GEOLOGICA CARPATHICA, 2025, 76, 4, 227-243

Review article

Chemical compositions of zircon from rare-metal granites

of different geochemical affiliations — a review

KAREL BREITER"*

Institute of Geology, Czech Academy of Sciences, Rozvojova 269, 165 00 Praha 6, Czech Republic
(Manuscript received April 25, 2025, accepted in revised form September 9, 2025; Associate Editor: Martin Ondrejka)

Abstract: About 2000 microprobe analyses of zircon were evaluated in order to characterize typical compositions of
zircon from common and rare-metal granites of different geotectonic/geochemical affiliations. Generally, zircon is
chemically variable at all scales of research. This detailed study shows that the contents of minor elements vary more
widely than usually expected from individual analyses. While the Zr/Hf ratio is a reliable indicator of the degree of
fractionation of the parent magma, all proposed indicators of the geotectonic position of the source magma, like Y
contents or Y/Yb and U/Th values, were found to be merely indicative. Zircon from peraluminous (S-type) granites
crystallizes early, is often enriched in P, Al, U, W, Nb and Bi, its (Y+REE)/P values are usually <<I, and the Zr/Hf values
mostly evolved from 100 to 10. Zircon in A-type granites is often a relatively late mineral, mostly enriched in HREE and
Th, having low Y/Yb and high (Y+REE)/P values, and its Zr/Hf values evolved from 100 to 5. Zircon in peralkaline rocks
either crystallizes primarily or results from the transformation of older zirconosilicates. In both cases, it is rich in Y, poor
in U and Th, displays high (Y+REE)/P values and Zr/Hf values >50. The effect of the geotectonic environment of
crystallization is particularly evident in late, more evolved rocks, while zircons from the early and less fractionated rocks
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of all geochemical types are similar.
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Introduction

Zircon is a widely distributed accessory mineral in granitic
igneous rocks. For its stability across a broad range of P-T
conditions, zircon is a suitable object for various petrological
interpretation methods like geochronological studies (Davis et
al. 2003), geothermometry (Hanchar & Watson 2003;Watson
et al. 2006; Tichomirowa et al. 2019; Shao et al. 2020; Crisp &
Berry 2022; Streicher et al. 2023), or source lithology of
igneous complexes (Du et al. 2002; Kinny & Maas 2003).
Moreover, trace-element assemblages of igneous zircon (Pupin
2000; Hoskin & Ireland 2000; Hanchar & Hoskin 2003;
Grimes et al. 2007, 2015; Kirkland et al. 2015) may indicate
geotectonic affiliation and the degree of fractionation of mag-
matic suites. A specific method based on the morphology of
zircon crystals allowing interpretation of the crystallization
temperature and geochemical affiliation of granite was intro-
duced by Pupin (1980) and further developed, for example, by
Broska et al. (1990) and Benisek & Finger (1993).

The routine use of electron probe microanalysis (EPMA)
and laser-ablation induction-coupled mass spectrometry (LA
ICP-MS) during the last three decades yielded extensive data
concerning the chemical composition of zircon; however,
most of them dealing with only a single locality, a single
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mineral deposit, or a single particular type of igneous rock
(Cerny & Siivola 1980; Broska et al. 1990; Wang et al. 1992,
2000; Uher & Cemy 1998; Pettke et al. 2000; Hoskin 2005;
Xie et al. 2005; Forster 2006; Pérez-Soba et al. 2007; Zaraisky
et al. 2008; De Liz et al. 2009; Van Lichtervelde et al. 2009;
Nardi et al. 2012; Kozlik et al. 2016; Viala & Hattori 2021).
Comprehensive studies comparing zircon from different
igneous rock types are still rather rare (Pupin 2000; Belousova
et al. 2002; Hoskin & Schalteger 2003; Breiter et al. 2014,
2024, 2025; Kirkland et al. 2015).

I decided to contribute to this line of research and summa-
rize about 2000 EPMA of zircon made within different pro-
jects during the last 15 years at the EPMA workplaces in Brno
and Praha. The available dataset includes mainly typical ore-
bearing (or “rare-metal”) granite plutons of Variscan Europe
from Cornwall across Portugal and France to the Erzgebirge
(Germany, Czech Republic), supplemented by Lower Prote-
rozoic “rapakivi’-type plutons from Finland and Brazil, and
Jurassic ore-bearing granites of Transbaikalia, Russia. Peral-
kaline granites are represented by Paleozoic plutons of sou-
thern and western Mongolia. Zircon from several types of
geochemically less evolved to primitive granitoids from the
Bohemian Massif is shown for comparison.

Major aims of this paper are to show: (1) principal diffe-
rences in chemical compositions of zircon from plutons of
different geochemical (geotectonic) affiliations, i.e., peralumi-
nous (S-type), subaluminous (A-type), and peralkaline igneous
rocks; (2) different behaviors of some minor elements or their
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ratios in zircon during magmatic evolution of particular plu-
tons of different geochemical affiliations, and (3) the disper-
sion of zircon data within the same pluton and between plutons
of the same geochemical type.

I want to emphasize that in this paper (i) I am trying to
define the range of typical element contents in different types
of zircon, not taking into account some rare, albeit extreme,
contents, and (ii) I deal only with zircon as a mineral (Zr>0.5
apfu); solid solutions with high U, Th and REE (Forster 2006;
Breiter et al. 2009) present a different mineralogical problem.

At this point, I want to emphasize that this study focuses
on zircon from highly fractionated granites, generally called
“rare-metal granites” (RMG), which are characterized, among
other, by a high content of Hf and other minor elements, and
a low analytical sum. A very limited number of analyses of
zircons from common rock types are included only for com-
parison and to highlight the specific composition of zircon
from RMG.

A detailed description of laboratory methods is given in
the Electronic Supplement S1, brief geological characteristic
of studied plutons in the Electronic Supplement S2. The per-
aluminosity/peralkalinity and the degree of geochemical frac-
tionation in studied plutons are evident in Fig. 1. For further
geological information, please compare referred papers. For
review of all in this review involved zircon analyses see Sup-
plementary Table S3. Typical shape of zircon from different
referred types of granitoids is shown in Figs. 2 and 3, relevant
zircon analyses are presented in Supplementary Table S4.
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Basic chemical characteristic of zircon from
granitoids of different geochemical affiliation

Hafnium (Hf) is always present as a minor component of
zircon forming an unlimited series of miscibility zircon—haf-
non (ZrSiO,~HfSiO,, Correia Neves et al. 1974; Yin et al.
2013). Minerals zircon and xenotime-(Y) ((Y, HREE)PO,) are
isostructural and HREEs are relatively better suitable to enter
xenotime lattice than LREEs (Mogilevsky 2007). So, minor
contents of Hf, and YD, as usually the most presented member
of HREEs, can visualize the differences between zircons of
different origins in a simple diagrams (Fig. 4a): zircons from
all studied peralkaline rocks are, without exception, Hf- and
Yb-poor. Zircons from both S- and A-type rare-metal granites
may be equally strongly Hf-enriched (up to ca 0.2 apfu Hf)
but zircons from A-type granites are distinctly more enriched
in Yb and other HREEs; the contents of Yb in zircons from
S-type rocks are often below the detection limit of EPMA. It is
worth noting that in the case of A-type zircons, Hf and Yb are
generally negatively correlated, and the Hf-richest A-type zir-
cons are relatively Yb-poor. Comparing the Y and Yb contents
and the resulting Y/Yb ratio (Fig. 4b), we found a distinct
Y predominance with a more or less stable value of Y/Yb=18
in S-type zircons, while Y/Yb values with a large disper-
sion around 3.5 are typical for zircons from A-type rocks.
The highest Y content of up to 0.20-0.25 apfu Y was found in
zircons from peralkaline rocks (max. 11.5 wt.% Y,0, in the
early phase of the Khalzan Buregte pluton), while Yb reaches
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Fig. 1. Bulk-rock chemical characteristics of investigated granites: a — A/CNK vs. A/NK; b — K/Rb vs. Zr/Hf. (A/CNK=ALO,/
(CaO+Na,0+K,0), A/NK=AI,0,/(Na,0+K,0). Data sources: A-type — Eastern Krusné hory; S-type — western Krusné hory+Moldanubian
pluton; I-type — Central Bohemian pluton (all author’s data); peralkaline granitoids — Europa pluton, Brazil (Costi et al. 2000) and Khalzan
Buregte pluton, Mongolia (Kovalenko et al. 1995).
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Fig. 2. Back-scattered electron images (BSE) of typical zircon from studied granitoids: a — typical association of accessory minerals in per-
aluminous granites: ilmenite, zircon and monazite-(Ce) embedded in biotite, Eisgarn two-mica granite, Moldanubian pluton, Griesbach,
Austria; b — zoned zircon crystal from aplite-pegmatite dike, Megiliggar rock, Cornwall; ¢ — U, Th-rich zircon in biotite surrounded by
well-developed zone of radiogenic destruction of mica crystal lattice, Cinovec early biotite granite; d — columnar zircon crystal in association
with younger xenotime-(Y), Cinovec late albite-zinnwaldite granite; e — well oscillatory zoned columnar zircon, Changilai biotite granite,
Transbaikalia, Russia; f — zoned zircon, Europa peralkaline granite, Brazil; g — secondary zircon with cavities with papillate surface, Khalzan
Buregte, syenite of the 2™ phase, Mongolia; h — botryoidal secondary zircon, Khan Bogd peralkaline granite, Mongolia. Scale bars 50 pm.
Abbreviations of mineral names: Ab — albite, Ap — apatite, Bt — biotite, Fe-ox — Fe-oxide , [lm — ilmenite, Mnz — monazite-(Ce), Qtz — quartz,
Xnt — xenotime-(Y), Zrn — zircon. Yellow dots with numbers indicate position of zircon analyses from Supplementary Table S4.
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Fig. 3. Zircon from slightly peralkaline A-type Madeira albite granite, Brazil, with distinct Hf-enriched rims: a — BSE image; b — distribution
of Hf. Scale bar 200 um. Yellow dots with numbers indicate position of zircon analyses from Supplementary Table S4.

the highest contents of 0.06 apfu (ca. 5 wt.% Yb,0,) in zir-
cons from A-type biotite granite from Cinovec.

Among radioactive elements, U predominates in zircons
from S-type rocks, while Th predominates in zircons from
A-type rocks; zircons from peralkaline rocks are both U- and
Th-poor (Fig. 4c). During fractionation, with decreasing Zr/Hf
values, both U and Th tend to slightly increase (Fig. 4d).

Scandium (Sc) is a common minor component in zircon,
although rarely present in more than trace amounts: contents
exceeding 0.04 apfu in either S- or A-type zircon are rare, with
the maximum of ca. 0.1 apfu Sc (3.36 wt.% Sc,0,). Sc con-
tents in zircons from peralkaline rocks usually do not exceed
the detection limit of EPMA (Fig. 4e).

Zircons from fractionated facies of S- and A-type granites
often contain 0.2—0.3 apfu F (ca. 1.75-2.5 wt. % F), while zir-
cons from peralkaline rocks only scarcely reach more than
0.05 apfu F (Fig. 4f).

Due to the isostructural crystal lattice of zircon and xeno-
time, the coupled substitution ZrSiO, vs. (Y,HREE)PO, is
expected to be the dominant mechanism of REE binding in
zircon. However, Fig. 4g shows a more complex REE beha-
vior. Although we did not analyze all REEs, the analyzed
selection (Y, Dy, Er, Yb) certainly represents more than 95 %
of the total REE+Y contents (Nardi et al. 2013), and its com-
parison with the P contents is correct. In S-type zircons,
P(apfu)>>Y+REE (apfu), and a substantial part of P is balan-
ced via 2Si<>P+Al substitution, similarly as in the case of
other silica minerals crystallized from strongly peraluminous
P-rich melt (alkali feldspars (London 1992), garnet (Breiter
et al. 2005c), or topaz (Breiter & Kronz 2004)), and/or
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additionally with the entry of Fe and Ca to the Zr position. In
contrast, many zircons from A-type rocks and all zircons from
peralkaline rocks have REE (apfu)>>P(apfu), which is, at
minimum contents of M>* and M®" cations, difficult to explain;
perhaps ZrO«<>REE(OH,F) substitution may play a role.

Evaluating Fig. 4 as a whole, the combination of the Y, Yb,
(Y+REE) and P contents is able to indicate the pertinence of
a particular zircon grain to one of the three basic geochemical
rock types with a satisfactory probability.

Evolution of zircon chemistry during
fractionation of typical plutons

Here, differences in evolutionary trends of zircon from
typical plutons of different geochemical/geotectonic affilia-
tion will be shown.

First, we will check the analytical totals of EPMA. If the
analytical protocol includes all elements present in quantities
higher than the relevant analytical limits, the analytical sum
should ideally equal 100 wt. %. If the detected sum differs from
100 wt. % by more than the expected analytical error, the low
sum is usually explained as a result of crystal lattice destruction
due to radioactive irradiation (Nasdala et al. 2009); the reduc-
tion in the analytical sum should therefore be roughly propor-
tional to the contents of radioactive elements. Figure 5a,c,e, g
shows this relation on the example of typical plutons of dif-
ferent geochemical types, and we can generally see a good
negative correlation between (U+Th) contents and analytical
sums in all cases. But at the same time, a number of samples
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Fig. 4. Chemical composition of zircon from granitoids of different geochemical affiliation: a — Hf vs. Yb; b — Y vs. Yb; ¢ — U vs. Th;
d — Zr/Hf vs. U/Th; e — Zr/Hf vs. Sc; f — Zr/Hf vs. F; g — P vs. Y+REE. Content of F in zircon from unfractionated and I-type granites is

almost always below detection limit of EPMA.
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Fig. 5. Correlation between analytical total and chemical composition of zircon from selected investigated plutons: a, ¢, e, g — analytical sum
vs. U+Th; b, d, f — analytical sum vs. F. Zircon from primitive granitoids is F-poor (below detection limit of EPMA); a, b — Teplice caldera
and associate granites; ¢, d — Nejdek pluton; e, f — Moldanubian orthogneiss and associate rocks; g — unfractionated graitoids.

with low to very low analytical sums can be found in all plu-
tons, even though they have low U+Th contents, i.e., a strong
irradiation is not probable. An explanation of this phenome-
non remains speculative.

The following Figure 5b,d,f shows a significant negative
correlation between the analytical sums and F contents: this
may indicate that the zircon structure in a F-rich (and
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H,O-rich) environment was influenced by the entry of F~
and probably also OH™ into the oxygen positions following
the substitution (SiO,)*—4(OH)", or (SiO,)*«—4F". This
explanation is supported by the frequent Si—Zr imbalance
and distinctly lower occupancy of the Si-site than the Zr-site
in the low-total zircons.
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As shown by Fig. 5, more than one half of analyzed zircon
grains from RMGs have analytical sums of <95 wt. %. How-
ever, this may be a serious analytical problem for LA-ICP-MS
analyses when many authors make their work easier by nor-
malizing the analytical results to a sum of presumed 100 wt. %
instead of using an internal standard.

As mentioned earlier, zircon (ZrSiO,) and hathon (HfSiO,)
are miscible without limitations, and the increase in Hf
content, i.e., a decrease in the Zr/Hf value, is one of the most
reliable indicators of magmatic fractionation. The gradual
increase in Hf content, i.e. the decrease in Zr/Hf value, is often
visible even within individual crystal; Hf-enriched rims are
clearly visible in BSE (Fig. 3a). In this case, the Hf content in
rim reaches up to 14 wt. % HfO,.

Diagrams Zr vs. Hf (Fig. 6) show not only the absolute con-
tents of both elements and their ratio but also the sum of Zr+Hf
which should be ideally 1 apfu. The smaller is the actually
determined Zr+Hf sum, the higher is the content of other ele-
ments, impurities, in a particular zircon grain. In the case of
the Orlovka, Cinovec, Nejdek and Khalzan Buregte plutons,
Zr+Hf contents are reduced to 0.6—0.8 apfu, i.e., the sum of
other elements, mainly Y, REE, U, Th, Sc but also Al, Ca and
Fe may reach up to 0.2-0.4 apfu.

The Y/Yb value was generally examined already in Fig. 4.
It can be, however, examined specifically for individual plu-
tons (Fig. 7). Zircon from many plutons keeps the Y/Yb value
nearly constant during the whole magmatic evolution. This is
typical for less fractionated granitic systems (Central Bohe-
mian, Moldanubian and Ttebi¢ plutons) (Fig. 7a—c), among
RMGs for the Cornubian batholith (Fig. 7d). Zircons from
the Nejdek pluton (Fig. 7e) show a wide Y/YD dispersion but
generally also keep a single array. However, in some plutons,
zircons belonging to two clearly different trends were found.
For example in Altenberg—Teplice caldera, zircons from rhyo-
lite and the oldest Preiselberg granite have Y/Yb values
around 10, while the Y/Yb value around 2 was found in the
late Krupka and Sadisdorf zircons; zircons from the Cinovec
cupola vary between Y/Yb=2-5 (Fig. 7f). At Khalzan Buregte,
the early peralkaline phases contain Y-enriched zircon
(Y/Yb=15), while zircons from the latest subaluminous RMGs
are relatively Yb-enriched (Y/Yb=3, Fig. 7g). At Orlovka,
the Y/Yb value decreased from the early biotite granites
(Y/Yb=12) to late lepidolite and layered zinnwaldite granites
(Y/Yb=1.6) which is the lowest value found among all studied
plutons (Fig. 7h). A similar shift to lower values during pluton
evolution was found also at Madeira, Brazil (Breiter et al.
2025).

Scandium only rarely forms its own minerals, but zircon,
along with columbite, is one of minerals relatively often hos-
ting notable minor amounts of Sc (Hreus et al. 2021). The con-
tents of Sc in zircon usually distinctly increase with magma
fractionation, i.e., with a decreasing Zr/Hf value (Fig. 8). Gra-
nites from the eastern Erzgebirge are generally enriched in Sc
(Hreus et al. 2021), and zircons from late granite facies from
this area are the Sc-richest among all analyzed in this paper:
up to 0.08 apfu at Cinovec and 0.11 apfu at Sadisdorf (Fig. 8a).
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Values up to ca. 0.05 apfu were found in other fractionated
RMGs (Cornwall, Nejdek pluton and some of the Pibyslavice
rocks; Fig. 8b—d), while contents lower than 0.01 apfu are
typical for other studied RMGs (Orlovka, Beauvoir), all per-
alkaline rocks and all less evolved granitoids (Fig. 8e—h).
Uranium behaves generally incompatible in minerals crys-
tallizing from granitic melt, zircon including. Accordingly,
U contents in zircons in most plutons increase during the frac-
tionation, reaching max. ca 0.1 apfu at Cinovec but usually
being <0.04 apfu (Fig. 9a—). An exception is the Beauvoir
pluton with a significant decrease in U at the transition to
the most fractionated B1 facies (Fig. 9d). Bulk-rock content of
thorium usually decreases during fractionation of peralumi-
nous melt, while increases during fractionation of the A-type
melt. Accordingly, Th contents in zircon from A-type granites
increase with the fractionation process (Cinovec, Orlovka;
Fig. 9e,f), while low Th contents and no distinct trend were
found in zircons from the Nejdek pluton (Fig. 9g) and other
S-type systems (Cornwall, Central Moldanubian pluton, Mol-
danubian orthogneiss). Zircons from evolved leucogranites at
Beauvoir are Th-free (below the detection limit of EPMA),
and zircons from Madeira pluton, although from A-type grani-
tes rich in thorite, are also Th-poor (<0.05 apfu). At Khalzan
Buregte, zircons from peralkaline rocks are Th-free, while
zircons from the latest subaluminous phase are strongly
Th-enriched, which is typical for A-type rocks (Fig. 9h).

Extremely high contents of some minor elements

Besides the aforementioned major (Si, Zr, Hf) and common
minor (Th, U, Y, REE) elements, two more groups of elements
can constitute a notable part of the chemical composition of
zircon. The first group is represented by heavy metals with
other than 4" charge — W, Nb, Ta, Bi, Sc, and Pb. Contents up
to 2 wt. % WO, were found in the Amazonian A-type granites
and in the Podlesi and Krasno S-type granites from the Nejdek
pluton, and contents up to 2.5 wt. % WO, were found in A-type
granite of the Kimi stock, Finland. High Nb contents were
locally found in zircon from all investigated granite plutons:
max. 0.5 wt.% Nb,O, at Khan Bogd (Mongolia), max. 1.5
wt. % Nb,O; at Kimi and Cinovec, and max. 2 wt. % Nb,O; at
Podlesi in the Nejdek pluton. (Even higher contents of max.
6.6 wt.% Nb,O; were found by Smith et al. (1991) in zircon
from the Thor Lake alkali syenite.) The highest Ta contents, up
to 0.5 wt.% Ta,O,, were found at Cinovec. Zircon substan-
tially enriched in Bi and Sc is specific for both granite types in
the Erzgebirge: max. 3 wt. % Bi,0, at Krupka and Cinovec,
max. 7 wt.% Bi,0, at Hora Svaté Katefiny (all A-type gra-
nites) and max. 7 wt.% Bi,0; in S-granite at Podlesi.
The highest scandium contents in zircon of max. 3.5 wt.%
Sc,0, were found in the Sadisdorf A-granite and max. 2 wt. %
Sc,0; at Podlesi. Erratic values up to 2 wt.% PbO were
found in zircon from the Teplice rhyolite, eastern Erzgebirge.
The interpretation of the mode of entry of these elements into
the zircon structure would be rather speculative. Nevertheless,

GEOLOGICA CARPATHICA, 2025, 76, 4, 227-243



234 BREITER
025 0.20
a Zr+Hf=0.75 apfu \zAr+Hf=1 apfu b ZreM=075 apfu W \Zr+Hf=1apfu
0.20 <© Orlovka 1 0.16 |
ﬁ m Beauvoir B1
S 015 f% m Orlovka 2 S 012 .
£ AA Ay = o A Beauvoir B2
= A Orlovka 3 et
T 010 = o I 00 " U A Beauvoir B3
005 {5 S = A Orlovka 4 008 ‘\§ s
. . i\ . . 6& 0.00 . . : \
0.5 0.6 0.7 0.8 0.9 1.0 0.5 0.6 0.7 0.8 0.9 10
Zr (apfu) Zr (apfu)
.10
C A Teplice rhyolite d \ \ & Nejdek OIC
A Late caldera dikes 0.08 ® )
. m Sadisdorf early gr. \ a A \ = Nejdek YIC
% O Sadisdorf late gr. A Podlesi stock
E @ Krupka early gr. A ": o
@ Krupka late gr A Podlesi dike
® Cinovec early gr. @ Vykmanov
¢ Cinovec late gr.
05 0s 07 0s 09 10 05 0.6 07 b 09 10
Zr (apfu) Zr (apfu)
0.10 0.10 % )
e \ \ & Khalzan Buregte 1 f \ . \ # Cornwall Bt-granit.
0.08
0.08 \ & Khalzan Buregte 3 \ \ @ Cornwall Toz-gran.
~ 2 oo L
% 0.06 \ ® A Khalzan Buregte 4 S \ AA A Megiliggar dikes
2 g ¥ 004
£ 004 e \ oo AKhalzan Buregte 5 | a 24
0.02 A
AL \><>M @ Khalzan Buregte 7 0.00 . . . . \
0,00 . 05 06 07 0.8 09 10
0.5 0.6 0.7 0.8 0.9 1.0 Zr (apfu)
Zr (apfu)
0.10 h 0.05 Blanik- Ms-
g @ Blanik-type Ms:
-Grt-Tur orthogn.
0.08 A Melechov pl. 0.04 .
\ ’\ \ A Ms orthogneiss
% 0.06 \ .\( A Dreisessel pl. -._3 0.03 \ o Pfibyslavice ortho-
§ 0.04 N m Eisgarn gr. “E 0.02 gneiss
R . © Pribyslavi .
002 \ < Homolka, Sejby 0.01 \ o ¢ Flibysiavice peg
\ AA \ @ Pribyslavice gran.
0.00 . : : r i 0.00 . . . . |
05 06 0.7 0.8 09 10 05 0.6 07 038 0.9 10
Zr (apfu) Zr (apfu)
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respectively.

post-magmatic hydrothermal processes are probably respon-
sible for the high concentrations of Bi and Pb, whereas zircon
grains enriched in W, Nb and Sc are more likely magmatic.
On the other hand, high concentrations of Al (up to 5 wt.%
Al0,), Ca (up to 4 wt. % CaO) and Fe (up to 5 wt. % FeO, all
in the S-type granites), and to a lesser extent also Mn and Mg,
are a result of low-temperature diffusion in the damaged struc-
ture of zircon (compare Breiter et al. 2025).
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Discussion

Zr/Hf and Y/Yb values as a discriminator of zircons of
different provenance?

Already 25 years ago, Pupin (2000) proposed to use Hf and
Y contents in zircon as simple indicators of the geotectonic
provenance of the parent magma. Later, Belousova et al.
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2003).

(2002) and Grimes et al. (2015) proposed a more complicated
set of discriminating parameters including, in addition to Hf
and Y, also Ti, Nb, Ce, Yb, U, Th etc. The success rate of
a correct classification of each sample seemed good but the
practical application was far too complicated. General dia-
grams in Fig. 4a,b,g look promising. Nevertheless, the real
possibilities of a successful use of the Pupin’s diagram or
a similar simple diagram should be tested in terms of a statis-
tically significant set of zircon data.

With respect to the notoriously low analytical totals for
zircon from strongly evolved rocks, priority should be given
to the use of Zr/Hf values over Hf contents themselves.
The Zr/Hf values are 33—-38 (by weight) in chondrites (Anders
& Grevesse 1989; Barrat et al. 2012) and 35.6 by weigh or
ca 70 by atoms in the Earth crust (Rudnick & Gao 2003) but
these values vary considerably in zircons. Pupin (2000) found
Zr/Hf values of ca 130 (by atoms) in zircon from mantle-
derived plagiogranites and alkaline syenites, while majority of
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crustal-derived rocks contain zircon with atomic Zr/Hf values
of 70-90. Due to the distinct difference between Zr and Hf
distribution coefficients in zircon (Linen & Keppler 2002),
the Zr/Hf value decreases with progressive fractionation of
both S- and A-type melts, and distinctly lower values down to
10-20 are typical for rare-metal granites and pegmatites (e.g.,
Cerny et al. 1985). In peralkaline complexes, Zr/Hf fractio-
nation is negligible (Linen & Keppler 2002). Taken together,
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the Zr/Hf values may serve as a sensitive indicator of the gene-
ral fractionation evolution of silicate melts (Fig. 10a).

Pupin (2000) supposed Y to be a robust indicator of geo-
chemical/geotectonic affiliation of zircon from peraluminous
leucogranites and calc-alkaline granitoids (mostly <0.2 wt. %
Y,0,) through alkaline rocks (0.2—1 wt.% Y,0,) to tholeiitic
plagiogranites (mostly 0.5-2.5 wt. % Y,0;). Looking at Fig. 4b,
it is clear that in our dataset the three basic granitoid types
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completely overlap in their Y contents; the Yb contents and
especially the Y/Yb values look more promising.

Bulk crustal Y/Yb values are ca. 10 by weight or 19.5 by
atoms (Rudnick & Gao 2003). Multiple field evidence con-
firms the dependence of bulk-rock Y/Yb fractionation on
melt peraluminosity: this value mostly increases during the
fractionation of strongly peraluminous S-suites but systemati-
cally decreases during the fractionation of A-suites; during

the crystallization of peralkaline plutons, bulk-rock Y/Yb
values, similarly like Zr/Hf values, remain stable (Fig. 10a).
However, a more complicated evolution was found for
mineral zircon itself. Experimentally proposed distribution
coefficients of Y and Yb in zircon varied in broad intervals
(Thomas et al. 2002; Rubato & Hermann 2007; Nardi et al.
2013), being nearly the same for the two elements (Thomas et
al. 2002), or the coefficient for Yb was 2—3 times higher (other
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rock data for Fig. 10a as in Fig. 1.

experiments). It appears from the experiments, and this is con-
firmed by natural evidence, that the evolution of the Y/Yb
values in zircon depends on the composition of the fractio-
nated magma (P, F, water content) rather than on the original
Y and Yb contents in the initial melt.
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If large sets of analyses of zircon grains of various prove-
nances are used (Fig. 10b—d), decreasing averages or median
values are seen in a succession from paraluminous to subalu-
minous to peralkaline rocks, but a large overlap of values of
individual analyses is observed at the same time. The Zr/Hf vs.
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Yb diagram (Fig. 10e—h) seems to be somewhat more promis-
ing: zircons with high Yb at low Zt/Hf certainly belong to the
A-suite, and zircons slightly enriched in Yb at high Zr/Hf
will be probably of peralkaline affiliation. Zircons with low
Yb, unfortunately, may belong to either of the principal
granitic suites.

The (Y+REE)/P values in zircon are sensitive to melt per-
aluminosity. They are mostly <1 in peraluminous S-type melt
and even decrease to 0.01 during its fractionation and further
increase in peraluminosity (Fig. 11a). Zircons from subalumi-
nous A-type granites have (Y+REE)/P values >1 (mostly 1-8,
Fig. 11b), and zircons from peralkaline granites have always
values >1 (mostly 1-10, Fig. llc). But even in this case,
some plutons deviate from the general geochemical trend:
the strongly peraluminous Vykmanov intrusion (western
Erzgebirge) contains zircon grains with systematically
(Y+REE)/P values >1 (Fig. 11a), while the A-type Sadisdorf
cupola contains zircon grains with (Y+REE)/P values <1
(Fig. 11b).
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plutons indicates some principal differences in chemical evolution of
zircon from different geochemical types of granitoids: a — Nejdek
pluton; b — Teplice caldera and associated granites; ¢ — Khalzan
Buregte pluton.
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The conclusion of our investigation is therefore not very
optimistic: the chemical composition of zircon is mostly only
indicative of its source. It provides information about the com-
position of parental melt and the conditions of its crystalliza-
tion but an unambiguous assignment of the analyzed grain to
the source melt type is often questionable.

Conclusions

Despite the ambiguous results of the previous discussion,
it is possible to list the characteristic features of zircons from
the four main granitoid types:

Peralkaline rocks: In peralkaline granitoids containing
primary zirconosilicates, represented by the Khan Bogd and
Khalzan Buregte plutons (Mongolia), most zircon grains are
secondary, originating from primary Zr silicates in the hydro-
thermal stage. They often form globular or radial aggregates.
The Zr/Hf value is >50. Chemical compositions typically
show high contents of Y, moderate contents of REE (thus high
Y/YD values) together with high (Y+REE)/P values, low con-
tents of U, Th and Sc, and low analytical totals. In peralkaline
rocks containing zircons as the only primary Zr mineral
(Europa pluton, Brazil), zircon grains are late, euhedral and
poor in all minor elements.

Evolved A-type rocks: The exclusive primary Zr mineral is
zircon, often a relatively late mineral, mostly of orthomag-
matic origin. Typical features include the extreme dispersion
of Zr/Hf values (120—5), enrichment in HREE resulting in
low Y/Yb values and high (Y+REE)/P values. Zircon is often
enriched in Sc, locally also in Nb or Bi. Low analytical sums
are common.

Evolved S-type granites: Relatively early crystallizing
euhedral zircon is the only host of Zr. The dispersion of
Zr/Hf values is wide (110—10), zircon is often rich in P and
Al the (Y+REE)/P value usually <<1. Zircon from late granite
facies near the magmatic/hydrothermal transition yield low
analytical sums and often is enriched in W, Nb and Bi.

Primitive S-type and I-type granitoids: Early crystal-
lizing euhedral zircon is poor in all trace elements.

Generally, zircon is chemically variable at all scales of
research. Detailed studies show that the contents of minor
elements varied within the same crystal/thin section/sample/
rock facies much more than usually expected from individual
analyses. The effect of the geotectonic environment of forma-
tion is particularly evident in late strongly fractionated rocks,
while zircons from less evolved rocks of all geochemical types
are similar.

Acknowledgements: This paper is dedicated to my friend and
casual collaborator Igor Broska at the occasion of his life
anniversary. Zuzana Korbelova (Praha) and Radek Skoda
(Brno) are thanked for hundreds of hours spent together with
me at the microprobes. This study was supported by RVO
67985831 at the Institute of Geology of the Czech Academy of
Sciences. Pavel Uher, Fritz Finger and Martin Ondrejka are
thanked for detail inspiring reviews and comments.

GEOLOGICA CARPATHICA, 2025, 76, 4, 227-243



240

References

Anders E. & Grevesse N. 1989: Abundances of the elements: Meteori-
tic and solar. Geochimica et Cosmochimica Acta 53, 197-214.

Badanina E.V,, Veksler I.V., Thomas R., Syritso L.F. & Trumbull R.B.
2004: Magmatic evolution of Li-F rare-metal granites: a case
study of melt inclusions in the Khangilay complex, Eastern
Transbaikalia (Russia). Chemical Geology 210, 113—133. https://
doi.org/10.1016/j.chemgeo.2004.06.006

Badanina E.V., Syritso L.F., Ivanova A.A. & Rizvanova N.G. 2023:
Age and isotope-geochemical characteristics of Ta, Nb, W, Sn
mineralization associated with rare-metal granites (Khyngilay
ore district, Eastern Transbaikalia). Petrology 31, 383-393.
https://doi.org/10.1134/S0869591123040033

Barrat J.A., Zanda B., Moynier F., Bollinger C., Liorzou C. & Bayon
G. 2012: Geochemistry of C1 chondrites: Major and trace ele-
ments, and Cu and Zn Isotopes. Geochimica et Cosmochimica
Acta 83, 79-92. https://doi.org/10.1016/j.gca.2011.12.011

Belousova E.A., Griffin, W.L., O’Reilly S.Y. & Fisher N.I. 2002:
Igneous zircon: Trace element composition as an indicator of
source rock type. Contributions to Mineralogy and Petrology
143, 602—622. https://doi.org/10.1007/s00410-002-0364-7

Benisek A. & Finger F. 1993: Factors controlling the development of
prism faces in granite zircons: a microprobe study. Contributions
to Mineralogy and Petrology 114, 441-451.

Breiter K. 1997: Teplice rhyolite (Krusné hory Mts., Czech Republic):
Chemical evidence of a multiply exhausted stratified magma
chamber. Bulletin of the Czech geological Survey 72, 205-213.

Breiter K. 2004: Granitoidy Tiského masivu. Zprdavy o geologickych
vyzkumech v roce 2003, 13-16.

Breiter K. 2016: Monazite and zircon as major carriers of Th, U, and
Y in peraluminous granites: examples from the Bohemian Mas-
sif. Mineralogy and Petrology 110, 767-785. https://doi.org/
10.1007/s00710-016-0448-0

Breiter K. & Koller F. 1999: Two-mica granites in the central part of
the South Bohemian Pluton. Abhandlungen den Geologischen
Bundesanst 56,201-212.

Breiter K. & Koller F. 2009: Mafic K- and Mg-rich magmatic rocks
from Western Miihlviertel (Austria) area and the adjacent part of
the Sumava Mountains (Czech Republic). Jahrbuch den Geolo-
gischen Bundesanstalt 149, 477-485.

Breiter K. & Kronz A. 2004: Phosphorus-rich topaz from fractionated
granites (Podlesi, Czech Republic). Mineralogy and Petrology
81, 235-247. https://doi.org/10.1007/s00710-004-0036-6

Breiter K. & Scharbert S. 1998: Latest intrusion of the Eisgarn pluton
(South Bohemia — Northern Waldviertel). Jahrbuch den Geolo-
gischen Bundesanstalt 141, 25-377.

Breiter K. & Skoda R. 2012: Vertical zonality of fractionated granite
plutons reflected in zircon chemistry: the Cinovec A-type versus
the Beauvoir S-type suite. Geologica Carpathica 63, 383-398.
https://doi.org/10.2478/v10096-012-0030-6

Breiter K., Forster H. & Seltmann R. 1999: Variscan silicic magma-
tism and related tin-tungsten mineralization in the Erzgebirge—
Slavkovsky les metallogenic province. Mineralium Deposita 34,
505-521. https://doi.org/10.1007/s001260050217

Breiter K., Miiller A., Leichmann J. & Gabasova A. 2005a: Textural
and chemical evolution of a fractionated granitic sytem: the
Podlesi stock, Czech Republic. Lithos 80, 323-345. https://doi.
org/10.1016/j.1ithos.2003.11.004

Breiter K., Copjakové R., Gabasova A. & Skoda R. 2005b: Chemistry
and mineralogy of orthogneisses in the northeastern part of the
Moldanubicum. Journal of the Czech Geological Society 50,
81-94. https://doi.org/10.3190/JCGS.979

GEOLOGICA CARPATHICA, 2025, 76, 4, 227-243

BREITER

Breiter K., Novak M., Koller F. & Cempirek J. 2005¢: Phosphorus —
an omnipresent minor element in garnet of diverse textural types
from leucocratic granitic rocks. Mineralogy and Petrology 85,
205-221. https://doi.org/10.1007/s00710-005-0086-4

Breiter K., Forster H.-J. & Skoda R. 2006: Extreme P-, Bi-, Nb-, Sc-,
U- and F-rich zircon from fractionated perphosphorus granites:
The peraluminous Podlesi granite system, Czech Republic. Lithos
88, 15-34. https://doi.org/10.1016/j.1ithos.2005.08.011

Breiter K., Copjakova R. & Skoda R. 2009: The involvement of F,
CO,-, and As in the alteration of Zr—Th—REE-bearing accessory
minerals in the Hora Svaté Katefiny A-type granite, Czech
Republic. Canadian Mineralogist 47, 1375-1398. https://doi.org/
10.3749/canmin.47.6.1375

Breiter K., Lamarao C.N., Borges R.M.K. & Dall’Agnol R. 2014:
Chemical characteristic of zircon from A-type granites and com-
parison to zircon of S-type granites. Lithos 192—-195, 208-225.
https://doi.org/10.1016/j.lithos.2014.02.004

Breiter K., Miiller A., Shail R. & Simons B. 2016: Composition of
zircons from the Cornubian Batholith of SW England and com-
parison with zircons from other European Variscan rare-metal
granites. Mineralogical Magazine 80, 1273—1289. https://doi.
org/10.1180/minmag.2016.080.071

Breiter K., DuriSova J., Hrstka T., Korbelova Z., Hlozkova Vaiikova
M., Vasinova Galiova M., Kanicky V., Rambousek P., Knésl 1.,
Dobe§ P. & Dosbaba M. 2017: Assessment of magmatic vs.
metasomatic processes in rare-metal granites: A case study of
the Cinovec/Zinnwald Sn—W-Li deposit, Central Europe. Lithos
292-293, 198-217. https://doi.org/10.1016/j.1ithos.2017.08.015

Breiter K., DuriSova J., Hrstka T., Korbelova Z., Vaginova Galiova
M., Miiller A., Simons B., Shail R.K., Williamson B.J. & Davies
J.A. 2018: The transition from granite to banded aplite-peg-
matite sheet complexes: an example from Megiliggar Rocks,
Tregonning topaz granite, Cornwall. Lithos 302-303, 370-388.
https://doi.org/10.1016/j.lithos.2018.01.010

Breiter K., Durisova J., Korbelova Z., Lima A., Vaginova Galiova M.,
Hlozkova M. & Dosbaba M. 2022: Rock textures and mineral
zoning — A clue to understanding rare-metal granite evolution:
Argemela stock, Central-Eastern Portugal. Lithos 410411,
106562. https://doi.org/10.1016/j.1ithos.2021.106562

Breiter K., DuriSova J., Korbelova Z., VaSinova Galiova M. &
Hlozkova M. 2023: Granite pluton at the Panasqueira tungsten
deposit, Portugal: genetic implications as revealed from new
geochemical data. Minerals 13, 163. https://doi.org/10.3390/
min13020163

Breiter K., Kynicky J. & Korbelova Z. 2024: Chemical and textural
peculiarities of zircon from peralkaline granites and quartz-
bearing syenites. Minerals 14, 187. https://doi.org/10.3390/
min14020187

Breiter K., Costi H.T., Korbelova Z. & Dosbaba M. 2025: Chemical
and textural variability of zircon from slightly peralkaline
Madeira albite granite, Pitinga magmatic province, Brazil.
Minerals 15, 863. https://doi.org/10.3390/min15080863

Broska I., Bibikova E.V., Gracheva T.V., Makarov V.A. & Cano F.
1990: Zircon from granitoid rocks of the Tfibec—Zobor crystal-
line complex. Its typology, chemical and isotopic composition.
Geologica Carpathica 41, 393-406.

Carocci E., Marignac C., Cathelineau M., Pinto F. & Truche L. 2018:
Le stade initial du depot de la wolframite dans le gisement a
W-Sn—Cu de Panasqueira (Portugal). In Proceedings of the 24™
Réunion des Sciences de la Terre, Lille, France, 22-26 October
2018, 439.

Cerny P. & Siivola J. 1980: The Tanco pegmatite at Bernic lake, Mani-
toba. XII. Hafnian zircon. Canadian Mineralogist 18, 313-321.


https://doi.org/10.1016/j.chemgeo.2004.06.006
https://doi.org/10.1016/j.chemgeo.2004.06.006
https://doi.org/10.1134/S0869591123040033
https://doi.org/10.1016/j.gca.2011.12.011
https://doi.org/10.1007/s00410-002-0364-7
https://doi.org/10.1007/s00710-016-0448-0
https://doi.org/10.1007/s00710-016-0448-0
https://doi.org/10.1007/s00710-004-0036-6
https://doi.org/10.2478/v10096-012-0030-6
https://doi.org/10.1007/s001260050217
https://doi.org/10.1016/j.lithos.2003.11.004
https://doi.org/10.1016/j.lithos.2003.11.004
https://doi.org/10.3190/JCGS.979
https://doi.org/10.1007/s00710-005-0086-4
https://doi.org/10.1016/j.lithos.2005.08.011
https://doi.org/10.3749/canmin.47.6.1375
https://doi.org/10.3749/canmin.47.6.1375
https://doi.org/10.1016/j.lithos.2014.02.004
https://doi.org/10.1180/minmag.2016.080.071
https://doi.org/10.1180/minmag.2016.080.071
https://doi.org/10.1016/j.lithos.2017.08.015
https://doi.org/10.1016/j.lithos.2018.01.010
https://doi.org/10.1016/j.lithos.2021.106562
https://doi.org/10.3390/min13020163
https://doi.org/10.3390/min13020163
https://doi.org/10.3390/min14020187
https://doi.org/10.3390/min14020187
https://doi.org/10.3390/min15080863

CHEMICAL COMPOSITIONS OF ZIRCON FROM RARE-METAL GRANITES 241

Cerny P., Meintzer R.E. & Anderson A.J. 1985: Extreme fractionation
in rare-element granitic pegmatites: selected examples of data
and mechanisms. Canadian Mineralogist 23, 381-421.

Chab J., Breiter K., Fatka O., Hladil J. & 6 others 2008: Stru¢na geo-
logie zékladu Ceského masivu a jeho karbonského pokryvu.
CGS, Praha, 1-284.

Chappel B.W. & White A.J.R. 1974: Two contrasting granite styles.
Pacific Geology 8, 173—-174.

Chesley J.T., Holliday A.N., Snee L.W., Mezger K., Shepherd T.J. &
Scrivener R.C. 1993: Thermochronology of the Cornubian
Batholith in southwest England: implications for pluton
emplacement and protracted hydrothermal mineralization.
Geochimica et Cosmochimica Acta 57, 1817-1835.

Correia Neves J.M., Lopes Nunes J.E. & Sahama T.G. 1974: High
hafnian members of the zircon-hafnon series from the granite
pegmatites of Zambézia, Mozambique. Contributions to Minera-
logy and Petrology 48, 73-80.

Costi H.T., Dall" Agnol R. & Moura C.A.V. 2000: Geology and
Pb—Pb geochronology of Paleoproterozoic volcanic and granitic
rocks of Pitinga province, Amazonian craton, northern Brazil.
International Geological Review 42, 832—849. https://doi.org/
10.1080/00206810009465114

Costi H.T., Dall’Agnol R., Pichavant M. & Ramo O.T. 2009: The
peralkaline tin-mineralized Madeira cryolite albite-rich granite
of Pitinga, Amazonian craton, Brazil: petrography, mineralogy
and crystallization processes. Canadian Mineralogist 47, 1301—
1327. https://doi.org/10.3749/canmin.47.6.1301

Crisp L.J. & Berry A.J. 2022: A new model for zircon saturation in
silicate melts. Contributions to Mineralogy and Petrology 177,
7. https://doi.org/10.1007/s00410-022-01925-6

Davis D.W., Krogh T.E. & Williams 1.S. 2003: Historical develop-
ment of zircon geochronology. Reviews in Mineralogy and Geo-
chemistry 53, 145—181. https://doi.org/10.2113/0530145

De Liz J.D., Nardi L.V.S., de Lima E.F. & Jarvis K. 2009: The
trace-element record in zircon from the Lavras Do Sul shosho-
nitic association, southernmost Brazil. Canadian Mineralogist
47, 833-846. https://doi.org/10.3749/canmin.47.4.833

Du B., Yang Z., Yang L., Chen Q., Zhu J., Shi K., Li G., Wang L. &
LuJ. 2002: Zircon Hf-isotopic mapping applied to the metal ex-
ploration of the Sanjiang Tethyan orogenic belt, southwestern
China. Applied Sciences 12, 4081. https://doi.org/10.3390/app
12084081

Eby G.N. 1992: Chemical subdivision of the A-type granitoids: petro-
genetic and tectonic implications. Geology 20, 641-644.

Finger F., Roberts M.P., Haunschmid B., Schermaier A. & Steyrer
H.P. 1997: Variscan granitoids of central Europe: their typology,
potential sources and tectonothermal relations. Mineralogy and
Petrology 61, 67-96. https://doi.org/10.1007/BF01172478

Forster H.-J. 2006: Composition and origin of intermediate solid solu-
tions in the system thorite-xenotime-zircon-coffinite. Lithos
2006, 35-55. https://doi.org/10.1016/].1ith0s.2005.08.003

Forster H.-J., Trumbull R.B. & Gottesmann B. 1999: Late-collisional
granites in the Variscan Erzgebirge, Germany. Journal of Petro-
logy 40, 1613—1645. https://doi.org/10.1093/petroj/40.11.1613

Gerdes A., Worner G. & Finger F. 1998: Late-orogenic magmatism in
the Southern Bohemian Massif — geochemical and isotopic con-
straints on possible sources and magma evolution. Acta Univer-
sitatis Carolinae Geologica 42, 41-45.

Grimes C.B., John B.E., Kelemen P.B., Mazdab F.K., Wooden J.L.,
Cheadle M.J., Hangoj K. & Schwartz J.J. 2007: Trace element
chemistry of zircons from oceanic crust: A method for distin-
guishing detrital zircon provenance. Geology 35, 643—646.
https://doi.org/10.1130/G23603A.1

Grimes C.B., Wooden J.L., Cheudle M.J. & John B.E. 2015: Finger-
printing tectono-magmatic provenance using trace elements in
igneous zircon. Contributions to Mineralogy and Petrology 170,
1-26. https://doi.org/10.1007/s00410-015-1199-3

Haapala I. & Rdmo O.T. 1992: Tectonic setting and origin of the Pro-
terozoic rapakivi granites of southeastern Fennoscandia. 7rans-
actions Royal Society Edinburgh: Earth Sciences 83, 165-171.

Hanchar J.M. & Watson E.B. 2003: Zircon saturation thermometry.
Reviews in Mineralogy and Geochemistry 53, 89—112. https://
doi.org/10.2113/0530089

Hanchar J.M. & Hoskin P.W.O. (Eds.) 2003: Zircon. Reviews in
Mineralogy and Geochemistry 53, 1-500.

Holub F. V. 1997: Ultrapotassic plutonic rocks of the durbachite series
in the Bohemian Massif: Petrology, geochemistry and petrogenic
interpretation. Shornik geologickych véd, loziskova geologie a
mineralogie 31, 5-26.

Hoskin P.W.O. 2005: Trace-element composition of hydrothermal zir-
con and the alteration of Hadean zircon from the Jack Hills, Aus-
tralia. Geochimica et Cosmochimica Acta 69, 637-648.

Hoskin P.W.O. & Ireland T.R. 2000: Rare earth element chemistry of
zircon and its use as a provenance indicator. Geology 28,
627-630. https://doi.org/10.1130/0091-7613(2000)028%3C0627:
REECOZ%3E2.3.CO;2

Hoskin P.W.O. & Schaltegger U. 2003: The composition of zircon
and igneous and metamorphic petrogenesis. Reviews in Minera-
logy and Geochemistry 53,27-62. https://doi.org/10.2113/0530027

Hreus S., Vyravsky J., Cempirek J., Breiter K., Vasinova Galiova M.,
Kratky O., Sesulka V. & Skoda R. 2021: Scandium distribution
in the world-class Li-Sn-W Cinovec greisen-type deposit: Result
of a complex magmatic to hydrothermal evolution, implications
for scandium valorization. Ore Geology Reviews 139, 104433.
https://doi.org/10.1016/j.oregeorev.2021.104433

Janousek V. & Svojtka M. 2021: How old is the Ttebi¢ durbachitic
Pluton? Reply to comment on “Ultrapotassic magmatism in the
heyday of the Variscan Orogeny: the story of the Tiebi¢ Pluton,
the largest durbachitic body in the Bohemian Massif” by
Schaltegger et al. International Journal of Earth Sciences 110,
1133-1136. https://doi.org/10.1007/s00531-020-01977-8

Kempe U., Mdckel R., Graupner T., Kynicky J. & Dombon E. 2015:
The genesis of Zr-Nb—REE mineralisation at Khalzan Buregte
(Western Mongolia) reconsidered. Ore Geology Reviews 64,
602—625. https://doi.org/10.1016/j.oregeorev.2014.05.003

Kinny P.D. & Maas R. 2003: Lu-Hf and Sm—Nd isotope systems in
zircon. Reviews in Mineralogy and Geochemistry 53, 327-341.
https://doi.org/10.2113/0530327

Kirkland C.L., Smithies R.H., Taylor R.J.M., Evans N. & McDonald
B. 2015: Zircon Th/U ratios in magmatic environs. Lithos
212-215, 397-414. https://doi.org/10.1016/j.1ithos.2014.11.021

Kovalenko V.I., Tsaryeva G.M., Goreglyad A.V., Yarmolyuk V.V., &
Troitsky V.A. 1995: The peralkaline granite-related Khaldzan—
Buregtey rare metal (Zr, Nb, REE) deposit, Western Mongolia.
Economic Geology 90, 530-547.

Kovalenko V.I., Yarmolyuk V.V., Sal’nikova E.B., Kozlovsky A.M.,
Kotov A.B., Kovach V.P.,, Savatenkov V.M., Vladykin N.V. &
Ponomarchuk V.A. 2006: Geology, geochronology, and geody-
namics of the Khan Bogd alkali granite pluton in Southern Mon-
golia. Geotectonics 40, 450-466. https://doi.org/10.1134/S001
6852106060033

Kozlik M., Raith J.G. & Gerdes A. 2016: U-Pb, Lu—Hf and trace
element characteristics of zircon from the Felbertal scheelite
deposit (Austria): new constraints on timing and source of W
mineralization. Chemical Geology 421, 112—126. https://doi.org/
10.1016/j.chemgeo0.2015.11.018

GEOLOGICA CARPATHICA, 2025, 76, 4, 227-243


https://doi.org/10.1080/00206810009465114
https://doi.org/10.1080/00206810009465114
https://doi.org/10.3749/canmin.47.6.1301
https://doi.org/10.1007/s00410-022-01925-6
https://doi.org/10.2113/0530145
https://doi.org/10.3749/canmin.47.4.833
https://doi.org/10.3390/app12084081
https://doi.org/10.3390/app12084081
https://doi.org/10.1007/BF01172478
https://doi.org/10.1016/j.lithos.2005.08.003
https://doi.org/10.1093/petroj/40.11.1613
https://doi.org/10.1130/G23603A.1
https://doi.org/10.1007/s00410-015-1199-3
https://doi.org/10.2113/0530089
https://doi.org/10.2113/0530089
https://doi.org/10.1130/0091-7613(2000)028%3C0627:REECOZ%3E2.3.CO;2
https://doi.org/10.1130/0091-7613(2000)028%3C0627:REECOZ%3E2.3.CO;2
https://doi.org/10.2113/0530027
https://doi.org/10.1016/j.oregeorev.2021.104433
https://doi.org/10.1007/s00531-020-01977-8
https://doi.org/10.1016/j.oregeorev.2014.05.003
https://doi.org/10.2113/0530327
https://doi.org/10.1016/j.lithos.2014.11.021
https://doi.org/10.1134/S0016852106060033
https://doi.org/10.1134/S0016852106060033
https://doi.org/10.1016/j.chemgeo.2015.11.018
https://doi.org/10.1016/j.chemgeo.2015.11.018

242

Kynicky J., Chakhmouradian A.R., Xu C., Krmicek L. & Galiova M.
2011: Distribution and evolution of zirconium mineralization in
peralkaline granites and associate pegmatites of the Khan Bogd
complex, Southern Mongolia. Canadian Mineralogist 49,
947-965. https://doi.org/10.3749/canmin.49.4.947

Lima L., Guedes A. & Noronha F. 2019: Tungsten mineralization as-
sociated with the Argemela microgranite (Central Portugal).
Journal of Iberian Geology 45, 625-640. https://doi.org/10.1007/
s41513-019-00113-z

Linnen L.R. & Keppler H. 2002: Melt composition control of Zr/Hf
fractionation in magmatic processes. Geochimica et Cosmochi-
mica Acta 66, 3293-3301. https://doi.org/10.1016/S0016-7037
(02)00924-9

London D. 1992: Phosphorus in S-type magmas: The P,O, content of
feldspars from peraluminous granites, pegmatites and rhyolites.
American Mineralogist 77, 126—145.

Lukkari S., Thomas R. & Haapala 1. 2009: Crystallization of the
Kymi topaz granite stock within the Wiborg rapakivi batholith,
Finland: Evidence from melt inclusions. Canadian Mineralogist
47, 1359-1374. https://doi.org/10.3749/canmin.47.6.1359

Marignac C., Cuney M., Cathelineau M., Lecomte A., Carocci E. &
Pinto F. 2020: The Panasqueira rare metal granite suites and their
involvement in the genesis of the world-class PanasqueiraW—
Sn—Cu deposit: A petrographic, mineralogical, and geochemical
study. Minerals 10, 562. https://doi.org/10.3390/min10060562

Melleton J., Gloaguen E. & Frei D. 2015: Rare-element (Li—-Be—Ta—
Sn—Nb) magmatism in the European Variscan belt: A review. In:
Proceedings of the 13" Biennial SGA Meeting, Nancy, France,
24-27. August 2915, 24-27.

Michaud J.A.S. & Pichavant M. 2020: Magmatic fractionation and
the magmatic-hydrothermal transition in rare metal granites: evi-
dence from Argemela (Central Portugal). Geochimica et Cosmo-
chimica Acta 289, 130—157. https://doi.org/10.1016/j.gca.2020.
08.022

Mogilevsky P. 2007: On the miscibility gap in monazite—xenotime
systems. Chemical Geology 34, 201-214. https://doi.org/10.1007/
$00269-006-0139-1

Monnier L., Salvi S., Melleton J., Bailly L., Béziat D., de Parseval P.,
Gouy S. & Lach P. 2019: Multiple generations of wolframite
mineralization in the Echassieres district (Massif Central,
France). Minerals 9, 637. https://doi.org/10.3390/min9100637

Miiller A., Breiter K., Seltmann R. & Pécskay Z. 2005: Quartz and
feldspar zoning in the eastern Erzgebirge volcano-plutonic com-
plex (Germany, Czech Republic): evidence of multiple magma
mixing. Lithos 80, 201-227. https://doi.org/10.1016/j.1ithos.2004.
05.011

Nardi L.V.S., Formoso M.L.L., Jarvis K., Oliveira L., Bastos Neto
A.C. & Fontana E. 2012: REE, Y, Nb, U, and Th contents and
tetrad effect in zircon from a magmatic—hydrothermal F-rich
system of Sn-rare metal-cryolite mineralized granites from the
Pitinga Mine, Amazonia, Brazil. Journal of South American
Earth Sciences 33, 34-42. https://doi.org/10.1016/j.jsames.
2011.07.004

Nardi L.V.S., Formoso M.L.L., Miiller I.F., Fontana E., Jarvis K. &
Lamarao C. 2013: Zircon/rock partition coefficients of REEs, Y,
Th, U, Nb, and Ta in granitic rocks: Uses for provenance and
mineral exploration purposes. Chemical Geology 335, 1-7.
https://doi.org/10.1016/j.chemgeo.2012.10.043

Nasdala L., Kronz A., Wirth R., Vaczi T., Pérez-Soba C., Willner A.
& Kennedy A.K. 2009: The phenomenon of deficient electron
microprobe totals in radiation-damaged and altered zircon. Geo-
chemica et Cosmochemica Acta 73, 1637-1650. https://doi.org/
10.1016/j.gca.2008.12.010

GEOLOGICA CARPATHICA, 2025, 76, 4, 227-243

BREITER

Novak M. & Cempirek J. (Eds.) 2010: Granitic pegmatites and mine-
ralogical museums in Czech Republic. IMA 2010 field trip
guide. Acta Mineralogica-petrographica University Szeged,
Field Guide Series 6, 1-55.

Pérez-Soba C., Villaseca C., Gonzales del Tanago J. & Nasdala L.
2007: The composition of zircon in the peraluminous Hercynian
granites of the Spanish central system batholith. Canadian Mine-
ralogist 45, 509-527. https://doi.org/10.2113/gscanmin.45.3.509

Pettke T., Audétat A., Schaltegger U. & Heinrich C.A. 2000: Magma-
tic-to-hydrothermal crystallization in the W—-Sn mineralized
Mole Granite (NSW, Australia). Part II: Evolving zircon and
thorite trace element chemistry. Chemical Geology 220, 191-213.
https://doi.org/10.1016/j.chemgeo.2005.02.017

Pupin J.-P. 1980: Zircon and granite petrology. Contributions Minera-
logy and Petrology 73, 207-220.

Pupin J.-P. 2000: Granite genesis related to geodynamics from Hf-Y
in zircon. Transaction Royal Society Edinburg Earth Sciences
91, 245-256. https://doi.org/10.1017/S0263593300007410

Raimbault L., Cuney M., Azencott C., Duthou J.L. & Joron J.L. 1995:
Geochemical evidence for a multistage magmatic genesis of Ta—
Sn—Li mineralization in the granite at Beauvoir, French Massif
Central. Economic Geology 90, 548-596.

Romer R.L., Thomas R., Stein H.J. & Rhede D. 2007: Dating multi-
ply overprinted Sn-mineralized granites — examples from the
Erzgebirge, Germany. Mineralium Deposita 42, 337-359.
https://doi.org/10.1007/s00126-006-0114-2

Rubato D. & Hermann J. 2007: Experimental zircon/melt and zircon/
garnet trace element partitioning and implications for the geo-
chronology of crustal rocks. Chemical Geology 241, 38-61.
https://doi.org/10.1016/j.chemgeo0.2007.01.027

Rudnick R.L. & Gao S. 2003: Composition of the continental crust.
Treatise on Geochemistry 3, 1-64. https://doi.org/10.1016/B0-
08-043751-6/03016-4

Sarangua N., Watanabe Y., Echigo T. & Hoshino M. 2019: Chemical
characteristic of zircon from Khaldzan Burgedei peralkaline
complex,Western Mongolia. Minerals 9, 10. https://doi.org/
10.3390/min9010010

Shao T., Xia Y., Ding X., Cai Y & Song M. 2020: Zircon saturation
model in silicate melts: a review and update. Acta Geochimica
39, 387-403. https://doi.org/10.1007/s11631-019-00384-4

Simons B., Shail R.K. & Andersen C.Q. 2016: The petrogenesis of the
Early Permian granites of the Cornubian Batholith: lower plate
post-collisional peraluminous magmatism in the Rhenohercy-
nian Zone of the SW England. Lithos 260, 76-94. https://doi.
org/10.1016/j.1ithos.2016.05.010

Smith D.G.W., de St. Jorre L., Reed S.J.B. & Long J.V.P. 1991:
Zonally metamictized and other zircons from Thor Lake, North-
west Territories. Canadian Mineralogist 29, 301-309.

Streicher L.B., van Westrenen W., Hanchar J.M. & Brouwer F.M.
2023: A REE-based zircon geothermometer based on improved
lattice strain modeling of zircon-melt REE partition coefficients.
Geochimica et Cosmochimica Acta 346, 54—64. https://doi.org/
10.1016/j.g¢a.2023.01.030

Thomas J.B., Bodnar R.J., Shimizu N. & Sinha A.K. 2002: Determi-
nation of zircon/melt trace element partition coefficients from
SIMS analysis of melt inclusions in zircon. Geochimica et Cos-
mochimica Acta 66, 2887-2901. https://doi.org/10.1016/S0016-
7037(02)00881-5

Tichomirowa M., KéBner, A., Sperner B., Lapp M., Leonhardt D.,
Linnemann U., Miinker, C, Ovtcharova M., Pfander J.A. &
Schaltegger U. 2019: Dating multiply overprinted granites:
The effect of protracted magmatism and fluid flow on dating sys-
tems (zircon U-Pb: SHRIMP/SIMS, LA-ICP-MS, CA-ID-TIMS;


https://doi.org/10.3749/canmin.49.4.947
https://doi.org/10.1007/s41513-019-00113-z
https://doi.org/10.1007/s41513-019-00113-z
https://doi.org/10.1016/S0016-7037(02)00924-9
https://doi.org/10.1016/S0016-7037(02)00924-9
https://doi.org/10.3749/canmin.47.6.1359
https://doi.org/10.3390/min10060562
https://doi.org/10.1016/j.gca.2020.08.022
https://doi.org/10.1016/j.gca.2020.08.022
https://doi.org/10.1007/s00269-006-0139-1
https://doi.org/10.1007/s00269-006-0139-1
https://doi.org/10.3390/min9100637
https://doi.org/10.1016/j.lithos.2004.05.011
https://doi.org/10.1016/j.lithos.2004.05.011
https://doi.org/10.1016/j.jsames.2011.07.004
https://doi.org/10.1016/j.jsames.2011.07.004
https://doi.org/10.1016/j.chemgeo.2012.10.043
https://doi.org/10.1016/j.gca.2008.12.010
https://doi.org/10.1016/j.gca.2008.12.010
https://doi.org/10.2113/gscanmin.45.3.509
https://doi.org/10.1016/j.chemgeo.2005.02.017
https://doi.org/10.1017/S0263593300007410
https://doi.org/10.1007/s00126-006-0114-2
https://doi.org/10.1016/j.chemgeo.2007.01.027
https://doi.org/10.1016/B0-08-043751-6/03016-4
https://doi.org/10.1016/B0-08-043751-6/03016-4
https://doi.org/10.3390/min9010010
https://doi.org/10.3390/min9010010
https://doi.org/10.1007/s11631-019-00384-4
https://doi.org/10.1016/j.lithos.2016.05.010
https://doi.org/10.1016/j.lithos.2016.05.010
https://doi.org/10.1016/j.gca.2023.01.030
https://doi.org/10.1016/j.gca.2023.01.030
https://doi.org/10.1016/S0016-7037(02)00881-5
https://doi.org/10.1016/S0016-7037(02)00881-5

CHEMICAL COMPOSITIONS OF ZIRCON FROM RARE-METAL GRANITES

and Rb-Sr, Ar—Ar) — Granites from the Western Erzgebirge
(Bohemian Massif, Germany). Chemical Geology 519, 11-38.
https://doi.org/10.1016/j.chemgeo0.2019.04.024

Tichomirowa M., Kéafiner A., Repstock A., Weber S., Gerdes A. &
Whitehouse M. 2022: New CA-ID-TIMS zircon ages for the
Altenberg—Teplice volcanic complex (ATVC) document discrete
and coeval pulses of Variscan magmatic activity in the Eastern
Erzgebirge (Eastern Variscan Belt). International Journal of
Earth Sciences 11, 1885-1908. https://doi.org/10.1007/s00531-
022-02204-2

Uher P. & Cerny P. 1998: Zircon in Hercynian granitic pegmatites of
the Western Carpathians, Slovakia. Geologica Carpathica 49,
261-270.

Vaasjoki M. 1977: Rapakivi granites and other postorogenic rocks in
Finland: their age and lead isotopic composition of certain asso-
ciated galena mineralizations. Bulletin of the Geological Survey
Finland 294, 1-64.

Van Lichtervelde M., Melcher F. & Wirth R. 2009: Magmatic vs.
hydrothermal origins for zircon associated with tantalum minera-
lization in the Tanco pegmatite, Manitoba, Canada. American
Mineralogist 94, 439—450. https://doi.org/10.2138/am.2009.2952

Viala M. & Hattori K. 2021: Hualgayoc mining district, northern
Peru: testing the use of zircon composition in exploration for
porphyry-type deposits. Journal of Geochemical Exploration
223, 106725. https://doi.org/10.1016/j.gexplo.2021.106725

Electronic supplementary material is available online:

243

Wang R.C., Fontan F. & Monchoux P. 1992: Minéraux disséminés
comme indicateurs du caractere pegmatitique du granite de
Beauvoir, Massif d’Echassieres, Allier, France. Canadian Mine-
ralogist 30, 763-770.

Wang R.C., Zhao G.T., Lu J.J., Chen X.M., Xu S.J. & Wang D.Z.
2000: Chemistry of Hf-rich zircons from the Laoshan I- and
A-type granites, Eastern China. Mineralogical Magazine 64,
867-877. https://doi.org/10.1180/002646100549850

Watson E.B., Wark D.A. & Thomas J.B. 2006: Crystallization ther-
mometers for zircon and rutile. Contributions to Mineralogy and
Petrology 151, 413-433. https://doi.org/10.1007/s00410-006-
0068-5

Xie L., Wang R., Chen X., Qui J. & Wang D. 2005: Th-rich zircon
from peralkaline A-type granite: Mineralogical features and
petrological implications. China Science Bulletin 50, 809—817.
https://doi.org/10.1007/BF03183683

Yin R., Wang R.C., Zhang A.C., Hu H., Zhu J.C., Rao C. & Zhang H.
2013: Extreme fractionation from zircon to hafnon in the Kokto-
kay No. 1 granitic pegmatite, Altai, northwestern China. Ameri-
can Mineralogist 98, 1714-1724. https://doi.org/10.2138/am.2013.
4494

Zaraisky G.P., Aksyuk A.M., Devyatova V.N., Udoratina O.V. &
Chevychelov V.Y. 2008: Zr/Hf ratio as an indicator of fractio-
nation of rare-metal granites by the example of the Kukulbei
Complex, Eastern Transbaikalia. Petrology 16, 710-736. https://
doi.org/10.1134/S0869591108070047

Supplement S1 at https://geologicacarpathica.com/data/files/supplements/GC-76-4-Breiter SupplS1.docx
Supplement S2 at https://geologicacarpathica.com/data/files/supplements/GC-76-4-Breiter SupplS2.docx
Supplementary Table S3 at https://geologicacarpathica.com/data/files/supplements/GC-76-4-Breiter SupplS3.docx
Supplementary Table S4 at https://geologicacarpathica.com/data/files/supplements/GC-76-4-Breiter SupplS4.docx

GEOLOGICA CARPATHICA, 2025, 76, 4, 227-243


https://doi.org/10.1016/j.chemgeo.2019.04.024
https://doi.org/10.1007/s00531-022-02204-2
https://doi.org/10.1007/s00531-022-02204-2
https://doi.org/10.2138/am.2009.2952
https://doi.org/10.1016/j.gexplo.2021.106725
https://doi.org/10.1180/002646100549850
https://doi.org/10.1007/s00410-006-0068-5
https://doi.org/10.1007/s00410-006-0068-5
https://doi.org/10.1007/BF03183683
https://doi.org/10.2138/am.2013.4494
https://doi.org/10.2138/am.2013.4494
https://doi.org/10.1134/S0869591108070047
https://doi.org/10.1134/S0869591108070047
https://geologicacarpathica.com/data/files/supplements/GC-76-4-Breiter_SupplS1.docx
https://geologicacarpathica.com/data/files/supplements/GC-76-4-Breiter_SupplS2.docx
https://geologicacarpathica.com/data/files/supplements/GC-76-4-Breiter_SupplS3.docx
https://geologicacarpathica.com/data/files/supplements/GC-76-4-Breiter_SupplS4.docx

	Review article
	Chemical compositions of zircon from rare-metal granites of different geochemical affiliations – a review
	Introduction
	Basic chemical characteristic of zircon from granitoids of different geochemical affiliation
	Evolution of zircon chemistry during 
fractionation of typical plutons
	Extremely high contents of some minor elements  
	Discussion
	Zr/Hf and Y/Yb values as a discriminator of zircons of 
different provenance?

	Conclusions
	References


