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A biotite granodiorite and seven Sn-bearing two-mica granites crop out in the Gouveia area, central Portugal.
A SHRIMP U-Th-Pb zircon age from the granodiorite, and monazite ages from four of the two-mica granites,
show that they are of Early Ordovician (~480 Ma) and Permo-Carboniferous, i.e. Variscan (~305 and 290 Ma)
age respectively. The Variscan two-mica granites are late- and post-D3. Major and trace element variation in
the granitic rocks and their biotite and muscovite indicate mainly individual fractionation trends. The granitic
rocks are mostly depleted in HREE relative to LREE. The biotite granodiorite is probably derived from igneous
lower crust, as evidenced by low initial 87Sr/%6Sr (0.7036), high eNdy (+2.5) and moderate §'®0 (8.8%.). The
two-mica granites are probably derived by partial melting of heterogeneous mid-crustal metasediments,
mainly metapelite and some metagraywacke, as evidenced by their high initial 87Sr/%6Sr (0.7076-0.7174),
6'80 (10.7-13.4%.) and major element compositions. However, variation diagrams for major and trace
elements from two of the muscovite>biotite granites and their micas define fractionation trends. Rb-Sr
whole-rock analyses from the two granites are perfectly fitted to a single isochron and the rocks have sub-
parallel REE patterns; the younger granite is derived from the older by fractional crystallization of quartz,
plagioclase, biotite and ilmenite (tested by modelling major and trace elements). Most of the Sn-bearing
granites are derived from distinct magma batches. They result from partial melting of a heterogeneous mid-
crustal metasediment. They do not represent a crustal anomaly in tin. Fractional crystallization is responsible
for the increase in the Sn contents of the granites and their micas. Muscovite has a higher Sn content than

coexisting biotite and is the principal host mineral for Sn in these rocks.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The Gouveia area lies within the Central Iberian Zone, which is
the innermost zone of the Iberian Massif. This massif corresponds
to the south-western extension of the European Variscan Belt. Large
volumes of granitic rocks were emplaced in the region, mainly during
the third Variscan deformation D3 from 320 to 300 Ma (Dias et al.,
2002), which generated multiple subvertical strike-slip shear zones
(Valle Aguado et al., 2005). At lower crustal levels, the high temper-
atures possibly resulted from high thermal gradients from D2 and
syntectonic granitoid intrusions. At higher crustal levels D3 occurred
under greenschist facies retrograde conditions (e.g. Abalos et al., 2002).
Many of the Variscan granitoids are significantly enriched in Sn. Some
early plutonic rocks in the Central Iberian Zone, with ages between 500
and 455 Ma, predate the Variscan orogeny (Zeck et al, 2007).
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Unaltered Sn-bearing granites commonly contain 18-26 ppm
Sn (Lehmann, 1990), four to five times more Sn than ordinary granites
(3-5 ppm Sn, e.g. Lehmann, 1987; Solomon et al., 1994). Fractionation
of S-type magmas increases their Sn contents (Lehmann, 1982; Neiva,
1984; Lehmann, 1990; Sawka et al., 1990; Blevin and Chappell, 1995;
Neiva, 2002; Gomes and Neiva, 2002). In general, primary Sn and W
deposits are derived from hydrothermal systems related to Sn-bearing
granites. Igneous cassiterite occurs only locally in a few granites (Haapala,
1997; Gomes and Neiva, 2002).

The granitic rocks from the Gouveia area range from granodiorite
to granite. Some Variscan granites are cut by Sn-bearing granitic aplite-
pegmatite dykes and veins (Neiva et al., 2008), so it is important to
characterize the parent granites and explain their Sn enrichment. This
paper presents the geology, petrography, mineralogy, geochemistry
and isotopic (Rb-Sr, Sm-Nd, 6'0, U-Th-Pb) characteristics of the
granitic rocks from the Gouveia area. Our aim was to date the emplace-
ment of the granitic rocks, and to understand the mechanisms re-
sponsible for their origins, evolution and Sn enrichment. One outcome
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of our work was the discovery of an undeformed Early Ordovician
granodiorite, a rarity in Portugal.

2. Geology

Granitic rocks, intruded into a Cambrian schist-metagraywacke
complex, predominate in the Gouveia area (Fig. 1). Seven different
Variscan two-mica granitoids have been identified (G2-G8), and also
an Early Ordovician medium- to coarse-grained slightly porphyritic
biotite granodiorite (G1) that crops out in the south around Manteigas.
Three of the Variscan granitoids are late-D3; medium- to fine-grained
porphyritic muscovite>biotite granite G2, medium-grained slightly
porphyritic muscovite>biotite granite G3 and coarse- to very coarse-
grained porphyritic biotite >muscovite granite G4. Four of the Variscan
granitoids are post-D3; coarse-grained porphyritic muscovite>biotite
granodiorite to granite G5, medium- to coarse-grained slightly porphyritic
muscovite > biotite granite G6, medium-grained muscovite > biotite gran-
ite G7 and fine- to medium-grained slightly porphyritic biotite = muscovite
granite G8.

The Early Ordovician granodiorite has a hornfels contact meta-
morphic aureole. The Variscan granitoids mostly produced a contact
metamorphic mica schist, but locally there is an inner zone of pelitic
hornfels surrounded by mica schist. Most of the contacts between
the granitic rocks are sharp (Table 1), but the granodiorite to gra-
nite G5 locally grades into granite G6. In general, the granites
contain xenoliths of metasedimentary origin and rarely microgranular
enclaves (Table 1).

The schist-metagraywacke complex and granitic rocks are cut by
subvertical aplite and pegmatite veins and NE-SW, NNE-SSW and
locally subvertical N-S and NW-SE trending quartz veins containing
cassiterite and wolframite. The schist-metagraywacke complex and
granites G4, G5, G6 and G8 are also cut by subhorizontal, mainly NW-
SE and NE-SW trending, Sn-bearing aplite-pegmatite dykes and
veins. NE-SW and NNE-SSW trending faults cut the rocks and quartz
veins.

3. Petrography

According to the classification of Le Maitre et al. (2003), most of
the granitic rocks are granites sensu stricto. G1 and one sample of G5
are granodiorites. All the granitic rocks have a subhedral granular
texture and most of them contain feldspar phenocrysts (Table 1).
Some show the effects of deformation; quartz and feldspar have un-
dulose extinction, micas are bent and quartz is fractured. Biotite grano-
diorite Gland the two-mica granites contain quartz, microperthitic
microcline, plagioclase and biotite, but the latter also contain mus-
covite (Table 1).

Quartz contains inclusions of the minerals belonging to the min-
eral assemblage of the granite. Plagioclase and microcline composi-
tions are given in Table 1. Commonly biotite and muscovite are intergrown
and host inclusions of zircon, apatite and ilmenite, but also of mag-
netite in biotite granodiorite G1, and of monazite in the two-mica
granites. The micas in G1, G2, G3 and G4 show some preferred orienta-
tion. However, it decreases from G2 to G4 and is less marked in G1.
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Fig. 1. A. Location of the study area in Portugal. B. Geological map of the Gouveia area. G1—medium- to coarse-grained slightly porphyritic biotite granodiorite; G2—medium- to fine-
grained porphyritic muscovite>biotite granite; G3—medium-grained slightly porphyritic muscovite>biotite granite; G4—coarse- to very coarse-grained porphyritic
biotite>muscovite granite; G5—coarse-grained porphyritic muscovite>biotite granodiorite to granite; G6—medium- to coarse-grained slightly porphyritic muscovite> biotite
granite; G7—medium-grained muscovite >biotite granite; G8—fine- to medium-grained slightly porphyritic biotite ~muscovite granite.
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Table 1
Geological and petrographic informations on the granitic rocks from the Gouveia area, central Portugal
Granitic rocks G1 Granodiorite ~ G2 Granite G3 Granite G4 Granite G5 Granodiorite to granite  G6 Granite G7 Granite G8 Granite
Location At S, around At NE, close to Qt* At NE, N of Videmonte  Predominates in the At N from Arcozelo to At N surrounding NNE of Sabugueiro, E of Cativelos;
Manteigas do Bugalho and S of Folgosinho central part Sabugueiro-  Vila Nova de Tazem, Pévoa de Cervaes, intruded G4, showing  intruded G5 and
Gouveia and at E of in contact with G4, W of Folgosinho, a sharp contact G6, showing
Famalicdo; sharp contact  local contact by faults W of Pinhangos, sharp contacts
with G1 N and SE of Gouveia,
Eir6, NW and WSW
of Seia; intruded G4,
showing sharp contact;
G5 grades to G6
Numbers and bodies’ 1, NNW-SSE 1 NE-SW 2, E-W 2, N-S 2, E-W 8, E-W, NE-SW, N-S 1, NW-SE 1, NE-SW
orientation *
Deformation Undeformed Deformed N70°W, Less deformed N45°W Even less deformed Undeformed Undeformed Undeformed Undeformed
subvertical to N50°W N50°W, subvertical;
N55°W, 75°S
Enclaves - Metasedimentary Metasedimentary Microgranular, Microgranular, Microgranular, Metasedimentary Microgranular,
metasedimentary metasedimentary metasedimentary metasedimentary
Average dimensions (mm) - 10x7 7%5 up to 21x5 3030 30x20 up to 60%30 156 up to 30x20 14x8 6x3 up to 14x10
for phenocrysts
Biotite % 71 34 2.4 8.6 42 35 2.4 4.7
Muscovite % 0.0 114 11.6 4.6 9.7 12.6 9.1 5.1
An of plagioclase Phen. 13-62 - 0-9 5-30 18-29 1-16 10-2 -
Matrix ~ 7-41 0-8 0-6 2-24 1-16 0-11 1-6 5-16
Or of K-feldspar Phen. - 91-97 - 90-94 90-100 93-100 - 87-100
Matrix ~ 75-100 94-100 93-100 88-97 87-100 94-100 95-100 92-100
wt.% BaO of K-feldspar ~ Phen. - <0.06-0.18 - <0.06-0.29 <0.06-0.18 <0.06-0.08 - 0.06-0.21
Matrix ~ <0.06-0.51 <0.06-0.13 <0.06-0.17 <0.06-0.14 <0.06 <0.06 <0.06-0.09 <0.06

G1—medium- to coarse-grained slightly porphyritic biotite granodiorite; G2—medium- to fine-grained porphyrithic muscovite>biotite granite; G3—medium-grained slightly porphyritic muscovite >biotite granite; G4—coarse- to very coarse-
grained porphyritic biotite>muscovite granite; G5—coarse-grained porphyritic muscovite>biotite granodiorite to granite; G6—medium- to coarse-grained slightly porphyritic muscovite>biotite granite; G7—medium-grained
muscovite>biotite granite; G8—fine- to medium-grained slightly porphyritic biotite=muscovite granite. All granitic rocks contain zircon, apatite, ilmenite and rutile, but G1 also has titanite and magnetite and two-mica granites G2-G8

have monazite. G2 has garnet, G6 shows sillimanite and magmatic andalusite and G6 and G7 contain tourmaline. Phen.—phenocrysts. - they do not occur. *—of long axes of elliptical plutons.
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Table 2
Average whole-rock chemical analyses in wt.%, trace elements and rare earths in ppm of granitic rocks from the Gouveia area, central Portugal

G1 o G2 G3 o G4 () G5 G6 o G7 o G8 o
Si0, 69.20 113 74.39 72.80 0.75 71.72 1.96 7114 73.54 0.42 73.71 039 72.79 037
TiO, 0.51 0.06 0.04 0.15 0.04 0.33 0.11 0.41 0.16 0.01 0.10 0.02 0.25 0.02
Al,05 15.02 0.36 14.67 14.99 0.28 14.19 0.47 14.05 14.21 0.17 14.62 0.09 14.27 0.13
Fe,03 1.10 0.14 0.18 0.25 0.18 0.40 0.09 0.40 0.35 0.09 0.40 0.14 0.20 0.11
FeO 174 0.27 0.43 0.77 0.22 1.65 0.52 214 1.02 0.10 0.60 0.16 134 0.08
MnO 0.05 0.01 0.03 - 0.03 0.02 0.05 0.03 - 0.03 - 0.03 -
MgO 1.20 0.17 0.11 0.26 0.09 0.47 0.16 0.56 0.25 0.04 0.18 0.04 0.35 0.03
Ca0 2.80 0.29 0.48 0.46 0.10 0.86 0.51 1.38 0.54 0.13 0.52 0.05 1.04 0.11
Na,O 410 0.20 335 3.50 0.38 313 0.65 332 3.05 0.19 3.02 0.08 2.75 0.13
K,0 2.55 0.20 4.20 432 0.40 5.19 0.36 5.02 4.79 0.23 4.65 0.24 5.17 0.22
P,05 0.16 0.02 0.35 0.34 0.06 0.27 0.04 0.24 0.28 0.03 0.37 0.05 0.20 0.02
LOI 1.27 0.28 148 1.68 0.22 1.39 0.26 1.25 139 0.22 1.38 027 1.24 0.07
Total 99.70 0.15 99.71 99.52 0.1 99.63 0.13 99.96 99.61 0.13 99.58 0.11 99.63 0.11
AJ/CNK 1.03 0.04 134 133 0.06 1.16 0.11 1.06 1.27 0.06 133 0.01 1.19 0.03
C 0.81 4.58 453 2.51 1.22 3.70 4.56 2.74
F 523 154 668 1080 193 1290 235 1403 1790 286 861 35 1316 92
Nb 4 1 5 6 2 12 2 20 18 1 13 1 15 1
Zn 34 9 20 85 14 60 1 77 61 6 52 7 68 7
Sn * 19 19 3 16 6 19 32 2 40 3 19 2
Li 49 20 40 178 29 136 40 172 242 37 231 12 232 12
Zr 112 11 12 57 14 139 44 184 79 8 36 11 119 11
Cu 13 3 4 6 9 14 8 20 5 7 * 11 1
Y 14 2 8 8 3 14 7 27 18 2 15 3 16
Sr 296 22 40 45 16 89 25 87 54 8 56 10 118 5
Pb 21 15 39 25 21 35 1 26 38 20 49 27 35 8
Ba 475 21 162 173 98 357 135 368 192 21 137 38 413 53
Rb 52 8 181 262 13 252 13 324 393 29 292 15 328 11
Th 8 2 0.10® 2.60° 15 5 26 12 2 2.10° 15 3
§) 2.59 5.66 733 6.97 19.60 16.00 6.43 3.95
La 25.05 110 9.10 28.40 36.00 19.45 6.55 34.56
Ce 51.45 1.80 19.30 59.25 78.55 36.25 13.70 70.05
Pr 6.27 0.22 2.47 717 9.56 441 1.74 8.27
Nd 22.90 0.70 9.30 26.35 34.00 15.52 6.35 29.00
Sm 4.45 0.20 2.80 5.15 735 3.58 1.85 5.65
Eu 1.06 0.05 0.28 0.79 0.58 0.29 0.39 0.85
Gd 4.02 0.20 2.59 435 6.35 3.18 2.02 4.56
Tb 0.60 0.05 0.43 0.68 0.98 0.54 0.40 0.63
Dy 3.00 0.27 1.80 338 5.16 2.72 222 2.84
Ho 0.59 0.06 0.37 0.62 1.02 0.51 0.37 0.55
Er 1.56 0.14 0.76 1.58 2.69 1.28 0.83 1.51
Tm 0.26 0.045 0.1 0.25 0.39 0.20 0.12 0.23
Yb 172 0.30 0.66 1.76 2.50 1.25 0.70 1.50
Lu 0.26 0.045 0.09 0.26 0.40 0.18 0.10 0.19
N 9 3 7 6 3 18 7 8

Column headings as in Table 1. o—standard deviation; LOI—loss-on-ignition; — not detected; A/CNK = mol. Al;05/(Ca0+Na,0+K;0); C—corundum %; *below the limit of sensitivity,
which is of 4 ppm for Sn, Cu and Th. Major and trace elements determined by XRF; Zn, Cu, Pb, Th by ICP-AES and Th (only with ®) by ICP-MS and U and REE by ICP-MS; Li by atomic
absorption; F by selective ion electrode; FeO by titration. N—number of analyses. REE contents of selected samples.

Euhedral garnet crystals in muscovite>biotite granite G2 have
fractures filled by micas. Euhedral andalusite crystals are included in
micas in muscovite>biotite granite G6. Needles of sillimanite occur
as inclusions in muscovite, more rarely in feldspars and quartz, and
locally in andalusite from G6. Schorl occurs in granites G6 and G7 as
anhedral unzoned crystals containing inclusions of zircon, apatite and
ilmenite. Schorl partially replaces micas.

Some alteration is evident, for example chloritization of biotite and
the occurrence of secondary muscovite replacing feldspars, particu-
larly plagioclase. It is most pronounced in granite G2. The dominant
chlorite composition is chamosite.

4. Analytical methods

The major and trace element (Nb, Sn, Zr, Y, Sr, Ba, Rb and Th)
abundances in the granitic rocks were determined by X-ray fluores-
cence (XRF) using the Tertian and Claisse (1982) method, with preci-
sions better than 1% for major elements and Rb, and about +4% for the
other trace elements. Zn, Cu and Pb were determined by ICP-AES with
a precision of about +5%. Li was analysed by atomic absorption with a
precision of +2%. All these determinations were carried out at INETI, S.
Mamede de Infesta, Portugal.

The micas were separated with a magnetic separator and heavy
liquids to determine their bulk trace elements. The purity was esti-
mated to be ~99.8% by petrographic examination. The main contami-
nants were inclusions of zircon, apatite and monazite. A very small
amount of apatite and monazite can contain a very large amount of the
REE. Therefore, REE of micas were not determined.

The FeO contents of the granitic rocks and biotites were deter-
mined by titration with a standardised potassium permanganate solu-
tion with a precision of +1%. F in the granitic rocks was measured by
selective ion electrode analysis with a precision of about +2%. Loss
on ignition (LOI) for rocks was determined following the method of
Lechler and Desilets (1987). Li contents of micas were determined
by atomic absorption with a precision of +2%. These determinations
were carried out at the Department of Earth Sciences, University of
Coimbra, Portugal. Trace elements in micas and U, REE in the granitic
rocks and Th in a few of these rocks were determined by ICP-MS with a
precision of +5% in SGS Laboratory, Toronto, Canada.

The major element compositions of the minerals were determined
using the Modified Cambridge Geoscan Link System energy-dispersive
system at Manchester University. Selected feldspars, micas and tour-
malines were also analysed using a Cameca SX100 electron microp-
robe at this University, operating at 15 kV accelerating voltage and
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15 nA beam current. Detection limits (30" above mean background)
were 0.03 wt.% oxide for most components, except F (0.1 wt.%), BaO
(0.06 wt.%) and CI (0.01 wt.%), with counting times of 80 s for F, Cl
and BaO.

Samples for Sr and Nd isotope analysis (0.1000 g) were digested
with HNO5 +HF in a Teflon-lined vessel. The elements were separated
with ion-exchange resins, and the Sr and Nd isotope ratios were
determined by thermal ionization mass spectrometry (TIMS) with a
Finnigan Mat 262 at the University of Granada (Spain). All reagents
were ultra clean. Normalization values were 26Sr/%8Sr=0.1194 and
146Nd/'4Nd =0.7219. Blanks were 0.6 and 0.09 ng for Sr and Nd. The
external precision (20), estimated by analysing 10 replicates of the
standard WS-E (Govindaraju et al., 1994), was better than+0.003%
for 37Sr/%5Sr and+0.0015% for *>Nd/**“Nd. The values obtained for
the standards during isotopic measurements are 87Sr/2Sr=0.710252 +
0.000021 (20) for NBS 987 (20) and "**Nd/'**Nd =0.511844+0.000010
(20) for La Jolla. 3’Rb/®Sr and '¥Sm/'**Nd ratios were determined by
ICP-MS following the method developed by Montero and Bea (1998),
with a precision better than +1.2% and +0.9% (20) respectively.

Whole-rock oxygen isotopic compositions were measured, using a
quartz standard, with a reproducibility of +0.2%. at the Department of
Earth Sciences, the University of Western Ontario, Canada.

Biotite granodiorite G1 and two-mica granites G3, G4, G5 and G8
were selected for zircon or monazite U-Th-Pb isotopic dating. About
500 g of each rock were crushed to <250 pm and the high density,
weakly magnetic minerals >20 um diameter extracted using high
density liquids and a Frantz magnetic separator respectively. Final
purification of the monazite and zircon separates was by hand picking.

Zircon and monazite were mounted separately in epoxy resin with
grains of reference material; monazite—Thompson Mine WB.T.239
(radiogenic 2°°Pb/?*8U=0.3152, U~2100 ppm), zircon—Temora (?°°Pb/
238=0.06683) and SL13 (U=238 ppm). The mounts were photo-
graphed in transmitted and reflected light, and the zircon internal
textures imaged by cathodoluminescence (CL) using an Hitachi S-
2250N SEM, prior to SHRIMP analysis. The monazite was imaged by
backscattered electrons using a Cambridge Instruments Stereoscan
360 after SHRIMP analysis.

The U-Th-Pb isotopic analyses were carried out on SHRIMP ion
microprobes at the Australian National University. Zircons from biotite
granodiorite G1 were analysed on SHRIMP RG. Monazites from the
two-mica granites were analysed on SHRIMP II. Analytical conditions
were similar to those described by Williams et al. (1996). A 3-4 nA
primary beam of 10 kV O3 ions was focused to a probe ~25 yum diam-
eter. Secondary ions were extracted at 10 kV and mass analysed at a
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Table 3

U-Th-Pb analyses of zircon from granodiorite G1, Gouveia area, northern Portugal

Analysis  Pb* U Th Th/U  2%%pb/ + £206%°>  20%pp?  + 208ph3) 4 206ph3) & 207ph3 & Apparent ages (Ma)*

number  (ppm)  (ppm) (ppm) 20pp 20PD #2Th #8y 20pp 208232+ 206238 *  207/206 * Preferred” *
G1, GV60 (06-35) Biotite granodiorite _
11 21 280 93 033 1.29E-04 1.31E-04 0.23 0.0977 0.0061 0.02272 0.00149 0.07707 0.00121 0.05423 0.00224 454.1 29.5 478.6 72 3804 95.6 480.1 72
2.1 27 353 133 0.38 7.26E-05 8.10E-05 0.13 0.1185 0.0042 0.02405 0.00103 0.07617 0.00074 0.05516 0.00151 480.4 203 4732 45 4185 62.2 4741 4.4
3.2 14 183 64 0.35 3.84E-04 280E-04 0.69 0.1005 0.0118 0.02194 0.00262 0.07685 0.00146 0.05759 0.00458 438.7 52.0 4773 8.8 5143 185.2 476.8 8.5
33 61 785 244 031 492E-05 4.55E-05 0.09 0.0991 0.0030 0.02488 0.00081 0.07805 0.00082 0.05671 0.00099 496.7 16.0 4845 49 480.1 39.2 4845 49
41 52 508 733 144  3.34E-05 3.17E-05 0.06 0.4437 0.0054 0.02430 0.00043 0.07900 0.00087 0.05678 0.00123 4853 84 490.2 5.2 483.1 48.5 490.1 53
5.1 24 288 177 0.62 2.92E-05 3.78E-05 0.05 0.1859 0.0054 0.02352 0.00078 0.07789 0.00116 0.05551 0.00203 469.8 154 4835 6.9 433.0 83.8 4842 7.0
5.2 24 299 163 0.55 2.00E-05 2.00E-05 0.04 0.1722 0.0067 0.02407 0.00114 0.07631 0.00178 0.05806 0.00118 480.8 22.6 4741 10.7 5321 450 4733 10.7
6.1 27 336 192 0.57 3.12E-05 7.99E-05 0.06 0.1788 0.0069 0.02407 0.00102 0.07675 0.00121 0.05694 0.00181 480.7 20.2 476.7 72 4893 71.6 476.6 72
71 21 254 131 0.51 7.37E-05 9.25E-05 0.13 0.1599 0.0087 0.02418 0.00139 0.07775 0.00127 0.05679 0.00192 4829 275 4827 76 483.6 76.6 482.6 7.6
72 14 173 85 049 222E-04 199E-04 0.40 0.1660 0.0107 0.02568 0.00175 0.07651 0.00138 0.05284 0.00390 512.6 344 4753 83 3219 1771 4775 8.3
8.1 20 239 119 0.50 7.57E-05 6.82E-05 0.14 0.1552 0.0057 0.02468 0.00108 0.07929 0.00168 0.05754 0.00200 492.8 213 4919 101 5124 781 4914 10.1
9.1 21 254 115 045 2.00E-05 2.00E-05 0.04 0.1409 0.0046 0.02483 0.00096 0.07951 0.00146 0.05497 0.00241 495.7 19.0 4932 8.7 4110 101.4 494.2 8.9

3 Corrected for common Pb of a composition calculated from the Cumming and Richards (1975) growth curve. Correction used 2°*Pb.
b Percentage of total 2°°Pb that is common 2°°Pb.
¢ Preferred age estimate, based on 25Pb/2*8U corrected for common Pb using 2°”Pb/?°°Pb, assuming concordance.
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Fig. 5. Tera-Wasserburg concordia diagram showing SHRIMP U-Pb isotopic analyses of zircon from biotite granodiorite G1. Two analyses of possible cores give ages indistinguishable
from those measured on zircon with simple, euhedral, oscillatory growth zoning. Analytical uncertainties are one standard error precision estimates.

law relationship between Pb/U and UO/U or Pb/Th and ThO/Th (Claoué-
Long et al., 1995).

Common Pb corrections to the monazite analyses were small, so
the common Pb was assumed to be surface contamination of Broken
Hill galena composition. Corrections were made assuming Pb-U con-
cordance. The monazite 2°°Pb/?>3U measurements were also corrected
for the presence of initial 22°Th (Schirer, 1984), assuming Th/U=4 in
the melt phase of the magmas. Common Pb corrections to the zircon
analyses were larger, so the common Pb in each grain was assumed to
have a composition consistent with the age of the grain (Cumming
and Richards, 1975). Common Pb corrections were made using 2*Pb.

For comparative purposes, the monazite ages were calculated
by two independent methods. The 2°°Pb/?38U ages were calculated
using a calibration based on UO*/U* and 2°°Pb*/?38U*. The 2°8Pb/?3?Th
ages were calculated using a calibration based on ThO*/Th* and 2°8Pb*/
232Th*, The ages calculated by the two methods were in close agree-
ment. All ages were calculated using the decay constants recom-
mended by the IUGS Subcommission on Geochronology (Steiger and
Jager, 1977).

The uncertainties listed in the data tables and plotted in the Con-
cordia diagrams are 10 analytical precision estimates. The uncertain-
ties in the calculated mean ages for each sample are 95% confidence
limits, i.e. t sigma, where t is the Student's t multiplier, and include
the uncertainties in the inter-element calibrations (0.37% for monazite
Pb/U, 0.30% for monazite Pb/Th and 0.40% for zircon Pb/U).

5. Whole-rock geochemistry

The major, trace and rare earth element contents of granitic rocks
from the Gouveia area are listed in Table 2. The granitic rocks are all
peraluminous, with average molecular A/CNK ratios (Al,O5/(CaO+
Na,0+K50)) of 1.03 to 1.34. The average normative corundum content
is 0.81% in biotite granodiorite G1, and ranges between 1.22 and 4.58%
in the two-mica granites.

Total FeO has been chosen as a differentiation index for the varia-
tion diagrams because it shows more variability in the granitic rocks
than SiO,. The variation diagrams for selected major and trace ele-
ments in the granitic rocks show mainly subparallel curvilinear trends
(Fig. 2). However, the muscovite>biotite granodiorite to granite G5
and granite G6 together define a single curvilinear variation trend in
each diagram.

The chondrite-normalized REE patterns of all granitic rocks (Fig. 3)
show enrichments in LREE relative to HREE (Lay/Luy)=2-18. Mus-
covite>biotite granite G2 is the lowest in ZREE and has a very unusual
pattern attributed to some alteration effects. Muscovite > biotite grano-
diorite to granite G5 is the highest in SREE. The REE patterns of G5
and G6 are subparallel and the REE concentrations decrease from the
former to the latter. However, most of the REE patterns cross-cut each
other in LREE and HREE.

6. Isotopic data
6.1. SHRIMP U-Th-Pb analyses of zircon and monazite

The zircon grains from biotite granodiorite G1 are mostly large,
clear, weakly coloured and sharply euhedral to slightly rounded. Cathod-
oluminescence imaging shows that most have relatively simple euhed-
ral oscillatory zoning consistent with a single generation of zircon
growth (Fig. 4). Very few grains have structurally discordant cores.
Twelve U-Th-Pb isotopic analyses of 9 grains are listed in Table 3 and
plotted on a Concordia diagram in Fig. 5. All analyses, even of possible
cores (e.g. 7.2, Table 3), are concordant within analytical uncertainty
at ~480 Ma. All analysed grains have the same 2°°Pb*/?38U with-
in uncertainty, equivalent to a weighted mean age of 481.8+5.9 Ma,
which we interpret as the crystallization age of the granodiorite (Early
Ordovician).

The monazite grains from the dated two-mica granites (G3, G4, G5
and G8) are honey yellow, euhedral, equant to slightly elongated and
80-250 um diameter. BSE images of the analysed grains from granites
G4 and G8 show relatively simple concentric zoning, but in the grains
from G5 that zoning is, in many cases, modified by patchy recrystal-
lization (Fig. 6). Simple zoning is rare in the monazite from G3; most
grains either have no obvious zoning or have a mosaic texture, and
recrystallization, particularly around the margins of the grains, is com-
mon (Fig. 6).

U-Th-Pb isotopic analyses of 10 grains from each sample are listed
in Table 4 and plotted on Pb-U-Th concordia diagrams in Fig. 7A-D.
All the isotopic analyses are concordant, or very nearly so, within
analytical uncertainty. Although the 2°°Pb/?33U ages are generally the
more precise, 2°Pb/?32Th is preferred for estimating the crystalliza-
tion ages because it is unaffected by the presence of initial 2°Th. Three
of the grains from G3 (1, 3 and 9, Table 4) have significantly higher

Please cite this article as: Neiva, A.M.R,, et al., Geochemical and isotopic constraints on the petrogenesis of Early Ordovician granodiorite and
Variscan two-mica granites from the Gouveia area, central Portugal, Lithos (2009), doi:10.1016/j.lith0s.2009.01.005
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Fig. 6. Backscattered electron (BSE) images of representative monazite grains from the four dated two-mica granites (G3, G4, G5, G8) from the Gouveia area. Grain numbers
correspond to those in Table 4. Light grey ellipses mark the areas dated by SHRIMP U-Th-Pb. Dark elliptical marks are pits produced during an initial SHRIMP reconnaissance study of
the grains. Uncertainties in the measured ages (Ma) are one standard error precision estimates.

apparent ages than the others (~420, ~320 and ~446 Ma respectively),
suggesting either the presence of inheritance or, much less likely, major,
uniform isotopic resetting of all the younger crystals. The 7 young
grains have the same 2°8Pb*/2>2Th and 2°°Pb*/?38U ages within ana-
lytical uncertainty, yielding a weighted mean 2°%Pb*/?32Th age of
303.8+3.2 Ma (Fig. 7A). One grain from G4 (7) is slightly older than the
rest. The remaining 9 grains have the same 2%8Pb*/232Th and 20°Pb*|
238 ages within analytical uncertainty, yielding a weighted mean
208pp*[232Th age of 301.4+2.6 Ma (Fig. 7B). One grain from G5 (8) has
a slightly lower 29pPb*/?*2Th and 2°°Pb*/>38U than the rest. The
remaining 9 grains have the same 2°8Pb*/232Th and 2°°Pb*/?33U ages
within analytical uncertainty, yielding a weighted mean 2°8Pb*/232Th
age of 288.6+2.5 Ma (Fig. 7C). Similarly with G8, one grain (1) has a
slightly lower 2°8Pb*/232Th than the rest. The remaining 9 grains have
the same 2°8Pb*/232Th and 2°°Pb*/228U ages within analytical uncer-

tainty, yielding a weighted mean 2°Pb*/232Th age of 288.7+2.6 Ma
(Fig. 7D). The monazite in each granite is considered to be an igneous
mineral, so the monazite ages are considered to record granite crystal-
lization. The four granites are Variscan, but G5 and G8 are significantly
younger than G3 and G4 (Table 5). The rare older monazite grains in
granite G3 are considered to be inherited.

6.2. Rb-Sr, Sm-Nd and oxygen whole-rock analyses

Rb-Sr whole-rock isotopic analyses of biotite granodiorite G1 and
two-mica granites G3-G8, and Sm-Nd isotopic analyses of G1, are
listed in Table 6. Whole-rock oxygen isotopic compositions (5'®0) are
listed in Table 7.

The six whole-rock Rb-Sr analyses of granites G5 and G6 lie within
analytical uncertainty on an isochron (Fig. 8) which yields an age

Please cite this article as: Neiva, A.M.R,, et al., Geochemical and isotopic constraints on the petrogenesis of Early Ordovician granodiorite and
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Table 4

U-Th-Pb analyses of monazite from granitic rocks from the Gouveia area, northern Portugal

Analysis  Pb® U Th Th/U  f206% 2°7Pb?/ + 208ppb/ 4 208ppby 4 206ppb) 4 Apparent ages (Ma)”

number  (ppm) (ppm)  (ppm) 206pp 206p Z2Ih 8y 208232 + 206238 *
G3, GV11 (06-33) Muscovite>biotite granite

1 1148 8723 33,996 3.9 0.12 0.0562  0.0005 123 0.01 0.02102 0.00025 0.06680 0.00054 4204 50 416.8 33
2 568 3290 32,526 19 0.08 0.0531 0.0012 3.10 0.03 0.01505 0.00025 0.04799 0.00060 302.0 50 3022 3.7
3 733 6943 29,598 43 0.08 0.0536  0.0006 1.31 0.01 0.01592 0.00020 0.05163 0.00042 319.2 4.0 3245 2.6
4 753 7678 32,614 42 0.16 0.0538 0.0006 134 0.01 0.01494 0.00018 0.04751 0.00036 299.8 36 299.2 22
5 731 7710 30,774 4.0 0.16 0.0538 0.0007 125 0.02 0.01494 0.00024 0.04770 0.00037 299.7 47 3004 23
6 577 5168 27,254 53 0.07 0.0529 0.0006 1.64 0.02 0.01490 0.00021 0.04798 0.00040 299.0 42 3021 25
7 693 7609 27126 3.6 0.02 0.0525 0.0007 111 0.01 0.01518 0.00027 0.04879 0.00050 304.6 53 3071 3.1
9 1006 883 48,931 554 0.11 0.0571 0.0019 16.98 0.14 0.02231 0.00069 0.07281 0.00183  446.0 13.6 4531 11.0
10 709 5378 35,630 6.6 0.01 0.0525 0.0006 2.08 0.02 0.01527 0.00020 0.04875 0.00043 306.3 39 306.8 2.7
1 629 6794 25,405 3.7 0.04 0.0527 0.0010 1.16 0.01 0.01504 0.00021 0.04847 0.00042 301.7 41 305.1 2.6
G4, GV55 (06-34) Biotite>muscovite granite

1 994 2056 71,007 345 0.23 0.0545 0.0012 10.70 0.16 0.01470 0.00033 0.04745 0.00073 295.0 6.5 298.8 4.5
2 808 736 60,341 820 0.24 0.0546 0.0026 26.01 042 0.01485 0.00040 0.04680 0.00090 2979 79 2949 5.6
3 819 1505 58,042 38.6 0.11 0.0534 0.0024 11.89 0.15 0.01495 0.00030 0.04851 0.00069 300.0 59 3054 43
4 841 2140 57,206 26.7 0.24 0.0547 0.0019 8.49 0.06 0.01508 0.00023 0.04750 0.00057 302.6 47 299.2 35
5 683 1792 45472 254 0.17 0.0540 0.0010 792 0.09 0.01530 0.00029 0.04903 0.00066 307.0 5.8 308.6 4.0
6 788 1621 54,825 338 0.07 0.0531 0.0011 10.47 0.09 0.01506 0.00024 0.04866 0.00057 302.2 47 306.3 3.5
7 790 883 58,192 659 0.07 0.0530 0.0020 19.89 0.25 0.01487 0.00040 0.04924 0.00104 298.3 79 3099 6.4
9 754 1621 52,687 325 0.07 0.0531 0.0018 9.92 0.13 0.01492 0.00037 0.04887 0.00091 299.3 74  307.6 5.6
10 731 1514 51,355 339 0.07 0.0531 0.0016 1045 0.09 0.01492 0.00025 0.04841 0.00064 299.2 51 3048 3.9
1 841 2547 55267 217 0.00 0.0521 0.0014 6.81 0.06 0.01522 0.00022 0.04850 0.00049 305.3 45 3053 3.0
G5, GV47 (06-36) Muscovite> biotite granodiorite

1 1115 4664 75,099 16.1 0.10 0.0530 0.0011 5.00 0.04 0.01416 0.00021 0.04564 0.00050 284.2 41 2877 31
3 715 1325 53,035 40.0 0.44 0.0561 0.0014 1245 0.17 0.01434 0.00033 0.04609 0.00081 287.7 6.7 290.5 5.0
4 934 2700 65438 242 0.00 0.0519 0.0013 7.54 0.06 0.01446 0.00020 0.04648 0.00048 290.1 41 2929 29
5 676 1151 50,088 43.5 0.24 0.0543 0.0016  13.52 0.17 0.01445 0.00032 0.04651 0.00074 289.9 64 2931 4.6
6 727 1678 54,227 323 0.30 0.0549 0.0011 9.84 0.10 0.01397 0.00024 0.04592 0.00057 280.4 48 2894 35
7 866 3466 57,529 16.6 0.09 0.0530 0.0008 5.17 0.06 0.01444 0.00022 0.04633 0.00045 289.7 45 292.0 2.8
8 687 1119 52,909 473 0.23 0.0542 0.0013 14.53 0.18 0.01397 0.00031 0.04544 0.00074 280.4 6.3 286.5 4.6
9 838 1975 60,700 30.7 0.05 0.0525 0.0011 9.65 0.08 0.01436 0.00021 0.04576 0.00048 288.2 42 2885 29
10 830 3031 56,808 18.7 0.00 0.0520 0.0014 5.79 0.05 0.01427 0.00020 0.04620 0.00043 286.4 40 2912 2.6
11 827 1310 62,349 4759 0.00 0.0517 0.0013 1495 0.14 0.01429 0.00029 0.04547 0.00070 286.7 5.7 286.7 43
G8, GV5 (06-37) Two-mica granite

1 631 1443 46,991 326 0.22 0.0540 0.0013 10.14 0.15 0.01404 0.00032 0.04509 0.00074 2818 6.4 2843 4.6
2 1257 13,060 58,962 45  0.00 0.0520 0.0004 142 0.02 0.01417 0.00022 0.04503 0.00038 2844 44 2840 23
3 783 7344 38,542 52 0.10 0.0529 0.0006 1.64 0.02 0.01433 0.00019 0.04576 0.00039 287.6 3.8 2885 24
4 1038 8020 57,230 71 0.00 0.0519  0.0006 221 0.02 0.01422 0.00018 0.04581 0.00041 285.4 35 2888 25
5 860 5818 49,549 85  0.07 0.0526  0.0006 2.68 0.02 0.01441 0.00020 0.04575 0.00046 289.2 40 2884 29
6 979 4646 63,668 13.7 0.08 0.0527 0.0010 4.30 0.03 0.01427 0.00019 0.04547 0.00045 286.5 3.8 286.6 2.8
7 850 2196 59,665 27.2 0.14 0.0533  0.0010 8.61 0.10 0.01465 0.00031 0.04623 0.00073 294.0 6.2 2913 4.5
B 1063 7344 60,684 8.3 0.04 0.0523  0.0008 2.58 0.03 0.01439 0.00019 0.04609 0.00030 288.7 3.7 290.5 19
10 957 5019 60471 120 015 0.0534  0.0007 3.79 0.03 0.01431 0.00020 0.04545 0.00042 2872 39 286.6 26
12 588 1087 44,430 409 0.11 0.0530 0.0015 12.85 0.20 0.01411 0.00036 0.04488 0.00083 283.2 72  283.0 5.1

¢ Not corrected for common Pb.

b Corrected for common Pb of Broken Hill galena composition using 2°’Pb/?°Pb and assuming concordance.

¢ Percentage of total 2°°Pb that is common 2°°Pb.

0f294+3 Ma ((37Sr/®Sr),94=0.7077), indistinguishable from the mona-
zite age of G5 (288.6£2.5 Ma).

Biotite granodiorite G1 has (87Sr/%5Sr)45,=0.7036+0.0001, eNd 45, =
+2.5 and 6'80=8.940.1%.. The initial 87Sr/®5Sr ratios for the two-mica
granites are significantly higher: G3: 0.7174+0.0060, G4: 0.7090+
0.0001, G5: 0.7076+0.0003, G6: 0.7078+0.0010, G7: 0.7129+0.0036
and G8: 0.7115+0.0011 (Table 6). The 6'0 values for the two-mica
granites from the Gouveia area are also very high: G2: 12.3%., G3:
13.4%0, G4: 12.1%0, G5: 10.7%0, G6: 11.2%., G7: 12.8%. and G8: 11.5%.
(Table 7). The mean 630 value rises from G5 to G6 (Fig. 9).

7. Mineral chemistry
7.1. Feldspars

The compositions of plagioclase and microcline from the eight
granitic rocks are listed in Table 1. Neither feldspar contains significant

P,0s. The anorthite content decreases from phenocryst to matrix
plagioclase. The Ba content of matrix microcline is lower than that

of phenocryst microcline, suggesting that the phenocrysts were pre-
cipitated from the melt-phase of the magmas (e.g. Long and Luth,
1986). Anorthite content of phenocryst and matrix plagioclase de-
crease from G5 to G6. The orthoclase content tends to increase and
the Ba content decreases in both the phenocryst and matrix micro-
cline from G5 to G6.

7.2. Micas

The average major and trace element contents of the analysed
biotites and muscovites are given in Tables 8 and 9, respectively.
Biotite granodiorite G1 contains biotite with Mg/(Mg+Fe?*+Fe>*)=
0.52, whereas the two-mica granites have biotites with Mg/(Mg+Fe?* +
Fe*") of 0.16-0.29 (Rieder et al., 1999). The biotites have composi-
tions similar to those found in biotites from calc-alkaline rocks and
aluminium-potassic rock series, respectively (Nachit et al., 1985).

Trace element variations in the biotites define subparallel trends
for the plutons (Fig. 10A-C), except the biotites from G5 and G6, which
lie on a single trend.

Please cite this article as: Neiva, A.M.R,, et al., Geochemical and isotopic constraints on the petrogenesis of Early Ordovician granodiorite and
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Fig. 7.2°°Pb/?33U versus 2°®Pb/?*?Th concordia diagrams showing SHRIMP isotopic analyses of monazites from some strongly peraluminous two-mica granitic rocks from the Gouveia
area. Plotted analytical uncertainties are one standard error precision estimates. Uncertainties in the mean 2°®Pb/?*2Th ages are 95% confidence limits (to), and include the
uncertainty in the Pb/Th calibration (0.3%). Insets show relative probability histograms of the 2°*Pb/?*Th ages.

The large muscovite flakes from the granitic rocks of the Gouveia
area (Table 9) have the composition of primary muscovite (Miller
et al., 1981; Monier et al., 1984); they have higher TiO, contents than
the secondary muscovite formed by alteration of plagioclase (Table 9).
Plotted against whole-rock total FeO, the variation in some trace ele-
ments in the muscovite defines a trend from G5 to G6, and individual
trends for G4, G7 and G8 (Fig. 10D-F).

7.3. Accessory minerals

Titanite occurs only in granodiorite G1 and has a homogeneous
composition, (CaszoFedio)ssso (TizsoAloos)ssse [SiO4] (O, OH, F).
Garnet is an early mineral in the crystallization sequence of granite
G2.1t has a homogeneous almandine-spessartine composition (Alm,g g

Table 5
SHRIMP U-Th-Pb ages (Ma) of monazite from two-mica granites of the Gouveia area,
central Portugal

Granites gy RO b =il

G3 302.8+2.4(3.6) 303.8+2.4(3.2)
G4 3041+2.9(3.9) 301.4+1.6(2.6)
G5 290.1+2.4(3.4) 288.6+1.5(2.5)
G8 287.7+2.0(3.1) 288.7+1.6(2.6)

The uncertainty without brackets is the internal precision (95% c.l.). The uncertainty in
brackets includes the uncertainty in the Pb/U or Pb/Th calibration.

Sp173 Pyrs4 Grosg 7). Andalusite and sillimanite occur in the strongly
peraluminous granite G6 (average A/CNK=1.27). The andalusite is
relatively pure, containing only 0.40 wt.% FeO. The sillimanite needles
were too fine to analyse. Euhedral andalusite is included in micas.
Sillimanite is included in andalusite, muscovite, feldspars and quartz.
Therefore, andalusite and sillimanite are early minerals and sillima-
nite is earlier than andalusite. The euhedral andalusite crystals have
similar dimensions to those of other magmatic minerals. Andalusite is
in equilibrium with coexisting biotite that has Al'Y of 1.268 apfu (on the
basis of 11 atoms of oxygen). This andalusite corresponds to the cotectic
type 2¢ (water-undersaturated, T|) of Clarke et al. (2005).

Schorl from G7 has a lower (Fe/(Fe +Mg).tom=0.64) than that of G6
(0.77). In both granites, schorl crystals are homogeneous in composi-
tion. [lmenite from G1 has 0.13 wt.% MnO, whereas that in the two-
mica granites has on average 4.26-5.04 wt.% MnO. Magnetite only
occurs in G1 and has the composition of a pure end-member.

8. Discussion
8.1. Early Ordovician biotite granodiorite G1

The pre-Variscan basement of the Central Iberian Zone (CIZ) con-
tains three main belts of Cambro-Ordovician igneous rocks: a) the
metavolcanic rocks and metagranites of the Olho de Sapo Formation;
b) the metagranites of the northernmost zone of the Schist-
Graywacke Domain; c) the Carrascal-Portalegre granitoids and the
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Table 6
Rb-Sr and Sm-Nd analytical data of granitic rocks from the Gouveia area, central Portugal

Granitic Sample Rb St 87Rb/%esr 7St/ Error % (%7Sr/
rock (ppm) (ppm) EeSTy 20 865r);
G1 a 483 3228 0.4330 0.70660 0.002 0.7036
b 58.6 3064 0.5537 0.70739 0.002 0.7036
G3 a 2423 61.8 114012  0.76728 0.003 0.7181
b 306.8 17.7 512148 0.94383 0.004 0.7230
C 269.8 20.2 39.2623 0.88021 0.003 0.7110
G4 a 2823 100.3 8.1746  0.74421 0.003 0.7090
G5 a 369.2 110.8 9.6812 0.74822 0.004 0.7078
b 3242 66.8 14.1168 0.76682 0.003 0.7078
C 325.7 60.8 15.5989 0.77241 0.002 0.7072
G6 a 366.4 416  25.7368 0.81589 0.003 0.7083
b 385.3 352 32.0649 0.84266 0.005 0.7086
C 406.4 36.7 324772 0.84222 0.002 0.7065
G7 a 311.7 46.5 19.5303 0.78837 0.003 0.7083
b 376.9 238 46.7781 0.90881 0.003 0.7171
c 310.8 50.5 17.9439 0.78671 0.003 0.7132
d 301.0 56.2 15.6060 0.77673 0.003 0.7128
G8 a 371.7 116.2 9.2930 0.74948 0.002 0.7114
b 326.8 106.2 8.9350 0.74797 0.002 0.7114
C 3371 114.6 8.5460 0.74602 0.003 0.7110
d 3348 1182 8.2230 0.74459 0.002 0.7109
e 3383 1179 83320 0.74512 0.003 0.7110
f 3551 1016 10.1570  0.75504 0.002 0.7134
Granitic Sample Sm Nd 147Sm/  43Nd/ Error % (**Nd/  &Ndas
rock (ppm) (ppm) ™4Nd  '#Nd 20 144N d) 55
Gl a 3882 18663 01258 0512543 0003 051215 +25

G1,G3, G4, G5, G6, G7, G8 as in Table 1. (37Sr/®6Sr); were calculated for G1 (482 Ma), G3
and G4 (303 Ma), G5 and G6 (294 Ma) and G7 and G8 (288 Ma). Data obtained by TIMS.

metavolcanic rocks of the Urra Formation, further south (Bea et al.,
2007). Pre-Variscan igneous rocks are rare in Portugal and were
previously unknown in the present study area.

Biotite granodiorite G1, emplaced in the Early Ordovician (481.8+
5.9 Ma), is located in the Schist-Graywacke Domain ~200 km west
from the northernmost zone. Biotite is the only mafic mineral, but G1
also contains titanite and magnetite, is calc-alkalic (Frost et al., 2001)
and weakly peraluminous (A/CNK=1.03), has low (87Sr/®6Sr),g,=
0.7036, high eNd4g,=+2.5 and moderate 6'¥0=8.9%. (Tables 6 and 7),
and shows a differentiation trend in variation diagrams for major and
trace elements (Fig. 2). It has some characteristics distinct from those
of other Pre-Variscan metagranites (Bea et al., 2007), namely higher
Fe/(Fe+Mg) of 0.79, Na,0>K,0 and positive éNdag;, but these char-
acteristics are similar to those of the Early Ordovician I-type granitic
rocks from the Oledo pluton, central Portugal, located in the same belt
of the Central Iberian Zone (Antunes, 2006). Low (87Sr/®6Sr),g, and
positive eNdgg, indicate that the granite is derived primarily from a
relatively depleted mantle source region or isotopically primitive
igneous lower crust, although the moderately high 6'30 precludes a
pure mantle source. Possibly mantle-derived magma heated pre-
dominantly igneous lower crust at the crust-mantle interface and
caused crustal partial melting, after which granitic magma was rapidly
transferred to upper crustal levels (Bea et al., 2007). Granodiorite G1 is

Table 7
Whole-rock oxygen isotopic data of granitic rocks from Gouveia area, central Portugal
G1 G2 G3 G4 G5 G6 G7 G8
5'%0 %o 8.8 123 132 121 103 111 122 114
8.9 135 12.1 11.0 11.2 133 11.5
13.5 11.2
11.3
114

Column headings as in Table 1.
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Fig. 8. Whole-rock Rb-Sr isochron for muscovite>biotite granodiorite to granite G5 and
granite G6. Symbols as in Fig. 2.

undeformed, because is located in the south near Manteigas (Fig. 1),
where there was no significant regional deformation.

8.2. Variscan two-mica granites

The seven two-mica granites G2-G8 are alkalic-calcic (Frost et al.,
2001), strongly peraluminous, with A/CNK ranging between 1.16
and 1.34 (except for granodiorite G5, A/CNK=1.06) and K,0>Na,0
(Table 2). They contain monazite and >1.22% normative corundum,
are LREE-enriched, have negative Eu anomalies (Fig. 3), high initial
87Sr/88Sr (20.7076, Table 6) and high 6'30 (>10.7%., Table 7).

Significant differences in the monazite U-Th-Pb ages of the two-
mica granites occur at ~305 Ma for G3 and G4, ~290 Ma for G5 and G8
(Table 5), suggesting that these granites are related to two separate
tectonic events. The former are late-D3 and the latter are post-D3. The
last ductile deformation phase D3, of Namurian-Westphalian age, was
followed by a brittle deformation phase D4 in the Permian (Pereira
et al.,, 1993), which controlled the emplacement of granites G5-G8.
There are no significant mineralogical, chemical (major, trace and REE
elements) and isotopic ((87Sr/%%Sr); and 6'80)) distinctions between
late- and post-D3 two-mica granites, if analytical uncertainties are
taken into account. In other Portuguese areas of the CIZ, however, a
major change occurred at about 300 Ma between calc-alkaline and
alumino-potassic biotite granitoids emplaced between 320 and
300 Ma and subalkaline ferro-potassic biotite granites emplaced at
296-290 Ma (Dias et al., 1998).

Three phases of deformation are recognized in the CIZ. D1 started
at about 360 Ma and D2 occurred during the Early-Middle Carbo-
niferous. These correspond to the collisional stage of the Variscan
orogeny, with crustal thickening associated with partial melting. The
late stage D3 deformation phase is related to strike-slip shear zones
(e.g. Abalos et al., 2002). Granite emplacement at 320-300 Ma post-
dates D2, and is mainly related to D3 (e.g. Dias et al., 1998). In general,
the voluminous and widespread 340-300 Ma, collision-related, strongly
peraluminous granites (A/CNK21.1) of the Variscan orogeny of Europe
were emplaced after crustal thickening, as almost all post-date an early
collision-related medium-pressure metamorphic event (Finger et al.,
1997). Portuguese strongly peraluminous two-mica granites (PSPG)
that were emplaced in the CIZ during D3 and have been dated by
whole-rock Rb-Sr isochrons, range in age from 336+9 Ma (Neiva,
1993) to 287+7 Ma (Silva and Neiva, 1999/2000). ID-TIMS U-Pb ages
of both zircon and monazite from PSPG of the Castelo Branco pluton
are 3101 Ma (Antunes et al., 2008). Therefore, as is common else-
where in Europe, the PSPG were emplaced after crustal thickening.

The PSPG from the Gouveia area can be compared with other PSPG
of different ages from the CIZ, namely from Gerez at 336+9 Ma (Neiva,
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Fig. 9. Selected variation diagrams of §'®0 for the granodiorite to granite G5 and granite G6 from the Gouveia area. Symbols as in Fig. 2.

1993), Castelo de Paiva at 335+13 to 293+12 Ma (Neiva, 1998),
Ervedosa at 328+9 Ma (Gomes and Neiva, 2002), Jales at 320+12 and
309+3 Ma (Neiva, 1992; Neiva et al., 1995), the Castelo Branco pluton
at 310+ 1 Ma (Antunes et al., 2008) and Carregal do Sal-Nelas-Lagares
da Beira from 308+11 to 287+7 Ma (Silva and Neiva, 1999/2000).
Independent of their age, all have similar mineralogical, chemical and
isotopic characteristics because most originated by partial melting of
metasedimentary materials and some are the products of fractional
crystallization of strongly peraluminous granitic magma (e.g. Neiva,
1992).

Granites G5 and G6 seem to be closely related to each other
through a magmatic differentiation process, as evidenced by (1) a local

Table 8
Average chemical analyses in wt.%, trace elements in ppm of biotite of granitic rocks
from Gouveia area, central Portugal

G1 G2 G3 G4 G5 G6 G7 G8
Si0, 36.51 36.52 36.61 34.87 35.82 36.42 36.09 35.46
TiO, 2.79 1.23 212 2.57 2.36 2.23 1.87 2.81
Al,03 15.41 21.61 20.16 18.91 19.53 19.88 2115 19.35

Fe,03 3.44 2.76 2.75 192 1.87 114 272 2.44
FeO 15.47 20.73 21.07 2261 22.03 23.05 21.49 20.23
MnO 0.17 0.36 0.02 0.12 0.25 0.36 0.77 0.34

MgO 1167 388 439 514 460 260 254 502
cao = = = 005 006 001 = =
Na,0 - - - 005 - - - 0.03
K;0 990 878 873 935 939 942 838l 9.42
a 003 002 002 010 002 004 002 002
F 039 056 061 060 076 074 037 045
9578 9645 9648 9629 9669 9589 9583 9557
o=cl 001 = = 002 - 0.01 = =
O=F 016 024 026 025 032 031 006 019
Total 9561 9621 9621 9602 9636 9557 9576 9538
Cr 98 69 50 16 49
Y 336 136 157 49 149
Nb 11 150 190 271 189
Zn 301 835 646 1144 968
Sn 4 39 93 17 62
Li 455 1508 2197 3789 3360
Ni 39 23 9 6 11
Zr 24 16 25 68 36
Cu 18 24 30 41 26
Sc 50 18 37 7 15
Ba 834 152 256 105 355
Rb 446 1323 1610 2077 1583

Column headings as in Table 1. - not detected. Major elements determined by EPMA,
FeO by titration and trace elements by ICP-MS on biotite separates.

gradational contact between the two plutons (Table 1); (2) similar
trend lines in variation diagrams for major and trace elements from
whole-rocks, trace elements from biotite and muscovite (Figs. 2, 10)
and in major and trace elements vs. whole-rock 680 (Fig. 9); (3)
subparallel REE patterns (Fig. 3), co-linearity on a whole-rock Rb-Sr
isochron (Fig. 8) and decreases in plagioclase Ca and microcline Ba
from G5 to G6 (Table 1).

The intrusive contacts between biotite granodiorite G1 and two-
mica granite G4 and between most two-mica granites are sharp
(Table 1). The whole-rock variation diagrams for Ca0, F, Sn, Li, Y, Zn
and Sr show that the fractionation trends defined by G5 and G6 are
independent of those individually defined by granites G2, G3 and G4

Table 9
Average chemical analyses in wt.% and trace elements in ppm of muscovites of granitic
rocks from Gouveia area, central Portugal

Tabular muscovite Secondary
G2 G3 G4 G5 G6 G7 G8 muscovite

Si0, 4720 4716 4725 46.75 4716  46.85 4711 46.95

TiO, 013 0.42 0.62 0.96 034 0.30 0.61  0.02

ALO; 3636 3587 3564 3397 3516 36.03 3516 3343

FeO 114 1.25 1.25 1.89 1.61 135 134 292

MnO - - - - 0.01 0.01 0.01  0.01

MgO 0.21 0.50 0.51 0.99 0.49 0.42 056 092

Ca0 - 0.01 0.03 0.03 0.01 - 0.01 0.03

Na,0 - 0.01 0.02 - 0.12 0.03 0.02  0.03

K,0 1093 10.89 1099 1074 1047 10.76 10.88  10.90

F 0.27 0.20 0.26 0.90 1.00 0.42 051 nd.
9624 9631 9657 9623 9637 96.17 96.21  95.21

O=F 0.11 0.08 0.11 0.38 0.42 0.18 0.21

Total 9613 9623 9646 9585 9595 9599 96.00

Cr 11 19 10 14 25

\Y 47 87 33 18 107

Nb 34 69 103 93 67

Zn 65 59 93 90 93

Sn 63 125 169 173 103

Li 225 558 1018 1030 835

Ni 5 5 5 5 6

Zr 5 10 1 6 12

Cu 11 13 6 5 13

Sc 19 71 29 29 43

Ba 236 316 104 60 269

Rb 674 898 1266 945 854

Column headings as in Table 1. FeO = total FeO; - not detected; n.d.—not determined.
Secondary muscovite is of alteration of plagioclase. Major elements determined by
EPMA, and trace elements by ICP-MS on muscovite separates.
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Fig. 10. Variation diagrams of some trace elements of biotites and muscovites from granitic rocks of the Gouveia area versus total FeO in these rocks, used as differentiation index.

Symbols as in Fig. 2.

(Fig. 2). Although the youngest granites G7 and G8 plot close to other
two-mica granites, whole-rock diagrams for Ca, F, Y, Zn and Sr (Fig. 2)
show that they cannot be related to them. As G8 is younger than G7,
both must also derive from distinct magma batches. Variation
diagrams for Sn, Ba and Rb of biotite and muscovite (Fig. 10), whole-
rock REE patterns that mostly cut each other (Fig. 3), differences in
(87Sr/88Sr); ratios for G3-G5 and G8 (Table 6) and irregular differences
in 6'30 values for all the two-mica granites from the oldest G2 to the
youngest G8 (Table 7), support the conclusion that granites G2-G5, G7
and G8 were derived from different magma batches.

It can be tested whether the two-mica granites G2-G5, G7 and G8
might have resulted from different degrees of partial melting of a fixed
volume of crust. With increasing degrees of partial melting, such a
process would produce a sequence of magmas that became progres-
sively more mafic and contained more Fe, Mg, Ca, Ba, Zr and Ce, and
less Si (e.g. Holtz and Barbey, 1991; Bogaerts et al., 2003). From G2 to

G4, with a progressive decrease in Si, a progressive rise in Ti, Fe, Mg, Zr
and Ba occurs (Table 2), such that G4 might represent the highest
degree of partial melting at the highest temperature. However, F and
LREE contents also increase progressively, indicating the G4 might
represent the lowest degree of partial melting (e.g. Williamson et al.,
1996). This inconsistency makes it unlikely that these three granites
represent a batch melting series, a conclusion supported by the differ-
ences in their (37Sr/%5Sr); (Table 6) and whole-rock 6'80 (Table 7).
Granites G5 and G8 are significantly younger than G3 and G4 (Table 5).
Granites G7 and G8 have higher Si and Li contents and lower Ti, Fe, Mg,
Ca, Zr, Fand LREE contents than G5 (Table 2), indicating that G5, G7 and
G8 cannot result from increasing degrees of partial melting of a single
source, a conclusion again supported by the differences in their (37Sr/
865r); and 6'30 (Tables 6, 7).

Major and trace elements were used to test whether G5 and G6
were related through fractional crystallization. The most mafic sample
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Fig. 11. Plot of modal quartz, plagioclase and biotite in cumulate, and of calculated trace element contents in granitic rocks G5 and G6, from the Gouveia area versus weight
fractionation of remaining melt during fractional crystallization. Symbols as in Fig. 2. Fr—weight fraction of remaining melt during fractional crystallization.
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Table 10
Results of fractional crystallization modelling of the S-type granodiorite G5 from
Gouveia area, central Portugal

Determined parent
granodiorite magma

Calculated composition of parent
magma for granites

G5 G5 R G6 R

Si0, 69.70 69.80 -0.5 69.90 -0.5
TiO, 0.69 0.80 -0.6 0.90 -0.4
Al,03 14.80 15.10 -17 15.40 -17
Fe,05t 3.86 4.00 -0.5 4.10 -0.7
MgO 0.80 0.70 +14 0.70 +0.8
Ca0 1.86 1.70 +1.2 1.40 +1.1
Na,O 3.52 3.40 +1.0 3.20 +0.9
K;0 4.76 4.70 +0.5 4.40 +0.9
Fr 0.797+0.053 0.663+0.107

Modal composition of cumulate

Quartz 124+109 22.5+£13.3
Plagioclase 46.5+5.6 44.0£20.9

Biotite 371+6.9 30.5+8.9

[lmenite 4.0£2.0 3.0£2.7

Composition of residual melts

ppm Det. Det. Calc. Det. Calc.
Sr 112 62 64 60 52
Ba 486 203 251 195 217
Rb 300 394 314 406 340

G5—Coarse-grained porphyritic muscovite>biotite granodiorite-granite; G6—medium-
to coarse-grained slightly porphyritic muscovite>biotite granite. Fe,Ost—total Fe,0s.
Fr—fraction of weight melt remaining during fractional crystallization. R represents the
prediction of error on the calculated value, so represents Xgetermined~Xcalculated/
OXdetermined- Det.—determined, Calc.—calculated.

of granodiorite G5 was selected as the parent magma, and the com-
positions of other samples of granites G5 and G6, which do not show
any metasomatic effects (secondary muscovite and chlorite), were
taken as the residual liquids. Compositions of microcline, micas and
ilmenite determined by electron microprobe analyses and pure anor-
thite, albite and quartz were used in the modelling. The percentage of
quartz increases and that of plagioclase and biotite decreases in the
cumulate with the decrease in weight fraction of remaining melt
during fractional crystallization from granodiorite G5 to granite G6
(Fig. 11, Table 10). The anorthite content of plagioclase in the cumulate
is always similar to that of the core of plagioclase phenocrysts in
granodiorite G5.

The Sr, Ba and Rb contents of the residual melts were calculated
using the concentration of each element in granodiorite G5, the modal
composition of cumulate, the weight fraction of remaining melt during
fractional crystallization, as well as the distribution coefficients for Sr,
Ba and Rb in biotite given by Icenhower and London (1995), for Sr and
Ba in plagioclase given by Blundy and Wood (1991), and for Rb in
plagioclase given by Nash and Crecraft (1985). Sr and Ba decrease, and
Rb increases as the weight fraction of remaining melt decreases from
G5 to G6 during fractional crystallization (Fig. 11, Table 10). The bulk
distribution of Ba and Rb is mainly controlled by biotite, while that
of Sr is essentially controlled by plagioclase. The calculated and mea-
sured values for Sr are very similar (Table 10), but the calculated
Ba values are higher than measured and the calculated Rb values are
lower, probably because the distribution coefficients have large uncer-
tainties. Granite G6 was derived from the granodiorite G5 magma by
fractional crystallization of plagioclase, biotite, quartz and ilmenite
(Table 10).

Most REE in granites are concentrated in accessory minerals. The
decrease in LREE from G5 to G6 (Fig. 3) might be due to fractionation
of monazite, the decrease in MREE can be attributed to fractionation
of apatite and zircon, and the decrease in HREE can be explained by
fractionation of zircon (e.g. Yurimoto et al.,, 1990). This is consistent
with the decrease in Zr content from G5 to G6 (Table 2).

G6 has a much higher Rb/Sr than G5, so the calculation of initial
87Sr/86sr is highly age-dependent. However, the six whole-rock
analyses from the two granites plot within error on a single Rb-Sr
isochron (Fig. 8), giving an age (293.8 +3.4 Ma) indistinguishable from
the G5 monazite age (288.6+2.5 Ma), consistent with both granites
having the same (37Sr/%Sr),q4, (0.7077£0.0008) and hence being
cogenetic. The rise in the mean 6'0 value from G5 to G6 (Fig. 9) is
within the range for a fractional crystallization process (e.g. White,
2003) and is explicable in terms of that process.

The two-mica granites G2-G5, G7 and G8 contain metasedi-
mentary enclaves (Table 1) and their (37Sr/®6Sr); and 60 values
(Tables 6, 7) are consistent with an origin by partial melting of
metasedimentary crustal rocks (Chappell and White, 1992). Small
differences between these isotopic values, and the wide range of Th/U
and age (~2.1-0.35 Ga) in abundant inherited zircon cores that will
be reported elsewhere, indicate that the source materials were het-
erogeneous. As most of these granites have CaO/Na,O ratios ranging
between 0.13 and 0.27, they were produced from clay-rich sources
(plagioclase-poor), suggesting that they are magmas derived from
pelites (Sylvester, 1998). G5 and G8, however, have higher CaO/Na,0
ratios (0.42 and 0.38 respectively), indicating that they might be
derived from partial melting of pelites containing a clay-poor sedi-
ment component such as graywacke. Granites produced by dehy-
dration melting of felsic metapelites are characterized by relatively
low concentrations of Al,O3+FeO+MgO+TiO, of 15-18 wt.% and an
elevated Al,03/(FeO+MgO+TiO,) ratio of 10-25 (Sylvester, 1998;
Patifio Douce, 1999). The two-mica granites from the Gouveia area
have Al,05+FeO +MgO +TiO, ranging between 15 and 17 wt.% and the
Al,03/(FeO+MgO+Ti0,;) ratio is 25 for G2, 13 for G3 and 17 for G7,
confirming that they are derived from felsic metapelites. The ratio is
much lower in G4, G5 and G8 (6, 5 and 7 respectively), consistent with
the derivation of those granites from a source containing both meta-
pelite and metagraywacke. The two-mica granites were emplaced in
the Cambrian schist-metagraywacke complex, consisting of phyllite
with intercalations of metagraywacke and marble which may have
been the source, but younger material was also involved, as indicated
by ages as low as ~350 Ma that we have measured on some zircon
cores.

The crustal partial melting event cannot have been caused by the
introduction of heat by mafic magma intruded into the crust from
below—a large amount of mafic magma would have been necessary,
yet the two-mica granites are isotopically evolved and contain only
rare microgranular enclaves. The crust partially melted as a result of
the high geothermal gradient produced by orogenesis and tectonic
events in the Late Carboniferous (Asturian) and the Early Permian
(Saalinian), which explains the significant differences in the monazite
U-Th-Pb ages of the two-mica granites at ~305 Ma for G3 and G4
and ~290 Ma for G5 and G8. Therefore, these granites are derived by
partial melting of heterogeneous crustal materials caused by crustal
thickening and two distinct tectonic events.

The chemical compositions of the large muscovite flakes from the
Variscan granites of the Gouveia area (Table 9) show that muscovite is
magmatic which is confirmed by the variation in some trace elements
in muscovite versus whole-rock total FeO (Fig. 10). The Si content
of white micas coexisting with K-feldspar, quartz and phlogopite
increases with pressure (e.g. Massonne and Szpurka, 1997). The Si
contents of the analysed magmatic muscovites are mostly 3.1 apfu
(on the basis of 11 oxygens).

The magma temperature during the growth of muscovite can be
estimated by assessing the solidus temperature in the haplogranite
system. Excess Al,O3 lowers the haplogranite solidus by about 30 °C
(Clarke et al., 2005). Fluorine, Li and B also lower the solidus (e.g.
Manning, 1981; London and Burt, 1982; Pichavant and Manning, 1984;
Kawakami, 2001). The granites from the Gouveia area contain up to
0.18 wt.% F, 242 ppm Li and abundant magmatic muscovite (Tables 1, 2).
The intersections of the curve for granitic melts (Johannes and Holtz,
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Fig. 12. Plots of Sn in granites versus Sn in biotite and muscovite from the Gouveia area.
Symbols as in Fig. 2.

1996) and the Si-isopleths for muscovite containing 3.1 apfu Si (Massone
and Schreyer, 1987; Massone and Szpurka, 1997) are about 633 and
625 °C (estimated from Klein et al., 2008).

Application of the Si-in phengite barometer (Massone and Schreyer,
1987; Massone and Szpurka, 1997) gives an estimated emplacement
pressure of 4.5-4.8 kb which, assuming a density of 2.8 g/cm? for the
mainly phyllitic hanging-wall rocks (Neiva et al., 1990), corresponds to a
minimum intrusion depth of 17-18 km. This pressure estimate depends
on the assumed crystallization temperature for muscovite. Granite G6
contains magmatic muscovite and andalusite, which are stable in this
pressure range (Clarke et al., 2005).

The granites were emplaced under relatively reducing fo, condi-
tions, as they contain ilmenite. The late- and post-D3 two-mica granites
from the Gouveia area were emplaced at similar P-T and depth con-
ditions at mid-crustal levels. Variscan two-mica granites from northern
Portugal and the western Bohemian Massif, Germany, also intruded to
mid-crustal levels (Beetsma, 1995; Klein et al., 2008), whereas Variscan
biotite granites from the Massif Central, France, were formed by partial
melting of the lower crust (e.g., Downes et al., 1987).

8.3. Origin of the high Sn content in the granites

The average Sn content of the unaltered two-mica granites from
the Gouveia area ranges from 16 to 40 ppm (Table 2), identifying them
as Sn-bearing granites in the sense of Lehmann (1990). The Sn content
of all the two-mica granites is negatively correlated with total FeO
(Fig. 2), showing that fractional crystallization caused an increase
in the Sn content of each granite magma. During fractional crystal-
lization of granodiorite G5, there was an increase in Sn content from

16 to 34 ppm, reached in granite G6 (Fig. 2). Sn-bearing aplite—
pegmatite sills derived from the G8 magma by fractional crystal-
lization of quartz, plagioclase, potassium feldspar and biotite con-
tain up to 47 ppm Sn, which is retained in micas, as cassiterite was
not found (Neiva et al., 2008). There was an increase in Sn content
from 15 to 47 ppm.

Fractional crystallization is well-known to be a very important
mechanism in the production of Sn-bearing granites (Lehmann, 1982;
Neiva, 1984; Lehmann, 1987, 1990; Sawka et al., 1990; Blevin and
Chappell, 1995; Neiva, 2002; Gomes and Neiva, 2002). The weakly
peraluminous biotite granodiorite G1 has a Sn content below the
detection limit of 4 ppm. Although it shows fractionation trends for
major and trace elements (Fig. 2), Sn is very low even in the most
evolved sample of this granodiorite (Table 2). Among the strongly
peraluminous two-mica granites, G4 is the granite that has the lowest
Sn content (8 ppm), which increased up to 23 ppm by fractional
crystallization (Fig. 2). The country rock phyllite consisting of quartz,
muscovite, biotite, chlorite, albite, zircon, rutile and ilmenite contains
4 ppm Sn (Ramos, 1998). The initial Sn content of the granite magma
depends on the initial Sn content of the metasediment that partially
melted, the mineral phases that broke down to release the Sn and the
bulk distribution coefficients. The two-mica granites are products of
melting of mica-rich sources. Initially strongly peraluminous magmas
can fractionate to produce strong Sn enrichments, but most initially
metaluminous (and possibly weakly peraluminous) magmas do not.

The Sn contents of the two-mica granites are positively correlated
with the Sn contents of their micas (Fig. 12). Tin contents in biotite and
muscovite from granites G4 and G8, and the sequence formed by G5
and G6, increase as whole-rock total FeO decreases (Fig. 10). Therefore,
fractional crystallization also causes an increase in Sn contents of
micas. The distribution coefficient of Sn between micas (Bt and Ms)
and whole-rock (Wr) is 2-4 for D(Sn)/"" and 4-6 for D(Sn)M*/"V* the
highest values being in the sequence defined by granites G5 and G6.
The partition coefficient for Sn between coexisting biotite and musco-
vite from granites G5 and G6 is D(Sn)®¥™$=0.7. Mica is the principal
host for Sn in the two-mica granites. Muscovite has a higher Sn con-
tent than coexisting biotite (Tables 8 and 9), as generally found else-
where in Iberian Sn-bearing granites (Neiva 2002).

The ratio Rb/Sr is taken as an independent indicator of the degree
of magmatic differentiation. Correlation lines have only been drawn
for the granitic rocks G3, G4, G5-G6, G7 and G8 (Fig. 13) where the
correlation as a function of the number of data and the correlation
coefficient can be considered valid at 99% probability. The correlation
lines follow essentially Sn enrichment patterns in accordance with a
fractional crystallization model. The fractionation trends are traceable
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Fig. 13. Correlation of log Rb/Sr-log Sn for granitic rocks of the Gouveia area. Global
reference fields from Lehmann (1990). Symbols as in Fig. 2.
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back to 4 ppm Sn in the least evolved portions. Therefore, a primary
Sn enrichment beyond average shale composition is not justified
(Lehmann, 1990) and consequently the Gouveia area does not re-
present a crustal anomaly in Sn, which is supported by the 4 ppm
Sn content of the country phyllite. The different slopes of the frac-
tionation trends are caused by the degree of Sn enrichment during
magmatic differentiation. The low fo, favors enrichment of Sn in re-
sidual liquids (e.g. Ishihara et al., 1980; Lehmann, 1990).

9. Conclusions

1) Biotite granodiorite G1 from the Gouveia area is calc-alkalic and
weakly peraluminous, has a U-Pb zircon age 0f481.8+5.9 Ma (Early
Ordovician), and its (87Sr/%6Sr),g0, eNdr and 680 values show that
it is sourced primarily from igneous rocks derived from depleted
mantle or meta-igneous lower crust.

The two-mica granites are alkalic-calcic and strongly peralu-
minous. Some are late-D3 and have monazite U-Th-Pb ages
of ~305 Ma and others are post-D3 and ~290 Ma, but they do not
show significant chemical and isotopic distinctions. They have
similar mineralogical, chemical and isotopic characteristics to those
of syn-late- and post-D3 two-mica granites from other Portuguese
areas of the Central Iberian Zone.

Most of the two-mica granites have sharp intrusive contacts and
display individual fractionation trends for major and trace ele-
ments, showing that they are not cogenetic. This is confirmed by
biotite and muscovite trends for trace elements and the granite REE
patterns, which cut each other in LREE and HREE.

The two-mica granites G2-G5 are ~305 Ma and late-D3 and G7 and
G8 are ~290 Ma and controlled by D4. They correspond to different
pulses of granite magma, as evidenced by their different (87Sr/2Sr);
ratios and 6'30 values and major, trace and REE element contents.
These indicate that the granites were derived by partial melting
of heterogeneous metasediments, mainly metapelites, but also
some metagraywackes. Melting occurred in the mid-crust as a
result of the high geothermal gradients caused by crustal thickening
and two distinct tectonic events, one in the Late Carboniferous
(Asturian) and the other in the Early Permian (Saalinian).

The major and trace element compositions of two-mica granites G5
and G6 lie on fractionation trends. The trace element contents of
their micas also define fractionation trends. Both granites lie on a
single whole-rock Rb-Sr isochron. G6 was derived from G5 magma
by fractionation of plagioclase, biotite, quartz and ilmenite. Frac-
tional crystallization was not accompanied by assimilation of meta-
sediments, as G5 and G6 have the same (87Sr/6Sr),94.

Variscan Sn-bearing two-mica granites from the Gouveia area
do not represent a crustal anomaly in Sn. Fractional crystallization
increased the Sn content of the magmas, and muscovite is the main
host for Sn in the rocks.
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