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Abstract

We have investigated the zircon from granites of the Spanish Central System (SCS) batholith. This batholith is composed of 
plutons of both I- and S-type granite, with different degrees of fractionation. The association provides a natural laboratory for the 
study of compositional evolution of zircon. We recognize two types of magmatic zircon. Type-1 zircon consists of euhedral and 
elongate crystals showing an oscillatory zoning, usually hosted in the early major minerals, being more abundant in granodiorite 
and monzogranite plutons. Type-2 zircon is characterized by smaller and more equant crystals, unzoned, or irregularly zoned, and 
usually interstitial to the rock-forming minerals, and forming clusters with other accessory minerals. This second type is more 
abundant in leucogranites, aplites and pegmatites. Type-2 zircon shows the highest concentrations of Hf (16.58 wt.% HfO2), 
U (4.83% UO2), Th (4.87% ThO2), Y (8.51% Y2O3), and HREE (3.78% HREE2O3), and the lowest analytical totals (down to 
91.2%). The replacement of Zr by tetravalent cations (Th, U and Hf) is favored in the most evolved granites. Micro-areas of 
zircon with low analytical totals (91–98 wt.%) have a high level of cation substitution. Moreover, their high Th–U contents induce 
elevated levels of radiation damage. Disturbances in the original structure, combined with severe metamictization of U–Th-rich 
micro-areas, may have caused an enhanced susceptibility to secondary alteration. This process, in turn, is believed to have formed 
the observed strongly damaged and cation-defi cient zircon. The range of Zr/Hf values in zircon crystals of the granites studied 
and those of related metamorphic rocks (as possible crustal sources) are similar. The composition of zircon from SCS granulite 
xenoliths overlaps with the compositional fi eld of zircon from granite, supporting previous models of crustal recycling for the 
origin of the SCS batholith. 

Keywords: zircon, composition, trace elements, I-type granite, S-type granite, peraluminous granulites, Iberian Hercynian Belt, 
Spanish Central System.

Sommaire

Nous avons étudié le zircon provenant des granites du batholite du Système Central Espagnol. Ce batholite comprend des 
plutons de type I aussi bien que de type S, avec des degrés de fractionnement variables. L’association fournit un excellent 
laboratoire naturel pour l’étude de l’évolution compositionnel du zircon, qui peut avoir un de deux aspects. Le zircon de type 
1 se présente en cristaux idiomorphes et allongés montrant une zonation oscillatoire, généralement englobés dans les minéraux 
majeurs précoces; il est donc plutôt abondant dans les plutons granodioritiques et monzonitiques. Le zircon de type 2 se présente 
en cristaux plus petits et plus équidimensionnels, non zonés ou bien zonés de façon irrégulière, et généralement tardifs, en posi-
tion interstitielle parmi les minéraux majeurs de la roche, et regroupés avec d’autres minéraux accessoires. Le zircon de type 2 
est plus abondant dans les leucogranites, aplites et pegmatites. Il montre les teneurs les plus élevées en Hf (16.58 wt.% HfO2), 
U (4.83% UO2), Th (4.87% ThO2), Y (8.51% Y2O3), et terres rares lourdes (3.78% des oxydes), et les totaux d’analyses les plus 
faibles (jusqu’à 91.2%, poids). Le remplacement du Zr par les cations tétravalents Th, U et Hf serait favorisé dans les granites 
les plus évolués. Les micro-régions du zircon ayant un faible total analytique (91–98%) possèdent un niveau élevé de remplace-
ment par ces cations. De plus, leurs teneurs élevées en Th et U ont produit un niveau élevé de dommage dû à la radiation. Les 
distorsions causées à la structure du zircon, en plus de la métamictisation avancée des micro-régions les plus riches en U et Th, 
pourraient avoir causé la susceptibilité accrue du zircon de type 2 à l’altération secondaire, qui rendrait compte des compositions 
fortement défi citaires du zircon endommagé. Les valeurs du rapport Zr/Hf des cristaux de zircon dans les granites étudiés et dans 
les roches métamorphiques apparentées (comme sources possibles dans la croûte) sont semblables. La composition du zircon 
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dans les enclaves granulitiques de ce batholite chevauche celle du zircon des granites, étayant les modèles d’un recyclage des 
roches de la croûte pour expliquer celles du batholite.

 (Traduit par la Rédaction)

Most-clés: zircon, composition, éléments traces, granite de type I, granite de type S, granulites hyperalumineuses, Ceinture 
Hercynienne Ibérique, batholite du Système Central Espagnol.

granite with those of zircon from lower-crust granulitic 
xenoliths, the presumed residual counterpart of the 
granitic SCS batholith (Villaseca et al. 1999).

Description of the Granitic Plutons 
of the Spanish Central System

The SCS batholith, located in central Spain, extends 
over an area of about 10,000 km2. It was emplaced 
during the late stages of the Hercynian orogeny, mainly 
from 325 to 285 Ma (Villaseca & Herreros 2000). The 
SCS batholith is almost entirely composed of peralu-
minous granitic rocks. Three types of granite have been 
distinguished on the basis of their degree of peralumi-
nosity: i) moderately peraluminous cordierite-bearing 
granites of S-type affi nity, ii) weakly peraluminous 
to metaluminous granitic rocks with locally accessory 
amphibole and affi nity with I-type granites, and iii) 
transitional types of biotite-bearing granitic rocks of 
intermediate peraluminous character (Villaseca et al. 
1998). Five plutons representative of this I- and S-type 
variability has been selected for this study focused 
on zircon. The mineralogical data gathered on these 
granitic plutons are summarized in Table 1.

Of the fi ve plutons, three are of I-type composition 
(Fig. 1). The Atalaya Real pluton is a small circular 
massif (18 km2) showing a wide lithological range. 
It is mainly composed of equigranular coarse-grained 
amphibole and biotite-bearing granitic rocks ranging 
from granodiorite to monzogranite. In the outermost 
margin, a leucogranitic facies with associated aplitic 
bodies is locally developed. A Rb–Sr isochron age of 
284 ± 13 Ma was reported for this pluton (Villaseca et 
al. 1995).

The La Cabrera pluton, covering 160 km2, is 
another I-type massif that exhibits complex composi-
tional variations. It shows an evolutionary trend from 
amphibole-bearing granodiorite at the margin toward 
biotite monzogranite as the dominant facies at the 
center (Bellido 1979). Some leucogranitic facies occur 
in the core. A Rb–Sr isochron age of 310 ± 14 Ma was 
obtained for the main monzogranite.

The La Pedriza pluton is one of the most felsic 
I-type plutons in the SCS. It is composed of coarse-
grained biotite leucogranite outcropping in a 75 km2 
massif. It shows a cryptic geochemical zoning, with a 
strong increase in rare elements toward the northeastern 
margin, where it reaches the highest bulk-rock contents 
of Na–F–Rb–Hf–Th–U–Nb–Ta–Y–HREE. In some 

Introduction

Zircon is one of the most widespread accessory 
mineral in granites, and particularly in peraluminous 
granites and granulitic metamorphic rocks (Wark & 
Miller 1993, Bea 1996, Villaseca et al. 2003). It is char-
acterized by its high durability to weathering, alteration, 
metamorphism and resistance to high-temperature 
diffusive re-equilibration (e.g., Watson 1996). Favored 
by these unique properties, zircon has received consid-
erable attention in the past decades as a thermochro-
nological indicator (e.g., Hanchar & Hoskin 2003, and 
references therein) and for its potential application as a 
host material for the safe storage of nuclear waste (e.g., 
Mathieu et al. 2001, Ewing et al. 2003). Zircon is used 
as a crude thermometer for crystallization conditions 
and as petrogenetic indicator (e.g., Pupin 1980, Harrison 
& Watson 1983, Vavra 1994, Hanchar & Watson 2003, 
Valley 2003, Kempe et al. 2004, Watson et al. 2006). 
Moreover, zircon is widely used in geochronological 
studies (e.g., Mezger & Krogstad 1997, Solar et al. 
1998, Parrish & Noble 2003, Hanchar & Hoskin 2003, 
Jackson et al. 2004).

The composition of zircon varies widely owing 
to solid solution with xenotime (Y, HREE), and the 
substitution Zr–1(Hf,Th,U)1. Many studies have been 
devoted to zircon composition in a wide variety of 
rocks (e.g., Pupin 2000, Caironi et al. 2000, Rubatto et 
al. 2001, Hoskin & Schaltegger 2003, Fedo et al. 2003, 
Belousova et al. 2002, 2006). Indeed, trace-element 
contents and elemental ratios have been suggested both 
as indicator of magma fractionation (e.g., Černý et al. 
1985, Irber et al. 1997, Uher & Černý 1998, Wang et 
al. 2000, Koreneva & Zaraisky 2004, Breiter et al. 
2006), and as a crude estimate of magma source (e.g., 
Uher et al. 1998, Hoskin & Ireland 2000, Pupin 1992, 
2000, Belousova et al. 2006, Lowery et al. 2006). Some 
trace elements (Hf, Th, U, Y, HREE) attain a very high 
concentration in zircon from some felsic products of 
fractionation (Wang et al. 1996, Heaman et al. 1990, 
Hoskin & Schaltegger 2003) and especially in some 
pegmatites (e.g., Wang et al. 1996, Uher & Černý 1998, 
Seidler et al. 2005).

In this paper, we study the composition of zircon 
from a group of Hercynian plutons of the Spanish 
Central System (SCS) batholith, comprising S- and 
I-type granites with variable degrees of fractionation 
(Villaseca et al. 1998, Villaseca & Herreros 2000). We 
also compare the geochemical features of zircon in 
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marginal areas, aplitic to pegmatitic bodies appear. A 
Rb–Sr isochron age of 307 ± 3 Ma was reported for the 
pluton (Pérez-Soba 1992).

Two S-type plutons have been selected for this study. 
The cordierite-bearing Alpedrete pluton, a typical S-
type granite, is an irregular massif covering an area of 
around 350 km2 (Fig. 1). It is composed of equigranular 
cordierite-bearing granodiorite to monzogranite. Some 
attempts at Rb–Sr dating have failed, suggesting a 
heterogeneous isotopic character (Villaseca et al. 1995). 
It is intruded by younger circular plutons, such as the 
Atalaya Real I-type pluton. The Cabeza Mediana pluton 
is a two-mica leucogranite also intrusive in the Alpe-
drete pluton (Fig. 1); it forms a small circular pluton of 
7 km2 and is dated at 291 ± 6 Ma by Rb–Sr isochron.

Analytical Methods

Wavelength-dispersion electron-microprobe (EPMA) 
analyses of zircon were carried out using a JEOL Super-
probe JXA 8900–M equipped with four spectrometers 

at the Microscopía Electrónica CAI, of the Universidad 
Complutense de Madrid. The EPMA was operated with 
an acceleration voltage of 20 kV and a probe current 
of 50 nA. Counting times were varied from element 
to element, in the range 10–30 s (peak) and 5–15 s 
(background). Zircon grains with too low an analytical 
total (discussed in detail below) were analyzed again, 
with a beam current of 150 nA and counting times for 
Zr, Hf, REE, U and Th extended to 100 s (peak) and 
50 s (background). Under the latter conditions, detec-
tion limits (calculated from the three-fold background 
noise) were on the order of 100 ppm for most of these 
elements. The beam diameter was between 2 and 5 �m 
to minimize damage to the grains. Natural standards, 
including albite, kaersutite, almandine, zircon, vanadi-
nite and REE phosphates, were used for most elements 
(Jarosewich et al. 1980, Jarosewich & Boatner 1991) 
except U and Th, for which commercial glasses were 
used. An on-line ZAF correction program was used. 
To examine the compositional heterogeneity of zircon, 
back-scattered-electron (BSE) imaging was used. 

Fig. 1. Geological map of the Sierra de Guadarrama, in the Spanish Central System, showing the distribution and type of granite 
plutons considered in this study (modifi ed after Villaseca et al. 1998).
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Cathodoluminescence (CL) imaging also is a powerful 
technique to reveal internal textures of zircon (e.g., 
Hanchar & Miller 1993, Corfu et al. 2003). We found, 
however, that the majority of our zircon samples are 
virtually non-luminescent, which is why CL imaging 
was not applied in this study.

The degree of radiation damage of zircon was 
estimated from the FWHM (full width at half band-
maximum) of the �3(SiO4) Raman band (B1g-type vibra-
tion) of this mineral, which is observed at about 1000 
cm–1 (Nasdala et al. 1995, 2001a). Raman spectra were 
obtained by means of a Renishaw RM 1000 research-

grade Raman spectrometer. This notch-filter-based 
system is equipped with a Leica DMLM series optical 
microscope, a grating with 1200 grooves per millimeter, 
and a Si-based charge-coupled device detector. Because 
laser-induced photoluminescence may, as an analytical 
artefact, affect Raman spectra, especially in the green-
yellow range of the electromagnetic spectrum (e.g., 
Nasdala & Hanchar 2005), spectra were excited with 
the 6328 Å emission of a He–Ne laser. The Leica 100� 
objective (numerical aperture 0.95) was used. Confocal 
measurements were done with a lateral resolution of 
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~2–3 �m. The wavenumber accuracy was 0.5 cm–1, and 
the spectral resolution was ~2 cm–1.

Petrographic Features and Pattern 
of Zoning in the Zircon

We recognize two main types of zircon in the SCS 
plutons studied, comparing both I- and S-type gran-
ites, according to zoning and textural characteristics. 
Type 1: Euhedral to subhedral crystals exhibit fi nely 
concentric oscillatory zoning in BSE imaging. These 
crystals commonly show an unzoned inner part and 
outer oscillatory bands (Figs. 2A to D). We have not 
found a clear inherited core (residual zircon?), and only 
rarely does this type contain inclusions of other minerals 
(Fig. 2C). About 75% of the zircon crystals are isolated, 
whereas the others form clusters with xenotime, thorite, 
monazite or apatite. Type-1 crystals are mainly included 
in biotite, occasionally in quartz or K-feldspar, and 
exceptionally they are hosted in plagioclase (4%). 
This type of zircon appears mainly in granodiorite and 
monzogranite plutons, but also can be found in minor 
amounts in leucogranites (Table 2).

Type-2 zircon forms subhedral to anhedral unzoned 
or irregularly zoned crystals (Figs. 2E to I). About 60% 
of these crystals form clusters with other accessory 
minerals, such as xenotime, thorite, apatite or monazite. 
These crystals occur mostly as inclusions at the rim of 
the biotite (less frequently than in type 1) and sodic 
plagioclase (20%), or as intergranular crystals among 
quartz, the feldspars or biotite. Type-2 zircon is typi-
cally found in leucogranites, aplites and pegmatites, 
and is less abundant in granodiorites and monzogranites 
(Table 2). Three subtypes are distinguished according to 
their pattern of zoning. Type 2a, the alveolar subtype, is 

the main one, characterized by the presence of domains 
rich in micro-inclusions with homogeneous or irregular 
zoning. These micro-inclusions may extend all over the 
grain (in about 80% of the crystals) (Figs. 2H, E), and 
more rarely are restricted to an inner domain (Fig. 2G) 
or to an outer rim. Type 2a is texturally similar to zircon 
described by Romans et al. (1975), Rubin et al. (1989) 
and Uher & Černý (1998). The micro-inclusions are 
irregular crystals (usually <2 �m in length) of thorite 
or xenotime, or larger crystals of rock-forming minerals 
(biotite and plagioclase), ranging up to 20 �m in length. 
Type-2a zircon is included mainly in biotite and, less 
commonly, in plagioclase. In plagioclase, the zircon 
crystals are isolated, whereas in biotite they usually 
appear to be associated with xenotime, thorite and 
monazite. This type of zircon mainly appears in leuco-
granite and aplitic granite, being especially widespread 
in the La Pedriza leucogranite (Table 2).

Type 2b crystals are homogeneous, unzoned or with 
very weak (diffuse) sector-zoning. The sections are 
subhedral to euhedral. Crystals usually occur inside 
biotite and plagioclase, and can be found both isolated 
crystals or grouped with xenotime and thorite, or less 
commonly with apatite and monazite. This subtype is 
most common in monzogranites and granodiorites.

Type 2c crystals constitute the complex subtype; 
the crystals exhibit areas with oscillatory, simple or 
patchy zoning. Moreover, some of the interior regions 
may be alveolar, suggesting transitions between all 
these subtypes of zircon (Fig. 2I). In the Atalaya Real 
aplites, some of these crystals show eccentric and strik-
ingly corroded cores (Fig. 2F), although commonly 
the distinct sector-zoning has a concentric distribution. 
Most of these type-2c crystals are hosted in biotite.

Zircon of types 1 and 2 has not been found in 
the same host mineral, but could appear in the same 
thin section. These types of zircon also contrast in 
terms of two morphological parameters, the longest 
dimension of the grain and the elongation (width / 
length). Geometrical features based on thin-section 
studies underestimate the real greatest dimension of 
the zircon crystals and also their elongation ratio, but 
for comparative purposes, these may be considered a 
good estimate. Figure 3 shows geometrical parameters 
for the two types of zircon and for the three main 
subgroups of lithologies. Although in some cases the 
number of data points is low owing to the scarcity of 
zircon in the samples, some tendencies can be deduced 
using such a graphical analysis, as discussed in Higgins 
(1994). The frequency distribution of both parameters 
in type-1 zircon from monzogranite and granodiorite 
plutons (Fig. 3) is indicative of elongate and large 
crystals. The type-2 zircon from leucogranites shows 
more equant and shorter sections than those of type-1 
zircon, although a value of 250 �m for a single-crystal 
length was established. Moreover, the shortest crystals 
of the zircon population (≤20 �m) are present in the 
La Pedriza leucogranite. Type-2 zircon in aplites is 
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mostly equidimensional, but is not shorter than those 
belonging to leucogranites. This tendency clearly 
changes for type-2 zircon from La Cabrera pegmatites 
(not included in these diagrams), which reach lengths 
up to 800 �m, with elongation ratio between 0.1 and 
0.2 (acicular varieties).

Composition and Structural State 
of Zircon in the Granitic Rocks

Nearly 125 EPMA analyses of type-1 zircon and 
about 240 analyses of type-2 zircon were made. Repre-
sentative EPMA results are shown in Table 3. Internal 
zoning is mainly related to variations of Hf, Y, HREE, 
U and Th concentrations; these elements are therefore 
considered to be the main indicators of degree of 
evolution and differences among types of zircon. The 
contrast in the compositional range of type of zircon is 
expressed in Figure 4 according to plutons and degree 
of differentiation.

In granodiorite and monzogranite, both types of 
zircon define low values in the oxides considered, 
whereas the most felsic varieties (leucogranites, aplites 
and pegmatites) have higher medians and reach the 
highest contents of Hf, Y, HREE, Th and U. This is 
displayed by I-type granites and, to a lesser degree, 
by S-type granites, perhaps related to the lack of 
aplite–pegmatite dykes in these plutons.

Type-1 zircon usually has the lowest contents in U, 
Th, Y, HREE and Hf, and displays a narrower compo-
sitional range than type-2 zircon. The compositional 
range of type-1 zircon is independent of their host 
(leucogranite to granodiorites, Fig. 4), as found in other 
studies (Wang et al. 2000). Compositional ranges in 
type-1 zircon are (in wt.%): 0.51–5.75% HfO2, 0–4.03% 
UO2, 0–1.65% ThO2, 0–4.12% Y2O3 and 0.21–2.35% 
HREE2O3. The zoning defi ned in type-1 single crystals 

is different in the less and the more evolved granites. In 
zircon from granodiorite and monzogranite samples, a 
positive correlation of Hf, U, Th, Y and HREE concen-
tration is usually observed, which generally increases 
from core to rim, whereas in the evolved granites, 
levels of U, Th, Y and HREE decrease and Hf increase 
toward the rim.

The type-2 zircon from leucogranite and aplite has a 
more variable composition (Fig. 4), with higher contents 
of HfO2 (13.60 wt.%), UO2 (4.83%), ThO2 (4.87%), 
Y2O3 (8.51%) and HREE2O3 (3.78%) and the lowest 
analytical totals (91.17 wt.%) (Table 3). Zircon from the 
La Cabrera pegmatites shows the highest HfO2 contents 
(16.58 wt.%). In type-2 zircon, the compositional ranges 
among the three subtypes in general show a great overlap 
(Table 3), although type-2b zircon from the La Cabrera 
pegmatites shows the highest Hf content, and type-2c 
zircon from the Atalaya Real aplites (Fig. 4) shows the 
highest Th, Y and HREE contents. Alveolar subtype-
2a is richer in Th and poorer in Hf in those areas with 
thorite micro-inclusions. About half of the population of 
zoned type-2 zircon displays signifi cant covariation in 
U, Th, Y and HREE contents (similar to that described 
by Pointer et al. 1988, Wang et al. 2000, Mathieu et 
al. 2001, Fowler et al. 2002), whereas in most cases, 
Hf displays an opposite behavior, which contrasts with 
fi ndings in other studies (e.g., Uher & Černý 1998, 
Wang et al. 2000, Belousova et al. 2002).

The compositional zoning in subtype-2 zircon 
usually shows the same trend, defi ned by a decrease 
in levels of U, Th, Y, HREE toward rim, whereas Hf 
increases. Nevertheless, alveolar crystals are irregularly 
zoned; only where the alveolar domain is rimmed by a 
homogeneous growth, the inner zone is richer or similar 
in content to the rim (Fig. 2G). Subtype 2b usually 
shows the general compositional path defi ned for type 2, 
showing the largest range of U contents. In subtype-2c 

Fig. 3. Histograms of length (Lmax) and elongation (width/length) in zircon of type 1 and 2. For each category, the percentage 
of the main rocks to the total of the population is compared.
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zircon, the corroded cores from the Atalaya Real aplites 
show the highest Th (4.7 to 4.9 wt.% ThO2), Y (7.6 to 
8.5 wt.% Y2O3) and HREE (3.7 to 3.8 wt.% HREE2O3) 
contents, whereas Hf increases toward the rim. This Hf 
increase toward the rim of a single crystal of zircon is 
common in our collection of types and is also exten-
sively recognized in other studies (e.g., Hanchar & 
Miller 1993, Uher et al. 1998, Pupin 2000).

Transgressive rims in type-2 zircon do not modify 
the common zoning defi ned for this type of zircon; 
only Ca and Al are appreciably lost. This contrasts 
with the loss of trace elements in transgressive rims 
described by Pidgeon et al. (1998), and also by Geisler 
et al. (2003a) in experiments of zircon alteration at low 
temperatures.
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a well-crystallized synthetic crystal of zircon. We found 
that our zircon samples do generally show high levels 
of radiation damage, which is indicated by FWHM 
values [�3(SiO4) Raman band] exceeding 30 cm–1, and 
low band-intensities (Fig. 6). Such extensive band-
broadening is considered to correspond to an amorphous 
volume-fraction exceeding 60–70% (Zhang et al. 2000, 
Zhang & Salje 2001), which characterizes our areas of 
low analytical total as strongly metamict.

Discussion

Cation substitutions

Zircon conforms to the general formula ABO4, 
where the position A represents the relatively large 
zirconium ion in eight-fold coordination with O, and 
position B represents the silicon ion in tetrahedral coor-
dination with O. In position A, Zr can be replaced by 
tetravalent (M4+ = Hf, Th, U), trivalent (M3+ = REE, Y, 
Fe), and divalent cations (M2+ = Ca, Fe, Mg, Mn). As 
summarized by Hoskin & Schaltegger (2003), there are 
multiple mechanisms of substitution, including simple 
isovalent replacement of Zr by other tetravalent cations, 
and coupled substitutions where divalent and trivalent 
cations may be incorporated.

Fig. 4. Compositional comparison between zircon of types 1 and 2 from representative SCS granitic plutons. Bar shows the 
complete range of zircon composition (vertical line), including the median (short horizontal line). Oxides expressed in 
wt.%.

Figure 5 shows the different Th/U paths in our 
zircon. Most zircon grains from monzogranite or grano-
diorite (irrespectively of their zircon type) show a Th:
U ratio of approximately 0.1. Type-1 zircon in grano-
diorite and monzogranite shows a more restricted range 
of values compared with the zircon (types 1 and 2) in 
more evolved granites. Zircon of these felsic granites 
usually show a higher Th:U ratio, which seems to be 
pluton-dependent. Thus, in the La Pedriza pluton, most 
of the zircon crystals (irrespectively of type) also show 
a Th:U ratio close to 0.1, whereas type-1 zircon from 
the La Cabrera aplite shows a Th:U ratio near 1, and 
type-2c zircon from the Atalaya Real aplite shows a Th:
U ratio near 2 (Fig. 5).

Shortfalls in analytical totals (considered as less 
than 98 wt.%) are found in about 30% of type-1 zircon 
population and in 50% of the type-2 population; the 
latter population shows the lowest analytical totals 
found. The mean of the analytical totals of corroded 
cores of subtype 2c shows lower values (96.11 wt.%) 
than types 2a (~97.7 wt.%). In these crystals, the 
structural state of zircon, i.e., the degree of metamicti-
zation, was studied by means of Raman spectroscopy 
(Nasdala et al. 1995). Figure 6 shows a typical Raman 
spectrum as obtained in this study, in comparison with 
two reference spectra of the poorly radiation-damaged 
Curtin University (Perth) ion-probe standard CZ3 and 
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Solid solution toward xenotime plays an important 
role in zircon composition. The proportion of M3+ 
cations at the A site must be similar to the proportion of 
P5+ at the B site, according to the coupled-substitution 
mechanism (Y + HREE) P Zr–1 Si–1 (e.g., Speer 1980, 
Hanchar et al. 2001). The close correlation between 
Zr + Hf and Th + U allows us to consider total M4+ 
cations (Zr + Hf + U + Th) instead of Zr (as has been 
proposed by Fowler et al. 2002). In that way, most of the 
zircon samples plot along the vector 1:1 representative 
of A-site substitution for M3+ cations (Fig. 7A). On the 
other hand, the coupled (P + Al) for Si substitution plots 
closer to the 1:1 line than P alone, which is suggestive 
of preferential Al incorporation at this site (Fig. 7B), as 
stated by Uher & Černý (1998) and Akhtar & Wassem 
(2001). This substitution is shown by all the groups 
of zircon, although some type-2 zircon samples are 
situated below this line, indicating in these cases some 
defi ciency in P.

Divalent cations like Ca, Fe and Mn also may be 
present in zircon, occupying interstitial sites. These 
M2+ cations have been considered as involved in the 
xenotime–zircon series, providing a mechanism of 
charge balance for the HREE and Y in excess of P: 
(Mg, Fe)2+

(int) + 3(Y, HREE)3+ + P5+ = 3Zr4+ + Si4+ 
(Romans et al. 1975, Hoskin et al. 2000). This fact 

refl ects the inability of the Si site to incorporate enough 
P to charge-balance the REE3+ ions (Finch et al. 2001). 
On the other hand, studies of alteration in zircon show 
that these elements (specially Ca and Fe, but also Al 
and Ti) may be secondarily enriched in the altered 
zones of zircon crystals (Geisler & Schleicher 2000, 
Mathieu et al. 2001, Zhang et al. 2003, Geisler et al. 
2003a, b, Johan & Johan 2004, Kempe et al. 2004). For 
example, Geisler et al. (2003a) studied experimentally 
the interaction of metamict zircon with hydrothermal 
fluids, and they observed a gain of solvent cations 
(e.g., Ca, Ba) from the hydrothermal solution, and the 
loss of variable amounts of M4+ cations (Zr, Si, Hf, Th, 
U) as well as M3+ cations (REE). On the other hand, 
the REE incorporated in zircon have been considered 
essentially immobile by Cherniak et al. (1997). In this 
sense, signifi cant correlations of REE versus (Ca + 
Fe) contents may indicate a primary (i.e., magmatic) 
origin of the divalent cations Ca2+ and Fe2+. Figure 8A 
shows such correlation for most of the plutons studied, 
except for some analyses of monzogranites or aplites 

Fig. 5. Variation in amount of U versus Th in zircon crystals. 
Diagonal lines representing Th:U ratios of 0.1, 0.6 and 2 
are shown. The compositional range of zircon of type 1 
and type 2 from monzogranites and granodiorites (MzGr), 
and zircon of type-1 from leucogranites and aplites (LAP) 
are enclosed in areas. Arrows defi ne the compositional 
zoning in a single crystal. Symbols for type-2 zircon are 
as follows: ✩ La Cabrera pegmatite, + La Cabrera aplite, 
� Atalaya Real aplite, � Atalaya Real leucogranite, � La 
Pedriza leucogranite, � Cabeza Mediana leucogranite.

Fig. 6. Raman spectrum of a micro-area in zircon in aplite 
from the Atalaya Real pluton, whose electron-microprobe 
analysis gave a defi cient total (96027c in Table 3). It is 
shown in comparison with spectra of the moderately radia-
tion-damaged CZ3 zircon (Nasdala et al. 2001b) and well-
crystallized, synthetic zircon (Nasdala et al. 2002). Spectra 
are stacked for clarity. Broadening and extremely low 
intensities of Raman bands characterize sample 96027c as 
strongly radiation-damaged.
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and a group of analyses of type-1 and -2 zircon from 
La Pedriza. In these cases, part of the Ca + Fe contents 
could be gained in the alteration processes. Except for 
these groups of compositions (around 40), we consider 
that Ca and Fe are mainly magmatic in origin. This 
argument is supported where the xenotime substitution 

is represented, including all M4+ and M2+cations at the 
A site (Fig. 8B). In this plot, most of the zircon data fall 
along the 1:1 line, suggesting that the incorporation of 
M2+ cations is related mainly to a magmatic mechanism 
of substitution.

Fig. 7. Diagrams showing the extent of solid solution toward xenotime in zircon crystals in SCS granites (in atoms per formula 
unit: apfu). A) A-site substitution: (Zr,Hf,Th,U)4+

 versus (Y,REE)3+ diagram. B) B-site substitution: Si4+
 versus (P5+ + Al) 

plot. Area encloses zircon crystals of types-1 and 2 from monzogranites and granodiorites, and the diagonal line indicates 
the 1:1 substitution line. Same symbols as in Figure 5.

Fig. 8. Zircon plots. A) (Ca2+ + Fe2+) versus REE plot. B) 3(Zr,Hf,Th,U)4+ versus (Ca,Fe)2+ + 3(Y,REE)3+ substitution diagram 
in zircon of types 1 and 2. The diagonal line indicates 1:1 substitution line. The compositions are expressed in atoms per 
formula unit (apfu). Same symbols as in Figure 5.
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Some differences in the degree of replacement of 
Zr by M2+, M3+ and M4+ cations seem to depend upon 
their host-granite type. Thus, zircon from S-type gran-
ites does not show appreciable substitution of (Th + U) 
for Zr, and the degree of any cation substitution is less 
important. A decrease in Th content is a typical trend 
in S-type granites, contrary to that in I-type varieties, 
which combined with their higher P content, favors 
xenotime crystallization instead of Th incorporation in 
zircon (Villaseca et al. 1998).

Zircon growth: implications from their textural 
and chemical characteristics

Textural and chemical contrasts between the two 
types of zircon and their different modal proportions 
with granite evolution suggest differences in growth 
conditions. Oscillatory zoning in zircon has been 
intensively studied (e.g., Vavra 1994, Hoskin 2000), 
and a magmatic origin is suggested. Type-1 zircon 
seems to have crystallized during changing magmatic 
conditions, and is probably not an early liquidus phase 
(it rarely appears included in the core of plagioclase). 

On the other hand, most crystals of type-2 zircon likely 
grew at a late-magmatic stage because they show some 
faces (i.e., are subhedral) and they grew simultaneously 
with the major phases (e.g., biotite, the feldspars and 
quartz).

The Th-, U-, Y- and HREE-rich zircon is confi ned 
mainly to type-2 crystals from leucogranites, aplites 
and pegmatites. Its crystallization in the most evolved 
granitic magmas, which show enrichment in these 
elements, explains why its composition departs progres-
sively from the ideal one. At the same time, the Th, 
U, Y, HREE and Hf contents are broadly correlated 
with the whole-rock composition (Fig. 9). Thus, the 
most-enriched zircon appears in the most fractionated 
granites.

As the level of incompatible trace-elements increases 
in felsic granitic melts, zircon incorporates other 
elements in addition to Hf. The decrease of Th–U–
Y–HREE contents usually shown by type-2 zircon 
would suggest cocrystallization with accessory phases 
rich in Y and HREE (garnet, xenotime), or rich in U 
and Th (uraninite, thorite, monazite, allanite). Indeed, 
the presence of micro-inclusions of thorium-bearing 
minerals in the core area of these zircon crystals (Fig. 
2G) suggests an environment saturated in Th-bearing 
phases (Černý & Siivola 1980). The cocrystallization 
of thorite contributes to a marked decrease of the total 
Th content in the outer part of the zircon crystals, 
although to a lower degree than stated in other studies 
(Lumpkin & Chakoumakos 1988, Wang et al. 1996), 
as spot analyses in “alveolar” sectors give still higher 
Th contents (up to 1.82 wt.%). The various patterns 
of trace-element zoning in zircon may also refl ect the 
delicate balance in the more immediate environment of 
crystallization (e.g., Rubin et al. 1989, Heaman et al. 
1990, Wang et al. 1996), in view of competition with 
other accessory phases.

Finally, postmagmatic events (hydrothermal altera-
tion of metamict zircon) may introduce Ca, Fe (Geisler 
& Schleicher 2000), together with U (Kempe et al. 
2004) and with Hf and Y (Pointer et al. 1988, Uher et al. 
1998). As we have seen above, the positive correlation 
between some of these cations (in our study, Ca, Fe and 
Mg) and those considered as being magmatic for most 
of plutons (Fig. 8A) suggests that these cations may be 
mainly incorporated at the magmatic stage.

The question of low analytical totals

In the plutons studied, zircon crystals or micro-areas 
within crystals with low analytical totals, in the range 
of 91–98 wt.%, have been found. This was observed 
in both type-1 and type-2 zircon samples, with type-2 
zircon showing the phenomenon more commonly. Such 
domains (especially in the core and inner regions of 
zoned type-2 crystals) reveal the highest contents of Y, 
HREE, U and Th (Table 3).

Fig. 9. Plot of Th in whole rock versus amount of ThO2 in 
zircon from granites of the Atalaya Real and La Pedriza 
plutons. Data points represent the compositional range of 
ThO2 contents in zircon crystals from a single thin-sec-
tion.
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Zircon samples yielding such unusually low 
analytical totals seem to occur quite rarely. Examples 
have been described from several localities worldwide 
(Peterman et al. 1986, Pointer et al. 1988, Smith et al. 
1991, Irber et al. 1997, Kempe et al. 2000, Geisler et al. 
2003b, Breiter et al. 2006). Low totals have mostly been 
reported from altered and signifi cantly metamict zircon. 
As has already been discussed, the “low-total” zircon 
is commonly characterized by a particularly low BSE 
intensity (Kempe et al. 2000), which was confi rmed in 
our material (Fig. 2).

Causes of the analytical shortfall and the related low 
BSE intensities are still hotly debated. In most of the 
above papers, authors have attempted to explain the low 
totals by the incorporation of hydrous species (which 
are not analyzed in the electron microprobe and may 
in addition cause phase degradation under the electron 
beam). Alternatively, enhanced quantities of vacancies 
(Kempe et al. 2000) and submicrometric voids (Pointer 
et al. 1988) have also been discussed as potential 
causes. We consider that the phenomenon cannot be 
explained by the high content of hydrous components 
alone. Detailed studies on hydrous species in crystal-
line and metamict zircon indicate that zircon rarely 
incorporates more than 1 wt.% of hydroxyl groups or 
H2O molecules (Woodhead et al. 1991, Nasdala et al. 
2001a), which is clearly insuffi cient to explain our low 
analytical totals. We found defi ciencies up to 9 wt.% 
(Table 3), which would correspond to an elevated H2O 
content exceeding 30 mol.%; this appears unlikely. On 
the other hand, samples described in the above papers 
addressing the question of hydrogen incorporation in 
zircon have not been affected by extensive secondary 
alteration processes, and may therefore not be directly 
comparable to our samples; this limits any conclu-
sions by analogy. Consequently, micro-analyses of the 
samples for hydrogen in zircon showing defi cient totals 
need to be done before this problem can be resolved.

Using the equation of Murakami et al. (1991), 
time-integrated �-doses were calculated for the zircon 
samples studied from present U and Th concentra-
tions and assuming a self-irradiation period of ~300 
million years. This value is based on the Hercynian 
age of emplacement of the batholith (Villaseca & 
Herreros 2000) and the assumption that samples have 
not experienced signifi cant annealing since. Results 
suggest that most areas of the crystals yielding low 
analytical totals, which are rich in actinides (UO2 + 
ThO2 >1 wt.%; Table 3), have experienced self-irradia-
tion doses exceeding 8 � 1018 �-events per gram. Such 
high �-fl uences are defi nitely suffi cient to cause severe 
radiation-induced damage (Holland & Gottfried 1955, 
Murakami et al. 1991, Nasdala et al. 2001a). This was 
confi rmed by Raman microprobe analyses: Raman band 
FWHM >30 cm–1 (Fig. 6) characterize these micro-
areas as strongly radiation-damaged.

However, it is also not possible to simply relate the 
low totals to enhanced degrees of radiation damage. 

There are many examples for strongly radiation-
damaged, up to virtually amorphous, zircon samples 
that gave “normal” electron-microprobe totals of ~100 
wt.% (Zhang et al. 2000, Nasdala et al. 2002). Never-
theless, these non-defi cient samples of metamict zircon 
have extremely low Y, REE, Ca and Fe contents. On the 
contrary, most of the cases of metamict zircon from the 
SCS felsic granites are rich in U and Th, but also rich 
in trivalent cations (Y, HREE) and divalent cations (Ca, 
Fe, Mn). The increase in extent of cation substitutions 
in zircon is clearly related with the marked decrease of 
analytical totals: the greater the sum of ThO2 + UO2 
(Fig. 10A), and oxides of trivalent and divalent cations, 
the lower the analytical total (Fig. 10B). The low analy-
tical totals thus are obtained in areas of zircon crystals 
not only rich in actinides, which trigger metamictiza-
tion, but also with a high abundance of heterovalent 
cations which, in some way, may enhance the disordered 
structure attained by the zircon, as suggested by Köppel 
& Sommerauer (1974). In this way, Rios et al. (2000) 
observed that high concentrations of point defects in 
radiation-damaged samples strongly affect the structural 
properties of crystalline zircon. Indeed, the abundance 
of these non-tetravalent cations that are not correlated 
with P substitution in the zircon structure would require 
also, to some degree, oxygen defects, which may 
contribute to the low analytical totals.

Zr/Hf values of zircon as a fractionation 
index of the magma

Heaman et al. (1990) considered that changes in 
zircon composition must be a function of changes in 
melt composition and degree of fractional crystal-
lization. As a typical substitution is HfZr–1, the Zr:Hf 
ratio has been used either in matters of terminology 
(e.g., Correia Neves et al. 1974) or as an index of 
magmatic differentiation (Černý et al. 1985). Many 
authors (Wark & Miller 1993, Irber et al. 1997, Wang 
et al. 2000) have pointed out that the concentration 
of Hf in zircon is variable, but depends mainly on the 
degree of evolution and the composition of the original 
granitic magma. The great variation in Zr/Hf values in 
zircon from subaluminous to peraluminous members 
of plutonic suites reveals a decoupling of Zr and Hf 
in the direction of enrichment in Hf with the degree of 
differentiation of the host granite (Linnen & Keppler 
2002, Lowery et al. 2006).

In the diagram of Černý et al. (1985), the zircon 
displays an asymptotic curve (Fig. 11) in which both 
types of zircon are concentrated at intermediate values 
(70 – 25) in terms of Zr:Hf ratio. Type-1 zircon of 
granodiorites and monzogranites have Zr/Hf values 
from 110 to 25; in that of leucogranite, it varies from 
80 to less than 10, and in crystals from aplite, the range 
is 40 – 30. The range of Zr:Hf in granodiorites and 
monzogranite of type-2 zircon is shorter and lower (63 
– 31) than in type 1, and the opposite is observed for the 
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more evolved granites (53 < Zr/Hf < 3 in leucogranites, 
and 71 < Zr/Hf < 14 in aplites). Type-2 zircon from 
the La Pedriza leucogranite and La Cabrera pegmatites 
has the lowest Zr/Hf values (10 – 2.4) (Fig. 11). There 
are no signifi cant differences in Zr/Hf between zircon 
of I- and S-type granites, as is also the case when 
comparing I- and A-type granites with a similar degree 
of differentiation (Wang et al. 2000).

We believe that the ratio Zr:Hf in zircon may be 
only a crude index of magmatic differentiation. As Zr 
in zircon is also replaced by other elements (e.g., Y, 
HREE, Th and U) and as Hf may increase or decrease 
in a zoned single crystal of the same rock, the Zr:Hf 
ratio will display a large variation, even at the scale of 
a single crystal. For instance, in some grains of zircon 
from the La Pedriza leucogranite, Zr/Hf values decrease 
from 14 (core) to 2.4 (rim) (Table 3, no. 67263). In 
the Atalaya Real pluton, a single type-2 zircon crystal 
shows a similar range of Zr/Hf values (62 – 17) (Table 
3, no. 96027) as the whole population of zircon crystals 
in the plutonic body. Furthermore, in a same thin section 
from the La Pedriza leucogranite (Table 3, no. 87165), 
type-2 zircon shows a Zr/Hf range of 49.4 to 4.6, as 
large as the variation found at the pluton scale.

Zircon composition and magma sources in the crust

In the compilation of zircon compositions made by 
Pupin (2000), the signature of zircon in the continental 
crust is marked by a Zr/Hf value in the range 36–45, 
which differs significantly from zircon in mantle-

derived rocks, with Zr/Hf around 60–68, or even higher 
if basic and undersaturated alkaline rocks are included 
(Pavlenko et al. 1957, Erlank et al. 1978). In Figure 
12, we compare the previous Zr/Hf values collected 
in Figure 3 of Pupin (2000) with those from different 
peraluminous metamorphic rocks (migmatites, ortho-
gneisses, granulite xenoliths) of central Spain (Villaseca 
et al. 2003) and those from the most primitive members 
of the S- and I-type granites studied. Following the 
criteria of Pupin (2000), we have excluded composi-
tions from the rare-element-rich rim in fractionated 
granites. We obtain averaged Zr/Hf values of 46 for 
lower-crust granulite xenoliths, 49 for migmatites from 
the metasedimentary anatectic complex of Toledo, 
39–45 for migmatites from SCS, and 56 for SCS augen 
orthogneisses. Consequently, purely crustal sources 
seem to have a slightly higher Zr/Hf ratio, in the range 
36–56, rather than 36–45 as previously suggested 
(Pupin 2000).

The parental magmas of the plutonic suites studied 
have Zr/Hf values in the same range as that in zircon 
from crustal sources, and closely match those values 
of zircon crystals from the previously supposed restitic 
keel of the SCS batholith, the lower-crust granulite 
xenoliths (Villaseca et al. 1999). The chemical data on 
zircon are in accordance with previous geochemical 
and isotopic arguments for the minor participation of 
mantle-derived components in the genesis of the peralu-
minous SCS granitic rocks (Villaseca et al. 1998, 1999, 
Bea et al. 1999, Villaseca & Herreros 2000).

Fig. 10. A) Plot of (Th + U) versus (Y+HREE) for zircon of types-1 and 2 from all the plutons studied. B) Analytical total 
versus (Y2O3 + HREE2O3) + (CaO + FeO) in wt.% in zircon crystals. See text for further explanations. Same symbols as 
in Figure 5.
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Conclusions

1. Two types of magmatic zircon crystals have 
been distinguished. The type-1 zircon appears mainly 
as isolated crystals in the least-evolved magmas. It 
exhibits oscillatory zoning in large idiomorphic crys-
tals, and its composition is close to that of pure zircon, 
with increasing Hf, Th, U, Y and HREE contents from 
core to rim. The second type of zircon predominates 
in the most evolved magmas, as equant and smaller 
crystals, usually forming clusters with other accessory 
phases. Texturally, the crystals are mainly alveolar with 
micro-inclusions of other accessory minerals. Such 
type-2 zircon shows higher contents of Hf, Th, U, Y and 
HREE, with a decreasing trend of Th, U, Y, HREE and 
M2+ from core to rim, associated with an opposite Hf 
trend. Type-2 zircon is usually metamict and character-
ized by a low analytical total.

2. Mechanisms of substitution may be broadly corre-
lated with the degree of magma differentiation. In the 
most felsic granites, the Zr site in zircon is preferentially 
occupied by (Th + U) rather than (Y + HREE). Divalent 
cations are also progressively introduced, and the total 
degree of substitution is high. Most zircon crystals 
show the dominant “xenotime” substitution, especially 

zircon from S-type granites. Zircon crystals from some 
of the most evolved I-type granites show a high degree 
of (Th+U) incorporation.

3. Metamict zircon from the SCS granites shows a 
low analytical total, mostly in the range 91–98 wt.%. 
The defi ciency of analytical totals correlates with the 
content of “non-formula” elements (especially the sum 
of M2+ and M3+ cations). The incorporation of H2O in 
zircon is considered insuffi cient to explain such low 
analytical totals.

4. The composition of zircon is broadly correlated 
with that of their host granite composition. Neverthe-
less, the use of Zr:Hf ratio as an index of magma frac-
tionation should be used with caution.

5. The most primitive granites studied have zircon 
Zr:Hf values with the same range as that of zircon from 
crustal sources (e.g., residual granulites), supporting the 
hypothesis that the peraluminous SCS batholith was 
derived mainly from recycled crustal rock-types.
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