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Abstract The Morcles microgranite is located in the N-E
termination of the Aiguilles Rouges massif (External
Crystalline Massifs, Switzerland). It outcrops as dykes, a
few meters to 150 m in thickness, intruding the Aiguilles
Rouges polymetamorphic basement, and presents variation
of texture from granophyric to rhyolitic. We present here
for the first time, in situ U-Pb zircon dating of the Morcles
microgranite/rhyolite based on laser-ablation—inductively
coupled plasma—mass spectrometry (LA-ICP-MS) data.
Results indicate late Variscan emplacement ages at ~303
and ~309-312 Ma, a major Caledonian inherited com-
ponent age at ~445-460 Ma, and secondary inherited ages
ranging from Pan-African (550-1000 Ma) to Paleopro-
terozoic (2.3 Ga). Geochronological and geochemical data
indicate that the Morcles microgranite/rhyolite shares a
common origin with the higher (or “H”) facies of the
neighbouring Vallorcine granitic intrusion. This close
affinity is further corroborated by the geographical align-
ment of both intrusive bodies on either side of the Rhone
Valley. The fine-grained texture of the microgranite
groundmass and the rhyolite indicates a very rapid cooling
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rate and emplacement close to the surface, suggesting that
the Morcles microgranite/rhyolite may constitute the
shallow-level counterpart of the Vallorcine granite. The
mineralogical assemblages observed in the Morcles
microgranite/rhyolite support the idea of high-temperature
melting conditions provided by underplating of mantle-
derived magmas during the Carboniferous extension of the
Variscan cordillera.

Keywords Zircon U-Pb dating - Aiguilles Rouges massif -
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1 Introduction

The Aiguilles Rouges (AR) massif is one of the External
Crystalline Massifs (ECMs) of the Alps belonging to the
European continental crust. The ECMs mainly consist in a
pre-Mesozoic basement intruded during the Variscan col-
lisional orogenic event by numerous magmatic plutons,
mostly Carboniferous in age (e.g. Schaltegger and Gebauer
1999; Schaltegger et al. 2003; von Raumer et al. 2013).
The genesis and emplacement of those intrusions occurred
during the Variscan collision involving Laurussia, the
Gondwana-derived Avalonia and Hunia superterrane, and
Gondwana itself, which followed the successive closure of
the Rheic, the Rhenohercynian and the Paleotethys oceans,
at least (Stampfli et al. 2013). The Lower Carboniferous
plutons (~330 Ma) are associated with the northwards
subduction of the Paleotethys ridge beneath the block
formed by the Hunia superterrane and Laurussia (Stampfli
et al. 2011), whereas the Upper Carboniferous plutons
(~300 Ma) emplaced in an rifting context either by
transpression (e.g. Corsini and Rolland 2009; Rolland et al.
2009), or slab roll-back (e.g. Faure et al. 1997; Stampfli
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Fig. 1 Simplified geological map of the Aiguilles Rouges and Mont
Blanc massifs modified from Morard and von Raumer (2005), with
the position of the Morcles microgranite. U-Pb ages for the different
intrusions are from: (1) Bussy and von Raumer (1993), (2) Bussy and
von Raumer (1994), (3) Capuzzo and Bussy (2000), (4) Bussy et al.
(2000), (5) Bussy et al. (2011). The digital elevation model (DEM) is

|:| Mont Blanc and Porménaz granites
- Vallorcine and Montenvers granites

|:| Ordovician gneisses

Cl Migmatitic dome

- Upper Carboniferous sediments and volcanites
I:I Lower Carboniferous and Greenschists units
|:| Undifferentiated older gneisses

from the Atlas de la Suisse (Version 1.0.62.2 ©2017, Institute of
Cartography and Geoinformation, ETH Zurich, www.atlasdersch
weiz.ch). The inset shows the position of both massifs in the Swiss
Alpine arc, along with other External Crystalline Massifs (in dark
grey), and relative to the Jura, Plateau, Helvetic and Penninic domains
(from North to South, light grey lines)
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et al. 2013). Most of the Carboniferous plutons (Fig. 1) are
well preserved, and were only slightly affected by the
greenschist facies Alpine metamorphism (von Raumer and
Bussy 2004).

At the end of the 1980s the construction of roads in the
Morcles area (northernmost part of the AR massif) gave
access to new outcrops of microgranitic dykes. Chemical
analyses were carried out already in the early 1990s but the
question remains as to whether this microgranite is genet-
ically distinct, or related to other intrusive bodies of the AR
massif. The goal of this study is to uncover the origin of the
Morcles microgranite based on in situ U-Pb zircon dating
and major, minor, and trace element geochemical data.
Comparison of our data with those already available for
several intrusive bodies in the neighbourhood allows us to
demonstrate the genetic relationship between the Morcles
microgranite and the Vallorcine granitic intrusion.

2 Geological framework

The AR massif is one of the westernmost ECMs outcrop-
ping in the Swiss Alps (Fig. 1). Along with the neigh-
bouring Mont Blanc (MB) massif, with which it shares a
similar geological history, the AR massif represents a
window on the pre-Mesozoic basement of the European
crust. Both underwent several orogenic cycles recorded
throughout Alpine basements, including a late-Cambrian-
Ordovician orogenic cycle (e.g. Schaltegger 1993; Schal-
tegger and Gebauer 1999; Guillot et al. 2002; Scheiber
et al. 2014) and the Variscan high-grade metamorphic
event, which led to extensive migmatisation (von Raumer
1998; von Raumer et al. 1999). Often referred to as
undifferentiated and polymetamorphic, the basement of the
AR-MB massifs comprises a wide spectrum of lithologies
including orthogneiss, amphibolite, eclogite, meta-
greywacke, micaschist, paragneiss, quartzite and marble,
all typical of the Variscan metamorphic basement observed
in Central Europe (von Raumer 1998, von Raumer et al.
2013). The pre-Mesozoic basement of the AR massif also
contains in its southern part the so-called Greenstone Unit,
which is formed of calc-alkaline volcanic rocks, and
Visean sediments (metagreywackes, schists) interbedded
with metabasalts (Dobmeier 1996; Dobmeier et al. 1999).

The influence of the Alpine orogeny on the rocks
forming the AR-MB massifs was rather limited. Even
though there is no doubt that the large-scale antiform
structure formed by the present-day AR-MB massifs was
shaped by the Alpine cycle (e.g. von Raumer and Bussy
2004; Rolland et al. 2008; Egli and Mancktelow 2013;
Boutoux et al. 2016; Egli et al. 2017), rock deformation
remained weak or localised within shear zones. The min-
eral assemblages were only slightly affected by Alpine

metamorphism which hardly reached the greenschist facies
(von Raumer 1969; von Raumer et al. 2009, and reference
therein). The geological framework of the AR-MB massifs
can therefore be summarised as an assemblage of Pre-
cambrian to lower Palaeozoic sedimentary and magmatic
rocks, strongly metamorphosed during the Variscan high-
grade metamorphic event, and later intruded by late-Var-
iscan plutons, which were only weakly metamorphosed and
deformed during the Alpine cycle.

On a larger scale, the intrusions of the AR massif are
stretched towards two main geographical directions
(Fig. 1). The first one, oriented N-S, is underlined by the
Visean Montées Pélissier and Porménaz granites. The
second one, oriented NE-SW, is highlighted by the
Ordovician Luisin granodiorite, the Carboniferous Val-
lorcine granite and Salanfe rhyolitic dykes. The NE-SW
trend is further reinforced by the Salvan-Dorénaz synform,
an elongated basin filled with a Carboniferous dacite and
Permian volcanoclastic/siliciclastic sediments, and later
pinched between basement units during the Alpine oro-
geny. The NE-SW orientation also prevails for the granitic
intrusions of the MB massif, namely the Ordovician Log-
nan and the Carboniferous Montenvers/Mont Blanc
plutons.

Small-volume intrusions have been reported in the
north-eastern part of the AR massif, on both sides of the
Salvan-Dorénaz synform. In the north, the Morcles
microgranite, a dacitic flow, and lamprophyres (Fig. 2)
have been described in previous pieces of work (Leresche
1992; Capuzzo and Bussy 2000; Mollex 2003), while in the
south, the Fully gabbro-migmatites, composed of peralu-
minous migmatitic granitoids and gabbroic enclaves
(Mollex 2003), have been dated at 307 £ 2 Ma (Bussy
et al. 2000). Geochronological and geochemical data point
to a genetic link between the Fully granitoids and the basal
dacite of the Salvan-Dorénaz basin (Mollex 2003). Com-
parisons between the Fully gabbro-migmatite and the
Morcles lamprophyres have also been made, but no direct
genetic link could be documented (Mollex 2003). It is not
known either, whether the Morcles microgranite is genet-
ically distinct or related to other intrusive bodies of the AR
massif. The new geochronological and geochemical data
presented here are aimed at addressing this issue.

3 Samples

The Morcles intrusive bodies outcrop as grey, sometimes
bluish, microgranitic dykes (together with rare dacite and
lamprophyre), oriented almost vertically in the N-S
direction (Fig. 2). The outcrop exposure is generally poor,
the full extent of the dykes becoming obvious at the scale
of the map only (Fig. 2). The thickness of the dykes, which
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Fig. 2 Detailed geological map
of the Morcles area with the
microgranite outcrops (solid
colour) and under Quaternary
cover (transparent colour). For a
description of sample textures,
see Table 1. DEM as in Fig. 1
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can easily be underestimated due to the presence of the
Quaternary cover, varies from a few metres in the higher
N-E area to 150 m in the lower S—W region. They crosscut
the leucocratic gneiss and the biotite gneiss of the poly-
metamorphic basement. The contact with both gneisses is
generally sharp, but it may sometimes also contain a cen-
timetre thick band of darker minerals. Although they
underwent Alpine metamorphism, the dykes are only
slightly deformed, if at all. The mineral assemblage

contains several types of phenocrysts (0.5-10 mm),
including partially corroded quartz, extensively scericitised
orthoclase, perthitic plagioclase (~5% An), and slightly
ferro-magnesian muscovite. The plagioclase was firstly
altered in biotite, which was later transformed in ferriferous
chlorite or seldom chamosite. The phenocrysts are
embedded in a fine-grained groundmass (0.1-0.5 mm)
composed of quartz, white mica (magmatic and metamor-
phic), and cordierite partially or fully pseudomorphosed (or
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Table 1 List of Morcles

‘ - " Ivsed Samples  Swiss grid coordinates Texture Type of analyses

microgranite samples analyse

with corresponding outcrop X (m) Y (m)

location (Swiss grid

coordinates), rock texture and 121 1'115'895 2'569'525 POI'phyrlC XRF, LA-ICP-MS trace elements

analyses carried out 139 1116010 2569480  Granophyric ~ XRF, LA-ICP-MS trace elements
140 1'116'175 2569730  Spherulitic XRF, LA-ICP-MS trace elements
142 1'115'920  2'569'550  Porphyric XRF, LA-ICP-MS trace elements
148 1'115'810  2'569'450  Granophyric ~ XRF, LA-ICP-MS trace elements
154 1'115'740  2'569'400  Granophyric ~ XRF, LA-ICP-MS trace elements
163 1115'850  2/570'065  Spherulitic XRF, LA-ICP-MS trace elements
MGO03 1115'715  2'569'660  Spherulitic XRF, LA-ICP-MS trace elements
MGO08 1'116'400  2'569'500  Porphyric XRF, LA-ICP-MS trace elements
DB04 1115730 2/569'370  Rhyolitic LA-ICP-MS U/Pb dating
DBO05 1'116'230  2/569'430  Granophyric ~ LA-ICP-MS U/Pb dating
DBO08 1'115'660 2569970  Porphyric XRF, LA-ICP-MS trace elements and U/Pb dating
DBI10 1'116'145  2'569'745  Spherulitic XRF, LA-ICP-MS trace elements and U/Pb dating
DB12 1'116'255  2'569'640  Granophyric ~ XRF, LA-ICP-MS trace elements and U/Pb dating

“pinitised”) into white mica and chlorite. Accessory min-
erals include zircon, fluorapatite, hematite, ilmenite, rutile,
anatase, epidote, titanite, pyrite, galena, tennantite and
native gold. Locally, the microgranite is crosscut and sili-
cified by veins of Permo-Triassic age enriched in U, V,
REE, and by late-stage Alpine veinlets rich in quartz,
albite, anatase, and calcite (Meisser 2012). On the basis of
textural criteria the microgranite can be classified as por-
phyric, spherulitic or granophyric (Table 1; Fig. 2). The
porphyric texture (samples 121, 142, MGOS8, and DBO0S) is
characterised by phenocrysts (quartz, K-feldspar, plagio-
clase) of various size embedded in a fine-grained foliated
groundmass (0.1-0.5 mm). The spherulitic texture (sam-
ples 140, 163, MGO03, and DB10) contains spherulites (up
to 1 mm in size) of fibrous quartz and feldspar forming up
to 90% of the groundmass. They surround quartz and
feldspar phenocrysts, but also the smaller grains (0.5 mm)
present in the groundmass. The granophyric texture (sam-
ples 139, 148, 154, DB0S, and DB12) is identified through
its coarser groundmass (0.5—-1 mm), and the occurrence of
symplectites and sparse sheaves of white mica. The texture
of one sample (DB04) can even be qualified as rhyolitic
with mm-sized rounded bipyramidal crystals of HT pB-
quartz (pseudomorphosed into o-quartz during cooling)
trapped in an aphanitic groundmass.

4 Methods

Analytical work and microscope observation were per-
formed at the Institute of Earth Sciences of the University
of Lausanne (Switzerland). Whole rock chemical analyses
of the Morcles microgranite were carried out on fused
pellets using Philips PW 2400 and PANalytical

AXIOS ™A% X_ray fluorescence spectrometers to quantify
the major element composition of the samples. A GeoLas
200 M ArF excimer laser ablation system interfaces to an
inductively coupled plasma—mass spectrometer (LA-ICP-
MS) Agilent 7700x was used on the same pellets to
determine the trace element compositions. Operating
parameters included a 120 pm laser beam diameter, an on-
sample energy density of ~5 J/cm? and a repetition rate of
10 Hz. For the calibration of relative sensitivity factors, the
NIST SRM 612 glass standard was used.

Classical mineral separation techniques were applied to
extract zircon grains from five samples of microgranite
(DB04, DB05, DB08, DB10 and DB12). After being cru-
shed into powder, the rock samples were sieved and the
zircon grains concentrated either in heavy liquids (bro-
moform p = 2.89 and methylene iodide p = 3.31) or by
panning. Zircon grains of gem quality were handpicked,
mounted in epoxy resin, and polished to approximately half
of their thickness. The methodology of Pupin (1980) was
used throughout this study to classify zircon grains based
on their morphology, but too few grains were extracted to
obtained valid statistics to present them.

Before proceeding to zircon dating using LA-ICP-MS,
panchromatic cathodoluminescence (CL) images were
taken in order to adequately define the location of the laser
spots. The grains were imaged using a CamScan MV 2300
SEM operated at an acceleration voltage of 10 kV, a probe
current of 0.5 nA, and a working distance of ~40 mm.
Dating was performed using an Element XR (Thermo
Scientific) ICP-MS coupled with a NewWave UP-193FX
193 nm ArF excimer laser system (ESI) using a pulse
repetition rate of 5 Hz, an on-sample energy density of
~3 J/em?, and analytical conditions very similar to those
described by Ulianov et al. (2012). The analytical spot
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diameter varied between of 25 and 35 pm according to
grain size and growth structure complexity. Accuracy and
relative sensitivity were assessed against Plesovice (Slama
et al. 2008) and GJ-1 (Griffin et al. 2004; Jackson et al.
2004) natural zircon standards, respectively. Raw data
were processed offline using the LAMTRACE software
(Jackson 2008). The Concordia diagrams showing the ages
calculated from U-Pb isotope ratios and U-Pb frequency
plots were generated using the Isoplot/Ex v. 4.15 software
(Ludwig 2012). The concordant age obtained for the Ple-
Sovice zircon standard (337.09 & 0.85 Ma, 2 o© error,
n = 20) is identical (within analytical uncertainty) to the
reference age (337.13 + 0.37 Ma, Slama et al. 2008).

5 Results
5.1 Geochemistry of the Morcles microgranite

Despite the textural differences, the Morcles microgranite
samples have very similar chemical compositions
(Table 2; Figs. 3, 4), and have been barely altered by
Alpine metamorphism. The high contents of SiO,
(71.00-73.32  wt%), K,O (4.26-5.27 wt%), Al,O3
(14.04-14.91 wt%), and Ba (228-690 ppm) point to an
evolved chemical composition and correlate well with the
high modal abundance of K-feldspar and white mica. The
Mg# (Mg number in molar) is low (30-38), as are the
contents of TiO, (0.13-0.41 wt%), MgO (0.24-0.73
wt%), CaO (0.54-1.15 wt%), and Na,O (3.02-4.11 wt%).
The predominance of K-feldspar over plagioclase is in
line with the high contents of K,O, Rb, and Ba, and the
rather low values of Na,O, CaO and Sr. With respect to
their alkali content, the three textural types of the Morcles
microgranite can all be classified as high-K alkaline to
slightly calc-alkaline. The aluminium saturation index (A/
CNK >1.1), coupled with relatively high values of P,Os
(0.33-0.38 wt%), points to peraluminous affinities (S-type
granite). MgO is positively correlated with FeO, TiO,, Sr,
Zr and the transition elements V, Cr and Ni, whereas V is
negatively correlated with SiO, (Fig. 3). Concentrations
of incompatible elements such as U, Th, Hf, Nb, Y and Zr
are also rather low.

Rare earth element (REE) patterns also share many
similarities between the three sample types (Fig. 4).
Despite the moderate abundance of plagioclase all samples
present a medium to strong negative Eu anomaly
(0.66-0.36). Fractionation is stronger for the light REE
(LREE) than the heavy REE (HREE) [(La/Sm)y — (Gd/
Lu)y = 0.2 to 1.6], except for the two spherulitic samples
140 and 163 (-0.1). Sample 163 presents the highest
enrichment in LREE and middle REE, whereas porphyric
sample 121contains the lowest REE concentrations.

5.2 U-Pb zircon dating

Zircon dating has provided both concordant and discordant
ages. The strongly discordant measurements were ascribed
to analytical errors (e.g. overlap with misidentified inher-
ited cores). Such measurements were discarded and not
considered for interpretation. Only concordant ages and
discordant ages fitting with the Discordia line were taken
into account (Fig. 5; Supplementary Table 3). Despite
those precautions, calculated concordant ages (within 2 &
error) were difficult to obtain (see the high MSWD values
in Fig. 5), because only small clusters of grains (n varies
between 4 and 9) presenting similar resulting age were
selected for the calculation. The analyses emphasise the
presence of inherited zircon cores incorporated from the
wall rock during the emplacement of the dykes. Rapid
magma cooling and crystallisation are the main reasons
why many zircon cores escaped full resorption.

The zircon grains separated from the five samples
selected for dating are very similar. They are pinkish, of
gem quality, and inclusion-poor. Most of them show an
elongated shape (2:1 aspect ratio) with morphologies typ-
ical of peraluminous granite (S7, S11, S12). The CL ima-
ges of most zircon grains reveal complex internal growth
microstructures, with well-developed magmatic oscillatory
zoning surrounding a partially resorbed inherited core.
Sector zoning is frequently observed along with oscillatory
zoning, as are thin non-luminescent rims interpreted as
metamorphic overgrowths (Fig. 6).

The rhyolitic sample DB04 (Fig. 6, grain [18]) did not
provide a coherent Concordia age of crystallisation. The
206pp/2381 apparent age distribution diagram shows several
major peaks at 304, 309 and 453 Ma, and minor ones at
271, 400 and 640 Ma (Fig. 5g). The peak at 304 Ma is
interpreted as the crystallisation age, whereas the slightly
discordant age at 271 Ma is obtained from slightly frac-
tured zircon grains possibly subject to Pb loss. The older
ages are attributed to zircon inheritance.

Sample DBOS5 contains grains with partially resorbed
inherited cores (Fig. 6, grain [77]). Ages obtained from the
magmatic  overgrowths form clusters either at
3109 + 2.1 Ma (MSWD = 3.0, 4 analyses), or at
453.6 = 1.8 Ma (MSWD = 3.7, 9 analyses; Fig. 5a, d).
Inherited cores present a wide range of ages with peaks at
515, 626, 740, and 970 Ma, and for two grains, at 1.0 and
2.3 Ga (Fig. 5h). A few grains give slightly discordant
younger ages, despite any obvious disturbances of the CL
microstructure. The age of 3109 = 2.1 Ma could be
attributed to the emplacement of the microgranite, but 3
zircons give a calculated Concordia age of 302.4 + 1.3 Ma
(MSWD = 0.98, not shown, see Supplementary Table 3).
The older ages, including the peak at 454 Ma (Fig. 5h), and
hence the calculated age at 453.6 £+ 1.8 Ma, are inherited
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Table 2 Whole rock XRF and LA-ICP-MS analyses (Institute of Earth Sciences, University of Lausanne, Switzerland) for the Morcles
microgranite samples listed in Table 1

Marcles microgranite

Texture Porphyric Spherulitic Granophyric

Sample DBO08 MGO8 121 142 DB10 MGO03 140 163 DB12 139 148 154
Si02 71.00 71.58 73.32 72.25 72.00 72.74 71.39 70.61 71.60 73.03 72.11 71.63
TiO2 0.29 0.31 0.13 0.22 0.26 0.24 0.29 0.41 0.29 0.26 0.25 0.31
Al203 14.63 14.80 14.66 14.66 14.89 14.35 14.81 14.91 14.56 14.04 14.76 14.84
Fe203 1.60 0.61 0.45 0.38 0.32 0.33 0.60 0.60 0.24 0.36 0.64 0.31
FeO 0.33 1.26 0.42 1.08 1.29 1.13 1.18 1.55 1.48 1.09 0.98. 1.48
MnO 0.03 0.03 0.03 0.05 0.03 0.03 0.04 0.04 0.03 0.03 0.03 0.03
MgO 0.50 0.57 0.24 0.34 0.45 0.36 0.54 0.73 0.47 0.42 0.41 0.43
CaO 1.15 0.74 0.59 0.75 0.54 0.60 0.66 0.67 0.60 0.58 0.58 0.58
Na20 3.29 3.52 4.11 3.82 3.55 3.79 3.31 3.39 3.45 3.29 3.38 3.02
K20 5.10 493 4.26 4.86 5.03 5.07 5.11 5.19 5.16 4.77 5.21 5.27
P205 0.33 0.38 0.37 0.33 0.34 0.34 0.36 0.38 0.34 0.33 0.34 0.35
H20 0.82 1.04 0.81 0.88 1.05 0.71 1.25 1.19 1.31 0.96 0.95 1.02
(6(0)) 0.59 0.14 0.16 0.27 0.16 0.18 0.11 0.14 0.18 0.17 0.14 0.16
Total 99.66 99.90 99.54 99.90 99.91 99.87 99.67 99.79 99.71 99.34 99.89 99.59
Mg# 33 36 34 30 33 31 36 38 33 34 32 30
A/CNK 1.12 1.19 1.18 1.13 1.21 1.12 1.21 1.20 1.18 1.21 1.20 1.27
Sc 10.5 10.2 10.5 10.4 11.0 10.1 11.2 11.1 10.2 11.1 n.a. n.a.
\% 18.0 17.0 3.00 11.0 16.0 13.0 20.0 28.0 16.0 16.0 15.0 18.0
Cr 6.00 12.0 - - 5.00 4.00 5.00 8.00 5.00 3.00 5.00 6.00
Co 49.7 49.8 41.8 42.1 48.0 44.5 40.9 38.5 72.3 69.1 47.0 40.0
Ni 4.19 4.45 <4 <4 4.45 5.35 3.25 4.06 3.24 5.06 - -
Cu 222 7.89 30.4 34.5 15.6 15.5 8.90 10.6 10.3 16.5 - -
Zn 923 96.1 69.1 84.0 82.4 71.5 89.9 92.8 81.6 98.8 71.0 31.0
Ga 20.0 22.0 23.0 19.0 20.0 17.0 20.0 21.0 21.0 21.0 23.0 22.0
Rb 255 296 339 281 308 245 273 287 303 306 306 321
Sr 103 93.8 60.6 83.9 84.7 77.6 97.0 114 81.6 95.7 77.0 86.0
Y 15.7 14.2 114 11.9 14.1 17.9 14.8 15.8 13.5 11.8 13.0 15.0
Zr 121 119 57.2 85.5 105 99.8 114 157 122 107 113 131
Nb 18.4 18.0 214 17.5 18.0 18.0 16.7 17.1 17.1 18.2 5.00 -
Cs 9.45 12.6 27.0 11.3 10.8 9.49 11.2 11.8 10.3 16.2 n.a. n.a.
Ba 614 347 273 336 517 416 577 485 365 690 228 251
La 22.6 22.3 10.4 15.3 13.8 20.4 20.9 32.1 23.1 20.5 18.0 23.0
Ce 47.7 47.5 19.6 32.6 322 422 43.5 68.5 50.3 452 47.0 47.0
Pr 5.43 5.47 2.50 3.74 3.50 4.87 5.12 7.94 5.94 5.17 n.a. n.a.
Nd 20.4 21.0 9.22 14.6 13.1 19.4 19.1 30.3 22.4 20.0 17.0 20.0
Sm 423 431 2.24 3.01 3.19 4.15 4.36 6.08 4.63 3.90 n.a. n.a.
Eu 0.57 0.56 0.37 0.35 0.46 0.77 0.63 0.67 0.48 0.42 n.a. n.a.
Gd 3.43 3.66 1.84 2.40 2.72 3.03 3.59 471 3.56 3.12 n.a. n.a.
Tb 0.53 0.53 0.27 0.35 0.40 0.47 0.51 0.62 0.47 0.43 n.a. n.a.
Dy 2.89 2.70 1.70 2.05 2.37 3.02 2.52 3.10 2.51 222 n.a. n.a.
Ho 0.49 0.48 0.28 0.32 0.41 0.55 0.43 0.48 0.40 0.38 n.a. n.a.
Er 1.23 1.03 0.83 0.95 1.15 1.64 1.18 1.30 1.00 0.90 n.a. n.a.
Tm 0.18 0.15 0.13 0.13 0.15 0.28 0.17 0.17 0.15 0.15 n.a. n.a.
Yb 1.26 0.97 0.82 0.90 1.06 1.68 0.95 1.19 0.93 1.02 n.a. n.a.

Lu 0.17 0.15 0.14 0.13 0.14 0.25 0.15 0.17 0.15 0.15 n.a. n.a.
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Table 2 continued

Marcles microgranite

Texture Porphyric Spherulitic Granophyric

Sample DBO08 MGO08 121 142 DB10 MGO03 140 163 DB12 139 148 154
Hf 3.49 3.42 2.05 2.45 2.88 2.95 3.12 4.30 3.39 3.02 2.00 -
Ta 4.11 4.09 6.47 4.15 4.02 4.08 3.43 3.07 4.73 6.18 n.a. n.a.
Pb 22.0 247 12.1 11.9 18.6 14.1 17.1 22.0 19.0 18.6 13.0 -
Th 11.8 10.9 5.92 8.48 10.8 10.2 10.0 18.0 13.8 12.1 5.00 6.00
U 8.76 8.96 10.9 12.1 9.09 9.69 8.27 8.46 8.43 6.86 6.00 -

Major elements (in wt%) and trace-elements (in ppm) measured by XRF and LA-ICP-MS (in italics), n.a. for not analysed Mg# and Aluminium

saturation index (A/CNK) in molar
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Fig. 3 Harker diagrams of selected chemical elements for the
Morcles microgranite (this study and Meisser 2003) compared to
literature data for other contemporaneous intrusive bodies: the
Dorénaz basal dacite (Pilloud 1991; Capuzzo and Bussy 2000;

components. The younger values (<295 Ma) most likely
result from Pb loss along fractures or other fast diffusion
pathways.

Several grains from sample DB08 contain an inherited
core, but only a few of them show complex internal
microstructures (Fig. 6, grain [92]). The age distribution
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Mollex 2003), the Aiguilles Rouges rhyolites (Capuzzo and Bussy
2000; Meisser 2003), the Fully granodiorite (Mollex 2003), and the
Vallorcine “D” and “H” granites (Brindlein 1991; Brindlein et al.
1994; Meisser 2003)

diagram (Fig. 5i) shows a strong peak at 303 Ma, coherent
with the Concordia age of 302.5 + 3.0 Ma (MSWD = 3.4,
n = 6; Fig. 5e), and a second one at 464 Ma. A third peak
is observed at 520 Ma on the distribution diagram (Fig. 5i).
An inherited core gives the oldest age of the sample at
815 Ma (Fig. 5i; Supplementary Table 3). The concordant
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Fig. 4 Chondrite-normalised
REE diagram for the Morcles
microgranite (this study) and the
Vallorcine granite (Brindlein
1991; Brindlein et al. 1994).
Chondritic reference values
from Nakamura (1974) and
Boynton (1984)

Morcles microgranite
Porphyric
Granophyric

= = Spherulitic
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Rock/Chondrite

1 T
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302.5 + 3.0 Ma age is interpreted as the crystallisation
age, and older ages as inherited components.

Sample DB10 (Fig. 6, grain [101]) shows on the age
distribution diagram a major peak at 309 Ma (no concor-
dant age could be calculated), a smaller one at 459 Ma
(corresponding to the cluster at 457.7 & 3.7 Ma in the
Concordia diagram, MSWD = 0.106, n = 5; Fig. 5b), and
minor peaks at 370, 630 and 705 Ma (Fig. 5j). The ages
obtained for sample DB10 have not been affected by ele-
ment remobilisation: the peak at 309 Ma corresponds to the
magmatic emplacement of the microgranite, with a domi-
nant inherited component at 457.7 £ 3.7 Ma and some
older cores.

Besides the classical morphologies typical of peralu-
minous granites (Pupin 1980), sample DB12 (Fig. 6, grain
[138]) also contains the S19 morphological type of zircon,
a feature suggesting possible calc-alkaline affinities (Pupin
1980). The ages range from 270 to 710 Ma, with peaks at
304, 312, 445, 575, and 630 Ma (Fig. 5k). The Concordia
age at 303.6 &= 1.3 (MSWD = 0.13, 4 analyses) corre-
sponds to the magmatic emplacement, and the one at

T T T
Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

445.1 &+ 1.6 Ma MSWD = 0.31, 4 analyses) results from
zircon inheritance. In this sample, the age at 270 Ma cor-
responds to analyses for which a thin outer rim was acci-
dentally included in the analysis, which resulted in a
decrease of the isotopic Pb/U ratios.

6 Discussion
6.1 U-Pb zircon ages of the Morcles microgranite

Despite the difficulties in calculating ages fitting with the
Concordia ages, coherent ages pointing towards two major
magmatic events, one in the Upper Carboniferous (late-
Variscan) and one in the Ordovician (middle Caledonian),
could be obtained from U-Pb zircon dating (see Fig. 5).
The Upper Carboniferous age is characterised by two
peaks, one at ~303 Ma (samples DB04, DB0S5, DB08, and
DB12) and one at ~309-312 Ma (samples DB04, DBO0S5,
DB10 and DB12). In sample DB04, the peak corresponding
to the younger age is slightly more prominent than the
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Fig. 5 a-f Concordia diagrams of LA-ICP-MS U-Pb zircon analyses
for the Morcles microgranite. Error ellipses represent 2 ¢ uncertain-
ties. Ages of individual zircon grains are shown by thin ellipses, and
the average age by a thick ellipse. The framed age is the Concordia

206py, /238y age (Ma)

206py, /238 age (Ma)

age obtained using the Isoplot software of Ludwig (2012); g—
k 2%Pb/**¥U apparent age distributions (relative age-probability
curves) for rhyolite and microgranite. The n value indicates the
number of analyses used for each diagram
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<>[18]

425.2 +23.9 Ma
DBO08
192] z ,

302.4 + 8.4 Ma 308.9 + 6.2 Ma 1138

Fig. 6 Panchromatic cathodoluminescence images of zircon grains
separated from samples DB04 ([18]), DBO5 ([77]), DBO8 ([92]),
DBI10 ([101]) and DB12 ([138]) with location of LA-ICP-MS spots.
Bracketed numbers correspond to analysis spots in Supplementary
Table 3. The resultant °Pb/>*8U apparent ages are shown in italics
with 2 o errors. Scale bar represents 50 pm

older one, whereas in sample DB0S, both calculated ages
(Concordia ages of 3109 & 2.1 and 302.4 &+ 1.3 Ma) are
coherent but weak, the older being slightly more robust
than the younger. Those contrasting results do not allow for
an accurate and unequivocal determination of the
emplacement age of the Morcles microgranite. Whatever
the scenario, however, both peaks point to a late-Variscan
emplacement of the microgranite, an interpretation coher-
ent with the emplacement ages obtained for many other
intrusive bodies found in the AR massif. Indeed, similar
ages are reported for the Dorénaz basal dacite
(308 + 3 Ma, Capuzzo and Bussy 2000), the Fully gabbro-
migmatite (307 £ 2 Ma, Bussy et al. 2000), the Vallorcine
granite (306.5 &= 1.5 Ma, Bussy et al. 2000), and the Sal-
van-Dorénaz basin volcanites (295 +3/-4 Ma, Capuzzo
and Bussy 2000). The nearby MB massif is also largely
constituted by late-Variscan intrusions (see Fig. 1), such as
the Montenvers granite (307 4-6/—5 Ma, Bussy and von
Raumer 1994), the Mont Blanc rhyolite (307 & 2 Ma,
Capuzzo and Bussy 2000), and the voluminous Mont Blanc
granite (303 £+ 2 Ma, Bussy and von Raumer 1993). The
Western, Central and Southern Alpine basements also
show widespread evidence for late-Variscan magmatism
resulting from the collapse of the orogenic belt (see the
review of Schaltegger and Gebauer 1999, Olsen et al.
2000).

The Ordovician age is characterised by peaks at
~453 Ma (DB04 and DBO05), ~458 Ma (DB10), and
~464 Ma (DBO08). Similar ages were obtained for the

Luisin granodiorite (455.3 & 0.6 Ma, Bussy et al. 2011),
which lies approximately 15 km south of the Morcles
intrusion (see Fig. 1), and further south, for the Val Bérard
granite (464 +5/—3 Ma, Bussy et al. 2011). In the case of
the Morcles microgranite, the Ordovician age is interpreted
as an inherited component coherent with the peraluminous
affinity pointed by both geochemistry and zircon mor-
phology. In this view, the AR basement itself, and espe-
cially its Ordovician intrusions, are part of the protolith. On
a larger scale, Ordovician, magmatism, including the
events occurring at ~455 Ma, is well known through the
Helvetic, Penninic, Austroalpine and Southern Alpine
domains, for which a complete orogenic cycle is docu-
mented by a wide spectrum of rocks ranging from
metagabbro to gneiss (Schaltegger and Gebauer 1999; von
Raumer et al. 1999; Von Raumer et al. 2002; Schaltegger
et al. 2003). Even though it is widely accepted that those
magmatic events have been triggered by crustal extension
of the northern Gondwanan margin, disagreements on the
causes and magnitude of the extension still persist. Two
geological settings are currently debated: (1) a back-arc
context leading to the opening of either the Medio-Euro-
pean oceanic domain (Faure et al. 2009; Guillot and Ménot
2009) or the Galicia-Brittany ocean (Matte 2001, called the
Galicia-Moldanubian ocean in Franke et al. 2017), or (2) a
slab roll-back context giving rise to a partially aborted rift
opening in the continuity of the Eastern Rheic ocean
(Stampfli et al. 2013, von Raumer et al. 2013). The data of
the present paper do not allow us to prioritize any of those
two interpretations.

In addition to the peaks pointing to Upper Carboniferous
and Ordovician ages, minor peaks are observed in partially
resorbed zircon cores from several samples at ~ 630,
~710, ~970, and ~ 1000 Ma (Fig. 5g-k). The age at
~630-640 Ma refers to the so-called “Pan-African zir-
cons” regularly found in the Alpine basement (Gebauer
1993; Schaltegger 1993; Schaltegger and Gebauer 1999;
Bussien et al. 2011) and correlated with the assembly of
Gondwana (Veevers 2004; Rino et al. 2008; Bradley 2011).
A very old zircon grain has been dated at 2.3 Ga, an age of
Gondwanan affinity frequently reported in metasedimen-
tary gneisses (Schaltegger and Gebauer 1999; Bertrand
et al. 2000; Martinez Catalan et al. 2008, von Raumer et al.
2013).

The minor peaks at ~270 Ma are coherent with an
apparent age of 256 + 18 Ma obtained on an U-rich
brecciated veinlet intruding the gneiss very close to the
Salvan-Dorénaz synform (Pb/Pb dating, Meisser 2012).
The 270 Ma perturbation could be ascribed to fluid circu-
lation induced by the extension at the end of the Early
Permian. This extension could be triggered by the fast
exhumation of the rapidly eroded Variscan chain (Capuzzo
and Wetzel 2004; Meisser 2012), leading even to local
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magmatism observed in the Southern Alps (e.g. Schuster
et al. 2001; Schaltegger and Brack 2007; Gretter et al.
2013).

6.2 Magma genesis and emplacement

Geochemistry and zircon morphology indicate that the
origin of the Morcles microgranite results from the anatexis
of the AR polymetamorphic basement, or, alternatively,
from the melting of AR-derived sediments of the same age.
Part of the heat required for partial melting may have been
provided by intense shearing on major large-scale faults.
However, the presence of cordierite in the microgranite
points towards high-temperature melting conditions (Bar-
barin 1996), which cannot be explained solely by shearing.
This point is further supported by the fact that the con-
temporaneous melting of large volumes of granodioritic
magma, observed elsewhere in the Variscan belt, needs
temperatures well above 800°. Such temperatures are
obtained by large-scale dehydration of biotite, pointing
towards dry melting conditions (Bussy et al. 2000). It is
therefore thought that underplating of mantle-derived
magmas provided most of the heat, an assumption sup-
ported by the occurrence of mafic enclaves in contempo-
raneous intrusions (e.g. Fully massif, Bussy et al. 2000,
Mollex 2003; Mont Blanc massif, Bussy and von Raumer
1993). Underplating occurred in a context of extension of
the Variscan lithosphere, the origin and setting of which
are still debated. Common interpretations include (1) post-
collisional re-equilibration (Rey et al. 1997), (2) litho-
spheric-scale, strike-slip displacement and faulting along a
transpressive margin between Gondwana and Laurussia
(Matte 2001; Corsini and Rolland 2009; Rolland et al.
2009), (3) thinning and spreading of the lithosphere above
an asthenospheric plume (Franke et al. 2017), (4) formation
of a back-arc basin (Faure et al. 1997), or (5) astheno-
spheric upwelling triggered by the roll-back and the
detachment of the subducting slab, followed by the col-
lapse of the Variscan edifice and the opening of the Pale-
otethys or Rhenohercynian oceans (Stampfli et al. 2013;
Laurent et al. 2017). Whatever the scenario, this exten-
sional regime favoured the intrusion of magmas as thin
dykes. Only the last three settings, however, could account
for a major involvement of a hot asthenospheric mantle.
The textures observed in the microgranite, ranging from
granophyric, spherulitic, porphyric to rhyolitic, can be
explained by the combined effects of cooling rate (itself
dependent on the relative temperature of the magma and
the host rock) and alteration. The porphyric and spherulitic
textures likely result from the hydrothermal alteration of a
rhyolitic glass, either immediately following crystallisa-
tion, during the Permian extension or during Alpine
metamorphism (Cas and Wright 1987). In our samples,

both phenomena are documented by the magmatic alter-
ation of feldspar and by the formation of alpine meta-
morphic minerals (chlorite, white mica) and veinlets
(quartz, calcite, and chlorite). The occurrence of a rhyolitic
texture points towards rapid cooling. However, as no lava
flow has been observed among the Morcles intrusive
bodies, a subsurface level of emplacement appears more
realistic, even though no clear correlation can be made
between the texture of the samples and their position within
the dykes or the intrusion itself (see Fig. 2 for the location
of the samples).

6.3 Affinity with other Aiguilles Rouges intrusions

The small volumes of microgranite outcropping in the
Morcles area raise the question of a possible link with more
voluminous contemporaneous intrusions in the AR base-
ment. From a geochronological point of view, the Morcles
microgranite could be related to the Fully gabbro-migma-
tite (Capuzzo and Bussy 2000; Mollex 2003), the Dorénaz
basal dacite (Pilloud 1991; Capuzzo and Bussy 2000;
Mollex 2003), and the Vallorcine porphyritic granite
(Brédndlein 1991; Bréndlein et al. 1994; Bussy et al. 2000).
An attempt to date an AR rhyolitic dyke from the Salanfe
area has been made by Capuzzo and Bussy (2000), but
zircon grains of average quality have only provided poorly
constrained ages ranging between 294 and 307 Ma. In
order to highlight the origin of the Morcles microgranite,
the chemical data obtained in this study (Table 2) and in
Meisser (2003) have been compared to the data collected
from the above-mentioned intrusive rocks. From the Har-
ker diagrams presented in Fig. 3, two groups can be dis-
tinguished: (1) the Fully granodiorite component of the
gabbro-migmatite and the Dorénaz basal dacite (considered
cogenetic by Mollex 2003), and the lower facies of the
Vallorcine porphyritic granite (called “D” in Brindlein
1991) on one side, and (2) the AR rhyolites (geochemically
analysed by Meisser 2012), the higher facies of the Val-
lorcine porphyritic granite (called “H” in Bréndlein 1991)
and the Morcles microgranite on the other side. In all four
diagrams and in the TiO, vs Rb one in particular, the
systematic overlap of data suggests a strong chemical
affinity between the Morcles microgranite and the Val-
lorcine “H” granite.

The common origin between the Morcles microgranite
and the Vallorcine porphyritic “H” granite is further sup-
ported by their similar REE signatures (see Fig. 4).
Although few REE data are available in the literature for
the Vallorcine porphyritic “H” granite, they are clearly
within the range (except for the element Lu) defined by the
data we obtained for the Morcles microgranite. This is
particularly obvious for the porphyric and granophyric
textural types, and, to a lesser extent, for the spherulitic
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type, which data overlaps the upper bound of the Val-
lorcine “H” data. On the contrary, the REE concentrations
for the Vallorcine “D” facies are systematically higher
than those of the Morcles microgranite, which excludes a
common origin between both rock types.

Interestingly, the Vallorcine porphyritic granite is also
crosscut by microgranitic dykes (Collet et al. 1951; Brin-
dlein 1991; Brindlein et al. 1994) similar in many respects
to those of the Morcles area (see e.g. the outcrops exposed
north of Les Marécottes, Swiss grid coordinates 2'566'460/
1'108'540). Unfortunately, no data are currently available
in the literature to directly assess the degree of geochem-
ical similarity between the two types of microgranitic
dykes. Further worked is planned to fill this gap and bring
additional arguments on the possible genetic relationship
between the Morcles and Vallorcine microgranites.

To sum up, a common origin between the Morcles and
the Vallorcine intrusive bodies is indicated by both
geochronological and geochemical data. This observation
is further supported by the geographical location of the
Morcles microgranitic dykes in the continuation of the
Vallorcine intrusion on the northern side of the Rhone
Valley, and by the occurrence of potentially equivalent
dykes crosscutting the Vallorcine porphyritic granite. The
emplacement of the Morcles microgranite was very shal-
low, as testified by the fine-grained subvolcanic textures of
the groundmass. This feature is structurally coherent with
the regime of extension that led to the contemporaneous
formation of the nearby Salvan-Dorénaz basin over the AR
polymetamorphic basement in the late-Variscan period.
Based on those observations we suggest that the Morcles
microgranite represents the shallow-level counterpart of
the Vallorcine porphyritic “H” granite. This assumption is
not undermined by the current position of the Vallorcine
“H” granite, which outcrops at higher altitudes than the
Morcles microgranite. This setting can be explained by the
plunging of the AR massif towards the N-E beneath the
Helvetic nappes either due the formation of the Rawil
depression structure (von Tscharner et al. 2016), and/or
higher exhumation rates towards S-W (Boutoux et al.
2016).

7 Conclusions

On the basis of U-Pb zircon analyses, the intrusion of the
Morcles microgranite/rhyolite into the Aiguilles Rouges
polymetamorphic basement has been dated at ~303 and
~309-312 Ma. Zircon grains also reveal inherited ages
with a major contribution from the Ordovician (Caledonian
cycle), and a minor one from the Ediacaran (Pan-African
cycle). With an age of 2.3 Ga the oldest zircon is inter-
preted of Gondwanan origin.

The Morcles microgranite/rhyolite are part of the late-
Variscan intrusive bodies, well documented in the Aigu-
illes Rouges polymetamorphic basement and in the dif-
ferent External Crystalline Massifs of the Alps. Intrusions
occurred as dykes in a context of extension that followed
the Variscan collision. Extensive anatexis of the crust was
triggered by underplating of high-temperature mantle-
derived magmas, and, possibly, by intense shearing on
large-scale faults.

Geochronological, geochemical and structural argu-
ments point to a common origin for the Morcles and the
Vallorcine intrusions, the former being interpreted as the
shallow-level counterpart of the latter. As a consequence,
both intrusive bodies could be viewed as a single entity
extending on either side of the Rhone Valley.
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