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"Wo chiemte mer hi wenn alli seite wo chiemte mer hi und niemer giengti fur einisch z'luege wohi dass

me chiem we me gieng."

(Kurt Marti, rosa loui, vierzg gedicht ir bärner umgangssprach, Luchterhand 1967).

�Where will this lead us to if everybody asks where will this lead us to and nobody leads to where this

will lead us to.�

(Kurt Marti, rosa loui, forty poems, Luchterhand 1967).
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Abstract

Magmas of the arc-tholeiitic and calc-alkaline di�erentiation suites contribute substantially to the

formation of continental crust in subduction zones. Di�erent geochemical-petrological models have been

put forward to achieve evolved magmas forming large volumes of tonalitic to granitic plutons, building an

important part of the continental crust.

Primary magmas produced in the mantle wedge overlying the subducted slab migrate through the

mantle and the crust. During the transfer, magma can accumulate in intermediate reservoirs at di�erent

levels where crystallization leads to di�erentiation and the heat transfer from the magma, together with

gained heat from solidi�cation, lead to partial melting of the crust. Partial melts can be assimilated and

mix with more primitive magma. Moreover, already formed crystal cumulates or crystal mushes can be

recycled and reactivated to transfer to higher crustal levels. Magma transport in the crust involves �ow

through fractures within a brittle elastic rock. The solidi�ed magma �lled crack, a dyke, can crosscut

previously formed geological structures and thus serves as a relative or absolute time marker.

The study area is situated in the Adamello massif. The Adamello massif is a composite of plutons

that were emplaced between 42 and 29 million years. A later dyke swarm intruded into the southern

part of the Adamello Batholith. A fractionation model covering dyke compositions from picrobasalts to

dacites results in the cummulative crystallization of 17% olivine, 2% Cr-rich spinel, 18% clinopyroxene,

41% amphibole, 4% plagioclase and 0.1% magnetite to achieve an andesitic composition out of a hydrous

primitive picrobasalt. These rocks show a similar geochemical evolution as experimental data simulating

fractional crystallization and associated magma di�erentiation at lower crustal depth (7-10 kbar). The

peraluminous, corundum-normative composition is one characteristic of more evolved dacitic magmas,

which has been explained in a long lasting debate with two di�erent models. Melting of ma�c crust or

pelitic material provides one model, whereas an alternative is fractionation from primary mantle derived

melts. Amphibole occurring in basaltic-andesitic and andesitic dyke rocks as fractionating cumulate phase

extracted from lower crustal depth (6-7.5 kbar) is driving the magmas to peraluminous, corundum nor-

mative compositions, which are represented by tonalites forming most of the Adamello Batholith. Most

primitive picrobasaltic dykes have a slightly steepened chondrite normalized rare earth elements (REE)

pattern and the increased enrichment of light-REE (LREE) for andesites and dacites can be explained

by the fractional crystallization model originating from a picrobasalt, taking the changing fractionating

phase assemblage and temperature into account.

The injection of hot basaltic magma (~1050°C) in a closely spaced dyke swarm increases the surface

of the contact to the mainly tonalitic wallrock. Such a setting induces partial melting of the wall rock and

selective assimilation. Partial melting of the tonalite host is further expressed through intrusion breccias
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from basaltic dykes. Heat conduction models with instantaneous magma injection for such a dyke swarm

geometry can explain features of partial melting observed in the �eld. Geochemical data of minerals and

bulk rock further underline the selective or bulk assimilation of the tonalite host rock at upper crustal

levels (~2-3 kbar), in particular with regard to light ion lithophile elements (LILE) such as Sr, Ba and Rb.

Primitive picrobasalts carry an immiscible felsic assimilant as enclaves that bring along refractory

rutile and zircon with textures typically found in oceanic plagiogranites or high-pressure/low-temperature

metamorphic rocks in general. U-Pb data implies a lower Cretaceous age for zircon not yet described as

assimilant in Eocene to Oligocene magmatic rocks of the Central Southern Alps.

The distribution of post-plutonic dykes in large batholiths such as the Adamello is one of the key

features for understanding the regional stress �eld during the post-batholith emplacement cooling history.

The emplacement of the regional dyke swarm covering the southern part of the Adamello massif was

associated with consistent left lateral strike-slip movement along magma dilatation planes, leading to en

echelon segmentation of dykes. Through the dilation by magma of pre-existing weaknesses and cracks in

an otherwise uniform host rock, the dyke propagation and according orientation in the horizontal plane

adjusted continuously perpendicular to least compressive remote stress σ3, resulting in an inferred rotation

of the remote principal stress �eld.



Resumé

Les magmas issus des zones de subduction contribuent substantiellement à la formation de la croûte

continentale. Les plutons tonalitiques et granitiques représentent, en e�et, une partie importante de la

croûte continentale.

Des magmas primaires produits dans le � mantle wedge �, partie du manteau se trouvant au-dessus de

la plaque plongeante dans des zones de subduction, migrent à travers le manteau puis la croûte. Pendant ce

transfert, le magma peut s'accumuler dans des réservoirs intermédiaires à di�érentes profondeurs. Le stock-

age de magma dans ces réservoirs engendre, d'une part, la di�érentiation des magmas par cristallisation

fractionnée et, d'autre part, une fusion partielle la croûte continentale préexistante associée au transfert

de la chaleur des magmas vers l'encaissant. Ces liquides magmatiques issus de la croûte peuvent, ensuite,

se mélanger avec des magmas primaires. Le transport du magma dans la croûte implique notamment un

�ux de magma à travers di�érentes fractures recoupant les roches encaissantes élastiques. Au cours de ce

processus de migration, des cumulats de cristaux ou des agrégats de cristaux encore non-solidi�és, peuvent

être recyclés et réactivés pour être transportés à des niveaux supérieures de la croûte.

Le terrain d'étude est situé dans le massif d'Adamello. Celui-ci est composé de plusieurs plutons mis

en place entre 42 et 29 millions d'années. Dans une phase tardive de l'activité magmatique liée à ce

batholite, une série de �lons de composition variable allant de picrobasalte à des compositions dacitiques

s'est mise en place la partie sud du massif. Deux modèles sont proposés dans la littérature, pour expliquer

la formation des magmas dacitiques caractérisés par des compositions peralumineux (i.e. à corindon

normatif). Le premier modèle propose que ces magmas soient issus de la fusion de matériel ma�que et

pélitique présent dans la partie inférieur de la croûte, alors que le deuxième modèle suggère une évolution

par cristallisation fractionnée à partir de liquides primaires issus du manteau. Un modèle de cristallisation

fractionnée a pu être développé pour expliquer l'évolution des �lons de l'Adamello. Ce modèle explique

la formation des �lons dacitiques par la cristallisation fractionnée de 17% olivine, 2% spinelle riche en Cr,

18% clinopyroxène, 41% amphibole, 4% plagioclase et 0.1% magnetite à partir de liquide de compositions

picrobasaltiques. Ce modèle prend en considération les contraintes pétrologiques déduites de l'observation

des di�érents �lons ainsi que du champ de stabilité des di�érentes phases en fonction de la température. Ces

roches montrent une évolution géochimique similaire aux données expérimentales simulant la cristallisation

fractionnée de magmas évoluant à des niveaux inférieurs de la croûte (7-10 kbar). Le modèle montre,

en particulier, le rôle prépondérant de l'amphibole, une phase qui contrôle en particulier le caractère

peralumineux des magmas di�érentiés ainsi que leurs compositions en éléments en traces.

Des phénomènes de fusion partielle de l'encaissant tonalitique lors de la mise en place de �lons ma�ques

sont observée sur le terrain. L'injection du magma basaltique chaud (~1050°C) sous forme de �lons
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rapprochés augmente la surface du contact avec l'encaissante tonalitique. Une telle situation produit la

fusion partielle des roches encaissantes nécessaire à l'incorporation d'enclaves ma�ques observés au sein des

tonalites. Pour comprendre les conditions nécessaires pour la fusion partielle des roches encaissantes, des

modèles de conduction thermique pour une injection simultanée d'une série de �lons ont été développées.

Des données géochimiques sur les minéraux et sur les roches totales soulignent qu'au niveau supérieur de

la croûte, l'assimilation sélective ou totale de l'encaissante tonalitique modi�e la composition du liquide

primaire pour les éléments lithophiles tel que le Sr, Ba et Rb.

Un autre aspect important concernant la pétrologie des �lons de l'Adamello est la présence d'enclaves

feldsiques dans les �lons les plus primitifs. Ces enclaves montrent, en particulier, des textures proches

de celles rencontrées dans des plagiogranites océaniques ou dans des roches métamorphiques de haute

pression/basse température. Ces enclaves contiennent du zircon et du rutile. La datations de ces zircons à

l'aide du géochronomètre U-Pb indique un âge Crétacé inférieur. Cet âge est important, car aucune roche

de cet âge n'a été considérée comme un assimilant potentiel pour des roches magmatiques d'âge Eocène à

Oligocène dans les Alpes Sud Centrales.

La réparation spatiale des �lons post-plutoniques dans des grands batholites tel que l'Adamello, est une

caractéristique clé pour la compréhension des champs de contraintes lors du refroidissement du batholite.

L'orientation des �lons va, en particulier, indiqué la contrainte minimal au sein des roches encaissante.

La mise en place de la série de �lon recoupant la partie Sud du massif de l'Adamello est associée à un

décrochement senestre, un décrochement que l'on peut lié aux contraintes tectoniques régionales auxquelles

s'ajoutent l'e�et de la dilatation produite par la mise en place du batholite lui-même. Ce décrochement

senestre produit une segmentation en échelon des �lons.
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4.8 (a) Intrusion breccia of section 3 (Fig. 4.5, 4.7b) mantled by basaltic (2A) and basaltic hybrid
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(2A) and basaltic hybrids (2B) (a) Olivine phenocryst set within cryptocrystalline matrix of
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parameters: (Ca)B >1.50; (Na+K)A>0.50 after Leake et al. [1997]. (a) to (d) Cations per

formula unit (apfu) calculated on the basis of 13 cations (Cations-Ca-Na-K=13), where M(4)
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1.1 Introduction

Subduction zones are one of the key areas for the generation of new continental crust due to major

and trace element similarities between estimates of the continental crust and calc-alkaline andesites [Kay

and Kay, 1985, Kelemen et al., 2003, Gill, 1981, Rudnick, 1995, Taylor and McLennan, 1985]. One of the

key problems associated with formation of the continental crust and the so called �andesite model� is that

that the mass �ux from the mantle is described as commonly basaltic with SiO2 < 52 wt%. Silica rich

granitoids of the upper crust and a lower predominantly gabbroic crust can together form a bulk andesitic

crust [Rudnick and Gao, 2003]. The evolution of major and trace elements of calc-alkaline di�erentiation

suites imply that minerals such as amphibole, garnet and Ti-oxides and generally all silica-poor phases,

play an important role during fractionation of the basaltic �ux from the mantle [Jan and Howie, 1981,

DeBari and Coleman, 1989, Alonso-Perez et al., 2009, Greene et al., 2006, Jagoutz, 2010]. High Mg#

andesites, de�ned as an andesitic lava with Mg# > 0.3 and less than 10 wt% MgO [Kelemen, 1995], are

chemically similar to the continental crust with estimates of of 55-65 wt% SiO2, 4-7 wt% combined Na2O

and K2O, molar Ca/(Ca+Na) of 0.4 to 0.6 and wt% Mg/(Mg+total Fe as Fe2+) or Mg# 0.34 to 0.42

[e.g. Taylor et al. 1981, Weaver and Tarney 1984, Rudnick and Gao 2003]. Several authors proposed

that calc-alkaline andesitic magmas can be produced as a result of reaction between ascending liquids and

mantle peridotites [Fisk, 1986, Green and Ringwood, 1967, Kay, 1978, Kelemen, 1986, 1990, Quick, 1982,

Arculus et al., 1983, Myers et al., 1985]. Kelemen [1995] proposed that initial liquids could be derived by

small degrees of mantle peridotite melting at greater depth, or by partial melting of the downgoing slab

in subduction zones. Reaction with peridotite during ascent substantially changes the silica content of

derivate liquids, and will produce liquids close to saturation in mantle olivine, with high Mg# and high

Ni content. The formation of high-magnesium andesite through melt-rock reaction in the upper mantle

provides an alternative model for continental crust formation without extensive fractionation of silica-poor

phases.

Crustal Growth in Island Arcs

Active island arcs such as the Izu-Bonin-Mariana (IBM) intraoceanic arc show the crustal structure

evolution with the associated magmatism in time slices towards a mature arc crust [Kodaira et al., 2010].

Boninitic magmatism occurs in the initial stage of the subduction [e.g. Leng and Gurnis, 2011, Kodaira

et al., 2010, Insergueix-Filippi et al., 2000]. The non-oceanic, increasingly mature and thicker crust was

created with tholeiitic-calcalkaline andesitic magmatism after boninitic magmatism ceased [Kodaira et al.,

2010]. The consequences of high-pressure cumulate formation from hydrous arc magmas on seismic velocity

structure of lower arc crust are important since such studies are based on seismic refraction tomography

[Kodaira et al., 2010, Müntener and Ulmer, 2006]. Müntener and Ulmer [2006] showed that at pressure

exceeding 0.8 GPa (25 km), 40-60 % of ultrama�c cumulates are produced by crystal fractionation to

obtain andesite to dacite compositions. Out of their experimental data they calculated cumulate density

values that are comparable or higher than upper mantle values. The seismic velocities vary continuously

between 7.3 and 8 km/s resulting in a broad crust-mantle transition.
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Deep Crustal Hot Zone

One of the key questions with regard to di�erentiation is at which depth fractionation occurs. The

existence of shallow sub-volcanic magma chambers is widely con�rmed by geophysical evidence [e.g. Iyer,

1984, Calvert, 1995, Bohrson, 2007] together with petrological and geological evidence [Annen et al., 2006].

Numerical simulations of heat transfer [Annen and Sparks, 2002] and high-temperature and high-pressure

(0.8-1.5GPa) experiments [Müntener et al., 2001, Proteau and Scaillet, 2003, Alonso-Perez et al., 2009,

Kägi, 2000] provide a model where silica-rich magmas are generated by incomplete crystallization of hy-

drous basalt at upper mantle and/or lower crustal depths. For producing rocks by fractional crystallization

with more than 60 wt% SiO2, crystallization of at least 60% or more of a typical hydrous primitive arc

basalt is required [e.g. Foden and Green, 1992, Müntener et al., 2001, Alonso-Perez et al., 2009]. Huge

volumes of associated ma�c cumulates are required to generate large granitoid batholiths and voluminous

eruptions of silicic magma involving several hundreds to thousands of km3 [e.g Crisp, 1984, Smith, 1979,

Bachmann et al., 2002]. Silica-rich residual melts from the production of the ma�c cumulates in the lower

crust can be extracted and ascend, either to erupt immediately or to stall and form shallow magma cham-

bers. Large batholiths are formed in the case where the shallow magma chambers consolidate completely

or to a great extent.

Formation of Corundum Normative Magmas Through Amphibole Fractionation

Amphibole occurs in many calc-alkaline volcanic and plutonic rocks with basaltic and andesitic com-

position [e.g Anderson, 1980, Sisson et al., 1996, Blundy and Sparks, 1992, Krawczynski et al., 2012].

Calc-alkaline intrusive and extrusive suites commonly show trends from diopside- to corundum norma-

tive composition for magmas with increasing SiO2 that can be explained by the crystallization of horn-

blende from primitive hydrous basaltic magmas [Cawthorn and O'Hara, 1976, Cawthorn and Brown, 1976,

Cawthorn et al., 1976, Alonso-Perez et al., 2009, Dessimoz et al., 2012, Sisson et al., 2005]. Corundum

normative magmas are often interpreted as due to crustal melting for the formation of granites [e.g.

Clemens et al., 2011, Clemens and Stevens, 2012]. Phase equilibrium experiments on a basaltic-andesite

from Mount Shasta (N-California, Cascade Volcanic Arc) [Grove et al., 2003] showed, that at 800 MPa

and 1065 °C, olivine is no longer stable and that the phase assemblage encompasses orthopyroxene, a mag-

nesian (Mg#=0.80) pargasite amphibole and clinopyroxene. The presence of amphibole in this case was

taken as high pre-eruptive H2O (> 10 wt% H2O) contents. Further experiments on the same composition

demonstrated that amphibole and olivine are coexisting above 500 MPa to at least 800 MPa between 975

and 1025 °C. The temperature di�erence between the liquidus of hydrous basalts and amphibole appear-

ance decreases with increasing H2O pressure (PH2O), causing a change in chemical composition of the

�rst amphibole to crystallize [Krawczynski et al., 2012, Grove et al., 2003]. An experimental study by

Alonso-Perez et al. [2009] explored as well the role of H2O and pressure at lower crustal conditions on

the stability of the most important phases regarding an andesitic liquid that was derived by fracitonal

crystallization at 1.0 GPa from a primitive mantle derived picrobasaltic liquid. The principal phases found

were garnet, amphibole, clinopyroxene and plagioclase [Alonso-Perez et al., 2009].
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Dyke Emplacement and the E�ect of the Regional Stress Field

Envisioned transport processes of magma in the crust include porous �ow in partially molten and

deformable rock [e.g. Spiegelman, 1993a,b, McKenzie, 1984, Sleep, 1974, Bercovici et al., 2001, Bercovici

and Ricard, 2003], �ow through fractures (dykes) in an elastic brittle rock [e.g. Taisne and Jaupart,

2009, Lister and Kerr, 1991, Murrell, 1964, Rubin, 1993a,b] and diapiric ascent through viscous rock

[e.g. Rubin, 1993a, Mahon et al., 1988, Marsh, 1982]. Detailed �eld studies of dykes provide information

about their detailed shape in the light of magma �ow and overpressure in cracks, relating this process

to theoretical elasticity analysis of a pressurized slit or crack [Delaney and Pollard, 1981, Kavanagh and

Sparks, 2011, Poland et al., 2008, Pollard and Muller, 1976, Valentine and Krogh, 2006, Walker, 1986].

Analogue experiments provide another approach to study the propagation of a liquid �lled crack [McLeod

and Tait, 1999, Watanabe et al., 2002, Takada, 1990, Menand and Tait, 2002, Menand et al., 2010].

Moreover, numerical simulations address the same question [Chen et al., 2007, Gudmundsson et al., 1999,

Lister and Kerr, 1991, Maccaferri et al., 2010, Rivalta and Dahm, 2004]. Dyke swarms in tonalitic to

granodioritic host rocks demonstrating a high degree of mechanical isotropy [Dini et al., 2008] should

provide more straightforward information about the palaeostress con�guration [Pollard, 1987, Pollard

and Muller, 1976] at the time of dyke emplacement than dykes within layered sediments and/or foliated

metamorphic environments.

1.2 Geodynamic Context of the Field Area

During the collision of the European and the Adriatic plates, basaltic and granitoid magmatism oc-

curred between 42 and 29 Ma [Hansmann and Oberli, 1991, Pomella et al., 2011, Schaltegger et al., 2009,

Schoene et al., 2012, Fodor et al., 2008, Barth et al., 1989, von Blackenburg, 1992, Oberli et al., 2004,

Del Moro et al., 1985] following the closure of oceanic basins by subduction and continental collision.

Blanckenburg and Davies [1995] argue that the trace element and isotopic signature of ma�c dykes sug-

gest that they formed by low-degree partial melting of the mechanically stable lithospheric mantle. The

same authors explain the almost synchronous intrusion of Alpine magmatic rocks along the Periadriatic

Fault System (PFS) as an e�ect of rapid lateral migration of slab breako�, resulting in a linear trace of

magmatism in locally thermal weakend crust. The Adamello Batholith, the largest of the periadriatic

intrusions, is located in the Central Southern Alps (N-Italy). Larger volumes of tonalite and granodiorite,

together with some marginal satellite ultrabasic and basic intrusions, built up the batholith over a time

interval of 42-29 Ma [Del Moro et al., 1985, Schaltegger et al., 2009, Hansmann and Oberli, 1991]. A series

of late basic to intermediate, dykes are concentrated in the southern part and seem not to occur in the

larger northern part of the batholith.

1.3 Thesis Structure and Key Questions

The second chapter deals with the post-plutonic dyke emplacement that follows a phase of voluminous

pluton emplacement. It includes a �eld overview with structural and petrographical descriptions of a

regional dyke swarm of ma�c to intermediate composition, which intruded into the plutonic intrusive suite
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of the Southern Adamello. This paper addresses questions of the interplay of dyke emplacement mechanics

with the regional stress �eld in the light of high resolution U-Pb age dating, allowing the use of dykes as

stress markers in time.

The third chapter encompasses a study on the compositional evolution of magmas in a typical arc-

tholeiitic di�erentiation suite, forming a dyke swarm ranging from olivine-phyric mantle-derived picrobasalts

to amphibole-plagioclase-phyric dacites. In this chapter, the evolution of the composition of the fraction-

ating mineral phases are described together with the composition of the corresponding liquid. Through

mass balance calculations, quantities of the required cumulates are determined to produce evolved dacitic

magmas. Furthermore, the e�ect of the changing fractionating mineral assemblage on the trace element

signatures of magmas are investigated, with general implications for the di�erentiation of arc-tholeiitic to

calc-alkaline magmas.

The fourth chapter examines the thermal e�ects of the intrusion of a closely spaced composite ma�c

dyke swarm on the mainly tonalitic host rock. This chapter investigates the links of ma�c intrusion

breccias associated with these closely spaced composite dyke swarms and addresses questions concerning

the thermal conditions of the host rock leading to partial melting and making such textural features

observed in outcrop. Further, evidence of assimilation on the emplacement level is based on bulk rock

isotopic data, bulk rock geochemistry and mineral-chemical information of both the ma�c intrusives and

the potential tonalitic assimilant.

The last chapter investigates the assimilation of a felsic immiscible component in a mantle derived

primitive picrobasaltic to Ol-tholeiitic magma. The chapter addresses questions of how features of im-

miscibility and mixing behaviour between an assimilated felsic and host ma�c phase can be explained

on a rheological and thermal basis. Moreover, this chapter evaluates the potential high-pressure/low-

temperature origin of the xenocrystic accessory phase assemblage (zircon, rutile) associated with the felsic

assimilant. Such a relation would be entirely novel to document in the Eocene to Oligocene intrusives

along the Periadriatic Fault System (PFS) and would have larger implications on the general structure of

the Central Southern Alpine crust and its geodynamic context.
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2.1 Abstract

Geochronological methods, combined with a detailed structural examination of post-plutonic dykes

within the southern Adamello intrusive suite, have been used to put constraints on the remote stress

conditions occurring at a late plutonic stage. Magmatic dykes immediately succeeded a phase of pluton

assembly in the Re di Castello intrusive suite, ranging in age from 41.67 ± 0.06 Ma to 38.62 ± 0.12

Ma. The intrusion of magma forming the dyke swarm is predating The formation of cooling joints in

the large plutonic bodies in this case is predating the intrusion of magma forming the dyke swarm. The

emplacement of the dykes was associated with consistent left lateral strike-slip movement along magma

dilatation planes, leading to en echelon segmentation of dykes. Through the dilation by magma of pre-

existing weaknesses and cracks in an otherwise uniform host rock, the dyke propagation and according

orientation in the horizontal plane adjusted continuously perpendicular to least compressive remote stress

σ3, resulting in an inferred rotation of the remote principal stress �eld. A purely elastic analytical model

yields magma over-pressure for a magma �lled crack encompassing values from 19-33 MPa associated with

the dyke emplacement. An asymmetrical teardrop form including a stress gradient along the strike of

the dilatation plane in the elastic model provides the best approximation to the observed two dimensional

shape in the present case. Such a shape is consistent with a stress gradient caused by the remote stress �eld

along strike. Due to their rheological contrast with the host rock, the dykes act as preferential nucleation

surfaces for later brittle faulting, forming cataclasites throughout the southern Adamello Batholith.

2.2 Introduction

Dyke swarms o�er the potential to reconstruct stress �elds at the time of their emplacement because

injection occurs perpendicular to the least compressive stress σ3 and the direction of the dilatation plane

of the magma �lled fractures is oriented the same way [Anderson, 1951, Spence and Turcotte, 1985].

Alternative scenarios of dyke intrusion relate injection along pre-existing fractures or joints rather than

the fractures being induced through the injection of the magma [Delaney et al., 1986, Delaney and Pollard,

1981]. Magma �ow and overpressure in cracks has been investigated through their shapes in detailed �eld

studies previously relating this process to theoretical elasticity analysis of a pressurized slit or crack

[Delaney and Pollard, 1981, Kavanagh and Sparks, 2011, Poland et al., 2008, Pollard and Muller, 1976,

Valentine and Krogh, 2006, Walker, 1986]. Another approach to study the propagation of a liquid �lled

fracture or �ssure is by analogue experiments [McLeod and Tait, 1999, Menand, 2010, Menand and Tait,

2002, Takada, 1990, Watanabe et al., 2002]. Furthermore, numerical simulations have been employed to

address the same question [Chen et al., 2007, Gudmundsson et al., 1999, Lister and Kerr, 1991, Maccaferri

et al., 2010, Rivalta and Dahm, 2004]. Syn- to post-plutonic dyke swarms are a common feature in

plutonic complexes such as the Southern Adamello [Coleman et al., 2000, Creixell et al., 2009, Dini et al.,

2008, Taylor and Randall, 2000]. The study of dyke swarms in tonalitic to granodioritic host rocks

exhibiting a high degree of mechanical isotropy [Dini et al., 2008] should provide more straightforward

information about the palaeostress con�guration at the time of dyke emplacement than the same magmatic

features within layered sediments and/or foliated metamorphic environments. Such a con�guration of dyke

emplacement into an isotropic plutonic host rock also allows the investigation of the relationship between
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dyke emplacement direction and geometry in relation to pre-existing fractures (jointing) or faults [Delaney

et al., 1986, Glazner et al., 1999, Tokarski, 1990]. As Glazner et al. [1999] note, tensile cracks within a shear

zone initially form normal to σ3, but bulk non-coaxial strain will cause cracks to rotate and to accommodate

shear strain as �nite deformation proceeds. Such relations were described for the patterns of hydrothermal

veins [Alastair, 1975, Hancock, 1972, Ramsay, 1980] and according to Glazner et al. [1999], should not

di�er for syn-kinematic cracks. Magmatic dykes are excellent time markers [Hanski et al., 2010, Willigers

et al., 1999] for the crustal evolution due to their short term activity. Crosscutting relationships among

di�erent intrusive rocks, fractures and faults can be coupled with radiometric age dating of either syn-

tectonic minerals or minerals crystallizing within intrusive bodies, thereby providing a tool to reconstruct

the emplacement tectonics of the succession of intrusive rock emplacement. The Adamello Batholith is the

largest intrusive complex among the Oligocene plutons, which are spatially and temporally associated with

the activity of the Periadriatic Fault System (PFS) [Rosenberg, 2004]. The contacts of the southern part of

the Adamello Batholith, the so called Re di Castello intrusive suite [Callegari and Brack, 2002], are farthest

away from the Periadriatic Fault System, whereas all other Oligocene plutonic complexes are located within

4km or less with one of their contacts from the PFS [Rosenberg, 2004]. Magmas of the southern Adamello

Batholith most likely ascended independently of the PFS. In contrast, the Bergell pluton forms a 40km

long steep tabular body of tonalite sub-parallel to the PFS. In this case, the tonalitic tail is part of the

Periadriatic mylonite zone and the same body is considered to represent the feeder of the pluton, based on

steep magmatic foliations and lineations [Berger et al., 1996]. The ages of the post-plutonic dykes occurring

in the southern part (Re di Castello superunit) of the Adamello Batholith are only relatively constraint.

This paper provides structural relationships between di�erent dyke generations. For selected locations,

more detailed 2D dyke geometries were recorded and compared with theoretical elastic models [Muller

and Pollard, 1977, Pollard, 1987] of dyke emplacement. Furthermore, we provide new U-Pb TIMS single

crystal zircon and titanite ages of these post-plutonic dykes covering the entire relative time sequence,

which are combined with existing geochronological data from the individual plutonic units of the southern

Adamello Batholith. A geometrical analysis of the dykes together with the new age determinations allows

constraining of the relationships between magmatic and tectonic activity, since dykes act as time markers

and provide information on the palaeostress distribution. The timing of the dyke emplacement is �nally

compared with the geochronological constraints available on the evolution along the Periadriatic Fault

System.

2.3 Regional Setting

The Central Southern Alps that stretch from Lake Como in the West to the Giudicarie line in the

East form part of a south-vergent fold-and-thrust belt [De Sitter and De Sitter-Koomans, 1949, Schmid

et al., 2004, Carminati et al., 1997]. The Periadriatic Fault System (Fig. 2.1) is the largest fault system of

the Alps and strikes more or less E-W over a distance of ~700km, extending from NW Italy to northern

Slovenia [e.g. Argand, 1916, Laubscher, 1990a, Muller et al., 2001, Schmid et al., 1989]. The PFS has two

characteristic bends/o�sets that strike towards NE-SW. The �rst is the Canavese fault in the westernmost

part and the other signi�cant bend is the the Giudicarie-Mauls fault (Fig. 2.1) in the central sector

[Müller et al., 2001]. East of the Bergell pluton, there is a displacement partitioning along the PFS
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into a northern, intra-Austroalpine fault system, which is expressed by predominantly sinistral and N-

side up vertical movement and the Tonale-Pustertal faults, where dextral deformation is dominant [e.g.

Mancktelow et al., 2001, Wiedenbeck, 1986].

Figure 2.1: Simpli�ed tectonic sketch map after Müller et al. [2001] of the Alps showing all major faults
related to the Periadriatic fault system (PAF; thick black lines), as well as other faults (thin black lines)
and major features of the Alps mentioned in the text; based on Bigi [1990] and modi�ed after Neubauer
and Genser [1990]; Ratschbacher et al. [1991]; Mancktelow [1992]; Fügenschuh [1995]; Froitzheim et al.
[1997] and Prosser [1998]. Faults: CV Centovalli; MR Mortirollo; T-C Trento-Cles; DAV Defereggen-
Antholz-Vals; TO Tauernostrand; plutons: Bi Biella; Be Bergell; Ad Adamello-Presanella; MS Monte
Sabion; MC Monte Croce; Bx Brixen; Re Rensen; Ri Rieserferner; Le Lesachtal; Po Pohorje; basins: Go
late Cretaceous-Paleogene �Centralalpine" Gosau Group basins; T Miocene basins. EW Engadine window;
M Molasse with Bergell boulders.

With regard to metamorphic conditions, no signi�cant di�erence between either side of the Tonale and

the Pustertal fault is observed [Müller et al., 2001]. The Adamello Batholith is situated between the E-W

trending Tonale Line and the southern end of the Giudicarie Line South of the junction of the Tonale

Fault with the Northern and Southern Giudicarie Fault [Laubscher, 1990b, Schmid et al., 1989, 2004].

It has been proposed that the local stress �eld in relation to the Giudicarie Fault system has in�uenced

the emplacement of the Adamello pluton [e.g. Laubscher, 1983]. For decades, two di�erent models were

proposed for the evolution of the N(N)E trending North Giudicarie Fault, depending on the role assigned

to the Peio fault. A �rst model assumes that during the Neogene, the sinistral North Giudicarie fault

deactivated a previously straight dextral Tonale-Pustertal-Gaital fault. This o�set accumulated more

than 50km and possibly up to 300km of displacement between the Tonale Fault and the Pustertal-Gailtal

fault [e.g. [Frisch et al., 1998, Laubscher, 1971, Ratschbacher et al., 1991, Schönborn, 1999, Stipp et al.,

2004, Werling, 1992, Schmid et al., 1996]]. The alternative model that has been put forward infers an

already curved PFS. A compressional Neogene inversion reactivated Early Permian to Lower Liassic NE-
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SW trending horst and graben structures. With such an interpretation, the Giudicarie-Mauls fault is at

least a cogenetic part of the Oligocene (or older) PFS. Consequently, the sinistral deplacement along the

whole PFS is reduced to ≤ 50km in the (post-) Oligocene [e.g. Castellarin et al., 2006, Castellarin and

Cantelli, 2000, Muller et al., 2001, Picotti et al., 1995, Prosser, 2000, 1998, Viola et al., 2001]. Individual

laser ablation 40Ar/39Ar dating of pseudo-tachylites from the Peio fault resulted in a mean apparent age

of 45.8 ± 0.6 Ma. Two other pseudo-tachylites from a thin shear zone south of the Peio fault were dated

by stepwise heating and the laser ablation 40Ar/39Ar method and yielded ages between 35 and 37 Ma,

consistent with Rb-Sr micro-sampling analyses of mylonites. These ages suggest Late Eocene thrusting

within the Tonale unit south of the Peio fault [Müller et al., 2000, Viola, 2000].

The Central Southern Alpine wedge is composed of a complex assembly of stacked thrust sheets [Brack,

1984, Forcella, 1988, Laubscher, 1985, Gaetani and Jadoul, 1979, Schönborn, 1992, Wennekkers, 1932]. The

entire wedge has a basal décollement in the Pre-Permian basement that varies in depth from 5km at the

wedge tip in the Po plain [e.g. Pieri et al., 1981] to a depth of about 16km close to the PFS [Montrasio

et al., 1994]. Three major thrust sheets are inferred; the present exposure is limited to the upper two.

Extrapolation of the lowest thrust system is inferred from surface data projected downwards, as well as

by seismic data in the Po basin northwards. The uppermost, oldest thrust sheet is well exposed in the

Grigne east of Lake Como. In this area, the connection between the sedimentary décollement thrusts with

the basement (Orobic thrust) has been mapped [Laubscher, 1985, Schönborn, 1990, 1992]. This basement

thrust (Orobic thrust) transported basement onto Permian and Triassic units of thrust sheet 2. The second

thrust sheet consists of Pre-Permian basement to Permian and Middle to Upper Triassic to the lower

Cretaceous lithologies and is bound laterally by strike slip faults. Thrust sheet 2 is split into a northern

(2A) and southern part (2B), both with their own basement and Middle Triassic units. For the regional

tectonic situation around the Adamello Batholith, this implies kinematically pre-Adamello (most likely

Late Cretaceous) folding of the Cedegolo and the aligned Cabianca-Trabuchello and Orobic anticlines and

post-Adamello (most likely Middle-Late Miocene) reactivation of the Orobic and Trabuchello-Cabianca

anticlines, together with the Trompia structural high. The Cedegolo anticline was not active except in its

westernmost part during Miocene times [Brack, 1984, Laubscher, 1990a, Schönborn, 1990, 1992]. Thrust

sheet 1 is clearly sealed, deformed and overprinted by the Adamello intrusives [Brack, 1981, Cornelius,

1924]. Balanced cross-sections by Schönborn [1992] resulted in estimated shortenings of 25km for the

pre-Adamello and 56-87 km for the post Adamello deformations for the western and eastern sectors of

the Central Southern Alps, respectively. Roeder [1992] modelled the Southern Alps as a critical frictional

wedge. In this sense, purely frictional wedges are characterized by narrow, nearly constant tapers which

contrast with the topographic pro�les through the Central Southern Alps. The topographic pro�les from

South to North are characterized by a series of slopes and plateaus. This particular topography is typical

of large wedges where temperature-dependent plastic creep deformation becomes dominant in the deepest

parts of the wedge, whereas brittle deformations dominate in the shallow frontal portions [Williams et al.,

1994]. With regard to these di�erences in deformation mechanisms, Carminati and Siletto [1997] evaluated

the feasibility of plastic deformations at the wedge base and within the basal décollement of the Central

Southern Alps and stressed the importance of plastic processes for the Miocene to present mechanics of

the belt.
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The Adamello Batholith is split up into four larger intrusive suites (superunits) from oldest to youngest,

Re di Castello, Adamello, Avio, and Presanella [Callegari and Brack, 2002]. Di�erent generations of post-

plutonic dykes with a large compositional range from picro-basalts to dacites [Bianchi and Dal Piaz, 1937,

Callegari and Brack, 2002, Monese, 1968, Morgante, 1972, Ulmer et al., 1983, Ulmer, 1986] crosscut the

Re di Castello unit, which is a composite plutonic assembly of gabbros, diorites, tonalites, granodiorites,

and very minor granites. These plutons decrease systematically in age from 42.43 ± 0.05 Ma in the

southwest to 39.8 Ma in the north [Hansmann, 1986, Hansmann and Oberli, 1991, Schaltegger et al.,

2009] over a distance of 65 km. The di�erent intrusive bodies are mainly tonalites and granodiorites

that intruded into the Pre-Permian south-alpine basement and the overlying Permo-Mesozoic sedimentary

cover [Callegari, 1983, Callegari and Brack, 2002]. Ma�c sheets of gabbroic and dioritic composition

occupy a marginal position in relation to the large tonalitic and granodioritic intrusions [Blundy and

Sparks, 1992, Ulmer, 1986]. The contacts of the plutonic intrusives with the basement and sedimentary

host rocks are vertically or steeply outward dipping [Brack, 1983]. Strong syn-intrusive deformation is

expressed in sedimentary tongues that are sandwiched between neighbouring intrusions. Moreover, large

scale open folds are compressed into more isoclinal forms that deviate considerably from the regional

strike of antiforms further to the West due to rotation and tilting [Brack, 1983, 1984]. The extent of this

syn-intrusive deformation is not quanti�ed to date.

Hypabyssal calc-alkaline bodies, basaltic to dacitic in composition, postdate the two phases of thrust

stacking in the Gandino and Presolana area in the Orobic Alps (Bergamasque Alps), east of the Southern

Adamello Batholith and yielded SHIRMP U-Pb zircon ages that span between 42 ± 1 and 39 ± 1 Ma.

This time span overlaps with the range of the formation of the southern part of the Adamello Batholith,

Re di Castello intrusive suite [D'Adda et al., 2011]. The related dyke swarms were controlled by ENE-

WSW extensional fault systems pointing towards the existence of a local extensional regime during magma

intrusion. Moreover, an amphibole-gabbro forming part of a series of small intrusions along the Northern

Giudicarie and Meran-Mauls fault resulted in a concordant well-de�ned U-Pb zircon age of 38.9 ± 0.4

Ma, close to the time range of the youngest reported ages from the Dernal granite and the Re di Castello

Tonalite [Hansmann, 1986, Hansmann and Oberli, 1991, Pomella et al., 2011].

2.4 Relative Time Sequence and Structural Relationships

Local Dyke Swarm of Val Fredda-Monte Frerone and Lago della Vacca Area

The Val Fredda Complex (VFC) comprises (Fig. 2.2) the southernmost and oldest intrusive rocks of

the Adamello massif. This area was mapped �rst by Bianchi and Dal Piaz [1937]; subsequent work was

carried out on the intrusive rocks and their sedimentary host rocks by several authors [Blundy and Sparks,

1992, Brack, 1981, Ulmer et al., 1983, Ulmer, 1986]. Blundy and Sparks [1992] interpreted the VFC as

a series of magma pulses that were emplaced in the following order: tonalites and granodiorites; aphyric

diorite and gabbro; hornblende-phyric gabbro and diorite. Overall this complex has been interpreted as

the intrusion of ma�c sheets with a thickness ranging between 0.5 to >100 m into a partially solidi�ed felsic

host magma. Ma�c sheets show irregular boundaries and disintegrate laterally into dense swarms of ma�c

inclusions. Features of mixing between the host tonalite and the ma�c sheets are abundant, preserved as
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Figure 2.3: Schematic geometry of cross cutting relationships [mapping Hurlimann 2009-2012] of post-
plutonic dyke generations that intruded into the Re di Castello plutonic suite. Plutonic intrusives are
shown qualitatively whereas Triassic stratigraphy is drawn after Brack [1984] but is not to scale.

crystal aggregates of plagioclase, biotite and quartz in various stages of reaction inside the ma�c sheets, as

well as by the presence of numerous ma�c inclusions [Blundy and Sparks, 1992]. The roof of the intrusion

corresponds to the lower stratigraphical limit of a thick sequence of dolomites that belongs to the Breno

Formation and the Dolomia Principale [Blundy and Sparks, 1992, Brack, 1981]. These dolomites are now

preserved as roof pendants and stoped blocks up to 300m across, and the emplacement structure has been

interpreted as a laccolith whose form was controlled by the pre-intrusive folds of the Triassic host rocks

[Blundy, 1989, Blundy and Sparks, 1992], although no evidence of a �oor is known.

Towards the NE, the VFC is intruded by the Lago della Vacca Complex (LVC) (Fig. 1), which forms

another part of the incrementally assembled Re di Castello unit [John and Blundy, 1993, Schoene et al.,

2012]. The LVC complex is comprised of high-K marginal tonalite, the low- to medium-K Vacca tonalite

and the Galiner granodiorite. The Blumone Complex situated at the southeastern border of the LVC is

built by an older strati�ed gabbroic sequence which now forms the Cornone di Blumone and the Scoglio

di Laione [Ulmer et al., 1983, Ulmer, 1986]. This gabbroic sequence was later disrupted by the intrusion

of hydrous gabbroic and tonalitic rocks. The Blumone Complex comprises various rock types, encom-

passing plagioclase-bearing wherlites, granular olivine-gabbros, granular gabbros, granular cpx-bearing

anorthosites to anorthositic gabbros, coarse grained magnetite and hornblende ultrama�c cumulates. The

entire Blumone Complex is crosscut by younger pegmatitic hornblende gabbros [Rösli, 1982, Ulmer et al.,

1983, Ulmer, 1986]. The emplacement model of John and Blundy [1993] suggests an early phase with brittle

fracturing and stoping of country rocks [Brack, 1983] with a transition to incremental, forceful intrusion
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through inner magma pulses, creating a margin-parallel foliation and increasing cumulative magmatic

strain towards the margins. Brack [1984] noted the apparent dextral o�set of the anticline-syncline pair of

Triassic sediments between the Val Fredda and the Val Ca�aro and related this movement to the eastward

translation of the Blumone Complex due to the forceful emplacement of the LVC.

Two di�erent sets of post-plutonic dykes were already described by Bianchi and Dal Piaz [1937] and

Ulmer [1986]. The older generation, here designated as picro-basalts and olivine-tholeiites (1B), are black-

ish green coloured dykes, 0.5 to 2.5 m thick. They are sub-horizontal (Fig. 2.2, 2.4a, 2.6) sill-like features

with micro-gabbroic texture with �ne-grained apophyses. The chilled margins are �ne-grained (<2 mm)

and exhibit pseudomorphs of olivine (12%) and sparser clinopyroxene (5%) phenocrysts. The central parts

of these dykes are micro-gabbroic with abundant greenish hornblende and interstitial plagioclase. Felsic

plagioclase-rich lenses or schlieren like features are observed within these dykes. They are present across

5km from the Frerone area in the Val Fredda to the Lago della Vacca-Blumone area and extend as far

NE as the Scoglio di Laione. Particularly along the crest from the Passo della Vacca to the Cima Terre

Fredde and within the cli�s of Cornone di Blumone, these picro-basaltic and Ol-tholeiitic dykes (1B) oc-

cur at di�erent levels of altitude. Ulmer [1986] described these dykes (1B) as �at lying intrusions in the

central part and increasingly steeply dipping towards the peripheral in the area of the Passo della Vacca

and around the Cresta di Laione, and potentially also in the area of Monte Frerone, forming a cupola-

like structure. This dyke generation clearly crosscuts the VFC, Blumone Complex, and LVC (Fig. 2.2)

plutonic units, constraining their relatively younger age. The SW-face of the Monte Frerone reveals well

exposed crosscutting relationships between these dykes (1B) and the Triassic sediment sequence. Brack

[1981] described the rheological inversion of the regularly bedded multi-layered sequence of the Calcare

di Angolo during contact metamorphism that led to recrystallization of marls to hornfels and limestone

to calcite marbles. The hornfels layers typically exhibit boudinage within the marbles within the contact

metamorphic zones. Where �at-lying dykes (1B) show sharp steps, the layered hornfels facies displays

folding (Fig. 2.5a) in accordance with these abrupt dyke margins. Slight shortening of these �at-lying

dykes is observed in the SW-�ank of Monte Frerone.

These sub-horizontal picro-basalts and Ol-tholeiites (1B) are clearly crosscut by younger sub-vertical

dyke generations (2A, 2B) (Fig. 2.2, 2.3) that extend much further to the northeast (15 km) towards

the Re di Castello-Passo di Campo area. At the highest levels, close to the peak of Monte Frerone, a

2m wide sub-horizontal, pyroxene-hornblende-plagioclase phyric andesite dyke slightly dipping to the NW

is encountered. This dyke occurs isolated and has previously been described [Brack, 1981, De Lucchi,

1938/39] to be crosscut by the regional dyke swarm of generation (2A, 2B).

A distinct generation of Ol-tholeiitic dykes (1A) strikes N70W to N30W (Fig. 2.6) with sub-vertical

dips ranging from 81° to 55°. The strike direction of these Ol-tholeiitic dykes di�ers clearly from the

structural setting of basaltic (2A) and basaltic hybrid dykes (2B) present in the same area that are

described subsequently. These Ol-tholeiitic dykes are con�ned to the Lago della Vacca area from where

they reach out about 1.5 km further to the SW (Fig. 2.2). The strike orientation of these Ol-tholeiitic

dykes is perpendicular to the regional fold axes (Fig. 2.2). Chilled margins are �ne grained and 1 to 5cm

thick. Central parts of these dykes are characterized by abundant pseudomorphs of coarse-grained olivine

(13%) and clinopyroxene (12%) phenocrysts. In rare instances, cores of olivines are preserved and yield a
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a b

c d

e f

Figure 2.4: Field photographs of post-plutonic dykes: (a) Sub-horizontal Olivine-tholeiite dyke of gener-
ation (1B) in the Lago della Vacca area. (b) Basaltic and hybrid basaltic dykes of generation 2B show
common composite structures built-up by multiple injections. (c) Brighter coloured conjugate shear bands
are identi�ed as melt-rich zones associated with left slip movement along magma �lled fracture plane dur-
ing emplacement. (d) Late brittle shearing focalized along a basaltic dyke (2A) at Passo Dernal (Re
di Castello). (e) Comb-layering developed along dyke margin with alternating clinopyroxene-amphibole
and plagioclase combs. (f) En echelon dyke segments of basaltic-hybrid dyke (2B) at NE-side of Cima
Sablunera.

rusty orange colour. Coarse-grained crystals are sorted and concentrated in the middle part of the dykes

to form aggregates or clumps. Common felsic plagiolcase-rich schlieren and lenses are interpreted as partly

digested assimilated material. These felsic zones partially form internal channel structures. Many (1B)

dykes branch en echelon along strike.
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Regional Dyke Swarm Val Fredda to Re di Castello

A continuous dyke swarm of several generations (2A, 2B, 2C, 3) spreads over the entire Re di Castello

intrusive suite (18 km) (Brack, 1984) and reaches into the adjacent Triassic sedimentary host rock sequence

as well. Overall, this dyke swarm encompasses a large compositional range from basalt to dacite. The

mean value of strike of this dyke swarm spreads from N30E to N47E with near-vertical dips ranging as

shallow as 65° to 76° over the di�erent generations (Fig. 2.6). The northernmost members of this dyke

generation crop out in the Bissina quarry at the Lago di Bissina [Ulmer, 1986] close to the contact with the

Adamello superunit (Western Adamello tonalite). To the west, these dykes have previously been traced to

the Concarena [Brack, 1984] on the west side of the Val Camonica. A possible continuation is present by

the dykes and associated gabbroic and tonalitic stocks of the Orobic Alps (Bergamasque Alps) [D'Adda

et al., 2011, De Michele and Zezza, 1979, De Michele et al., 1983]. The dykes in the Orobic Alps were

assigned by De Michele et al. [1983] to an arc-tholeiitc and calc-alkaline magmatism and were correlated

with the Gandino leucogabbro stock. The eastward limit of the present regional dyke swarm (2A, 2B,

2C, 3) was located in the Passo del Frate-Cima Uzza area (22km from SW end of dyke swarm), between

Val Daone and Val Breguzzo (22km from SW end of dyke swarm), where an olivine-clinopyroxene-phyric-

basaltic dyke containing various types of crustal xenoliths and an amphibole-plagioclase-phyric andesitic

dyke containing ma�c enclaves and xenoliths were observed. An additional dyke was reported by Ulmer

[1986] in the northern �ank of Val Danerba (24km from SW end of dyke swarm).

The compositions of these dykes, described in an accompanying paper, range from Ol-tholeiites to

dacites. Composite dyke structures are common, expressed as multiple internal contacts (Fig. 4b). The

Val Fredda-Monte Stabio-Monte Frerone area and further northeast to the Val Braone-Lago della Vacca-

Cima Laione area is dominated by dark green, �ne-grained dykes exhibiting larger (1-3mm) phenocrysts

of olivine-pseudomorphs, clinopyroxene and amphibole. These dykes can be subdivided into Ol-tholeiitic

to basaltic dykes (2A), with phenocrysts of olivine-pseudomorphs and clinopyroxene. The same dykes

(2A) have micro-phenocrysts of clinopyroxene and plagioclase. Dyke type (2B) is characterized by the

same phenocryst assemblage but shows abundant coarse-grained, rounded xenocrysts of quartz and coarse

grained plagioclase crystals with resorbed cores or partial resorption textures, which indicate assimilated

materials. Moreover, (2B) dykes often contain coarse-grained amphiboles with resorbed cores rimmed by

a fresh, brown-red overgrowth. In the vicinity of these dykes, commonly increased dyke-parallel jointing

is observed towards the dyke contacts within the host rock (Fig. 2.5d-f). This feature is particularly well

expressed at the dyke tips (Fig. 2.5d, f) or bridges where an alteration front (5-15 cm) (Fig. 2.5d, e) of

the tonalitic wall-rock exists. These alteration zones appear to indicate the exsolution of �uids from the

dyke magma during brittle fracture opening in the course of dyke propagation. Within these alteration

zones, brown amphibole in the tonalitic wall-rock is replaced by chlorite, and plagioclase is replaced by

sericite.

Amphibole-plagioclase-pyhric andesites (2C) and amphibole-plagioclase-pyhric dacites (3) are con�ned

to a 8 km span between Monte Listino to Re di Castello-Passo di Campo, including Val di Dois and parts

of Val Daone. They are characterized by a green to light-green, �ne-grained matrix with coarse-grained

euhedral homogeneous plagioclase and amphibole phenocrysts to 15 mm. Plagioclase exhibits thin, more

albite rich overgrowths. In some instances, comb-layering (Fig.2.5e) projects in a symmetrical way from the
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dyke margins. This comb-layering is composed of alternating layers of brown-green amphibole, plagioclase

and clinopyroxene where the comb minerals are set in a matrix of lath-shaped plagioclase and amphibole.

The latter dacites (3) crosscut the basaltic-andesites and andesites (2C) (Fig. 2.5c), as revealed around

Monte Re di Castello. The regional dyke swarm (2A, 2B, 2C, 3) is clearly younger than the previously

described plutonic VFC, Blumone Complex and the LVC clearly shown by crosscutting relationships.

Furthermore, these dykes intrude into the Listino Ring Structure (Fig. 2.2), which was �rst described by

Brack [1983, 1984] as a mechanically syn-intrusive, strongly deformed ring-shaped structure with a massive

internal, �ne-grained homogeneous tonalitic core, 2.5km in diameter. This sub-vertical or steeply inwards

dipping zone is inferred to have a cylindrical structure. Petrographically, its external zone comprises a

heterogeneous suite of fragments of ma�c, ultrama�c and sedimentary rocks, syn-plutonic ma�c dykes and

ma�c enclaves set in a matrix of medium-grained porphyritic tonalite and granodiorite [John and Blundy,

1993]. Dykes of generation 2C and 3 crosscut the Lago Boazza-Lago D'Arno �ne-grained, leucocratic and

massive, hornblende-biotite granodiorite (extent: 16 x 28km). In the north, this dyke swarm intruded

into Badile granodiorite (extent: 4 x 5.5km), the �ne-grained biotite-hornblende tonalite of the Monte

Re di Castello (extent: 10 x 28 km) and an associated, small leucocratic mass of garnet-bearing biotite

leucogranite at Passo Dernal [Brack, 1984, Callegari and Brack, 2002].

Crosscutting relationships between the various dyke generations are summarized in Figure 2.3. Basaltic-

andesites and andesites (2C) and dacites (3) are more abundant in the northeastern part of the Re di

Castello superunit (Fig. 2.2).

2.5 Structural Features of Dykes

Detailed Form of Dykes in Mapview

About 1.5 to 2km southwest of the Re di Castello summit, two parts of en echelon basaltic-andesitic

dyke (2C) were mapped in detail to record thickness changes along the strike of these dyke segments (Fig.

2.9a). An overview map of the two dyke segments within the Conca del Gellino at the top of Val di Leno

is displayed in Figure 2.7. The map clearly reveals the pervasive direction of jointing as measured in the

�eld along a traverse. Lineaments were mapped remotely with the aid of orthophotos. These lineaments

were recognized clearly as jointing surfaces due to their correspondence with actual measurements in the

�eld (Fig. 2.7). For the two dyke segments, the mean strike is N51E with a mean dip of 81° and the mean

strike of measured regional jointing is N46E with a mean dip of 80 (Fig. 8). From a structural point of

view, these measurements indicate that these features are to the extent of 5-10° discordant to each other.

The two dyke segments step en echelon to the SE (Fig. 2.9a). Continuous thickness measurements were

taken along the strike of the two dyke segments (Fig. 2.9b, c). The two histograms of the frequency of the

thickness measurements in Figure 2.9d re�ect well the limitations of such measures with regard to outcrop

conditions. Dyke thickness from these measurements ranges from 0.12 to 1.35m.
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Figure 2.5: Field sketches of post-plutonic dykes (Map datum for coordinates: Monte Mario/Italy zone 1,
Transverse Mercator Projection) (a) Along �at-lying picro-basalt dyke (1B), folding of the metamorphic
hornfels facies of the Calcare di Angolo occurs towards depressions of dyke steps, indicating higher tem-
perature conditions of the wallrock due to contact metamorphism during emplacement of the dyke. (b)
Crosscutting relationships between subhorizontal picro-basalts/Ol-tholeiites (1B) and later basaltic dykes
(2A). (c) Di�erentiated dacites (3) cut earlier basaltic-andesites/andesites (2C). (d) Dyke bridge with
associated alteration of the wallrock indicates �uid exsolution processes at the tip during propagation.
Close spaced dyke parallel jointing is associated with the dyke emplacement and crosscuts other joint
set in the tonalitic host rock. (e) Dyke strand that displays similar alteration zone as observed in (d),
together with abundant parallel jointing associated with dyke propagation. (f) Dyke tip that stopped
during propagation and clearly shows the forgoing fracturing linked to dyke propagation.
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Figure 2.6: Stereographic projections of dyke planes and according poles within an equal area stereographic
projection (Schmidt net, lower hemisphere projection) for all the di�erent dyke generations (1A, 1B, 2A,
2B, 2C, 3) distinguished in Figure 2.3. Generations (2A, 2B, 2C, 3) belong to the same regional dyke
swarm that intruded into the Re di Castello intrusive suite and therefore display, very similar orientation
in general.
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Figure 2.7: Detailed map of dyke segments from the Conca del Gelino, located on the S-side of Monte
Re di Castello. Lines that indicate jointing were traced on orthophotos. Ground proof of jointing was
established through a measurement traverse shown on the map.
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Figure 2.8: Equal area stereographic projection of regional jointing surfaces (planes, poles) indicated on
the map in Figure 2.7. For comparison, dyke planes and poles are shown in a similar projection displaying
good correspondance in orientation in relation to regional jointing.
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Figure 2.9: (a-c) Detailed maps of the two dyke segments of Figure 2.7, recorded for their geometry along
the strike. (b) Thickness distribution for dyke segment 1 (for thickness values see greyscale bar). (c)
Thickness distribution for dyke segment 2 (for thickness values see greyscale bar). (d) Histograms of the
density distribution for the number of measurements along the strike of each segment in (b) and (c).
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En Echelon and Shearing Structures

Figure 2.10: Sketch of di�erent propagation paths for dykes related to the spatial change in orientation of
the least compressive stress and the modes of fracture, modi�ed after Pollard [1987]. Mode I fracture is
induced by a least compressive stress acting perpendicular to the dyke plane and produces a planar dyke.
Mixed mode I and II fracture is induced by a spatial rotation of the least compressive stress about an axis
parallel to the dyke periphery. This produces a curved dyke. Mixed mode I and III fracture is induced
by a spatial rotation of the least compressive stress about an axis parallel to the propagation direction.
Mixed mode I and III produces segmented dyke with en echelon array (see Figure 2.11).

En echelon bridging of dykes (Fig. 2.4f) is particularly common in the regional dyke swarm extending

over the entire Re di Castello superunit. The geometry of such en echelon structures was recorded in

the �eld according to the parameters described in Figure 2.11. Parameters that are notably of interest

are the dyke segment length b and the dyke center spacing c, as well as variations in the twist angle ω.

Additional parameters determined in the �eld are the overlap o of the dyke segments in relation to each

other, the separation s of the segments, the thickness δ of the individual segments, array width 2B and the

center spacing k measured parallel between the di�erent segments [Nicholson and Pollard, 1985, Pollard

et al., 1982]. Arrays of en echelon dyke segments were examined in detail at four di�erent locations (Fig.

2.12a-c) around the Re di Castello peak and in adjacent areas of good continuous outcrops, such as the

Conca del Gellino. Out of the four locations (Fig. 2.12a-d), three show a general southwest stepping

of the dyke segments and indicate a sinistral shear component during dyke opening perpendicular to σ3
(Fig. 2.10). For the most part, these en echelon segments appear to be straight throughout these arrays

and do not show extensive curvature against each other. The morphology of the array resembles straight

propagation paths during dyke emplacement. The measurements lead to the description of two ratios;

the bridge aspect ratio, Ra, and the crack tip ratio, R0. The bridge aspect ratio, Ra for the en echelon

segments is de�ned as

Ra = (b− k)/s; (b > k) (2.1)

The condition b > k assures that neighbouring crack tips have overlapped to create an actual bridge

between two en echelon segments. The crack tip ratio R0 is the relative length of the rectilinear and curved

parts of crack walls. It is de�ned as

R0 = (b− k)/k; (b > 0) (2.2)

and the condition b > 0 assures that the crack have some �nite length [Nicholson and Pollard, 1985].

Larger values of aspect ratios are associated with larger values of overlap ratios when higher twist angles
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are attained. The relationship between twist angle, aspect ratio and overlap ratio is given by

R0 = Ratan(ω) (2.3)

2s

2k

2c
ω

2b

2o

2B

2δ

Figure 2.11: Geometric features after Nicholson and Pollard [1985] of an array of three rectilinear en
echelon cracks before signi�cant dilation: crack width is 2b: overlap is 2o: separation is 2s: dilation is 2 δ:
center spacing measured parallel to cracks is 2k : center spacing measured parallel to array is 2c: twist
angle is ω: array width is 2B.

Locality [b/c]

(mean)

[b/c] 1SD Ra (Ra) 1SD R0 (R0) 1SD ω°(twist)

10NHS122 0.85 0.45 0.65 0.30 0.07 0.02 8.00

10NHS116 2.17 0.95 5.88 0.37 1.08 0.11 7.00

RDCNL10145 1.01 0.74 0.23 0.03 0.02 0.00 7.00

RDCNL11192 1.91 0.93 3.27 1.17 0.76 0.24 10.00

Table 2.1: b is half the dyke breadth length of the en echelon segments according to Figure 2.11. Whereas
c is the dyke segment center spacing of the en echelon array (Fig. 2.11). Ra is the bridge aspect ratio
de�ned as: Ra=(b-k)/s for (b>k). R0 is the crack tip overlap ratio de�ned as: R0=(b-k)/k for (b>0).
(1SD) corresponds to one standard deviation of the sample population. ω is the twist angle of the en
echelon array according to Figure 2.11. After Nicholson and Pollard [1985].
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Figure 2.13: Di�erent outcrop maps of the area between Passo di Campo (Mt. Re di Castello) and Passo
Dernal (Mt. Re di Castello) along the strike of the dyke swarm (2A, 2B, 2C, 3). (a) Enclaves indicate
left lateral slip on dyke cogenetic fracture at emplacement conditions. (b) Basaltic-andesitic dyke (2C)
crosscuts aplite within the tonalitic host rock. Aplite as a passive marker indicates a mixed mode I and
III fracture opening during emplacement of the dyke. (c) Dyke parallel regional jointing associated with
tensional fractures partially in�lled by quartz veins together with enclaves as left-lateral slip markers. (d)
Enclaves show, as in (a) and (c), left lateral slip associated with dyke cogenetic fractures or joints.

Arrays of higher twist angle can be described as sti�er with respect to dilation, where the sti�ness

is a direct result of the smaller aspect ratio of bridges. Results of the �eld measurements are given in

Table 2.1. As seen in Figure 17, the twist angle does not show considerable variation and ranges between

7° and 10°. Two of the en echelon arrays show practically no overlap between the individual segments,

hence the overlap ratio R0 is very small, between 0.02-0.07. These two arrays further show a smaller

bridge aspect ratio Ra in the range of 0.23-0.65. At several places (Fig. 2.13a-c), dykes show associated

displacement features with passive markers such as enclaves (Fig. 2.13a, d) or aplitic dykes (Fig. 2.13b)

in the tonalitic or granodioritic wall-rock. These features mark displacement associated with the intrusion

and emplacement of the dykes and indicate a sinistral shear component during dyke opening perpendicular

to σ3. Similar sinistral shear displacement is observed through enclaves as markers along dyke parallel

jointing. Quartz veins are further developed in tension gashes of arrays of the same dyke parallel jointing,

indicating left-lateral slip.

2.6 Topography, Tectonics Structures and Dykes

A digital elevation model (DEM) is the basic element for deriving morphometric maps that are then

compared to tectonic features and the described dyke swarm. Such an analysis should reveal if and to

what extent topographic lineaments, such as valley depressions and drainage, are controlled by tectonic
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Figure 2.14: Modi�ed after Nicholson and Pollard [1985] of crack width normalized by center spacing [b/c]
plotted vs twist angle ω. Solid curves are for constant bridge aspect ratio, Ra. Dashed curves are for
constant crack overlap ratio, R0. Plotted values with di�erent colours are as follows from Table 2.1: red
is RDCNL10145, green is 10NHS122, blue is 10NHS116, purple is RDCNL11192. Lines are for constant
values of Ra and R0 determined from �eld measurements of the according parameters of equations 2.1 and
2.2. Points plot the mean of the crack width normalized by center spacing [b/c] vs the measured twist
angle for each of the four en echelon arrays of Figure 2.12, with error bars of one standard deviation for
[b/c] for each of the arrays.

features such as faults. Furthermore, the dyke orientation is compared to the direction of prevailing fault

systems to investigate if dykes acted as nucleation surfaces in the development of fault planes [D'Alessio

and Martel, 2005]. The topographic digital raster basis used here is the DEM from the NASA's Shuttle

Radar Topographic Mission (SRTM) with a 90m resolution for the current area [Marian, 2001, Rabus

et al., 2003]. The SRTM data was further analysed in the GIS open-source project, Geographic Resources

Analysis Support System (GRASS-GIS). A �rst step included a spline interpolation algorithm applied to

the SRTM raster to �ll occurring null values in the SRTM data. The south vergent fold-and-thrust belt

of the Central Southern Alps [e.g. De Sitter and De Sitter-Koomans, 1949] is truncated and delimited in

this region by the right lateral strike slip, Tonale Fault and the left lateral strike-slip, Giudicarie Fault

(Fig. 2.1, 2.15).

The area covered by the Adamello Batholith covers a range of pre- and post-intrusion tectonic features.

In close vicinity to the Adamello batholith occurs the south vergent Gallinera thrust that belongs to the

Pre-Adamello belt of the Central Southern Alps [e.g. Cassinis and Castellarin, 1988, Castellarin et al., 2006,

Cornelius, 1924] associated to thrust sheet 1 [Laubscher, 1985, Schönborn, 1990, 1992] (Fig. 2.15). The

Gallinera thrust is cut and overprinted by contact metamorphism through the Western Adamello- and Avio-

tonalites [Brack, 1984, Cornelius, 1924]. Another example of a thrust belonging to the overall imbricate

structure of the Central Southern Alps is the Poggio la Croce on the east side of the Val Camonica adjacent

to the Val Camonica. To the south of the Adamello batholith, the Valsugana and Val Trompia system



28
CHAPTER 2. DYKE SWARM EMPLACEMENT AS STRESS MARKER FOR THE

POST-PLUTONIC COOLING HISTORY

(Fig. 2.1) comprises structures related to both the Insubric-Helvetic (early post-collisional Oligocene-

Miocene) and the Valsugana (Serravallian-Tortonian) compressional phases [Castellarin et al., 2006]. This

belt is a continuous wide arcuate southeast of the Adamello batholith and pre-Adamello tectonic belt. The

Giudicarie fault system corresponds to the northeast continuation of this arcuate structure. The Giudicarie

system is de�ned by a style of NNE trending sinistral lateral ramps connecting short east-oriented frontal

thrusts [Castellarin et al., 1993, Picotti et al., 1995, Trevisan, 1939]. In the northwestern part of the

Adamello batholith within the Central Peak- and the Avio tonalite, the Gole Larghe Fault (GLF) and

the Lares Fault Zone (LFZ) which are right lateral strike fault zones, associated with pseudo-tachylites

on which deformation is focussed; their ages are constrained by 39Ar�40Ar determination yielding ~30 Ma

[Pennacchioni et al., 2006, Di Toro and Pennacchioni, 2005, Di Toro et al., 2005a, Di Toro and Pennacchioni,

2004]. The post-magmatic deformation in this zone is characterized by joints that developed during earliest

stages of pluton cooling. These joints experienced high temperature (~500°C), ductile overprinting which

produced lineations, de�ned by aligned biotite and hornblende, on the joint surfaces and highly localized

mylonites. Pseudo-tachylites and cataclasites of the GLF and LFZ formed during the main phase of

faulting that occurred at ~250°C and was associated with extensive �uid in�ltration [Pennacchioni et al.,

2006]. This sequence documents the nucleation of the GLF and the LFZ on precursor joints, formed in

the course of the cooling of the plutonic masses. Such a behaviour should be expected elsewhere in the

Adamello batholith close to the depth of the ductile-brittle transition.

Aspect and Slope Angle

The aspect slope is the direction slopes are facing and includes the azimuth ranging from 0-360°N. The

aspect processing on the SRTM DEM was classi�ed into four categories, as revealed in Figure 2.15 for the

identical region: 0-90°(NE); 90-180°(SE); 180-270°(SW); 270-360°(NW). The slope values are calculated

from the DEM as degrees of inclination from the horizontal [Ho�erka et al., 2009]. The four aspect-class

raster maps were then multiplied by the calculated slope raster map [Grohmann, 2004], which covers the

identical region with r.mapcalc implemented in GRASS-GIS (Fig. 2.15a-c). The slope variations for the

four di�erent aspect-classes are as follows: NE: 0-68.8°; SE: 0.1-66.8°; SW: 0-66.3; NW: 0.1-70°. Thus the

slope range appears to be similar for all the four aspect classes. The aspect to slope product is displayed

in the form of density distribution (Fig. 2.16) for the same four aspect-classes. The four classes show a

similar density distribution with a maximum in the range of of 27-30° for the slope angle. However, aspect

classes SE and NW have a very equal distribution and are attaining similar values, whereas the two other

classes, NE and SW, show di�erences in the density distribution, particularly in the peak region with a

�atter distribution for the NE class. Based on these aspect-classes, the distribution of the slope density

does not show any additional di�erence.

Topographic Lineaments

Lineaments were drawn on shaded relief maps for the same de�ned region of the DEM as in Figure

2.15. The advantage of shaded relief maps over satellite imagery for drawing lineaments is the possibility to

set up the position and scene of illumination (azimuth and inclination) [Grohmann, 2004]. This approach

allows the description and drawing of several existing lineaments due to the enhancement of directions
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Figure 2.15: Slope-aspect (colour-ramp for slope angle in degrees) maps after the method of Grohmann
[2004] for the Adamello Batholith area, together with tectonic features in purple. Digital elevation model
(DEM) is based on the SRTM raster data set with a grid resolution of 90m [Marian, 2001, Rabus et al.,
2003]. Slope-aspect maps for four azimuth quadrants: (a) NE(0-90°); (b) SE(90-180°); (c) SW(180-270°);
(d) NW(270-360°).

perpendicular to lighting, used in the di�erent shaded relief maps [Grohmann, 2004, Riccomini and Cróstal,

1988]. An 45° inclination above the horizon for the lightning at N90°, N45°, N00° and N315° was used for

the creation of the di�erent shaded relief maps. Lineaments were subsequently digitized manually (Fig.

2.17a) into a vector layer and all of the four di�erent shaded relief maps were considered, when drawing the

vector lines. The orientation (azimuth) and the length of each lineaments was determined by the GRASS

script v.to.db (vector to database) [Mandelbrot and Blumen, 1989], which updates this information into

the according attribute table of the vector �le. Topographic lineaments with an extent of 4000m in length

and greater are displayed in a rose diagram (Fig. 2.17b). The same Figure shows the orientation of

the regional dyke swarm in a rose diagram for comparison, comprising dyke generations: 2A; 2B; 2C;
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aspect

Figure 2.16: Density plot of slope variations comparing the four di�erent aspects of Figure 2.15 for the
topography of the region within and around the Adamello Batholith.

3. Azimuth orientation for lineaments of 4000m and greater ranges between 31°N and 229°. Though the

directions in the range between 40-50°N show the highest frequency and the orientation around 80-100°

follows with the second highest frequency. These lineament trends re�ect major topographic depressions

such as the lower part of the Val Camonica, the Val Giudicarie with the in line adjoining Val di Chiese.

These valleys clearly coincide with the Giudicarie Fault (Fig. 2.1, 2.15) and its extension to the SE. In

addition, within the Adamello batholith, glacial valleys such as the Val Adamé, the Val Salarno, the area

around Lago Baitone, the Val Gallinera and parts of the Val di Fumo have a similar drainage orientation.

Within the dyke swarm of the Re di Castello unit, the lineament re�ecting the topographic depression

of the Val di Dois to Passo Dernal has the same general orientation and is associated with a fault that

created cataclasites within the Re di Castello tonalite clearly evident on the NE side of Passo Dernal.

This fault deformed basaltic dykes of generation (2A, 2B) within the saddle SE of the Monte Frerone

to cataclasites [Brack, 1984]. Moreover, as illustrated in Figure 2.4d, shearing along this fault on Passo

Dernal in immediate vicinity of the Rifugio Maria e Franco is concentrated and localized on a plane along

a dyke of generation (2A), which shows conjugate carbonate shear fractures sets in the interior. The

potential extension of the Val di Dois-Passo Dernal line to the NE is the NE-SW oriented Val di Fumo

heading towards NE from Lago Bissina. The second prominent E-W lineament orientation coincides with

the orientation of the valley leading down from Passo Aprica to Edolo, the uppermost Val Camonica

(Ponte di Legno and Temu area), the Val di Sole and Val Genova. The �rst three valleys are aligned with

the Tonale Fault (Fig. 2.1, 2.15), which is part of the Periadriatic Fault System (PFS).
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Figure 2.17: (a) Shaded relief map created from SRTM-DEM with 90m raster resolution. Illumination of
the relief from N90 with an inclination angle of 45°; (b) Rose diagram for strikes of dyke swarm (2A, 2B,
2C, 3) in comparison to a similar diagram for lineaments with length in excess of 4000m drawn onto the
shaded relief (a).

2.7 High-Precision Time Constraints on Dyke Emplacement

Methods U-Pb Titanite and Zircon Data

Mineral separation started with crushing 2-5cm sized precut blocks of the sample under a hydraulic

press. The resulting gravel was subsequently disintegrated with a tungsten carbide mill, employing short

bursts of 12s. The product was sieved to a size fraction 125-250 µm and a fraction of <125 µm. The

remaining coarser fraction was milled again until everything passed through the sieve (<250 µm). The

two size fraction were then pre-panned to be processed through diiodomethane (3,2 g cm−3) heavy liquid.

Magnetite was removed from the heavy mineral separate using a Frantz magnetic separator. Individual

titanite and zircon grains were hand-picked under a binocular microscope; grains exhiting inclusions were

avoided. A total of 13 titanite and 8 zircons grains were analysed for their U-Pb isotopic composition using

high precision ID-TIMS techniques (see Broderick et al., in prep for analytical details) for three di�erent

samples. Zircons were chemically abraded after Mattinson [2005]. Titanite and zircon grains were spiked

using the EARTHTIME (http://www.earth-time.org) 202Pb-205Pb-233U-235U-tracer solution and dissolved

following procedures modi�ed after Krogh [1973]. For zircons, all common Pb was assumed to be blank.

For titanites, 0.8pg common Pb was assumed to be blank and corrected with the according isotopic com-

positions: 206Pb/204Pb = 18.30 ± 0.71%;207Pb/204Pb = 15.47± 1.03%; (all uncertainties 1-sigma). The

remaining excess common Pb in titanite was considered as initial Pb and corrected using the age corrected

Pb isotope ratios (for 40Ma) of the whole rock: 206Pb/204Pb = 18.08 ± 0.80%; 207Pb/204Pb = 15.62±

0.32%; 208Pb/204Pb = 37.93 ± 0.74% (all uncertainties 1-sigma). All measurements were performed at the

University of Geneva on a Thermo-Scienti�c TRITON thermal ionization mass spectrometer, equipped

with a MasCom discrete dynode electron multiplier operated in ion counting mode. The initial statistical

analysis was done using the TRIPOLI program followed by data reduction and age calculation using the
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U-Pb Redux software [Bowring et al., 2011], applying the algorithms of McLean et al. [2011]. The data was

corrected for mass fractionation with the ET2535 tracer composition, using a 202Pb/205Pb ratio of 0.99924

and a 235U/205Pb ratio of 100.23. All uncertainties are reported at the two-sigma level. The uncertainties

are propagated using the algorithms of Schmitz and Schoene [2007] and Crowley et al. [2007].

50 μm

100 μm100 μm

50 μm

500 μm 200 μm

a b

c d

Oltholeiite (1B) Picrobasalt (1B)

ZrnDacite (3)
ZrnDacite (3)

e f

Figure 2.18: (a) and (b) Back-scattered electron images illustrating titanites of picro-basalt and Ol-tholeiite
(1B) from sample NHS011 used for U�Pb geochronology. (c) and (d) Zircons from dacite (3) sample
NHS083 showing concentric regular oscillatory zoning. (e) Interstitial titanite within felsic plagioclase-
rich zone of Ol-tholeiite in plane polarized light (1B). (f) Similar titanite as in (e) in cross polarized
light.

High-precision dating addresses a key question when a zircon or titanite grain actually precipitates

within a magmatic context [Miller et al., 2007]. Coleman et al. [2004] and Schaltegger et al. [2009] for
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example suggested that the youngest age cluster represents the best approximation to the emplacement

age and older ages might potentially be in�uenced by earlier crystallization episodes leading to antecrystic

or xenocrystic zircons. An essential �rst step is to establish a profound petrographic description of the

sample containing the titanites and zircons. It should also be considered that dykes are small in dimension

in outcrop compared to large plutonic masses, therefore their cooling time is considerably shorter than

for large plutons, which inhibit dissolution and re-precipitation processes of zircon at emplacement level.

Titanite clearly reveals an interstitial textural position (Fig. 2.18e, f) within the amphibole-plagioclase

micro-gabbroic texture in the sampled picro-basalts and Ol-tholeiites (1B). Sub-horizontal dykes of this

type (1B) with a thickness not exceeding 1m are expected to cool within days, considering the inferred

ambient temperature around ~400° of the Vacca tonalite [Caricchi et al., 2012]. In back-scattered electron

images (BSE), titanites reveal (Fig. 2.18a, b) no apparent zoning and are often associated with apatite.

Within picro-basalts and Ol-tholeiites (1B), titanites are concentrated in plagioclase-rich lenses or bands.

Analysed zircons from a dacite (3) in general show concentric oscillatory zoning in CL images (Fig. 2.18c,

d) acquired at conditions of 10 kV on a CamScan SEM at the University of Lausanne. Zircons are

euhedral and occur in textureal relationship, commonly together with ilmenite and apatite in an otherwise

amphibole-plagioclase-phyric dacite with a �ne-grained greenish-grey matrix. The propagated errors in

ages for titanite are higher than for zircons, partly due to the correction of the remaining excess common

Pb with age corrected isotopic ratios for 206Pb/204Pb and 207Pb/204Pb from the according bulk rocks.

Zircon and Titanite Geochronology

Results of U/Pb age dating of titanites and zircons for the Southern Adamello post-plutonic dyke

rocks are given in Table 2.2. The terms xenocrystic, inherited, antecrystic and autocrystic zircon are

used according to Miller et al. [2007]. Two samples are from the earliest dyke generation comprising

picro-basalts and Ol-tholeiites of (1B). A third sample is from the latest and most di�erentiated dacitic

(3) dyke generation. The chosen samples represent the entire age range established through crosscutting

relationships in the �eld (Fig. 2.3). All �ve titanite grains that have been dated from sample NHS011,

a sub-horizontal Ol-tholeiite (1B) result 206Pb/238U ages that vary from 41.81 ± 0.70 Ma to 41.397 ±

1.21 Ma (Fig. 2.19); the youngest titanite is still within error of the oldest one. The weighted mean age

for titanites of sample NHS011 yields a value of 41.72 ± 0.09 Ma with a MSWD of 1.5. The picro-basalt

NHS161 of the same generation (1B) that occurs on the small plateau adjoining the Lago della Vacca yields

an oldest 206Pb/238U age for a titanite of 42.04 ± 0.42 Ma (Fig. 2.19) and is within the error of other 5

titanites from the same sample . The youngest titanites (t2, t6) of this picro-basalt yield and 206Pb/238U

age of 40.88 ± 0.89 Ma and 41.17 ± 0.21. Both of these titanites (t2, t6) have considerably higher Th/U

ratios ranging from 1.34-3.94 than the other six titanites with a range of 0.20-0.68. The weighted mean

average 206Pb/238U age for titanites of the sample NHS161 results in a value of 41.68 ± 0.04 Ma with a

MSWD of 2.1, excluding the two youngest titanites (t2, t6). This sample (NHS161) corresponds to picro-

basalt RC158c that was used as a starting composition for hydrous fractional crystallization experiments at

both 1.5 GPa [Alonso-Perez, 2006] and 1.0 GPa [Kägi, 2000]. The original sample was collected by Ulmer

[1986] who described this composition as the most primitive and potential primary magma. Later Ulmer

[1988] performed high-pressure, multiple saturation experiments to constrain mantle separation conditions
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Figure 2.19: U�Pb geochronology: 206Pb/238U ages for individual titanite (NHS011: blue, NHS161: green)
and zircon (NHS083: red) grains. An individual analysis is represented by a bar; the height of the vertical
bars include ±2-sigma uncertainties for each analysis. Samples are separated by vertical dashed lines.
Systematic uncertainty in titanite dates arises from unknown common Pb composition and produces a
systematic error larger than that of zircon ages. In grey are 206Pb/238U ages from Schoene et al. [2012].
Samples: AD12 Galliner tonalite; AD5, RdC3 and AD3 are all from di�erent localities within the Vacca
tonalite (for details see Schoene et al. [2012]). RdC208-3 is a 206Pb/238U zircon age from Hansmann and
Oberli [1991] for the Dernal Granite (Re di Castello).

for this composition at 28 kbar, 1370°C in equilibrium with a garnet-lherzolite residue. A weighted mean
206Pb/238U age of 41.68 ± 0.04 with a MSWD of 1.7 results from all titanites of samples NHS011 and

NHS161 together representing the same dyke generation (1B), excluding the two youngest titanites (t2,

t6), from samples NHS161. The dacitic dykes (3) yields a youngest 206Pb/238U zircon age of 38.62 ± 0.05

Ma. Three of the analysed zircons from the dacite (NHS083) lie within error yielding 206Pb/238U ages

ranging from 38.67 ± 0.04 Ma to 38.62 ± 0.05 Ma (Fig. 2.19). The weighted mean 206Pb/238U age for

these three zircons (z1, z5, z6) results 38.66 ± 0.02 with a MSWD of 1.8. One zircon results an age of

38.85 ± 0.03 Ma and is considered to be an antecryst. Another group of three zircons yield 206Pb/238U

ages ranging from 39.24 ± 0.04 Ma to 39.18 ± 0.04 Ma and are interpreted to be xenocrysts. The oldest

zircon of this sample (NHS083) results a 206Pb/238U age of 39.82 ± 0.04 Ma and is considered to be a

xenocryst as well. This xenocryst has a similar 206Pb/238U age as a mutliple zircon grain analysis for

the Dernal granite (RdC208) [Hansmann and Oberli, 1991, Hansmann, 1986] yielding a 206Pb/238U age of

39.8 ± 0.2.
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2.8 Discussion

Magma Overpressure in Dykes and Regional Stress Field

For dykes, the intrusion driving pressure, de�ned as the di�erence between the magma pressure and the

horizontal stress perpendicular to the dyke plane, is a key element for the propagation and the resulting

form of the sheet intrusion [Poland et al., 2008]. The thickness of the dyke is directly related to the

driving pressure within a dyke [Delaney and Pollard, 1981, Pollard and Muller, 1976]. Analytical solutions

were proposed by Pollard and Muller [1976] and Delaney and Pollard [1981] that relate dyke thickness to

the driving pressure of the magma. These analytical solutions based on the principles of Linear Elastic

Fracture Mechanics (LEFM) describe a dyke as a �uid-�lled fracture that intrudes into a brittle, elastic

material. The propagation is controlled by both, �uid mechanics and fracture mechanics [Lister and Kerr,

1991, Menand and Tait, 2002, Muller et al., 2001, Takada, 1990, Watanabe et al., 2002]. The orientation

and geometry of a dyke is controlled by the product of magma over-pressure and buoyancy forces driving

the �ow and the environment in the form of the elastic properties of the host-rock and interface strength

of layers [Menand, 2011] resisting the propagation [Lister and Kerr, 1991, Rubin, 1995]. The dyke shape

is thus determined by a simple elastic deformation control at �xed overpressure. The dyke shape in

two dimensions is approximated here by the continuous measurements of the dyke thickness as shown in

Figure 9. The observed dyke cross-section is then compared with the analytical elastic model in order to

estimate the magma driving pressure or overpressure and potential stress gradients during emplacement

[e.g. Delaney and Pollard, 1981, Kavanagh and Sparks, 2011, Poland et al., 2008, Pollard and Muller,

1976]. Numerical models by Buck et al. [2006] found that the propagation distance is dependent on the

initial distribution of the tectonic stress but they also infer that the dyke intrusions can e�ect the tectonic

stress distribution as well.

A theoretical model describes the dyke as tabular sub-vertical magma body that cuts discordantly

across the host rock. Dykes are, in general, very thin in relation to their breadth. Under uniform stress

conditions, the ideal cross-sectional form is elliptical (Fig. 2.20a). The assumption of a host rock behaving

as homogeneous, elastic solid is justi�ed regarding the uniform tonalite host in which the dyke described in

Figure 2.9 intruded into. For a blade-shaped dyke associated with constant driving pressure, the thickness

(t) is described by [Delaney and Pollard, 1981, Poland et al., 2008, Pollard and Muller, 1976]:

t = (P − S)(a2 − x2)(1/2)(1− ν
µ

) (2.4)

In this relationship P is the magma pressure, S is the dyke normal stress perpendicular to the dyke

plane, which is in general the least compressive stress σ3 under a given crustal environment; a is the

half dyke thickness, x is the distance from the along-strike midpoint of the dyke. Elastic moduli for the

assumed homogeneous isotropic tonalite are µ, the elastic shear modulus, and ν, the Poisson's ratio. The

driving pressure is de�ned by P-S [Delaney and Pollard, 1981, Poland et al., 2008, Pollard and Muller,

1976, Pollard, 1987, Reches and Fink, 1988]. Previously, detailed geometrical analysis of dykes in the

�eld however revealed teardrop forms of dykes [Hoek, 1995, Poland et al., 2008, Pollard and Muller, 1976]

rather than ideal elliptical forms in several cases. To account for this observed teardrop form, Weertman

[1971] suggested for the asymmetry of a �uid-�lled crack to consider the e�ect of a gradient in stress or
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Figure 2.20: Analytical solutions for an elastic dyke model modi�ed after Pollard and Muller [1976]. (a)
and (c) Ideal elliptical model for elastic analytical model with dyke constant overpressure and no stress
gradient along strike. (b) Teardrop form of a dyke taking into account a stress gradient along strike.
Working hypotheses to explain origin of teardrop form of blade like dyke. (d) Regional stress gradient:
sy = sy0 + ∆sy. (e) Magma pressure gradient: p = p0 + ∆p. (f) Change in host rock sti�ness: µ1 > µ2.

pressure acting along the fracture. For dykes, Pollard and Muller [1976] and Delaney and Pollard [1981]

described a teardrop-shaped dyke with its thickness distribution as a function of uniform driving pressure,

together with a driving pressure gradient. Poland et al. [2008] proposed the following equation for this

relationship:

t = (P − S)(a2 − x2)(1/2)(1− ν
µ

) +∇(P − S)x(a2 − x2)(1/2)(1− ν
µ

) (2.5)
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Figure 2.21: Results of least square linear inversion for analytical solutions of purely elastic dyke em-
placement after [Delaney and Pollard, 1981, Poland et al., 2008, Pollard and Muller, 1976] relating dyke
thickness to driving pressure (magma over-pressure). (a) Thickness distribution along strike of dyke
segment 1, with an analytical solution for uniform driving pressure 2.4 and uniform driving pressure +
pressure gradient along strike 2.5. (b) Residuals for �tted thickness values for uniform driving pressure
model. (c) Residuals for �tted thickness values for uniform driving pressure + pressure gradient model.
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Figure 2.22: Results of least square linear inversion for analytical solutions of purely elastic dyke em-
placement after [Delaney and Pollard, 1981, Poland et al., 2008, Pollard and Muller, 1976] relating dyke
thickness to driving pressure (magma over-pressure). (a) Thickness distribution along strike of dyke
segment 2, with an analytical solution for uniform driving pressure 2.4 and uniform driving pressure +
pressure gradient along strike 2.5. (b) Residuals for �tted thickness values for uniform driving pressure
model. (c) Residuals for �tted thickness values for uniform driving pressure + pressure gradient model.
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The �rst part is identical to Equation 2.4 whereas ∇(P − S) is the pressure gradient term along the

dyke [Pollard, 1987]. Examined dyke segments display chilled margins that are simple and non-composite

which excludes the intrusion style of multiple pulses. Xenoliths and xenocrysts are rare within the dykes at

this particular locality in contrast to dykes in the Lago della Vacca area about 8km south. Therefore wall

rock erosion by mechanical disintegration is considered to be of minor importance. The third dimension

of these dykes is di�cult to assess at this locality; nevertheless dykes of the same swarm in the Concarena

at the E-side of the Val Camonica show vertical extents up to 1km.

The driving pressure is then modelled through a least square inversion to determine both a model with

uniform driving pressure and another model with a combination of uniform driving pressure and driving

pressure gradient (Fig. 2.21, 2.22). Such a model assumes a static �uid-�lled crack in equilibrium with

an elastic host-rock. The least square inversion was centered about the origin, which is the along-strike

midpoint of the dyke. Non-elastic processes can a�ect the thickness distribution along the strike of the

dyke, such as plastic deformation of the host rock [Sleep, 1988], thermal erosion [Huppert and Sparks, 1985]

or rock erosion through mechanical disintegration, intrusion along pre-existing fractures [Delaney et al.,

1986], ground surface topography in the case of shallow intrusions and structural features such as folding

of strata [Pollard and Muller, 1976] and multiple phases of dyke growth or transient pressure changes due

to eruptions in a volcanic setting [Valentine and Krogh, 2006]. For the present case, features for shallow

intrusions such as topographical e�ects and e�ects related to actual eruption are less likely, assuming that

these dykes intruded at a depth range of 9-11km with an ambient pressure of 0.2 to 0.35 GPa [John and

Blundy, 1993, Stipp et al., 2004, Pennacchioni et al., 2006]. Thermal erosion is additionally dependent

on the host rock temperature at the time of intrusion. The host is a homogeneous tonalite; therefore

changing material properties through layering can be excluded. As Kavanagh and Sparks [2011] noted,

driving pressure estimates from dyke thickness measurements are minimum values as the �nal preserved

thickness of the dyke is determined by late-stage conditions when driving-pressure, has already declined,

taking into account chilling e�ects as well. The applied approach here is simpli�ed but nevertheless provides

an example of the emplacement conditions of dykes occurring throughout the entire post-plutonic dyke

swarm episode of the Southern Adamello.

A value of 26 GPa for the elastic shear modulus µ for the host tonalite [Rzevskij et al., 1971] results

from the computation of a theoretical dynamic stress �eld around propagating fractures, which was applied

by Di Toro et al. [2005a] for the Gole Larghe Fault (GLF) in the Central Peak- and the Avio-tonalite. A

Poisson's ratio ν of 0.25 is reasonable for the scale of kilometre long dykes and was used by both Pollard

[1987] and Schultz [1993].
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Results of the least square inversion for both (1) a uniform driving-pressure and (2) uniform driving-

pressure plus a driving-pressure gradient are provided in Table 2.3. The dyke segments mapped in detail

for their thickness and other structural properties have lengths of 230m and 380m respectively. The mea-

surement density along strike is higher for the �rst, longer dyke segment (Fig. 2.9, 2.21) than for the second

dyke segment (Fig. 2.9, 2.22), as apparent from the histograms displayed in Figure 2.9d. Particularly for

the longer and better constrained �rst dyke segment, the driving pressure plus gradient model yields the

best model to describe the measured thickness distribution as evidenced by the distribution of residuals

(Table 2.3, Fig. 2.21, 2.22). Residuals are generally smaller for the teardrop shaped dyke described by

the driving pressure plus gradient model. The second dyke segment is less well constrained through the

number of measurements, but for most of the measurements along the strike, residuals are smaller for the

composite model, leading to a teardrop form taking into account a driving pressure gradient. Potential

error sources in this least square inversion include particularly the incomplete exposure of dykes, whereas

the actual measurement error of the thickness is negligible.

Modelled driving pressure with the combined driving pressure plus gradient model for the two dykes

is 21 MPa for the �rst dyke segment and 33 MPa for the second dyke segment. These driving-pressure

values are within the range reported by other studies [Geshi et al., 2010, Kavanagh and Sparks, 2011,

Poland et al., 2008, Pollard and Muller, 1976]. Pollard and Muller [1976] for comparison modelled driving-

pressures for the Walsen dyke of the Spanish Peak radial dyke swarm and obtained values in the range of

3.5 to 48MPa and Poland et al. [2008] obtained similar values in the range of 3.5 to 148 (µ = 4 GPa) for

a radial dyke swarm of the Summer Coon volcano in southern Colorado. These studies were carried out

in shallow volcanic environments that are not necessarily comparable to the examined dykes in this study,

which intruded at considerably greater depth of 9-11km. As Kavanagh and Sparks [2011] noted, calculated

magma pressures should be considered minimum estimates, as the dyke thickness during magma intrusion

may have been up to twice the actual size of the measured thicknesses in the dyke pro�le. The dyke

over-pressure is generally required to overcome the fracture toughness (Kc) [Pollard, 1987], which was

estimated to be ~2-100MPa·m1/2 [Delaney and Pollard, 1981, Di Toro et al., 2005a]. The overpressure

has to be larger than ~Kc/L
1/2, where L is the length of the dyke [Daniels et al., 2012]. The calculated

stress gradients ∇(P − S) for the two dykes range from 62-146kPa·m−1 where the latter, higher value

is less well constrained due to less favorable outcrop conditions of the second dyke segment (Fig. 2.9).

These stress gradients are comparable with values obtained for the Summer Coon volcano [Poland et al.,

2008] that range from 3 to 133kPa·m−1, whereas driving pressure stress gradients determined by Pollard

and Muller [1976] for the Walsen dyke are lower, ranging from 0.052-0.71kPa·m−1 . For a magma source

over-pressure of 20MPa, which is the magma pressure in excess of the regional, compressive tectonic

stress, a dyke propagating 1km from its source region would experience a regional stress gradient of

<20kPa·m−1 [Jaupart and Allègre, 1991], which is lower than encountered in the model results of this

study. However, magmatic chamber over-pressures at the source are expected to be higher, in the range

of ~20-100MPa for magma sources ≥20 km [Karlstrom et al., 2009]. Such over-pressures are obtained by

balancing the elastic propagation of a dyke and the gradual solidi�cation at the dyke walls due to thermal

considerations [Jellinek and DePaolo, 2003, Karlstrom et al., 2009, Rubin, 1995]. Petrological constraints

place the magma source that feeds the southern Adamello post-plutonic dyke swarm at depth level of
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15-20km [Hürlimann et al., in prep.a]. The obtained model results for the driving pressure are consistent

with magma over-pressures at such depth.

The E�ects of External Stress on the Dyke Geometry and Regional Structures

The crustal level where the dyke swarm is exposed is close to the ductile to brittle transition zone,

constrained at ~10km by Pennacchioni [2005] and Pennacchioni et al. [2006], through the formation of

joints in the Central Peaks- and Avio-tonalite and the subsequent development and nucleation of faults

along the same features. The timing of joint formation is important since these structures represent

fractures or more generally, surfaces of weaknesses along which magma can invade to form dykes [Currie

and Ferguson, 1970, Delaney et al., 1986]. Magma pressure occurs in excess of the compressive stress

that acts across dyke planes to generate tension that is su�cient to propagate a new fracture that the

magma can invade [Anderson, 1938, 1951]. The latter situation assumes that the least compressive stress

σ3 is, in general, perpendicular to the along strike direction of the magma �lled crack or dyke [Anderson,

1938, 1951, Spence and Turcotte, 1985]. The occurrence of abundant dyke-parallel to sub-parallel jointing

(Fig. 2.7, 2.8) and the later development of faults and the formation of cataclasites of dykes (2A, 2B)

Brack [1984] raises the question of the relative timing of the development of all these structural features.

Moreover, dykes exhibit en echelon structures (Fig. 2.12, 2.1) that reveal some in�uence of rotation of the

regional or local stress �eld [Nicholson and Pollard, 1985, Pollard et al., 1982] during dyke intrusion. The

preferential directions of dykes can serve as principal loci for shear zone and fault nucleation [Christiansen

and Pollard, 1997, D'Alessio and Martel, 2005, Mancktelow and Pennacchioni, 2005].

The formation of cooling joints is a common feature in plutons [e.g. Segall and Pollard, 1983, Segall

et al., 1990, Bergbauer and Martel, 1999]. Joint formation is closely related to the cooling of the tonalitic

host rock in the present case. The latest dacitic dykes (3), which intruded mainly within the Re di

Castello tonalite in close vicinity to the location of the detailed map in Figure 2.7, have a 206Pb/238U

age that is ~1.2 Ma younger than the Dernal Granite (39.8 Ma) [Hansmann, 1986], which intruded at the

latest stage into the Re di Castello tonalite. In experimental studies, Piwinskii (1968) con�rmed the solidus

temperatures for tonalite (15 wt% H2O, excess) in the range of ~700-720° C for the depth level at ~9-11km

(0.2-0.3 GPa). In the Avio- and Central Peak-tonalite of the Adamello Batholith, Pennacchioni et al. [2006]

described the nucleation of ductile shear zones along precursory cooling joints. Biotite and plagioclase

are recrystallized in these ductile shear zoners or mylonites, which places the formation of these zones

into the amphibolite facies. Temperatures of ~500°C are further inferred from dynamically recrystallized

quartz [Mancktelow and Pennacchioni, 2005, Pennacchioni et al., 2006]. In addition, precursor cooling

joints display high-temperature lineation of hornblende and biotite that Pennacchioni et al. [2006] used

to argue that these fractures developed at a very early stage of cooling of the plutonic bodies most likely

due to thermal contraction and di�erential solidi�cation of magmatic bodies, as described by Bergbauer

and Martel [1999] for the Sierra Nevada. The age relationship between the formation of the pluton and

the emplacement of the dykes in the Re di Castello tonalite provides a maximum time frame of ~1.2 Ma

for potential precursor cooling joint formation, predating the intrusion of the dykes in Figure 2.7. This

would imply a required cooling of ~200 °C for the observed joint formation. The present regional joint

surfaces however bear mainly a phase paragenesis of epidote + K-feldspar ± chlorite, which is consistent
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with a temperature of ~250°C [e.g. Guilbert and Park, 2007]. This slightly discordant (5-10°) regional

jointing further commonly shows a bleached alteration haloes. Prevailing regional joints, in this case (Fig.

2.7), postdate the dyke intrusion due to their low temperature mineral paragenesis, together with the

discordance of the joints in relation to the general dyke strike. Such a relation validates the assumption

of a homogeneous elastic tonalitic host rock in excluding considerable pre-existing jointing or fracturing

at the time of the dyke intrusion.

Other distinct structural features are the en echelon segments of the dykes, which are associated with

left lateral shearing observed with independent markers such as enclaves or aplitic dykes (Fig. 2.10). The

en echelon stepping associated with larger overlaps of the segments (Fig. 2.12, 2.14) is in accordance

with a left lateral slip movement during dyke intrusion. Furthermore, basaltic-andesitic (2C) dykes show

brighter coloured melt-rich shear bands (Fig. 2.4c) that are an additional indication of shearing processes

operating during emplacement. En echelon segmentation of dykes results from mixed mode I and III

fracturing (Fig. 2.10) during intrusion of the magma, which is caused by a spatial or temporal rotation of

the least compressive stress σ3 that has axis about parallel to the propagation direction [Pollard et al., 1982,

Pollard, 1987]. As each segment propagates, it twists to attain an orientation perpendicular to the local

least compressive stress. The breakdown into en echelon segments is independent of σ2 of all the principal

stresses (σ1, σ2, σ3), since σ2 acts within the propagation direction (Fig. 2.10). The magma �lled crack

initially dilates in a plane perpendicular to σ3 that changes spatially or temporally its direction. In the

applied model, σ3 changes the orientation with an angle α uniformly over the entire region [Pollard et al.,

1982]. The path that a dyke follows after rotation of the remote stress �eld is dependent on parameters

such as orientation and magnitude of the remote stresses, magma pressure and the elastic properties of

the host rock in which the dyke propagates. Pore pressure and the stress �eld conditions are commonly

combined into the stress ratio, R. The stress ratio is the di�erence between the internal magma pressure

within the dyke and the remote mean horizontal stress, divided by the remote shear stress [Pollard et al.,

1982].

R =
2Pi + σr1 + σr3

σr1 − σr3
, Pi > −σr3 (2.6)

The inequalitiy relating P1 and σ1 is required to ensure that the magma �lled crack remains open

during propagation of the dyke. The twist angle β measured in outcrop (Fig. 2.12, 2.1) is a function of the

stress ratio, R, the Poisson's ratio, ν, and the angular change of the remote stress orientation, α [Pollard

et al., 1982].

β = 0.5tan−1[
sin2α

(R+ cos2α)(0.5− ν)
] (2.7)

The rotation angle α of the remote stress �eld can be determined through this relation with known

R and β. The level of dyke emplacement is constrained to 9-10km, with a con�ning pressure of 0.2-0.35

GPa mainly constrained by metamorphic phase assemblages in the contact aureole [Stipp et al., 2002,

Werling, 1992]. Di Toro et al. [2005b] determined σr1 = 256 MPa, σr2 = 160 MPa and σr3 = 64 MPa for all

three principal stresses for the Gole Larghe strike slip fault in the Central Peak- and Avio-tonalite. With

a pore-�uid factor of λ = 0.4, the e�ective vertical stress is σ
′
ν = %gz(1 − λ) = 160MPa at a depth of

10km. The e�ective vertical stress is equal to σr2 . These conditions appear feasible for dyke emplacement
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Figure 2.23: Incipient crack angle β plotted versus angular rotation α of the remote principal stresses.
Poisson's ratio is held constant at ν = 0.25 and the stress ratio R calculated after 2.6 (see text) is varied.
Relation for given stress ratio R between β and α is given by 2.7. The two stress ratios are calculated for
modelled magma over pressure at 32 MPa � R = 2.95 (2nd dyke segment, Table 2.3) and at 19 MPa � R
= 2.80 (1st dyke segment, Table 2.3). Principal stresses ( σr1 = 256 MPa, σr2 = 160 MPa, and σr3 = 64
MPa, see text for details) are according to fault slip conditions of the Gole Larghe strike slip fault in the
Central Peak- and Avio-tonalite, taken as an approximation after Di Toro et al. [2005b].

that occurs with a given Poisson's ratio ν = 0.25 and a magma over-pressure of 32MPa; the resulting R

value amounts to 2.95. With the same principal stress conditions with a magma over-pressure of 21MPa,

R results in a value of 2.80 (Fig. 2.23). Under these conditions the rotation of the remote stress �eld gives

values for α in the range of 7-10°, which are identical with β since the curves evolve along α = β in the

α versus β plot (Fig. 2.23). The well constrained asymmetrical teardrop form (Fig. 2.20b) of the �rst

dyke segment (Fig. 2.9, 2.21) can be explained either through a regional stress gradient (Fig. 2.20d) or

through a magma pressure gradient (Fig. 2.20e) [Pollard and Muller, 1976]. An abrupt change in host rock

sti�ness can be excluded since the tonalitic host rock is isotropic and homogeneous over several kilometers.

An asymmetry of the dyke shape along the strike is similar to some observed fault slip distribution along

faults [Bürgmann et al., 1994]. A regional stress gradient along the dyke dilatation plane goes along with

observed left lateral slip movement during emplacement, leading eventually to the observed dyke shape.

In this sense, the propagating dyke attempts to adjust in the form of en echelon structures to the regional

remote stress �eld rotation.

Regional Implications

Colinearity of dykes with younger faults crosscutting the Re di Castello plutonic intrusive suite is

prominent. Nucleation of succeeding fault planes is prominent in a few outcrops, as in the case of the

Val di Dois to Passo Dernal line that does not exhibit large displacement. Other, larger continuous
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(>4000m) topographic lineaments display colinearity with the orientation of the post-plutonic dyke swarm

covering the southern Adamello (Re di Castello). However, these topographic depressions are related to

younger structures post-dating the intrusive history. Nevertheless, the direction of all these features in

time probably indicates an inheritance of previously active basement structures which turn into a roughly

NE-SW alignment towards the Southern Giudicarie Fault.

Within the time frame of emplacement the post-plutonic dykes are markers for the build-up of two

larger plutonic suites (Fig. 2.24) in the southern Adamello. The �rst suite comprises the Val Fredda-,

Lago della Vacca- and Alta Guardia-tonalite and con�rms the crosscutting relationships observed in the

�eld [Schaltegger et al., 2009, Schoene et al., 2012]. The second plutonic building block of the southern

Adamello plutonic suite comprising all the other remaining units of the Re di Castello suite (Fig. 2.2,2.24b),

is terminated by the intrusion of the regional dyke swarm that shows a preferred orientation with respect

to the remote regional stress �eld. The left lateral slip associated with the emplacement of the later

dyke swarm cannot directly be correlated with the Oligocene ages (29-32 Ma) [Müller et al., 2001] of the

mylonites and pseudotachylites of the North Giudicarie Fault that document the top-to-(E)SE thrusting

along this fault. Older Eocene activity from shear zones south of the Peio Fault are characterized by

top-to-(W)NW thrusting and these mylonite and pseudotachylite ages (35-37 Ma) are overlapping. This

activity is much closer in the time range of the emplacement of the post-plutonic dyke swarm. However,

the con�ned age (38.9 ± 0.4) of an amphibole gabbro [Pomella et al., 2011] among the periadriatic intrusion

situated along the Northern Giudicarie Fault falls clearly within the age range of the emplacement of the

regional dyke swarm into the Re di Castello plutonic suite. The relation to actual movement along the fault

plane associated with the intrusion of this gabbro remains, however, unresolved. Documented movement

along the Southern Giudicarie Fault is younger [Castellarin et al., 1987, 2006] of Servallian-Tortonian age

than dyke U-Pb ages but does not exclude any earlier older movements. Nevertheless, observed left lateral

strike-slip movement associated with the emplacement of the dyke swarm within the southern Adamello

coincides with the same slip direction documented along the Giudicarie Fault.

2.9 Conclusions

Over time the post-plutonic dyke swarm marks two phases in the pluton assembly of the Re di Castello

suite and U-Pb ages con�rm the crosscutting relationships documented in the �eld. An early assemblage

of plutonic rocks composing the southernmost part (Val Fredda, Alta Guardia, and Vacca tonalites and

associated ma�c intrusions) is cut by the most primitive magmatic rocks found in the entire Adamello

Batholith. They reveal emplacement under the control of rather localized stresses. A second phase is

marked by a regional post-plutonic dyke swarm (2A, 2B, 2C, 3) that succeeds a last voluminous phase

of intermediate tonalitic intrusions (Monte Re di Castello tonalites and Dernal granite). Compositions of

the dyke swarm range from primitive basalts (2A) to the most evolved homogeneous dacites (3). This

phase of dyke emplacement has a prominent clear orientation that can be linked with left lateral slip

movements during emplacement. The following proposed model reconciles the shape of dykes and the

associated structures that go along or succeed the intrusion of the dykes. The intrusion of magma forming

the dyke swarm predates the formation of cooling joints in the large plutonic bodies, in this case and

low temperature joint formation (~ 250°C). A maximum time frame of ~1.2 Ma between the last plutonic
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Figure 2.24: (a) Earliest plutonic phase comprising Alta Guardia tonalite, Val Fredda Complex and
Vacca Complex including gabbroic Blumone Complex is terminated by the intrusion of picro-basaltic/Ol-
tholeiitic dykes (1A, 1B). (b) Regional dyke swarm ranging from basalts (2A), basaltic-hybrids (2B),
basaltic-andesites/andesites (2C) to dacites (3) intrudes after the build-up of the entire Re di Castello
intrusive suite.

intrusion and the dyke intrusion appears to be insu�cient to cool to these low temperatures associated

with the joint formation. Left lateral slip movement associated with the dyke emplacement, caused by a

clockwise rotation of the remote stress �eld, caused an adjustment of the main mode I dilatation surface
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direction of the dykes and formation of en echelon segments stepping preferentially to the SE, consistent

with observed slip directions. The two dimensional asymmetrical teardrop shape of the few dykes examined

in detail could be explained with a gradient in the remote stress �eld along the strike, which underlines

that the dilatation surfaces of the magma �lled cracks are not perfectly oriented perpendicular to the

least compressive stress σr3 in an otherwise homogeneous tonalitic host. Younger fault planes do in some

cases develop and nucleate along these post-plutonic dykes, forming a clear rheological contrast in the

uniform tonalite. Regional fault controlled valleys have the same lineament as the regional dyke swarm

and document the erosion and drainage processes caused through uplift.
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3.1 Abstract

Fractional crystallization has long been evoked as one of the key processes with regard to magma

di�erentiation in middle to deep crustal levels. Geochemistry of a series of post-plutonic dykes from

the southern part of the Adamello Batholith ranges from very primitive hydrous picro-basalts, including

intermediate basalts, to andesites and dacites. The Adamello Batholith (44-33 Ma) is located in the

Northern Italian Alps. It intruded into the South Alpine basement and its Permo-Triassic cover. In

the Southern part, a series of late dykes intruded into gabbroic and mainly tonalitic plutonic bodies.

The primary picro-basalts are constrained through multiple saturation experiments to be consistent with

mantle-separation conditions of 28kbar and 1370°C. More di�erentiated andesites and dacites lie along the

liquid line of descent of fractional crystallization experiments simulating di�erentiation in middle to deep

crustal levels. These andesites and dacites have a primitive 87Sr/86Sri (0.7032-0.7038) and 143Nd/144Ndi
(εNdCHUR: 3.5-3.2) isotopic signature. In particular, the trace element chemistry of amphiboles from

basaltic-andesite and andesite dykes re�ects a primitive liquid in equilibrium with this phase crystallizing in

such hydrous magmas. Barometric constraints for the same amphiboles results in 6 and 7.5kbar with Am-

Pl temperatures ranging up to ~1050°C, going towards the high-temperature limit of stability of amphibole

in such magmas. The absence of an Eu-anomaly in the mineral chemistry of these amphiboles indicates

the late appearance of plagioclase in the crystallization sequence. The crystallization of amphibole drives

the more di�erentiated magmas to peraluminous, corundum-normative compositions, which are common

for tonalites building the bulk part of the Adamello Batholith. The least squares fractionation model

results in the cumulative crystallization of 17% olivine, 2% Cr-rich spinel, 18% Cpx, 41% amphibole, 4%

plagioclase and 0.1% magnetite, to achieve an andesitic composition out of a primitive hydrous picro-basalt.

Cumulates that are formed in association with fractional crystallization in the middle to deep crust are

ultrama�c dunites and wherlites and at a more evolved stage, cumulates are comprised of hornblendites and

hornblende-gabbros. Trace element signatures of andesites can be aquired through fractionation processes

in the described depth level of the crust in active continental margin settings. Crustal assimilation or

considerable input of sediments in the mantle source region is not necessarily the main factor to attain

the observed trace element signatures of more evolved andesitic magmas.

3.2 Introduction

Crystal fractionation has been proposed as one of the processes leading to the formation of an average

andesitic continental crust, accompanied by considerable volumes of ultrama�c and ma�c cumulates below

and above the seismic Moho [Kay and Kay, 1985, Kelemen, 1995]. An alternative process was put forward

for the formation of bulk averaged andesitic crust and the formation of upper crustal tonalitic complexes

and granitoids by crustal anatexis of basaltic lower crust, produced previously by di�erentiation of mantle-

derived primary basaltic magmas [Takahashi et al., 2007, Tatsumi, 2000]. Furthermore, the crystallization

and di�erentiation of (primary) high magnesium (Mg#) andesites has been suggested to generate a con-

siderable amount of the continental crust [Kelemen, 1995]. The production of such andesitic magmas

through reaction between ascending basaltic magma and peridotite in the upper mantle appears to be a

feasible process to reach the geochemical characteristics of high magnesium (Mg#) andesites [Kelemen,



52
CHAPTER 3. FRACTIONATION OF PRIMITIVE ARC-THOLEIITIC MAGMAS TO CORUNDUM

NORMATIVE DACITES

1990, Kelemen et al., 1990, 1992]. Experiments by [Sisson and Grove, 1993a,b] were able to reproduce a

calc-alkaline liquid-line of descent at H2O-saturated conditions at 2 kbar at the Ni-NiO (NNO) oxygen fu-

gacity bu�er equilibrium. These experiments addressed the phase relations of natural high-alumina basalts

and intrusive equivalents. With respect to phase relations, the appearance of Fe-rich spinel near or at the

liquidus in a basaltic melt can produce calc-alkaline derived liquids for moderate-to-high H2O contents.

Here we speci�cally address the possibility of continuous di�erentiation through crystal fractionation as a

process to produce slightly peraluminous dacitic magmas in lower to middle crustal magma reservoirs.

Intrusive and extrusive suites of calc-alkaline magmas appear to frequently show a trend from diopside-

to corundum-normative composition with increasing SiO2 [Cawthorn and Brown, 1976]. Several experi-

mental equilibrium and fractional crystallization liquid-line of descents (LLD) [Alonso-Perez et al., 2009,

Müntener et al., 2001, Müntener and Ulmer, 2006, Ulmer, 2007, Sisson and Grove, 1993a] at di�erent

pressures produced peraluminous derivative liquids from an initial metaluminous magma in a restricted

pressure range of about 0.7-1.2 GPa. The fractionation of amphibole is thereby the major factor controlling

the liquid evolution towards peraluminous, corundum-normative compositions. At higher-pressure garnet

inhibits the evolution to peraluminous liquids, whereas at lower pressure in hydrous magmas, An-rich

plagioclase and decreased modal cpx-crystallization has as similar e�ect on liquid evolution [Alonso-Perez

et al., 2009]. Such phase-relations during crystal fractionation are crucial for predictive trace-element

modeling and evolution of liquid compositions during fractional crystallization. Alternatively, these phase-

relations and proportions during fractional crystallization can be determined by thermodynamic modeling

of phase-equilibria with the program MELTS [Ghiorso and Sack, 1995, Asimow and Ghiorso, 1998]. Ac-

cording to these authors, phase-equilibria involing hornblende (amphibole) are not well predicted in the

current state of the MELTS program. As a consequence, the evolution of intermediate and silica-rich calc-

alkaline systems starting from a primitive, mantle-derived parental magma is not recommended, which

exempli�es the need to incorporate of more recent data in MELTS, in particular step-wise fractional crys-

tallization experiments that approximate the natural conditions of magma di�erentiation more closely

[Ulmer, 2007].

A suite of dyke rocks with a large compositional range represents an ideal case to quantify the amount of

continuous crystal fractionation starting from a picrobasalt to achieve dacitic magma compositions. Such

dyke rocks show (near) volcanic textures and are chemically close to liquid compositions. The investigated

dyke rock suite varies in composition from primitive picro-basalt to dacites and follows a liquid line of

descent during di�erentiation [Ulmer, 2007, 1986, Ulmer et al., 1983]. A pure fractional crystallization

model, based on natural dyke rock compositions along the liquid line of descent, was choosen to quantify

the inferred formation of cumulates and the changing modes of involved solid phases. The most primitive

end-member of such a model is a picrobasalt that was separated from the mantle at 28 kbar and 1370°C

[Ulmer, 1988], determined by multiple saturation conditions experiments. Obviously hybrid magmas are

avoided from this study based on petrographic and geochemical characteristics. The dyke suite is cogenetic

with larger volume plutonic magmatism, comprising predominantly dioritic, tonalitic and granodioritic

rocks in the southern Adamello, but crosscuts these plutonic rocks. The fractionation model includes

the geochemical evolution of trace-element concentrations and pattern to demonstrate the compositional

range created by this particular magmatic process.
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3.3 Geological Overview

An array of di�erent generations of dykes with a large compositional range, from picro-basalts to

dacites, cross cuts the Re di Castello superunit [Callegari and Brack, 2002], the southernmost plutonic

intrusive suite of the Adamello Massif. The Adamello Batholith in northern Italy builds up the largest

Tertiary intrusive complex in the Alps and is split into four superunits; Re di Castello, Adamello, Avio, and

Presanella. Regarding its geographical position, the Adamello is the only larger tertiary intrusive complex

located south of the periadriatic lineament [Schmid et al., 1989]. The Re di Castello superunit is composed

of gabbros, diorites, tonalites, granodiorites and very minor granites and ulrama�c rocks. The plutonic

assembly of the Re di Castello shows a systematic age progression from 42.43 ± 0.05 Ma in the very south,

to 39.8 Ma in the north [Hansmann, 1986, Hansmann and Oberli, 1991, Schaltegger et al., 2009, Schoene

et al., 2012]. The principal plutonic lithologies are tonalites and granodiorites that intruded into the South-

Alpine pre-Permian polymetamorphic basement and its non-metamorphosed Permo-Mesozoic sedimentary

cover [Callegari, 1983, Callegari and Brack, 2002]. The more ma�c rock types form intrusive sheets of

gabbro and diorites particularly, at the margin of the large tonalitic and granodioritic intrusions. Ma�c

inclusions and dykes are very common within tonalites [Blundy and Sparks, 1992, Ulmer, 1986]. Ultrama�c

and ma�c rocks such as olivine-pyroxene wherlites, hornblendites and hornblende gabbros [Blundy and

Sparks, 1992, Ulmer, 1986] from the southern part of the Re di Castello unit reveal Sri and δ18O ratios close

to mantle values [Cortecci et al., 1979, Kagami et al., 1991]. 87Sr/86Sr initial ratios exhibit a rough, but

systematic increase northwards from 0.7036 to 0.7120 [Del Moro et al., 1985]. The 18O/16O (δ18O) ratio

demonstrates a similar northwards increase, from +5.9 for the Southern Adamello, Monte Mattoni Gabbro,

to +9.4 for the Avio quartz-diorite in the Northeast [Cortecci et al., 1979]. The country rock contacts

of the Adamello igneous complex are largely intrusive. Pre-Adamello deformation of the country rock is

described by D'Adda et al. [2011] for the Gandino and Presolana area in the Orobic Alps (Bergamasque

Alps). The late Cretaceous to early Paleocene evolution is marked �rst by stacking of Middle to Upper

Triassic units. A second thrusting event is probably related to out-of-sequence southward propagation of

the Orobic anticlines. During this second event, emplacement of the Orobic Anticlines belt caused uplift

and back-thrusting of the Upper Triassic units, over Middle Triassic along the Clusone fault between Middle

and late Eocene. Brack [1984] described the entire contact of the plutonic intrusives against the basement

and sedimentary rocks as vertical or steeply dipping outwards. The country rock contact is accompanied

by a continuous metamorphic contact aureole. In some cases, deformation of the wallrock within areas

overprinted by high-temperature contact metamorphism is deformed by the ascending magma, leading to

the formation of isoclinal folds in dolomite marble. Much stronger e�ects of syn-intrusive deformation at

the contact is expressed in sedimentary tongues situated between two neighbouring intrusions. Large scale

folds are compressed into more isoclinal forms and deviate considerably from the regional strike due to

rotation and/or tilting, as is clearly visible in the Upper Val Ca�aro for instance.

This study concentrates on the petrological evolution of dyke swarms of ultrama�c (picro-basalts)

to intermediate (dacite) composition that intruded in a relative time sequence after the emplacement of

previous larger volume plutonic rocks in the Re di Castello superunit. Overall, the examined dyke swarm

covers an area of 338 km² and reaches into the bordering country rocks of the intrusion at the western

and southern sectors respectively. The post-plutonic dykes do not occur towards the northeast in the
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younger superunits of the Adamello batholiths, but are con�ned to the Re di Castello superunit and its

surrounding Permo-Triassic country rocks [Callegari and Brack, 2002, Ulmer, 1986].

3.4 Field Relations and Petrography

Sample: NHS136 NHS158 NHS065 NHS051 NHS106 NHS116 NHS083

Rock: Picro-

basalt

Mg-

tholeiite

Ol-

tholeiite

Basalt Basaltic-

andesite

Andesite Dacite

Ol 12 13 13 15 0 0 0

Cpx 5 6 12 15 0 0 0

Am 0 0 0 0 20 22 7

Pl 0 1 1 0 15 14 30

Spl / Mt / Ilm 1 1 1 1 2 2 3

Matrix 82 78 73 69 63 62 60

Table 3.1: Mineral modal abundances of post-plutonic dyke rocks of the Southern Adamello. Estimated
modal percentages of principal phenocryst mineral phases from typical dyke rocks obtained by thin sec-
tion analysis. Phenocrysts phases are: Ol, olivine; Cpx, clinopyroxene (high Ca-clinopyroxene); Am,
amphibole; Pl, plagioclase; Spl, spinel; Mag, magnetite; Ilm, Ilmenite.

The earliest dyke generation of picro-basalts and olivine-tholeiites (1B) (Fig. 3.1) cross cuts the

Val Fredda Complex (granodiorite, tonalite, quartz-diorite and gabbro [Blundy and Sparks, 1992, John

and Blundy, 1993, Ulmer, 1986]), Blumone Complex (hornblende-gabbro and ultra-basic rock [Ulmer,

1986], and Lago della Vacca Complex (granodiorite, tonalite and diorite [John and Blundy, 1993]). These

subhorizontal picro-basaltic dykes (1B) show slight deformation, generally expressed by shortening of small

amounts within the country rocks they intruded (lower to middle Triassic silici-clastics and carbonates).

A second olivine-tholeiite dyke generation (1A) cross cuts the Vacca Complex as well. A wider basaltic

dyke swarms (2A, 2B) crop out over at least 10km from southwest to northeast and extends further

northward within the Re di Castello superunit; this dyke suite is distinctly younger than the pircobasalts

and olivine-tholeiites of generation (1A, 1B). Basaltic-andesitic and andesitic dykes (2C) strike along the

same direction(s), but are con�ned to more northern areas of the Re di Castello, Monoccola and Listino

regions. Dacitic dykes (3) cross-cut these basaltic-andesitic and andesitic dykes and are con�ned to the

same area.

Picrobasalts to Ol-tholeiites

Early picro-basaltic to olivine-tholeiitic dykes (1B) were emplaced after the intrusion of the Vacca

tonalite . These dykes have intruded sub-horizontally on di�erent altitude levels forming a dome-shaped

structure [Ulmer, 1986], which dips downward to the sides, with a center located in the Lago della Vacca

and Monte Frerone area (Fig. 3.1). Thickness ranges from 2.5m to 0.5m for the dykes at di�erent levels.

Apophyses are limited in length and have thickness of only a few centimeters. Within chilled margins,

olivine pseudomorphs and pyroxene phenocrysts are visible. Otherwise, these dykes consist of massive

equigranular amphibole and interstitial plagioclase, which form a dense dark green matrix (Fig. 3.2a).
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a b
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Figure 3.2: Photographs of (a) Chilled margin of subhorizontal picrobasaltic dyke from Lago della Vacca
that contains olivine and clinopyroxene phenocrysts. Internal part of dyke is composed of a massive
green-bluish groundmass, consisting of amphibole and interstitial plagioclase. (b) Idiomorphic olivine
phenocrysts now pseudomorphosed that consist of chlorite and tremolite with magnetites, which replace
former Cr-spinel within bluish-green massive olivine-tholeiitic matrix. Idiomorphic clinopyroxene is present
as pseudomorphs of green amphibole. (c) Amphibole-phyric basaltic-andesite shows a greenish massive
�ne-grained matrix. Brown idiomorphic amphibole, together with less abundant idiomorphic plagioclase,
are coarse-grained and constitute up to 15-20 modal % of the whole rock. (d) Coarse-grained plagioclase
phenocrysts set in light-green dacitic matrix, together with �ner grained partially acicular brownish am-
phibole. These dacitic dykes can include minor �ne-grained, darker, slightly amphibole-richer centimeter
scale enclaves in centimeter scale.

In the Lago della Vacca area, a set of closely spaced olivine-tholeiitic dykes (1A) intruded in NW-SE

direction (Fig. 3.1). These dykes are olivine- and clinopyroxene- phyric (Fig. 3.2b), though most of

these phenocrysts are pseudomorphs. In rare cases, cores of olivine are still preserved within the very

�ne-grained chilled margins of these dykes.

Microscopically, olivine phenocrysts (Fig 3.3a, 9a) within chilled margins of picro-basalts and olivine-

tholeiites are comprised by di�erent secondary phases. Various amounts of chlorite, epidote, brucite, talc,

tremolite, haematite and magnetite build up olivine pseudomorphs. Preserved olivine is found only in the

cores and is mantled by talc and magnetite, overall mimicking the originally idiomorphic crystal shapes.

Brownish Cr-spinel or picotite is often preserved within olivine pseudomorphs and high temperature al-
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Figure 3.3: Photomicrographs of di�erent dyke lithologies. (a) Chilled margin of a picrobasaltic dyke with
�ne-grained aphyric matrix consisting of amphibole and plagioclase. Pseudomorphosed olivine phenocrysts
are comprised of chlorite and epidote and contain brownish spinel inclusions. Clinopyroxene is partly to
completely replaced by green amphibole. (b) Preserved olivine phenocrysts of outermost dyke tip within
basalt. (c) Finer grained clinopyroxene micro-phenocrysts are set in a basaltic aphyric matrix, together
with olivine pseudomorphs consisting of chlorite. (d) Clinopyroxene phenocrysts set in a basaltic matrix
of amphibole microlites and interstitial plagioclase. (e) Coarse-grained brown homogeneous amphibole
phenocrysts, together with plagioclase within a �ne-grained matrix (amphibole plagioclase) in basaltic-
andesites and andesites. Opaques are magnetites. (f) Coarse-grained brownish amphibole partly replaced
by chlorite, together with plagioclase, are set in a �ne-grained matrix, mainly composed of plagioclase and
quartz with minor amphibole in dacite. Opaques are magnetite and ilmenite.
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teration is indicated by the presence of magnetite.

Clinopyroxene is generally much better preserved and forms large single crystals or crystal clots.

Clinopyroxene often exhibits skeletal growth or sieve textures (Fig. 3.3a), expressed by embayments

within the crystals that are �lled with �ne-grained phases composing the matrix. Complete or partial

pseudomorphic replacements of clinopyroxene consist of green amphibole. Slightly brownish spinels occur

in core zones of clinopyroxene.

Plagioclase is present in the form of microphenocrysts (Fig. 3.3a) and occurs only in more evolved

olivine-tholeiitic compositions. These microphenocrysts show Karlsbad and albite polysynthetic twinning.

The plagioclase lacks apparent zoning and is in general very homogeneous. They exhibit a euhedral shape

and show some �ow alignment parallel to the dyke margins. Group of plagioclases build actual crystal

clots.

The matrix consists of acicular green to olive zoned amphibole and plagioclase, forming together a

microlithic �uidal texture at the margins in sub-horizontal dykes. Central parts of the same dykes show

acicular amphiboles as well, but larger interstitial strongly zoned plagioclase are indicative for slower

cooling of this part of the sub-horizontal dykes. Opaque minerals within the matrix are ulvospinel and

magnetite forming anhedral to subhedral grains.

Basalts

Basaltic dykes (2A, 2B) are steeply dipping and reveal an overall NE-SW striking pattern on a regional

scale (Fig. 3.1). They spread over the entire Southern part of the Re di Castello superunit of the Adamello

Batholith, from the Val Fredda in the South, to the area further NE around the Monte Re di Castello

summit. These dykes reach out into the Permo-Mesozoic wallrocks of the Adamello massif. Their thickness

ranges from a few tenths of a meter (0.2m) to over a meter and commonly features a chilled margin of a

few centimeters.

These basaltic dykes build up dyke swarms ranging up to 15 to 20m in width. Individual dyke widths

range from a few tenths of a meter to coalescened dykes of up to 5m in width. Such dyke swarms are

accompanied by intense fracturing, parallel to sub-parallel to their margins. Internal chilled margins

within dykes further indicate a complex emplacement history through multiple injections. Tonalitic and

dioritic xenoliths are abundant, together with very crystal-rich zones within the dykes. Branching of small

crystal-rich apophyses is common, together with small drag folds at the dyke margins. Dyke contacts range

from very sharp to di�use, particularly in the case of thick specimens where mechanical disaggregation is

apparent in the form of breccia textures between wallrock and basaltic dyke.

Euhedral pseudomorphs of olivine phenocrysts (Fig. 3.3c) are replaced by chlorite, epidote and calcite

on a microscopic scale within the central parts these dykes. Brownish euhedral Cr-spinel is commonly

preserved as inclusions withinin these pseudomorphs. In rare cases within quenched margins or smallest

dyke apophyses, olivine (Fig. 3.3b) is preserved. Clinopyroxene is present as phenocrysts and micro-

phenocrysts that range from sieve textures to pristine porphyritic grains (Fig. 3.3d). Brownish amphibole

phenocrysts and micro-phenocrysts are common and exhibit faint zoning in brown shades. Crystal-rich

zones contain abundant amphibole and plagioclase crystals that exhibit resorption textures of entire cores

to zonation bands of single crystals. Sieve-textured amphiboles are �lled either by �ne grained matrix
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or ophitic clinopyroxene. These amphibole xeno-crystals exhibit pristine dark-brown overgrowth rims.

Quartz xenocrysts are additionally abundant and often show rims of a network of acicular clinopyroxene

that indicates reaction due to disequilibrium between a single crystal and basaltic melt. Plagioclase

crystals exhibit, like amphibole, similar signs of resorption, with sieve texture cores or distinct bands

within the zoned crystals. The micro-gabbroic matrix is composed of microlitic acicular amphibole, �ne

grained spinel and interstitial plagioclase.

Basaltic-Andesites and Andesites

Homogeneous amphibole-plagioclase-phyric basaltic-andesites (2C) (Fig. 3.2c) and andesites (2C)

occur as sub-vertical dykes, concentrated in the Monte Re di Castello and Monoccola area to the NE

of the Southern part of the Adamello Batholith (Fig. 1) These dykes are generally thicker (0.5m-3m)

than their basaltic counterparts. There is a distinct chilled margin of less than 1cm width. Abundant

porphyritic amphibole and plagioclase have no gradient in crystal size distribution across dyke width which

if often thought to be caused by di�erences in �ow regime across a dyke channel. Overall, these dykes are

non-composite, single intrusions that belong to the larger dyke swarm striking NE-SW, which is comprised

as well by basaltic dykes of generation (2A, 2B).

Brownish, homogeneous, coarse-grained prismatic pargasitic amphibole phenocrysts (Fig. 3.3e) are

abundant and locally reach up to 25-30 modal#%. Euhedral amphibole phenocrysts commonly show

irregular voids that are �lled with quartz, plagioclase and alkali-feldspar. These voids most likely represent

former melt inclusions. Coarse- to medium-grained plagioclase phenocrysts are rather homogeneous and

occasionally show sieve textures in the cores and distinct small concentric overgrowth rims. Pseudomorphs

comprised entirely of epidote minerals (Fig. 3.3e) are interpreted on the basis of their euhedral crystal-

shapes as former clinopyroxene phenocrysts. The �ne grained matrix is build up by microlites of brown

amphibole and interstitial plagioclase. Magnetite is present mainly within the matrix as subhedral to

euhedral opaque phase, often displaying prismatic shapes in cross section.

Dacites

Like basaltic-andesites and andesites, plagioclase- and amphibole-phyric dacitic dykes (3) (Fig. 3.2d)

are constrained to the area of Monte Re di Castello and Monoccola. In relative chronology, these dykes

crosscut earlier basaltic and basaltic-andesitic to andesitic dykes. Therefore, the last stage in temporal

evolution coincides with the most evolved magma composition, ranging from basaltic to dacitic. These

dykes are rather crystal-rich, with a dense light-green to greyish matrix and are part of the overall larger

dyke swarm trending NE-SW comprising dyke generations (2A, 2B, 2C).

Coarse-grained, euhedral plagioclase is microscopically continuously zoned (Fig. 3.3f). Sieve textures

in plagioclase are con�ned to the core zone of individual grains. Medium- to coarse-grained, slightly elon-

gated, brown amphibole (Fig. 3.3f) is commonly partially replaced by chlorite and titanite inclusions that

indicate the former presence of ilmenite (exsolutions) within these amphiboles. Euhedral to subhedral

magnetite and ilmenite pairs dispersed throughout the matrix are coarser grained than the overall matrix.

Some primary ilmenite is preserved otherwise it is replaced by titanite. The matrix consists of microlites

of amphibole, which is almost entirely replaced by chlorite. Other matrix phases are lathshaped plagio-
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clase and interstitial quartz. Fine-grained subhedral to anhedral magnetites are dispersed throughout

the matrix. Abundance of secondary phases such as epidote and chlorite points towards auto-alteration

processes, caused by late-stage �uids during cooling of these dykes.

3.5 Analytical Techniques

Whole Rock Chemistry

After initial size reduction by a hydraulic press, all samples were �rst ground to a �ne powder in an

agate mill. Thereafter, an aliquot was heated to 1050°C in a furnace to determine the loss of ignition by

mass di�erence. The �red product was then mixed with the appropriate amount of Li2B4O7 (1.2121 : 6)

and fused for �ve minutes in a Pt-crucible and subsequently poured in a Pt-casting dye and quenched

to a glass. Major element compositions of whole rock samples were determined on glass beads by X-ray

�uorescene (XRF) on a PANalytical Philips PW2400 spectrometer at the University of Lausanne. BHVO-

1, NIM-N, NIM-G and SY-2 standards were used for quality control. Uncertainties for XRF analyses are

in the range of 0.5 wt.% (2 sigma) for major components such as SiO2 and 0.006% for a minor component

such as NiO. The trace-element concentrations of bulk rocks were measured on the same XRF glass

beads with a Geolas 200M 193nm ArF excimer laser ablation system, interfaced with an Elan 6100 DRC

quadrupole spectrometer (LA-ICP-MS) at the University of Lausanne. The performance of the LA-ICP-

MS was optimized with the NIST SRM 612 glass in order to improve the sensitivity (Mg > 10000 cps and

La > 40000 cps). During this optimization doubly charged ions (Ba++/Ba+ < 2%) and oxide production

rates (ThO+/Th+) were minimized. Three repeat measurements were performed on the glass beads with

a laser pit size of 120µm, using a laser frequency of 10Hz and energy of 160mJ, which is equivalent to 12

J/cm2. Helium was used as a cell gas carrier. Background and ablation interval acquisition times were 70

and 30-35 seconds respectively. Dwell times for di�erent isotopes range from 10 to 20ms employing a peak

hoping mode. Absolute trace-element concentrations were determined using CaO wt% (determined by

XRF) as an internal standard and NIST 612 or NIST 610 as an external standard. The average elemental

abundances are taken from Pearce et al. [1997] and data was reduced with LAMTRACE [Jackson, 2008,

Longerich et al., 1996] software.

Mineral Chemistry

Major element compositions of minerals were measured by wavelength-dispersive analysis, using a

JEOL JXA-8200 electron microprobe equipped with �ve spectrometers at the University of Lausanne.

Samples were polished and carbon coated thin-sections; standards employed are natural minerals and

synthetic glasses. Measurements were corrected with the PRZF [Armstrong, 1995] method. The beam

current was set to 15nA with an acceleration voltage of 15keV and beam size was varied between 1µm

and 4µm. Major elements on the respective mineral phase were measured for 20s on peak and 10s on

background on both sides of the peak. Most minor- and trace-elements were measured for 30s on peak and

15s on background each side of the peak. Trace-elements such as Mg and Sr in plagioclase were measured

for 60s on peak and 50s on the background. Trace-element analysis was performed on the same polished

thin-sections using an ELEMENT XR sector �eld ICP-MS coupled with an UP193-FX ArF 193nm excimer
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laser ablation system at the University of Lausanne. The LA-ICP-MS system was optimized using NIST

SRM 612 glass standard to maximize the sensibility (La139+ > 3.5*106 cps and Th232+ > 4.5*106cps).

At the same time, doubly charged ions (Ba++/Ba++ < 2%) and oxide production (ThO+/Th+ < 0.0

5%) was minimized. Helium was used as cell gas (1.00 [l/min]) and Ar was used as sample gas (ranging

from 0.690-0.735 [l/min]).The pit size during laser ablation was chosen according to grain size and mineral

texture and varied between 25µm and 100µm. Repetition rate was varied between 5Hz and 15Hz and

the laser energy was varied to achieve 5.2-5.8 J/cm2 depending on analysed mineral phase. Acquisition

times for background and ablation interval were 120s and 60s respectively for each laser spot. According

to expected concentrations, dwell times for measured masses were varied between 10 and 20ms. Absolute

trace-element concentrations were likewise determined for glass beads using CaO wt% or alternatively

Al2O3 (determined by EMPA) as an internal standard and NIST 612 as an external standard. The data

were reduced with LAMTRACE [Jackson, 2008, Longerich et al., 1996] and average elemental abundances

for the NIST 612 standard were taken from Pearce et al. [1997].

Radiogenic Isotopes

A representative selection of eight samples for the di�erent dyke rock types were analysed for whole

rock Sr, Nd and Pb isotopic compositions at the Department of Mineralogy, University of Geneva. Ap-

proximately 160mg of powdered rock was dissolved in closed Te�on vessels for seven days on a hot plate at

140°C, within a mixture of 4ml of concentrated HF and 1ml HNO3 15M, following the procedure described

by Chiaradia [2009] and Chiaradia et al. [2011]. Samples were subsequently dried on a hot plate and then

redissolved with 3ml of 14 M HNO3 in Te�on vials at 140°C and desiccated again.

The Sr, Nd and Pb separation was performed using stacked columns with Sr-spec, TRU-spec and

Ln-spec resins. The applied method is modi�ed after Pin et al. [1994]. Puri�cation for Pb was further

achieved through AG-MP1-M anion exchange resin in a hydrobromic medium. Sr, Nd and Pb isotope

ratios were analysed using a Thermo TRITON mass spectrometer, using Faraday cups in static mode. Pb

was loaded onto Re �laments using the silica gel technique and all samples (and standards) were measured

at a pyrometer-controlled temperature of 1220°C. Using the standard values of Todt et al. [1996], Pb

isotope ratios were corrected for instrumental fractionation by a factor of 0.07% per a.m.u. based on more

than 90 measurements of the SRM981 standard. External reproducibility of the standard ratios are 0.05

% for 206Pb/204Pb, 0.08 % for 207Pb/204Pb and 0.10% for 208Pb/204Pb.

Sr was loaded onto single Re �laments with a Ta oxide solution and measured at a pyrometer-controlled

temperature of 1480°C in static mode, using the virtual ampli�er design to cancel out biases in gain cali-

bration among ampli�ers. 87Sr/86Sr values were internally corrected for fractionation using an 88Sr/86Sr

value of 8.375209. Raw values were further corrected for external fractionation by a value of + 0.03�,

determined by repeated measurements of the SRM987 standard (87Sr/86Sr = 0.710248). External repro-

ducibility of the 87Sr/86Sr ratio for the SRM987 standard is 7µg g−1 (1σ). Nd was loaded onto double Re

�laments with 1 M HNO3 and measured in static mode with the virtual ampli�er design. 143Nd/144Nd

values were internally corrected for fractionation using a 146Nd/144Nd value of 0·7219 and the144Sm inter-

ference on 144Nd was monitored on mass 147Sm and corrected by using a 144Sm/147Sm value of 0·206700.

External reproducibility of the JNdi-1 standard [Tanaka et al., 2000] is <5µg g−1 (1σ). 87Sr/86Sr and
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143Nd/144Nd whole-rock compositions were corrected for time-integrated decay of 87Rb and 147Sm using

Rb, Sr, Sm and Nd concentrations determined by LA-ICP-MS on bulk-rock glass beads and an age of

41.7 Ma [Hürlimann et al., in prep.b], 39.8 Ma [Hansmann, 1986, Hansmann and Oberli, 1991] and 38.6

Ma [Hürlimann et al., in prep.b] for picro-basalt (1B) and olivine-tholeiite (1A) dykes, basaltic-andesite

and andesite (2C) dykes, dacite (3) dyke, respectively. The resulting time-integrated corrections are small

(less to much less than 500ppm for 87Sr/86Sr and less to much less than 100ppm for 143Nd/144Nd).

Composition picro-

basalt

Mg-

tholeiite

Ol-

tholeiite

basalt basaltic-

andesite

andesite dacite

Sample NHS136 NHS158 NHS065 NHS051 NHS106 NHS116 NHS083

Generation 1B 1B 1B 2A 2C 2C 3

SiO2 45.83 47.43 47.68 48.96 53.53 58.48 65.7

TiO2 0.71 0.71 0.77 0.84 0.75 0.57 0.35

Al2O3 13.13 13.67 15.47 16.25 18.29 17.97 17.1

Fe2O3 9.8 7.81 9.38 8.7 7.99 7.55 3.8

MnO 0.17 0.14 0.23 0.17 0.16 0.14 0.15

MgO 15.38 13.11 10.68 8.43 4.31 2.81 1.45

CaO 10.01 10.64 10.62 10.56 8.71 7.23 5.03

Na2O 1.1 1.86 1.56 1.76 2.68 2.93 3.51

K2O 0.42 0.74 1.21 0.78 0.75 0.92 0.88

P2O5 0.09 0.16 0.13 0.16 0.14 0.12 0.18

LOI 2.57 2.76 1.28 2.92 2.06 0.94 1.24

Cr2O3 0.16 0.11 0.1 0.07 0.01 b.l.d b.l.d

NiO 0.04 0.03 0.02 0.01 b.l.d b.l.d b.l.d

Total 99.4 99.16 99.13 99.6 99.38 99.66 99.38

Table 3.2: Representative analyses of di�erent post-plutonic dyke rock suites of the Southern Adamello
(Re di Castello superunit). Major elements and Cr2O3 and NiO were determined by XRF analysis (all in
[wt%]).
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Composition picro-

basalt

Mg-

tholeiite

Ol-

tholeiite

basalt basaltic-

andesite

andesite dacite

Sample NHS136 NHS158 NHS065 NHS051 NHS106 NHS116 NHS083

Generation 1B 1B 1B 2A 2C 2C 3

Be 0.693 ≤ 1.164 ≤ 3.115 1.583 1.316 1.03 1.732

Sc 52.8 46.2 44.1 33.1 36.8 23.8 6.0

V 291 259 271 242 301 236 66

Cr 1180 832 621 549 95 64 64

Co 55.0 30.0 35.3 31.3 21.1 19.2 6.1

Ni 336.2 249.7 137.7 90.5 20.1 18.0 13.4

Cu 31.1 6.3 19.1 92.2 49.4 50.8 11.3

Zn 150.6 142.1 167.5 145.5 195.5 169.8 218.8

Ga 12.3 13.4 15.2 15.7 16.9 16.4 17.1

Ge 2.1 2.3 3.0 1.7 2.5 2.3 2.0

As 2.1 2.7 1.3 2.2 ≤ 1.8 2.0 ≤ 2.0

Rb 9.6 24.3 47.1 24.9 15.0 23.1 22.2

Sr 186 620 282 368 596 508 476

Y 13.1 14.3 15.4 15.3 18.9 13.5 12.3

Zr 33 47 51 73 76 57 92

Nb 2.3 4.7 3.9 5.5 3.9 3.7 6.1

Mo 2.5 2.3 1.5 2.2 1.9 3.2 2.3

Cs 1.16 0.75 3.89 0.29 0.27 0.50 0.44

Ba 62 120 106 168 204 256 346

La 6.5 18.0 10.4 15.4 16.0 14.9 24.6

Ce 13.6 31.0 20.1 31.4 31.1 28.4 43.1

Pr 1.73 3.31 2.35 3.65 3.59 2.95 4.54

Nd 8.0 12.6 10.7 15.0 14.7 12.2 16.1

Sm 2.12 2.69 2.59 3.16 3.10 2.43 2.63

Eu 0.66 0.84 0.97 0.95 0.99 0.70 0.85

Gd 1.97 2.50 2.39 2.88 3.09 2.13 2.36

Tb 0.363 0.382 0.483 0.406 0.479 0.320 0.272

Dy 2.60 2.41 2.63 2.83 3.18 2.47 2.28

Ho 0.506 0.548 0.614 0.566 0.687 0.517 0.396

Er 1.46 1.49 1.65 1.65 1.92 1.44 1.09

Tm 0.196 0.213 0.262 0.241 0.292 0.217 0.166

Yb 1.46 1.61 1.72 1.59 2.02 1.55 1.44

Lu 0.215 0.238 0.297 0.238 0.330 0.249 0.230

Hf 1.01 1.38 1.54 1.99 1.86 1.60 2.30

Ta 0.18 0.29 0.32 0.34 0.21 0.25 0.43

Pb 0.64 1.53 1.12 3.61 4.86 7.98 11.19

Th 1.74 4.70 2.43 3.11 4.59 4.85 7.96

U 0.35 1.52 0.76 0.76 1.01 1.04 1.78

Table 3.3: Representative analyses of di�erent post-plutonic dyke rock suites of the Southern Adamello
(Re di Castello superunit). Trace elements were analyzed by LA-ICP-MS analysis (all in [ppm]).
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3.6 Geochemistry of Dyke Rocks Southern Adamello

A total of 143 analyzed dykes (Tab. 3.2) of the southern part of the Adamello Batholith range from

primitive picro-basalts to dacites and all plot within the sub-alkaline �eld (Fig. 3.4). Bulk rock com-

positions range from the arc-tholeiitic to calc-alkaline series (Fig. 3.5a), with no apparent compositional

gap within the di�erentiation suite. Early picro-basalts and olivine-tholeiites together with later basalts,

basaltic-andesites and andesites are all metaluminous (Fig. 3.5b), with a continuous transition to pera-

luminous compositions for dacitic dykes. Changes in the mineral assemblages, together with the textures

of these rocks de�ne rather distinct groups re�ected through their bulk rock compositions (Fig. 3.5a-d).

Bulk rock analyses of dykes are taken here as an approximation for liquid composition throughout the

di�erent di�erentiation stages.

Bulk Rock Major- and Trace-Elements
Alk

alin
e

Su
ba

lka
line

/Th
ole

iitic

Figure 3.4: A portion of the total alkali (Na2O+K2O) vs. silica (SiO2) diagram TAS [Le Bas et al., 1986]
illustrating the compositions of the dyke rocks of the Southern Adamello Batholith. These dykes span the
compositional range from picro-basalts to dacites on an anhydrous basis. Dyke generations: picrobasalts,
Mg-tholeiites, olivine-tholeiites (1B), Mg-tholeiites, olivine-tholeiites (1A), basalts (2A), basaltic-andesites,
andesites (2C), dacites (3).

Scattered over a regional extent of about 216km², major elements such as TiO2 (Fig. 3.5c) reveal

some distinct variation throughout the di�erentiation range from 5 to 17 MgO wt%. This is expressed by

higher TiO2 concentrations for a given MgO-content for picro-basalts, Mg-tholeiites (intermediate between

picro-basalts and olivine-tholeiites), olivine-tholeiites and basalts (dyke generations 1B, 2A) and a lower

TiO2 series for Mg-tholeiites and olivine-tholeiites (1A). The decrease of TiO2 at MgO-contents lower than

5 wt% goes along with the appearance of Ti-magnetite and illmenite in more evolved basaltic-andesites,

andesites and dacites in the course of magma di�erentiation. Within the same compositional range (MgO

5-17 wt%), a continuous enrichment of Al2O3 is observed for picro-basalts, Mg-and olivine-tholeiites and
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basalts, where the dominant phenocryst mineralogy ranges from olivine to pyroxene with a transition to

the beginning of crystallization of amphibole and concomitant plagioclase. Al2O3 is decreasing in low-MgO

basaltic-andesites, andesites and dacites, which are strongly amphibole-plagioclase-phyric rocks.

Southern 
Adamello
Granitoids-tonalites-
diorites-gabbros

Southern 
Adamello
Granitoids-tonalites-
diorites-gabbros

Southern 
Adamello
Granitoids-tonalites-
diorites-gabbros

Southern 
Adamello
Granitoids-tonalites-
diorites-gabbros

(1A) Ol-tholeiites
(1A) Picrobasalts/Ol-tholeiites
(2A) Basalts
(2C) Basaltic-Andesites/Andesites
(2A) Dacites

A
S

I

a b

c d

Figure 3.5: Late stage dyke rocks reveal arc-tholeiitic and calc-alkaline trends in (a) FeO*/MgO vs. SiO2

diagram of Miyashiro [1974]. Throughout the di�erentiation suite, bulk rock compositions change to the
calc-alkaline �eld for dacitic dykes. (b) Bulk compositions are metaluminous for picro-basalts to andesites
with a continuous transition to peraluminous for dacites in the ASI [Al/(2Ca + Na + K)] vs. SiO2 diagram.
(c) TiO2 vs. MgO variation diagram clearly identi�es two distinct trends for higher MgO concentrations,
i.e. for ultrama�c to ma�c compositions. (d) In the range primitive picro-basalts to basaltic compositions,
an enrichment of Al2O3 is observed with decreasing MgO until Al2O3 starts to decrease for basaltic-
andesites, andesites and dacites. The grey �eld in diagrams represents the composition of Southern
Adamello granitoids-tonalites-diorites-gabbros [Ulmer, 1982, 1986, Blundy and Sparks, 1992].

Trace element variations of bulk rock compositions are summarized in Figures 3.6a-g. For the large

ion lithophile elements (LILE) such as Sr, Rb and Ba (Fig. 3.6a-c) and the light rare earth elements

(LREE) such as Ce (Fig. 3.6e), a uniform variation for the Mg- and olivine-tholeiites of dyke generation

1A, basaltic-andesites and andesites (2C), together with the most evolved dacites (3), is evident: Sr
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systematically increases with decreasing MgO content from about 350 to over 600ppm, followed by a

sharp bend and decreasing Sr content at the onset of plagioclase appearance; Ba and Ce concentrations

show a systematic increase with decreasing MgO that appears to accelerate for basaltic-andesites, andesites

(2C) and dacites (3); Rb behaves likewise but shows larger scatter. In contrast, partially very primitive

subhorizontal dykes of generation 1B from the Lago della Vacca area show a large scatter in Sr, Ba, Rb

and Ce at a given MgO, Zr varies by a factor of 4.8 over the entire compositional range with some larger

variation in the case of basaltic-andesites to dacites. Ni and Cr are positively correlated with MgO (Fig.

3.6f, g), decreasing from highest values of 1360 ppm for Cr for picro-basalts (1B) down to values of ~35

ppm for dacites (3) and andesites (2C). Ni decreases likewise from 340ppm to ~ 15ppm over the same

compositional range of MgO.
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The slope of the chondrite-normalized rare earth elements (REE) patterns for olivine-tholeiite dykes

of generation (1A) (Fig. 3.8a) is less inclined towards the light REE in comparison with all other dyke

generations. Picro-basalts and olivine-tholeiites of generation (1B) (Fig. 3.8b) reveal two subgroups: one

with a similar REE pattern to (1A) and a larger group that approaches the LREE patterns of dacites (3)

(Fig. 3.2d). Basaltic-andesites and andesites of generation (2C) (Fig. 3.8c) exhibit distinctly higher light

REE than (1A) olivine-tholeiites. REE patterns of basalts (Fig. 3.8c) are in the range of basaltic-andesites

and andesites. Dacites (3) (Fig. 3.8d) show very steep slopes from LREE to middle REE (MREE) for

two samples and one sample has overall higher REE. The averge La/Yb ratios increase from 3.5 for

picro-basalts (1A) to over 10 for dacites (3).

Ol-tholeiites (1A) Picrobasalts-Ol-tholeiites (1B)

Basaltic-andesites / andesites 2C Basalts (2A)

Dacites (3)

a b

c d

Figure 3.8: CI Chondrite-normalized Rare Earth element (REE) patterns [McDonough and Sun, 1995]
of di�erent dyke generations : (a) Olivine.tholeiites (1A) ; (b) picro-basalts and olivine-tholeiites (1B);
(d) basalts (2A); (c) basaltic-andesites and andesites (2C); (d) dacites (3). REE patterns (a) of olivine-
tholeiites (1A) in general reveal �atter slopes than (b) picro-basalts and olivine-tholeiites (1B), which
exhibit a much larger spread for light REE. (c) Basaltic-andesites and andesites (2C) build a homogeneous
group. (d) Basalt (2A) REE patterns resemble the pattern of basaltic-andesites and andesites (2C). Dacites
(3) show the steepest REE patterns, with depletion of middle to heavy REE for two samples.

Larger variations occur for incompatible elements such as Cs and Rb between di�erent dyke generations

as well as within single groups (Fig. 3.9). General characteristics include distinct negative Nb and Ta
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anomalies typical for arc-basalts [Tatsumi, 2005, Pearce and Stern, 2006, Arevalo and McDonough, 2010].

La/Nb ratios increase from 3 for picro-basalts and olivine-tholeiites (1A, 1B) to >4 for basaltic-andesites,

andesites and dacites. The Ba/Th ratio ranges from 68 for olivine-tholeiites (1A) to 43 for dacites (3). The

Th/La ratio used as well to trace the sediment input in subduction zone magmas [Plank, 2005] results in

0.18 for olivine-tholeiites (1A), 0.24 for picro-basalts and olivine-tholeiites (1B) and 0.20 for basalts (2A). In

particular, basaltic-andesites and andesites (2C) and dacites (3) show a positive Pb anomaly. A negative

Ti-anomaly is faintly expressed for basaltic-andesites and andesites (2C) and thoroughly developed for

dacites.

a b

c d

Picrobasalts-Ol-tholeiites (1B)Ol-tholeiites (1A)

Basalts (2A)

Dacites (3)
Basaltic-andesites / andesites 2C

Figure 3.9: Primitive mantle normalized trace element patterns [McDonough and Sun, 1995] for di�erent
dyke generations and groups: (a) Olivine-tholeiites (1A) ; (b) picro-basalts and olivine-tholeiites (1B); (d)
basalts (2A); (c) basaltic-andesites and andesites (2C); (d) dacites (3). All di�erent generations exhibit a
negative Nb and Ta anomaly. Basaltic andesites and andesites (2C) and dacites (3) feature a positive Pb
anomaly. (c) Basaltic-andesites and andesites (2C) show a moderate negative Ti-anomaly. (d) For dacites
(3) this negative Ti-anomaly is much more pronounced.
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Composition Sample Generation 87Sr/86Sr 143Nd/144Nd εNd 206Pb/204Pb 207Pb/206Pb 208Pb/204Pb

picro-basalt NHS136BR1 1B 0.703961 0.512718 1.6 18.336 15.649 38.437

Ol-tholeiite NHS002BR1 1B 0.704674 0.512636 0.0 n.d. n.d. n.d.

Ol-tholeiite NHS003BR2 1B 0.704467 0.512641 0.1 18.066 15.615 37.901

Ol-tholeiite NHS066BR2 1A 0.703971 0.512575 -1.2 18.501 15.639 38.649

basalt NHS079BR1 2A 0.705114 0.512513 -2.4 18.538 15.657 38.779

basaltic-andesite NHS106BR1 2C 0.703355 0.512816 3.5 18.485 15.637 38.583

andesite NHS116BR1 2C 0.703237 0.512820 3.5 18.416 15.629 38.478

dacite NHS083BR1 3 0.703803 0.512801 3.2 18.287 15.614 38.341

Table 3.4: Bulk rock radiogenic isotope data for Sr, Nd and Pb.87Sr/86Sri, 143Nd/144Ndi, 206Pb/204Pbi,
207Pb/204Pbi and 208Pb/204Pbi are initial values recalculated to the following ages: picro-basalts and
olivine-tholeiites (1B), olivine-tholeiite (1A) to 41.7 Ma; basalt (2A), basaltic-andesite and andesite (2C)
and dacite (3) to 39.8 Ma; according to titanite ages (41.7 Ma) and zircon ages (38.7 Ma) determined by
[Hürlimann et al., in prep.b]. εNd was calculated according to a present-day CHUR value of 143Nd/144Nd
of 0.512638 [Jacobsen and Wasserburg, 1980].

Bulk Rock Isotopic Composition

The Sr, Nd and Pb isotopic compositions (Fig. 3.10) of the post-plutonic dyke rocks from the Southern

Adamello region result in a negative correlation for 87Sr/86Sri and 143Nd/144Ndi, together with a slightly

positive correlation between 207Pb/204Pbi and 206Pb/204Pbi that varies from 18.06-18.54 in 206Pb/204Pbi
and from 15.61-15.65 in 207Pb/204Pbi. Compared to a series of plutonic rocks from the Re di Castello

superunit, whole rock 87Sr/86Sri and 143Nd/144Ndi (Fig. 3.10a) of post-plutonic dyke rocks lie mostly in the

range of the more primitive Val Fredda group [Kagami et al., 1991] which consists of coarse-grained olivine-

pyroxene-hornblendites, porphyritic hornblende-gabbros and medium-grained hornblende-bearing biotite

leucotonalite. Coarse-grained olivine-clinopyroxenites, clinopyroxene-magnetite-hornblende-leucogabbros,

and medium-grained biotite-bearing hornblende quartz diorites of the Blumone group occupy a similar

but more restricted range for whole-rock 87Sr/86Sri and 143Nd/144Ndi. The basaltic-andesite and andesite

(2C), together with the dacite sample (3), have very similar 87Sr/86Sri and 143Nd/144Ndi isotopic signature

as the hornblendites from Monte Mattoni (Val Fredda group; Tiepolo et al., 2011, Ulmer et al., 1983,

Blundy and Sparks, 1992). Di�erent groups of rocks, encompassing picro-basalts together with Mg- and

olivine-tholeiites (1B) and basaltic-andesites together with andesites (2C) and dacites (3) appear to form

two distinct groups in terms of 87Sr/86Sri and 143Nd/144Ndi variations (Fig. 3.10b): The most evolved

rocks, basaltic-andesites, andesites (2C) and dacites (3) reveal the most primitive isotopic signatures of the

entire dyke rock suite. Chemically primitive picro-basalts and olivine-tholeiites show increased 87Sr/86Sri
that coincide with the range determined for Blumone and Val Fredda plutonic rocks. The dyke bulk rock

data shows a variation for both 207Pb/204Pbi vs. 206Pb/204Pbi values (Fig. 3.10c) and 208Pb/204Pbi vs.
206Pb/204Pbi values (Fig. 3.10d), that plot within the data range obtained from sul�des [Cumming et al.,

1987] of the lower crustal, Permian, Ma�c Igneous Complex of the Ivrea-Verbano Zone. One sample of

the picro-basalts to olivine-tholeiites (1B) in �gure 3.10d is closet to the depleted MORB mantle (DMM)

reservoir value of Rehkämper and Hofmann [1997].
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Figure 3.10: (a) Whole rock radiogenic 87Sr/86Sr and 143Nd/144Nd isotopes from Val Fredda, Blumone and
Re di Castello intrusives [Kagami et al., 1991] are compared with data from dykes rocks of this study. (b)
Comparison with di�erent parts of the upper mantle and lower crustal section exposed in the Ivrea Zone
[Voshage et al., 1987, 1990] further west along the Periadriatic lineament indicates the relatively primitive
character of the Southern Adamello dyke rocks in terms of 87Sr/86Sr and 143Nd/144Nd isotopes. (c) and (d)
Pb whole rock radiogenic isotopes (207Pb/204Pb, 206Pb/204Pb, 208Pb/204Pb) for dyke rocks are compared
with a compilation of data from the Ivrea upper mantle and lower crustal sequence. Data is taken from
Boriani et al. [1995] and Cumming et al. [1987], comprising whole rock data from metasediments, sul�des
of the Ma�c Complex, igneous rocks of the Ivrea and Ceneri zone and amphibolites of the Ivrea and
Strona-Ceneri zone. DMM represents the depleted MORB mantle [Rehkämper and Hofmann, 1997]. Pb
radiogenic isotope evolution curves for the mantle and the upper crust are from Zartman and Doe [1981].

3.7 Mineral Chemistry and Textures

Porphyritic textures of basalts, basaltic-andesites, andesites and dacites are a common feature. Ma-

jor phenocryst phases include olivine, clinopyroxene, amphibole and plagioclase. The latter only occurs

as a phenocryst phase in the more di�erentiated andesites and dacites. Basaltic-andesites, andesites

and dacites can be highly crystalline, with up to 40% phenocrysts (Tab. 3.1). Phenocrysts have a size

>300µm, whereas microphenocrysts are in the size range of 100-300µm. Plagioclase micro-phenocrysts

commonly exhibit a more anorthite-rich composition than microlites and correspond to the composition
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of overgrowths rims of larger phenocrysts. Microlites are generally <100µm and can be oriented forming

pilotaxitic and �uidal textures. The picro-basalts and Mg- or olivine-tholeiites contain about 12-13 modal

% (Tab. 3.1) of olivine phenocrysts. The other phenocryst phase is clinopyroxene with a modal percentage

of 5-12% and Cr-rich spinel inclusions within phenocrysts that have a modal abundance of around 1%.

More evolved basalts have similar phenocryst assemblage like olivine-tholeiites with 15% olivine and 15%

clinopyroxene together with 1% spinel. Plagioclase in basalts and olivine-tholeiites is only present as a

micro-phenocryst phase. Intermediate basaltic andesite and andesites are characterized by the appearance

of amphibole (20-22%) and plagioclase (14-15%) as phenocrysts and about 2% of magnetite as the opaque

phase forming micro-phenocrysts. Most evolved dacites are characterized by increased modal concentra-

tions of plagioclase phenocrysts, with a modal abundance of 30%, lower amphibole contents of 7% and

the occurrence of both Fe-Ti-oxides, magnetite and ilmenite, with an abundance of about 3%.

Phase Sample Generation SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O NiO Total

Ol Ol001-1 1A 40.57 0.01 0.02 0.05 9.43 0.18 50.25 0.19 0.01 0.01 0.22 100.94

Ol Ol167-1 1B 40.88 0.00 0.01 0.02 8.93 0.13 50.11 0.16 0.00 0.00 0.27 100.51

Ol Ol144-9 2A 40.16 0.00 0.03 0.04 9.75 0.17 49.32 0.15 0.00 0.00 0.37 99.99

Cpx Px053-31 2A 53.01 0.24 1.98 0.57 4.45 0.20 16.94 21.98 0.12 0.00 0.00 99.50

Spl Spl001-1 1A 0.04 0.01 0.02 48.51 29.57 1.63 6.51 0.03 n.a. n.a. 0.07 100.27

Spl Spl167-9 1B 0.12 0.35 13.09 48.67 25.35 0.79 10.47 0.00 n.a. n.a. 0.09 99.18

Spl Spl144-5 2A 0.13 0.31 20.82 42.76 21.41 0.56 13.17 0.04 n.a. n.a. 0.18 99.70

Hbl Am106-2 2C 40.59 1.63 15.07 0.02 9.85 0.10 14.65 12.35 2.49 0.50 n.a. 97.26

Hbl Am086-4 3 43.84 1.62 11.32 0.00 13.41 0.40 13.32 11.37 1.73 0.23 n.a. 97.25

Pl Pl106-1 2C 45.33 0.00 34.50 n.a. 0.46 0.01 0.00 18.66 0.79 0.00 n.a. 99.93

Pl Pl086-6 3 45.71 0.00 33.85 n.a. 0.44 0.00 0.00 18.23 1.05 0.00 n.a. 99.34

Mag Mag083-12 3 0.05 3.57 0.09 0.02 85.95 0.81 2.50 0.04 n.a. n.a. 0.00 93.57

Table 3.5: Major and minor element compositions (EMPA) (all in [wt%]) of mineral phases that were used
to constrain fractional crystallization. These are representative compositions of each phase. Phenocrysts
phases are the following Ol, olivine; Cpx, high-Ca clinopyroxene; Am, amphibole; Pl, plagioclase; Spl,
spinel; Mag, magnetite. (n.a.: not analyzed)

Olivine

Olivine is present throughout the more primitive post-plutonic dyke rocks of the Southern Adamello and

shows rather primitive compositions covering a very small range of Fo87-Fo91. Fresh olivine is rare. This

phase is most typically identi�ed by its idiomorphic shape and the near ubiquitous presence of brownish Cr-

rich spinel inclusions. Typically only the core of olivine phenocrysts is preserved and analysed; potentially

present core-rim zoning features, were therefore not accessible. Magnetite reaction rims are commonly

associated with the transformation of pristine olivine to its pseudomorphs. These pseudomorphs exhibit

di�erent phase assemblages such as chlorite + epidote + calcite, chlorite + brucite + hematite, chlorite

+ tremolite + hematite, epidote + hematite + chlorite or talc + magnetite. Pseudomorphs with a

preserved core (Fig. 3.11a) commonly reveal a �schlieren-like� distribution of secondary magnetite that is

concentrated in distinct alteration zones.
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a b

c d

Mag

Ilm

Figure 3.11: Backscattered electron (BSE) images of: (a) Olivine phenocryst in an olivine-tholeiite (1A)
with Cr-rich spinel inclusions that has a preserved core whereas borders are pseuomorphs, consisting of
talc, tremolite, hematite and magnetite; (b) Clinopyroxene microphenocryst within basalt (2A) that shows
sector zoning throughout the grain; (c) spinel within olivine pseudomorph from a picrobasalt (1B) that
exhibits a darker grey Cr-rich core and a brighter rim, representing magnetite that formed through di�usive
exchange during cooling of the magma; (d) dacites (3) commonly contain distinct magnetite-ilmenite pairs,
with ilmenite exhibiting some replacement to titanite.

Clinopyroxene

In primitive picrobasalts, Mg-tholeiites and olivine-tholeiites, clinopyroxene is widely replaced by green-

ish pseudomorphs composed of actinolitic hornblende, whereas in more evolved basalts clinopyroxene is

commonly pristine. Some of the larger phenocryst cores show sieve textures and some clinopyroxene mi-

crophenocrysts display well-developed sector zoning, as indicated by the variations of AlIV and Cr as a

function of Mg# in Figure 3.12a, b. Sector zoning is well preserved (Fig. 3.11b). Characteristic X-ray

mapping and detailed electron microprobe analysis of experimentally grown enstatite showed that {010}

sectors have the highest concentrations of Al, Cr and Ti [Schwandt and McKay, 2006]. The model of

Schwandt and McKay [2006] interprets sector zoning of Al, Cr and Ti as a result of rapid crystal growth

in their experiments. Rapid growth along the crystal's c-axis results in Si-depleted melt along the more

slowly growing prism faces. This melt, in turn, is enriched in Al and other impurity elements that can

act as charge compensating cations for Al incorporated in tetrahedral sites. The {100} sectors show less
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Tschermak-type substitution enrichment relative to {010} sectors because tetrahedral and octahedral sites

lie parallel to {100}. As a consequence, only tetrahedral or octahedral sites are alternately exposed for new

growth at any instance. Within the {010} sectors, tetrahedral and octahedral sites are exposed simultane-

ously, which allows the substitution of tetrahedral and octahedral cations as charge-compensating couples,

including elements such as Ti and Cr [Hollister and Hargarves, 1970, Hollister et al., 1971]. Observed

clinopyroxene textures and zoning imply rather rapid phenocryst growth of crystals, potentially related to

super-cooling of the magma. Overall, clinopyroxenes major element compositions vary from 0.48 to 0.35

for Mg2Si2O6 (enstatite component) and from 0.43 to 0.32 for Ca2Si2O6 (wollastonite component). The

sum of all the pyroxene tschermaks components (CaAl2SiO6; CaFe3+AlSiO6; CaCrAlSiO6; CaTiAl2O6)

ranges from a maximum of 0.221 to a minimum of 0.044.

a b

Figure 3.12: (a) and (b) Tetrahedral Al and Cr cations in clinopyroxene show two distinct variations
against Mg#(tot) (Mg/Mg+Fe2+ +Fe3+ cations (apfu)). This co-variation of Cr and Al results from
coupled substitution of V ICr3++ IVAl3+= V IMg2+ + IV Si4+. The o�set of trends is related to sector
zoning in clinopyroxene, as illustrated in Fig. 3.11b.

The chondrite normalized [McDonough and Sun, 1995] rare earth element (REE) patterns (Fig. 3.13c)

are homogeneous for clinopyroxenes occurring within basalts (2A). These REE patterns show a systematic

(negative) Eu anomaly, indicating concomitant crystallization of plagioclase. This Eu anomaly however is

not expressed in whole rock geochemistry of the basalts (2A). The lack of the Eu anomaly thus indicates

that plagioclase crystallizes mainly during ascent of the basaltic magmas together with clinopyroxene.

Light REE patterns are characteristically inclined with highest concentrations for Nd and Sm. Most

variable trace-elements are Th, U, Nb, Ta and Pb (Fig. 3.13a) that are, with the exception of Pb, probably

most a�ected by variable Tschermak´s components related to sector zoning and/or rapid crystallization.

Amphibole

Amphibole chemical formulae based on microprobe major and minor element wt. % oxide data were

calculated to 13 cations per formula unit (apfu), with the cummingtonite component not taken into account

[Hawthorne and Oberti, 2007, Hawthorne, 1983]. This method assumes that theM(4)-site only contains Ca

and Na, remaining Na and K are allocated on the A-site. Euhedral and prismatic amphiboles are in general

very homogeneous for basaltic-andesites and andesites (2A) and dacites (3) respectively, as evident from
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Figure 3.13: (a) and (b) present primitive mantle-normalized [McDonough and Sun, 1995] trace-
element variation diagrams for (a) clinopyroxene from basalts (2A) and (b) amphiboles from basaltic-
andesites/andesites (2C) and dacites (3). Figures (c) and (d) are chondrite-normalized Rare Earth
element (REE) patterns for (c) clinopyroxene from basalts (2A) and (d) amphiboles from basaltic-
andesites/andesites and dacites.

the compositional variation in Figure 3.14. Amphiboles from basaltic-andesites and andesites are pargasitic

(Fig. 3.14a), whereas amphiboles from dacites stretch towards the compositional �eld of edenite [Leake

et al., 1997]. In general, amphiboles exhibit very limited compositional zoning in major and minor elements

and therefore form distinct groups for di�erent bulk-rock compositions. High temperature pargasitic

amphibole from basaltic-andesites and andesites have higher Mg#(tot) at rather constant but high AlIV

contents (Fig. 3.14b). Furthermore, these amphiboles cover some variation in Mg#(tot). Somewhat more

edenitic amphiboles from dacites in contrast show some signi�cant variation in AlIV at rather constant

Mg#(tot) (Fig. 3.14b). The variation between AlIV and Na on the A-site (Na(A)) (Fig. 3.14c) reveals the

e�ect of the combined Tschermak's and edenite substitutions that in the present case is actually about 1 :

1 edenite to Tschermak's substitution, resulting in a 0.5 slope in the diagram(NaAlV IAlIV2 O−1OMg−1Si−2)

for Na versus AlIV . Indication for high temperature formation of amphiboles within basaltic-andesites
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and andesites is further provided by higher Ti content per formula unit (Fig. 3.14d), compared to edenitic

amphiboles occurring in dacites. Amphiboles from basaltic-andesites and andesites have a K2O range

from 0.54 to 0.27 wt.%, whereas amphiboles from dacites show lower concentrations in the range of 0.28

to 0.09 wt.%.

a b

c d

Figure 3.14: Amphibole geochemistry: (a) Amphibole classi�cation for calcic amphiboles based on the
parameters: CaB >1.50; (Na+K) A>0.50 after Leake et al. [1997]. (a) to (d) Cations per formula unit
(apfu), calculated on the basis of 13 cations (Cations-Ca-Na-K=13) where M(4) only contains Ca and Na
and remaining Na and K goes on the A site. Assumes that all Na either occurs on the M(4)-site or on
the A-site [Hawthorne and Oberti, 2007]. (b) and (c) Pargasitic amphiboles from more primitive basaltic-
andesites and andesites (2C) reveal higher AlIV (apfu) and Na(A) contents related to pargasite substitution
(NaAlV IAlIV2 O−1Mg−1Si−2), which is a composite of the edenite and the Tschermak exchange vectors. (d)
Higher Ti (apfu) content of paragsitic amphiboles from basaltic-andesites and andesites indicate higher
temperature conditions during crystallization of this mineral phase.

The amphiboles from basaltic-andesites and andesites (2C) show relatively low values for chondrite-

normalized [McDonough and Sun, 1995] REE concentrations (Fig. 3.13d), with progressively lower values

for light REE and a �at pattern towards heavy REE. These low REE concentrations indicate crystallization

of amphiboles from a melt relatively depleted in REE and/or crystallization at higher temperature with

lower partition coe�cients for REE. Edenitic amphiboles from dacites (3) are more enriched in REE and

exhibit an evolution towards increasing relative depletion of light REE pattern, with increasing REE con-
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centrations and the development of a more pronounced negative Eu anomaly (Fig. 3.13d), consistent with

the co-precipitation of plagioclase at this stage of magma di�erentiation. Such a crystallization relationship

is further supported by decreasing Sr concentrations of amphiboles, with increasing REE concentration in

dacites (Fig. 3.13b) from primitive mantle normalized trace element distribution [McDonough and Sun,

1995], compared to pargasitic amphiboles from basaltic-andesites and andesites. Decreasing Sr concen-

trations are the result of the compatible behaviour of Sr in plagioclase [Blundy and Wood, 1991], which

leaves concomitant crystallizing amphibole with a relative depleted signature in Sr. However, whole rock

data of dacites does not show an Eu anomaly, which shows that plagioclase is not a major cumulate phase

in the di�erentiation process. In general, Th and U contents of edenitic amphiboles from dacites (3) (Fig.

3.13b) are more variable than in the pargasitic amphiboles from basaltic-andesites and andesites (2C) and

are possibly related to additional accessory phases, in particular zircon and apatite.

Plagioclase

Cations per formula unit and endmember proportions of plagioclase were calculated based on 5 cations

and 16 negative charges [Wood and Banno, 1973]. Plagioclase is present as micro-phenocrysts in basalts

(2A), together with clinopyroxene that exhibits concomitant crystallization of the phases based on neg-

ative Eu-anomalies present in the latter (Fig. 3.13c). Anorthite (An) content of these micro-phenocryst

plagioclases ranges from An98 to An46. In basaltic-andesites/andesites (2C) (Fig. 3.3e) and dacites (3)

(Fig. 3.3f), plagioclase becomes a dominant phase in the crystallizing solid assemblage. Zoning patterns in

plagioclase from basaltic-andesites/andesites reveal rather constant compositions (Fig. 3.15a, b), with an

abrupt change at the edge of each crystal in the range of tenths of a micrometer. In these rims, anorthite

content changes from An95 in the core to An65 in the marginal zone. More albite-rich, thinner overgrowths

over the anorthite-rich central part formed at a very late stage of mineral growth. Two di�erent types

of zoning patterns are present in plagioclase from dacites. Either single crystals are continuously zoned

(Fig. 3.15d) or they show the same step-like zoning pattern as in the case of plagioclases from basaltic-

andesites/andesites. Anorthite content in dacites ranges from An95 to An50. In more detail, electron

backscattered images further reveal oscillatory growth stages of crystals on a smaller scale, in the range

of up to 5 units in the anorthite number. The large Sr and Ba ions are accommodated as trace elements

in plagioclase; their partitioning with coexisting melt is pre-dominantly governed by relative lattice strain

[Blundy and Wood, 1991]. Sr ranges from a maximum of 1629ppm to a minimum of 865ppm (Fig. 3.15)

along zoning pro�les in basaltic-andesites/andesites. For dacites, concentrations of Sr in plagioclase are

lower and range from 1364ppm down to 612ppm. In fact, the trace element signal of Sr and Ba along a

measurement pro�le of a plagioclase represents an integrated value due to limiting laser-spot size between

25 to 50µm which contrasts with the detailed growths zones revealed by microprobe analysis in the range

of a few micrometers. Zoning of Ba and Sr is generally correlated with decreasing anorthite content as

predicted by Blundy and Wood [1991]. Therefore, highest concentrations of Ba and Sr are obtained in

the albite-rich overgrowths of individual plagioclase crystals. In basaltic andesites/andesites and dacites,

plagioclase partly exhibit sieve textures that are related to resorption processes and potential interaction

with surrounding melt during growth due to convection in a magma chamber [Couch et al., 2001], or they

are due to rapid decompression during ascent [Blundy et al., 2006]. Amphiboles from dacites have lower
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concentrations of Sr and Ba (Fig. 3.16) than amphiboles from basaltic-andesites/andesites. In contrast,

plagioclases from basaltic-andesites/andesites are somewhat more enriched in Sr than plagioclases from

dacites.

plagioclase
bulk-rock

amphibole

Figure 3.16: Bulk-rock, amphibole and plagioclase Ba versus Sr [ppm] variation diagram. Bulk-rock Ba
scatters in the range 197 to 480ppm and Sr covers the range 450 to 621ppm. Amphiboles from dacites (3)
are less enriched in Sr than amphiboles from basaltic-andesites/andesites (2C). Plagioclases from basaltic-
andesites/andesites (2C) are on average more enriched in Sr than plagioclases from dacites (3). Ba and
Sr concentration in plagioclases shows an overall positive correlation.

Spinel and Fe-Ti Oxides

Spinel chemical formulas were calculated based on 3 cations and 8 negative charges. The ratio of ferrous

to ferric iron (Fe2+/Fe3+) was calculated based on the method from Lindsley and Andersen [1983]. Oxides

of the spinel group are present throughout all di�erent rock types present in this dyke suite. Within prim-

itive picro-basaltic to olivine-tholeiitic compositions, pristine spinels are generally Cr-rich that are found

as idiomorphic, brownish inclusions within olivine and clinopyroxene, or they are pseudomorphs. Spinel

inclusions in olivine are a�ected by later alteration to magnetite-rich spinel, as shown in a backscattered

electron image (Fig. 3.11c): the brighter rim corresponds to a magnetite-rich composition whereas the

darker grey core corresponds to Cr-rich spinel. The compositional change between these zones is further

expressed by strongly decreasing MgO contents from core to rim that is, at least partly, attributed to the

relatively rapid di�usive Fe2+-Mg2+ exchange [Liermann and Ganguly, 2002, Ozawa, 1983, 1984] of these

spinel inclusions with olivine, which is the surrounding host phase. Spinel from picro-basalts (1A) and

olivine-tholeiites (1A, 1B) are classi�ed as magnesio-chromites (Fig. 3.17a), whereas spinels from basalts

(2A) are classi�ed either as chromites or hercynites. Spinels from basalts occur as inclusions within

clinopyroxene and are in general richer in Al2O3 (Fig. 3.17b) than spinels from picro-basalts (1B) and

olivine-tholeiites (1A,1B). TiO2 has a similar range for spinels from picro-basalt/olivine-tholeiites (1A,

1B) and basalts (2A). Spinels within clinopyroxenes in basalts (2A) exhibit higher NiO concentrations

(Fig. 3.17c) than spinel inclusions in olivines from picro-basalts and olivine-tholeiites (1A, 1B). Ni is very
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Fe3+

Cr Al

a b

c d

Figure 3.17: Compositions of Cr-rich spinels. Spinels with magnetite (Fe3O4) component >0.2 are excluded
because they represent non-primary, re-equlibrated oxide phases in primitive dyke rocks. (a) Classi�cation
of spinel based on Cr/(Cr+Al) and Fe2+/(Fe2++Mg), all (apfu), for the di�erent endmembers: chromite
(FeCr2O4), magnesiochromite (MgCr2O4), hercynite (FeAl2O4) and spinel (MgAl2O4) [Dana et al., 1944,
MacGregor and Smith, 1963]. (b) Spinels from basalts (2A) have higher Al2O3 concentrations than spinels
from dyke generations (1A and B) and are commonly included in clinopyroxene. (c) Spinel inclusions
in olivine from picro-basalts and olivine-tholeiites (1A, 1B) contain less NiO than spinel inclusions in
clinopyroxenes from basalts (2A). (d) Ternary diagram displaying the compositional space for Cr3+, Al3+

and Fe3+ (apfu) for primitive Cr-rich spinels.

compatible in olivine [Kinzler et al., 1990], thus co-crystallizing spinel will typically be depleted in NiO.

Spinels within basalts (2A) show lower Cr concnetration (apfu) that is counterbalanced by increasing Al

(apfu) (Fig. 3.17d). Oxide phases in basaltic-andesites/andesites (2C) are magnetite. Euhedral magnetite

occurs throughout the matrix of these rocks as well as inclusions in amphibole. Ilmenite-magnetite pairs

(Fig. 3.11d) occur only in di�erentiated dacites (3). Ilmenite commonly shows alteration to titanite.

Zircon and apatite are primary phases associated with magnetite-ilmenite pairs. Ilmenite is TiO2 rich Fe-

Ti-oxide thermo-oxy-barometry results too low temperatures below 700°C, which indicates reequilibration

during cooling. The determination of fO2 conditions with such low temperatures has a large uncertainty

on the determined oxygen fugacity (fO2) and is not considered reliable.
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3.8 Discussion

Magmatic Di�erentiation History

The di�erent rock types presented here present homogeneous magmatic textures and phenocryst as-

semblages. The phenocryst textures of plagioclase and amphibole reveal no clear features indicative for

extensive magma mingling or mixing. The large compositional range covered by the various rock types

investigated bears general bulk-rock chemical and mineral chemical characteristics that are consistent with

a general island-arc-tholeiitic type magma evolution (Fig. 3.5a). Because magmas in an island-arc setting

have been inferred to be important contributors in the formation of continental crust [Kay and Kay, 1985,

Kelemen, 1995], such a wide compositional rock suite allows testing of the fractional crystallization model.

Such a model comprises all major crystallizing mineral phases and ultimately leads to the formation of

most di�erentiated end-members; in the present case, these are dacites (3). Despite the fact that the

various subgroups of the investigated rock suite cannot be linked directly to genesis from a single parental

magma based on relative age relations and isotope geochemistry, it is evident from �eld relations, textures

and geochemistry that they form a closely linked series of magmas on a regional scale that re�ect the

evolution from similar if not identical primary magmas. The evolution to either an island-arc tholeiitic

series or to a calc-alkaline series is based on a relative iron enrichment for the former and iron depletion

for the latter [Kushiro, 1972, Zimmer et al., 2010]. Arc magmas are inferred to be more oxidized than av-

erage arc mantle [Lee et al., 2012]. However, where and how arc magmas acquire this signature is a highly

debated issue. One view is that the oxidized state of arc magmas is inherited during melting of the sub-arc

mantle, previously metasomatized by subducted �uids and/or melts originating from deeply subducted

sediments and/or basaltic oceanic crust [Arculus, 1985, Carmichael, 1991, Kelley and Cottrell, 2009, Lee

et al., 2012, Mungall, 2002]. An alternative view of the evolution from less iron-rich to iron-richer magmas

is provided through magmatic di�erentiation associated with crystallization and chemical interaction with

preexisting crust [Dauphas et al., 2009, Jenner et al., 2010, Lee et al., November 2005, 2010]. Mass balance

calculations and associated trace-element partitioning between minerals and melt through crystallization

may provide further insight into magmatic di�erentiation and potential FeO(tot) enrichment or depletion

relative to MgO. Fractionation-driven di�erentiation is necessarily associated with the formation of cu-

mulates resulting from the separation of crystallizing phases. Recently, major and trace element models

have been presented that integrate actual cumulate compositions found in the lower crustal arc sections,

such as in the case of the Kohistan arc (1 - 1.5GPa) [Jagoutz, 2010] and the Chelan Complex (Cas-

cades, Washington) (~ 1.0GPa) [Dessimoz et al., 2012], to produce upper crustal granitoids by hydrous

fractional crystallization of primitive mantle-derived melts. A straightforward fractional crystallization

mass-balance model is presented here to trace the evolution from primitive mantle-derived picro-basalts

(1B) to the most evolved dacites (3) that bear a primitive radiogenic isotopic signature (Sr, Nd). The

proposed model does, of course, not account for the actual magma dynamics that are potentially marked

by several magmatic recharge episodes at the base of crust or within the lowermost crust. Nevertheless,

such a model allows quantitative assessment of phase proportions to be fractionated to generate evolved

magma compositions such as dacites, which are equivalent to tonalites and granodiorites building the bulk

part of the upper-crustal Adamello Batholith.
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Hydrous Fractional Crystallization and the Role of Oxide Phases

A striking feature of the compositional suite represented by the dyke rocks is the Al2O3 enrichment

with decreasing MgO contents down to ~ 5 wt% (Fig. 3.5d). The transition to andesites (2C) and dacites

(3) is marked by the change to decreasing Al2O3. Furthermore amphiboles from basaltic-andesites and

andesites reveal rather primitive trace element signatures (Fig. 3.13b, d), identifying them as important

cumulus phases, crystallizing from primitive magmas not yet enriched in incompatible trace elements.

This relationship is, for example, underlined by low Rb, Ba and Ce contents (Fig. 3.6b, c and e) for

basaltic-andesites/andesites (2C) and dacites (3). Some amphiboles do not reveal any Eu anomaly and

are pargasitic with relatively high Ti (apfu), which results from formation at higher temperatures. This

data indicates that plagioclase was not an early crystallizing phase during di�erentiation, which is sup-

ported also by textural relations that show increased plagioclase phenocrysts only at advanced stages of

di�erentiation in andesitic and dacitic magmas. Very low Ni contents (~13 ppm) (Fig. 3.6f) of basaltic-

andesites/andesites and dacites are consistent with early fractionation of olivine and clinopyroxene from

a primary, primitive, picro-basaltic composition with high Ni content (~339 ppm). The transition from

a moderate relative FeO(tot)/MgO enrichment trend towards a relative depletion trend is observed in

the compositional range of basaltic-andesites (2C) to dacites (3). At this stage in magma di�erentiation,

magnetite and later ilmenite begin to crystallize. These observations are consistent with a popular model

that attributes calc-alkaline di�erentiation to increased magmatic water content as one of the principal

reasons for enhancing magnetite saturation on the liquidus [Gill, 1981, Grove et al., 2003, Sisson and Grove,

1993a,b, Zimmer et al., 2010, Osborn, 1959] and permitting early amphibole crystallization [Cawthorn and

Brown, 1976, Grove et al., 2003, Sisson and Grove, 1993a,b]. Fe-rich, ferric iron-bearing phases such as

magnetite require elevated oxygen fugacity and/or H2O content of the magma. Amphibole saturation on

the other hand requires high H2O and Na2O. Based on the mineral chemistry of amphiboles, the textural

information of phenocrysts and Fe-Ti oxide phases, magnetite appears to exert a more important role in

driving the magmas from the tholeiitic to the calc-alkaline �eld. The relatively late onset of pronounced

magnetite crystallization in the present case might be due to lower oxygen fugacity in the early stage of

magmatic di�erentiation [Osborn, 1959, Sisson and Grove, 1993a,b].

Isotopic Source Constraints

Isotopic bulk composition in terms 87Sr/86Sri and 143Nd/144Ndi (Fig 3.10b) reveal that rocks with

highest SiO2 such as basaltic-andesites, andesites (2C) and dacites (3) are isotopically the most primitive

among the present dykes. The isotopic characteristics of these rocks overlap with Mesozoic ophiolites from

Piemont-Liguria and the Central Eastern-Alps zone, representing a N-MORB type mantle [Borsi et al.,

1996, Rampone et al., 1998, Schaltegger et al., 2002]. Bulk rocks analysed for 87Sr/86Sri and 143Nd/144Ndi
from the Central Eastern Alps are represented by gabbroic intrusions in the Platta nappe, ranging from

Mg-rich to Fe-rich and were emplaced into a cold mantle at a depth less than 8km below the sea �oor.

Additionally, the same basalts for the Platta nappe were analysed as well [Schaltegger et al., 2002]. Bulk

rock samples from the Voltri Group, Sestri-Voltaggio Zone and the Braco unit from the Northern Apennines

[Borsi et al., 1996] analysed for Sr and Nd isotopes are plagiogranites. The sample from the Braco unit has

a typical rodingite mineral paragenesis, resulting from chemical exchange between plagiogranite dykes and
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serpentinite host rock. Additional samples from the Internal Liguride [Rabinowicz et al., 2002] ophiolite

comprise ultrama�c cumulates in the form of plagioclase-clinopyroxene-dunites, olivine-gabbro and pillow

lavas. Three basalts in the form of dykes from External Liguride complement this data set and overall

represent a MORB-type depleted mantle source [Schaltegger et al., 2002]. The more primitive dyke rock

samples encompassing picro-basalts, Mg- and olivine-tholeiites and basalts (Fig 3.10b) exhibit isotopic

ratios in the range found in residual peridotites from Balmuccia and Baldissero in the Ivrea Zone which

coincide to some extent with 87Sr/86Sri and 143Nd/144Ndi values determined for the hybrid lower crust of

the Ivrea Zone overlying upper mantle lithologies. They occur as ultrama�c cumulates such as websterites

and peridotites, together with gabbros of basal and intermediate section [Voshage et al., 1987, 1990] of

the lower crustal ma�c complex of the Ivrea-Verbano Zone. Their 87Sr/86Sri and 143Nd/144Ndi isotopic

ratio coincides with the range of values of picro-basaltic, olivine-tholeiitic (1A, 1B) and basaltic (2A) dyke

rocks of the Southern Adamello. The entire lower to middle crustal assembly of lithologies encountered

in the well-exposed Ivrea-Verbano Complex potentially provides a close analogue of the lower Adriatic

(Southern Alpine) crust further east along the Periadriatic Line, at the stage of the pluton assembly and

subsequent dyke intrusions in the southern part of the Adamello Batholith. Lower crustal rocks such as

Kinzingites (qtz + or + sil + grt + crd + bt + gr) and Stronalites (grt + fsp + qtz ± bt ± crd ± ky

± sil) represent paragneisses with signs of extended partial melting [Hunziker and Zingg, 1980, Schmid,

1978/79, Schmid and Wood, 1976, Sighinol� and Gorgoni, 1978]. Extensive partial melting of late to

post-Hercynian time (270-310 Ma) [Köppel, 1974, Pin, 1990, Wright and Shervais, 1980] leaves a crustal

residue that is not particularly fertile with regard to potential crustal assimilation processes associated

with subsequent Tertiary arc-type magmatism.

Dyke bulk rock radiogenic Pb-isotope data plots conspicuously in the range of sul�des in ultrama�c

layers of the basal part of the Ma�c Complex of the Ivrea-Verbano Zone [Cumming et al., 1987]. The
207Pb/204Pb data from the post-plutonic dykes of the southern Adamello and the Ivrea-Verbano Complex

are all elevated with respect to the depleted MORB mantle (DMM) value [Rehkämper and Hofmann,

1997]. Such a relation appears to indicate some contribution of an upper crustal component according to

the growth curves of Zartman and Doe [1981]. On the other hand the 208Pb/204Pb signature of primitive

Ol-tholeiite (1B) is much closer to the DMM value. Moreover, large middle-to upper crustal granitoid

plutons and many basic to intermediate dykes and stocks formed during Permian magmatism in the Serie

de Laghi [Pinarelli et al., 1993] have a similar range of 207Pb/204Pb vs. 206Pb/204Pb and 208Pb/204Pb vs.
206Pb/204Pb as the post-plutonic dykes of the southern Adamello Batholith [Boriani et al., 1995, Pinarelli

et al., 1993]. Very similar rocks formed in the same early Permian time interval are found in close vicinity

of the Adamello; the volcanic products of the Collio Basin [Breitkreuz et al., 2002, Cassinis et al., 2007] are

characterized by calc-alkaline rhyolitic to rhyodacitic ignimbrites and the Dasdana Beds, volcaniclastics

that have been deposited in a shallow-water alluvial to lacustrine environment [Breitkreuz et al., 2002].

Relatively extensive in�ll of Permian volcanic products within the Collio basin provided material for

potential assimilation during magma ascent through the crust. Partial melting and assimilation of such

siliceous material composed of plagioclase, quartz and alkali feldspar with devitri�ed matrix could produce

restitic plagioclase or quartz, depending on the original mode and melting reaction, which could potentially

be present and identi�ed in hybrid magmas [Johannes and Holtz, 1996] produced by the interaction
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of ascending magma with local partial melt. However, �eld relationships of hybrid basaltic magmas

investigated in an accompanying paper rather testify for partial melting and entrainment of crystals

such as plagioclase and amphibole from the dominates tonalitic and granodioritic plutonic host rocks at

emplacement level, rather than uptake of residual phases from a granitic or pelitic crustal source.

Constraints on Fractionation Depth and Temperature Conditions

Sample RockType Am Pl P (kbar)1 P (kbar)2 P (kbar)3 T °C4 Al[V I](apfu)

NHS105 Hbl-Pl-phyric basaltic-andesite (2C) Am105-1 Pl105-4 4.94 3.42 4.94 1005 0.376

NHS105 Hbl-Pl-phyric basaltic-andesite (2C) Am105-2 Pl105-5 6.63 7.27 6.39 1060 0.526

NHS106 Hbl-Pl-phyric basaltic-andesite (2C) Am106-1 Pl106-1 7.10 7.34 7.10 1026 0.544

NHS106 Hbl-Pl-phyric basaltic-andesite (2C) Am106-3 Pl106-1 7.20 7.67 7.20 980 0.549

NHS106 Hbl-Pl-phyric basaltic-andesite (2C) Am106-2 Pl106-2 7.32 8.07 7.32 972 0.567

NHS106 Hbl-Pl-phyric basaltic-andesite (2C) Am106-4 Pl106-2 7.05 7.48 7.05 1002 0.551

NHS106 Hbl-Pl-phyric basaltic-andesite (2C) Am106-5 Pl106-4 7.65 7.72 7.65 981 0.573

NHS106 Hbl-Pl-phyric basaltic-andesite (2C) Am106-6 Pl106-4 6.99 7.89 6.99 998 0.547

NHS086 Hbl-Pl-phyric dacite (3) Am086-1 Pl086-1 6.89 3.25 6.89 961 0.484

NHS086 Hbl-Pl-phyric dacite (3) Am086-2 Pl086-2 7.69 4.05 7.69 1024 0.523

NHS086 Hbl-Pl-phyric dacite (3) Am086-3 Pl086-4 6.08 3.04 6.08 1072 0.438

NHS086 Hbl-Pl-phyric dacite (3) Am086-4 Pl086-5 6.87 3.45 6.87 1032 0.479

NHS086 Hbl-Pl-phyric dacite (3) Am086-5 Pl086-7 6.24 3.23 6.24 999 0.449

Table 3.11: The cores of adjacent hornblende (amphibole) and plagioclase were selected for thermobarom-
teric calculations. (1) Empirical calibration, based on experiments on high-Mg basalts employing the
correlation between pressure and octahedral coordinated AlVI after Larocque and Canil [2010]. (2) Pres-
sures obtained by the calibration of Ridol� et al. [2010] that is based on compositional components such
as Si∗, AlT , Mg∗, V IAl∗. (3) Recalibrated barometer of Larocque and Canil [2010] by Krawczynski et al.
[2012], adding additional experiments. (4) Temperature constraints are obtained by the edenite-richterite
thermometer after Holland and Blundy [1994]. AlV I is the octahedrally coordinated Al in amphibole used
in the calculations.

The depth of formation of primitive amphiboles from basaltic-andesites/andesites (2C) based on min-

eral chemistry can be inferred from the barometric calibration established by Ridol� et al. [2010] for the

stability and chemical equilibrium of amphibole in calc-alkaline magmas. This empirical thermobaro-

metric formulation should be applicable on a single phase such as amphibole. An independent pressure

estimate was obtained by employing the empirical barometer of Larocque and Canil [2010], based on the

correlation of octahedral AlV I in amphibole with pressure from liquidus experiments of high-Mg basalts.

Pressures of ~7-8kbar (Tab. 3.11) for basaltic-andesites/andesites (2C) and ~3-4kbar for dacites (3) were

obtained by the barometric formulation of Ridol� et al. [2010]. For the empirical calibration of Larocque

and Canil [2010], the estimated pressure range is slightly lower, between 6.5 and 7.5kbar for basaltic-

andesites/andesites (2C), but much higher for the dacites (3), resulting between 6 and 7.5kbar. An ex-

tended calibration of the same compositional relation of amphibole correlated to pressure, as in Larocque

and Canil [2010], was established by Krawczynski et al. [2012] and gives almost identical results as the

original calibration. These barometric constraints infer >20km as a rough depth estimate for the formation

of basaltic-andesites/andesites (2C) and >10km for the dacites (3), using the barometric constraints of
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Ridol� et al. [2010]. Temperature estimates were obtained by the thermometric calibration for hornblende

and plagiolcase after Holland and Blundy [1994]. Due to rapid quenching within dykes, the mineral phases

should not have experienced extensive post-emplacement reequilibration. For the present case, the edenite-

richterite thermometer was preferred over the edenite-tremolite thermometer, which requires the presence

of quartz, which is absent as a phenocryst phase in basaltic-andesites/andesites (2C). The pressure ap-

plied in the thermometric calibration was taken from the determination of Ridol� et al. [2010]. Hornblende

(amphibole) and plagioclase analyses were taken from the cores of adjacent phenocryst pairs (Table 5)

for thermometric calculations. Plagioclase composition in cores is constant and anorthite-rich. Average

temperature for several mineral pairs result 1004 ± 29°C (Tab. 3.11) for basaltic-andesites/andesites (2C)

and 1018 ± 41°C for dacites (3).

Major Fractionating Phases and Resulting Cumulate Proportions

Phases Mg-tholeiite Ol-tholeiite Basalt Basaltic-

Andesite

Andesite Dacite

Liq 0.911 0.777 0.725 0.268 0.183 0.075

Ol 0.070 0.127 0.172 0.172 0.172 0.172

Spl 0.019 0.019 0.019 0.019 0.019 0.019

Cpx 0.077 0.084 0.176 0.176 0.176

Hbl 0.353 0.408 0.457

Pl 0.012 0.040 0.090

Mag 0.001 0.012

RSS 3.903 2.686 1.608 2.080 0.011 0.151

Table 3.12: Cumulative mineral proportions obtained by least square fractionation modelling. Tabulated
data of modal proportions for the di�erent mineral phases occurring in the crystallization sequence, which
are determined through least square analysis [Bryan et al., 1969] between two fractionation steps. For the
least square approach, starting and derivative liquid composition are known together with the compositions
of the fractionating mineral phases. Major and minor elements in least square regression are SiO2, TiO2,
Cr2O3, Al2O3, FeO, MgO, MnO, NiO, CaO, Na2O and K2O. FeO is equivalent to FeO*(tot), which includes
all Fe2O3. Mineral modes correspond to accumulated solids fractionated over the entire fractionation
interval from picro-basalt (1B) to dacite (3). RSS stands for residual sum of squares from the linear
regression.

A crystal fractionation model was constructed to trace the liquid evolution during the crystallization of

the principal mineral phases. The sequence of the mineral phases appearing on the liquidus was determined

mainly from petrographic observation of the present rock suite, in combination with their bulk rock com-

positions that were utilized as liquid compositions. The picro-basalt (1B) is taken as the starting, primary

magma for the fractionation model that leads to a �nal dacitic (3) composition. Such a relation covers

all the intermediate compositions that were identi�ed and described under �eld constraints and petrog-

raphy. The crystallizing phase proportions between two liquids, i.e. fractionation steps, were determined

through least square analysis [Bryan et al., 1969], knowing parental and derivative liquid composition of

the fractionation step, together with the composition of the crystallizing minerals (Tab. 3.12). The least

square analysis was performed on major and minor element composition, employing SiO2, TiO2, Cr2O3,
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Al2O3, FeO, MgO, MnO, NiO, CaO, Na2O and K2O. An Mg-tholeiite (~13 MgO wt.%) was additionally

introduced with an intermediate composition, apart from rock types discriminated in the �eld. In the

case of olivine (Fo-rich) and plagioclase (An-rich), the phenocryst core compositions were taken for the

calculations. Amphiboles are very homogeneous and almost devoid of zoning, whereas clinopyroxene shows

sector zoning. Averaged mineral chemical values were used over the di�erent sectors for clinopyroxene.

The crystallization sequence from a picro-basalt to Mg-tholeiite involves olivine and spinel crystallization.

The di�erentiation to an olivine-tholeiite is characterized by the appearance of clinopyroxene on the liq-

uidus. Olivine and clinopyroxene continue to crystallize and the liquid evolves to a basaltic composition.

In the petrographic analysis, spinel is present throughout and the composition shifts from Cr2O3 rich to

increasingly Al2O3 rich compositions in basaltic magmas with advanced magma di�erentiation. Within

picro-basalts, Mg-tholeiites and Ol-tholeiites spinel is very Cr rich (Fig. 3.17a) and least square analysis is

very susceptible to the total Cr budget of the starting composition. The magnetite-rich spinel composition

at the margins of grains was avoided for the least square analysis, as they generally re�ect low-temperature

or even sub-solidus requilibration. Thus, after the �rst fractionation step including spinel, the entire Cr

budget is exhausted and no further Cr-spinel fractionation is considered in subsequent steps. The transition

to basaltic-andesitic compositions occurs through considerable crystallization of amphibole (hornblende),

accompanied by clinopyroxene and plagioclase. The further evolution to an andesite is characterized by

the disappearance of clinopyroxene from the liquidus and the appearance of magnetite. With the same

crystallizing assemblage, the magma evolves to a dacitic composition. As common in least square analysis,

the right hand side approximation ŷ [Bryan et al., 1969], representing the residual liquid computed in each

fractionation step, is compared to the actual residual liquid composition; the sum of the square of residuals

(Tab. 3.12) is the indicator for the goodness of the approximation. They range from 3.90 to 0.01 (Tab.

3.12) for the various fractionation steps. The results of the least square analysis of the fractionation model

are shown in Figure 3.18a. The temperature axis was established by comparing the liquid compositions

of the di�erent fractionation stages with the LLD obtained experimentally at 7kbar, consistent with the

pressure estimates based on the thermobarometry (Tab. 3.11) [Larocque and Canil, 2010, Ridol� et al.,

2010]. According to this model, melt fractions representing liquid mass/initial liquid mass (Fig. 3.18a)

do not decrease linearly as a function of temperature during fractionation-driven di�erentiation. The

largest drop in melt fraction during fractionation occurs at the onset of amphibole fractionation, around

1020°C and 1050°C, at 7 and 10kbar respectively. This value marks the high-temperature stability of

amphibole on the liquidus according to the experiments of Kägi [2000] and Nandekar [2013]. At this

point, the melt fraction modeled by the least square approach of the dyke suite drops from 0.725 to 0.268,

with the evolution from a basalt (2A) to a basaltic-andesite (2C). Amphibole (hornblende) constitutes

the major constituent of the inferred cumulates, with a modal fraction of 0.457 at the �nal step of the

di�erentiation when a dacite (3) is obtained. The early di�erentiation is characterized by the formation of

ultrama�c cumulates in the form of dunites and wherlites (Fig. 3.18). In a more evolved stage, cumulates

are comprised of hornblendites (hornblende) and hornblende-gabbros. In particular, hornblendites and

amphibole-rich gabbros of the Val Fredda pluton of the Southern Adamello show amphibole with olivine

inclusions of Fo88, which were interpreted by various authors applying di�erent methods and approaches

as cumulus phase originating from a deep seated reservoir located in the lower crust around 30km depth
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(7-10kbar) [Blundy and Shimizu, 1991, Blundy and Sparks, 1992, Ulmer, 2007, 1986, Ulmer et al., 1983].

Crustal sections exposed in the island-arc terrains in places such as the Kohistan-arc in Pakistan [Burg

et al., 2005, Jagoutz, 2010], the Tonsina-Talkeetna-arc in Alaska [DeBari and Coleman, 1989, Greene

et al., 2006] and the Chelan Complex [Dessimoz et al., 2012] in Washington State (North Cascades) in

the United States show a cumulate rock association of dunites, olivine websterite, wehrlites, pyroxenites,

hornblendites, hornblende gabbro and gabbronorites. Garnet is stable at higher pressures, depending as

well on the amount of dissolved water (H2O wt%) within the silicate liquids [Alonso-Perez et al., 2009]

forming garnet-bearing ultrama�c cumulates and gabbros [DeBari and Coleman, 1989, Jagoutz, 2010]. In

a crystal fractionation model for the Aleutian island-arc crust [Kay and Kay, 1985], 65%-70% of the initial

liquid mass of primitive tholeiite had crystallized to form an andesitic composition, which is equivalent to

a diorite. Least square analysis in the present case leads to crystallization of approximately 75% to 80%

of the initial liquid mass to form basaltic-andesitic/andesitic compositions. The common occurrence of

amphibole-rich gabbros, wherlites, pyroxenites and dunites in the di�erent known crustal sections of the

Kohistan-arc [Jagoutz, 2010], Tonsina-Talkeetna-arc [DeBari and Coleman, 1989, Greene et al., 2006] and

the Chelan Complex [Dessimoz et al., 2012], associated with hydrous arc-magmas, supports the inferred

cumulus rocks for the formation of higher di�erentiated magmas such as dacites (3).

Comparison with Prediction from Thermodynamic Model (MELTS)

The present crystal fractionation model proposed for the generation of the entire compositional range

of the dyke suite is compared with the predictions of the thermodynamic model MELTS [Asimow and

Ghiorso, 1998, Ghiorso and Sack, 1995]. Fractional crystallization calculations with MELTS were per-

formed isobarically at 7kbar (Fig.3.18b), starting from the same picro-basaltic parental magma (1B)

(NHS136). An initial H2O content of 3wt% was assumed and the Fe2O3/FeO ratio was constrained by the

Ni-NiO oxygen bu�er integrated in MELTS under the given hydrous conditions of the parental magma.

MELTS determined a liquidus temperature for the picro-basalt (1B) of 1376°C at a log10(fO2) of -5.76

with olivine as the liquidus phase (Fig. 3.18b). In Figure 3.18b, the olivine-in (Ol-in), spinel-in (Spl-

in) and clinopyroxene-in (Cpx-in) reactions characterize the appearance of these phases on the liquidus

during fractional crystallization determined by MELTS. The appearance of amphibole at a temperature

around 1020°C is constrained by fractional crystallization experiments (Fig. 3.19) at 10 kbar [Kägi, 2000]

and 7 kbar [Nandekar, 2013]. The dashed line in Figure 3.18b represents the evolution of the melt frac-

tion, obtained by fractional crystallization modeling using the least square approach. The dotted trace in

Figure 3.18b represents the melt fraction evolution modeled with MELTS. During the initial stage when

olivine (Ol) and spinel (Spl) are liquidus phases, the melt fraction decreases in a similar fashion. After

the appearance of clinopyroxene (Cpx) on the liquidus, the melt fractions develop very di�erently and the

traces diverge considerably for the two di�erent approaches. The melt fraction stays much higher in the

least square approach and only strongly decreases when amphibole appears on the liquidus, whereas the

MELTS model describes a much more rapid decrease of the melt fraction. In the present case, MELTS

fails to predict the saturation of amphibole on the liquidus in the temperature range constrained by frac-

tional crystallization experiments for this starting composition and the natural dyke suite present here.

Petrography and mineral chemistry of amphiboles clearly indicate an early appearance of amphibole on
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Figure 3.18: (a) Bar diagram illustrating mineral and liquid phase proportions obtained from fractional
crystallization modelling, starting from a picrobasalt (1B) to dacite (3); phase proportions are listed
in Table 3.12. Fractional crystallization is modelled by a least square approach [Bryan et al., 1969],
employing measured bulk rock compositions for each fractionation step, together with measured solid
(phenocryst) composition of the fractionating solid phases. The fractional crystallization produces initial
ultrama�c cumulates such as dunites and wherlites. Subsequent steps generate considerable amounts of
hornblendites and hornblende-gabbros and smaller amounts of dioritic rocks with the evolution towards
residual dacite. Temperatures of the fractionation steps are inferred from hydrous fractional crystallization
experiments at 7kbar [Nandekar, 2013]. (b) Evolution of the melt fraction (liquid mass/initial liquid mass)
during fractional crystallization using the thermodynamic approach (MELTS) and the least square mass-
balance approach based on the natural dyke rock suite. The thermodynamic approach is modelled with
fractional crystallization at 7kbar with MELTS [Asimow and Ghiorso, 1998, Ghiorso and Sack, 1995], with
an initial H2O content of 3 wt%. Oxygen fugacity is constrained to the Ni-NiO bu�er for MELTS. The
saturation of olivine (Ol-in) at 1376°C, spinel (Spl-in) at 1296°C and clinopyroxene (Cpx-in) at 1206°C on
the liquidus is constrained by the thermodynamic calculations with MELTS. The saturation of amphibole
on the liquidus at 1020°C and 1050°C is constrained by fractional crystallization experiments at 7 kbar
[Nandekar, 2013] and 10 kbar [Kägi, 2000] respectively. Temperatures for the least-square mass-balance
approach are inferred from the pseudoternary phase-diagram Ol-Cpx-Qtz of Figure 17, based on the
fractional crystallization experiments [Kägi, 2000, Nandekar, 2013] and the respective LLDs.

the liquidus during the di�erentiation of the parental magma to basaltic-andesitic and andesitic compo-

sitions. This apparent failure of the MELTS code most likely re�ects the fact that hydrous phases such

as hornblende are less well-constrained in the MELTS thermodynamic model [Asimow and Ghiorso, 1998,

Ghiorso and Sack, 1995] and thus, questions the use of MELTS for modelling fractionation of arc magmas

at moderate to high pressures where amphibole is an early and important fractionating phase.
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Figure 3.19: Pseudoternary projection Ol-Cpx-Qtz, which is part of the basalt-classi�cation tetrahedron of
Yoder and Tilley (1962). Liquid and mineral (amphibole) compositions are recalculated according to the
scheme of Grove [1993], Grove et al. [1982, 1983] and Tormey et al. [1987] into olivine (Ol), plagioclase (Pl),
clinopyroxene (Cpx), quartz (Qtz), orthoclase (Or), apatite (Ap) and ilmenite-hematite-chromite (IHC).
(a) Projection of two di�erent liquid lines of descents from fractional crystallization experiments at 10 kbar
[Kägi, 2000] and 7 kbar [Nandekar, 2013]. Bulk rock compositions representing the liquid compositions
used in the least square analysis for determination of the phase proportions between di�erent fractionation
steps are shown. (b) Bulk rock compositions for picro-basalts/olivine-tholeiites (1B) and olivine-tholeiites
(1A). (c) Projections of compositions of basalts (2A), basaltic-andesites/andesites (2C) and dacites (3).
Amphibole compositions of basaltic-andesites/andesites (2C) and dacites (3) are included. (d)
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Trace Element Modelling

A trace-element evolution model was developed based on the major-element fractional crystalliza-

tion model. Trace-element partition coe�cients (Kd's) for phases such as clinopyroxene, amphibole and

plagioclase were chosen to account for temperature and mineral chemical changes of fractionating phases.

Partition coe�cients for clinopyroxene were taken from the experimental fractional crystallization study of

Alonso-Perez [2006] and di�erent fractionation stages from a primitive to a more evolved composition were

correlated based on temperatures between the natural and the experimental composition suite. Unmea-

sured REE were �tted with a non-linear regression of the lattice-strain model [Wood and Blundy, 1997].

For amphibole, Sisson [1994] established a parametrization for REE, Y, Ti, V and Cr as a function of the

distribution of Ca between amphibole and melt, which gives an expression to predict amphibole-melt trace

element partitioning. In the case here, this parametrization was used for basaltic amphibole and missing

REE were �tted again with the lattice-strain model [Wood and Blundy, 1997]. For andesitic and dacitic

amphiboles used partition-coe�cients were determined experimentally for an andesite by Alonso-Perez

[2006]. Missing REE partition-coe�cients were determined as before by the lattice-strain model. Parti-

tion coe�cients for plagioclase were calculated based on a parametrization by Bédard [2006] that takes

anorthite content, temperature and XSiO2 of the liquid into account. Trace element partition-coe�cients

for olivine were taken from McKenzie and O'Nions [1991]. A detailed list for the partition-coe�cient data

applied here is displayed in Table 7.15. A bulk partition-coe�cient (Fig. 3.20b) was calculated based

on the changing phase proportions fractionating in each step. This allows the tracing of the partitioning

behaviour of certain elements during fractional crystallization, as in the case of Sr, from incompatible

behaviour in primitive compositions to more or less compatible behaviour for very evolved andesitic and

dacitic compositions. In Figure 3.20a, the melt fraction is 0.08 for a single step in the course of fractional

crystallization, represented as dashed lines for primitive mantle [McDonough and Sun, 1995] normalized

trace element patterns. An averaged starting composition in terms of the modeled trace element was used

for picrobasalts with MgO higher or equal to 15 wt%. Within Figure 3.20a an averaged andesitic (2C)

composition is displayed as target di�erentiated magma composition. For light REE and the high �eld

strength elements (HFSE) such as U, Th and Nb, a model with a residual melt fraction around 0.24 ap-

pears to re�ect the averaged basaltic (2C) trace element composition. However, the Sr and the Ba content

of the andesitic magma appears to be more elevated than the modeled value. The model shows a gradual

increase of the heavy REE, whereas the middle and light REE such as Gd, Tb, Dy and Ho show a slight

decrease over the course of increased fractionation. This behaviour is re�ected in the slope of the heavy

REE for the averaged andesitic (2C) composition in Figure 3.20a. What is remarkable is the development

of a negative Ti anomaly with increased fractionation, which is re�ected as well in the averaged andesitic

(2C) composition. The trace element model includes the partitioning behaviour of Ol, Cpx, Am and Pl

and in particular, amphibole appears to in�uence the partitioning of Ti towards compatible behaviour,

thus causing the expression of a negative Ti anomaly. The fractionation of magnetite is not accounted for

in this trace element fractional crystallization model. With some exceptions, the primitive mantle nor-

malized trace element pattern can be rather well reproduced by a simple fractional crystallization model

down to melt fraction of 0.24.
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Figure 3.20: (a) Trace element evolution by fractional crystallization, with the removal of cumulates
proportions determined through the least square approach. Changing partition-coe�cients used in this
model are listed in table 7.15. Trace element concentrations are normalized to the depleted morb mantle
DMM after Workman and Hart [2005]. Fractionation steps are displayed in the form of coloured dashed
lines from red to green, with a step size for df: 0.08. (b) Changing bulk partition-coe�cients (Kd) are
displayed throughout the fractionation series, ranging from a picro-basalt to a dacite.

Implications for Magmatic Di�erentiation in the Crust

The parental picro-basaltic (1B) magma with inferred mantle separation conditions of 28 kbar and

1370°C [Ulmer, 1988] and the more di�erentiated magmas in the form of basalts (2A), basaltic-andesites/andesites

(2C) and dacites (3) provide direct constraints on intra-crustal di�erentiation processes of such magmas

when mineral phase assemblage and chemistry, together with isotopic and bulk rock geochemical informa-

tion, are thoroughly evaluated and combined. The magmatic di�erentiation model here is modeled as a

fractional crystallization process at lower crustal level (>20 km) below the Conrad Discontinuity, based

on thermobarometric constraints [Krawczynski et al., 2012, Larocque and Canil, 2010, Ridol� et al., 2010]

(Tab. 3.11). A bulk rock geochemical indication for deeper crustal di�erentiation processes is the enrich-

ment of Al2O3 (>18 wt%) (Fig. 3.5d) at intermediate basaltic-andesites/andesites (2C). High pressure

crystallization, together with elevated H2O concentrations of parental ma�c magma, is inferred by the

lack of plagioclase as an early liquidus phase, causing the Al2O3 enrichment towards intermediate com-

positions. The generation of the dyke suite from the southwestern sector towards the northeastern sector

of the Re di Castello superunit is related to a continuous evolution in time [Hürlimann et al., in prep.b]

at a late stage, succeeding the formation of plutonic rocks in the Re di Castello superunit. This implies

that in time sequence and geographical relation, the dykes occurring in the southwest and the northeast

(Fig. 3.1) might not be directly genetically related to each other. Nevertheless, a fractional crystallization

model starting from an averaged primitive picro-basaltic (1B) composition reproduces to a considerable

extent the trace element composition of a more di�erentiated andesitic (2C) composition. This means that

the source characteristics did not change dramatically in time and over the regional extent that is covered
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by these post-plutonic dykes. The enrichment of light-ion-lithophile-elements (LILE) and lesser amounts

of LREE for primitive picro-basalts and olivine-tholeiites can be explained by a �ux of these elements

supplied by the slab [McCulloch and Gamble, 1991].
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Figure 3.21: Intra-crustal magmatic di�erentiation model for the evolution of the S-Adamello dyke rock
suites with fractional crystallization as the dominating process to produce intermediate magmas such
as basaltic-andesites / andesites and dacites in lower crustal magma reservoirs (> 20km) below the
Conrad Discontinuity. (a) Picro-basalts and olivine-tholeiites (1B) magmas are primary magmas with
mantle separation conditions of 28 kbar and 1370°C. Ol-tholeiites (1A) are mantle melts at shallower
conditions (Spl-peridotite). Major element compositions of these magmas experienced only very minor
modi�cation in the transit through the crust. (b) The regional dyke swarm is associated with increased
di�erentiation (fractional crystallization) at lower crustal depth. The isotopic signatures 87Sr/86Sri and
143Nd/144Ndi of crustal assimilation is decreasing, with increasing SiO2 content from basalts (2A) to (c)
basaltic-andesites/andesites (2C) and (d) dacites (3). For discussion see text.

During the transfer through the continental crust, in particular, the primitive picro-basalts and Ol-

tholeiites (1B) experienced some crustal assimilation, which is indicated by increased values of highly

incompatible elements such as Rb and Ba (Fig. 3.6b, c), as well as for radiogenic isotopes 143Nd/144Ndi
and 87Sr/86Sri (Fig. 3.10a, b). Picro-basalts and olivine-tholeiites dykes appear to have the thermal

capacity for assimilation within parts of the crust by thermal erosion [Huppert and Sparks, 1985, Thompson

et al., 2002] along the conduit walls of the dyke during ascent. Olivine-tholeiites (1A) are an exception

to all the encountered generation and units here, on the grounds that they have distinct minor and

trace element chemistry, re�ected in distinct REE patterns (Fig. 3.8a) and in a plot using MgO as

di�erentiation index against TiO2 (Fig. 3.5c). Some of these features could be interpreted as re�ecting
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di�erences in source characteristics, regarding H2O content of the source and/or degree of partial melting

in the source [Kelley et al., 2006]. If so, olivines-tholeiites (1A) could either originate from a di�erent

mantle source and/or experience further compositional modi�cation of the magma at lower crustal levels

during di�erentiation (Fig.3.21). More evolved basalts (2A) on the other hand clearly show e�ects of

di�erentiation and to some extent assimilation regarding incompatible trace elements (Rb, Ba) (Fig.3.6b,

c) and bulk rock radiogenic isotopes (143Nd/144Ndi and 87Sr/86Sri ) (Fig.3.10a). This di�erentiation

occurs at high pressure at lower crustal levels (>20km) (Fig.3.21) as testi�ed by late plagioclase saturation

re�ected in increasing Al2O3 concentration (Fig. 3.5d) during di�erentiation to intermediate compositions

(basaltic-andesites/andesites). In the present case, basaltic-andesites/andesites (2C) and dacites (3) have

the most primitive radiogenic isotope signature of all Adamello magmatic rocks in terms of 143Nd/144Nd

and 87Sr/86Sr (Fig.3.10a), typical for MORB type mantle. Primitive amphibole trace-element chemistry

and the lack of co-crystallization of plagioclase places the di�erentiation of these rocks to a lower crustal

level (>20km) (Fig.3.21). Previous intrusion of the Re di Castello tonalite and the small Dernal granite

(39.8 Ma, Hansmann, 1986, Hansmann and Oberli, 1991) imply extensive fractionation and assimilation

processes at lower crustal levels, in the same region as the later intrusion of basaltic-andesites/andesites

(2C) and dacites (3). Such processes lead to a preheating of the lower crust and to the consumption of

fertile material for assimilation. Later magma intrusion and reservoir formation at this level that feeds

the more di�erentiated dykes (2C, 3) are much less a�ected by crustal contamination which explains

their primitive isotopic signature. Primitive amphiboles (hornblendes) phenocrysts indicate the actual

extraction of a cumulate mineral phase, originating from lower crustal level.

3.9 Conclusions

The present post-plutonic dyke suite of the Southern Adamello documents the largest compositional

range over the whole Adamello Batholith that can be approximated as an actual series of di�erentiated

liquids achieved through fractional crystallization. Peraluminous dacitic dykes can be produced through

fractional crystallization without partial melting and assimilation of parts of the continental crust. The

primitive isotopic signature of dacites and andesites exempli�es that these compositions do not originate

from crustal melts. Moreover, inferred intermediate and more di�erentiated liquids are in very good

correspondance with the evolution of the composition of the LLD of fractional crystallization experiments

(7-10kbar). Mineral chemistry of cumulate forming amphibole and barometric constraints, inferred from

the same mineral phase, indicate the importance of fractional crystallization in the genesis of andesitic and

dacitic magmas at middle to lower crustal depth from a primitive mantle derived hydrous basaltic magma.

Results of a fractional crystallization model, taking into account the calculated inferred cumulates, show

that the trace element signature di�erence between a parental picrobasalt and andesites are to a great

extent aquired through fractionation at middle to deep crustal level (20-40km). However, the initial

enrichment of the LILE and to a lesser extent the LREE is attributed to a slap component replenishing

these elements in the mantle wedge. There is no need to explain the trace-element signature through

di�erent mantle source characteristics for the regional extent covered by the present post-plutonic dyke

swarm intruded into a whole sequence of previously emplaced plutonic units. Amphibole fractionation in

these hydrous magmas is in many aspects of great importance, for a realistic model of the trace element



3.9. CONCLUSIONS 101

evolution during di�erentiation to evolved dacitic composition and potential plutonic equivalent, such as

granodiorites. Furthermore, amphibole fractionation is driving the magmas eventually to peraluminous

corundum-normative magma compositions. Radiogenic isotopic data re�ects well the thermal capabilities

for the di�erent magma compositions in terms of assimilation processes with the hottest and most primitive

picro-basalt as one of the most contaminated here. As a �eld and geochemical study, combined with recent

fractional crystallization experiments, this contribution should help in understanding to what extent arc-

tholeiitic to calc-alkaline magmas aquire the geochemical characteristics in the middle to lower crust in

continental margin settings. This is important since these magmas are building in larger volumes whole

batholiths, which overall contribute to the formation of the continental crust.
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4.1 Abstract

This contribution constrains the e�ects of assimilation of immediate tonalitic host rock on the com-

position of basaltic hybrid magmas in a dyke swarm intruding into the shallow crust (2-3kb). The study

encompasses detailed petrological and structural description of basaltic to basaltic hybrid, 10 to 15m wide

dyke swarms, occurring within the Re di Castello intrusive suite building the southern part of the Adamello

Batholith in Northern Italy. These intrusive zones are part of a regional dyke swarm intruding into larger

volumes of tonalitic and granodioritic bodies that are thermally still hotter than the Permo-Triassic host

rock sediments of the Central Southern Alps, distant from the batholith at the time of the dyke swarm

formation. On a macroscopic scale, outcrops of these dyke swarms reveal intrusion breccias, formed by

the injection of basaltic magma into partially molten tonalite. In microscopic textures, partially molten

tonalite is present in the form of transparent and brownish glass, located in between grain boundaries.

Biotite and interstitial K-feldspar were completely consumed in many cases by melting reactions. Partial

melting of the tonalitic host rock represents a selective assimilation process, with melting reactions con-

trolling the phase proportion and composition of the assimilant added to a primitive basaltic magma. In

contrast, abundant xenocrysts of plagioclase with sieve textures and reverse zoning bearing more evolved

albitic cores, in combination with amphibole xenocrysts with lower temperature cores and high temper-

ature overgrowths, imply bulk assimilation through the disaggregation of tonalite host rock xenoliths.

Based on trace element geochemistry and bulk rock radiogenic, 87Sr/86Sr and 143Nd/144Nd isotopic ratios

obtained on closely examined dykes quanti�es assimilation of the adjacent Vacca tonalite host rock at the

emplacement level. A static conduction thermal model emphasizes the importance of increased host rock

to intrusive magma contact surface for numerous closely spaced single primitive basaltic dykes and enables

the generation of partial melting in the host rock tonalite. Basaltic magma intrusion temperature was

estimated by trace element partitioning of amphibole microphenocrysts, in conjunction with experimen-

tally determined partition coe�cients at high temperature (~1050°C) close to the thermal stability limit

of amphibole in calc alkaline magmas. Observed trace element assimilation behaviour of the immediate

wallrock of basaltic hybrid dykes, complemented by �eld observation, bulk rock compositions and mineral

chemistry and textures, provide insight into the crustal assimilation processes operating during the intru-

sion of high density dyke swarms at shallow, but preheated crustal environment through preceding pluton

generation.

4.2 Introduction

Mantle derived basaltic magmas that intrude into the crust constitute an important source of heat for

heating parts of the continental crust [Sawyer et al., 2011, Kaczor et al., 1988, Annen and Sparks, 2002].

Assimilation of crustal rocks by primitive basaltic magmas has been invoked in numerous geochemical

models, in the context of assimilation and fractional crystallization, AFC [DePaolo, 1981] models and

mixing, assimilation, storage and hybridization, MASH [Hildreth and Moorbath, 1988] processes, together

with thermally constrained models for arc-related magmas [Annen et al., 2006]. Partial melting of the

crust has been considered extensively regarding the generation of intermediate andesites and more evolved

dacites within the concept of the deep crustal hot zone that builds upon underplating of mantle derived
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ma�c magmas at the base of the crust [Raia and Spera, 1997, Huppert and Sparks, 1988, Bergantz,

1989] and includes magma di�erentiation at high pressure [Grove et al., 2002, Alonso-Perez et al., 2009,

Müntener et al., 2001], together with AFC and MASH. The integration and partial melting of xenoliths

[Daly, 1933, Green, 1994] during the transfer and storage of basaltic magma in intermediate reservoirs

in the crust is yet another process associated with assimilation and the resulting geochemical magma

characteristics. Huppert and Sparks [1985] considered thermal erosion along dyke conduits due to turbulent

ascent of magma and the accompanied geochemical changes for primitive magmas such as komatiites and

picrites. Energy-constrained open system magmatic processes describing the thermal potential of crustal

assimilation during fractionation of hydrous mantle derived magmas and its in�uence on the geochemical

evolution of the di�erentiating magma were described by Spera and Bohrson [2002] andThompson et al.

[2002]. Moreover, textural evidence from xenocrysts, such as reserved zoning and partially resorbed crystals

[Gerlach and Grove, 1982, Green, 1994, Kaczor et al., 1988], are a key feature in recognizing mixed magmas

that were a�ected by assimilation processes. The presence of a glass fraction in xenoliths or wallrocks

[Petcovic and Grunder, 2003, Kaczor et al., 1988] is an unequivocal feature of the thermal e�ect of hot

primitive basaltic magma on crustal rocks.

A ma�c post-plutonic dyke swarm of the southern Adamello Batholith (Fig. 4.1) reveals ample evidence

for mechanical desintegration and partial melting of a mainly tonalitic wallrock in outcrop, which is

accompanied by crystal textures indicating hybridisation of basaltic magmas. The investigated rocks

represent an example of shallow (9-11km depth; [John and Blundy, 1993, Stipp et al., 2004]) crustal

assimilation where evidence can directly be inferred from the �eld relationships. Basaltic dyke swarms

of up to 15m in width across strike show a closely spaced network of single dykes that partly coalesce

to thicker dykes. The close spacing of multiple and composite dykes creates an extended surface at the

dyke margins against the tonalitic host rock. Furthermore, xenoliths are commonly present, indicating

mechanical shattering and incorporation of the host rock into the moving magma.

This contribution examines the thermal e�ect of such a dyke swarm, comprised of a primitive mantle

derived basaltic magma with closely spaced single dykes over tenths of meters on the host rock and its

implications on the geochemical evolution of such a magma. Due to the relatively fast transfer of magmas

in such a setting with practically no residence time, the mechanism for assimilation is rather di�erent than

in the case of proposed more sustained assimilation in the EC-RAFC process [Spera and Bohrson, 2002].

Thus, major element composition is not expected to change considerably through the proposed crustal

assimilation process at relatively shallow level. Trace element concentrations and radiogenic isotope ratios

that �ngerprint magma sources and contaminants can however be modi�ed to a larger extent, even though

the magma retains a primitive character in terms of major elements.

4.3 Geological Setting

The Adamello Batholith [Rath, 1864, Salomon, 1908] is located in the Northern Italian Alps, north

of Brescia and has an extent along its central axis of several tenths of kilometers, from the southernmost

oldest plutonic units in the area of Passo Croce Domini between Val Camonica and Val Sabbia/Val di

Chiese, to the northernmost plutonic units in the area of Dimaro where the Tonale and the Giudicarie Line

form a triple junction. In the southern part of the Batholith, a continuous dyke swarm composed of several
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generations (Fig. 4.1: 2A, 2B, 2C, 3) spreads over the entire Re di Castello intrusive suite [Brack, 1984]

and ranges as well into the adjacent Triassic sedimentary wall rock sequence. The entire dyke swarm spans

a large compositional range from basalts to dacites. The compositional and petrographic characteristics

of dykes are described in more detail in an accompanying paper [Hürlimann et al., in prep.a] and reveals a

large range from olivine-tholeiites (Ol-tholeiites) to dacites. This contribution focuses on basaltic (2A) and

basaltic-hybrid (2B) dykes (Fig. 4.1) building an important part of this regional dyke swarm. Composite

intrusive structures (Fig. 4.2) of these dykes are a common feature expressed by multiple magma injections

into each other. These types of dykes (2A, 2B) extend from the Val Fredda-Monte Stabio-Monte Frerone

area in the SW to the Monte Re di Castello-Cima Sablunera area at the northeastern termination (Fig.

2.2). Petrographically, the rock types range from olivine-clinopyroxene-plagioclase-phyric basalts (2A) to

hybrid-basalts (2B), containing coarse-grained amphibole, quartz and plagioclase xenocrysts indicating

input of assimilated material. In relative time sequence, the regional dyke swarm crosscuts earlier picro-

basaltic and Ol-tholeiitic dykes of generation (1B) (Fig. 4.1).
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Figure 4.1: The southern part of the Adamello Batholith, located in the central southern Alps north of
Brescia. Yellow stars indicate locations of detailed cross sections of Fig. 4.3 and Fig. 4.5. Val Fredda
Complex (VFC) in the SW corner, comprised by Val Fredda tonalite intruded by dioritic and gabbroic
intrusives. The Lago della Vacca Complex (LVC) includes the Vacca tonalite and Galliner tonalite. The
Blumone Complex is a gabbroic strati�ed sequence, composed of a range of rock types including plagioclase-
bearing wherlites; granular olivine-gabbros; granular gabbros; granular clinopyroxene-bearing anorthosites
to anorthositic gabbros; coarse-grained magnetite and hornblende ultrama�cs.
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The Val Fredda Complex (VFC), together with the Lago della Vacca Complex (LVC) and Blumone

Complex [Blundy and Sparks, 1992, Brack, 1981, Ulmer, 1986, Ulmer et al., 1983, Schoene et al., 2012,

Bianchi and Dal Piaz, 1937] as part of the plutonic host rock of the regional dyke swarm builds the

southernmost and oldest (42-43 Ma [Schoene et al., 2012, Schaltegger et al., 2009]) intrusive complex

of the Adamello Batholith. The VFC has been interpreted as intrusion of ma�c sheets into a partially

solidi�ed felsic tonalitic and granodioritic host, comprising dioritic and gabbroic intrusives [Blundy and

Sparks, 1992]. The LVC is bordered by the high-K marginal tonalite, the Vacca tonalite and the Galiner

granodiorite [John and Blundy, 1993]. East of the LVC is the older gabbroic, strati�ed Blumone Complex

that is composed of a range of rock types including plagioclase-bearing wherlites; granular olivine-gabbros;

granular gabbros; granular clinopyroxene-bearing anorthosites to anorthositic gabbros; coarse grained

magnetite and hornblende ultrama�cs [Ulmer et al., 1983, Ulmer, 1986]. John and Blundy [1993] proposed

an emplacement model for the VFC, LVC and the Blumone Complex with an early phase of brittle

fracturing and stoping of country rocks [Brack, 1983], which goes over to an incremental forceful intrusion

through inner magma pulses into partially solidi�ed preceding plutonic masses. The regional dyke swarm

comprising basalts (2A) and basaltic hybrids (2B) is clearly younger than VFC, Blumone Complex and

LVC revealed through crosscutting relationships [Hürlimann et al., in prep.b]. Moreover, basalts (2A) and

basaltic hybrids (2B) intrude into the Listino Ring Structure [Brack, 1983, 1984] and the Passo Termine and

Val Paghera leucotonalites [Callegari and Brack, 2002]. The ring-shaped structure of Listino is comprised

of a steeply inwards dipping zone that Brack [1983, 1984] interpreted overall as a cylindrical structure. A

heterogeneous suite of fragments of ma�c, ultrama�c and sedimentary rocks, synplutonic ma�c dykes, and

ma�c enclaves within a medium-grained porphyritic tonalite and granodiorite [John and Blundy, 1993]

characterize this ring zone.

The three examined cross sections across a dyke swarm of basalts (2A) and basaltic-hybrids (2B) are

located either within the Vacca tonalite (section 1&2: Fig.4.3) or the Listino porphyry ring structure

(section 3: Fig. 4.5) as located in �gure 4.1.

4.4 Field Relations and Petrography

Three di�erent cross sections reveal details in dyke thickness and spacing across strike in a zone that

was intruded by an extensive network of closely spaced single dyke threads. These zones further display

extensive parallel to subparallel fractures or jointing associated with these dyke networks. Outcrops of

these 10 to 15m wide intrusive zones (Fig. 4.3, 4.5) exhibit di�erent stages of the thermo-mechanical

interaction of the intruding basaltic magma and the brittle elastic response of the mainly tonalitic host

rock in the detailed examined localities.

Particularly for section 1 and 2 (Fig. 4.1) situated within the Vacca tonalite, an early stage of intrusion

is characterized by the advancement of extensive fracturing in front, in the tip region during propagation of

dykes as described by Pollard [1987]. In dyke tip regions, an accumulation of several stringer-like dykelets

adjoining each other is commonly associated with chills on a millimeter scale, depicted in Figure 4.2b,

forming in some cases small sheeted dykes on a centimeter scale. Thicker dyke strings in the range of

>0.3m concentrate crystals towards the central part, with abundant coarse- to medium-grained crystals.

These thicker dykes though still preserve the aphyric to �ne-grained chills that are similar to the texture
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and phase assemblage found in the accumulation of thin dyke stringers. At a later stage, the dyke network

is intruded by a distinctively di�erent generation of a basaltic hybrid (2B) (Fig. 4.2).

(a)

N

1m
Basalt 2A

Hybrid Basalt 2B

Hybrid Basalt 2B

Vacca Tonalite

(b)

1m

Basalt 2A Vacca Tonalite

b

Figure 4.2: (a) Detailed outcrop map of dyke swarm shown in Figure 4.3, which intruded into the Vacca
tonalite. Margins of larger dykes are olivine-clinopyroxene-plagioclase phyric basalts (2A). Thick dykes
have a crystal-rich basaltic-hybrid (2B) partly with abundant amphibole and plagioclase xenocrysts, apart
from olivine, clinopyroxene and plagioclase phenocrysts and microphenocrysts. These basaltic-hybrids
show multiple generations. (b) Accumulations of small basaltic olivine-clinopyroxene-phyric basaltic (2A)
adjoining dykelets with millimeter scale internal chilled margin are a common texture in dyke tip regions
observed in locations of Fig. 4.3.

Some di�erent macroscopic textures are present in section 3 from a dyke swarm that intruded into

the Listino ring structure. This locality shows a 4-5m wide dyke zone of which 1-2m are composed of an

intrusion breccia of a basaltic-hybrid dyke (2A, 2B), as seen in �gure 4.7, which is set in the partially

molten tonalite of the Listino porphyry ring structure. In a similar way as in section 1 and 2, multiple

succeeding injections into each other characterize this zone.

Dyke Cross Sections

The detailed cross sections record swarms with close spacing of individual basaltic dykes that in an

alternating way coalesce and split again. These swarms were mapped over a width of up to 20m in cross

section across the dyke strike. Detailed thickness measurements of the individual dykes and the spacing

between were obtained (Fig. 4.3, 4.5). Additionally, all fractures and jointing present for section 1 and

2 (Fig. 4.3) were recorded. Moreover, the di�erent sections represent di�erent levels of altitudes for the

same intrusive zones along the strike.

Section 1 is situated inside the Lago della Vacca (altitude: 2359m), a hydropower lake, that is normally

submerged by water and section 2 is located at higher altitude in the trough between Cima Laione and
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Figure 4.3: Two cross sections exhibiting the record of dyke thickness and dyke spacing of a swarm that can
be followed from the Lago della Vacca over the ridge between Cima Laione and Passo Blumone. Section 1
is located inside the Lago della Vacca and normally submerged by water. Section 2 is higher in altitude,
located in trough between Cima Laione and Cornone Blumone.

Cornone Blumone. Section 2 shows a closely spaced network of dykes commonly not exceeding >0.5m.

Dyke parallel jointing is frequent and the spacing of these fractures decreases in the vicinity of the individual

dyke margins. Parallel to subparallel jointing prevails in the di�erent distinguished 5m wide zones with

a high frequency of dykes. On a more regional perspective (Fig. 4.4), not all jointing is parallel to
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sub-parallel to the dyke swarm containing the basalts (2A) and basaltic-hybrids (2B). Two dominant sub-

vertical to vertical sets of joints are present, with one striking NE-SW and the other NW-SE. Section 1,

located at lower altitude of the same intrusive zone along the strike, shows some thicker dykes and an

up to 4m wide zone (Fig. 4.7a) where the single dykes from section 2 appear to coalesce to one single

dyke. This zone is characterized by zones of partial melting of the Vacca tonalite (Fig. 4.7c) host rock at

dyke margins (Fig. 4.3) and is further characterized by di�use impregnation of the tonalite by a basaltic

magma, which gives the host a light green colour. High frequency of jointing parallel to the dyke margins

results in deformation zones similar to section 2. These deformation zones fade out away from the margin

into the non-intruded tonalitic host. Based on the di�erence in altitude (~250m), a thick dyke splits up

higher up and laterally along the strike towards NE into several individual thinner dykes (<0.5m).
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Figure 4.4: Structural map of the Lago della Vacca area displaying the measured planes (stereographic
projection: Schmidt net) of all the di�erent jointing surfaces (black symbols) in the rather homogeneous
Vacca tonalite. Measurements of planes of dyke margins are shown for comparison in a stereographic
projection. For the legend for dykes, see Figure 4.1.

Section 3 is a composite of several sections (Fig. 4.5a,b,c) at slightly di�erent altitudes (di�erence

between individual sections: ~25m). At the highest point on the NE-side of Monte Listino, a 5m thick

basaltic-hybrid (2B) dyke is present that splits up into a number of single dykes towards NE, which for

the bulk part are again <0.5m in thickness. This relationship can be traced on well-polished rock slabs

along the strike and is comparable to the pattern observed between section 1 and 2 in the Lago della

Vacca area. This splitting of a thick dyke into individual thinner ones appears to be a lateral e�ect along

the strike and not related to di�erent depth levels in the crust. The intrusion breccia is characterized by
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sharp chilled margins of breccia clasts against the tonalitic host rock in the internal brecciated zone (Fig.

4.5, 4.7b,f). The form of the clasts consisting of basaltic-hybrid magma (2B) is angular to sub-angular.

Partially molten tonalitic host rock of the Listino porphyry ring structure builds up the matrix of this

brecciated zone. In sections b) and c), the individual dykes are characterized by sharp chilled margins

with 1-2cm thickness in contact with host rock tonalite. Sections b) and c) are devoid of intrusion breccias

within the individual dykes. In contrast to earlier generations of syn-plutonic ma�c and felsic dykes within

the Listino ring structure described in Brack [1984], these younger basaltic hybrid dykes (2B) show no

deformation features at all.

A data set recording dyke-thickness and -spacing is available from the detailed cross sections of the

three localities. Detailed measurements of dyke spacing are scarce [Menand, 2010], despite the fact that

they provide crucial information. In the present case, both thickness and spacing measurements (Fig.

4.6) show a log-normal distribution. Dyke thickness and spacing are non-fractal distribution or scale-

invariant [Mandelbrot and Blumen, 1989]. This is a common characteristic of such ma�c dyke swarms

reported in previous studies [e.g. Walker et al., 1995, Jolly and Sanderson, 1995, Glazner et al., 2008].

The mean thickness is 0.28m and the median amounts to 0.25m, though a more useful measure for such

a distribution is the geometric mean [Glazner et al., 2008] with a value of 0.20m. For the spacing of the

dykes the summary statistic measurements are as follows: 0.44m for the mean, 0.25m for the median

and 0.25m for the geometric mean. In general, the thickness and spacing measurements of dykes do not

conform to a power-law distribution in these cumulative frequency plots and there is a �attening o� of the

cumulative frequency for thicknesses <0.1m, as reported by Jolly and Sanderson [1995] for the Mull dyke

swarm. As noted already by Jolly and Sanderson [1995], dykes with thicknesses of 0.01 to 0.1m would

easily be recognized under continuous outcrop conditions, as is the case with the glacially polished slabs

on the NE-side of Monte Listino and in the trough between Cima Laione and Cornone Blumone. The

scarcity is a real feature of the distribution and not a bias due to sampling. The poor �t to a power-law

model for thickness and spacing of the dykes further suggests a relation with characteristic length scale,

which is best described by the median or the geometric mean [Menand, 2010, Jolly and Sanderson, 1995,

Glazner et al., 2008].

Petrography of Basaltic Dykes and Wallrock Tonalites

Within the recorded sections, basaltic magmas can be divided into four di�erent types based on pet-

rography. An early basaltic generation (2A) occurs at dyke margins and as accumulations of thin dyke

stringers (Fig. 4.2b). This generation or early, non-hybrid basaltic phase is characterized by olivine

and clinopyroxene phenocrysts, which are set in a cryptocrystalline matrix at the outermost dyke tips.

Micro-phenocrysts of clinopyroxene and plagioclase partially indicate a �uidal texture. In non-completely

quenched zones, the matrix consists of microlites of plagioclase. In rare cases, as displayed in Figure

4.8b, olivine is pristine in the quenched parts such as the very thin outermost dyke tips. In the more

massive, less rapidly cooled parts of the dyke, olivine is present mainly as chlorite-epidote-calcite pseudo-

morphs. Medium-grained euhedral clinopyroxene phenocrysts exhibit partially sieve textures in the core

regions. These early basalts (2A) display the e�ect of mechanical shattering during emplacement and the

incorporation of anhedral quartz and subhedral plagioclase at the extreme dyke-tip region.
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Figure 4.5: (a-c) Intrusive zone comprised by either an up to 5m thick dyke or split up into a number
of individual dykes with <0.5m thickness. (a) In the thick portion of this intrusive zone, an intrusion
breccia occurs, with sharp chilled margins towards the tonalitic host rock of the Listino porphyry ring
structures. (b) and (c) The thick dyke gradually splits up laterally towards NE into individual dykes and
stereographic projections (Schmidt net) indicate a slight de�ection of the orientations of the dykes, leading
to a more ENE-WSW strike.
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Figure 4.6: Dyke-thickness (a) and -spacing (b) from sections 1, 2 and 3 (Fig. 4.3, 4.5) are plotted
in cumulative frequency diagrams to assess their spatial con�guration. Histograms of thickness (c) and
spacing (d) of dykes follow an overall log-normal distribution.

Thicker dykes commonly occur as a composite structure with an early, thinner marginal zone com-

posed of quenched basalts (2A) (Fig. 4.9a). The central part is characterized by abundant coarse-grained

amphibole (Fig. 4.9d) and plagioclase xenocrysts. Medium- to coarse grained clinopyroxene, brownish

amphibole, and plagioclase are present as well. Euhedral pseudomorphs of olivine consist of similar phase

assemblages, as in the case of basalts (2A). Clinopyroxene is euhedral and contains slightly brownish spinel

inclusions. Plagioclase exhibits polysynthetic albite and carlsbad twinning for euhedral grains. Amphibole

and plagioclase occur, as well as medium- to �ne-grained microphenocrysts. Amphibole xenocrysts (Fig.

4.9a, b, d) are characterized by cores that show resorption sieve textures with abundant magnetite inclu-

sions and have later overgrowths that correspond to the pristine amphibole pheno- and microphenocrysts.

Similarly, plagioclase xenocrysts display sieve textures cores or outer bands that indicate partial resorption.

As for amphibole xenocrysts, these xenocrystic plagioclases exhibit a later overgrowths corresponding to

pheno- and micro-phenocrysts. Coarse- to medium-grained quartz crystals show reaction textures at their

borders with acicular clinopyroxene bordering them. The matrix of such basaltic-hybrid (2B) dykes con-

taining abundant xenocrysts is comprised of amphibole microlites set in interstitial plagioclase. Pheno- and
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Figure 4.7: (a),(c) and (e) Basaltic hybrid dyke swarm of section 1 and 2 (Fig.4.3) that intruded into the
Vacca tonalite in the Lago della Vacca-Cima Laione area. (b), (d) and (f) Basaltic-hybrid dyke swarm
(section 3) intruded into the Listino porphyry ring structure and the Passo Termine and Val Paghera
leucotonalites. (a) Up to 10m wide zone shows a network of dykes that alternates coalesce and split,
including large blocks of the tonalitic host rock. (b) Up to 5m thick basaltic hybrid dyke with an internal
part that displays brecciated dark green basaltic magma in a partially molten tonalitic matrix. (c) Partially
molten tonalitic host rock in contact with a basaltic hybrid dyke. Note back veining of the molten tonalitic
host into the basaltic dyke and absence of extensive melting of the tonalitic host on the opposite dyke
margin. (d) 4m wide zone exhibiting multiple basaltic dyke injections into each other with internal chilled
margins. (e) Deformation of the host rock in the form of dyke parallel to sub-parallel fractures. (f)
Intrusion breccia as in (b) of a basaltic-hybrid set in partially molten tonalite.
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Figure 4.8: (a) Intrusion breccia of section 3 (Fig. 4.5, 4.7b) mantled by basaltic (2A) and basaltic hybrid
(2B) dyke. (b) In the outermost dyke tips within the quenched parts, olivine phenocrysts are preserved. (c)
Massive basaltic hybrid parts of the dyke (thickness: >5m) where olivine is pseudomorphosed, comprised
of chlorite, epidote and hematite. Inclusions of brownish Cr-rich spinel are common in pristine olivine
and olivine pseudomorphs. The matrix consists of medium-grained brown euhedral amphibole micro-
phenocrysts and subhedral to interstitial plagioclase. (d) Contact of a basaltic intrusion breccia clast
against the partially molten host tonalite of the Listino porphyry ring structure. The inside of the basaltic
breccia clasts composed of coarse- to medium-grained phenocrystic olivine pseudomorphs and a similar
matrix as in (c). Medium-grained, brownish amphibole micro-phenocrysts concentrates at immediate
contact with the more felsic magma. The brighter felsic matrix of the breccia is characterized by �ne-
grained microlites of amphibole and interstitial plagioclase and quartz. Alignment of amphibole microlites
indicate a �uidal texture.

microphenocrysts are aligned sub-parallel to dyke margins in the rapidly quenched parts. On a small scale

as depicted in Figure 4.2a, a second basaltic hybrid generation (Fig. 4.2a bright coloured basaltic hybrid

(2B)) displays enrichment in amphibole and plagioclase phenocrysts or xenocrysts. This generation shows

increased modal abundance of pristine amphibole pheno- and micro-phenocrysts (15%), together with

abundant coarse-grained amphibole xenocrysts (5%) (Fig. 4.9d). Furthermore, coarse-grained xenocrystic

plagioclase (5%) is present, apart from euhedral olivine pseudomorphs (2%) and euhedral clinopyroxene

(2%).
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Figure 4.9: (a) Cryptocrystalline chilled margin of basaltic hybrid (2B) dyke in contact with host tonalite.
Phenocrysts are euhedral clinopyroxene and pseudomorphs of olivine, consisting of chlorite and calcite
together with pristine brownish Cr-spinel inclusions. (b) Basaltic-hybrid (2B) with abundant amphibole
micro-phenocrysts (15%) in contact with tonalitic host rock. This di�use contact corresponds to the jux-
taposition of patially molten or melt impregnated tonalite with the actual basaltic hybrid (2B) dyke (Fig.
4.3, section 1). (c) Partially molten Vacca tonalite (Fig. 4.3) with decomposed plagioclase and amphibole
with a brownish glass between grain boundaries. (d) Latest amphibole-plagioclase-phyric basaltic hybrid
dyke (2B) generation of outcrop in �gure 4.2a. Euhedral olivine occurs as pseudomorphs in the form of
chlorite and calcite.

The intrusion breccia of the thick (~5m) dyke found in the Listino ring structure shows the juxtaposition

of olivine-phyric basaltic clasts against (Fig. 4.8d) a more felsic matrix, consisting entirely of partially

molten host tonalite or a mixture of the partially molten tonalite with primitive basaltic magma. The

basaltic clasts are enriched in coarse-grained olivine (10-15%), in comparison to the much �ner-grained

felsic matrix, with a �uidal texture of amphibole microlites set in mainly interstitial plagioclase.

The melt impregnated zone of the Vacca tonalite in section 1 (Fig. 4.3) is characterized by features

of partial melting, in the form of brownish to bright glass located between grain boundaries of plagioclase

(Fig. 4.9c) and pseudomorphs of amphibole. Plagioclase cores commonly exhibit sieve textures.
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4.5 Analytical Methods

Bulk Rock Chemistry

After initial size reduction employing a hydraulic press, all samples were �rst ground to a �ne powder

in an agate mill. Thereafter, an aliquot was heated to 1050°C in a mu�e furnace to determine the loss

of ignition by mass di�erence. The �red product was mixed with the appropriate amount of Li2B4O7

(1.2121:6) and fused for �ve minutes in a Pt-crucible and subsequently poured in a Pt-casting dye and

quenched to a glass blead. Major element compositions of whole rock samples were determined on glass

beads by X-ray �uoresence (XRF) analysis, using a PANalytical Philips PW2400 spectrometer at the

University of Lausanne. BHVO-1, NIM-N, NIM-G and SY-2 standards were used for quality control.

Uncertainties of XRF analyses are in the range of 0.5 wt.% (2 sigma) for major components such as

SiO2 and 0.006% for a minor component such as NiO. The trace-element concentrations of bulk rocks

were determined on the same XRF glass beads with a Geolas 200M 193 nm ArF excimer laser ablation

system, interfaced with an Elan 6100 DRC quadrupole mass spectrometer (LA-ICP-MS) at the University

of Lausanne. The performance of the LA-ICP-MS was optimized with the NIST SRM 612 glass in order to

improve the sensitivity (Mg>10000cps and La>40000cps). During this optimization, doubly charged ions

(Ba++/Ba+ < 2%) and oxide production rates (ThO+/Th+) were minimized. Three repeat measurements

were performed on the glass beads with a laser pit size of 120µm using a laser frequency of 10Hz and energy

of 160mJ, which is equivalent to 12 J/cm2. Helium was used as a cell gas carrier. Background and ablation

interval acquisition times were 70 and 30-35 seconds respectively. Dwell times for di�erent isotopes range

from 10 to 20ms employing a peak hopping mode. Absolute trace-element concentrations were determined

using CaO wt% (determined by XRF) as an internal standard and NIST 612 or NIST 610 as an external

standard. The average elemental abundances are taken from Pearce et al. [1997] and data was reduced

with LAMTRACE [Longerich et al., 1996, Jackson, 2008] software.

Mineral Chemistry

Major element compositions of minerals were determined by wavelength-dispersive analysis using a

JEOL JXA-8200 electron microprobe equipped with �ve spectrometers at the University of Lausanne.

Samples were polished and carbon coated thin-sections; standards employed are natural minerals and

synthetic glasses. Measurements were corrected with the PRZF [Armstrong, 1995] method. The beam

current was set to 15nA with an acceleration voltage of 15KeV and beam size was varied between 1µm

and 4µm. Major elements on the respective mineral phase were measured for 20s on peak and 10s

on background on both sides of the peak. Minor-elements were measured for 30s on peak and 15s on

background each side of the peak. Trace-element analysis was performed on the same polished thin-

sections using an ELEMENT XR sector �eld ICP-MS coupled with an UP193-FX ArF 193nm excimer

laser ablation system at the University of Lausanne. The LA-ICP-MS system was optimized using NIST

SRM 612 glass standard to maximize the sensibility (La139+> 3.5·106cps and Th232+ > 4.5·106cps). At

the same time, doubly charged ions (Ba++/Ba+<2%) and oxide production (ThO+/Th+ <0.05%) were

minimized. Helium was used as cell gas (1.00 [l/min]) and Ar was used as sample gas (ranging from

0.690-0.735 [l/min]). The pit size during laser ablation was chosen according to grain size and mineral
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texture and varied between 25µm and 100µm. Repetition rate was varied between 5Hz and 15Hz and

the laser energy was varied to achieve 5.2-5.8J/cm2 depending on analysed mineral phase. Acquisition

times for background and ablation interval were 120s and 60s respectively for each laser spot. According

to expected concentrations, dwell times for measured masses were varied between 10 to 20ms. Absolute

trace-element concentrations were determined likewise for glass beads using CaO wt% or alternatively

Al2O3 (determined by EMPA) as an internal standard and NIST 612 as an external standard. The data

was reduced with LAMTRACE [Longerich et al., 1996, Jackson, 2008] and average elemental abundances

for the NIST 612 standard were taken from Pearce et al. [1997].

Radiogenic Isotopes

A representative selection of 8 samples for the di�erent dyke rock types was analyzed for whole rock Sr,

Nd and Pb isotopic compositions at the Department of Mineralogy, University of Geneva. Approximately

160mg of powdered rock was dissolved in closed Te�on vessels for 7 days on a hot plate at 140°C within a

mixture of 4ml of concentrated HF and 1ml HNO3 15M, following the procedure described by Chiaradia

[2009] and Chiaradia et al. [2011]. Samples were subsequently dried on a hot plate, and then redissolved

with 3ml of 14 M HNO3 in Te�on vials at 140°C and desiccated again. The Sr, Nd and Pb separation

was performed using stacked columns with Sr-spec, TRU-spec and Ln-spec resins. The applied method

is modi�ed after Pin et al. [1994]. Puri�cation for Pb was further achieved through AG-MP1-M anion

exchange resin in a hydrobromic medium. Sr, Nd and Pb isotope ratios were analysed using a Thermo

TRITON mass spectrometer using Faraday cups in static mode. Pb was loaded onto Re �laments using the

silica gel technique and all samples (and standards) were measured at a pyrometer-controlled temperature

of 1220°C. Using the standard values of Todt et al. [1996], Pb isotope ratios were corrected for instrumental

fractionation by a factor of 0·07% per a.m.u. based on more than 90 measurements of the SRM981

standard. External reproducibility of the standard ratios are 0.05% for 206Pb/204Pb, 0.08% for 207Pb/204Pb

and 0.10% for 208Pb/204Pb. Sr was loaded onto single Re �laments with a Ta oxide solution and measured

at a pyrometer-controlled temperature of 1480°C in static mode, using the virtual ampli�er design to cancel

out biases in gain calibration among ampli�ers. 87Sr/86Sr values were internally corrected for fractionation

using an 88Sr/86Sr value of 8·375209. Raw values were further corrected for external fractionation by a

value of + 0·03�, determined by repeated measurements of the SRM987 standard (87Sr/86Sr = 0·710248).

External reproducibility of the 87Sr/86Sr ratio for the SRM987 standard is 7 µg−1 (1σ). Nd was loaded

onto double Re �laments with 1 M HNO3 and measured in static mode with the virtual ampli�er design.
143Nd/144Nd values were internally corrected for fractionation using a 146Nd/144Nd value of 0·7219 and

the 144Sm interference on 144Nd was monitored on mass 147Sm and corrected by using a 144Sm/147Sm

value of 0·206700. External reproducibility of the JNdi-1 standard [Tanaka et al., 2000] is <5µg g−1

(1σ). 87Sr/86Sr and 143Nd/144Nd whole-rock compositions were corrected for time-integrated decay of
87Rb and 147Sm using Rb, Sr, Sm and Nd concentrations determined by LA-ICP-MS on bulk-rock glass

beads and to an age of 39.8 Ma [Hansmann, 1986, Hansmann and Oberli, 1991] for basaltic (2A) and

basaltic-hybrid dykes (2B). The resulting time-integrated corrections are small (less to much less than

500ppm for 87Sr/86Sr and less to much less than 100ppm for 143Nd/144Nd).
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4.6 Bulk Rock Chemistry

Major Elements

XRF analyses for basaltic, basaltic-hybrid dykes and the Vacca tonalite host in section 1 and 2 (Fig.

4.3) are reported in tables 4.1, 4.5 and 4.6. Basalts (2A) of the early intrusive phase have SiO2 contents

between 46.8 and 49.0 wt%. MgO ranges between 12.0 and 8.4 wt% (Fig. 4.10a), whereas the hybrid dykes

reveal a considerable range in SiO2 (45-51 wt%) and MgO (11.7-1.7 wt%). TiO2 (Fig. 4.10b) and CaO

(Fig. 4.10d) show distinctively lower contents for the Vacca tonalite (VT) of 0.4-0.65 wt% and 4.41-6.68

wt%. Al2O3 (Fig. 4.10c) exhibits a slight enrichment trend among basalts (2A) and basaltic-hybrids (2B).

K2O (Fig. 4.10e) shows a remarkable enrichment for basaltic-hybrid (2B) dykes with values of up to 2.37

wt%. Similarly Na2O attains higher values for basaltic hybrids with values up to 3.78 wt%. Higher values

for K2O can be partly associated with secondary mobility due to aqueous �uids [Zack and John, 2007] that

are present in altered zones of the host rock around dyke tips and bridges [Hürlimann et al., in prep.b].

Though the similarity of the highest Na2O values of basaltic-hybrid dykes with the content of the Vacca

tonalite appears to be an e�ect in�uenced by the tonalitic host rock.

Trace Elements

All analyzed trace elements are reported in tables 4.1, 4.5 and 4.6 for basalts (2A), basaltic-hybrids

(2B) and the Vacca tonalite host rock of section 1 and 2 (Fig. 4.3). In general trace elements show a larger

variability with regard to basaltic-hybrid rocks. In particular, the light-ion-lithophile-elements (LILE) such

as Sr, Rb and Ba show a larger scatter (Fig. 4.11a, b, c) that ranges up to values corresponding to the

Vacca tonalite host rock.

In the Ni versus Ba diagram (Fig. 4.11c), basaltic hybrids (2B) indicate two di�erent trends; one

follows a curved evolution with a distinct bend at very low Ni concentrations, whereas the other trend

describes a straighter line between two end members. The two end members are in this case the basalt

(2A) on one hand and the Vacca tonalite (VT) on the other hand.
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Composition basalt basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

Sample NHS079 NHS138A NHS138B NHS138C NHS138D NHS138E NHS138F NHS139A

Generation 2A 2B 2B 2B 2B 2B 2B 2B

SiO2 48.65 48.33 47.76 48.18 49.32 49.79 50.42 48.73

TiO2 0.83 0.84 0.81 0.81 0.83 0.84 0.85 0.94

Al2O3 15.94 15.71 15.44 15.59 15.7 16.03 16.51 16.91

Fe2O3 8.99 9.1 8.55 9.6 9.37 8.95 8.85 9.38

MnO 0.18 0.17 0.18 0.17 0.18 0.19 0.18 0.21

MgO 9.91 9.43 8.61 9.5 9.04 8.91 8.01 8.09

CaO 10.51 9.96 9.5 9.1 8.84 9.17 8.9 8.99

Na2O 1.57 1.86 2.02 1.88 1.9 1.96 1.85 2.58

K2O 0.94 0.6 1 1.01 1.17 1.01 1 1.26

P2O5 0.15 0.15 0.16 0.14 0.15 0.16 0.16 0.18

LOI 2.31 3.41 5.38 3.37 2.63 2.42 2.39 2.03

Cr2O3 0.09 0.08 0.07 0.08 0.08 0.07 0.07 0.06

NiO 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Total 100.08 99.65 99.49 99.46 99.23 99.5 99.19 99.37

Table 4.1: Major elements and Cr2O3 and NiO (all in [wt%]) were determined by XRF analysis. Samples
NHS138A-F are part of a section across strike of basaltic hybrid (2B) dyke section 1 (Fig. 4.3), with a
total thicknesses of 0.73 m.

Composition basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

Sample NHS045A NHS045B NHS045C NHS045D NHS045E NHS045F NHS078A NHS078B

Generation 2B 2B 2B 2B 2B 2B 2B 2B

SiO2 48.43 46.44 48.78 50.74 50.31 49.04 49.84 50.1

TiO2 0.98 0.95 0.98 1.03 0.96 0.92 0.87 0.84

Al2O3 17.25 17.44 17.48 17.61 17.17 16.81 16.32 17.05

Fe2O3 9.34 9.61 9.07 8.98 8.77 9.04 8.5 8.15

MnO 0.18 0.19 0.16 0.13 0.15 0.18 0.15 0.14

MgO 7.43 8.17 6.47 5.41 6.07 7.73 6.96 6.75

CaO 10.61 10.83 9.33 8.08 8.47 9.4 8.25 7.47

Na2O 2.39 1.96 3.1 3.78 3.53 2.86 2.69 2.98

K2O 0.6 1 1.84 2.3 2.18 1.23 2.28 2.24

P2O5 0.17 0.17 0.18 0.18 0.18 0.16 0.15 0.17

LOI 1.64 2.42 1.69 1.01 1.26 1.88 3.12 3.21

Cr2O3 0.06 0.08 0.05 0.03 0.04 0.06 0.03 0.03

NiO 0.01 0.01 0.01 0 0 0.01 0.01 0.01

Total 99.1 99.25 99.13 99.27 99.09 99.32 99.18 99.15

Table 4.2: Major elements and Cr2O3 and NiO (all in [wt%]) were determined by XRF analysis. Samples
NHS045A-F and NHS078A-C (Fig. 4.2) are sections across strike of basaltic hybrid (2B) dykes, with
thicknesses of 0.2m and 0.08m respectively.
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Figure 4.10: Harker diagrams displaying variation of SiO2 vs. MgO (a), TiO2(b), Al2O3(c), CaO (d), K2O
(e) and Na2O (f) (all in wt%). Basalt (2A) is ol-cpx-pl-phyric and is devoid of amphibole, plagioclase and
quartz xenorcrysts. NHS045 is a 0.2m thick section across a basaltic-hybrid (2B) dyke (Fig. 4.2). NHS078
is a 0.08m thick section across latest generation of basaltic hybrid (2B) dykes in �gure 4.2. Sample NHS139
is the part of a basaltic hybrid (2B) dyke in immediate contact with the Vacca tonalite host rock indicated
in section 1 (Fig. 4.3). VT stands for Vacca tonalite, the host rock for section 1 and 2 (Fig. 4.3).
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Composition basaltic-

hybrid

melt im-

pregnated

tonalite

partiallly

molten

tonalite

tonalite basaltic-hybrid

bulk rock

recal. Matrix

(chilled margin)

= liquid

Sample NHS078C NHS140 NHS139B RDC3 NHS053 NHS053

Generation 2B 2B 2B Vacca

Tonalite

2B 2B

SiO2 50.32 51.65 65.56 60.34 48.00 49.63

TiO2 0.85 0.90 0.40 0.65 0.93 0.96

Al2O3 16.98 17.61 16.39 17.43 16.71 17.14

Fe2O3 8.07 8.34 4.13 1.28 9.41 10.04

MnO 0.14 0.16 0.10 0.13 0.18 0.19

MgO 6.72 6.30 1.74 2.30 8.50 8.65

CaO 7.41 7.80 4.41 6.68 9.93 9.83

Na2O 3.04 2.30 3.16 2.86 1.86 1.95

K2O 2.37 1.40 2.19 1.89 1.24 1.34

P2O5 0.17 0.17 0.18 0.23 0.16 0.17

LOI 3.12 2.79 1.39 n.a. 2.16 n.a.

Cr2O3 0.03 0.02 0.00 n.a. 0.07 0.07

NiO 0.01 0.00 0.00 n.a. 0.01 0.01

Total 99.23 99.45 99.63 98.54 99.15 100

Table 4.3: Major elements and Cr2O3 and NiO (all in [wt%]) were determined by XRF analysis. Sample
NHS078C is part of a section across strike of a dyke with a thickness of 0.08m. The matrix or chilled
margin of the basaltic hybrid (2B) NHS053 consists of a recalculation based on bulk rock XRF analysis
explained in the text and a LA-ICP-MS laser scan of the same chilled margin.
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Composition basalt basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

Sample NHS079 NHS138A NHS138B NHS138C NHS138D NHS138E NHS138F NHS139A

Generation 2A 2B 2B 2B 2B 2B 2B 2B

Be 1.777 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Sc 36.1 38.1 33.2 36.2 36.3 34.6 34.9 36.1

V 244 250 240 260 255 257 259 273

Cr 668 607 563 649 591 560 516 498

Co 38.5 37.0 32.6 36.4 35.2 34.6 32.3 34.7

Ni 127.9 110.7 102.1 117.9 119.9 100.4 84.8 96.5

Cu 61.4 16.1 15.4 17.2 16.9 20.5 24.0 21.4

Zn 189.9 162.3 174.7 185.0 221.6 185.7 194.4 186.1

Ga 15.4 16.5 15.5 16.2 16.6 16.9 17.3 17.6

Ge 2.2 2.4 1.6 2.7 2.6 2.5 2.5 2.6

As 2.263 n.a. 1.838 n.a. n.a. n.a. 1.365 1.828

Rb 34.9 13.5 26.6 31.1 37.6 27.4 25.8 38.4

Sr 347 354 363 343 338 366 395 388

Y 15.4 16.0 15.7 15.0 15.6 15.6 16.1 20.5

Zr 75 76 76 70 71 76 81 85

Nb 5.5 5.8 5.8 5.1 5.7 5.8 6.5 6.5

Mo 1.9 1.8 2.0 2.0 1.8 1.7 2.5 2.0

Cs 0.62 0.31 0.61 0.63 0.68 0.46 0.45 1.09

Ba 209 184 258 242 256 252 264 393

La 15.0 15.6 15.9 14.7 15.6 16.1 17.7 16.2

Ce 31.1 31.9 32.2 29.6 30.9 32.3 35.4 40.7

Pr 3.73 3.72 3.78 3.53 3.81 3.72 4.09 4.21

Nd 14.5 15.8 15.4 14.3 14.8 15.6 17.3 17.3

Sm 3.05 3.16 3.13 2.91 3.04 3.12 3.53 3.58

Eu 0.85 1.00 0.93 0.88 0.91 0.93 1.01 1.08

Gd 2.85 2.768 3.014 2.938 3.332 2.946 3.145 3.51

Tb 0.450 0.469 0.438 0.409 0.448 0.477 0.497 0.529

Dy 2.88 3.04 3.00 2.76 2.77 2.93 2.90 3.69

Ho 0.553 0.599 0.581 0.552 0.574 0.595 0.587 0.759

Er 1.61 1.71 1.74 1.61 1.63 1.70 1.64 2.34

Tm 0.274 0.233 0.243 0.229 0.224 0.225 0.247 0.334

Yb 1.58 1.72 1.61 1.57 1.58 1.58 1.67 2.27

Lu 0.245 0.240 0.234 0.226 0.222 0.238 0.235 0.358

Hf 1.93 2.09 2.07 1.84 1.96 2.08 2.14 2.43

Ta 0.33 0.33 0.35 0.33 0.33 0.41 0.38 0.38

Pb 17.99 4.89 4.73 10.20 32.10 17.53 8.90 5.07

Th 3.13 3.18 3.13 2.85 2.98 3.28 3.51 4.09

U 0.77 0.81 0.82 0.84 0.84 0.95 1.10 0.71

Table 4.4: Trace elements (all in [ppm]) were determined by LA-ICP-MS analysis (n.a.: not analyzed).
Samples NHS138A-F are part of a section across strike of basaltic hybrid (2B) dyke section 1 (Fig. 4.3),
with a total thicknesses of 0.73m.
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Composition basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

basaltic-

hybrid

Sample NHS045A NHS045B NHS045C NHS045D NHS045E NHS045F NHS078A NHS078B

Generation 2B 2B 2B 2B 2B 2B 2B 2B

Be n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Sc 35.4 35.9 34.7 32.3 33.3 34.6 32.3 29.4

V 247 257 266 272 263 252 242 220

Cr 391 479 305 195 266 399 198 179

Co 30.1 33.5 27.3 27.3 25.2 29.7 28.9 26.8

Cu 59.6 85.9 47.1 44.5 56.5 48.6 185.1 59.1

Zn 217.0 188.6 179.5 194.4 228.6 159.4 176.9 159.7

Ga 17.4 17.5 16.1 16.3 16.1 16.5 17.2 16.3

Ge 2.6 2.5 2.7 1.9 2.4 2.5 2.6 2.4

As 1.666 1.775 1.492 2.284 1.312 1.99 7.249 6.096

Rb 12.6 30.3 55.5 58.8 61.4 37.1 66.1 67.2

Sr 429 408 487 536 506 450 365 377

Y 18.5 18.1 19.3 19.6 18.2 17.8 18.4 18.0

Zr 84 88 89 94 90 83 101 108

Nb 5.7 5.6 5.8 5.9 5.7 5.2 6.6 7.1

Mo 1.5 1.4 1.4 3.1 1.5 0.7 1.2 1.0

Cs 0.49 0.65 0.96 0.82 0.94 0.76 0.56 0.49

Ba 199 270 432 598 531 320 506 488

La 16.3 16.2 17.3 17.4 17.7 15.9 23.7 24.0

Ce 31.6 31.4 33.5 34.1 33.8 30.4 42.4 45.0

Pr 3.87 3.65 3.96 3.97 3.96 3.52 4.73 4.78

Nd 16.5 15.7 17.1 17.2 16.6 16.1 19.2 20.0

Sm 3.68 3.33 3.69 3.89 3.58 3.48 4.15 3.93

Eu 1.08 1.08 1.14 1.06 1.10 1.02 1.17 1.09

Gd 3.193 3.275 3.29 3.487 3.3 3.362 3.377 3.71

Tb 0.524 0.469 0.553 0.577 0.539 0.487 0.536 0.583

Dy 3.15 3.21 3.40 3.53 3.34 3.09 3.30 3.29

Ho 0.719 0.654 0.724 0.735 0.698 0.671 0.754 0.676

Er 1.80 1.72 1.96 1.88 1.93 1.78 1.82 1.89

Tm 0.292 0.258 0.278 0.281 0.281 0.274 0.309 0.296

Yb 1.78 1.80 1.90 1.94 1.94 1.77 1.98 1.83

Lu 0.276 0.258 0.280 0.278 0.293 0.265 0.285 0.283

Hf 2.09 2.11 2.15 2.37 2.23 2.27 2.59 2.56

Ta 0.49 0.38 0.34 0.35 0.38 0.28 0.43 0.45

Pb 2.61 3.55 5.28 6.26 6.68 5.41 6.81 5.36

Th 3.25 3.24 3.50 3.51 3.41 3.16 5.13 5.80

U 0.67 0.63 0.59 0.63 0.59 0.56 0.95 0.97

Table 4.5: Trace elements (all in [ppm]) were determined by LA-ICP-MS analysis (n.a.: not analyzed).
Samples NHS045A-F and NHS078A-C (Fig. 4.2) are sections across strike of basaltic hybrid (2B) dykes,
with thicknesses of 0.2m and 0.08m respectively.
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Composition basaltic-

hybrid

melt im-

pregnated

tonalite

partiallly

molten

tonalite

tonalite basaltic-hybrid

bulk rock

recal. Matrix

(chilled margin)

Sample NHS078C NHS140 NHS139B RDC3 NHS053 NHS053

Generation 2B 2B 2B VT 2B 2B

Be n.a. n.a. n.a. n.a. n.a. n.a.

Sc 29.5 32.8 8.5 12.0 33.9 29.9

V 218 244 69 196 250 268

Cr 169 193 62 32 429 n.a.

Co 26.9 26.7 8.2 12.0 33.2 n.a.

Ni 43.6 35.3 15.1 n.a. 94.5 47.6

Cu 51.2 35.0 26.2 n.a. 31.9 n.a.

Zn 157.9 195.8 208.1 69.0 194.0 122.6

Ga 16.1 19.3 19.6 11.0 16.7 n.a.

Ge 2.1 2.2 3.6 n.a. 5.3 n.a.

As 4.661 2.466 2.305 n.a. 4.212 n.a.

Rb 70.7 44.5 60.2 78.6 46.1 n.a.

Sr 366 447 448 406 338 335

Y 18.4 22.1 19.3 12.0 18.9 22.4

Zr 108 126 216 100 79 104

Nb 7.2 9.3 15.1 n.a. 5.2 4.6

Mo 1.0 1.7 1.9 n.a. 0.7 n.a.

Cs 0.52 0.70 1.11 n.a. 0.46 n.a.

Ba 516 380 662 563 174 214

La 24.1 29.4 54.7 35.1 16.5 14.9

Ce 44.8 56.9 98.2 69.1 31.4 35.7

Pr 4.81 6.40 9.55 n.a. 3.77 4.73

Nd 20.5 24.3 33.0 26.5 16.3 20.4

Sm 3.85 4.70 4.84 4.20 3.64 4.24

Eu 1.08 1.21 1.13 1.05 1.23 1.06

Gd 3.277 4.223 3.695 n.a. 3.292 4.045

Tb 0.561 0.609 0.461 0.517 0.591 0.647

Dy 3.20 3.96 3.36 n.a. 3.28 4.07

Ho 0.716 0.816 0.669 1.920 0.743 0.818

Er 1.89 2.31 1.94 0.30 1.97 2.41

Tm 0.274 0.348 0.312 2.700 0.303 0.361

Yb 1.88 2.37 2.40 16.27 2.04 2.53

Lu 0.275 0.353 0.373 2.400 0.347 0.386

Hf 2.69 3.16 4.92 n.a. 2.15 2.81

Ta 0.43 0.54 0.95 n.a. 0.47 0.30

Pb 5.52 5.59 10.78 16.81 1.45 n.a.

Th 5.69 7.24 15.48 16.76 6.16 3.19

U 0.95 1.19 2.53 3.27 3.47 4.89

Table 4.6: Trace elements (all in [ppm]) were determined by LA-ICP-MS analysis. For RDC3, REE were
analyzed by INAA/RNAA. (n.a.: not analyzed). Sample NHS078C is part of a section across strike of a
dyke with a thickness of 0.08m. The matrix or chilled margin of the basaltic hybrid (2B) NHS053 consists
of a recalculation based on bulk rock XRF analysis explained in the text and a LA-ICP-MS laser scan of
the same chilled margin.
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Whole Rock Radiogenic Isotopes

Values for radiogenic 87Sr/86Sr, 143Nd/144Nd , 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb of a basalt

(2A) and several basaltic-hybrid (2B) dyke bulk rocks are given in table 4.7. In terms of 87Sr/86Sr and
143Nd/144Nd whole rock ratios (Fig. 4.12), the early basaltic phase (2A) is the most primitive among

the compositions present in the described sections 1, 2 and 3 (Fig. 4.3, 4.5). The central, crystal-rich

(abundant xenocrysts) part (NHS045D, Tab. 4.5) of the 0.2 m thick section across a basaltic hybrid

(2B) dyke has the highest radiogenic 87Sr/86Sr and lowest 143Nd/144Nd values of all samples across the

section. In terms of radiogenic 87Sr/86Sr and 143Nd/144Nd ratios, the samples of the basalt (2A) and

basaltic-hybrids (2B) plot between the values of all the other dykes comprising Ol-tholeiites (1A), picro-

basalts/Ol-tholeiites (1B), basaltic-andesites/andesites (2C) and dacite (3) and the Re di Castello intrusive

suite [Kagami et al., 1991] consisting of hornblende-gabbros, tonalites and granites.

Composition Sample Generation 87Sr/86Sr 143Nd/144Nd εNd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

basalt NHS079BR1 2A 0.705114 0.512513 -2.4 18.538 15.657 38.779

basaltic-hybrid NHS042BR2 2B 0.705391 0.512498 -2.7 18.478 15.653 38.722

basaltic-hybrid NHS078BR2 2B 0.705646 0.512422 -4.2 18.540 15.665 38.780

basaltic-hybrid NHS045BR2 2B 0.705138 0.512511 -2.5 18.511 15.640 38.695

basaltic-hybrid NHS045BR4 2B 0.705170 0.512519 -2.3 18.574 15.691 38.860

Table 4.7: 87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb are all initial values re-
calculated to the following age: basalt (2A), basaltic-hybrids to 39.8 Ma; according to zircon ages (39.8
Ma) from Hansmann [1986], Hansmann and Oberli [1991]. εNd was calculated according to a present-day
CHUR value of 143Nd/144Nd of 0.512638 [Jacobsen and Wasserburg, 1980].

4.7 Mineral Chemistry

Olivine and Clinopyroxene

Olivine (Tab. 4.8) that is only rarely preserved in basalts (2A) at the outermost parts of dyke tips varies

from Fo89to Fo87. Euhedral spinel inclusions are common in olivine phenocrysts. Olivine phenocrysts in

contact with �ne-grained crypto-crystalline matrix exhibit a magnetite reaction seam (Fig. 4.13a). Spinel

inclusions are Cr-rich.

The major element composition of clinopyroxene (Tab. 4.8) varies from 0.48 to 0.35 for Mg2Si2O6

(enstatite component) and from 0.43 to 0.32 for Ca2Si2O6 (wollastonite component). The sum of all the

pyroxene Tschermak's components (CaAl2SiO6; CaFe3+AlSiO6; CaCrAlSiO6; CaTiAl2O6) ranges from a

maximum of 0.221 to a minimum of 0.044. Crystal chemical variations associated with sector zoning and

the detailed trace element chemistry of clinopyroxenes of basalts (2A) are described in Hürlimann et al.

[in prep.a] under the description for clinopyroxene.

Plagioclase

Cations per formula unit and endmember proportions of plagioclases were calculated based on 5 cations

and 16 negative charges [Wood and Banno, 1973]. For plagioclase, two distinct compositional ranges (Tab.
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Blumone

Val Fredda

Re di Castello

Figure 4.12: Whole rock radiogenic 87Sr/86Sr and 143Nd/144Nd isotopes from Val Fredda, Blumone and Re
di Castello intrusives [Kagami et al., 1991] are compared with data from basaltic (2A) and basaltic hybrid
(2B) dyke rocks of this study. 87Sr/86Sr and 143Nd/144Nd data for Ol-tholeiites (1A), picro-basalts/Ol-
tholeiites (1B), basaltic-andesites/andesites (2C) and dacite (3) provided in Hürlimann et al. [in prep.a].

4.8) can be distinguished throughout the basaltic (2A) and basaltic-hybrid (2B) dyke rocks. These com-

positional ranges are closely associated with crystal textures in these rocks, which are coarse- to medium-

grained xenocrysts with resorption features and �ner grained micro-phenocrysts respectively. Cores of

xenocrysts anorthite content vary mainly between An44 to An58 (Fig. 4.14a). The same xenocrysts re-

veal later overgrowth textures following bands of previous dissolution or resorption (Fig. 4.13d) with an

anorthite content that ranges between An82 and An88. Micro-phenocrysts of basalts (2A) and basaltic

hybrids (2B) have an anorthite content that varies from An90 to An79 and corresponds to the compo-

sitional range covered by late anorthite-rich overgrowths of plagioclase xenocrysts of hybrid magmas.

The orthoclase component of the di�erent plagioclase textures and textural domains provides an addi-

tional crystal-chemical distinction (Fig. 4.14a). Micro-phenocrysts and late overgrowths of plagioclase

xenocrysts reveal an orthoclase component that ranges between 0.0081 and 0.0007, whereas the cores of

the plagioclase xenocrysts have a considerably higher orthoclase content varying from 0.0183 to 0.0118.

Moreover late xenocryst overgrowths and micro-phenocrysts are enriched in MgO and FeO compared to

the xenocryst cores.
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ba

c d

500 μm

Figure 4.13: Back scattered electron (BSE) images of phenocryst and xenocryst phases occurring in basalts
(2A) and basaltic hybrids (2B) (a) Olivine phenocryst set within cryptocrystalline matrix of outermost
basaltic (2A) dyke tip. Olivine has euhedral Cr-spinel inclusions and a magnetite reaction rim. (b)
Juxtaposition of glassy fragments of a basalt (2A) with micro-phenocrysts of darker olivine pseudomorphs
and brighter clinopyroxene adjacent to a cryptocrystalline part of the matrix. (c) Amphibole xenocryst
in a basaltic hybrid (2B) with a rounded core with magnetite inclusions overgrown by a later phase with
a darker innerim and a brighter outerim (circles are LA-pits). (d) Plagioclase xenocryst with a preserved
core and a sieve or sponge textured band with a fresh later overgrowth corresponding to plagioclase
microphenocryst in the basaltic hybrid (2B).
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Figure 4.14: (a) Anorthite vs. orthoclase content of di�erent textural zones such as late overgrowths and
cores of plagioclase xenocrysts of basaltic-hyrbids (2B), microphenocrysts of basalts (2A) and basaltic-
hybrids (2B). (b) Chondrite normalized [McDonough and Sun, 1995] trace element patterns of the core
and late overgrowths (rim) zones of of plagioclase xenocrysts in basaltic hybrids (2B).

Trace element compositions of core and late overgrowth domains of plagioclase xenocrysts of basaltic

hybrids (2B) are reported in tables 4.9 and 4.10. With regard to trace element compositions, the pla-

gioclase xenocryst cores from the basaltic hybrids (2B) are enriched in Ba and light rare earth elements

(LREE) (Fig. 4.14b) (chondrite normalized basis [McDonough and Sun, 1995]) in comparison to the late

overgrowths (rims) of the same xenocrysts. For the two di�erent textural domains of these xenocrysts, Sr,

however does not di�er considerably (Fig. 4.14). The heaviest detected rare earth elements (HREE) are

slightly enriched in late overgrowths (rims) of the xenocrysts, compared to the still preserved core domain

of the same crystals.

Amphibole

Amphibole chemical formulae based on major and minor element wt% oxide data from microprobe

analysis were calculated to 13 cations per formula unit (apfu), excluding Ca, Na and K which neglects

any potential cummingtonite component [Hawthorne, 1983, Hawthorne and Oberti, 2007]. With this

normalization scheme, the M(4) site only contains Ca and Na and any Na and K exceeding 2.0 are

allocated on the A site. A representative data set for the di�erent textural domains observed for amphibole

xenocrysts of basaltic hybrids (2B) encompassing core, innerrim and outerrim (Fig. 4.13c) is provided in

table 4.8.

Overall, all analyses from the di�erent textural domains (core, innerrim, outerrim) of amphibole

xenocrysts fall within the pargasite �eld after Leake et al. [1997] (Fig. 4.15a). Xenocryst cores show

a scatter in the K (apfu) versus Mg#(tot) variation diagram (Fig. 4.15b) with lowest Mg#(tot) of ~0.55;
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innerrim and outerrim domains reveal lower K (apfu) contents and are much more con�ned in terms of

Mg#(tot). The variation and scatter between Na(A) and AlIV (apfu) (Fig. 4.15) for amphibole xenocrysts

cores shows the e�ect of coupled Tschermak's and edenite substitution. In the present case both innerrim

and outerrim of the amphibole xenocrysts are con�ned to higher Na(A) and AlIV (apfu) values. The

innerrim domain of amphibole xenocrysts contains the most Ti (apfu) (Fig. 4.16d) of all the di�erent

xenocryst zones, indicative of higher temperature conditions during the formation of this part of the late

overgrowth. The outermost rims of amphibole xenocrysts have lower Ti (apfu) and indicate most likely

a later phase of crystal growth during cooling. Ti (apfu) content for amphibole xenocryst cores scatters

from higher, equivalent to innerrims, to lower values below the Ti (apfu) level for outerrims.
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a b

c d

Figure 4.15: Amphibole crystal-chemistry: (a) Amphibole classi�cation for calcic amphiboles based on the
parameters: (Ca)B >1.50; (Na+K)A>0.50 after Leake et al. [1997]. (a) to (d) Cations per formula unit
(apfu) calculated on the basis of 13 cations (Cations-Ca-Na-K=13), where M(4) only contains Ca and Na
and remaining Na and K assigned to the A-site. (b) Innerrims and outerrims of amphibole xenocrysts have
distinctly lower K (apfu) contents whereas cores show a larger scatter in both Mg#(tot) and K [p.f.u.].
(c) Amphibole xenocryst cores show a scatter to lower values of Na(A) and AlIV (apfu) than the inner-
and outerrims of the same xenocrysts that are very con�ned in composition and reveal higher AlIV (apfu)
and Na(A) contents related to pargasite substitution (NaAlV IAlIV2 O−1Mg−1Si−2), which is a composite
of the edenite and the Tschermak's exchange vectors. (d) Ti (apfu) varies among di�erent textural zones
of xenocrysts and is highest for the innerrim domain, indicating higher temperature conditions during
amphibole precipitation at this stage.

The chondrite-normalized [McDonough and Sun, 1995] rare earth element (REE) diagram of am-

phibole xenocryst cores reveals distinctly higher concentrations and more evolved composition than the

corresponding rim (late overgrowth) composition (Fig. 4.16a) of the same xenocrysts. The core REE

patterns possess a negative Eu-anomaly that accentuates for higher REE concentrations, indicating the

co-precipitation of plagioclase under appropriate oxygen fugacity (fO2 ) conditions. This is coupled with
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a b

Figure 4.16: (a) Chondrite normalized [McDonough and Sun, 1995] rare earth element (REE) pattern
of di�erent amphibole xenocryst domains (core; rim/overgrowth) of basaltic hybrids (2B). (b) Primitive
mantle normalized [McDonough and Sun, 1995] trace element patterns of the same amphibole xenocrysts
domains (core; rim/overgrowth) as in (b).

a well visible depletion of Sr for the cores of amphibole xenocrysts, as shown in the primitive mantle

normalized [McDonough and Sun, 1995] trace element patterns (Fig. 4.16b), since Sr is very compatible in

co-crystallizing plagioclase [Blundy and Wood, 1991]. Rims or late overgrowths on the other hand reveal a

relative enrichment in Sr compared to cores. High �eld strength elements such as Th, U, Nb and Ta mark

(Fig. 4.16b) an enrichment for amphibole xenocryst cores relative to the corresponding late overgrowths

(rims).

4.8 Discussion

Geochemical Constraints on Wallrock Assimilation

Bulk rock geochemical and crystal chemical properties of the basaltic (2A) and basaltic hybrid (2B)

dykes, together with the Vacca tonalite host rock presented in sections 1 and 2 (Fig. 4.3), indicate

wallrock assimilation and mixing processes of an initial basaltic magma. Textural features of amphibole,

plagioclase and quartz xenocrysts underline this relation in conjunction with textures of partial melting

of the tonalitic host rock (Fig. 4.9c) in all of the examined sections (Fig. 4.3, 4.5). Moreover, the

occurrence of tonalitic wallrock xenoliths within the basaltic hybrid (2B) dykes provides another aspect

of the assimilation process.

The assimilation process in magmatic open systems is either a bulk or a selective process [Edwards and

Russell, 1996b]. In the case of bulk assimilation, the material being assimilated by a given melt is added

in proportions equal to the bulk xenolith composition. In contrast, selective assimilation is described as a

process where the composition of the added assimilant is not equal to the bulk xenolith composition. In

open magmatic systems both processes have been recognized (e.g. Doe et al., 1969, Watson, 1982, Kitchen,

1989, Blichert-Toft et al., 1992, Philpotts and Asher, 1993, Reiners et al., 1995). The selective assimilation
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process stresses the importance of kinetic aspects, such as di�erent dissolution rates of di�erent mineral

phases, which is a question of the reaction kinetics [Edwards and Russell, 1996a, Donaldson, 1985, 1990,

Brearley and Scarfe, 1986].

Major elements such as SiO2 do not change considerably in the course of the assimilation process, as

exempli�ed by the relation of the basaltic hybrids in section 1 relative to the host Vacca tonalite (Fig.

4.10a-f). However, the K2O and Na2O contents of some basaltic hybrids (2B) are signi�cantly elevated

and approach the range of concentrations of the Vacca tonalite host rock. In contrast to the potential

secondary modi�cation of K2O due to �uid mobility, the increased values of Na2O for the more evolved

basaltic hybrids indicates preferential dissolution of Na-rich phase, such as albite-rich plagioclase of the

tonalitic host rock, as documented by plagioclase xenocrysts and partial melting tin the host rock.

Trace elements generally more susceptible to assimilation processes such as Sr and Rb that, in the

present case, show a larger variation over the con�ned SiO2 content of the basaltic hybrids attaining the

concentration levels of the Vacca tonalite host rock. The Ni versus Ba diagram (Fig. 4.11c) suggests the

presence of two di�erent di�erentiation evolutions. The �rst, curved evolution characterized by a rapid

initial decrease in Ni followed by an enrichment in Ba can be ascribed to a pure fractional crystallization

trend, as inferred by Hürlimann et al. [in prep.a] in their fractional crystallization model. A second major

evolution trend consists of a mixing trend between a basalt (2A) and the Vacca tonalite (VT). Some of the

basaltic hybrids (2B) plot along the evolution assigned to pure fractional crystallization whereas the 0.2m

thick cross section of sample NHS045 with 0.02m intervals shows a large scatter between a basalt and the

Vacca tonalite host rock. Sample NHS045 however has a very low content of coarser- and medium-grained

xenocrysts (amphibole, plagioclase, quartz) and exhibits only the occurrence of abundant �ne- to medium-

grained micro-phenocrysts of clinopyroxene, amphibole and plagioclase, potentially growing during ascent

and decompression. These magmas do not show any isolated felsic liquid phase in the form of lenses. This

implies homogenization and actual mixing of the assimilated melted material with an intitial basaltic (2A)

composition. The latest phase of a sequence of injections of dykes (NHS078, Fig. 4.9d) displayed through

the �eld relations plots in the Ni versus Ba diagram (Fig. 4.11c) in close vicinity to the tonalitic host rock

(VT) along the mixing trend. Radiogenic 87Sr/86Sr and 143Nd/144Nd whole rock ratios further constrain

a signi�cant contribution of the Vacca host tonalite during assimilation processes, due to the intermediate

position of the basaltic hybrid values between the primitive source re�ected by basaltic-andesites/andesites

(2C) and dacites (3) [Hürlimann et al., in prep.a] and the analyzed Vacca tonalite (Fig. 4.12).

The trace element patterns of the core domains of plagioclase (Fig. 4.14b) and amphibole (Fig. 4.16)

xenocrysts provide another indication of a more di�erentiated composition of the assimilant. For both

mineral phases, trace elements are enriched indicating protracted di�erentiation and in particular, the

Eu anomaly associated with amphibole xenocryst cores reveals concomitant crystallization of plagioclase.

Anhedral quartz crystals with acicular clinopyroxene reaction seams at the grain margins add further

constraints on the phase assemblage of the tonalitic host rock assimilant. Biotite, another phase of the

tonalitic host rock, is absent among the xenocrysts, which implies that biotite started melting at the

very beginning of the dissolution process and has completely been consumed. This process is re�ected in

enrichment of K2O content (Fig. 4.10e) of basaltic-hybrid (2B) magmas and implies a selective assimilation

process. A comparable dissolution scheme has been shown by Kaczor et al. [1988] between a trachyandesite
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and a partially molten granite and by Knesel and Davidson [1996] in fusion experiments on Proterozoic

biotite granite.

Olivine exhibits most primitive compositions of Fo89 in basalts (2A) and together with Ni bulk rock

values of up to ~200ppm infers that these magmas fractionated minor olivine and clinopyroxene prior to

intrusion into shallow levels and thus represent near primary melts. This consideration takes the picro-

basalt (1B) described in a companion paper [Hürlimann et al., in prep.a] as primary mantle-derived liquid.

On a chemical basis, this picro-basalt (1B) shows olivine with highest values of Fo91and Ni concentration

of over 300ppm for the most primitve and MgO (~16 wt%) rich magmas.

Trace Element Partioning at Emplacement Levels

a)
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Figure 4.17: (a) Visualization of micro-phenocryst phases based on thresholding of stitched back scattered
electron (BSE) images within the chilled margin of a basaltic hybrid (2B) dyke, with (Cpx) clinopyroxene
(black), (Am) amphibole (red) and (Pl) plagioclase (blue). (b) Modal abundances of microphenocryst
phases that were determined by image analysis of a chilled margin of basaltic hybrid (2B) magma. Modes:
Cpx (7.2%), Am (7.9%), Pl (8%) Ol (0.3%). (c) Onuma plot for calculated amphibole REE partition
coe�cients (DAmREE) reported in table 4.18. For details of partition coe�cient calculation see text. For
comparison, are given the partition coe�cients for amphibole from a fractional crystallization experiment
at 1010°C at 7kbar from Nandedkar et al. [in prep.] are given.

DAmLa DAmCe DAmPr DAmNd DAmSm DAmEu DAmGd DAmTb DAmDy DAmHo DAmEr DAmTmDAmY b DAmLu

0.180 0.281 0.392 0.542 0.910 1.180 1.172 1.232 1.301 1.360 1.241 1.191 1.065 0.994

Table 4.18: Displayed are partition coe�cients for amphibole microphenocrysts in basaltic hybrids (2B).
For the data treatment of scan LA-ICP-MS analysis of the cryptocrystalline matrix, the bulk rock XRF-
analysis was corrected by the subtraction of the according microphenocryst phases (Ol,Cpx,Am,Pl) to
obtain a corrected CaO wt% value serving as an internal standard. External standard is the NIST SRM
612.

Trace element partitioning for amphibole microphenocrysts within basaltic hybrids (2B) and in par-

ticular partition coe�cients for REE result in an indirect temperature constraint for the saturation tem-

perature of amphibole. The calculation of these REE partition coe�cients reported in table 4.18 is based
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on the following method. Fine-grained microp-henocrysts of 100 to 200µm in size are interpreted as the

product of crystallization upon decompression of the magma during ascent within the present dykes and,

thus do not necessarily represent cumulate building phases entrained in the dyke. The cryptocrystalline

matrix in the chilled margins of basaltic hybrid (2B) dykes represents the liquid composition and, together

with the respective composition of amphibole micro-phenocrysts set in this matrix, provides information

on the partitioning of trace elements between amphibole and liquid.

In practice, the cryptocrystalline chilled margin was measured in laser-scan mode with the LA-ICP-MS

technique. The bulk rock analysis of sample NHS053 reported in table 4.6 was recalculated by subtracting

present micro-phenocrysts phases, using their model abundances in order to obtain a corrected CaO wt%

value used for the data reduction of the LA-ICP-MS scan data. The recalculated liquid composition for

major and minor elements reported in element wt% oxides is provided in table 4.6. Modes of micro-

phenocrysts (Fig. 4.17a, b) in the chilled margin were obtained by image analysis, applying a thresholding

technique to stitched backscatter images. The entire data reduction yielded a trace element composition

for the cryptocrystalline chilled margin representing the liquid at the emplacement stage of the dyke. The

amphibole micro-phenocryst REE concentration divided by the REE concentration of the recalculated

liquid results directly in the respective mineral-liquid (DAmREE) partition coe�cients.

Amphibole-liquid partition coe�cients for a variety of trace elements were determined by Nandedkar

et al. [in prep.] in a series of isobaric fractional crystallization experiments at 7 kbar for a calc-alkaline

di�erentiation suite, with an olivine-tholeiite derived from a primitive picro-basalt (1B) as a starting

composition. These experiments saturate amphibole at the fractionation step at 1010°C. Additional frac-

tional crystallization experimental studies on similar starting material in the light of hydrous calc-alkaline

magma di�erentiation, carried out by Kägi [2000] at 10 kbar and Alonso-Perez [2006] at 15kbar place

the high temperature stability of amphibole around ~1050°C. In the case of Kägi [2000] the appearance

of amphibole is marked by a peritectic reaction involving clinopyroxene and liquid, whereas in the case

of Nandedkar et al. [in prep.], amphibole appears through a peritectic reaction involving orthopyroxene,

plagioclase and liquid. Comparison of the amphibole partition coe�cients determined for basaltic hybrid

(2B) dykes with the experimentally derived partition coe�cients from Nandedkar et al. [in prep.], in an

Onuma diagram (Fig. 4.17c) based on the lattice strain model [e.g.Wood and Blundy, 1997, Blundy and

Wood, 1994] expressed by the Brice equation [Brice, 1975], reveals close accordance with the experimental

values obtained at 1010°C and at 7 kbar. The �rst appearance of amphibole in these experiments at

1010°C implies for basaltic hybrids (2B) temperature conditions close to the �rst occurrence (saturation)

of amphibole (~1010-1050°C).

Thermal Constraints on Partial Melting of Wall Rock

Textural features in the host rocks in immediate vicinity to the dyke margins display partial melting

of the tonalitic host (Fig. 4.9c) and the formation of related basaltic intrusion breccias for dyke swarms

extending up to 15m in width (Fig. 4.3,4.5) with close spacing of the single dykes. The observed partial

melting zones constitute a record of the thermal history of the observed magma intrusion and o�er the

possibility to model the basalt injection and the cooling history of the dyke swarm and the adjacent

tonalite host rock. For comparison with the �eld observation of partially molten host rock and intrusion
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breccias, static conduction di�usion simulations were carried out to establish a thermal model. Section 2

and section 3b with closely spaced single dykes were directly simulated with such a static conduction heat

di�usion model in order to put constraints on partial melting of the host rock tonalite by instantaneous

injection of basaltic dyke swarms. The quantitative approach was chosen to test the potential extent of

partial melting within these 10 to 15m wide zones with a high frequency of dykes with small spacing.

An additional process that needs to be considered is the e�ect of partial melting on the decrease of the

aggregate strength [Rosenberg and Handy, 2005, Rutter and Neumann, 1995, Molen and Paterson, 1979,

Arzi, 1978] by the increasing melt-interconnectivity between the crystal grains of the host rock.
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Figure 4.18: Melt fraction as a function of temperature for the tonalite wall rock (Vacca tonalite (VT),
tonalite of the Listino ring structure), based on melting experiments of Piwinskii [1968] and Piwinskii
and Wyllie [1968]. The two border zone tonalites (1213, 751) [Piwinskii and Wyllie, 1968] from the
Needle Point Pluton from the Wallowa Batholith, Oregon have the following modes: 1213-quartz (17.4%),
K-fsp (0.1%), plagioclase (50.7%), biotite (16%), hornblende (amphibole) (15.3%), Fe-Ti-oxides (0.1%),
accessory phases (0.4%); 751-quartz (12.3%), K-fsp (0%), plagioclase (60.5%), biotite (9.5%), hornblende
(amphibole) (15.2%), Fe-Ti oxides (1.5%), accessory phases (1.0%). The tonalite (101) [Piwinskii, 1968]
from the Central Sierra Nevada Batholith, California has the following mineral modes: quartz (13.1%),
K-Fsp (4.4%), plagioclase (58.9%), ma�c minerals (amphibole, biotite, Fe-Ti oxides) (23.6%). Melting
experiments were performed at 3 kbar and 15 wt% H2O in the case of Piwinskii [1968] and 15-25 wt%
H2O for Piwinskii and Wyllie [1968]. This implies H2O saturation for all these experiments.

The thermal model formulation is based on a basic thermal conduction simulation and the model starts

with an instantaneous injection of the basaltic magma. The reported and described pro�les of section 2

and section 3b were directly implemented into the thermal simulation to obtain the thermal conduction

e�ect of closely spaced single dykes in 10 to 15m wide zones on the tonalitic host rock and the related

partial melting of the host. Injection of the basaltic magma was assumed to be vertical in the absence of

�eld-measured �ow indicators.

The model formulation is based on a 1D �nite di�erence implicit solution for the static heat di�usion

equation:
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ρcp
∂T

∂t
=

∂

∂x

(
k
∂T

∂x

)
(4.1)

The discretized form of equation (4.1) for an implicit thermal 1D �nite di�erence model scheme is

(κ = k
ρcp

):

Tn+1 − Tn

∆t
= κ

Tn+1
i+1 − 2Tn+1

i + Tn+1
i−1

∆x2
(4.2)

In the 1D �nite di�erence model scheme, i represents the node location along the x axis and n stands for

the time step. Applied properties and their values, such as thermal conductivity k, heat capacity c and the

density ρ are reported in table 4.19. The melt fraction of the tonalite host rock in each of the two modeled

cases (section 2, section 3b) was calculated on a nonlinear melt fraction to temperature relationship

displayed in �gure 4.18. This nonlinear melt fraction to temperature relationship was established on a

10th order polynomial regression, based on fusion experiments of Piwinskii and Wyllie [1968] and Piwinskii

[1968] (Fig. 4.18) on di�erent tonalites from the Wallowa Batholith, Oregon and the Central Sierra Nevada

Batholith, California respectively. In thermal model calculations, the soldius temperature for the tonalite

host rock was �xed to 700°C whereas the liquidus temperature was �xed to 1050°C [Piwinskii, 1968,

Piwinskii and Wyllie, 1968]. The thermal di�usivity κ was varied between that of basaltic magma and

tonalite host rock (table 4.19). These calculations do not include latent heat of fusion or crystallization.

Initial host rock temperature was set to 300°C, 400°C and 500°C respectively and was held constant during

the thermal simulations. Results of 1D geochemical modeling of burial and the thermal history for Upper

Triassic and Lower Jurassic strata of the Iseo W location by Carminati et al. [2010] resulted in temperatures

of 150°C to 200°C for variable heat �ow at 40 Ma. The host rocks are however expected to have higher

temperatures than the ones resulting from burial alone, due to the previous emplacement of the Vacca

tonalite (youngest zircon ages for di�erent concentric zones of the tonalite: 41.85 ± 0.06 and 41.98 ±

0.03 from Schoene et al. [2012]) and the tonalite of the Listino porphyry ring structure. Particularly in

the light that basaltic (2A) and basaltic hybrid (2B) dykes are closely associated with the Re di Castello

plutonic suite with a youngest zircon age U-Pb of 38.62 ± 0.12 Ma [Hürlimann et al., in prep.b] supports

elevated host rock temperatures. Intrusion temperature of the basaltic magma was set to 1050°C based on

the high temperature stability of amphibole and the implications from trace element partitioning between

micro-phenocrysts and melt composition constraining emplacement conditions.

Results of the temperature evolution for the thermal model for the two cross sections considered are

depicted in Figure 4.19a, b. The evolution of the temperature pro�le shows the thermal conduction over

time for an instantaneous injection of closely spaced basaltic dykes as found in section 2 (Fig. 4.3) and

3b (Fig. 4.5b) at an initial host rock temperature of 400°C. These temperature evolution pro�les show

the importance of the close spacing of the single dykes in the cooling history of both the dyke and the

tonalite wall rock. At a distance of 4m away from the outermost dyke contact for these 10 to 15m wide

dyke swarms, the thermal e�ect of the intrusion becomes negligible.

Resulting tonalite host rock melt fractions obtained through the static conduction model with instan-

taneous basaltic magma injection for the dyke swarm of cross section 2 are displayed in �gure 4.20 for

di�erent time steps (0.5d, 1d, 5d, 10d) and for a variation of host rock temperatures (300°C, 400°C and

500°C). Similar results for section 3b are provided in �gure 4.20. Model results clearly con�rm that a host
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symbol parameter numerical

value

units

t time s

kt thermal conductivity tonalite 3 .0 W (mK)−1

kb thermal conductivity basalt 1.7 J(kgK)−1

ct heat capacity tonalite 1100 K

cb heat capacity basalt 1150 K

T temperature K

φ melt fraction

ρst tonalite solid density 2650 kgm−3

ρlb basalt liquid density 2600 kgm−3

Table 4.19: Symbols of parameters and values used in the 1D �nite di�erence thermal model for section 2
and 3b. Thermal conductivity of tonalite kt and basalt kb are taken from Touloukian et al. [1981]. Values
for the solid density of the tonalite ρst and the basalt liquid density ρlb are reported in Dobran [2012]. The
heat capacity for tonalite ct and basalt cb are values from Barboza and Bergantz [1996].
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Figure 4.19: Temperature pro�les as a function of time for section 2 (a) and 3b (b) (Fig. 4.3, 4.5).
Intervals of the temperature records are 0.5, 1, 5, 10 and 20 days. Dyke spacing and thickness are all to
scale. Colour coding goes from red (hot) to blue (cold).

rock temperature of 300°C is not capable of creating a partially molten zone over wider extent (>2m) and

up to 4m wide as observed in the �eld (Fig 4.3, 4.5) with such static thermal conduction simulations. Ad-

ditionally the melt connectivity transition (MCT) for granitic rocks [Rosenberg and Handy, 2005] de�ned

by melt fraction φ >0.07, which is the boundary of a dramatic strength drop, are indicated in Figures 4.20

and 4.21. Melt interconnectivity implies that deformation is distributed but localized along an intercon-

nected network of melt on the grain scale. The liquid to solid transition (LST) or rheological critical melt
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Figure 4.20: Results of the melt fraction evolution as a function of time for the ~10m wide dyke swarm of
section 2 (Fig. 4.3), based on 1D static thermal conduction simulations for di�erent initial tonalite host
rock temperatures (300°C, 400°C, 500°C). Displayed are the evolutions of the melt fractions in the tonalite
host rock at di�erent times in the cooling history (a) 0.5 day, (b) 1 day, (c) 5 days and (d) 10 days. A host
rock temperature of 300°C does not allow the creation of wider zones (>2 m) of partially molten tonalite
and after 5 days the partially molten wall rock disappeared due to cooling below the solidus temperature
of the tonalite. In contrast, host rock temperatures of 400°C and 500°C are suitable to create wider zones
(> 2m) of partially molten tonalitic host rock by instantaneous magma injection.

percentage (RCMP) (Fig. 4.20,) appears between a melt fraction φ of 0.4 and 0.6 for partially molten

granitic rocks. The LST re�ects the drop in strength where the solid framework breaks down [Molen and

Paterson, 1979, Arzi, 1978, Rosenberg and Handy, 2005].

In particular, models with initial host rock temperatures at 500°C produce up to 4m wide zones where

the tonalite is partially molten with melt fraction above the MCT where deformation of the host localizes

along the interconnected network of melt after a time frame of several days (1-5d). For the formation

of 1-2m wide basaltic intrusion breccias in the present dyke swarms, the tonalite host must to pass the

LST zone, which is the case immediately after injection (0.5d) for zones that only reach up to 1m. The

occurrence of intrusion breccias in the interior of up to 5m thick basaltic hybrid dykes implies rheological

inversion [Sparks and Marshall, 1986]. Ma�c magmas tend to have higher solidi temperatures and thermal

equilibration leads to initially increased crystallization in the basaltic magma that is injected into the cooler
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Figure 4.21: Results of the melt fraction evolution as a function of time for the ~10m wide dyke swarm
of section 3b (Fig. 4.5). Displayed are the evolutions of the melt fractions in the tonalite host rock at
di�erent times in the cooling history (a) 0.5 day, (b) 1 day, (c) 5 days and (d) 10 days. A host rock
temperature of 300°C does not allow the creation of wider zones (>2m) of partially molten tonalite and
after 5 days the partially molten wall rock disappeared, as in the case of section 2 (Fig. 4.20). Host rock
temperatures of 400°C and 500°C are however suitable to create wider zones (> 2m) of partially molten
tonalitic host rock by instantaneous magma injection.

tonalitic magma. Injection leads to disaggregation of the ma�c magma into enclaves [e.g. Caricchi et al.

2012, Turner and Campbell 1986, Hodge et al. 2012, Snyder and Tait 1995]. The increased crystallinity

of the ma�c enclaves leads to higher viscosity relative to the tonalitic host magma than at the start of

injection, thus a rheological inversion occurs. Back-veining of partially molten tonalite of widths of <0.5m

into the basaltic hybrid (2B) dyke (Fig. 4.7c) can be explained by such a static conduction thermal model

with a host temperature of at least 500°C.

4.9 Conclusions

Partial melting textures of the tonalite host rock in immediate contact or close vicinity of dykes within

10 to 15m swarms and the abundance of tonalitic host rock xenoliths imply both selective and bulk as-

similation. Plagioclase xenocrysts exhibiting inverse zoning, more albitic cores with fresh anorthite-rich
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overgrowth and amphibole xenocryst with a lower temperature (less Ti (apfu)) cores and high temper-

ature overgrowths (higher Ti (apfu)) underline the process of bulk assimilation. The tonalitic host rock

assimilation source was identi�ed based on bulk rock geochemical relations between the basaltic magma

and the tonalite. In particular, trace elements such as Ni and Ba of post plutonic basaltic hybrid (2B)

dykes demonstrate a mixing relationship of more primitive basalts (2A) with a Vacca tonalite end member

in one of the cases. Whole rock radiogenic isotope ratios of 87Sr/86Sr and 143Nd/144Nd further reinforce

the hypothesis of the Vacca tonalite as an assimilant to generate the basaltic hybrid (2B) dykes.

Trace element partitioning between amphibole micro-phenocrysts and the basaltic hybrid melt con-

strains the temperature of amphibole formation and emplacement to the high temperature stability

(~1050°C) of amphibole in calc-alkaline magmas. Temperature constraints are based upon comparison

with partition coe�cients obtained for amphiboles from fractional crystallization experiments at 7 kbar

Nandedkar et al. [in prep.].

Closely spaced relatively thin dykes with a thickness for the bulk part of <0.5 m show alternating

coalescence to dykes of up to 5 m in thickness and splitting again into thinner single dykes along strike.

Coalescence of dykes in a swarm is furthermore associated with increased partial melting of the tonalite

host rock, forming features like melt impregnated tonalite, basaltic intrusion breccias, and back veining of

the molten host tonalite into the basaltic hybrid (2B) dyke.

The close spacing of relatively thin dykes in 10 to 15m wide swarms considerably increases the contact

surface to the tonalite host rock and thus, boosts the heating e�ect of the host by the intrusion of the

relatively hot, primitive basaltic magma. 1D static heat conduction models that were scaled to the recorded

dyke swarm cross sections reproduce partial melting of the tonalite host rock, based on the instantaneous

intrusion of closely spaced single basaltic (2A) and basaltic hybrid (2B) dykes, as observed in the �eld.

A host rock temperature of at least 500°C at the time of dyke intrusion is required in order to reproduce

observed 1 to 2m wide basaltic intrusion breccias through a static thermal conduction model.
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5.1 Abstract

Primitive picrobasaltic to Ol-tholeiitc dykes from the southern part of the Adamello Batholith (N-Italy)

give insight into thermal erosion processes associated with arc-tholeiitic magmatism. These picrobasalts are

the latest phase within a sequence of plutonic rocks, ranging from layered gabbros to di�erent tonalitic to

granodioritic intrusives. These primitive intrusions contain various features of felsic assimilants brought

up from crustal depth with refractory rutile and zircon with textures typically found in plagiogranites

or high-pressure/low-temperature metamorphic rocks. Picrobasalts with liquidus temperatures of up to

1375°C and estimated emplacement temperature conditions >1100°C carry these suspended plagioclase

rich enclaves in the form of immiscible felsic liquids inside the host ma�c liquid. Slow cooling within

subhorizontal �at-lying thin sills allows in cases some mixing, leading to the observed gradational contacts

in the �eld between the felsic and the ma�c phase in the form of banding or layering. Compositional

and temperature dependent viscosity model calculations for the felsic enclave liquid composition and the

picrobasaltic composition show di�erences in viscosity that explain that the two phases did not mix at high

temperatures and do preserve these textures in rapidly quenched chilled margins. Field evidence further

shows that felsic liquids are concentrated towards the top of these sill like structures. This indicates that

the lower density felsic liquids moving towards the top of the �at-lying magmatic bodies �oating in the

denser ma�c liquid phase. Rutile and zircon with the according textural features and thermal constraints

could represent a high-pressure/low-temperature (~470°C) origin of the assimilant, which so far has not

been described in the Central Southern Alps. U-Pb ages of zircon show an early Cretaceous inherited

component so far not described for the intrusives of the Adamello Batholith.

5.2 Introduction

Primitive mantle derived basaltic magmas such as picrobasalts bear the potential to melt and assimilate

material during their transfer through the crust [Huppert and Sparks, 1985]. The present study focuses on

such mantle derived picrobasaltic melts [Ulmer, 1988] that intruded immediately after a more voluminous

phase of gabbroic, tonalitic and granodioritic plutonic intrusives in the southernmost part of the Adamello

Batholith (N-Italy).

Such primitive picritic magmas bear features such as spherical to elliptical felsic structures also termed

ocelli, which have been interpreted as immiscible parts of assimilated crust [Appel et al., 2009]. These

spherical to elliptical phases within these ultrama�c magmas have been described for Archean greenstone

belts [Coltorti et al., 1987, Polat et al., 2007, 2008, Gelinas et al., 1976]. Occurrences of such structures are

also reported from non-Archean volcanic and intrusive rocks [Philpotts, 1979, Freestone, 1978, Elthon et al.,

1984, Mauger, 1988]. Fowler et al. [2002] give an overview of the di�erent description terms comprising

varioles, spherulites, spinifex and ocellis. The origin of such elliptical felsic structures has been much

debated and the discussion has been confused by di�erent names for similar structures and the same

name for di�erent structures [Fowler et al., 2002]. The origin and genesis of these features has been the

subject of discussion and Gelinas et al. [1976] described felsic varioles as immiscible splitting of a tholeiitic

magma from the Archean Abitibi Metavolcanic belt (Canada). The proposed genesis of these varioles

has been later challenged based on petrographic features by other authors [Philpotts, 1979, Fowler et al.,
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1987, 2002]. Appel et al. [2009] state that, due to their diverse compositional and textural characteristics,

it is likely that more than one petrogenetic process is responsible for the formation of felsic spheroidal

structures in ma�c �ows.

In the present case, the term ocelli is used entirely as a descriptive term for plagioclase rich lenses

with a diameter ranging from 0.5 to 2 cm set in micro-gabbroic amphibole rich matrix. These felsic

textural features are commonly associated with actual plagioclase rich banding containing quartz and

accessory phases such as allanite, titanite, zircon and rutile. Furthermore, the felsic phase is expressed as

banding or larger blobs. Accessory zircon and rutile with their inclusions provide crucial information of

previous geological conditions [Spandler et al., 2004, Finch and Hanchar, 2003]. Zircon as a container is

stable over a very large P-T range [Hermann et al., 2001, Katayama et al., 2001] and is used to constrain

geochronological information. Spandler et al. [2004] showed the preservation of low-temperature alteration

of oceanic crust by seawater, in the form of exsolution assemblage of thortveitite, yttrialite and xenotime

withtin zircon.

So far, these felsic textural features have been described by Ulmer [1986] on petrographical and �rst

order compositional basis. This study is the �rst to describe the associated accessory mineral assemblage

based on detailed textures and composition. Further �eld relations and detailed compositional and petro-

graphical description of the felsic textures together with the picrobasaltic host are provided. New U-Pb

data on xenocrystic zircon indicates a lower Cretaceous age, of which the implications are discussed.

5.3 Geological Setting

The Adamello Batholith is located in the Alps in Northern Italy. Large volumes of tonalite and

granodiorite, together with some marginal satellite ultrabasic and basic intrusions, built up the batholith

over a time interval of 42-29 Ma [Del Moro et al., 1985, Schaltegger et al., 2009, Hansmann and Oberli,

1991]. An array of di�erent dyke generations ranging from picro-basalts to dacites intruded into the Re di

Castello superunit [Callegari and Brack, 2002], the southernmost plutonic intrusive suite of the Adamello

Batholith.

The most primitive are picrobasaltic to Ol-tholeiitic dykes (1B) (Fig. 5.1) with inferred mantle sep-

aration conditions of 28 kbar and 1370°C [Ulmer, 1988] determined by multiple saturation experiments.

The dyke suite is cogenetic, with larger volume plutonic magmatism comprising predominantly dioritic,

tonalitic and granodioritic rocks in the southern Adamello but crosscuts these plutonic rocks. Picrobasalts

and Ol-tholeiites intruded into the Lago della Vacca Complex (LVC) (41.98 ± 0.03 to 41.76 ± 0.03 Ma)

and the Blumone Complex (42.07 ± 0.04 to 42.06 ± 0.02 Ma). The LVC complex is comprised of high-K

marginal tonalite, the Vacca tonalite and the Galiner granodiorite, which together form an incrementally

assembled pluton [John and Blundy, 1993, Schoene et al., 2012]. At the SE border of the LVC is the

Blumone Complex, an older strati�ed gabbroic sequence that now forms the Cornone di Blumone and the

Scoglio di Laione [Ulmer et al., 1983, Ulmer, 1986]. Various rock types build up the Blumone Complex

encompassing: plagioclase-bearing wherlites; granular olivine-gabbros; granular gabbros; granular cpx-

bearing anorthosites to anorthositic gabbros; coarse grained magnetite + hornblende ultrama�cs. The

whole complex is crosscut by younger pegmatitic hornblende gabbros [Rösli, 1982, Ulmer et al., 1983,

Ulmer, 1986]. Picrobasalt and Ol-tholeiites of generation (1B) have titanite ages for two samples with
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weighted average means of 41.70 ± 0.16 Ma and 41.67 ± 0.06 Ma respectively [Hürlimann et al., in

prep.b]. These ages appear to con�rm the crosscutting relationships with regard to the LVC and the

Blumone Complex and stress the close association with the slightly older plutonic suite.

Monte Listino

Monte Frerone

Cornone Di Blumone

09NHS011

10NHS161

1608000

1608000

1610000

1610000

1612000

1612000

1614000

1614000

1616000

1616000

50
88

00
0

50
88

00
0

50
90

00
0

50
90

00
0

50
92

00
0

50
92

00
0

0 0.5 1 1.5 2 Kilometers

Legend 

Syncline

Anticline

Dacitic dykes hbl-pl-phyric (3)

Basaltic-andesitic / andesitic dykes (2C)

Basaltic hybrid dykes ol-cpx-hbl-pl-phyric (2B)

Basaltic dykes ol-cpx-phyric dykes (2A)

Ol-tholeiitic dykes ol-cpx-phyric (1A)

Picro-basaltic dykes ol-cpx-phyric (1B)

Gabbro and diorites

Monte Re di Castello tonalites

Lago Boazza Lago d'Arno leucotonalites

Bruffione granodiorite

Badile granodiorite

Passo Termine Val Paghera leucotonalites

Listino tonalite

Listino porphyr ring structure

Galliner tonalite

Val Fredda tonalite

Vacca tonalite

Alta Guardia tonalite

Basaltic-andesitic dykes hbl-pl-phyric (1C)

Figure 5.1: Geological map of the Val Fredda and Lago della Vacca area with a sequence of plutonic
intrusives belonging to the southernmost part of the Re di Castello intrusive suite [Callegari and Brack,
2002] of the Adamello Batholith (N-Italy). An earlier phase of post-plutonic dykes are subhorizontal
�at-lying picrobasalts to Ol-tholeiites (1B) that contour on di�erent levels of altitude from Monte Frerone
(SW) towards Cornone di Blumone (NE).

5.4 Field Relations and Petrography

Picrobasalts and Ol-tholeiites of the generation (1B) are subhorizontal, �at-lying, small scale, sill-like

features. These subhorizontal dykes range in thickness from 0.5 to 2.5m and have been emplaced on

di�erent level of altitudes, which is best seen as intrusion into the layered gabbroic Blumone Complex and

the LVC. These picrobasalts further reach into the Triassic wallrock sedimentary sequence, where they

are exposed prominently in SE and SW cli� faces of Monte Frerone. Ulmer [1986] interpreted them as

dome-shaped structures, of which one is located in the Lago della Vacca area whereas the other is lying

in the area of Monte Frerone. Apophyses have a limitation in length and their thickness reaches down to

only a few centimeters.

Within chilled margins, pseudomorphs of olivine and clinopyroxene phenocrysts are abundant. Through-

out the whole thickness, these dykes consist otherwise of equigranular amphibole set in interstitial plagio-

clase, which form in general a dense massive green matrix. Olivine phenocrysts are replaced by di�erent

secondary phases. Various amounts of chlorite, epidote, brucite, talc, tremolite, haematite and magnetite
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build up olivine pseudomorphs. In rare cases, cores of olivine are preserved and mantled by secondary

talc and magnetite. Within olivine pseudomorphs of brownish Cr-spinel or picotite and high temperature

alteration is indicated by the presence of magnetite. Clinopyroxene is generally much better preserved and

forms large single crystals or crystal clots. Skeletal growth or sieve textures of clinopyroxene are common

and embayments are �lled with �ne-grained phases composing the matrix. Pseudomorphic replacements

of clinopyroxene consist of green amphibole and light brownish spinels occur in the core zones of clinopy-

roxene. Plagioclase occurs in olivine-tholeiites in the form of microphenocrysts. These microphenocrysts

show polysynthetic twinning. The plagioclase lacks apparent petrographicaly zoning and is in general

homogeneous. Euhedral plagioclase microphenocrysts are �ow aligned, parallel to the dyke margins. The

matrix consists of acicular green to olive zoned amphibole and plagioclase. A microlithic �uidal texture

at dyke margins consists of acicular green to olive zoned amphibole and plagioclase. Central parts of the

same dykes show acicular amphiboles and interstitial strongly zoned plagioclase that are indicative for

slower cooling of this part of the dyke. Opaque minerals within the matrix are ulvospinel and magnetite

forming anhedral to subhedral grains.

A striking textural feature in outcrop and microscopic scale is the occurrence of a separate felsic bright

white zones in the form of lenses (Fig. 5.2a) or bands (Fig. 5.2a, c) at the top part of these picrobasalts

and Ol-tholeiites (1B). This felsic phase is plagioclase with minor greenish zoned amphibole, alkalifelspar

and quartz in larger bands or blobs. Anorthite rich cores of plagioclase are in cases replaced by sericite

or epidote minerals. Accessory phases, including euhedral to subhedral zircon (Fig. 5.2b) and anhedral

rutile are concentrated in these plagioclase rich parts. Rutile exhibits a reaction rim to secondary titanite

as shown in �gure 5.2f. Allanite occurs interstitially between green amphibole and plagioclase and is

commonly strongly zoned (Fig. 5.2d). Interstitial titanite (Fig. 5.2b) is another common accessory phase

associated with these felsic zones. The felsic phase shows a variation of contacts to the amphibole rich

basaltic part with gradational contacts for banding or layering (Fig. 5.2a, c, e) and sharper contacts

for small enclaves or ocelli. Further distinct felsic veins exist consisting almost entirely of plagioclase

(Fig. 5.2c). For felsic layers or large blobs, the top part in cases exhibits a wavy horizon, indicating

Rayleigh-Taylor instabilities between a ma�c and a felsic melt phase.

5.5 Analytical Methods

Bulk Rock Geochemistry

After initial size reduction by a hydraulic press, all samples were �rst ground to a �ne powder in an

agate mill. Thereafter, an aliquot was heated to 1050°C in a furnace to determine the loss of ignition by

mass di�erence. The �red product was then mixed with the appropriate amount of Li2B4O7 (1.2121 : 6)

and fused for �ve minutes in a Pt-crucible and subsequently poured in a Pt-casting dye and quenched

to a glass. Major element compositions of whole rock samples were determined on glass beads by X-ray

�uorescene (XRF), on a PANalytical Philips PW2400 spectrometer at the University of Lausanne. BHVO-

1, NIM-N, NIM-G and SY-2 standards were used for quality control. Uncertainties of XRF analyses are in

the range of 0.5 wt.% (2 sigma) for major components such as SiO2 and 0.006% for a minor component such

as NiO. The trace-element concentrations of bulk rocks were measured on the same XRF glass beads, with
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a Geolas 200M 193 nm ArF excimer laser ablation system interfaced with an Elan 6100 DRC quadrupole

spectrometer (LA-ICP-MS) at the Swiss Federal Institute of Technology, Zurich. The performance of

the LA-ICP-MS was optimized with the NIST SRM 612 glass in order to improve the sensitivity (Mg

> 10000 cps and La > 40000 cps). During this optimization doubly charged ions (Ba++/Ba+ < 2%)

and oxide production rates (ThO+/Th+) were minimized. Three repeat measurements were performed

on the glass beads with a laser pit size of 120µm, using a laser frequency of 10Hz and energy of 160mJ,

which is equivalent to 12 J/cm2. Helium was used as a cell gas carrier. Background and ablation interval

acquisition times were 70 and 30-35 seconds respectively. Dwell times for di�erent isotopes range from

10 to 20ms, employing a peak hopping mode. Absolute trace-element concentrations were determined

using CaO wt% (determined by XRF) as an internal standard and NIST 612 or NIST 610 as an external

standard. The average elemental abundances are taken from Pearce et al. [1997] and data was reduced

with SILLS software [Longerich et al., 1996, Guillong et al., 2008].

Mineral Chemistry

Major element compositions of minerals were measured by wavelength-dispersive analysis, using a

JEOL JXA-8200 electron microprobe equipped with �ve spectrometers at the University of Lausanne.

Samples were polished and carbon coated thin-sections; standards employed are natural minerals and

synthetic glasses. Measurements were corrected with the PRZF method [Armstrong, 1995]. The beam

current was set to 15nA with an acceleration voltage of 15keV and beam size was varied between 1µm

and 4µm for feldspars (plagioclase, alkalifeldspar), amphibole, apatite and titanite. Major elements on

the respective mineral phases were measured for 20s on peak and 10s on background on both sides of the

peak. Minor-elements were measured for 30s on peak and 15s on background each side of the peak. For

allanite, the acceleration voltage was 25kV and the beam current was set to 10nA. Potential interferences

were avoided by checking EDS-spectra of natural allanite in the sample by choosing non interfering X-ray

peaks for measurements. Counting times for major elements are the same as for the other phases whereas

for trace elements counting times range from 30s to 100s for the peaks and 15s to 50s for backgrounds.

Zr concentration measurements in rutile where performed with microprobe conditions of 200nA for the

beam current and 15kV for the acceleration voltage. A counting time of 150s was applied on both sides of

the peak on the background, whereas the counting time for the peak is 300s. Trace-element analysis was

performed on the same polished thin-sections using an ELEMENT XR sector �eld ICP-MS, coupled with

an UP193-FX ArF 193nm excimer laser ablation system at the University of Lausanne. The LA-ICP-MS

system was optimized using NIST SRM 612 glass standard to maximize the sensibility (La139+> 3.5·106

cps and Th232+ > 4.5·106 cps). At the same time, doubly charged ions (Ba++/Ba+ < 2%) and oxide

production (ThO+/Th+ < 0.05%) was minimized. Helium was used as cell gas (1.00 [l/min]) and Ar

was used as sample gas (ranging from 0.700-0.730 [l/min]). The pit size during laser ablation was chosen

according to grain size and mineral texture. Variations for di�erent minerals are 20-25µm for amphibole,

50-75µm for titanite, 25-35µm for allanite, 10-20µm for rutile. The repetition rate and the laser energy

was varied to achieve 5.22-5.98 J/cm2 depending on the analyzed mineral phase. Reptition rate of the

laser (frequency) was for amphibole 5Hz, titanite 10Hz, allanite 12Hz and rutile 7Hz. Acquisition times for

background and ablation interval were 120s and 60s respectively, for each laser spot. According to expected
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concentrations, dwell times for measured masses were varied between 20 to 40ms for amphibole, titanite

and allanite. For rutile, dwell times are in the range of 20 to 80ms. Absolute trace-element concentrations

were determined likewise for glass beads, using CaO wt% or alternatively Al2O3 (determined by EMPA)

as internal standard and NIST 612 as an external standard. The data was reduced with LAMTRACE

[Longerich et al., 1996, Jackson, 2008] and average elemental abundances for the NIST 612 standard were

taken from Pearce et al. [1997].

X-ray Mapping

X-ray maps for zircon (Fig. 5.7) were acquired with the electron microprobe by wavelength dispersive

spectrometry (WDS) under an acceleration voltage of 20kV and beam current of 400nA. The meshsize or

pixel size of the X-ray maps is 0.5 by 0.5µm and for displaying, the elemental maps were further �attened

or interpolated through image processing

5.6 Bulk Rock Geochemistry and Mineral Chemistry

Picro-Basaltic Dyke Pro�le

Ulmer [1986] collected in the immediate vicinity of the Lago della Vacca about 500m from the Rifugio

Tita Secchi a pro�le of 11 samples (RC158/1A,RC158/1B, RC158/2-RC158/10) (Fig. 5.3) for bulk rock

geochemical analysis. The outcrop was revisited and a schematic pro�le was recorded. The top of the

pro�le shows an abundance of di�erent felsic textures such as enclaves / ocellis and plagioclase rich layering.

This top zone correlates with an increase in Al2O3 and incompatible elements such as Sr and Zr. On the

other hand, MgO, Cr and Ni clearly decrease in this top zone. Particularly MgO and Ni demonstrate a

compatible behaviour with regard to olivine and some of the smaller kinks in the pro�le can be related to

accumulation of olivine phenocrysts. Incompatible element (Sr, Zr) concentrations increase within chilled

margins on a small scale over the entire pro�le.

Felsic Lenses

Bulk geochemistry of two felsic enclaves (A, B) was determined by analyzing all the present major

(plagioclase, amphibole) and accessory (alkalifeldspar, epidote/allanite, apatite, titanite) phases by the

electron microprobe. The according bulk composition of the two felsic enclaves was calculated based on

mineral phase modes (Tab. 5.3) obtained from backscatter image analysis (Fig. 5.4a, b). Thresholding

the backscatter image yielded mineral modes of the felsic enclaves. Table 5.4 reports the major and

minor element composition of all the phases in the two di�erent enclaves. Plagioclase is zoned with an

anorthite rich core (~An80) and albite rich rims (~An20). The core regions are partially replaced by

sericite. Plagiclase composition was split into a core and rim domain. Measured plagioclase pro�les were

divided halfway between the two extremes in terms of the anorthite (An) number and averaged according

to the two domains. For the bulk geochemical calculation of the enclaves (2/5) of plagioclase in �gure

5.4b represent the plagioclase core domain whereas the other (3/5) represent the plagioclase rim domain.
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Composition picro-

basalt

picro-

basalt

picro-

basalt

picro-

basalt

picro-

basalt

picro-

basalt

picro-

basalt

picro-

basalt

picro-

basalt

picro-

basalt

picro-

basalt

Sample RC158/1A

[top]

RC158/1B RC158/2 RC158/3 RC158/4 RC158/5 RC158/6 RC158/7 RC158/8 RC158/9 RC158/10

[base]

Generation 1B 1B 1B 1B 1B 1B 1B 1B 1B 1B 1B

Sc 48.1 48.6 51.6 46.3 49.0 51.1 49.7 50.9 50.3 49.8 47.4

V 275 274 304 288 268 262 270 267 274 275 271

Co 45.2 44.6 44.5 41.7 45.9 53.5 52.1 50.4 53.8 52.1 46.0

Ni 244.3 234.8 222.8 198.4 255.5 326.3 296.6 303.9 324.2 309.6 235.5

Cu 181.3 350.0 3459.5 4281.9 155.8 13.4 12.5 15.4 22.2 27.7 478.4

Zn 37.6 35.7 33.0 30.5 32.7 38.9 37.1 37.2 38.6 38.0 35.8

Ga 12.1 12.7 11.7 12.1 10.7 10.7 10.8 10.7 10.8 10.6 11.6

Rb 41.3 3.4 12.4 16.1 18.6 13.2 16.6 15.9 7.3 7.2 34.0

Sr 272 265 331 344 220 133 172 163 149 150 253

Y 14.0 13.9 14.2 14.2 12.8 12.3 12.9 12.5 12.7 13.0 13.9

Zr 41 42 37 39 33 31 33 32 31 30 39

Nb 2.6 2.5 3.1 2.7 1.8 2.1 1.9 1.9 2.0 1.9 2.5

Cs 11.16 0.73 0.58 0.72 0.95 0.74 0.72 0.73 0.48 0.56 8.89

Ba 112 43 78 92 70 59 86 81 60 60 100

La 11.0 11.1 10.4 10.1 6.2 6.4 6.0 6.0 6.8 6.7 10.3

Ce 16.8 16.9 15.6 15.3 11.5 11.5 11.0 11.1 11.5 11.1 15.6

Pr 1.98 1.92 1.93 1.85 1.60 1.59 1.47 1.54 1.51 1.46 1.89

Nd 8.7 8.6 8.2 8.5 7.8 7.6 7.1 7.5 6.8 6.8 8.0

Sm 2.16 2.00 2.07 2.24 1.97 1.94 2.07 1.79 2.06 1.92 2.02

Eu 0.69 0.73 0.79 0.74 0.66 0.58 0.64 0.65 0.67 0.64 0.59

Gd 2.406 2.168 2.200 2.495 1.943 2.094 2.183 1.856 1.808 2.013 2.190

Tb 0.429 0.394 0.385 0.412 0.377 0.366 0.367 0.363 0.369 0.366 0.381

Dy 2.67 2.44 2.53 2.73 2.20 2.27 2.21 2.30 2.32 2.41 2.45

Ho 0.532 0.539 0.557 0.558 0.495 0.463 0.505 0.475 0.500 0.469 0.508

Er 1.38 1.57 1.51 1.54 1.29 1.28 1.29 1.32 1.23 1.26 1.42

Tm 0.213 3.427 0.209 0.199 0.200 0.178 0.197 0.194 0.170 0.173 0.183

Yb 1.64 3.43 1.44 1.44 1.38 1.35 1.41 1.22 1.29 1.27 1.63

Lu 0.233 0.220 0.185 0.202 0.178 0.193 0.171 0.203 0.205 0.189 0.192

Hf 1.07 1.17 1.14 1.14 0.95 0.95 0.99 0.98 0.99 0.94 1.10

Ta 0.19 0.18 0.15 0.16 0.11 0.12 0.14 0.14 0.13 0.11 0.17

Pb 0.93 0.93 1.78 1.93 1.45 1.40 1.17 1.10 1.21 0.74 0.95

Th 2.32 2.26 1.61 2.05 1.62 1.70 1.59 1.58 1.32 1.34 2.04

U 0.56 0.62 0.73 0.87 0.47 0.40 0.39 0.38 0.26 0.26 0.57

Table 5.2: Trace elements (all in [ppm]) were determined by LA-ICP-MS analysis. Internal standard for
LA-ICP-MS data reduction in LAMTRACE is CaO wt% was taken form XRF analysis. External standard
is the NIST SRM 612.

Likewise, amphibole exhibits an Al2O3rich core domain and a Al2O3 poorer rim domain. Amphibole cores

in �gure 5.4b build up (1/5) whereas rims build up (4/5).

The calculated bulk chemical compositions of the enclaves or lenses are generally basaltic-andesitic

(SiO2: 53.63-55.45 wt%). Table 5.4 reports further enrichment of Al2O3 (19.12-21.12 wt%) and Na2O

(4.09-4.85 wt%) with regard to the bulk rock composition of the Ol-tholeiite. Enrichment of Na2O by



5.6. BULK ROCK GEOCHEMISTRY AND MINERAL CHEMISTRY 165

Phase NHS1961LensA NHS1961LensB

Modes [%] [%]

Amphibole 30.19 24.11

Plagioclase 66.15 74.47

AlkFsp 2.08 0.00

Apatite 0.40 0.63

Titanite 0.07 0.71

Epidote / Allanite 1.11 0.08

Table 5.3: Mineral modes for felsic lens A and lens B (NHS196-1), determined directly from a backscatter
image that was thresholded for the di�erent phases based on di�erent intensity. The modal amounts in
percents were calculated from di�erent area proportions for the according phases, normalized to 100%.

more than a factor of two is related to the abundance of albitic plagioclase. On the other hand, MgO

(3.85-4.09 wt%) and FeO (2.63-2.89 wt%) are depleted with regard to the ol-tholeiitic bulk composition,

which is correlated with less abundant amphibole in the felsic enclaves.

Accessory Phases

For accessory allanite, major and minor elements together with trace elements such as SrO, P2O5, PbO,

UO2, Y2O3 and the light rare earth elements (LREE) from La2O3 to Dy2O3 (Tab. 5.5) were analyzed

with the electron microprobe. Moreover, we report here representative allanite, titanite and amphibole

analyses carried out with LA-ICP-MS (Tab. 5.7) covering a larger variation of trace elements. Chondrite

normalized [McDonough and Sun, 1995] trace element patterns for allanite show a clear enrichment of

LREE (La-Sm) (Fig. 5.5a), relative to titanite that exhibits �at chondrite normalized trace element

patterns. Furthermore, allanite shows some preference for Th with regard to U. On the other hand, titanite

exhibits some preference of U over Th. Total LREE apfu for allanite from the di�erent samples analyzed

by electron microprobe range from 0.41± 0.16 to 0.51 ± 0.17. Variation in LREE contents of allanite can

be correlated with strong zoning, which is seen in back scatter images (Fig. 5.2d). Thus the observed

epidote-group minerals lie halfway between the epidote and allanite endmember [Armbruster et al., 2006].

Exchange reactions for REE and U + Th in epidote are the following [Dollase, 1971, Armbruster et al.,

2006]:

M3(Mg,Fe)2+ +A2 REE3+ =M3 Al3+ +A2 Ca2+ (5.1)

M3(Mg,Fe)2+2 +A2 (Th,U)4+ =M3 Al3+2 +A2 Ca2+ (5.2)

Non-stoichiometric allanites with > 3 Si apfu on an 8 cation basis are excluded. For Armbruster et al.

[2006], poor analysis notwithstanding, is among the most likely causes of partial non-stoichiometry and

the presence of A-site vacancies, or substitution of O2− by F− on the O4-site (dollaseite substitution).

Chondrite normalized amphibole values of Th, U, Nb, Ta and REE appear completely �at with re-

spect to the same trace element patterns for allanite. In some part this appears to be related to high

LREE contents of allanite, which makes the same patterns for amphibole apparently uniform. Neverthe-

less amphibole exhibits the absence of a clear Eu-anomaly in the same normalized patterns which is either
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indicating high fO2 conditions during crystallization of plagioclase beside amphibole or an early crystal-

lization of amphibole and plagioclase later in sequence. Textural features favor an early crystallization of

greenish amphibole followed by interstitial plagioclase.

Zr was analyzed as a trace element in rutile (Fig. 5.2f) with the electron microprobe. Values are

reported in table 5.6 and for each sample, pooled mean value and standard deviation (in brackets) was

calculated. The analytical details are described in the method section of this paper.

Sample Aln Aln002-1-11 Aln007-5-2 Aln011-3-2 Aln073-1-4

[wt%] [wt%] [wt%] [wt%]

SiO2 35.74 35.78 36.63 36.04

TiO2 0.43 0.21 0.39 0.18

Al2O3 20.62 20.29 21.13 20.68

FeO 11.90 11.87 12.17 10.80

MnO 0.93 0.15 0.55 0.17

MgO 0.41 0.69 0.47 1.20

CaO 15.86 15.54 16.69 14.48

Na2O 0.08 b.l.d. 0.07 b.l.d.

K2O 0.01 b.l.d. 0.01 0.00

SrO b.l.d. b.l.d. 0.05 b.l.d.

P2O5 0.36 0.01 0.08 0.01

La2O3 4.64 4.22 5.22 5.21

Ce2O3 6.34 7.34 5.50 8.67

Pr2O3 0.45 0.64 0.26 0.64

Nd2O3 1.47 1.99 0.61 2.09

Sm2O3 0.07 0.20 0.05 0.14

Eu2O3 0.07 0.09 b.l.d. 0.10

Gd2O3 0.09 0.07 b.l.d. 0.06

Dy2O3 0.02 b.l.d. b.l.d. b.l.d.

Y2O3 0.17 0.04 0.01 0.05

PbO 0.03 0.01 0.02 b.l.d.

UO2 b.l.d. b.l.d. 0.08 0.01

Total 99.98 100.14 100.33 101.54

Table 5.5: Representative allanite analyses for four di�erent samples that were performed with the electron
microprobe. Note that allanite appears strongly zoned in backscatter image (Fig. 5.2d), with variable
concentrations of light rare earth elements (LREE). For analytical details see methods section.

5.7 Xenocrystic Zircon

Petrography and X-ray Mapping

At �rst glance, zircon crystals within these plagioclase rich felsic textures appear euhedral. Particular

backscatter and cathodoluminescence imaging on a scanning electron microscope reveals further complex-

ity. Zircon crystals are small and in the range of 10µm to 20µm. Polycrystalline zircon cores commonly

exhibit pristine, regularly zoned overgrowths of only a few µm. A backscatter image in �gure 5.7 presents
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Phase Ttn011-16 Ttn161-10 Aln002-3 Aln011-1 Am002-3

Sample NHS011 NHS161 NHS002 NHS011 NHS002

[ppm] [ppm] [ppm] [ppm] [ppm]

Sc 20.2 8.0 112.7 24.6 35.4

V 1105 703 546 549 655

Rb 0.24 0.33 0.25 <0.10 23.88

Sr 17 29 691 224 230

Y 1658.2 2623.2 2025.7 150.2 31.4

Zr 535 564 46 1115 67

Nb 526.4 8263.1 0.1 1.5 4.2

Ba 0.14 0.18 27.57 4.09 117

La 312.0 84.9 24893 48806 5.5

Ce 1196.7 476.4 41929 58431 16.4

Pr 207.65 119.65 3994 4141 2.92

Nd 1031.0 818.9 13791 9187 16.7

Sm 295.08 323.25 1798 566 4.03

Eu 100.25 126.62 251 123 1.20

Gd 311.68 385.55 1116 148 5.90

Tb 49.27 65.06 122 12 0.78

Dy 326.06 468.75 579 45 5.74

Ho 66.54 91.90 80.65 5.83 1.21

Er 184.41 258.11 156.08 11.72 3.45

Tm 26.77 38.20 17.46 1.46 0.69

Yb 172.93 250.39 101.98 10.04 3.44

Lu 22.63 28.79 12.58 1.62 0.56

Hf 40.15 50.91 2.63 39.66 2.30

Ta 19.61 579.96 0.05 0.66 0.36

Pb 1.67 0.67 39.73 25.07 0.32

Th 326.03 37.93 2667.96 918.29 1.12

U 88.87 176.68 220.57 175.52 0.11

Table 5.7: Representative analyses of accessory titanite (Ttn) and allanite (Aln) acquired by LA-ICP-MS.
Moreover, amphibole from the overall microgabbroic texture (Am) is reported for comparison. Internal
standard for LA-ICP-MS data reduction in LAMTRACE is CaO wt% determined by electron microprobe.
External standard is the NIST SRM 612.

a porous core with bright small phases that are di�erent from zircon. The same image demonstrates again

a later regular zircon overgrowth feature.

X-ray maps for Y and P demonstrate (Fig. 5.7) a homogeneous distribution over the whole analyzed

zircon grain. Higher concentration of Th and U (Fig. 5.7) correspond with an abundance of bright separate

phases of the porous core region. Porous texture of the zircon core indicates dissolution processes.
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a b

c d

fe

Figure 5.2: (a), (c) and (e) Subhorizontal picrobasaltic dykes (1B) with di�erent forms of felsic plagioclase
rich textures. (a) Concentration of felsic lenses at the top of the dyke. (c) Gradational plagioclase rich
banding at the top of the dyke, together with a felsic channel crossing the central parts of the dyke. (e)
Plagioclase rich micro-gabbroic texture within central parts of the dyke. (b), (d) and (f) Representative
assemblage of accessory mineral phases concentrated within felsic part of picrobasalts (1B). (c) Both
euhedral and subhedral zircon besides interstitial titanite. (d) Strongly zoned interstitial allanite that
encloses plagioclase. (f) Rutile xenocryst that exhibits a reaction rim of titanite.
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Figure 5.3: Bulk rock geochemical pro�le for picrobasalt for major elements CaO, Al2O3, MgO and
trace elements Zr, Sr, Ni and Cr. Enrichment in incompatible elements such as Sr and Zr goes along
with plagioclase rich zones at the dyke top, expressed by felsic bands and lenses. The same zone shows
enrichment of Al2O3 and depletion of MgO, Ni and Cr. The top of such felsic layers shows wavy horizons.
Boundaries between the ma�c and the felsic magma phases range from very sharp to gradational.

a b

Figure 5.4: (a) Stiched backscatter image of a felsic enclave or ocelli occuring within picrobasalts and
Ol-tholeiites (1B). The image shows the abundance of albite rich plagioclase together with an abundance
of bright accessory phases. (b) Distinction of all di�erent mineral phases (plagioclase: Pl; amphibole: Am;
alkalifeldspar (Afs); epidote (Ep) and allanite (Aln); titanite (Ttn); apatite (Ap)) that are present in the
felsic enclave of (a). Phase boundaries were determined by thresholding of the initial backscatter image.
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Figure 5.5: (a) Chondrite normalized [McDonough and Sun, 1995] rare earth element (REE) patterns
of allanite (Aln) and titanite (Ttn) that are mainly concentrated in the felsic enclaves or ocellis. Am-
phibole (Am) in general of an Ol-tholeiite host for the enclaves is shown for comparison. (b) Allanite
solubility temperatures for three di�erent samples (NHS002, NHS007, NHS011) are displayed in the same
histogram, with overall peak frequencies between 750°C and 920 °C. Solubility temperatures for allanite
were calculated according to Klimm et al. [2008].

a b

Figure 5.6: (a) and (b) Cathodoluminescence images of zircons from felsic zones of sample NHS011 and
enclaves within picrobasalts that were acquired by a scanning electron microscope (SEM). Images exhibit a
polycrystalline inhomogeneous core that at a later stage was overgrown by pristine regularly zoned zircon,
resulting in an overall subhedral to euhedral shape of the single crystals.
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Figure 5.7: Di�erent WDS X-ray (Y, P, U, Th) maps recorded with a electron microscope on a zircon
from sample NHS011. Acquisition conditions of the four di�erent elemental X-ray maps were carried out
with an acceleration voltage of 20kV and with a beam current of 400nA. The mesh size or pixel size of the
map is 0.5µm. Raw image was further �attened or interpolated through image processing. Blue (high) to
orange-red (low) indicate concentration density of the di�erent recorded elements. The upper right corner
shows a backscatter image for the identical zircon grain. The backscatter image reveals an inhomogeneous
porous core with very bright zones that are interpreted as phases di�erent from zircon. Likewise as in
cathodoluminescence images (Fig. 5.6a, b), the core is overgrown by pristine regularly zoned zircon. Bright
phases in the porous core region correspond to higher concentrations of Th and to U to some extent, as
indicated by the according X-ray maps.
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Methods U-Pb Zircon Geochronology

Mineral separation started with crushing under a hydraulic press of 2-5cm sized precut blocks of the

sample. The resulting gravel was then desintegrated with a tungsten carbide mill for short bursts of 12s.

The product was sieved to a size fraction 125-250µm and a fraction of <125µm. The remaining coarser

fraction was milled again until everthing passed through the sieve (<250µm). The two size fraction were

then pre-panned to be processed afterwards through diiodomethane (3,2 g cm−3) heavy liquid. Magnetite

was removed from the heavy mineral separate by a Frantz magnetic separator. Individual zircon grains were

hand picked under binocular microscope and inclusions within grains were avoided. A total of 5 zircons

grains were analyzed for their U-Pb isotopic composition using high precision ID-TIMS techniques (see

Broderick et al., in prep for analytical details) for three di�erent samples. Zircons are chemically abraded

after Mattinson [2005]. Titanite and zircon grains were spiked using the EARTHTIME (http://www.earth-

time.org) 202Pb-205Pb-233U-235U-tracer solution and dissolved following procedures modi�ed after Krogh

[1973]. For zircons, all common Pb was assumed to be blank. All measurements were performed at the

University of Geneva on a Thermo-Scienti�c TRITON thermal ionization mass spectrometer equipped

with a MasCom discrete dynode electron multiplier operated in ion counting mode. The initial statistical

analysis was done using the TRIPOLI program, followed by data reduction and age calculation using the

U-Pb Redux software [Bowring et al., 2011], using the algorithms of McLean et al. [2011]. The data was

corrected for mass fractionation with the ET2535 tracer composition using a 202Pb/205Pb ratio of 0.99924

and a 235U/205Pb ratio of 100.23. All uncertainties are reported at the two-sigma level. The uncertainties

are propagated using the algorithms of Schmitz and Schoene [2007] and Crowley et al. [2007].

Zircon U-Pb Results

Zircon 206Pb/238U ages for a sample of a Ol-tholeiite (1B) (NHS011) crosscutting the layered gabbroic

sequence on the NE face of the Cornone di Blumone indicate clearly a xenocrystic character. Zircons

of the same sample are displayed in �gure 5.6a, b and �gure 5.7 where textures con�rm their xenocryst

origin. 206Pb/238U ages of �ve zircons from this sample are early Cretaceous and range from 139.50 ±

0.08 Ma to 140.65 ± 0.22 Ma (Tab. 5.8). These ages appear overall concordant in concordia plot (Fig.

5.8). Through dissolution of the single zircon grains, a mixing between a thin younger zircon overgrowth

domain and a older core domain cannot excluded. A �xed discordia at 41.5 Ma ± 0.5, which is in the

range of the titanite ages for the same sample (NHS011), leads to an upper intercept at 145 ± 0.3 (Fig.

5.8).
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Figure 5.8: 206Pb/238U age of picrobasalt (1B) sample NHS011 in concordia plot for �ve di�erent zircons.
Detail U-Pb data of these zircons is reported in table 5.8. The error ellipses represent 2σ uncertainties,
including uncertainty of tracer isotopic composition. A lower intercept was �xed on the concordia for a
discordia in blue at 41.5 Ma, which is the range of titanite age [Hürlimann et al., in prep.b] for the same
sample.

5.8 Discussion

Accessory Minerals and Temperature Constraints

Accessory minerals encompassing allanite, rutile and zircon present in felsic enclaves or ocellis and

bands set in picrobasaltic to Ol-tholeiitic matrix are important hosts for various trace elements [e.g.

Hermann, 2002, Spandler and Pirard, 2013]. The temperature dependent incorporation of Zr in rutile

grown in equilibrium with quartz provides a single-mineral thermometer [Ferry and Watson, 2007, Tomkins

et al., 2007, Zack et al., 2004, Watson et al., 2006]. Klimm et al. [2008] developed an allanite solubility

model to constrain temperatures of dissolution in the context of melting of a H2O saturated mid-ocean

ridge basalt at high pressure (2.5 GPa), simulating the subduction conditions of oceanic crust.

Allanite is one of the key carriers of the light rare earth elements (LREE) for instance in deeply sub-

ducted eclogites and may contain >90% of REE of the bulk rock [Hermann, 2002, Regis et al., 2012,

Tribuzio et al., 1996]. Redistribution and mobility of several trace elements (REE, Th, U and Y) is con-

trolled by reactions involving allanite and other REE phases, together with several rock-forming minerals

[Regis et al., 2012]. Residual allanite can control the LREE (La-Sm) of liquid chemistry and bu�ers these

elements in liquids to relatively low levels while stable [Klimm et al., 2008]. Residual allanite is thereby

produced (REE-poor Epidote = Allanite + Liquid) as well by incongruent melting. The increase of glass in
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experiments during melting goes along with the total disappearance of amphibole and REE-poor epidote

[Klimm et al., 2008]. Results of the applied allanite saturation thermometry of Klimm et al. [2008] are

reported in table 5.9 and temperatures from pooled averages range from 791 ± 138 to 820 ± 68°C (Fig.

5.5b). Larger errors for each sample reported as one pooled standard deviation are explained by larger

di�erences in LREE concentrations over small scale zoning (Fig. 5.2d) of allanite. From a textural view

point, allanite is interstitial and precipitated after amphibole and most likely together with plagioclase

due to the lack of a considerable Eu-anomaly. Given these relations and the fast cooling rates of these 1

to 2m thick, subhorizontal �at-lying dykes with chilled margins of several centimeters, these temperatures

appear to lie close to the actual formation temperatures.

Rutile is a primary host for Ti, Nb and Ta in high temperature and high pressure metamorphic rocks

[Deer et al., 1992, Hermann, 2002, Zack et al., 2002]. Zack et al. [2002] showed that rutile is the dominant

carrier ( > 90% of whole rock content) for Ti, Nb, Sb, Ta and W, as well as an important carrier (5�45%

of the whole rock content) for V, Cr, Mo and Sn. Within this context, the Zr-in-rutile thermometer [Zack

et al., 2004, Watson et al., 2006, Ferry and Watson, 2007, Tomkins et al., 2007] has experienced great

interest recently to determine temperature conditions of high-temperature and high-pressure metamorphic

rocks. Moreover, in granulite facies rocks from the Ivrea-Verbano Zone at lower crustal level, Zr-in rutile

thermometry can for instance robustly record peak temperatures that are otherwise not recorded by any

other thermometer [Ewing et al., 2013]. Zr-in rutile thermometry in the present case records temperatures

in the range of 465 ± 8 to 472 ± 57°C (Tab. 5.9), which is considerably lower than the allanite saturation

temperatures determined in the same felsic enclaves or bands within the picrobasalts or Ol-tholeiites (1B).

Furthermore, these temperatures are considerably lower than conditions of the primitive picrobasaltic

host magma, with a liquidus temperature at 1375°C and emplacement conditions around 1200-1100°C

[Hürlimann et al., in prep.a]. Overall, these are all indications that rutile retained metamorphic conditions

of the assimilated material and did not requilibrate during the transfer within the hot picrobasaltic magma.

Textural evidence implies that the reaction of rutile to secondary titanite (Fig. 5.2f) caused a thermo-

chemical shield which lead to the preservation of these lower temperatures with regard to the host magma.

Allanite solubility

Sample T [°C] ± n

Aln002 820 68 56

Aln007 803 129 24

Aln073 791 138 18

Zr in Rutile

Sample T [C°] ± n

Rt161 472 57 4

Rt011 465 8 3

Table 5.9: Temperatures calculated from the allanite solubility model of Klimm et al. [2008]. Reported
temperature values (T [°C]) for three samples (NHS002, NHS007, NHS011) are calculated from pooled
averages and standard deviations for LREE values for allanite acquired by electron microprobe. Zr in rutile
temperatures are calculated after the themometric calibration of Watson et al. [2006]. Zr concentrations in
rutile determined by LA-ICP-MS for the thermometric calculations of the two samples (NHS011, NHS161)
were taken from values as reported in table 5.6.
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Observed zircon textures with porous polyphase cores indicate dissolution or recrystallization processes.

Bright phases backscatter images, such as those shown in �gure 5.7, are a strong indication of recrystal-

lization processes that lead to a puri�cation process of the zircon structure through the expulsion of less

compatible trace elements and the formation of new minerals. These new minerals like thortveitite, yttri-

alite and xenotime-(Y) incorporate preferentially these trace elements [Spandler et al., 2004, Tomaschek

et al., 2003]. Furthermore, a decrease of Th and light- to mid-REE for zircon a�ected by dissolution and

reprecipitation processes has been shown by Rubatto et al. [2008]. These studies encompass a phengite-

epidote-chlorite schist from the high-P belt of NE New Caledonia, representing a plagioclase rich ma�c

rock that has experienced previous low temperature sea�oor alteration recorded in zircons [Spandler et al.,

2004], a meta-plagiogranite from a high-pressure/low-temperature metamorphosed sequence from Syros

[Tomaschek et al., 2003] and an eclogite facies (high-pressure/low-temperature) meta-plagiogranite from

the Lanzo massif (Western Alps, Italy) [Rubatto et al., 2008]. All these cases have in common that textures

of zircons are strikingly similar with observed textures in this case here. In the present case, zircons show a

newly formed pristine regularly zoned overgrowth, which implies that after uptake within the picrobasaltic

or Ol-tholeiitic magma, zircon saturation conditions were gained again in the travelling distinct unmixed

felsic phase.
206Pb/238U ages for a sample of a Ol-tholeiite (139.50 ± 0.08 to 140.65 ± 0.22 Ma), even though they

are potentially a mixed age between a bulk part core age and minor rim age, are not in agreement with an

inherited component of 469 ± 45 to 405 ± 54 Ma documented from tonalitic to granitic plutonic intrusives

of the Southern Adamello [Schaltegger et al., 2009]. This much older inherited component appears to

be associated with Ordovician metamorphism and magmatism in the Southalpine basement [Zurbriggen

et al., 1997, Boriani et al., 1995] and is in the age range of a Rb�Sr isochron age of 460 Ma for the Edolo

schists [Bigazzi et al., 1986]. The latter was used to model AFC processes for the Adamello intrusive rocks.

Arguably xenocryst 206Pb/238U ages from the Ol-tholeiite do not relate to the Southalpine basement rocks

and an alternative assimilant is proposed here. If the age is assumed to correspond to the titanite age

range (41.5 Ma) for this Ol-tholeiite, then a mixed ratio between rim and core of 1:10 lead to a core age

of 150 Ma whereas a mixing ratio of 1:5 lead to a core age of 160 Ma. The ratios of rim to core are rough

estimates based on CL (Fig. 5.6) and BSE-images (Fig. 5.7).

Liquid Immiscibility of Assimilant

The felsic enclaves concentrated towards the chilled margins of these subhorizontal �at-lying pi-

crobasaltic to Ol-tholeiitic dykes demonstrate two distinctively di�erent phases that were not able to

mix. Injection of ma�c magma into partially solidi�ed felsic magma leads to disaggregation of the ma�c

magma into enclaves [e.g. Caricchi et al. 2012, Turner and Campbell 1986, Hodge et al. 2012, Snyder and

Tait 1995], which can be observed commonly in the �eld. The description of felsic enclaves or ocellis is

widespread for Archean greenstone belts [Coltorti et al., 1987, Polat et al., 2007, 2008, Gelinas et al., 1976]

and post Archean magmas [Philpotts, 1979, Freestone, 1978, Elthon et al., 1984, Mauger, 1988]. Appel

et al. [2009] provided a model in which they compared dacitic ocelli in picrobasaltic lavas from the Isua

greenstone belt (Greenland) with plagiogranites. The formation of plagiogranites was studied based on

experiments and was associated with partial melting of altered oceanic crust (gabbros, basalts, sheeted
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dykes) in the roof zone of magma chambers under spreading ridges [Koepke et al., 2007, Gillis and Coogan,

2002; and references theirein]. In their model [Appel et al., 2009], dacitic ocellis formed by partial melting

of hydrated high-Mg crustal rocks (e.g. picrite volcanic rocks, sheeted dykes) that foundered into a magma

chamber. During partial melting LREE are more soluble (mobile) than Th and HFSE (Nb, Ta, Zr, Hf,

Y). Finally, lower density and higher viscosity dacitic melt droplets were entrained and transferred to the

surface in denser basaltic (picritic) melts. The assimilation capacity of a picrobasalt �owing turbulently

through the crust (Fig. 5.9b) were calculated by Huppert and Sparks [1985].
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Figure 5.9: (a) Displayed are calculated non-Arrhenian Newtonian viscosity of silicate melts as a function
of T and melt composition, including the rheologically important volatile constituents H2O and F after
Giordano et al. [2008] for a felsic phase (LensA; Tab. 5.4) (plagioclase rich enclaves or ocellis) and the
host ma�c phase (picrobasalt), each for di�erent H2O contents (felsic enclave/lens: 2, 4, 5 wt% H2O;
picrobasalt: 2, 2.5, 3 wt% H2O). Liquidus temperature of picrobasalts is around 1375°C (~1400°C) and
lower bound indicates saturation temperature (Tab. 5.9) around ~800°C of interstitial allanite in felsic
enclaves/lenses that is interpreted as one of the last mineral phase to crystallize. Both the felsic and
the ma�c phase are taken entirely as silicate liquids under general temperatures conditions of >1100°C
[Hürlimann et al., in prep.a] for the picrobasalt (1B) at time of emplacement. (b) Redrawn after Huppert
and Sparks [1985] is shown the variation of contamination with depth for three magma types (komatiite,
picrite basalt, basalt) for a �ow rate of Q = 25 m2

s during the magma transfer through the crust. Right
hand side shows the melting rates of the same three magma types as on the left.

In the �eld in the present case the felsic phase is commonly concentrated towards the top of the

picrobasaltic to Ol-tholeiitic thin sills, which is interpreted as an e�ect of density between a lighter felsic

phase and heavier ma�c phase. Based on the silicate melt viscosity model of Giordano et al. [2008], this

rheological property was calculated for the composition of a felsic enclave (Lens A, Tab. 5.4 ) or ocelli

and a primitive picrobasaltic (1B) composition (Fig. 5.9a). In �gure 5.9a, ~1400°C (1375°C) represents

the liquidus temperature determined with MELTS of the picrobasalt at mantle separation conditions

[Ulmer, 1988], whereas ~800°C corresponds to the allanite saturation temperature, one of the last phases

crystallizing in felsic enclaves or ocellis. Based on interstitial allanite textures, these temperature conditions

are close to solidi�cation. The felsic and ma�c phases were assumed to be completely liquid for calculations

of the compositional and temperature dependent viscosity model [Giordano et al., 2008]. This assumption

appears justi�ed based on emplacement temperatures of >1100°C for the picrobasalt to Ol-tholeiites

[Hürlimann et al., in prep.a]. At higher temperatures and di�erent H2O contents (2,4, 5 wt%) (Fig. 5.9a)
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the felsic liquid is more viscous than the ma�c picrobasaltic liquid (H2O content wt%: 2, 3, 5). With lower

temperatures and increasing H2O concentrations the felsic liquid attains similar viscosity values like the

ma�c liquid. The ma�c liquid is less susceptible to variations in H2O concentrations than the felsic liquid

according to the viscosity model [Giordano et al., 2008]. The di�erences in viscosity will have an e�ect

on the capacity of mixing an assimilated felsic liquid in a picrobasaltic to Ol-tholeiitic liquid. Thus, in

rapidly quenched chilled margins of the subhorizontal �at-lying dykes the felsic liquid remains unmixed in

the form of enclaves or ocellis, whereas towards the central parts of these sill-like features, slower cooling

down to lower temperatures allows some mixing of the felsic liquid with the ma�c liquid. The latter can

be observed with gradational contacts of layers or bands of the felsic plagioclase rich liquid with the ma�c

more amphibole rich liquid.

5.9 Conclusions

Primitive picrobasaltic to Ol-tholeiitic magmas assimilated felsic basaltic andesitic liquids during their

transfer from mantle separation conditions through the crust. The felsic phase remains liquid and immis-

cible inside a ma�c picrobasaltic to Ol-tholeiitic liquid up to rapid quenching, whereas mixing phenomena

occur within parts of slower cooling.

Felsic enclaves or lenses and bands or layers crystallized abundant accessory phases such as interstitial

titanite and allanite. Particularly allanite is the main carrier of LREE within these felsic phases whereas

titanite holds another important part of REE. Allanite saturation temperature yields ~800°C.

The presence of zircon and rutile within the assimilated felsic phase provides a refractory residual

archive and gives some indications of the type of assimilant. Zr-in-rutile thermometry yields around

~470°C and implies non re-equilibration of metamoprhic conditions of the assimilant. Zircon with its

porous and polycrystalline multiphase core implies recrystallization and puri�cation of zircon to trace

element minerals such as thortveitite, yttrialite and xenotime-(Y). Similar textures and processes for

zircon have been mainly observed for high-pressure/low-temperature metamorphic rocks associated with

deeper subduction of oceanic crust. Furthermore, the inherited component of the 206Pb/238U ages (139.50

± 0.08 to 140.65 ± 0.22 Ma) with an upper intercept at 145 ± 0.3 Ma does not imply assimilation of crustal

material of documented Permian or Ordovician age. A potenial higher-pressure assimilant of Jurassic to

early Cretacous age has never been described in the Central Southern Alps so far.
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The post-plutonic dyke swarm marks two phases in the plutonic assembly of the Re di Castello suite

and U-Pb ages con�rm the crosscutting relationships documented in the �eld. An early assemblage of

plutonic rocks composing the southernmost part of the Adamello Batholith (Val Fredda, Alta Guardia,

and Vacca tonalites and associated ma�c intrusions) is terminated by the intrusion of the most primitive

magmatic rocks found in the entire Adamello Batholith. A second phase is marked by a regional post-

plutonic dyke swarm (2A, 2B, 2C, 3) that immediately succeeds a last voluminous phase of intermediate

tonalitic intrusions (Monte Re di Castello tonalites). A prominent clear mode I crack extension direction

can be linked with left lateral slip movements during emplacement, leading to a mixed mode I + II (shear

mode) emplacement style of the dyke swarm. The formation of the dyke swarm preceeds the creation of

cooling joints in the large plutonic bodies. The orientation of the dykes along the surfaces of dilatation is

not entirely perpendicular to the least compressive stress σ3 expressed by numerous en echelon arrays that

indicate a rotation in the remote stress �eld by 7 to 10°. A gradient in the remote stress �eld along the

surface of the �uid-dilated cracks can explain the two dimensional teardrop shape of some of the examined

dykes. This is further an indication that dilatation surfaces of the magma �lled cracks are not perfectly

oriented perpendicular to the least compressive stress σ3 of the regional stress �eld. In some cases, younger

fault planes develop and nucleate along these post-plutonic dykes, which form a clear rheological contrast

in an otherwise homogeneous tonalite. Moreover, regional valleys controlled by regional faults have the

same lineaments as the regional dyke swarm and document the later erosion and drainage processes as a

result of the tectonic uplift.

The largest compositional range of magma over the entire Batholith is documented by the present

post-plutonic dyke suite. These dykes with their according composition can be approximated as an actual

series of primitive to di�erentiated liquids produced through di�erent stages of fractional crystallization.

Peraluminous dacitic dykes are the result of extracted residual liquids of a fractional crystallization suite

and do not need partial melting and assimilation of parts of the continental crust for their genesis. With

the beginning of amphibole crystallization, the magma is driven towards these corundum normative com-

positions. Barometric constraints reinforce the importance of amphibole for the formation of andesitic

and dacitic magmas out of hydrous mantle derived mantle magmas at middle to lower crustal depth. The

composition of evolved andesitic and dacitic liquids are in very good correspondance with the evolution of

the composition of the LLD of isobaric fractional crystallization experiments (7-10 kbar). Trace element

signatures of andesitic and dacitic magmas are to a great extent acquired through fractional crystallization

at middle to deep crustal level (20-40km). Such trace element signatures are calculated through a frac-

tional crystallization model, taking into account the changing phase assemblage along the LLD and the

variations of partition coe�cients with changing mineral and melt composition. Di�erent mantle source

characteristics for the regional extent covered by the post-plutonic dyke swarm are not required to explain

the trace element signature. Amphibole fractionation in these hydrous magmas is of great importance for

a realistic model of evolution of the trace element concentration during di�erentiation to evolved dacitic

composition, which are equivalent to plutonic tonalites and granodiorites. The hottest and most prim-

itive picro-basalt demonstrates the most contaminated radiogenic isotope signature. Radiogenic isotope

signatures demonstrate as well the thermal capabilities of di�erent magmas with regard to assimilation.

This contribution should help understand to what extent arc-tholeiitic to calc-alkaline magmas acquire



184 CHAPTER 6. SUMMARY

the geochemical characteristics in the middle to lower crust in continental margin or arc settings. This

is of importance since in particular intermediate to more evolved magmas are building large volumes of

batholiths, which are an important component of the continental crust.

Both selective and bulk assimilation are implied from partial melting textures of the tonalite host rock

in immediate contact or vicinity of dykes within 10 to 15m wide swarms and the abundance of tonalitic

host rock xenoliths. Amphibole xenocryst with a lower temperature (less Ti (apfu)) core and a high

temperature overgrowths (higher Ti (apfu)) and plagioclase xenocrysts with inverse zoning, more albitic

partially resorbed cores with fresh anorthite overgrowths underline the process of bulk assimilation. The

tonalitic host rock assimilation source was identi�ed based on bulk rock geochemical relations between

the basaltic magma and the tonalite. In particular, trace elements such as Ni and Ba of basaltic hybrid

(2B) dykes demonstrate a mixing relationship of more primitive basalts (2A) with Vacca tonalite end

member in one case. The assimilation of Vacca tonalite through such a closely spaced basaltic hybrid

dyke swarm is further reinforced by bulk radiogenic isotope ratios of 87Sr/86Sr and 143Nd/144Nd. Amphi-

bole microphenocrysts and the basaltic hybrid melt constrain the temperature to the high temperature

stability (~1050°C) of amphibole within calc-alkaline magmas determined through trace element parti-

tioning between the liquid (matrix) and microphenocrysts. These temperature constrains are based upon

comparison with partition coe�cients of amphibole from fractional crystallization experiments at 7 kbar

[Nandedkar et al., in prep.]. Closely spaced, relatively thin dykes with a thickness for the bulk part of

<0.5m show alternating coalescence to dykes of up to 5m in thickness and splitting again into less thick

single dykes along the strike. Increased partial melting of the tonalite host rock, forming features like

melt impregnated tonalite, basaltic intrusion breccias and back veining of the molten host tonalite into

the basaltic hybrid (2B) dyke occurs with decreased spacing between single dykes in these swarms and

with increasing coalescence. The contact surface to the tonalite host rock increases with numerous dykes

in closely spaced swarm over 10 to 15m width in comparison with a single thicker dyke being the sum of

the thicknesses of all the single dykes. This setting favors the heating e�ect of the host by the intrusion of

the relatively hot primitive basaltic magma. Static heat conduction models, which are scaled to recorded

dyke swarm cross sections, reproduce partial melting of the tonalite host rock based on the instantanenous

intrusion of closely spaced single basaltic (2A) and basaltic hybrid (2B) dykes, as observed in the �eld.

The host rock temperature has to be at least 500°C at the time of dyke intrusion in order to reproduce

observed 1 to 2m wide basaltic intrusion breccias through a static thermal conduction model.

Primitive picrobasaltic to Ol-tholeiitic magmas assimilate immiscible felsic basaltic andesitic liquids

during their transfer from mantle separation conditions through the crust. Immiscibility of the felsic

phase inside a ma�c picrobasaltic to Ol-tholeiitic liquid persists up to rapid quenching, whereas mixing

phenomena occur within parts of slower cooling. Abundant accessory phases such as interstitial allanite

and titanite crystallized within felsic enclaves or lenses and layers. Allanite saturation temperature yields

~800°C and the same phase is the main carrier of LREE within the felsic phase, whereas titanite holds

another important part of REE. A refractory residual archive of the assimilated felsic material is provided

by the presence of zircon and rutile, which gives indications of the type of the assimilant. Zr-in-rutile

thermometry yields around ~470°C and implies non re-equilibration of metamorphic conditions of the

assimilant in the hotter host magma. Porous and polycrystalline multiphase core textures of zircon imply
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recrystallization and puri�cation of the crystal lattice through the expulsion of trace elements forming

separate minerals. High-pressure/low-temperatures metamorphic rocks associated with deeper subduc-

tion of oceanic crust exhibit similar textures and processes for zircon. An inherited component of the
206Pb/238U zircon ages (139.50 ± 0.08 to 140.65 ± 0.22 Ma) with an upper intercept at 145 ± 0.3 Ma

does not document a lower crustal assimilant of Permian or Ordovician age. A potenial higher-pressure

assimilant of Jurassic to early Cretacous age has never been described in the Central Southern Alps so far

for Eocene to Oligocene magmatic rocks.
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Sample Nr x y z Sample Nr x y z
09NHS001 612866 5090759 2535 09NHS045 612277 5090929 2636
09NHS002 612025 5089846 2366 09NHS046 612282 5090864 2617
09NHS003 612024 5089845 2368 09NHS047 612132 5090767 2571
09NHS004 611307 5089698 2414 09NHS048 612142 5090768 2576
09NHS005 611312 5089725 2416 09NHS049 612148 5090762 2576
09NHS006 611339 5089774 2413 09NHS050 612145 5090762 2574
09NHS007 612954 5090638 2554 09NHS051 612172 5090822 2609
09NHS008 612917 5090688 2550 09NHS052 612136 5090790 2583
09NHS009 612918 5090690 2546 09NHS053 612135 5090771 2576
09NHS010 612944 5090662 2572 09NHS054 611960 5090873 2562
09NHS011 612861 5090712 2536 09NHS055 611691 5090869 2542
09NHS012 612919 5090689 2543 09NHS056 611345 5090686 2521
09NHS013 612925 5090728 2539 09NHS057 610899 5090558 2553
09NHS014 612928 5090723 2538 09NHS058 610469 5090919 2409
09NHS015 612930 5090710 2544 09NHS059 610462 5090906 2409
09NHS016 612931 5090724 2539 09NHS060 610576 5090856 2438
09NHS017 612927 5090728 2536 09NHS061 611091 5089959 2519
09NHS018 612975 5090598 2548 09NHS062 610807 5090598 2526
09NHS019 612974 5090601 2554 09NHS063 610679 5090428 2530
09NHS020 613049 5090459 2556 09NHS064 610793 5090289 2591
09NHS021 613018 5090553 2542 09NHS065 611053 5089995 2529
09NHS022 613024 5090560 2537 09NHS066 610715 5090375 2547
09NHS023 613022 5090558 2539 09NHS067 610783 5090327 2584
09NHS024 612991 5090521 2548 09NHS068 611233 5090061 2379
09NHS025 612487 5091246 2750 09NHS069 611135 5090385 2471
09NHS026 612979 5091012 2549 09NHS070 611135 5090385 2471
09NHS027 612200 5089863 2389 09NHS071 610738 5090342 2552
09NHS028 612198 5089864 2382 09NHS072 611173 5089780 2503
09NHS029 612965 5090765 2511 09NHS073 610378 5089374 2452
09NHS030 612963 5090766 2513 09NHS074 609825 5088055 2401
09NHS031 612960 5090769 2514 09NHS075 614727 5091445 2301
09NHS032 612969 5090580 2556 09NHS076 614030 5091397 2241
09NHS033 612923 5090686 2552 09NHS077 612139 5090764 2570
09NHS034 612936 5090739 2530 09NHS078 612138 5090759 2573
09NHS035 612833 5090718 2539 09NHS079 612172 5090822 2609
09NHS036 612933 5091631 2546 10NHS080 613580 5097473 2623
09NHS037 612927 5091633 2545 10NHS081 613584 5097435 2622
09NHS038 612933 5091633 2546 10NHS082 613600 5097067 2597
09NHS039 612937 5091634 2545 10NHS083 613591 5097070 2600
09NHS040 612928 5091640 2545 10NHS084 613516 5096941 2552
09NHS041 612924 5091635 2548 10NHS085 613818 5096700 2429
09NHS042 612221 5090897 2627 10NHS086 613677 5096286 2367
09NHS043 612217 5090885 2625 10NHS087 613154 5093795 2333
09NHS044 612222 5090890 2626 10NHS088 612938 5091623 2546

1

Sample Nr x y z Sample Nr x y z
10NHS089 612024 5089848 2336 10NHS133 611682 5093503 2577
10NHS090 612224 5090898 2628 10NHS134 612690 5092932 2593
10NHS091 612274 5090924 2637 10NHS135 612690 5092932 2595
10NHS092 611396 5086146 1980 10NHS136 611834 5090140 2358
10NHS093 609386 5088649 2400 10NHS137 611824 5090148 2359
10NHS094 613376 5096031 2398 10NHS138A 611687 5090111 2359
10NHS095 612943 5094619 2601 10NHS138B 611687 5090111 2359
10NHS096 613617 5097219 2710 10NHS138C 611687 5090111 2359
10NHS097 610158 5099162 2359 10NHS138D 611687 5090111 2359
10NHS098 610431 5098701 2383 10NHS138E 611687 5090111 2359
10NHS099 610431 5098701 2385 10NHS138F 611687 5090111 2359
10NHS100 610201 5098617 2466 10NHS139 611697 5090108 2351
10NHS101 609874 5099391 2431 10NHS140 611696 5090106 2352
10NHS102 613821 5097837 2639 10NHS141 611537 5088578 2250
10NHS103 613661 5097789 2632 10NHS142 612813 5092813 2558
10NHS104 613930 5097814 2662 10NHS143 612809 5092809 2557
10NHS105 613962 5097769 2684 10NHS144 612808 5092810 2554
10NHS106 613963 5097765 2681 10NHS145 612811 5092821 2550
10NHS107 613937 5097712 2700 10NHS146 612734 5092919 2566
10NHS108 613961 5097681 2710 10NHS147 612733 5092917 2572
10NHS109 613977 5097677 2719 10NHS148 612805 5091715 2557
10NHS110 614077 5097637 2733 10NHS149 611223 5087621 2012
10NHS111 614112 5097599 2745 10NHS150 609539 5088532 2361
10NHS112 613438 5097781 2585 10NHS151 609425 5088623 2376
10NHS113 613649 5097510 2652 10NHS152 609405 5088641 2388
10NHS114 613716 5097498 2682 10NHS153 609635 5088765 2573
10NHS115 614198 5096998 2481 10NHS154 609581 5088866 2622
10NHS116 614166 5096981 2472 10NHS155 611444 5089657 2349
10NHS117 614097 5096950 2468 10NHS156 611696 5088898 2374
10NHS118 613964 5096813 2442 10NHS157 611697 5088899 2375
10NHS119 613933 5096777 2438 10NHS158 611697 5088899 2374
10NHS120 613930 5096778 2442 10NHS159 611697 5088899 2374
10NHS121 613833 5096726 2451 10NHS160 611697 5088899 2374
10NHS122 613823 5096716 2447 10NHS161 612028 5089839 2356
10NHS123 613754 5096628 2433 10NHS162 611772 5089811 2364
10NHS124 613596 5096442 2423 10NHS163 613081 5093735 2356
10NHS125 613610 5097146 2707 10NHS164 612702 5092911 2585
10NHS126 614066 5097591 2758 10NHS165 612807 5092829 2553
10NHS127 614184 5097596 2743 10NHS166 612845 5092883 2536
10NHS128 614252 5097587 2742 10NHS167 612847 5093777 2443
10NHS129 612927 5093115 2485 10NHS168 598150 5096591 2035
10NHS130 612790 5093013 2543 10NHS169 598232 5096697 2062
10NHS131 612303 5094134 2532 10NHS170 598590 5096955 2120
10NHS132 612147 5094217 2479 10NHS171 598425 5097024 2137

1

Table 7.1: Coordinates of collected samples (2009-2012) (Map datum: Monte Mario/Italy zone 1, Trans-
verse Mercator Projection)
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Sample Nr x y z Sample Nr x y z
10NHS172 597595 5095754 1742 11NHS201 610666 5111016 2264
11NHS173 614354 5098597 2435 OMA001 611517 5089898 n.a.
11NHS174 614202 5097011 2476 PB784 611398 5085678 n.a.
11NHS175 614191 5097004 2476
11NHS176 614180 5096987 2470
11NHS177 614116 5096945 2461
11NHS178 614087 5096928 2458
11NHS179 613975 5098237 2509
11NHS180A 615124 5098667 2418
11NHS180B 615124 5098667 2418
11NHS181 615310 5098065 2479
11NHS182 615244 5098321 2492
11NHS183 614756 5098494 2419
11NHS184 612898 5093727 2427
11NHS185 613149 5093789 2330
11NHS186 613139 5093778 2333
11NHS187 613067 5093525 2372
11NHS188 612819 5092828 2552
11NHS189 612820 5092829 2552
11NHS190A 611611 5090011 2348
11NHS190B 611611 5090011 2348
11NHS190C 611611 5090011 2348
11NHS190D 611611 5090011 2348
11NHS191A 613327 5098111 2624
11NHS191B 613327 5098111 2624
11NHS191C 613327 5098111 2624
11NHS191D 613327 5098111 2624
11NHS191E 613327 5098111 2624
11NHS191F 613327 5098111 2624
11NHS191G 613327 5098111 2624
11NHS192A 613581 5096442 2406
11NHS192B 613581 5096442 2406
11NHS192C 613581 5096442 2406
11NHS192D 613581 5096442 2406
11NHS192E 613581 5096442 2406
11NHS192F 613581 5096442 2406
11NHS193 616861 5102809 2382
11NHS194 615734 5102019 2325
11NHS195 614908 5100780 2412
11NHS196 612869 5090712 2513
11NHS197 612863 5090710 2521
11NHS198 612860 5090713 2519
11NHS199 610669 5111035 2259
11NHS200 610670 5111039 2265

1

Table 7.2: Coordinates of collected samples (2009-2012) (Map datum: Monte Mario/Italy zone 1, Trans-
verse Mercator Projection)
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7.2 Sample Description
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Table 7.3: Field description for collected rock samples with indication if sample was oriented or not (DipDir
Orient/Dip Orient) during collection.
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Table 7.4: Field description for collected rock samples with indication if sample was oriented or not (DipDir
Orient/Dip Orient) during collection.
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Table 7.5: Field description for collected rock samples with indication if sample was oriented or not (DipDir
Orient/Dip Orient) during collection.
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Table 7.6: Field description for collected rock samples with indication if sample was oriented or not (DipDir
Orient/Dip Orient) during collection.
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Table 7.7: Field description for collected rock samples with indication if sample was oriented or not (DipDir
Orient/Dip Orient) during collection.
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Table 7.8: Field description for collected rock samples with indication if sample was oriented or not (DipDir
Orient/Dip Orient) during collection.



198 CHAPTER 7. APPENDIX

7.3 Whole Rock Data



7.3. WHOLE ROCK DATA 199

C
o
m

p
o
si
ti
o
n

O
l-

th
o
le
ii
te

O
l-

th
o
le
ii
te

O
l-

th
o
le
ii
te

O
l-

th
o
le
ii
te

O
l-

th
o
le
ii
te

O
l-

th
o
le
ii
te

O
l-

th
o
le
ii
te

O
l-

th
o
le
ii
te

O
l-

th
o
le
ii
te

O
l-

th
o
le
ii
te

O
l-

th
o
le
ii
te

O
l-

th
o
le
ii
te

P
ic
ro

-
b
a
sa

lt
/
O
l-

th
o
le
.

P
ic
ro

-
b
a
sa

lt
/
O
l-

th
o
le
.

P
ic
ro

-
b
a
sa

lt
/
O
l-

th
o
le
.

P
ic
ro

-
b
a
sa

lt
/
O
l-

th
o
le
.

P
ic
ro

-
b
a
sa

lt
/
O
l-

th
o
le
.

P
ic
ro

-
b
a
sa

lt
/
O
l-

th
o
le
.

P
ic
ro

-
b
a
sa

lt
/
O
l-

th
o
le
.

P
ic
ro

-
b
a
sa

lt
/
O
l-

th
o
le
.

S
a
m

p
le

N
H
S
0
6
6

N
H
S
0
6
6

N
H
S
0
6
6

N
H
S
0
6
6

N
H
S
0
6
4

N
H
S
0
6
4

N
H
S
0
6
4

N
H
S
0
6
4

N
H
S
0
6
4

N
H
S
0
5
7

N
H
S
0
5
7

N
H
S
1
6
2

N
H
S
0
6
5

N
H
S
0
6
5

N
H
S
0
6
5

N
H
S
0
6
5

N
H
S
0
6
5

N
H
S
0
6
5

N
H
S
0
6
1

N
H
S
0
6
1

G
e
n
e
ra

ti
o
n

1
A

1
A

1
A

1
A

1
A

1
A

1
A

1
A

1
A

1
A

1
A

1
A

1
B

1
B

1
B

1
B

1
B

1
B

1
B

1
B

S
iO

2
4
9
.5
0

4
8
.8
9

4
8
.9
0

4
9
.6
4

5
0
.7
1

5
0
.7
4

5
0
.1
3

4
9
.7
2

4
9
.3
9

4
8
.8
4

5
0
.3
1

4
7
.7
2

5
0
.2
5

4
9
.2
7

4
7
.7
4

4
7
.4
1

4
7
.1
5

4
7
.6
8

4
9
.5
2

4
8
.0
8

T
iO

2
0
.6
0

0
.5
5

0
.5
6

0
.6
4

0
.7
0

0
.6
8

0
.6
7

0
.6
7

0
.6
3

0
.6
1

0
.7
2

1
.3
9

0
.8
4

0
.8
0

0
.8
0

0
.8
2

0
.8
2

0
.7
7

0
.9
0

0
.8
3

A
l2
O
3

1
4
.6
8

1
3
.0
9

1
3
.3
4

1
5
.6
7

1
7
.8
7

1
7
.0
9

1
6
.6
2

1
6
.3
2

1
5
.2
7

1
4
.6
4

1
7
.8
7

1
5
.5
6

1
8
.8
5

1
7
.9
3

1
7
.2
4

1
7
.1
5

1
6
.6
2

1
5
.4
7

1
9
.9
1

1
7
.9
0

F
e
2
O
3

8
.6
5

9
.1
4

9
.0
1

8
.4
7

8
.5
2

8
.7
8

8
.8
0

8
.9
4

9
.0
3

8
.8
6

8
.6
2

9
.8
3

7
.4
3

7
.9
6

8
.6
5

9
.0
0

9
.1
3

9
.3
8

7
.2
3

8
.2
9

M
n
O

0
.1
6

0
.1
8

0
.1
7

0
.1
5

0
.1
5

0
.1
6

0
.1
6

0
.1
7

0
.1
8

0
.1
5

0
.1
3

0
.2
3

0
.1
4

0
.1
9

0
.2
1

0
.2
2

0
.2
2

0
.2
3

0
.1
3

0
.1
9

M
g
O

1
0
.8
0

1
3
.0
9

1
2
.3
7

9
.8
2

7
.0
1

7
.5
4

8
.3
7

8
.8
4

1
0
.4
0

1
1
.8
1

7
.4
7

8
.5
8

6
.8
3

8
.3
7

9
.2
9

9
.8
3

1
0
.1
7

1
0
.6
8

6
.0
4

8
.9
3

C
a
O

1
0
.7
3

1
1
.2
3

1
1
.2
8

1
0
.6
0

1
0
.9
6

1
1
.0
7

1
1
.1
1

1
1
.2
8

1
0
.9
8

1
0
.3
3

1
0
.9
9

1
2
.2
4

1
0
.4
3

1
0
.6
3

1
0
.7
6

1
0
.8
1

1
0
.7
8

1
0
.6
2

1
0
.7
6

1
0
.2
7

N
a
2
O

1
.7
1

1
.1
6

1
.2
8

1
.9
5

2
.1
4

2
.0
7

1
.9
6

1
.9
5

1
.7
0

1
.4
8

2
.5
5

2
.1
8

2
.5
4

2
.1
3

1
.8
7

1
.8
0

1
.7
1

1
.5
6

2
.7
6

1
.9
2

K
2
O

0
.7
3

0
.6
6

0
.6
2

0
.7
3

0
.6
8

0
.5
8

0
.6
0

0
.4
9

0
.6
4

1
.3
5

0
.3
5

0
.5
9

0
.9
2

1
.1
1

1
.1
9

1
.2
6

1
.2
7

1
.2
1

0
.9
0

1
.6
2

P
2
O
5

0
.1
0

0
.0
8

0
.0
9

0
.1
1

0
.1
2

0
.1
2

0
.1
1

0
.1
1

0
.1
0

0
.1
0

0
.1
2

0
.2
3

0
.2
1

0
.1
8

0
.1
5

0
.1
4

0
.1
4

0
.1
3

0
.2
0

0
.1
6

L
O
I

1
.3
8

1
.8
0

1
.6
5

1
.2
5

0
.8
0

0
.8
6

0
.9
9

0
.9
6

1
.2
0

1
.4
8

0
.2
7

0
.8
6

0
.9
5

1
.0
9

1
.1
9

1
.2
3

1
.2
5

1
.2
8

0
.7
7

1
.1
3

C
r2

O
3

0
.0
7

0
.1
0

0
.1
0

0
.0
6

0
.0
3

0
.0
4

0
.0
5

0
.0
5

0
.0
6

0
.0
9

0
.0
4

0
.0
4

0
.0
3

0
.0
5

0
.0
6

0
.0
6

0
.0
6

0
.1
0

0
.0
1

0
.0
5

N
iO

0
.0
2

0
.0
2

0
.0
2

0
.0
1

0
.0
1

0
.0
1

0
.0
1

0
.0
1

0
.0
2

0
.0
2

0
.0
1

0
.0
1

0
.0
1

0
.0
1

0
.0
1

0
.0
2

0
.0
2

0
.0
2

0
.0
1

0
.0
1

T
o
ta

l
9
9
.1
2

9
9
.9
9

9
9
.3
7

9
9
.0
9

9
9
.7
1

9
9
.7
5

9
9
.5
9

9
9
.5
2

9
9
.6
0

9
9
.7
6

9
9
.4
5

9
9
.4
7

9
9
.4
3

9
9
.7
2

9
9
.1
4

9
9
.7
3

9
9
.3
4

9
9
.1
3

9
9
.1
5

9
9
.3
8

S
c

4
3
.7

5
2
.3

5
1
.1

4
0
.7

3
9
.5

4
2
.8

4
3
.1

4
4
.0

4
4
.1

4
6
.1

4
3
.8

4
3
.4

3
1
.8

3
4
.3

3
4
.6

3
6
.1

3
8
.3

4
4
.1

2
9
.2

3
7
.2

V
2
4
7

2
4
0

2
4
3

2
5
7

2
8
4

2
7
4

2
7
5

2
7
1

2
7
0

2
6
3

3
0
3

3
1
9

2
6
6

2
4
7

2
5
5

2
7
1

2
7
9

2
7
1

2
6
2

2
6
2

C
r

4
5
8

6
3
8

6
2
3

3
7
6

1
8
8

2
5
7

3
1
6

3
1
7

4
0
7

6
7
6

2
8
5

3
4
0

1
6
7

2
8
1

3
3
1

3
5
3

3
7
3

6
2
1

6
0

3
2
3

C
o

3
9
.6

4
5
.5

4
3
.1

3
7
.3

3
4
.7

3
2
.2

3
4
.4

3
4
.7

4
1
.9

4
6
.9

5
9
.1

3
6
.9

2
8
.1

3
0
.8

3
1
.3

3
3
.0

3
4
.3

3
5
.3

2
3
.8

3
1
.2

N
i

1
2
3
.5

1
5
7
.6

1
4
6
.0

1
1
3
.7

5
5
.1

4
7
.0

7
4
.5

6
8
.7

1
2
1
.0

1
6
7
.6

1
0
8
.0

9
7
.1

6
9
.8

1
0
3
.9

9
6
.5

1
2
9
.8

1
3
1
.1

1
3
7
.7

4
1
.9

1
2
1
.3

C
u

1
1
6
.9

2
1
.9

1
8
.8

2
8
7
.0

5
5
.3

1
6
.6

1
3
.8

1
5
.0

1
4
.5

1
3
.2

1
2
.6

5
.6

6
9
7
.0

1
1
2
.2

2
6
.5

2
2
.3

2
7
.4

1
9
.1

8
.8

8
.5

Z
n

1
2
4
.5

1
5
0
.4

1
5
4
.7

1
2
2
.4

1
7
0
.8

1
2
7
.8

1
4
8
.6

1
1
5
.8

1
2
5
.3

1
2
8
.7

1
1
1
.9

1
9
1
.7

1
3
1
.1

1
6
3
.6

1
2
6
.3

1
6
6
.2

1
6
7
.8

1
6
7
.5

1
2
4
.8

1
4
9
.4

G
a

1
3
.4

1
3
.1

1
2
.7

1
4
.2

1
5
.8

1
5
.4

1
4
.7

1
4
.7

1
4
.3

1
4
.2

1
6
.6

1
7
.4

1
6
.4

1
5
.8

1
5
.8

1
5
.9

1
5
.8

1
5
.2

1
6
.7

1
4
.8

G
e

2
.1

2
.4

2
.0

1
.0

2
.2

1
.2

2
.3

2
.0

2
.5

2
.2

2
.0

3
.8

2
.3

1
.2

2
.1

2
.8

2
.8

3
.0

1
.6

2
.3

A
s

1
.4

1
.6

1
.7

0
.8

1
.0

1
.0

1
.3

1
.1

0
.0

0
.0

0
.0

1
.6

1
.5

1
.3

0
.8

1
.9

0
.0

1
.3

1
.1

1
.1

R
b

1
6
.8

1
6
.7

1
5
.0

1
8
.6

1
4
.3

8
.8

1
0
.2

8
.0

1
3
.1

4
0
.5

6
.9

6
.0

3
3
.5

3
9
.4

4
2
.3

4
7
.5

4
7
.7

4
7
.1

2
8
.8

6
1
.0

S
r

4
0
1

3
1
7

3
4
5

4
4
8

4
5
6

4
4
6

4
3
3

4
1
7

3
8
7

3
7
2

5
4
6

4
6
1

3
9
8

3
5
1

3
2
8

3
1
4

3
0
8

2
8
2

4
4
3

3
2
5

Y
1
4
.2

1
3
.1

1
3
.4

1
5
.1

1
5
.8

1
5
.5

1
4
.8

1
4
.6

1
4
.0

1
4
.9

1
7
.7

1
6
.5

1
6
.9

1
6
.4

1
6
.3

1
6
.0

1
6
.4

1
5
.4

1
5
.3

1
5
.2

Z
r

5
1

4
3

4
5

5
6

5
8

5
8

5
4

5
3

5
2

4
7

5
9

7
0

7
1

6
4

5
9

5
5

5
3

5
1

7
1

5
9

N
b

2
.8

2
.3

2
.5

3
.0

3
.1

3
.0

2
.8

2
.8

2
.6

2
.9

3
.7

1
3
.9

5
.4

4
.0

4
.0

3
.9

3
.7

3
.9

5
.8

3
.9

M
o

0
.6

0
.7

0
.4

0
.8

3
.8

2
.2

2
.1

1
.5

2
.4

2
.8

1
5
.8

2
.0

1
.8

1
.4

1
.2

1
.6

1
.2

1
.5

0
.6

0
.9

C
s

1
.6
4

1
.2
6

1
.1
9

1
.8
5

0
.6
5

0
.3
6

0
.5
3

0
.5
3

0
.8
8

3
.9
9

1
.2
1

0
.1
8

2
.3
5

3
.3
4

3
.2
7

3
.7
1

3
.9
9

3
.8
9

2
.0
2

3
.8
6

B
a

9
6

7
2

7
5

1
1
0

1
3
4

1
2
8

1
3
0

9
5

8
1

1
3
2

6
2

9
4

1
7
0

1
5
4

1
3
9

1
3
5

1
2
4

1
0
6

1
6
2

1
7
7

L
a

7
.3

6
.9

7
.8

7
.8

8
.1

8
.2

7
.3

7
.1

8
.3

6
.1

9
.7

1
3
.9

1
6
.3

1
5
.2

1
3
.6

1
4
.5

1
0
.7

1
0
.4

8
.8

9
.2

C
e

1
5
.7

1
4
.0

1
5
.5

1
6
.6

1
6
.5

1
7
.3

1
6
.1

1
5
.5

1
6
.4

1
5
.3

2
0
.8

3
1
.4

2
8
.6

2
7
.3

2
4
.4

2
6
.2

2
0
.9

2
0
.1

1
7
.3

1
7
.4

P
r

1
.8
8

1
.7
5

1
.7
9

2
.1
4

2
.2
2

2
.1
9

1
.9
4

2
.0
2

1
.9
9

2
.0
2

2
.5
3

3
.8
3

3
.1
9

3
.1
4

2
.7
9

2
.8
8

2
.3
3

2
.3
5

2
.1
6

2
.0
9

N
d

9
.3

8
.0

8
.4

1
0
.2

1
0
.6

1
0
.8

9
.6

9
.8

9
.8

8
.9

1
1
.0

1
7
.0

1
3
.3

1
3
.1

1
2
.3

1
2
.7

1
1
.5

1
0
.7

1
0
.7

1
0
.2

S
m

2
.2
1

1
.9
8

2
.1
5

2
.6
3

2
.5
4

2
.5
8

2
.4
2

2
.6
8

2
.5
3

2
.2
1

2
.7
5

3
.9
3

2
.8
7

2
.6
7

2
.8
3

2
.7
3

2
.6
8

2
.5
9

2
.5
2

2
.6
8

E
u

0
.7
3

0
.7
4

0
.7
0

0
.8
1

0
.8
6

0
.8
3

0
.8
5

0
.7
9

0
.8
2

0
.6
3

0
.8
4

1
.2
1

0
.9
9

1
.0
8

1
.0
5

0
.9
1

1
.0
2

0
.9
7

0
.8
6

0
.8
0

G
d

2
.3
3

1
.9
6

2
.4
5

2
.4
9

2
.5
2

2
.4
2

2
.4
2

2
.4
6

2
.5
8

2
.2
7

2
.9
6

3
.5
2

2
.7
3

3
.0
4

2
.6
4

2
.8
3

2
.4
6

2
.3
9

2
.5
1

2
.4
1

T
b

0
.3
9
5

0
.2
9
7

0
.3
9
7

0
.4
1
6

0
.4
3
8

0
.4
4
3

0
.4
1
9

0
.3
9
4

0
.3
9
8

0
.3
8
8

0
.4
2
2

0
.4
9
5

0
.4
5
6

0
.5
0
4

0
.4
2
1

0
.5
0
9

0
.4
6
8

0
.4
8
3

0
.4
2
7

0
.4
1
0

D
y

2
.5
0

2
.2
6

2
.3
7

2
.4
9

2
.9
1

2
.9
1

2
.7
3

2
.8
3

2
.6
4

2
.6
8

3
.1
0

3
.2
7

2
.8
5

2
.9
3

3
.1
1

2
.7
9

3
.0
6

2
.6
3

2
.8
9

2
.7
6

H
o

0
.5
4
6

0
.4
8
7

0
.5
5
1

0
.6
0
2

0
.5
9
2

0
.5
4
6

0
.5
6
7

0
.5
6
1

0
.5
1
4

0
.5
4
3

0
.6
4
5

0
.6
1
1

0
.6
9
5

0
.7
4
2

0
.6
5
2

0
.6
8
5

0
.6
6
9

0
.6
1
4

0
.5
8
6

0
.5
7
6

E
r

1
.5
1

1
.3
3

1
.4
4

1
.6
9

1
.7
1

1
.6
4

1
.5
9

1
.6
0

1
.5
8

1
.6
2

1
.9
2

1
.7
8

1
.7
7

1
.7
8

1
.7
2

1
.7
8

1
.7
0

1
.6
5

1
.7
7

1
.6
7

T
m

0
.2
2
6

0
.2
0
0

0
.2
2
9

0
.2
4
8

0
.2
3
7

0
.2
4
0

0
.2
2
8

0
.2
3
8

0
.2
3
2

0
.2
3
7

0
.2
8
3

0
.2
4
2

0
.2
5
6

0
.3
2
3

0
.3
1
5

0
.2
8
9

0
.3
0
3

0
.2
6
2

0
.2
9
2

0
.2
3
2

Y
b

1
.5
7

1
.3
8

1
.4
6

1
.7
1

1
.8
4

1
.7
9

1
.6
8

1
.5
4

1
.6
4

1
.5
8

2
.0
7

1
.6
5

1
.8
8

2
.0
3

1
.9
2

1
.8
3

1
.6
7

1
.7
2

1
.8
2

1
.7
5

L
u

0
.2
1
5

0
.2
0
7

0
.2
1
6

0
.2
6
0

0
.2
8
4

0
.2
3
2

0
.2
2
7

0
.2
5
1

0
.2
4
0

0
.2
3
2

0
.3
1
5

0
.2
3
9

0
.3
1
3

0
.3
0
8

0
.2
7
6

0
.3
0
1

0
.2
9
3

0
.2
9
7

0
.2
9
3

0
.2
8
1

H
f

1
.4
5

1
.1
9

1
.2
6

1
.5
6

1
.5
8

1
.4
3

1
.4
7

1
.4
8

1
.3
1

1
.3
5

1
.6
8

1
.9
3

1
.5
4

1
.6
4

1
.5
5

1
.5
6

1
.5
2

1
.5
4

1
.6
8

1
.6
2

T
a

0
.2
2

0
.1
4

0
.2
3

0
.2
6

0
.3
6

0
.2
0

0
.2
0

0
.1
9

0
.2
0

0
.1
8

0
.2
0

0
.8
0

0
.3
7

0
.3
1

0
.2
8

0
.3
2

0
.3
3

0
.3
2

0
.4
3

0
.2
4

W
1
.9
1

1
.2
9

1
.6
9

2
.4
2

1
.1
5

1
.0
0

0
.7
0

2
.4
3

0
.9
3

0
.0
0

0
.0
0

0
.0
0

1
.1
0

0
.7
9

0
.5
6

0
.6
8

0
.5
8

0
.7
1

3
.4
8

1
.6
4

P
b

1
.2
6

1
.0
1

1
.0
1

1
.3
3

1
.0
1

0
.9
2

0
.9
6

0
.8
1

0
.7
8

1
.3
2

2
.1
0

4
.0
9

1
.7
3

1
.4
8

1
.2
0

1
.3
3

1
.0
5

1
.1
2

2
.6
1

1
.2
9

T
h

1
.6
0

1
.2
5

1
.4
8

1
.7
6

1
.7
2

1
.6
5

1
.5
0

1
.4
5

1
.4
9

1
.3
0

1
.8
2

2
.8
1

3
.4
7

2
.9
6

2
.8
1

2
.9
1

2
.2
8

2
.4
3

3
.1
3

2
.2
6

U
0
.5
9

0
.2
6

0
.3
9

0
.7
2

1
.0
3

0
.6
9

0
.6
3

0
.5
0

0
.4
4

0
.5
5

0
.8
5

2
.7
6

2
.6
6

1
.4
5

1
.0
5

1
.0
8

0
.7
7

0
.7
6

2
.4
9

1
.2
6

1
Table 7.9: Post-plutonic dyke rock suite of the Southern Adamello (Re di Castello superunit). Major
elements from SiO2 to NiO (all [wt%]) were determined by XRF analysis, all other elements were analyzed
by LA-ICP-MS analysis (all [ppm]).
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0
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0
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1
Table 7.10: Post-plutonic dyke rock suite of the Southern Adamello (Re di Castello superunit). Major
elements from SiO2 to NiO (all [wt%]) were determined by XRF analysis, all other elements were analyzed
by LA-ICP-MS analysis (all [ppm]).
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Table 7.11: Post-plutonic dyke rock suite of the Southern Adamello (Re di Castello superunit). Major
elements from SiO2 to NiO (all [wt%]) were determined by XRF analysis, all other elements were analyzed
by LA-ICP-MS analysis (all [ppm]).
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1Table 7.12: Post-plutonic dyke rock suite of the Southern Adamello (Re di Castello superunit). Major
elements from SiO2 to NiO (all [wt%]) were determined by XRF analysis, all other elements were analyzed
by LA-ICP-MS analysis (all [ppm]).
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1Table 7.13: Post-plutonic dyke rock suite of the Southern Adamello (Re di Castello superunit). Major
elements from SiO2 to NiO (all [wt%]) were determined by XRF analysis, all other elements were analyzed
by LA-ICP-MS analysis (all [ppm]).
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1Table 7.14: Post-plutonic dyke rock suite of the Southern Adamello (Re di Castello superunit). Major
elements from SiO2 to NiO (all [wt%]) were determined by XRF analysis, all other elements were analyzed
by LA-ICP-MS analysis (all [ppm]).
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(a) (b)

(c) (d)

(e)

Figure 7.4: (a) and (c) represent pro�les measured across plagioclase for anorthite-albite content. (b) and
(d) show Mg-di�usion calculations performed after Costa et al. [2003]. (e) Comparison of Mg [ppm] and
anorthite content (all measured by EMPA) between plagioclase phenocryst-cores and -rims and plagioclase
microphenocrysts in the matrix of basaltic-andesites / andesites 2C.
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