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Abstract 

There is a significant emichrnent in some trace elements in the major residual minerals of peraluminous granulite xenoliths from 

the lower crust. Those trace elements are released from the breakdown of accessory phases at high-T granulite-facies conditions 

(>850 CC). Around 10 35% of Zr is hosted in granulite rutile and garnet, whereas, the entire LREE Eu budget is controlled by 

feldspar. The Zr- and REE-compatible behaviour of the major granulite phases, combined with the scarcity of accessory phases, 

which are mostly included in major granulite minerals, leads to a disequilibrium in accessory dissolution in the peraluminous 

partial melts. Thus the melt extracts less Zr and LREE and, consequently, generates the false impression of having lower-T when 

applying current accessory phase dissolution models. 
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1. Introduction 

Very little is known about the redistribution of REE, 
Zr and other trace elements during fluid-absent melting 
under granulite facies conditions, but according to the 
results of Bea (1996) equilibrium partitioning is rarely 
attained. Scarce data is available on the trace-element 
composition of major minerals from granulite facies 
terranes (e.g. Bea et aI., 1994; Fraser et aI., 1997) and 
lower crustal xenoliths (Reid, 1990; Villaseca et aI., 

2003). Moreover, there has been recent discussion on 
the apparent existence of low-temperature granitic 
melts, as indicated by their Zr (and LREE) contents 
(Miller et aI., 2003; Chappell et aI., 2004), based on the 
dependence of zircon (and monazite) solubility on tem-
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perature and melt composition during partial melting. 
This study of the trace-element geochemistry of gran
ulite residua left after the expulsion of granitic melt is 
designed to move this discussion forward. 

We examine the trace-element chemistry of major 
phases in peraluminous granulite xenoliths from central 
Spain. They show marked decreases in the abundance of 
accessory phases with no concomitant depletion in Zr and 
REE concentrations when compared to equivalent rocks 
from shallower depths (Villaseca et aI., 2001). These 

lower crustal xenoliths have been interpreted as being the 
residual keel of the Hercynian perahnninous Spanish 
Central System (SCS) batholith (Villaseca et aI., 1999). 

2. Geological setting 

Felsic meta-igneous granulites from the SCS have 
low abundances of the accessory minerals apatite, zircon 



and monazite (Villaseca et aL, 2003). Most of these 
granulites also have unzoned almandine-pyrope garnets 
(AI114s-so-Pyr4s-ss) (Villaseca et aI., 1999). Feldspars 
show significant ternary solid solution, indicative of 
high temperature equilibration. Conditions of meta
morphism have been estimated at between 850 and 
1000 QC, 0.8 to 1.1 GPa, with highly reduced conditions 
(graphite is common) and very low H20 partial pres
sures (Villaseca et aI., 1999). Detailed major- and trace
element modelling, combined with isotope (Sr, Nd, 0) 
data, is consistent with the hypothesis that the SCS 
Hercynian granites were felsic melts in equilibrium with 
residual granulites of similar composition to the lower 
crustal xenoliths (Villaseca et aL, 1999; Villaseca and 
Heneros, 2000). Moreover, a recent U-Pb geochrono
logical study on granulite zircons yields an age range of 
277 to 312 Ma as the dominant age group, which mainly 
overlaps with the age of the SCS granite batholith, 
reinforcing this granUlite-granite connection (Feman

dez Suarez et aI., 2006). 
Samples from two migmatite terranes have also 

been included for comparison in this study (100560: a 
cordierite-bearing anatectic granite from Sotosalbos 
area, in the SCS, and 93198: a garnet-cordierite-bearing 
migmatite from the Anatectic Complex of Toledo) (see 
Villaseca et aI., 2001, for further details of the petro
graphy). These are equivalent peraluminous granulite 
lithotypes to the granulite xenoliths, but represent shal
lower crustal levels and lower temperatures and pressures 
of equilibration (T� 800°C and P � 0.6 GPa) (Villaseca 
et aI., 2001). 

3. Analytical methods 

Concentrations of 24 trace elements (REE, Ba, Rb, 
Th, U, Nb, Ta, Sr, Zr, Hf and Y) in mineral phases 
were determined in situ on > 130 Ilm thick polished 
sections by laser ablation rCP-MS (LA-rCP-MS) at the 
Department of Earth Sciences (University of Bristol) 
using a VG LaserProbe II (266 nm frequency
quadrupled Nd-YAG laser) coupled to a VG Elemental 
PlasmaQuad 3 rCP-MS. The diameter of the laser spots 
was approximately 20-30 Ilm. The counting time for 
each analysis was typically 100 s (40 s measuring gas 
blank to establish the background and 60 s for the 
remainder of the analysis). The NrST 610 and 612 glass 
standards were used to calibrate relative element 
sensitivities for the analyses of the silicate minerals. 
Each laser analysis used Si (or Ca) as an internal 
standard, with concentrations determined by electron 
microprobe. Ti was the internal standard for rutile 
analyses. 

Major element mineral composItIOns were deter
mined at the Centro de Microscopia Electronica "Luis 

Bru" (Complutense University of Madrid) using a JEOL 
lXA-8900M electron microprobe with four wavelength 
dispersive spectrometers. Analyses were performed 
with an accelerating voltage of 15 kV and an electron 
beam current of 20 nA, with a beam diameter of 5 Ilm. 
Elements were counted for 10 s on the peak and 5 s on 
each of two background positions. Corrections were 
made using the ZAP method. 

4. Zr-rich rutiles and garnets 

Tables 1 and 2 list averaged trace-elements contents 
of rutile and garnet, respectively, and chondrite
normalized REE patterns for garnet are given in Fig. 1 a. 

Rutile is the main Ti-bearing phase in SCS granulite 
xenoliths, which are essentially composed ofanhydrous 
high-T minerals, with AI-Ti-rich phlogopite being 

scarce or absent (Villaseca et al.> 1999). Rutile (modal 
proportion 1 to 3 voI. %) is an important carrier of Cr and 
V (up to 4800 ppm and 5400 ppm, respectively) and 

Table 1 

Average trace element composition of rutile from SCS granulite 

xenoliths 

Sample U49 105796 95153 U28 

(n=3) (n=3) (n= 1) (n=2) 

P 123.23 167.47 112.5 113.72 

Sc 4.53 50.64 4.84 29.33 

V 5422 4163 3084 2285 

Cr 1097 1130 593.3 4824 

Y 0.29 0.93 b.d.l. b.d.l. 

Zr 3338 878 6860 4042 

Nb 1228 496 615 1255 

La 0.11 0.23 b.d.l. l.l3 

Ce l.l4 0.19 b.d.l. 2.08 

Pr b.d.l. b.d.l. b.d.l. 0.16 

Nd b.d.l. 0.71 b.d.l. 0.8 

Srn b.d.l. b.d.l. b.d.l. b.d.l. 

Eu b.d.l. b.d.l. b.d.l. b.d.l. 

Gd b.d.l. b.d.l. b.d.l. b.d.l. 

Tb b.d.l. b.d.l. b.d.l. b.d.l. 

Dy b.d.l. b.d.l. b.d.l. b.d.l. 

Ho 0.04 b.d.l. b.d.l. b.d.l. 

Er b.d.l. b.d.l. b.d.l. b.d.l. 

Tm b.d.l. 0.13 b.d.l. b.d.l. 

Vb b.d.l. 0.56 b.d.l. 0.65 

Lu b.d.l. b.d.l. b.d.l. 0.07 

Hf 127.33 34.24 244.2 103 

Ta 69.43 23.23 1l.08 51.61 

Pb 0.26 b.d.l. b.d.l. 0.4 

Th b.d.l. b.d.l. b.d.l. b.d.l. 

U 59.68 b.d.l. 33.35 7.37 

b. d.l. = below detection limits. 



Table 2 

Average trace element composition of garnet 

Sample 

P 

Sc  

V 

Cr 

Rb 

Sr 

y 
Zr 

Nb 

Ba 

La 

Ce 

Pr 

Nd 

S rn  

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 
Lu 

Hf 

Ta 

Pb 

Th 

U 

Xenoliths 

99185b 

(n=3) 

403.47 

70.93 

357.17 

345.33 

l.l6 

0.86 

142.30 

119.80 

n.d 

2.00 

b.d.l. 

0.52 

0.36 

6.42 

11.40 

0.22 

20.53 

4.07 

26.93 

5.63 

15.54 

2.15 

16.12 

2.24 

2.28 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

n.d.=not determined. 

b.d.l.=below detection limits. 

104395 

(n= 1) 

329.20 

72.81 

198.70 

312.90 

b.d.l. 

b.d.l. 

189.90 

12l.90 

b.d.l. 

b.d.l. 

b.d.l. 

0.34 

0.21 

2.14 

3.63 

0.65 

15.86 

4.42 

35.08 

7.37 

17.82 

2.56 

15.32 

2.23 

2.00 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

U-49 

(n=5) 

385.92 

69.35 

335.70 

448.32 

0.61 

b.d.l. 

137.42 

46.91 

b.d.l. 

b.d.l. 

0.10 

0.13 

0.12 

l.96 

7.08 

0.13 

17.56 

3.93 

27.52 

5.70 

13.64 

l.71 

11.39 

l.53 

0.91 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

105796 

(n=3) 

303.90 

9l.60 

239.17 

404.57 

b.d.l. 

b.d.l. 

194.23 

39.47 

b.d.l. 

b.d.l. 

b.d.l. 

0.31 

0.23 

4.19 

10.57 

0.27 

23.98 

5.17 

35.17 

7.85 

20.71 

3.13 

2l.55 

3.10 

0.93 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

high-field-strength elements (Zr, Hf, Nb, Ta, U). Rutile 
Nb contents are consistently > 500 ppm and can be up to 
1300 ppm. Recently, the Zr content of rutile has been 
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95153 

(n=2) 

329.45 

80.26 

275.75 

296.00 

b.d.l. 

b.d.l. 

151.40 

80.08 

b.d.l. 

0.95 

b.d.l. 

0.50 

0.28 

5.40 

9.58 

0.17 

15.87 

2.96 

24.24 

6.02 

18.16 

2.77 

19.49 

2.68 

l.73 

b.d.l. 

b.d.l. 

b.d.l. 

0.10 

95148 

(n=5) 

n.d. 

n.d. 

187.76 

255.58 

0.70 

0.25 

61.44 

94.79 

0.13 

0.78 

0.11 

0.36 

0.32 

5.84 

10.13 

0.14 

11.34 

l.86 

1l.l4 

2.54 

9.01 

l.72 

15.26 

3.03 

l.79 

0.05 

b.d.l. 

0.06 

0.10 

77750b 

(n=2) 

254.55 

76.56 

137.10 

138.55 

b.d.l 

b.d.l 

177.60 

83.19 

b.d.l 

b.d.l 

b.d.l 

0.42 

0.19 

3.90 

12.08 

0.31 

20.97 

3.49 

25.54 

7.12 

23.65 

4.05 

28.92 

4.47 

1.69 

b.d.l 

b.d.l 

b.d.l 

b.d.l 

Migmatites 

93198b 

(n=4) 

299.53 

94.38 

142.57 

195.26 

l.01 

0.39 

17l.37 

30.11 

0.18 

b.d.l. 

b.d.l. 

b.d.l. 

0.31 

l.08 

2.61 

0.95 

10.15 

3.15 

26.77 

6.52 

18.73 

2.75 

20.35 

2.78 

0.78 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

proposed as a potential geothermometer (Zack et aI., 
2004). In the sampled xenoliths, rutiles have Zr 
concentrations that range from 850 to 6850 ppm. The 
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Fig. 1. Chemical features of granulite garnets. a) Chondrite-normalized REE patterns. b) GdlDy ratio vs Zr. 

150 



rutile thelTIlometer yields temperatures of 850 °C to 
1100 QC, slightly higher than estimates from other 
mineral geothelTIlometers. 

Chondrite-nolTIlalized REE graphs of the 22 ana
lyzed garnets (Fig. 1 a) show a marked negative Eu 
anomaly (up to 0.02) and an almost flat HREE pattern. 
The general REE pattern is similar to those found by 
Reid (1990) in lower crustal peraluminous granulites, 
but markedly different to those found in garnets from 
mafic granulitic xenoliths (e.g. Loock et aI., 1990). The 
flat HREE pattern of the garnets is consistent with their 
lower crustal derivation; the increase in the Gd/Dy ratio 
has been previously interpreted as being controlled by 
load pressure (Bea et aI., 1997) or zircon/garnet 
partitioning (Whitehouse and Platt� 2003; Hokada and 
Harley, 2004). It is interesting to note that all analyzed 
garnets have MREE (pr, N d, Srn) contents higher than 
chondrite levels, also in agreement with the scarce 
previous data on felsic granulitic xenoliths (Reid, 1990). 
Transition metals are also enriched in these granulitic 
garnets (Cr-V are slightly higher in garnets from the 
xenoliths than from granulite terranes) (Table 2). 
Garnets from peraluminous granulites of migmatitic 
terranes show similar REE contents to those from the 
granulitic xenoliths (see also Bea et aI., 1994; 'Vatt and 
Harley, 1993), in part due to slightly higher MREE 
contents in garnets from xenoliths that compensates for 
slightly lower HREE-Y contents. Thus, the major 
difference between the two garnet types is HREE 
fractionation; the GdJDy ratio is markedly lower in 
migmatite garnets (0.28 to 0.40) than those from 
granulite xenoliths (0.64 to 1.02) (Fig. Ib). 

Garnet also has significant Zr contents. Data from the 
literature show that Zr contents of garnets from pera
luminous rocks increase with increasing temperature 
(Fig. 2). Garnets from felsic peraluminous rocks have 
the lowest Zr contents under amphibolite-facies condi
tions (3 to 30 ppm, Schwandt et al., 1996), whereas in 
outcropping granulite terranes they reach 20 to 65 ppm 
(Fraser et aI., 1997; Degeling et al., 2001). Garnets from 
peraluminous granulite xenoliths (Condie et al., 2004) 
and UHT terranes (Hokada and Harley, 2004) have the 
highest known Zr concentrations (200 to 300 ppm; 
Fig. 2). Our data are consistent with this pattern; garnets 
from migmatite terranes have Zr contents <40 ppm, 
while those from granulitic xenoliths have Zr contents 
that range from 40 to 130 ppm. 

5. LREE-rich feldspars 

Table 3 lists averaged trace-elements contents of 
feldspars whereas their REE patterns are given in Fig. 3. 
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Fig. 2. Zr content in garnet from peraluminous metamorphic rocks vs 

metamorphic temperature determined from mineral paragenesis. 

Garnet composition for the lowest temperature range (500 to 

600 °C) is taken from amphibolite-facies metapelites (Schwandt 

et al., 1996). Data for increasing metamorphic grade are taken from 

DEE (Degeling et aI., 2001), FEE (Fraser et aI., 1997), CON (Condie 

et aI., 2004) and HK (Hokada and Harley, 2004), mostly in granulite

facies rocks. Garnet compositions for SCS samples are plotted against 

their estimated geothermometric data (800°C for Toledo migmatite, 

Barbero et aL, 1995; 850 to 950°C for granulite xenoliths, Villaseca 
et aL, 1999). The rutile geothermometer of Zack et al. (2004) is 

included for comparison. 

Plagioc1ase and K-feldspar are abundant (�50 vol.%) 
in the residual SCS felsic granulite xenoliths (Villaseca 
et aI., 1999). Total REE contents in feldspars are usually 
lower than 100 ppm in most igneous and metamorphic 
rocks (e.g. Reid, 1990). Feldspars from peraluminous 
migmatite terranes rarely show REE contents in excess 
of 100 ppm (e.g. Bea et al., 1994), but some 
peraluminous granulites in high-T terranes have feld
spars with up to 200 ppm total REE (Bea and Montero , 
1999). Moreover, peraluminous granulitic xenoliths 
have feldspars with the highest known REE contents, 
mostly between 200 and 400 ppm (Reid, 1990; Villaseca 
et aI., 2003; Condie et aI., 2004). Our new data 
corroborate this trend; feldspars from migmatite terranes 
have total REE contents < 80 ppm, whereas those in the 
granulite xenoliths have higher total REE contents, up to 
500 ppm (Fig. 4). Measured REE partition coefficients 
between plagioc1ase and K-feldspar in the xenoliths are 
close to 2, in agreement with empirical studies (Ren 
et aI., 2003; Ren, 2004). 



Table 3 

Average major and trace element composition of feldspar 

Sample Xenoliths Migmatites 
-----------------------------------------------------------

Mineral 99185b U-49 U-49 105796 95153 95148 

(n=9) (n=3) (n=2) (n=7) (n=6) (n=2) 

Si� 

Ti02 

Ah03 
FeO 

MnO 

MgO 

CaO 

Na20 

K20 

Total 

Ab 

An 

Or 

P 

Sc 

V 
Cr 

Rb 

Sr 

y 
Zr 

Nb 

Ba 

La 

Ce 

Pr 

Nd 

Srn 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 
Lu 

Hf 

Ta 

Pb 

Th 

U 

Plg-antiperth Plg 

62.93 62.25 

0.04 0.10 

22.38 22.27 

0.07 0.07 

0.01 0.00 

0.01 0.02 

4.33 5.10 

5.54 7.00 

4.81 1.74 

100.12 98.55 

49.9 63.9 

21.6 25.7 

28.5 10.4 

532 61 1 

4.73 3.76 

1.34 1.85 

15.94 13.96 

84.86 26.62 

741 474 

0.83 1.80 

1.96 1.36 

0.29 b.d.l. 

2577 284 

92.38 51.64 

15l.32 95.75 

14.50 9.57 

49.30 35.04 

4.36 5.26 

5.13 3.49 

1.03 1.68 

0.08 0.15 

0.39 0.51 

b.d.l. 0.21 

b.d.l. 0.61 

b.d.l. 0.06 

0.37 0.38 

b.d.l. 0.06 

b.d.l. b.d.l. 

b.d.l. b.d.l. 

43.74 29.21 

b.d.l. b.d.l. 

0.28 b.d.l. 

n.d.=not determined. 

b.d.l.=below detection limits. 

Antiperthite Plg 

64.23 60.92 

0.04 0.03 

19.67 24.12 

0.04 0.06 

0.00 0.02 

0.03 0.02 

1.44 6.37 

3.90 6.83 

9.42 1.65 

98.77 100.02 

35.8 59.7 

7.3 30.8 

56.9 9.5 

676 394 

3.62 2.47 

0.98 0.71 

16.71 11.92 

117 22.69 

534 729 

0.26 0.45 

b.d.l. b.d.l. 

b.d.l. 0.25 

1724 1032 

53.13 67.72 

83.23 118.30 

7.83 11.51 

26.91 4l.39 

3.78 4.73 

3.80 4.72 

0.66 1.46 

0.10 0.07 

b.d.l. 0.30 

b.d.l. 0.06 

b.d.l. n.d 

b.d.l. 0.06 

b.d.l. b.d.l. 

b.d.l. 0.06 

b.d.l. b.d.l. 

b.d.l. b.d.l. 

42.57 25.97 

b.d.l. b.d.l. 

b.d.l. b.d.l. 

Plg Plg 

61.00 60.06 

0.03 0.05 

24.08 23.38 

0.17 0.07 

0.00 0.00 

0.02 0.03 

6.35 6.22 

6.27 6.13 

1.73 2.11 

99.65 98.05 
57.5 55.9 

32.1 31.4 

10.4 12.7 

423 n.d. 

4.47 n.d. 

2.15 1.83 

14.09 15.94 

27.62 50.31 

603 457 

8.49 1.44 

9.46 1.45 

b.d.l. 0.21 

772 673 

88.75 117.85 

172.30 269.30 

18.20 28.21 

65.82 103.67 

6.40 8.76 

3.91 4.67 

2.00 1.63 

0.28 0.15 

b.d.l. 0.53 

b.d.l. 0.22 

b.d.l. 0.16 

0.22 0.10 

b.d.l. 0.26 

b.d.l. b.d.l. 

0.34 0.15 

b.d.l. 0.08 

32.09 b.d.l. 

0.17 0.20 

0.07 0.08 

95148 

(n=4) 

Kfs 

63.98 

0.04 

19.15 

0.01 

0.00 

0.02 

1.34 

3.46 

10.19 

98.19 

31.7 

6.8 

61.5 

n.d. 

n.d. 

1.01 

n.d. 

217 

371 

b.d.l. 

0.89 

b.d.l. 

1918 

73.06 

126.26 

11.09 

34.24 

2.49 

4.18 

0.76 

b.d.l. 

0.44 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

0.12 

n.d. 

0.18 

b.d.l. 

77750b 100560 

(n=2) 

Kfs 

64.84 

0.06 

18.67 

om 
0.03 

0.00 

0.77 

2.79 

11.90 

99.07 

25.3 

3.8 

70.9 

440 

6.95 

n.d. 

12.53 

273 

294 

8.40 

3.80 

b.d.l. 

1766 

25.27 

27.81 

1.57 

4.56 

1.31 

3.82 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

0.03 

42.90 

b.d.l. 

0.09 

(n=6) 

Plg 

61.99 

0.02 

23.88 

0.05 

0.01 

0.00 

4.52 

8.79 

0.36 

99.62 

76.3 

21.7 

2.1 

389 

4.09 

b.d.l. 

16.28 

6.15 

361 

0.50 

b.d.l. 

b.d.l. 

69.57 

3.88 

5.72 

0.52 

1.78 

0.79 

2.52 

b.d.l. 

b.d.l. 

0.32 

b.d.l. 

b.d.l. 

0.08 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

40.80 

b.d.l. 

b.d.l. 

100560 93198b 

(n=5) 

Kfs 

64.20 

0.00 

18.85 

0.03 

0.00 

0.01 

0.06 

1.49 

14.66 

99.30 

13.4 

0.3 

86.3 

499 

4. 14 

b.d.l. 

15.30 

365 

304 

0.69 

3.91 

0. 16 

3092 

1.94 

2.75 

0.33 

2.56 

0.72 

2.37 

b.d.l. 

b.d.l. 

b.d.l. 

0.08 

0.25 

b.d.l. 

b.d.l. 

b.d.l. 

b.d.l. 

0.06 

107.76 

0. 14 

0. 13 

(n=7) 

Plg 

59.22 

0.02 

25.98 

om 
0.00 

0.00 

6.84 

7.35 

0.35 

99.77 

64.7 

33.2 

2.0 

487 

3.05 

1.59 

14.33 

1.62 

526 

1.42 

b.d.l. 

b.d.l. 

63.63 

20.72 

31.20 

2.54 

8.24 

1.64 

3.73 

0.95 

0.11 

0.44 

0.08 

b.d.l. 

b.d.l. 

0.29 

b.d.l. 

0.22 

b.d.l. 

36.49 

b.d.l. 

b.d.l. 

Chondrite-nOlmalized REE patterns of feldspars from 
xenoliths show high LREE contents (sometimes close to 
x 400 the chondri tic values), with (LalLU)N ratios as high as 
120 in both alkali-feldspar and plagioclase (Fig. 3). Some 
plagioclases have slightly higher LREE contents than K-

feldspars but similar Eu and HREE contents. Feldspars 
from migmatite samples have lower LREE contents, but 
more marked positive Eu anomalies (up to 17) as Eu 
contents are similar in all analyzed feldspars irrespective of 
lithology and grade (in the range of 2.4 to 5.3 ppm). 
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Fig. 3. Chondrite-nonnalized REE patterns of granulite feldspars. 

LREE are more concentrated in those feldspars with 
greater ternary substitution (Fig. 5) suggesting that 
crystal chemistry is an important control on feldspar 
LREE behavior. Plagioc1ase crystals in SCS granulite 
xenoliths commonly show antiperthite textures (K
feldspar as ribbons or veins), such that they look like 

mixed feldspars (Fig. 6a). LREE content increase with 
increasing Or-molecule in the plagioc1ase and with 
increasing (Ab + An)-molecule in K-feldspar, in agree
ment with data summarized by Ren et al. (2003) and 
Ren (2004). 
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Fig. 4. Total LREE contents in feldspars compared to whole-rock 

compositions. Feldspars from peraluminous granulite xenoliths show 

much higher LREE contents (up to 10 times) than feldspars from 

outcropping peraluminous migmatites (granulite terranes). Other 

LREE-rich feldspars are from peraluminous granulite xenoliths from 

Kilbourne Hole (Reid, 1990; Condie et al., 2004). Other feldspars from 

SCS migmatites (Bea et aI., 1994; VJ.llaseca et al., 2003) plot in the 

same compositional field. The compositional field from felsic igneous 

rocks is taken from Reid (1990). 

6. Discussion 

6.1. REE-Zr mass balance in granulitic xenoliths 

Mass balance calculations using whole-rock composi
tions, mineral trace element data and mineral modes 

(Fig. 7) show that the SCS felsic granulite xenoliths 
contrast sharply with felsic magmatic rocks, in which the 
main mass of the REE and Zr resides in accessory phases. 
In silicic magmatic rocks, feldspars rarely attain LREE 
concentrations of greater than 30% of the whole rock 
concentrations (Reid, 1990). In SCS xenoliths a very large 
proportion of these trace elements are contained in garnet, 
rutile and the feldspars, in accordance with scarcity of 
accessory phases in which these elements are structural 
constituents (Villaseca et aI., 2003). 

Garnet is an important host for HREE, Y and Zr, and 
rutile is a host for Zr, Nb (Ta) and U. The increasing 
modal proportion of garnet in residual granulites, 
combined with the breakdown of zircon, monazite and 
xenotime as metamorphism progresses, promotes this 
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Fig. 6. Back-scatter electron (BSE) images of SCS felsic granulite xenoliths. (a) Antiperthitic plagioclase with K-feldspar in ribbons. See laser 

ablation pit in the center of the crystal (granulite U-49). (b) Zircon and monazite inclusions in garnet and in their kelyphitic aureola. An intergranular 

zircon crystal is shown at right (granulite U-49). (c) Zircon inclusions in garnet and in their kelyphitic aureola (granulite 95153). (d) Zircon included 

in garnet is a larger crystal than zircon in kelyphitic corona (granulite U-49). 

Zr-HREE-Y enrichment. Although an average Zr 
content in garnet of 100 ppm seems relatively low, the 
high modal proportion of garnet in these xenoliths 
(mostly 10 to 40 vol. %; Villaseca et al.� 1999) suggests 
that 5 to 10% of the Zr is carried by granulite garnets. 
Moreover, 10 to 35% of the Zr could be contained in 
granulite rutiles (Fig. 7). Nevertheless, zircon is always 
present as an accessory phase in the SCS xenoliths, 
although its modal proportion is markedly less than in 
granulites from migmatite terranes (Villaseca et aI., 
2003). Around 50 to 100% of HREE and Y of the 
granulite xenoliths are hosted in garnet (Fig. 7). This 
agrees with recent studies suggesting that HREE are 
preferentially partitioned into garnet, over zircon, in 
peraluminous granulites, at high-T conditions (Hokada 
and Harley, 2004). 

F eldspars are the maj or host for LREE and Eu in the 
peraluminous granulite xenoliths. This enrichment is 
markedly greater than in the samples from migmatite 
terranes (Fig. 7). The high modal proportions of feldspar 
in SCS granulite xenoliths together with the scarcity of 
monazite (Villaseca et al., 2003), suggests that feldspars 
control virtually the entire LREE-Eu budget. 

6.2. Are low Zr-LREE granites low-T melts? 

Zircon and monazite solubility in granitic melts is 
primarily controlled by temperature and melt composi
tion (Watson and Harrison, 1983; Montel, 1993). 
Applying accessory mineral saturation thermometry, 
indicates that most granitic melts are apparently 
generated at temperatures lower than 840°C (Miller et 
al., 2003; Chappell et aI., 2004), as granites rarely have 
more than 300 ppm Zr or LREE. With the exception of 
A-type granites, most granite suites never reach these 
high Zr contents. 

Experimental phase relationships of granitic rocks 
indicate liquidus temperatures in the range of 800 to 
1000 QC, depending principally on composition and 
water content. Lower crustal partial melting is essen
tially H20 under saturated (melt H20 contents <6 wt.%, 
e.g. Clemens and Watkins, 2001) and low H20 contents 
mean higher liquidus temperatures. Experiments by 
Clemens and Wall (1981) on a peraluminous granite 
melt with 4 wt.% water (typical of S-type granites) gave 
a liquidus temperature of more than 900 °C. Shimura 
et al. (1992) performed crystallization experiments with 
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Fig. 7. Relative contributions of the constituent mineral phases to some trace element budgets for samples from migmatites (100560 and 93198b) and lower crustal xenoliths (95153, U-49 and 
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an S-type tonalite reaching temperatures above 900°C. 
These S-type tonalites contained 100 to 150 ppm Zr and 
applying the Zr saturation thermometer would corre
spond to a relatively low-T granite of 750 to 795°C. 

Melt inclusion studies on felsic volcanic and subvol
camc rocks give higher temperatures than those esti
mated by common mineral geothermometry. Most of 
these melt inclusions give temperatures in the range 850 
to 1200 °C (Chabiron et aI., 2001) irrespective of per a
luminosity. Melt inclusions in plutonic rocks are more 
difficult to recognize, and they present a significant 
analytical challenge. Nevertheless, Takenouchi and Imai 
(1975) describe inclusions in granite porphyries that 
homogenise mostly in the range 830 to 1100 QC. 

To explain this apparent contradiction with experi
mental and melt inclusion data, Chappell et al. (2004) 
stated that the generally observed low temperatures, as 
deduced by accessory dissolution models, imply that 
granites are not completely molten and, consequently, 

must contain significant restite. 
Migmatite terranes are natural settings in which 

granitic partial melts are generated, and many of these 
areas have temperature conditions close to those esti
mated by accessory phases dissolution models. Migma
titic complexes are common in the inner parts of the 
Iberian Hercynian Belt. Anatexis in the SCS migmatite 
terranes occurred mostly in the range of 725 to 825°C 
and 0.6 to 0.4 GPa (Barbero et al., 1995; Villaseca et aI., 
2003). Nevertheless, granitic melts related to these 
migmatite terranes have major chemical differences 
when compared to Hercynian granite plutons. Experi
mental studies on Hercynian metamorphic rocks show 
that melting below 850 °C rarely produces melt frac
tions higher than 25 vo l. % and these melts are invariably 
peraluminous leucogranites (Castro et ai., 2000). SCS 
anatectic leucogranites (and leucosomes) are much more 
SiOr and K20-rich and CaO-(Na20)-, FeO-, MgO- and 
TiOrpoor than SCS granitic plutons. The differences 
are more apparent when trace elements (especially REE 
and HFSE) are considered. Leucosomes and anatectic 
leucogranites commonly have low REE contents with 
marked positive Eu anomalies (Barbero et aI., 1995; 
Villaseca et aI., 2001). Restite-rich granitoids from these 
migmatite terranes are closer in composition to SCS 
granite plutons, although they show lower CaO (and 
Na20) contents and higher proportions of Cr, Ni and V. 
These differences suggest that melts generated in the 
migmatite terranes are unlikely to represent the 
precursors of SCS granite plutons. Thus, granitic melts 
generated at these relatively low temperatures « 850°C) 
are chemically unlike typical 1- and S-type plutons of the 
SCS. 

6.3. SCS residual granulites undepleted in Zr-REE 

In accessory dissolution models, the granulitic 
residue becomes progressively depleted in Zr and 
LREE as zircon and monazite dissolve in the coexisting 
granitic melt (Miller et al.� 2003). It has been observed 
that the modal amount of zircon, monazite and apatite 
decreases dramatically with increasing metamorphic 
grade (Reid, 1990; Bea and Montero, 1999) and other 
accessory minerals (e.g. xenotime) are completely con
sumed before extreme granulite conditions are reached 
(Villaseca et al., 2003). Nevertheless, SCS granulite 
xenoliths show Zr and REE contents mostly in the range 
of 155 to 280 and 120 to 225 ppm, respectively, similar 
to peraluminous metamorphic rocks from outcropping 
migmatite terranes. They are not depleted granulites, as 
would be expected if the accessory phases (zircon and 
m onazite ) were mainly dissolved in granitic melts. The 
mineral chemistry of residual garnets and feldspars in 

these granulites suggests that a significant proportion of 
the Zr and REE present in the accessory phases has been 
transferred to the peritectic mineral assemblage during 
high-grade metamorphism and/or partial melting (VIlla
seca et aI., 2003). Thus, in the SCS granulite xenoliths 
there has been growth of Zr-bearing phases (garnet and 
rutile) and LREE-bearing phases (feldspars) after partial 
resorption of zircon and monazite. The net result of this 
competition between granitic melt and residual miner
als, for the capture of Zr-LREE, has maintained the 
respective trace-element composition of the residual 
solid and the coexisting mobile melt. 

Experimental and empirical partition coefficients 
for feldspars suggest generally incompatible behaviour 
for the REE. Nevertheless, DLREE in feldspars in
creases with temperature, as a function of feldspar 
composition (increasing Ab component in alkali 
feldspar, and Or in plagioclase), and with melt pera
luminosity (Ren et al., 2003; Ren, 2004). Recent data 
on partitioning between feldspars and peraluminous 
silicic melts show that DLREE values are invariably 
<0.5 (mostly 0.1 to 0.3) (Ren et aI., 2003; Ren, 2004). 
Using these D values, granitic melts in equilibrium 
with LREE-rich residual granulitic feldspars should 
have La and Ce contents of around 1100 ppm and 
4000 ppm, respectively, an order of magnitude higher 
than typical REE contents in SCS Hercynian peralu
minous granites (La: 25 to 50 ppm, Ce: 60 to 105 ppm; 
Villaseca et aI., 1998). 

Similarly, empirical Dzr in garnet is in the range of 
0.3 to 0.5 (e.g. Koepke et aI., 2003), which would yield 
estimated Zr contents of 100 to 450 ppm in coexisting 
granitic melts, slightly higher than Zr concentrations 



range found in SCS Hercynian granites (typically 125 to 
180 ppm; Villaseca et aI., 1998). 

Accessory dissolution models and empirical solid! 
melt equilibrium partition coefficients suggest that Zr
LREE-rich peraluminous granitic rocks should be much 
more common. The fact that they are not could be 
explained by more compatible behaviour of Zr in garnet 
and LREE in feldspars in granulitic residua. This would 
explain why peraluminous felsic melts seldom reach 
"saturation values" in these trace elements and why 
granulitic residua are not depleted in these elements. 

6.4. Availability of accessory phases in residual 

granulites and factors leading to Zr-undersaturated 

peraluminous melts 

Although accessory minerals are modally diminished 
with increasing high-T metamorphism, they still remain 
in residual granulites (Villaseca et aI., 2003). Modal 
zircon decreases more moderately than monazite or 
xenotime, the latter phase is not present in SCS granulite 
xenoliths. The reduction in modal zircon in peralumi
nous granulites between outcropping migmatite terranes 
and lower crustal xenoliths is approximately 10 to 50% 
by volume compared to 50 to 95% reduction of modal 
monazite (Vi llase ca et aI., 2003). Certainly, mass balance 
in SCS granulite xenoliths suggests that more than 50% 
of Zr is hosted in zircon, whereas, monazite is rare in 
granulite xenoliths and does not control LREE partition
ing between residua and melt. A detailed petrographic 
study of the distribution of zircon in granulite xenoliths 
shows (Table 4) that most of the zircon crystals (> 80%) 
are included in maj or phases, mostly (between 38 and 
77%) in garnet (Fig. 6b, c, d), and consequently they are 
physically isolated from any interstitial melt. Neverthe
less, between 3 and 21 % of zircons are interstitial to at 
least two other minerals (Fig. 6b). Only a minor fraction 
of granulitic zircons would react with an interstitial 
granitic melt. Moreover, calculations by Watson (1996) 
indicate that most of the small zircons « 100 im radius) 
would dissolve in Zr-undersaturated melts within a few 
thousand of years at temperatures in excess of 800°C. 
Thus, the presence of small zircon crystals at grain 
boundaries in the SCS granulite xenoliths suggests that 
any coexisting granite melts have been expelled before 
equilibrium zircon solubility was attained. 

Clemens (2003) suggested that kinetics, rather than 
equilibrium phase relations, govern zircon dissolution in 
granitic melts. fuherited cores are common in zircons 
from SCS granulite xenoliths, although they represent 
< 10% of the total modal zircon (Femandez Smrrez et aI., 
2006). Most of the residual cores are preserved in the 

Table 4 

Zircon location in SCS granulite xenoliths (in %) 
Xenolith- In In (Grt) In Qtz- Interst.C nd 

typea Grt Kelyph. Tb Kfs-

Pl-Sil 

95148 Felsic (2b) 13.5 41.7 55.2 32.7 12.0 156 

99185b Felsic (2b) 26.7 50.0 76.7 20.0 3.3 30 

95151 Felsic (2b) 11.8 55.9 67.7 20.6 11.8 34 

U-49 Felsic (2b) 45.0 24.9 69.9 16.6 13.6 169 

95153 Felsic (2b) 1.6 58.1 59.7 25.8 14.5 62 

81846 Opx-felsic - 11.0 11.0 71.5 17.5 91 

(2 a) 

77750b Metapelitic 28.6 9.5 38.1 40.5 21.4 42 

(3 a) 

aFollowing nomenclature of Villaseca et al. (1999). �otal zircon 

hosted in garnet (including kelyphitic coronas). CInterstitial zircon. 
dNumber of zircons in a 2.5 x 4 cm thin section. 

largest tabular subhedral zircons, but some inherited 
cores are also preserved in the more common smaller 

equant zircon grains (Femandez Suarez et aI., 2006). 
Core preservation and the formation of overgrowths on 
the larger grains at the expense of smaller grains will 
continue as long as small zircons and melt exist in the 
system (Nemchim et aI., 2001). If the duration of the 
interval in which the melt is present is short (high melt 
segregation rate) large zircon grains will preserve 
residual cores. The unsuccessful removal of inherited 
cores during partial melting at temperatures exceeding 
850°C suggests that zircon dissolution does not attain 
equilibrium. The presence of inherited cores in other 
studies on lower crustal granulite xenolith suites (Chen 
et al., 1994; Dostal et aI., 2005) suggests that this is a 
common feature. 

Zr undersaturation in peraluminous granite melts 
generated by dehydration melting reactions at granulite
facies conditions (biotite breakdown) is enhanced by 
high water undersaturation of the partial melt. Estimated 
H20 contents of peraluminous melts in KNASH -systems 
at the average P-Tconditions of SCS granulite xenoliths 
(900°C and 9 GPa) are <3 wt.% (Holtz and Johannes, 
1994), in good agreement with experimental studies 
(Carrington and Harley, 1995). Peraluminous melts with 
less than � 2 wt.% H20 show a dramatic reduction of 
zircon solubility (Linnen, 2005). The presence of 
accessory fluorine-Ti-rich phlogopite in the SCS gran
ulite xenoliths is indicative of the low hydrous content of 
the residual mica (ViUaseca et aI., 1999). 

7. Conclusions 

Models of accessory mineral solubility in granitic 
melts tend to give unrealistically low temperatures for 



melting, typically in the range of 740 to 840 °C. In 
contrast, experimentally determined phase relations 
indicate that higher temperatures (850 to 1100 QC) are 
required for typical granitic rocks to be completely 
molten. Two possible explanations of this apparent 
contradiction have been proposed recently: i) granitic 
melts are mainly low-T melts (probably requiring fluid 
present melting) which prevent complete dissolution of 
accessories in the protolith (Miller et aI., 2003); 
ii) granites are strictly "partially molten magmas" 
characterized by the presence of abundant entrained 
restite (ChappeU et aI., 2004). 

Previously it has been suggested that accessory phase 
solubility during crustal melting does not reach 
equilibrium due to dissolution being slower than melt 
segregation (e.g. Sawyer, 1991; Bea, 1996; Clemens, 
2003). In this study, we suggest that granites are high-T 
melts without significant entrained restitic material. The 
residual granulitic counterparts of peraluminous granitic 

melts have maj or mineral phases (garnet, plagioclase, K
feldspar and rutile) that contain significant concentra
tions of Zr and LREE. During granulite-facies meta
morphism these new residual minerals become 
progressively enriched in Zr and LREE (at the expense 
of zircon and LREE-containing accessory minerals). 
This trace-element compatible behaviour in residual 
minerals combined with the shielding of accessory 
minerals prevents Zr-LREE saturation in the coexisting 
granitic melts. Recent studies show the common Zr 
undersaturation of S- and I-type granite melts (Kemp 
et aI., 2005). 

This leads to the conclusion that lower crustal partial 
melting and accompanying solid-melt reactions are 
more complex than hitherto thought. There is an 
inadequate knowledge of element partitioning in lower 
crustal granulites prior to and during melting. Bea et al. 
(1 994) have previously suggested compatible LREE 
behavior in feldspars, with increasing metamorphic 
grade. Moreover, a marked change in element partition
ing between accessory and major phases in xenoliths has 
been also suggested (Villaseca et aI., 2003). 

The sequestering of REE and Zr by the primary 
granulitic minerals diminishes the influence of accesso
ry mineral dissolution on the trace-element compo
sitions of granitic melts at high temperatures. The 
percolation of melt within a solid residual matrix rich in 
minerals with a tendency to be geochemically compat
ible for Zr and LREE reduces the possibility of expelling 
trace-element saturated granite melts, irrespective 
whether they were initially close-to-Zr-LREE-saturated 
or clearly Zr-LREE-undersaturated. This is in agree
ment with the general absence of Zr and LREE-rich 

peraluminous granitoids in the SCS Hercynian Batholith 
(Villaseca and Herreros, 2000). 
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