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Abstract A post-tectonic plutonic array of felsic I-type 

granites crops out in the western Hercynian Iberian Belt. 

Isotope (Sr, N d, Pb) data favour the absence of an important 

input of juvenile magmas in late- to post- tectonic 

Hercynian felsic magmatism in western Iberia, but suggest 

a reworking of different crustal protoliths, including 

oceanic metabasic rocks accreted to mid-to-Iower crustal 

levels during the early stages of the collision. I-type granites 

were derived from different meta-igneous protoliths ranging 

from metabasic to felsic compositions depending on their 

geographical position from the external (e.g. Galicia-N 

Portugal, GNP) to the innermost continental areas (Spanish 

Central System and Los Pedroches Batholiths). The GNP 1-

type pIu tons related to eo-Hercynian accretional terranes 

have lower initial 87Sr/86Sr ratios, lower negative ENd 

values, and higher 
206

PbP04
Pb ratios than other I-type 
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granites of the Central Iberian zone. These more isotopi­

cally primitive Hercynian I -type granites are important in 

tracking pre-Hercynian accreted oceanic lithosphere 

terranes. 

Introduction 

The Iberian Massif is the largest Hercynian outcrop in 

Europe. It is characterized by an abundance of granite 

plutons in their innermost zones: the Galicia Tras os 

Montes and the Central Iberian zones (Fig. 1 a). These 

Hercynian granites were emplaced mainly following the 

extensional D3 deformation phase dated at 320 Ma to 

3 10 Ma (Dias et al. 1998). 

A segmented plutonic array of post-tectonic Hercynian 

I-type granites crops out in western Iberia, mainly concen­

trated in two areas: Galicia-N Portugal (GNP) and the 

Spanish Central System (SCS) (Fig. 1). Additionally, small 

massifs crop out in the southwestern Central Iberian Zone 

(central Extremadura, CEX), close to the boundary with the 

Ossa-Morena Zone (Fig. 1). They form isolated circular 

plutons in the GNP, mostly cropping out within the Galicia­

Tras os Montes accretional zone. In the SCS they intrude 

mostly in the northern part of the large peraluminous 

Hercynian batholith, forming an almost continuous granitic 

massif. 

The GNP I -type granites are the latest Hercynian 

magmatic activity in that area, whereas SCS I-type granites 

are coeval with S-type granites and minor basic intrusions 

(Zeck et al. 2007). A later post-batholithic complex 

succession of basic-acidic caIc-alkaline dyke swarms 

intruded the SCS (Villaseca et al. 2004). 

The studied I-type granites have been previously classi­

fied either as caIc-alkaline rocks or as K-rich subalkaline 
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granites (e.g. Capdevila and Floor 1970; Capdevila et al. 

1973; Mendes and Dias 2004; Cuesta and Gallastegui 

2004). The markedly felsic composition and the peralumi­

nous character of most of these granites make a direct 

comparison to the typical calc-alkaline series of subduction 

zones difficult. The more intracontinental setting of Iberian 

granitoids shows characteristics closer to the more universal 

alphabetic classification used in this work, although 

important differences with Lachlan Fold Belt I -type granites 

also exists (e.g. Villaseca et al. 1998). These differences 

with either calc-alkaline rocks of continental margins or 

I-type granite suites have also been observed in other 

Hercynian granite batholiths (e.g. Liew et al. 1989;  Vellmer 

and Wedepohl 1994). 
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In this paper we present for the first time a Pb isotope 

study and an enlarged Sr-Nd isotopic data set of the post­

tectonic Hercynian I-type granites of these three Iberian 

sectors: GNP, SCS and CEX. The petrogenesis of this type 

of plutonism is discussed including a comparison with 

other post-tectonic Hercynian granites of western Europe. 

Slightly older I-type granites from Los Pedroches 

Batholith (LPB), considered late-D3 (3 12 Ma, Donaire 

et al. 1 999), and coeval S-type plutonism (in the SCS and 

LPB areas) are also included in the discussion on the 

characterization of these I-type granite batholiths and on 

granite sources during late-to-post Hercynian times. The 

origin of Hercynian I-type granites is still controversial on 

the roles of crustal and mantle contribution and the nature 



of granite sources (e.g. Mendes and Dias 2004; Villaseca 

et al. 2007). 

Geochronology and petrographical features 

Post-tectonic Hercynian I-type plutons are described as 

post-D3 or post-collisional granites (e.g. Bellido et al. 1992; 

Dias et al. 1998). Available geochronological data yield 

ages younger than 3 10 Ma (Table 1). In the GNP area 

intrusion ages range from 30 1 Ma to 275 Ma.: 30 1 Ma 

(Castroverde), 297 Ma (Geres), 295 Ma (Tojiza), 290 Ma 

(Lugo), 287 Ma (porrifio, Caldas de Reis, Neira), 275 

Ma (Traba) (Cuesta 199 1; Bellido et al. 1992; Dias et al. 

1998; Femandez-Suarez et al. 2000). More scarce geochro­

nological data are available for the SCS I-type granites, 

yielding a slightly older age range: 307 Ma (La Pedriza), 

302 Ma (Navas del Marques, La Cabrera), 299 Ma (La 

Granja), 284 Ma (Atalaya Real) (Villaseca et al. 1998, and 

references therein). I-type granites from Extremadura have 

not been dated yet. 

The studied I-type granites are mainly felsic varieties 

ranging from monzogranite to leucogranite, with scarce 

granodiorite facies (Table 1). Coeval mafic rocks are absent 

in the GNP area, where Hercynian gabbros have been dated 

as pre- or syn-D3 (e.g. 323 Ma, Vivero gabbros, Femandez-

Suarez et al. 2000). Scarce mafic microgranular enclaves 

appear in some plutonic facies. These enclaves are mostly 

granodiorite or monzogranite types, although some tonalitic 

enclaves have been also described (e.g. Cuesta 199 1). 

The more mafic monzogranitic facies often have 

accessory amphibole (hornblende or Fe-edenite) and more 

rarely relict clinopyroxene (W047 En25 Fs27) hosted in 

plagioclase. Biotite is the main mafic mineral, being the 

unique mafic phase in most of the plutonic facies. Biotite is 

a good discriminant for I-type granites because it plots in 

subaluminous fields, when compared to biotite from more 

peraluminous Hercynian granitoids of the same area 

(Fig. 2). Biotites in the studied granites show also higher 

A1203 contents than biotites from anorogenic A-type suites 

(Fig. 2) (Nachit et al. 1985; Abdel-Rahman 1994). Another 

hallmark I-type feature of studied granites is the common 

presence of pink K-feldspar, giving a general reddish colour 

to the rock. 

Common accessories are apatite, zircon, titanite, allanite, 

monazite, xenotime, ilmenite and some Fe-sulfides. Acces­

sory almandine-spessartine garnet sometimes appears in 

leucogranite facies. More rare is the coeval presence of 

garnet with Fe-Mn-rich cordierite in some leucogranites (La 

Cabrera pluton, Villaseca and Barbero 1994). In the most 

felsic varieties of La Pedriza pluton, a highly fractionated 

rare-metal-rich leucogranite, a complex accessory paragen-

Table 1 General features of studied post-tectonic Hercynian I-type granites of the Iberian Belt 

Pluton Area (Km1) Enclaves Rock types Ag e (Ma ) Method Reference 

Galicia - N Portugal (GNP) 

Estaca de Bares MME hbl-bt gdt 286±53 ? Rb-Sr (wr) IGME unpublished 

Tojiza 200 (MME), Bt-rich bt mzgr, bt-ms 19r 295±2 U-Pb (zrn) Fernandez-Suarez et al. (2000) 

Lugo 130 Bt-rich bt mzgr 290±5 Rb-Sr (wr) IGME unpublished 

Castroverde 165 (MME) (hbl)bt mzgr 30l±128 ? Rb-Sr (wr) IGME unpublished 

Neira 65 MME bt mzgr 287±5 Rb-Sr (wr) Bellido et al. (1990) 

Traba 55 Bt-rich bt 19r 275±3 Rb-Sr (wr) Bellido et al. (1992) 

El Pindo 65 bt 19r 276±4 Rb-Sr (wr) Bellido et al. (1992) 

Caldas de Reis 350 MME (hbl)bt gdt, bt mzgr 287±l0 Rb-Sr (wr) Cuesta (1991) 

Porriiio 300 MME (hbl)bt mzgr 287±9 Rb-Sr (wr) Garcia Garzon (1987) 

Geres 650 MME (hbl)bt mzgr 297±7 U-Pb (zrn) Dias et al. (1998) 

Vila Pouca de Aguiar 150 MME bt mzgr 299±3 U-Pb (zrn) Martins (1998) 

Spanish Central System (SCS) 

Villacastin 150 MME hbl-bt gdt, bt mzgr 

La Cabrera 160 MME hbl-bt gdt, bt mzgr, bt 19r 302±3 Pb-Pb (zrn) Casquet et al. (2004) 

Navas del Marques 500 MME hbl-bt gdt, bt (mzgr, 19r) 302±4 Rb-Sr (wr) Casillas et al. (1991) 

La Pedriza 75 Bt-rich bt 19r 307±3 Rb-Sr (wr) Perez-Soba (1991) 

La Granja 85 MME hbl-bt gdt, bt mzgr 299±55 Rb-Sr (wr) Villaseca et al. (1995) 

Atalaya Real 18 MME hbl-bt (gdt, mzgr, 19r) 284±13 Rb-Sr (wr) Villaseca et al. (1995) 

Central Extremadura (CEX) 

Villar del Rey 22 MME hbl-bt (gdt, mzgr) 

La Roca de la Sierra 15 (MME) bt mzgr 

:M:ME: mafic micro granular enclave; gdt: granodiorite ; mzgr: monzogranite ; 19r: leucogranite; hbl: hornblende; bt: biotite; ms: muscovite; zrn: 

zircon; wr: whole-rock 
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esis appears: magnetite, thorite, beryl, columbite and 

pyrochlore (Gonzalez del Tanago et al. 2004). 

Analytical methods 

A total of 21 new granite samples were collected for this 

work, mostly from northwestern Iberia (Galicia). Major and 

trace element whole-rock composition is given in Table 2. 

The whole-rock major and trace element composition was 

analysed at Actlabs (Ontario, Canada). The samples were 

melted using LiB01 and dissolved with I-IN"03. The 

solutions were analysed by inductively coupled plasma 

atomic emission spectrometry (ICP-AES) for major ele­

ments, whereas trace elements were determined by ICP 

mass spectrometry (ICP-MS). Uncertainties in major 

elements are between 1 and 3%, except for MnO (5 1 0%) 

and P10S (> 10%). The precision of ICP-MS analyses at low 

concentration levels has been evaluated from repeated 

analyses of the international standards BR, DR-N, UB-N, 
AN-G and GH. The precision for Rb, Sr, Zr, Y, V, Hf and 

most of the REE are in the range 1% to 5%, whereas they 

range from 5% to 1 0% for the rest of trace elements. More 

information on the analytical procedures, precision and 

accuracy can be obtained from: www.actlabs.com 

Sr-Nd isotopic analyses were performed at the CAI de 

Geocronologia y Geoquimica Isoti>pica of the Complutense 

University of Madrid, using an automated VG Sector 54 

multicollector thermal ionisation mass spectrometer with 

data acquired in multidynamic mode. Isotopic ratios of Sr 

and Nd were measured on a subset of whole-rock powders. 

The analytical procedures used in this laboratory have been 

described elsewhere (Reyes et al. 1 997). Repeated analysis 

of NBS 987 gave 87Sr/86Sr=0.7 10249±30 (2CY, n=1 5) and 

for the ]M Nd standard the 143Nd/l44Nd= 0.51 1809±20 (2CY, 

n=13). The 2cy uncertainty on teNd) calculation is ±OA. 

K -feldspar separates from 8 granites were checked for 

purity under a binocular microscope and analyzed for their 

Pb isotopic composition at the Swedish Museum of Natural 

History, Stockholm. After successive leaching steps with 

acids (6 M HCI, 6 M HN03 and 5% HF), to remove any 

possible radiogenic component, samples were dissolved in 

pressurised Krogh capsules using a mixture of concentrated 

HF and I-IN"03. Pb was purified using cation exchange 

columns and loaded on single Re filaments, and subse­

quently analyzed on a Finnigan MAT 261 TIMS instru­

ment. Data for unknowns were corrected for mass 
fractionation using an empirical relationship derived by 

running the NBS 981  standard at different temperatures. 

The BCR-1 basalt standard was also run during the course 

of the study to secure the quality of the measurements, 

and the overall accuracy of Pb isotopic data is estimated to 

be ±O.1 O% (2 sigma). 

Representative Sr-Nd isotopic composition and the 

whole Pb isotopic data of studied I-type granites are given 

in Table 3. 

Geochemical features 

The studied I-type granites are silica-rich (Si01>65.5 wt%) 

and mostly peraluminous, although some subordinate 

metaluminous varieties in the less acid facies appear in 

some plutons (e.g. Atalaya Real, Geres) (Villaseca et aL 

1998; Mendes and Dias 2004). The alumina saturation 

index (ASI) of the studied granites has a general tendency 

to increase with Si01, which explains the occurrence of 

accessory amounts of garnet in the most felsic granites of 

the SCS. The ASI is mostly comprised between 1 .0 and L 1 ,  

mainly below the value proposed to separate 1 - and S-type 
granites (Chappell 1999 ), and clearly with lower mean ASI 

values than associated S-type granites in central Spain 

(Fig. 3). Moreover, these I-type granites have K10lNa10> 1, 

plotting in high-K fields in the SiOrK10 diagram and close 

to or above the alkaline/subalkaline boundary of the TAS 

diagram (Fig. 4). 

The post-tectonic Hercynian red granites of western 

Iberia have typical I-type features in having higher 

concentrations of Ca and Na than do associated S-type 

granites (Fig. 2 of Villaseca et al. 1 998). Moreover, they 

show a marked increase in Th, Nb, Y, HREE contents at 74 

to 76 wt% Si01, that is common in felsic I-type granite 

suites (Champion and Chappell 1 992) (Fig. 4). However, 

there are no significant differences in other major or trace 



Table 2 Major (wt%) and trace element (ppm) composition of pos-tectonic Hercynian I-type granites of the Iberian Belt 

Massif Traba 

Sample 4143 

GNP 

Traba 

4145 

GNP 

CV 

4212 

GNP 

CV 

4216 

GNP 

SiOz 

TiOz 

AlZ03 

FeZ03 

MnO 

MgO 

CaO 

NazO 

KzO 

PzOs 
LOI 

Total 

Se 

V 

Cr 

Ga 

Ba 

Rb 

Sr 

Cs 

y 

Zr 

Hr 

Nb 

Ta 

Pb 

Th 

U 

73.18 

0.16 

14.05 

1.79 

0.04 

0.22 

0.86 

4.00 

5.05 

0.02 

0.63 

99.82 

4 

9 

154 

24 

189 

315 

43 

26.7 

80.9 

137 

3.9 

24.1 

75.84 

0.15 

12.71 

1.64 

0.04 

0.25 

0.81 

3.52 

4.15 

0.04 

0.65 

99.79 

4 

10 

150 

23 

165 

305 

39 

17.8 

70.0 

126 

5.2 

25.5 

3.80 4.39 

68.23 

0.47 

15.17 

4.06 

0.07 

0.91 

2.73 

3.30 

4.42 

0.13 

0.51 

99.60 

10 

41 

123 

18 

520 

183 

189 

9.8 

42.7 

178 

6.3 

11.2 

2.50 

68.69 

0.47 

14.98 

4.03 

0.08 

0.97 

2.90 

3.24 

3.94 

0.13 

0.57 

99.59 

11 

52 

127 

19 

481 

191 

187 

20.2 

39.8 

163 

4.6 

10.8 

1.30 

43.6 36.0 22.5 24.0 

25.8 26.4 14.0 15.0 

19.60 24.80 4.60 7.50 

E. Bares E. Bares Porrifio Porrifio Tojiza 

4155 4157 GDPO-1 GDPO-3 4275 

GNP GNP GNP GNP GNP 

66.89 

0.55 

15.29 

4.64 

0.07 

1.60 

2.88 

3.20 

3.99 

0.15 

0.74 

99.54 

13 

65 

161 

18 

578 

175 

229 

9.5 

23.7 

139 

5.3 

10.4 

67.08 

0.54 

15.18 

4.36 

0.07 

1.62 

3.14 

3.15 

4.07 

0.15 

0.65 

99.57 

11 

61 

136 

17 

536 

169 

215 

15.1 

25.2 

141 

3.1 

9.8 

69.52 

0.39 

15.54 

2.95 

0.04 

0.81 

1.54 

3.34 

5.10 

0.27 

0.50 

99.70 

5 

27 

174 

20 

702 

231 

262 

71.57 

0.39 

14.55 

2.97 

0.04 

0.71 

1.21 

3.02 

4.73 

0.26 

0.55 

99.71 

23 

176 

19 

443 

260 

84 

27.4 

17.7 

73A3 

0.13 

14.12 

1.98 

0.03 

0.22 

LlD 

3.52 

4.76 

0.05 

0.66 

99.80 

5 

8 

142 

21 

278 

312 

59 

19A 

33.9 

86 

2.3 

19A 

Tojiza 

4277 

GNP 

73.20 

0.16 

13.89 

1.94 

0.02 

0.20 

1.37 

2.93 

5.74 

0.03 

0.52 

99.81 

5 

10 

124 

16 

540 

144 

105 

7.1 

19.8 

105 

1.8 

10.3 

Neira 

4201 

GNP 

72.09 

0.33 

13.69 

3.21 

0.05 

0.47 

1.28 

3.57 

4.60 

0.11 

0.60 

99.68 

7 

15 

147 

20 

420 

160 

116 

6.6 

28.7 

219 

4.1 

16.3 

Neira 

4203 

GNP 

68.19 

0.57 

14.97 

4.56 

0.07 

0.80 

2.15 

3.83 

4.24 

0.19 

0.45 

99.55 

10 

36 

129 

21 

577 

136 

147 

10.9 

28.8 

272 

4.8 

15.0 

3.10 bdl 

15.2 

20.3 

165 

4.4 

12.0 

0.40 

59.7 

25.7 

8.10 

149 

3.3 

12.7 

0.70 

49.1 

20.3 

7.50 

0.80 bdl 1.70 bdl 

21.2 

16.0 

7.50 

24.0 

14.9 

6.10 

25.5 

14.7 

4.50 

30.2 28.1 

17.8 14.1 

2.70 3.90 

22.9 

13.0 

3.70 

El Pindo El Pindo Lugo 

4251 4253 4079 

GNP GNP GNP 

74.58 

0.15 

13.27 

2.03 

0.04 

0.18 

0.94 

3.78 

4.73 

0.03 

0.42 

100.10 

4 

5 

90 

22 

325 

292 

53 

12.0 

59.5 

192 

5.9 

19.3 

74.52 

0.04 

13.87 

0.94 

0.02 

0.09 

0.38 

4.26 

5.53 

0.01 

DAD 

99.94 

2 

2 

101 

22 

133 

318 

21 

12.4 

35.3 

101 

3.2 

18.8 

7Ll3 

0.28 

14.37 

2.78 

0.03 

0.24 

1.46 

3.59 

5.61 

0.07 

0.45 

99.72 

5 

8 

143 

21 

560 

173 

101 

9.0 

35.7 

224 

5.0 

17.4 

Lugo 

4217 

GNP 

71.91 

0.33 

14.10 

3.03 

0.05 

OA6 

Ll7 

3.30 

4.88 

0.13 

0.64 

99.99 

6 

19 

90 

24 

495 

213 

102 

8.3 

44.9 

253 

6.9 

21.5 

V Rey V Rey 

VR-1 VR-2 

CEX CEX 

67.35 

0.50 

16.55 

3.12 

0.04 

0.90 

2.40 

4.45 

4.19 

0.14 

0.38 

99.69 

8 

35 

77 

22 

597 

163 

247 

10.6 

27.5 

144 

4.1 

18.1 

69.02 

0.52 

14.89 

3.35 

0.04 

0.96 

2.30 

4.08 

4.42 

0.14 

0.28 

99.66 

7 

32 

92 

21 

534 

171 

213 

3.09 

38.0 

24.8 

16.50 

1.90 

31.1 

15.2 

12.60 

1.90 2.30 2.80 

9.5 

21.2 

183 

4.7 

18.7 

1.40 

25.4 

22.6 

8.70 

25.9 

15.7 

3.30 

28.0 

18.5 

4.32 

24.1 

13.7 

2.80 

V Rey A talaya R. La Pedriza 

VR-3 95921 87225 

CEX SCS SCS 

69.15 

0.56 

14.52 

3.52 

0.05 

1.04 

2.35 

4.04 

4.24 

0.15 

0.39 

99.66 

5 

36 

80 

21 

453 

175 

200 

6.6 

31.9 

196 

6.2 

20.9 

67.87 

0.39 

15.46 

3.67 

0.03 

0.75 

3.11 

3.23 

4.39 

0.14 

1.03 

99.75 

7 

32 

95 

22 

752 

186 

149 

7.0 

33.1 

201 

5.0 

10.7 

2.40 bdl 

26.1 

30.7 

8.70 

32.0 

19.3 

3.10 

74.21 

0.15 

13.19 

1.72 

0.04 

0.19 

LOS 

3.47 

4.65 

0.05 

0.40 

99.11 

6 

8 

49 

19 

334 

247 

43 

7.2 

48.9 

119 

4.3 

11.9 

3.57 

37.0 

21.9 

5.29 
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element contents when compared to coeval Hercynian 

S-type granites of the SCS. 

Slight compositional differences are observed between 

the I-type granites from Galicia-N Portugal and those from 

central Spain. GNP granites show slightly higher concen­

trations of Na, K, Sr, Eu, Zr, LR EE, U and Nb than SCS 

granites (Fig. 4). The CEX granites plot in the same 

compositional field as GNP granites. I-type granites from 

Los Pedroches Batholith (LPB) are less felsic, richer in 

MgO contents and show a markedly higher Sr (and slightly 

lower Zr, Y, HR EE) contents than any of the studied I-type 

granites, but plot In intermediate compositional fields 

between GNP and SCS when considering other compo­

nents (Fig. 4). The great difference in Sr contents between 

I-type batholiths suggest that the source of the Los 

Pedroches granites was distinct from the other studied 

granites. 

The chondrite-normalized R EE patterns (Fig. 5) vary 

from moderately fractionated in monzogranites {(LaIYb)N 

ratios of 19-20} towards relatively flat in the more felsic 

leucogranites {(LaIYb)N ratios of 1-2}. Correlatively, the 

magnitude of the negative Eu anomaly evolves from small 

(EulEu*=0.84-0.58) towards more pronounced (EulEu*= 

0.23-0. 15) in the leucogranite varieties. This trend IS 

common in all studied I-type granite suites, with the most 

fractionated granite (La Pedriza pluton in the SCS) showing 

the highest negative Eu anomaly (EulEu*=O.OI) and the 

flattest REE pattern (LaNbN=0.4-0.9) (Fig. 5). 

More significant differences appear when considering 

isotopic data (Table 3). Most of the GNP granites show low 

initial 87Sr/86Sr ratios (0.7024 to 0.7086) when compared to 

SCS granites (0.7036 to 0.7 152). The GNP granites tend to 

have low negative ENd values (mostly from -0.1 to -5.2) 

whereas the SCS I-type granites have more negative ENd 

values, in the narrower range of -4.2 to -6.6 (Fig. 6). The 

Porrifio granite shows the highest 87 
Sr/86Sr ratios and the 

lowest ENd values of the Galician I-type granites, plotting 

even below the SCS compositional field (Fig. 6). The CEX 

I-type granites plot in the centre of the GNP Sr-Nd isotope 

compositional field, reinforcing their chemical similarity. 

On the other hand, the LPB I-type granites plot in the lower 

Nd isotopic range values of the GNP compositional field 

(Fig. 6). 

Lead isotopic composition of some GNP granites shows 

more radiogenic 
206PbPo4

Pb ratios (Fig. 7). Most of the 

studied I-type granites plot within the same compositional 

field and have similar Pb composition to other western 

european Hercynian granites of different types (Michard­

Vitrac et al. 198 1; Bernard-Griffiths et al. 1985; Downes 

et al. 1997). In fact, Pb isotopic data of S-type granites from 

the SCS and LPB have the same values than coeval I-type 

granites, as was also stated with Sr-Nd-O isotopes in 

previous works (Villaseca et al. 1998; Donaire et al. 1999; 



Table 3 Sr, Nd and Pb isotope data of post-tectonic Hercynian I-type granites of the Iberian Belt 

Massif El Pindo Tojiza Traba Lugo Neira Castroverde Porrino Villar Rey Villar Rey Villa cas nn Atalaya Navas La Pedriza 
Real Marques 

Sample 4253 4275 4145 4217 4201 4212 GDTPO-3 VR-I VR-3 92460' 95921 G-48 87225 

GNP GNP GNP GNP GNP GNP GNP CEX CEX SCS SCS SCS SCS 

t (Ma) 276 295 275 290 287 301 287 300 (?) 300 (?) 300 (?) 285 302 307 

Rb (ppm) 318 312 305 213 160 183 260 163 175 131 186 180 247 

Sr (ppm) 21 59 39 102 116 189 84 247 200 143 149 103 43 

(!I7Rb/s6Sr) 44.56 5.29 22.82 6.06 4.00 2.81 9.00 1.91 2.54 2.66 3.62 5.07 16.74 

(!I7SrIS6Sr)m 0.877408±05 O. 77230H 07 0.793433±06 0.729426±05 0.723398±05 0.720593 ±08 0.751497±09 0.713576±06 0.716423±05 O. 721 622± 06 0.725 932± 03 0.732899±06 0.776700±06 

(!I7SrIS6Sr)t 0.70244 0.70764 0.70412 0.70402 0.70707 0.70858 0.71475 0.70541 0.70560 0.70883 0.71127 0.71108 0.70357 

Srn (ppm) 4.40 6.06 7.78 8.84 7.30 8.30 6.2 5.3 7 .60 7.46 10.45 4.93 6.98 

Nd (ppm) 14.10 23.50 28.70 43.10 35.30 37.90 36.30 25.70 40.30 34.44 53.54 20.41 27.00 

e47Sm/144Nd) 0.1887 0.1465 0.1639 0.1240 0.1250 0.1324 0.1032 0.1247 0.1140 0.1309 0.1180 0.1460 0.1563 

e43Nd/l�d)m 0.512603±04 0.512356±03 0.51256I±04 0.5123990± 03 0.512498±03 0.512255±05 0.512118±03 0.512402±03 0.512380±03 0.512214±03 0.512196±07 0.512308±03 0.512276±03 

e43Nd/144Nd)t 0.512263 0.512055 0.512266 0.512163 0.512263 0.511994 0.51 0.512157 0.51 0.51 0.51 0.51 0.51 

E(Nd)t -0.39 -3.97 -0.35 -1.98 -0.10 -5.01 -6.73 -1.85 -1.87 --5.76 -5.76 -4.49 -5.47 

TDM(Ga) 1.74 1.45 l.ll 0.97 1 .46 1.28 l.ll 1 .04 1.50 1 .34 1.61 1.94 

Kfs. Kfs· Kfs· Kfs· Kfs. Kfs. Kfs· Kfs· 
e°6pbP04Pb)t 18.900 18.604 18.351 18.321 18.277 18.560 18.252 18.303 

e07PbP°4pb)t 15.650 15.671 15.650 15.623 15.644 15.688 15.641 15.702 

eOSPbP04Pb)t 38.305 38.376 38.395 38.266 38.407 38.611 38.339 38.535 

aSr and Nd isotope data from ViUaseca et al. (1998) 
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Villaseca and Herreros 2000; Garcia de Madinabeitia 2002) 

(Fig. 7). 

Discussion 

Nature of granite sources 

Major differences in Sr-Nd isotopic composition suggest 

the involvement of different protoliths for NW Iberia (and 

central Extremadura) compared to the I-type granites from 

central Spain. Hercynian basic rocks are very scarce in all 

the Central Iberian zone, although some minor gabbro 

outcrops are also present, representing much less than 

1 vol% of the plutonic belt (e.g. Bea et al. 1 9 99). 

Furthermore, coeval basic intrusions are absent in the 

GNP and LPB areas. Basic-acid magma mixing has been 

invoked for the origin of I-type granites in the innermost 

areas of this Central Iberian zone (e.g. Moreno-Ventas et al. 

1995; Mendes and Dias 2004). Available Sr-Nd data for the 

outcropping Hercynian basic rocks of the Central Iberian 

zone are also plotted in Fig. 6. The gabbroic rocks plot in a 

narrow field close to Bulk Earth values or slightly displaced 

to higher Sr radiogenic values (87Sr/86Sr=0.7045 0.7065, 

and £Nd values from +0.6 to -2.6). Although some I-type 

granites from Galicia plot within this mafic compositional 

field, their greater variation in 87Sr/86Sr ratios is notable. 

This kind of array suggests the involvement of other 

components such as protoliths with low 87Sr/86Sr ratios 

and relatively negative £Nd values, which are rare in 

associated mantle-derived basic rocks. The SCS granites do 
not overlap the Sr-Nd isotopic field of basic rocks and show 

a wide range of 87Sr/86Sr ratios (Fig. 6). 
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Direct involvement of basic rocks is unlikely because of 

the markedly felsic composition of Iberian I-type granites 

and the lack of spatial and temporal relationships with 

gabbroic magmas. However, the low radiogenic Sr values 
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tectoruc I-type granItes of the Hercyruan Ibenan Belt Data for La Pednza 
grarute taken from Perez-Soba and Vlllaseca (2009). N ormahsmg values 
after SIlll and McDonough (1989) 

combined with less negative £Nd values suggest reworked 

basic sources. Indeed, the large variation of 87 Srr6Sr ratios 
could be a consequence of the high Rb/Sr ratios usually 

found in crustal rocks. Granulite xenoliths from the SCS 

lower crust are isotopically much more similar to the 

Hercynian granites than the outcropping metamorphic rocks 

(Villaseca et al. 1999). Deep-seated mafic granulite xenoliths 
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GNP melabasites 

(charnockites s.l.) have lower 87Sr/86Sr ratios and higher £Nd 

values compared to other metamorphic rocks found in the 

Central Iberian zone, and plot in the middle of the GNP 

I-type compositional field (Fig. 6). The compositional 

similarity in Pb isotopic ratios between SCS charnockites 

and GNP granites is also remarkable, and suggests granite 

generation from metabasic sources (Fig. 7). 

Rutile is a common accessory phase in lower crustal 

granulite xenoliths from central Spain (Villaseca et al. 

1999). This phase is ubiquitous and modally abundant in 

felsic granulite xenoliths whereas it occasionally appears in 

charnockites. Granite melts equilibrated with mafic metal­

uminous residual granulites (charnockite xenoliths) would 

have higher Nb contents compared to melts equilibrated 

with residual rutile-bearing felsic granulites. As the SCS 1-
type granites show lesser Nb contents than the GNP 
granites (Fig. 4), a more mafic granulitic residuum is 

suggested for the GNP granites. On the other hand, the SCS 

felsic granulite xenoliths have been interpreted as the lower 

crustal residuum of the outcropping batholith, both on the 

basis of major, trace and isotope (Sr, Nd, 0, Pb) 

compositions (Villaseca et al. 1999; Villaseca and Herreros 

2000; Villaseca et al. 2007), and geochronological data 

(Fernandez-Suarez et al. 2006). 

In Fig. 8 studied I-type granites plot between two fields: 

the GNP (excepting Porriiio massif) and CEX granites have 

less evolved £Nd values and younger model ages (0.89 to 

• GNP granites 
o SCS granites 
<> CEX granites 

Pelitlc xeno)iths 
V 

-14-l----l--------.--=:::::::;:::::::=---_---...J 
0.700 0.705 0.710 0.715 0.720 0.725 

(87 S rt6S r)t 

Fig. 6 £Nd[ vs (87Sr/86Sr)[ for the studIed HercYlllan I-type granItes 
(calculated for emplacement ages, Table 1). N-Portugal data are taken 
from Mendes and Dlas (2004). HercYlllan gabbro field IS based on Bea 
et aL (1999) and unpubllshed data. IsotopIc data from the LPB I-type 
granItes were taken from Donalre et aL (1999). ComposltlOnal range 
of mafic-ultramafic complexes from the GNP area IS taken from Cabo 
Ortegal (Santos et al. 2002). Metamorpluc data are calculated at 
300 Ma. Xenohths are lower crustal granuhtes carned up by the SCS 

upper Permlan alkalme lamprophyres, claSSIfied by Vlllaseca et aL 
(1999) m: 1) felslc granuhtes, ll) pelltes, and lll) chamoclates (data 
from Vlllaseca et al. 1999, 2007). Outcroppmg metamorphIC rocks are 

not mcluded m thIS chagram as they plot outsIde of the granIte 
composltlonal field, mostly towards hIgher 87Sr/86Sr ratlOs (see FIg. 7 
of Villaseca et al. 1998). S-type grarutes of the SCS and LPB (these 
ones are not mcluded m the plot for clarlty) show sllllllar mltlal Sr-Nd 
ISOtOPIC ratlOs than coeval I-types 
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1.5 Ga), whereas the SCS granites have more negative £Nd 

values and older model ages (1.1 to 2.0 Ga). The SCS 

lower crustal granulite xenolith suite comprises most of the 

granite isotopic compositional field although charnockite 
types fit better with the field of CEX and most of the GNP 

granites. However, the Porrifio granites plot within the 

compositional field of felsic meta-igneous granulites. 

Metasedimentary granulitic xenoliths plot below the 

granite field due to its strongly negative £Nd values, 

reinforcing the meta-igneous origin of Central Iberian 1-
type granites. This suggests that most of the GNP and 

CEX granites were generated from more juvenile and 

metabasic sources compared to the SCS (and Porrifio) 

granites which contain large proportions of felsic recycled 

pre-Ordovician crust. 

The slightly more radiogenic Nd ratios of the LPB 

granites compared to the GNP granites suggest a minor 

involvement of basic metaigneous sources, which is 

consistent with the proposed derivation from mainly 

intermediate metaigneous protoliths (see also Donaire 

et al. 1999). Is interesting to remark that the coeval S-type 

granites of the SCS and LPB areas have been described as 
derived from similar isotopic sources than associated I-type 

granites (Villaseca et al. 1998; Donaire et al. 1999). 

The role of mid-crusta I components 

Some granite units plot outside the lower crustal composi­

tional field towards more radiogenic values (e.g. Atalaya 

Real in the SCS and Porrmos in the GNP; Fig. 6). This may 

imply shallower crustal sources or the involvement of 

metasedimentary rocks. Although the isotopic data preclude 

a direct origin from pelitic sources, the possibility of 

assimilation during magma transport or emplacement, and 

even some mixed sources at partial melting levels, should 

also be considered. Assimilation processes for the origin of 

the Iberian granites have been proposed, mostly for 

cordierite-bearing S-type varieties (e.g. Ugidos and Recio 

1993; Garcia-Moreno et al. 2007). Two different scenarios 

have been discussed: i) assimilation at marginal facies 

during emplacement (Ugidos and Recio 1993), or ii) 

assimilation occurring at low crustal levels, involving 

induced partial melting after underplated basic magmatism 

(Castro et al. 1999; Garcia-Moreno et al. 2007). 

Petrographical evidence for contamination by host­
rocks or metasediments from deeper crustal levels is 

missing in the studied I-type granites. The lack of 

xenoliths or xenocrysts and the presence of the most 

peraluminous and fractionated facies in the inner parts of 

the plutonic units preclude assimilation during transport or 

magma emplacement. Nevertheless, some mixed crustal 

sources could be involved in the origin of some of the 

studied granites. The markedly negative £Nd values of 

metasedimentary rocks from the northern part of the CIZ 

(Beetsma 1995; ViUaseca et al. 1998, 1999) should be 

reflected in isotopic ratios of I-type granites if they were 

Iithotypes involved in their origin. In Fig. 9 we have 

included two mixing models between an averaged felsic 

meta-igneous granulite and two averaged mid crustal 
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components: i) metasedimentary and ii) felsic orthogneissic 

rocks. The Atalaya Real pluton is an isotopically heteroge­

neous amphibole-bearing unit of clear I-type affinity in the 

SCS area (Villaseca et al. 1998). These granites plot along a 

mixing line of meta-igneous rocks from different crusta I 
levels (Fig. 9), due to their almost constant £Nd values, 

which are very similar to those of the CIZ felsic meta­

igneous protoliths (Beetsma 1995; Villaseca et al. 1998, 
1999; Castro et al. 1999). The Porriiio unit also plots close 
to the mixing line suggesting a slightly higher contribution 

(50 60%) of this more radiogenic meta-igneous compo­

nent (Fig. 9). This is in agreement with the highest P, Pb 

and ASI values shown by the Porriiio granites within the 

studied GNP I-type granites (Table 2). In any case, the 

involvement of metasedimentary sources in the genesis of 

the studied granites is precluded with the available 

isotopic data and, thus, their I-type classification is 

reinforced. 

Thermal aspects of melt generation 

The results of the present study suggest that the sources of 

I-type granites included basic-intermediate to felsic meta­

igneous protoliths. The dehydration melting of biotite- and 

hornblende-bearing rocks is widely suggested as an 

important anatectic crustal process giving rise to significant 

granite melt fractions when high thermal conditions (800 to 

975°C) have been attained at depth (e.g. Patmo Douce et al. 

1990; Singh and Iohannes 1996; Sisson et al. 2005). Two 

critical factors for reaching high-T conditions in an intra­

continental orogenic event are: i) the value of maximum 

crustal thickening attained during the collision, and ii) the 

crustal heat production rate (Patiiio Douce et al. 1990). The 

Iberian continental crust was considerably thickened during 

the Hercynian collision either in the GNP area (> 70 km, 

Martinez Catalan et al. 1999) or in central Spain (up to 

80 km after Barbero and Villaseca 2000). This factor of 

doubling the original crustal thickness is a requisite for 

widespread anatexis (e.g. Thompson and England 1984). 
Moreover, the internal radiogenic heat production within 
this thickened crust is very high in the CIZ: 2.35 

2.60�Wm-3 for metamorphic rocks, 3.23 �Wm-3 for 

granites, and 0.98 1 .04�Wm-3 for the felsic SCS lower 

crust (averages from: Bea et al. 2003; Villaseca et al. 2005). 

Temperatures in excess of 900°C at lower crustal levels 

could have been attained as exemplified by the estimated 

poT range for the deep-seated meta-igneous granulites of 

the SCS (900 to 1000°C; Villaseca et al. 2007; Villaseca 

and Orejana 2008). Thermal modelling of some Hercynian 

collision areas using less heat productive crustal materials 

and lower thickening factors than those estimated here, 

suggest that granite magmatism does not require a 

significant addition of heat from mantle sources (e.g. 

Gerdes et al. 2000; Bea et al. 2003). Thermal aspects 

suggest a suppressed mantle contribution, which is in 

agreement with geochemical features of studied I-type 

granites. 

Geodynamic framework 

Based on the position of ophiolitic rock sequences, two 

Hercynian sutures have been identified in the boundaries 
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Fig. 9 Imtlal 87 Sr/86Sr vs imtlal £Nd plot showmg nuxmg lmes 
between an average deep-seated felslc meta-lgneous granuhte source 
and two dIfferent crustal end-members: a) and average orthognelss 
(data fromVlllaseca et aL 1998; Castro et aL 1999), b) and average pelJte 
(data from Beetsma 1995; Villaseca et aL 1998). FelslC meta-lgneous 
granulJte composltlOn is: (87Srf86Srhoo=0.70954, lrutlal £Nd300= 5.2, 

of the Central Iberian zone: i) the allochthonous com­

plexes of northwestern Iberia (Galicia Tras os Montes) 

and ii) the strongly strike-slip reworked allochthonous 

units contained in the Coimbra-C6rdoba shear zone 

(Fig. la). 

The geological setting of the GNP granites (Galicia 

Tras-os-Montes zone) is complex and could have originally 

involved in their genesis an accreted mafic ( oceanic) crust 

(Diaz Garcia et al. 1999;  Arenas et al. 2007). Lithospheric 

fragments of the Rheic ocean were accreted to the Iberian 

micro-continent at around 390 Ma (Arenas et al. 2007). On 

the other hand, the boundary between southern Central 

Iberian and Ossa-Morena zone is also interpreted as a 

suture of an oceanic realm that gently dips under the 

Central Iberian terrane (Simancas et al. 2002). The closure 

of ocean basins in both boundaries suggests a local 

accretion or indentation of significant meta-basic layers 

under the Central Iberian zone (Fig. 1 b). The available 
isotope (Sr, Nd, Pb) data for mafic and ultramafic 

complexes from NW Iberia suggest that some metabasites 

from the accreted Rheic oceanic lithosphere may have been 

involved in the genesis of some GNP I-type plutons (Figs. 6 

and 7), in spite of their dominant MORB-like geochemistry, 

illustrated by low 
108PbPo4Pb ratios (Fig. 7) and highly 

radiogenic Nd isotope signatures (Beetsma 1995; Santos 

et al. 2002; Pin et al. 2002, 2006). The metabasic rocks that 

are more radiogenic than MORBs and have chemical 

signatures indicative of an involvement of a subducted 

Sr=282 ppm, Nd=27.8 ppm Orthognelsslc end-member composItion 
IS : (87Srf6Sr)3<]o=0.72305, mltlal £Nd3<]o= 6.9, Sr=107 ppm, Nd= 
24.9 ppm. PelJtlc end-member COmposltlOn IS : (87Srf6Sr)3<]o=0.72238, 
mltlal £N�o= 12.5, Sr= 140 ppm, Nd=38. 9  ppm. Grarutes marked 
Wlth AR are samples from the Atalaya Real pluton m the SCS, other 
symbols as m FIg. 6 

component, are the most likely sources for the GNP 

granites. Suprasubduction ophiolitic rock-types are com­

mon in the NW allochtonous complexes (Santos et al. 2002; 

Arenas et al. 2007). The partial melting of these subse­

quently granulitized metabasic layers at mid-to-lower 

crustal levels, during late-Hercynian times, would also 

explain why these I-type granites have a more primitive 

isotopic composition than those from the innermost 

continental areas (where quartzofeldspathic rocks are 

dominant). 

Post-kinematic "red granites" of Northern French Brittany 

show similar characteristics to those of the GNP granites 

(Fig. lc). They are late-Hercynian in age (305 to 280 Ma, 

PI oumanach, Morlaix; Barriere 1980; Carron et al. 1994) 

and have a similar chemical composition, although N d­

Pb isotope data is not currently available. A major 

difference is the presence of associated gabbros, which 

have promoted theories for these I-type granites being 
generated from a single basic to acid magma fraction­

ation (Barriere 1977) or through hybridization (Fourcade 

1981). Whatever the case, the mantle contribution has 

been estimated to be of small proportions (Albarede et al. 

1980). Oceanic lithosphere have been accreted or under­

thrusted in the southern Brittany terrane boundaries (e.g. 

Shelley and Bossiere 2002) and, therefore, metabasic or 

related rocks would be involved in granite melt genesis, in 

a similar scenario to that proposed here for the Iberian 

terranes. 



The dispersed geographical distribution of the post­

Hercynian I-type granites in western Europe (Fig. 1c) 

contrasts with other european Hercynian I-type granite belts 

(Finger and Steyrer 1990). Moreover, S- and I-type granites 

intruded coevally in the Iberian and Brittany peninsulas at 

the same emplacement level. It seems that, rather than a 

tectonic control in a specific geodynamic setting, or 

outlining the closure of a suture zone, the presence of 

I-type granites would be related to differences in compo­

sition of the protoliths involved at partial melting scenarios. 

In this regard, the isotopically more primitive Hercynian 

I-type granites (e.g. GNP granites) show a good geo­

graphical relationship with accreted peri-oceanic litho­

sphere and, consequently, they might be derived from 

more metabasic sources. 
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