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Abstract: The Guérande peraluminous leucogranite was emplaced at the end of the Carboniferous in
the southern part of the Armorican Massif. At the scale of the intrusion, this granite displays structural
heterogeneities with a weak deformation in the southwestern part, whereas the northwestern part is
marked by the occurrence of S/C and mylonitic extensional fabrics. Quartz veins and pegmatite dykes
orientations as well as lineations directions in the granite and its country rocks demonstrate both E-W
and N-S stretching. Therefore, during its emplacement in a extensionnal tectonic regime, the
syntectonic Guérande granite has probably experienced some partitioning of the deformation. The
southwestern part is characterized by a muscovite-biotite assemblage, the presence of restites and
migmatitic enclaves, a low abundance of quartz veins compared to pegmatite dykes. In contrast, the
northwestern part is characterized by a muscovite-tourmaline assemblage, evidence of albitization and
gresenization and a larger amount of quartz veins. The southwestern part is thus interpreted as the
feeding zone of the intrusion whereas the northwestern part corresponds to its apical zone. The
granite samples display continuous compositional evolutions in the range 69.8 - 75.3 wt.% Si02. High
initial 87Sr/86Sr ratios and low BINd(T) values suggest that the peraluminous Guérande granite
(A/CNK > 1.1) was formed by partial melting of metasedimentary formations. Magmatic evolution was
controlled primarily by fractional crystallization of K-feldspar, biotite and plagioclase (An20). The
samples from the apical zone show evidence of secondary muscovitization. They are also characterized
by a high content in incompatible elements such as Cs and Sn, as well as low Nb/Ta and K/Rb ratios.
The apical zone of the Guérande granite underwent a pervasive hydrothermal alteration during or
soon after its emplacement. U-Th-Pb dating on zircon and monazite revealed that the Guérande granite
was emplaced 309.7 * 1.3 Ma ago and that a late magmatic activity synchronous with hydrothermal
circulation occurred at ca. 303 Ma. These new structural, petrological and geochronological data
presented for the Guérande leucogranite highlight the interplay between the emplacement in an
extensional tectonic regime, magmatic differenciation and hydrothermal alteration, and provide a
general background for the understanding of the processes controlling some mineralization in the
western European Hercynian belt.
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Abstract

The Guérande peraluminous leucogranite was emplaced at the end of the Carboniferous in the
southern part of the Armorican Massif. At the scale of the intrusion, this granite displays structural
heterogeneities with a weak deformation in the southwestern part, whereas the northwestern part is
marked by the occurrence of S/C and mylonitic extensional fabrics. Quartz veins and pegmatite dykes
orientations as well as lineations directions in the granite and its country rocks demonstrate both E-W
and N-S stretching. Therefore, during its emplacement in a extensionnal tectonic regime, the
syntectonic Guérande granite has probably experienced some partitioning of the deformation. The
southwestern part is characterized by a muscovite-biotite assemblage, the presence of restites and
migmatitic enclaves, a low abundance of quartz veins compared to pegmatite dykes. In contrast, the
northwestern part is characterized by a muscovite-tourmaline assemblage, evidence of albitization and

gresenization and a larger amount of quartz veins. The southwestern part is thus interpreted as the
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feeding zone of the intrusion whereas the northwestern part corresponds to its apical zone. The granite
samples display continuous compositional evolutions in the range 69.8 — 75.3 wt.% SiO,. High initial
875r/%sr ratios and low eyg(T) values suggest that the peraluminous Guérande granite (A/CNK > 1.1) was
formed by partial melting of metasedimentary formations. Magmatic evolution was controlled primarily
by fractional crystallization of K-feldspar, biotite and plagioclase (An20). The samples from the apical
zone show evidence of secondary muscovitization. They are also characterized by a high content in
incompatible elements such as Cs and Sn, as well as low Nb/Ta and K/Rb ratios. The apical zone of the
Guérande granite underwent a pervasive hydrothermal alteration during or soon after its emplacement.
U-Th-Pb dating on zircon and monazite revealed that the Guérande granite was emplaced 309.7 + 1.3
Ma ago and that a late magmatic activity synchronous with hydrothermal circulation occurred at ca. 303
Ma. These new structural, petrological and geochronological data presented for the Guérande
leucogranite highlight the interplay between the emplacement in an extensional tectonic regime,
magmatic differenciation and hydrothermal alteration, and provide a general background for the

understanding of the processes controlling some mineralization in the western European Hercynian belt.

1. Introduction

Peraluminous leucogranites are widespread throughout orogenic belts especially those associated
with continental collision (Barbarin, 1999). They formed mostly by partial melting of metasedimentary
rocks buried at low crustal depths (Lefort et al., 1987; Puziewicz and Johannes, 1988; Patifio Douce and
Johnston, 1991; Patifio Douce, 1999), while their exhumation within the crust is generally favored by
crustal-scale faults or shear zones (Hutton, 1988; D’lemos et al., 1992; Collins and Sawyer, 1996; Searle,
1999). Peraluminous leucogranite can display geochemical heterogeneities from the sample scale to
that of the magmatic chamber. These variations can reflect several processes such as progressive partial
melting, partial melting of heterogeneous metasedimentary sources (Deniel et al., 1987; Brown and
Pressley, 1999), variable degree of entrainment of peritectic assemblages (Stevens et al., 2007; Clemens

and Stevens, 2012), entrainment of unmelted restite (Chappell et al., 1987), magma mixing (Staby and
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Martin, 2008), wall rock assimilation (Ugidos and Recio, 1993) and fractional crystallization (e.g. Tartése
and Boulvais, 2010).

During the magma ascent and its final crystallization at the emplacement site, magmatic fluids may
exsolve from the melt and give rise to numerous pegmatite and quartz veins. Alteration induced by the
pervasive circulation of fluids in the late stage of the leucogranites evolution can induce consequent
element mobility (Dostal and Chatterjee, 1995; Forster et al., 1999; Tartese and Boulvais, 2010).

In the Hercynian belt, peraluminous leucogranites are mostly Carboniferous in age (Bernard-Griffiths
et al., 1985; Lagarde et al., 1992). They are present throughout the belt in the Bohemian Massif (Forster
et al., 1999), in Cornwall (Willis-Richards and Jackson, 1989; Chen et al., 1993), in the lberian Massif
(Capdevila et al., 1973) as well as in the French Armorican and Central Massifs (Lameyre et al., 1980; La
Roche et al., 1980; Bernard-Griffiths et al., 1985, Tartese et al., 20113, b).

In the Armorican Massif, the peraluminous leucogranites are syntectonic (Cogné, 1966; Jégouzo,
1980) and mostly located in its southern part. They are closely associated with either strike-slip
litospheric shear zones, the so-called “South Armorican Shear Zone” (Berthé et al., 1979; Strong and
Hanmer, 1981; Tartése and Boulvais, 2010), or with extensional shear zones (Gapais, et al.,, 1993;
Turrillot et al., 2009).

The Guérande granite is one of the leucogranites emplaced in an extensional deformation zone
during the Carboniferous synconvergence extension of the internal zone of the Hercynian belt (Gapais et
al, 1993). The Guérande granite offers a unique opportunity to characterize the internal differentiation
of a granitic pluton, and to study the relationships between crustal magmatism and (i) regional tectonics
and (ii) fluid driven alteration, in the heart of the Hercynian belt. The purpose of this paper is therefore
to address these different issues, based on new field descriptions and new petrological, geochemical
and geochronological data. These data are the first obtained for this strategic intrusion over the last

thirty years (Bouchez et al., 1981; Ouddou, 1984).

2. Geological setting

2.1. The South Armorican Massif
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The southern part of the Armorican Massif (Fig. 1) belongs to the internal zone of the Hercynian
orogenic belt of Western Europe. It is bounded to the north by the South Armorican Shear Zone (SASZ),
a lithospheric dextral strike-slip shear zone divided into two branches (Gumiaux et al., 2004). From top
to bottom, three main tectono-metamorphic units can be structurally distinguished in the South
Armorican domain (Fig. 1):

- High Pressure-Low Temperature units, represented at the top of the pile by the blueschist klippes
of the Groix island and the Bois-de-Cené (1.4-1.8 GPa, 500-550°C, Bosse et al., 2002) and at the
bottom by the Vendée Porphyroid Nappe made of metamorphosed metavolcanics and black
shales (0.8 GPa, 350-400°C; Le Hébel et al., 2002). Ductile deformations, metamorphism and
exhumation of these units relate to early tectonic events, around 360 Ma (Bosse et al., 2005)

- Intermediate units mostly made of micaschists affected by a Barrovian metamorphism from
greenschist to amphibolite facies conditions (Bossiere, 1988; Triboulet and Audren, 1988;
Goujou, 1992)

- Lower units constituted by high grade metamorphic rocks comprising gneiss, granitoids and
abundant migmatites related to metamorphism with PT condition of 0.8 GPa, 700-750°C (Jones
and Brown, 1990).

The Barrovian metamorphism developed during crustal thickening and was followed by a major
extensional shearing event that occurred during Upper Carboniferous, around 310 Ma (Gapais et al., in
press; Gapais, et al., 1993; Burg et al., 1994; Cagnard et al., 2004). Crustal extension was accompanied
by the exhumation and the rapid cooling of migmatites (about 40°C per Ma; Jones and Brown, 1990;
Gapais et al., 1993). At a regional scale, the structural patterns can be described as lower crustal,
migmatite-bearing, extensional domes, covered by micaschist units and overlying HP-LT units that
belonged to the upper brittle crust during the Upper Carboniferous extension.

Several leucogranites (Quiberon, Sarzeau, Guérande) are intrusive within the micaschists, above
migmatite bearing units and below the contact with the porphyroids (Fig. 1 and Fig. 2). On the basis of

structural features and geochronological works, it has been argued that these granites were emplaced
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during the Upper Carboniferous extension (Gapais et al., 1993; Gapais et al., in press; Le Hébel, 2002;
Turrillot et al., 2009).

Several leucogranite intrusions occur also along the SASZ (Berthé et al., 1979) and present S/C
structures which indicate syn-cooling shearing (Gapais, 1989). Among them, the Questembert and Lizio
granites (Fig. 1), that have been dated at 316 + 3 Ma (Tartése et al., 2011b) and 316 + 6 Ma (Tartese et
al., 2011a) respectively, were formed by the partial melting of Upper Proterozoic metasediments, and
shared a similar magmatic history, marked by the fractionation of feldspar and biotite together with the
zircon and monazite grains included in biotite (Tartése and Boulvais, 2010).

Some giant quartz veins are also located along the SASZ, in a network of regionally distributed
vertical fractures oriented N160°. Isotopic and fluid inclusions studies suggest that the fluids involved
originated both from the exhuming lower crust and downward meteoric circulation (Lemarchand et al.,
2012). These authors interpreted these veins as giant tension gashes and proposed that these veins
attest for crustal-scale fluid circulation during the exhumation of the lower crust and the concomitant

regional strike-slip deformation.

2.2. Previous studies on the Guérande granite

The Guérande leucogranite (Fig. 2 and Fig. 3), a ca. 1 kilometer thick 3-D blade shaped structure
dipping slightly northward (Vigneresse, 1983; Bouchez et al., 1981), was emplaced along an extensional
deformation zone (Gapais et al., 1993). To the north, the granite presents an abrupt contact with
micaschists and metavolcanics that recorded a contact metamorphism as demonstrated by the presence
of staurolite and garnet (Valois, 1975). To the southwest, the contact is different and presents a
progressive evolution with the Saint-Nazaire migmatites, which may represent the source of the
Guérande granite (Bouchez et al., 1981). Several enclaves of micaschists occur within the granite and a
“kilometer-size” body of isotropic subfacies crosscuts its southwestern edge (Fig. 2 and Fig. 3). Within
the granite, the foliations are generally weakly expressed and basically of magmatic type. They dip
generally 20-30° northward and bear weak dip-slip mineral lineations (Fig. 2). The southwestern part of

the intrusion is also characterized by magmatic- or migmatitic—like foliations and mineral lineations. In
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contrast, S/C fabrics affect its northern edge (Bouchez et al., 1981). The occurrences of migmatites to
the south, below the intrusion, and of micaschists to the north above it, underline that the
southwestern part corresponds to the base of the granite and the northwestern part to its roof
(Bouchez et al., 1981). By shearing, the top-to-the-north extensional deformation zone (Fig. 2 and Fig. 3)
likely induced translation of the upper part of the granitic body. As a consequence, both the root zone in
the southwestern part and the apical zone in the northwestern part are exposed to the surface today.
The general shape of the intrusion as it appears today (thin laccolith intrusion with a large horizontal
extension) likely relates to this peculiar tectonic context at the time of emplacement.

A fluid-inclusions study performed on quartz veins occurring near the roof of the Guérande granite
reveals that it was probably emplaced at shallow depth (around 3 km; Le Hébel et al.,, 2007). An
extensional graben (the so-called “Piriac synform”; Valois, 1975), where rocks from the HP-LT upper unit
(Vendée porphyroid unit) crop out (Fig. 3), affects the northwestern part of the granite. Valois (1975)
and Cathelineau(1981) interpreted this structure as the result of roof collapse of the intrusion.

Although its age is not well constrained yet, the Guérande granite was emplaced during the Upper
Carboniferous: muscovite “°Ar/*°Ar data yielded dates of 307 + 0.3 Ma for an undeformed sample that
could be interpreted as a cooling age and 304 + 0.6 Ma for a mylonitized sample which could represent
the age of the deformation (Le Hébel, 2002). Le Hébel (2002) also reported “°Ar/*°Ar dates of 303.3 + 0.5
Ma obtained on muscovite grains from a quartz vein intrusive within the Guérande granite and 303.6 +

0.5 Ma for a sheared granite sample.

3. Field description and sampling

Since the Guérande granite is largely covered by salt marsh (Fig. 2), it crops out only in a few inland
quarries and along the coastline. Overall, these coastal outcrops are of good quality and are therefore
suitable for establishing cross sections from the southwestern to the northwestern parts of the

intrusion.

3.1. Petrographic zonation within the Guérande granite
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At the scale of the intrusion, the Guérande granite displays petrographic heterogeneities with
variable proportions of muscovite, biotite and tourmaline (Fig. 2). The southwestern part of the pluton is
characterized by a muscovite-biotite assemblage (Fig. 4a) whereas the northwestern part is
characterized by a muscovite-tourmaline assemblage (Fig. 4b). Moreover, numerous meter-size zones of
isotropic granite (I granite in Fig. 4c), as well as enclaves of restites and migmatites are present in the
southwestern part of the granite, whereas greisens and albitized rocks occur in the northwestern part
(Fig. 2). These observations, together with the fact that the foliation dips northward, are consistent with
the zonation of the pluton, the southwestern part corresponding to the feeding zone of the granite
whereas the northwestern part corresponds to the apical zone which typically concentrates the
hydrothermal activity.

3.2. Structures and dykes

The central and southwestern parts of the intrusion display magmatic and roughly defined foliations
(Fig. 4a and d) whereas S/C structures and mylonites (Fig. 4e) occur along the northern edge. This strain
localization, responsible for the development of solid state fabrics, occurred to the north, at the roof of
the pluton, in association with the extensional deformation zone which caps the Guérande granite (Fig.
2 and Fig. 3).

In the granite, the lineation dips generally northward but a significant scattering exists (Fig. 2). To
the northwest, at the roof of the granite, dip-slip type lineations (Fig. 5a) associated with top to the
north S/C fabrics occur. However, the adjacent country-rocks show evidence of E-W stretching, with
outcrop-scale tilted blocks and rocks affected by a contact metamorphism bearing E-W elongated
patches of retrogressed cordierite (Fig. 5b).

Many pegmatitic dykes (Fig. 4c) together with a few aplitic dykes and quartz veins (Fig. 4f) crosscut
the Guérande granite. To the north-west, pegmatites are biotite-free and contain muscovite +
tourmaline whereas, to the south-west, the pegmatites are biotite-bearing. These differences in the
pegmatite compositions mimic the petrographic heterogeneities previously described for the pluton
(i.e., biotite is absent to the north-west and present to the south-west while tourmaline appears only in

the northwestern part of the intrusion). Figure 5 shows the strike directions for 180 of these dykes and

7
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veins in three different locations. In the northernmost area (Piriac) located close to the roof of the
intrusion and associated, in part, with the mylonitized granite (Fig. 4e), the pegmatites contain a Qtz-
Fsp-Ms assemblage. Quartz veins are less present than pegmatites (Fig. 5c). The strike of the dykes and
veins in this zone is mostly oriented N110°-N140° and is nearly perpendicular to the strike of the
lineation recorded in the granite. Further to the south, close to La Turballe, pegmatitic dykes contain a
Qtz-Fsp-MszTurm assemblage. The proportion of pegmatite dykes over quartz veins (Fig. 5d) is
comparable to that in Piriac. In this area, dykes are mainly oriented N160°-N170° and are slightly oblique
to the strike of the lineation in the granite. In the southernmost area (Le Croisic), pegmatite dykes
contain a Qtz-Fsp-MsBt assemblage and appear in a greater proportion than quartz veins (Fig. 5e).
Dykes in this zone strike dominantly NOO0°-N020°, i.e. roughly parallel to the strike of the lineation in
the granite. In most parts of the intrusion, the dykes and veins record an E-W stretching, which is
different from that recorded by the granite itself, although a significant scattering of the lineations is

observed (Fig. 2).

3.3. Sampling and samples

A sampling strategy was developed in order to take into account the petrographic variability
observed in the field at the scale of the intrusion. For this purpose, we targeted all the inland ancient
quarries in addition to the outcrops available along the coast. A total of 21 samples were collected.

All the samples contain a Qtz-Kfs-PI-Ms assemblage (Fig. 6a) with a variable amount of Bt and Turm.
Quartz is normally anhedral, commonly forms polycrystalline cluster (Fig. 6b) and some grains show
undulose extinction characteristic of intracrystalline deformation. The alkali feldspar is generally
anhedral and some grains display Carlsbad twining and rare string-shaped sodic perthitic exsolutions.
The plagioclase is anhedral to sub-euhedral, shows polysynthetic twinning and can be associated with
myrmekites. Muscovite is generally euhedral, flake shaped and occur also with a fish-like habit (Ms I in
Fig. 6¢). Fine-grained secondary muscovite can be abundant in some facies. It developed as sericite
inclusion in feldspar, as small grains around coarse primary muscovite or within foliation planes (Ms Il in

Fig. 6¢). Biotite is brown, sub-euhedral to euhedral and commonly appears as intergrowth within

8
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muscovite flakes (Fig. 6b). Biotite hosts most of the accessory minerals such as apatite, Fe-Ti oxide,
zircon and monazite (Fig. 6a).

The 21 samples have been divided into five different groups, based on their respective petrographic
characteristics (see Table 1, and sample location on Fig. 2):

(1) The root facies (southern part of the intrusion) is heterogeneous and includes facies marked by

a roughly defined foliation (Fig. 4a and d) and zones of fine- to medium-grained isotropic
granites (0.5 — 3 mm; Fig. 4c). In the root facies, muscovite is normally more abundant than
biotite and this facies contains numerous accessory minerals (Fe-Ti oxide, apatite, zircon and

monazite) (Fig. 6a). Small garnet grains occur in sample GUE-17 (Table 1).

(2) The Ms-Bt coarse- to medium-grained granite (3-5 mm) represents the most common facies in

the intrusion. The muscovite is commonly coarse (> 1 mm) and is more abundant than biotite

(<1 mm, Fig. 6b). Fine secondary muscovite (< 1 mm) is rarely observed inside the foliation.

(3) The Ms-Turm coarse- to medium-grained granite (3-5 mm) occurs only in the northwestern part

of the intrusion (apex, Fig. 2). Tourmaline (<5%) is normally several millimeters long, green
brown in color, presents coarse cracks and hosts inclusions of quartz and feldspar. Fine
secondary muscovite (<1mm) is abundant in this facies (Fig. 6¢) where it occurs inside foliation
planes or around coarse primary muscovite flakes (>1mm). Biotite is rare and generally appears

as inclusions inside primary muscovite crystals (Fig. 6c).

(4) The Ms-Bt fine-grained granite (0.5-2 mm) occurs mainly near La Turballe and in the

northeastern extremity of the intrusion. Ouddou (1984) has reported some occurrences of this
facies in the eastern and the southwestern parts. Bouchez et al (1981) interpreted this facies as
kilometer thick dykes (Fig. 3), but the existence of mingling features at the contact between this
fine-grained facies and the coarse- to medium-grained granites suggests that they are
contemporaneous (Ouddou, 1984). In this granite, perthitic orthoclase is common and

muscovite is more abundant than biotite. This facies contains numerous monazite grains.
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(5) Granitic meter-thick dykes have been sampled in different locations within the intrusion. They
normally show similar mineralogical and textural features, and commonly display an aplitic

texture (Table 1).

Chloritization, albitization and greisenization occur at different locations in the Guérande intrusion
(Table 1 and Fig. 2). Chloritization of biotite is visible at the microscopic scale and is localized to the
northern central part of the granite (Fig. 2). The chlorite commonly hosts small (< 50 um) highly
pleochroic anhedral grains, likely anatase. Albitization is linked to shear zones and results in a greater
proportion of albite relative to quartz and micas; it may be discrete (sample GUE 2) or more intense
(sample GUE 19a). Garnet is present in the albitized sample GUE-19a (Table 1). Meter-scale
greisenization occurs and both albitization and greisenization are restricted to the northwestern part of

the Guérande granite (Fig. 2).

4. Analytical techniques
4.1. Mineral compositions
Mineral compositions were measured using a Cameca SX-100 electron microprobe at IFREMER,
Plouzané, France. Operating conditions were a 15 kV acceleration voltage, a beam current of 20 nA and
a beam diameter of 5 um. Counting times were approximately 13-14 s. For a complete description of
the analytical procedure and the list of the standards used, see Pitra et al. (2008).
4.2. Major and trace-elements analyses
Large samples (5 to 10 kg) were crushed following a standard protocol to obtain adequate powder
fractions using agate mortars. Chemical analyses were performed by the Service d’Analyse des Roches
et des Minéraux (SARM; CRPG-CNRS, Nancy, France) using a ICP-AES for major-elements and a ICP-MS
for trace-elements following the techniques described in Carignan et al. (2001)
4.3. Isotopic analyses
Sm-Nd and Sr isotopic values were determined on whole-rock samples. All the analyses were

carried out at the Géosciences Rennes Laboratory using a 7 collectors Finnigan MAT-262 mass

10



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

201

292

293

294

295

296

196 m-1"Nd and #*sr mixed solution and dissolved in a HF-

spectrometer. Samples were spiked with a
HNO; mixture. They were then dried and taken up with concentrated HCI. In each analytical session, the
unknowns were analyzed together with the Ames Nd-1 Nd or the NBS-987 Sr standards, which during
the course of this study yielded an average of 0.511956 (+ 5) and 0.710275 (+ 10) respectively. All the
analyses of the unknowns have been adjusted to the long-term value of ***Nd/***Nd value of 0.511963
for Ames Nd-1 and reported 87Sr/%8sr values were normalized to the reference value of 0.710250 for
NBS-987. Mass fractionation was monitored and corrected using the value 15Nd/MNd = 0.7219 and
8gr/%sr = 8.3752. Procedural blanks analyses yielded values of 400 pg for Sr and 50 pg for Nd and are
therefore considered to be negligible.
4.4. U-Th-Pb analyses

A classic mineral separation procedure has been applied to concentrate minerals suitable for U-Th-
Pb dating using the facilities available at Géosciences Rennes. Rocks were crushed and only the powder
fraction with a diameter < 250 um has been kept. Heavy minerals were successively concentrated by
Wilfley table and heavy liquids. Magnetic minerals were then removed with an isodynamic Frantz
separator. Zircon and monazite grains were carefully handpicked under a binocular microscope and
embedded in epoxy mounts. The grains were then hand-grounded and polished on a lap wheel with a 6
pm and 1 um diamond suspension successively. Zircon grains were imaged by cathodoluminescence (CL)
using a Reliotron CL system equipped with a digital color camera available in Géosciences Rennes,
whereas monazite grains were imaged using the electron microprobe facility in IFREMER, Brest.

U-Th-Pb geochronology of zircon and monazite was conducted by in-situ laser ablation inductively
coupled plasma mass spectrometry (LA-ICPMS) at Géosciences Rennes using a ESI NWR193UC excimer
laser coupled to a quadripole Agilent 7700x ICP-MS equipped with a dual pumping system to enhance
sensitivity. The instrumental conditions are reported in Table 2.

The ablated material was carried into helium, and then mixed with nitrogen and argon, before
injection into the plasma source. The alighment of the instrument and mass calibration was performed

before each analytical session using the NIST SRM 612 reference glass, by inspecting the 2%

U signal and
by minimizing the ThO*/Th* ratio (<0.5%). During the course of an analysis, the signals of ***(Pb+Hg),
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206pp, 207ppy 298ph and 228y masses were acquired. The occurrence of common Pb in the sample can be

204

monitored by the evolution of the “"(Pb+Hg) signal intensity, but no common Pb correction was applied

235 238

owing to the large isobaric interference with Hg. The U signal is calculated from U on the basis of
the ratio 8U/**°U=137.88. Single analyses consisted of 20 s of background integration, followed by a 60
s integration with the laser firing and then a 10 s delay to wash out the previous sample. Ablation spot
diameters of 26-44 um and 20 um with repetition rates of 3-5 Hz and 1-2 Hz were used for zircon and
monazite, respectively. Data were corrected for U-Pb and Th—Pb fractionation and for the mass bias by
standard bracketing with repeated measurements of the GJ-1 zircon (Jackson et al., 2004) or the Moacir
monazite standards (Gasquet et al., 2010). Repeated analyses of 91500 (1061 * 3 Ma (n=20);
(Wiedenbeck et al., 1995) or Manangoutry monazite (554 + 3 Ma (n=20); Paquette and Tiepolo, 2007)
standards treated as unknowns were used to control the reproducibility and accuracy of the corrections.
Data reduction was carried out with the GLITTER® software package developed by the Macquarie
Research Ltd. (Jackson et al., 2004). Concordia ages and diagrams were generated using Isoplot/Ex
(Ludwig, 2001). All errors given in Supplementary Table 1 and 2 are listed at one sigma, but where data
are combined for regression analysis or to calculate weighted means, the final results are provided with
95% confidence limits.
5. Mineralogical composition

Five samples from the Guérande granite representative of the different petrographic varieties have

been selected for chemical analyses on feldspar, biotite and muscovite. These are two Ms-Bt coarse- to

medium-grained granite (GUE-3 and GUE-8), one Ms-Turm coarse- to medium-grained granite (GUE-1),

one Ms-Bt fine-grained granite (GUE-4) and one granitic dyke (GUE-5).

5.1. Feldspar and biotite (Supplementary Table 3)
Plagioclase chemical compositions display a well-defined trend in the Ab-An-Or ternary diagram (Fig.
7a). The plagioclase calcium contents decrease from the Ms-Bt fine-grained granite (GUE-4; An = 0.09)

to the Ms-Turm coarse- to medium-grained granite (GUE-1; An = 0.02), whereas the Ms-Bt coarse- to
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medium-grained granites and the dyke display intermediate contents (An = 0.07-0.05). In alkali feldspar,

the potassium content is merely constant (Or = 0.90 - 0.93) irrespective of the petrographic facies.
Biotite displays typical chemical composition for peraluminous granites with an elevated content in

Al (Alyor>3.5 pfu; Nachit et al., 1985) and Xy = 0.27 - 0.28. GUE-3 displays a lower Mg content (Xyg =

0.22).

5.2. Muscovite (Supplementary Table 4)

Muscovite grains in the Ms-Bt fine-grained granite (GUE-4) and the granitic dyke (GUE-5) fall in the
primary muscovite field defined by Miller et al. (1981) and display homogenous Mg content (Fig. 7b).
The Mg content of the muscovite grains increases in the other samples and the secondary affinity of
muscovite tends to increase from the Ms-Bt coarse- to medium-grained granites (GUE-3 and 8) to the
Ms-Turm coarse- to medium-grained granite (GUE-1, Fig. 7b). In these samples, several grains of coarse
muscovite display heterogeneous Mg contents: the cores are poorer in Mg and belong to the primary
muscovite field whereas their rims are richer in Mg and fall in the secondary muscovite field (Fig. 7b).
Regarding the small muscovite grains present in the foliation (labeled Msll in Figure 6c), they all plot in

the secondary field.

6. Whole-rock geochemistry
6.1. Major elements (Table 3)

The chemical diagram of Hughes (1973) is useful to identify magmatic rocks that have undergone
metasomatism, which may be responsible for the loss of their initial igneous composition. In this
diagram (Fig. 8a), three samples fall outside or at the limit of the field for igneous rocks. These are the
two samples from the aplite dyke GUE-19a and GUE-19b and a Ms-Turm coarse- to medium-grained
granite (sample GUE-21). The chemical mineralogical Q-P diagram (Debon and Le Fort, 1988) is suitable
to evidence the mineralogical changes linked to chemical composition modification in igneous rocks
because it is sensitive to the proportion of quartz (Q parameter) and to the proportion of alkali feldspar

relative to plagioclase (P parameter). In this diagram (Fig. 8b), samples GUE-19a and GUE-19b display a
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trend characteristic of an albitic alteration where albitization and dequartzification are associated with
the neoformation of albite. Samples GUE-2 and 20 display weak albitization. Sample GUE-21 displays
dequartzification associated with the neoformation of alkali feldspar. These results are consistent with
field and petrographic descriptions, which indicate that albitization affected samples GUE-19 and GUE-2
whereas greisens occur in the vicinity of sample GUE-21 (Fig. 2 and Table 1). According to the Hughes
and Q-P diagrams (Fig. 8a and b), the Guérande granite samples can be divided into two groups: the
unaltered samples, which display igneous compositions and the altered samples GUE-19 and GUE-21
that show evidence of hydrothermal alteration.

Similarly to some neighboring granites such as the Questembert and Lizio leucogranites (Tartése and
Boulvais, 2010), all the unaltered samples from the Guérande granite display a peraluminous affinity in
the A/NK vs A/CNK diagram(A/CNK values ranging from 1.11 to 1.29; Fig. 8c and Table 3). However, the
altered sample GUE-19a shows A/CNK and A/NK values close to 1, which is typical for an albitized
granite (Boulvais et al., 2007) and reflects the disappearance of muscovite during albitization.

As shown in Figure 9a, unaltered samples display high SiO, contents ranging from 71.6 wt.% (GUE-
15) to 75.3 wt.% (GUE-20). The altered sample GUE-21 yields a low SiO, content of 69.8 wt.% whereas
albitized samples show high SiO, contents of 73.5 to 74.4 wt.%. Most of the major elements for the
unaltered samples display well defined evolution trends with increasing SiO,, i.e., decreasing K,0, CaO
and Fe,03;+Mg0+TiO, contents whereas Na,O content increases. Conversely, the altered samples rarely
follow these trends (Fig. 9a).

6.2. Trace-elements (Table 3)

Whereas some incompatible trace-elements such as Rb, Cs, W, U or Sn are not correlated with SiO,,
several other trace-elements from the unaltered samples display well-defined evolution trends and
show large variations against SiO,. Sr and Ba mimic the trends defined by K,0, CaO and Fe,0;+MgO+TiO,
(Fig. 9a). Zr, Th and La are also inversely correlated with SiO, and they decrease respectively from 81 to
13 ppm, 9.2 to 0.3 ppm and 19.1 to 1.3 ppm (Fig. 9a). Zr correlates well with Fe,03+TiO,+MgO while a
very good correlation exists between Zr, Th and La (Fig. 9b). Among altered samples, GUE-21 does not

follow the general trend provided by the unaltered samples in the Harker diagrams reported in function
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of SiO, (Fig. 9a). Nevertheless, sample GUE-21 is indistinguishable from unaltered samples in the
diagrams involving Zr, La and Th (Fig. 9b). Samples GUE-19a and GUE-19b plot at the lower extremity of
these trends (Fig. 9b). GUE-19a, 19b and 20 are highly enriched in Be when compared to the other
samples (Be>120ppm).

The REE patterns obtained on the unaltered samples are somewhat variable (Fig. 10), show high
fractionation ((La/Lu)y =10.8-28) and display either positive or negative Eu anomalies (Eu/Eu*=0.7-1.2),
the largest positive anomaly being recorded in the dyke sample GUE-5. These patterns are similar to
those obtained for the other Armorican Massif leucogranites (Bernard-Griffiths et al., 1985; Tartese and
Boulvais, 2010). The aplite dyke GUE-20 is remarkable because of its large depletion in REE. Concerning
the altered samples, GUE-19a and GUE-19b show REE patterns similar to the ones from the aplite dyke
GUE-20. Sample GUE-21 displays a REE spectrum comparable with the other unaltered samples
suggesting that the REE distribution in this sample was not affected during fluid-rock interaction.

The evolution of some of the geochemical tracers sensitive to the interaction with fluids is reported
in Figure 11a with respect to the distance to the northwestern edge of the Guérande granite, identified
as the apical zone of the intrusion. In the apical zone, the Cs and Sn contents increase by about one
order of magnitude, from around 10 ppm to 100 ppm for both elements. This behavior is similar for Rb,
which increases from 200 to 450 ppm. Also, samples from the Guérande granite display fractionation of
the Nb/Ta ratios from about 6-8 down to about 2-4 in the apical zone, similarly to the hydrothermal
alteration trends identified in the nearby Questembert granite (Tartése and Boulvais, 2010). Taking the
Cs content as a qualitative tracer for an increasing fluid-rock alteration (e.g. Forster et al., 1999; Fig.
11b), the Sn contents show a very well correlated evolution, whereas the Nb/Ta ratios are rather anti-
correlated with the Cs contents. Both trends are defined by the unaltered and altered samples.

7. Radiogenic isotopes: Rb-Sr and Sm-Nd.

Sr and Sm-Nd isotope analyses for some of the samples from the Guérande granite are reported in
Table 4 and Figure 12. Initial #’Sr/®Sr (Is,) and eNd(T) values have been recalculated for an age of 310 Ma
(see part 8). s, values are high and vary from 0.7148 to 0.7197 while eNd(T) varies from -7.8 to -9.0. Tpym

values are old and vary from 1642 to 1736 Ma. In the eNd(T) vs I, diagram (Fig. 12), a regional trend is
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defined by the Rostrenen, Pontivy, Lizio, Questembert and Guérande peraluminous granites: eNd(T)
values decrease while [, increases. This evolution may indicate an increase of crustal recycling going
southward in the southern part of the Armorican Massif as already noticed by Bernard-Griffiths et al.
(1985).

8. Geochronology

Sample GUE-3, a Ms-Bt coarse- to medium-grained granite collected in the northwestern part of the
intrusion (Fig. 2), provided both zircon and monazite grains. Thirty-six analyses were carried out on
nineteen zircon grains (Supplementary Table 1). The zircon population is characterized by translucent
colorless euhedral to sub-euhedral grains. Cathodoluminescence imaging reveals the presence of
inherited cores surrounded by zoned rims for most of the grains (Fig. 13a). They plot in a concordant to
discordant position (Fig. 14a) and yield *’Pb/***Pb dates ranging from 2604 + 18 Ma down to 307 + 27
Ma. A group of nine concordant to sub-concordant analyses allow to calculate a mean **Pb/**®U date of
309 + 2.6 Ma (MSWD=1.0). The remaining 5 data (dashed line on Fig. 14a) plot in a sub-concordant to
discordant position and can be best explained by the presence of initial common Pb together with a
complex Pb loss.

In addition, sixteen monazite grains have also been analyzed (Supplementary Table 2). In a
2%pp /238y vs. 2°®Pb/***Th concordia diagram, they plot in a concordant to sub-concordant position. All
sixteen analyses yield a mean *®Pb/?®U date of 311.3 + 2.2 Ma (MSWD=0.5) and the fifteen most
concordant analyses allow to calculate an equivalent (within error) concordia date of 309.4 + 1.9 Ma
(MSWD=1.08).

Within the same facies (ie. Ms-Bt coarse- to medium-grained granite), a large zircon grain from
sample GUE-8 was analyzed. It displays well-defined magmatic zoning without any evidence of inherited
core (Fig. 13b). Eight analyses were performed and allow to calculate a poorly constrained concordia
date of 309.3 + 6.1 Ma (MSWD=2.4) for the 6 most concordant points (not shown in this paper).

Zircon and monazite grains were also extracted from a third sample, GUE-4, a Ms-Bt fine grain
granite collected within the La Turballe quarry (Fig. 2). All the zircon grains were characterized by the

presence of cores and rims. Unfortunately, all the analyses performed on the zircon rims were
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perturbated by a large amount of common Pb together with variable degrees of Pb loss. Furthermore
these zircon grains yielded uranium contents up to 20,000 ppm. Therefore, no ages could be calculated
from these zircon grains.

Forty-one analyses were carried out on twelve monazite grains. The monazite grains are rather large
(up to 300 micrometer), euhedral, and characterized by a Th distribution from heterogeneous (patchy)
to zoned (Fig. 13c) with a systematic Th enrichment around the edges of the grains. Independently from
where the spot analyses were located, all the acquired data are consistent and plot in a concordant to
sub-concordant position in a 2°°Pb/>®*U vs. *®Pb/?’Th concordia diagram (Fig. 14c). Thirty-two
concordant analyses allow to calculate a concordia date of 309.7 £+ 1.3 Ma (MSWD=0.81) which is
equivalent within error with a mean **Pb/***U date of 310.9 + 1.6 Ma (n=41; MSWD=1.3).

Finally, sample GUE-5 corresponds to a dyke intrusive into GUE-4. It provided abundant zircon and
monazite grains. Here again, all the zircon grains display cores and rims and all of them but one were
common-Pb rich and affected by variable degree of Pb loss. The only zircon that was not common-Pb
rich (Fig. 13d) yields a concordia date of 299.6 + 5.4 Ma (MSWD =0.49) for the two analyses performed
in the rim.

Twenty-three analyses out of sixteen monazite grains were realized. They all plot in a concordant to
sub-concordant position in a 2*°Pb/*®U vs. 2®Pb/***Th concordia diagram (Fig. 14d). The eighteen most
concordant points yield a concordia date of 302.5 + 1.6 Ma (MSWD=0.86), equivalent within error with a
mean 2°°Pb/***U date of 303.7 + 1.7 Ma (MSWD=0.9) computed for all the analyses. These dates of 302.5
+ 1.6 Ma and 303.7 + 1.7 Ma are equivalent within error with the Concordia date of 299.6 + 5.4 Ma

obtained on the rim of the zircon grain.

9. Discussion
9.1. Tectonic evolution
The Guérande granite and its country rock record puzzling kinematic patterns which suggest a

particular deformation regime at the time of the granite emplacement.
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First, to the northwest, S/C granites bear dip-slip type N-S lineation whereas in the country rock,
elongated patch of contact metamorphism minerals indicate an E-W stretching direction (Fig. 5).
Second, the main emplacement directions of the pegmatite dykes and quartz veins intrusive into the
Guérande granite indicate either NE-SW or E-W stretching direction depending on the area (Fig. 5). To
the northwest extremity, veins strike mostly NW-SE and their emplacement is compatible with the main
strike of the lineation recorded in the granite (i.e. N=S to NE-SW). In contrast, to the southwest, veins
strike mostly N-S and record an E-W stretching direction incompatible with the strike of the lineation in
the granite (i.e. N-S).

From the local occurrence of S/C fabrics and contact metamorphism indicators attesting for
potentially coeval N-S and E-W motions, we must consider the possibility that extension in the area
resulted in subhorizontal flattening strains, with local partitioning of dominant extension directions. At a
more regional scale, Gapais et al. (1993) showed that the extension direction was variable to the north
of the Guérande area, from E-W to N-S, according to the local orientation of the foliation, the stretching
lineations associated with the extension tending to show dominant dip-slip attitudes. Field evidences do
not support successive deformation events for these variable local kinematics. As a consequence, the
emplacement of pegmatite dykes and quartz veins, either from the southwest area which recorded E-W
stretching or from the northwest area which in contrast recorded NE-SW stretching, could be
synchronous and linked to the same deformation event.

It has been previously argued that extension in south Brittany was coeval with the dextral wrenching
along the South Armorican Shear Zone (Gumiaux et al., 2004). A combination of regional EW extension
and WNW-SSE strike-slip shearing might have contributed to the observed local scattering of extension
directions (Gapais et al., in press). Another additional working hypothesis could be a tendency of the
brittle upper crust to record chocolate-tablet type strains (Ramsay and Huber, 1983) induced by a
regional vertical shortening, which could constrain the partitioning of the kinematics in the underlying
ductile middle crust (Gapais et al. in press). Further arguments would require a detailed analysis of the
brittle strain patterns within the upper HP-LT units.

9.2. Magmatism
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9.2.1. Source

As expected from the CL imaging (Fig. 13a), zircon grains from the sample GUE-3 yield a large range
of 2Pb/*®Pb dates (Fig. 14a) suggesting the presence of heterogeneous inherited material. Because
most of the data are not concordant, it is impossible to discuss individual group of ages but basically two
main periods of inheritance can be seen with a few Late Archean-Proterozoic and numerous Paleozoic
cores (oldest and youngest *>’Pb/**Pb dates of 2604 + 18 Ma and 341 + 27 Ma respectively). This spread
of ages is well known in the leucogranites from the Armorican Massif (see for example Tartese et al.,
2011a).

The high peraluminous index (Fig. 8c and Table 3), the high I, ratios and the low eNd(T) values (Fig.
12) of the samples, together with the presence of inherited cores, with variable apparent ages, within
the dated zircon grains (Fig. 13 and Fig. 14a), and the old Tpy (Table 4), suggest a metasedimentary
source for the Guérande granite. The value of Is, and eNd(T) plot at the transition between the fields
defined for the Brioverian and the Paleozoic sediments (Michard et al., 1985; Dabard et al., 1996; Fig.
12). This observation as well as the presence of inherited cores within the zircon grains with apparent
ages ranging from the Archean-Proterozoic to the Paleozoic suggest that both the Brioverian and the
Paleozoic sedimentary formations may have been involved in the partial melting event that produced
the Guérande granite.

Along a transect roughly perpendicular to the South Armorican Shear Zone, the Guérande granite
together with the others, mostly contemporaneous, syntectonic granites yield a peculiar evolution in
the I, vs eNd(T) diagram (Fig. 1 and Fig. 12). Indeed, from roughly north to south, the I, values increase
while the eNd(T) decrease from the Rostrenen (316 + 3 Ma, U-Pb zircon; Euzen, 1993), Pontivy (344 + 8
Ma, Rb-Sr whole-rock isochron; Bernard-Griffiths et al., 1985; 311 + 2 Ma, “°Ar/*’Ar muscovite; Cosca et
al., 2011), Lizio (316 = 6 Ma, U-Pb zircon; Tarteése et al., 2011a), Questembert (316 + 3 Ma, U-Pb zircon;
Tartése et al., 2011b) to the Guérande granite (309.7 + 1.3 Ma, U-Pb zircon and monazite; this study, see
part 9.4). We can propose three hypotheses at two different spatial scales to account for this trend:

(1) The Lizio, Questembert and Guérande granites have a pure metasedimentary source (Fig. 12).

Consequently, the N-S trend displayed by these three granites in Figure 12 could be explained by
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(2)

(3)

a mixing between two metasedimentary end-members. To the north, the source of the
peraluminous granites is almost exclusively constituted by the Brioverian sediments whereas,
going south, the proportion of Paleozoic sediments, characterized by older model ages,
increases. This would be consistent with the fact that, the further south the granites are located,
the further away they are from the Cadomian domain, i.e. from the source for the Brioverian
sediments (Dabard et al., 1996), that are well expressed in the northern part of the Armorican
Massif.

Comparing the Rostrenen-Pontivy granites to the Lizio-Questembert-Guérande granites in
Figure 12, the eNd(T) and Is, values for some of the samples from the Rostrenen and Pontivy
granites suggest a mantle contribution (two points with positive eNd(T) values). This hypothesis
is supported by the fact that granitoids with a mantle affinity have been described in the
Rostrenen massif (Plélauff monzodiorite; Euzen, 1993). We could tentatively link the mantle
contribution in the Rostrenen and Pontivy granites to the thickness of the continental crust,
which decreased from south to north at the end of the Carboniferous in Southern Brittany: the
crust was very thick below the Guérande and the Questembert massifs because these granites
were emplaced close to the core of the Hercynian belt whereas the crust was thinner below the
Lizio-Pontivy granites and almost not thickened at all below the Rostrenen massif (Ballévre et
al., 2009). To the south of the South Armorican Shear Zone, the important thickness of the crust
could have prevented a mantle-derived underplated magma to reach the upper crustal level,
whereas such a process might have been possible to the north.

Another hypothesis to explain the low Is,and the high eNd(T) measured for the northernmost
granites (Peucat et al., 1988) could be the contribution of juvenile components from the St-
Georges-sur-Loire synclinorium, located a few tens of kilometers to the east of the Questembert
region, and interpreted by some authors as the trace of an early Devonian back-arc basin

(Ballévre et al., 2009 and references therein).
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These three hypotheses are not individually exclusive and could have all contributed to the
southward evolution of the granitic sources during the Carboniferous evolution of the Hercynian belt in

the region.

9.2.2. Differentiation process

In the Harker diagrams (Fig. 9), several major- and trace-elements display well defined correlations
with SiO,. These chemical variations could reflect a number of processes such as the melting of
heterogeneous sources combined with variable entrainment of peritectic assemblages and accessory
minerals in the melt (Stevens et al., 2007; Clemens and Stevens, 2012), a variable degree of partial
melting, wall-rock assimilation, a variation in the amount of mineral-melt segregation during
differentiation (Tartése and Boulvais, 2010; Yamato et al., 2012) or a coalescence of several magma
batches issued from different sources followed by differentiation of these melts (Deniel et al., 1987; Le
Fort et al., 1987). For the Guérande granite, we believe that a process of fractional crystallization
implying the segregation of feldspar and biotite, hosting most accessory minerals, is the main process
behind the observed chemical variations. First, despite the fact that we cannot exclude source
heterogeneities, the similar eNd and the limited variation of I, for the analyzed samples (Fig. 12) suggest
a derivation from a relatively homogeneous melt. Second, the low SiO, samples from the Guérande
granite display geochemical characteristics comparable to that of the liquids produced during
experimental melting of metasediments (Vielzeuf and Holloway, 1988; Patifio Douce and Johnston,
1991; Montel and Vielzeuf, 1997), with low content of ferromagnesian and CaO (Fe,0;+MgO+TiO, < 2%;
Ca0 < 1%), suggesting that they are close to anatectic melts (Patifio Douce, 1999) and that the amount
of peritectic or restitic minerals entrained from the source is negligible. Moreover, the K,O content of
the Guérande samples is correlated with the sum Fe,0;+MgO+TiO,, as both parameters decrease with
SiO, (Fig. 9), which is the opposite behavior expected for a process of entrainment of peritectic garnets
(Stevens et al., 2007; Clemens and Stevens, 2012). Third, two main observations based on trace-

elements behavior are in favor of a fractional crystallization process:
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(1) The Ba and Sr contents, two elements compatible in biotite and feldspar, decrease largely with
increasing SiO, (Fig. 9a). Such variations in compatible elements (212 to 75 ppm for Sr and 411
to 133 ppm for Ba from GUE-15 to GUE-1) are very difficult to explain with a simple partial
melting process. In fact, by modeling the process of “partial or batch melting” (details in

Janougek et al., 1997) using D(Sr)/"= 4.4 for a pure plagioclase and D(Ba)™/"=

6.36 for a pure
biotite, the measured contents in Ba and Sr could be matched by a variation of the degree of
partial melting from about 0 to 80%, which is an unrealistic large range. On the other hand, such
important variations in compatible elements can be easily explained by a fractional
crystallization process involving a few tenths of a percent of mineral fractionation (Hanson,
1978; see part 9.3.3.2. for quantitative details ).

(2) In Figure 9b, the excellent correlation between Zr and La reveals a common process between
zircon (which hosts Zr) and monazite (which hosts La), while the good correlation between Zr
and Fe,03+Mgo+TiO,, which both display the same overall range of variation (factor of 4
between 80 and 20ppm for Zr and factor 4 between 1.6 and 0.4 wt.% for Fe,03+Mgo+TiO,),
indicates that zircon and biotite shared a common magmatic history. In thin sections, zircon and
monazite occur mostly as inclusions within biotite, which suggests that the common magmatic

process which controls the distribution of Zr and La is the fractional crystallization of zircon- and

monazite-bearing biotite.

9.2.3. Fractional crystallization modeling
The inverse correlation between Fe,0:+MgO+TiO, and SiO, is consistent with the fractionation of
biotite and the depletions in CaO and K,O for the SiO,-rich samples are consistent with the fractionation
of plagioclase (Ca0O), potassic feldspar and biotite (K,0) (Fig. 9). Here, we propose a quantification of the
amount of minerals that was segregated from the melt during the process of fractional crystallization,
first by using major elements and then by using trace-elements hosted by the main rock forming
minerals. The aplitic sample GUE-20 has been removed from these calculations because it displays a

much more evolved composition than the other samples, which is difficult to model solely by fractional
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crystallization processes. Some of the characteristics of this sample may indeed be attributed to the
interaction with a fluid phase (discrete albitization as seen in the Q-P diagram (Fig. 8b) and enrichment

in Be (Table 3)).

9.2.3.1. Major elements

In Figures 15a and 15b, the whole-rock compositions of the unaltered samples from the Guérande
granite are plotted in Harker diagrams together with the theoretical composition of an An20 plagioclase
and the average composition of biotite and potassic feldspar from the most primitive sample (GUE-4)
out of all the samples where chemical analyses of minerals have been carried out. In these diagrams, the
prolongation of the trends displayed by the granite samples allows to calculate the mineralogical
composition of the segregate assemblage (see Tartése and Boulvais, 2010 for details about the
calculation), which yields an assemblage composed by 40-55 wt.% Kfs + 20-40 wt.% Bt + 5-40 wt.% An20.

Independently, we used the “inverse major” plugin included in the GCD Kit software (Janousek et al.,
2006) to calculate the amount and the mineralogical composition of the segregated cumulate required
to produce the chemical composition of the more evolved sample GUE-12 from the composition of the
less evolved sample GUE-15. The results obtained with this modeling (Table 5) are consistent with those
obtained with the first method and the differences between the calculated and the actual compositions
are small as indicated by a ZR? (sum of the squared residuals) of 0.16. This modeling also implies that
apatite had a non-negligible contribution to the fractionating assemblage, as shown by the modal
composition of the calculated segregate assemblage that contains 45 wt.% Kfs + 21 wt.% Bt + 31 wt.%
An20 + 4 wt.% Ap. Such amount of apatite is rather high but it allows for a good reproduction of the CaO
behavior. The P,0sbehavior is not well reproduced, as already noticed by Tartése and Boulvais (2010),
and could perhaps be attributed to the mobility of P,0s in deuteric systems (Kontak et al., 1996). The
calculated amount of fractional crystallization in this model is 13 wt.%. These results are similar to those
obtained for the Lizio and Questembert granites by Tartese and Boulvais (2010), who estimated that the

high SiO, samples from the Questembert granite could have derived from magmas similar to the low
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SiO, samples of the Lizio granite if a fractionation of 16 wt.% of an assemblage composed of 51 wt.% Kfs

+ 22 wt.% Bt + 27 wt.% Pl occurred.

9.2.3.2. Trace-elements

Ba is a compatible element in biotite and potassic feldspar whereas Sr is compatible in plagioclase
and apatite. In Figure 15c, the whole-rock compositions of the unaltered Guérande granite samples are
plotted in a Ba versus Sr diagram, with two theoretical models of evolution for the Ba and Sr contents
for a variable amount of fractional crystallization of the assemblage 0.45 Kfs + 0.21 Bt + 0.31 Pl + 0.04
Ap. The two models have been calculated using the Rayleigh distillation-type fractional crystallization for
two different ranges of Kd displayed in the table in Figure 15c. The two calculated trends reproduce the
trend defined by the Guérande granite samples and the calculated amount of crystallization between 10
and 30% is consistent with the previous amount of fractionate (13 wt.%) calculated using the major
elements. Sample GUE-2 displays higher degrees of mineral-melt segregation, but as noticed previously,
this sample underwent a weak albitization (Table 1). Therefore, its Sr and Ba contents could have been
modified during this hydrothermal process. Regarding other trace-elements whose behavior are
controlled by accessory minerals (Th, Zr, REE), an example of modeling developed by Tartese and
Boulvais (2010) showed that even a minute fraction of mineral fractionation can account for the content
variations actually measured in the rocks. Such a modeling is not reproduced here and the interested
readers are invited to refer to these authors.

9.2.4. Mechanism of differentiation

The physical mechanism by which minerals segregated from the melt is still unclear. In fact, the
process of fractional crystallization is considered to be difficult to initiate in granitic magmas because of
the high viscosity of the melt and the low density contrast between crystals and melt (Yamato et al.,
2012). Tartése and Boulvais (2010) proposed, on the basis of a petro — geochemical study of the Lizio
and Questembert granites (Fig. 1), that mineral-melt segregation could have occurred during magma
ascent in dykes and that, the largest amount of vertical motion the magma underwent, the most

evolved the magma becomes via differentiation. This hypothesis was tested by Yamato et al. (2012)
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using numerical modeling, which showed that crystal segregation of rigid crystals from an ascending

magma is physically possible in a granitic melt, with typical density of 2400 kg.m™ and viscosity of 10"

Pa.s, as soon as (i) crystals involved are denser than the melt and (ii) the magma migration velocity, or

pressure gradient, within the dyke is low (see Fig.9 in Yamato et al., 2012).

In the Guérande granite, the most differentiated facies are overall located at the apical zone of the

intrusion (i.e. Ms-Turm coarse- to medium-grained granite, Fig. 2) suggesting that they originated from a

magma that travelled more distance than the magma involved in the root zone (i.e. Root facies : Ms — Bt

bearing, Fig. 2). As a consequence, the differentiation from the less to the more evolved samples of the

granite could have occurred when the magma was migrating toward the apical zone.

9.3. Hydrothermal history

Evidence for fluid-rock interaction in the Guérande granite includes:

(1)

(2)

Numerous pegmatitic dykes and quartz veins crosscut the granite and recorded localized
magmato-hydrothermal activity.

Greisens and albitized rocks have been described in the northwestern part of this intrusion (Fig.
2 and Fig. 8b). Greisenization generally occurs during the interaction with hot magmatic fluids
(400-600°C; Jébrak and Marcoux, 2008) whereas albitization can be related to the interaction
with fluids of variable origins, either magmatic (Lee and Parsons, 1997) or post-magmatic
(Boulvais et al., 2007). Here, the facts that these albitized rocks are concentrated near the apical
zone of the intrusion and are spatially associated with greisenization, (i.e., a magmato-
hydrothermal process where albitization is complementary; Schwartz and Surjono, 1990),
suggest that both alterations resulted from the interaction with high temperature fluids at the
apex of the Guérande granitic body. Figure 8a allows to discriminate samples which have lost
their igneous compositions during such a hydrothermal alteration. Among them, the albitized
dyke samples GUE-19a and GUE-19b (Fig. 8b) display textural similarities with the aplitic dyke
GUE-20 (Table 1) suggesting that they share the same origin. This hypothesis is supported by the

fact that samples GUE-20, GUE-19a and 19b display similar REE patterns (Fig. 10). Also, these
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(3)

(4)

(5)

(6)

three samples are enriched in Be, an independent feature related to the interaction with a fluid
phase.

In Figure 11a, some samples (mostly the Ms-Turm bearing ones) display a strong increase in
their Cs and Sn contents, up to one order of magnitude, towards the apical zone of the granite
where cassiterite (SnO,) occurs in quartz veins (Audren et al., 1975). In Figure 11b, Cs and Sn are
very well correlated; this trend could be interpreted as reflecting the magmatic behavior of Sn
and Cs, two highly incompatible elements, during fractional crystallization. Nevertheless, the
increase in the Cs content from 5 (GUE-17) to 77 ppm (GUE-1), for example, would imply an
unrealistic amount of fractional crystallization (more than 90 %) even if we consider that Cs
displays a purely incompatible behavior. The high Cs and Sn contents rather reflect an
enrichment in samples that interacted with fluids where Sn and Cs were strongly concentrated
(e.g., Forster et al., 1999).

K/Rb values for the Guérande granite samples range from 243 down to 71, with values for the
Ms-Turm bearing samples always below 150. Such values below 150 are characteristic of the
pegmatite-hydrothermal evolution of Shaw (1968).

The ratios between twin elements, such as Nb/Ta, may be fractionated during magmato-
hydrothermal processes either by muscovite and biotite fractionation (Stepanov et al., 2014) or
by fluid-rock interaction (Dostal and Chatterjee, 2000). Here, the Nb/Ta ratios decrease below a
value of 5 toward the apical zone (Fig. 11a) and is anti-correlated with Cs (Fig. 11b), likely
indicating that the decrease of the Nb/Ta ratios is the witness of the interaction with fluids, as
already noticed by Tartése and Boulvais (2010) for the most evolved samples from the
Questembert granite.

Chemical analyses of the muscovite grains (Fig. 7b) reveal that a secondary muscovitization
process occurred in the Guérande granite. This phenomenon increases from the Ms-Bt to the
Ms-Turm bearing samples and seems to be correlated with the decrease of the Nb/Ta ratios and
the increase of the Cs and Sn contents. These observations suggest that secondary

muscovitization could also be related to an interaction with fluids.
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To sum up, the Guérande granite experienced both localized and pervasive magmato-hydrothermal
activity. Localized fluid circulation is recorded at the scale of the intrusion by the presence of numerous
guartz and pegmatitic veins whereas the pervasive hydrothermal interaction was prevalent at the apical

zone of the pluton.

9.4. Timing of events

U-Th-Pb dating of zircon and monazite from two samples from the Ms-Bt coarse- to medium-grained
granite (Fig. 14a and Fig. 14b) yielded dates equivalent within error (309 + 2.6 Ma: Zrn GUE-3; 309.3 +
6.1 Ma: Zrn GUE-8; 309.4 + 1.9 Ma: Mnz GUE-3) and the analyses of the monazite grains from a sample
from the Ms—Bt fine-grained facies (GUE-4) yielded a Th-Pb date of 309.7+ 1.3 Ma (Fig. 14c). Both zircon
and monazite ages are identical within error and are consistent with the field observation of Ouddou
(1984) that revealed mingling features at the contact between these two facies attesting for their
synchronous emplacement. We therefore conclude that the Guérande granite was emplaced ca. 310 Ma
ago. The muscovite Ar-Ar age of 307 £ 0.3 Ma, obtained by Le Hébel, 2002 for the undeformed granite,
could therefore be interpreted as a cooling age.

U-Th-Pb analysis of monazite and zircon grains from the dyke sample GUE-5 (Fig. 14d) yielded dates
equivalent within error (Zrn: 299.6 + 5.4 Ma; Mnz: 302.5 + 1.6 Ma), so this dyke was emplaced ca. 303
Ma ago, which is indicative of a second magmatic event in the vicinity. This age is directly comparable to
the muscovite Ar-Ar ages of 303.3 + 0.5 Ma obtained for a quartz vein and of 303.6 + 0.5 Ma and 304 +
0.5 Ma obtained on a sheared granite and on a mylonitic granite, respectively (Le Hébel, 2002).

To summarize, considering that the Guérande granite displays S/C and mylonitic structures, it is
likely that the main phase of granite emplacement occurred syntectonically at ca. 310 Ma. Late
magmatic activity at ca. 303 Ma was still coeval with deformation. The circulation of fluids responsible
for the quartz veins emplacement and possibly for the secondary muscovitization process that
pervasively affected the apical zone of the Guérande granite (Fig. 7) likely occurred during both stages. If

large amounts of exsolved fluids are expected during the main emplacement stage of the Guérande
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granite at ca. 310 Ma, the Ar-Ar age on muscovite grains from a quartz vein shows that hydrothermal

circulation was still active at ca. 303 Ma.

10. Conclusion

This study provides new constraints on the tectonic and magmatic history of the Guérande

peraluminous leucogranite and allows to shed some light on the mobility of elements during

hydrothermal activity. These new structural and petro-geochemical data lead to the following

conclusions:

(1)

(2)

(3)

(4)

(5)

Structural and petrographic observations throughout the intrusion indicate that the
southwestern part of the Guérande granite represents the feeding zone whereas its
northwestern part corresponds to the apical zone.

The Guérande granite was emplaced in an extensional tectonic regime and probably underwent
a partitioning of the deformation during its cooling. Indeed, the strike of quartz veins and
pegmatitic dykes and the lineations directions measured within the massif suggest that both N-S
and E-W stretching occurred synchronously in this area.

Sr and Nd isotope data suggest that the Guérande granite formed by partial melting of
metasedimentary formations. When compared to others syntectonic peraluminous granites
from both the central and southern part of the Armorican Massif, from north to south, the
increase of Is;and the decrease of eNd could be explained by sedimentary sources becoming
gradually dominated by Paleozoic sediments relative to Brioverian sediments, combined with a
mantle contribution limited to the central part of the Armorican Massif.

The magmatic history of the Guérande granite is controlled by fractional crystallization where an
amount of ~15% of fractionation of an assemblage composed of Kfs + Pl + Bt (+ Ap = Zrn + Mnz +
Fe-Ti oxide) can explain the chemical variations observed between the samples.

The apex of the Guérande leucogranite experienced pervasive hydrothermal alteration which
induced an enrichment in incompatible elements such as Sn and Cs, secondary muscovitization

and the decrease of geochemical ratio such as K/Rb and Nb/Ta in the samples.
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(6) U-Th-Pb dating on zircon and monazite reveal that the Guérande granite was emplaced 309.7
1.3 Ma ago and that a late magmatic activity synchronous with a hydrothermal circulation
occurred ca. 303 Ma ago. The magmatic and fluid-rock interaction events documented here
likely provides some key information for the U and Sn mineralization geometrically associated

with the Guérande intrusion.
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Table Caption

Table 1: GPS coordinates and simplified petrographic description of the Guérande granite samples.
Ms-Bt: Ms-Bt coarse- to medium-grained granite; Ms-Turm: Ms-Turm coarse- to medium-grained granite; Fine:

Ms-Bt fine-grained granite; Root: root facies; Ch: chloritization; Ab: albitization; G: greisenization.

Table 2: Operating conditions for the LA-ICP-MS equipment.

Table 3: Whole-rock chemical compositions of the Guérande granite samples.
Root: root facies; Ms-Bt: Ms-Bt coarse- to medium-grained granite; Ms-Turm: Ms-Turm coarse- to medium-grained
granite; Fine: Ms-Bt fine-grained granite; LOI: Loss on ignition; A/NK: molar Al,O3/(Na,O + K,0); A/CNK: molar

Al,O3/(Ca0 + Na,O + K,0); bdl: below detection limit.

Table 4: Rb-Sr and Sm-Nd whole-rock data for the Guérande granite. Rb concentrations have been obtained by
ICP-MS, other concentrations by isotopic dilution.

*Two stages Tpy calculated using the equation of Liew and Hofmann (1988) for an age of 310 Ma.

Table 5: Result of fractional crystallization modeling between the less differentiated sample GUE-15 and more

differentiated sample GUE-12.
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Figure caption

Figure 1: Structural map of the southern part of the Armorican Massif showing the localization of the Guérande
granite. Modified from Gapais et al. (1993), Gumiaux (2003), the 1/1000000 geological map of France (Chantraine
et al., 2003) and the 1/250000 geological map of Lorient (Proust et al., 2009). NBSASZ: Northern Branch of the

South Armorican Shear Zone; SBSASZ: Southern Branch of the South Armorican Shear Zone.

Figure 2 : Geological map of the Guérande granite modified after the 1/50000 geological maps of La Roche Bernard
(Audren et al., 1975) and St-Nazaire (Hassenforder et al., 1973). The different petrographic facies and the alteration
types are reported. Sampling sites with sample numbers are also indicated. Structural data (foliation planes
orientations and strikes of lineation) are from Bouchez et al. (1981) and our own observations. Mineral

abbreviations are from Kretz (1983).

Figure 3: Simplified cross section of the Guérande granite. The localization of the cross section is on Figure 1.

Modified after Bouchez et al. (1981).

Figure 4: Representative pictures from the southwestern part (a, ¢, d) and the northwestern part (b, e, f) of the
Guérande granite. a) Ms-Bt bearing root facies (sample GUE-13). The roughly defined foliation (S) is marked by
muscovite and biotite stretching. b) Ms-Turm coarse- to medium-grained granite (sample GUE-18). ¢) Typical
outcrop of the root facies with granite marked by a roughly defined foliation (F Granite) and a zone of isotropic
granite (I Granite). Both facies are crosscut by a pegmatite dyke. d) Root facies with a roughly defined foliation (S).
e) Mylonitic S/C granite (sample GUE-9). f) Large quartz vein cross cutting Ms-Turm coarse- to medium-grained

granite near the contact with the micaschists and metavolcanics.

Figure 5: a-b) Pictures of stretching lineation (SL) in the Guérande massif: d) N030° stretching lineation in the
mylonitic S/C sample GUE-9, e¢) E-W stretching lineation marked by contact metamorphism minerals in the
micaschists localized at the contact with the Guérande granite. Both pictures are localized on the map.c-d-¢) Rose

diagram displaying the strikes of pegmatites, aplite dykes and quartz veins of three strategic areas from the south-
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west to the north-west of the Guérande granite. The numbers inside the diagrams (horizontal and vertical axes)
represent the amount of measured dykes displaying a range of strike. The light grey areas represent the main strike

of lineation (most of the lineation data are from Bouchez et al., 1981). n: number of measured dykes.

Figure 6 : Thin section photomicrographs showing the different petrographic facies of the Guérande granite. a) Root
facies (Bt>Ms), b) Ms-Bt coarse- to medium grained granite (Ms>Bt) and ¢) Ms-Turm coarse- to medium-grained
with two generation of Ms (Msl: primary muscovite; Msll: secondary muscovite). Mineral abbreviation from Kretz

(1983).

Figure 7: Chemical compositions of plagioclase and muscovite from the Guérande granite. a) Triangular
classification of plagioclase. b) Ternary Ti-Na-Mg diagram for muscovite and chemical map of Mg distribution in
muscovite for the Ms-Turm granite sample GUE-1 and the Ms-Bt granite dyke GUE-5. The primary and secondary
fields of muscovite are from Miller et al. (1981). In figure the inset “cleavage” refers to small muscovite grains

located within foliation planes.

Figure 8 : a) Chemical (after Hughes, 1973) and b) chemical-mineralogical (after Debon and Le Fort, 1988)
diagrams for the Guérande granite samples. Samples GUE-19a, 19b and 21 show evidences of alteration. In
diagram b), the crosses indicate the location of common igneous rock: gr = granite, ad = adamellite, gd =
granodiorite, to = tonalite, Sq = quartz syenite, Mzq =quartz monzonite, mzdq = quartz monzodiorite, S =syenite,
Mz = monzonite, MzZgo = monzogabbro. Q and P parameters are expressed in molar proportion multiplied by 1000.
¢) Shand (1943) diagram (A/CNK = Al,03/(CaO+Na,0+K,0) ; A/NK = (Al,0;/Na,0+K,0) ; molar proportions)
where unaltered and altered samples are distinghuished on the basis of figures a) and b). Lizio and Questembert

granite samples are shown for comparison (Tartése and Boulvais, 2010).

Figure 9 : Harker (a) and bivariate diagrams (b) of selected major- and trace-elements for the Guérande granite.

Figure 10: Chondrite normalized REE patterns of the Guérande granite samples. Normalization values from

Evensen et al. (1978).
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Figure 11 : a) Evolution of some geochemical tracers sensible to the interaction with fluids as a function of the
distance to the NW edge of the Guérande granite. b) Evolution of chosen tracers as a function of the concentration

of Cs.

Figure 12 : Sr and Nd isotopic compositions of the Guérande granite compared with the Lizio, Questembert (Tartése
and Boulvais, 2010), Pontivy and Rostrenen granite (Peucat et al., 1979 ; Euzen, 1993). eNd and Ig, are calculated
for an age of 310 Ma. The vertical bars representing eNd(T) composition of the Brioverian and Paleozoic sediments
from Central Brittany are calculated from Michard et al. (1985) and Dabard et al. (1996). The exceptionally high
eNd(T) value of 0.5 measured in the Paleozoic sediments (Michard et al., 1985) is not reported in the figure. The
arrow in the figure represents north — south evolution of the isotopic compositions of the Carboniferous

peraluminous granites of the Armorican Massif.

Figure 13 : selected images of zircon and monazite grains. a-b-d) cathodoluminescence images of zircons from the
sample GUE-3, GUE-8 and GUE-5. c¢) Th chemical map of monazite from the sample GUE-4. Dashed circles

represent the location of LA-ICP-MS analyses with the corresponding **°Pb/>**U ages in Ma.

Figure 14 : a) Tera-Wasserburg diagram displaying the analyses made on zircon of the sample GUE-3. The Grey
ellipses represent the inherited zircons and the dashed ellipses represent zircon submitted to a lost or a gain in
common lead. #: **’Pb/**Pb ages at 1 6. b-c-d) *°Pb/?*U vs ***Pb/***Th concordia diagram for monazite of the
sample GUE-3, GUE-4 and GUE-5. The dashed ellipses represent the analyses not used for the calculation of

Concordia ages. In the diagrams error ellipses are plotted at 1o.

Figure 15: a-b) Harker diagrams displaying the whole-rock compositions of the unaltered samples from the
Guérande granite. The black stars represent the average compositions of potassic feldspar and biotite from the
sample GUE-4 and the composition of a theoretical plagioclase (An20). The grey areas represent the magmatic

trends defined by the whole-rock data including the errors. The intersection of this trend with the assemblage
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Bt+An20+Kfs encompasses the mineralogical composition of the segregate. c) Ba vs Sr diagram displaying the
whole-rock compositions of the unaltered samples from the Guérande granite. The two lines represent two different
models of evolution of Ba and Sr compositions in a liquid during the fractional crystallization of an assemblage
made of 0.45Kfs+0.31P1+0.21Bt+0.04Ap. The numbers under the line indicate the amount of the assemblage
fractionated from the melt in Wt.%. The primitive composition of the liquid used to model fractional crystallization
is the composition of sample GUE-15. Kd used and presented in the table in inset in the diagram are from a. Hanson,
(1978); b. Icenhower and London, (1996); c. Ren et al., (2003); d. Icenhower and London, (1995); e. Watson and

Green, (1981); f. Prowatke and Klemme, (2006).
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Sample Long(;ci)tude Latzz;Jde Facies Texture Strain Mineralogy Alteration
GUE-11 -2.484200 47.274183 Root Medium-grained (2mm), roughly defined foliation + Ms>>Bt
GUE-12 -2.484200 47.274183 Root Fine- to medium-grained (1-3mm), isotropic Ms>Bt
GUE-13 -2.484533 47.274367 Root Medium-grained (2-3mm), roughly defined foliation + Ms>>Bt
GUE-14 -2.546383 47.296217 Root Fine-grained (1mm), isotropic Ms>Bt
GUE-15 -2.546417 47.291733 Root Medium-grained (2-3mm), roughly defined foliation Bt>Ms
GUE-17 -2.526550 47.286967 Root Fine-grained (1-2mm), solid state fabric + Ms>>Bt>Grt
GUE-3 .2.547297 47.368122 Ms-Bt Medium-to coarse grained (2-4mm), magmatic + Ms>Bt
foliation
GUE-6 -2.515918 47.370945 Ms-Bt Medium- to fine-grained (1-3mm), S/C fabric ++ Ms>Bt
GUE-8 -2.417652 47.368925 Ms-Bt Coarse-grained (3-5mm), isotropic Ms>Bt Ch-
GUE-1 -2.552081 47.369195 Ms-Turm Coarse-grained (3-5mm), magmatic foliation + Ms>>Turm> Bt
GUE-2 -2.552081 47.369195 Ms-Turm Coarse-grained (3-4mm), shear zone ++ Ms >> Turm Ab-
GUE-9 -2.548596 47.381192 Ms-Turm Fin- to medium-grained (<0.5-2mm) , S/C mylonite +++ Ms>>Turm
GUE-18 -2.517417 47.350167 Ms-Turm Medium- to coarse-grained (2-3mm), isotropic Ms>>Bt>Turm
GUE-21 -2.541317 47.365750 Ms-Turm Coarse-grained (3-5mm), magmatic foliation + Ms>>Turm G?
GUE-4 -2.481191 47.342346 Fine Fine-grained (0.5-2mm), isotropic Ms>Bt
GUE-7 -2.346883 47.380000 Fine Fine-grained (0.5-2mm), solid state fabric + Ms>Bt Ch
GUE-10 -2.466283 47.334767 Fine Fine-grained (1-2mm), isotropic Ms>Bt Ch
GUE-5 -2.481191 47.342346 Dyke Medium-grained (2mm), isotropic Ms>>Bt Ch+
GUE-16 -2.546417 47.291733 Dyke Fine-grained (1-2mm), isotropic Ms=Bt
GUE-19a -2.520933 47.356367 Dyke Aplitic texture (0.5-1mm), shear zone ++ Ms>Turm>Grt Ab+
GUE-19b -2.520933 47.356367 Dyke Aplitic texture (0.5-1mm), shear zone ++ Ms>Bt >Turm Ab
GUE-20 -2.544000 47.366067 Dyke Aplitic texture (0.5-1mm), isotropic Ms Ab-?
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Laser-ablation system ESI NWR193UC

Laser type/wavelength Excimer 193 nm

Pulse duration <5ns

Energy density on target ~ 7 Jlcm?

ThO'/Th* <0.5%

He gas flow ~ 800 ml/min

N, gas flow 4 ml/min

Laser repetition rate 3-5 Hz (zircon);1-2 Hz (monazite)
Laser spot size 26-44 pm (zircon); 20um (monazite)

ICP-MS Agilent 7700x

RF power 1350 W

Sampling depth 5.0-5.5 mm (optimised daily)

Carrier gas flow (Ar) ~ 0.85 I/min (optimized daily)

Coolant gas flow 16 I/min

Data acquisition protocol Time-resolved analysis

Scanning mode Peak hopping, one point per peak

Detector mode ?ull(s)eegp?sunting, dead time correction applied, and analog mode when signal intensity >
Isotopes determined %(Hg + Ph), **°Pb, *’Pb, *®*Pb, ***Th, ***u

Dwell time per isotope 10 ms (30 ms for *°’Pb)

Sampler, skimmer cones Ni

Extraction lenses X type
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Sample GUE- GUE- GUE- GUE- GUE- GUE- GUE- GUE- GUE- GUE- GUE- GUE- GUE-
11 12 13 14 15 17 GUE-3 GUE-6 GUE-8 GUE-1 GUE-2 GUE-9 18 21 GUE-4 GUE-7 10 GUE-5 16 20 19a 19b
Facies Root Root Root Root Root Root  Ms-Bt Ms-Bt Ms-Bt Ms- Ms- Ms- Ms- Ms- Fine Fine Fine Dyke Dyke Dyke Dyke Dyke
Turm Turm Turm Turm Turm
SiO, wt.% 72.9 74.2 72.8 72.3 71.6 73.6 72.5 72.5 73.3 73.2 73.5 72.9 73.7 69.8 72.1 72.3 71.8 73.4 72.9 75.3 74.4 74.1
Al,O3 wt.% 14.76 14.50 15.27 15.34 15.04 15.01 14.95 15.43 14.97 14.66 15.01 15.27 14.81 16.11 15.04 14.92 15.18 14.28 14.79 14.01 15.20 15.14
Fe,0s3 Wt.% 0.45 0.73 0.59 0.87 1.16 0.22 0.68 0.38 0.78 0.52 0.67 0.45 0.71 0.81 0.96 0.92 0.99 0.53 0.51 0.26 bdl 0.36
MnO Wt.%  0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03
MgO Wt% 0.14 0.16 0.16 0.24 0.32 0.07 0.20 0.15 0.24 0.16 0.15 0.16 0.21 0.22 0.24 0.26 0.30 0.12 0.14 0.06 bdl 0.05
CaO Wt.% 0.71 0.48 0.59 0.83 0.82 0.62 0.57 0.46 0.75 0.43 0.40 0.62 0.59 0.83 0.78 0.80 0.73 0.55 0.71 0.21 0.37 0.27
Na,O Wt.%  4.40 4.00 4.05 3.54 3.85 3.83 3.79 3.73 4.01 4.18 4.51 4.07 3.66 3.28 3.78 3.61 3.26 3.77 3.93 4.68 8.71 7.10
K0 Wt.% 4.01 4.08 4.65 4.70 4.59 5.03 4.61 4.57 4.44 4.03 3.51 4.26 451 6.64 4.61 4.93 4.94 511 5.14 3.63 0.42 1.29
TiO, Wt.%  0.07 0.09 0.09 0.15 0.18 0.06 0.12 0.12 0.10 0.08 0.06 0.11 0.10 0.11 0.12 0.15 0.16 0.06 0.08 0.02 bdl bdl
P,0s Wt.% 0.16 0.25 0.14 0.25 0.23 0.22 0.23 0.23 0.23 0.24 0.29 0.21 0.35 0.59 0.25 0.22 0.23 0.18 0.25 0.14 0.23 0.19
LOI Wt.% 0.94 0.95 0.79 1.00 0.89 0.05 1.14 1.54 0.98 1.10 1.09 1.19 1.25 1.09 1.04 0.74 1.34 0.63 0.67 0.84 0.39 0.80
Total Wt.% 98.51 99.47 99.11 99.27 98.69 98.75 98.83 99.15 99.79 98.57 99.19 99.23 99.86 99.49 98.95 98.83 98.93 98.63 99.16 99.18 99.72 99.27
Cs ppm 8 18 10 6 14 5 35 16 31 77 95 26 50 88 24 25 16 17 11 28 11 36
Rb ppm 202 271 223 195 230 218 353 239 251 357 365 244 384 459 245 293 252 266 222 325 14 150
Sr ppm 139 76 106 161 212 125 121 145 147 75 46 163 113 187 134 114 119 129 183 17 15 16
Ba ppm 243 153 191 296 411 241 215 284 288 133 57 269 185 362 293 294 339 279 346 13 4 8
Be ppm 5.7 11.0 7.0 3.9 9.2 9.2 18.4 11.3 13.7 18.7 12.9 15.0 34.5 6.0 15.4 9.8 9.2 24.0 12.6 131.3 129.3 158.5
Y ppm 6.7 4.5 55 7.6 7.7 9.7 5.9 7.2 6.6 51 3.8 6.3 7.7 9.1 7.6 51 6.0 4.1 5.9 2.2 2.4 1.8
Zr ppm 33 32 22 58 81 37 45 46 46 30 19 41 38 50 49 61 67 20 48 13 20 23
Hf ppm 1.19 1.10 0.77 1.77 2.46 1.37 1.54 1.54 1.53 1.26 0.96 1.44 1.41 1.78 1.65 2.00 2.03 0.73 1.70 1.10 1.30 1.46
Nb ppm 4.68 7.75 6.34 7.96 8.61 10.64 6.39 6.70 5.70 6.81 10.57 6.51 11.39 11.09 8.03 5.67 6.66 4.95 7.02 8.63 1.59 11.14
Ta ppm 0.61 1.45 0.80 0.64 1.55 1.76 1.85 1.48 1.32 341 3.31 1.44 3.97 5.19 1.73 0.97 1.03 1.36 1.27 3.85 1.59 4.23
Th ppm 2.64 3.72 1.97 5.24 9.15 2.20 3.46 3.52 3.14 2.59 1.44 3.04 2.94 3.59 3.89 5.63 6.36 1.49 5.49 0.29 0.59 0.61
U ppm 2.35 3.99 2.74 2.44 4.75 4.02 3.35 4.24 6.42 2.90 1.71 241 3.09 4.05 5.98 7.24 3.78 6.21 3.64 1.63 1.96 1.87
Pb ppm 73 41 74 68 7 83 54 68 65 61 41 73 66 92 55 44 52 76 85 42 15 15
\% ppm 1.9 17 2.8 4.2 8.2 1.0 3.9 4.3 35 2.2 1.4 3.8 4.5 3.7 4.0 35 5.0 1.1 2.2 bdl bdl bdl
Ni ppm bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 10.0 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Cr ppm 4.6 12.2 9.0 6.3 17.2 bdl 9.9 11.0 15.9 10.3 5.7 25.7 10.7 13.9 14.9 16.7 5.5 36.3 5.3 51 4.1 bdl
Co ppm 0.5 0.4 0.6 0.6 14 bdl 0.8 1.3 0.8 bdl bdl 0.5 0.8 0.9 0.8 0.8 1.1 0.4 bdl bdl bdl bdl
Cu ppm bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Zn ppm 24 45 33 35 52 14 48 27 48 31 57 25 44 52 54 69 56 30 23 23 bdl 32
Ga ppm 22.4 22.4 24.9 23.4 26.9 21.8 26.2 25.9 24.0 25.1 30.8 25.8 25.8 31.7 26.6 29.1 25.7 21.5 20.0 23.7 18.8 25.4
Sn ppm 7.1 15.2 9.2 9.2 111 9.2 20.8 15.5 14.1 31.6 79.9 16.7 38.3 102.3 16.8 16.1 11.0 12.4 6.3 19.7 29 32.6
w ppm 0.85 2.10 0.98 3.17 2.47 1.65 1.12 1.18 1.09 1.69 1.92 1.00 1.57 2.87 1.77 0.86 1.82 1.03 1.96 0.51 bdl 0.44
Bi ppm 1.7 0.7 1.9 0.1 0.6 2.7 1.7 1.6 1.6 2.3 1.7 1.7 1.8 0.5 1.9 0.9 1.2 3.5 1.0 0.4 0.6 0.7
Cd ppm 0.1 bdl bdl 0.7 0.1 0.4 bdl bdl 0.1 bdl 0.2 bdl 0.3 0.2 0.1 bdl 0.1 0.4 0.3 0.2 0.3 0.2
Ge ppm 1.2 1.6 1.2 1.2 1.4 1.5 1.6 1.3 1.4 1.8 2.2 1.4 1.9 2.0 1.3 1.2 1.2 15 15 2.4 2.7 2.6
La ppm 8.04 9.26 5.73 13.71 19.08 6.06 9.50 10.10 9.00 8.00 4.43 9.04 8.48 9.10 10.54 13.88 14.91 3.94 10.39 1.28 1.65 1.08
Ce ppm 15.55 17.96 11.33 26.65 36.36 11.52 18.84 19.86 17.42 15.58 8.74 17.51 16.61 18.23 20.55 27.54 28.75 7.82 19.49 2.34 2.86 1.95
Pr ppm 1.69 1.98 1.26 2.90 3.93 1.23 2.09 2.19 1.95 1.71 0.94 1.92 1.83 2.08 2.27 3.06 3.18 0.88 2.06 0.25 0.28 0.20
Nd ppm 6.85 7.77 5.08 11.58 15.65 4.93 8.50 8.85 7.92 6.89 3.66 7.75 7.65 8.81 9.15 12.42 12.80 3.60 8.19 0.89 0.95 0.76
Sm ppm 1.73 1.68 1.34 2.42 3.31 1.35 2.19 2.23 1.97 1.55 0.92 1.97 1.99 2.46 2.30 3.01 2.88 0.99 1.90 0.24 0.27 0.24
Eu ppm 0.60 0.38 0.44 0.55 0.85 0.53 0.63 0.74 0.68 0.37 0.20 0.75 0.54 0.86 0.67 0.68 0.61 0.58 0.65 0.08 0.09 0.09
Gd ppm 1.65 1.27 1.30 1.82 2.46 1.38 1.80 2.12 1.81 1.32 0.81 1.80 1.89 2.46 2.08 2.47 2.32 0.95 1.62 0.29 0.27 0.23
Tb ppm 0.26 0.18 0.21 0.28 0.34 0.27 0.26 0.31 0.27 0.20 0.13 0.27 0.29 0.37 0.32 0.31 0.32 0.15 0.24 0.06 0.05 0.05
Dy ppm 1.35 0.88 1.09 1.43 1.59 1.64 1.19 1.54 1.31 0.99 0.68 1.34 1.51 1.87 1.59 1.26 1.41 0.81 1.21 0.33 0.34 0.26
Ho ppm 0.21 0.13 0.16 0.22 0.23 0.28 0.18 0.23 0.20 0.15 0.11 0.20 0.23 0.27 0.23 0.16 0.18 0.12 0.17 0.06 0.06 0.05
Er ppm 0.50 0.35 0.40 0.58 0.58 0.74 0.43 0.53 0.48 0.38 0.28 0.47 0.56 0.65 0.53 0.35 0.41 0.30 0.45 0.15 0.16 0.13
Tm ppm 0.07 0.05 0.05 0.08 0.08 0.11 0.06 0.07 0.07 0.05 0.04 0.07 0.08 0.09 0.07 0.04 0.06 0.04 0.06 0.03 0.03 0.03
Yb ppm 0.42 0.38 0.34 0.53 0.51 0.71 0.39 0.44 0.41 0.35 0.30 0.41 0.48 0.52 0.44 0.26 0.38 0.28 0.41 0.18 0.22 0.20
Lu ppm 0.05 0.05 0.05 0.07 0.07 0.10 0.05 0.06 0.06 0.05 0.04 0.05 0.07 0.08 0.06 0.04 0.06 0.04 0.06 0.02 0.03 0.03
AINK 1.28 1.32 1.31 1.41 1.33 1.28 1.33 1.39 1.31 1.30 1.34 1.35 1.36 1.28 1.34 1.32 1.42 1.22 1.23 1.20 1.03 1.16

AICNK 1.15 1.22 1.2 1.24 1.18 1.17 1.22 1.29 1.17 1.22 1.26 1.23 1.24 1.14 1.19 117 1.26 112 1.28 1.17 0.98 1.12
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Table 4
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Sample
GUE-3
GUE-4
GUE-5
GUE-8
GUE-15

Rb

(ppm)

353
245
266
251
230

Sr

(ppm)

101
131
121
147
197

8" Rb/%sr

10.2
5.4
6.4
5.0
3.4

87sr/®sr
0.759868
0.741854
0.744704
0.741599
0.729724

I+

11
11
12
11
10

*'sr/*sr)
310 Ma

0.7149
0.7179
0.7165
0.7197
0.7148

Sm
(ppm)

2.0
23
0.9
21
3.1

d
(Epm)  7sm ANd - MNd / 2Nd

8.1
9.3
35
8.5
15.3

0.149821
0.147638
0.163489
0.149165
0.123199

0.512081
0.512088
0.512128
0.512099
0.512089

+

o o o o O

eNd
(310 Ma)

-9.0
-8.8
-8.6
-8.6
-7.8

T om*
1736
1718
1707
1707
1642
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Table 5
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Less More differentiated GUE-12 sample
differentiated Segregate
GUE-15 composition
sample Measured Computed Difference
SiO, 71.60 74.21 74.07 0.140 55.52
Al,O;  15.04 14.50 14.35 0.151 19.54
Fe,0; 1.16 0.73 0.53 0.195 5.23
MgO 0.32 0.16 0.21 -0.054 1.01
CaO 0.82 0.48 0.42 0.058 341
Na,O  3.85 4.00 3.92 0.080 3.40
K20 4.59 4.08 3.98 0.097 8.54
TiO, 0.18 0.09 0.13 -0.040 0.51
P20s 0.23 0.25 0.02 0.232 1.61
Segregating minerals,
Wt.% Kfs 44.5
Bt 21.1
An20 30.7
Ap 3.7
Amount of solid segregate
removed, wt.% 13.3

Sum residuals squared Z R? 0.16
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