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Abstract: The Krudum granite body comprises highly fractionated granitic
rocks ranging from medium-F biotite granites to high-F, high-P>Os Li-mica
granites. This unique assemblage is an ideal site to continue recent efforts in
petrology to characterize the role of zircon, monazite and xenotime as hosts
to REEs. The granitic rocks of the Krudum body analysed in this study were
found to contain variable concentrations of monazite and zircon, while
xenotime was only found in the high-F, high-P>Os Li-mica granites and in
the alkali-feldspar syenites of the Vysoky Kamen stock. For analysed
monazites of all magmatic suites cheralite substitution was significant. The
highest concentration of cheralite was found in monazites from the high-F,
Li-mica granites and from the alkali-feldspar syenites. The proportion of
YPOq4 in all analysed xenotimes ranges from 71 to 84 mol. %. Some
xenotimes were found to be hydrated and the observed water content

estimated from analytical data ranged from 5 to 11 wt. % H>O.
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Analysed xenotimes were commonly enriched in HREEs (9.3— 19.5 wt. %
HREE:03) and thorite-coffinite and cheralite exchange was observed.
Analysed zircons from granite suites of the Krudum granite body contained
moderate Hf concentrations (1.0-4.7 wt. % HfO»; 0.010-0.047 apfu Hf).
The highest concentrations of HfO; were found in zircons from the high-F,
high P>Os Li-mica granites (1.2-4.7 wt. % HtO;) and from the alkali-
feldspar syenites (1.3—4.1 wt. % HfO,). Zircons from the high-F, high-P>0s
Li-mica granites were often hydrated and fluorised. The concentrations of F
in zircon from partly greisenised high-F, high-P>Os Li-mica granites
reached up to 1.2 wt. % (0.26 apfu F). In zircons from the alkali-feldspar
syenites enrichment in P, which is not associated with a simultaneous
enrichment in Y + REE, was also observed. Analysed zircons from the high-
F, high P,Os Li-mica granites were enriched in Y (up to 5.5 wt. % Y20s3;
0.10 apfu Y) and Sc (up to 1.17 wt. % Sc203; 0.03 apfu Sc).

Keywords: monazite; xenotime; zircon; granite; Bohemian Massif; Horni
Slavkov; Karlovy Vary

1. Introduction

In the last ten years, several studies have emphasized the role of monazite,

xenotime and zircon as major hosts for rare earth elements (REE) and Y in
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granites [1-8]. However, several factors controlled composition of above
mentioned accessory minerals remain unclear. To expand on this
knowledge, unique assemblages of some highly fractionated granites in the
Karlovy Vary pluton were selected for further analyses on these minerals.
The presented study concentrates on petrological and geochemical
observations connected to the occurrence of monazite, xenotime and zircon
in compositionally different granites of the Krudum granite body. This
granite body is a subsidiary intrusion of the Karlovy Vary pluton in the
Slavkovsky Les Mts. and is suitable for such a study according to its very
interested fractionation of the medium-F biotite, high-F, high-P>Os
muscovite-biotite and Li-mica granites, accompanied by alkali feldspar
syenites. The majority of granites found in this granite assemblage are
highly fractionated granites of the Krusné Hory/Erzgebirge batholith with
different concentrations of topaz, Li-mica and Sn-W-Nb-Ta minerals.

2. Geological setting

The Karlovy Vary pluton forms the southern edge of the Western
Erzgebirge pluton that is part of the Variscan Krusné¢ Hory/Erzgebirge
batholith in western part of the Bohemian Massif [9-11]. This batholith

consists of three individual plutons: Western, Middle and Eastern, each
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representing an assembly of shallowly emplaced granite units about 6-10
km paleodepth, with a maximum preserved vertical thickness of the pluton
10—-13 km below the present surface level [11-12]. The batholith belongs to
one coherent and cogenetic, ca. 400 km long plutonic megastructure of the
Saxo-Danubian Granite Belt [13].

Geochemically, five groups of granites were previously distinguished in the
Kru$né Hory/Erzgebirge batholith: (i) low-F biotite granites, (ii) low-F two-
mica granites, (iii) high-F, high P>Os Li-mica granites, (iv) high-F, low-
P>0Os Li-mica granites and (v) medium-F biotite granites [9-10]. In addition
to the previously identified granite type (iii) high-F, high P>Os Li-mica
granites [10], this study divided this granite type into a muscovite-biotite
high-F, high P>Os granites (vi) and own high-F, high-P>Os Li-mica granites.
Additionally was found quartz-free alkali-feldspar syenite (vii), which forms
a distinct separate part of the Vysoky Kamen stock. The Western Krusné
Hory/Erzgebirge pluton is interpreted as a sequence of separately emplaced
magma batches or an assemblage of several magmatic pulses, emplaced
more or less contemporaneously [9-10, 14]. The outcrops of this pluton
could be divided into the Nejdek—Eibenstock and Karlovy Vary plutons [11,

15].
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The Krudum granite body (KGB, c. 50 km?) on the southwestern margin of

the Karlovy Vary pluton (KVP) shows a concentric structure (Figure 1).
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Figure 1 Schematic geological map of the Krudum granite body.

Porphyritic medium-F biotite granites, surrounded to the NW by younger,
high-F, high-P.Os topaz-bearing muscovite-biotite granites, form its centre.
The youngest, high-F, high-P>Os Li-mica granite forms the outermost shell
[16]. The inner structure of the south-eastern edge of the KGB, partly

overlain by metamorphic rocks of the Slavkov crystalline unit, is well
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stratified, comprising variable greisenised high-F, high-P,Os Li-mica
granites occurring also in the Hub and Schndd greisen stocks hosting a
world-famous Sn-W-Nb-Ta-Li mineralisation of the Horni Slavkov-Krasno

ore district [16-20] (Figure 2).
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Figure 2 Geological cross section of the Horni Slavkov-Krédsno ore district,
after [17], modified by author.

3. Analytical methods

The whole rock composition of selected granitoids was analysed in a total of

66 samples. Rock samples of 2—5 kg weight were crushed in a jaw crusher
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and a representative split of this material was ground to fine powder in an
agate ball mill, before being pressed into XRF-tabs. Major elements were
determined using a Pananalytical Axios Advanced fluorescence (XRF)
spectrometer at Activation Laboratories Ltd., Ancaster, Canada. The content
of FeO was determined by titration, and HO" and H>O" were analysed
gravimetrically. Trace elements were quantified by inductively coupled
plasma mass spectrometry (ICP MS) techniques, also at Activation
Laboratories Ltd., Ancaster, Canada, using a Perkin Elmer Sciex ELAN
6100 ICP mass spectrometer, following standard lithium
metaborate/tetraborate fusion and acid decomposition sample preparation
procedures. All analyses were calibrated against international reference
materials.

Approximately 230 quantitative electron probe microanalyses of monazite,
xenotime and zircon were performed in representative samples of all
magmatic suites. Minerals were analysed in polished thin sections and back-
scattered electron images (BSE) were acquired to study interaction of
examined accessory minerals and the internal structure of individual mineral
grains. Element abundances of Al, Ca, Ce, Dy, Er, Eu, F, Fe, Gd, Ho, La,

Lu, Mg, Mn, Na, Nd, P, Pb, Pr, Sc, Si, Sm, Sr, Tb, Th, Ti, Tm, U, Y, Yb and
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Zr in selected accessory minerals were determined using a CAMECA SX
100 electron probe micro-analyser (EPMA) operated in wavelength-
dispersive mode. The contents of the above mentioned elements were
determined using an accelerating voltage and beam current of 15 keV and
20 nA, respectively, with a beam diameter of 2-5 pum. The following
standards, X-ray lines, and crystals (in parentheses) were used: AlK, —
sanidine (TAP), CaK,— fluorapatite (PET); CeL, — CePO4 (PET); DyL, —
DyPOyq (LIF); ErLy — ErPO4 (PET); EuLg — EuPO4 (LIF); FeK, — almandine
(LIF); GdLg — GdPOg4 (LIF); HoLs — HoPO4 (LIF), LaL, — LaPO4 (PET),
LuMp — LuAG (TAP), MgK, — Mg>Si04 (TAP), MnK,, — spessartine (LIF),
NdLg— NdPOs (LIF); PK, — fluorapatite (PET), PbM, — vanadinite (PET);
PrLg — PrPOy4 (LIF), SrLq — SrSO4 (TAP), ScKa — ScPsO14 (PET); SiKq —
sanidine (TAP); SmLg — SmPO4 (LIF); TbL, —TbPO4 (LIF), ThM, —
CaTh(PO4)2 (PET), TiKy — anatas (PET), TmL, — TmPO4 (LIF), UMp —
metallic U (PET), YLs — YPO4 (PET) and ZrL, — zircon (TAP). Intra-REE
overlaps were partially resolved using L, and L lines. Empirically
determined coincidences were applied after analysis: ThM, on PbM,, and
ThMy on the UMp line. The raw data were converted into concentrations

using appropriate PAP-matrix corrections [21]. The detection limits were
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approximately 400 ppm for Y, 180—1700 ppm for REE and 800-1000 ppm
for U and Th. Mole fractions for components in monazite and xenotime
were calculated according to Pyle et al. [22].

4. Results

4.1 Petrography

The medium-F biotite granite (v) is porphyritic, fine-grained rock consisting
perthitic potassium feldspar, plagioclase (Ano-31), quartz, abundant biotite
flakes (annite, 'YAl 2.15-2.30 atoms per formula unit, apfu, Ti 0.37-0.55
apfu, Fe/Fe+Mg 0.56-0.80) and rare muscovite. Fluorapatite, zircon,
monazite-(Ce), magnetite and ilmenite are common accessory minerals.

The high-F, high-P>Os topaz-bearing muscovite-biotite granite (vi) is
equigranular, medium-grained rock with abundant coarsely flaky muscovite.
In addition to perthitic potassium feldspar it contains plagioclase (Ano-12),
quartz, biotite (annite, VA1 2.12-2.39 apfu, Ti 0.26-0.39 apfu, Fe/Fe+Mg
0.72-0.76) muscovite and topaz. Common accessory minerals are apatite,
zircon, monazite and ilmenite.

The high-F, high-P,Os Li-mica granite (iii) is represented by more
petrographic varieties, which could be classified as partly greisenised

medium grained, equigranular granites, porphyritic, fine-grained granites
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and leucocratic granites that occurs mainly in the Vysoky Kamen stock. The
main granite variety is represented by medium-grained, equigranular rock,
consisting of quartz, albite (Ano—;), potassium feldspar, lithium mica and
topaz. Fluorapatite, zircon, Nb-Ta-T1 oxides, xenotime-(Y), monazite-(Ce),
uraninite and coffinite are common accessory minerals. Cassiterite occurs
usually as a very rare accessory mineral. Porphyritic, weakly greisenised
granites occur as relatively small lenses or layers in the main granite body of
equigranular Li-mica granites. Their groundmass is fine-grained with
phenocrysts of potassium feldspar. Granites contain quartz, albite (Ano-s),
potassium feldspar, Li-mica and topaz. Apatite, zircon, Nb-Ta-Ti oxides,
xenotime-(Y) and monazite-(Ce) are common accessories. The second sub-
type of this granite, the leucocratic granite occurring in the Vysoky Kamen
stock, is mostly composed of albite (Ano-2), potassium feldspar, quartz and
subordinate amounts of lithium mica and topaz. Fluorapatite, Nb-Ta-Ti
oxides, fluorite and rare beryl represent accessories. Quartz-free alkali-
feldspar syenite (vii), composed exclusively of albite and potassium
feldspar, also forms subhorizontal layers and lenses ranging from several
decimetres to tens of meter in thickness in the Vysoky Kamen stock. Its

contacts with leucocratic granite are typically diffuse. The alkali-feldspar
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syenite consists of albite (Ano—2), potassium feldspar, accessory lithium mica
and topaz. Fluorapatite, triplite, Nb-Ta-Ti oxides, zircon, xenotime-(Y),
monazite-(Ce) and very rare Nb-bearing wolframite are accessories. The
alkali-feldspar syenite is described as feldspathite in some papers (e.g. [16—
17]), but this name does not agree with the magmatic nature of this rock,

which is in some places underlined by its striking magmatic layering (Figure

3).

Figure 3 Magmatic layering of alkali-feldspar syenite, Vysoky Kémen

stock.
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4.2 Geochemistry

The medium-F biotite granite (v) is weakly peraluminous Ca-poor granite
with aluminium saturation index (ASI) ranging from 1.1 to 1.2. In
comparison with common Ca-poor granites [23] it is enriched in Rb (455—
589 ppm), Cs (40-52 ppm), Sn (24—44 ppm) and Nb (21-23 ppm), but poor
in Mg (0.2-0.3 wt. % MgO), Ca (0.4-0.8 wt. % CaO), Sr (25-64 ppm), Ba
(133-207 ppm), Zr (101-170 ppm) and Y (25-31 ppm).

The high-F granite, high-P,Os muscovite-biotite granite (vi) is peraluminous
Ca-poor S-type granite with ASI ranging from1.2 to 1.3. In comparison with
common S-type granites [23] it is enriched in Li (78-546 ppm), Rb (393—
936 ppm), Cs (30-169 ppm), Sn (8-50 ppm) and Nb (15-32 ppm), but poor
in Mg (0.2-0.4 wt. % MgO), Ca (0.3-0.7 wt. % CaO), Sr (20-91 ppm), Ba
(25-394 ppm), Zr (47-111 ppm) and Y (15-34 ppm).

The high-F, high-P>Os Li-mica granite (iii) is highly a peraluminous S-type
granite with ASI ranging froml.2 to 1.5. In comparison with typical S-type
granites [23], it is enriched in incompatible elements such as Li (311-1050
ppm), Rb (830-1150 ppm), Cs (47-121 ppm), Sn (28—159 ppm), Nb (18-52

ppm), Ta (8-26 ppm) and W (3—66 ppm), but poor in Mg (0.1-0.4 wt. %
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MgO), Ca (0.4-0.7 wt. % CaO), Sr (10-29 ppm), Ba (6-81 ppm), Zr (24-55
ppm) and (Y 5-17 ppm).

The leucocratic granite sub-type from the Vysoky Kamen stock is
peraluminous S-type granite with ASI ranging from 1.1 to 1.3. In
comparison with high-F, high-P>Os, Li-mica granite is partly enriched in Rb
(670-1309 ppm), Nb (2667 ppm) and Ta (15-33 ppm), but poor in Mg
(0.04-0.11 wt. % MgO), Ca (0.3-0.6 wt. % CaO), Ba (8-25 ppm), Zr (13—
26 ppm) and Y (3—7 ppm).

The alkali-feldspar syenite (vii) is weakly peraluminous rock with ASI
ranging from 1.0 to 1.1. Relative to the high-F, high-P>Os Li-mica granites,
the syenite is enriched in Na (4.6-6.8 wt. % NaO), K (6.9-7.8 wt. % K20)
Rb (1760-1800 ppm), Nb (14—60 ppm) and Ta (1144 ppm), but depleted in
S1(64.0-66.5 wt. % Si102), Mg (0.03-0.07 wt. % MgO), Ca (0.3-0.5 wt. %
Ca0), Zr (14-37 ppm) and Y (2-9 ppm).

The highest XREE was found in the medium-F biotite granites (v) (108—168
ppm) and in the high-F granites, high-P,Os muscovite-biotite granites (vi)
(91-175 ppm). In the high-F, high-P>Os Li-mica granites (iii) and alkali-
feldspar syenites (vii) the XREE are distinctly lower (3—46 ppm). For the

medium-F biotite granites (v) and the high-F, high-P>,Os muscovite-biotite
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granites (vi) the higher La/Yb ratios are significant (medium-F granites 4.3—
7.2, high-F, high P,Os muscovite-biotite granites 4.0-8.0), whereas the
La/Yb ratios in the high-F, high-P>Os granites (iii, iv) and alkali-feldspar
syenites (vii) are lower (high-F, high P,Os Li-mica granites 1.6-4.8,
leucocratic granites 1.2-2.5. alkali-feldspar syenites 1.6—4.1). Similar
differences exists also in the Eu/Eu* ratio (medium-F biotite granites 0.18—
0.29, high-F, high P.Os muscovite-biotite granites 0.21-0.31, high-F, high
P>0Os Li-mica granites 0.03—0.32, leucocratic granites 0.04—0.13, alkali-
feldspar syenites 0.02—0.17).

4.3. REE and Y mineralogy

4.3.1. Crystallisation sequences of monazite, xenotime and zircon

In the granite suites of the KGB rare earth element- (REE) and Y-bearing
accessory minerals are represented by monazite, xenotime and zircon.
Monazite and zircon occur in all magmatic suites, whereas xenotime was
found only in the high-F, high-P>Os Li-mica granites (iii) and in the alkali-
feldspar syenites (vii). Monazite, together with zircon and fertile apatite is
usually enclosed in biotite and lithium mica flakes. Monazite occurs as
small subhedral to anhedral grains (10-30 pm), often grow together with

zircon and or in complex aggregates together with coffinite and xenotime
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(Figure 4). Monazite grains are usually without any zoning, for zircon is
usually complex zoning significant. The xenotime occurs either as grains on
the zircon rims or inclusions/intergrowths in bigger zircon crystals (Figure

5).

Figure 4 High contrasts BSE image of complex intergrowths of coffinite

(Cfn), zircon (Zrn), monazite (Mnz) and xenotime (Xtm) from high-F, high-

P>Os Li-mica granite, Hub stock.
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Figure 5 High contrasts BSE image of zircon (Zrn) and xenotime (Xtm)
from granites of the Krudum granite body.

4.3.2. Monazite composition

Monazite strongly favours LREE to HREE and Y. In analysed samples the
sum of LREE (La + Ce + Pr + Nd + Sm) ranges between 0.21 and 0.94 apfu
(atoms per formula unit), being higher in the high-F muscovite-biotite
granites (vi) (0.69-0.94) (Table 1). Cerium is, in all cases, the most

abundant REE, varying between 7.95 wt. % Ce203 and 32.57 wt. % Ce20;


http://dx.doi.org/10.20944/preprints201804.0117.v1
http://dx.doi.org/10.3390/min8070287

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 April 2018

(0.12-0.48 apfu Ce). The second most abundant REE is La (2.06-15.44 wt.
% Laz03; 0.03-0.23 apfu La), followed by Nd (2.05-12.04 wt. % Nd2O3;
0.03-0.17 apfu Nd), Pr (1.80-3.49 wt. % Pr203; 0.03—0.05 apfu Pr) and Sm
(1.44-3.48 wt. % Smy03; 0.02—0.05 apfu Sm). Thus, all analysed monazite
grains should be termed monazite-(Ce). However, the ranges in atomic
ratios between individual LREE vary considerably: the (La/Nd)cn ratio
between 0.46 and 3.39, the (La/Sm)cn ratio between 0.49 and 6.27.

The content of Y in analysed monazites ranges from 0.07 to 4.26 wt. %
Y203 (0.00-0.09 apfu Y). The HREE contents are much lower than those of
LREE and Y. The concentrations of XHREE (Gd + Dy + Er) in analysed
monazites range from 0.00 to 0.05 apfu. The concentrations of Th vary
between 2.71 and 35.42 wt. % ThO; (0.03-0.33 apfu Th). The
concentrations of U ranged between 0.19 and 4.54 wt. % UO; (0.00-0.04
apfu U).

Two main coupled substitution mechanisms have been proposed for
monazite [1, 24-25], namely the cheralite and huttonite substitutions. In the
(Th + U + Si) vs. (P + Y + REE) diagram, analysed monazites of all

magmatic suites from the KGB plot among the cheralite substitution vector.
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However, for monazites from the low-F biotite granites is the huttonite

substitution significant (Figure 6).
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Figure 6 Monazite composition vectors of monazites from the Krudum

granite body.
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The highest fractions of the cheralite component were found in monazites
from the high-F, high P>Os granites (iii, iv) (up to 45.6 mol. %) and from the
alkali-feldspar syenites (vii) (up to 69.3 mol. %). Similarly, the
concentration of the xenotime (YPO4) component is relatively high in
monazites from the high-F, high-P,Os granites (iii, iv) (up to 9.1 mol. %)
and from the alkali-feldspar syenites (vii) (up to 9.4 mol. %).

4.3.3. Xenotime composition

The proportion of YPOj, the main component in xenotime, ranges from
70.66 to 83.75 mol. % (Table 2). Some microprobe analyses reveal low
totals suggesting significant hydration of xenotime. The water content
estimated from analytical data ranges from 5 to 11 wt. % H>O. In slightly
greisenised high-F, high-P>Os Li-mica granites from the Hub stock the F
content it reaches up to 1.12 wt. %. Analysed xenotimes are commonly
enriched in HREE (9.3— 19.5 wt. % HREE;O3), U and Th. The
concentrations of Dy and Yb range from 3.05 to 7.67 wt. % Dy»03 (0.035—
0.084 apfu Dy) and 2.24 to 8.04 wt. % Yb2O3 (0.025-0.088 apfu Yb). The
concentrations of U and Th in analysed xenotimes range from 0.45 to 5.55
wt. % UOz (0.004-0.044 apfu U) and 0.04-1.73 wt. % ThO; (0.000-0.014

apfu Th). Two charge balancing coupled substitutions involving Si (thorite-
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coffinite exchange) and/or Ca (cheralite exchange) for the replacement of Y
and REE by U and Th are observed in xenotime. In the high-F, Li-mica
granites both substitutions mechanisms occur (Figure 7). In some cases the
xenotimes are enriched in Sc (up to 2.03 wt.% Sc203; 0.25 apfu Sc), Zr (up
to 1.62 wt. % ZrO»; 0.03 apfu Zr) and Bi (up to 0.07 wt. % B1O3; 0.002
apfu Bi) (Figure 7). The Sc and Bi contents show a lack of correlation with
other cations in the octahedral position. The Zr content shows a negative

correlation with content of Y.
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Figure 7 Xenotime composition vectors of xenotimes from the Krudum

granite body.
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4.3.4 Zircon composition

Zircons from the high-F, Li-mica granites (iii, iv) are often hydrated and
fluorised. The concentrations of F in zircon from partly greisenised high-F,
Li-mica granites reaches up to 1.2 wt. % (0.26 apfu F). Analysed zircons
contain moderate Hf concentrations (1.0-4.7 wt. % HtO,; 0.010-0.047 apfu
Hf) (Table 3, Figure 8). The proportion of the hafnium end member
indicated by atomic ratio Hf/(Zr + Hf) varies from 0.01 to 0.05. The highest
concentrations of HfO, were found in zircons from the high-F, Li-mica
granites (1.2-4.7 wt. % HfO) and from the alkali-feldspar syenites (vii)
(1.3-4.1 wt. % HfO»). In the zircons from the medium-F biotite granites (v)
and the high-F, high-P>Os muscovite-biotite granites (vi) HfO:
concentrations are distinctly lower (1.0-2.5 wt. %). In the zircons from the
alkali-feldspar syenites (vi1) enrichment in P was observed, which is not
associated with a simultaneous enrichment in Y + REE. The high
concentration of P (up to 8.29 wt. % P»0s; 0.24 apfu P) is usually
accompanied by enrichment of Ca (up to 3.9 wt. % CaO; 0.14 apfu Ca) and
Al1(0.02-2.0 wt. % ALOs; 0.00-0.08 apfu Al). Analysed zircons from the
high-F, high-P,Os granites (ii1, iv) are also enriched in the Y (up to 5.5 wt.

% Y203; 0.10 apfu Y) and Sc (up to 1.17 wt. % Sc203; 0.03 apfu Sc). These
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altered zircons are also enriched in Bi (up to 5.16 wt. % B1Os3, 0.033 apfu
Bi). The zircons from the medium-F biotite granites (v) and from the high-F
muscovite-biotite granites (vi) displays distinctly lower concentrations of Y
(0-0.8 wt. % Y203), Sc (0-0.4 wt. % Sc203) and Bi (0.05-0.14 wt. %
B1,03). The uranium and thorium are ubiquitous components all analysed
zircons, especially in the altered zircons from high-F, high-P>Os Li-mica
granites. In these granites concentrations of U up to 3.1 wt. % UO» (0.02
apfu U) were found. The concentrations of Th in altered zircons from high-
F, high-P,0Os Li-mica granites are between 0.2 and 1.7 wt. % ThO» (0.002—
0.013 apfu Th). The concentrations of U and Th in the medium-F biotite
granites and in the high-F, high-P>Os muscovite-biotite granites are lower
(0.04-0.65 wt. % UO»; 0.01-0.21 wt. % ThO»).

5. Discussion

5.1. Substitution in monazite

Two main coupled substitutions mechanisms have been proposed for
monazite, cheralite substitution (Th, U)*" + Ca?" =2 REE*" and huttonite
substitution (Th, U)*" + Si*" = REE*" + P°*[24-28]. For the analysed
monazite from all granitic suites of the KGB the cheralite substitution is

more common. The predominance of the cheralite substitution over the
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huttonite substitution was also found in other highly fractionated high-F, Li-
mica granites from other parts of the Krusné Hory/Erzgebirge batholith and
the Fichtelgebirge granites in NE Bavaria, Germany [2, 8, 24]. High
contents of the cheralite component (> 20-30 mol. %) were also found in
highly fractionated S-type granites from the West Carpathian belt [1] and in
similar S-type granites from the Belvis de Monroy pluton in the Iberian

Variscan belt [6].
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Figure 8 Chemical composition of zircon from granites of the Krudum

granite body.
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5.2. Substitution in xenotime

Like for monazite, two main mechanisms exist for the replacement of Y by
REE, U and Th in xenotime: charge balancing coupled substitutions
involving Si and Ca (thorite-coffinite-type and cheralite-type substitutions
respectively) [1, 4, 29-30]. In the analysed xenotimes from high-F, high
P>0Os granites (iii, 1v) both substitutions mechanisms exist. Both were also
previously found in the S-type, high-F, Li-mica granites from the German
part of Kru$né Hory/Erzgebirge area [29]. However, according to Pérez-
Soba et al. [6], unlike zircon, xenotime from highly fractionated
peraluminous granites from the Belvis de Monroy pluton in the Iberian
Variscan belt showed predominance of one substitution, the cheralite
substitution, over the thorite-coffinite substitution.

5.3. Substitution in zircon

The entry of Y + HREE and P into the zircon structure is usually explained
via xenotime substitution, whereas zircon and xenotime are isostructural
[30-32]. The uranium and thorium in zircon cause its metamictization,
which is usually followed by hydration (replacement of O* by OH") and
fluoritization [33]. The apparent surplus on the A-site could be explained by

occurring substantial amounts of interstitial cations (e.g., Fe, Ca, Al, As, Bi,
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Sc) [34-35]. For enrichment of the Sc in zircon the pretulite (ScPO4)
exchange is usually suggested [36]. The moderate to strong deviation of
altered zircons from stoichiometry was also found in some other
occurrences of the high-F, Li-mica granites in the Kru$né Hory/Erzgebirge
area (e.g. Cinovec, Podlesi, Altenberg, Seifen) [30, 37-39] and in some
other occurrences of altered zircon worldwide [40—46].

6. Conclusion

The Krudum granite body represents highly fractionated granitic rocks from
the medium-F biotite granites to the high-F, high-P>Os Li-mica granites. All
these granite varieties contain variable concentrations of monazite and
zircon. Xenotime was found only in the high-F, high-P,Os Li-mica granites
and in the alkali-feldspar syenites.

All analysed monazites of all magmatic suites from the KGB displayed
strong preference of cheralite substitution, with the highest amounts of the
cheralite component found in monazites from the high-F, high P,Os Li-mica
granites (up to 45.6 mol. %) and from the alkali-feldspar syenites (up to
69.3 mol. %). For monazites from the low-F biotite granites of the Karlovy

Vary pluton the huttonite substitution is significant.


http://dx.doi.org/10.20944/preprints201804.0117.v1
http://dx.doi.org/10.3390/min8070287

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 April 2018

The proportion of YPOs in all analysed xenotimes ranges from 71 to 84
mol. %. Some microprobe analyses reveal low totals, suggesting significant
hydration of xenotime. The water content estimated from analytical data
ranges in these xenotimes from 5 to 11 wt. % H»O. In slightly greisenised
high-F Li-mica granites from the Hub stock the F content it reaches up to
1.12 wt. %. Analysed xenotimes are commonly enriched in the HREE (9.3—
19.5 wt. % HREE2O3), U and Th. In analysed xenotimes two charge
balancing coupled substitutions involving Si (thorite-coffinite exchange)
and/or Ca (cheralite exchange) for the replacement of Y and REE by U and
Th were found.

Analysed zircons from analysed granite suites contain rather moderate Hf
concentrations (1.0—4.7 wt. % HfO»; 0.010-0.047 apfu Hf). The highest
concentrations of HfO, were found in zircons from the high-F Li-mica
granites (1.2—4.7 wt. % HfO») and from the alkali-feldspar syenites (1.3—4.1
wt. % HfO»). Zircons from the high-F Li-mica granites are often hydrated
and fluorised. The concentrations of F in zircon from partly greisenised
high-F Li-mica granites reaches up to 1.2 wt. % (0.26 apfu F). In zircons
from the alkali-feldspar syenites was observed enrichment in P, which is not

associated with a simultaneous enrichment in Y + REE. The high
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concentration of P (up to 8.29 wt. % P>0s; 0.24 apfu P) is usually
accompanied by enrichment of Ca (up to 3.9 wt. % CaO; 0.14 apfu Ca) and
Al1(0.02-2.0 wt. % ALOs; 0.00-0.08 apfu Al). Analysed zircons from the
high-F Li-mica granites are enriched in Y (up to 5.5 wt. % Y»0s3; 0.10 apfu
Y) and Sc (up to 1.17 wt. % Sc20s; 0.03 apfu Sc). These altered zircons are
also enriched in Bi (up to 5.16 wt. % B1,O3, 0.033 apfu Bi).
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Table 1 Representative EPMA of monazite

Sample KRU-34 | KRU-35 | 1162-2 | 1162- | 1008- 1283- | 1542-10
13 33 17
Variety medium- | medium- | high-F | high-F | high-F | high-F | alkali-
wt% F granite | F granite | two- two- Li- Li-mica | feldspar
mica mica mica granite | syenite
granite | granite | granite
P>0s 29.27 29.09 29.22 | 28.12 |[28.70 |31.19 29.65
SiO, 0.62 0.75 0.58 0.55 1.15 0.48 0.67
ThO> 8.23 10.33 5.81 2.71 10.08 | 15.13 19.68
U0, 0.93 0.88 1.23 0.19 0.31 1.68 3.00
Y203 2.13 2.53 291 0.38 3.38 2.26 1.80
La;03 11.68 11.36 11.51 15.44 | 10.47 7.73 6.60
Ce203 26.29 24.73 26.17 | 32.57 [25.22 |21.45 17.49
Pr20; 2.80 2.77 3.03 3.49 2.95 2.63 2.20
Nd2O3 10.02 9.48 11.36 | 12.04 | 10.60 8.87 7.90
Sm0; 1.79 1.81 2.54 1.88 2.25 2.29 2.68
Gd,0; 1.20 1.12 1.95 0.72 1.83 1.50 1.65
Dy,0s 0.80 0.80 1.02 0.11 1.14 1.02 0.88
Er03 0.17 0.17 0.21 0.03 0.23 0.12 0.14
CaO 1.30 1.75 1.53 0.32 1.29 3.29 4.93
PbO 0.17 0.17 0.16 0.04 0.14 0.28 0.35
Total 97.40 97.74 99.23 [98.59 [99.74 |99.92 99.62
apfu, O=4
P 0.986 0.977 0.973 10.960 | 0.955 1.004 0.976
Si 0.025 0.030 0.023 [0.022 |0.045 ]0.018 0.026
Th 0.075 0.093 0.052 [0.025 |[0.090 |0.131 0.174
U 0.008 0.008 0.011 [0.002 |0.003 |0.014 0.026
Y 0.045 0.053 0.061 ]0.008 |0.071 |0.046 0.037
La 0.171 0.166 0.167 [0.230 |[0.152 ]0.108 0.095
Ce 0.383 0.359 0376 |0.481 |0.363 | 0.298 0.249
Pr 0.041 0.040 0.043 | 0.051 |[0.042 |0.036 0.031
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Nd 0.142 0.134 0.159 [0.173 [0.149 ]0.120 0.110
Sm 0.025 0.025 0.034 |[0.026 |0.030 | 0.030 0.036
Gd 0.016 0.015 0.025 [0.010 [0.024 ]0.019 0.021
Dy 0.010 0.010 0.013 [0.001 |0.014 |0.012 0.011
Er 0.002 0.002 0.003 | 0.000 |0.003 |0.001 0.002
Ca 0.055 0.074 0.064 [0.014 [0.054 |0.134 0.205
Pb 0.002 0.002 0.002 | 0.000 |0.001 | 0.003 0.004
LREEPO4 | 0.7758 [0.7312 |0.7633 | 0.9397 | 0.7308 | 0.6095 | 0.5026
HREEPO4 | 0.0295 ]0.0282 |0.0420 [ 0.0111 | 0.0424 | 0.0347 | 0.0352
CaTh(PO4)2 | 0.1158 | 0.1548 | 0.1311 | 0.0281 | 0.1118 | 0.2907 | 0.4249
ThS104 0.0316 | 0.0303 ]0.0010 | 0.0131 |0.0414 | 0.0152 | 0.0000
YPO, 0.0474 | 0.0554 ] 0.0625 | 0.0080 | 0.0735 | 0.0499 | 0.0383
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Sample 1007- | 1007- | 1007- | 997-9 1542- 1542-
4 11 19 18 20
Variety high-F | high-F | high-F | alkali- | alkali- | alkali-
wt% Li- Li- Li- feldspar | feldspar | feldspar
mica | mica | mica syenite | syenite | syenite
granite | granite | granite
P>0s 34.50 |36.31 |33.87 |31.99 32.75 33.00
SiO» 0.96 |b.d.l. 0.85 0.23 0.97 0.93
ThO, 0.87 0.04 0.72 0.53 1.50 1.29
U0, 4.43 0.93 4.56 2.49 3.06 2.97
Y203 38.83 [48.50 |38.23 |[39.59 40.18 40.19
La;03 b.d.l. 0.03 0.01 b.d.L b.d.l. 0.01
Ce203 b.d.l. | b.d.l 0.03 0.04 0.11 0.14
Pr20; b.d.l. 0.02 0.07 0.10 0.08 0.05
NdO3 0.32 0.08 0.42 0.26 0.38 0.44
Sm0; 0.87 0.11 0.79 0.84 0.67 0.68
Gd,0s 2.56 0.61 2.38 2.72 2.29 2.21
Dy>03 7.59 3.79 7.35 6.69 6.16 6.19
Ho203 0.98 0.69 1.06 | b.d.l b.d.L b.d.l.
Er,03 3.23 2.48 3.42 3.15 3.45 3.43
Yb20s 4.23 3.81 3.96 4.50 2.31 2.36
LuxOs 0.81 0.56 0.91 0.02 b.d.l. b.d.l.
CaO 0.42 0.89 0.51 0.49 0.19 0.16
PbO 0.18 0.02 0.10 0.43 0.51 0.51
F 0.09 1.12 0.10 0.05 0.10 0.02
O=F 0.04 0.47 0.04 0.02 0.04 0.01
Total 100.83 | 99.52 ] 99.30 | 94.10 94.67 94.57
apfu, O=4
P 0.985 | 1.001 |0.984 |0.973 0.974 0.978
Si 0.032 [ 0.000 |0.029 |0.008 0.034 0.033
Th 0.007 | 0.000 | 0.006 | 0.004 0.012 0.010
U 0.033 | 0.007 |0.035 |0.020 0.024 0.023
Y 0.696 |0.840 | 0.697 |0.756 0.750 0.748
La 0.000 | 0.000 |0.000 |0.000 0.000 0.000
Ce 0.000 |0.000 |0.000 |0.001 0.001 0.002
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Pr 0.000 | 0.000 | 0.001 |0.001 0.001 0.001

Nd 0.004 |0.001 | 0.005 |0.003 0.005 0.005

Sm 0.010 |{0.001 |0.009 |0.010 0.008 0.008

Gd 0.029 |0.007 |0.027 |0.032 0.027 0.026

Dy 0.082 |0.040 |0.081 |.0.077 |0.070 0.070

Ho 0.010 |0.007 |0.012 |0.000 0.000 0.000

Er 0.034 |0.025 |0.037 |0.036 0.038 0.038

Yb 0.043 |0.038 |0.041 |0.049 0.025 0.025

Lu 0.008 | 0.006 |0.009 |0.000 0.000 0.000

Ca 0.015 [0.031 |0.019 |0.019 0.007 0.006

Pb 0.002 | 0.000 |0.001 |0.004 0.005 0.005

F 0.019 |0.231 |0.022 |0.011 0.022 0.004

LREEPO4 | 0.0144 | 0.0020 | 0.0153 | 0.0148 | 0.0154 | 0.0165

HREEPO4; | 0.2117 | 0.1226 | 0.2112 | 0.1917 | 0.1644 | 0.1644

CaTh(PO4), | 0.0308 | 0.0616 | 0.0388 | 0.0375 | 0.0144 | 0.0124

ThSi04 0.0270 | 0.0000 | 0.0230 | 0.0090 | 0.0340 | 0.0320

YPO, 0.7153 1 0.8375 [ 0.7112 | 0.7470 | 0.7708 | 0.7735

b.d.l. — below detection limit

Table 3 Representative EPMA of zircon
Sample | 23-44 23-45 1162- | 1250- | 1007- | 1280- | 997-1 | 1542-1

5 27 2 2
Variety | medium- | medium- | high-F | high-F | high-F | high-F | alkali- | alkali-
wt% F granite | F granite | two- two- Li- Li- feldspar | feldspar
mica | mica | mica | mica |syenite | syenite
granite | granite | granite | granite

SiO» 31.60 32.16 31.85 [32.30 |31.49 |32.12 |32.32 31.09
ALO; | b.d.l b.d.l. b.dl |b.dl |b.d.l 0.03 0.01 0.12
V4{0)} 64.19 65.40 63.05 [66.00 |61.73 |63.99 |65.32 62.47
HfO, 1.43 1.03 2.52 1.36 3.60 3.37 1.33 3.71
CaO 0.01 0.03 0.05 |b.d.l. 0.03 0.02 0.04 0.18
FeO b.d.l. b.d.l. 0.05 0.02 0.16 0.07 0.02 0.54
MnO 0.02 b.d.l. 0.02 | b.d.l. 0.04 0.01 0.02 0.00
MgO | b.d.L 0.01 0.01 0.02 |b.dl |b.d.l 0.01 0.01
P>0s 0.50 0.05 0.59 0.02 0.79 0.07 0.38 1.02
Sc203 0.11 b.d.l. 0.35 | b.d.l 0.31 0.05 0.09 0.56
As;Os | b.d.l b.d.l. 0.01 0.05 0.10 0.04 0.04 0.13
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B120; 0.09 0.08 0.05 0.10 0.07 0.07 0.09 0.13
Y203 0.48 0.23 0.26 | b.d.l 0.38 | b.d.l. 0.20 0.03
La,O; | b.d.L b.d.L b.d.l. | b.d.L 0.02 | b.d.l. 0.02 0.01
CexO3 | b.d.L b.d.L 0.02 | b.dl |bdl 0.01 0.01 b.d.L
Pr,03 0.03 b.d.L b.d.L 0.03 |b.dl |bdl 0.02 b.d.L
Nd,O; | b.d.l. 0.10 b.d.l. | b.d.L 0.04 0.02 0.08 0.06
Smy0; 0.01 0.01 b.d.L 0.01 | b.d.l 0.01 |b.d.lL b.d.L
GdxO3 | b.d.L 0.01 0.01 |bdl |bdl |b.dlL 0.02 0.05
Dy20; 0.03 0.05 0.01 |b.dl |b.dl 0.01 0.02 0.04
ErO3 0.12 0.07 0.02 0.06 0.10 0.06 0.06 0.07
YbO3 0.21 0.06 0.18 0.03 0.29 0.02 0.05 0.14
UO, 0.50 0.09 0.65 0.04 0.52 0.13 0.11 0.36
ThO; 0.01 0.04 0.02 0.02 0.01 0.03 | b.d.l 0.08
PbO 0.02 b.d.L 0.03 | b.d.l. 0.04 | b.d.l 0.01 b.d.L
F b.d.L b.d.L 0.03 |bdl |bdl |bdlL 0.01 0.05
O=F 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02
Total 99.36 99.42 99.77 |100.06 | 99.68 | 100.13 | 100.28 | 100.85
apfu,

0=4

Si 0.982 0.995 0.987 |10.994 |0.981 |0.995 |0.990 0.960
P 0.013 0.001 0.015 | 0.001 |0.021 |0.002 |0.010 0.027
Al 0.000 0.000 0.000 | 0.000 | 0.000 |0.001 | 0.000 0.004
> T- 0.995 0.996 1.002 |0.995 | 1.002 |[0.998 | 1.000 0.991
site

Zr 0.973 0.987 0.952 |0.990 |[0.938 |0.967 |0.976 0.892
Hf 0.013 0.009 0.022 |0.012 |0.032 |0.030 |0.012 0.034
Ca 0.000 0.001 0.002 | 0.000 | 0.001 |0.001 |0.001 0.006
Fe 0.000 0.000 0.001 | 0.001 |0.004 |0.002 |0.001 0.014
Mn 0.001 0.000 0.001 | 0.000 | 0.001 | 0.000 | 0.001 0.000
Mg 0.000 0.000 0.000 | 0.001 | 0.000 |0.000 | 0.000 0.000
Sc 0.003 0.000 0.009 | 0.000 | 0.008 |0.001 | 0.002 0.015
As 0.000 0.000 0.000 | 0.001 | 0.002 | 0.001 | 0.001 0.002
Bi 0.000 0.000 0.000 | 0.001 | 0.000 |0.000 | 0.000 0.001
Y 0.008 0.004 0.004 | 0.000 | 0.006 | 0.000 | 0.003 0.000
La 0.000 0.000 0.000 | 0.000 | 0.000 |0.000 | 0.000 0.000
Ce 0.000 0.000 0.000 | 0.000 | 0.000 |0.000 | 0.000 0.000
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Pr 0.000 0.000 0.000 | 0.000 | 0.000 [ 0.000 |0.000 0.000
Nd 0.000 0.001 0.000 | 0.000 | 0.000 | 0.000 |0.001 0.001
Sm 0.000 0.000 0.000 | 0.000 | 0.000 [ 0.000 |0.000 0.000
Gd 0.000 0.000 0.000 | 0.000 | 0.000 [ 0.000 |0.000 0.001
Dy 0.000 0.000 0.000 | 0.000 | 0.000 [ 0.000 |0.000 0.000
Er 0.001 0.001 0.000 | 0.001 |0.001 |0.001 |0.001 0.001
Yb 0.002 0.001 0.002 | 0.000 | 0.003 | 0.000 |0.000 0.001
U 0.003 0.001 0.004 | 0.000 | 0.004 |0.001 |0.001 0.002
Th 0.000 0.000 0.000 | 0.000 | 0.000 [ 0.000 |0.000 0.001
Pb 0.000 0.000 0.000 | 0.000 | 0.000 [ 0.000 |0.000 0.000
A 1.004 1.005 0.997 |1.007 | 1.000 | 1.004 | 1.000 0.971
site

F 0.000 0.000 0.006 | 0.000 | 0.000 | 0.000 |0.002 0.010

b.d.l. — below detection limit
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