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Abstract: The petrography and mineral chemistry of the coarse-grained, weakly porphyritic (muscovite-) biotite Ricany
granite (Variscan Central Bohemian Plutonic Complex, Bohemian Massif) were studied in order to assess the distribu-
tion of major and trace elements among its minerals, with consequences for granite petrogenesis and availability of
geochemical species during supergene processes. It is demonstrated that chemistry-based approaches are the best suited
for modal analyses of granites, especially methods taking into account compositions of whole-rock samples as well as
their mineral constituents, such as constrained least-squares algorithm. They smooth out any local variations (mineral
zoning, presence of phenocrysts, schlieren...) and are robust in respect to the presence of phenocrysts or fabrics. The
study confirms the notion that the accessory phases play a key role in incorporation of many elements during crystalli-
zation of granitic magmas. Especially the REE seem of little value in petrogenetic modelling, unless the role of acces-
sories is properly assessed and saturation models for apatite, zircon, monazite+rutile carefully considered. At the same
time, the presence of several P-, Zr- and LREE-bearing phases may have some important consequences for saturation
thermometry of apatite, zircon and monazite.
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Introduction

The distribution of chemical elements among minerals in a
single granite specimen represents a fundamental and in-
triguing problem, which, however, has attracted surprisingly
little attention in the current literature (e.g. Gromet & Silver
1983; Sawka 1988; Evans & Hanson 1993; Wark & Miller
1993; Bea 1996). Still, a good understanding of the net con-
tributions of individual phases to the whole-rock chemical
budget is a necessary prerequisite should any relevant petro-
genetic modelling be undertaken. Moreover, particular host
minerals show variable resistance to alteration and/or weath-
ering, thus controlling the degree to which the given element
could be mobilized into the environment.

For such studies, reliable and precise concentration data in
small sample volumes are crucial. The data must be sufficient to
minimize the effects of inhomogeneities in the analysed mate-
rial (for individual minerals it could be the presence of zoning,
inclusions, alteration zones...). The required precision is often
far beyond the limits of the electron microprobe microanalysis
(EMPA); the prohibitive cost effectively rules out the ion
probe as well. Fortunately the ICP-MS technique enables a
reliable determination of sub-ppm amounts of elements both in
the solution (dissolved whole-rock powders or monomineralic
separates) and in situ, using the laser-ablation (LA) apparatus.

www.geologicacarpathica.com

In addition, an accurate estimate of the mineral modal pro-
portions has to be made. Theoretically this should pose no
problem, given that the modal analyses have provided a ba-
sis for classification of holocrystalline igneous rocks for over
eighty years (Niggli 1931; Johannsen 1932, 1937, 1938, 1939;
Streckeisen 1974; Le Maitre 2002).

The classical technique relies on counting of individual
mineral grains over a regular grid, either in a standard thin sec-
tion or a polished rock slab. More sophisticated alternatives
include computer-aided image analysis, powder X-ray diffrac-
tion (P-XRD) and chemistry-based mathematical approaches
(normative recalculations or statistical methods employing
the chemistry of the bulk rock and its mineral constituents).

The current paper initially focuses on methodological is-
sues connected with obtaining a modal analysis representa-
tive of a large, coarse-grained granite sample. The various
methods are compared and the most trustworthy approach/
modal data chosen (Appendix 1*). Then, using a combina-
tion of EMPA with (LA) ICP-MS data, an attempt is made to
identify the principal mineral hosts for individual elements,
evaluating the relative contributions of each of them to the
whole-rock budget. Finally we discuss the general implica-
tions for obtaining modal analyses of coarse-grained rocks,
modelling of igneous processes, obtaining reliable whole-
rock trace-element analyses and saturation thermometry.

* — Appendices 1-5 (only as a Supplement in the electronical
version; www.geologicacarpathica.com)
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Our case study concentrates on the Lower Carboniferous
(Mississippian) Ricany (muscovite-) biotite granite pluton
from the Central Bohemian Plutonic Complex (CBPC), Czech
Republic (Fig. 1a). This small body is relatively well known,
as it has been, over the years, a subject of numerous studies
concerned with its geology, composition and genesis (e.g.
Katzer 1888; Orlov 1933; Némec 1978; Palivcova et al. 1992;
Janousek et al. 1997; Trubac et al. 2009). Moreover, even
more extensive research was done on element mobility during
the weathering, mass fluxes, cycling and balance of elements
within the model forest ecosystem (Minafik & Houdkova
1986; Minaiik & Kvidova 1986; Minafik et al. 1998, 2003;
Navratil et al. 2002, 2004, 2007). For both types of studies,
detailed assessment of the elemental distribution among indi-
vidual mineral phases has clearly been long overdue.
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Geological setting

The CBPC is one of the largest composite granitoid com-
plexes in the Central European Variscides (Fig. 1a). The in-
dividual petrographic types can be grouped into several
suites, based on petrography, age, whole-rock and mineral
geochemistry (Holub et al. 1997; Janousek et al. 2000b; Zak
et al. (2014) and references therein) (Fig. 1b). The oldest
among them is the normal calc-alkaline Sdzava suite
(~355 Ma) forming much of the north-eastern CBPC. The
most common in the central-southern CBPC are ~346 Ma
old, K-rich calc-alkaline granodiorites to granites of the Blatnd
suite with minor basic bodies. The (ultra-) potassic Certovo
bremeno suite (~337 Ma) is formed by K-Mg-rich mela-
granites and melasyenites, the most basic types correspond-
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Fig. 1. a — Location of the
Variscan Central Bohemian
Plutonic Complex (CBPC)
within the Bohemian Massif.
b — Sketch of the CBPC with
the main granitoid suites after
Janousek et al. (2000b) (normal
calc-alkaline Sédzava, high-K
calc-alkaline Blatna, peralumi-
nous MarSovice and (ultra-)
potassic Certovo bfemeno).
¢ — Geological outline of the
Ri¢any Pluton and the sur-

Metamorphic Islet zone
and Jilové zone
(roof pendants of the CBPC)

Basic rocks

) (mainly gabbro and diorite) '>Z‘ Sample locality

rounding units (after Janousek
et al. 1997). The position of
the sampled locality, the work-
ing Zernovka quarry, is also
indicated.
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ing to the so-called durbachites. Strongly peraluminous Mu-Bt
granodiorites (often Crd-bearing) of the Marsovice suite are
regionally rather insignificant.

The Ric¢any Pluton (Fig. 1c), the main representative of the
namesake suite, is a late (post-tectonic), shallow-level gra-
nitic body that has intruded the boundary between low-grade
Upper Proterozoic to Lower Paleozoic metasediments of the
Tepla-Barrandian Unit and dominantly high-grade metased-
iments of the Moldanubian Unit. Its eastern margin is ob-
scured by Permo-Carboniferous sediments. The only modern
geochronological information available is the *°Ar-3°Ar bio-
tite age of 336+ 3.5 Ma (unpublished data of H. Maluski, cited
in Janousek et al. 1997).

The intrusion has a roughly elliptical outline (13x9 km)
and is mainly made up of two distinct granite varieties. The
outer, ‘strongly porphyritic’ one contains more abundant
K-feldspar phenocrysts, whereas in the central, ‘weakly por-
phyritic’ facies, the phenocrysts are scarce (Katzer 1888)
(Fig. 1c). The granite encloses numerous large biotite-rich
mafic enclaves and less common metasedimentary xenoliths.
The Pluton is cut by many pegmatite and aplite dykes. The
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central part has been intruded by several small bodies of
fine-grained, equigranular, two-mica Jevany leucogranite
and the southern exocontact is rimmed by the so-called Mar-
ginal aplite (Némec 1978).

Petrology and mineral chemistry

The studied rock comes from the central, ‘weakly porphy-
ritic’ facies. It is relatively fresh, with the plagioclase show-
ing limited argillitization along the cleavage planes (Fig. 2a).
The scarce small K-feldspar phenocrysts are however slightly
kaolinized and the biotite suffered incipient chloritization.
The average grain size of the groundmass is 1-5 mm and
rare phenocrysts may attain up to 3-5 cm. A completely un-
weathered sample of the granite was not available due to
nowadays only limited quarry activity and widespread sur-
face kaolinization of the pluton (Pivec 1969).

The K-feldspar phenocrysts are strongly perthitic and
many show pronounced cross-hatched twinning; Carlsbad
twins are also common. They contain numerous inclusions

50 um BSE 15 kV

Fig. 2. Photomicrographs of the studied weakly porphyritic (muscovite-) biotite Ri¢any granite Zer-1. a — Photomicrograph of the typical
magmatic texture at a rim of a small K-feldspar phenocryst with characteristic cross-hatched twinning. Crystals of the main rock-forming
minerals exhibit no effects of solid-state deformation and are only slightly altered (plagioclase cores). Crossed polars. b — Back-scattered
electron (BSE) image of micro-inclusions of magnetite in, and around, larger biotite flake. ¢ — Typical BSE image of biotite, rich in apatite
inclusions of variable shape and size. d — BSE image of the zircon-like ABO,-type phase enclosed in plagioclase.

GEOLOGICA CARPATHICA, 2014, 65, 4,257-271



260 JANOUSEK, NAVRATIL, TRUBAC, STRNAD, LAUFEK

of biotite, quartz and oligoclase (an ‘hourglass’ texture of
Pivec 1970).

Plagioclase occurs as subhedral prismatic crystals with
common albite law twin lamellae, on average 1.2-2.0 mm
across. Apart from those enclosed within the K-feldspar,
they are of uniform oligoclase composition (An;;_;9; Appen-
dix 2) and are usually chemically unzoned.

Biotite forms subhedral flakes on average 0.5-0.75 mm (up
to 1.2 mm) across, with a strong pleochroism: X — straw yel-
low, Y=7Z — dark rusty-brown. Pleochroic haloes around
submicroscopic inclusions are very distinct and common.
Biotite is often associated with grains of magnetite (Fig. 2b).

Anhedral quartz grains with weak undulose extinction are
up to 2 mm across.

The biotite may also be overgrown by scarce primary mus-
covite (up to 0.2 mm across). Also the plagioclase encloses
some small (0.1-0.2 mm) flakes of muscovite, at least some
of which appear to be of primary magmatic origin.

According to our microscopic and EPMA study and previ-
ous work of Kodymova & Vejnar (1974), the granite con-
tains significant proportions of rutile (0.1 mm). Small
apatite (0.1-0.2 mm) prisms or needles are often enclosed by
biotite (Fig. 2¢). Euhedral crystals of titanite (0.1 mm), brown
to reddish in colour, and euhedral dipyramidal crystals of
zircon (0.2 mm), pink to pale brown are less common acces-
sories. Monazite (0.2 mm) usually occurs in forms aggregates
of spherical grains. Magnetite (0.1 mm) occurs mostly in an-
hedral fragments, only rarely forming octahedra, up to 0.5 mm
across. Ilmenite (0.1 mm) forms black opaque grains of non-
metallic lustre, sometimes lamellated. Subangular hedral zir-
con-like ABO,-type phase (up to 0.1 mm across) represents a
newly encountered, rather rare accessory mineral. It occurs in
plagioclase, very often together with monazite (Fig. 2d).

Modal proportions
Petrographic approaches

In the present case, both the conventional point counting
and image analysis of the stained slab (Fig. 3a-b; see Appen-
dix 1 for full analytical details on all methods used) were
taken to approximate well the mineral proportions in the
studied sample’s matrix, as no sizeable K-feldspar pheno-
crysts are present in the hand specimen. The results do not
differ greatly (Table 1). The image analysis (Fig. 3c-e) indi-
cates somewhat higher amounts of biotite (9.0 vs. 7.3 vol. %:
image analysis vs. conventional point counting, plagioclase
(31.2 vs. 27.1 vol. %) and quartz (38.1 vs. 32.8 vol. %), at the
expense of the K-feldspar (21.8 vs. 25.0 vol. %). Unfortu-
nately the contents of kaolinite could not be determined by
the image analysis. This mineral largely resisted staining and
was thus counted, at least in part, as plagioclase.

Chemical methods
For sample Zer-1, the following mesonormative composi-

tion (‘Improved Granite Mesonorm’ of Mielke & Winkler
1979) is obtained (wt. %): Or 29.1, Pl (Ab+An) 36.8,
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Table 1: Estimates of modal percentages (vol. % and wt. %, original data in bold) of the individual minerals in the Ricany granite Zer-1.
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1= Data on mineral densities used in recalculation of wt. % to vol. % (or vice versa) are from Robie et al. (1967), whole-rock density of the Ricany granite from Hejtman (1948). Original data

are in bold.
2~ For explanation of the individual methods (point-counting, image analysis, least-squares calculation and XRD), see text. For more detailed outcome of the constrained least-squares method,

see Table 3.
3- ‘Improved Granite Mesonorm’ of Mielke & Winkler (1979).
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Qtz 25.2, Bt 5.8, Ap 0.34, Mgt 0.9, Ilm 0.34, Cal 0.14 and
Crn 0.54 (Table 1). The negligible proportion of normative
corundum is in line with the subaluminous nature of the
sample (A/CNK ~1.0 — Table 2). Normative calcite and co-
rundum were further not considered as they do not corre-
spond to mineral phases present in the rock.

The approximate proportions of the main rock-forming
minerals (wt. %) were also obtained by the constrained least-
squares (LSQ) method (Albaréde 1995) implemented in the
GCDkit. The whole-rock chemical composition and typical
EMP analyses of the main rock-forming minerals served as
an input (Table 3). Phosphorus, not present in appreciable
amounts in any of the main phases but representing an essen-
tial structural component in two common accessories, apatite
and monazite, was disregarded. The low sum of squared re-
siduals (R?=0.071) indicates an excellent fit. The propor-
tions of K-feldspar (29.4 wt. %) and plagioclase (36.6 wt. %)
are closely comparable to the mesonorm; but the quartz per-

S0, 70.34 Table 2: Whole-rock major- and
TiO, 0.36 minor-element analysis of the stud-
Al,O4 14.64 ied sample (wt. %).
Fe,03 0.62
FeO 0.94
Mgo 1.14
MnO 0.024
CaO 1.36
Sro 0.046
BaO 0.126
Li,O 0.015
Na;O 371
K20 5.55
P.Os 0.145
F 0.153
CO: 0.06
C 0.016
Stot <0.005
H,O* 0.51
H.O" <0.05 AJCNK =
I:‘ig. 3. Photograph of the polished hand specimen of the sample F(ekv) —0.064 =molar Al,0;/(CaO+Na,0+K,0)
Zer-1, of natural appearance (a) and stained (b). The remaining im- S(ekv) -0.001 uncorrected for apatite.
ages are separated colour components corresponding to the plagio- Total 99.69 K,0/Na,O0 ratio is given by weight.
clase (c) K-feldspar (d) and quartz with biotite (e). Box in figure (b) A/CNK 1.00 For whole-rock trace-element com-
indicates the area used for image analysis (c-e). K>0/Na,0 1.50 position, see Appendix 4.
Table 3: Constrained least-squares approximation to the modal composition (wt. %).
Whole rock?
Plagioclase' PI14 | K-feldspar Kfsl |BiotiteBt14| Quartz Real Estimated Residual Squared residual
SO, 64.05 64.16 37.50 99.86 70.34 70.44 -0.10 0.010
TiO, 0.00 0.00 3.33 0.00 0.36 0.31 0.05 0.002
Al,O3 21.76 18.47 14.80 0.02 14.64 14.78 -0.14 0.019
FeOt 0.04 0.03 17.26 0.00 1.50 1.64 -0.14 0.018
MnO 0.05 0.03 0.24 0.00 0.02 0.05 -0.02 0.001
MgO 0.00 0.00 13.35 0.00 114 125 -0.11 0.011
CaO 3.87 0.01 0.04 0.00 1.36 142 -0.06 0.004
Na,O 9.42 0.96 0.14 0.00 371 3.75 -0.04 0.001
K20 0.40 15.61 9.47 0.00 5.55 5.61 —-0.06 0.004
wt. % 36.6 % 294 % 9.3% 24.7% R sgr 0.071°

! _ Shown are real electron microprobe analyses of the main rock-forming minerals (see Appendix 2).
2 _ The observed whole-rock concentrations (Table 2) and the best estimate by the constrained least-squares method, with the correspond-

ing differences (residuals).
3 _ The sum of squared residuals indicating a goodness of fit.

GEOLOGICA CARPATHICA,2014, 65, 4,257-271
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centage (24.7 wt. %) is somewhat lower (Table 1). The
amount of biotite, however, is nearly double (9.3 wt. %) but
much closer to estimates by point counting and image analy-
sis (if recast to wt.%).

Powder X-ray diffraction (P-XRD)

The results of Rietveld quantitative phase analysis (Ap-
pendix 1) are summarized in Table 1 and Fig. 4. Compared
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with other methods, the plagioclase content is significantly
underestimated (25.1 wt. %). The reason may be the com-
plex preferred orientation of plagioclase, which shows two
cleavage plane systems, namely [001] and [010], while only
one correction for preferred orientation (for [001] direction)
was applied in the Rietveld fit. The amount of K-feldspar
(30.4 wt. %) is in agreement with the results of constrained
LSQ (29.4 wt. %) and mesonorm (29.1 wt. %); while the
quartz content is slightly higher (33.8 wt. %). The estimate
of biotite (9.5 wt. %) is in line with other methods, except
for the mesonorm. Clearly, the correction for preferred orien-
tation in the [001] works sufficiently in this case. The con-
tent of kaolinite (1.2 wt. %) is significantly lower than that
obtained by point counting (7.4 wt. %).

Mineral chemistry

The compositions of individual minerals were analysed
by a combination of three methods (Appendix 1), EMPA
(see averages and typical analyses in Appendix 2), in situ
LA ICP-MS and ICP-MS analyses of dissolved monominer-
alic separates (Appendix 3, summarized in Appendix 4). La-
ser-ablation analyses were preferred for mineral separates in
which the presence of minor admixture of phases/inclusions
with contrasting chemistry was of particular concern (quartz,
plagioclase and biotite). On the other hand, wet analysis was
chosen for K-feldspar, minimizing the problem of the small-
scale heterogeneity (abundance of perthite lamellae). Fig. 5
shows selected trace-element patterns normalized by the
whole-rock (WR) contents and Fig. 6 illustrates the chon-
drite-normalized REE patterns.
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Fig. 5. Whole rock-normalized trace-element patterns for individual rock-forming (a) and accessory (b) minerals. Mineral abbreviations

after Kretz (1983). Grey field denotes the total variation in the dataset.
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Feldspars and kaolinite

K-feldspar is characterized by roughly double enrichment
of Ba, Rb and Pb over the whole-rock abundances; also Sr is
slightly elevated (Fig. 5a). The plagioclase contains rather
high Sr and Be (see Navratil et al. 2002; Navratil 2003). On
the other hand, concentrations of transition metals and high
field strength elements (HFSE) in both feldspars are very
low. The kaolinite is stripped of much of the original K-feld-
spars’ large-ion lithophile (LILE) budget, and contains only
Cd, Pb and Ta in amounts exceeding those in the whole rock.

The plagioclase contains more than twice as much REE as
the K-feldspar (81.3 vs. 26.6 ppm). Still the patterns are of
similar shape, featuring a high degree of LREE over HREE
enrichment and sizeable positive Eu anomalies (Fig. 6a). The
feldspars share normalized Eu contents nearly identical to the
whole rock but the concentrations of the remaining REE are
significantly lower. The limited REE mobility in course of
weathering of feldspars resulted in significantly higher appar-
ent concentrations in the residual kaolinite (XREE ~191 ppm).
Only Eu contents approach those of the host rock and thus the
Eu anomaly turns to a strongly negative one.

Biotite and muscovite

The biotite is classified as phlogopite with 13.7-17.2 wt. %
total AlL,O5 (AI"Y 1.10-1.18 and A1V! 0.16-0.27 apfu) and is
relatively Mg-rich (Mg/(FeT+Mg=0.57-0.59). The content
of Al,O5 for muscovite is 31.3 wt. % total (Al'V 1.44 and
AIY! 3.44 apfu). Both micas are slightly enriched in Rb, Mn
(see Navratil et al. 2007), Ni, Co, Zn, Nb and Ta. Elevated

contents of Cd, Th, U, Zr and Hf are also characteristic of
muscovite. The main differences lie in the total REE con-
tents (7.3 ppm for biotite vs. 3396 ppm for muscovite). The
muscovite REE pattern is steep, with a much higher degree
of LREE/HREE enrichment compared to biotite (Fig. 6a).
The Eu anomaly is negative in both cases.

Accessory minerals

Apatite: As shown by EMPA, the main minor constituents
in apatite are Mn, Fe and Cl. It is further characterized by an
enrichment of Mn, Cd and U (Fig. 5b). The Pb contents are
close to those in the whole rock. Apatite is rich in REE, and
the MREE in particular (XREE=3962 ppm; Fig. 6b). A neg-
ative Eu anomaly is characteristic.

Zircon: This mineral is rather Hf poor (0.01-0.02 apfu) but
contains high concentrations of other HFSE, such as Nb and
Ta. Zircon is a major Cd, Zn, Ni and Co bearing-phase. High
concentrations of U with Th are typical, as well as high
YREE (2615 ppm) and parabolic, convex-up chondrite-nor-
malized pattern with elevated HREE contents (Fig. 6b).
While the Eu anomaly is negative, the Ce anomaly, typical
of most igneous zircons (Hoskin & Schaltegger 2003), is ab-
sent. This, together with a rather low degree of HREE en-
richment, might reflect the presence of inclusions (see fig. 1
in Hoskin & Schaltegger op. cit.) or an admixture of the zir-
con-like (Zrn-1) phase.

Monazite: Monazite shows large concentrations of P, Zr
and Hf. Enrichment in radioactive elements is characteristic,
with Th prevailing over U. Pb contents are also high. This
mineral is enriched in REE, and especially LREE, with Ce
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being the most abundant (XREE=91,205 ppm; Fig. 6b). A
deep negative Eu anomaly is characteristic.

Rutile: Rutile (TiO,>98 wt. %) is a major transition metal-
bearing phase (Ni, Co and Cd); it displays elevated U and Th
contents. High HFSE concentrations (Zr, Hf, Nb and Ta) are
also typical. It is a REE-rich mineral (XREE=7358 ppm)
with a fair degree of LREE/HREE fractionation and a deep
negative Eu anomaly.

Ilmenite and magnetite: Both minerals are characterized
by high contents of metals (Mn and Cd, less enriched Pb, Zn,
Co and Ni) as well as HFSE. The U and Th contents are also
somewhat elevated (Fig. 5b). The minerals are enriched in
REE (ZREE for ilmenite is 2735 ppm, for magnetite
3818 ppm), and the LREE in particular (Fig. 6b). The Eu
anomaly is deeply negative in both cases.

Titanite: Titanite shows low Al (0.09-0.11 apfu) and Fe
(0.03-0.03 apfu) contents. It is enriched in HFSE (Zr, Hf, Th
and U, less so Nb and Ta). Elevated Cd contents are also
typical. On the other hand, the LILE (Ba, Rb and Sr) are de-
pleted compared to the whole rock (Fig. 5b). The XREE is
high (21,314 ppm) and the REE pattern relatively steep
(Fig. 6b) with a pronounced negative Eu anomaly.

Zircon-like ABOtype phase: The results of the EMPA of
the zircon-like ABO,-type phase are summarized in Appen-
dix 5. Because of the relatively high Th contents, crystals are
metamict and altered, and yield low analytical totals. The
analysed phase appears to be a member of the zircon-thorite
solid solution series (0.27-0.33 apfu Th, 0.49-0.55 apfu Zr),
with substitution of Si by P (0.22-0.24 apfu) in the tetrahedral
position B. The phase is highly enriched in Fe (0.03-0.23 apfu)
and Ca (0.20-0.22 apfu. The Fe and Ca atoms, which proba-
bly enter the crystal structure during self-amorphization and
interactions with circulating fluids, could be positioned in
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channels running parallel to the ¢ axis of the crystal structure
(Geisler et al. 2002, 2003). Silica removal accompanied by a
hydration by post-magmatic, low-T fluids is also very probable.

Discussion
Modal analysis
Main rock-forming minerals

The choice of the most appropriate method for estimating
modal abundances of the main rock-forming minerals was
governed by comparison of the observed and calculated
model whole-rock contents of the major- and minor-element
oxides, as well as the most common among the LILE (Ba,
Rb and Sr, which are hosted in granites mostly by feldspars
and micas — Hanson 1978). Examining Fig. 7, it is clearly
seen that the constrained LSQ method provides the most accu-
rate estimate. As this approach does not give good assess-
ments of contents of minor phases, no muscovite was included
in the calculation and 0.2 wt. % of this mineral was added on
the basis of the point counting. The ‘best’ modal proportions
of the main rock-forming minerals are thus estimated to be:
0.365 P1, 0.293 Kfs, 0.247 Qtz, 0.093 Bt and 0.002 Ms.

As for the rock classification in the QAP triangle (Fig. 8)
(here essentially the vol. % of Kfs, Pl and Qtz recast to 1),
the modal estimates by all methods yield comparable results
and the studied rock classifies consistently as monzogranite.
Still, the image analysis and, to some extent, point counting
tend to overestimate somewhat the Q proportion, whereas
the P-XRD approach results in a slightly lower 100*P/(A + P)
ratio of 47 % (other methods giving 55-59 %).
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Fig. 7. Bar plots of calculated whole-rock contents of major- and minor-element oxides (a) and selected LILE (Rb, Sr and Ba) (b) calculated
from representative mineral analyses (Appendices 2 and 4) and modal abundances estimated on the basis of the P-XRD, granite mesonorm,
constrained least-squares (LSQ), image analysis of the stained thin slab and point counting of a standard thin section (Table 1). The best
agreement with the whole-rock contents (vertical orange lines) is achieved by the LSQ method.
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Accessory phases

After subtracting the elements hosted by the main rock-
forming minerals (not only hosted incorporated in the lattice,

Q
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Fig. 8. QAP (quartz, K-feldspar, plagioclase) triangle of Streckeisen
(1974) comparing previous modal analyses of the Ricany granite
(Steinocher 1950, 1953; Palivcova 1965) with those obtained for
sample Zer-1 in course of the present study by various methods.
If necessary, the results were recast to vol. %.

Table 4: Maximum contents of selected accessory minerals (wt. %).
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but also contained in small inclusions, fluid inclusions or
sorbed at grain boundaries, interfacial films etc.), the rest of
the whole-rock chemical inventory has to be accounted for by
the accessories. A crude estimate of a maximum modal abun-
dance can be made using trace-element characteristics of the
individual minerals. Assuming that such a phase accommodates
the entire whole-rock inventory of the given element, these are
as follows (Table 4, elements in brackets being the most restric-
tive ones): apatite <0.314 wt. % (P), monazite <0.046 wt. %
(La), zircon <0.032 wt. % (Zr), rutile <0.081 wt. % (Nb),
magnetite <1.121 wt. % (La) and titanite <0.255 wt. % (Y).

For some minerals, these constraints should approach the
real modal abundances; the others contain no unique essen-
tial structural component, and instead share their trace-ele-
ment load with other mineral phase(s). For instance, the
maximal apatite content is likely to be overestimated, as part
of P resides in monazite. Likewise, the LREE hosted in min-
erals other than monazite can hardly be neglected.

Regarding the opaque phases, ilmenite and magnetite are
the possible carriers of the ferromagnetic properties in the
granite. It is worth stressing that the mean magnetic suscepti-
bility of the Ricany granite is low (13.13-105.3x 107 [SI]:
Trubac¢ et al. 2009) and thus the rock must contain only a
very limited amount of ferromagnetic component. Moreover,
in the constrained LSQ calculation, the whole-rock Fe bud-
get is exhausted by biotite and residual TiO, is as low as
0.05 wt. % (Table 3). According to petrographic investiga-
tion (Kodymova & Vejnar 1974), rutile seems to be the most
important Ti-bearing accessory. Ilmenite, magnetite and ti-
tanite were therefore not taken into further consideration, in
accordance with the microscopic and electron-microprobe
studies showing all three phases to be rather rare. The modal
abundance of the zircon-like ABO, phase remains unknown
as the complete trace-element data are not available.

In order to assess the abundances of the remaining acces-
sory minerals (Ap, Mnz, Zrn and Rt), the unconstrained LSQ
method was applied to the outstanding trace-element inven-

Zr Nb La Nd Eu Yb Y P wt. % Estimates are based on an assumption that the given
Ap 2.875 | 1.166 | 1431 | 0.661 | 0.473 | 0.314 | 0.314 mineral contains the full whole-rock inventory of the
Mnz | 1442 | 10.761 | 0.046 | 0.098 | 0.641 | 0.838 | 0.661 | 0.524 | 0.046 individual elements, after subtracting those hosted by
zZrn 0.032 | 0.116 | 2.459 | 2.882 | 3.780 | 0.550 | 1.240 0.032 the main phases (0.365 P1, 0.293 Kfs, 0.247 Qz, 0.093 Bt
Rt 0327 | 0.081 | 0.655 | 0.634 | 3.543 | 0.691 | 1.391 0.081 and 0.02 Ms). Minima for each mineral are shown in
Mgt | 14.835 | 10.647 | 1.121 | 2.544 | 13.639 | 8811 | 7.978 1121 bold; these represent maximum possible contents of
Ttn 1443 | 9.563 | 0.343 | 0.260 | 0.498 | 0.340 | 0.255 0.255 each phase (last column).

Table 5: Modal percentages of the most abundant accessories (wt.

%) estimated by the unconstrained least-squares method.

(ppm) Apt Mnz Zrn Rt Real®> | Calc*

Zr 12| 10086.7 | 453122.0 | 44550.4 | 1455 | 1455

Nb 0.1 35.3 3288.9 4675.2 38 4.6 ! _ Real mineral analyses are summarized in the
La 4245 | 26574.3 496.4 1861.8 12.2 135 Appendix 2.

Nd 1105.0 | 131483 446.9 | 20317 | 129 10.2 2 _ The whole-rock composition not accounted for
Eu 18.3 40.8 6.9 74 03 01 by the main rock-forming minerals. See text for
Yb 72.2 57.0 86.9 691| 05| 03 discussion.

Y 1173.8 8393 4473 398.7 5.5 4.2 3 — Estimated modal percentages obtained by the
P 186228.0 | 111734.2 0.0 175 | 5854 | 585.4 least-squares approach.

Ersct)' n(;?ttiﬁg]((\)/stalo/) 2| 0290% | 0.040% | 0.023% | 0.082% 4 _ Composition of a mixture (ppm) calculated using
prop: -7 these mineral proportions.
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Fig. 9. Balloon plot (Jain & Warnes 2006) expressing the balance of indi-
vidual elements in the studied granite sample. The relative contributions
of individual minerals are expressed by the colour and size of circles
plotted. Each number was obtained by multiplication of the particular ele-
ment/oxide concentration within the given mineral and the best estimate
of its modal abundance. The goodness of fit could be assessed comparing
row totals with the real whole-rock analyses.
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tory. Trace elements which often represent their essen-
tial structural components (Zr, Nb, La, Nd, Eu, Yb, Y
and P) were selected. In the solution (Table 5), Ap
dominates (0.29 wt. %) over Rt (0.082 %), Mnz
(0.04 %) and Zrn (0.023 %). The results are feasible as
all obey the upper limits (Table 4) and the residuals for
all modelled elements are satisfactory.

Whole-rock geochemical budget
Total balance

The overall balance of individual elements in the
studied sample is illustrated by means of the balloon
plot (Jain & Warnes 2006). This diagram conveys im-
portant aspects of tabular data without obscuring the
exact numerical values (Fig. 9, see caption for explana-
tion of the principle). For the trace elements, the final
balance is also presented as an upper continental crust
(Taylor & McLennan 1995) normalized spiderplot
(Fig. 10). Here, both the real concentrations and com-
puted abundances match rather well. Only middle-
heavy REE and, most notably, Th and U are strongly
underestimated, suggesting the presence of an addi-
tional, U,Th, HREE-rich phase not accounted for in
our model. The obvious candidate is the zircon-like
ABO, mineral (Appendix 5; Fig. 6b), the role of which
could not be quantified as we do not have information
on its modal percentage and most of the trace-element
signature. Its mean concentrations of Th, U and Yb
nevertheless correspond to ~27,000, >3500 and
>350x those found in the upper continental crust
(Taylor & McLennan 1995).
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Fig. 10. Spiderplot of trace-element concentrations observed
in the whole-rock sample Zer-1 (filled squares) and calculated
(empty squares), normalized by abundances in the average
upper continental crust (Taylor & McLennan 1995). The cal-
culation was made for all the minerals present in Fig. 9.
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Residence in individual minerals

Returning to Fig. 9, one can examine the residence of par-
ticular elements in detail. Silica is hosted almost equally by
quartz (35 wt. % of its whole-rock abundance), plagioclase
(33 %), and somewhat less by K-feldspar (27 %). Bulk Ti,
Fe and Mg are held by biotite, whereby rutile contains a fifth
of the whole-rock TiO,. Much of the MnO is also accounted
for by biotite but almost a third is hosted by K-feldspar. As
expected, the main reservoirs for Al,O; are the feldspars
(P1: 52 %, Kfs: 38 %). Surprisingly little Al, however, resides
in biotite (10 %), owing to its small modal abundance. Most
of the CaO and Na,O are bound to plagioclase (~90 %); only
10 % of the former is stored in apatite and 8 % of the latter in
K-feldspar. Part of the Na,O contents in K-feldspar is to be
ascribed to small plagioclase inclusions observed during pet-
rographic studies. For K,O, K-feldspar is clearly the key host
(81 %), biotite accounting for a mere 16 % of the whole-rock
budget. The main reservoir for P is apatite; monazite’s con-
tribution is small, close to 7 %.

Concerning the LILE, Rb is accumulated by K-feldspar
(55 %), biotite comes second (24 %) and plagioclase third
(20 %). The two feldspars represent almost equally impor-
tant Sr reservoirs (Pl: 57 %, Kfs: 42 %). The bulk of Ba is
concentrated in K-feldspar (83 %); both biotite (12 %) and
plagioclase (5 %) are rather unimportant. The overwhelming
majority of Be (79 %) is located in plagioclase; K-feldspar
and biotite share the rest. Lead is another element for which
the feldspars are the main hosts (Kfs: 61 %, Pl: 37 %).

The most important LREE reservoirs are monazite (41 % La)
and plagioclase (33 % La), while muscovite, K-feldspar,
rutile and apatite seem to be much less significant. The bulk of
Eu is accounted for by the feldspars (Kfs: 50 % and Pl: 38 %);
the apatite contribution represents a mere 8 %. On the other
hand, apatite is the most important host for the middle and
heavy REE as well as Y. Less significant HREE-bearing phase
is rutile. Surprisingly, zircon and monazite do not rank among
important sinks for HREE, owing to their scarcity.

Regarding the radioactive elements, both feldspars seem to
incorporate much U (Kfs: 35 and Pl: 25 %). Among accesso-
ries, rutile accounts for over 20 % of both Th and U. Almost
equally significant for Th are K-feldspar, monazite and rutile,
less so plagioclase (15 %) and muscovite (13 %). Minerals such
as zircon and apatite play only marginal roles in hosting the ra-
dioactive elements, unlike probably the newly recognized zir-
con-like ABO, phase, even though its role cannot be quantified.

Among the HFSE, the zircon contains only ~70 % of the
total Zr and Hf; with rutile accounting for the rest. About
60 % of the Nb and Ta budget are hosted by biotite. We can
only speculate that this may be in the form of submicroscopic
inclusions; for rutile remains approximately one fifth of the
whole-rock inventory.

General implications
Modal analysis

Petrographic techniques: In studies of granitic rocks, un-
stained thin sections are best suited for most textural obser-
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vations, as well as description of optical properties and iden-
tification of mafic minerals. In many cases, however, it is
difficult to determine some of the colourless phases, particu-
larly if the feldspars are not twinned or their grains are small.
One way out is to use cold-stage cathodoluminescence (CL),
in which the (mostly) blue K-feldspars are easily distin-
guished from ochre-yellow plagioclases and almost non-lu-
minescent quartz (Marshall 1988; Janousek et al. 2000a,
2004). CL also facilitates rapid determination and mapping
of some accessory phases, such as of apatite, monazite and
zircon. Nowadays largely neglected, staining turns K-feld-
spars yellow and plagioclase white, also facilitating point
counting (Gabriel & Cox 1929; Hollocher 2013).

Obtaining a statistically valid modal analysis by point
counting of a standard thin section can be troublesome, espe-
cially for coarse-grained or porphyritic rocks (Chayes &
Fairbairn 1951; Chayes 1954, 1965; Hutchison 1974). In or-
der to maximize the counted area in these cases, it was pro-
posed to use rock slabs or point count directly on the outcrop
(e.g. Hutchison 1974) — but such methods are cumbersome
and seldom used. Clearly, the situation becomes even more
complicated when the rock possesses a fabric, as one deals
essentially with a 2D section of a three-dimensional aniso-
tropic body.

In our case, the approach using the stained polished slab is
superior, as it represents an area larger than the standard sec-
tion (ca. 119 vs. 6 cm?). The current work confirms that the
tedious point-counting of the stained sample can be success-
fully replaced by computer-aided image analysis. However,
this method also brings about some new problems, for exam-
ple, some degree of ambiguity caused by alteration of the
feldspar.

P-XRD: The Rietveld method has been widely used for
quantitative phase analysis of various geological materials
and industrial products (Madsen & Scarlett 2009 and refer-
ences therein). This full-pattern profile fitting method has
several advantages over other diffraction approaches to
quantitative phase analysis using at most a few of the stron-
gest reflections from each phase in the mixture (Bish & Post
1989). Nevertheless, the application of the Rietveld method
to geological materials still poses significant problems. The
most pronounced difficulties are micro-absorption effects,
complex preferred orientation, various chemical substitu-
tions in minerals and also the presence of structural defects.

Our estimate of modal composition obtained by P-XRD is
probably biased by the defective structure of kaolinite,
which is affected by planar disorder. Considering the com-
plexity of the diffraction pattern, the large number of reflec-
tions and presence of significant preferred orientation, the
results from P-XRD are reasonable, in other words they are
comparable to other approaches. The advantage of the P-XRD
method over standard petrographic techniques is that it rep-
resents, like the chemical approaches, the whole volume of
the homogenized sample.

Chemical methods: For the sample Zer-1, the bulk-rock
analysis represents ~30 kg, or over 11,000 cm® of the rock,
and thus should be robust to the presence of fabrics, pheno-
crysts and local inhomogeneities such as schlieren. Major-
element or norm-based schemes (Streckeisen & Le Maitre
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1979; De La Roche et al. 1980; Debon & Le Fort 1988) have
been preferred by many authors for classification purposes.
However, some normative recalculations involve minerals
not encountered in common felsic plutonites and thus their
use is not straightforward (e.g. CIPW and Catanorm — Hut-
chison 1975). For this reason, Mielke & Winkler (1979) de-
veloped their ‘Improved Mesonorm’, designed specifically
for granitic rocks.

With the spread of personal computers, mathematical
methods became popular. They attempt to find the best esti-
mate of modal proportions based on major- and minor-ele-
ment analyses of the large whole-rock sample and its typical
mineral constituents. As usually the number of chemical
components exceeds that of the mineral phases, there is no
unique solution and the algorithms rely on the least-squares or
linear programming approaches (e.g. Wright & Doherty 1970;
Le Maitre 1981; Laube et al. 1996; Paktunc 1998; Janousek et
al. 2006). Potential pitfalls could lie in the choice of typical
mineral compositions and/or the weathering/alteration ef-
fects. The methods are also rather insensitive to the presence
of minor/or accessory phases, whose contents have to be as-
sessed separately.

Here the results obtained by mesonormative and LSQ ap-
proaches are closely comparable for felsic minerals (Fig. 8).
The amount of biotite, however, is nearly half (5.8 vs.
9.3 wt. %, respectively), and much lower also than estimates
by the remaining methods. The reason probably lies in the
fact that the mesonorm also estimates the proportion of mag-
netite and ilmenite, whereby in the LSQ calculation the sole
iron-bearing phase is biotite. The normative contents of the
opaque phases seem overestimated by the mesonormative al-
gorithm, especially that of magnetite (0.9 %).

Taken together, several of the methods employed here to
estimate the modal proportions of the main rock-forming
minerals have yielded comparable results. It is necessary to
stress that the current case is a particularly favourable one, as
no significant zoning of mineral phases, not even of plagio-
clase, has been observed in the Ri¢any Pluton. Moreover,
K-feldspar phenocrysts in the studied sample are small and
sparse. Still, the constrained LSQ method (Albaréde 1995)
was found superior to all other approaches. The obtained
percentages of the main rock-forming minerals compare well
with the modal analyses determined previously by conven-
tional point counting (Steinocher 1950, 1953; Palivcova
1965) (Fig. 8).

Petrogenetic modelling

Collectively, the four accessories, apatite, monazite, zircon
and rutile host more than half of the total LREE and over
three quarters of the HREE+Y, Zr and Hf of the studied gran-
ite sample. The cases of Th, U, Ti, Ni, Co, Nb and Ta are sim-
ilar, albeit not so extreme. This confirms the notion that the
accessories are often crucial in controlling the behaviour of
many elements in granitic systems (e.g. Mittlefehldt & Miller
1983; Miller & Mittlefehldt 1984; Bea 1996). Particularly
the REE are of little value in petrogenetic modelling of frac-
tional crystallization of the main rock-forming minerals, un-
less the role of accessories is properly assessed.
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Determination of the whole-rock trace-element abundances

Some 10-30 % of the whole-rock HREE, U, Th, Nb, Ta, Ti,
Cd, Co and Ni, and even more of Zr and Hf, are contained in
the resistant accessories, zircon and rutile. Thus the pressure
bomb or sample fusion are absolutely essential in sample de-
composition, if these elements are to be determined quantita-
tively (e.g. Potts 1987; Garcia de Madinabeitia et al. 2008 and
references therein). Using a combined HF, HCl and HNO; at-
tack is clearly inadequate and will induce low total REE con-
tents and artificially increased degrees of LREE/HREE
fractionation. Alas such cases are by no means rare — for in-
stance, the acid decomposition casts serious doubts on some
of the results by Minafik et al. (1998).

Saturation thermometry

Our study provides some interesting implications for the
accessory phase saturation thermometry commonly used in
the granite studies (see JanouSek 2006 and Anderson et al.
2008 for review). As in Ri¢any phosphorus is hosted nearly
exclusively by apatite (86 % of the whole-rock contents), the
saturation thermometry involving this mineral should apply
be applicable. Indeed the temperature calculated for the un-
corrected whole-rock P,O5 content and that based on apatite-
hosted P,0O5 are both mutually closely comparable (946 vs.
931 °C according to the model of Harrison & Watson 1984).
The fact that they are unrealistically high for a granitic mag-
ma can be related to the sensitivity of the algorithm to exact
determinations of P,Os contents, as the isotherms converge
rapidly for increasingly acidic compositions (see fig. 3a in
Janousek 2006).

Zircon incorporates a mere 62 % of the whole-rock Zr
budget (Fig. 9), the rest being hosted by other phases, most
importantly the early crystallizing rutile. The zircon satura-
tion thermometry (Watson & Harrison 1983) thus yields a
liquidus temperature estimate (784 °C) ca. 40 °C higher than
that calculated for the corrected Zr concentration.

The case of monazite is more complex, though. The model
of Montel (1993) includes additional parameters apart from
the temperature, major-element and LREE contents of the
magma. One is the fraction of REE phosphates in the mona-
zite but this can be directly measured (the average for Ri¢any
monazite is 89.5 mol %). More difficult to constrain are the
water contents of the magma. Fortunately, the effect is not
great (738 °C is obtained for 3 wt. % H,0O; 761-724 °C for
1-5 wt. % H,0).

Plagioclase represents an important sink for LREE, with
monazite containing some 21-41 % of the whole-rock in-
ventory. This brings problems for the LREE-based monazite
thermometry. While the uncorrected LREE content yields
738 °C, the corrected content gives barely 668 °C, that is
about 70 °C less (for 3 wt. % H,O in the magma melt). Such
a corrected temperature seems to be too low for a granitic
magma. However, one should take into account the petrolog-
ical evidence indicating that the monazite saturation level
was probably reached early, prior to the onset of the plagio-
clase crystallization. Thus using the uncorrected temperature
seems more justifiable here.
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Conclusions

The study of the petrography and mineral chemistry of a
single large sample of coarse-grained, weakly porphyritic
(muscovite-) biotite granite from the Ri¢any intrusion
(Czech Republic) has yielded the following conclusions:

1. The methods taking into account the whole-rock com-
position as well as the true mineral chemistries (linear pro-
gramming or constrained least squares) are particularly
suitable for modal analyses of granitic rocks. The modes
then represent a large volume of sample and thus (i) smooth
out any local variations, such as small-scale crystal accumula-
tion, (ii) account for the presence of phenocrysts, and (iii) are
insensitive to shaped-preferred orientation/fabric.

2. Accessory phases control the behaviour of many trace el-
ements in differentiation of felsic granitic systems. Clearly the
REE are of little value in petrogenetic modelling of the main
rock-forming minerals fractionation, unless the role of acces-
sories is properly assessed and existing saturation models for
apatite, zircon, monazite * rutile are carefully considered.

The fact that many of the essential structural components
(P, Zr, LREE) used in apatite, zircon and monazite saturation
thermometry are incorporated into other minerals may lead
to significant overestimation of the liquidus temperatures. In
the present case, the saturation temperatures for zircon
would be overestimated as ca. 40 °C due to significant con-
tents of Zr in the early crystallized rutile. However, the cor-
rection for monazite (-70 °C) probably should not be applied
as most of the extra LREE are hosted by plagioclase, a rela-
tively late mineral.

In the studied sample, over 80 % of the whole-rock Zr and
Hf and ca. 10-30 % of HREE, U, Th, Nb, Ta, Ti, Cd, Co and
Ni are contained in resistant accessory phases Zrn and Rt.
Thus the pressure vessel or sample fusion — and not merely
a combined acid attack — are absolutely essential in sample
decomposition if these elements are to be determined quanti-
tatively.
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Appendix 1

Analytical techniques
Sampling

The whole-rock sample Zer-1 (~30 kg) was collected in
the Zernovka quarry, ca. 850 m NNW of the namesake vil-
lage off the pluton’s center (Fig. 1c, GPS 50°0’22.64” N;
14°44756.13" E). Its bulk was crushed by a steel jaw crusher,
homogenized and ground in an agate mill at the Laboratories
of the Institute of Geology, Czech Academy of Sciences,
v.v.i. (CAS).

Mineral separation

The crushed material (<500 pm) was floated on a Wilfley
shaking table. The heavy fraction was filtered on glass frit,
rinsed with ethanol and air dried. The light fraction was
dried at 105 °C and was used for separation of the main
rock-forming minerals. The fraction between 63 and 250 um
thereof served for magnetic separation of biotite. The biotite
separate was finally cleaned in acetylene tetrabromide with
density of 2.54 kg-m™.

The quartz separate was obtained after biotite separation by
flotation using ANP1 (amino nitro paraffin) agent. K-feldspar
was separated in bromoform solution (2.59 kg-m™). The
material with density greater than 2.54 kg-m™ was plagio-
clase. Following the separation of quartz and orthoclase,
muscovite separation was achieved in bromoform with den-
sity 2.74-2.84 kg-m™. Kaolinite was isolated by centrifuga-
tion of the fine fraction (<25 um) in bromoform.

The dried heavy fraction from the shaking table was sieved
on a 315 um nylon sieve. The fine fraction was used for sepa-
ration of heavy minerals — zircon and monazite. Apatite was
recovered from the heavy fraction by centrifugation in methyl-
eniodide with density 3.18-3.25 kg-m™. Magnetite was ob-
tained from the dark part of the heavy fraction by magnetic
separation with the intensity of magnetic field set to 0.2 A.

Electron microprobe and BSE imaging

The analyses of the major rock-forming and selected acces-
sory minerals were done with a fully automated CAMECA
SX-100 electron microprobe, employing ®(pz) correction
procedure (Merlet 1992) at the CAS. All analyses were per-
formed at an acceleration voltage of 15 kV but with different
beam currents and spot sizes chosen according to the mineral
type. Thus 20-40 nA and a spot size of 10 um were employed
for analyses of apatite, titanite, rutile, monazite, magnetite, il-
menite and zircon-thorite solid solution. For feldspars, micas
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and quartz, the beam current was 10-15nA and spot size
2 um. Minor-element interferences have been checked rou-
tinely and corrected for by measuring the corresponding stan-
dards. All the mineral abbreviations are after Kretz (1983).

Whole-rock major- and minor-element analyses

The major-element whole-rock analysis of the whole-rock
sample was undertaken by wet chemistry in the laboratories of
the Czech Geological Survey, Prague — Barrandov. Further
analytical details are given in Dempirova (2010); the relative
2 ¢ uncertainties were better than 1 % (SiO,), 2 % (FeO),
5 % (Al,05, K50 and Na,0), 7 % (TiO,, MnO, CaO), 6 %
(MgO) and 10 % (Fe,O3, P,0Os5). Interpretation and plotting
of the whole-rock geochemical data was done by the R-lan-
guage package GCDkit (Janousek et al. 2006).

Trace-element analyses
Solution ICP-MS analyses

The trace-element analyses of mineral separates and
whole-rock samples were carried out after modified total di-
gestion in mineral acids (HF+HCIO,) and borate fusion
(Na,CO3+Na,B,07) in Pt crucibles followed by solution
nebulization ICP-MS PQ3 VG Elemental at Charles Univer-
sity in Prague. All the chemicals involved were reagent
grade (Merck, Germany) and the acids were double distilled.
Deionized water from a Millipore system (Milli-Q Academic,
USA) was used for all dilutions.

The measured data were processed on-line using VG Plas-
malLab software, applying corrections for instrumental drift.
The analytical precision for all the elements analysed ranged
from 0.5 to 5 % relative. The accuracy of this analytical
method was checked using the G-2 and BCR-2 reference ma-
terials (USGS, USA). Trace-element ICP-MS analyses fol-
lowed the methods of Strnad et al. (2005).

In-situ laser ablation analyses

In-situ trace-element analyses were performed on a qua-
drupole-based ICP-MS Thermo Fisher X-Series II (Charles
University) coupled to a NewWave UP 213 laser microprobe
(NewWave Research; USA) operating at output wavelength
of 213 nm. All samples were prepared as polished thin sec-
tions. The data were acquired in the time-resolved and peak
jumping mode with one point measured per mass peak and
processed off-line by Thermo Fisher Plasmal.ab software
2.5.11 321. The raster pattern was linear, approximately
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80x400 um. External calibration of the laser-ablation analy-
ses was done using standards NIST 610 and 612 (Pearce et al.
1997). For internal standardization 2°Si concentrations based
on electron microprobe measurements were applied. Data re-
duction included correction for the gas blank, the internal
standard and a calibration check; the data were processed
off-line in a MS Excel spreadsheet-based program. For de-
tails on analytical protocol and correction strategy see Strnad
et al. (2005).

Modal analyses
Point counting

Point counting was done on a thin section 3X2 cm using a
standard optical microscope. The total number of points
counted was 4890.

Image analysis of stained rock slab

The rock sample was stained according to the method of
Gabriel & Cox (1929). The polished sample surface was ex-
posed to fumes of HF for about 15 min., then treated with a
concentrated solution of sodium cobaltinitrite for another
10 min., rinsed and dried. This reaction forms a yellow coat-
ing on K-feldspar and white on plagioclase; quartz remains
unaffected.

The image analysis was performed on a scanned stained
polished rock slab (ca. 17x7 cm). The abundance of mineral
phases was estimated on the basis of pixel colour analysis by
Quick Photo Micro 2.2 software. Dark-black areas were at-
tributed to biotite, grey and greyish glassy-like colour to
quartz, white to plagioclase and yellow to K-feldspar.

Powder X-ray diffraction

A powder sample was prepared by grinding in an agate mill
and, subsequently, in an agate mortar. The powder X-ray dif-
fraction pattern was collected in a conventional Bragg-Bren-
tano geometry on the Philips X’Pert diffractometer equipped
with graphite secondary monochromator. The CuK,, radiation
was used. To minimize the background, the sample was
placed on a flat low-background silicon wafer. Data were ac-
quired in the angular range 3-90° 20, with a step interval of
0.02° and a step-counting time of 9 s. A divergence slit of 0.5°
and a receiving slit of 0.1 mm were used.

The quantitative phase analysis of the sample was per-
formed using the Rietveld method (Young 2000). Refinement
was done by minimizing the sum of the weighted squared dif-
ferences between observed and calculated intensities at every
20 step in a powder diffraction pattern (Bish & Post 1993).
Quartz, orthoclase, plagioclase (albite), biotite and kaolinite
were detected in the P-XRD pattern. The Rietveld refinement
was performed using the FullProf program (Rodriguez-Car-
vajal 2006). The structure models used in the refinement were
as follows: quartz (Le Page & Donnay 1976), orthoclase
(Prince et al. 1973), albite (Ferguson et al. 1958), biotite
(Brigatti & Davoli 1990) and kaolinite (Bish & Von Dreele
1989). The structural model of oligoclase instead of albite was
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also tested in Rietveld refinements, however the differences
in the profile agreement factors between both Rietveld fits
were insignificant. The differences in the estimated modal
composition were below 0.1 wt. %. The background was de-
termined by linear interpolation between consecutive break-
points in the powder pattern. The pseudo-Voigt function was
employed to generate the line shape of the diffraction peaks.
The refinement involved the scale factor for each phase,
unit-cell parameters for each phase except albite, peak-width
parameters for each phase, two asymmetry parameters for
biotite and 20 zero error. Atomic coordinates, overall isotro-
pic displacement factors, and site occupancy parameters
were fixed during the refinement for all phases. The unit-cell
parameters of albite were also fixed, since their refinement
caused divergence of the fit. The March-Dollase correction
for preferred orientation was applied. The [001] direction
was used for biotite, kaolinite, feldspar and plagioclase. The
refinement converged to the values of the profile agreement
factors R,=8.9 % and R,=11.4 %.

Principles of the least-squares calculations

The least-squares method is employed to solve an overde-
termined set of linear algebraic equations, which occur
where there are more independent equations than variables
(Bryan et al. 1969). Given a matrix A and a vector y, we
want to know the vector x that fulfils.

y=Ax 1
Our estimate of the vector x should also be chosen so that the
computed and real elements of the vector y differ as little as
possible.

y' =Ax’ 2

The squares of these differences are commonly minimized
(so-called least-squares method: Bryan et al. 1969; Albaréde

1995):
R =|y—|? 3
R’=min 4

and the sum of squared residuals is taken as the measure of
the goodness of fit. Albaréde (1995) discussed in a detail all
the necessary mathematical apparatus that is behind the solu-
tion. Moreover, Janousek & Moyen (in print) provide exam-
ples of various types of calculations (including normative
calculations using real mineral compositions by the least-
squares method) and their implementation into the freeware
R language.

In geochemistry we very often examine variables that sum
up, for instance, to a unity or 100 %. The least-squares method
generally does not produce normalized solutions, in the form
of vectors whose components would sum up to a given num-
ber. We can define the Lagrange multiplier A as (Albarede
(1995):

_1-J"x
JT(ATATI
where x stands for an ordinary least-squares solution and J is
a vector, all elements of which are equal to 1. The con-

strained least-squares solution is than given by:
F=x+AAT A 6

5
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Appendix 2

Electron microprobe analyses.

a — Average electron-microprobe data used in mass-balance calculations (wt. %).

SO, TiO, Al,O3 FeOt MnO MgO CaO Na,O K20 P.Os
WR 70.34 0.36 14.64 15 0.024 114 1.36 3.71 5.55 0.15
Qtz | 99.86 nd. | 002 n.d. nd | nd n.d. n.d. n.d. n.d.
Or 64.16 n.d. 18.47 0.03 0.034 n.d. 0.01 0.96 15.61 0.01
PI 62.97 n.d. 20.07 n.d. n.d. 0.01 3.95 9.2 0.44 0.02
Bt 375 3.33 14.8 17.26 0.24 13.35 0.04 0.14 9.47 nd.
Ms 49.38 0.27 31.26 3.72 0.05 0.98 0.12 0.27 9.79 n.d.
Klin 45.59 0.91 39.84 0.02 0.01 n.d. nd. n.d. n.d. 0.03
IIm 0.01 50.32 n.d. 42.71 3.091 n.d. nd. n.d. n.d. 0.01
Ttn 30.49 35.77 2.79 111 0.092 n.d. 27.58 n.d. n.d. 0.01
Ap 0.04 0.01 n.d. 0.03 0.161 nd. 55.98 n.d. n.d. 42.68
Mgt n.d. n.d. n.d. n.d. 0.233 n.d. n.d. n.d. n.d. n.d.
Mnz 242 n.d. n.d. 0.04 n.d. n.d. 0.37 n.d. n.d. 25.61
Zrn 311 n.d. 0.29 0.44 0.006 n.d. 0.14 n.d. n.d. n.d.
Rt 0.28 97.35 n.d. 1.59 0.031 n.d. 0.08 n.d. n.d. n.d.
n.d. — not detected.
b — Typical analyses for the main and accessory minerals (wt. % and apfu).
Feldspars Biotite Magnetite
ID Plgl5T Plg19T 16T ID Bt14 ID Mgtl
SO, 63.75 66.44 64.26 SO, 37.50 SO, 0.03
TiO, n.d. 0.01 n.d. TiO, 3.33 TiO, 0.01
Al,O3 22.00 20.33 18.29 AlOs 14.80 AlO3 0.04
FeOt nd. nd. 0.02 FeOt 16.95 FeOt 95.55
MnO 0.02 nd. nd. MnO 0.24 MnO 117
MgO 0.009 n.d. 0.01 MgO 13.35 MgO n.d.
CaO 3.59 1.72 0.03 CaOo 0.04 CaOo 0.01
Na,O 9.72 10.84 1.30 Na,O 0.14 Na,O n.d.
K20 0.38 0.21 15.48 K20 9.47 K0 n.d.
P,Os 0.013 0.009 0.008 | H,O+ 244 P,0s n.d.
Total 99.46 99.61 99.39 F 1.66 ThO, n.d.
Si apfu 2834 2.930 2987 |Tota 99.92 U053 n.d.
Ti 0.000 0.000 0.000 |Siapfu 2812 | Y05 n.d.
Al 1.153 1.057 1.002 |AI(IV) 1188 | TR,Os3 n.d.
Fe 0.000 0.000 0.001 |X 4.000 |Tota 96.81
Mn 0.001 0.000 0.000 |AINVI) 0.121 | Si apfu 0.004
Mg 0.001 0.000 0.001 |Ti 0.188 | Ti 0.001
Ca 0.171 0.081 0.002 |Fe 1.063 | Al 0.005
Na 0.838 0.927 0.117 |Mn 0.015 |Fe* 0.964
K 0.021 0.012 0.918 | Mg 1492 |Fe* 1.995
P 0.000 0.000 0.000 |X 2879 |Mn 0.037
O 8.000 8.000 8.000 |Ca 0.003 | Mg 0.000
An mol. % 16.6 8.0 0.1 Na 0.020 |Ca 0.000
Ab 81.3 90.9 85 K 0.906 |Na 0.000
Or 21 12 914 z 0930 |K 0.000
F 03% |P 0.000
OH* 1606 |Th 0.000
XMg 0.58 U 0.000
XFe 0.42 Y 0.000

n.d. — not detected, n.a. — not analysed.
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Zircon Monazite Rutile Titanite
1D Zrn5 zZrn7 Zrnl0 Mnz8 Mnz9 Rt1 Ttn4
SO, 32.08 31.10 32.27 1.89 2.42 0.51 30.30
TiO, 0.02 n.d. n.d. 0.01 0.00 98.82 36.32
Al,O3 0.06 0.29 n.d. n.d. n.d. 0.01 244
P,Os n.d. n.d. n.d. 26.61 25.61 0.00 0.02
FeO 0.14 0.44 0.05 0.00 0.04 0.46 n.a
Fe, 03 na na na na na na 1.08
MnO n.d. 0.01 n.d. 0.12 n.d. n.d. 0.11
CaO 0.02 0.14 n.d. 0.41 0.37 0.10 27.23
Y.03 n.d. 0.39 0.11 0.55 0.40 0.06 0.36
ZrO, 63.28 61.21 62.89 na na na na
HfO, 1.87 1.89 1.30 n.a n.a n.a n.a
Ce03 n.d. n.d. 0.04 32.74 32.78 0.14 0.50
La,03 0.13 0.07 n.d. 15.07 14.51 n.d. 0.07
Nd,O3 n.d. n.d. 0.08 9.35 8.66 n.d. 0.60
Pr,0O; 0.12 0.10 n.d. 2.87 2.86 0.04 0.23
Sm,03 0.00 0.09 0.04 1.07 1.18 0.00 0.02
Eu,03 0.01 0.02 0.01 n.d. n.d. 0.05 n.d.
Gd,03 0.02 0.04 0.01 0.48 0.37 n.d. 0.15
Th,03 n.d. n.d. n.d. 0.08 0.03 n.d. 0.08
Dy,0Os3 0.01 0.01 0.04 0.04 n.d. 0.01 0.08
Ho0,03 n.d. 0.01 0.03 0.01 0.01 0.04 0.02
Er,03 0.00 0.02 0.00 0.05 0.02 0.00 0.03
Tm,O3 n.d. n.d. n.d. 0.08 0.09 0.02 0.02
Yhb,03 n.d. n.d. 0.04 n.d. 0.03 0.02 0.01
Lu,03 n.d. n.d. n.d. n.d. n.d. 0.00 n.d.
ThO; 0.13 0.17 0.03 8.18 10.42 0.02 0.02
U,03 0.18 0.20 0.60 0.50 0.37 0.03 0.01
Total 98.05 96.19 97.54 100.110 100.144 100.322 99.66
Si apfu 1.007 0.998 1.015 0.077 0.099 0.007 1.001
Ti 0.000 0.000 0.000 0.000 0.000 0.988 0.903
Al 0.002 0.011 0.000 0.000 0.000 0.000 0.095
P 0.000 0.000 0.000 0.912 0.887 0.000 0.001
Fe** 0.004 0.012 0.001 0.000 0.001 0.005 n.a
Fe* na na na na na na 0.027
Mn 0.000 0.000 0.000 0.004 0.000 0.000 0.003
Ca 0.001 0.005 0.000 0.018 0.016 0.001 0.964
Y 0.000 0.007 0.002 0.012 0.009 0.000 0.006
Zr 0.968 0.958 0.965 na na na na
Hf 0.017 0.017 0.012 na na na na
Ce 0.000 0.000 0.000 0.485 0.491 0.001 0.006
La 0.001 0.001 0.000 0.225 0.219 0.000 0.001
Nd 0.000 0.000 0.001 0.135 0.127 0.000 0.007
Pr 0.001 0.001 0.000 0.042 0.043 0.000 0.003
Sm 0.000 0.001 0.000 0.015 0.017 0.000 0.000
Eu 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Gd 0.000 0.000 0.000 0.006 0.005 0.000 0.002
Th 0.000 0.000 0.000 0.001 0.000 0.000 0.001
Dy 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Ho 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Er 0.000 0.000 0.000 0.001 0.000 0.000 0.000
Tm 0.000 0.000 0.000 0.001 0.001 0.000 0.000
Yb 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Lu 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Th 0.001 0.001 0.000 0.075 0.097 0.000 0.000
U 0.001 0.001 0.004 0.005 0.003 0.000 0.000
A 0.995 1.005 0.988 1.020 1.024
B 1.009 1.009 1.015 0.988 0.986
Sum cat. 2.004 2.014 2.003 2.015 2.016 1.004 3.021
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Appendix 3: Laser-ablation ICP-MS data for the main rock forming minerals (ppm).

LA ICP-MS Quartz
DL (LA) ppm ql g2 oK} g4 ql q2 oK} g4 ql Avg sSD
0.01 Be | 0.08 0.11 0.17 0.03 0.00 0.05 0.00 0.00 0.06 0.06
0.35 Mn | 0.12 0.12 0.16 0.10 0.09 0.21 0.22 0.20 0.20 0.16 0.05
0.095 Co | 0.01 0.01 0.00 0.01 0.01 0.01 0.03 0.00 0.01 0.01 0.01
1.15 Ni 1.97 1.77 0.94 1.27 229 217 3.02 2.93 3.12 2.16 0.77
0.48 Zn | 0.10 0.22 0.26 0.19 0.11 0.64 0.69 0.69 0.65 0.39 0.26
0.26 Rb | 0.03 0.05 0.05 0.05 0.35 0.08 0.07 0.05 0.09 0.09 0.10
0.085 Sr 0.10 0.16 0.09 0.06 0.12 0.13 0.07 0.13 0.12 0.11 0.03
0.045 Y 0.00 0.00 0.01 0.05 0.00 0.00 0.00 0.00 0.00 0.01 0.02
0.25 Zr 0.05 0.03 131 0.09 0.14 0.06 0.04 0.03 0.22 044
0.05 Nb | 0.01 0.00 0.00 0.00 0.04 0.01 0.01 0.01
0.23 Cd | 0.16 0.08 0.02 0.01 0.11 0.05 0.01 0.01 0.03 0.05 0.05
0.085 Ba | 0.19 0.28 0.12 0.13 0.80 0.39 0.36 0.38 0.38 0.34 0.20
0.020 La | 0.001 0.009 0.003 0.007 0.001 0.01 0.00 0.00 0.00 0.004 0.00
0.028 Ce | 0.008 0.013 0.007 0.021 0.011 0.03 0.00 0.01 0.00 0.012 0.01
0.008 Pr 0.000 0.000 0.000 0.003 0.000 0.00 0.00 0.00 0.00 0.001 0.00
0.083 Nd | 0.000 0.000 0.007 0.004 0.003 0.01 0.00 0.00 0.00 0.003 0.00
0.097 Sm | 0.000 0.000 0.000 0.000 0.000 0.00 0.00 0.00 0.00 0.000 0.00
0.008 Eu | 0.000 0.000 0.000 0.000 0.000 0.00 0.00 0.00 0.00 0.000 0.00
0.032 Gd | 0.000 0.000 0.000 0.000 0.000 0.00 0.00 0.00 0.00 0.000 0.00
0.009 Th | 0.000 0.000 0.000 0.000 0.000 0.00 0.00 0.00 0.00 0.000 0.00
0.030 Dy | 0.000 0.000 0.000 0.001 0.000 0.00 0.00 0.00 0.00 0.000 0.00
0.004 Ho | 0.000 0.000 0.001 0.001 0.000 0.00 0.00 0.00 0.00 0.000 0.00
0.012 Er 0.000 0.000 0.003 0.005 0.000 0.00 0.00 0.00 0.00 0.001 0.00
0.002 Tm | 0.000 0.000 0.000 0.001 0.000 0.00 0.00 0.00 0.00 0.000 0.00
0.022 Yb | 0.000 0.000 0.000 0.002 0.000 0.00 0.00 0.00 0.00 0.000 0.00
0.003 Lu | 0.000 0.000 0.000 0.000 0.000 0.00 0.00 0.00 0.00 0.000 0.00
0.03 Hf 0.00 0.00 0.08 0.00 0.01 0.00 0.00 0.00 0.01 0.03
0.05 Ta | 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01
0.21 Pb | 0.08 0.07 0.07 0.08 0.11 0.15 0.13 0.12 0.11 0.10 0.03
0.02 Th | 0.66 1.01 0.11 0.04 0.35 0.97 0.31 113 0.57 0.43
0.011 U 0.01 0.01 0.04 0.11 0.01 0.02 0.02 0.02 0.02 0.03 0.03
DL = detection limit.
K -feldspar
k1 k2 k3 k4 Avg SD
Be 0.58 0.85 215 1.77 1.34 0.74
Mn 2.15 244 1.33 1.72 191 0.49
Co 0.04 0.07 0.03 0.01 0.04 0.02
Ni 0.60 0.65 0.54 0.19 0.49 0.21
Zn 1.28 1.18 0.97 0.29 0.93 0.45
Rb 323.07 328.94 | 342.18 | 337.47 332.91 8.55
Sr 529.10 458,50 | 390.70 | 325.38 425.92 87.67
Y 0.07 0.56 0.14 0.10 0.21 0.23
Zr 2.05 5.52 5.23 1.16 3.49 221
Nb 0.10 0.13 0.04 0.05 0.08 0.04
Cd 0.06 0.04 0.02 0.04 0.04 0.02
Ba 4104.54 | 3186.51 [1552.54 |1134.56 2494.54 | 1391.38
La 1.76 1.77 1.58 1.49 1.65 0.14
Ce 141 2.07 2.61 1.26 1.84 0.62
Pr 0.07 0.17 0.12 0.12 0.12 0.04
Nd 0.14 0.72 0.46 0.44 0.44 0.24
Sm 0.02 0.17 0.08 0.06 0.08 0.06
Eu 121 1.07 0.93 0.75 0.99 0.19
Gd 0.02 0.14 0.05 0.04 0.06 0.05
Tb 0.00 0.02 0.00 0.00 0.01 0.01
Dy 0.01 0.09 0.02 0.02 0.03 0.04
Ho 0.00 0.01 0.00 0.00 0.00 0.01
Er 0.00 0.04 0.02 0.00 0.02 0.02
™m 0.00 0.01 0.00 0.00 0.00 0.00
Yb 0.00 0.03 0.02 0.01 0.01 0.01
Lu 0.00 0.01 0.00 0.00 0.00 0.00
Hf 0.09 0.13 0.14 0.03 0.10 0.05
Ta 0.04 0.04 0.03 0.03 0.04 0.01
Pb 121.45 107.57 | 121.25 | 115.96 116.56 6.51
Th 0.14 0.16 0.23 0.07 0.15 0.07
U 0.10 0.28 0.25 0.83 0.36 0.32
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Plagioclase Excluded from calculation

pl p2 Avg SD p3 p4 p5
Be 1966 23.66 21.66 2.83 17.25 18.36 22.67
Mn 7723  33.80 55.52 30.71 47.62 40.88 56.09
Co 2.29 0.92 161 0.97 1.28 0.77 154
Ni 2.90 1.35 212 1.10 3.29 222 2.33
Zn 18.12 7.98 13.05 717 10.68 6.73 12.87
Rb 268.20 46.29 || 157.25 156.91 || 154.30 101.40 90.50
Sr 499.30 500.80 || 500.05 106 || 52490 60690 512.70
Y 0.13 0.16 0.15 0.02 0.66 0.57 5.25
Zr 16.53 3.90 10.21 8.93 14.43 6.36 | 293.40
Nb 9.51 1.60 5.55 5.59 0.24 1.77 147
Cd 0.07 0.04 0.06 0.02 0.10 0.03 0.11
Ba 21310 5797 || 13554 109.69 || 10440 111.10 72.53
La 2043  27.00 23.72 465 || 21350 326.80 54.60
Ce 36.29  40.69 38.49 311 || 28330 35650 129.40
Pr 3.94 5.47 471 1.09 40.92 51.38 10.52
Nd 11.22 13.24 12.23 143 || 12550 159.00 34.09
Sm 0.57 0.88 0.73 0.22 6.80 8.76 3.22
Eu 0.60 0.84 0.72 0.17 112 1.32 1.05
Gd 0.59 0.57 0.58 0.01 445 5.88 2.33
Tb 0.02 0.03 0.024 0.01 0.18 0.25 0.22
Dy 0.03 0.05 0.037 0.01 0.27 0.28 1.05
Ho 0.00 0.00 0.004 0.00 0.03 0.03 0.21
Er 0.03 0.03 0.027 0.00 0.17 0.25 0.61
Tm 0.00 0.00 0.001 0.00 0.01 0.01 0.10
Yb 0.01 0.00 0.007 0.01 0.03 0.03 0.80
Lu 0.00 0.00 0.001 0.00 0.00 0.00 0.12
Hf 0.95 0.20 0.58 0.53 0.63 0.19 7.68
Ta 0.09 0.02 0.05 0.05 0.02 0.18 0.03
Pb 62.66 58.04 60.35 3.27 78.75 78.32 76.86
Th 4,90 1.34 3.12 252 14.98 8.14 21.04
U 1.97 1.35 1.66 0.44 10.26 10.11 8.87

Biotite
B1 B2 B3 Avg SD

Be 4.481 5.162 4.468 4.70 0.40
Mn 1357.579 1380.579 1358.579 1365.58 13.00
Co 24,955 24.765 23.835 24.52 0.60
Ni 109.12 119.72 117.52 115.45 5.59
Zn 259.247 263.847 256.847 259.98 3.56
Rb 828.107 756.107 633.507 739.24 98.39
Sr 1.395 1.844 1.951 173 0.30
Y 0.053 4.416 4.036 2.84 242
Zr 0.915 2.243 0.567 124 0.88
Nb 91.419 95.239 124.999 103.89 18.38
Cd 0.079 0.096 0.005 0.06 0.05
Ba 1114.197 1186.197 1458.197 1252.86 181.43
La 0.031 0.801 0.901 0.58 0.48
Ce 0.03 2.372 2.756 172 1.48
Pr 0.001 0.623 0.568 0.40 0.34
Nd 0.003 3.189 3.232 214 1.85
Sm 0.001 1.139 1.017 0.72 0.62
Eu 0.054 0.103 0.132 0.10 0.04
Gd 0 0.915 0.918 0.61 0.53
Thb 0 0.139 0.124 0.09 0.08
Dy 0.002 0.733 0.695 0.48 0.41
Ho 0.001 0.134 0.141 0.09 0.08
Er 0.004 0.281 0.282 0.19 0.16
Tm 0 0.037 0.034 0.02 0.02
Yb 0.001 0.243 0.186 0.14 0.13
Lu 0.001 0.028 0.025 0.02 0.01
Hf 0.115 0.141 0.028 0.09 0.06
Ta 6.912 9.562 14.066 10.18 3.62
Pb 2.832 3.554 3.959 345 0.57
Th 0.076 0.709 0.534 0.44 0.33
U 0.027 0.133 0.086 0.08 0.05

vii

inclusons of Mnz, Ap?
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Electronic supplement — Appendices 1-5

Appendix 5

Typical electron-microprobe analyses of the zircon-like
ABO,-type phase (wt. % and apfu).

The EPMA results are recalculated on the basis of 40 apfu.

n.d. — not detected.

Site B includes Si, Al, P, As and S, the site A comprises all other
elemets (except F).

1 2 3 4 5 6

SO, 16.055 | 14.810 | 14.704 | 15.398 | 14.739 | 16.300
TiO, 0.090 n.d. 0.087 n.d. 0.058 | 0.034
Al,Os 0.667 0.733 0.650 0.642 0.878 | 0.704
FeO 1.220 2241 4.426 0.732 6.781 | 1.002
MnO 0.026 0.132 0.186 0.057 0.439 | 0.058
MgO 0.101 0.202 0.174 0.186 0.236 | 0.128
Cao 4,765 4.875 4.612 4.795 4574 4.641
K0 0.137 0.091 0.098 0.086 0.095 | 0.218
P,0s 6.582 6.699 6.684 6.888 6.353 | 6.407
SO, 0.149 0.241 0.202 0.188 0.198 | 0.172
Sc,03 0.021 0.014 | 0.030 0.003 0.012 | 0.009
As,0s 0.479 0.332 0.285 0264 | 0362 | 0483
ZrO, 27.758 | 24.869 | 23.731 | 26.561 | 25.640 | 27.874
HfO, 0.570 0.569 0.596 0.617 0571 | 0.692
Nb,Os n.d. 0.014 | 0.003 0.017 n.d. n.d.

SnO 0.010 n.d. 0.029 n.d. 0.036 | 0.005
PbO 0.214 0.265 | 0.278 0.296 0.192 | 0.208
uo, 1.278 1.106 1.179 1.208 1.240 1.033
ThO, 31.947 | 32.353 | 31.751 | 35.250 | 29.028 | 31.265
Ce03 3.236 2.377 2.104 2.238 2058 | 3.378
SmO 0.122 0.172 0.011 0.061 0.213 | 0.206
Gd,O3 n.d. n.d. 0.169 0.210 n.d. 0.041
Dy,03 0.170 0.119 0.042 0.067 0371 | 0.181
Er,0s n.d. n.d. n.d. n.d. n.d. n.d.

Yb,03 0.077 0.099 n.d. n.d. n.d. n.d.

Y.03 0.298 0.215 | 0.207 0.137 0.219 | 0.287
F 0.606 0.358 0.345 0.651 0.163 | 0.681
Total 96.578 | 92.886 | 92.583 | 96.552 | 94.456 | 96.007
Si 0.647 0.624 | 0.622 0.631 0.606 | 0.658
Ti 0.003 0.000 | 0.003 0.000 | 0.002 | 0.001
Al 0.032 0.036 0.032 0.031 0.043 | 0.034
Fe 0.041 0.079 0.156 0025 | 0.233 | 0.034
Mn 0.001 0.005 | 0.007 0.002 0.015 | 0.002
Mg 0.006 0.013 0.011 0.011 0.014 | 0.008
Ca 0.206 0220 | 0.209 0210 | 0.201 | 0.201
K 0.007 0.005 | 0.005 0.004 | 0.005 | 0.011
P 0.225 0.239 0.239 0.239 0221 | 0.219
S 0.006 0.010 | 0.008 0.007 0.008 | 0.007
Sc 0.001 0.001 0.001 0.000 | 0.000 | 0.000
As 0.012 0.008 0.007 0.007 0.009 | 0.012
Zr 0.546 0.511 0.489 0530 | 0514 | 0.549
Hf 0.007 0.007 0.007 0.007 0.007 | 0.008
Nb 0.000 0.000 | 0.000 0.000 | 0.000 | 0.000
Sn 0.000 0.000 | 0.001 0.000 | 0.001 | 0.000
Pb 0.002 0.003 0.003 0.003 0.002 | 0.002
U 0.011 0.010 | 0.011 0.011 0.011 | 0.009
Th 0.293 0.310 | 0.305 0.329 0271 | 0.287
Ce 0.048 0.037 0.033 0.034 | 0.031 | 0.050
Sm 0.002 0.003 0.000 0.001 0.003 | 0.003
Gd 0.000 0.000 | 0.002 0.003 0.000 | 0.001
Dy 0.002 0.002 0.001 0.001 0.005 | 0.002
Er 0.000 0.000 | 0.000 0.000 | 0.000 | 0.000
Yb 0.001 0.001 0.000 0.000 | 0.000 | 0.000
Y 0.006 0.005 | 0.005 0.003 0.005 | 0.006
F 0.077 0.048 0.046 0.084 | 0.021 | 0.087
site A 0.921 0.917 0.909 0914 | 0.886 | 0.929
siteB 1.183 1.210 1.249 1.175 1.321 1.175
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