpublished data, Fig. 18.2). The Orange Mountain basalt is
overlied by the Feltville Fm, made by siltstone and sandstone sedimentary data.
The intermediate basaltic unit is the Preakness basalt, more than 250 m thick
and made up by at least three lava flows. Its composition is more variable com-
pared to that of the older Orange Mountain basalt. The two lowermost flows
have an low-TiOy (TiOs = 0.8-1.0 wt%) quartz normative composition (LTQ),
whereas the uppermost flow has an high-Fe (FeO,,, = 12-14 wt%) quartz nor-
mative composition (HFQ) which allows to correlate it to the Holyoke basalt
(Hartford basin), the Sander basalt (Culpeper basin, cf. below) and the Deerfield
basalt (Deerfield basin). No Moroccan counterpart of this basaltic unit has been
detected at present. The last basaltic unit is the thinner Hook Mountain basalt
(~100 m thick), composed by at least two high-Fe and TiOs (TiO5 ca. 1.45 wt%
and FeOyy ca. 17 wt%) quartz normative (HFTQ) lava flows and interbedded

between the underlying Towaco Fm. and the overlying and youngest Boonton
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Fm. (Olsen and Kent, 1996). The youngest basaltic unit is chemically equivalent
to the Hampden basalt of the Hartford basin and similar to the Moroccan Recur-
rent Unit in west Africa (Marzoli et al., 2004). The 150 Km long and 25 km
wide Culpeper Basin is the southernmost exposed basin which shows intercalated
basalt flows, since in the southern United States, basalt flows overlie rift basins
(Withjack et al., 1998). Like the Newark basin, it has a half-graben structure
with the western border bounded by a normal fault system (Hozik, 1992). The
seven sedimentary formations, the three lava flow units and the sill intercalated
that build up the stratigraphy of the basin dip towards the western border with
progressively increasing dips. The Catharpin Creek Fm. is the uppermost part of
the thick sedimentary formation underlying the Mount Zion Church basalt flows
(~140 m thick) made up by at least two lava flows (HTQ, TiOy = 1.2 wt%) sepa-
rated by sedimentary layers. The Midland Fm. separates this basaltic unit from
the upper Hickory Grove basalt (HFTQ, TiO2=0.75-1.30 wt% and FeO,,; = 12-15
wt%) composed by at least three lava flows, not ubiquitous in the entire basin
and each separated by sedimentary lenses, for a thickness up to 380 m toward
north near the border fault (Hozik, 1992). Apparently this unit has chemically
equivalent neither in the Newark Supergroup nor in the Moroccan CAMP sub-
province. Upward, the Turkey Run Fm. separates the Hickory Grove basalt from
the uppermost and thickest Sander basalt (up to 600 m), composed by at least
three lava flows (HFTQ HFQ and LTQ) separated by sedimentary lenses. The
Sander basalt is chemically similar to the Preakness basalt.

18.3 PREVIOUS GEOCHRONOLOGY

Until the recent “°Ar /3% Ar plateau ages compilation on plagioclases separated
from lava flows from the Fundy basin (Nova Scotia, Canada) and Hartford and
Deerfield basins (NE U.S.A.) of Jourdan et al. (2009), few reliable °Ar/3%Ar
ages were available for lava flows of the eastern North America (ENA) CAMP
sub-province. Excluding ages obtained by “°Ar/3? Ar on whole rocks and analyses
for which the monitor is unknown, ages (cf. below) from Hames et al. (2000)
(5 ages), Beutel et al. (2005) (5 ages) and Nomade et al. (2007) (8 ages)
are useful for a statistical meaningful comparison with the new age determination
described in this work. Previous “°Ar/3° Ar studies on mineral separates are from
Sutter (1988) who analysed a biotite from a recrystallized xenolith of the Stock-
ton Fm. close to the Palisades sill and a hornblende separate from a granophyric

differentiate of the Germana Bridge diabase sheet. The biotite yielded a poorly
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constrained age recalculated by Baksi (2003) at 203.04+1.2 Ma (plateau age)
while the hornblende gave an age of 200.9£1.0 Ma recalculated by Hames et al.
(2000) at 203 Ma. In the same paper, Hames described *°Ar/3?Ar incremental
heating ages on plagioclase separates from sample collected from lava flow of the
Orange Mountain basalt, which yielded a miniplateau age of 201.04+2.1 Ma (20
level), and one sample collected from the Hook Mountain basalt, with a plateau
age of 198.9+2.0 Ma (20 level). Two samples collected in different positions of the
same diabase dike in South Carolina produced similar plateau ages of 198.842.2
and 199.54+1.8 Ma (20 level), respectively. Plagioclases collected from another
dike in the same basin yielded a plateau age of 199.7+1.5 (20 level) (Hames
et al., 2000). Beutel et al. (2005) analysed five sample from diabase dikes of
the North and South Carolina (SE U.S.A.) obtaining 3 good plateau ages ranging
from 197.6+1.5 to 198.8+1.8 Ma (20 level) and two other plateau with discor-
dant ages. Nomade et al. (2007) analysed eight plagioclase separates from
seven basaltic samples from the same North and South Carolina (SE U.S.A.)
CAMP dolerite dike swarms of Beutel et al. (2005) and one lava flow from
the Orange Mountain basalt (Newark basin, NE U.S.A.) from the same locality
of Hames et al., 2000. The dike ages yielded plateau ranging from 195.84+1.6
to 200.94+1.5 Ma (20 level) while the Orange Mountain sample gave a slightly
younger age compared to that of Hames (199.0+£1.6 Ma at 20 level). Finally
Jourdan et al. (2009) analysed eleven samples which yielded 10 plateau, 2
mini-plateau and 1 isochron “°Ar/3?Ar ages on lava flows from eastern U.S.A. (3
analyses on three samples in the Hartford and Deerfield basins, eastern U.S.A.)
and Nova Scotia, Canada (10 analyses on 8 rocks from the Fundy basin). In the
Hartford and Deerfield basins plateau ages obtained on three ultra-sericitizied
plagioclase selections from basalts range from 198.6+£2.0 to 199.8+1.1 Ma (20
level), that the authors interpretate as syn-emplacement hydrothermal activity.
In the Fundy basin plateau ages range from 198.940.7 to 201.04+1.4 Ma (20 level)
with an isochron age of 199.8+1.4 Ma (27 level) and two younger mini-plateau
ages of 190.6+1.0 and 197.84+1.0 Ma (20 level). Also with regard to the U/Pb
method few age determinations are available because of the scarce occurrence of
evolved rocks in the ENA CAMP magmatic products. Dunning & Hodych
(1990) analysed two fractions of zircon extracted from granophyric lenses of the
Palisades and nine from the Gettysburg sills, obtaining mean 2°°Pb/?3¥U ages
of 200.94+1.0 Ma for the first and 201.3£1.0 Ma for the second. Four fractions
of baddeleyite from the Palisades sill yielded concordant 2*Pb/?3¥U ages from
199.8 and 201.8 Ma (errors not mentioned in Dunning & Hodych, 1990). The
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same authors analysed three zircon fractions collected from pegmatitic lenses
within the North Mountain basalt (Fundy basin, Canada). Two of these yielded
206pPh /238U concordant ages of 202.0+1.06 and 201.4+0.81 Ma, respectively. The
third zircon aliquot yielded a slightly discordant age (Hodych & Dunning,
1992). And from the same locality Schoene et al. (2006) analysed a collection
of ten air-abraded zircon grains, which yielded a weighted mean 2°°Pb /23U age
of 201.2740.03/0.06/0.27 Ma (internal error only/including tracer calibration er-
ror/including tracer calibration and decay constant errors), all concordant with

the previous.

18.4 SAMPLE DESCRIPTION AND ANALYTICAL PRO-
CEDURE

We selected 10 fresh samples, 8 from the Newark Basin (NEW69 and NEW 133,
from two different lava flows of the Orange Mountain basalt, NEW52 from one
lava flow of the Preakness basalt, NEW73 and NEW74 from two different basalts
of the Hook Mountain basalt, NEW135, NEW16 and NEW18, respectively from
the base, middle and top of the Palisades sill) and 2 from the Culpeper Basin
(CULS from the Rapidan sill, CUL17 from one lava flow of the Sander basalt and
CUL13 from one lava flow of the Hickory Groove basalt). These samples were an-
alyzed for “°Ar/39Ar on unaltered, optically transparent, plagioclase and biotite
separates (see data Table 2). Six samples are tholeiitic basalts with TiO, content
ranging from 1.02 and 1.47 wt% with a paragenesis dominated by plagioclase,
augite/pigeonite, minor oxides and rare biotite and apatite. The remaining four
samples belong to two sills, three to the Palisades sill in the Newark Basin and
one to the Rapidan sill in the Culpeper basin (see data Table 2). The primary
paragenesis of the sills consists of olivines, augites, orthopyroxenes, plagioclases,
hydrous minerals (biotite and amphibole), oxides, graphic quartz and apatite
needles. After crushing, samples were sieved, washed in distilled water and dried.
Finally minerals were separated using a Frantz Isodynamic Separator, and then
carefully hand-picked under a binocular microscope. 10-12 mg of plagioclase have
been hand-picked from each sample from two different size fractions, 200-315 and
160-200 pm, while for biotites we have collected few tens of grains from 2 sam-
ples (NEW135 and CULS). The selected plagioclase and biotite samples were
further leached in diluted HF for one minute and then thoroughly rinsed with
distilled water in an ultrasonic cleaner. Samples were loaded into 5 large wells

in an aluminium disc with 1.9 cm diameter and 0.3 cm depth aluminum disc.
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These wells were bracketed by three small wells that included Hb3gr hornblende
used as a neutron fluence monitor for which an age of 1072411 Ma was adopted
(Turner et al., 1971; Jourdan et al., 2006) and a good in-between-grains repro-
ducibility has been demonstrated (Jourdan et al., 2006; Jourdan & Renne,
2007). The discs were Cd-shielded (to minimize undesirable nuclear interference
reactions) and irradiated for 25 hours in the Hamilton McMaster University nu-
clear reactor (Canada) in position 5C. The mean J-values (1o) computed from
standard grains within the small pits range from 0.00868040.000023 (0.26%) to
0.008835+0.000014 (0.16%) (see data Table 3) determined as the average and
standard deviation of J-values of the small wells for each irradiation disc. Mass
discrimination (1o) was monitored using an automatic air pipette and provided
a variable value from 1.005296+0.002814 (0.28%) to 1.00649+0.00352 (0.351%)
per dalton (atomic mass unit) (see data Table 3). The correction factors for
interfering isotopes were (*Ar/3"Ar)q, = 7.30x107* (£11%), (**Ar/*"Ar)c, =
2.82x107* (£1%) and (Ar/*Ar)x = 6.76x107* (£32%). The °Ar/3°Ar anal-
yses were performed at the Western Australian Argon Isotope Facility at Curtin
University, operated by a consortium consisting of Curtin University and the
University of Western Australia. The samples were step-heated using a 110 W
Spectron Laser Systems, with a continuous Nd-YAG (IR; 1064 nm) laser rastered
over the sample during 1mn to ensure homogenously distributed temperature.
The gas was purified in a stainless steel extraction line using three SAES AP10
getters and a liquid nitrogen condensation trap. Ar isotopes were measured in
static mode using a MAP 215-50 mass spectrometer (resolution of ~600; sensitiv-
ity of 2x107* mol/V) with a Balzers SEV 217 electron multiplier mostly using
9 to 10 cycles of peak-hopping. The data acquisition was performed with the
Argus program written by M.O. McWilliams and ran under a LabView environ-
ment. The raw data were processed using the ArArCALC software (Koppers,
2002) and the ages have been calculated using the decay constants recommended
by Steiger & Jager (1977)). Blanks were monitored every 3 to 4 steps and
typical 4°Ar blanks range from 1x10716 to 2x107!® mol. Ar isotopic data cor-
rected for blank, mass discrimination and radioactive decay are given in Annex
xx. Individual errors in Annex xx are given at the 1o level. Our criteria for
the determination of a plateau are as follows: plateaus must include at least
70% of 3°Ar; the plateau should be distributed over a minimum of 3 consecutive
steps agreeing at 95% confidence level and satisfying a probability of fit (P) of
at least 0.05. Plateau ages (Table 2 and Fig. XXX) are given at the 20 level

and are calculated using the mean of all the plateau steps, each weighted by
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the inverse variance of their individual analytical error. Integrated ages (20) are
calculated using the total gas released for each Ar isotope (Table 2). Inverse
isochrons include the maximum number of steps with a probability of fit > 0.05.
The uncertainties on the “°Ar*/3*9Ar ratios of the monitors are included in the
calculation of the integrated and plateau age uncertainties, but not the errors
on the age of the monitor and on the decay constant (internal errors only, see
discussion in Min et al. (2000).

18.5 %Ar/*Ar RESULTS AND DISCUSSION

18.5.1 Newark basin samples

For the Newark basin we have obtained 10 plateau ages from 8 samples: 5 lava
flows from the three basaltic unit (two from the youngest the Orange Mountain,
one for the Preakness and two for the Hook Mountain basalt), and 3 samples
from the base, the middle and the top of the Palisades sill (TABLE 1). Samples
from the Orange Mountain basalt (NEW69 and NEW133, plagioclase separates)
from two different lava flows in different localities, yielded indistinguishable coin-
cident plateau ages of 199.04+2.25 and 200.98+2.58 Ma (all errors are reported
at the 20 level). Plateau ages comprise >90% of the 3°Ar;,; released, with nearly
undisturbed Ca/K spectra at values consistent with microprobe analyses (~100).
Only the lowest temperature steps display lower Ca/K, associated with higher
apparent ages, this being probably related to minor amount of argon excess, a
quite feature common in all samples analyzed in this work (Fig. PLATEAU)
and in other present in literature (Deckart et al., 1997; Beutel et al., 2005;
Nomade et al., 2007; Jourdan et al., 2009). However, inverse isochron
diagram (Heizler & Harrison, 1988) indicates an initial “°Ar/*Ar generally
indistinguishable from atmospheric value of 295.5 (Steiger & Jager, 1977) with
ages of 195.8744.90 and 203.3545.20 Ma for NEW69 and NEW 133, respectively.
The plateau ages of samples NEW69 and NEW133 are coincident (within errors)
with that of 201.0£2.1 Ma obtained by Hames et al. (2000) on sample 6J
of the same basaltic unit (but different location, see Hames et al. (2000) for
references) and that of 199.0+£2.0 Ma obtained by Nomade et al., 2007 on a
plagioclase separate from the same split of Hames. However, it is noteworthy the
fact that both Hames and Nomade ages do not fully satisfied our plateau age
criteria, comprising ca. 41% (plateau age by Hames) and 54% (plateau age by
Nomade) of the 3Ar;,; released, and the samples suffering the presence of alter-

ation phases (low apparent ages correlated with low Ca/K) and excess argon (age
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spectrum with pronounced saddle-shaped form), for Hames and Nomade sample,
respectively. Sample from the Preakness basalt (NEW52, plagioclase separates)
yielded a plateau age of 200.434+1.62 Ma (97% of 3°Ar,) and flat Ca/K spec-
trum (~67). The inverse isochron age (200.07+3.53 Ma) is undistinguishable
from the plateau age, and yield an initial “°Ar/3¢Ar of 303468, overlapped with
atmospheric composition. Two samples (plagioclase separates) were analyzed for
the Hook Mountain basalt, NEW73 and NEW74. Sample NEW73 (the lower-
most basalt) yielded a plateau age of 190.314+2.51 Ma, much younger than the
overlying NEW74 lava flow (plateau age of 198.984+1.98 Ma). The age spectrum
of NEW73 is slightly disturbed and the Ca/K spectrum is broadly tilde-shape,
having the lowest and middle T steps lower Ca/K compared with those of high
T steps. The inverse isochron yield “°Ar/3¢Ar intercept of 323£53, and an age
of 188.50+4.23 Ma consistent with the plateau age. Taking into account the low
Ca/K of the lowest T steps it is possible to think that the plateau age does not rep-
resent the magmatic crystallization age but maybe records a hydrothermal event
and crystallization of alteration phases. It seems unlikely that the hypothetical
hydrothermal event affected only the lowermost flow, leaving the overlying un-
affected (cf. sample NEW74 description below). Alternatively, sample NEW73
may have suffered Ar loss by a re-heating event, in the hypothesis that the second
lava flow (sample NEW74) did emplace soon after the emplacement of the first
one, acting as a thermic blanket for the underlying, recently and hot lava flow,
thus allowing a longer cooling time. However, considering the limited thickness
(few meters) of the upper flow NEW74, is not likely such long thermal incubation.
Another interpretation of the young age for NEW73 comes from the possibility
that this sample belongs to a sill. Compelling field evidences for this hypothesis
are lacking, since on the base of field-work investigation it has not been possible
to detect the base of this supposed ”sill”, being visible only the contact with the
overlying flow. On the other side in the Hartford/Deerfield basin there is a sill
geochemically equivalent to Hook Mt. and Hampden basalts, the French King sill
(Andrea Marzoli pers. comm.), thus indicative that these magma may have been
intrusives. The overlying NEWT74 displays a nearly undisturbed plateau age and
Ca/K spectrum (except for one step with lower Ca/K). The inverse isochron age
is identical to the plateau age, 197.6943.11 Ma, with atmospheric *°Ar/36Ar in-
tercept of 314+40. Even in this case, although NEWT74 plateau age is coincident
with that of 198.8£2.0 Ma obtained by Hames et al. (2000) on sample 7B from
the same basaltic unit (and same locality of NEW74), the Hames result does not

satisfied our plateau age criteria, comprising ca. 68% of 39Ar,,, released, more-
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over suffering of Ar excess (age spectrum with saddle-shaped form). The three
samples from the Palisades sill yielded five plateau ages (on three plagioclase
and two on biotite separates). Plagioclases of NEW135 yielded a plateau age of
201.24+1.81 Ma, defined by 87% of the of 3Ar;,; released, and a nearly flat Ca/K
spectrum (52+2) with an indistinguishable inverse isochron age of 200.8542.23
Ma, and an atmospheric initial “°Ar/36Ar (3024+19). The two repeated analy-
ses on biotite separate yielded two indistinguishable plateau ages of 200.60£3.12
(for NEW135-bio) and 200.14+1.22 Ma (for NEW135-bio2), and coincident with
that of plagioclase. The lower uncertainty of NEW135-bio2 is due to the larger
amount of biotite grains analyzed compared to the first run (5-6 biotite grains),
as also highlighted from inverse isochron age of 199.174+8.24 Ma for the first
run and 199.75+1.66 Ma for the second (and precise) one (*°Ar/?Ar intercept
at 319+68). Sample NEW16, collected from the middle of the sill (ca. 50-60
m above the base) yielded a younger plateau age of 196.01+£1.88 Ma compared
to NEW135, collected ca. 10 m above the base of the sill. NEW16 displays a
more disturbed age spectrum in the lower temperature steps, with younger ap-
parent ages (except for the lowest temperature step) and lower Ca/K values in
the relative spectrum, maybe imputable to the presence of little amounts of K-
rich alteration phases (isochron age of 193.074:3.40 Ma, “°Ar/3¢Ar intercept at
337+42). Finally the uppermost sample NEW18 yielded an even younger plateau
age, 193.62+2.07 Ma even if overlapping within error with the age of NEW16.
The Ca/K spectrum is more flat compared to NEW16 (Ca/K = 36+£2), except in
the lowest T steps where it also displays lower apparent ages. The interpretation
of these last two plateau ages, younger compared to that of the basal NEW135,
needs to be discussed further. Generally, “°Ar/3?Ar plateau ages obtained on sill
samples tend to spread towards younger ages especially when sampled in the mid-
dle of the magmatic body. For NEW135, the plateau age probably represents the
intrusion age because of its proximity to the basal contact with the intruded sed-
iments, thus leading to a faster cooling and so early crystallization. The younger
age of NEW16 may be interpretated as a slow cooling age for this sample col-
lected in the middle portion of the sill (50-60 above the base and 90-100 below the
top of the sill), which may have taken a longer time to cool down below the Ar
closure temperature, allowing a major Ar radiogenic diffusion with respect to the
cooler sill margins. The young age of NEW18 (comparable with the underlying
NEW16) is more tricky to interpret. One possibility is that the position where
NEW18 has been sampled in the sill (20-30 below the sill top) could not respect
its paleo-position. In fact, if a big sill portion (above the actual NEW18 position)
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has been eroded (together with the sedimentary cover), NEW18 position would
be nearer to middle portion of the sill. In this view the plateau age of NEW18
would record a long cooling history, like for NEW16.

18.5.2 Culpeper basin samples

Three plateau ages for two samples from the Culpeper basin have been ob-
tained, one for lava flow belonging to the Sander basalt and one for the Rapidan
sill (TABLE 1). Sample CUL17 from the Sander basalt yielded a plateau age of
199.96+1.25 Ma (95% of the 39Ary,; released), coupled with a quite flat Ca/K
spectrum. Inverse isochron age is coincident with the plateau age (198.8041.92
Ma) and atmospheric *°Ar/?*Ar intercept (310+19). CULS from the Rapidan
sill yielded two indistinguishable °Ar /39 Ar plateau ages from plagioclase and bi-
otite separates. Plagioclase yielded a plateau age of 199.25+1.31 Ma, and quite
flat low-Ca/K spectrum (0.1-15). The inverse isochron (age of 198.98+1.42 Ma)
overlaps the plateau age yielding atmospheric initial “°Ar/36Ar (3044:17). The
biotite separate yielded a plateau age of 200.094+1.46 Ma, inverse isochron age of
198.4742.36 Ma and atmospheric initial *°Ar/36Ar (334+44).

18.6 DURATION OF ENA-CAMP

In the Culpeper basin, the sample from the Rapidan sill (CUL8) yields a
mean weighted age (plagioclase and biotite separates) of 199.6240.98 Ma, while
CUL17 from the Sander basalt yields a plateau age at 199.96+1.25 Ma, statis-
tically equivalent and giving a mean weighted age for the Culpeper samples of
199.75+0.77 Ma (20 level). Newark CAMP basalts yielded plateau ages ranging
from 201.24+1.81 to 190.31+£2.51 Ma. As explained before, three of these ages
are significantly younger (NEW73 at 190.31£2.51 Ma, NEW18 at 193.62+2.07
Ma and NEW16 at 196.10+1.88 Ma), with respect to the others. While NEW 16
and NEW18 may represent cooling ages of the Palisades sill, the “°Ar/?*°Ar age of
NEWT73 may be interpreted either as an alteration age (even if the age spectrum
is undisturbed and the Ca/K consistent with microprobe data for the analyzed
plagioclase) or as magmatic age, yet in this case, considering the clearly older age
of immediately overlying NEW74 (198.984+1.98 Ma). the sample should be an in-
trusive basalt (even if there is no clear field evidence for this). The three plateau
ages obtained on sample NEW135 from the Palisades sill (1 plagioclase and 2 bi-
otite separates) yield a mean weighted age of 200.484+0.94 Ma. The two analysed
samples from the Orange Mountain basalts (NEW133 and NEW69) yield a mean
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weighted age of 199.90£1.70 Ma. The overlying Preakness (NEW52) and Hook
Mountain (NEW74) basalt flows yielded plateau ages of 200.43+1.62 Ma and
198.80£1.89 Ma. Excluding the three youngest ages, plateau ages in the Newark
basin span the range from 200.48+0.94 (sample NEW135 plagioclase+biotites) to
198.804+1.89 Ma (sample NEW74), all these ages being indistinguishable. Con-
sidering the 4 mean weighted ages of each unit (3 lava flows and 1 sill), we
obtain a mean age of 200.16+£0.64 Ma for the CAMP magmatism in the Newark
basin, indistinguishable from the Culpeper mean age. Although the mean age
of our compilation is in perfect agreement with weighted mean age obtained by
Jourdan et al. (2009) for CAMP basalts from Nova Scotia (199.6+0.6 Ma),
it is slightly older with respect both to the mean age of eastern U.S.A. dykes
and sills (198.940.3 Ma) and to the mean age of Moroccan CAMP lava flows
(198.940.5 Ma) compiled by those authors. In a probably density plot (Fig.
18.3), the new °Ar/3°Ar plateau ages obtained in this work (excluding the three
youngest ages) have a nearly Gaussian distribution with peak at ca. 200.1 Ma.
This distribution shows a slightly older peak age compared to other previously
analyzed ENA-CAMP samples and compared to the entire CAMP (only plateau
ages are used)(Fig. 18.4). The diagram shows also the CA-TIMS U/Pb age of
the Triassic-Jurassic (201.58+0.28 Ma, Schaltegger et al., 2008). Since a num-
ber of studies have highlighted that “°Ar/3%Ar ages are systematically younger
than U-Pb ages by ca. 1% (Renne et al., 1998; Renne, 2000; Villeneuve
et al., 2000; Min et al., 2000, 2001; Nomade et al., 2004; Schoene et al.,
2006; Schaltegger et al., 2008), the CAMP basalts may well be synchronous
with the T-J boundary. As highlighted previously, more problematic is the inter-
pretation of the three younger ages obtained on NEW73, NEW18 and NEW16
(190.3142.51, 196.10£1.88 and 193.62+2.07 Ma, respectively) and their geody-
namic implication in the ca. 200 Ma ENA-CAMP magmatic peak frame-work.
We have discussed that the young age for NEW73 (at 190.31+2.51 Ma) is defined
by a statistically solid age spectrum, yet a slight, almost cryptic alteration could
envisaged considering the slightly disturbed age and Ca/K spectra are slightly
disturbed both having tilde-shape form. However, the relatively wide range of
measured Ca/K variation (from 50 to 100) is consistent with the composition of
plagioclase phenocrysts from this sample, analyzed by EMP, which are charac-
terized by abrupt An variations between about Anso_55 and Ang; with associated
Ca/K variations in the range 20-70 (Fig. 18.2). Excluding the possibility that
the NEWT3 age spectrum represents an alteration plateau, a second hypothesis

could be that NEW73 represents a late magmatic intrusion as that hypothesized
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in Nova Scotia by Jourdan et al. (2009). In the nearby Hartford/Deerfield
basin, a magma with Hook Mt.-like composition intruded in the shallow sedi-
ments and formed the so called French King sill. However, field observations
indicate that at the outcrop where NEW73 was sampled there is no evidence for
a metamorphic basal contact as would be typical for a shallow level intrusion
in sedimentary layers. This poses serious problems for the interpretation of the

young age of NEW73 as a magmatic crystallization/cooling age. The young ages
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Figure 18.2: An mol% and Ca/K compositional variation in two plagioclases of NEW73
sample analyzed by EMP.

NEW16 and NEW18 from the Palisades sill (196.10+1.88 and 193.624+2.07 Ma,
respectively) are at the same time not simple to interpret and intriguing. In the
previous section, we have suggested that the young plateau age for NEW16 could
be explained if we take into account its relative position at about half of the Pal-
isades sill. Plagioclases in the inner part of the sill cool down slowly compared to
those of the sill margins, near the contact with intruded sediments. This could
explain the younger age of NEW16 compared to that of NEW135 which instead
was sampled near the base of the sill. The young NEW18 age could be subject to
more than one interpretation. This sample was collected on top of the southern
part of the present outcrop of the sill. It was corresponds to the upper sill, yet,

considering the dip of the intrusion, it does most probably not belong to the very
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top of it. In this view, the young age of NEW18 could represent, as for NEW16,
a cooling age. A second possibility could be that NEW18 represents a late mag-

matic injection. A very recent work (Puffer et al., in press) support the
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Figure 18.3: Age-probability density distribution of the 4°Ar/39Ar plateau ages obtained in
this work, calculated with Isoplot/Ex (Ludwig, 2003) (NEW73, NEW16 and NEW18 plateau

ages are excluded)
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Figure 18.4: Age-probability density distribution (Sircombe, 2004) of “°Ar/3?Ar plateau
ages of all CAMP (comprising our new °Ar/3%Ar ages). Compilation from Jourdan et al.
(2009).

hypothesis of multiple intrusion history for the Palisades sill (as also stressed by
vertical chemical variation due to less differentiated magma injection in Shirley
(1987)), with an earlier stage for the lower sill portion and a later stage for the
upper section. If by one side, the two young age of NEW16 and NEW18 confirm,
within the error, the first hypothesis, i.e., both samples belong to the inner part
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of the cooling sill, thus representing a cooling plateau age, on the other side, the
poor constrained paleo-position of NEW18 in the body sill and the proved occur-
rence of late magmatic intrusion within the main body sill, could lean toward the
second hypothesis, i.e., that NEW1S8 represents a late intrusive event, occurred
within the main Palisades sill along weakness directions consequent to its long

time (thousand years) cooling history.

18.7 CONCLUSION

Thirteen new statistically robust “°Ar/3?Ar plateau ages have been obtained
on plagioclase and biotite separates from lava flows and sills from the Newark
and Culpeper basins, Eastern North America. Ten plateau ages ranging from
201.244-1.81 to 198.8041.89 Ma, confirm previous °Ar/*Ar ages obtained on
both lava flow and sill samples from the North American CAMP. The Gaussian
distribution of our new plateau ages highlights a main magmatic peak at 200.1
Ma, slightly older than the main CAMP magmatic peak (ca. 199 Ma), obtained
from a global “°Ar/3°Ar age compilation, thus supporting the hypothesis of a
possible southward migration of the magmatic centers during the CAMP event,
as previously suggested by Baksi, 2003, Nomade et al., 2007 and Jourdan
et al., 2009.

Three substantially younger ages, varying from 196.014+1.88 to 190.3142.51
Ma obtained on one lava flow and two sill samples, are more difficult to explain.
If by one side, it is not possible to exclude a long (thousand years) cooling history
for sill samples (thus yielding younger 1°Ar/3°Ar plateau age), on the other side
the hypothesis of a late intrusive magmatic stage in the ENA-CAMP is supported
by a recent work ((Puffer et al., in press)) about the multiple intrusion history
of the Palisades sill.
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Figure 18.5: Age spectra with associated Ca/K ratios and inverse isochron of the plagioclases
from NEW73 and NEW74 samples (Hook Mountain basalt, Newark basin). Errors are reported
at 20 level.
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Figure 18.9: Age spectra with associated Ca/K ratios and inverse isochron of the plagioclase
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Figure 18.10: Age spectra with associated Ca/K ratios and inverse isochron of the plagioclase
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A APPENDIX

A.1 WHOLE-ROCK COMPOSITIONS



wtlo

8i0,
Ti0,
AL O,
Fe, 0
MnO
Mg
Cal
Na, O
K,
Py0;
SUM

Loss 110°

L.O.L
L.0.Ly

Mg#

XRF (ppm)

Norma

Lower

TJ1
52.83
1.38
14.36
9.79
0.
8.53
9.78
23
0.74
0.15

99.99

1.45

1.86
331

64.09

270
383
45
107
59
62
16
12
236
27
125
12
225
<10
21
16
<3
=3
<3

437
19.53
26.62

17.03
25.39

1.86
263
0.33
99.93

<3
<3

TJ2
53.13
1.41
14.59
9.75
0.12
7.83
9.79
228
0.54
0.16

99.99

0.

1.15
2.06

62.20

19
275
331

43
105

59

56

17

22
238

28
132

13
237

41
20

5.55
19.27
26.79

16.92
236

1.86
288
0.35
99.95

AN4D TJ3

54.08 53.47
1.36 1.42
15.28 14.24
8.26 9.46
012 0.15
5.958 7.88
10.63 9.92
216 232
0.97 0.96
0.15 0.16
100.00 99.99
0.82
1.08
19
63.39 63.06
34 18
256 288
N 387
39 43
B0 108
e}
62
18
K 29
237 235
25 25
15 132
1" 13
224 243

17 <10
33 35
18 14

<3

5 <3
2 3
529 319
5873 567
18.26 19.61
2912 256
18.43 18.4
18.65 2262
157 18
288 27
0.33 0.35
99.97 99.94

<3

<3

TJ4
53.99
1.46
14.85
9.67
0.15
6.85
9.63
2.4
0.79
0.18

99.99

1.12

1.23
235

59.22

17

280
39
g3

109
69
17
20

253
28

145
15

267
25
32
14

4.66
2037
27.36

16.76
21.56

1.84
278
0.39
99.93

AN134
53.67
143
1428
992
0.18
728
997
215
0.98
017

100.00

59.96

263
288
37
92

5.78
1817
26.41

17 .96
21.96

1.89
272
037
99.95

TJS
53.85
1.38
14.68
9.56
0.15
7.78
9.50
231
0.55
017

99.99

1.49

1.67
3.16

62.42

260
316
39
9
123
&7
18
13
248
28
133
14
216
<10
34
22
=3
=3
<3

3.25
19.53
28.05

16.28
23.54

1.82
263
0.37
99.96

TJ6

<10

<3
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<3

52.57
1.35
18.15
9.17
0.13
9.17
9.52
240
0.37
0.15

99.99

1.71

214
3.85

67.20

17
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43

9
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64

18
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13.61
27.83

1.74
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0.33
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34
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0.33

99.93

TJ8

<10

<3
<3
<3
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295
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10
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27
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33
16
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19.95
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1.82
29
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457
34.74
1.3
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0.37
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52.93
1.49
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9.33
7.44
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017
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4.14
6.96
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268
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g0

67
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2.0
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Figure A.1: XRF and normative compositions of Tiourjdal samples.
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Lower

TJ11 TJ12 TJ13 TJ14 TJ15 TJ16 TI17 TJ18 TJ19 TJ20 TJ21 TJ22 TJ23
8i0, 52.73 51.35 51.67 51.65 52.03 52.97 52.28 52.58 53.41 52.83 53.70 52,97 53.31
Ti0, 1.45 1.54 1.50 1.48 1.43 1.45 1.41 1.40 1.70 1.59 1.49 138 1.28
AlLO, 14.45 15.43 14.79 1467 15.03 14.50 14.65 14.06 14.06 15.29 14.26 1361 14.33
Fe, O, 9.85 9.79 10.61 10.32 9.89 9.95 10.26 10.41 10.98 10.44 1012 10.40 10.26
MnO 0.16 0 0.09 0.14 0.16 013 0.10 012 0.14 0.06 0.14 015 017
MgO 8.92 977 9.36 9.40 9.79 8.77 9.21 9.02 5.52 9.54 7.33 890 7.78
Cal 9.59 8.91 9.03 9.54 B.70 9.36 9.22 9.82 9.49 6.18 9.33 9.42 10.06
Na,O 220 234 235 229 2.43 2.26 222 2.05 2.45 21 234 214 223
K,O 0.48 0.57 0.4 0.33 0.37 0.44 0.49 0.35 0.74 1.77 1.12 087 0.44
P,0; 0.16 017 017 0.16 0.16 0.16 0.16 015 0.19 017 017 014 0.14
SUM 99.99 99.99 99.99 99.99 959.99 99.99 99.99 99.99 99.99 99.99 99.99 99,99 99.99
Loss 110 1.72 227 1.99 1.86 2.36 1.84 1.79 1.81 1.06 3:12 0.58 1.06 1.14
L.0.1. 238 364 3.07 270 339 261 3o 2.595 1.34 4.24 1.26 1.49 1.23
L.0O.Iyy 4.1 591 5.06 4.56 575 4.45 48 477 24 7.36 1.84 255 237
Mgi 64.99 67.17 64.37 65.12 66.97 64.37 64.77 63.98 56.00 65.73 59.76 63.68 60.83
XRF
Sc 16 19 17 19 18 18 18 17 17 22 17 16 18
v 276 289 279 281 281 274 274 279 308 263 283 267 290
Cr 351 351 327 345 385 327 347 344 245 278 283 351 245
Co 47 44 45 46 47 45 43 47 46 43 44 51 46
Ni 85 a9 a7 86 106 85 a7 95 73 Jata] a3 120 o]
Cu 52 91 59 81 157 100 50 43 43 7a 23 35 158
Zn 71 B9 38 G0 101 71 45 57 B9 43 74 70 72
Ga 17 17 17 18 16 17 17 16 18 17 19 17 16
Rb 4 1 5 3 7 1 1 5 21 43 28 20 16
Sr 258 262 264 261 257 247 251 245 245 235 229 219 179
Y 26 26 29 24 23 25 25 25 32 24 27 27 24
Zr 129 130 128 129 122 130 127 120 157 136 141 124 106
Nb 14 13 14 13 13 13 14 13 15 14 15 13 11
Ba 237 186 152 168 170 183 176 164 228 189 235 205 166
La 10 14 24 <10 25 18 =10 23 <10 13 25 <10 10
Ce 34 25 3 28 18 19 28 36 43 27 29 40 16
Nd 20 15 13 29 27 20 25 23 28 28 27 12
Fb <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 =3 <3 <3
Th <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 =3 <3 <3
u <3 <3 <3 <3 <3 <3 <3 4 <3 <3 4 <3 <3
Norma 289 0.76 0.88 (IR 3.46 2 3:37 4.53 1.45 3.88 254 4.38
Qz
Co 283 3.36 242 1.95 2.18 26 289 207 4.37 10.45 G.61 5.14 2B
Or 186 19.78 19.86 19.36 20.54 19.1 1877 17.41 2079 17.84 19.78 18.09 18.85
Ah 2812 299 28.58 2876 29 28.1 28.55 28.07 2513 27 25.09 2495 27.78
An
Le
Ne 14.97 10.68 12.28 14.24 10.64 14.06 13.13 16.01 17.03 205 16.44 17 17.35
Di 27.44 3019 3074 29.59 3.8 27.59 29.61 28.01 22.36 35.69 23.02 273 24.31
Hy 0.g2
0l 1.87 1.86 202 1.96 1.88 1.89 1.95 1.98 2.09 1.99 1.93 158 1.95
Mt 276 253 285 282 272 276 268 266 323 3.02 283 263 2.44
Ilm 0.35 0.37 0.37 0.35 035 0.35 0.35 0.33 0.4 0.37 0.37 031 031
Ap 99.93 99.89 99.88 99.91 99.91 99.92 99.93 99.91 99.94 99.87 99.95 99.94 99.97

Figure A.2: XRF and normative compositions of Tiourjdal samples.

243




Intermediate Upper Recurrent

ANI137A  TJ24 TJ25 TJ26 ANI138 TJ28 TJ29 TJ30 TJ31 TJ32 | AN140 AN141| ANI1S6A
8i0, 53.23 53.15 53.39 53.83 53.64 50.80 52.95 5327 5322 53.03 51.43 52.14 50.58
Ti0, 1.16 1.38 1.18 1.21 1.16 143 1.22 1.31 1.31 1.35 1.00 1.04 1.63
AL, 13.94 14.83 13.43 14.60 13.42 1752 14.75 14.51 14.64 14.71 15.03 14.87 13.55
Fe, O, 10.47 13.60 10.44 10.01 10.20 9.50 10.26 10.57 10.27 10.55 9.95 9.97 15.01
MnO 0.18 0.09 016 013 017 014 0.18 017 015 016 018 018 0.28
MgO 7.79 571 8.40 7.02 8.52 939 742 7.08 7.48 722 8.27 774 5.76
Cal 10.70 7.09 992 10.07 957 707 10.49 10.31 10.06 10.27 12.03 11.45 10.43
Na,O 2.00 219 207 216 1.90 248 213 218 217 216 1.78 1.80 218
K,O 0.38 1.79 0.83 0.83 0.84 1.48 0.44 0.43 0.56 0.40 021 0.59 0.39
P,0; 0.14 0.16 0.16 0.14 017 016 0.14 0.14 0.14 0.14 0 0.1 017
SUM 100.00 99.98 99.99 99.99 100.00 99,99 99.99 99.99 99.99 99.99 100.00 100.00 99.97
Loss 110 3.07 0.35 0.68 308 1.06 0.74 0.8 057
L.0.L 2.80 067 1.09 351 1.36 1.49 1.758 214 1.32 0.58
L.0O.Ly 224 5597 1.02 1.77 1.13 559 242 223 273 an 1.32 0.58
Mgi 60.38 46.23 62.24 58.97 63.11 66.96 59.71 57.84 59.89 58.38 63.02 61.41 44.02
XRF
Sc 51 21 18 18 45 25 16 17 17 17 42 39 39
v 423 260 245 265 278 315 291 303 299 300 216 272 281
Cr 110 159 355 224 326 285 250 187 186 184 328 229 235
Co 51 32 49 45 43 41 42 42 43 42 42 42 44
Ni B9 42 121 77 104 Jata] 75 63 G0 59 108 91 a0
Cu 108 58 53 130 151 K] 515 134
Zn 47 73 53 77 84 a0 7a Jata]
Ga 15 16 17 18 16 17 17 17
Rb 9 33 29 26 19 17 14 10 10 1 3 7 8
Sr 106 174 161 178 166 209 196 192 196 198 156 168 178
Y 38 28 28 25 23 24 24 26 26 26 27 20 21
Zr 17 116 121 108 99 118 106 11 10 13 17 73 76
Nb ] 9 1 10 9 10 a 10 10 9 10 B B
Ba 190 184 205 183 184 122 170 192 199 183 218 99 Jata]
La 1 12 10 17 20 <10 15 <10 <10 <10 20 10 13
Ce 20 27 26 34 3 28 22 22 22 17 3 24 22
Nd 1 19 18 16 21 13 23 17 18 16 12
Fb 12 <3 <3 <3 12 <3 <3 <3 <3 <3 14 12 10
Th 5 <3 <3 <3 B <3 <3 <3 <3 <3 53 4 4
u <2 4 <3 <3 2 343 33 <3 2 2 2,
Norma
Qz 4.89 388 358 a1 4.55 4.27 5.09 4.49 4.81 21 2.54 2N
Co
Or 224 10.57 49 49 4.95 874 2B 254 33 236 1.24 3.48 23
Ah 16.91 18.51 17.58 18.29 16.06 20,96 18 18.43 18.34 18.26 15.05 16.06 18.43
An 27.92 25.34 24.89 2768 256 3229 29.37 28.52 28.54 29.25 32.39 30.29 26.02
Le
Ne
Di 19.86 7.33 19.02 17.52 18.57 1.4 17.83 17.83 16.75 17.05 217 211 206
Hy 2363 28.64 25.46 21.99 25.68 2354 2328 2271 2378 2333 23.44 22.36 2415
0l 8.09
Mt 1.99 259 1.99 19 1.94 181 1.95 20 1.95 20 1.89 19 286
Ilm 221 263 224 23 221 272 232 2.49 2.49 257 19 1.898 31
Ap 0.3 0.35 0.35 0.3 0.37 035 0.31 0.3 0.3 0.3 0.24 0.24 0.37
Sum 99.96 99.94 99.93 99.99 99.94 99.9 99.93 99.93 99.96 99.95 99.95 99.95 99.94

Figure A.3: XRF and normative compositions of Tiourjdal samples.
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wtlo

8ic,
TiO,
AL O,
Fe,(,
MnO
Mg
Cal
Na, O
KO
P,05
SUM

Loss 110°

L.0.L
L.0.Ly

Mg#

XRF (ppm)

Lower

Intermediate

TEL1
92.41
1.46
13.97
10.81
0.10
7.34
10.54
261
0.59
0.16

100.00

1.67

4.70
6.37

58.20

14.79
27789
313.66

41.48

§1.93

42.51

28.65

16.85

26.97
176.77

27.15
115.00

13.48
146.81

15.54

43.44

293

7.02
0.00
3.46

1.36

3.48
22.06
24.65

21.82
21.4

2.06
278
0.35
99.96

TEL2
51.01
1.50
13.85
12.25
0.12
8.69
5.54
2.80
0.77
0.16

100.00

1.50

4.35
5.85

59.25

17.79
280.85
302.50

49.82

78.14

57.90

30.22

1872

28.06
175.89

25.14
123.71

13.28
179.36

21.65

38.32

14.40

6.50
0.00
385

4.55
23.67
22.94

16.29
19.584
714
233
285
0.35
99.96

TEL3
5427
1.44
13.54
10.69
0.13
8.55
7.80
279
0.23
0.15

100.00

1.47

2.94
4.41

62.11

17.49
277.59
304.74

46.65

§7.85
106.58
145.49

16.92

325
189.36

25.81
117.19

13.48
132.87

25.14

29.73

17.49

7.55
0.00
239

467

1.36
23.58
24.82

10.52
29.86

203
274
0.33
99.91

TEL4
56.43
1.41
12.79
10.91
0.12
6.69
8.76
224
0.50
0.158

100.00

1.07

297
3.24

55.67

17.03
266.96
24587

41.61

§1.57

57.19

99.66

16.55

10.06
186.75

27.09
119.31

12.58
160.82

16.93

22.55

21.58

8.13
0.00
1.94

109

255
18.93
23.36

18.74
2299

207
2.68
0.33
99.95

TELG
49.63
1.33
16.11
9.52
0.09
5.49
15.31
1.58
0.38
0.15

100.00

1.61

4.22
5.83

53.13

3.86
258.87
312.64

321
76.18
33.15
12.80
22.88

9.13

101.52

23.07
111.87
12.81
137.77
3.77
2317
29.00

5.893

0.00

273

1.12

224
13.36
35.73

32.4
10.38

1.89
253
0.33
99.99

TEL7
49.32
1.61
15.10
11.28
0.13
7.83
11.64
261
0.33
0.18

100.00

1.75

4.74
5.49

58.79

13.65
301.85
32738

42.92

94.45
20572

52.46

17.11

7.67
213.02

24.59
133.06

13.75
142.42

11.31

31.42

27.96

B.73
0.00
1.96

1.95
22.06
285

23.Mm
8.91
957
214
3.06
0.39

99.99

TEL9
54.75
1.42
13.19
11.30
0.09
6.03
9.52
236
0.79
0.16

100.00

1.26

2.72
3.88

52.22

14.50
263.00
236.98

38.79

87.87

35.60

18.82

17.48

2237
197.80

25.64
121.66

14.21
214.03

13.44

26.98

17.76

7.39
0.00
2N

4.66
19.85
23.04

20.78
19.33

215
27
0.35
99.96

TEL10 TELI11

54.42 53.46
1.55 1.46
13.85 14.07
11.57 10.52
0.08 0.16
6.95 7.92
7.62 9.62
2.4 2.2
1.358 0.41
017 0.16
100.00  100.00
1.36 2.44
2.65 1.52
4.01 3.56
55.17 60.65
19.01 18.75
27886 27871
19313 27823
38.97 46.10
57.88 71.36
43.00 17393
19.01 B6.65
16.32 18.78
47.42 25.85
207.05 22397
28.03 24.43
13112 121.439
14.59 12.20
29786 18526
6.62 <10
32.28 40.05
1277 27.95
8.35 8.07
0.00 =3
173 <3
5.18 5.08
8.15 242
2037 18.77
22.89 272
11.37 158.93
26.46 25.42
22 2
285 278
0.37 0.35
99.94 99.95

TEL12
54.89
1.41
13.20
11.49
[IRR
7.49
8.62
248
0.45
0.16

100.00

147

3.57
4.54

57.18

17.37
260.41
256.88

43.63

71.69

87.73

44.48

15.08

10.50
176.03

25.30
114.93

11.54
165.72

582
36.27
15.08

B.57

0.00

4.49

6.4

2.66
20.96
23.85

14.83
26.23

219
268
0.35
99.95

TEL13 TELI1S

54.20 59.30
1.25 1.12
14.79 12.22
10.37 9.57
0.09 0.09
8.78 6.93
6.95 7.38
3.0 225
0.42 1.02
0.14 0.13
100.00  100.00
1.23 1.29
3.90 4.76
5.13 6.05
63.44 59.74
22.20 17.29
29372 24220
22750 17185
45.29 39.08
75.52 60.79
165.15 60.03
64.04 46.60
14.52 12.50
6.93 21.89
191.83  147.03
2476 24.80
102.36 92.54
9.0 7.70
15312 249.53
10.44 10.24
11.48 33.63
15.08 18.79
5.69 6.56
0.00 =3

2.56 3.0
3.09 14.21
248 6.02
25.44 19.02
256 2022
5.49 1273
32.16 23.52
1.97 1.82
238 212
0.31 0.28
99.92 99.94

Figure A.4: XRF and normative compositions of Telouet samples.
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wto

8ic,
TiO,
AL O,
Fe,(,
MnO
Mg
Cal
Na, O
KO
Py0;
SUM

Loss 110°

L.0.L
L.0.Ly

Mg#

XRF (ppm)

Intermediate Upper Intermediate Upper Recurrent
TEL1lé TEL17 TEL18 TEL1%a TEL19h TEL20 | TEL21 | TEL22 TEL23| TEL24 TEL2S | AN 169
5294 52.41 4937 50.55 50.95 51.64 53.89 54.14 52.73 51.26 5013 51.43
1.26 1.28 1.35 1.29 1.25 1.31 1.08 1.23 1.21 1.06 1.10 1.56
14.12 14.68 15.63 14.15 14.33 14.65 13.89 15.06 14.63 14.72 15.10 13.62
11.40 11.13 10.20 12.56 10.581 121 10.41 2.86 10.89 11.01 11.40 14.22
017 0.1a 01z 0.1g 017 0.1z 0.16 020 016 017 0.1 0.3
714 8.52 8.08 8.13 a9.81 8.45 8.23 7.04 7.2 778 B.25 5.04
10.28 8.5 12.85 10.58 10.08 10.51 10.08 254 10.60 11.70 11.54 1031
217 2483 1.54 217 2.86 1.80 1.87 226 2.06 1.54 1.596 20
0.37 0.55 0.33 015 0.1 017 0.z 052 037 0.26 0.2o 0.36
0.15 015 013 01z o1z 0.13 010 014 013 010 0.1 0.16
10000 10000 10000 10000 10000  100.000 100000} 100.00 10000 100.00 10000 100.00
1.25 210 1.48 .85 1.06 3.2z 1.45 1.67 1.54 076 1.26
0.60 2710 355 1.07 206 1.9z2 317 1.96 097 044 1.83
1.85 5.20 5.03 152 312 5.14 4.62 387 2481 1.20 279 0.51
56.20 61.07 61.86 57.20 65.65 60.74 61.81 59.41 57.60 59.16 59.71 46.53
16.55 2057 12.82 18.64 19.67 17.26 17.36 18.71 17.94 15.41 15.65 50
28709 28705 31036 30032 30595 28667 26029 28919 28623 2136 30213 422
2098 21273 384140 38781 44516 324901 35491 27eE0 220821 26755 Z0BS4] 118
4662 46.45 44.92 45.24 4747 47.90 40.92 43.01 44.94 45.05 4724 47
89.61 7176 93.93 87.38 9555 g4.52 84.13 73.08 57.95 9540 228584 67
18874 18173 15718 29140 38481 35314 115600 1007 104.80 16.70 2032
56.24 85.23 2374 81.60 55.85 46.29 55321 1B7.1 55.28 7.1 73.30
14.43 15.64 15.45 14.03 15.02 15.18 14.88 15.04 15.79 14.33 14.97
3853 1213 5.93 368 9.58 577 g.87 12,67 17.439 a
17942 17386 16287 17095 18359  1B0.50|  153.84] 18987 18503 17182 1661 103
ernl 2.2 2.3 23.93 2422 2561 20,98 2507 25.64 23.22 2847 35
108.85 10447 10200  101.81 9262 a7 .42 g0.5001 10087 95.76 78.45 g224] 1M
9.42 .67 g.17 8.93 7.94 873 7.34 782 7.81 8.30 5.61 g
17859 12201 140.84 82.39 9565 8765 24,431 18650 18435 12785 g3.89] 104
1276 11.09 2099 13.83 <10 <10 <10 <10 18.82 16.70 <10 1
3.70 3.0 2278 12.03 3216 13.94 19.46 2178 28.76| <10 <10 19
=10 2266 2203 2266 24.61 2 27 BB 1215 17.45 26.68 18.37 1
6.458 5.54 B.B5 <5 .07 5.858 5.55 5.65 5.43 5.83 5.64 14
<3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 B
334 <3 <3 <3 <3 4.65 3.43]=3 <3 <3 <3 2
4.55 1.39 0.1 337 G.45 5.24 4.44 1.59 4.01
218 325 1.95 0.83 1.24 1 1.71 3.07 218 1.53 1.18 213
18.34 2138 16.4 18.34 2164 15.22 15.81 19.1 17.41 16.4 16.57 16.99
2768 2706 32.95 284 2695 31.38 28.64 294 2857 30.65 3.8 2706
18.39 11.76 2446 19.16 18.09 16.29 16.94 13.94 18.22 21.92 2028 19.23
2387 30.18 14.34 27.83 2173 278 216 2366 23.48 2352 24.38 24.54
5.1 564 1.25
T 212 1.54 233 2 213 1.598 1.88 207 209 217 27
2.4 2.44 St 245 235 245 205 234 23 202 209 2.96
0.33 0.33 0.2a 0.26 0.26 0.2s 0.2z 0.3 0.za 0.2z 0.24 035
99.95 99.92 99.99 99.94 99.96 99.94 99.96 99.94 99.95 99.97 99.96 99.97

Figure A.5: XRF and normative compositions of Telouet samples.
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wt%

8ic,
Ti0,
Al Oy
Fe,(,
MnO
Mg
Cal
Na, O
K0
Py0;
SUM

Loss 110°

L.0.L
L.0.Ly

Mg#

XRF (ppm)

Norma
Qz
Co
ar
Ab

Le

Di
Hy
ol

Ilm
Ap
Sum

Lower

Intermediate

OL1
53.18
1.43
13.32
11.89
[IRR
8.25

8.50
1.95
1.13
0.15

100.00

2.28

1.36
3.64

58.50

17
279
408

45
116

939

44

16

26
219

25
114

12
21

12

37

23

=3
=3

6.65
16.48
24.26

13.88
29.35

228
272
0.33
99.95

oL2
52.22
1.28
13.24
11.46
0.16
8.73

9.87
2.06
0.54
0.13

100.00

1.64

018
1.82

60.95

14
265
408
137
142

1

a1

27
205
23
105
12
215
18
33
17

=3

1.44

4.96
17.41
24.39

19.42
27.42

218
2.44
0.28
99.94

OL3
48.01
1.57
15.50
13.76
0.13
5.80

8.73
270
0.62
017

100.00

2.24

312
5.36

56.72

20
302
411

47
108

70

44

18

10
229

28
132

13
21

26

43

19

<5

=3
=3

3.66
22.82
28.33

1.4
9.82
18.28
2.62
299
0.37
99.99

OL4
55.01
1.50
13.60
14.49
0.08
6.90

3.95
3.01
1.28
0.18

100.00

3.15

3.87
6.96

49.40

24
280
327

50

78

64

is]

21
166

121

5.64
0.581
7.56
25.44
18.42

36.35

2.76
288
0.39
99.92

OoLSs
51.92
1.44
14.33
11.57
0.13
7.56

8.74
225
1.89
0.16

100.00

1.41

3.47
4.88

57.26

16
275
370

43
114
109

34

17

30
181

27
125

13
364

12

33

12

=3
=3

11.16
19.02
23.41

15.54
236
1.92

22
274
0.35

99.94

OL6
51.60
1.35
13.88
1218
0.15
8.75

8.78
259
0.46
0.14

100.00

1.57

2.80
437

59.55

17
259
323

48

93

78

42

16

10
193

21
113

13
165
<10

33

2

=3
=3

272
21.89
2515

14.34
29.96
0.67
232
257
0.31
99.93

OoL7
49.89
1.27
14.61
11.52
0.19
8.29

9.79
1.68
261
0.15

100.00

1.97

3.22
5.19

59.61

17
283
222

7a

76
148

35

12

45
198

25
106

10
517

18

38
=10

=3
=3

15.41
14.2
2461

18.85
8.91
13.09
219
242
0.33
100.01

OLS8 oL9
54.53 52.45
1.21 1.18
13.94 13.49
10.88 11.73
0.14 013
771 9.87
8.61 7.40
223 212
052 1.51
0.14 012
100.00 100.00
1.67 1.99
2.25 416
376 B.15
59.21 63.29
21 19
280 265
223 297
44 47
72 81
7a 104
57 36
15 15
13 30
173 153
27 21
101 92
10 7
167 221
16 12
26 14
19 15
7 B
<3 =3
=3 3
6.47
366 B.91
18.82 17.92
26.19 22.82
128 10.69
2732 34.29
0.54
207 223
23 224
0.3 0.26
99.94 99.9

OL10
52.84
1.22
14.358
10.63
0.16
8.15

1019
2.09
0.25
0.13

100.00

2.40

1.20
36

61.10

16
285
37

45

78
182

=]

15

20
169

25

96

126
16
14
24

<3
<3

8.19

1.45
17 .67
29.02

16.49
17.71

6.81
232
0.28
99.97

Figure A.6: XRF and normative compositions of Oued Lahr samples.
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wit%

8i0,
Ti0y,
AlyD,
Fe, 0
MnO
MgD
Cal
Na, O
K,O
P,0;
SUM

Loss 110°

L.O.I
L.0.Lgy

Mg#

XRF (ppm)

Norma
Qz
Co
ar
Ab

Le

Di
Hy
ol

Ilm
Ap
Sum

Intermediate Upper Recurrent
0OL11 OL12 OL13 OL14 OL15 OL14 OL17 OL18 AN 61
52.14 52.18 51.35 52.22 51.43 51.56 51.42 51.44] 51.41
1.22 1.30 1.17 1.10 0.98 1.06 1.07 1.07 1.65
13.81 14.18 18.31 14.91 14.70 14.69 14.80 1468 1374
11.21 11.25 10.38 10.34 10.43 10.78 10.41 10731 12.90
0.15 0.13 0.22 0.22 0.14 0.19 0.19 0.18 0.36
8.93 8.52 9.10 8.57 8.72 7.96 8.31 8.22 B.73
10.38 10.03 771 9.80 11.47 11.51 10.85 11.39] 10.52
1.52 1.78 1.77 23 1.83 1.90 239 1.91 217
021 0.19 287 0.31 0.19 0.24 0.25 0.25 0.34
012 0.13 012 0.1 0.10 .11 0.1 0.1 017
100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
213 313 1.84 1.45 212 1.69 1.18 1.54
1.01 1.63 3.26 2.18 1.10 0.90 1.72 0.66
3.14 476 4.1 363 3.22 289 29 22 0.24
62.02 61.62 64.25 62.94 63.13 60.21 62.08 61.10 51.69
17 17 22 19 16 17 19 17 a0
278 287 296 285 266 294 287 280 412
410 339 2m 242 278 243 250 247 101
52 45 42 40 40 44 42 g3 45
95 g3 g6 g4 139 85 g4 a0 B9
113 122 27 35 105 53 52 34
57 45 104 142 45 [=is] g2 g1
16 15 16 14 14 15 17 12
18 13 43 5 9 4 4 <3 g
160 165 184 164 176 168 190 178 106
23 26 19 24 20 23 23 23 37
9 97 g0 78 71 78 77 79 113
9 9 7 5 g 7 7 5 g
112 g3 331 g2 79 124 a0 127 255
<10 <10 <10 <10 <10 =10 <10 <10 9
24 28 23 18 18 12 15 17
21 18 16 30 14 16 22 13 9
B B 7 7 B B 7 B
<3 <3 <3 <3 <3 <3 <3 <3 4
<3 3 4 3 3 3 <3 =3 2
3.48 4.16 1.69 1.73 225 1.85 287
1.24 1.12 16.94 1.83 1.12 1.42 1.45 1.45 2.0
15.38 15.05 14.86 19.53 15.47 16.06 202 16.15 18.34
28.88 3013 2534 29.39 31.32 30.83 29.18 30.73 26.74
17.84 158.35 9.88 1552 20,35 20.94 19.97 20.51 2017
28.41 29.24 19.34 27 .68 2589 24.16 2465 24.91 23.87
9.03 0.23
213 214 1.97 1.97 1.88 2.08 1.95 2.04 245
232 247 223 2.09 1.86 202 2.04 2.04 3.14
0.26 0.28 0.26 0.24 0.22 0.24 0.24 0.24 0.37
99.94 99.94 99.95 99.94 99.94 99.97 99.97 99.95 97.62

Figure A.7: XRF and normative compositions of Oued Lahr samples
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wt%
§i0,
Ti0,
AL O,
Fe,0;
MnO
Mg
Cal
Na,O
KO
PIOS
SUM

Loss 110°

L.O.L
L0 Ly

Mg#

XRF (ppm)

Norma

Lower

Intermediate

ANSD3| ANSD4 ANGD2| ANSD6 ANGD3|Carhonate]| ANSDE ANGO4| ANS0D| ANS1D ANGDS
52.91 52.91 53.45 52.78 53.05] 52.97 53.78 53.21 53.12 54.04
152 152 151 151 1.47 1.24 1.20 1.26 1.34 1.33
14.57 13.78 13.69 1365 13.91 14.05 1417 14.09 13.76 13.52
9.64 10.70 10.79 11.21 10.46 10.64 10.30 10.73 11.62 11.60
0.07 0.16 017 0.19 0.12 016 014 0.16 047 016
10.02 8.16 77 763 9.32 765 8.13 761 6.95 6.68
8.49 9.72 9.63 982 8.89 10.45 9.76 10.24 10.08 9.82
220 221 215 225 2.09 1.84 LREl ] 199 2m 197
0.40 0.64 0.66 0.66 0.41 0.54 0.46 0.56 0.59 0.52
0.19 0.19 0.19 0.19 0.15 015 0.15 0.15 0.16 0.16
100 100 100 100 100] 100 100 100 100 100
3.7 1.45 1.82 1.06 2.75 1.27 228 1.1 0.94 1.12
240 1.60 118 112 1.85 0a7 125 1.06 0.49 0.60
B.11 305 267 218 4.40 224 353 226 1.43 172
68.05 60.97 59.60 58.25 64.60] 59.11 61.79 59.23 54.64 54.84
305 297 297 292 292 294
362 354 339 327 315 289
44 45 46 43 45 44
95 108 102 100 M 106
140 179 166 199 166 168
a9 71 78 68 65 76
19 20 20 19 18 17
17 33 38 iz} il priz)
281 258 248 180 184 179
28 28 28 25 27 29
11 124 127 105 106 118
12 14 13 9 9 9
182 226 233 161 178 209
<10 <10 10 <10 <10 <10
<10 <10 " <10 <10 19
17 24 24 21 21 <10
" 9 9 9 n g
<3 <3 7 5 3 3
<3 <3 <3 <3 <3 <3
32 352 484 34 4.09 466 618 495 534 735
2.36 378 39 39 2.42 319 272 33 3.45 3.07
186 18.68 1817 19.02 17.67| 16.4 16.15 16.62 16.99 16.65
20.69 25.78 2574 2519 27.35] 28.02 28.72 2788 268.77 264
9.86 17.33 17.03 18.7 13.07] 18.73 1583 18.02 18.31 17.46
32.07 2551 2484 24.32 30.14] 2419 26.32 24.25 23.92 23.84
183 2.04 2.05 213 1.9 2.06 1.96 2.04 225 21
2.85 2.89 2.86 2.67 2.8 2.36 2.25 24 2.55 2.583
0.41 0.41 0.41 0.41 0.39 0.33 0.33 0.33 0.35 0.35
99.9 99.94 99.94 99.94 99.83 99.94 99.96 99.97 99.96 99.96

ANS11  ANGD6

52.33 53.54
1.24 1.20
14.03 14.80
11.38 9.54
016 012
7.56 9.60
10.76 8.96
1.96 19
0.42 027
015 015
100 100
097 321
0.87 192
1.84 513
57.64 67.11
295 296
416 393
44 39
e 65
262 188
72 ats}
17 s}
iz} i}
190 215
25 13
99 110

g 19
430 7
<10 <10
<10 32
<10 <10
g 38

4 a

3 3
376 552
2.48 1.89
16.57 1615
28.23 H
19.87 0.1
242 3112
216 1.81
2.38 2.28
0.33 0.33
99.96 99.91

ANG07
53.37
21
14.37
10.60
013
.97
9.64
198
0.37
015
100

1.97
1.03
3.00

60.20

294
364
41
63
193

5.64
218

16.74
28.22

14.43
2704
208

0.33
99.93

ANG08
53.72
1.26
14.07
1115
0.15
7.60
9563
193
0.43
018
100

1.94
0.92
286

58.28

295
i
39
a7
179
78
2
37
2m
12
112

108
<10

<10
29
21
<3

6.69
254

1681
28.45

146
25.49
212

0.3
99.95

ANG2T
53.12
1.38
1389
11.32
0.8
7.8
1013
2.00
0.54
018
100

1.41
070
21

56.86

259
362
35
59
148
79
25
36
200
12
122

225
<10
<10
<10
26
29
<3

529

319
16.91
27.32

180
2413

215
263
0.3
99.98

ANG28
53.15
1.45
13.20
11.99
0.16
7.36
1018
182
0.52
0.1g]
100

1.20
0.47
167

55.70

313

6.1

3.07]
16.36
263

18.07
24 83

2.28]
2.76)
(0.35]
99.94

Figure A.8: XRF and normative compositions of Maaziz samples.
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wt%

Si0,
Tic,
AL,
Fe, 0
MnO
MgO
Ca(
Na, O
K0
P, 05
SUM

Loss 1107
L.0.1.
L.OTy

Mg#

XRF (ppm)
Sc

v

Cr

Co

Ni

Cu
Zn
Ga
Rb
Sr
Y
Zr

Nh
Ba
La
Ce
Nd
Ph
Th
u

Norma
Qz
Co
ar
Ah

Intermediate

AN521  ANG2D  ANS22  ANS23 AN524| ANS1E ANﬁSUlANSZSB ANELS  ANG31

5271
123
14.35
10.87
0.14
718
10.32
1.87
1.18
0.1s
100

143
0.45
1.88

57.50

285
332
a1
109
103
B5
17
25
178
21
118

198
13
11
34

<3
<3

B.97
15.81
27k

18.87
2297

207
234
033
99.97

53.05
1.23
14.20
11.14
014
7.04
10.10
1.88
0.95
015
100

1.29
022
1.51

56.43

286
375
45
75
136
70
19
44
195
1
15
18
111
<10
28
=10
33

<3

5.61
15.89
2776

17.59
2365

212
234
033
99.95

52,65
118
1402
11.43
016
733
1020
182
[IR=t]
0.1s
100

054
037
13

56.78

278
323
a4
107
97
292
16
25
174
23
1

193
14
12
7
22
<3
<3

525
1598
2713

1892
2423

217
225
033
99.95

52.45
1.16
13.81
11.41
0.16
7.60
10.46
1.82
0.7a
0.14
100

0.90
0.31
121

57.74

270
380
43
122
137
[=tz]
15
25
169
22
103

182
<10
<10

4.43
15.98
26.97

19.72
249

219
22
0.
99.97

52.81
1.10
1351
11.56
0.16
8.20
1021
1.64
0.76
014
100

1.14
0.0
164

59.26

266
367
a3
133
99
70
16
25
163
22
109

182
19
1
21

<3
<3

4.49
1565
26.35

19.19
26.63

22
2.09
0.3

99.94

55.46
207
12.46
13.50
017
a.14
735
229
1.21
0.26
100

198
0.5
289

43.70

363
41
51
41

256
31
18
31

176
3k

213
10

316
13
0
33
<5

<3

10.23

714
19.36
2014

1223
2375

253
3594
0.57
99.94

46.15
220
1212
1339
0.16
492
7.05
233
1.39
023
100

207
0.94
3m

42.97

11527

821
19.7
18.5

1225
2263

2485
419
0.61
99.96

52,44
147
1362
1120
01g
735
10324
197
056
016
100

068
037
105

55.87

338
365
48
95
218
77
17
kil
173
24
127

192
<10
<10

33
1665
2666

19.41
23849

2
28
035
99.67

53.19
125
13.88
11.00
019
7.46
10.58
1.87
0.43
0.14
100

1.04
0.45
189

58.16

280
386
48
1m
118
100
18
23
173
20
103

176
<10
<10

20

10
<3

254
15.81
282

19.2
2376

209
238
0.
99.97

4434
126
1424
993
014
B.12
936
199
0.40
016
100

23
1.17
3.48

62.52

296
309
39
56
142
B1
28
33
200
12
114
21
106
<10
29
=10
3

<3

2.36
16.82
2873

136
26.56

18
2.4
035
99.94

Figure A.9: XRF and normative compositions of Agourai samples.
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wito

Siy,
Tig,
AL O,
Fey(y
MnO
Mg
Caly
Na,O
KO
P, 0;
SUM

Loss 1107
L.0.IL
L.OT

Mgt

XRF (ppmy)
Sc

v

Cr

Co

Ni

Cu
Zn
Ga
Rb
Sr
Y
Zr

Nh
Ba
La
Ce
Nd
Ph
Th
u

Norma
Qz
Co
Or
Ah

Intermediate Upper Intermediate
ANG32 carbonate ANSI8 AN5S20| ANS30D ANG33 7?7 ANS31 ANS32
53.1 51.63 51.70 52.46 53.44 53.14
1.33 1.19 52 1.13 129 1.28
15.28 15.10 14.26 14.18 14.00 13.91
10.24 10.69 11.26 11.13 11.61 11.89
012 017 017 0.24 016 0.18
7.37 5.01 7.68 7.07 7.04 7.05
10.11 10.73 11.05 1.27 938 9.45
192 1.98 2.02 1.98 230 223
0.36 0.36 0.61 0.41 0.61 0.7o
015 0.14 013 0.14 016 0.16
100.00 100 100 100 100 100
3.42 251 1.23 0.80 2.40 1.56
1.57 1.58 0.48 0.32 0.82 0.58
4.99 4.09 1.71 112 322 2.14
59.60 60.56 58.29 56.59 55.42 54.85
279 287 300 319 331
356 267 273 =il 73
44 46 39 45 45
B5 98 63 63 &
135 129 1M 63 98
=51 82 1M 74 76
23 14 24 17 21
30 15 33 2 22
207 196 201 208 202
4 20 10 24 22
115 95 92 18 113
22 <3 19 5 <3
103 129 56 216 218
=10 <10 <10 <10 =10
49 17 23 16 19
=10 16 <10 24 24
37 9 35 7 7|
14 <3 28 <3 <3
=3 =3 =3 <3 <3
6.04 229 1.56 3.93 476 4.28
213 213 36 2.42 36 413
16.23 16.74 17.08 16.74 19.44 18.85
32 31.24 28.03 28.58 26.06 26.87
14.07 17.26 213 2174 16.01 16.48
24.68 %57 23.83 2189 2503 2529
195 2.03 2.14 212 221 2.26
2.53 2.26 213 2.14 2.45 2.44
0.33 0.31 0.28 0.31 035 0.35
99.96 99.96 99.96 99.97 99.93 99.95

Figure A.10: XRF and normative compositions of Agourai samples.
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Wit

[S{a
Ti0,
Al Oy
Fe,0;
MnO
MgO
Cal
Na, O
KO
Py0y
SUM

Loss 110°
L.0O.I.
L0

Mgt

XRF (ppm)
Sc

v

Cr

Co

gh=2ggkpz

Norma
Qz
Co
Or
Ah

Le
Ne
Di
Hy
ol

Im
Ap
Sum

Lower Intermediate Upper
ANS34  ANGDD| ANS3S  ANG10| ANS36 ANS37| ANS3S ANﬁlll ANG12  ANS30  ANG13  ANG1d4| ANS40
5371 £3.84 £3.22 £3.59 £3.33 5316 E2.45 51.82 £3.12 52.43 £52.91 £2.92 51.39
1.44 1.43 1.3 1.27 1.21 1.19 1.29 1.29 1.28 1.29 1.26 1.28 1.07
1426 13.483 15.04 14.09 14.04 1417 14.00 1421 13.80 1362 1412 1362 14 51
10.48 10.83 1029 11.04 10.86 1017 10.56 1072 10.76 10.69 10.80 11.37 11.00
o1 012 0.09 013 012 0.14 015 013 0.10 014 0.08 015 015
8.45 8.57 77 7.18 a.41 8.49 8.92 882 9.m 8.37 085 7.93 782
8.96 8.80 973 077 953 9.9 10.29 10.82 078 10.91 8.96 10.31 1162
207 1.98 212 203 187 1.95 1.81 178 173 1.77 165 1.84 183
0.34 0.3 077 0.74 0.47 0.44 0.37 0z5 0.28 0.34 0.z2 0.42 0.38
0.18 0.18 0.16 0.16 015 015 0.14 015 0.14 014 0.14 0.14 013
100.00 10000 10000  100.00  100.00 9973 10000 10000 10000 10000 10000 10000 100.00
299 3.24 240 1.66 2.06 1.71 1.90 229 318 1.51 483 1.32 ns2
243 257 160 0.65 153 1.3 1.30 1.18 2. 113 334 0.56 0.es
542 5.81 4.00 23 3.59 3.02 3.20 347 5.19 264 8.17 1.88 177
62.30 61.84 58.58 57.14 61.33 63.09 63.36 62.76 63.18 61.59 65.15 58.83 59.28
295 318 286 281 308 302 305 300 298 295
329 180 310 325 vz 422 329 484 422 267
47 43 A7 47 43 47 54 48 40 45
108 749 114 109 107 B4 116 =3 a3 114
118 100 182 180 328 189 274 185 116 132
o3 47 70 79 78 70 a1 =] a7 =12
22 24 20 19 22 25 23 28 30 M
18 27 33 34 28 24 23 23 40 18
285 195 181 179 175 200 180 194 196 184
23 21 19 20 17 10 19 9 13 17
126 110 109 109 104 105 106 107 107 g2
il 4 <3 <3 <3 21 4 19 20 <3
215 221 186 181 145 53 134 33 a0 133
16 =10 11 <10 13 <10 21 <10 =10 1"
2 16 21 16 34 27 27 15 =10 =10
I 22 19 19 13 <10 29 =10 =10 18
12 9 g9 1 ] 16 10 15 17 a
<3 <3 a <3 <3 13 ] 10 9 <3
<3 <3 <3 <3 <3 =3 <3 <3 <3 <3
617 6.77 464 5.54 5.44 476 3.85 312 5.62 424 535 513 203
20 1.83 4E5 437 277 26 218 1.48 165 2.0 1.3 248 224
175 16.74 17.92 17.16 15.81 16.57 15.3 15.05 1462 14.96 14.03 16,55 1547
BE 2818 2924 2714 2852 2855 2897 30.03 28.05 2902 304 2765 3051
11.97 11.66 1475 16.68 14.54 16.01 17.26 185 15.13 19.77 10,67 18.53 21.56
28.56 29.568 24.04 242 2816 287 276 26.95 28.08 2517 334 2568 2373
1.99 2.06 1.98 21 207 1.94 2m 204 2.05 203 205 216 209
274 272 249 242 23 226 245 245 2.44 245 24 2.44 2.04
0.29 039 035 0.35 0.33 033 0 033 0. 0.31 0.31 0 028
99.93 09,92 99.96 99,96 99.94 99,72 09,93 99.95 99,95 99.96 99.92 09,94 99.95

252

Figure A.11: XRF and normative compositions of Oum R’Rbia samples.




A.2 ICP-MS AND ISOTOPIC COMPOSITIONS

wt%o

8i0,
Tiy,
Al Oy
Fe,0;
Mni3
Mg
Cal
Na, O
K,O
Py
SUM

ICP-MS (ppm)
Rh

ZN=g

Isotopes
Torfsr

R GSrmnm
NaNa

L3 gy ity

Paleomagnetism
Decl{geo)
Incl{gea)

ADZ

DG

Lower
TJ1 TJ2 AN4Q TJ3 TJ4 AN134 TJS TJ6 TI7 TJ8 TJ9 TJ10
52.83 5313  54.08 53.47 53.89 A367 53.65 5267 £4.46 53.87 52.35 5293
1.38 141 136 1.42 1.46 1.43 1.38 1.35 1.40 1.53 1.49 1.49
14.36 1459 1528 14.24 14.85 14.28 14.68 1515 1475 14.88 14.86 15.03
9.79 975 B2 945 967 992 9,56 917 997 9.58 10.03 10.58
011 012 012 015 015 018 015 013 010 0.o7 0.09 0.o7
8.53 783 698 7.88 B.85 7.25 775 917 747 B8.73 10.60 533
978 973 10E3 992 963 997 9.80 952 8.48 814 B.72 7.44
2.3 228 216 232 2.41 215 2.3 2.40 241 236 236 233
0.74 084 097 0.595 079 0.ss 0.65 037 0.80 065 1.31 0EB2
015 016 015 018 018 017 017 015 015 018 017 017
99 59 599,59 100.00 99 59 599,59 100.00 99 89 599,59 599,59 99 89 599.59 99.99
28260 31.08 22.04 28.401  14B0 18.38 11.31 726
239122 2BBEBE 30627 237454 27556 27797 27BE2 293.38
23389 2363 26.30 25963 2330 2070 24.43 2373
126,450 14538 170,72 147.204 14180 133.28 143.62 138.04
11839 1212 13.52 13.254 1238 11.62 12.46 1269
1.000 1.1 1.60 0911 1.73 0.es 0.54 036
202640 25740 29029 239664 217.79 23852 196.29 13599
14858 16.30 19.38 15452 1685 16.18 15.89 19.14
31351 3609 4270 34316 3705 34.95 35.30 40.24
4.010 4.38 518 4 553 452 4.20 4.40 475
16960 19.21 2256 18.680 19.80 18.10 19.25 2039
4167 4.69 5.44 4 B0B 478 4.30 478 485
1.324 1.28 1.47 1.409 1.30 1.20 1.36 1.38
4.378 437 5.05 4.892 4.63 387 472 4.42
0.E89 0.74 0.84 0778 073 0.ES 077 07s
4.065 4.64 522 4 E36 463 4.09 4.81 473
0.840 0.88 057 0.921 0.85 076 0.80 089
2.388 255 282 2545 249 222 265 259
0.34 0.37 0.33 029 0.35 034
1.928 2.3 255 2,298 222 1.99 234 231
0.282 032 035 0.313 0.30 027 0.3z 032
3.200 350 413 3B55 3.51 325 3E5 347
0.704 0778
4237 3899 521 4 555 37 461 263 323
2987 271 315 3.404 263 243 2.81 2.90
0718 0E5 077 0.730 0.E2 061 0E5 071
0707324 0706911 0705569 0.70BB12 0.70B561 0.70B564
0705351 0705953 0705977 0.705828 0.70B125 0.70802
0612865 0512667 0612546 0512578 0.512569 0.612561
0512371 0512364 0512355 0512383 0512378 0512373
TJ1 TJ2 AN4O TJ3 TJ4 AN134 TJS TJ6 TJ7 TJ8 TJ9 TJ10
3586 15 3589 3 348 3583 358.1 0.3 9.4 137
200 198 203 19.0 19.1 232 23.4 239 300 0.7
4.3 &0 4.3 4.5 4.5 36 48 4.5 5.0 47
1 1 1 1 1 1 1 1 1 1 2 2

Figure A.12: ICP-MS and isotopic compositions of Tiourjdal samples.
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Lower

Bi0y,
Tic,
Al O,
Fe, 0y
Mni
MgQ
CaQ
Na, O
K0
P05
SUM

ICP-MS
Rh
Sr
Y
Zr
Nh
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Th
Dy
Ho
Er
Tm
Yh
Lu
Hf
Ta
Ph
Th
u
Sc
v

Isotopes
Bsrsr

et Sreoom

8 naMNd

Lz gy Mdi g g,

Paleomagnetism
Decligeo)
Incl{geo)

ADS

DG

TJ11
52.73
1.45
14.45
285
016
g.52
259
220
0.43
016
9599

4.56
276.02
2265
131.00
14.40
0.0
216.33
15.54
34.18
4.20
18.32
4.51
1.22
4.23
0.71
4.47
0.54
2.45
0.33
2.22
0.31
3.37

2.60
275
0.66

TJ11
8.0
296
45
2

TJ12
51.35
1.54
15.43
979
on
977
8.9
234
0.&7
017
99,99

TJ12
10.6
295

6.3
2

TJ13
a1.67
1.50
1475
10.61
0.09
9.36
9.03
234
0.4
017
99.99

5.85
287.31
2421
138.29
12.82
0.39
156.62
18.97
35.84
4.44
19.58
4.85
3%
4.67
0.75
4.68
0.558
2.54
0.34
2.28
0.31
3.48

1.94
2.56
0.69

0.706511
0.706643
0.512546

0.51235

TJ13
8.6
31.8
26
2

TJ14
41.648
1.458
1467
10.32
0.14
9.40
9.54
229
0.33
0.16
99.89

3.48
305.53
23.56
145.85
12.79
0.52
169.29
17.39
38.26
4.67
20.44
4.97
1.41
4.71
0.76
4.67
0.56
247
0.33
2.20
0.30
3.64

2.18
2.94
0.70

TJ14
8.7
299
248
2

TJ15
52.03
143
15.03
2.89
016
279
8.70
243
037
016
92,99

TJ13
4.3
33.0
8.5
2

TJ14
59297
1.45
14.50
285
013
877
.36
226
0.44
016
9599

9.83
265.52
2204
136.21
13.03
1.67
184.75
16.60
36.09
4.44
19.10
471
1.28
4.32
073
4.51
0.85
247
0.34
2.20
0.32
3.61

3.56
3.38
0.83

0.707067
0.706766
0.512516
051231

TJ16
10.8
337

9.2
2

TJ17
52.28
1.41
1465
10.26
0.10
921
9.22
222
0.49
016
99.99

TJ17
7.0
31.4
45
2

TJ18
52.55
1.40
14.06
10.41
0.12
9.02
9.52
2.06
035
015
99.99

4.25
291.26
2280
135.64
12.00
0.76
185.13
16.32
35.81
4.43
19.36
4.78
33
4.42
0.75
4.68
0.558
2.55
0.35
2.27
0.32
3.59

257
3.20
0.76

TJ18
12.0
305

248
2

TJ19
53.41
1.70
14.06
10.958
0.14
5.52
9.49
2.46
074
019
99.99

2077
254.83
25871
151.42
14.69
2.58
226.85
18.95
41.08
52.10
2223
5.34
1.42
4.83
0.53
5.19
0.98
2.85
0.39
257
0.36
3.84

472
367
0.585

0.707064
0.706393
0.51256
051237

TJ19
13.0
31.2

5.4
2

TJ20
52.83
189
15.29
10.44
0.06
9.54
6.18
2N
177
017
99.99

TJ20
128
297

7.0
2

TJ21
53.70
1.45
14.26
10.12
0.14
7.33
9.33
2.34
1.12
017
99.89

31.85
267.01
27.33
1589.12
14.28
0.95
262.27
18.84
41.60
5.08
22.06
5.40
1.46
2.1
0.56
5.38
1.03
3.02
0.41
274
0.39
4.07

59.19
3.87
0.95

TJ21
17.3
323

o.4
2

TJ22 TJ23
592.97 53.31
1.35 1.28
13.61 14.33
10.40 10.26
0.15 0.17
5.90 7.78
9.42 10.06
214 223
087 0.44
014 0.14
99.99 99.99
232 18.20
25506 20915
23.86 23.14
10236 107.61
12.68 8.74
0.50 1.60
23285 17140
16.27 13.10
36.63 29.39
4.40 3.57
19.22 15.74
471 3.95
1.29 1.14
4.37 3.9
0.74 0.65
4.69 4.45
0.59 0.56
258 2.56
0.35 0.35
233 2.37
0.32 0.33
3.46 2.99
4.0 3.30
3.28 2.33
0.52 0.57
07068975 0.70B853
0706229 0706214
0512557 051248

0512363 0.512281

TJ22
15.8
309

4.2
2

TJ23
3411
29.8
4.6
z)

Figure A.13: ICP-MS and isotopic compositions of Tiourjdal samples.
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Intermediate Upper Recurrent

ANI37A TJ24 TI25 TJ26 ANI3® TJ28 TJ29 TJ30 TJ31  TJ32 | ANI4D AN 141 AN1S6A
8§10, 5323 5315 5332 5383 5364 5080 5295 5327 5322 5303 s143 0 5214 50.58
Ticy, 1.16 1.38 1.18 1.21 118 1.43 1.22 131 1.31 135 1.00 1.04 163
AL O, 13.84 1483 1343 14B0 1342 17E2 1475 1451 1464 1471 1503 14.87 13.55
Fe,0, 1047 1360 1044 1001 10.20 950 1026 1057 1027 1055 9.95 9.97 15.01
MnoO 0.18 0.09 0.16 0.13 017 0.14 018 0.17 0.15 0.16 0.18 018 0.28
MgO 7.79 5.71 8.40 7.02 8.52 9.39 7.42 7.08 7.48 7.22 8.27 7.74 5.76
CaO 10.70 7.09 992 1007 9.97 7.07 1043 103 1006 1027 1203 1145 10.43
Na, O 2.00 219 2.07 2.16 1.90 2.48 213 218 217 216 1.78 1.90 2.18
K0 0.38 1.79 0.83 0.83 0.84 1.48 0.44 0.43 0.56 0.40 0.21 0.59 0.39
P, 0.14 0.16 0.16 0.14 017 0.16 0.14 0.14 0.14 0.14 0.1 0.11 0.17
SUM 10000 9998 9999 9999 10000 9993 9999 9993 9993  99gs| 10000 100.00 99,97
ICP-MS
Rb 16.645 2849 3001 26.829 14.92 9.62 10.12 185 12.747 6.134
Sr 166.582 17241 20008 156.755 21076 20646 219,10 106.68  158.810 95.519
Y 23.618 2524 2342 26.724 2140 22.94 23.73 1677 20.119 41.037
Zr 105.551 12460 11415 129219 10766 112.04 117.76 71.67  78.054 114.854
Nb 7.964 961 8.35 9.951 7.25 7.65 7.69 452 4.989 5.209
Cs 1.363 0.75 1.28 0.751 1.00 0.59 0.65 0.21 0.402 0.779
Ba 143.002 20283 19537 18G.167 16255  189.93 178.10 83.57  111.889 164,332
La 11.089 1372 12.80 13.076 184 1217 12.78 632 7.169 8.572
Ce 24,248 3020 2834 29.092 2662 27.40 28.40 1468 16.593 19.850
Pr 3.193 3.74 3.48 3.748 3.34 3.44 3.58 198 2.298 2.769
Nd 13.563 1645 1529 15627 1469 1527 15.85 B.74  10.346 12 B9
Sm 3.561 4.15 3.88 3.676 3.78 3.90 4.08 237 2789 3.918
Eu 1.118 1.10 1.11 1.150 1.07 1.12 1.18 079 0.931 1.242
Gd 3.993 4.31 3.89 4.234 3.66 3.98 4.17 2683 3138 5496
Th 0.647 0.73 0.68 0.713 0.64 0.68 0.71 048 0537 0.997
Dy 4012 4.78 4.47 4.342 417 4.36 4.58 267 3.403 6.679
Ho 0.847 0.93 0.67 0.946 0.81 0.85 0.89 063 0718 1.487
Er 2.418 2.78 261 2742 2.41 253 2.64 174 2027 4.441
Tm 0.38 0.35 0.32 0.35 0.36 0.23
Yh 2123 257 2.42 2.379 2.24 2.34 2.42 155  1.872 4217
Lu 0.321 0.35 0.34 0.347 0.31 0.33 0.34 023 0.282 0.642
Hf 2654 3.23 2.94 3.244 282 2.91 3.06 179 2078 3.072
Ta 0.485 0611 027 0.308 0.336
Ph 3.071 368 3.89 3657 3.35 3.32 3.54 172 2415 3317
Th 2.204 255 232 2,868 2.04 2.04 2.15 0.86  1.266 2.142
U 0.482 0.59 0.56 0.652 0.46 0.48 0.48 023 0.29 0.550
Sc
v
Isotopes
Hersr 0.706964 0.707439 0.7076 0.707988 0.707283 0.706248|  0.705569
V81 St pounmay 0.706142 0.706139 0.706191 0.707605 0.706903 0.705587| 0.705040482
O Tt ' 0.512485 0.512458 0.512465 0.512453 0512444 0512561 0512547 0512724
YN M Ndgm,y 0512277 0.512258 0.512269 0.512251 0.512241| 0512347 0.512334] 0512479954
Paleomagnetism ANI37A TJ24 TJ25 TJ6 ANI38 TJ28 TJ29 TJ30 TJ31  TJ32 | ANI4D AN 141 AN1S6A
Decl{geo) 334 3IW/E 43T 3379 307 337 3379 a3mwsl a7 32
Incl{geo) 325 326 26.6 39.4 422 48.6 39.5 39.9 41.0 35.2
ADS 5.2 6.8 7.4 E.1 4.1 28 5.8 6.7 B.4 B.4
Do 3 3 3 3 3 5 5 5 5 5 5 5 5

Figure A.14: ICP-MS and isotopic compositions of Tiourjdal samples.

255




wt%

80,
Tit,
Al Oy
Fe,0;
MnO
Mgy
Cal
Na, O
K,O
Py
SUM

ICP-MS (ppm)
Rh

2N g

Isotopes

R e

e Srmum
ratNa

L3 g A4y dadiiis

Paleomagnetism
Decl{zeo)
Incl{zeo)

AQS

DG

Lower

Intermediate

TEL1

a2.41
1.46
13.97
10.81
010
7.34
10.54
261
063
016
100.00

TEL1

TEL2

51.01
1.50
13.85
12.25
012
8.69
§.84
2.80
0.77
0.16
100.00

TEL2

TEL3

5427
1.44
13.94
10.69
0.13
8.55
7.80
279
0.23
015
100.00

TEL3

TEL4

56.43
1.41
1279
10.91
012
6.69
8.76
224
0.50
0.15
100.00

TELS

45.63
1.33
16.11
9.52
0.02
5.49
152.31
1.58
0.38
015
100.00

1038
214.8
24.5
1207
186
0.4
141.6
134
37
417
198
41
1.18
459
0.83
476
087
282
038
225
0.31
34
07
17
37
07

275

TEL4 TELS

TEL7

49.32
1.61
15.10
11.25
0.13
7.83
11.64
281
0.33
0.18
100.00

TEL7

TEL9

54.75
1.42
13.19
11.30
0.02
6.03
9.92
236
0.79
0.16
100.00

229
2272
24.3
123.4
"7
05
1958.1
158
34.5
4.54
196
43
12
4.55
0.e2
471
(R
233
0.36
22
0.31
37
07

4.1
09

254

TEL9

TEL10O TELI11

54.42
155
13.85
11.87
0.0g
6.95
7.62
24
1.36
017
100.00

53.46
1.46
14.07
10.52
0.16
782
9.62
222
0.
0.16
100.00

2B.3
289
24.4
1261
1.4
16
178.8
148
358
467
203
45
1.27
472
0.83
4.61
0.81
238
0.36
225
03
34
08
08
34
08

288

TEL10O TELI11

TEL12

54.59
1.41
13.20
11.48
0.1
7.49
g.62
248
0.45
016
100.00

9:3
2031
24
118.2
11
0.2
154.9
14.3
331
4.14
18.8
42
1.18
432
0.76
4.49
077
238
0.36
2.1
0.3

0.8
21
32

274

TEL12

TEL13 TELI1S

54.20 55.30
1.25 1.12
1479 1222
10.37 9.57
0.02 0.02
8.78 6.93
6.95 7.38
3.01 225
0.42 1.02
0.14 013
100.00 100.00

TEL13 TELI13

Figure A.15: ICP-MS and isotopic compositions of Telouet samples.

256




wt%

80y,
Tic,
AL O,
Fe, 0,
MnO
Mg
Cal
Na, O
K,O
Py
SUM

ICP-MS (ppm)
Rh

Sr
A
Fr
Nh
Cs
Ba
La
Ce
Pr
Nd
Sm
Eun
Gd
Th

Dy
Ho

Isotopes
Terfisr

g0 Srmum
¥natNa

Lizp g A4y dadiiiss

Paleomagnetism
Decl{zeo)
Incl{gzeo)

AQS

DG

Intermediate Upper Intermediate Upper Recurrent
TEL16 TEL17 TEL18 TEL19a TEL19h TEL20 | TEL21 | TEL22 TEL23 | TEL24 TEL2S | AN 169
52.94 52.41 49.37 50.59 50.95 51.64 53.89 54.14 5273 51.26 5013 51.43
1.26 1.28 1.35 1.29 1.25 1.31 1.08 1.23 1.21 1.06 1.10 1.56
14.12 14.68 15.63 14.15 14.33 14.65 13.89 15.06 14.63 14.72 15.10 13.62
11.40 11.13 10.20 12.56 10.51 11.21 10.41 9.86 10.89 11.01 11.40 14.22
017 0.1a 012 019 IR 012 016 020 0.16 017 021 0.3
7.14 g.52 8.08 8.19 2.81 8.46 8.23 7.04 7.22 7.78 8.25 6.04
10.28 8.55 12.85 10.58 10.08 10.51 10.08 9.54 10.60 11.70 11.54 10.31
217 2583 1.94 217 256 1.80 1.87 226 2.06 1.94 1.96 20
0.37 0.85 0.33 015 021 017 029 0.a2 0.37 0.26 020 0.36
015 015 013 01z 012 013 010 014 013 010 011 016
10000 10000 10000 1000000 10000 100.000 10000 10000 10000 100.00  100.00f  100.00
345 2B 8.2 56 12.3 16.3 5.304
161 1993 180.4 1715 2028 177.5 102.253
235 02 222 18.7 243 19.4 42,986
979 856 96.7 774 96.3 706 123.355
7B 5.4 59 48 6.5 43 5.588
1.4 0.1 1.1 02 1.1 0B 0.520
1426 876 627 b2 164.9 89.4 120.813
14.3 g 9.8 6.2 12.5 72 8.763
266 25 226 16.1 72 17.3 20475
347 281 304 23 36 236 2780
16.2 12.8 14 10.9 16.4 1.5 13.444
3B 31 3 2 37 27 4.091
1.04 092 1.0 0.7 1.05 0.a4 1.280
3.98 3b 3.89 32 4.16 324 5.449
076 067 0.71 0.61 073 0.61 1.043
4.48 381 394 3.48 4.38 358 5.965
07e 067 0.71 062 0.7a 0.es 1.827
246 204 217 1.82 238 1.89 4.632
0.36 031 032 0.24 0.36 029
217 1.8 1.98 1.61 197 1.75 4.180
032 026 02s 023 03 025 0.683
29 2B 26 2b 27 2.1 3.258
0.5 0.4 0.4 0.3 0.4 0.3 0.352
0s 28 13 1.1 0.a 07 2693
28 17 16 1.8 2 1.3 2185
0.6 0s 0.4 0.4 0s 03 0.575
im J22 299 286 292 283
0.705569
0.705062
0.512689
0.512448
TEL16 TEL17 TEL18 TEL19a TEL19h TEL20 | TEL21 | TEL22 TEL23 | TEL24 TEL2S | AN 169

Figure A.16: ICP-MS and isotopic compositions of Telouet samples.
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wt%

80,
Ticy,
AL O,
Fe,0,
Mni
Mg
Cal
Na, ()
K,O
P,
SUM

ICP-MS (ppm)
Rh

SERE

Isotopes
Terisr

gt Sraoomm
yg g

L3y g Ay Wity

Paleomagnetism
Decl{zeo)
Incl{zeo)

AQS

D

Lower

Intermediate

oLl

53.18
1.43
13.32
11.99
0.1
8.25
8.50
1.95
1.13
015
100.00

B.7
242.4
21.4
1131
10.8
0.3
195.5
19.2
35
471
208
4.1
1.15
4.18
0.75
413
0.74
2.09
0.31
1.94
0.z27
34
0.7
25
28
0.7

291

OL1
8.8
351
2:3

OL2

52.22
1.28
13.24
11.46
0.18
8.73
9.57
2.06
0.54
0.13
100.00

256
230.4
208
102.3
101

191.9
13
292
377
15.4
38
1.1
382
0.7
412
073
207
0.3
1.88
0.26
J:3
0.8
1.1
348
0.7

272

OL2
16.5
39.2

43
2

OL3

45.01
157
15.50
13.76
013
8.80
8.73
270
062
017
100.00

OL3
149
34.2

3.1
2

OL4

55.01
1.80
13.60
14.49
0.08
5.50
385
3.01
1.28
018
100.00

OL4
"7
3841
13.2

2

OLs
51.92
1.44
14.33
1157
0.13
7 .56
8.74
225
1.89
0.18
100.00

OLs
72
43
a1
2

OL8

51.60
1.35
13.96
12.18
015
8.75
8.78
2489
0.46
014
100.00

OL6
8.2
422
34
2

oL7

45.89
1.27
14.61
11.52
018
8.29
9.79
1.68
261
015
100.00

L7
143.9
559

9.8
4

OLS

54.53
121
13.94
10.88
0.14
771
8.61
223
062
0.14
100.00

136
190.8
22.4
96.3
786
0z
1297
1.8
261
332
152
37
1.05
377
075
4.34
075
2:19
0.36
216
033
2B
05
34
24
06

286

OLS8
3492
24.4
24
g

oLg

52.45
1.18
13.49
11.73
013
.87
7.40
212
1.51
012
100.00

OLo
3439
2.5
10.8
5

OL10

52.684
1.22
14.35
10.63
018
8.15
1019
2.09
0.25
013
100.00

19.5
190.3
227
94.6
6.2
15
103.6
10.6
239
317
14.1
F5
1.04
3.8
0.73
419
0.76
228
0.36
2.04
0.3

0.4
1.5
22
0.4

290

OL10
351.6
279
48

Figure A.17: ICP-MS and isotopic compositions of Oued Lahr samples.
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wit%o

8i0y,
TiO,
AL O,
Fe, 0,
MnO
Mg
Cal
Na,
K,O
P,
SUM

ICP-MS (ppm)
Rh

ZH g

Isotopes
Terfsr

¥grfe STooo
NN

M3y Ay g

Paleomagnetism
Decl{zeo)
Incligeo)

AQS

D

Intermediate Upper Recurrent
OL11 0OL12 OL13 OL14 OL15 OL16 oL17  OL18 AN 61
52.14 52.18 51.35 5222 51.43 51.56 51.42 a1.44 &1.4
122 1.30 117 1.10 0.98 1.068 1.07 1.07 1.65
13.81 14.18 158.31 14.91 14.70 1469 14.90 1468 1374
1121 11.25 10.38 10.34 10.43 10.78 10.41 1073 1290
014 013 022 022 0.14 0.19 019 018 0.36
5.93 §.82 9.10 8.57 8.72 7.96 8.31 8.22 B.73
10.38 10.03 771 9.90 11.47 11.51 10.95 11.38] 1052
1.82 1.78 177 23 1.83 1.90 239 1.9 217
01 0.19 287 031 019 024 025 0.25 0.34
01z 013 012 o 0.10 0 o 01 017
100,00 100.001 10000 10000 10000 10000 100000 100.00 100.00
14.3 1.7 43 72 25
175.4 1797 169.2 193.3 199.8
19 23 216 18.3 204
85.9 949 74.2 65.7 74.8
5.6 G 4.5 4.1 48
1.4 1.4 0.2 ns 0.3
83.6 63.1 70 64.1 105
9.8 9.2 6 6.9 7.1
7 236 16.2 16.8 17.8
283 3.16 227 228 245
13.5 15.2 1442 1.5 1.6
31 36 28 26 3
1 1.M IR} n.ez 0.88
3481 3.97 329 299 338
0.66 072 0.63 0.57 0.65
3.86 435 401 3.38 3.85
07 0.77 072 0.63 0.62
2 2,23 2.16 1.83 2.1
0.28 0.33 0.3 0.3 0
1.6 2.08 1.9 1.71 1.958
0.26 0.29 0.24 0.26 027
2 2B 241 1.9 241
0.4 0.4 0.3 0.3 0.3
[IR] 0.7 15 0.8 ki
1.8 24 5 5 1
0.& 0.5 0.3 0.3 0.3
300 300 300 283 297
OL11 OL12 OL13 OL14 OL1s OL16 OL1Y OLIS AN 61
344.8 343.6 Jng 3113 320.8 314.5 3128 316
34.2 357 535 537 50.2 41.8 a0 45.6
48 3.7 29 5 & 37 8.6 27
5 5 5 o 5 5 4 5

Figure A.18: ICP-MS and isotopic compositions of Oued Lahr samples.
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wi% ANS03[_ANS04 ANG02] ANS06  ANGD3|Carbonate] ANS0S ANG04] ANS09[ _ANSID AN&OS| ANS11L ANGDS ANGDT ANGOS ANG27 ANG2S8
5i0, 5291 5231 5345 527B 5305 5297 537E 5321 5342 B4D04 5233 53B4 B3F 5372 5342 E315
TiC, 1.52 1.52 1.51 1.51 1.47 1.24 1.20 1.26 1.34 1.33 1.24 1.20 1.21 1.26 1.38 1.45
AL, 1457 1378 1389 1385 139 1405 1417 1409 1376 1352 1403 1480 1437 1407 1383 1320
Fe; 0, 964 1070 1073 1M 1048 MmE4 030 073 ME2 MED 1138 954 081 1115 ME 1109
Mno» oo7 016 017 019 012 016 014 016 017 016 016 012 013 015 018 016
Mgt 100z 816 777 7EE 9.3 TEE B 13 7B BO5 BER 7 R 90 797 7B 7 7 3
Cal B.43 372 353 392 .99 10.45 376 1024 1008 382 107 B.96 3564 353 1043 10.18
Nay© 220 221 215 225 2.09) 1.84 1.91 1.99 201 1.97 1.96 1.91 1.98 1.93 2.00 1.62
K0 D.40 DE4 D6 D6 0.41 054 0.46 056 059 02 042 0.7 037 0.43 D58 052
PO 012 012 012 012 018 015 015 015 016 016 015 015 015 016 016 016
SUM 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
1CP-MS (ppm)
Rh 10.8 EE 29.2 178 233 ] 170 13.4
Sr 72 282 243 173 170 191 180 177
Y 2481 2|71 38.45 2281 24.97 21.33 2390 249
r 128 13 132 2] 13 ] 12 il
Nh A1 1138 11.48 663 758 5.52 7.40 5.99)
Cs 086 114 127 125 113 072 251 287
Ba 158 193 199 10 178 108 269 271
La B4 IBER 16 83 " 1275 42 23 116
Ce /IT I/A0 3504 24 6T 2772 24 53 AR 2609
Pr 456 455 457 328 363 3.20 358 3.50)
Nd 193 1968 19.85 13.91 1555 13.74 1559 1553
Sm 484 495 503 371 211 366 114 1.76
Eu 1.58 157 157 1.24 1.3 1.24 137 1.4
cd 497 517 523 122 152 401 451 4.70)
Th 083 kg 088 073 079 071 079 0.8z
oy 506 524 529 185 195 440 189 510
Ho 100 103 108 092 102 k] 097 1.m
Er 266 275 280 280 274 23 254 259
Tm 036 03 03 03 k] 034 jikrd 03
Th 236 232 235 214 23 207 273 275
Lu 035 036 036 033 036 032 034 035
Hf 351 368 72 285 321 280 318 3.20
Ta 074 076 077 045 053 0.46 D.49 0.48
Ph 267 3.49 392 309 364 234 337 3.40)
Th 3.48 354 361 249 287 243 269 2.43
i 083 nas kg 0&a 0&7 0&7 063 082
Sc 3m4 323 3m4 T 2 5 0 3 5
v
Isotopes
S8t 0707211 0707393 0706937
S ST ot 0.706345 0.706269 0.706162
MnadHNg
mNd}'“Ndﬂwm
Paleommgnetism  [MAOL — Ma02 MAD3 MALOL MAD4 MADS MAD7? BMAODS  MADD
Decl(gan) 75 302 3EF MF2 TS 349
Incl{geo) 319 6 ik 215 27 194
ADS 138 BE 3] X:] 97 72
D 1 1 2 2 2 2

Lower

Intermediate

Figure A.19: ICP-MS and isotopic compositions of Maaziz samples.
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wit%

Si0,
Ticy,
AL O,
Fe, 0,
MnQ
MgQ
Cal
Na, O
KO
P05
SUM

ICP-MS (ppm)
Eh
Sr
Y
Zr
Nh
Cs
EBa
La
Ce
Pr
Nd
Sm
Eu
Gd
Th
Dy
Ho
Er
Tm
Yh
Lu
Hf
Ta
Fh
Th
U
Sc
v

Isotopes
Fertisr

gt Sraoom)
BNdMN

M3 g 44y deoos

Paleomagnetism
Decl{gen)
Incl{geo)

ADS

DG

Intermediate

ANS21 AN629 ANS22 ANS23 ANSl4

52.71
123
14.35
10.87
0.14
7.18
10.32
1.687
1.18
015
100

218
170
21.69
100
6.69
0.£9
160
10.86
23.86
316
1367
3E5
1.18
3.97
0.70
4.40
0.9
2.40
0.24
214
033
2.88
0.46
2.81
286
0.59
359

AGDL
353.2
31.4
g

53.05
123
1430
11.14
015
7.04
10,10
1.88
0.9a
015
100

52,65
1.149
14.02
11.43
0.16
7.33
10.30
1.89
0.89
0.15
100

216
163
2255
96
6.44
0.es
185
10.95
23.76
3.14
13.43
360
1.19
4.02
0.71
4.43
0.50
247
0.3
213
0.32
279
0.45
3%
248
0.59
35.4

AGD2
350.4
201
548

AGD3
345.6
9.4
B9

52,45
1.16
13.81
11.51
0.16
768
10.46
1.89
0.75
0.14
100

52.81
1.10
13.51
11.66
016
g.20
10.21
1.84
0.76
014
100

208
160
21.65
9
6.17
063
147
10.38
2289
297
1298
3.49
1.18
3.88
0.67
4.18
0.87
230
0.33
203
0.31
2459
0.42
3.10
234
0.54
36.0

AGDS
3485
158.2
45

AGDS
351.2
9:
78

ANS25  AN630) ANS25B  ANS26 AN631

55.46
207
12.46
13.58
017
514
7.35
229
1.21
0.26
100

AGDT
3585
30.6
54
1

86,15
220
1212
1339
016
492
708
233
139
nze
100

52.44
1.47
13.62
11.80
012
7.35
10.34
1.97
0.56
018
100

257
165
25.06
108
7.13
1.04
160
12.00
26.35
348
15.28
4.09
1.29
4.60
0.81
5.01
1.02
272
0.29
238
0.36
313
0.50
3.44
285
0.63
36.5

0.707061
0705776

53.19
125
13.88
11.00
019
7.46
10.58
1.687
0.43
0.14
100

5434
126
1424
998
014
g.12
936
189
0.40
018
100

17.4
174
21.14
104
5.94
ne7
140
1067
2365
312
1350
348
1.23
3598
0.69
4.26
0.86
230
0=z
204
031
301
0.43
282
287
062
371

0.707191
0.706367

AGDS
3476
10.1
6.3

Figure A.20: ICP-MS and isotopic compositions of Agourai samples.
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wt%

5i0,
Tio,
Al Oy
Fe, 0,
MnO
Mgl
Ca0
Na, O
K,O
P,0
SUM

ICP-MS (ppm)
Rb

Z2h <"

Isotopes
Terfsr

gy, Sranonty
NN

L3y g Ay dooonta

Paleomagnetism
Decl{zeo)
Incl{geo)

ADS

D

Intermediate Upper Intermediate
ANG32 carhbonate ANS28 ANS20| ANS30  ANG33 7?7 ANS31 ANS32
53.11 5163 51.70 52.46 53.44 53.14
1.33 1.18 1.12 1.13 1.29 1.28
15.28 15.10 14.26 14.18 14.00 13.91
10.24 10.68 11.26 11.13 11.61 11.89
01z 017 017 0.24 0.16 018
737 8.01 7.68 707 7.04 7.0a
10.1 10.73 11.08 11.27 9.38 Q.45
1.92 1.98 202 1.88 230 223
0.36 0.36 0.61 0.41 0.61 0.7o
015 014 013 014 016 016
100.00 100 100 100 100 100

14.1 16.9 16.1
176 194 193
21.99 2517 24.48
g2 103 102
511 6.73 6.62
058 0.69 044
13 177 176
8.91 12.03 "7
19.84 2635 25.88
270 348 3.42
11.93 16.06 14.90
3.33 397 3.98
1.13 1.28 1.29
3.90 4.38 4.42
067 07s 076
4.26 4.93 4.83
0.as 1.01 0.99
239 274 269
035 0.40 039
207 245 238
0.33 038 037
240 298 299
0.34 0.46 0.45
209 387 383
1.64 2582 249
0.40 062 062
B’y 383 36
0.706365
0.705709
AGL1 AGO9 AGIO0  |AGLL AGI2
340.8 3471 3455
18.9 408 3B
6.7 28 4.7
2 3 3

Figure A.21: ICP-MS and isotopic compositions of Agourai samples.
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wt%

80,
Ti0D,
AlO,
Fe, 0y
Mni
Mg
CaQ
Na, O
K; &
P05
SUM

ICP-MS (ppm)
Rh

Zh <Y

Isotopes

er sy

g Sroooay

¥ NaMNd

Ly g g deons

Paleomagnetism
Decligeo)
Incli{geo)

ADS

DG

Lower Intermediate Upper

ANS34  ANGDY| ANS3S AN610| ANS36 ANS37| ANS38  ANG611| AN612 ANS3? AN613 ANG14| ANS40
58371 53.84 53.22 53.59 5333 53.16 52.46 51.82 53.12 52.43 52.91 5292 51.39
1.44 1.43 1.31 127 1.21 1.19 1.29 1.29 1.28 1.29 1.26 1.28 1.07
14.26 13.93 15.04 14.09 14.04 14.17 14.00 14.21 13.80 13.92 14.12 13.62 14.61
10.48 10.83 10.39 11.04 10.86 1017 10.56 10,72 10.76 10.69 10.80 11.37 11.00
011 012 0.09 0.13 012 0.14 015 013 0.10 0.14 0.08 015 0.15
8.45 857 77 7.18 8.41 8.49 8.92 8.82 9.01 8.37 9.85 7.93 7.82
8.96 8.80 9.73 977 9.53 9.91 10.29 10.82 9.78 10.91 8.96 10.31 11.62
207 1.98 212 203 1.87 1.96 1.81 178 173 177 1.66 1.84 1.83
0.34 0.31 0.77 0.74 0.47 0.44 037 0.25 0.28 0.34 0.22 0.42 0.38
0.18 018 0.16 0.16 015 015 014 015 014 014 014 0.14 013
10000 100000f 10000 100.00 10000 99.78 10000 10000 10000  100.00  100.00  100.00f 100.00
11.8 203 286 9.3 16.7 14.0
268 181 170 171 170 174
24.10 7359 21.93 20,44 21.12 20.61
122 99 97 93 94 73
11.82 7.40 6.45 575 579 4.66
0.51 0.58 1.08 0.67 0.8s5 0.52
168 169 133 78 102 94
15.97 11.70 11.63 10,07 10.50 7.71
33.80 2528 24.90 2252 23.49 17.58
4.35 329 3.26 3.02 3.18 2.42
18.08 14.08 14.11 13.62 14.10 10.89
457 363 3.74 3.80 3.83 3.05
1.47 1.29 1.19 1.26 1.29 1.08
474 4.1 4.06 415 4.25 3.45
0.81 073 073 072 073 0.63
4.90 4.64 4.48 4.31 4.44 4.07
0.97 0.96 0.89 0.a7 0.89 n.s2
2.58 259 2.4 229 238 224
0.36 0.38 0.35 0.3z 0.33 032
217 235 213 197 207 1.99
0.33 0.36 0.33 0.30 0.32 0.30
3.46 281 2.81 2.68 2.80 212
0.ve 0.50 0.44 0.39 0.41 0.30
235 2.80 262 1.28 1.84 1.82
350 24 237 1.96 2.0 1.31
0.81 0.55 0.54 0.46 0.46 032
337 355 332 35 349 37
0.70765 0.70696 0.70612

0.706264 0.706516 0.705454

BaAD1 BAD2 BAD3  EAO4  BADG BADT7  BADS BAl0 BAll
360.5 344.1 3536 3474 3479 343.4 3471 3525 3496
19.1 202 17.9 3149 18.9 1.4 289 16.4 347
3 5:3 6.9 203 5.9 9.8 4.2 B 32
1 1 1 1 2 2 2 2 3

Figure A.22: ICP-MS and isotopic compositions of Oum R’Rbia samples.

263




A.3 LA-ICP-MS COMPOSITIONS
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AN134 AN137A AN13ITA AN138 AN138 oL14

PLG1 PLG1 | PLGZ PLGZ PLG?|PLG3 PLG3 PLG3 | PLG1 | PLG3 PLG3 PLG3 PLG3 |PLG1
EMP CORE  CORFT | CORE  CORET RV | CORE CORFEY RN CORE CORE  CORFY RING RV CORFE
Na, 0 3.04 3.00 1.88 246 286 | 3.04 3.04 3.04 278 3N 3.48 418 4.18 1.64
MgO 019 0.19 032 0.26 030 )02 0.25 059 0.24 0.26 0.26 015 015 028
Al 0 30680 3055 | 3207 3109 3027 | 2002 32002 2912 | 3094 | 3004 29899 2871 2871 | 3323
Si0; 48978 4972 | 488 A049 A1A8 | 5206 A206 A&170 | 4070 | 5274  A310 &46B0 A4.60 | 4799
K0 014 0.14 0.09 010 013 ) 013 013 018 011 016 015 0.24 0.24 0.0s
Ca0 1462 1444 | 16463 15459 1469 [ 1453 1463 1381 | 1637 | 1423 1393 1259 12489 | 1760
TiO: 0.06 0.05 0.03 0.03 004 | 004 0.04 0.05 003 0.05 0.04 0.07 0.07 0.02
MnO 0.03 0.03 0.03 002 002 | o002 0.02 0.02 0.02 0.00 0.03 0.0 0.01 0.03
FelO 0.a3 052 062 0E3 080 | 0D 0.60 1.55 051 052 0.a3 071 071 0.59
An mol% 7205 7187 | 8245 TF934  FI0 (7197 7268 | 7483 | 6989 TEBS  BROY 86.07
Ti ppm 35004 20593 | 161.84 192319 M7EE8(23916 23016 30114 | 19337 | 28232 21938 30363 39363 |118.44
LA ICP-MS
Ca0 wth 1444 1444 | 16463 15459 1469 [ 1453 1463 1381 | 1537 | 1423 1393 12459 12489 | 1760
Si0; wit'h BIB0 7207 | BEAAE  A734 A1E3 | G844 E247 4903 | 5470 | 5331 A478 8448 B4TY | B2A3
Ti0; wtlt Q.05 0.06 0.03 Q.03 004 ) 006 0.04 0.03 n.oz 0.04 0.04 0.04 0.o7 0.0z
Ti ppm 32181 38957 16796 18766 247.18|35278 21043 19837 207 63| 22476 25383 25175 431.01)119.71
B" 1.35 0.97 285 4.00 172 [ 139 318 3.36 <133 | <081 a17 1.80 25B 517
Li 1819 1821 | 16837 NM73 2475|2266 2040 2144 [ 1333 | 1494 1672 13481 1602 | 360
Rh Q.60 0.85 0.3 061 086 | 057 072 0.48 039 063 0E2 0.83 3.85 1.27
Sr 43077 46371 | 32619 20067 20575(202.04 27630 26471 | 28892 | 27097 27907 28826 37372 |281.4
Ba A671 7085 | 3413 3344 4211 |3B22 3471 3341 | 2843 | 3639 4146 4730 SBED | 4542
Ph 0.a3 0.82 0.49 068 130 | 062 0.68 0.a0 0.a2 076 078 1.89 3.07 1.00
Cs <0018 002 0.03 0oz 003 | 002 0.0 003 | <0020 |<00118 <00191 <0009 018 0.07
Sc 1.90 219 256 245 232 | 309 2.38 2.05 2.00 1.03 1.95 1.21 1.58 1.81
vV £.90 762 5.68 4.89 553 | 915 .54 579 4.31 5.94 078 553 9.09 555
Cr <180 <176 | <1.39 187 =<109| 347 <138 <107 | 3.24 <127 4M <113 <219 | B9
Co 167 1.79 216 1.28 195 [ 267 1.69 168 224 1.81 278 1.40 243 282
Ni 0.76 1.71 1.40 1.26 138 [ 229 230 1 66 0.95 <026 374 0.50 1.63 4.93
Zn 6.71 1048 | 834 7a4 1132|741 670 775 .68 .50 7.28 969 1586 | B.71
Zr <0023 003 n.ar 049 | 1.43 0.7a 04 Q.60 07 1.75 0.81 7.18 0.27
Nh 003 <0.0178 00150 008 | 0.09 0.09 0.04 0oz 0o 0.04 0.03 020 | <000
Hf <000 «0037 |<00313 <00231 <0036 <000 =000 =000 | <0058 | <0034 018 0.03 0.20 0.05
Ta <0.0071 =0.0102| <0.00 <0.0046 000 =00073 001 [=00118( 0.01 0.0z 001 0.0z 0.01
Th <000 <000 | 001 0ot | oo2 0.0 0.00 003 |<00129 005 0.02 0.27 0.01
u 001 «00114| <000 0.01 0.0 0o <000 | 001 0.01 0.06 004 | <000
Y 014 0.14 011 0.21 021 0.1 0.29 011 019 0.48 0.21 0.45 0.26
La 0.2 1.05 0.a7 0.58 074 | 0.84 043 0.a3 0.49 063 0.80 081 1.45 0.49
Ce 1.42 1.55 1.14 1.17 162 [ 1.27 1.28 1.00 0.84 0.94 1533 1.62 317 1.03
Pr
Nd 0.44 0.58 0.60 028 0ga | 0A7 0.4a8 0.30 0.34 0.27 0.48 051 1.28 0.46
Sm 011 0.0s5 014 004 0.04 01z n.or7 015  =0050 036 0.1
Eu 052 051 0.36 0.2e 050 | 047 0.35 0.35 023 0.29 032 0.48 0.e9 0.39
Gd 008 =0044 | 003 003 <0034 0.0v 007 | <0102 | <0042 <000 =003 008 |[=0058
Th 00067 0.1 0.01 o2 0o <0009 0.m <000 |«<00062 <000 001 <00216| <000
Dy 0.04 0.03 0.02 0.04 0.05 0.02 0.08 0.04 0.03 014 0.07v 011 0.0ov
Ho <000 <000 | 001 0.01 0.00 0.0 001 |=00113) 002 003 001 <00162| <000
Er 004 =0.00 002 | <0047 | <000 005 0.03 0.0s
Tm <000 =000 00071 «000 | «000 | <000 <000 <000 <000
Yh <000 008 <0.0263) <0074 | <0042 <000 <000 008
Lu <000 001 =<0.0043]<0.0119|<0.0069 <0.0161 <0.0083 0.04

Figure A.23: LA-ICP-MS compositions of CHA plagioclases.
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oL14 AN141 AN141 | AN141 AN156A

PLG1 PLG1 PLG1| PLG1 PLG1 PLG1T PLG1 PLG1| PLGZ2 PLGZ | PLG3 | PLG1 PLG1 PLG1
EMP RIM ___ RIV R | RIS CORF _ CORFT __RIM __ RIMT | CORE __CORF1 | CORE | CORF _CORE1 __ RIM
Na;0 153 1.53 219 219 159 1.61 1.60 1.92 230 230 284 343 3.43 317
MgO 0.2z 0.22 026 | 026 016 019 0.20 047 | 022 022 0.23 018 018 0.23
Al:0; 332 332 L2 HMLH2 33100 FF3Z2 0 33100 3257 | 3172 372 | 3093 | 2937 2937 2969
Sio; 4771 4771 49457 | 4957 4794 4508 4808 4863 | 4962 4962 | 5071 5239 8233 5175
K0 0.0z 0.03 00s | 006 0.05 0.04 0.0 006 | 007 0.07 0.09 017 017 012
Ca0 Wi4 1774 1648 | 1648 1728 1738 1737 1689 | 1614 1614 | 1825 | 1380  13.80 1427
Ti0; 0.0z n.0z2 0.0z 0.0z 0.0z 0.03 0.0z 0.0z p.0z2 0.0z 0.03 0.04 0.04 0.05
MnO 0.m 0.0 0.m 0m 0.02 p.0o2 n.o2 0m p.02 0.0z 0.0z 0.m 0.m 0.02
FeQ. 0.59 059 07o | 070 0.63 0.55 057 065 | 08O 0.60 0.65 0.71 0.71 0.92
An molh 86.34 79.56 9546 8543 833 8548 | 7920 Y920 | F443 | 6338 7167
Ti ppm 12432 12432 138.42| 13942 10981 18653 9734 13855| 13954 13854 | 181.74 | 280537 28037 29898
LA-ICP-MS
Ca0 wt'h Wwi4 1774 1648 | 1648 1728 1738 1737 1689 | 1614 1614 | 1825 | 1380  13.80 1427
Si0; wth 5369  B7A2 V333 | B3IB9 5023 M2 4830 48337 | 4783 ABES | 5474 | 5528 5038 5443
TiO; with 0.0z 0.0z 003 | 003 0.0z 0.0z 0.0z 00z | 003 n.oz 0.03 0.04 0.04 0.04
Ti ppm 10651 12436 169.43| 185800 11043 9427 11545 111.48| 15249 136.40| 167.21| 25250 24795 240595
B" 1.45 343 4.07 179 =1.40 1.66 225 0.95 270 263 4.8 =1.21 =075 083
Li 4.09 483 1414 | 10 561 6.25 817 844 | 1227 1880 | 1250 | 1413 1640 2327
Rh 0.2a 062 163 | 082 0.1 016 0.30 026 | 040 0.55 0.34 062 0.2 0.45
Sr 27217 28006 25584 24311 23389 22225 3558 M5E9| 20233 285.7 | Z74BS | 14644 15158 161.97
Ba 1930 19585 3408 | 2461 19.71 1580 1841 1852 | 3123 3283 | 2285 | 3073 3.2 2BAS
Ph 0.24 039 0.66 0.64 0.31 035 n.s2 0o 0.42 0.48 0.30 0a2 0.51 053
Cs <0.0104 0.02 010 |[<0.0110 <0010 <0.0102 0.0 p.0z2 0.03 0.03 0.01 001 <00144 <0.0061
Sc 1.75 1.71 1.84 1.13 250 1.47 1.84 1.47 | 219 1.76 1.4 1.26 1.47 1.29
v 357 3.06 424 | 4D 269 2.04 260 345 | 437 3.86 379 6.21 5.54 2.04
Cr 314 =125 342 1.30 <163 <136 2687 <188 <137 <097 | <186 | <199 <133 «1.38
Co 1.33 1.28 1.78 1.55 0.95 093 0.95 na2 209 1.34 1.95 1.48 1.29 1.65
Ni 1.20 1.38 1.38 1.892 <032 <021 <034 <031| 159 0.23 1.46 068 077 1.26
Zn 419 70 745 | 979 3.42 3.10 334 423 | 467 6.18 5.26 647 734 9.14
Ir <000 018 0.73 1.10 012 0.10 0.46 064 [<0.0291 014 [=00279] <0030 004 0.05
Nbh =0.0124 0.04 0.o7 004 =00M9 0. 004 =0028(<00223 <0.0118|<00261| <0.00 0.m 0.01
Hf «0.00 <0050 =000 |«0033 <000 «0025 «<0.0296 005 |«00305 <0.0186 <000 <000 <000
Ta <0.00 <=0.0071 0. p.0z2 <000 =000 0.01 000 [<0.0058 <00036( <0.00 | <000 =<00121 <000
Th <0.00 0.0z 0.03 0.05 =0.00 0.m 0.0z 0.03 [<0.0071 <0.0043(=<0.0096|<0.0184 <0.0094 <0.00
u <000 0O 010 | 01 «00082 0.0 =0.0108 002 |<0.0110 O =000 | <000 <000 «00117
Y 0.06 0.05 013 [ 1] 010 016 014 01z 012 .15 07 019 014
La 0.34 035 0.s2 0.ag 0.32 028 0.43 0.42 051 0.43 0.30 0a2 0.49 0.42
Ce 0.a7 068 1.068 1.09 0.55 0.a3 065 0.90 0.8z 0.90 0.50 0.a6 0.a7 0.84
Pr
Nd 0.2z 0.16 042 | 0.39 0.24 016 0.13 030 | 025 0.38 0.32 0.15 0.39
Sm 0.05 0.o7 o9 | 004 <0039 =0.030 <0035 =0.0312 0.03 0.0 0.10
Eu 016 018 025 | 016 07 010 0.23 020 | 027 0.24 017 0.38 0.36 0.36
Gd 010 004 <000 005 =0033 =004 =0.035 =0.060 0.07 0.05
Th 0.m <000 0.0 001 <0000 000 <0.0055 001 | <0.00 0.0o0 =0.00 0.m 0.0z 0.01
Dy 003 <0027 005 0.03 002 <0026 002 0.04 0.03 .05 0.0z 0.03 010 <0027
Ho 00072 <000 001 | <000 <000 <00049 <00102 000 (<0.0061 000 |<0.0083(<00094 <00068 <00121
Er
Tm
Yh
Lu

Figure A.24: LA-ICP-MS compositions of CHA plagioclases.
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AN1596A AN156A AN169 AN169 AN169

PLG1 | PLG2 PLGZ PLGZ PLGZ2 | PLG1 PLG1 PLG1 | PLGZ PLGZ PLGZ2 | PLG4 PLG4 PLG4
EMP RINVTT CORE  CORFY RN RifAT CORF  INTERIMT RN CORF RN RIfA2 CORF RN RNV
Na, 0 317 339 3.39 3.18 3.30 372 4.34 336 367 3.20 369 3.99 316 316
MgO 023 017 07 019 017 013 015 0.7 07 013 014 013 013 013
Al 0 20689 | 2069 2989 3000 2970 | 2027 2813 29487 | 2047 32035 2052 | 2804 2990 2990
Si0; A1758 | B236 A236  A1YE 5210 | A282 A434  A10R | AZKZ?  A14F A2YR | A3ZE A1.41 0 A1H
K0 01z 015 015 012 013 016 020 015 014 01z 016 020 0.14 014
Ca0 1427 | 1379 1379 1427 1397 | 1337 1214 1400 | 1386 1445 1341 | 1282 1442 1442
TiO: 0.05 0.03 0.03 0.03 0.04 0.04 0.03 0.04 0.04 0.04 0.03 0.0s 0.05 0.0s
MnO 002 0.02 0.02 0.01 0.0 0.01 0.01 0.0 0o 0.0z 0o 001 0.02 0.02
FelO. 092 0.E1 0E1 073 0.73 070 0E3 067 066 Q.0 0.64 0.EE 0.7a n7e
An mol% B8.61 7094 B991 | G5B9 GOO3  BBA8B | BESI 7132 BBE1 | G310 7059  7OOS
Ti ppm 293.98 | 177.00 177.00 19880 22418 | 26218 17023 210083 | 25331 224589 18605 | 270BS 321289 31289
LA ICP-MS
Ca0 wth 1427 | 1379 1379 1427 1397 | 1337 1214 1400 | 1366 14456 13481 | 1282 1442 1442
Si0; wit'h BE.37 | ABO0A ABE3  AR20 5434 | BE22  BOD4B K342 | BOZ3 BR2Y9  ABOA | AEZE Y208 281
Ti0: wtl 004 0.04 0.04 004 0.04 004 004 0.04 0.04 004 0.04 0.04 0.04 0.04
Ti ppm 22876 23376 22070 24981 22A04| 24301 229681 237 62| 23399 2740 22442 ZBA05 25199 22603
B" 223 1.26 1.29 <088 <074 162 543 210 179 <119 <126 | <1.19 1482 2.3
Li 029 | 1234 907 26A6 1389 | 1962 297 1932 | 1590 2417 1883 | 2633 1617 2351
Rh 051 052 053 051 0.56 0.as 072 0.62 058 Q.60 052 058 051 0.7
Sr 189.38 | 158,50 16002 15344 15587 | 16142 15262 15934 | 168290 163583 14626 | 15461 17133 16952
Ba 3246 | 2596 3030 2526 2505 | 3085 I E1  E0AR | 2827 2809 3031 | 309 2972 3228
Ph 061 051 067 0.56 0.a7 063 0.a3 061 0.39 0.54 0.85 1.26 1.14 165
Cs 0.01 |<0.0082 =0.0085 <=0.0102 0.01 [=0.0153 <0.0102 =0.0083| 0.01 =0.0129 <0.0102|=0.0106 002 <0.0142
Sc 1.68 1.76 1.41 1.39 1.50 1.63 1.14 1.37 1.96 1.66 1.18 1.18 1.61 0.98
vV 5.2 5.24 581 531 5.58 6.28 472 517 592 5.48 5.40 508 6.08 501
Cr 1.81 4.34 163 <126 220 <129 <118 <115 | =094 1.21 1.46 <122 <129 <110
Co 1.74 1.26 173 1.68 1.54 311 1.22 166 2.80 1.30 1.19 1.03 1.51 1.14
Ni 0.80 0.66 051 0.64 062 0.a2 0.42 <022 1.82 0.a3 <019 | <022 <034 0A&9
Zn 9.91 7.18 B.25 8.1 5.98 10.68 A.87 a.08 7.36 f.69 960 £.36 a.52 .27
Zr 010 0.03 01 014 012 065 0.23 0.06 034 <001 0EB2 Q.09 0.18 0.45
Nh 0011400112 0.02 001 «<0.0183) <0.00 002  =00091|<0.0105 <0015 <0020 | 002 0.02 0.05
Hf <000 | <000 =000 =0030 =0055 [=00320 =000 <000 | <0021 <0033 «=0029 | <0048 =0040 <0032
Ta =0.0098|<0.0068 <000 002 <000 | 0m 0.01 <000 | <000 =000 <00056|<00066 <00076 0.00
Th 0oz =0.00 002 <00081 <00106| 0.03 0.01 0.0 001 <0007 002 002 <00092 003
u 003 [«00136 «0.0066 =«0.00 <«00128| 0.02 001 «=0.0054 | «0.0044 =000 003 Q.o 0.0 0.
Y 011 011 015 0.22 013 0.41 017 022 0.34 013 0.23 016 0.25 0.22
La 0.44 0.36 0.40 038 0.46 0.43 0.a0 0.33 0.37 0.4k 062 0.42 0.42 0.a5
Ce 078 071 074 0.76 073 0.a8 0.a2 074 061 069 1.01 070 0.84 092
Pr
Nd 0.24 0.20 0.33 0.3s 0.33 042 025 0.34 0.25 n.2a 0.33 0.27 0.20
Sm Q.06 0.0o7 008 <0052 005 011 0.0s 0.0s <0052 =«0032| 007 0.03 0.09
Eu 0.45 0.3 0.28 0.45 0.30 022 0.2e 0.30 0.22 029 0.26 0.36 0.45 0.27
Gd 006 | <0042 007 <000 =«=0084 | 013 o3 008 | <0025 <0038 <000 | 009 011 0.04
Th 0.01 0.00 <000 000 0.00 001 <=00080 001 0o 0.01 001 |<00085 002 0.02
Dy 0.0z 0.06 0.02 0.06 <000 | 003 0.03 0.03 012 <0025 009 0.06 0.05 013
Ho 0.01 «0.00 0o 0.01 0.00 001 <00055 001 |=<0.0041  0.00 0.03 001 0.01 <0.0106
Er <0033 <000 <000 007 Qo2 0.0s 002 |«00168 <0026 «00225| 004 =000 002
Tm 0.00 <000 0.00 =000 |=00035 001 000 |=00040 0 oM <000 =0.0073 «<0.00234
Yh <0043 <0036 <000 <000 |«0057 <0036 006 <000 <000 003 <000 <0080 <0041
Lu 001 «00058 <0.0061 =000 | 0.01 0.01 0.01 =000 <0.00 <0.0084|<00069 <0.0115 <0.0067

Figure A.25: LA-ICP-MS compositions of CHA plagioclases.
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AN134 AN134 AN137A AN138

CPX1 CPX1 CPX2 CPX2 CPX1 CPX1 CPX1 CPX1 CPX1 CPX1
EMP GCORE RING GCORE RING GCORE INTERI RV 3 2 7
Na,0 0:15 0.16 0.20 0.13 018 0.14 013 0.14 020 0.16
MgO 17 .48 18.07 1726 18.13 17 B8 19.01 17.98 18.19 17.97 18.63
Al 05 2,16 1.69 255 1.28 267 1.80 1.43 2.19 276 2.12
Si0; 5264 5346 5259 5368 5264 5387 53.37 5315 5259 5341
Ca0 18.21 18.76 1939 18.01 1692 17.687 16.03 18.34 19.34 18.47
TiO; 062 0.40 0.48 0.45 0.41 0.28 036 0.37 038 0.30
Cr;0; oM 0.44 1.05 0.23 1.10 062 015 0.69 1.03 077
MnO 0.20 0.20 019 0.23 020 0.19 022 0.21 017 0.19
FelQ 8.63 7.49 £.68 8.69 B.85 7.12 BA3 7.4 B.AD B.72
Mo 80.56 83.18 a4.11 81.03 a4.11 o454 81.20 3.4 g5.01 95.03
Ti ppm 36EE.40 241792 | 267316 271175 | 245003 168341 214585 | 219440 226566 180857
Cr ppm 147076 302240 | 728485 188431 | 764580 426622 101406 | 470841 701862 4625940
LA ICP-MS
CaOwti [ 1821 18.76 1939 18.01 16892 17 .67 18.03 18.35 19.34 18.47
Si0: wtn | 5338 a0.91 G227 5234 4433 55 61 6438 5331 51.91 52 67
Ti0; wth 0.47 0.46 0.47 0.39 032 0.24 033 0.30 0.3 0.27
Ti ppm 280940 278951 284615 234108 185724 146817 19BR.27| 180051 184166 1G32.25
B" 2.05 1.96 4.47 =0.97 504 262 362 358 1.68 220
Li’ 9.87 10.60 11.96 11.04 1.73 2482 316 13.14 10.40 13.08
Rh =[.056 .07 019 =0.034 =0.044 =0.045 014 0.95 0.38 1.03
Sr 11.02 14,89 15.91 11.64 844 7.45 7.09 967 1092 8.30
Ba 0.37 153 <022 «0.052 «0.082 =0.064 0.25 0.18 0.05 052
Ph 0.06 0.15 0.27 0.09 0.0s 0.07 0.30 0.44 0.46 0.14
Cs =0.0210 =«0.0108 0.02 0.01 0.0z =0.0077 0.0z 0.04 0.03 0.05
Sc 9313 101.28 104.73 85.90 89.30 FB.27 81.50 81.59 a81.16 77.29
L' 457 19 47427 473 .1 37914 36022 287 .05 37534 300.93 27545 280.09
Cr 2450064 424544 | 558572 206022 | 554811 420610 133186 | 5146.84 557849 417659
Co 60.21 51.24 5119 47.88 49,18 86573 66,35 8277 48,27 5276
Ni 22274 21851 22384 214 59 226816 27176 236 .42 25031 24533 24395
Zn 5063 39.30 31.32 3796 40.38 47 .81 5713 37 .42 30.83 3627
Ir 1162 13.85 12.00 8.1 b.63 3.45 .41 7.96 7.55 b.47
Nh <0.016  <0.0224 0.05 <0.0127 0.02 =0.0134 0.07 0.10 0.09 0.04
Hf 0.a3 061 0.60 0.35 032 0.15 016 0.4 030 0.26
Ta om «0.0075 | <0.0079 0.m 0.00 0.m <0.00 0.00 =0.0144 =0.00
Th 0.03 =0.020 0.03 0.m 0.01 0.m =0.0078 0.0 =0.028
u =0.0106 0.02 0.03 =0.00 0.00 «0.0057 <0.0070 0.01 =0.0288 =0.00
Y 12,99 1277 12.03 10,32 9.42 7.36 9.34 9.17 9.26 877
La 077 0.79 0.88 0.64 0.42 0.30 0.40 0.46 0.48 0.37
Ce 2.84 3.05 3.30 237 159 1.20 172 1.81 1.81 1.48
Pr 0.66 0.63 063 0.50 0.3z 0.26 0.34 0.34 038 0.34
Nd 3.90 463 410 323 232 172 1.93 224 270 1.98
Sm 1.75 1.71 1.80 1.08 0.94 0.60 1.02 1.08 0.90 0.95
Eu 0.a0 0.37 0.49 0.43 0.34 0.29 0.34 0.35 032 0.28
Gd 210 208 1.95 216 1.18 1.06 1.23 161 1.75 169
Th 0.42 0.35 0.39 0.38 0.24 0.25 027 0.34 0.3 0.25
Dy 298 222 2.3 215 1.80 1.49 162 173 21 1.85
Ho 0.59 052 0.44 0.39 0.35 0.30 0.41 0.38 039 0.34
Er 1.37 1.27 1.24 1.25 0.95 0.69 1.14 1.14 0.a3 1.06
Tm 027 0.21 047 0.16 016 0.Mm 0.14 017 012 0.15
Yh 1.32 134 1.15 138 n.ao 0.73 0.ao 0.88 0.9g 1.03
Lu 0.24 0.20 0.15 0.18 012 0.12 0.15 0.1 015 0.13

Figure A.26: LA-ICP-MS compositions of CHA augites.
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OL14 OL14 AN141

CPX1 CPX1 CPX2 CPX2 CPX2 CPX2 CPX2 CPX1 CPX1 CPX1 CPX1
EMP CORE R CORE CORET INTERNE  INTERAY RV CORE CORET R RIFT
Na;0 018 018 0.21 0.21 016 016 018 018 018 018 018
MgO 17.82 18.26 17.89 17.36 18.49 18.57 17.75 17.45 17.88 18.57 18.46
Al O 253 1.94 263 394 224 218 260 325 347 231 25
Si0; 52.86 53.82 53.08 52.09 53.28 53.48 52.87 52.61 52.83 53.65 53.86
Ca0 19.18 19.24 19.72 19.54 19.11 19.06 2007 20.40 19.27 19.67 19.83
Ti0: 032 025 0.30 039 0.28 028 0.34 037 0.35 024 0.28
Cr:0; 0.7a 037 0.78 0.85 0.B2 0.568 0.41 1.02 0.58 0.7o 057
MnO 018 018 B:15 017 018 018 016 014 014 016 B:15
FeOyq; 6.01 B.23 5.50 B.23 6.23 B.28 6.11 562 6.03 564 5.86
Mg# g58.87 99.74 g6.14 99.11 §56.85 99.87 g58.61 o5.43 §56.85 gr.0g §6.55
Ti ppm 192113 182781 | 177164 234785 16BEZ3 167610 201470 | 221520 209436 146393 1678.50
Crppm | 475373 280153 | 5179.83 533249 423189 3579931 282610 | B979.01 B5B5BS 482287 3557936
LAICP-MS
CaOwth | 19,16 19.24 19.72 19.54 19.11 19501 2007 20.40 19.27 19.67 19.83
Si0; with | 5328 521.16 £3.08 B3.75 59.37 5029 53.12 49.83 50.25 £5.39 5270
TiO; wthh | 024 023 0.27 0.31 025 0.31 029 0.33 0.35 023 0.24
Ti ppm 145141 1358.05( 1621.91 18387.04 152012 187677 172212| 197480 207735 140499 146317
B <1.26 =0.24 258 283 029 =0.82 1.27 287 4.31 <1.77 1.55
Lif 282 213 280 337 225 1.71 1.1 278 3.82 437 6.97
Rhb <0046  «0.04 0.27 1.44 0.04 0.11 011 0.0s 010 =0.045 017
Sr 8.77 779 10.70 15.70 5.88 10.22 922 11.37 9.51 g.00 9.77
Ba 0.04 =0.00 0.24 1.99 0.23 091 0.35 0o7 039 <0.096 0.45
Ph 014 0.0s 010 0.058 010 022 0.o9 024 0.30 020 0.24
Cs 0.0z =0.0107 0.09 0.37 =0.0142 0.01 =0.0161 | <0.0112 0.0z =0.0115 <«0.0149
Sc 74.92 7437 85.58 102,11 81.40 8273 83.08 97.29 101.09 75.74 7815
V' 22368 20807 | 25825 33711 22585 G774 2BBE9 | 23088 24795 17385 183.34
Cr Je50.36 220594 | 468266 5119.20 402079 444217 286797 | B363.82 434688 478777 3183.78
Co 48.23 44.86 4722 o6.83 a4.78 45.76 52.50 42.45 47.49 51.31 43.64
Ni 25100 22580 | 27103 34557 28024 M8585 22806 | X747 27 A8 28835 24206
Zn 2834 292 2987 2864 30.84 31.95 30.50 2529 30.56 31.08 2933
Ir 4.75 3.80 6.10 10.35 5.64 715 5.08 £.99 g.558 3.89 4.82
Nb 0.0z 0.0z 0.ar 010 0.0z 0.01 0.0z 0.0z 0.ar 0.0z <0.0231
Hf 013 017 0.38 023 0.35 032 0.29 0.40 0.38 025 0.21
Ta =0.0050  =<0.00 0.01 0.01 0.o0 =0.0071 0.01 0.0o0 0.o0 <000  «0.0087
Th 0.01 «0.00 | «0.0097 0.0s <0.0127 0.0z 0oz 0.01 =0.00 0.01
u 0.01 0.01 0.01 0.04 <0.00 0.0z <0.0121 0.01 =0.0081 «0.0091
e 6.52 6.43 713 .04 g.55 768 8.57 .08 9.30 718 6.658
La 0.28 0.28 039 0.50 0.37 0.48 0.47 023 0.43 0.34 0.34
Ce 1315 1.03 1.24 218 1.25 1.60 1.29 1.82 1.69 0.8 1315
Pr 0.24 017 029 037 0.24 032 022 030 037 018 029
Nd 1.32 1.23 1.69 224 1.83 226 2.08 1.86 2.31 0.858 1.47
Sm 0.72 0o 0.84 1.05 0.868 020 0.87 1.03 052 061 0.a7
Eu 0.33 021 0.27 037 0.31 035 0.40 0.45 0.35 018 0.27
Gd 1.03 0.83 1.78 1.43 1.37 1.04 1235 1.34 1.65 1.00 1.08
Th 0.21 0.21 038 0.22 0.23 0.23 027 0.25 020 0.23
Dy 1.32 1.33 1.31 164 1.88 161 1.54 1.90 1.71 166 1.34
Ho 026 024 0.36 0.45 029 027 0.42 034 0.43 031 0.30
Er 0.55 1.19 0.81 098 1.068 1.04 1.39 0.86 059
Tm 0.o8 0.0s 011 0.12 0.12 0.0s b5 018 018 0.14 011
Yh 0.61 0.B5 1.21 1.25 0.61 068 1.01 0.48 187 061 063
Lu 0.09 0.10 0.09 0.14 0.10 0.13 0.13 0.10 0.18 0.12 0.09

Figure A.27: LA-ICP-MS compositions of CHA augites.
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AN141 AN1T96A AN169A AN169A

CPX2 CPX2 CPX1 CPX1 CPX1 CPX1 CPX1 CPX1 CPX2 CPX2
EMP GCORE RING GCORE INTERI RV CORE RV RV GCORE RING
Na,0 0.16 0.19 0:7 0.18 020 017 019 0.21 022 017
MgO 18.15 17657 16.45 16.28 16.20 17.0B 1577 16.16 16.08 13:73
Al 05 278 2.85 1.63 1.86 1.93 1.72 251 2.45 263 1.95
Si0; 5313 53.00 52 49 5237 5226 5252 51.38 51.78 5161 a0.57
Ca0 19.46 2029 17.85 18.01 17.87 16.30 18.18 17.19 17 .56 16.92
TiO; 0.33 0.34 037 0.39 0.40 0.32 052 0.46 040 0.69
Cr;0; 0. 0.78 0.26 0.24 019 0.30 035 0.36 0.45 0.04
MnO 0.16 0.15 0.25 0.27 0.26 0.28 0.25 0.27 0.25 0.30
FelQ 595 582 10,39 10.30 1082 11.10 10,29 10.71 1017 14.29
Mo 86.21 86.05 76.44 76.40 75.43 759 75.85 75.56 76.39 Bb.33
Ti ppm 1961.63 201318 | 221860 231908 237644 | 191017 309979 274693 | 293561 411173
Crppm 556476 4635624 | 176114 165023 133064 | 20425656 233814 249481 [ 309540 28540
LA ICP-MS
CaOwth 19,46 2029 17.85 18.01 17 .67 16.30 18.18 17.19 17 56 16.92
Si0: wts 5035 51.49 47 .04 35.40 60.59 5930 49,95 a0.44 53.68 5489
Ti0; wth 0.28 0.32 0.32 0.34 0.36 0.38 0.47 0.42 0.41 0.46
Ti ppm 151993 190321 192492 204740 217734 227035 281864 253053 24181 275053
B" =1.32 1.71 =0.79 =041 079 2.18 <03 1.81 309 1.66
Li’ 537 479 327 2.10 324 12.96 13.81 9.09 1385 12.10
Rh =0.045 =0.043 =0.039 0.04 =0.034 0.07 =0.042 =0.035 026 0.09
Sr 922 10.47 4.36 4.29 457 357 M 5.49 10.34 F.89
Ba =0.109 0.27 «0.043 0.13 0.0 «<0.057 0.3 0.3 1.27 0.87
Ph 0.00 0.10 0.07 0.20 0.05 =0.033 0.40 0.42 0.54 0.67
Cs <0.0107 <«0.0073 | <0.0090 <0.0108 <0009 | <00078 <=0.0081 <«0.0103 0.0z 0.01
Sc 8518 10297 108.91 11127 11053 12493 14126 131.895 13169 128 58
L' 185.684 235.34 37093 357 04 39185 386.09 465,21 457 43 41279 535.80
Cr 012753 486954 | 1544.48 142973 109403 | 210027 217945 2130044 | 240667  1687.71
Co 41.64 4217 59,47 B0.74 70.49 7424 66.02 55,64 60,65 B1.62
Ni 23714 22257 216.62 226.14 22420 25141 199.69 197 27 22932 17967
Zn 2514 2641 BE.32 4923 7355 85 56 5711 5792 B1.75 B7.08
Ir 564 7.70 5.60 5.65 b.82 B.75 10,19 9.30 938 11.65
Nh =0.0166 =0.0161 0.m =0.0085 =0.00 0.03 =0.018 0.04 0.03 0.0z
Hf 0.29 061 0.34 0.19 033 0.64 0.4a5 0.54 0.38 0.80
Ta =0.0062 =00105 | <0.0062 <=00052 <0.006G 0.m 0.0z2 =0.00 0.01 =0.0053
Th <0.0104  «0.01M 0.00 0.m =0.0088 =0.00 0.m 0.02 0.01 0.04
u =0.0065 0.01 0o =0.0085 0.00 0.m <0.00 0.m 0.m 0.01
Y 7.41 9.94 1223 12.37 14.88 16.96 2071 17.32 18.56 19.89
La 0.28 0.43 0.26 0.37 0.23 0.43 0.46 0.42 0.49 0483
Ce 1.17 1.73 1.13 139 0.94 122 1.80 162 1.61 177
Pr 022 0.29 0.26 0.28 025 0.24 0.41 0.38 0.34 0.32
Nd 1.30 210 1.92 1.91 165 158 203 224 203 290
Sm 0.60 1.02 0.94 0.83 0.90 0.79 1.26 1.10 1.05 1.55
Eu 0.26 0.38 0.32 0.36 0.42 0.43 0.42 0.31 0.43 0581
Gd 1.14 132 1.66 2.1 167 205 220 2.19 215 255
Th 0.23 0.24 027 0.36 037 0.39 0.41 0.43 0.42 0.55
Dy 1.44 178 272 296 275 289 4M 2592 354 369
Ho 0.36 0.39 0.63 0.68 0.64 067 1.02 0.70 0,70 0.82
Er 072 0.99 1.68 1.85 1.93 1.79 2.45 2.00 1.84 2.19
Tm 0:12 0.14 0:47 0.26 023 0.32 0.3 0.30 027 0.31
Yh 0.80 1.10 1.82 1.82 1.85 227 240 2 BB 206 1.98
Lu 0.10 0.14 0.24 0.21 0.29 0.36 0.29 0.26 0.36 0.40

Figure A.28: LA-ICP-MS compositions of CHA augites.
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A.4 LA-ICP-MS MINERAL PHOTOS

Figure A.29: Augites AN134cpx1 (on the left) and cpx2 (on the right) analysed by LA-ICP-

MS. Yellow arrows represent EMP transects while red and green circles represent LA spots.

Figure A.30: Plagioclase AN134plgl analysed by LA-ICP-MS. Yellow arrows represent EMP

transects while red circles represent LA spots.
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Figure A.31: Augite AN137Acpx1 analysed by LA-ICP-MS. Yellow arrows represent EMP
transects while red circles represent LA spots.

Figure A.32: Plagioclases AN137Aplg2 (on the left) and plg3 (on the right) analysed by
LA-ICP-MS. Yellow arrows represent EMP transects while red circles represent LA spots.
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Figure A.33: Augite AN138cpxl analysed by LA-ICP-MS. Yellow arrows represent EMP
transects while red circles represent LA spots.

Figure A.34: Plagioclases AN138plgl (on the left) and plg3 (on the right) analysed by LA-
ICP-MS. Yellow arrows represent EMP transects while red circles represent LA spots.
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Figure A.35: Augite AN141cpx1 (on the left) and plagioclase AN141plg3 (on the right) anal-
ysed by LA-ICP-MS. Yellow arrows represent EMP transects while green and red circles rep-
resent LA spots.

Figure A.36: Augite AN141cpx2 analysed by LA-ICP-MS. Yellow arrows represent EMP

transects while red circles represent LA spots.
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Figure A.37: Plagioclases AN141plgl (on the left) and plg2 (on the right) analysed by LA-
ICP-MS. Yellow arrows represent EMP transects while green and red circles represent LA spots.

Figure A.38: Augites OL14cpx1 (on the left) and cpx2 (on the right) analysed by LA-ICP-MS.

Yellow arrows represent EMP transects while red circles represent LA spots.
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Figure A.39: Plagioclase OL14plgl analysed by LA-ICP-MS. Yellow arrows represent EMP

transects while green circles represent LA spots.

Figure A.40: Augite AN156Acpx1 analysed by LA-ICP-MS. Yellow arrows represent EMP

transects while red circles represent LA spots.
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Figure A.41: Plagioclases AN156Aplgl (on the left) and plg2 (on the right) analysed by
LA-ICP-MS. Yellow and red arrows represent EMP transects while green circles represent LA

spots.

Figure A.42: Augites AN169Acpx1 (on the left), AN169cpx2 (on the right) and plagioclase
AN169plg4 (on the right) analysed by LA-ICP-MS. Yellow arrows represent EMP transects

while green and red circles represent LA spots.
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Figure A.43: Plagioclases AN169Aplgl (on the left) and plg2 (on the right) analysed by
LA-ICP-MS. Yellow arrows represent EMP transects while red and green circles represent LA
spots.
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