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Abstract The U-Pb ages and the trace element content of
zircon U-Pb along with major and trace element whole
rock data on gabbroic dikes from the Lanzo lherzolitic
massif, N-Italy, have been determined to constrain crustal
accretion in ocean—continent transition zones. Three Fe—Ti
gabbros were dated from the central and the southern part
of the massif providing middle Jurassic ages of 161 + 2,
158 +£2 and 163 =1 Ma, which argue for magmatic
activity over few millions of years. Zircon crystals are
characterized by high but variable Th/U ratios, rare earth
element patterns enriched in heavy rare earths, pronounced
positive Ce and negative Eu-anomalies consistent with
crystallization after substantial plagioclase fractionation.
The zircon trace element composition coupled with whole
rock chemistry was used to reconstruct the crystallization
history of the gabbros. A number of gabbros crystallized in
situ, and zircon precipitated from trapped, intercumulus
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liquid, while other gabbros represent residual liquids that
were extracted from a cumulus pile and crystallized along
syn-magmatic shear zones. We propose a model in which
the emplacement mechanism of gabbroic rocks in ocean—
continent transition zones evolves from in situ crystalliza-
tion to stratified crystallization with efficient extraction of
residual liquid along syn-magmatic shear zones. Such an
evolution of the crystallization history is probably related
to the thermal evolution of the underlying mantle
lithosphere.
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Introduction

The processes and mechanisms determining accretion of
oceanic crust widely differ among the global mid-ocean
ridge systems, and are mainly dependant on spreading
rates (Bown and White 1994; Dick 1994; Dick et al. 2000;
Langmuir et al. 1992). At spreading rates lower than about
20 mm/year (ultra-slow spreading ridges), additional
parameters such as the thermal structure and the compo-
sition of the underlying mantle dramatically affect crustal
production rates (Dick et al. 2003). Similar observations
are made for the accretion of oceanic crust in ocean—
continent transition zones (Miintener and Manatschal
2006; Tucholke et al. 2007). Ophiolites in general do not
provide direct constraints on spreading rates. However, the
predominance of lherzolite and harzburgite subtypes
(Nicolas 1989) has been taken as a proxy for magma
production rates from which paleo-spreading rates might
be inferred.
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Results from a variety of studies indicate that the (ultra-)
slow spreading oceanic crust of the Jurassic—Cretaceous
Piemont-Ligurian ocean is dominated by the emplacement
of small-scale gabbroic bodies of generally less than 500 m
in thickness (Desmurs et al. 2002), intruded into mantle
rocks that are partly sub-continental in origin (Decandia
and Elter 1972; Piccardo 1976). This association of sub-
continental mantle and gabbroic rocks is covered either by
small volumes of effusive basaltic rocks (pillow lavas,
pillow breccias, Desmurs et al. 2002; Dietrich 1969) or
directly by mid-Jurassic sediments. The overall volume of
basaltic rocks is small and discontinuous. Geochronolo-
gical data across the remnants of the Piemont-Ligurian
ocean suggest that the gabbroic bodies crystallized over a
short period of time, from ~ 170 to 150 Ma (Rubatto et al.
1998; Rubatto and Hermann 2003; Schaltegger et al. 2002;
Tribuzio et al. 2004). However, there is some discrepancy
between ages inferred from Sm-Nd isochrons and ages
determined by U-Pb on zircon. Sm—Nd mineral isochrons
have been determined on a few Mg-gabbro samples from
Ligurian gabbros ranging from ~ 180 to 164 Ma (Ram-
pone et al. 1998; Tribuzio et al. 2004). U-Pb ages on
zircon, however, indicate generally younger ages ranging
from 166 to 148 (Bill et al. 1997; Costa and Caby 2001;
Rubatto et al. 1998; Rubatto and Hermann 2003; Schal-
tegger et al. 2002). However, few attempts have been made
so far to quantify the duration of MOR-type magmatism in
a spatially restricted area.

In this paper, we present the results of U-Pb age
determinations on zircons from mafic rocks distributed
over more than 20 km? within the Lanzo peridotite massif,
in order to constrain the time interval over which gabbro
emplacement was active. We combine whole rock major
and trace element data, with zircon trace element chem-
istry, to discuss possible crystallization mechanisms of
zircon in gabbroic rocks. We infer, that over time, the
formation of highly differentiated, zircon-saturated liquid
evolved from dominantly intercumulus, in situ crystalli-
zation, to extraction along shear zones, leaving at depth
the primitive cumulates from where such fractionated
liquids originated. This means that the stratification of
mafic oceanic crust is an evolving process that likely
depends on the thermal evolution of the oceanic litho-
sphere during late rifting to (ultra-)slow seafloor
spreading.

Geological setting
The Lanzo massif is located in the Western Alps, north—
west of Torino (Italy), and is bounded to the north by the

continental Sesia-Lanzo zone and to the east by the Pie-
mont-Ligurian ophiolite zone (Fig. 1). The northern part
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Fig. 1 Geological map of the Lanzo massif and the surrounding areas
(compiled after Boudier 1972, 1978; Boudier and Nicolas 1972;
Pelletier 2003; Pognante 1989). The location of gabbroic and basaltic
dikes is indicated with black stars. Additional gabbro dikes and
basaltic rocks are compiled from Boudier (1972), (1978), Pognante
(1989) and Pelletier (2003)

of the massif consists of peridotite surrounded by strongly
foliated serpentinites, which are the combined result of
ocean-floor alteration and Alpine metamorphism. Many
gabbroic dikes were metamorphosed and rodingitized
during ocean floor alteration and Alpine metamorphism.
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However, in less serpentinized areas gabbroic dikes were
partially transformed into eclogites during Alpine sub-
duction in Alpine times (Kienast and Pognante 1988;
Pelletier and Miintener 2006). Locally the massif is
overlain by minor ophicarbonates, MORB type volcanic
rocks and metasediments (Lagabrielle et al. 1989; Pelletier
and Miintener 2006). The core of the Lanzo massif is
dominated by fertile plagioclase lherzolite and minor
volumes of spinel harzburgite and dunite (Boudier 1972,
1978; Piccardo et al. 2004). The peridotite body is char-
acterized by a high temperature foliation and pyroxenite
layering (Boudier 1978, Fig. 1). In addition, the massif
contains numerous intrusive rocks (Boudier 1978; Boudier
and Nicolas 1972) that may be classified into three groups
according to their relative timing (Boudier and Nicolas
1972): (1) an “indigenous” group which consist of pla-
gioclase to gabbroic veinlets, frequently occurring in
“echelon”, and thin millimeter to centimeter scale olivine
gabbro dikes. (2) an “intrusive” group consisting of
olivine-gabbros, gabbronorite to ferro—gabbros and rare
plagiogranites occurring as several meters thick dikes. (3)
Fine grained gabbro dikes parallel to swarms of basaltic
dikes and cutting across the gabbros of the “intrusive”
group and the high temperature foliation. Recent studies
refined this model and proposed a conceptual model from
porous to focused melt flow to explain the various igneous
features in the Lanzo peridotite (Miintener and Piccardo
2003; Miintener et al. 2005; Piccardo et al. 2004): (a) a
pervasive porous melt flow leading to the formation of
impregnated peridotites; (b) focused porous flow where
melt transport is mainly focused in replacive harzburgites
and dunites; (c) initial crystallization and formation of
megacrysts and small dikes corresponding to the “indige-
nous” group of Boudier and Nicolas (1972); and (d)
ubiquitous formation of km-scale, discordant gabbroic and
basaltic dikes. Previous studies (Bodinier 1988; Bodinier
et al. 1986; Pognante et al. 1985) indicate that gabbro and
basaltic dikes are derived from T-MORB to T- to
N-MORB type magmas from the north to the south,
respectively, and are compositionally similar to ophiolitic
basalts of the Ligurian, Western and eastern central Alps
(Beccaluva et al. 1984; Bill et al. 2000; Desmurs et al.
2002).

The Lanzo massif is considered a part of the litho-
spheric mantle exhumed at the ocean floor during opening
of the Jurassic—Piedmont Ligurian ocean (Lagabrielle
et al. 1989; Pognante et al. 1985). Recent studies dem-
onstrate that the presence of a high-temperature mantle
shear zone between the north and the central part of the
massif is related to rapid mantle exhumation. This exhu-
mation is presumably active during the earliest stages of
the formation of embryonic oceanic crust (Kaczmarek and
Miintener 2007).

Field occurrence of mafic dikes in the Lanzo massif

The Lanzo massif contains numerous intrusive rocks
ranging from coarse-grained troctolites, olivine-gabbros to
fine-grained basaltic dikes. A geological map illustrates the
heterogeneous spatial distribution of gabbroic and basaltic
dike and their relative orientation with respect to the high-
temperature foliation in the peridotite (Fig. 1). In the
northern part of the massif, gabbro dikes are not observed.
From the central to the southern part of the massif, mafic
dikes are progressively more abundant, increase in size and
are preferentially found toward the west (Fig. 1). The
structurally earliest gabbros are represented by small
dikelets or lenses of gabbro in the central part of the massif
within granular lherzolite (Fig. 2a). Gabbro to gabbronorite
dikelets are 1-4 cm thick and rarely exceed 1040 cm in
length. In the south part of the massif, dikelets are more
abundant than in the central part and are composed of cm-
scale clinopyroxene and plagioclase (Fig. 2b). The dikelets
show fuzzy contacts with the country-rock peridotite and
can be surrounded by a dunitic zone (Fig. 2b) where eu-
hedral to subhedral spinel is preserved. The presence of
dikelets and mega-crystals of clinopyroxene associated to
plagioclase in dunite are precursors to gabbroic dikes
(Miintener and Piccardo 2003; Miintener et al. 2005;
Piccardo et al. 2004). The dikelets of cm-scale with fuzzy
contacts are clearly different to intrusive dikes, which show
sharp and discordant contacts with the pyroxenite layering
and the high-temperature foliation. The thickness of gab-
bros varies from 5 to 40 cm (locally exceeding 1 m) while
basalts vary between 15 and 30 cm (Fig. 2c, d). Gabbro
dikes are generally thicker in the southern part of the
massif (10 cm to several meters, Fig. 2d, e). Most of the
dikes are troctolite, to olivine-gabbros, to kaersutite and
Fe-Ti gabbro with rare plagiogranites. In the southern part
of the massif, gabbroic dikes may be flanked by symmetric
dunitic zones, which are proportional in size to the gabbro
dikes (Fig. 2e). Basaltic dikes are rare throughout the
massif and mostly present in the western central part (close
to the shear zone in Fig. 1) where they cut and have sharp
contact with the undeformed to mylonitic peridotite
(Fig. 2d).

Petrography of zircon bearing gabbro dikes

Five samples from the Lanzo peridotitic massif (four ferro—
gabbros and one plagiogranite) were selected for geo-
chronological investigations because of their high modal
zircon content. Two gabbros (L165 and V14) and the
plagiogranite (V16) were sampled in the central part and
the two other gabbros (A71 and A91) are from the south
part of the massif (for location see Fig. 1).
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Fig. 2 Field photographs of
gabbroic and basaltic dikes.

a Dikelets of gabbro—norite
within lherzolite from the
central part of the Lanzo massif
(diameter of coin is, 2 cm);

b Dikelet of gabbro within
dunite from the south part of the
Lanzo massif; ¢ Gabbroic dikes
cross cut the pyroxenite layering
and the high-temperature
foliation in the central part of
the massif; d The peridotite is
cross cut by a Fe-Ti gabbro
(V14) and a gabbro body
(La2002-2006) which in turn is
cross cut by a basaltic dike
(La2002-07). Central part of the
massif (for location see Fig. 1);
and e Gabbroic dike with
symmetric dunite zones from
the southern part of the massif

peridotite

The Fe—gabbro L165 is located in the footwall of a km-
scale shear zone that separates the north from and the
central part of the Lanzo massif (Fig. 1). The outcrop is
located along the road between the villages of Castagnole
and Maddalene (Fig. 2), where ferro—gabbros, several
olivine gabbro dikes and a basaltic dike cut the peridotite
(Kaczmarek and Miintener 2005). The 5 cm thick dike has
a sharp contacts to the host peridotite. The dike contains a
mylonitic shear zone in the central part underlined by the
crystallization of oriented kaersutite, plagioclase and
ilmenite (Fig. 3a). Two parts can be distinguished: (1) a
light colored domain, which corresponds to former pla-
gioclase, now present as a fine-grained symplectite of
jadeite and quartz, associated with zoisite and garnet; (2) a
brown to greenish domain mainly composed of magmatic
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amphibole and ilmenite. The amphibole is partially
replaced by a corona of white or green amphibole and
ilmenite, which is probably exsolved from the primary
Ti-rich hornblende (Fig. 3c). The minerals are parallel to
the shear zone in the central part of the sample and indicate
shearing close to the boundary (Fig. 3a). The shear zone
concentrates brown, Ti-rich hornblende, ilmenite, zircon
and apatite (Fig. 3a, c). Hypidiomorphic zircon crystals are
concentrated in the central shear zone and generally range
from 100 to 250 um in size with some smaller grains
(20 pm) also found.

Sample A91 is from the southern part of the Lanzo
massif (Fig. 1) and was sampled in a gabbro-rich area
(1 km long) containing numerous mostly undeformed
troctolite and olivine—gabbros, and several Fe-Ti gabbros.
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Fig. 3 Macro- and micro-scopic textures of gabbros: a Ferro—gabbro
(L165) with a central fine-grained shear zone (dashed line; see
photomicrograph in ¢) and syn-magmatic orientation of minerals;
b Ferro—gabbro (A91) with zircon-ilmenite-hornblende-rich central
shear zone discordant to igneous clinopyroxene and plagioclase;
¢ Microphotograph (plane polarized light) of the shear zone within
sample L165 (dashed line) with enrichment of ilmenite, apatite and
zircon; d Photomicrograph of sample A91 showing a large zircon

The dike is ~7 cm thick and shows a syn-magmatic shear
zone in the central part (Fig. 3b, d). Ti-hornblende,
ilmenite, apatite and zircon are concentrated within the
shear zone with large T-hornblende crystals concentrated at
the border. The white domains (Fig. 3d) represents former
igneous plagioclase and now consists of metamorphic
jadeite + quartz symplectites associated with ilmenite and
garnet. The white matrix contains garnet, zoisite, tremolite,
titanite, chlorite and plagioclase. Zircons are concentrated
in the shear zone (grain size between 60 and 250 pm)
suggesting localized flow of Zr-saturated, differentiated
melt.

Vl14a is a hornblende-gabbro (7 cm thickness) cross
cutting a peridotite associated with a gabbro body (Fig. 2
e). The sample is composed of cm-scale, magmatic Ti-
hornblende with ilmenite inclusions parallel to the contact
with the host peridotite and surrounded by a matrix of
granoblastic hornblende (mm grain size). Small zircons and
apatite (~20 pm) are found in the granoblastic hornblende

crystal associated with hornblende, in the central part of the sample
(plane polarized light); e SEM image of idiomorphic zircon crystals
(sample A71); £ SEM image of plagiogranite (V16) with euhedral
zircon and apatite, embedded in a matrix of metamorphic jadeite and
quartz. Abbreviations are: Ti-hbl Ti-rich hornblende, ilm ilmenite, ap
apatite, zr zircon, tre tremolite; grt garnet, chl chlorite, jad jadeite, gtz
quartz

matrix. The white domains are ghosts of igneous plagio-
clase now transformed into jadeite + quartz symplectites
plus zoisite and/or clinozoisite.

The ferro—gabbro A71 (60 cm thickness) shows a min-
eralogical variation expressed by a higher concentration of
Fe—Ti minerals (e.g., ilmenite) close to the walls. Similar to
smaller Fe-Ti gabbros, this sample is composed of white
and black spots containing both magmatic and metamor-
phic parageneses. The white areas, are composed of a
matrix of chlorite and chloritoid, and contain relics of rutile
rimmed by titanite. The black areas are composed of cen-
timetric ilmenite replaced along grain boundaries by
zoisite, garnet and chlorite. The relict magmatic paragen-
esis is represented by igneous clinopyroxene and euhedral
zircons (20-150 pm in length Fig. 3e).

V16b is a white to greenish fine-grained meta-plagio-
granite about 8 cm thick that has sharp contacts with the
host peridotite. The meta-plagiogranite is composed of a
matrix of omphacite, zoisite, chlorite, clinozoisite, and
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symplectite areas of jadeite + quartz. The sample is
extremely rich in euhedral zircons (Fig. 3f) intergrown
with inclusion-rich apatite. The presence of allanite, rutile
and omphacite in the matrix suggests partial recrystalliza-
tion at high-pressure conditions.

Analytical techniques

The samples were crushed with an agate mill to reduce
trace element contamination. Whole rock glasses were
prepared with the addition of Li-Tetraborate (dilution at
1:10). Gabbros and basalts were analyzed by wavelength-
dispersive X-ray fluorescence spectroscopy (XRF, Phillips
PW 1404) at the University of Fribourg (Switzerland).
Trace element precision is generally better than 5%. All
trace element analyses for basalts and Fe-Ti gabbros were
obtained by Laser Ablation ICP-MS on the glasses using a
pulsed 193 nm Excimer Laser system (Lambda Physik,
Geolas 200 M), coupled with an ICP-MS (Perkin Elmer
DRC 6200), at the University of Lausanne, with operating
conditions of 27 kV, and 10 Hz repetition rate, yielding a
flux of ca 12 J/cm? on the ablation site. Helium was used as
a carrier gas. The NIST 610 glass was chosen as an external
standard, and Ca as the internal standard. BCR2 basaltic
glass was used to monitor the reproducibility and accuracy
of the system.

Olivine-gabbros and troctolite whole rock trace ele-
ments (REE, Cs, Rb, Th, U, Nb, Ta, Sr, Zr, and Hf) were
analyzed by a VG-PQ2 Turbo + inductively coupled
plasma-mass spectrometer (ICP-MS) at ISTEEM (Uni-
versité Montpellier II, Montpellier, France) and are
reported in eTable 2. REE, Cs, Rb, Pb, Th, U, Sr, Zr, and
Hf concentrations were determined by external calibration
following the HF/HCIO, dissolution and analytical pro-
cedure described in detail by Ionov et al. (1992). To avoid
memory effects due to the intake of concentrated Nb-Ta
solutions in the instrument, Nb and Ta concentrations
were determined by using Zr and Hf, respectively, as
internal standards. This technique is an implementation to
ICP-MS analysis of the method described by Jochum
et al. (1990). Detection limits obtained by long-term
analyses of chemical blanks at ISTEEM can be found in
Ionov et al. (1992).

For zircon separation all samples were crushed and
sieved to less than 250 pm. Zircons were separated
according to magnetic properties and density and finally
selected by hand picking. Zircons separated were mounted
on a 25 mm epoxy discs and polished down to expose the
grain centers. The internal zoning was investigated by a
cathodoluminescence (CL) detection system at the Electron
Microscope Unit at the Australian National University
(ANU) with a HITACHI S2250-N scanning electron
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microscope operating at 15 kv accelerating potential,
~60 pA current and 20 mm working distance.

Trace element analyses on zircons were performed by
Laser Ablation ICP-MS at the Research School of Earth
Sciences, ANU using a pulsed 193-nm ArF Excimer laser,
with 100 mJ energy at a repetition rate of a 5 Hz, coupled
to an Agilent 7500 quadrupole ICP-MS (Eggins et al.
1998). During the time-resolved analysis, the contamina-
tion from inclusions, fractures and zones of different
composition was detected by monitoring several elements.
It might, however, not have been possible to eliminate all
contaminations from micro inclusions whose signal was
spread over the entire analysis. In specific cases it was
chosen to present analyses containing inclusions in order to
identify the compositions of the inclusions and/or have
information on the elements not affected by the inclusions
(e.g., Y will not be affected by a plagioclase inclusion).
Analysis spot size was 24 or 32 pm in diameter. External
calibration was performed relative to NIST 612 glass using
the concentration given in Pearce et al. (1996). Internal
standard was Si.

U-Th-Pb analyses of zircons were performed with a
sensitive high resolution ion microprobe (SHRIMP II) at
the ANU using a beam size of ~25 pm. Analytical pro-
cedures were similar as described by Compston et al.
(1984). The measured U-Pb ratios were corrected using
the standard zircon TEM (417 Ma, Black et al. 2003),
which was analyzed each fourth analysis. A zircon of
knows composition (SL13) has been used to determine the
U content of zircon. The data were corrected for common
Pb on the basis of the measured *°’Pb/*°°Pb ratios as
described in Compston et al. (1992) and assuming a
common Pb composition according to the model of Stacey
and Kramers (1975). The analytical uncertainty in the
reproducibility of the U-Pb age of the standard was
between 2.2 and 2.4% (20). Age calculations were done
using the software Isoplot/Ex (Ludwig 2003). Mean ages
are intercept ages in uncorrected “°’Pb/?°°Pb vs ***U/*°°Pb
(Tera Wasserburg) diagrams and are given at 95% confi-
dence level.

Whole rock major and trace element geochemistry

The whole rock analyses were performed on discordant
mafic dikes, on the entire compositional spectrum of oce-
anic gabbros, ranging from troctolite (L44a, La2002-4) to
olivine gabbro (L13 g, Mu6, A16) to Fe-Ti gabbro (A91,
L165, A71, and La2005-6). We also analyzed one plagio-
granite (V16), and two basalts (L132a and La2005-7),
although these rocks are strongly overprinted by Alpine
metamorphism. Results on major and trace element
chemistry are summarized in eTables 1 and 2, additional
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analyses might be found elsewhere (Bodinier et al. 1986;
Piccardo et al. 2007; Pognante et al. 1985).

Major and minor elements

The chemical evolution of the Lanzo gabbros is well
reflected by the variation of bulk Mg# (calculated as molar
Mg/Mg + Fe, all Fe as Fe?). Some gabbros have elevated
Mg# at relatively high Zr content indicating substantial
exchange with the host peridotite (eTable 1). The Al,O3
content varies from ~ 12 to 21 wt% and is highest for
troctolite (27.84 wt%). Basalts, ferro—gabbros and amphi-
bole gabbro have high TiO, contents compared to olivine-
gabbros and troctolite, but olivine-gabbros are particularly
rich in Ni (368 and 524 ppm).

Ferro—gabbros have high Zr contents (150-314 ppm)
and an exceptionally high Zr value is reported for the
plagiogranite (3,352 ppm, not shown in Fig. 4b). In con-
trast to ferro—gabbros, the olivine gabbro and troctolite
have low Zr contents (<10 ppm), in agreement with Zr
concentration known from previous studies of the Lanzo

30 g . B

gabbros (Bodinier et al. 1986; Pognante et al. 1985). The
Mg# shows a large variation: from 0.47 to 0.88, with the
higher Mg# and Al,Oj3 contents are observed in the olivine
gabbro, troctolite and plagiogranite (eTable 1). The TiO,
increase reflects the differentiation of the different gabbro
types, from olivine-gabbros and troctolite (0.05-0.21 wt%)
to ferro—gabbros (1.99-4.65 wt%, Fig. 4c and eTable 1).
The plagiogranite shows low concentration of TiO,
(0.32 wt%), low SiO, and very high Mg#, indicating sub-
stantial metasomatic exchange with the peridotite, either
during ocean floor alteration, or during high-pressure
metamorphism. The composition in Ti and P of troctolite,
olivine-gabbros and plagiogranite are depleted compared to
ferro—gabbros (eTable 1 and Fig. 4). The general trend,
from olivine-gabbros to ferro—gabbros, shows a Zr, Ti, Y
enrichment and a Ni decrease.

The basaltic dikes show little variation in terms of their
Mg# (0.55-0.62), except for the rodingite sample (L124a)
which has a Mg# of 0.68 (eTable 1) and contain elevated
Zr contents (110-279 ppm, Fig. 4b). The Al,O3 and TiO,
contents are similar to basalts from the Western Alps and
from the Lanzo massif (Bodinier et al. 1986; Pognante
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Fig. 4 Major and trace element variation diagrams of mafic rocks
from the Lanzo massif: a Mg# (molecular Mg/(Mg + Fe,)) vs
AL Os; b Mg# vs TiO,; ¢ Mg# vs Ni (ppm); d Mg# vs Zr (ppm).
Additional data from the Lanzo massif are from Boudier and Nicolas

(1972), Piccardo et al. (2007), Bodinier et al. (1986) and Pognante
et al. (1985); Additional data from the Alpine—Apennine system are
plotted for comparison (Borsi et al. 1996; Desmurs et al. 2002;
Puschnig 1998). The black line encloses the basalt field
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et al. 1985, Fig. 4c). The Lanzo basalts display a positive
correlation of Mg# with Ni and a negative correlation with
TiO,.

Rare earth elements

Lanzo troctolites to olivine-gabbros display a large positive
Eu anomaly (Euw/Eu* = Eun/(Smy + Gdy)/2 from 6.8 to
2.0). The positive Eu anomaly illustrates that the Lanzo
troctolites and olivine-gabbros are cumulates from which
substantial amounts of derivative liquid has been extracted.
The (Ce/Yb)y varies from <1 to 2.8 and suggests variable
proportions of clinopyroxene and plagioclase, and possibly
variable amounts of trapped liquids, as illustrated by
interstitial Ti-hornblende in some samples. The excep-
tionally high (La/Yb)y at very low heavy REE (e.g., Ybn:
0.54) indicates plagioclase-rich troctolite layers in some
places supporting the cumulate nature of much of the
primitive Lanzo gabbros.

Fe-Ti gabbros are characterized by a relatively flat REE
pattern with a weak fractionation of light to middle REE,
and (Gd/Yb)y > 1 (Fig. 5a). The chondrite normalized
REE diagram of zircon-bearing rocks highlights two sam-
ples (A91 and La2005-6) with a negative Eu anomaly, one
sample relatively flat in REE pattern (L165) and one
sample with a positive Eu anomaly (A71, Fig. 5a and
eTable 2). From sample A71 to La2005-6, the overall
distribution is similar and shows REE enrichment. The Sr
content correlates positively with the Eu anomalies sug-
gesting that plagioclase controls the Sr budget of the whole
rocks (eTable 1).

The plagiogranite is enriched in incompatible elements
and has a U-shaped REE pattern with a very low and a
pronounced negative Eu anomaly (0.30), indicating

Fig. 5 Chondrite normalized 1000 a 220056
REE patterns from gabbros a P L.J AG1
and basalts b from the Lanzo

massif. Additional data from the 100
Lanzo massif are from Bodinier
et al. (1986) and Piccardo et al.
(2007). Gdy values for the data
of Bodinier et al. (1986) are
interpolated between Tby and
Smy. Additional data sources
are Desmurs et al. (2002) and 1
Beccaluva et al. (1984, grey

area). Normalization values for

chondrite are taken from Sun

and McDonough (1989)

Rock / Chondrite

o elements )
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm ¥b Lu

This study Bodinier et al. 1986
—a— ferro-gabbro  —— meta-gabbro
©— amph-gabbro —ii— ol-gabbro
—e— plagiogranite —— gabbro centre and

=8~ ol-gabbro fine-grained gabbro
—d— Fe-Ti gabbro
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plagioclase fractionation prior to crystallization. In addi-
tion, the plagiogranite is enriched in HFSE and Sr (Fig. 5a,
eTable 1).

Basalt analyses are plotted in Fig. 5b, together with
previously published instrumental neutron activation ana-
lysis data (Bodinier et al. 1986; Pognante et al. 1985) and
compared to other basalt occurrences in the Alps (Desmurs
et al. 2002). The basalts from Lanzo are homogeneous in
REE, show (La/Yb)y close to unity and are analogue to
N-MORB compositions. The general trend is close to those
of ferro—gabbros but the REE content is lower (eTable 2).
In contrast to basalts from various places from the Alps
(Desmurs et al. 2002) the variation in REE is rather limited
and T- to E-MORB compositions have not been found.

Zircon description

The zircon grains from mylonitic ferro—gabbro L165 are
transparent and 200-300 pum in size. They often appear like
fragments of larger euhedral crystals. Oscillatory zoning
can be present, but the majority of crystals are character-
ized by irregular sectors with different CL emission or
patchy zoning (Fig. 6a). They often present a network of
sealed fractures that cut across the zoning and along which
low luminescence zircon is present (Fig. 6b).

Fe—gabbro A71 contains transparent light pink zircon
fragments between 80 and 400 pum in size, which only
occasionally preserve pyramidal faces. Growth zoning is
rare (Fig. 6¢) and most of the crystals are CL-dark and
either unzoned (Fig. 6d) or patchy zoned and rich in
mineral inclusions (Fig. 6e). In the mylonitic Fe—gabbro
A91, zircons are similar to A71 for size and shape, but
more often preserve growth zoning. One remarkable zircon
from A91 has a more complex structure with a dark center

1000 7

gabbros | b basalts

—e— this study

| »— Desmurs et al. 2002
| Bodinier et al.

0.1 elements
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Desmurs et al. 2002
—2—Piccardo et al. 2006
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Fig. 6 Cathodoluminescence images of dated zircons from three
ferro—gabbros (L165 in a-b, A71 in c—e and A91 in f-g) and the
plagiogranite V16 (h-i). Solid circles: SHRIMP analyses and
numbering associated (e.g. 2.1); dotted circles: LA-ICPMS analyses
and numbering associated (e.g. 20 LA, and reported in eTable 3). See
text for discussion

with remnants of growth zoning that is cross cut by frac-
tures and surrounded by an unzoned, bright rim (Fig. 6f).
Several larger crystal display patchy zoning (Fig. 6g), but
the majority of grains corresponds to small, unzoned

fragments (ca. 100 pm), with moderate CL emission. The
plagiogranite (V16) contains euhedral zircons (100—
500 pm) that are clear and transparent with a well-deve-
loped oscillatory-sector growth zoning (Fig. 6h—i).

Zircon composition

Zircon crystals from three of the dated samples were ana-
lyzed for their trace element composition by LA-ICPMS
(eTable 3; Figs. 7, 8). Th and U contents were also mea-
sured during SHRIMP analysis (Table 1) and values are
generally comparable to LA-ICPMS results. Occasionally,
higher Th and U contents were measured by SHRIMP
because the limited volume of the analysis allowed tar-
geting small CL-dark and thus U and Th-rich domains.

Zircon in the three samples have U and Th contents
from low (a few ppm) to moderate (several hundreds of
ppm), which vary significantly even within a sample,
particularly in L165 and A71. Zircons in gabbro A91 are
the most homogeneous with the lowest contents in Th, U
and P. Zircons from all samples contain comparable
average Ti concentrations around 15-25 ppm. However,
similarly to U and Th, significant variations in Ti are
detected in zircons from sample A71 and A91 where an
extreme value of 145 ppm was measured.

Zircons from sample A71 show a strong variation in a
number of elements including P, Ti, Sr, Y, and Yb. Some
of these variations might be due to the presence of micro
inclusions of apatite (Sr and P) and/or xenotime (P, Y and
Yb). In fact, analyses performed on patchy-zoned and
inclusion-rich zircon (such as those shown in Fig. 6e)
resulted in irregular trace-element distribution throughout
the analyses. For comparison, two of these analyses are
plotted in Figs. 7, 8 (A71 inclusion-rich) and show sys-
tematically high Y, Sr, Ca, Yb, and P contents. On the
other hand, zircons from sample A91, which display well-
developed growth zoning and are generally free of frac-
tures and inclusions, have a more homogeneous trace
element composition. This suggests that their composition
is effectively reflecting crystallization from the melt and is
not contaminated by micro-inclusions.

The chemical composition of the zircons follows the
differentiation trend defined by bulk rock composition
(A91-A71). There is a slight increase of incompatible
elements in zircon from sample A91 and L165 to A71
(Z(sm-Luwy) =869, 1075 and 2490, respectively). The
chondrite-normalized REE pattern of zircons from the
three samples (Fig. 8) is enriched in heavy-REE with
respect to the light-REE, as typical for magmatic zircon
(Hinton and Upton 1991). Despite the variation within a
single sample, HREE enrichment in zircon is broadly
decreasing with differentiation (i.e. from sample A9l to
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Table 1 SHRIMP analyses of zircons

Grain spot U Th Th/U Pb* Pb comm Uncorrected  Uncorrected 206Pb/238U + (1) ages (Ma)206Pb/ CL structure
(ppm)  (ppm) (ppm) 206 % 207Pb/206Pb  238U/206Pb 2380208 cor
L165B.1.1 84 47 055 19 0.52 0.055 £ 2 39008 00256 «5 162 +3 zoned
L165B.2.1 310 137 044 6.7 0.41 0.052 + 1 40.0 0.6  0.0250 = 4 159 +3 patchy
L165B.3.1 33 12038 07 2.02 0.066 + 9 41211 00243 +6 152 £ 4 unzoned
L165B.3.2 19 9 050 04 2.76 0.063 + 6 399+ 13  0.0251 £8 155+ 6 unzoned
L165B.4.1 385 132 034 84 0.26 0.054 = 1 393+06  0.0255 x4 162 +3 new zoning
L165B.42 199 113 057 42 0.12 0.050 £ 2 41.0+£0.8  0.0244 =5 155+3 new zoning
L165B.43 240 94 039 53 0.16 0.050 =1 38506  0.0260 + 4 165+3 unzoned
L165B.44 228 103 045 50 0.29 0.054 =1 393£06  0.0254 £ 4 161 £3 patchy
L165B.5.1 39 21 055 08 1.56 0.059 = 4 39810 0.0251+6 157 £ 4 unzoned
L165B.6.1 776 442 057 174 <0.01 0.050 + 1 383+0.6  0.0261 =4 167 =3 patchy
L165B.6.2 622 326 052 140 0.01 0.051 = 1 38106  0.0263 =4 167 + 4 patchy
L165B.7.1 157 58 037 35 0.25 0.053 +2 389+0.7 0.0257 =4 163 +3 unzoned
L165B.7.2 194 78 040 42 <001 0.051+2 39.4+06  0.0254 =4 162 + 4 on fracture
L165B.8.1 162 527 325 32 <0.01 0.055+2 432+07 002324 151+6 patchy
L165B.10.1 16 10 059 03 0.10 0.050 £ 6 41.0x14  0.0244 =8 1556 patchy
A71.1.1 499 394 079 112  <0.01 0.051 =1 38506  0.0260 + 4 166 £ 3 patchy
AT71.2.1 436 881 202 95 <001 0.051 + 1 39207 0.0255 x4 166 + 4 unzoned
A71.3.1 61 28 047 14 4.01 0.074 + 3 386+0.8 0.0256«5 158 +4 unzoned
A71.5.1 92 185 201 20 2.36 0.060 + 3 40008  0.0250 =5 1555 patchy
A71-6.1 111 40 036 25 1.86 0.053 +2 38.1+06  0.0263 =4 166 + 3 unzoned
A71-7.1 109 139 127 24 0.98 0.051 £2 38906  0.0257 £ 4 163 £3 patchy
A71-8.1 174 94 054 39 0.00 0.051 =3 38306  0.0261 x4 166 + 3 patchy
A71-9.1 85 45 053 19 6.48 0.053 £2 39209 0.0255+6 162 £ 4 unzoned
A71-10.1 760 1051 138 169 0.49 0.051 =1 387x05 002583 164 £3 growth
A71-11.1 121 140 1.16 26 4.96 0.059 +2 39.5+06  0.0253 x4 161 =3 patchy
A71-12.1 39 23 059 09 1680 0.074 + 4 385+0.8  0.0260 =5 163 +4 unzoned
A71-13.1 28 11 038 06 2269 0.074 =5 38109 0.0262+6 163 +4 patchy
AT71-14.1 37 13 035 08 2105 0.077 = 8 38.1+0.8 0.0262x6 164 + 4 growth
AT71-15.1 206 630 3.06 45 3.73 0.055+2 39.7+06  0.0252 4 162 +5 patchy
AT71-16.1 57 55 097 13 1120 0.065 + 3 372£07  0.0269 =5 166 + 4 growth
A71-17.1 273 268 098 57 1.95 0.051 £ 1 409+0.6 0.0244 +3 155+3 patchy
AT71-18.1 30 19 061 06 2014 0.078 5 41.8 1.0  0.0239 £ 6 149 = 4 patchy
A91-1.1 36 33 091 07 <0.01 0.051 + 4 428+ 1.1  0.0234+6 1515 rim
A91-1.2 469 1480 315 99 <0.01 0.049 = 1 40906  0.0245 =4 158 +5 growth
A91-1.3 30 66 221 0.6 8.63 0.074 + 8 419+ 1.1 00239 =7 159 +7 rim
A91.1.4 13 35 263 02 1554 0.081 =9 46.7+29  0.0214 + 13 136 £ 16 rim
A91.2.1 5 4 081 01 3025 011317  398+23  0.0251 %15 150 = 11 patchy
A912.2 5 4 075 0.1 6.82 0.082 £17  38.0x22  0.0263 15 156 + 12 unzoned
A91-3.1 68 58 085 15 1373 0.070 = 4 39807 00251 «5 159£3 patchy
A91-4.1 123 87 071 27 1.36 0.059 2 39307 0.0255+4 162 +3 patchy
A91-4.2 62 58 093 1.4 6.02 0.062 + 5 39407 002545 161 +4 patchy
A91-5.1 22 42 193 05 23.09 0.084 + 8 36.8 1.0  0.0227 =7 172 +7 unzoned
A91-6.1 31 1 004 07 1209 0.081 =7 372+0.8  0.0269 = 16 167 + 4 patchy
A91-7.1 259 398 154 52 4.82 0.055 =1 425+06  0.0235+3 151+3 patchy
A91-8.1 29 46 159 06 2239 0.088 = 5 38709 0.0258+6 163 £ 6 unzoned
A91-9.1 48 32 067 1.0 5.65 0.067 + 3 40808 002455 156 = 4 patchy
A91-11.1 244 176 072 52 4.65 0.055 + 1 40.1 £0.6  0.0250 = 3 158 +2 patchy
A91-12.1 212 372 176 45 1.88 0.054 + 1 40.8 £0.6  0.0245 3 158 +3 growth
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Table 1 continued

Grain spot U Th Th/U Pb* Pb comm Uncorrected  Uncorrected 206Pb/238U = (1) ages (Ma)206Pb/ CL structure
(ppm)  (ppm) (ppm) 206 % 207Pb/206Pb  238U/206Pb 2380208 cor

A91-13.1 200 131 0.66 4.3 5.42 0.059 2 39406  0.0254 +4 161 +3 patchy
A91-14.1 24 18 074 05 44.74 0.097 + 6 374+ 1.0 00627 =7 165+5 patchy
A91-15.1 47 21 045 1.0 23.85 0.074 + 4 383+0.8 00261 +6 164 + 4 unzoned
A91-16.1 42 43 1.02 09 22.69 0.085 =5 39.2+08 002555 160 = 4 patchy
A91-17.1 42 46 1.09 09 13.30 0.081 =5 389+0.8 002575 162 = 4 patchy
A91-18.1 40 42 1.03 09 20.22 0.090 = 4 36.8£0.8  0.0272+6 173 =5 unzoned
A91-19.1 82 70 085 1.7 13.00 0.080 = 3 40507  0.0247 £ 4 155+3 patchy
A91-20.1 33 15 045 07 2541 0.092 £ 5 39609  0.0252+6 159 £ 4 unzoned
V16-1 17 10 045 04 0.40 0.053 =5 379+ 1.7  0.0264 + 12 167 + 8 growth
Vi6-1A 59 73 124 13 0.06 0.050 + 3 39707 00252 %5 158 + 4 growth
V16-2 31 13 041 0.7 <0.01 0.049 + 4 394+1.0 00254 +6 161 = 4 growth

' radiogenic lead

L165 and A71), whereas the negative Eu anomaly increa-
ses (eTable 3 and Fig. 7) and correlates with Y contents
(Fig. 8a). The Eu anomaly suggests plagioclase fraction-
ation in the magma and is in line with a magmatic origin of
the zircon. Two analyses in sample L165 have a slight
positive Eu anomaly, which is attributed to micro inclu-
sions of plagioclase. Because most trace elements are
orders of magnitude lower in plagioclase than in zircon
(except Sr and LREE) these analyses are still considered
valid for all other elements. All zircon also have a positive
Ce anomaly (Fig. 7) originated from the Ce** oxidized to
Ce**, which better fits the Zr site in zircon (Hinton and
Upton 1991).

U-Pb geochronology

U-Pb ages were obtained from three samples (L165, A91
and A71) for which the *°°Pb/**®U ages are discussed
below (Table 1). Zircons analyses from L165 (n = 15 from
nine crystals) have a Th/U mainly between 0.34 and 0.65
with the exception of one analysis with a ratio of 3.25 due
to very high Th contents. In this sample there is no
apparent correlation between age and internal structure,
with CL-dark zones along fractures yielding the same age
as pristine magmatic zones (Fig. 6). The °°Pb/**®U ages
range from 151 + 6 to 167 + 4 Ma. Two analyses (L165-
9.1 and L165-11.1) that contain a high percent of common
Pb (12 and 39%) and large analytical errors were excluded
from the age calculation. Of the remaining analyses, 13
form a tight cluster with an intercept age of 162 + 2 Ma
(MSWD = 1.6, Fig. 9a). Two analyses, including the one
with high Th, yielded significantly younger ages and are
suspected of Pb loss. The intense fracturing of zircons and
Alpine metamorphism could be the likely cause of Pb loss.

At these young ages, even discordant analyses are close to
Concordia and discordance cannot be necessarily identified
with the present analytical errors. Therefore, analyses
affected by Pb loss might still be analytically concordant,
but their exclusion from average age calculations is justi-
fied on statistical and geological reasons.

A large number of analyses (n = 24) were performed
on zircon from metagabbro A91 because of the complex
texture observed. The chemistry of the dated domains is
quite variable with U between 5 and 469 ppm, Th
between 4 and 1,480 ppm and Th/U from 0.04 to 3.15.
The 2°°Pb/**®U ages range between 136 + 16 and
173 + 5 Ma, with large analytical errors and high com-
mon Pb (up to 44%) in domains with low U contents.
Four analyses on unzoned rims (Fig. 6f) or bright
domains yielded significantly younger ages and are
excluded from the age calculation. The remaining ana-
lyses correspond to oscillatory-zoned domains as well as
to unzoned or bright domains and define a regression line
to common Pb with a lower intercept of 158 =2 Ma
(MSWD = 1.7, Fig. 9b).

Seventeen analyses on zircon from Fe-gabbro A7l
yielded variable U and Th composition (28-760 and 11—
1051 ppm, respectively) with resulting Th/U between 0.4
and 3.2. Fifteen analyses range in age from 155 =2 to
166 = 4 Ma and define an intercept age of 163 + 1 Ma
(MSWD = 1.2). Two analyses resulting in significantly
younger ages are excluded from the age calculation.

A small number of analyses (n = 3) were performed on
zircons from the plagiogranite V16. 2°°Pb/***U ages of
these oscillatory zones domains are between 161 + 4 and
167 = 8 Ma (Table 1). These data are insufficient to define
a robust regression in a Tera-Wasserburg diagram, but are
sufficient to suggest that this rock type is within the same
range of the Fe—gabbros.
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Fig. 7 Chondrite normalized REE diagrams of zircons from Fe-
gabbros L165, A 91, and A 71. Normalization values for chondrite are
taken from Sun and McDonough (1989)

Discussion
Chemical differentiation of mafic rocks
The Lanzo mafic rocks show a tholeiitic differentiation

trend, covering the entire range of gabbroic rocks, from
primitive plagioclase-rich troctolite and olivine-gabbros, to

@ Springer

Fe-Ti gabbros and plagiogranite (Pognante et al. 1985).
This range is typical for some other ophiolites from the
western, eastern Alps and northern Apennine (Costa and
Caby 2001; Desmurs et al. 2002; Serri 1980; Tribuzio et al.
2004).

The large variation of Mg# (Fig. 4) indicates that most
dikes record differentiation processes and only a few
samples provide evidence of being crystallized from
primitive liquids. The high Mg# (up to 0.9) and high Al,O3
contents in olivine-gabbros and troctolites are consistent
with being cumulates crystallized from primitive basalts
with Mg# ~ (.7, taking olivine-liquid partition coefficients
of ~0.3 (Roeder and Emslie 1970). However, basalts with
Mg# of ~0.7 are extremely rare (Fig. 4) and the average
Mg# of basalts recovered from various fragments of the
Tethyan oceanic crust is around 0.6 (Fig. 4). Thus, there
must be an important volume of plutonic rocks in the
mantle to account for the differentiated composition of
most basalt. The high Mg# troctolites and olivine-gabbros
are low in incompatible trace elements like Ti, Zr and P
and would thus fulfill the criteria of being the comple-
mentary cumulates of evolved basalts.

The three zircon-bearing ferro—gabbros have substan-
tially higher Zr compared to average Fe—Ti gabbros. The
high Zr contents could be partly explained by migration of
highly differentiated melts along shear zones from a
cumulate pile beneath the actual level of crystallization.

The Eu anomaly in zircon-bearing Fe—Ti gabbros varies
from positive to negative suggesting that these gabbros had
a different genesis. The threefold increase of whole rock
REE element enrichment is related to differentiation.
However, the Eu concentrations remain almost constant
(Fig. 5) and Eu anomalies change from being positive to
negative. This suggests that the different zircon-bearing
samples record different fractionation processes. While a
positive Eu anomaly is indicative of plagioclase accumu-
lation, the negative Eu anomaly of some samples indicates
substantial plagioclase fractionation prior to the solidifi-
cation of the gabbro. Surprisingly, the chemical features
can be linked with the texture of individual gabbro sam-
ples. Zircon-bearing gabbroic dikes with a granular texture
(A71) have a positive Eu anomalies indicate in situ crys-
tallization, with large amounts of trapped liquid, from
which zircon (and other trace phases) crystallized in situ.
On the contrary, sample A91, which is highly sheared, has
a negative Eu anomaly, indicating that substantial amounts
of plagioclase fractionation occurred at depth, prior to the
solidification of the gabbro. Zircons are concentrated in the
middle of a highly sheared zone, suggesting that differen-
tiated liquid moved from below, along shear zones. Gabbro
L165, which has a central shear zone present an interme-
diate composition between the other two samples (A91 and
A71). Assuming that the all Fe-Ti gabbros might be
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originated from a similar source, we propose that their
chemical and textural differences most probably reflect
different emplacement mechanisms, which evolved
through time.

In contrast to most other gabbros, the plagiogranite
shows a large negative Eu anomaly (Eu* ~ 0.30) sug-
gesting substantial plagioclase fractionation prior to dike
formation. This is consistent with crystal fractionation
modeling for the genesis of plagiogranites (Aldiss 1981).

Age interpretation and zircon chemistry

The zircon dated present features indicative of a magmatic
origin. They occasionally preserve euhedral crystal faces,
display weak oscillatory zoning or are unzoned. They have
high Th/U as often observed in magmatic zircon from
mafic rock types (Corfu et al. 2003; Rubatto and Gebauer
2000). The steep REE pattern and the negative Eu-
anomaly are in line with crystallization from a melt after
substantial plagioclase fractionation. Therefore the U-Pb
ages obtained are interpreted as crystallization ages at
around ~ 160 Ma.

The application of the Ti-in-zircon thermometer (Wat-
son et al. 2006) to the investigated samples returns
temperatures of 775 + 15°C for L165, 751 + 61°C for A71
and 822 + 37°C for A91 (eTable 3). Assuming a TiO,
activity of 0.5, as likely for these ilmenite-bearing gabbros,
would increase the estimated temperature by ~ 50°C
(Watson and Harrison 2005). Even with this correction, the
temperatures obtained from zircon are much lower than
what expected for the crystallization of ferro—gabbros and

the variations within a single sample are large. This has
been documented elsewhere and attributed to the fact that
zircon is a late crystallizing phase and its Ti-content might
represent local melt composition, rather than the original
chemistry of the mafic magma (Coogan and Hinton 2006;
Hiess et al. 2006).

Of particular interest is the network of apparent fractures
observed in many crystals (Fig. 6). Similar features in
zircon grains from mafic rocks have been recently studied
in detail with electron back scattered diffraction (EBSD)
techniques (Reddy et al. 2006; Timms et al. 2006). Their
results show that these networks of apparent fractures
correspond to dislocation structures, rather than open and
resealed fractures. Timms et al. (2006) documented that
deformed zones defining sub-grains correspond to zones of
CL intensity decrease due to either structural or chemical
changes during deformation. In the Lanzo samples, the
zircon within the shear zones show the highest concentra-
tion of these apparent fractures, indicating that they are
possibly related to dislocation zones. These dislocations
have the same age within error and slightly lower REE
concentrations when compared to pristine oscillatory zones
(see in particular sample L.165). This would suggest that,
even though there was some chemical and possibly isotopic
changes in the deformed zones, shearing must have
occurred simultaneous to, or shortly after crystallization of
the zircon, producing an irrelevant loss of radiogenic Pb.
Strong syn-magmatic deformation is in fact reflected in the
structure of the high-temperature shear zones. The dated
samples later underwent variable degrees of HP meta-
morphic overprint during the Alpine orogeny; therefore it
is not surprising that a few analyses, particularly on
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Fig. 9 Tera-Wasserburg diagram for uncorrected isotopic ratios for
zircons of samples L165, A71 and A91. Ages are calculated as
Concordia intercept at 95% Cl of a regression line anchored to the
common Pb composition predicted by the Stacey and Kramers (1975)
model. Empty ellipses are excluded from the average age calculation

unzoned zircon rims (sample A91) yielded substantially

younger ages, which are attributed to Pb-loss during
Cenozoic metamorphism.

@ Springer

In summary, U-Pb dating constrain the intrusion of the
gabbros at 161 =2, 158 + 2 and 163 + 1 Ma. The small
age difference between the youngest and the oldest gabbro
(5 £ 1.1 Ma, 1 sigma) suggests magmatism over a few
millions of years, which is possibly linked to the chemical
evolution of the magmatic system that ultimately formed
the gabbro dikes. The youngest intrusion age (158 + 2 Ma)
corresponds to the most deformed dike (A91), which is also
the most fractionated sample, with evidence of plagioclase
fractionation prior to crystallization. The sample L165
shows an intermediate composition in terms of REE. The
undeformed gabbro A71 crystallized at 163 + 1 Ma and its
chemistry suggests plagioclase accumulation, reflected by a
positive whole rock Eu anomaly (Fig. 5a). We therefore
suggest that zircon formation in this sample is related to in
situ crystallization of trapped interstitial liquid. The cor-
relation between structure, geochemistry and age suggests
the following scenario: (1) emplacement of gabbros and
in-situ crystallization, followed by (2) crystallization of
zircon-bearing oxide gabbros along syn-magmatic shear
zones. This latter, fractionated magma was extracted from
cumulate gabbros at depth. Such a scenario implies that the
formation of a “stratified” oceanic crust might be time
progressive, with “early magmatism” dominated by in situ
crystallization of individual magma batches and “later
magmatism” accompanied by syn-magmatic deformation,
enhancing efficient extraction of highly differentiated
liquid from a cumulus pile.

Tracking the thermal evolution of a nascent ultra-slow
spreading system

The Lanzo massif was partly re-equilibrated during uplift
from the spinel to the plagioclase facies (Kaczmarek and
Miintener 2007; Sandrone et al. 1986), which was
accompanied by cooling from >1,100°C to 850°C (Kacz-
marek and Miintener 2007; Pognante et al. 1985) and by
fracturing and intrusion of gabbroic dikes generated at
greater depth. The gabbro dikes studied here indicate
intrusions in a refertilized, brittle mantle along fractures. It
is likely that magmatism composed of several pulses from
a source close to N-MORB persisted for some millions of
years.

Published radiometric ages suggest that mafic magma-
tism in the Piemont-Ligurian ophiolites lasted from ~ 170
to 150 Ma with different types of gabbroic rocks intruding
is sequence. Gabbros from the Ligurian peridotite were
dated by Sm-Nd mineral isochrons (plagioclase-clinopy-
roxene) and represent the earliest group of MORB-type
gabbros (external Liguride gabbros: 179 + 9 and Tuscany
gabbros: 170 £ 13 and 173 + 4.8 Ma), (Tribuzio et al.
2004). These gabbros are interpreted as representing early



Contrib Mineral Petrol (2008) 155:295-312

309

(syn-rift) melt intrusion in lithospheric mantle peridotite.
U-Pb zircon ages on zircon-bearing Fe-Ti gabbros from
the Piemont-Ligurian ocean show ages ranging between
166 and 156 Ma (Costa and Caby 2001; Ohnenstetter et al.
1981; Rubatto et al. 1998; Rubatto and Hermann 2003;
Schaltegger et al. 2002) consistent with the new age
determinations from Lanzo gabbros. Similar ages were
obtained for Internal Liguride gabbros with Sm—Nd min-
eral isochrons at 164 + 14 Ma, (Rampone et al. 1998).

Plagiogranites from a number of localities in the western
Alps and the Apennine were found to be significantly
younger than the corresponding mafic rocks: 150-153 Ma
(Borsi et al. 1996), 148 + 2 Ma (Costa and Caby 2001),
152 + 2 Ma (Lombardo et al. 2002). The plagiogranites
described by Costa and Caby (2001) cut across breccias
and basaltic rocks and thus clearly postdate continental
breakup. On the other hand, plagiogranites from the Platta
nappe and those described in this paper show similar age as
the zircon bearing gabbros. We conclude that the ~ 160 Ma
plagiogranites are formed by differentiation whereas the
younger ones are eventually formed by different processes,
possibly hydrous melting (Koepke et al. 2005).

Paleogeographic consequences

The intrusion of mafic melts recorded in Piemont-Ligurian
ophiolites of the western Alps, Corsica and northern
Apennines lasted from 180 to 150 Ma with most gabbros
intruding at 165-160 Ma. The spatial distribution of ages
illustrated on Fig. 10 indicates a progressive younging of
the first crystallization ages from the south (Tuscany and
northern Apennines) to the north (Platta nappe) of the
Piemont-Ligurian ocean. However, the different gabbroic
rocks, albeit crystallized from MORB type melts, are found
in different structural/paleogeographic domains. For
example the Monviso gabbros are intruded in a “mature”
oceanic crust, related to important volumes of basaltic
rocks, while the gabbros from the Nappe des Gets and the
Platta gabbros are intruded into the ocean—continent tran-
sition zone. There is an age difference of ~5 +2 my
between the intrusion of the gabbros in the Gets nappe
(166 = 1 Ma, Bill et al. 1997) and those in the Platta nappe
(161 = 1 Ma, Schaltegger et al. 2002). Gabbros in both
localities intruded into an ocean—continent transition zone,
separated by approximately 250 + 100 km, by taking the
paleogeographic reconstructions of Froitzheim et al.
(1996). Assuming that the opening mechanism remains
similar for both localities, an average rate of 5 cm/year
(taking into account the errors: 2-12 cm/year) can be
calculated for the northward propagation of the first
MORB type magmatism in the ocean—continent transition
zone. Despite the large uncertainties, this propagation

Ligurian
Tethys

upper Jurassic

European plate Adriatic plate

- continental crust == major shear zone

- upper-continental mantle -y -y v Alpine subduction
l:| lithosphere

[ asthenosphere

Fig. 10 Proposed schematic paleogeography for the upper Jurassic
with the location of the different remnants of oceanic crust, after Dal
Piaz (1988), and Péron-Pinvidic (2007). Abbreviations are EL
external Liguride, ER Erro-Tobbio, Ge gets nappe, IL internal
Liguride, La Lanzo, Mv Monviso, P! Platta, Zs Zermatt-Saas

velocity is remarkably similar to the 4.4 + 0.3 cm/y ob-
tained for the Iberia ocean—continent transition (Schérer
et al. 2000).

If one considers the age difference of gabbroic intru-
sions within the Lanzo peridotite (163 + 1 Ma,
158 + 2 Ma), and assuming that the paleodistance distance
between the different localities does not exceed 25 km, a
much lower rate of ~0.5 cm/year (taking into account the
errors: 0.3-0.8 cm/year) for the propagation of magmatism
can be inferred. Although highly speculative, this slow rate
is well within the range of ultra-slow spreading rates
determined for the Gakkel ridge and the southwest Indian
ridge (Dick et al. 2003). This has the interesting conse-
quence that the northward propagation rate of ocean
opening is apparently much higher than the inferred
spreading velocity itself.

Conclusions

e The geochemistry of gabbroic dikes from the Lanzo
massif indicates a typical MORB type evolution from
primitive troctolitic cumulates to highly differentiated
Fe—Ti gabbros and plagiogranites.

e Zircon-bearing gabbros have different origins; some of
them crystallized within syn-magmatic shear zones,
while others are virtually undeformed. The different

@ Springer
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textures correlate with chemistry: the undeformed
gabbro represents a cumulate with crystallization of
zircon from the intercumulus liquid, while zircon in
syn-magmatic shear zones crystallized from evolved
liquid that was expelled from a cumulus pile at depth.

e The trace element composition demonstrates that zircon
crystallized after substantial plagioclase fractionation.
Crystallization temperatures are estimated by Ti-in-
zircon thermometry to about 800-850°C.

e U-Pb determinations of zircons provide ages between
158 £2 and 163 = 1 Ma, consistent with magmatic
activity during opening of the Piemont-Ligurian ocean.

e A slow rate of ~0.5 cm/year is calculated for the
propagation of magmatism in the Lanzo massif which
is well within the range of ultra-slow spreading rates.
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