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Abstract:

This study presents a novel approach for analysing the magma evolution path in composite plutons,
applying the so-termed Polytopic Vector Analysis (PVA) to whole-rock and apatite chemistry. As an
example of a multiphase magmatic body the Karkonosze granitoid pluton was chosen, which formed
by a combination of magma mixing and fractional crystallization of two distinct melts — granitic crust-
derived and lamprophyric mantle-derived. The goal was to model end-member magma compositions
recorded by apatite and to estimate to what extent these end-members interacted with each other.
Although using single minerals as proxies to magma compositions is tricky, the studied apatite well
reflects the compositional trends within the magma (e.g. decreasing LREE/Y ratios, varying halogen
content, increasing Mn and Na concentrations). The results of PVA simulations for whole-rock
geochemistry demonstrate a model similar to that constrained from previous studies. Apart from the

main trend of mixing between a felsic (~80 wt % SiO,) and a mafic (~53 wt% SiO,) end-member



(EM), an additional process has been recognized, representing most probably the continuous evolution
of the mafic end-member, responsible for the compositional diversity of some rocks. One felsic (REE-
poor, Mn—F-rich) and one mafic (CI-Sr—Si—REE-rich) apatite end-member was recognized, whereas
the third one represents most probably a fluid component (enriched in Si, Y, Ce and Nd), present at all
magmatic stages, however, most prominent during the late stage. The widest range of EM proportions
and the highest contribution of the mafic EM are displayed by apatites from the early stage. During the
middle and late stages, the apatites present a narrow range of EM proportions, with almost all apatites
bearing a felsic signature. This pattern reflects the progressive homogenization of the system.
Although the PVA method applied to mineral chemistry poses some limitations, it may provide a more
detailed image of the combination of differentiation processes and magma sources involved in the

formation of a complex composite pluton.
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1. Introduction

Granitic rocks constitute a major part of the continental crust and provide insight into the processes of
crust formation and recycling as well as mantle—crust interactions. They often form composite bodies,
buildup of felsic £ intermediate £ mafic intrusions evolved by a combination of several differentiation
processes, including fractional crystallization and magma mixing (e.g. Dokuz, 2011; Janousek et al.,
2004; Liu et al., 2013; Martins et al., 2013; Perugini and Poli, 2012; Perugini et al., 2003). One
example of such a composite pluton is the well-studied granitoid massif of Karkonosze (SE Poland).
Continuous evolution by fractional crystallization and occasional mixing of two compositionally
distinct magmas (mantle- and crust-derived) gave rise to formation of various types of rocks of
contrasting chemistry (Staby and Martin, 2005, 2008). To define and quantify the differentiation
processes involved in granite petrogenesis, geochemical modelling is required. One of the algorithms
used to imitate the behavior of elements within magmatic systems are linear equations, employed both
for fractional crystallization (in case of major elements) and magma mixing (major and trace elements,

e.g. Fourcade and Allegre, 1981; Gourgaud and Villemant, 1992; Janousek et al., 2004; Rollinson,



1993; Staby and Martin, 2008). However, linear equations can resolve only two end-member systems.
Moreover, they assume that magmas from each stage of evolution (parental and evolved magmas, as
well as magmas undergoing mixing) are collinear in terms of chemical composition. In case of
Karkonosze batholith, K-feldspar studies demonstrated a non-linear element distribution between the
subsequent magma batches (Staby et al., 2011), resulting most probably from the presence of more
than two end-members (mafic and felsic). This diversity is not perceptible in the whole-rock
geochemistry which preserved the average information on the evolution processes. Therefore,
supplementary studies of single mineral phases may provide a more detailed image of the results of the
superimposed processes, enabling their recognition and distinction. A perfect candidate for a
complementary investigation is apatite, as it usually hosts larger concentrations of trace elements
compared to feldspar and, thus, is more sensitive to changes in the magmatic environment. Its
usefulness in studying granite evolution, including magma mixing, has been confirmed by numerous
authors (e.g. Broska et al., 2004; Chu et al., 2009; Dempster et al., 2003; Sha and Chappell, 1999;
Szopa et al., 2013). Preliminary work on apatite from the Karkonosze pluton demonstrated that it is a
suitable monitor of differentiation processes that occurred in the magmatic chamber (Przywdski, 2006;
Staby, 2006).

If multiple end-members (and/or sources) and evolution processes are involved, a multi-
dimensional mathematical method may be useful to better characterize complex heterogeneous
systems. Such task can be performed by Polytopic Vector Analysis (PVA). This is a multivariate
statistical algorithm, which decomposes the chemistry of a system originated by mixing or unmixing
(fractional crystallization) of two or more end-members and provides the estimate number and
composition of these end-members and their proportions in every studied sample. The application of
PVA to igneous systems enables evaluation of complex magmatic histories. Vogel et al. (2008) and
Tefend et al. (2006) demonstrated the advantages of the method in distinguishing magma mixing from
fractional crystallization, using modelled and natural rock compositions. The usefulness of PVVA has
also been confirmed by Szymanski et al. (2013) who constrained a three end-member model for the
formation of the Papagayo volcanic tuff deposits (Northern Costa Rica), which comprised several

episodes of mixing/mingling. Constant influx of mafic magma into the magma chamber below the



Soufriére Hills lava dome (Montserrat) has been documented by Barclay et al. (2010), who used PVA
to study the relationship between magmatic enclaves and their volcanic host rocks. A study done by
Deering et al. (2008) demonstrated that PVA can be also applied to systems involving partial melting
and crustal contamination. Up to now, the method was exclusively applied to whole-rock data, as they
are the final result of all processes taking place in the magmatic chamber. We propose a novel
application of PVA to single mineral compositions as proxies to magma geochemistry. A system,
where magma mixing is one of the dominating processes, is composed of multiple magma domains
interacting with each other mechanically and chemically (e.g. De Campos et al., 2008, 2011; Morgavi
et al., 2013a; Perugini et al., 2003, 2008, 2012). A mineral crystallizing in such system may preserve
signatures of those domains that will be lost in the final whole-rock chemistry. Therefore, as apatite is
a useful petrogenetic indicator, it may represent the complexity of a magma mixing system in a much
more detailed way than whole-rock geochemistry. End-members obtained based on apatite chemistry
may serve to infer certain characteristics of the magmatic end-members participating during the
mixing, e.g. enrichment in specific elements. However, using single minerals as proxies to magma
compositions is tricky, as mineral chemistry is controlled by numerous factors, only one of which is
magma chemistry. In consequence, such approach may present some risks, which we will attempt to
evaluate.

The goal of this study is to apply PVA to apatite chemistry (as proxy to magma geochemistry)
and whole-rock geochemical data of the Karkonosze pluton, in order to: 1) model end-member
compositions recorded by apatite (compared to whole-rock) on every stage of magmatic evolution, 2)
estimate to what extent these end-members interacted with each other and how many mixing/unmixing
paths are present, and 3) verify the advantages and limitations of the combined PVA application in
studying composite granitoid plutons. The choice of the well-recognized Karkonosze batholith as
target allows a thorough comparison of the results (with previous studies) and verification of the new
approach.

2. Geological setting

2.1. General information



The late- to post-collisional granitoid massif of Karkonosze (the Krkonose—Jizera plutonic
complex or the KrkonoSe—Jizera pluton in the Czech literature and the Riesengebirge in German
literature) is located at the north-eastern margin of the Bohemian Massif, which is a part of the
Saxothuringian Zone of the Variscan orogen (Fig.1). It is one of the many magmatic bodies that
intruded the orogenic belt during the late Carboniferous in a transpressional—transtensional tectonic
setting (Mazur and Aleksandrowski, 2001). The shallowly intruded pluton formed by the multi-stage
emplacement of several magma batches (Staby and Martin, 2008; Zak et al. 2013).

The pluton has an E-W elongation of ~70 km and a minimal width of 20 km. Geochemically,
it is predominantly composed of K-rich calc-alkaline granites (KCG) following the classification of
Barbarin (1999). The Karkonosze granites bear variable signatures of A-type, I-type as well as S-type
granites (Pin et al., 1987; Staby et al., 2002, 2011; Wilamowski, 1998). According to recent age data,
formation of the Karkonosze pluton extended over a time span of at least 20 Ma (Machowiak and

Armstrong, 2007; Zak et al., 2013).

2.2. Petrography and evolution model

The Karkonosze pluton consists mainly of biotite-bearing porphyritic to equigranular granites
and minor amounts granodiorites and quartz diorites. It is penetrated by numerous lamprophyric, felsic
(aplitic, pegmatitic) and ‘composite’ dikes, which constitute mostly irregular, discontinuous bodies of
various composition. The porphyritic granites (its primitive as well as evolved varieties) contain
abundant microgranular magmatic enclaves (MME).
Petrology, mineralogy, geochemistry and tectonic setting of the Karkonosze batholith were
extensively studied by numerous authors (Adamuszek et al., 2009; Awdankiewicz et al., 2005;
Borkowska, 1966; Klominsky, 1969; Mierzejewski and Oberc, 1990; Patocka et al., 2000; Zak et al.,
2006, 2013; Zak and Klominsky, 2007). Whole-rock and feldspar-chemistry investigations (Staby and
Gotze, 2004; Staby and Martin 2005, 2008; Staby et al., 2002, 2007a,b, 2008, 2011) provided
evidence that magma mixing and fractional crystallization were the dominant processes in batholith

formation. An evolution model has been proposed (Staby and Martin, 2008), according to which in the



course of continuous differentiation by fractional crystallization, two magmas of contrasting
compositions — LREE-rich mantle-derived and LREE-poor crust-derived — interacted with each other
periodically, giving rise to different types of rocks depending on the stage of pluton evolution. These
rock types encompass granodiorites and porphyritic granites in the early stage, microgranular
magmatic enclaves hosted by porphyritic granites in the intermediate stage and composite dikes in the
late stage. Batches of equigranular granite and lamprophyric dikes represent rocks formed from ‘pure’
parental magmas that did not experienced mixing. In late stages, fluid overprint is especially
manifested in composite dikes.

2.3. Samples

Nineteen samples were taken from various parts of the pluton, including lamprophyre (LAM1,
LAM?2), equigranular granite (HRA, EQU), primitive porphyritic granite (MIL), granodiorite (FOJ,
RUD1, RUD2, VRE), evolved porphyritic granite (MICH, SPH), magmatic enclaves (ENK1 to ENK5,
BUK) and composite dikes (SOK, GR). Their localization, degree of evolution and geographic
coordinates are given in Table 1. Detailed petrographic description of all types of rocks assembling the
Karkonosze pluton is provided by Staby and Martin (2008).

3. Analytical methods

Rock samples (~3 kg) were crushed in a jaw crusher and sieved until > 80% was in the 400 —
56 um fraction. From this, accessory minerals (apatite, zircon, titanite, rutile, monazite, allanite) were
separated using heavy liquids (sodium polytungstate). From these heavy-mineral separates, polished
grain mounts were prepared. Since the textural context of minerals got lost in such separates, thin
sections of all types of rocks were also analysed.

Grain mounts and thin sections were studied using scanning electron microscopy (SEM) and
electron-microprobe analysis (EPMA). Basic textural investigation and back-scattered electron (BSE)
images were conducted on a FEI Quanta 650 MLA-FEG (SEM) in the Geometallurgy Laboratory of
the TU Bergakademie Freiberg, Germany, operated at 25 kV accelerating voltage and 1 nA beam
current. The chemical composition of apatite (major + minor elements) was determined by
wavelength-dispersive (WDS) X-ray analysis using a JEOL JXA-8500F (HYPERPROBE) field-

emission electron microprobe at the Deutsches GeoForschungsZentrum (GFZ) in Potsdam, Germany,



applying the following analytical conditions: acceleration voltage of 20 kV, a beam current of 10 nA,
and a beam diameter of 5 um. The analytical conditions applied guaranteed minimal mobilization of
Na and the volatiles both during standardization and spot analysis. Standards, measuring conditions
and detection limits are given in Table 2. Background counting times were set to half of the
representative peak counting time. Data processing was undertaken using the CITZAF routine, which
is based on the ®(pZ) method (Armstrong, 1995). More than 1,000 single-spot analyses were
performed in order to create a representative database for the PVA simulations.
4. Polytopic Vector Analysis (PVA)
Polytopic Vector Analysis is a method that is aimed at analysing a system formed by mixing of two or
more components (end-members) and extracting the number, chemical composition and proportions of
end-members (cf. Johnson et al., 2002; Vogel et al., 2008). The main principles of PVA are
summarized below.
First, the compositional data is plotted into a geometric figure termed a polytope. Its vertices represent
the calculated compositions of end-members that underwent mixing. Before running the simulations,
the user has to estimate the number of end-members which is required to fully define the system. For
that purpose, a coefficient of determination (so-termed Klovan/Miesch Coefficient of Determination —
KMCD or simply CD) is calculated, which reflects the ratio between original values from the data set
and values back-calculated by the algorithm for every number of end-members from a given range.
The higher the CD, the more accurate is the assumption about the number of end-members. When the
number of end-members is finally determined, the second step is to find the exact position and shape
of the polytope within the generated multi-dimensional space, so that it encloses as many points from
the data cloud as possible. This is achieved through subsequent iterations which modify the initial
polytope until all data points are located within it and proportions of end-members in samples are
positive.

PVA software used in this study was created and shared by Robert Ehrlich (Residuum Energy
Inc., Salt Lake City, UT) and Thomas A. Vogel (Michigan State University, USA). Four basic

simulations (runs) were performed, one for whole rock chemistry (with generated magmatic whole-



rock end-members) and three for apatite composition (with generated apatite end-members for early,
middle and late stage). Table 3 presents the list of samples used in each run.

5. Results

5.1. Geochemistry of apatite

Compositional data and representative textures of apatites are listed in Table S8
(Supplementary Electronic Material) and shown in Fig. 2-6. The study of the distribution patterns of
major and minor elements (the word minor refers to the method by which they were analysed, as
electron microprobe is not designed for trace elements; however, for simplification the term ‘trace’
elements will be used in the following sections) in apatite from rocks representing all stages of magma
evolution (mixing + fractional crystallization) and the relations between certain elements or groups of
elements are crucial for defining the evolution path at micro-scale and necessary for a substantial
evaluation of PVA results. Apatite growth textures are described for being one of the most important
monitors of magma mixing.

Lamprophyres

Apatite grains form usually small (up to 50 um in diameter), euhedral inclusions in mica or are
scattered chaotically in the rock matrix. Apatite textures are similar in both samples (LAM1 and
LAMZ2) and, in most cases, homogeneous in BSE image.

The composition of apatite from lamprophyres is distinct from that of apatite from the other
rock types. It is characterized by variable, but generally elevated Sr and S contents (up to 1.9 wt% SrO
in LAM2 and 0.55 wt% SO; in LAML, resp.) accompanied by low (HREE+Y) abundances. The
concentrations of light rare earth elements (LREE) are similar to those in apatite from the other rock
types, but low compared to their host-rock abundances, which are highest among all rocks assembling
the pluton. The LREE/Y ratio is most elevated (Fig.4). The apatite is further characterized by
moderately high Na and CI contents (higher in LAM1, Figs.5 and 6) and low Mn concentrations (~
200-1200 ppm, Fig.5).

Granodiorites
Apatite grains usually occur as 50-250-pum-sized inclusions in mica and feldspar or are

interstitial between major phases. They are distinguished by the most complex zonation patterns,



including irregular, discontinuous to oscillatory zoning, resorption boundaries and syneusis textures
(Figs.2a-c). Single grains may contain multiple zones displaying varying BSE-intensity.

Apatite composition spans a wide range, depending on the type of granodiorite and domain
within the grain. Lanthanides show the largest variations in concentration and are the components
most significantly triggering BSE-intensity. Their total concentrations may vary up to several
thousand ppm within a single grain (e.g. grain apa2) and approach 3.5 wt% in granodiorite RUD1 and
1.5 wt% in granodiorite FOJ. Generally, the apatites are characterized by LREE-enrichment, similarly
to apatite I-type and S-type granites (Broska et al., 2004) and mafic I-type granites (Sha and Chappell,
1999). Apatite from the FOJ sample shows a bimodal distribution on the LREE vs. Y and Mn vs. Na
plots. One population (apatite in grain mounts or hosted in feldspar) is characterized by a high
LREE/Y ratio (Fig.4a) and low contents of Mn and Na (Fig.5a), whereas the other (apatite included in
biotite) displays a low LREE/Y ratio, together with comparatively larger Mn and Na concentrations
(Figs. 4a and 5a). Apatite from samples RUD1 and RUD?2 plots between the two trends of the FOJ
sample on the LREE vs. Y plot, with some spots overlapping the EQU and HRA trend (Fig.4b). They
exhibit low Mn contents and a wide range of Na concentrations (Fig.5b). Apatite from the VRE
sample matches the LREE /Y ratio of EQU and HRA apatite (Fig.4b) and has substituted Mn- and Na-
contents in concentrations similar to apatite from RUD1 and RUD2 granodiorites. Generally Mn and
Fe contents in apatite from all granodiorites are consistent with I-type granites of Broska et al. (2004)
and Sha and Chappell (1999), however, some values fall in the A-type and S-type field.

Within the group of granodiorites, the FOJ type apatite has incorporated the largest
concentrations of Cl (up to 800 ppm; Figs. 6a-b) which are, however, lower than those recognized in
apatite from the lamprophyres. Chlorine concentrations of that order of magnitude correspond to those
of apatite crystallized in I-type and A-type granites (Broska et al., 2004; Sha and Chappell, 1999).
Apatite from the RUD1, RUD2 and VRE samples contains still lower CI and higher F (Fig.6b), which
are consistent with S- and A-type origin of these granites (Broska et al., 2004).

Porphyritic granites
Apatite mostly occurs as 100—200-um-sized euhedral to subhedral inclusions in mica or

feldspar or interstitially. Growth textures range from complex — irregular and discontinuous zoning



with numerous resorption boundaries (samples MIL and MICH, Fig. 2d and Fig. 3a) to more simple —
homogenous or oscillatory zoning (sample SPH, Fig.3b).

Apatite composition in the various porphyritic varieties of the batholith shows evolution of
elemental contents and ratios reflecting the progress of differentiation, allowing to easily distinct
apatite from the “primitive” samples (MIL, MICH) from that precipitated in the evolved one (SPH).
Apatite from the least evolved porphyritic granite (MIL) compositionally resembles that from the
granodiorites, with some minor differences. It exhibits a slightly higher (compared to FOJ apatites) ClI
content (up to 2,000 ppm, Fig.6b), combined with a wide range in F concentration (3.3—3.8 wt%) and
a slightly elevated Sr content (reaching 400 ppm). Total REE-content is similar to that of apatite from
the FOJ granodiorite, but the Y-content is relatively lower. Similarly to FOJ apatites, there is a slight
bimodality on the LREE/Y diagram, with the majority of grains showing high LREE/Y ratios (Fig.4c).
Apatite from the MICH sample displays similarly high LREE/Y ratios, but no bimodality (Fig.4c), but
its Cl content, reaching ~300 ppm, is substantially lower than that in MIL apatite (Fig.6c).
Concentrations of Mn and Na are similar in apatite from both “primitive” samples (Na content lower
than in apatite from lamprophyres, Mn content lower than in apatite from the equigranular granite, see
Fig.5e). Mn and Fe concentrations in MIL apatite straddle the fields of I-, S and A-type granites as
defined by Broska et al. (2004). MICH apatites, however, show Mn and Fe contents typical of S-type
granites (Broska et al., 2004; Sha and Chappell, 1999). Apatite from the evolved granodiorite is
characterized by (a) a significantly lower CI content (Fig.6c), (b) Sr concentrations below detection
limit, (c) relatively larger HREE abundances and (d) Mn and Na contents similar to those in apatite
from the equigranular granite and lamprophyre, respectively (Fig.5e). The LREE/Y ratio in apatite
from this rock is similar to that of apatite from the EQU granite and lower than in apatite from the
granodiorites and primitive porphyritic granites (Fig.4c). Low CI, higher Mn and a slight HREE-
enrichment are broadly consistent with the respective patterns of apatite originating from S-type
granites (Broska et al., 2004; Sha and Chappell, 1999).

Microgranular magmatic enclaves



Enclaves contain small apatite inclusions (up to 100 um in diameter) hosted in mica and feldspar.
Growth textures are less complex and dominated by oscillatory zoning (Fig.3c,d). There are only
subtle differences in BSE-intensity between adjacent zones. Patchy zonation is subordinate.
Chemical composition of apatite from samples ENK1 to ENKS5 is relatively uniform, but distinct from
that of apatite from the BUK enclave. Single-grain variations in concentration are small in apatite from
the ENK samples for most trace elements, except for Y and Si, which show strong fluctuations of up
to 1 and 0.6 wt%, respectively, between adjacent domains. The BUK apatite exhibits just opposite
patterns, with significant compositional variations in single grains of all trace elements, especially
REEs and Y. Moreover, whereas ENK apatite contains up to 600 ppm CI (similar to apatite from I-
type granites; Broska et al., 2004), the BUK apatite contains Cl in concentrations usually below the
detection limit as typical for S-type magmatites (Fig.6d). Na and Mn contents are slightly different for
every enclave and plot either between apatite from the lamprophyres and equigranular granites or
below apatite from lamprophyres on the Mn vs. Na diagram (Fig.5d).The main distinction between
apatite from the ENK and BUK enclaves consists in the REE composition. Whereas the BUK apatite
shows a high LREE/Y ratio (even slightly higher than in apatite from granodiorites), in ENK apatite,
this ratio is identical to that of SPH and EQU apatites (Fig.4d). Both types of enclaves demonstrate
LREE-enrichment typical for apatite from I-type granites (Broska et al., 2004).
Composite dikes

Apatite forms 50-250-um-sized, euhedral to subhedral grains usually hosted in or attached to
mica and feldspar. The GR sample contains mostly homogeneous and two-zoned (core and rim)
apatite grains, whereas apatite from the SOK sample usually demonstrates complex irregular zoning
(Fig.3e).
Apatite from the studied dikes is compositionally similar, but not identical. Chlorine content is quasi-
identical and reaches ~300 ppm. The concentration of Sr is significantly higher (up to 600 ppm) in
SOK apatite, usually in BSE-darker domains. Na and Mn concentrations are consistently low (Fig.5c).
The main distinction between the two samples is the LREE/Y ratio. The SOK apatite exhibits a high
LREE /Y ratio that partly overlaps that of apatite from the EQU granite (Fig.4e). Apatite from the GR

dike is higher in Y, resulting in lower LREE/Y ratios that are similar to those of apatite from the EQU



granite (Fig.4e). The composition of apatites from both composite dikes is consistent with apatites
forming from I-typegranite magmas (Broska et al., 2004; Sha and Chappell, 1999).
Equigranular granite

Apatite forms usually small (up to 80 um in diameter), euhedral to subhedral grains hosted in
or attached to mica. It displays simple growth textures, from homogeneous to oscillatory zoned
(Fig.3f). Grains consist typically of a BSE-dark core and a BSE-bright rim. The oscillatory zoning is
very subtle, with no sharp boundaries between domains.

Chemical composition of apatite is distinct from that of the lamprophyres. The apatite is
generally Y-rich, thus possessing a lower LREE/Y ratio (Fig.4. Total REE abundance of EQU apatite
is similar to, while that in HRA apatite is higher than that recognized in the apatite from lamprophyres
(Table 4). The contents of Sr, S and Cl are mostly below detection limit (Fig.6). In contrast, the
concentrations of Mn and Na are high (higher in HRA apatite, cf. Fig.5). High Y and Mn
concentrations, together with low CI, correspond with the compositional signatures of apatite
crystallizing in S-type granites of Broska et al. (2004) and felsic I-type and S-type granites of Sha and
Chappell (1999).

5.2. PVA modelling

Whole-rock composition

PVA of whole-rock composition (run Whole-rock All) included 51 samples (representing all rock
types from the Karkonosze batholith) previously analysed by Staby and Martin (2008) (Table
3).Chemical composition of the generated end-members is given in Table 4. Selection of three end-
members was optimal, as KMCD’s for all elements are sufficiently high (usually >0.6 for trace
elements and >0.7 for major elements, Table 5). The addition of the fourth end-member improved the
KMCD’s, but the generated end-members displayed unrealistic compositions (one EM with SiO, ~ 38
wt% and one EM with SiO, ~81 wt%). Based on the major-element composition, one felsic (EM1)
and two mafic (EM2 and EM3) end-members were discriminated. EM2 and EM3 model compositions
are similar to those of the lamprophyres, at least in terms of major elements. Modelled EM1 is devoid
of Ti, Fe, Mn, Mg, Ca and P. It is generally depleted in trace elements compared to the mafic end-

members, except for Rb and Th. EM2 is the mafic end-member that is generally rich in trace elements,



such as Ba, Th, Sr, Zr, Ni and REEs, however, EM3 is modelled having higher concentrations of Na,
Y, Rb and Nb relative to EM2.
Fig. 7 demonstrates the proportions of whole-rock end-member in all samples. The line along the EM2
— EM1 side of the triangle is consistent with mixing (and/or fractional crystallization) between felsic
and mafic end-members and implies the following sequence of rock types (with decreasing
contribution of EM2): lamprophyres — granodiorites — composite dikes — porphyritic granites —
equigranular granites. Lamprophyres concur with the mafic end-members (either EM2 contaminated
slightly by EM1 or a mixture of EM2 and EM3). The trends formed by granodiorites and enclaves,
which extend from the EM2 — EM1 mixing line towards EM3, indicate that the second mafic end-
member mixed with magmas evolving along the main trend of evolution, intersecting the EM2 — EM1
line at ~55% EM2, 40% EM1 and 5% EM3 for granodiorites and 65% EM1, 25% EM2 and 10% EM3
for magmatic enclaves. The contribution of EM3 can approach ~90% in granodiorites and 40-60% in
mafic enclaves. In most composite dikes and porphyritic granites, EM2 is the dominating mafic end-
member, except for one composite dike (COM-1 from Staby and Martin, 2008, with composition
similar to GR) and one porphyritic granite (POR-11 from Staby and Martin, 2008, moderately
evolved) with 35% and 26% of EM3, respectively. The equigranular granites contain the largest
proportions of EM1. Most of the EQU samples contain minor contributions of both the mafic end-
members EM2 and EM3, however, three EQU samples are located on the border of the diagram with
EM2=0%
Apatite composition

PVA of apatite composition was performed in three runs (Apatite Early Stage, Apatite Middle
Stage and Apatite Late Stage), in order to recognize the apatite end-members stage by stage. The
selection of samples for each stage is given in Table 3. To simplify the simulations, apatite from the
first intruded , primitive rocks is considered early (similarly as in middle and late stages), even though
the samples may contain multi-stage populations of apatite. Further subdivision of apatite in single
samples would have excessively complicated both the input and output data. Additionally to apatite
from the respective host rock, each run considered apatite from lamprophyre and equigranular granite

as potential end-members in magma mixing (Staby and Martin, 2008).



Chemical composition of the end-members generated from every run is provided in Table 6. In
each simulation, a 3-end-member solution characterized the data sufficiently well. KMCD’s for all
oxides are usually >0.5 for the majority of elements (Table 7). The elements displaying the lowest
KMCD’s include Th, U, Yb, Mn, Fe, Na and Sr. The poor fit for Th, U, Yb and Sris likely related to
their generally low contents at or below the limit of detection. The variations in concentrations of Fe
and Na could be ascribed the variable presence of additional Fe and Na sequestering species
(preferentially biotite and plagioclase) in the individual rocks. With four end-members, the KMCD’s
would improve weakly (more significantly in case of U), however, the fourth end-member would have
an almost identical composition as the felsic apatite end-member.

Apatite end-members obtained from the simulations are compositionally distinct, however, the
differences are not serious. The PVA algorithm processes the input data in the way that it searches for
most extreme compositions (in terms of single elements or groups of elements) and considers them
potential end-members, which are being modified in the subsequent iterations. The elements showing
the largest variations have also the highest KMCD’s and may display major differences between the
generated end-members. In the situation of only few of such elements, the composition of end-
members is generally similar.

EML is a pure fluoroapatite devoid of all trace elements (S, Sr, Cl, Y, REES) in the early stage, while
in the middle and late stages, the modelled concentrations of these elements are significantly higher.
EM2 has non-stoichiometric P- and Ca concentrations, which are compensated by elevated Si, Y and
REE (reflecting the substitution reaction P** + Ca** <> Si** + (REE,Y)*"). It is most enriched in these
elements in the middle stage. EM3 is a water- and Cl-rich apatite, with high Sr- and S contents and
average REE concentrations. The concentrations of LREES, Sr, S and CI systematically decrease from
the early to the late stage, whereas Mn and Si display the opposite trend.

Proportions of the apatite end-members for every stage are demonstrated in Fig. 8—10. Distribution of
points on the ternary plot for the 3AE run shows a nicely ordered sequence of rock types (Fig.8).
Apatite from lamprophyres has incorporated the largest contribution of EMS3. Apatite from
“homogenized” granodiorite (FOJ) has a wide range of proportions, with a contribution of EM3 being

second largest after apatite from lamprophyres. A slightly lower contribution of EM3 is manifested in



apatite from the primitive porphyritic granite, followed by apatite from the less homogenized
granodiorites (RUD1, RUD2, VRE). The highest contribution of EM1 refers to apatite from the
equigranular granite.

In the 3AM run, the contribution of EM3 is again largest (up to 70%) in lamprophyric apatite, but
apatite from the samples representing the middle stage are all positioned very close to EM1 vertex,
implying <10% of EM3 (Fig.9). The individual populations usually overlap. No differences are
demonstrated between the proportions of EM1 and EM3 in apatite from enclaves and their host
porphyritic granite. Apatite from equigranular granite again displays the largest contribution of EM1.
The late stage simulated by the 3AL run yielded similar results in terms of end-member proportions
(Fig.10), with the exception of higher content of EM2. Apatite from all composite dikes and the
equigranular granite is located within the EM1 — EMZ2 line, containing <10% of EM3. In the late stage,
apatite from lamprophyres contains the greatest proportion of EM3.

6. Discussion

6.1. PVA-based whole-rock evolution model

PV A modelling of the whole-rock presents the evolution path of the Karkonosze magmatic system in a
way slightly different from previous studies. The general sequence of samples along the EM2 — EM1
mixing line in the ternary diagram (Fig.7) is consistent with the existing evolution model (cf. Staby
and Martin, 2008). The felsic end-member (EM1) has a strongly evolved composition, as it contains
minor amounts of compatible elements. Certainly, it does not represent the felsic parental, but
highlights the theoretically most evolved granitic magma at the final end of fractional crystallization.
Indeed, most equigranular-granite samples are located closest to the EM1 vertex. The equigranular
sample with the least contribution of the EM1 is HRA, which most likely identifies the primitive
granitic parental magma.

Apart from the decreasing EM2/EML ratio, the second feature that differentiates the rock types is the
varying proportions of EM2 and EM3. Whereas porphyritic granites and most of lamprophyres and
composite dikes contain very little EM3 (implying that the mafic melts involved in their formation
were compositionally very similar), granodiorites and enclaves have varying proportions of both mafic

end-members. We interpret EM2 and EM3 not as separate and independent mafic end-members, as the



whole-rock composition did not point to two unlinked mafic sources. Most likely, they represent a
more primitive (EM2) and a more evolved mafic magma (EM3). Subsequent mafic-magma inflows
differed in terms of chemistry (due to the differentiation of the mafic melt), giving rise to varying
granodiorite and enclave compositions indicated by the spread of these rocks between EM2 and EM3.
Previous studies assigned this diversity among granodiorites (and, separately, among the enclaves)
merely to varying proportions of the felsic vs. mafic magma, with the suggestion that the mafic melt
evolved between the early and middle stages. Present results, however, indicate that the compositional
variations were additionally caused by the evolution of the mafic end-member during individual stages
(not only between them). The evolution of the mafic melt by fractional crystallization was already
previously supposed, but not evidenced (Staby and Martin, 2008; Staby et al., 2011). PVA results
strongly support this mode of magma evolution.

PVA results gave evidence of the existence of multiple end-members and their interaction is
responsible for the compositional diversity among the studied rocks. Based on previous studies,
individual processes could have been recognized in the ternary diagrams — major mixing between
lamprophyres and equigranular granite (accompanied to some degree by fractional crystallization of
the felsic end-member), evolution (probably by FC) between EM3 and EM2 marked by granodiorites
and enclaves and, finally, major mixing combined with evolution of the mafic end-member. It is
obvious that almost all samples — and especially enclaves and granodiorites — formed from a complex
mixture of more than two components and that a two end-member system (supposed from previous
studies) is not sufficient to account for such a wide range of compositions.

6.2. Apatite as proxy for magma compositions

Apatite is considered constituting a petrogenetic tracer (e.g., Belousova et al., 2002; Broska et al.,
2004; Buda and Pal-Molnar, 2012; Chu et al., 2009; Sha and Chappell, 1999; Spicer et al., 2006) that
reflects the composition of the host magma and monitors differences in chemistry between different
rock types. The results of this study corroborate this assessment. Apatite composition follows the
chemical evolution of the Karkonosze magmas and shows features characteristic for both I-type (mafic

and felsic) and S-type granites. However, in order to use apatite chemistry as a proxy for end-member



magma compositions in PVA geochemical modelling, its capability of accurately tracing the real
changes in magmatic environment has to be evaluated.

The composition of a mineral crystallizing from a magma is controlled by numerous factors, of which
the most important are melt composition, temperature, mineral/liquid partition coefficients, oxygen
fugacity, diffusion rates, local saturation conditions and presence of competing phases. If
crystallization takes place at equilibrium conditions (and trace elements are incorporated according to
the Henry’s Law), at least on a local scale, the composition of a mineral will directly reflect the
composition of the liquid from which it crystallized. The studied apatite, however, normally displays
disequilibrium textures, including sharp zoning and resorption boundaries, especially in the early,
primitive samples (FOJ, MIL, RUD1, RUD2, MICH) and, subordinately, in magmatic enclaves and
composite dikes. Such textures are usually interpreted as reflecting a heterogeneous magmatic system,
dominated by magma mixing (e.g. Streck, 2008; Tepper and Kuehner, 1999; Ginibre and Wdorner,
2007). Each discrete growth zone may represent a magma domain of different composition. Although
such interpretation is consistent with previous studies (Staby and Martin, 2008; Staby, 2006;
Przywaoski, 2006), other possible reasons for compositional variability need to be addressed.

One of the processes generating zoning in minerals is the kinetically-driven element extraction from
the melt, involving the creation of a boundary layer in the closest vicinity of the crystal (due to
delayed diffusion of elements within the melt), depleted in compatible elements (e.g. REE, Y) and
enriched in incompatible elements. Since the list of elements measured in this study does not contain
any incompatible elements in apatite, the relations between compatible and incompatible elements
cannot be verified. However, in case of most complex textures and largest compositional variations
within single grains from this study, the differences in elemental concentrations (> 6,000 ppm in case
of both REE and Y) are too large as to attribute them to the boundary-layer effect (cf. Dempster et al.,
2003). Therefore we conclude that greater element variations causing distinct zonation are not the
result of delayed diffusion of elements between the surrounding layer and bulk magma, but rather
indicate crystallization from compositionally different magma domains.

Another reason for the formation of zonation textures is supersaturation due to undercooling (e.g.,

temperature difference on the contact of hotter, mafic melt with colder, granitic magma). A system



dominated by magma mixing contains various magma domains, each with different (more felsic or
mafic) composition and, consequently, temperature. Mineral crystallizing on the interface between hot
and cold magma may, therefore, be subjected to undercooling, causing increased (non-Henrian) uptake
of compatible elements (Morgan and London, 2003), however, owing the lacking information on
incompatible elements, this hypothesis could not be tested. The comparison of compatible vs.
incompatible elements in feldspar, however, points to domination of near-equilibrium conditions
during its crystallization (Staby et al., 2008). Both feldspar and apatite are early-crystallizing phases,
therefore, it is feasible to assume that similar conditions were present also during the formation of
apatite.

A further factor that has a large impact on apatite’s ability to record magma composition is the
diffusion rate of elements during the chemical exchange between the mixing magma domains. Trace
elements diffuse with different rate (diffusive fractionation), therefore, the partially mixed magma
domains may not show linear trace-element relations as suspected during magma mixing (Perugini et
al., 2006, 2008, 2013). For instance, since Na has higher diffusion rates than LREEs (Morgavi et al.,
2013a, 2013b; Perugini et al., 2008, 2012, 2013), mixing magma domains will exchange Na faster
than Ce. Apatite grains growing in such domains will miss zoning in Na content and, thus, will
monitor the average Na concentration of the melt (the initial Na content of the mingling parental
magmas before homogenization will not be preserved). In contrast, LREE concentrations will be either
higher or lower, depending on the domain from which the apatite crystallized. The transfer of apatite
between LREE-poor and LREE-rich domains will produce distinct zonation patterns as observed in
most of the studied apatite grains. As a result of different diffusion rates, elemental relations in apatite
will normally not fully represent those of parental magmas. It has to be noted that diffusive
fractionation (similarly as temperature difference) will influence apatite composition mostly in the
early to middle stages of magmatic evolution, when magma mixing was the dominating or, at least,
significant process. In the rocks which formed mostly due to fractional crystallization (e.g. SPH, HRA,
EQU), apatite probably reflects the magma composition to a greater extent.

Although some extreme apatite compositions may be the result of “chaotic” incorporation of trace

elements typical for a mixing-dominated regime, we assume that variations in trace-element content



generally reflect the heterogeneity of the magma and, thus, the complexity of the Karkonosze
magmatic system better than does the whole-rock chemistry. Therefore, application of apatite

chemistry in PVA provides additional important information.

6.3. Evidence of processes in the early stage of magma evolution recorded by apatite

Chemical composition of apatite from the early emplaced rocks (granodiorites, primitive porphyritic
granite) reflects the general characteristics of their host magmas. Previous whole-rock and feldspar
studies show that the mafic end-member derived from the metasomatized mantle was enriched in, for
instance, LREE and Sr (Staby and Martin, 2005, 2008; Staby et al., 2007a, b), a signature also
displayed by apatite. Characteristics typical of both I-type and S-type granites suggest that both mafic
and felsic melts contributed to the formation of apatites.

Apatite end-members of the early stage generated by PVA are partially compatible with the measured
apatite composition. The greatest similarity is observed for the mafic end-member. EM3 apatite is
enriched in REEs, ClI, Sr, Na and S and depleted in Mn and Y compared to the felsic apatite (EM1), as
is apatite from lamprophyres and granodiorites. Dividing the REE content of the mafic apatite by the
REE content of the most primitive lamprophyre (Staby and Martin, 2008), as well as PVA-generated
whole-rock mafic end-member, provides partition coefficients similar to those reported in literature
(Nagasawa, 1970; Fujimaki, 1986). In the latter case, the calculations support the validity of the PVA-
generated mafic end-member. Elevated CI content in mafic apatite is in line with the results of Patifio
Douce et al. (2011), who described ClI- and H,O-rich apatite from metasomatized enriched mantle.
Although apatite composition is controlled by many factors, such elevated CI content reflects the
specific composition of the metasomatizing fluid, which is Cl- and H,O-rich. Studies of the volatile
inventory in apatite revealed a general trend of decreasing Cl content and increasing F/CI ratio from
more mafic to more felsic rocks (Marks et al., 2012). Indeed, primitive granite varieties, that
experienced the highest degree of mixing, such as MIL granite and FOJ granodiorite, contain Cl-rich
apatite, providing an additional argument for the supposed contribution of large amounts of mafic
magma derived from metasomatized mantle regions. Apatite from these samples is also located closest

to the mafic end-member on the PVA tertiary diagram (Fig.8). High S content and low Mn



concentrations (both in apatite and modelled mafic apatite end-member) are also characteristic for
apatite from mafic I-type granites (Sha and Chappell, 1999).

Certain apatites from the EQU granite and even from some granodiorites are trace element-poor and
are located very close to the EM1 vertex, however, never exactly on it. However, the composition of
the felsic apatite end-member (EM1) being devoid of all trace elements is geologically unrealistic.
Puzzling is also its unexpectedly high Fe content (which should not be the case as the mafic melt is
more Fe-rich) and excessive F. Even though apatite data served as an input for PVA simulations, one
cannot expect the programme to generate real, stoichiometric apatite compositions. Apatite chemistry
serves as a proxy to magma compositions, therefore the end-members are only approximations and
simply reflect certain enrichments or depletions of elements which can then be transferred to whole-
rock chemistry. The absence of REEs and high F is most probably caused by the method itself and
cannot be influenced by the user. The high Fe content EM1 however, is likely attributed to the high Fe
concentrations in apatite from the equigranular granite (and partially also granodiorites). These, in
turn, are most probably analytical artefacts, caused by the excitation of Fe from the adjacent Fe-rich
biotite. Therefore, the Fe content implied for EML1 is unrealistic as well. The paucity in trace elements
in EM1 is compensated by the presence of EM2, which is trace element-rich. The exceptional
enrichment of EM2 in REEs, Y and Si and its high proportions in many apatite zones, may reflect two
features. The first is the participation of a third component, possibly representing a fluid phase,
exsolved from the coexisting magmas. The activity of fluids was documented in the late stages of the
pluton formation (Staby, 2006) and was associated mainly with late composite dykes. The apatite
composition and PVA-generated end-members, however, indicate that the fluids might have been
present already during the early stages of pluton formation. The second hypothesis which could
explain the unusual composition of EM2, and which has been mentioned in section 6.2., is the chaotic
incorporation of elements in apatite (possibly due to supersaturation). If certain apatite zones are
enriched in trace elements due to supersaturation, the existence of trace element rich end-member is
necessary to account for such high concentrations. Consequently, the composition of EM2 may not
necessarily reflect the existence of a separate trace element-rich component. However, as

supersaturated conditions occurred only locally, they cannot be responsible for high trace element



contents in a large number of apatites. Therefore, the participation of a Y- and REE-rich fluid phase is
more plausible.

The proportion diagram (Fig.8) shows a nicely ordered sequence of decreasing contribution of the
mafic apatite end-member from lamprophyre, primitive porphyritic granite, granodiorite (in the order
FOJ — RUD1, RUD2, VRE) to equigranular granite. This sequence is in general agreement with the
evolution model, however, there is a discrepancy regarding the LAM1 and LAM2 samples. The PVA-
generated mafic apatite does not fully correspond to LAM1 and LAM2 apatite since these are
displaced from the EM3 vertex (Fig.8). Although LAM2 is a more primitive lamprophyre (and the
lamprophyric magma was primitive in this stage of evolution), it is located more distant from the EM3
vertex. Most probably, the composition of the apatite from LAMZ2 is not sufficiently distinct from that
of apatite from the granodiorites, so the algorithm chose the more extreme composition of apatite from
LAML1 as the closest approximation of the potential mafic apatite. The location of apatite from the
primitive lamprophyre (LAM2) on the proportion diagram may be also due to the heterogeneity of the
mantle source. Late lamprophyric dikes might have been extracted directly from the mantle. Despite
the fact that LAMZ2 is primitive in composition, it does not have to fully correspond to the primitive
lamprophyric melt participating in mixing with the granitic magma, as it might have been extracted
from a slightly different mantle region. Their composition is often a result of combined partial melting
of the heterogeneous mantle, source mixing, shallow-level differentiation processes and crustal
contamination (Awdankiewicz, 2007).

Apatites from the FOJ granodiorite and MIL granite are compositionally similar and plot nearby on
the PVA proportion diagram. FOJ apatites have the widest range of proportions of both felsic and
mafic end-members (Fig.8). Such spread is consistent with what was observed for feldspars, implying
that during the formation of this type of granodiorite, the compositional gradient between coexisting
magmas was greatest, which indicates that during the early crystallization stages, the mafic and felsic
melts were not yet homogenized (Staby et al., 2007a,b). A similar, but slightly narrower range of
EM1/EM2 proportions is represented by MIL apatite. A significant contribution of the mafic end-
member in MIL apatite is in contrast to what was established from the whole-rock chemistry which

suggested significantly lower proportions of mafic magma contributing to the formation of this granite



(Staby and Martin, 2008). The diversity of apatites from both FOJ and MIL samples (and relatively
large proportions of the mafic end-member) is also reflected in varying LREE/Y ratios and Na-, Mn
and F contents. Two populations separated by their LREE/Y and Na/Mn ratios (in case of MIL apatite
only LREE/Y ratios) point to at least two stages of apatite formation. The population with the higher
LREE/ Y and Na/Mn ratios consists only of apatites from the mineral separates, which probably
represent early crystallized single crystals and not inclusions. At that time, there were no competitors
in the LREE uptake, suggesting that high LREE concentrations in apatite most probably are attributed
to LREE enrichment in the melt. This is compatible with the predominance of mafic, LREE-rich and
Mn-poor melt contribution in the earliest periods of the granodiorite formation. The second population
of apatite, with lower LREE/Y and Na/Mn ratios, generated from a later, more equilibrated magma,
which contained a larger contribution of a felsic melt.

Apatites from the RUD1, RUD2 and VRE granodiorites are positioned farthermost from the mafic
end-member, however, the EM1/EM2 proportions are identical to those of some FOJ and MIL
apatites. Nevertheless, the largest average EM1 contribution suggests that mixed and partially evolved
magmas had already compositions shifted slightly towards the crustal end-member. This supposition is
also supported by the relatively low apatite LREE/ Y ratios as well as Mn and Na contents slightly
larger than in the early population of FOJ apatite. A larger contribution of a felsic magma might have
1) provided more Mn to be extracted from the melt by crystallizing apatite, 2) caused the shift in the
preferred substitution mechanism from LREE®* + Si** <»>Ca®" + P*" to HREE®* + Na** <> 2Ca”", and
3) added more AI** to be coupled with Na* (Sha and Chappell, 1999).

Large compositional diversity between apatites from individual granodiorites and potential end-
members (EQU, LAM1, LAM?2) allowed the PVA algorithm a clear distinction between each sample,
generating a rock sequence that generally concords with the results of previous studies, but also
addresses some new findings (e.g., position of the MIL granite). Unlike the whole-rock chemistry,
only one felsic and one mafic end-member were detected, indicating that apatite did not record the
heterogeneity of the mafic end-member and its evolution during the early stages of petrogenesis. On
the other hand, the presence of EM2 points to potential participation of a fluid component enriched in

trace elements. Relatively wide range of proportions of both felsic and mafic end-members in apatite



confirms the assumption that apatite crystallized in a complex magma mixing system composed of
melt domains demonstrating a wide range of intermediate compositions.

6.4. Middle and late stages of magma evolution

During subsequent stages of magma evolution, a significant change in growth textures and
composition of apatite occurred. Relatively homogenous, two-zoned (core and rim) or oscillatory
zoned textures generally demonstrated by apatites from more evolved granite varieties indicate a more
stable and undisturbed environment. Such textures suggest minor contribution of magma mixing on a
local scale, caused by limited ability for mechanical mixing (difference in viscosity of coexisting
melts) and decreased amounts of supplied mafic magma.

PVA apatite end-members calculated for middle and late stages are compositionally different from
those of the early stage and show little systematic change over time. EM1 becomes slightly more
enriched in LREEs, however, the change is insignificant. Increase in Mn content of EM1 from middle
stage is consistent with progressive differentiation, however, its lower abundance in late-stage apatite
is difficult to explain, giving that natural apatite from the late felsic rocks is most enriched in Mn.
EM1 from the middle stage shows significant enrichment in Y, which is also reflected in apatite and
whole-rock values and PVA whole-rock results. Higher Y results in lower LREE/Y ratios, which are
indeed usually observed in apatites from middle and late stages (except for BUK and SOK). A more
significant increase in Y content is observed in case of EM2, which is trace element-rich, similarly to
the early stage. Enclaves are one of the most Y-rich rocks in the Karkonosze Massif, except of some
composite dikes and equigranular granites. Such high Y signature cannot be the result of simple
differentiation of the melt, as the opposite behaviour of Y is manifested from primitive to evolved
rocks. The magmatic enclaves containing Y-rich apatite formed during middle-late stages of pluton
formation and record multiple inflows of variably differentiated mafic melt. This diversity is seen in
both whole-rock (Staby and Martin, 2008) and apatite (slightly different composition between each
enclave). High Y contents in apatites (and their host enclaves), as well as in EM2, point to the
existence of a similar fluid phase (as in the early stage). This phase may represent an evolved mafic

magma or a fluid exsolved from the evolved mafic melt. The presence of EM2 in the late stage and



high Y-contents in apatites from composite dikes are in accord with the documented fluid activity
based on whole-rock composition of composite dikes (Staby, 2006).

Detection of the mafic end-member (EM3) similar in composition to its equivalent from the early
stage was possible due to selection of LAM1 apatites as a potential end-member. However, its PVA-
generated chemistry is not reflected in apatites from the enclaves or composite dikes (especially the
primitive ones - BUK and SOK). EM3 apatite is also depleted in LREEs and enriched in Si compared
to apatite from the early stage, which is not consistent with the supposed coupled substitution
mechanism LREE®*" + Si** ¢<>Ca®" + P**. The elements which follow the typical differentiation process
are F and CI (F increases, while CI decreases). Although the composition of EM2 slightly evolves
from the early to late stage, its presence reflects mostly probably the same mechanisms as in the early
stage.

Although not all porphyritic granites are included in PVA modelling (MICH is difficult to assign to a
specific stage as it is younger than granodiorites and contains no enclaves or composite dikes), the
evolution of apatite composition from primitive to evolved rocks is worth mentioning. The main
parameter that changes during the progress of differentiation is the LREE/Y ratio, which is lowest in
apatite from more evolved granites. If apatite is the only crystallizing LREE-bearing mineral, such
modification is unlikely to be produced by fractional crystallization of one single magma, as both
LREE and Y are incompatible elements and are concentrated in differentiated melts. Their
melt—apatite partition coefficients increase by a similar rate with increasing polymerisation of the melt
(Prowatke and Klemme, 2006), thus magma evolution would produce apatite with higher
concentrations of LREEs and Y, but the ratio would remain relatively constant. However, the
accessory mineral assemblage contains other LREE-bearing minerals, such as monazite and titanite.
Titanite occurs in all Karkonosze granite varieties and demonstrates similar REE patterns as apatite.
Monazite crystallized in more evolved rocks, i.e. moderately to evolved porphyritic granites. Even
very small amounts of crystallizing monazite may affect the LREE budget and significantly decrease
LREE uptake by apatite (Forster, 1999; Forster and Rhede, 2005). Therefore, lower LREE/Y ratios
can be partially due to monazite appearance (xenotime is absent). However, a second explanation for

the decrease of LREE/Y ratios in apatite can be given. Decreasing amounts of supplied LREE-rich



mafic magma and, consequently, higher contribution of the Y-richer felsic melt, could be responsible
for the transition in apatite LREE/Y ratios. As both mentioned explanations are plausible, we conclude
that, most probably, they both contributed to the shift in LREE and Y contents in apatite. Abundance
of Cl in apatite decreases during differentiation, also reflecting diminishing role of the mafic magma.

Although apatites from different enclaves, composite dikes and porphyritic granites exhibit some
compositional differences (e.g., LREE/Y ratio, contents of Mn, Na, ClI and Sr) suggesting different
degree of evolution and proportions of coeval magmas, such diversity is not observed in the end-
member proportion diagrams (Figs. 9, 10). As the mafic apatite end-member (calculated based on the
LAML1 apatite) has a composition distinct even from apatite from more primitive enclaves and
composite dikes, all apatites are positioned far from the EM3 vertex and very close to the felsic end-
member. The difference in the position of LAML1 apatites on ternary plots between the middle and late
stages may be explained by the fact that this lamprophyre is most compatible in composition with the
most evolved mafic end-member. There is no distinction between apatites from individual enclaves
and, moreover, between the apatites from the enclaves and their granite host. Similar situation is
observed for the late-stage granites and composite dikes. The close affinity between enclave and EQU
apatites may be attributed to the choose of LAML1 apatite as potential end-member. Enclave apatites
are compositionally very distinct from the LAM1 apatites, thus, they are located distant from them on
the proportion diagram. However, this position may have also a petrogenetical background. Studied
mafic enclaves are hybrids which underwent 1) evolution by fractional crystallization of the mafic
end-member, 2) minor mechanical mixing (reduced mixing capability owing to greater abundance of
crystals and, thus, viscosity of both magmas; Davi et al., 2009), but possibly intensive chemical
exchange with the host, and 3) potential interaction with fluids (Adamuszek et al., 2009; Staby and
Martin, 2008; Staby et al., 2008). Perhaps the combination of these processes resulted in the formation
of apatite already bearing a more felsic signature. Adamuszek et al. (2009) documented that diffusion
of elements between the enclave and its host may be enhanced in case of mobile elements, especially
in the presence of fluids. In such situation, the concentrations of those elements in the enclave may

reach similar levels as in their host, controlling the uptake of trace elements by apatite. Similar



assumption was made by Liu et al. (2013), who documented re-equilibration between a mafic enclave
and its host, resulting in similar trace-element and isotopic compositions.

The distribution of apatite from composite dikes on the proportion diagram of the late stage can be
adequately explained. During ascent of a dike, chemical exchange will be promoted at the contact with
the host rocks (in this case the equigranular granite), even though the mechanical mixing is limited due
to difference in viscosity (low viscosity of a dike vs. partial solidification of the granite). Therefore, re-
equilibration may have caused the compositional similarity between apatites from the composite dikes
and equigranular granite and, hence, their position far from the mafic end-member (EM3) in the PVA
diagram. Higher contribution of EM2 suggests most probably a more dominant role of Y- and Si-rich
fluids in the late stage, thus supporting previous studies (Staby, 2006).

Based on the PVA diagrams, the evolution of the Karkonosze magmatic system can be characterized
by progressive homogenization of the two distinct magmas, with diminishing role of the mafic
component during time. During the early stages, the compositional diversity is greatest, whereas in the
course of differentiation, the range gets smaller and differences between individual rocks become less
striking (however still present). The same path is documented in apatite. A change from a largely
scattering distribution from the early stage to very narrow clustering in the middle and late stages on
the PVA diagram may represent exactly such homogenization of the system, where apatite becomes
compositionally less diverse.

6.5. Limitations of the PVA method applied for mineral compositions

Whereas whole-rock composition is the overall effect of the combination of all processes operating
during magmatic evolution, the composition of a single mineral is only one part of the system,
controlled by numerous factors (cf. section 6.2). Although studied apatites reflect the magma
chemistry quite well, the use of apatite composition as input data for PVA may pose problems, some
of which are reflected in the results of this study. As unusual enrichments in trace elements (e.g. REE,
Y, Si) can be related to supersaturation, the PVA-generated end-members with high concentrations of
these elements do not properly reflect the intensity of enrichments in the magma/fluid. The PVA-
inferred chemistry ofEM2 apatite is an expression of this problem. However, it is unlikely that a large

number of apatites crystallized at supersaturation conditions, therefore, a fluid affinity of EM2 is more



plausible. Diffusive fractionation may also disturb the relations between whole-rock and apatite
chemistry and result in different elemental ratios in some apatite domains, which, in turn, may yield
not entirely true end-members.

The group of elements incorporated in apatite showing the widest spread in concentrations, even in
single samples, are REEs. Although average REE content may be lower in few samples (e.g. LAML,
LAM2, EQU), the bulk of apatite analyses shows similar average REE concentrations. Nevertheless,
there exist apatite zones with exceptionally high or low REE contents. This circumstance hinders the
appropriate subdivision of REEs between the end-members, probably giving rise to the generation of
REE-free EM1 and REE-rich EM2. REE content also depends on the melt/apatite partition coefficient
(Kg), which increases with progressive differentiation of the melt (Prowatke and Klemme, 2003).
Following that rule, Ky for the apatite/lamprophyre system is lower than Ky for apatite/granite.
Consequently, even though lamprophyres in Karkonosze are REE-enriched relative to granites,
apatites from the latter will incorporate larger REE concentrations. The corresponding end-members
may, therefore, show REE contents inconsistent with real enrichments or depletions in the melt.
Important in PVA simulations is also the choice of potential end-members. In current runs,
equigranular granite and lamprophyre served as potential parental magmas. Apatite from the
lamprophyre has extreme composition in terms of halogens, Sr and S. Whereas in the early stage,
apatites from the granodiorites and MIL sample show some affinity to EM3 (and, therefore, display a
relatively wide spread between EM1 and EM3), apatites from the enclaves or composite dikes have
more uniform chemistry, which is closer to the felsic end-member. As it probably represents the
progressive homogenization of the system resulting in a narrower range of apatite compositions, the
absence of apatites with higher contribution of EM3 in the middle and late stages may be related to the
choice of the extreme LAM1 apatites as potential end-member. LAM1 apatites may not be fully
representative of the pure mafic end-member from these stages (as no real representative exists) and,
therefore, their composition could only be judged as approximation. Methodologically, PVA requires
also significant variations in elemental concentrations and, preferably, a large compositional spread of
samples between potential end-members (presence of samples with low and high proportions of each

end-member). Therefore, the early stage of magma evolution gave results most compatible with



previous studies, as the compositional variations between apatites from granodiorites and their
similarity to end-member were the greatest. In subsequent stages, the differences in chemistry were

too subtle and too distinct from the chemically extreme LAM1 apatite.

7. Summary and conclusions

1. PVA of whole-rock composition yielded results that confirm the present general geological
model developed for the Karkonosze batholith, but also provided some new aspects. Apart
from supporting the idea of mixing (+ FC) between the felsic and mafic end-members, PVA
revealed that the diversity among granodiorites and magmatic enclaves resulted mostly from
the evolution of the mafic end-member, and not only different proportions of felsic vs. mafic
magma as suggested by previous studies. Additionally, PVA recognized the addition of a fluid
component probably derived from the metasomatized mantle.

2. Using minerals as proxies of magma compositions is problematic owing to many factors that
control their composition. Some features of the studied apatite (e.g., unusual enrichment in
certain elements) may not properly reflect the magma chemistry, as it can also be a result of
supersaturation or diffusive fractionation. However, the apatite studied here follow the general
evolution of the magma chemistry quite well, therefore, their use for PVA modelling is
justified.

3. Apatite end-members generated by PVA are mostly compatible with the whole-rock chemistry
and real apatite composition. Recognized end-members include felsic, mafic and fluid
components, however, not all of them are present in every sample. Large compositional
diversity between apatites from the early-stage samples allowed a clear distinction between
each sample, presenting a rock sequence which is in accord with previous studies. Wide range
of proportions of felsic and mafic end-members in early-stage apatite gives evidence of its
crystallization within a complex magma mixing system composed of melt domains of
contrasting compositions. Additionally, the presence of a fluid component associated with the

mafic magma was recognized.



4. In the middle and late stages, apatites display a more uniform composition and a narrow range
of end-member proportions, most probably reflecting a progressive homogenization of the
system. PVA results enabled the recognition of fluid activity during the middle stages, which
IS most prominent in apatite crystallization compared to early and late stages.

5. The application of mineral compositions in PVA modelling is conflicted with some
limitations, both due to the method itself and the fact, that mineral chemistry may not fully
reflect that of the magma from which it crystallized. However, if the chemical composition of
a mineral is recognized and assigned to particular processes and all the limitations are taken
into account, PVA modelling of single-mineral composition may give rise to a more detailed

image of the magmatic evolution at local scale and stage by stage.
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Figure captions

Fig.1. Simplified geological map of the study area (after Patocka et al. 2000). IG —lzera gneisses and
granito-gneisses with belts of mica schists; EKC - Eastern Karkonosze Complex; LV -Leszczyniec
unit; SKC - Southern Karkonosze Complex. Geographical coordinates of the sampling sites are given
in Table 1.

Fig.2. Back-scattered electron (BSE) images of representative apatite grains from granodiorites and
primitive porphyritic granite; a — apatite grain from the FOJ granodiorite, hosted in biotite; b — apatite
grain from the FOJ grain mount; ¢ — apatite grain from the RUD1 granodiorite, hosted in feldspar,
electron microprobe data for the marked spots are given in Table S8 — Supplementary Electronic
Material; d — apatite grain from the MIL porphyritic granite, attached to biotite.

Fig.3. BSE images of representative apatite grains from porphyritic granites, magmatic enclaves and
composite dikes; a — apatite grain from the MICH grain mount; b — apatite grain from the SPH grain
mount; ¢ — apatite grain from the ENK3 grain mount; d — apatite grain from the BUK enclave, hosted
in biotite; e — apatite grain from the SOK grain mount; f — apatite grain from the EQU sample, hosted
in biotite.

Fig.4. XLREE vs. Y plots for apatite from all studied samples; a — for apatites insideand outside of
biotite in FOJ granodiorite; b — for apatites from remaining granodiorites; ¢ — for apatites from
primitive and evolved porphyritic granites; d — for apatites from magmatic enclaves; e — for apatites
from composite dikes;

Fig.5. Mn vs. Na plots for apatite from all studies samples; a — for apatites inside and outside of biotite
in FOJ granodiorite; b — for apatites from remaining granodiorites; ¢ - for apatites from composite
dikes; d - for apatites from magmatic enclaves; e - for apatites from primitive and evolved porphyritic

granites.



Fig.6. F vs. Cl plots for apatites from all studies samples; a — for apatites from all granodiorites (EQU
excluded); b — for apatites from the FOJ granodiorite and MIL porphyritic granite (LAM1 excluded); c
— for apatites from the porphyritic granites (LAM1 and LAM2 excluded); d — for apatites from
magmatic enclaves (LAM1 and LAM2 excluded); e — for apatites from the composite dikes (LAM1
and LAM2 excluded).

Fig.7. Proportion diagram of a three end-member solution for the run Whole-rock All; EM1 — felsic
end-member; EM2 and EM3 — mafic end-members;

Fig.8. Proportion diagram of a three end-member solution for the run Apatite Early Stage; EM1 —
felsic end-member, EM2 — potential fluid component, EM3 — mafic end-member; a — points
representing all measured apatite zones; b — simplified plot with marked areas for each sample.

Fig.9. Proportion diagram of a three end-member solution for the run Apatite Middle Stage; EM1 —
felsic end-member, EM2 — potential fluid component, EM3 — mafic end-member; a — points
representing all measured apatite zones; b — simplified plot with marked areas for each sample.

Fig.10. Proportion diagram of a three end-member solution for the run Apatite Late Stage; EM1 —

felsic end-member, EM2 — potential fluid component, EM3 — mafic end-member.
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Table 1. Localization of the studied samples.

Sample name Rock type Localization Coordinates
LAM1 (LAM4)'  lamprophyre Karpacz 50°49'N 15°46'E
LAM?2 lamprophyre Bukowiec Unknown

FOJ (HYBS) homogeneous granodiorite Fojtka 50°50'N 15°04'E
RUD1 (HYB10) heterogeneous granodiorite Rudolfov 50°47'N 15°06'E
RUD2 (HYB11) heterogeneous granodiorite Rudolfov 50°47'N 15°06'E
VRE (HYB12) heterogeneous granodiorite Vresoviste 50°50'N 15°05'E
MIL (PORG6) primitive porphyritic granite Mitkow 50°49'N 15°46'E
MICH (POR10) slightly evolved porphyritic granite  Michatowice 50°50'N 15°34'E
SPH (POR26) evolved porphyritic granite Szklarska Poreba-Huta 50°50'N 15°29'E
BUK (MMES®) dark enclave Bukowka 50°48'N 15°46'E
ENK1to ENK5 moderately dark enclaves Szklarska Poreba-Huta 50°50'N 15°29'E
SOK (COM4) composite dyke Sokoliki 50°52'N 15°52'E
GR (COM5) composite dyke Gruszkow 50°49'N 15°51'E
HRA (EQUL1) less evolved equigranular granite Hraniczna 50°50'N 15°55'E
EQU (EQU15)  most evolved equigranular granite  Sokoliki 50°52'N 15°52'E

Y(LAM4) - Acronyms of corresponding rocks from Staby and Martin (2008)



Table 2. Analytical conditions of the electron microprobe measurements.

Counting Detection limit

Element X-ray line Standard Crystal time () (16) (ppm)

F Ka CaF2 LDE1 10 470
Na Ka Albite TAP 10 270
Mg Ka Periclase TAP 20 110
Al Ka Orthoclase  TAP 20 110
Si Ka Orthoclase  TAP 10 230

P Ka Apatite PET 10 260

S Ka Sphalerite PET 20 190
Cl Ka Tugtupite PET 20 80
Ca Ka Apatite PETH 10 90
Mn Ka Rhodonite LiF 20 200
Fe Ka Hematite LiF 20 190
Sr La Celestine TAP 20 320
Y La YPO4 TAP 50 180
La La LaPO4 LiF 50 470
Ce La CePO4 LiF 50 410
Pr Lb PrPO4 LiF 50 530
Nd Lb NdPO4 LiF 50 480
Sm Lb SmPO4 LiF 50 480
Gd Lb GdPO4 LiF 50 480
Dy Lb DyPO4 LiF 50 500
Er Lb ErPO4 LiF 50 530
Yb La YbPO4 LiF 50 260
Th Ma Th-metal PETH 50 110

U Mb U-metal PETH 50 160




Table 3. Description of type and number of samples used for each PVA simulation.

Number of Number of Method of brimar
Run Composition samples/grains/analyses Sample list generated end- olvtope init‘i)alizatizn
used members polytop
10 samples of equigranular granite, 17
Whole-rock samples of porphyritic granite, 3 samples
All Whole-rock 51 of lamprophyre, 9 samples of 3 On extreme compositions
granodiorite, 6 samples of magmatic
enclaves, 6 samples of composite dykes
Apatite . LAM1, LAM2, FOJ, RUD1, RUD2, .
Early Stage Apatite 8/420 VRE, MIL, EQU 3 Varimax axes
Apatite
Middle Apatite 9/284 LAML, ENK1 to ENKS, BUK, SPH, 3 On extreme compositions
EQU
Stage
Apastigzgate Apatite 4/163 LAM1, SOK, GRU, EQU 3 On extreme compositions




Table 4. Chemical composition of
generated end-members in run Whole-
rock All. Major element are given in
wt%, trace elements in ppm.

EM1 EM2 EM3
SiO, 79.82 53.47 52.14
TiO, 0.00 1.57 1.85
Al,O4 11.51 18.01 17.79
Fe,O; 0.00 9.02 11.27
MnO 0.00 0.12 0.21
MgO 0.00 4.05 4.22
Ccao 0.00 6.02 6.33
Na,O 2.80 3.95 5.70
K,O 5.83 3.00 0.00
P,Os 0.00 0.49 0.40
Rb 297 92 293
Ba 17 1431 60
Th 32 11 2
Nb 8 22 42
Sr 0 624 137
Zr 42 431 306
Y 31 44 102
Ni 0 51 13
La 11 95 0
Ce 28 177 0
Nd 12 73 6
Sm 3 12 4
Eu 0 2 0
Gd 4 9 5
Dy 5 7 6
Er 3 3 4
Yb 4 2 4
Lu 1 0 1




Table 5. Coefficients of Determination
(KMCD) for two, three and four end-
members in run Whole-rock All.

Number of end-

2 3 4

members

Sio, 093 092 0.92
TiO, 0.87 0.87 0.89
AlO; 0.69 0.84 0.93
Fe,O3 092 0.89 0.89
MnO 0.63 0.72 0.72
MgO 0.79 0.85 0.89
CaOo 092 095 0.97
Na,O 0.26 0.79 0.1
K20 047 071 0.77
P20s 0.66 0.73 0.75
Rb 0.23 0.60 0.66
Ba 029 0.78 0.93
Th 056 0.64 0.71
Nb 0.18 0.36 0.37
Sr 040 0.67 0.69
Zr 0.22 0.74 0.82
Y 0.02 0.60 0.60
Ni 0.30 053 0.67
La 0.11 ~0.87 0.87
Ce 0.08 0.88 0.90
Nd 0.14 088 0.91
Sm 0.08 0.83 0.88
Eu 0.18 050 0.52
Gd 0.02 075 0.84
Dy -0.02 0.66 0.73
Er 0.00 0.63 0.70
Yb 0.04 0.63 0.69

Lu 0.03 059 0.64




Table 6. Chemical composition of generated apatite end-members.

Run Apatite Early Stage Apatite Middle Stage Apatite Late Stage

End-member EM1 EM2 EM3 EM1 EM2 EM3 EM1 EM2 EM3
P205 41.58 3489  39.33 40.81 34.15 39.51 41.04 37.72 39.47
SiO2 0.00 3.63 0.30 0.02 3.77 0.80 0.31 1.68 0.92
ThO2 0 0.09 0.01 0 0.19 0.01 0 0.04 0.01
uo2 0 0.08 0.05 0.01 0.04 0.04 0.01 0.01 0.04
Y203 0 2.56 0 0.14 3.42 0 0.02 1.08 0.00
La203 0 0.56 0.23 0 0.61 0.08 0 0.48 0.04
Ce203 0 1.92 0.38 0.01 1.62 0.12 0 1.31 0.09
Pr203 0 0.34 0.03 0.01 0.30 0.01 0 0.20 0.02
Nd203 0 1.52 0.10 0.02 1.50 0.03 0.0007 0.90 0.05
Sm203 0 0.43 0.06 0 0.55 0.02 0 0.26 0.02
Yb203 0 0.16 0 0.0011 0.32 0 0.01 0.06 0.00
CaOo 53.17  49.75 55.48 54.33 49.79 54.54 54.19 52.34 54.46
MnO 0.15 0.11 0 0.19 0 0.04 0.12 0.08 0.08
FeO 0.41 0.22 0 0.30 0 0.34 0.35 0.10 0.45
SrO 0 0 0.54 0.00 0 0.25 0.00 0 0.20
Na20 0.10 0.03 0.15 0.15 0.06 0.34 0.08 0.08 0.29
SO3 0 0 0.56 0 0 0.57 0 0 0.45
F 4.60 3.70 0.27 3.99 3.70 1.15 3.87 3.65 1.72
Cl 0 0 1.22 0 0 1.26 0 0 1.00
H20 0 0 1.30 0 0 0.89 0 0 0.69




Table 7. Coefficients of Determination (KMCD) for two, three and four end-members in runs Apatite Early,

Middle and Late Stage.

Apatite Early Stage

Apatite Middle Stage

Apatite Late Stage

Number of end-members 2 3 4 2 3 4 2 3 4

P,Os 0.56 0.65 0.66 0.17 0.48 0.48 0.06 0.62 0.65
SiO, 0.42 0.53 0.56 0.08 0.26 0.27 0.04 0.41 0.44
ThO, 0.43 0.45 0.45 0.05 0.12 0.12 0.07 0.27 0.30
uo, 0.09 0.12 0.84 -0.00 0.05 0.05 0.03 0.11 0.92
Y03 0.67 0.79 0.79 0.50 0.74 0.79 0.25 0.67 0.77
La,04 0.45 0.58 0.59 0.18 0.54 0.55 0.26 0.61 0.64
Ce,04 0.77 0.85 0.85 0.38 0.64 0.65 0.38 0.74 0.77
Pr,0; 0.45 0.47 0.62 0.15 0.32 0.74 0.22 0.39 0.39
Nd,O3 0.82 0.85 0.85 0.48 0.71 0.71 0.47 0.81 0.82
Sm,0; 0.54 0.56 0.56 0.32 0.51 0.79 0.27 0.61 0.61
Yb,0, 0.30 0.40 0.41 0.30 0.48 0.55 0.12 0.21 0.32
CaO 0.45 0.68 0.69 0.15 0.41 0.42 0.17 0.60 0.60
MnO 0.00 0.47 0.51 0.00 0.63 0.64 0.00 0.68 0.68
FeO -0.00 0.32 0.36 0.00 0.06 0.12 0.04 0.64 0.65
SrO 0.01 0.18 0.18 0.54 0.92 0.93 0.73 0.92 0.92
Na,O 0.03 0.69 0.71 0.14 0.36 0.58 0.35 0.58 0.59
SO; 0.08 0.80 0.80 0.51 0.85 0.86 0.66 0.91 0.91
F 0.03 0.95 0.95 0.49 0.96 0.96 0.66 0.97 0.98
Cl 0.05 0.85 0.85 0.53 0.95 0.95 0.68 0.96 0.96
H,O 0.04 0.89 0.89 0.51 0.93 0.93 0.68 0.96 0.96




Highlights:

We use apatite composition compared to whole-rock chemistry to trace magma mixing
We use Polytopic Vector Analysis for both whole-rock and apatite chemistry

PV A of whole-rock chemistry shows a combination of all differentiation processes
Apatite composition is too complex to be decomposed into end-members by PVA

PV A requires basic knowledge on magma evolution of the studied igneous system



