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Abstract The internal morphologies of zircon crystals 
from different types of granitoids (alkaline, calcalkaline 
and anatectic) are revealed by cathodoluminescence 
imaging and are described in terms of growth rates of 
the crystal faces relative to each other. Zircons in the 
alkaline granitoids are characterized by high and con- 
stant growth rates of {010} relative to the pyramidal 
forms and by symmetric growth of {011 }. Zircons in the 
calcalkaline and anatectic granitoids are characterized 
by fluctuating or gradually decreasing relative growth 
rates of {010}, by asymmetric and highly variable 
growth of {011}, and by a tendency of {110} to become 
growth-inhibited. Corrosion events are interspersed 
during zircon growth in the calcalkaline magmas. In the 
calcalkaline and anatectic magmas, a discontinuity 
breaks the morphological evolution at late stages of 
crystallization. The discontinuity coincides with a sharp 
drop in cathodoluminescence. The growth behaviour of 
each crystal form is analysed and compared with predic- 
tions made by the periodic bond chain (PBC) theory. It 
is argued that the relative growth rate of {010} depends 
on supersaturation, that the growth rates of {011} faces 
are changed in response to different ratios of adsorbing 
cations (Na, K, A1), and that {110} faces become 
growth-inhibited by the adsorption of H20 or trace ele- 
ments enriched in the residual liquid. Morphological 
and chemical discontinuities at late stages of crystalliza- 
tion are reasonably explained by the formation of larger 
growth units (from smaller ionic entities) in the residual 
liquid. Important factors controlling the zircon mor- 
phology in different types of granitoids are: high cooling 
rates (alkaline magmas), magma mixing (calcalkaline 
magmas), enrichment of H20 and trace elements in 
residual liquids (calcalkaline and anatectic magmas), 
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and the major element chemistry of the magma, possi- 
bly the ratio of Na and K to A1 (agpaicity). 

Introduction 

Minerals are known to develop a variety of crystal 
shapes in response to their growth environment (Suna- 
gawa 1984). Several approaches have been taken to as- 
sess the environmental factors controlling the shape and 
to use crystal shape as a petrogenetic indicator. The 
experimental approach (e. g. Caruba 1978; Caruba et al. 
1988) is difficult to apply to most natural growth envi- 
ronments. The alternative approach is empirical. It es- 
tablishes relationships between the crystal shape of min- 
erals and the geological context of rock samples (Suna- 
gawa 1987). 

The igneous mineral best studied by the empirical 
approach is zircon (Speer 1982). This is due to the strong 
resistance of its morphology to processes in the earth's 
crust. Previous morphogenetic studies of zircon, since 
Poldervaart (1956), relied on aspects of the external 
crystal shape. Pupin and Turco (1972) introduced the 
typology diagram arranging zircon crystals according 
to the proportions of the main crystal forms. In several 
empirical studies (Pupin and Turco 1975; Pupin 1980; 
Pupin and Turco 1981), a systematic variation of zir- 
con morphology in the major petrogenetic types of 
granitic rocks was established. Alumina-rich and au- 
tochthonous (anatectic) magmas develop {110} and 
{121},whereas alkaline magmas emplaced at shallow 
crustal levels develop {010} and {011} as dominant 
crystal forms. Zircons from calcalkaline magmas were 
found to have intermediate characteristics. 

Since only the external crystal shape was accessible, 
the dynamic aspect of evolving morphology was largely 
neglected or was not considered in terms of crystal 
growth. The morphology was thought to be static by 
Poldervaart (1956). This concept was revised by several 
observations (Veniale et al. 1968; Karner and Helgesen 
1970; K6hler 1970) showing that zircon morphology 
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changes during the later stages of magma differentia- 
tion. Pupin (1980) derived morphological evolutions 
from a statistical evaluation of external crystal shapes. 
He understood the evolution as a sequence of morpho- 
logical types and maintained that each type forms in 
response to the chemistry (ratio of alkalies to alumina) 
and temperature of the magma. It must be critically re- 
marked that zircon typology is an artificial classification 
of crystal shapes and is not suitable for genetic studies of 
evolving morphologies. After the imaging of internal 
zircon morphology was introduced (Vavra 1990; Pater- 
son et al. 1992), it is possible to study zircon morpholo- 
gy in terms of crystal growth. 

Extending previous empirical work on the external 
morphology (Pupin 1980), the present study establishes 
systematic variations in the growth rates of crystal faces. 
Variations are expected during crystal growth in a single 
evolving magma, on the one hand, and between crystals 
from different types of granitic magmas, on the other 
hand. From the empirical relationships alone, it is not 
possible to constrain the physical and chemical factors 
controlling the growth rates. Therefore, the theoretical 
growth rates of crystal faces and their responses to envi- 
ronmental conditions as predicted from crystal growth 
theory (Woensdregt 1992) are compared with the obser- 
vations. Observations and theory will provide the basis 
for discussing the aspects of alkaline, calcalkaline and 
anatectic magma genesis recorded in the internal mor- 
phology of zircon. 

Section parallel Section parallel 
to (100) to (110) 

(101) 

Section parallel 
to 000) 

Fig. la,b Orientation ofcrystal sections and growth bands, a Calc- 
alkaline and anatectic granitoids, b Alkaline granitoids 

C12 n=74 C13 n=49 C14 n--87 

Methods 

Since crystal growth in nature is not accessible to direct observa- 
tion, the information on growth rates of crystal faces has to be 
inferred from the internal morphology (growth banding, sector 
zoning) revealed in crystal sections (Sunagawa 1987). For zircon, 
the internal morphology is best revealed by cathodoluminescenee 
imaging (Vavra 1990). This has been carried out using a SEM- 
based cathodoluminescence detection system, at the ETH Ztirich. 
Since the euhedral crystals orient themselves with the largest face 
parallel to the mounting glass, the internal morphology is imaged 
on sections parallel to the dominant prism face of crystals. The 
different growth sectors can be identified by characteristic angles 
between growth bands (Fig. 1) and the relative growth rates of the 
crystal faces can be determined. The details of growth behaviour 
of crystal faces is best presented by sections Of individual crystals. 
In addition, the evaluation of a large data set is required to show 
that observations on individual crystals are representative for the 
zircon population in a rock sample. Data of relative growth rates 
between faces arc collected from many crystals and plotted 
against the distance of the (011) face from the crystal centre, ac- 
cording to the method presented by Vavra (1993). Relative growth 
rates are plotted for a total of 800 growth increments distributed 
over 8 granitoid samples. Depending on the variability of relative 
growth rates, the number of measured growth increments per 
crystal ranges between 1 and 6. 

Charac ter i za t ion  of  se lected grani to id  types 

The zircons of the present study crystallized in different types of 
granitoids within the European Variscides. They represent alka- 
line, calcalkaline, and autochthonous (anatectic) granitic rocks. 
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Fig. 2 Frequency distribution of zircon morphology in the typo- 
logical grid (Pupin 1980) for samples of the present study. CI, 
alkaline granitoids of the Monte Cinto ring complex; CD, high-K 
calcalkaline granodiorite of Cima d'Asta; BU, calcalkaline grani- 
toids of the zoned pluton of Budduso; 7W,, autochthonous (anate- 
ctic) granodiorite of the Tauern window 
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Fig. 3 Concentrically zoned calcalkaline pluton of Budduso with 
location of samples BU1 to BU4 (modified after Zorpi et al. 1989). 
1, tonalite and 9 ran§ 2, amphibole-bearing monzogranite; 
3, biotite-rich monzogranitc; 4, coarse-grained leucogranite; 5, 
medium-grained leucogranite; 6, other Carboniferous granitoids; 
7, metamorphic rocks. Inset, location of calcalkaline Budduso plu- 
ton (BU) and alkaline ring complex of Monte Cinto (CI) 

The frequency distributions of external zircon morphology in the 
typological diagram (Fig. 2) agree with the empirical relationships 
between morphology and granitoid type as established by Pupin 
(1980). Some petrographic and geochemical characteristics of the 
samples and their geological context are briefly described. More 
detailed information is given in the literature cited. 

Alkaline granitoids of the Monte Cinto ring complex (Corsica) 

Alkaline granitoids were sampled from the subvolcanic ring com- 
plex of Monte Cinto in northern Corsica (Fig. 3 inset; Bonin 1977; 
Bonin et al. 1987). The samples comprise two granites (CI1 and 
CI2) from the subvolcanic intrusion of Bonifatu (Bonin 1988), one 
rhyolite (CI3) from a dyke within the Caldera, and one alkali- 
feldspar-phyric microgranite (CI4) from a ring dyke outside the 
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eastern Caldera border. The characteristic texture of the samples 
is a granophyric intergrowth of mesoperthitic feldspar and quartz 
resulting from cotectic crystallization at hypersolvus (low Pro§ 
conditions (Shelley 1993, p. 143). Hydrous minerals are absent 
from the original parageneses. The chemical analyses (Table 1) 
show the low Al-content, high ratio of Na and K to AI (agpaicity 
index), and high contents of Y, Zr and Nb typical for alkaline 
granitoids. The depletion of compatiblc elements (Sr and Ba) 
points to differentiation of the magma by fractional crystalliza- 
tion. Bonin et al. (1978) derived a mantle or lowermost crustal 
origin of a nearby alkaline granite from a low Sr-initial ratio. The 
Upper Permian and Lower Triassic alkaline magmatism is related 
to a distensive tectonic regime following the Variscan orogeny 
(Bonin et al. 1987). 

High-K calcalkaline granodiorite of the Atesina-Cima d'Asta 
volcano-plutonic complex (southern Alps) 

The sample was taken from the Cima d'Asta pluton located at the 
southern margin of the Atesina volcanic complex, in the southern 
Alps (Barth et al. 1993). It has a high-K calcalkaline chemistry 
with high contents of K, Rb, Y and Nb (Table 1). The study of 
mineral equilibria yielded a pressure estimate of less than 0.5 kbar 
and H20-undersaturated conditions at the emplacement of the 
magma (d'Amico and Frauceschini 1985). The granodiorite is as- 
sociated with cogenetic volcanic rocks. According to its age 
(275 Ma; Barth et al. 1994), it belongs to the youngest calcalkaline 
magmatism of the Variscan orogen and is considered to be transi- 
tional to the post-orogenic alkaline magmatism (Bonin 1988). Nd 
isotopic data point to a lower crustal origin (Barth et al. 1993). 

Calcalkaline granitoids of the Budduso pluton 
(Sardinian batholith) 

Four samples (BUI to BU4) are located along a profile from the 
centre to the rim of the concentrically zoned pluton of Budduso 
(Bruneton and Orsini 1977; Zorpi et al. 1989) within the Sardinian 
batholith (Fig. 3). Al-contents are high and the agpaicity indices 
are low (Table 1). The high contents of Sr and Ba show that 
differentiation by fractional crystallization was not as important 
as in the alkaline granitoids. The origin of zoning from the leuco- 
granitic centre to the toualitic rim is known to bc magma mixing 
(Cocirta et al. 1989), which is documented by mafic autoliths and 
incomplete equilibration of minerals. The absence of contact 
metamorphic effects and of cogenetic volcanic rocks points to an 

Table 1 X-ray fluoresccncc 
analyses. CI, alkaline grani- 
toids from the Monte Cinto 
ring complex; CD, high-K SiO2 
calcalkaline granodiorite from TiO2 
the Cima d'Asta pluton; BU, A1203 
calcalkaline granitoids from Fe203 
the zoned pluton of Budduso; MnO 
TW, anatectic granodiorite MgO 
from the Tauern Window. CaO 
L.O.I., loss on ignition. Agp, Na20 
(Na + K)/A1 (agpaicity index). K20 
Analysed by Geochemisches PzO5 
Zentrallabor, University L.O.I. 
of Tiibingen Rb 

Sr 
Ba 
Y 
Zr 
Nb 
V 
Agp 

CI1 CI2 C13 CI4 CD BU1 BU2 BU3 BU4 TW 

76.74 77.92 78.12 70.96 66.62 66.09 71.76 75.34 74.93 68.37 
0.13 0.11 0.14 0.33 0.52 0.52 0.31 0.12 0.09 0.41 

11.60 1 1 . 0 3  1 1 . 0 3  1 3 . 9 9  1 6 . 4 5  1 6 . 0 6  14.10 1 3 . 3 2  1 3 . 3 2  15.38 
2.10 1.80 2.63 3.45 4.19 4.54 3.18 1.83 1.53 3.87 

< 0.01 0.05 0.02 0.08 0.06 0.07 0.05 0.03 0.04 0.06 
0.56 <0.23 0.37 <0.23 1.54 1.19 0.64 <0.23 <0.23 1.28 

<0.19 0.50 <0.19 0.40 3.22 4.00 2.50 1.53 1.17 2.68 
3.33 3.22 3.95 4.52 3.44 3.53 3.14 2.85 3.10 3.97 
4.54 4.16 3.60 5.41 3.42 2.79 3.68 4.89 5.02 3.24 
0.18 <0.02 0.17 0.23 0.16 0.30 0.24 0.03 0.02 0.17 
0.46 0.68 0.01 0.27 0.37 0.51 0.30 -0.30 -0.09 1.65 

249 198 166 112 148 54 107 132 150 132 
< 14 < 14 < 14 27 216 217 144 62 66 518 
<45 <45 <45 310 605 880 792 262 236 944 
133 110 82 54 35 26 18 20 12 39 
623 400 507 726 200 218 166 102 88 179 

56 44 34 25 19 13 13 9 <7 19 
< 6 < 6 < 6 < 6 54 56 30 10 < 6 45 

0.90 0.89 0.94 0.95 0.57 0.55 0.65 0.75 0.79 0.65 
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ment close to the place of origin. The calcalkaline chemistry was 
inherited from the molten volcano-detrital sequences (Frisch et al. 
1993). Biotite is the only mafic mineral, even in the associated 
tonalitic rocks of this massif, indicating that H20 was present in 
large amounts, at the time of anatexis. The Hochalm granitoids 
were formed at 315 Ma (Cliff 1981), in a collisional tectonic setting 
(Vavra and Hansen 1991). 

emplacement level deeper than that of the previously described 
samples. The age, between 285 and 290 Ma (Vavra and Oberli 
unpublished U/Pb zircon data), corresponds to the post-collision- 
al stage of the Variscan orogeny. 

Observations on internal zircon morphology 

Alkaline granitoids of the Monte Cinto ring complex 

Autochthonous granodiorite of the Tauern Window 
(Eastern Alps) 

The granodiorite was taken from the Variscan basement in the 
Tauern Window, specifically from the southern part of the 
Hochalm massif (Finger and Steyrer 1988; Finger et al. 1993). In 
this area, migmatitic transitions between the granodiorite and 
partly anatectic gneisses are observed (u 1989; Holub 
and Marschallinger 1989). The congruence of trace element pat- 
terns (Vavra 1989) supports the origin of the magma by anatectic 
melting of the quartzo-feldspathic country rocks and its emplace- 

Fig. 4 Cathodoluminescence images of zircon sections. CI4, from 
alkaline granitoids of the Monte Cinto ring complex, CD, from 
high-K calcalkaline granodiorite of Cima d'Asta, a, rapid growth 
of {010} relative to pyramidal faces; b, strongly reduced growth 
rate of {010}; c, stages of crystal corrosion overgrown by brightly 
luminescent bands; d, presence of {031 } during rapid growth of 
{010}; e, symmetric growth of {011}; f asymmetric growth of 
{011 } (the typical irregular shape of sector boundaries is marked 
by dashed lines); g, irregularly fluctuating growth rate of {010}; h, 
intercalated brightly luminescent growth bands; i, continuous 
transition to low-luminescent outer growth zone;j, growth inhibi- 
tion of (110); k, resumption of rapid growth on (/10) by curved 
growth bands; l, possible inherited core. Scale bars 30 p.m. The 
indices below denote the section planes 

In the internal parts of all crystals (Fig. 4, CI4 a), the 
{010} prism grew nearly as fast as the pyramidal  faces, 
giving rise to stubby and even equant  crystal habits. In 
the outer zones of most  crystals, where stages of crystal 
corrosion are interspersed, a strong reduction of the rel- 
ative growth rate of {010} is observed (Fig. 4, CI4 b, c). 
The statistical diagrams (Fig. 5) underline the general 
decrease of relative growth rate of {010}. Since growth 
increments from many crystals are plotted together, the 
diagrams do not  reveal the detail that the growth rate of 
{010} decreased sharply, in the outer growth zones. 

The {011} pyramidal  form grew symmetrically, in the 
internal growth zones, but  changed to asymmetric 
growth, in the outer growth zones (Fig. 4, CI4 t). This 
was accomplished by increasing growth rates of some 
random faces of the form. The asymmetric growth was 
enhanced after stages of corrosion. The presence of the 
steep pyramid {031} of zircon (Fig. 4, CI4 d) is a charac- 
teristic of the alkaline granitoids. Its average growth 
rate was slightly less than that of {011} (Fig. 5). 

Systematic differences of the morphological  evolu- 
tion between the four samples are not  observed. The 
internal morphology  of zircon in the alkaline granitoids 
is schematically shown in Fig. 6. 



3 3 6  

Sectlon Section External 
arallel paratlel morphology 
(tO0) to (I I0) 

g 

C 

~2D 
O 

3 
o 
lo 

2 
e-- 
o 
12D 

C 

~o 

v 

Fig. 6 Generalized schemes of internal and external zircon mor- 
phologies in the investigated granitoids. Sections show growth 
bands and sector boundaries, tIeavy rounded lines indicate stages 
of intermittent corrosion. Black growth bands indicate distinct 
low-luminescent overgrowths 

High-K calcalkaline granodiorite 
of the Atesina-Cima d'Asta volcano-plutonic complex 

The growth rate of {010} relative to {011} and {121} 
fluctuated unsystematically and does not show any ten- 
dency (Fig. 7, CD). The crystal sections show frequent 
intercalations of brightly luminescent growth bands 
(Fig. 4, CD h). Some of them have grown on rounded 
morphologies after crystal corrosion (Fig. 4, CD c). 

Asymmetric growth of {011} occurred frequently 
and was not confined to the outer growth zones. Due to 
increased growth rates of random {011} faces, adjacent 
{121} faces increased in size (Fig. 4, CD f). The steep 
pyramid { 121} itself grew symmetrically, with an aver- 
age rate slightly lower than that of {011} (Fig. 7, CD). 

The { 110} prism remained subordinate in most crys- 
tals. Only in the outer growth zones of a minor subpop- 
ulation, {110} became the dominant prism form. The 
transition from a dominant {010} to a dominant {110} 
prism is rather sharp and accomplished by a rapid re- 
duction of the growth rate of {110} faces (Fig. 4, CD j). 

Some inhibited {110} faces suddenly resumed rapid 
growth (Fig. 4, CD k) and were again growth-inhibited, 
at later stages. 

Calcalkaline granitoids of the Budduso pluton 

In the peripheral tonalite of the zoned pluton (Fig. 3, 
BU1), the growth rate of {010} relative to {011} and 
{121} fluctuated without any tendency (Fig. 7, BU1). 
The lowest relative growth rates of {010} are observed 
in association with interspersed corrosion events (Fig. 8, 
BU1 a, b). In the more acidic lithologies towards the 
centre of the pluton (Fig. 3, BU2 to BU4), a systematic 
reduction of the {010} growth rate becomes prominent 
(Fig. 7, BU2 to BU4). The sector boundaries between 
{010} - a n d  adjacent {121} faces are smoothly curved 
and tend to become parallel with the c axis (Fig. 8, BU3 
and BU4 e). In these samples, intermittent stages of zir- 
con corrosion are rare. 

The {011} pyramid is characterized by asymmetric 
growth, in the whole pluton. The asymmetric growth 
caused the irregular shapes of sector boundaries be- 
tween {011} and {121} faces, which are partly marked 
by dashed lines in Fig. 8. Adjacent to fast growing {011} 
faces, the faces of the steep pyramid {121} increased in 
size (Fig. 8c). In addition to growing asymmetrically, the 
{011} faces were the most variable in growth rate. This 
is shown by the correlated relative growth rates of { 121 } 
and {010} faces, both normalized to {011} (Fig. 9). In 
some crystals, {011} faces increased their growth rates 
discontinuously to such an extent that they disappeared 
between the converging sector boundaries of {121} 
(Fig. 8, BU4 d). The steep pyramid {121} grew symmet- 
rically, with an average growth rate slightly less than 
that of {011} (Fig. 7). 

The {110} prism remained subordinate to {010}, in 
the samples BUI and BU2 of the peripheral pluton. In 
the samples BU3 and, especially in BU4, the growth rate 
of {110} faces strongly decreased at the outer zones of 
most crystals (Fig. 8, BU3 and BU4 g). The growth inhi- 
bition of { 110} faces resulted in increasing elongation of 
crystals. Some growth-inhibited {110} faces resumed 
rapid growth after the crystal edges were rounded by 
minor corrosion (Fig. 8, BU3 h). 

A very distinctive morphological evolution started at 
the latest growth stage of some crystals in samples BU3 
and BU4 (rarely also in samples BU1 and BU2). Several 
crystal forms underwent simultaneous and discontinu- 
ous changes in relative growth rates. At the same 
growth stage, the cathodoluminescence intensity drops 
sharply (Fig. 8, BU3 and BU4 f). The pyramidal forms 
are the most strongly affected. The growth of {011} be- 
came symmetrical (Fig. 8, BU3 and BU4 j) and its aver- 
age growth rate decreased relative to {010} (Fig. 7, BU3 
and BU4). The growth rate of the steep pyramid {121} 
was discontinuously increased relative to both {011} 
and {010} (Fig. 7, BU3 and BU4; Fig. 9), causing its 
rapid disappearance from the crystal morphology 
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Fig. 7 Diagrams showing relative growth rates of zircon crystal 
faces versus the central distance of (011) for the high-K calcalka- 
line granodiorite of the Cima d'Asta pluton (CD) and for calcalka- 
line granitoids of the zoned Budduso pluton (BU1-BU4). Row 

headings, sample numbers. Column headings, relative growth 
rates. Triangles, growth increments in high-luminescent zones. Di- 
amonds, growth increments in distinct outer low-luminescent 
zones. Regression lines are drawn where trends are observed 
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Fig. 9 Correlation between (011)-normalized growth rates for zir- 
con crystal faces in the calcalkaline pluton of Budduso. Circles, 
growth increments in high-luminescent zones. Diamonds, growth 
increments in distinct outer low-luminescent zones 
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(Fig. 8, BU3 and BU4 k). The growth rate of {110} be- 
came strongly reduced already in the more internal 
growth zones, but its growth inhibition frequently coin- 
cides with the sharp transition to the outer low-lumines- 
cent zone (Fig. 8, BU3 and BU4 g). In contrast, the 
growth of {010} does not appear to be affected at all 
(Fig. 8, BU3 i). 

The characteristics of the internal and the finally re- 
sulting external zircon morphology in the central Bud- 
duso pluton (BU3 and BU4) are summarized in the 
schemes of Fig. 6. The external morphology dominated 
by {110} and {011} mainly resulted from the described 
discontinuity of relative growth rates at the start of the 
outer low-luminescent zone. 

Autochthonous granodiorite of the Tauern Window 

The morphological evolution of zircon in this rock 
closely resembles that in sample BU4. Only the differ- 
ences are pointed out. The reduction of the growth rate 
of {110} faces at outer growth zones and their final 
growth inhibition (Fig. 10, g) is more consistent and 

Fig. 8 Cathodoluminescence images of zircon sections from the 
calcalkaline Budduso pluton (samples BU1 to BU4). a, intermit- 
tent stages of crystal corrosion partly overgrown by brightly lu- 
minescent zones; b, minima of {010} growth rate; c, increasing 
growth rate of individual {011 } faces causing enlargement of adj a- 
cent {121} pyramidal faces (the typical irregular shape of sector 
boundaries is marked by dashed lines; d, discontinuous growth 
bursts of {011}; e, gradual and systematic decrease of {010} 
growth rate (some smoothly curved sector boundaries are marked 
by dashed lines;f, discontinuous transitions to outer low-lumines- 
cent growth zones; g growth inhibition of {110} ; h, resumption of 
rapid growth on inhibited {110} face, subsequent to a stage of 
corrosion; i, undisturbed growth of {010} in the outer low-lu- 
minescent zone; j, sharp transition from asymmetric and fast to 
symmetric and slow growth of {011}; k, sharp increase of {121} 
growth rate; l, inherited cores. Scale bars 30 pro. The indices be- 
low denote the section plane 

Fig. 10 Cathodoluminescence images of zircon sections from the 
autochthonous (anatectic) granodiorite in the Tauern window 
(sample 7TI/). For lettering see Fig. 8 

caused the disappearance of the {010} prism from the 
external shape of most crystals. It is not observed that 
{110} faces resumed growth, once they were inhibited. 
Also, there is no evidence that internal morphologies 
have been rounded by corrosion. A sharp transition to 
an outer low-luminescent and morphologically distinc- 
tive growth zone is present in most crystals (Fig. 101). 
The behaviour of the {010} prism is not documented, 
because all crystals are sectioned parallel to the domi- 
nant (110) prism face. The general morphological evolu- 
tion is summarized in Fig. 6. 

Face-specific growth behaviour: theory and observations 

In the following, the characteristic growth behaviour of 
the major crystal forms of zircon will be analysed and 
compared with predictions from crystal growth theory. 
The theoretical growth morphology of zircon, which is 
derived from the crystal structure alone, is predicted by 
the periodic bond chain (PBC) theory (Hartman 1987; 
Woensdregt 1992). Theoretical morphologies are usual- 
ly not realized in natural growth environments, but they 
serve as a reference to evaluate the control from external 
factors. The theoretical morphology of zircon consists 
only of the crystal forms {010} and {011} (Fig. 11; 
Woensdregt 1992). Only these are predicted to grow by 
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Fig. l l  Theoretical growth morphologies of zircon as predicted 
by the PBC-theory (Woensdregt 1992) 

a layer mechanism (F-forms). The remaining forms clas- 
sify as S-forms, implying growth by the faster adhesive 
mechanism. Due to their rapid growth, they are not 
present in the theoretical morphology. 

{010} prism 

The PBC-theory derives {010} as the F-form of zircon 
with the lowest growth rate (Fig. 11 ; Woensdregt 1992). 
It also predicts in a general way that, among several 
F-forms, those with lower growth rates in the theoreti- 
cal morphology are more strongly accelerated by super- 
saturation (Hartman 1987; p 304). At increasing super- 
saturation, the growth rates of F-forms converge and 
the crystal habit tends to become equant as long as con- 
ditions for skeletal growth are not reached. The increase 
of the {010} growth rate relative to {011} by supersatu- 
ration is supported by observations. Crystals with a 
transition from acicular (dendritic) to polyhedral mor- 
phology (Fig. 12a) show a gradually decreasing relative 
growth rate of {010} during polyhedral growth 
(Fig. 12b). Evidently, supersaturation decreased after 
formation of the dendrite and the decreasing rate of 
{010} growth is the morphological response. At the op- 
posite, conditions of very low supersaturation can be 
assumed for those growth intervals which are repeatedly 
interrupted by crystal corrosion (Fig. 12c). Here, the 
lowest growth rates of {010} relative to pyramidal faces 
are observed. The principal factor causing supersatura- 
tion in a crystallizing magma is the cooling rate, and it 
is concluded that this controls the relative growth rate 
of {010} most strongly. 

{011} pyramid 

{011} is the second F-form of zircon (Fig. 11). It is dis- 
tinguished from {010} by the existence of more than one 

Fig. 12 Cathodoluminescence images of zircon sections showing 
the growth behaviour of prism faces, a, internal needle (dendritic) 
morphology; b, gradually decreasing growth rate of (010) relative 
to the pyramidal faces (the curved sector boundary is marked by 
a dashed line); c, low relative growth rate of (010) associated with 
intermittent periods of corrosion; d, rapid growth of (110) on 
corrosion stages. Scale bars 30 gm. The indices below denote the 
section planes 

possible atomic structure of its crystal faces (Woens- 
dregt 1992). The theory predicts that the adsorption of 
cations on the charged {011} faces changes the relative 
surface energies of the possible structures and that this 
changes the growth mechanism and growth rate. If ad- 
sorption makes the surface energies of two possible 
structures equal, growth can proceed by the attachment 
of half slices (thickness d(o22)), which is approximately 
twice as fast as the growth by whole elementary layers 
(thickness d(011)). Figure 11 shows two theoretical mor- 
phologies corresponding to the alternative growth rates 
of {011}. The surface energies of several structures will 
not remain equal, if minor changes in the proportion of 
adsorbing cations occur. The theory reasonably ex- 
plains the asymmetric, highly variable and unsteady 
growth of {011} (in the non-alkaline granitoids), but it 
does not predict which cations will preferentially adsorb 
on {011} and are responsible for the different growth 
behaviour in the alkaline and non-alkaline magmas. 

{110} prism 

According to the PBC-theory, {110} is an S-form and is 
not present in the theoretical growth morphology 
(Fig. 11). From the theoretical derivation of the atomic 
structure exposed at the { 110} faces, Woensdregt (1992) 
concluded that the adsorption of protons may cause 



{110} to acquire F-characteristics. He also considered 
that protons in the natural growth environment are 
provided by H20-molecules and hydrated complexes. 
The adsorption of these large and neutral molecules is 
likely to cause growth inhibition. Without experiments, 
it cannot be verified that H20 controls the growth of 
{110} in a magma, but the observation that rapid 
growth can suddenly resume on inhibited {110} faces 
(Fig. 4, CD j, k; Fig. 8, BU3 h) strongly supports the 
suggestion that adsorption layers are responsible for the 
growth inhibition. A small amount of corrosion at the 
crystal surface is sufficient to disrupt the adsorption lay- 
er and allows crystal laces to return to high growth rates 
until the adsorption layer is rebuilt. Figure 12d shows 
that interspersed corrosion events keep the growth rate 
of {110} high. 

Besides H20, other elements may also be present in 
the adsorption layer and cause growth inhibition. 
Benisek and Finger (1993) suggest that the low concen- 
tration of U and Th in the {110} sectors of zircon im- 
plies growth inhibition by these elements. This does not 
change the petrogenetic interpretation, because the en- 
richment of these elements in residual liquids parallels 
that of H20. 

{121} and {031} pyramids 

These pyramidal forms grew with a constant average 
rate which is slightly less than that of {011}. No peculiar 
growth behaviour (systematic tendencies, rapid fluctua- 
tions, growth inhibition), as discussed for the other crys- 
tal forms, is observed. The PBC-theory classifies both 
pyramids as S-forms (Woensdregt 1992). However, the 
observed behaviour is that of normal F-forms. Adsorp- 
tion layers being permanently present in the magmatic 
environment may cause this discrepancy between theo- 
retical and observed morphology. 

Since the adjacent crystal forms ({011}, {010}, {110}) 
arc more variable in growth rate, the sizes of {121} and 
{031} in the shape of crystals are principally controlled 
by geometrical relationships. Rapid growth of {010}, in 
the alkaline granitoids, favoured the presence and in- 
creasing size of {031}. The rapid growth intervals of 
{011} faces, in the calcalkaline and anatectic granitoids, 
increased the size of the adjacent {121} faces. 

Discontinuous morphological evolution at late 
crystallization stages 

The sharp morphological and chemical discontinuity 
(drop in cathodoluminescence) at late stages of zircon 
crystallization (observed in calcalkaline and anatectic 
granitoids) is difficult to explain by changing cooling 
rate (supersaturation) and chemical composition of the 
magma. Another environmental factor known to have a 
fundamental control on crystal morphology, is the for- 
mation of large growth units (from small ionic entities) 
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adsorption of H20 

adsorption of cations 
on {01 I} 

supersaturation high AI/(Na+K) 

theoretical morphology 

formation of 
growth units 

Fig. 13 Deviations from the theoretical growth morphology of 
zircon induced by environmental factors 

in the liquid, before they are assembled on the crystal 
(Sunagawa 1984, p 91; Sunagawa 1987, p 537). Growth 
units can dramatically change the morphological evolu- 
tion of crystals. The resulting morphology is not pre- 
dicted by the theory, because the structure and size of 
the units are largely unknown. For zircon, a { 110}- and 
{011}-dominated habit resulted from the discontinuous 
changes of relative growth rates described above. The 
formation of.growth units starts when the magma at- 
tains sufficiently low temperatures and high concentra- 
tions of elements essential for the units. The observed 
drop in cathodoluminescence in zircon is known to be 
related to an increased concentration of impurity ele- 
ments (U, Th, Y, P, REE; Sornmerauer 1974). Probably, 
these elements are more readily incorporated in the zir- 
con crystal, if they form part of growth units. This may 
explain the coincidence of the morphological and chem- 
ical discontinuity. 

Figure 13 summarizes the deviations from the theo- 
retical growth morphology of zircon caused by super- 
saturation, adsorption of cations on {011}, adsorption 
of H20 or trace elements on {110}, and formation of 
growth units in the liquid. 
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Origin of different zircon morphologies in the sampled 
granitoid types 

The observations show that the morphological evolu- 
tion of zircon varies systematically between the different 
granitoid types. Although the number of samples stud- 
ied in this way is low, the different morphologies are 
thought to reflect characteristic aspects in the evolution 
Of alkaline, calcalkaline, and anatectic magmas. This as- 
sumption is justified by the previously established em- 
pirical relationship between external morphology and 
granitoid type (Pupin 1980) and by the correspondence 
between internal and external morphology observed in 
the present study. 

The thermal history of a granitic magma primarily 
determines the supersaturation and, thus, controls the 
relative growth rate of {010}. Zircons from the alkaline 
granites crystallized, for their major part, during a peri- 
od with a constant and rather high cooling rate of the 
magma. This caused the permanently high growth rate 
of {010} relative to the pyramids. The long and uninter- 
rupted cooling history may result from the ascent of the 
magma from the lower crust. The strongly reduced 
growth rate of {010}, at late stages, indicates that the 
cooling rate dropped sharply. This may be related to the 
storage of the magma in a chamber, before it was finally 
injected into the volcanic edifice. Some corrosion of zir- 
con occurred in the magma chamber, possibly caused 
by renewed influx of fresh and hot magma. A final high 
cooling rate must be assumed for magmas injected as 
dykes, but this is not recorded in the zircon morpholo- 
gy. Probably, too little material was added on the al- 
ready existing large crystal faces during the short injec- 
tion event. 

In the calcalkaline magmas, the thermal history was 
more variable. Zircon growth was, fiom the beginning 
and repeatedly, interrupted by periods of low supersatu- 
ration and crystal corrosion. In the zoned pluton of 
Budduso this evolution corresponds to magma mixing. 
Towards the centre of the pluton, evidence for magma 
mixing decreases and the thermal history becomes uni- 
form. The gradual reduction of the relative growth rate 
of {010} indicates that the cooling rate of the magma 
decreased continuously. This is the thermal evolution 
expected for a pluton which crystallizes in-situ after its 
final emplacement. 

The chemistry of the magma is the main control on 
the growth of the adsorption-sensitive {011} pyramid. 
From the chemical analyses (Table 1), it is possible to 
establish rough empirical relationships between cation 
ratios in the magma and the growth behaviour of {011}. 
Considering the major elements, a high agpaicity index 
(alkaline magmas) is apparently related to slow and 
symmetric growth of {011}, whereas a low agpaicity in- 
dex (calcalkaline and anatectic magmas) is apparently 
related to fast and asymmetric growth of {011}. Since 
the growth rate of {011} determines the size of adjacent 
{121}, the relative sizes of C011} and {121} appear to be 
related to agpaicity, in agreement with the empirical 

findings of Pupin (1980). However, agpaicity is only one 
possible factor, and other elements (Ca, trace elements) 
may have resulted in variable growth of {011}. Magma 
chemistry does not control the growth rate of {011} 
directly. Rather, it is the adsorption layer of cations on 
the {011} faces, which determines the growth mecha- 
nism and rate. Corrosion events at the crystal faces may 
disturb or destroy the adsorption layers and cause 
changes in the growth rate of {011} faces, which are not 
related to a changing magma chemistry. This happened 
at the late stages of zircon crystallization in the alkaline 
magmas, where {011} started to grow asymmetrically 
after stages of corrosion. 

The effect of H20 on zircon morphology, as predict- 
ed by the theory, is consistent with the observed rela- 
tionship between the growth of { 110} and the geological 
and petrographic characteristics of the samples. In the 
alkaline granitoids, with an anhydrous mineral parage- 
nesis and with no crustal contamination, {110} is ab- 
sent, as in the theoretical morphology. It is ubiquitously 
present as an F-form in the calcalkaline and anatectic 
granitoids, which all have a hydrous mineral assem- 
blage. In the zoned pluton, the transition from amphi- 
bole- to biotite-carrying parageneses towards the centre 
of the pluton (Fig. 3) indicates an increasing concentra- 
tion of H20 in the magma. Accordingly, the tendency of 
{ 110} faces to become growth-inhibited at late stages of 
crystallization is strongest in the centre of the pluton. In 
all calcalkaline samples resumption of rapid growth on 
some inhibited {110} faces is observed. This happened 
after corrosion events which disrupted the adsorption 
layers and which are likely to be related to magma mix- 
ing. The biotite-rich authochthonous granodiorite 
shows the strongest tendency of {110} faces towards 
growth inhibition. In the absence of magma mixing, cor- 
rosion of crystals did not occur. Therefore, the adsorp- 
tion layers remained in place and did not allow for re- 
sumption of growth on inhibited faces. 

The formation of growth units in the liquid causing 
the observed discontinuities in the morphological evo- 
lution of zircon can start at some stage of magma differ- 
entiation, most likely in the residual liquid which reach- 
es the highest concentration of incompatible elements. 
The morphological discontinuities within zircon are ob- 
served in those granitoids (anatectic granodiorite, cal- 
calkaline pluton), which were autochthonous or em- 
placed at a rather deep level. The final cooling rate of 
these magmas was low and crystallization from the 
residual liquid may have occurred over an extended pe- 
riod of time. 

Conclusions 

This study supports and extends the empirical relation- 
ship between zircon morphology and type of granitic 
rock. The external crystal shape, on which previous 
studies are based, is just the final stage of a much more 
diversified internal morphology. For the first time, the 



morphological evolution of zircon from several granitic 
rocks is presented in a partly quantitative way. Sharp, 
discontinuous and erratic changes in the growth rates of 
crystal faces are more important for the evolving mor- 
phology than gradual and systematic changes. This ob- 
servation contradicts the previous understanding that 
zircon morphology evolves continuously in response to 
changing temperature and chemistry of the magma. 
Most of the variation of relative growth rates of crystal 
faces is due to the formation and destruction of adsorp- 
tion layers. The relative proportion of the pyramidal 
forms {010} and {110} is dominantly controlled by the 
growth inhibition of { 110} due to adsorption of compo- 
nents (probably HzO ) enriched in the residual liquid of 
the calcalkaline and anatectic magmas. An effect of tem- 
perature on the pyramidal ratio must be excluded. 
Growth inhibition of {110} is also responsible for the 
strongly increasing elongation of zircon crystals in HzO-  
enriched residual magmas. The pyramidal evolution of 
zircon results mainly from the variable growth rate of 
{011 }. It is controlled by the chemistry of the magma 
(agpaicity), but a simple dependence on changing ele- 
ment concentrations is ruled out by the irregular and 
asymmetric growth of {011}. The only crystal form for 
which gradual and systematic changes of growth rates 
are observed is the {010} prism. Its constant and high 
growth rate during magma ascent (alkaline magma) and 
the systematically decreasing growth rate after emplace- 
ment (calcalkaline magma) are consistent with a depen- 
dence on the cooling rate. 

The final trend towards {110}- and {0l l }-dominated 
crystal shapes in the calcalkaline and anatectic grani- 
toids is due to the presence of a discontinuity in the 
morphological evolution. The only reasonable explana- 
tion is the formation of growth units in the residual 
liquid. 
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