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The age and structure of dikes along the tectonic contact
of the Ivrea-Verbano and Strona-Ceneri Zones
(southern Alps, Northern Italy, Switzerland)

by Andreas Mulch”", Matthias Rosenau'*, Wolfgang Dorr’ and Mark R. Handy'®

Abstract

A 2-3 km wide shear zone, the Cossato-Mergozzo-Brissago Line (CMB Line), forms the contact between two
subvertically dipping basement units of the southern Alpine continental crust: the Ivrea-Verbano Zone (IVZ) and
Strona-Ceneri Zone (SCZ). The CMB Line 1s characterized by a steeply dipping mylonitic foliation with variably
oriented stretching lineations and syn-mylonitic mafic and felsic dikes. Syn-mylonitic intrusion of these dikes is docu-
mented by mutually crosscutting dikes and host mylonites and by leucocratic tension gashes within the mafic dikes
that display the same sense-of-shear as the surrounding mylonites. Structural analysis of the northeastern end of the
IVZ demonstrates that, similar to other segments of the CMB Line, the CMB mylonites are locally overprinted by a
vounger amphibolite to greenschist facies mylonite zone, the Pogallo Line. As the CMB- and Pogallo Lines affected
the southern Alpine crust at different times, dating them clarifies their contrasting roles in the evolution of the
southern Alpine continental crust. U-Pb geochronology reveals that intrusion of the investigated syn-mylonitic
dikes and hence, mylonitization along the CMB Line, occurred in Early Permian time (275-285 Ma). Metamorphic
titanite within the same dikes formed at 173 + 4 Ma supposedly as a result of discontinuous retrograde metamorphic
reactions associated with crustal attenuation that was localized along the Pogallo Line. Pogallo mylonitization there-
fore clearly postdates Early Permian CMB activity.

Structural and U-Pb zircon data support models of the CMB Line as the subhorizontal part of an Early Permian
transcurrent shear zone that accommodated oblique-slip faulting and basin formation in the upper crust, and ductile
thinning and exhumation of the lower crust. The CMB mylonite belt linked Early Permian magmatism in different
levels of the crust by serving as a conduit for the ascent of melts from the underplated Mafic Complex in the Ivrea-
Verbano Zone into intermediate crustal levels that are currently exposed along the contact between the Ivrea-
Verbano and the Strona-Ceneri Zones. In the proposed model for the IVZ these melts subsequently induced partial
melting of upper amphibolite facies metasedimentary rocks making up the CMB mylonites.

Kevwords: geochronology, geochemistry, Ivrea Zone, shear zone, melts.

Introduction

Crustal-scale mylonitic shear zones play an im-
portant role in the syn- te post-orogenic evelution
of the crust. However, the interpretation and cor-
relation of tectonic processes acting in different
crustal levels is often obscured by the lack of
coherent basement units exposing such crustal
levels and their imprecisely known temporal and
kinematic history. The Ivrea-Verbano Zone

(northern Italy and Switzerland) offers a unique
field area for the study of magmatic and deforma-
tional processes in intermediate and lower crustal
levels. There, Tertiary thrusting and folding ex-
posed magmatically underplated lower continen-
tal crust (ZINGG et al., 1990; HANDY and ZINGG,
1991; ScHMID, 1993). This study focuses on the so-
called Cossato-Mergozzo-Brissago Line (CMB
Line), a 2-3 km broad, upper amphibolite facies
mylonite zone within the southern Alpine base-
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ment (BoRr1aNI et al., 1990). The CMB Line is spa-
tially associated with numerous mafic and felsic
dikes and stocks (in the local literature often
referred to as “Appinites”; BORIANI et al., 1974)
and forms the tectonic contact between the Ivrea-
Verbano (IVZ) and Strona-Ceneri (SCZ) Zones,
southern Alps (Fig. 1). These dikes are important
time markers for constraining the tectonic history
of the southern Alpine basement units.

A continuing debate centers on the extent and
location of Early Permian versus Early Mesozoic
extension in the southern Alpine basement (e.g.
TRUMPY, 1992; SCHUMACHER et al., 1997). By dat-
ing the intrusive rocks along the CMB Line, we
intend to test whether one or both of these exten-
sional events were associated with mafic under-
plating. Specifically, we seek to determine wheth-
er Early Permian extensional tectonics were spa-

tially and temporally distinct from Early Meso-
zoic rifting of the Apulian continental margin, or
whether one protracted extensional event, lasting
from Early Permian to Early Jurassic time, effect-
ed exhumation of the southern Alpine crust.
New TIMS U-Pb data obtained for this study
from hornblende-dioritic and muscovite granite
dikes along the CMB Line confirm that post-Var-
iscan, Early Permian transtension of the southern
Alpine continental crust was temporally distinct
from subsequent Early Mesozoic rifting. Mutually
crosscutting relationships between the different
dikes along the CMB Line indicate that these in-
trusives are cogenetic (ZURBRIGGEN, 1996: MULCH,
1999). Whole rock geochemical data favor the in-
terpretation that the different dikes are genetical-
Iy linked and support a structural model in which
melt ascent was fostered by CMB mylonitization.
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Framed area is shown in detail in Figure 2.

Sketch map of the western part of the southern Alpine basement units modified from ZINGG et al. (1990).
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seological setting of the CMB mylonites
and dikes

The IVZ and SCZ represent parts of tilted Paleo-
zoic basement that are separated from Alpine
metamorphic units to the north by the Oligo-Mio-
cene Insubric Line (Fig. 1.e.g. SCHMID et al., 1987).
The basement exposed today in map view com-
prises a cross-section of thinned lower and inter-
mediate pre-Alpine continental crust as 1t existed
at the end of Early Jurassic rifting (ZINGG et al.,
1990). Both the IVZ and SCZ underwent poly-
phase burial and exhumation during their Paleo-
zoic evolution (synthesis in HANDY et al., 1999).
The lower crustal mylonitic shear zones making
up the CMB Line attenuated and partly exhumed
the southern Alpine, intermediate to lower conti-
nental crust (e.g. HANDY et al., 1999). The CMB
Line is therefore thought to be contiguous with
oblique-slip faults bounding elongate transten-
sional basins (e.g. Collio basin; CASSINIS et al.,
1995) and Early Permian shallow-level granitoid
plutons in the upper crust (reconstructions of
HANDY and ZINGG, 1991; HANDY et al., 1999). The
broad spectrum of isotopic ages in the IVZ has
often been interpreted to reflect repeated ther-
mal and/or fluid activity related to superposed,
crustal-scale tectonic events (e.g. von QUADT et
al., 1993; GEBAUER, 1993;: VAVRA ¢t al., 1999). A
swarm of elongate ENE-WSW striking hbl-dior-
itic to granitic dikes in the originally deep-seated
northernmost segment of the southern Alpine
basement coincides with the CMB Line. The per-
vasive mylonitic foliation of the CMB Line is
presently subvertically oriented and is sub-paral-
lel to older main foliations in the adjacent IVZ
and SCZ, respectively, of Variscan and Ordovician
ages (HANDY et al., 1999). In the Brissago area
(Fig. 1), upper amphibolite facies conditions pre-
vailed during CMB mylonitization as document-
ed by local anatexis in the deformed mica-gneiss-
es and the syn-kinematic qtz + pl + bt + sil + grt +
kfs + ms assemblage.

It is important to note that the CMB Line is
not the only mylonite belt in the southern Alpine
basement. Locally the CMB mylonites are cross-
cut and partly overprinted by the Pogallo mylo-
nites (Figs. 1, 2, e.g. BORIANI and SAccHI, 1973)
which themselves are truncated by mylonites and
cataclasites related to the Oligo-Miocene Insub-
ric Line (HANDY, 1987). During Early Mesozoic
time the Pogallo Line was a low-angle normal
fault zone that extensionally exhumed large parts
of the intermediate to deep southern Alpine con-
tinental crust (HANDY et al., 1999 and references
therein). The Pogallo mylonites overprint central
and eastern parts of the CMB Line (Fig. 1). Nei-

ther the orientation of structures nor syn-mylo-
nitic metamorphic conditions (in the northeast-
ern IVZ) can be used to unequivocally discrimi-
nate between CMB- and Pogallo mylonites. In the
study area, however, both foliations can be distin-
guished because of different overprinting rela-
tionships with respect to the investigated dikes.

Relative age and conditions of diking
and deformation

The CMB Line is characterized by four different
features. First, it is a zone of mylonitic shear with-
in the southern Alpine basement. Second, it coin-
cides with a gradational lithologic contact be-
tween the IVZ and SCZ. Third, it coincides with a
swarm of hornblende dioritic to granitic dikes
(Fig. 1). These dikes are best exposed at the north-
eastern end of the CMB Line near the town of
Brissago (Fig. 2) where fresh exposures show mu-
tually overprinting relationships of the dikes with
the CMB mylonites. Fourth, the CMB Line is ac-
companied by localized partial melting in the my-
lonites. BORIANI et al. (1977, 1990) were the first
to observe partial melts within the mylonitic host
rock and to propose that CMB mylonitization
took place under high-temperature conditions
prior to the intrusion of the dike swarm. However,
by mapping the overprinting relationships be-
tween the dikes and the deformation in the sur-
rounding mylonites, ZURBRIGGEN (1996) and
MuLcH (1999) found that this composite dike
swarm intruded during (rather than before) mylo-
nitization in the country rock.

Most observations presented here are based
on detailed mapping of stream bed outcrops that
provide continuous sections across strike of the
subvertically dipping CMB mylonites. In the area
of investigation the common lithology within the
CMB mylonites is a high-Al metapelite with silli-
manite as the stable aluminosilicate polymorph,
and subordinate marbles, metabasites and
metaquarizites. Metamorphic conditions during
the mylonitization are constrained by the pres-
ence of fibrous sillimanite on biotite-rich foliation
surfaces and the incipient breakdown of primary
muscovite. The occurrence of leucosomes in the
vicinity of hornblende-dioritic dikes is consistent
with uppermost amphibolite facies conditions
during the intrusion of the dikes. These observa-
tions imply the reaction:

muscovite + quartz + plagioclase + water
= sillimanite + melt.
At estimated pressures of about 4-6 kbar dur-
ing mylonitization (see discussion in HANDY and
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STREIT, 1999), this reaction is consistent with de-
formational temperatures of 600-650 °C (CLE-
MENS, 1984) in the CMB mylonites close to the
hornblende-dioritic dikes. The CMB mylonites
are inferred to have accommodated non-coaxial,
oblique sinistral flow parallel to moderately east-
ward-dipping mineral stretching lineations in the
IVZ (Fig. 2 and HANDY and STREIT, 1999). In the
SCZ, CMB mineral stretching lineations are in-
ferred to overprint an older lineation of unknown
age (Fig. 2). The interpretation that the CMB
dikes intruded during mylonitization is based on
the observation that some dikes are undeformed
and preserve primary magmatic features (e.g.
chilled margins or magma mingling structures as
shown in Fig. 3c), while other dikes in the same
outcrop are sheared or asymmetrically boudi-

naged (Fig. 3a). The proximity of pre-, syn- and
post-mylonitic dikes within a single outcrop
therefore indicates that individual dikes intruded
quickly and sporadically during a prolonged peri-
od of mylonitic flow (HANDY and STREIT, 1999).
Another argument for syntectonic diking is
the presence of tension gashes and pull-apart
structures filled with granitic rock within the
hornblende-dioritic dikes. The right-stepping en-
echélon geometry of these tension gashes indi-
cates an overall sinistral sense of shear (criterion
of RAMsAY and HUBER, 1983; Figs. 3 a, b). Leuco-
somes at the contact of the hornblende-dioritic
dikes and the country rock (Fig. 3b) are interpret-
ed as evidence of partial melting in response to
heat advected by the dikes. The localization of
these former partial melts within the necks of the
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hornblende-dioritic dikes indicates that these
dikes had acquired a fracture strength and there-
fore had crystallized during deformation. Evi-
dence for localization of partial melts as dikes
within the mylonites comes from ubiquitous gar-
net in granite and pegmatite dikes of the CMB
dike swarm as described by ZURBRIGGEN (1996).
The presence of significant modal garnet points to
melting of a peraluminous source rather than
fractionation of purely mantle-derived melts.
Mingling of host rock-derived partial melts and
hornblende-diorites led to the formation of isolat-
ed enclaves or ‘schollen’ of diorite within a tonal-
itic to locally granitic matrix (Fig. 3d). These en-
clave-bearing composite dikes are characteristic
for the CMB dike swarm. As above, the schollen
indicate that the mafic melt had crystallized and
attained a strength sufficiently high to enable
fracturing. We also observed dikes of hybrid com-
position, some lesser deformed varieties of which
contained schlieren structures (Fig. 3c). Schlieren
structures are diagnostic of low strength contrasts
between compositionally different melts. We
therefore interpret hybrid dike compositions and
schlieren structures as evidence for melt mixing.

In contrast to these structures that result from
CMB deformation (e.g. asymmetric boudinage in
the presence of a granitic melt), Pogallo myloniti-
zation postdates intrusion of the investigated
dikes. Pogallo deformation resulted in the forma-
tion of blocky boudins of dioritic CMB dikes,
highly sheared dike margins without syn-defor-
mational melting in the host rock.

Previous isotopic constraints on the age of
syntectonic dike intrusion

The numerous isotopic and geochronological in-
vestigations in the [IVZ and SCZ published during
the last 30 years (compilations in ZINGG et al.,
1990; HUNZIKER et al., 1992; more recent U-Pb
work in VAVRA et al., 1996) have enabled the doc-
umentation of Early Permian magmatism in three
different levels of the southern Alpine continen-
tal crust: (1) 280-285 Ma volcanics in the Collio
basins of the Bergamasca Alps (CASSINIS et al.,
1995; SCHALTEGGER and BRACK, 1999), (2) shal-
low granitic plutons of the Baveno granitoid suite
in the SCZ (275-280 Ma, e.g. BORIANI et al., 1988;
PINARELLI et al., 1988; BORIANI et al., 1992), and
(3) post-regional metamorphic gabbro-diorites of
the Mafic Complex in the IVZ (ZINGG, 1983; 285
+7/-5Ma of PIN, 1986).

VAVRA et al. (1996, 1999) reconstructed the
zircon growth and recrystallization history in the
IVZ during the Late Palaeozoic and Early Meso-

zoic with the SHRIMP method. They concluded
that high-grade metamorphism associated with
short-lived magmatism and anatexis in the IVZ at
299 + 5 Ma was followed by the intrusion of the
dioritic rim of the Ivrea Mafic Complex dated at
285 +7/-5 Ma (U=Pb zircon; PIN, 1986). These ma-
fic intrusives therefore post-date earlier, late Car-
boniferous mafic rocks that triggered amphibolite
to granulite facies regional metamorphism in the
[VZ, but that preceded a local post regional-
metamorphic temperature climax restricted to
the rocks adjacent to the Mafic Complex in Val
Sesia (for a detailed discussion see ZINGG, 1983
and HANDY et al., 1999). The minimum age of this
local temperature climax corresponds to cooling
through closure of monazite at about 273-275 Ma
(KopPEL, 1974; HENK et al., 1997). Subsequent
hydrothermal events at about 210-230 Ma
strongly affected U-Pb and Sm-Nd isotopic min-
eral systems of the IVZ, as indicated by several
geochronological investigations (e.g., STAHLE et
al., 1990; GEBAUER, 1993; von QUADT et al., 1993;
Orppizzl and SCHALTEGGER, 1998; VAVRA and
SCHALTEGGER, 1999). The “*Ar/** Ar data of BORI-
ANI and VILLA (1997) showed very complex tra-
jectories in correlation diagrams for hornblendes
from mafic dikes of the Brissago area, hindering
the determination of a reliable, geologically
meaningful age. However, they favored a lower
limit for the crystallization age of the dikes at
about 220 Ma. As shown below, this lower age
limit underestimates the actual age of the dikes.

U-Pb ages of zircons from hornblende-dioritic
enclaves in a composite dike (MR091)

Two samples of dikes representative of the CMB
dike swarm were chosen for U-Pb geochrono-
logy. The sample locations are given in Fig. 2.
The chemical composition of both samples is giv-
en in Table A2 . The first sample (MR 091) is an
enclave-bearing composite dike that contains
hornblende-dioritic enclaves within a tonalitic
matrix. The second sample (MR 085), a concord-
ant syntectonic muscovite-bearing granite dike,
was chosen to determine the age of the granitic
end-member of the investigated dike swarm. The
enclaves of the composite dike contain abundant
dark purple magmatic zircon crystals with a short
prismatic morphology and strongly developed
prismatic faces (G1 type of PupiN, 1980) (Fig. 5).
Superficial zircon resorption and microcracking
are widespread. None of the crystals appears to
contain inherited cores, but optical detection was
disturbed by the strong color of most of the zircon
grains. U-Pb analyses revealed very high U and
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Th contents (***Pb/2%Pb < 1). Very high U concen-
trations (up to 6800 ppm) in some of the zircons
are probably due to (U, Th)-rich inclusions not re-
moved during air abrasion (Fig. 5a).

Inclusion-bearing zircons are not the best can-
didates for a U-Pb study, but given the high reten-
tivity of zircon under upper amphibolite-facies
conditions, single zircon dating provided the best
method for dating the intrusion of the dike. Be-
cause of their proximity to concordia, five high-
precision analyses (1,2,6,8, 14inTable 1) of single
grains, pyramidal ends or multigrain fractions of
euhedral grains were chosen that yielded a dis-
cordant, but relatively coherent data pattern (Fig.
4a). The analyses plot close to the concordia line,
indicating differential non-zero age Pb-loss and
27Pb/%Pb ages that cluster about 245-255 Ma.
Due to their proximity to the concordia line, the
influence of zircon inheritance on the individual
analyses is assumed to be negligible. The discord-
ant U-Pb data therefore provides information
about the maximum age of zircon crystallization.
The upper intercept of the calculated discordia
line at 279 +28/-16 Ma (20, using GEODATE by
EGLINGTON and HARMER, 1991) is a first con-
straint on the age of the syntectonic dikes. The
lower intercept in Fig. 4a projects towards 142
+32/-42 Ma on the concordia line and overlaps
within error with a concordant titanite age (analy-
sis 22) from the same sample (Fig. 4d).

U-Pb ages of zircons from a granitic dike
(MRO8S)

The zircon population of the muscovite-bearing
granite dike (sample MROS8S) includes a variety of
morphological types ranging from long- to short-
prismatic clear crystals and including grains that
display apparent cores and overgrowths (Fig. 6).
The 1sotopic signature of these magmatic zircons
is different from those of the hornblende-dioritic
enclave of the composite dike (sample MR 091),
as U-contents and **Pb/?%Pb ratios are signifi-
cantly lower (Table 1). Typically, the zircons show
at least one inherited component of Proterozoic

« Fig.4 (a) U-Pb concordia diagrams of zircons from
hornblende dioritic enclaves in syntectonic composite
(MRO091) and (b, ¢) granitic (MRO85) dikes at the CMB
Line. Note that analyses 15 and 16 in (c¢) fall onto the
discordia line calculated in (a) for zircons from the com-
posite dike (MRO091) (calculated using analyses 1.2.6.8,
and 14) which is plotted for comparison only. (d) U-Pb
concordia diagram for metamorphic titanite from syn-
tectonic Early Permian composite dike (MR091). El-
lipses indicate 2o error.



AGE AND STRUCTURE OF DIKES ALONG TECTONIC CONTACTS, SOUTHERN ALPS 63

age (19,20) (Fig. 4b). Analyses 15 and 16 of long-
prismatic, euhedral grains are not affected by zir-
con inheritance but are significantly discordant
(Fig. 4¢). These two discordant multi-grain frac-
tions yield 27Pb/*®Pb ages of 275 = 11 Ma (15)
and 280 + 12 Ma (16), respectively (Fig. 4¢). Most
interestingly, they plot exactly on the 279 +28/-16
Ma discordia line that constrains the age of the
composite dike. Taking the *’Pb/*™Pb age of anal-
vses 15 and 16 as a constraint for the age of dike
emplacement, the most likely interpretation is
that the granitic dike intruded at about 275-285
Ma. The striking similarity of these ages with the
zircon ages of the hornblende dioritic enclave of
the composite dike suggests that both the com-
posite and granitic dike share a common intrusive
and metamorphic history.

U-Pb ages of titanite from hornblende-dioritic
enclaves in a composite dike (MR091)

The hornblende-dioritic enclave of the composite
dike (MR091) contains abundant light-yellow to
honey-yellow, idioblastic, lozenge-shaped titanite.
Back-scattered electron imaging of these grains
revealed no detectable internal zonation or poly-
phase overgrowths. We analysed four multi-grain
titanite fractions. The grains comprising each frac-
tion were hand-selected to be of identical shape
and clarity. One fraction of light-yellow, clear
titanites yields a concordant age of 173 £ 4 Ma
(Fig. 4d). whereas three additional fractions of
more cloudy varieties project towards an upper
intercept at about 1.3 Ga. This paper focuses on
the interpretation of the concordant data point
(22) only, because the three other analyses (21,23,
24) were strongly affected by minute zircon and
apatite inclusions detected by electron micro-
probe imaging. The difference in age of about 100
Ma obtained for the 279 +28/-16 Ma zircon and
the 173 + 4 Ma titanite of the same sample shows
that these minerals either grew at different times
or that the titanite age represents a post-intrusive
cooling age. Microstructural observations re-
vealed a prominent retrogressive overprint of the
primary, magmatic amp + pl + qtz + ep + hem-ilm
+ ap + zrn = bt assemblage of the mafic dikes.
Magmatic hornblende is partly replaced by sec-
ondary biotite, indicative of a lower amphibolite/
upper greenschist facies overprint. Coeval break-
down of ilmenite exsolutions within the tscher-
makitic to ferro-magnesian hornblendes (LEAKE,
1978) is the inferred source of Ti for the neocrys-
tallization of titanite. Therefore, the concordant
titanite age of 173 £ 4 Ma is consistent with sub-
solidus titanite growth during the Jurassic.

EMP and CL imaging

To constrain the mechanisms that led to strong
partial Pb-loss within the analyzed zircons, we
used back-scattered electron (BSE) and cathodo-
luminescence (CL) imaging to investigate grains
from the same splits used for U-Pb dating. CL
imaging revealed irregular feather-like, convolute
zoning and partial recrystallization within euhe-
dral zircons of the hornblende-dioritic dikes
(MRO091). Oscillatory zoning or zircon growth
around pre-existing cores is completely absent
(Fig.5).

Convolute zoning is uncommon in igneous
and metamorphic zircon, and its influence on U-
Pb data i1s not completely understood (PIDGEON
et al., 1998). The hornblende-dioritic dikes at the
CMB intruded a sillimanite grade metasediment
at fairly high melt temperatures. Interaction of
the mantle-derived mafic melt with partially melt-
ed wall rock is inferred to have caused rapid
changes in melt and fluid composition. It is there-
fore conceivable that the formation of highly con-
torted convolute zoning in zircon reflects closed-
system zircon recrystallization and fluid redistri-
bution during early, high-temperature zircon crys-
tallization (PIDGEON et al., 1998). Hence, we inter-
pret the U-Pb ages of the strongly abraded zir-
cons to record the timing of zircon crystallization
from the melt and hence the timing of crystalliza-
tion of the composite dikes. This process of
closed-system recrystallization has to be distin-
guished from (fluid-assisted?) secondary rim-to-
core open-system recrystallization that results in
a stable, U-poor zircon. Zones of transgressive
open-system recrystallization associated with
trace element-loss are documented in Fig. 5 as
homogeneous marginal bands at the upper rim of
the zircon grain. These zones discordantly trun-
cate central parts of convolute banding and re-
place primary zircon by featureless, recrystallized
zircon. We infer that subsequent to rapid Pb-loss
from highly metamict zones, the crystal structure
was locally annealed by late-stage rim-to-core re-
crystallization and precipitation processes. The
BSE image in Fig. Sa shows an ingression of a po-
rous zircon structure (‘sponge-structure’) parallel
to former growth zones with numerous inclusions
of a (U/Th)-silicate. This secondary transforma-
tion is distinct from the one described above be-
cause high-U concentrations are retained within
the zircon lattice. Consequently, (sub-)magmatic
convolute zonation and precipitation of trace ele-
ments were most likely governed by closed-sys-
tem behaviour of zircon as evident from high (U,
Th)-concentrations preserved within individual
zircon grains. Over time, zones of high trace ele-
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ment concentration became metamict and pro-
vided pathways for rapid radiogenic Pb-loss.

CL patterns of zircons from the granitic dikes
(MR 085) are completely different and demon-
strate the complexity of multiple zircon genera-
tions within a crustally derived granitic melt.
Three types of internal structures could be distin-
guished: Long prismatic, euhedral grains in Fig. 6a
show magmatic growth zonation and lack inherit-
ed cores or overgrowths. Fractions of these grains
(analyses 15 and 16) provide constraints on the

Fig.5

emplacement age of the granite dikes. Prismatic
grains (analyses 19, 20) reveal different genera-
tions of inherited cores surrounded by an irregu-
larly zoned domain (Fig. 6b). A third type of inter-
nal structure is displayed in Fig. 6¢ in which an in-
ner domain of magmatic fine-scaled oscillatory
zoning is truncated by a domain of sector zoning
followed by a narrow rim with no CL. The mecha-
nisms of Pb-loss within the zircons of the granitic
dike are difficult to ascertain. The absence of pri-
mary convolute zoning in zircons from the granit-

100.00 um 20.0 kV

(a) Back-scatter electron image of zircon from hornblende-dioritic enclaves in the composite dike before air

abrasion. Note three different domains: i) porous outer zone (upper left) following euhedral crystal faces with inclu-
sions of a U-Thsilicate (th), quartz (qtz) and apatite (ap),ii) secondary rim-to-core recrystallization of low-U zircon
marked by featureless dark grey zone (upper right) iii) (sub-)magmatic convolute zoning in internal part of the
zircon inferred to have retained primary age information (right center). (b) Cathodoluminescene image of the same
grain as shown in (a) with contorted REE-enriched bands (convolute zoning). Metamictization along high-U bands

18 inferred to provide rapid pathways for Pb-loss.
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ic dike that has been documented for MRO91 al-
lows some inferences concerning the T-X-condi-
tions at the time of dike emplacement. As both
dikes investigated in this study intruded the same
lower crustal environment and experienced the
same series of metamorphic events within the
CMB mylonites, primary differences in composi-
tion and melt temperatures (associated with dif-
ferent fluid mobilization in the country rock)
probably played an important role during the for-
mation of zoning patterns in magmatic zircon.
To conclude this section, we have shown that
granitic and composite dikes along the CMB Line
intruded contemporaneously in Early Permian
time (275-285 Ma). This suggests that there 1s a
link between these dikes and the Early Permian
gabbro-diorites at the rim of the Mafic Complex in
originally deeper parts of the IVZ exposed to the
southwest (Fig. 1). In the next section, we use geo-
chemical data to explore this possible link and the
mechanisms by which melts evolved within the
lower and intermediate southern Alpine crust.

Chemistry of CMB dikes and stocks

The members of the CMB dike swarm fall into
three petrographically distinct populations: (1)
hornblende-dioritic dikes and stocks, (2) granitic
dikes and (3) composite dikes showing magmatic
mingling of the two aforementioned end-mem-
bers. Geochemically, the dike swarm represents a
medium to high-K calc-alkaline suite that spans
the whole range from monzo-gabbros via diorites
and granodiorites to granites (Fig. 7 and BORIANI
et al., 1974; GioBBI ORIGONI et al., 1988; PINAREL-
LI et al., 1988; BORrIANI et al., 1995). This wide
range of chemical composition suggests that the
CMB dike swarm is the genetic link between

dominantly mantle-derived rocks from the rim of

the Mafic Complex of the IVZ and hybrid (crust-
and mantle-derived) granitoids of the SCZ.

MAJOR ELEMENT COMPOSITION AND
CLASSIFICATION OF THE SAMPLES

The major element compositions of the analyzed
samples (Table A1) fall within the field of the
CMB dike swarm when plotted on the TAS dia-
gram and the AFM triangular plot where they dis-
play a large compositional gap as expected for
end members of the intrusive suite (Fig. 7). Be-
cause of strongly contrasting differentiation indi-
ces (e.g. Si and Zr contents, rare earth element
(REE) fractionation, Eu-anomaly, and ratios of
Rb/Sr and Nb/Y, Table A1) mafic stocks are inter-

preted to represent the least evolved and mafic
enclaves the most chemically evolved samples of
hornblende-diorites. The leucocratic matrix in the
composite dikes, though poor in modal K-feld-
spar, is chemically almost identical to the compo-
sition of the muscovite-bearing granitic dikes.

MROBS 12 kV 00019

00014 JOPM

MROBS 12 kV

MROBS 12 kU ooois8

Fig. 6 Cathodoluminescence (CL) images of zircons
from muscovite-bearing granite dike (MROSS). (a)
cuhedral prismatic zircon used for analyses 15 and 16.
These zircons preserve a magmatic zonation and lack
any kind of inherited cores or overgrowths. (b) Euhe-
dral zircon containing rounded inherited cores (center).
Cores sit within an irregularly zoned internal domain
that itself is rimmed by a low-CL domain at the pyrami-
dal ends of the grain. (¢) Magmatic oscillatory zoning in
the center is truncated by dark gray bands of less regu-
larly zoned zircon and a narrow rim showing no CL.
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TRACE ELEMENT DISTRIBUTION

Trace element compositions of the granitic sam-
ples are close to mean values of S-type granite
(WHALEN et al. 1987) and amphibolite facies crust
(WEAVER and TARNEY, 1981). A comparison be-

ALKALIC granite:
S 2T g
‘§ o diorite
- éabb’o SUBALKALIC
(@]
(3]
N
T Y e ST O Sz
@) Baveno
LR granitoids
=z Y ; )
""""" MB dik
3 Mafic Complex 5 g anEn
40 50 60 70 80
SiO2 'wt%
O CMB granites
* leucosome in
FeO " composite dikes
® CMB Hbl-diorites
@ ¢ CMB mafic stock

CMB dike swarm

SCz
Baveno
granitoids

Na,O + K,0

MgO

Fig. 7 (a) Total alkali vs. SiO, (TAS) plot with classifi-
cation of subalkalic plutonic rocks after WiLsON (1989).
Note that pyroxene-free CMB hornblende-dioritic
dikes plot in the gabbro field due to high modal
amounts of primary hornblende and biotite that are low
in Si0, with respect to pyroxene. These low-SiO, horn-
blende-dioritic dikes (filled circles and diamond) are
therefore interpreted as being close to one end-member
composition of the CMB dike swarm. (b) AFM ternary
plot with tholeiitic to calc-alkaline division. Data defin-
ing fields of Mafic Complex, CMB dike swarm and
Baveno granitoids in (a) and (b) are from BoORIANI et al.
(1974). GiroBBI ORIGONI et al. (1988), PINARELLI et al.
(1988). Boriant et al. (1992), Boriani et al. (1995), SiNiI-
Goletal. (1994) and ZURBRIGGEN (1996).

tween the incompatible element signatures of the
granitic samples with the metasediments of the
IVZ (data from SCHNETGER et al., 1994) clearly
demonstrates their intimate relationship (Fig. 8a).
However, two significant differences in their in-
compatible element signatures exist: (1) the rela-
tively high Sr contents of the partial melts and (2)
their relatively low contents of Ti, Y and heavy
REE (HREE, Er-Lu in this plot represented by
Yb). These differences are related to the meta-
morphic conditions during segregation:

(1) Sr-enriched partial melts necessitate a high
degree of melting of feldspar and suggest melting
in the presence of a fluid phase (HARRIS and IN-
GER, 1992). This is in accord with the aforemen-
tioned reaction:

muscovite + quartz + plagioclase + water

= sillimanite + melt
as proposed for the mylonitic host rock. Large
melt fractions (up to 45 vol%) are expected for
vapour-present melting by CLEMENS (1984) and
HaRrRIS and INGER (1992) and are accounted for
by the widespread occurrence of granites, pegma-
tites and pegmatoids that are spatially associated
with the CMB Line (Fig. 2 and e.g. ZURBRIGGEN,
1996).

(2) Y and HREE depletion of partial melts
with respect to their protolith manifests the pres-
ence of garnet as a stable restite phase, whereas
lower Ti contents of the partial melt suggest that
biotite was also a restitic phase during melt segre-
gation. Both phases are ubiquitous in the mylo-
nitic host rock.

Figure 8b displays the chondrite-normalized
REE pattern of the hornblende-dioritic and mus-
covite granite end-members of the CMB dike
swarm. The REE patterns of the granite dikes are
subparallel and show a strong fractionation from
light REE (LREE: La-Nd) to HREE ((La/Yb)y
= 23-40) and no significant Eu-anomaly ((Eu/
Eu*)y = 0.85-1.2) when normalized to chondrite
(N). These features support the hypothesis that
granitic melts were segregated from a garnet-bear-
ing protolith and indicate that their composition
was not affected by differentiation involving feld-
spar fractionation, i.e., granitic melts were true par-
tial melts from the metasedimentary host rock.

The REE patterns of hornblende-diorites (Fig.
8b) show a systematic REE variation, with the
LLREE becoming successively enriched from the
mafic stock sample to the mafic enclave sample,
concurrent with successive depletion of HREE.
This systematic variation from slightly fractionat-
ed REE patterns displayed by the mafic stock
((La/Yb)y = 3.8) to moderately fractionated REE
patterns of the mafic enclave ((La/Yb)y = 9.0) is



AGE AND STRUCTURE OF DIKES ALONG TECTONIC CONTACTS, SOUTHERN ALPS 67

taken as evidence that mixing of the hornblende-
diorite with the highly REE-fractionated CMB
granites occurred during their chemical evolution.
Fractional crystallization of hornblende is a pro-
cess that accounts for the tilt between steep
LREE patterns and flat MREE+HREE patterns
of the hornblende-diorites. The lack of a signifi-
cant Eu-anomaly ((Euw/Eu#)y =0.95-1.0) suggests
that plagioclase fractionation was not an impor-
tant mechanism.

RELATIONSHIPS TO REGIONAL EARLY
PERMIAN MAGMATISM AND
SIGNIFICANCE OF THE CMB DIKES

Figures 8c and d display the incompatible element
signatures of CMB dikes in comparison with
those from the SCZ Baveno granitoids and mafic
rock samples of the IVZ Mafic Complex. Rocks
of comparable composition and petrography as
the hornblende-diorites of the CMB dike swarm
occur as enclaves and dikes of similar age within
the Early Permian dioritic rim of the Mafic Com-
plex (SINi1GOI et al., 1994). As shown in Fig. 8d. the
mafic stock sample (representing the most primi-
tive composition of the CMB dike swarm) has an
almost identical incompatible element signature
as the Early Permian enclaves and dikes of the
Mafic Complex. This suggests a common origin
during the late stages of Early Permian magmatic
underplating. Only the positive Rb-anomaly is
unique for the CMB dike swarm and may be at-
tributed to the absorption of metamorphic fluids
during magma ascent through deep-crustal levels
where biotite dehydration breakdown reactions
at the amphibolite-granulite facies transition may
have produced Rb-rich fluids.

The SCZ granitoids consist of several granodi-
oritic and granitic plutons that were emplaced
during Early Permian time within intermediate to
upper crustal levels. A common genesis by frac-
tional crystallization processes has been proposed
for this suite (BORIANT et al., 1992). [sotope data
indicate that these rocks were hybrid magmas
comprising both mantle and crustal components
(PINARELLI et al., 1988). The granitoids are be-
lieved either to have developed by fractional crys-
tallization of mantle-derived melts from the same
source that formed the Mafic Complex (PIN and
SILLS, 1986; VOSHAGE et al., 1990; BORIANI et al.,
1992: BoriaNI et al., 1995) or to result from dehy-
dration melting of a fertile crust, where partial
melts mixed with mafic melts (SINIGOI 1994). Fig-
ure 8c shows the incompatible element signature
of the CMB hornblende-diorites compared to
representative samples of the SCZ Baveno grani-

toids (see compilation in BORIANI et al., 1992).
The generally lower LILE contents of the CMB
hornblende-diorites as well as their lack of pro-
nounced negative Sr- and Ti-anomalies are char-
acteristic of the SCZ granitoids and constrain the
possible differentiation processes. Assimilation of
LILE-rich and Ti-poor partial melts represented
by the CMB granitoids, and fractional crystalliza-
tion of plagioclase and hornblende are shown be-
low to be viable processes to produce the SCZ
granitoid pattern from the pattern observed in the
CMB hornblende-diorites.

Trace element modelling

To test these petrogenetic hypotheses, we calcu-
lated the effects of the individual mechanisms
(partial melting, assimilation of partial melts, frac-
tional crystallization) on the Rb, Sr, Nb and Y
concentrations of the different magmas (for the
constituting formulas and parameters see Appen-
dix). We emphasize that applying a single set of
model parameters, for example, assuming con-
stant distribution coefficients as well as perfect
AFC and FC, may grossly oversimplify the com-
plex melting and mixing processes that might be
expected for melt generation in a compositionally
heterogeneous crust. However, the results ob-
tained should be regarded as one possible mecha-
nism that, when properly supported by independ-
ent structural and geochronological evidence, can
provide additional information on melt ascent and
the interaction of melts from different sources.

Figure 8e displays the starting compositions
(boxes), the SCZ granitoid field and the evolution
trajectories on a Nb/Y vs. Rb/Sr diagram. This plot
discriminates the proposed mechanisms, as the
Nb/Y ratio is an index for garnet-present partial
melting as well as hornblende fractionation,
whereas the Rb/Sr ratio is a common index for
feldspar fractionation.

The chemical model for partial melting de-
scribes the segregation of eutectic partial melts
from the IVZ metasedimentary country rock
(source S in Fig. 8¢) due to water-present break-
down of muscovite assuming garnet as a restitic
phase and non-modal batch melting (SHAw, 1970).
Extraction of a melt fraction F,, = 30 wt% fits the
observed high-Sr, low-Y composition of the CMB
granites (A in Fig. 8¢). The chemical model that
reproduces the SCZ granites from the CMB horn-
blende-diorites (X, in Fig. 8¢) involves two evolu-
tionary stages. During a first stage of assimilation
and fractional crystallization (AFC, DEPAOLO
1981), 30% fractional crystallization of equal
amounts of hornblende and plagioclase accompa-
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1982, and SuN, 1980) of the CMB dike swarm (for symbols see legend) and related rocks of the IVZ and CMB. (b)
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nied by 15'% assimilation (assimilation-to-crystal-
lization raitio r = 0.5) of an partial melt with the
compositior of the CMB-granites (assimilant A in
Fig. 8e) yield an intermediate, hybrid melt (X, in
Flo 8e¢) wihich is significantly depleted in Y and
slwhtlv deplketed in Sr. A second stage (FC) is con-
trolled by fractional crystallization of plagioclase
and minor amounts of titanite but no further crus-
tal contamination (r = 0). After 60% fractiona-
tion, a hybrid granitic magma is obtained from the
X, compositon that is characterized by moderate
Y concentrzations and very low Sr contents similar
to the most differentiated rocks of the SCZ
Baveno granitoids (X, in Fig. 8e¢).

Discussion

Before discussing the age data, we point out that
the dated samples MR0O91 and MRO&S were col-
lected because they contain key structural rela-
tionships within both the composite and granitic
members of the syntectonic CMB dike swarm.
Hence, the ‘starting material’ for U-Pb geo-
chronology was less than ideal from a mineralogi-
cal standpoint and the ages of the two U-Pb zir-
con data sets presented here are not as accurate as
those obtained in recent high-precision U-Pb
studies (e.g. SCHALTEGGER, 1993; CORFU, 1996).
Nevertheless, the ages of the two data sets are in-
ternally consistent and are also in accord with the
mutual overprinting relationships of the dikes
and the CMB mylonites.

The 279 +28/-16 Ma upper intercept for the
least discordant zircons from the hbl-dioritic en-
clave and the 275 + 11 Ma and 280 = 12 Ma ""Pb/
20Pb ages for the magmatic zircon fractions from
the granitic dike allow us to constrain the age of
CMB diking to the Early Permian time span
from 275 to 285 Ma. Thus, syn-mylonitic intru-
sion of the CMB dikes clearly post-dated the 321
+ 2 Ma Late Variscan intrusion of leucotonalitic
dikes in the SCZ obtained from Pb—Pb step leach-
ing of magmatic garnets (ZURBRIGGEN et al.,
1998). These older dikes are related to large scale
F3 folds in the SCZ that are clearly sheared by the
CMB mylonites.

Following HANDY and ZINGG (1991), VAVRA
and SCHALTEGGER (1999) suggested that post-
granulite facies decompression and tectonic
shearing caused new monazite growth in high-
grade IVZ metapelites during localized partial
melting that initiated at about 273 Ma. Although
VAVRA and SCHALTEGGER (1999) and HENK et al.

(1997) disagreed in their interpretation of the pat-
tern of monazite ages across the IVZ, both sludies
indicate a Late Carboniferous regional thermal

peak of metamorphism. We propose that myloni-
tization along the CMB Line and within associat-
ed high-temperature shear zoncs of the IVZ (e.g.
BrRODIE and RUTTER, 1987; SNOKE et al., 1999)
was responsible for Early Permian oblique exten-
sion, decompression, and associated partial melt-
ing (HANDY et al., 1999). This partial melting
event and related metamorphism was local, and
clearly post-dated an earlier phase of leucosome
generation related to the amphibolite to granulite
facies regional metamorphism in the J.ate Car-
boniferous. The similar U-Pb ages obtained from
the least discordant zircon analyses of the horn-
blende-dioritic enclave (analyses 1,2, 6,8, 14) and
from the magmatic zircons of the muscovite-bear-
ing granite dike (15, 16) support the idea that both
are consanguineous and share a common syn- and
post-magmatic history.

The close genetic relationship »f the CMB
dikes implied by the geochemical and isotopic age
data has two major implications for the evolution
of the southern Alpine continental crust: First,
oblique extension of the lower southern Alpine
crust took place during Early Permian time (275-
285 Ma), distinctly prior to Early Mesozoic rifting.
In contrast to the vigorous magmatism at all crus-
tal levels that accompanied Early Permian trans-
tension, magmatism associated with Early Meso-
zoic rifting was negligible in the IVZ (e.g. HANDY
et al., 1999 and references therein). Second, the
mylonites of the CMB Line acted as a conduit for
the generation, ascent and differentiation of syn-
tectonic melts. The fact that partial melting is re-
stricted to mylonites in the vicinity of the dikes
and that the partial melts back-veined the horn-
blende-dioritic dikes (recall Fig. 3) indicates that
melt migration within the CMB mylonites was fa-
cilitated by deformation. More specifically, the
accumulation of partial melts within en-ech¢lon
tension gashes on different scales (within cm-
size mafic enclaves, within entire mafic dikes)
and within the necks of boudinaged hornblende-
dioritic dikes indicates that granitic melts mi-
grated down normal stress gradients from source
regions in the mylonitic country rock to sites
where they interacted with mantle-derived
melts. Back-veining involved melt-induced frac-
turing of the freshly crystallized mafic melts (Fig.
3 b.d), followed in some cases by mixing and as-
similation of the partial melt with partly consoli-
dated mafic melt (Fig. 3¢). The hybrid melts en-
gendered by such mixing and assimilation may
occupy the compositional gap between coeval
Baveno granitoids in the upper crust and gabb-
roic rocks within the dioritic rim of the Mafic
Complex in the IVZ, consistent with the results
of trace element modelling shown in Fig. 8.
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Chronological, mineralogical, and geoc 1emi-
cal data support the hypothesis that the gi hbro-
dioritic rocks within the SW rim of the Viafic
Complex represent the source melts for the horn-
blende-dioritic dikes along the CMB Line. Unfor-
tunately, Mesozoic and Alpine tectonics appear to
have excised most segments of the crust in which
chemical differentiation processes might have
produced the granitoid rocks in the SCZ from the
hybrid CMB dikes. In particular, shallower levels
of the CMB Line that form a possible link with
granitoid plutons in the SCZ are not exposed. The
absence of such exposures hinders detailed stud-
ies of the ascent and evolution of the hybrid melts
to shallower levels of the southern Alpine crust.
Assimilation of partial melts and fractional crystal-
lization are processes of chemical differentiation
which might have occurred within the dikes them-
selves or within CMB-linked magma chambers.

In our model, lower crustal diking in Early
Permian time was restricted to the originally

transtensive @ ®

moderately inclined CMB Line. There, the de-
creased fracture strength of the mylonites parallel
to their foliation facilitated the rapid upward flow
of transiently overpressurized melts within epi-
sodically propagating dikes (HANDY and STREIT,
1999; HANDY et al., 2001). The dikes linked to
form networks that eventually drained partial
melts from the fertile amphibolite facies para-
gneisses of the IVZ. Field observations along the
Brissago segment of the CMB Line show that in-
dividual dikes and dike networks presently make
up at least 20 vol% of the 2-3 km wide belt of
CMB mylonites (ZURBRIGGEN, 1996). Given the
evidence of rapid crystallization and sporadic
melt ascent, however, a much smaller volume per-
cent of dikes would have transported melt at any
given time during diking and mylonitization.
Figure 9 depicts the CMB Line and related
melts as they may have appeared in profile during
Early Permian time. The figure also incorporates
the available radiometric age data on magmatic
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Fig.9  Synthetic composite cross-section of the IVZ-SCZ contact as it existed in Early Permian time. The CMB Line
is depicted as a moderately inclined lower crustal mylonite zone that links up with steeply dipping strike-slip faults
bounding transtensive basins in the upper crust. Increasing volume proportions of partial melt with depths result in
synkinematic weakening of the mylonitic crust. References for geochronological data are given by numbers in paren-
theses: (1) BARTH et al. (1994), (2) HUNZIKER, (1974). (3) KorPEL and GRUNENFELDER (1978). (4) PINARELLI et al.
(1988). (5) HENK et al. (1997), (6) VAVRA and SCHALTEGGER (1999), (7) PIN (1986), (8) BURGI and KLOTZLI (1990),

(9) SCHALTEGGER and BRACK (1999).
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rocks in various levels of the southern Alpine
crust. The section is based on a qualitative retro-
deformation of the Alpine and Early Mesozoic
tectonics that extensively modified the geometry
of the southern Alpine basement units (HANDY et
al.. 1999). In this model. the CMB Line forms the
locus of melt ascent within the southern Alpine
continental crust.

We emphasize that the effects of Early Per-
mian magmatism are distinct from those of Early
Mesozoic rifting just prior to the opening of the
Liguro-Piemontese ocean.
titanite at 173 £ 4 Ma marks the time when retro-
grade biotite and titanite grew at the expense of
primary magmatic hornblende. Titanite growth is
interpreted to document the timing of when the
intermediate crust was thinned and mantle rock
was exhumed, primarily along the Early Jurassic
Pogallo Line (HODGES and FOUNTAIN, 1984,
HANDY 1987). The age of the Pogallo Line has
been previously constrained to 180-210 Ma by
correlating the estimated temperatures of Pogallo
mylonitization with the radiometrically derived
cooling curve for the southern part of the IVZ
(HANDY, 1987; ZINGG et al., 1990). Since these
studies, a 187.8 £ 0.5 Ma “’Ar/*?Ar age for musco-
vite (BORIANT and VILLA, 1997) and a 170 £ 5 Ma
Rb-Sr age of biotite from a hornblende-dioritic
dike (PINARELLI et al., 1988) within the area of in-
vestigation have confirmed that the Early Meso-
zoic rifting event affected different isotopic sys-
tems. Considered in the light of past studies, our
metamorphic titanite age therefore confirms that
crustal thinning and basin formation in the upper
crust (e.g. BERTOTTI et al., 1993) had an immediate
thermal impact on the mid- to lower crustal meta-
sedimentary rocks of the IVZ, as previously pro-
posed by numerous workers over many years (e.g.
FERRARA and INNOCENTIL, 1974; HANDY, 1987).

Conclusions

Early Permian oblique extension and Early
Jurassic rifting were accommodated by separate
mylonite zones and are recorded by different iso-
topic systems in the southern Alpine basement.
Early Permian deformation was accommodated
by mylonitic shearing along the CMB Line. This
deformation along the CMB Line was coeval with
the intrusion of mantle-derived melts dated at
275-285 Ma by upper intercept U-Pb ages on zir-
con from syn-mylonitic composite and granite
dikes. Diking at the CMB Line at 275-285 Ma
post-dated regional granulite facies metamor-
phism during the Carboniferous and was related
to the final stages of mafic underplating in the

Neocrystallization of

Mafic Complex of the Ivrea-Verbano Zone
(HAaNDY et al., 1999;: BARBOZA and BERGANTZ,
2000). The heat advected by the mafic dikes in-
duced localized partial melting along the CMB
Line, but probably did not cause \wdespmad ana-
texis and regional metamorphism in the rest of
the IVZ. Modgllmg one possible evolution of
melt generation along the CMB mylonite zone is
consistent with mixing of the mantle-derived dior-
itic melts with partial melts from the peralumi-
nous mylonitic metapelites and may have pro-
duced the parental melts of the SCZ granitoids. In
contrast to Early Permian CMB tectonics, Early
Mesozoic rifting was accommodated by myloniti-
zation along the Pogallo Line. These mylonites
overprint the CMB-fabrics and related dikes. The
Pogallo extension was responsible for the rapid
decrease of metamorphic conditions in Jurassic
time (HANDY, 1987), as confirmed by the 173 +
4 Ma formation age of titanite from Early Permi-
an hornblende-dioritic dikes.
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Appendix

Analytical methods

U-Pb isotopic analyses were carried out on zircon
and titanite grains of a hornblende-dioritic en-
clave in a composite dike and a granite dike. Rock
samples were crushed and zircon and titanite
grains were separated using standard heavy liquid
techniques and a Frantz isodynamic magnetic
separator. Preferentially transparent and inclu-
sion-free mineral grains from the 100-160 um and
160-250 pm sieve fractions were handpicked un-
der a binocular microscope and chosen for analy-
sis. Further selection was based on criteria of mor-
phology and micro-cracking. The zircon grains of
the diorite enclave showed a strong response to

air-abrasion following the method of KRoOGH
(1982) for 6 hours at 0.6 bars. The grains were
briefly washed in 6N HNO; on a hot plate, and
rinsed several times with distilled water and a
mixture of 6N HCI and acetone in an ultrasonic
bath. Decomposition was achieved at 180 °C with-
in 60 hours in Teflon-lined stainless steel pressure
vessels, using 47% HF as reagent. After splitting
and spiking with a ***Pb/>**U double spike (*"*Pb/
23U spike for zircons of sample MRO8S) standard
chemical procedures for the extraction of U and
Pb (KROGH, 1973) were applied. Titanite grains
were washed with 3N HNO; and rinsed several
times with distilled water and acetone. Decompo-
sition was achieved in 47% HF and 13N HNOj in

Table A1 Whole rock chemical data of samples from the CMB dike swarm.

Sample MROS8]1 MRO51 MRO76 MRO079 MRO091 MRO075 MR 085 MR 165
Rock type hbl dioritic hbl dioritic hbl dioritic hbl dioritic hbl dioritic leucosome  granitic granitic

stock dike dike dike enclave dike dike
Sio, 45.6 49.7 50.5 49.0 493 69.3 71.2 69.4
Ti0, 2.16 1.78 1.40 1.43 1.72 0.40 0.35 0.31
Al O, 17.6 16.5 17.3 15.4 17.3 15.7 15.6 14.7
Fe,0; 13.7 1.8 972 11.8 10.4 3.21 2.88 3.35
MnO 0.17 0.20 0.17 0.21 0.19 0.06 0.04 0.04
MgO 6.52 6.23 5.93 9.13 4.91 1.04 0.70 0.62
CaO 9.85 10.0 9.57 9.99 9.29 3.54 2.58 2.33
Na,O 157 0.8 2.20 0.7 3.27 4.18 3.55 3.44
K,O 1.40 0.93 1.27 1.34 1.88 1.27 2.36 2.82
P,O; 0.20 0.24 0.25 0.30 0.38 0.17 0.19 0.17
Total 98.77 98.18 98.31 99.30 98.64 98.87 99.45 97.18
Pb /ppm 7 5 9 5 11 17 27 29
Th /ppm 5 5 5 5 9 11 14 17
Rb /ppm 44 35 34 45 53 56 86 102
Sr /ppm 374 352 535 303 570 431 371 295
Y /ppm 42 36 29 35 31 16 14 15
Zr /ppm 73 111 121 110 152 173 225 180
Nb /ppm 8 9 10 8 12 12 13 14
Ba /ppm 300 160 323 193 276 427 897 780
Cr /ppm 50 88 129 378 35 13 10 10
Ni/ppm 10 19 25 82 12 10 10 10
Cu/ppm A4 12 30 21 25 10 10 10
Zn /ppm 100 103 86 94 102 44 62 58
Ga /ppm 19 19 20 15 23 18 19 18
La /ppm 19 16 22 18 25 46 52 49
Ce /ppm 47 35 49 40 58 88 105 103
Pr /ppm 6.7 4.7 6.2 57 6.7 8.9 11.8 11.3
Nd /ppm 25 18 22 20 24 26 3 33
Sm /ppm 7.46 5.31 ST 5.58 5.39 4.20 6.85 6.65
Eu /ppm 1.97 1.64 1.65 1.63 1.64 1.20 1.82 1.35
Gd /ppm 6.06 4.66 4.46 4.97 3.78 2.28 3.6 3.60
Dy /ppm 7.41 6.19 5.10 5.77 4.41 2.68 2.83 2.87
Er/ppm 4.15 3.76 3.03 3.52 23 1.65 1.32 1.51
Yb /ppm 3.39 3.07 2.25 2.88 1.88 1.36 0.88 0.90
Lu /ppm 0.56 0.53 0.38 0.49 0.32 0.27 0.17 0.18
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closed Savillex beakers on the hot plate for 48
hours. After splitting and spiking with a ***Pb/**U
double spike a modified procedure of TopT
(1988) for the extraction of U and Pb was applied.
Total procedural blanks were in the range of 5-8
pe Pb and below 1 pg for U. Pb aliquots were load-
ed with silica gel and phosphoric acid onto single
Re-filaments, U was loaded onto single W-fila-
ments using TaCls (zircons of sample MR 085
were loaded on Re-filaments only). Single zircon
and titanite isotopic analyses were carried out on
a modified Finnigan MAT 261 solid-source mass
spectrometer operating in static mode, with **Pb
measured on an ion-counting system. The per-
formance of the detection setup was controlled by
additional measurements of NBS 982 standard
solution. All errors throughout this publication
are given at the 2o level.

About 10-15 kg of fresh, non-porphyric rock
material was sampled for whole rock chemical
analysis. Samples from composite dikes were pre-
pared carefully to separate felsic and mafic mate-
rial. Major and trace elements (except for REE)
were determined by X-ray fluorescence (XRF)
using a PHILIPS PW 1400 XRF spectrometer.
Accuracy and precision were monitored by multi-
ple measurements of international reference
standards. REE were determined by inductively
coupled plasma-atomic emission spectrometry
(ICP-AES) using a PERKIN-ELMER ICP-AES
6000 and following the procedure outlined by
ZULEGER and ERZINGER (1988). The full set of
geochemical data is given in Table Al. Back-scat-
tered electron (BSE) imaging was performed on a
Cameca SX 100 electron microprobe using 20 kV
accelerating potential. CL images were obtained
from a CamScan SEM at the Université de
Lausanne, Switzerland and a Zeiss DSM 962 at
the GFZ Potsdam, Germany.

Trace element modelling
Melt Model

To quantify the effects of partial melting on the
trace element composition of the melt phase, the
equation for non-modal batch melting given by
SHAW (1970) is used below. This equation relates
the concentration of a trace element in the melt
(C,) toits initial concentration in the non-melted
source (Cy):

Co/Cs=1/(Dg+F,, (1-D,))

where F,, is the weight fraction of melt pro-
duced and Dyg is the bulk distribution coefficient

N

for a specific element in the source at the onset of
melting. Dq is calculated from

Ds = §; (X X Kd))

where Xg; is the initial mode (weight fraction)
of phase 1 in the source and Kd; is the mineral-
melt-distribution coefficient. D 4 is the bulk distri-
bution coefficient for a specific trace element in
the partial melt and calculated equally to Dg by
substituting Xg; with X ;.

Mineral modes, bulk distribution coefficients,
and source rock composition used for the partial
melt (PM) calculation are listed in Table A2. Min-
eral modes and chemistry of the source rock S are
consistent with the composition of the IVZ meta-
sediments. Distribution coefficients used for cal-
culation of D, and D, are those compiled in RoL-
LINSON (1993) for granitic compositions.

Assimilation and fractional crystallization (AFC)

According to DEPaorLo (1981) and POWELL
(1984), the consequences of assimilation of a crus-
tal component (either bulk rock or anatectic
melt) concurrent with fractional crystallization on
the trace element composition C of the mantle-
derived and crustal-contaminated melt 1s de-
scribed by

C=C(Xy) X f+ (r/(r-1+D)) X C (A) X (1-f)

where C(X,) is the composition of the paren-
tal magma, C(A) is the composition of the assimi-
lated contaminant (assimilant) and D is the bulk
distribution coefficient of the fractionating crys-
tals (cumulate phases). r is the ratio of the rate of
assimilation to the rate of fractional crystalliza-
tion and ranges between 0 (no assimilation, frac-
tional ClVSIa“l/dllOl] only) and 1 (equal amounts
of assimilated and crystallized phases). fis calcu-
lated from

,I‘: F—n'—IHU/H' 1)

where Fis the weight fraction of the remaining
magma.

Mineral modes, bulk distribution coefficients,
parental melt and assimilant compositions used
for the calculation and results are iisted in Table
A2 (AFC and FC stages) for the first stage (r =
0.5) and second stage (r = 0), respectively. X, is the
mean value of CMB hornblende-diorites, A is the
mean value of CMB granites. Distribution coeffi-
cients used for the calculation of D are those com-
piled in ROLLINSON (1993) for basic to intermedi-
ate (gabbroic to dioritic) compositions during the
first stage and those for intermediate to acid
(granodioritic to granitic) compositions during
the second stage of AFC.
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Table A2 Parameters and results of the partial melt model (PM), the first AFC stage (AFC). and the second FC
stage (FC). Abbreviations: S — source, A — assimilant, X, — parental magma, D — distribution coefficient, C — element
concentration, F, — extracted melt fraction, F — residual melt fraction.

PM stage

Modes qtz pl bt ms grt zrn
S 0.44 0.21 0.21 0.1 0.035 0.001
A 0.33 0.33 0 0.33 0 0
D S A C S [ppm]

Rb 0.96 0.30 Rb 118

Sr 0.99 1.58 Sr 280

Nb 0.65 0.02 Nb 13

Y 1.7 0.03 Y 30

C/F,, ppm/0 ppm/0.1 ppm/0.2 ppm/0.3

Rb 123 114 107 101

Sr 283 301 321 344

Nb 20 17 15 14

Y 18 17 16 15

AFC stage

D 0.5hbl 0.5pl C Xo[ppm] A [ppm]
Rb 0.045 Rb 42 94
Sr 0.94 Sr 427 333
Nb 0.663 Nb 9 14
Y 1.28 Y 35 15
C/F ppm/0 ppm/0.1  ppm/0.2  ppm/0.3

Rb 42 57 75 98

Sr 427 423 418 414

Nb 9 10 12 13

Y 35 31 27 24

FC stage

D 0.9pl 0.1ttn C X, [ppm]

Rb 0.037 Rb 98

Sr 3.96 Sr 414

Nb 0.684 Nb 13

Y 0.09 Y 24

C/F ppm/0 ppm/0.2  ppm/0.4  ppm/0.6

Rb 98 121 160 237

Sr 414 214 91 27

Nb 13 14 15 17

Y 24 29 38 55
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