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Abstract

Titanite from various rocks of the Karkonosze granitoid pluton (South-Eastern Poland) was studied, in order to evaluate its
precision in recording magma evolution processes. The rocks are of lamprophyric, dioritic, granodioritic and granitic composi-
tion, including hybrid structures such as microgranular magmatic enclaves and composite dykes. Based on textures, chemistry
and Zr-in-titanite geothermometry, titanites can be divided into magmatic and post-magmatic populations. Late- to post-
magmatic titanite is present in almost all rock types, especially in the most evolved ones (where magmatic titanite is absent)
and can be characterized by low trace element and high Al and F contents. Magmatic titanite crystallized in temperatures between
610 and 870 °C, after apatite and relatively simultaneously with amphibole and zircon. Titanite from lamprophyre exhibits
compositional features typical of titanites formed in mafic rocks: low Al and F, high Ti*/(Al + Fe**), LREE (light rare earth
elemet)-enriched chondrite-normalized REE patterns, low Y/Zr, Nb/Zr, Lu/Hf, high (Ce + Nd)/Y, Th/U and Zr. Titanite from
hybrid rocks inherited these characteristics, indicating major contribution of the mantle-derived magma especially during early
stages of magmatic evolution. Titanite compositional variations, as well as a wide range of crystallization temperatures in hybrid
granodiorites point to prolonged crystallization from distinct magma domains of variable mafic versus felsic melt proportions.
The extent of compositional variations decreases through subsequent stages of magmatic evolution, and titanite with the least
contribution of the mafic component is characterized by higher total REE, Al and F contents, lower Ti*/(Al + Fe**), (Ce + Nd)/Y
and Th/U ratios, LREE-depleted chondrite-normalized REE patterns and higher Y/Zr, Nb/Zr and Lu/Hf ratios. Titanite compo-
sition from the intermediate and late stage hybrids bears signature of decreasing amount of the mafic melt and higher degree of its
evolution, however, the exact distinction between the former and the latter is very limited.
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Introduction

Titanite (CaTiSiOs) is one of the main accessory minerals in
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granitoid rocks and provides a robust record of magma evo-
lution processes. It contains two groups of elements — REE
and HFSE (high-field-strength elements) —that are important
tracers of a wide range of petrogenetic processes and magma
sources. Along with other accessory minerals, titanite controls
REE and HFSE budget in the entire magmatic system. It may
crystallize over a wide range of compositions — from mafic to
felsic and is sensitive to changes in oxygen fugacity (fO,),
temperature, pressure, crystal composition and melt composi-
tion (e.g. Green and Pearson 1986; Tiepolo et al. 2002;
Prowatke and Klemme 2005, 2006; Piccoli et al. 2000;
Hayden et al. 2008). It is also characterized by slow diffusion
of trace elements (Piccoli et al. 2000), preserving the primary
chemical signature of growing crystal domains. Thus,
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elemental variations in titanite may serve as useful petrogenet-
ic indicators, unravelling otherwise hidden details of the mag-
matic evolution (Tiepolo et al. 2002; Bruand et al. 2014;
Piccoli et al. 2000; Frost et al. 2000; Xu et al. 2015; Hu
et al. 2017; Jiang et al. 2016; Laurent et al. 2017; Xie et al.
2010, 2018). Crystal zoning usually exhibited by titanite in
various forms — oscillatory, core-mantle-rim, patchy, sector,
can be used to decipher complex crystallization histories (e.g.
McLeod et al. 2011; Hu et al. 2017; Jiang et al. 2016). Due to
the capability of recording even subtle changes in magmatic
environment, titanite has been widely used in the studies of
magmatic systems formed by mixing of melts of various ori-
gin and composition (e.g. McLeod et al. 2011; Jiang et al.
2016; Xie et al. 2018; Hu et al. 2017; Laurent et al. 2017).
Trace element ratios in titanite commonly used in these studies
as magma composition/source discriminators are (Ce + Nd)/
Y, Y/Zr, Nb/Zr, Th/U, Nb/Ta, La/Ce and Lu/Hf. Zr content is
used as a geothemometer as Zr incorporation is temperature
sensitive (Hayden et al. 2008). Major elements and their ratios
in titanite may also point to dominating origin of participating
magmas. Ti**/(Al + Fe**) ratio is indicative of mantle versus
crustal origin (Piuzana et al. 2008), while Al/Fe ratio can
distinguish magmatic from hydrothermal/metamorphic
titanite (Cao et al. 2015; Rasmussen et al. 2013).

Most of the studies of titanite concentrate on several rock
varieties where magma mixing is most visible. From the
existing literature only McLeod et al. (2011) compared titanite
from various rock types of a composite pluton (the Ross of
Mull granite, Scotland), involving granites, enclaves and
sheets of intermediate dioritic to felsic granitic composition,
formed by mixing of magmas extracted from distinct sources.
Titanite from each of these varieties demonstrated slightly
different compositional patterns. Our study is aimed at a sig-
nificantly more complex system with a wider compositional
range — from mafic lamprophyric to felsic granitic rocks,
magmas derived from two distinct magma sources — mantle
and lower crust, multi-stage character with decreasing inten-
sity of mixing from the early to the late stage, different mixing
structures and traces of extensive post-magmatic fluid-aided
interaction. Such system is represented by the post-collisional
granitoid pluton of Karkonosze (SE Poland, NE
Czech Republic). Mantle-derived lamprophyric melts occa-
sionally mixed with the lower crust-derived granitic magma,
forming intermediate rocks of hybrid origin (granodiorites and
quartz-diorites), granites containing more or less abundant
microgranular magmatic enclaves and irregular and discontin-
uous composite dykes, intruding the granite of pure crustal
origin (e.g. Staby and Gotze 2004; Staby and Martin 2008).
Each of these rocks are characterized not only by different
intensity of the mixing process and proportions of mafic ver-
sus felsic magma, but also distinct level of magma evolution,
as each melt evolved independently by fractional crystalliza-
tion. So far, two minerals from the Karkonosze pluton have
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been studied in terms of magma evolution processes — feldspar
and apatite. Presence of plagioclase rims, plagioclase inclu-
sions and dissolution-regrowth textures gave evidence of sub-
sequent pulses of mafic magma (Staby et al. 2002). The pro-
portions of mafic versus felsic melt were variable, even in the
scale of a single mineral, which is not detected from the
whole-rock geochemistry. However, the trace elements
analysed in feldspar involved only Ba and LREE. Apatite,
demonstrating complex zonation patterns and major compo-
sitional variations, provided additional data on melt heteroge-
neity, however, the chemical record is most informative in
case of early mixing stages (Lisowiec et al. 2015).

Present study focuses on titanite, which can potentially
provide more detailed data on the evolution processes. The
goal is to answer several questions: 1) is titanite sensitive
enough to distinguish not only between magmatic and post-
magmatic stages, but also between individual magmatic epi-
sodes, 2) can titanite record varying proportions of mafic and
felsic melts in different hybrid rocks and to what extent, and 3)
can titanite differentiate between magma mixing and fraction-
al crystallization processes. The combination of major, trace
elements and F content of titanite, as well as its crystallization
temperature (in relation to apatite, zircon and amphibole)
helps to define petrogenetic processes and evolution of titanite
chemistry during subsequent magmatic stages. Fluorine con-
tent of titanite is confronted will calculated F content of the
melt (on the basis of apatite and biotite).

Geological setting and sample description

The post-collisional granitoid pluton of Karkonosze is situated
on the NE margin of the Bohemian Massif (Fig. 1) and intrud-
ed the Saxothuringian Zone in the Late Carboniferous in
transpressional/transtensional tectonic setting (Mazur and
Aleksandrowski 2001). It formed by a multi-stage emplace-
ment of several magma batches (Staby and Martin 2008; Zak
et al. 2013). The pluton has been extensively dated by various
methods and the ages show large inconsistencies. The most
recent age data was reported by Kryza et al. (2014) and Kusiak
et al. (2014). The former dated zircons from several rock va-
rieties from the pluton by ID-TIMS technique to ~312 Ma,
concluding that the pluton was emplaced in a rather short
period of time. On the other hand, Kusiak et al. (2014) per-
formed zircon and monazite dating of several spatially spread
samples, obtaining a wide range of ages, from 318 £6 to 302
+4 Ma, indicating that the thermal episode of Karkonosze
may have lasted ~15 Ma.

The main magmatic body consists of a peraluminous, K-
rich calc-alkaline granite (KCG) following the classification
of Barbarin (1999). Several granite varieties can be distin-
guished: the most common, variably evolved porphyritic
granite, less common quartz-diorites and granodiorites and
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Fig. 1 Simplified geological map of the study area (modified after
Patocka et al. 2000). IG — Izera gneisses and granito-gneisses with belts
of mica schists; EKC — Eastern Karkonosze Complex; LV — Leszczyniec

equigranular granite. Moreover, the pluton contains numerous
microgranular magmatic enclaves, MME (enclosed mainly in
porphyritic granite), as well as composite, leucocratic and
lamprophyric dykes. Selected macrotextures of the hybrid
rocks are shown in Fig.2. South-western margin of the batho-
lith is composed of the oldest, S-type, crustally-derived two-
mica equigranular granite (Tanvald granite), which evolved
separately from the remaining rocks.

The petrological and geochemical evolution of the pluton
has been extensively studied using whole-rock and mineral
chemistry (Staby and Gotze 2004; Awdankiewicz et al. 2005;
Staby and Martin 2005; Awdankiewicz 2007; Staby et al.
2007a, 2007b, 2008; Staby and Martin 2008; Lisowiec et al.

unit; SKC — Southern Karkonosze Complex. Geographical coordinates of
the sampling sites are given in Lisowiec et al. (2015)

2015). One of the main differentiation mechanisms responsible
for the compositional diversity is mixing between mantle-
derived lamprophyric melt and crust-derived granitic magma.
The chemical and isotopic composition of the mantle-related
rocks points to a metasomatized mantle source enriched in
LILE (lithophile large-ion elements) (Staby and Martin 2005).
The two distinct melts, being in the course of independent evo-
lution by fractional crystallization, interacted with each other
during subsequent stages of magmatic evolution. The evolution
can be divided into three main stages. The early stage was
dominated by intensive mixing of yet poorly crystallized and
hot magmas, giving rise to more or less homogenous quartz-
diorites and granodiorites (Fig. 2a). In the following stages, the

¥ 2% :
o
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Fig.2 Rock textures of selected hybrid samples. a Thin-section of FOJ with visible ocelli texture and biotite-amphibole clots. b Rounded microgranular

magmatic enclave enclosed in porphyritic granite. ¢ Contact between the composite dyke SOK and the surrounding equigranular granite
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mafic magma was injected in smaller quantities into slightly
more viscous granitic magma and formed less evolved porphy-
ritic granites with minor mafic enclaves. Late stage of mixing is
represented by the presence of abundant magmatic enclaves
(Fig. 2b), that strongly interacted with the surrounding crystal-
rich host, composite dykes, which intruded the partially consol-
idated granite and formed irregular, discontinuous bodies of
varying composition, and highly evolved porphyritic and
equigranular granite. The interaction between the composite
dykes and the granite is visible only along the boundaries
(Fig. 2c). Lamprophyric dykes are the youngest and intruded
the already fully crystallized granite directly from the mantle.
Whereas the lamprophyre dykes represent the mantle end-
member of the mixing system, the equigranular granite is the
equivalent of the pure and evolved crust-derived magma. The
magma mixing process is recorded not only in macro-scale
(enclaves, composite dykes, intermediate rocks) but also in mi-
cro-scale, resulting in complex growth textures in single min-
erals, mostly alkali feldspar and apatite. Different trace element
composition between adjacent zones and distinct CL character-
istics (caused by different density of structural defects, e.g. trace
element impurities) of feldspars and apatites from porphyritic
granites and granodiorites suggest changing crystallization en-
vironment due to magma hybridization (Staby and Gotze 2004;
Lisowiec et al. 2015). The evolution of apatite composition
from early to late stages of magmatic history also strongly
points to changing proportions of mafic versus felsic melts
and progressive homogenization of the magmatic system
(Lisowiec et al. 2015).

The samples from this study cover all three stages of the
magmatic evolution of the Karkonosze pluton. Their chemical
composition is described in detail in Staby and Martin (2008)
and Awdankiewicz (2007). The most important petrographic
and mineralogical characteristics are summarized in Table 1.
Lamprophyres cannot be assigned to a particular stage, as even
though they are one of the youngest structures in the pluton,
their composition represents the primitive mantle-derived melt.
Therefore, they are considered simply as the pure mafic mantle-
derived end-member. Two lamprophyre samples were used:
LAMI1 and LAM2 (take from two different lamprophyric
dykes), with silica content of ~58 and ~ 53 wt%, respectively.
Chondrite-normalized REE patterns are LREE-enriched with
negative Eu anomaly. It is important to note that LAM1 sample
is located on the mantle-related end of the whole-rock mixing
trend, whereas LAM2 is positioned slightly outside of the trend
(suggesting that it does not entirely represents the mantle end-
member participating in the mixing process).

The early stage is represented by two granodiorite samples
FOJ and RUD. FOJ is homogenous in terms of texture and
less evolved (~63 wt% SiO,), whereas RUD is strongly het-
erogeneous and more evolved (~69 wt% of SiO,). Chondrite-
normalized REE patterns are LREE-enriched, with a small
negative Eu anomaly.
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The intermediate stage is represented by two porphyritic
granites MIL and MICH. MIL is the most primitive granite
with ~70 wt% silica, whereas MICH is slightly more evolved
(~72 wt% of SiO,). MIL granite contains minor enclaves. The
contribution of the mafic melt is significantly larger in MIL
granite (~50%), whereas in the MICH granite it is negligible.
Both granites are enriched in LILE and demonstrate LREE-
enriched chondrite-normalized REE patterns with strong neg-
ative Eu anomalies.

The late stage is represented by two enclaves — BUK and
ENK, one composite dyke SOK and two granites — SPH and
EQU. BUK was extracted from the EQU granite, whereas
ENK was sampled from the SPH granite. The BUK enclave
contains ~69 wt% of SiO,. The chemistry of the studied ENK
is unknown, however, the silica content of the enclaves hosted
in SPH usually ranges between 64 and 69 wt% (Staby and
Martin 2008). Chondrite-normalized REE patterns of both
enclaves (in case of ENK — its representatives) are LREE-
enriched with negative Eu anomaly, however, the LREE en-
richment is significantly more pronounced in the ENK en-
clave, whereas Eu anomaly is stronger in the BUK enclave.
Composite dyke SOK cuts equigranular granite and contains
~68 wt% SiO,. Chondrite-normalized REE pattern is LREE-
enriched, however compared to the MME, LREE concentra-
tions are significantly higher. Porphyritic granite SPH is one
of the most evolved granite varieties, with silica content of
77 wt%. It contains abundant MMEs, however, the contribu-
tion of the mafic melt in the granite itself is the lowest among
all porphyritic granites. Equigranular granite EQU is the most-
evolved granite variety (~78 wt% Si0,). Chondrite-
normalized REE patterns are slightly less LREE-enriched
compared to porphyritic granite. This sample is considered
as the pure crust-derived end-member of the magmatic evolu-
tion of the Karkonosze granitoid pluton.

Analytical techniques

Back-scattered electron (BSE) images of titanite and chemical
analyses of titanite, amphibole and biotite from polished and
carbon-coated thin-sections were performed using a JEOL
JXA-8230 SuperProbe electron probe micro-analyzer
(EPMA) equipped with five wavelength-dispersive X-ray
spectrometers. Accelerating voltage, beam current and beam
size were set to 15 kV, 20 nA and 5 pm for mica and amphi-
bole, and 15 kV, 40 nA and 1 um, respectively, for titanite.
Detailed conditions of the analyses (X-ray lines, crystals,
counting times, detection limits and standards) are given in
electronic supplementary material (ESM; Tables S1 and S2).
Data were corrected according to the ZAF procedure using
JEOL software for EPMA. Titanite formulae were calculated
based on 5 oxygen atoms. Fluorine concentrations in biotite
were used to calculate F contents in coexisting melt. In order
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Table 1 General description of the samples used in the study

Stage of Sample Equivalent Localization QAPF Mantle vs. Texture Mineralogical SiO,  Selected trace

magmatic in Staby classification crust composition [wt%] element

evolution and Martin contribution characteristics
(2008)

Mantle LAM1 LAM4 Karpacz lamprophyre mantle fine-grained plagioclase, 58.1  most enriched
end-- phlogopite, in LREE,
member amphibole, Ba, Sr, Zr

magnetite, pyroxene,
olivine, titanite,
calcite, apatite
LAM2 327% Bukowiec lamprophyre mantle fine-grained alkali feldspar, 53.6
phlogopite,
amphibole,
magnetite, quartz,
pyroxene, olivine,
titanite, apatite,
epidote
Early stage FOJ HYBS Fojtka granodiorite  mantle >**  fine-grained, K-feldspar, 63.4  enriched in
crust equigranular, plagioclase, quartz, LREE, Ba,
homogenous amphibole, biotite, Zr
apatite, zircon,
titanite, magnetite,
ilmenite, rutile
RUD  HYBIO Rudolfov granodiortie  mantle > crust porphyritic, K-feldspar, 69.2  enriched in
heterogeneous, plagioclase, quartz, LREE, Ba,
with abundant amphibole, biotite, Y, Th
enclaves apatite, zircon,
titanite, magnetite,
thorite, allanite,
rutile
Middle MIL  POR6 Mitkow granite mantle = crust porphyritic, with  K-feldspar megacrysts, 70.1  enriched in
stage minor enclaves matrix: LREE, Ba,
alkali-feldspar, 7r, Y
plagioclase, quartz,
biotite, amphibole,
apatite, zircon,
allanite, titanite,
magnetite, ilmenite,
scheelite, thorite,
rutile
MICH PORI0 Michatowice granite mantle << porphyritic K-feldspar megacrysts, 71.8  enriched in
crust matrix: LREE, Ba,
alkali-feldspar, 7Zr, Y, Th
plagioclase, quartz,
biotite, apatite,
zircon, allanite,
titanite, magnetite,
ilmenite, scheelite,
thorite, monazite,
rutile
Late stage = SPH  POR26 Szklarska granite mantle <<<  porphyritic, with ~ K-feldspar megacrysts, 77.5  depleted in
Poreba-H- crust abundant matrix: LREE
uta enclaves alkali-feldspar, (compared
plagioclase, quartz, to other
biotite, apatite, samples)
zircon, allanite, enriched in
titanite, magnetite, Pb, Th
ilmenite, scheelite,
thorite, rutile,
monazite
BUK  MME6 Bukowka granodioritic mantle fine-grained, plagioclase, 69.8  enriched in
enclave > > crust slightly alkali-feldspar, Rb, Zr, Y,
heterogeneous, biotite, amphibole, Ba
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Table 1 (continued)

Stage of Sample Equivalent Localization QAPF Mantle vs. Texture Mineralogical SiO,  Selected trace
magmatic in Staby classification crust composition [wt%] element
evolution and Martin contribution characteristics
(2008)
with quartz, titanite,
K-feldspar apatite, zircon,
megacrysts ilmenite, rutile,
magnetite, allanite,
scheelite
ENK  MMEI - Szklarska granodioritic mantle > crust fine-grained, with plagioclase, 64-69 enriched in
MMES5 Porgba-H-  enclave K-feldspar alkali-feldspar, LREE, Ba
uta megacrysts biotite, quartz,
titanite, apatite,
zircon, ilmenite,
magnetite, scheelite,
rutile
SOK COM4 Sokoliki granodioritic mantle >crust fine- to amphibole, biotite, 68.5  enriched in
composite medium-- plagioclase, quartz, LREE, Ba,
dyke grained, alkali feldspar, Zr, St
discontinous apatite, titanite,
zircon, rutile,
allanite, ilmenite
EQU  EQUIS5 Sokoliki granite crust fine-grained, K-feldspar, 77.9  slightly more
equigranular, plagioclase, quartz, enriched in
with rare biotite, muscovite, HREE
enclaves apatite, zircon, most
titanite, allanite, enriched in
epidote, monazite, Rb, Th, U

magnetite, ilmenite,
thorite and xenotime

*Sample number from Awdankiewicz (2007)

*#‘=‘comparable contribution, ‘<‘slightly smaller contribution, ‘<<‘- significantly smaller contribution, ‘<<<‘negligible contribution

to limit the potential migration of F, it was measured in the
beginning of each analysis.

A Thermo Scientific Element 2 high-resolution sector field
ICP-MS coupled to a 193 nm ArF excimer laser (Teledyne
Cetac Analyte Excite laser) was used to acquire the titanite
trace element (TE) data at the Institute of Geology of the
Czech Academy of Sciences. The laser was fired at a repeti-
tion rate of 10 Hz and fluence of 3.4 J/cm? with 30 pum laser
spot size. Helium carrier gas was flushed through the two-
volume ablation cell at a flow rate of 0.7 L/min and mixed
with 0.8 L/min Ar and 0.004 L/min N prior to introduction
into the ICP. The in-house glass signal homogenizer (design
of Tunheng and Hirata 2004) was used for mixing all the gases
and aerosol resulting in smooth, spike-free signal. The signal
was tuned for maximum sensitivity while keeping low oxide
level, commonly below 0.1%. Typical acquisitions consisted
of 15 s of blank measurement followed by measurement of
trace element signals from the ablated materials for another
20 s with 30 s of wash time between each analysis. This
ablation pattern was repeated on each analytical spots with
first ablation being used for collection of data at the low mass
resolution mode (m/Am =300: 25Mg, 27Al 2°Si, ©Ca, Fe,
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88gr. 89y 907p 93Nb, 1188y 137Ba, 13914, 140Ce, 141Pr, 140N,
147gm, 153gy, 157Gd, '59Tb, 19Dy, 1SHo, !SEr, '69Tm,
172y, Ly, '78HE, ®'Ta, 2*2Th and 238U) and the second
ablation for collection of data at the medium mass resolution
mode (m/Am =4000: 24Mg, 27Al and °°Fe). The measure-
ment sequence consisted of the repeated blocks of two analy-
ses of NIST SRM612, one analysis of BCR-2 standard and 10
unknowns. Trace element data were calibrated against the
NIST SRM612 glass (Pearce et al. 1997) using the **Ca as
internal standard together with concentration values of the
unknown samples obtained from EMPA analysis.

The minimum detection limit values were calculated
by multiplying the variance of the background by 3.25
for individual elements and are listed in the data table.
The time-resolved signal data were processed using the
Glitter software (van Achterbergh et al. 2001). The pre-
cision of the analyses (1 RSD) ranges between 5 and
15% for most elements. The accuracy was monitored
by a homogenized basalt reference material BCR-2
(Raczek et al. 2001). The models used for temperature,
pressure and F-in-melt calculations (Watson and Harrison
1983; Harrison and Watson 1984; Icenhower and
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London 1997; Hayden et al. 2008; Webster et al. 2009;
Pasero et al. 2010; Ridolfi et al. 2010) are described in
detail in the ESM (Table S1).

Results
Internal textures of titanite

Titanite from lamprophyres exhibits distinct textural features
between the two studied samples. LAMI titanite occurs as
small (< 50 um), anhedral grains intergrown with biotite (or
replacing it), epidote, amphibole and pyroxene. It exhibits
homogenous or porous textures and frayed rims. Some crys-
tals are also associated with magnetite. LAM2 titanite, on the
other hand, forms large euhedral to subhedral crystals associ-
ated mostly with amphibole and chlorite (Fig. 3a). The grains
are either relatively homogenous or demonstrate regular, os-
cillatory zoning (rarely sector zoning) and contain numerous
magnetite and apatite inclusions (Fig. 3a).

Titanite from granodiorites (FOJ and RUD) occurs either as
large, euhedral to subhedral grains, interstitial grains growing
between feldspar, biotite and amphibole or anhedral grains
attached to or growing in biotite. Individual euhedral/
subhedral grains exhibit usually sector, oscillatory or fir-tree
zoning (Fig. 3¢), whereas interstitial and anhedral grains dem-
onstrate sector or slightly patchy zonation patterns and often
contain ilmenite inclusions (Fig. 3b). Some grains display
BSE-darker rims, which are usually on the titanite-biotite bor-
der and show distinct major and trace element composition.

The porphyritic granites MIL and MICH contain mostly
titanite forming larger euhedral to subhedral grains or rarely
anhedral grains grown in or intergrown with biotite. The for-
mer displays sector, oscillatory, fir-tree or slightly patchy zon-
ing (Fig. 3de), whereas the latter is either homogenous or
demonstrate sector to patchy zoning. Patchy zoning in large
euhedral grains is concentrated along fractures and is more
common for MICH titanites. Anhedral grains associated with
biotite are homogenous or exhibit sector to patchy zoning.
Many crystals (mostly MICH) often contain BSE-darker rims
(of significantly distinct composition) and ilmenite/magnetite
inclusions (Fig. 3e). One MICH grain of distinct chemical
composition is interstitial, mostly BSE-dark and exhibits sec-
tor to patchy zonation.

Enclave BUK contains two types of titanite: one occurring
as large sub- to anhedral, strongly zoned (oscillatory, sector or
patchy zoning) grains mostly associated with biotite and con-
taining ilmenite and apatite inclusions (Fig. 3f) and the second
that forms smaller subhedral, individual crystals (growing in
feldspar and rarely associated with biotite) demonstrating sec-
tor or patchy zoning and apatite inclusions. These two types
are compositionally distinct. Titanite from the enclave ENK
occurs only as small subhedral to anhedral grains intergrown

with (or growing in) biotite (Fig. 3g). The crystals are mostly
homogenous or display weak sector zoning.

The composite dyke SOK contains titanite forming larger
anhedral or subhedral (and sometimes interstitial) grains most-
ly associated with biotite (Fig. 3h). It exhibits sector zoning in
the interior and often are surrounded by BSE-darker rims. The
most evolved porphyritic granite SPH contains only small
titanite grains growing in or intergrown with biotite. Mostly
titanite occurs in biotite+chlorite+epidote+titanite assem-
blage. The crystals are either homogenous or display patchy
zoning and contain apatite or ilmenite inclusions. Titanite
from the granite EQU occurs as small anhedral and homoge-
nous grains growing in biotite, which is often almost entirely
chloritized. Sometimes the shape of titanite crystals mimics
that of the chlorite substituting biotite.

P-T conditions and F content of the melt

Temperature of crystallization was calculated based on four
models — apatite saturation temperature (AST), zircon satura-
tion temperature (TZr), Zr-in-titanite and amphibole (Amp —
TB spreadsheet developed by Ridolfi et al. 2010) — in order to
constrain the relative timing of titanite crystallization and its
relation to other minerals. The summary of calculated temper-
atures is given in Table 2.

Almost all samples yielded very high temperatures of apa-
tite saturation > 920 °C, with the highest value for LAM2 and
FOJ (1069 °C and 1005 °C, respectively). Samples ENK and
MICH provided temperatures 987 and 970 °C, respectively.
Temperatures for LAM1, RUD, MIL, BUK and SOK are
between 925 and 945 °C. The lowest values were calculated
for EQU and SPH - 870 °C and 785 °C, respectively. Only the
value calculated for SPH granite is outside of the temperature
range dedicated for the application of the model (850—
1500 °C, Harrison and Watson 1984).

Zircon saturation temperatures are the lowest for
lamprophyres (723—732 °C) and the most evolved granites
SPH and EQU (692 and 721 °C, respectively). Whereas in
case of lamprophyres, the whole-rock chemistry is responsible
for delayed onset of zircon crystallization (as lamprophyres
are rich in Zr, Staby and Martin 2008), low TZr values for the
evolved granites are caused by the lowest Zr content among
all granite varieties of the pluton (Staby and Martin 2008). The
highest TZr was calculated for granodiorite FOJ, enclaves
including BUK and SOK composite dyke (>800 °C). The
remaining samples — RUD, MIL and MICH demonstrate in-
termediate TZr values, ranging from 750 to 790 °C.

Temperature of amphibole crystallization was calculated
for samples LAM1, FOJ, RUD, MIL and SOK. Chemical
composition of amphiboles is given in the ESM (Table S3).
LAMI1 amphiboles yielded the highest and narrow tempera-
ture range: 930-950 °C. The lowest values were calculated for
GRL composite dyke: 650700 °C (with one analysis yielding
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Fig. 3 Back-scattered electron
(BSE) images of representative
magmatic titanite grains from the
studied samples. a Titanite grain
from the LAM2 lamprophyre,
showing weak oscillatory zoning.
b Interstitial titanite grain from the
FOJ granodiorite, showing sector/
oscillatory zoning. ¢ Titanite grain
from the RUD granodiorite,
showing oscillatory zoning. d
Titanite grain from the MIL
porphyritic granite, showing
combined sector/oscillatory
zoning. e Titanite grain from the
MICH porphyritic granite
showing mostly oscillatory and
slightly patchy zoning. f
Interstitial titanite grain from
BUK-2 population, showing
sector zoning. g Titanite grain
from ENK enclave, associated
with biotite and showing slight
sector zoning h Anhedral titanite
grain from SOK composite dyke,
with a zircon inclusion and sector
zoning. Abbreviations of mineral
names: phl — phlogopite, amp —
amphibole, chl — chlorite, pl —
plagioclase, bt — biotite, ilm —
ilmenite, fsp — feldspar, ttn —
titanite, zrn — zircon, mag -
magnetite

100 pm

730 °C). SOK composite dyke provided temperatures be-
tween 750 and 830 °C, whereas the remaining samples —
RUD, FOJ, MIL - yielded similar temperature ranges between
660 and 800 °C. As the Ridolfi et al. (2010) model was tested
on temperatures >766 °C, the lower values calculated for
RUD, FOJ, MIL granites may be questionable. Pressures cal-
culated for the samples are between 1 and 2 kbar for SOK,
~1 kbar for FOJ, RUD, MIL and between 2.5 and 3 kbar for
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LAMI. These values are mostly in good agreement with pres-
sures calculated by Staby and Martin (2008), except for
lamprophyres and composite dykes, for which the applied
geothermobarometer yielded slightly lower pressures (as op-
posed to 5—7 kbar and 4-6 kbar, respectively).

Zr-in-titanite temperature calculations provided relatively
wide ranges for all studied samples. The highest temperatures
were calculated for LAM2 titanites. Zr content varies from



Geochemical evolution of a composite pluton: insight from major and trace element chemistry of titanite 383

Table 2 Crystallization temperatures calculated from titanite, apatite, amphibole and zircon

Sample Zr in titanite T from Zr-in-titanite Apatite saturation Temperature based on Zr in whole-rock TZr [°C]
[ppm] [°C] temperature [°C] Amp — TB* [°C] [ppm]**

LAMI 925 934-952 182 732

LAM2 151-6941 652-873 1070 - 505 723

FOJ 190-3313 674-842 1006 659-795 371 812

RUD 197-841 676754 929 690-764 171 759

MIL 1061860 645-803 945 662-783 192 772

MICH 48-2171 610-813 971 - 203 789

BUK-1 267-1728 691-799 936 - 286 817

BUK-2 55-850 616-755 -

ENK 0.52-287 449-695 987 - 163-32] *** 769-828

SOK 48-1000 610-760 943 752-828 359 831

SPH - - 785 - 56 692

EQU - - 872 - 87 721

*Amp - TB is an Excel spreadsheet developed by Ridolfi et al. (2010)
**Zr whole-rock data was taken from Staby and Martin (2008)

**% 7y content and TZr calculated for various enclaves from the same host granite

150 to 6940 ppm, which translates into 650 to 870 °C. Such
large variation in crystallization temperature is mostly
intergrain, indicating that some crystals crystallized earlier
than others. However, in several cases the high temperature
gradient involves single grains, in which crystal cores usually
demonstrate higher temperatures (although they are not dis-
cernible in BSE images) between 780 and 870 °C, whereas
BSE-dark rims crystallized from slightly cooler melt (650—
700 °C). FOJ titanites exhibit slightly narrower Zr content
and temperatures ranges: 190-3300 ppm and 670-840 °C,
respectively. However, concentrations >1000 ppm and tem-
peratures >800 °C are displayed only by three growth zones,
located in the grain interiors and not discernible in BSE im-
ages, except for one which is a BSE-brighter sector. The re-
maining grains show moderate temperature gradient in single
grain scale (usually 300-900 ppm, which translates into 700—
760 °C temperature difference). Interstitial grains display
slightly lower Zr contents and crystallization temperatures
(~200-400 ppm and 680-720 °C), whereas BSE-dark rims
of some crystals exhibit the lowest values (190-250 ppm of
Zr, 670-690 °C). In contrast to FOJ titanites, RUD titanites
demonstrate significantly narrower range of Zr contents and
calculated temperatures: 200-840 ppm and 680-750 °C, re-
spectively. Similar gradient is observed in single-grain scale,
where temperature gradually decreases from the crystal inte-
rior to the rim (e.g. from 750 to 690 °C). Interestingly, calcu-
lations for interstitial grains yielded similar temperatures as for
individual euhedral grains.

Temperature calculations for MIL and MICH titanites pro-
vided similar results. Zr contents and crystallization tempera-
tures vary between 50 and 2170 ppm and 610-810 °C, respec-
tively, but only three growth zones (BSE-bright sectors in

grain interiors) exhibit higher values (>1000 ppm of Zr and
770 °C). The remaining results indicate limited temperature
gradient in single-grain scale. BSE-dark rims present in sev-
eral grains display significantly lower temperatures (610—
650 °C). One interstitial MICH titanite shows a wide range
of Zr contents and crystallization temperatures — from a Zr-
rich BSE-bright sector domain (810 °C) to a Zr-poor BSE-
dark domain in grain exterior (630 °C).

The two BUK titanite populations exhibit different Zr con-
tents and temperatures. The first population (large, subhedral
grains) contains more Zr (270—1730 ppm), which yielded tem-
peratures between 690 and 800 °C, whereas the second pop-
ulation (smaller individual grains) is slightly Zr-poorer (60—
850 ppm) and generally crystallized in lower temperatures
(620-760 °C). Both populations demonstrate BSE-darker
rims, which formed in significantly lower temperatures. The
lowest Zr content and crystallization temperature is showed by
titanites from the ENK enclave — 1 — 290 ppm and 450—
700 °C, respectively. Only three small subhedral grains exhib-
it higher temperatures, whereas the remaining Zr-poor crystals
are anhedral and associated with or grown in biotite. Only one
BSE-bright sector growth zone in SOK titanites is richer in Zr
(2570 ppm, 840 °C), whereas the remaining domains/grains
show Zr contents between 50 and 940 ppm, and temperatures
between 620 and 770 °C. The temperature gradient may be
similarly high in single-grain scale, with Zr-rich cores/
interiors and Zr-poor BSE-dark margins.

As titanite exhibits large variations in F content, we used
apatite and biotite to determine the concentration of F in the
melt and its evolution. The chemical composition of apatites
was taken from Lisowiec et al. (2015), whereas that of biotite
is presented in the ESM (Table S3). The calculated F
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Fig. 4 Concentrations of F in the melt, calculated from apatite (ap) and biotite (bt) for all studied samples

concentrations of the melt are shown in Fig. 4 and show the
widest range for FOJ granodiorites: 1915-2430 ppm. Slightly
narrower ranges were provided for samples RUD, MIL and
ENK (2200-2460 ppm, 2100-2400 ppm, 2140-2410 ppm,
respectively). The remaining samples yielded average F con-
tents of ~2400 ppm. The concentrations of F in biotite show
large variations, even within individual samples. The widest
range of F contents is demonstrated by SPH biotites, which
translates into F concentrations in the melt ranging from 520
to 2370 ppm.

Moderate abundances of F are exhibited by BUK, ENK,
MICH and SOK biotites, giving narrower ranges of F content
in the melt, with average values of 590, 570, 770 and
540 ppm, respectively. The lowest F content is demonstrated
by FOJ and MIL biotites, leading to F-in-melt concentrations
of 160 and 250 ppm, respectively.

Major and trace element composition

The complete dataset of chemical analyses of the studied
titanites is given in the ESM (ESMA results in Table S4 and
LA-ICP-MS results in Table S5). The most relevant textural
and compositional features are summarized in Table 3.

Lamprophyres

There is not only textural, but also compositional difference
between LAM1 and LAM2 titanites. LAMI1 titanite is poor in
Ti and Fe, shows weak negative correlation between Al and
Fe and higher Al,O5/TiO, ratios compared to LAM2 titanite
(Fig. 5a,c). It can be also characterized by high and positively
correlated Al,O; and F contents (up to 8.67 and 2.50 wt%,
respectively; Fig. Se). LAM2 titanite is Ti- and Fe-rich, shows
positive Al-Fe correlation and lower Al,O3/TiO, ratios (Fig.
5a,c). AL,O; and F contents are the lowest among titanites
from all studied samples (0.47 and 0.28 wt%, respectively,
Fig. 5e). Ti**/(Al + Fe**) ratios show major differences
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between the two samples and are significantly higher for
LAM2 titanite (11-38), compared to LAM1 titanite (<4; Fig.
6). Grain interiors showing the highest crystallization temper-
atures exhibit the lowest Al,O5/TiO, and the highest Ti*/
(Al +Fe®*) ratios, whereas the margins display opposite
values.

LA-ICP-MS analyses of trace elements were performed
only for the LAM2 sample (Fig. 7a—g). The titanite demon-
strates low total REE contents (compared to titanites from
granodiorites and porphyritic granites) and strongly fraction-
ated LREE-enriched chondrite-normalized REE patterns
(Lan/Ybn =27-718, Fig. 8e). Very low Y contents (17—
343 ppm) lead to the highest (Ce + Nd)/Y ratios among all
samples (Fig. 7e,g). The titanite exhibits also the highest Th/
U, La/Sm, La/Ce, Ce/Nd (Fig. 7a,c) and the lowest Lu/Hf, Nb/
Zr and Y/Zr ratios (Fig. 7e,g). Y/Ho ratio varies from 23.2 to
31.4 (Table 3). Sr contents are most elevated in LAM2 titanite
and reach up to 1650 ppm. Compared to the remaining sam-
ples, the LAM2 titanite demonstrates also the lowest U and
HREE (heavy REE) contents. Trace element contents corre-
late well with Zr-in-titanite crystallization temperatures. There
is a significant decrease in concentrations of all trace elements
(without exception) from the Zr-rich grain interior to the Zr-
poor margin. Based on EPMA analyses and trace element
concentration which are above the detection limit, the
LAMI titanite demonstrates significantly lower total REE
and Zr contents, lower (Ce + Nd)/Y, Ce/Nd, Nb/Zr and higher
Y/Zr ratios (ESM; Table S4).

Early stage — Hybrid granodiorites

Titanite from both granodiorites, as well as all textural types
(except BSE-dark rims), demonstrates similar chemistry in
terms of major elements and F with only few differences.
TiO, content is generally lower compared to LAM?2 titanite
(but higher compared to LAM1 titanite), resulting in slightly
higher Al,03/TiO, ratios (Fig. 5a). Al and Fe show strong
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27.0-35.1
25.6-32.4
26.0-34.8

4.3-57.8
23-11.2

0.6-99.2
2.5-24.4

0.2-11.6
3-392

0.2-1.5
0.4-0.7
0.2-2.9
0.1-1.0
0.2-1.1

0.2-43
0.3-0.7

04-23
0.7-1.2

0.2-0.5
0.1-0.2

0.2-0.9
0.5-13

Table 3 (continued)

BUK
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0.7-10.0
5-712

0.6-1.3 0.2-1.7
<13

0.2-0.4
0.1-1.3

0.3-1.7

25.3-31.6

0.2-0.7
02-1.3

<04

ENK

2.1-25.6 23.5-33.5

0.8-44.4

<1.0

0.1-0.2

0.1-1.9
<23

SOK
SPH

<12

EQU

positive correlation with Al/Fe ratios higher than LAM2 and
lower than LAM1 titanites (Fig. Sc). Al,O5 and F contents are
low (although higher than in LAM?2 titanite) and uncorrelated
(Fig. Se). Compared to FOIJ titanite, RUD titanite is slightly
poorer in TiO, and richer in Fe and Al (Fig. 5a,c). Ti*/(Al +
Fe**) ratios are significantly lower than in LAM2 titanite, but
higher for FOJ titanite (>9), than for RUD titanite (2-9; Fig.
6). BSE-darker rims in some titanite grains show significantly
larger Al,O3 and F contents (up to 7 and 2.3 wt%, respective-
ly, with positive Al,O3 versus F correlation, Fig. 5e), lower Ti
concentrations (Fig. 5a), no correlation between Fe and Al
(Fig. 5¢) and significantly lower Ti**/(Al + Fe*") ratios (Fig.
6).

Titanites from granodiorites differ in terms of trace element
composition not only between FOJ and RUD but also within
individual samples. FOJ titanite can be divided into two prin-
ciple groups. The first group (composed of mostly subhedral
to interstitial grains) exhibits higher REE, Y, Nb and Sn con-
tents, lower (Ce + Nd)/Y, Th/U, La/Ce and La/Sm and higher
Y/Zr and Nb/Zr ratios (Fig. 7b—h). Chondrite-normalized
REE patterns are slightly less LREE-enriched compared to
the second group, with La-Ce depletion, flat HREE profile
and negative Eu anomaly (Fig. 8a). Y/Ho ratio ranges from
26.7 to 31.1 (Table 3). The second group (individual euhedral
to subhedral grains, BSE-darker margins) shows significantly
lower total REE contents, slightly lower Nb, Sn concentra-
tions, higher (Ce + Nd)/Y, Th/U, La/Ce, La/Sm and lower
Y/Zr and Nb/Zr ratios (Fig. 7b—h). Chondrite-normalized
REE patterns are slightly LREE-enriched, with a flat HREE
profile and positive Eu anomaly (Fig. 8b). Y/Ho is slightly
higher, compared to the first group, reaching 36.6 (Table 3).
Compositional gradient within single crystal is minor for both
groups. Generally, FOJ titanite exhibits the highest Th/U, Ce/
Nd and (Ce + Nd)/Y ratios among all samples (excluding
LAM2; Fig. 7b-1).

RUD titanite generally demonstrates higher total REE and
Y contents compared to FOJ titanite. Similar bimodality in
trace element composition as in FOI titanite is visible (exclud-
ing BSE-dark rims). The first group (euhedral to subhedral
grains) exhibits higher Y, REE, Nb, Ta, Hf contents as well
as lower (Ce + Nd)/Y, La/Sm, La/Ce, Ce/Nd and Nb/Ta and
higher Y/Zr and Nb/Zr ratios (Fig. 7b—h). Chondrite-
normalized REE patterns are flat or slightly MREE (middle
REE)-enriched, display highly pronounced negative Eu
anomaly, strong La-depletion and flat HREE profile (Fig.
8c). Y/Ho ratio ranges from 27.9 to 33.1 (Table 3). The second
group (subhedral grains or grain margins) demonstrates gen-
erally lower trace element contents but higher (Ce + Nd)/Y,
La/Sm, La/Ce, Ce/Nd, Nb/Ta and lower Y/Zr and Nb/Zr ratios
(Fig. 7b-h). Chondrite-normalized REE patterns are slightly
to moderately LREE-enriched (with La-depletion) with slight-
ly Tm-Yb-Lu-enriched HREE profile and positive to slightly
negative Eu anomaly (Fig. 8d). Y/Ho ratios reach 35.3
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(Table 3). Compared to FOJ titanites, those from RUD show
generally lower (Ce + Nd)/Y, Th/U, La/Sm, La/Ce, Ce/Nd
and higher Y/Zr, Nb/Zr ratios (Fig. 7b—h). Compositional var-
iations within single grains are the highest for the large
subhedral grains (even excluding the BSE-dark rims) and
are most pronounced for total REE and Y contents (up to
1.3 and 1 wt%, respectively). Element ratios differ slightly
from zone to zone.

Apart from BSE-dark rims, there is no apparent correlation
between the trace element composition, calculated crystalliza-
tion temperature and textural type. The zones with the highest
Zr content are either REE-poor in relation to the neighboring
domains or show the highest REE-enrichment (these occur
mostly as BSE-bright sectors). BSE-dark rims with high F,
Al and low Zr contents (included in the second population
of both FOJ and RUD) display a significant general depletion
in trace elements and higher (Ce + Nd)/Y ratios. The
chondrite-normalized REE patterns of these margins either
follow the shape of the remaining zones with only lower
REE concentrations or become flat with a slight positive Eu
anomaly and HREE enrichment.

Internediate stage — Hybrid granites

MIL titanite displays similar TiO,, Al,05; and F contents as
FOI titanite (Fig. 5a,e). TiO, and Al,O3 are negatively corre-
lated, whereas Al,O5 and F show no correlation. Fe contents
are slightly lower compared to titanite from granodiorites,
resulting in higher Al/Fe ratios (Fig. 5¢). Ti**/(Al + Fe'*) ra-
tios are between 7 and 20 (Fig. 6). BSE-dark rims and biotite-
related anhedral grains with lower calculated crystallization
temperatures demonstrate usually higher F contents, lower
AlLO4/TiO, and higher Ti**/(Al+ Fe®*) ratios. MICH titanite
(grain interiors) exhibit slightly lower TiO, and significantly
higher Fe contents (up to 0.11 apfu; Fig. 5a,c). Al,Oz and F
concentrations are slightly higher than those of FOJ, RUD and
MIL titanites, but show no correlation (Fig. Se). Ti* /(AL +
Fe**) ratios are between 2 and 15 (Fig. 6). BSE-dark rims on
MICH titanite, as well as titanite growing in biotite, compared
to the larger grain interiors, demonstrate higher and positively
correlated Al,O5 and F contents (Fig. 5e), higher Al,03/TiO,
and Al/Fe ratios, and lower Fe contents (Fig. 5a,c). Ti*/(Al +
Fe®*) ratios are <5 (Fig. 6).

Trace element composition of the MIL titanite is relatively
uniform. They exhibit high REE and Y contents (up to
2.65 wt% of total REE and 2.14 wt% of Y) and moderate
compositional gradient within single grains (mostly in
MREE-HREE, Y and Nb contents). Chondrite-normalized
REE patterns are flat or slightly MREE-enriched, with La-
depletion and strong negative Eu anomaly (Fig. 8f). (Ce+
Nd)/Y, La/Ce and Ce/Nd ratios are lower, whereas Y/Zr and
Nb/Zr ratios are higher compared to FOJ and RUD titanites
(Fig. 7d-h). Two of the analysed crystals show significantly

higher Th/U ratios which are consistently correlated with low
La/Sm and Nb/Ta ratios (Fig. 7b), high total REE content and
slightly lower Sn concentrations. These grains, however, do
not distinguish themselves in terms of textures or major
element/volatile chemistry. Y/Ho ratios vary between 22.4
and 32.8 (Table 3). Interior BSE-bright sectors with higher
Zr content (and crystallization temperatures) display higher
Nb, Ta, Th and REE concentrations (sometimes only
MREE). On the other hand, BSE-dark rims and biotite-
related grains, which crystallized from a cooler melt are sig-
nificantly depleted in trace elements. However, in case of
REE, the depletion is more significant for LREE and MREE
which is expressed in lower LREE/HREE ratios. Y/Ho ratios
of these rims are usually slightly higher compared to the grain
interiors.

MICH titanite (interiors) demonstrates significantly higher
Y content compared to MIL titanite (2.50—4.50 wt%, the
highest among titanites from all studied samples) and is
HREE-enriched (up to 4500 ppm of Yb). Compositional var-
iations within single grains are very high for some crystals,
especially in case of Y. Chondrite-normalized REE patterns
are highly fractionated and LREE-depleted, with a relatively
flat HREE profile and pronounced negative Eu anomaly (Fig.
9a). Element ratios such as Th/U, Y/Zr and Nb/Zr are higher,
whereas La/Sm, La/Ce, Ce/Nd and (Ce + Nd)/Y are lower
compared to titanites from LAM?2, granodiorites and MIL
granite (Fig. 7b—h). BSE-dark rims and one interstitial grain
represent an entirely different trace element chemistry. Y and
REE contents are significantly lower (up to 6600 ppm of Y
and 5800 ppm of total REE), similarly to HFSE (such as Nb,
Ta, Th). Chondrite-normalized REE patterns are usually flat to
moderately HREE-enriched with very weak negative or pos-
itive Eu anomaly (Fig. 9b). Y/Ho ratios of the grain interiors
range from 27.0 to 35.1 (Table 3). Compared to grain inte-
riors, BSE-dark rims (as well as anhedral grains related to
biotite) display higher (Ce + Nd)/Y (although lower than in
titanites from granodiorites and MIL granite), La/Ce, Ce/Nd
(comparable to FOJ, RUD and MIL titanites), Nb/Ta and low-
er Y/Zr, Nb/Zr and Th/U ratios (Fig. 7b—h). Y/Ho ratios are
considerably higher, compared to the grain interiors, reaching
41.1 (Table 3). Although trace element contents of one inter-
stitial grain are similar to those of BSE-dark rims, the major
element concentrations and ratios are consistent with the grain
interiors of the remaining grains.

Late stage — MME, composite dykes, evolved granites

The first population of titanite from the BUK enclave (large
subhedral, strongly zoned) shows a narrow range of chem-
ical composition. It exhibits high Ti contents (comparable
to RUD and MIL titanites), low Al,O3/TiO, ratios, strong
positive correlation between Al and Fe and low Al/Fe ra-
tios, comparable to those of RUD titanite (Fig. 5b,d). Al,O3
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and F concentrations are low, however higher compared to
titanites from early and intermediate stage hybrids (up to
~2.5 and ~ 0.75 wt%, respectively) and show no correlation
(Fig. 5f). Ti**/(Al + Fe*") ratios are slightly lower, com-
pared to titanites from early and intermediate stage hybrids
and range from 5 to 9 (Fig. 6). The second population
(small, individual grains), displays lower Ti contents, weak
negative correlation between Al and Fe and higher Al,O5/
TiO, and Al/Fe ratios (Fig. 5b,d). Al,O5 and F contents can
reach very high values (~9 and ~ 3.5 wt%, respectively) and
are positively correlated (Fig. 5f). Ti**/(Al+ Fe®*) ratio is
<6 (Fig. 6). Some grains from this population exhibit large
compositional variations within single crystals, mainly in
Al and F content. ENK titanite displays chemistry similar
to that of the second type of BUK titanite, especially in
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terms of TiO,, Al,O5, F contents and Al,O5/TiO, ratio
(Fig. 5b,f). On the other hand, Fe contents are significantly
lower (Fig. 5d). Ti**/(Al + Fe*") ratios cover a wide range
of values, from 1 to 9 (Fig. 6).

Titanite from the composite dyke SOK demonstrates
wide range of chemical composition, gradually changing
from the crystal interiors to rims. Grain interiors exhibit
generally higher Ti (compared to the rims, but lower than
titanites from the early and intermediate stage hybrids)
and no correlation between Al and Fe (Fig. 5b,d). Al,O;
and F contents are higher compared to titanites from ear-
ly, intermediate stage hybrids (excluding the BSE-dark
rims) and the first population of the BUK enclave and
show positive correlation (2—-3.20 wt% of Al,O5 and 0.5
to 1.2 wt% of F; Fig. 5f). Ti**/(Al + Fe’*) ratios show a
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relatively narrow range of values (5-8; Fig. 6). BSE-dark  and negative correlation between Al and Fe (Fig. 5b,d).
rims show slightly lower Ti and Fe contents, higher  Titanite from the most evolved EQU granite displays relative-
Al,05/TiO; ratios and higher Al,O3 and F concentrations  ly low Ti contents, moderate Al,O5/TiO, ratios, no correlation
(up to ~10 and 2.75 wt%, respectively; Fig. 5b—f). Ti**/  between Al and Fe and a wide range of Al,O5 and F compo-
(Al + Fe’*) ratios are significantly lower than for the crys- sitions (0.9-7.1 wt% and 0.25-2.25 wt%, respectively), show-

tal interiors (Fig. 6).

ing a strong positive correlation (Fig. 5b—f). Ti**/(Al + Fe*)

Titanite from the evolved SPH granite displays a wide  ratios exhibit a wide range of values, from 2 to 10 (Fig. 6).
range of Al,O; and F concentrations, containing the highest The two populations of the BUK enclave also show differ-
values among titanites from all studied samples (up to ~12  ences in trace element composition. The first population (low
and ~4 wt%, respectively, Fig. 5f). It is also characterized ~ Al,O; and F) exhibits higher Y, REE, Sn, Nb, Ta, Hf, Th and
by generally lower TiO, contents, higher Al,O5/TiO, ratios U concentrations compared to the second one. It demonstrates
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also higher (Ce + Nd)/Y, Y/Zr, Nb/Zr, Lu/Hf and lower La/
Ce, Ce/Nd and La/Sm ratios (similar to those of e.g. RUD and
MIL titanites, i.e. early and intermediate stage; Fig. 7b-h).
Both populations have similar Th/U ratios, also comparable
to those of titanites from the early and intermediate stage hy-
brids (Fig. 7b). Chondrite-normalized REE patterns are slight-
ly MREE-enriched, La-depleted, with flat HREE profile and
strong negative Eu anomaly (Fig. 9¢). Y/Ho ratios of the first
population range from 25.6 to 32.4 (Table 3). The second
population is trace element-depleted, compared to the first
one and demonstrates lower (Ce + Nd)/Y, Y/Zr, Nb/Zr and
higher La/Ce, Ce/Nd and La/Sm ratios (Fig. 7b—h).
Chondrite-normalized REE patterns are relatively flat or
slightly HREE-enriched, with weak negative or positive Eu
anomaly (Fig. 9d). Y/Ho ratios are only slightly higher for two
domains of the second population (reaching 34.8). Generally,
the trace element composition of the second population resem-
bles that of the BSE-dark rims of the MICH titanite (interme-
diate stage).

Titanite from the ENK enclave is generally poor in
trace elements, similarly to the second population of the
BUK titanite. Chondrite-normalized REE patterns are
LREE-depleted (similar to intermediate stage titanite
MICH), with slightly negative or no Eu anomaly and flat
Gd-Lu or slightly HREE-enriched profile (Fig. 9¢). The
titanite shows also particularly low Th/U, La/Sm, La/Ce,
Ce/Nd and (Ce + Nd)/Y ratio (Fig. 7b—f)) and Sn contents.
Y/Zr and Nb/Zr ratios are moderate, similar to those of
titanite from the MICH granite (interiors; Fig. 7f,h). Y/Ho
ratios vary between 25.3 and 31.6 (Table 3). Single grains
showing slightly higher Zr contents and crystallization
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temperatures demonstrate the highest total REE concen-
tration and the least LREE-depleted chondrite-normalized
REE patterns.

Titanite from the SOK composite dyke shows a relatively
narrow range of element concentrations (compared to early
and intermediate stage hybrid titanites) but a wide range of
element ratios. Total REE and Y contents are moderate and
reach ~0.9 and ~ 0.5 wt%, respectively. Chondrite-normalized
REE patterns form a continuous range from LREE-depleted
with a flat HREE profile to slightly LREE-enriched, with La-
depletion and flat HREE profile (Fig. 9f). All patterns display
negative Eu anomaly. (Ce + Nd)/Y, Th/U, Y/Zr and Nb/Zr
ratios are similar or slightly lower than those of titanites from
early and intermediate stage hybrids (Fig. 7b—h), whereas La/
Ce, La/Sm, Ce/Nd of some SOK titanite grains (which are
enriched in Al,O3 and F) are one of the lowest among titanites
from all studied samples. Y/Ho ratios range from 23.5 to 33.5
(Table 3) and are slightly higher for the rims. BSE-dark rims
with lower Zr content show variable REE patterns, either fol-
lowing in shape those of the interior parts of the grains (only
with lower concentrations) or MREE-enriched (these show
also the lowest crystallization temperatures). The most distin-
guishable feature of the titanite from the composite dyke SOK
is the elevated Sn content (up to ~1.3 wt%).

Unfortunately, there is no LA-ICP-MS trace element data
on titanites from SPH and EQU granites, however, some gen-
eral characteristics can be drawn from EPMA analyses with
trace element concentrations above the detection limit (ESM;
Table S4). SPH titanite is REE-poor ( REE <5000 ppm), with
moderate Y concentrations (< 5000 ppm) and relatively low
(Ce+Nd)/Y ratios (<1). Titanite from the EQU granite
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McDonough (1989)

demonstrates similar trace element composition with few ex-
ceptions: higher Y content (up to 1 wt%), lower total REE (up
to 3300 ppm) and exceptionally high Sn content (up to
5 wt%).

Discussion
General remarks

Based on the wide range of textures and chemical composition
in the studied titanites, two major types can be distinguished —
euhedral, subhedral or interstitial magmatic titanite and
anhedral, biotite-related, most probably late- to post-
magmatic titanite (which includes also BSE-dark crystal mar-
gins and patchy-zoned domains of some magmatic titanite
grains). The magmatic titanite displays mostly sector, fir-tree

or oscillatory zoning, and is generally REE-, Y-(except for
LAM?2), Zr-rich and Al-, F-poor. The late- to post-magmatic
titanite exhibits either patchy zoning, homogenous or porous
textures, and is trace element-poor (in rare cases there is a
considerable Y-HREE-Nb-Sn enrichment), as well as Al-, F-
rich. The magmatic titanite constitutes the majority of LAM2,
FOJ, RUD, MIL, MICH and SOK populations, is abundant in
the BUK enclave, but very rare in the ENK enclave. The late-
to post-magmatic titanite is rare in LAM2, FOJ, RUD, MIL,
MICH and SOK samples, common in the BUK enclave and
abundant in the ENK enclave. LAM1 contains only post-
magmatic titanite. Each of the magmatic and post-magmatic
stages are discussed separately, with emphasis on the magmat-
ic evolution. The BSE-dark rims with lobate boundaries, as
well as patchy zoned domains located along the margins or
fissures are excluded from the discussion on magmatic
titanite.
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Temperature relations in magmatic titanite

The chemical compositions and textural patterns (sector, os-
cillatory, fir-tree zoning) of the first type of titanite (REE-rich,
Al-F-poor) is typical for magmatic crystallization (regardless
of the differences resulting from distinct melt compositions).
Temperatures calculated from Zr-in-titanite thermometer (ex-
cluding ENK in which the second type dominates) are also
within the magmatic stage range (610-870 °C). The compar-
ison with the temperatures calculated based on different
models can shed some light on the more precise timing of
titanite formation. In each studied sample, the highest temper-
atures were calculated for apatite, indicating its early growth.
Higher values for lamprophyres and hybrid rocks reflect both
the high temperature nature of mafic/mixed melts and P-rich
character of these magmas (up to 1.32 wt% of P,Os; Staby and
Martin 2008; Awdankiewicz 2007). In more evolved varieties
apatite crystallized in lower temperatures (e.g. in SPH or
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EQU), reflecting higher P solubility in peraluminous magmas
(e.g. Broska et al. 2004). However, although apatite evidently
crystallizes early in less peraluminous, P-rich melts, the cal-
culated AST reflects the real temperatures only if apatites
crystallizes in equilibrium with the melt (i.e. P,Os decreases
linearly with increasing silica content). In case of most P-rich
hybrids (e.g. FOJ), most primitive porphyritic granites and
MMEs the P,05 versus SiO, trend is least linear (Staby and
Martin 2008), indicating that the calculated temperature rep-
resents local conditions of apatite saturation. Nevertheless, as
AST’s only serve as a time frame for titanite crystallization, it
can be assumed that the onset of apatite growth can be
assigned to the early magmatic stage, clearly before titanite,
which demonstrates temperatures lower by >150 °C.

A different relation is observed between zircon and titanite.
In lamprophyres (LAM?2) zircon saturation was achieved rel-
atively late (Table 2), which is a function of major element
composition, despite elevated Zr content. This may also
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explain higher Zr abundances in titanite itself (up to
1.66 wt%), as titanite started to crystallize well before zircon.
The lower temperatures calculated from external parts of
titanite grains do not only reflect their late origin but also
impoverishment of the melt in Zr due to zircon growth. In
hybrid granodiorites and granites (early and intermediate
stages of magmatic evolution) ZrTs are roughly within the
temperature range shown by titanites, indicating that these
minerals crystallized relatively simultaneously (except for
the most Zr-rich interiors in FOJ titanite) and suggesting equil-
ibrated partition of Zr between the melt, zircon and titanite. In
magmatic enclaves, as well as composite dykes, the onset of
zircon crystallization is related to higher temperatures (>
800 °C), than those represented by titanite, also pointing to
equilibrated uptake of Zr by growing titanite.

In amphibole-bearing rocks titanite crystallized either after
(lamprophyres, composite dykes) or simultaneously with (hy-
brid granites) amphibole. This, along with the AST, ZrT and
textural context suggest that the onset of magmatic titanite
growth took place roughly during the crystallization of rock-
forming minerals (after apatite and, in some cases, zircon) and
continued after most of the rock-forming minerals have al-
ready crystallized.

Additionally, wide ranges of Zr content and temperatures,
especially in early and intermediate stage granites, point to
prolonged titanite crystallization, although there is no system-
atic correlation between the temperature and textural type (ex-
cept for BUK, where the two populations show an apparent
temperature difference). Moreover, Zr gradient may not only
be a function of time (early hot versus later cooler melt), but
also of melt composition (i.e. source). Magma mixing, which
was the dominating process of melt differentiation during ear-
ly to intermediate stages of the pluton evolution, assumes the
presence of heterogenous melt domains of more mafic, mixed
of felsic affinity. If titanite grew in a magma mixing regime, it
may have preserved the footprint of both hotter, mafic-related
and cooler, felsic-like magma domains. LAM?2 titanite shows
the highest Zr concentrations, up to 1.66 wt%, which is un-
derstandable, as titanite is the principle Zr-bearing phase in
these rocks (Seifert and Kramer 2003). Domains with unusu-
ally elevated Zr content show high crystallization tempera-
tures (> 850 °C), which, despite being above the average tem-
perature calculated for the entire titanite population, is well
below the maximum temperature of lamprophyric melts
(1000-1200 °C, Esperanza and Holloway 1987). In some
cases, unusually high concentrations of HFSE (e.g. Nb, Zr)
may be the effect of disequilibrium uptake (previously
documented by Watson and Liang 1995; McLeod et al.
2011; Bruand et al. 2014) resulting from high crystal growth
rates and limited lattice diffusivity. It may be further facilitated
by unlimited access to Zr in the melt, as zircon saturation
temperature is significantly lower (~730 °C). However, un-
controlled uptake of trace elements usually results in the

formation of BSE-bright sector domains, which is not the case
with the documented Zr-rich titanite zones. Moreover,
chondrite-normalized REE patterns do not differ from those
of the adjacent zones (except having slightly lower or higher
concentrations of all REEs). Therefore, little textural evidence
of disequilibrium uptake, as well as reasonable crystallization
temperatures indicate that the Zr-rich domains formed most
probably earlier and from a hotter lamprophyric melt.

Single examples of exceptionally Zr-rich crystal zones
(in relation to other domains from the same grain) are also
present in FOJ, MIL, MICH, SOK and BUK titanites.
Usually these zones occur as BSE-bright sectors in grain
interiors. Temperature difference between these zones and
the remaining crystal domains ranges from 30 to 140 °C.
Enrichment in Zr is usually of one order of magnitude
higher than the remaining crystal domains and is accom-
panied by elevated Nb, Ta and Hf contents (also of one
order of magnitude higher than the adjacent zones).
Chondrite-normalized REE patterns show no significant
differences. Such characteristics are very similar to those
reported by Bruand et al. (2014) that were interpreted as
results of the selective disequilibrium uptake of trace ele-
ment during sector zone growth. Although the tempera-
tures calculated for the Zr-rich zones in the studied
titanites do not exceed the estimates from other
minerals/models and, thus, are plausible, the crystalliza-
tion of two adjacent zones (with undisturbed contact be-
tween them) from melts differing by 140 °C in tempera-
ture, is difficult to explain. Moreover, there is no further
evidence of crystallization from a compositionally distinct
magma (between the BSE-bright sector and adjacent
zones). Therefore, the elevated Zr content and resulting
crystallization temperatures are most probably the result
of sector growth typical for titanite and do not indicate the
presence of hot mafic melt domains.

As the variations in Zr content and temperature are rather
intergrain, than intra-grain, they might have resulted from dif-
ferent timing of titanite crystallization and/or growth from
compositionally different melt ‘pockets’ (with different mafic
to felsic melt ratios). The few examples of intra-grain varia-
tions may have preserved the record of titanite growth from a
heterogenous magma. However, as the melt domains were
most probably mixed to some degree (titanite crystallized after
apatite and most rock-forming minerals), the temperature dif-
ference between them could not have been as high as that
reflected by single-grain Zr variations. In the magma mixing
regime trace elements are partitioned in non-linear way be-
tween the melt domains (e.g. Perugini et al. 2008), which
may be the most plausible cause of elevated intra-grain Zr
gradient. Moreover, significant compositional heterogeneity
of magma in local scale would result also in major single-
grain trace element discrepancies, e.g. distinct REE patterns,
which is mostly not the case (see further discussion).
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Characteristics of mafic, mantle-related titanite

Whereas compositional differences between magmatic and
post-magmatic titanite are major, the distinction between mag-
matic titanite from different evolution stages may be less
straightforward. In order to trace mantle-crust melt interac-
tions in titanite composition, typical compositional features
of relatively pure mafic titanite need to be established. The
composition of primary magmatic LAM?2 titanite can be con-
sidered as a basis for further comparison with the titanites
from the remaining samples. The distinct geochemistry of
the LAM2 lamprophyre dyke may have resulted either from
source heterogeneity, source mixing, variable degree and
depth of melting or overprinting by shallow-level differentia-
tion processes (Awdankiewicz 2007). Nevertheless, despite
slight compositional differences between individual
lamprophyric dykes, the general characteristics of titanite ma-
jor and trace element composition should demonstrate relative
consistency. The most typical features of mafic titanite from
Karkonosze granite include: the lowest Al,O3/Ti0, and Al/Fe
ratios, the lowest F and Al contents (Fig. 5Se), the highest Ti*/
Al +Fe' ratio (Fig. 6), high REE/Y, (Ce + Nd)/Y, Th/U, La/
Ce and Ce/Nd ratios (Fig. 7a—¢), low Y/Zr, Lu/Hf, and Nb/Zr
ratios (Fig. 7e,g), LREE enriched chondrite-normalized REE
patterns (Fig. 8e) and high Sr, Zr and Nb contents. High Ti**/
Al+Fe** ratio (>11) is indicative of mantle-related source
regions (Piuzana et al. 2008) and values >18 are demonstrated
exclusively by LAM2 titanite (among all studied samples).
High (Ce+Nd)/Y, La/Ce and low Nb/Zr, Y/Zr and Lu/Hf
ratios have been documented in titanite from mafic rocks
and MMEs of the Mangling granitoid pluton (Hu et al.
2017) and from intermediate rocks and MMEs of the Ross
of Mull granite (McLeod et al. 2011), which both originated
by mixing of mantle- and crust-derived sources. LREE-
enriched chondrite-normalized REE patterns are consistent
with whole-rock REE patterns for lamprophyres (Staby and
Martin 2008), indicating equilibrium conditions of titanite
crystallization. On the other hand, there are two features that
are inconsistent with the whole-rock composition: positive Eu
anomaly (Fig. 8e) and relatively low total REE content (com-
pared to titanites from the granodiorites and granites). Positive
Eu anomaly in accessory minerals crystallizing from granitoid
rocks is usually attributed to fluid interaction (Horie et al.
2008). LAM2 titanite demonstrates primary magmatic tex-
tures (including oscillatory zoning) and bear no traces of fluid
infiltration (Fig. 3a). In this case, the positive Eu anomaly can
be explained by two facts: 1) absence of plagioclase in this
particular dyke, and 2) oxidizing character of the melt, in
which Eu’* is more favoured by titanite structure than Eu**
(Pan et al. 1993; Tiepolo et al. 2002). The former is most
probably the principle cause of the positive Eu anomaly,
which, most probably, is an individual feature of LAM2
titanite. Low REE content in titanite, in contrast to strong
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whole-rock REE enrichment in lamprophyres and higher
REE concentrations in titanites from granodiorites and gran-

ites, can be explained by low titanite/melt partition coeffi-

cients for REEs in mafic melts. Kd'm/"" increase significantly

with increasing melt polymerization and ASI (Alumina
Saturation Index) (Prowatke and Klemme 2005, Prowatke
and Klemme 2006), resulting in enhanced REE incorporation
by titanite from granitoids. Due to large differences in parti-
tion coefficients for REEs, the total REE concentrations in
titanite may not be directly indicative of the nature of the melt
from which it originates.

Early stages of magmatic evolution

The general characteristics of mafic-related titanite can be
traced in titanite from granodiorites FOJ and RUD. Total
REE contents are significantly higher in this titanite, com-
pared to those from lamprophyres (of magmatic origin), which
may be caused by two facts: 1) REE-enrichment of the mafic
melt and 2) higher melt-titanite partition coefficients for
REESs, enhancing their incorporation into the titanite structure
(Prowatke and Klemme 2006). Another cause of high REE
concentrations may be related to higher fO, of the magma.
The early stages of magmatic evolution of the Karkonosze
pluton are characterized by more oxidizing conditions
(Adamuszek et al. 2009; Staby and Martin 2008) due to large
proportions of mafic oxidized melt. Oxidizing character of the
melt favours the following substitution: REE** + Fe** «» Ca®*
+ Ti**" (Piccoli et al. 2000), resulting in high REE contents.
However, as titanite from more evolved granites, with minor
contribution of the mafic magma, also demonstrates elevated
REE concentrations, the (Ce + Nd)/Y ratio is more informa-
tive (as the granitic melt is enriched in Y compared to the
mafic magma, Staby and Martin 2008). The highest values
are exhibited by titanite from the FOJ granodiorite (Fig.
7t,h), which agrees with the highest contribution of the mafic
melt in this sample (Staby and Martin 2008). Slightly lower
ratios are displayed by RUD titanite, which may be partly
explained by smaller contribution of the mafic melt.
Interestingly, apatite also demonstrates a similar pattern of
REE/Y ratios among different samples (Lisowiec et al.
2015), suggesting that the participation of the mafic melt
and its chemical signature can be detected in both minerals.
Chondrite-normalized REE patterns of FOJ and RUD titanite
do not resemble those of LAM2 titanite (Fig. 8a-e). FOJ
titanite (especially the second, REE-depleted population),
and some of RUD, which represent the second population,
exhibit slightly visible LREE enrichment (with La-depletion),
whereas the majority of RUD titanite shows flat (with La
depletion, positive or negative Eu anomaly and Lan/Yby <
1) REE patterns. Such shape cannot be explained merely by
increasing contribution of the granitic melt or melt evolution,
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as whole-rock chondrite-normalized REE patterns are LREE-
enriched for all granodiorites of the Karkonosze pluton (Staby
and Martin 2008). The most probable cause is extensive crys-
tallization of apatite prior to titanite formation. Apatite from
most varieties of the Karkonosze granite is LREE-MREE-rich
and its early crystallization most probably exhausted the
LREE-MREE supply in the melt, resulting in flat REE pattern
in titanite. Negative Eu anomaly demonstrated by first popu-
lations of both FOJ and RUD is demonstrated by the majority
of primary magmatic titanite grains and can be related to pla-
gioclase crystallization. The origin of the positive Eu anomaly
is slightly more difficult to interpret. It is demonstrated by the
entire second population of FOJ titanite and one grain of the
second population of RUD titanite (Fig. 7c,e). These grains
are slightly REE-depleted, compared to the first populations,
but show higher (Ce+ Nd)/Y, La/Ce and Th/U ratios.
Textures are euhedral to subhedral and are either homogenous
or display sector to slightly patchy zoning. Some domains of
titanite from this population exhibit also high Zr contents.
Such characteristics may indicate that these crystals grew from
a magma of more mafic affinity. Similar situation was ob-
served in hybrid rocks from the Ktodzko- Ztoty Stok granitoid
pluton, which also formed from various proportions of
mantle- and crust-derived magmas (Jokubauskas et al.
2015). In such context, positive Eu anomaly can be attributed
to the more oxidizing character of the mafic melt, where Eu’t
enters the titanite structure by the following substitution:
REE®* + Fe’* < Ca®* + Ti** (Pan et al. 1993; Tiepolo et al.
2002). However, positive Eu anomaly in titanite (and in many
accessory minerals) can be also interpreted in terms of fluid-
related interactions, as metasomatic oxidizing fluids
interacting with the buffer host rock cause reduction of Eu**
to Eu®*, which incorporates into the Ca site (Horie et al. 2008).
In our case, such fluids could be of either internal post-
magmatic origin or may have been supplied along with the
mafic melt from the mantle. Titanite affected by the internal
hydrothermal fluids would be significantly depleted in trace
elements (as previously described post-magmatic titanite),
whereas in case of mantle-derived fluids we would observe
significant REE-enrichment (e.g. Staby et al. 2011). In our
case, the titanite is only slightly depleted in REEs.
Therefore, it most probably formed from a magma with higher
contribution of the mafic melt. However, in case of grains
showing patchy zonation, the participation of late- to post-
magmatic fluids cannot be excluded. The populations with
high REE content, more flat REE patterns, negative Eu anom-
alies and lower (Ce +Nd)/Y, La/Ce and Th/U ratios most
probably represent titanite formed in magma with composi-
tion shifted more to the granitic end-member (however the
contribution of the mafic melt is still significant).

Apart from rare earth elements, major and other trace ele-
ment concentrations and ratios also show some affinity to the
mafic mantle-related titanite. Ti**/(Al + Fe*") ratios are

usually >9 (and overlap with some of the LAM2 titanite
grains) for FOIJ titanite, suggesting significant mantle contri-
bution Piuzana et al. (2008) (Fig. 6). RUD titanite demon-
strates slightly lower ratios (5-10), which can be partly ex-
plained by higher contribution of the granitic melt (evidenced
also by whole-rock geochemistry) and decreased homogeni-
zation of the melt (presence of numerous small magmatic
enclaves). Al/Fe ratios are the lowest among titanites from
all studied samples (except lamprophyres), which can be ex-
plained partly by high amounts of Fe-rich mafic melt. Fluorine
contents are the lowest in FOJ titanite (except LAM?2 titanite)
and may be correlated with the lowest average F content of the
melt (2230 ppm) calculated based on apatite (Webster et al.
2009; Fig. 4). As mafic melts are F-poor, their higher contri-
bution would result in lower F concentrations in hybrid melts.
The low F content in melt calculated on the basis of biotite
(Fig. 4) can be explained by late biotite crystallization (Naney
1983) and depletion in F due to apatite crystallization. Titanite
from granodiorites demonstrates also elevated Sr contents,
which is typical for accessory minerals formed in more mafic
melts. Similarly to LAM?2 titanite, Y/Zr, Lu/Hf and Nb/Zr
ratios are very low, whereas Th/U, La/Ce and Ce/Nd are high
for FOJ and RUD titanite. We interpret these similarities as an
evidence of considerable mafic melt contribution.

The nature of magma mixing processes undergoing during
the formation of titanite can also be deciphered looking at the
compositional diversity of individual domains and grains. The
inter-grain compositional variations between the first and sec-
ond population (FOJ and RUD) are significantly higher com-
pared to intra-grain chemical gradient (especially for the FOJ
granodiorite). Among the growth textures, oscillatory and sec-
tor zoning dominate, whereas homogenous and patchy zoning
is rare. The populations of more mafic affinity could have
crystallized earlier, when the mafic melt was not yet mixed
with granitic magma, whereas the titanite of more uniform
composition grew in more or less homogenized melt pockets
(which could still slightly differ in chemical composition) lo-
cated between already crystallized mineral assemblages.
Similar scenario for titanite crystallization was documented
by Laurent et al. (2017). Additionally, in comparison to apatite
and feldspar, titanite demonstrates decreased heterogeneity
and almost exclusively mixed signature (more or less homog-
enized), whereas apatite and feldspar from granodiorites bear
both mixed and pure mantle- or crust-related signature (Staby
et al. 2007a, 2007b; Lisowiec et al. 2015). It can be explained
by early crystallization of these minerals, after which the melt
could have undergone more advanced homogenization pro-
ducing titanite of more uniform composition. Domain-to-
domain compositional variations are slightly increased in
RUD titanite, suggesting the existence of compositionally
distinct magma domains (even if slightly isolated) and
enhanced mineral transfer. This is supported by a strong
heterogeneous texture of the RUD granodiorite (Staby and
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Martin 2008). It is important to note, that trace element
variations between mineral populations as well as single
growth zones are not mimicked by F. Similar situation is
observed in apatites (Lisowiec et al. 2015). This may im-
ply faster exchange of F between magma domains than
for the remaining elements.

Intermediate stages of magmatic evolution

Titanite from the intermediate stage granites shows different
chemical composition, suggesting changes in the magmatic en-
vironment during the intermediate stages of pluton formation.
Some characteristics of MIL titanite are similar to those of titanite
from granodiorites (low Al and F contents, relatively low F-in-
melt content calculated from apatite - 2300 ppm, high Ti**/(Al +

Fe™) ratios, similar (Ce + Nd)/Y ratio to RUD ftitanite, extremely
high Zr and Th/U for some grains or domains) and may still point
to mafic melt involvement. However, the remaining composi-
tional features, such as higher Al/Fe, Al,O5/TiO,, Y/Zr, Nb/Zr
and Lu/Hf ratios, flat to LREE-depleted chondrite-normalized
REE patterns and lower La/Ce and Ce/Nd ratios, indicate higher
contribution of the granitic melt. Moreover, the mafic melt par-
ticipating during the intermediate stages was more evolved com-
pared to the primitive mafic magma from the early stages (Staby
and Martin 2008), which may also have caused different titanite
composition. However, the exact determination of which features
are caused by lower contents of the mafic melt and which by
higher degree of the evolution of the mafic melt — is difficult, if
not impossible. Chemical gradient in single grains is relatively
high and similar as in RUD titanite. This, along with wide ranges
of various element ratios, indicates significant magma heteroge-
neity (although with all compositions shifted more towards the
granitic end-member) and enhanced mineral transfer between
magma domains. The latter is also supported by complex zona-
tion patterns for some titanite grains (e.g. Figure 5d). Uniform
composition and mixed mantle-crust signature of the MIL titanite
suggests crystallization from a hybrid magma, with the absence
of pure mantle- or crust-derived domains. Similar case was ob-
served in feldspar and apatite from this granite (Staby et al.
2007a, 2007b; Lisowiec et al. 2015).

Titanite from the MICH granite (grain interiors) demon-
strates further changes in chemical composition. It is most
REE- and Y-enriched among all samples. Extremely high
REE contents cannot be related to high mafic melt contribu-
tion as whole-rock data, felsic character of the rock and ab-
sence of any mixing textures exclude significant participation
of mafic magma (Staby and Martin 2008, sample POR10).
The sample itself is enriched in REEs, which may the cause
of high REE concentrations in both titanite and apatite
(Lisowiec et al. 2015). Additionally, the MICH granite is also
characterized by the highest ASI, thus, partition coefficients
for REEs. High Y content, however, can be attributed to major
involvement of the crust-derived granitic melt, supported also
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by higher Al content and Al,O3/TiO, ratios, high Sn, lower
(Ce+Nd)/Y, La/Ce, Ce/Nd, La/Sm and higher Y/Zr, Nb/Zr
and Lu/Hf ratios. Chondrite-normalized REE patterns are
most LREE-depleted (Fig. 9a), which is caused by: 1) lower
LREE/HREE ratios in granitic magma, 2) crystallization of
other LREE-rich accessory minerals, such as apatite and mon-
azite. Unfortunately, the absence of magmatic titanite in more
evolved granites of documented crustal (or almost crustal)
origin, exclude the comparison of MICH titanite to a crust-
related titanite. However, based on the distinct element ratios
and REE patterns, we consider the MICH titanite as that of the
least mafic melt contribution. F content of the melt calculated
based on apatite is higher as for granodiorites and MIL gran-
ite, further supporting the dominating crustal character of the
melt (Fig. 4). The crustal character of MICH titanite is in
contrast with feldspar chemistry, which still points to moder-
ate interaction between mafic and felsic melts (Staby et al.
2007a, 2007b). However, feldspar started crystallizing well
before titanite, where magma domains of more mafic affinity
were still present. Titanite formed most likely from well-
mixed melt of more granitic composition.

Late stages of magmatic evolution

Magmatic processes of the late stage of the pluton evolution
can be mostly traced in titanite from the BUK enclave (earlier,
REE-rich population) and SOK composite dyke, as those from
the remaining rocks (ENK enclave, SPH and EQU granites)
are related to late- and post-magmatic fluid interaction. BUK
titanite, especially the first population with higher REE-
contents and crystallization temperatures calculated from Zr
concentrations, demonstrates similar (Ce + Nd)/Y, Y/Zr, La/
Ce and Ce/Nd ratios as those from RUD and MIL titanites
(Fig. 7c,e), which may point to some mafic affinity. However,
this titanite also shows higher F and Al contents (compared to
titanites from granodiorites and intermediate stage granites,
Fig. Se.f), relatively low Ti4+/(Al+Fe3+) ratios (similar to
RUD titanite, Fig. 6) and relatively high Y contents. As in
case of titanite from the MIL granite, such differences can
be explained by higher contribution of the granitic melt and/
or higher degree of evolution of the mafic melt. As magmatic
enclaves are the portions of mafic magma itself, more domi-
nant cause of the compositional features of BUK titanite is the
higher degree of evolution of the mafic magma (although high
Y content is most probably related to the addition of granitic
melt). However, the compositional characteristics, for which
either crustal contribution or mafic melt evolution are respon-
sible, are practically indiscernible from each other (which is
already observed in titanite from the MIL granite). It appears,
therefore, that titanite is not a suitable tool for distinguishing
variable degree of melt evolution from different proportions of
mafic versus felsic melts. Major and trace element composi-
tion of all magmatic crystals from the first population of the
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BUK enclave is relatively uniform and show minor inter- and
intra-grain variations, suggesting crystallization from a rela-
tively homogenous magma, which undergone extensive
chemical exchange with the granitic host, acquiring more
crust-related chemical signature. This is also supported by
high F-in-melt content, calculated from apatite composition
(Fig. 4). The uniform composition of titanite is in contrast with
feldspar chemistry, which clearly points to crystallization
from heterogeneous magma domains (alternating LREE-,
Ba-rich and LREE-, Ba-poor growth zones; Staby et al.
2008). However, feldspar crystallized before titanite and pre-
served the heterogeneous signature of yet not well-mixed en-
vironment, whereas titanite crystallized after considerable ho-
mogenization of magma.

Composition of SOK titanite demonstrates further changes
in the magmatic environment. Some compositional features
(e.g. high REE content, low Lu/Hf, Y/Zr and Nb/Zr ratios,
Fig. 7th) are similar to titanite from the FOJ granodiorite,
indicating the presence of the mafic-related component. On
the other hand, decreasing (Ce + Nd)/Y (Fig. 7f), slightly
higher Al and F (Fig. 5f) and relatively low Ti**/(Al+ Fe*)
ratios (Fig. 6) give evidence of increased interaction with the
residual melt from the granitic host (as composite dykes in-
truded partially consolidated granite) and/or evolved character
of the mafic melt (even more evolved compared to the mafic
component from the BUK enclave). The distinction between
the former and the latter is, as in case of BUK titanite, limited.
The elevated F contents are in agreement with high F-in-melt
content calculated from apatite composition (Fig. 4). It is im-
portant to note, that Al and F are positively correlated in SOK
titanite, even though they are of magmatic origin. Some sub-
stitution mechanisms are triggered by elevated concentrations
of relevant elements (Prowatke and Klemme 2006).
Sufficiently high availability of Al and F most probably en-
abled the operation of the coupled substitution: AI** +
(OH,F)” < Ti** + 0% (e.g. Franz and Spear 1985). As the
inter- and intra-grain chemical gradient is minor in SOK
titanite, it can be stated that they crystallized from composi-
tionally similar magma domains.

The evolution of titanite chemistry in more crust-related
rocks from the late stage of pluton formation is impossible
to trace, as the most evolved granitic rocks — SPH and EQU,
do not contain magmatic titanite. The strong peraluminous
and highly evolved composition of these rocks is most prob-
ably responsible for the absence of titanite. It is evident, that in
case of the Karkonosze granitoid titanite can be only used in
investigations of mafic and hybrid rocks, as the information
about the crustal end-member is limited.

Late- to post-magmatic titanite

The late- to post-magmatic stage, reflected in various alter-
ation of primary minerals and abundant mineralization, has

been documented in many rock varieties from the
Karkonosze pluton (Mochnacka and Banas 2000; Pieczka
and Gotebiowska 2002; Mikulski et al. 2004; Staby 2005;
Staby et al. 2005; Kusiak et al. 2009; Mochnacka et al.
2015; Matyszczak 2018; Gros et al. 2020). Several attempts
of dating the hydrothermal activity provided ages, among
others, of 309 +2 (Re-Os in molybdenite, Mayer et al.
2012), 304 +2 (SHRIMP U-Pb in zircon, Kusiak et al.
2009) and 271 £20 Ma (CHIME of monazite and xenotime,
Mikulski et al. 2004). Considering this wide range of obtained
ages and their comparison with the average magmatic age of
the pluton, the fluids must have circulated within the system
over an extended period of time, leaving traces of their pres-
ence in many minerals.

Although the general chemical composition of the late- to
post-magmatic titanite is relatively consistent (REE-poor, Al-,
F-rich), the BSE-dark rims (and some entire sub- to anhedral,
sector-zoned or homogenous grains) distinguish themselves
from the anhedral, biotite-related, patchy-zoned and/or porous
grains. The former formed most probably from a late, evolved
(possibly residual) melt. Zr-in-titanite temperatures of the rims
are still well within the magmatic range but point to a signif-
icantly cooler magma. Some ENK titanite crystals and the
second population of BUK titanite also crystallized late.
Fluorine content is elevated in these rims/crystals, compared
to the magmatic titanite, but slightly lower than in titanites
genetically related to biotite. Increasing F, as well as decreas-
ing REE, coupled with slight HREE enrichment in chondrite-
normalized REE patterns, is consistent with the evolution of
the granitic melt in Karkonosze (Staby and Martin 2008).
Higher Y/Ho ratios also point to the evolved nature of the
melt, following the reasoning of Bau (1996). However,
whether it is a late evolved magma or fluid-rich residual melt
(Y/Ho ratios would be higher for both), is ambiguous, and
may differ individually for each titanite/rim. A similar shape
of REE patterns for some of the BSE-dark rims, compared to
the grain interiors (only lower concentrations or, alternatively,
slight HREE enrichment) would argue for a simple fraction-
ation of the melt, but MREE enrichment, positive Eu anomaly
and/or negative Ce anomaly in single cases may be evidence
of fluid involvement. Moreover, variable shapes of the REE
patterns of the domains/grains indicate local differences in the
late magmatic/hydrothermal environment.

Whereas most of the late rims are BSE-dark, there are few
examples of BSE-bright rims with lobate boundaries, indicat-
ing that they may have formed by ingression of fluids. The
contact with the magmatic titanite forms a thin, very BSE-
bright zone, resembling slightly a reaction front. The rim is
enriched in HREE, Y, Nb, F and Sn. Although the texture may
be similar to that of the altered zircon reported by Kusiak et al.
(2009), the composition is distinct (as the reaction front in the
zircon is enriched in Ca, Ba and LREE), pointing to unrelated
sources of the fluids. This type of alteration if more consistent
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with the NYF type of pegmatites described in the pluton
(Pieczka and Golebiowska 2002, Matyszczak 2018, Pieczka
etal. 2015). Enrichment in Y, HREE, F and Th has also been
documented in allanites from two composite dykes (Gros et al.
2020). However, this type of alteration is very rare in case of
titanite. The few examples of BSE-dark rims with irregular
boundaries that were measured by LA-ICP-MS, are depleted
in all trace elements (except for HREE). Hydrothermal fluids
are capable of mobilizing REE, among which LREE show
higher mobility than HREE (Williams-Jones et al. 2012;
Migdisov and Williams-Jones 2014; Migdisov et al. 2009,
2016). However, more stable REE complexes are formed with
Cl, compared to F or OH (Williams-Jones et al. 2012;
Migdisov and Williams-Jones 2014; Migdisov et al. 2016).
Presence of Cl cannot be directly inferred from the data ob-
tained in this study but chlorine is often reported as an impor-
tant component of the fluids responsible for the alteration of
minerals in the Karkonosze rocks (Kusiak et al. 2009; Gros
et al. 2020). On the other hand, increasing F in potentially
altered zones can indicate considerable amounts of F in the
fluids. Given the low solubility of fluoride complexes with
REE, the removed REE should have been immediately fixed
in secondary minerals. These are, in turn, absent in the close
vicinity of altered titanite. Therefore, the composition of the
fluids, as well as the mechanisms of alteration in the rims or
dark patches along the fractures present in some titanite grains
(e.g. Fig. 3e), are difficult to determine on the basis of the
available data and would require further investigation.

Although the temperatures calculated for the rims and
anhedral grains are reasonable, the remobilization of Zr during
fluid interaction has to be considered. In a mixed melt-fluid
system, Zr is favourably partitioned into fluid (e.g. Louvel
et al. 2014), indicating that a mineral crystallizing from a
residual, fluid-bearing melt would be Zr-poor. This, together
with a lower temperature, may be the cause of the lower Zr
content of the BSE-dark rims, especially those that follow the
magmatic zoning (although the precise extent of either is dif-
ficult to determine). The lobate rims or patches affected by
fluids may have experienced Zr removal, as Zr is mobile in the
presence of both F- and Cl-bearing fluids and in temperatures
<500 °C (Rubin et al. 1993; Salvi et al. 2000; Gysi and
Williams-Jones 2013), however, our data is insufficient to
fully characterize the extent of the process.

The second type of post-magmatic titanite, intergrown with
biotite and showing often patchy or porous texture, is ex-
tremely Al- and F-rich. Its shape and close association with
biotite strongly supports its formation as a by-product of bio-
tite chloritization (Eggleton and Banfield 1985). High F con-
tent is most probably a direct result of F release during biotite
break-up (and possibly apatite dissolution during hydrother-
mal processes). Coupled enrichment in Al and F is caused by
the onset of coupled substitution mechanism: ALY + (OH, F)
— Ti** + O* (e.g. Tropper et al. 2002). Increased Al and F
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contents are typical for hydrothermal titanite (e.g. Tulloch
1979; Morad et al. 2009). Elevated Al content is followed
by significantly higher Al,O5/TiO, ratios (up to 0.55), com-
pared to magmatic titanite (<0.12). There is also a shift in Al/
Fe ratios from magmatic to hydrothermal titanite (from posi-
tive correlation and relatively low Al/Fe ratios to negative or
no correlation and variably high Al/Fe ratios. This is in agree-
ment with existing studies of hydrothermal titanite (Cao et al.
2015, Rasmussen et al. 2013, Morad et al. 2009). The shift
from positive to negative Al/Fe correlation is related to the
change of substitution mechanism, from (Al,Fe)** + REE**
« Ti** + Ca®* (e.g. Green and Pearson 1986) to the one
involving OH and F (see above). Decreasing Fe content may
be also related to low REE concentrations and, thus, minor
participation of REE** + Fe** substitution mechanism. The
temperatures were calculated only for ENK anhedral, biotite-
related titanite and are not lower than 450 °C. Although it
clearly approaches the temperature range of hydrothermal
stage (Cao etal. 2015 reported hydrothermal titanite formation
in temperatures as high as 670 °C), the temperatures calculat-
ed for biotite chloritization in the Karkonosze granite are ca.
300 °C (isotopic fractionation of oxygen between quartz and
chlorite, Wilamowski 2002). However, as the fluids most
probably contained a considerable amount of Zr (see above),
the calculated temperatures may be overestimated (Zr-in-
titanite geothermometer is dedicated for magmatic condi-
tions). Furthermore, no enrichment in Y, Th, Nb (only slight
in HREE) points to no relation with the fluids responsible for
the Th-U mineralization or NYF signature of pegmatites.

In general, the traces of fluid activity in titanite are scarce.
Their full characterization requires a more comprehensive in-
vestigation of the trace element footprint, especially as each
type of rock cold have undergone a separate and composition-
ally distinct hydrothermal event.

Conclusions

In general, titanite chemical record shows major composition-
al variations between the studied samples. Several important
conclusions can be drawn from our study. (i) Textural and
chemical characteristics of titanite allowed the distinction be-
tween magmatic and late- to post-magmatic titanite.
Magmatic titanite is present only in mafic, intermediate and
less felsic rocks. It crystallized after apatite and relatively si-
multaneously with zircon and amphibole. Wide range of tem-
peratures suggests prolonged growth, as well as crystallization
from heterogeneous melt pockets. (ii) Typical compositional
characteristics of the mafic titanite include: high Ti**/(Al+
Fe**), (Ce + Nd)/Y, Th/U ratios, low Y/Zr, Nb/Zr, Lu/Hf ra-
tios, low Al, F and high Sr, Zr contents, strongly LREE-
enriched chondrite-normalized REE patterns and were recog-
nized mostly in titanite from the early stages of magmatic
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evolution. In contrast, the most felsic titanite shows low Ti*/

(Al+F ¢ "), (Ce + Nd)/Y, high Y/Zr, Lu/Hf ratios, higher Al,
F, Sn and REE contents and HREE-enriched chondrite-nor-
malized REE patterns. (iii) The early stage titanite recorded
the presence of heterogeneous magma domains. The majority
of titanite grains formed in more or less homogenized melt
pockets of slightly different composition. Titanite from the
intermediate and late stage hybrids demonstrates more uni-
form composition, suggesting crystallization from more ho-
mogenized magma of more felsic affinity. A gradual change
from mafic to felsic signature preserved by titanite (in the
sequence FOJ — RUD — MIL — MICH) indicates that its chem-
istry directly points to varying proportions of mafic versus
felsic melt. However, it refers only to the early and interme-
diate stages, as in the late stage hybrids the titanite composi-
tion reflects two processes — higher contribution of the granitic
magma and higher degree of evolution of the mafic melt. (iv)
The late- to post-magmatic titanite is generally trace element-
poor and Al-, F-rich. It formed either from late, cooler and
possibly residual melt, with some contribution of fluids or as a
by-product of biotite chloritization. The character of the al-
tered zones suggests removal of LREE and Y (and possibly
Zr) and slight HREE enrichment.
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