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Abstract Chemical and structural zoning in plagioclase can
develop in response to a number of different magmatic pro-
cesses. We examine plagioclase zonation formed during the
transfer of plagioclase from a granodioritic host to a
monzodioritic enclave to understand the development of dif-
ferent zonation patterns caused by this relatively simple mag-
ma mixing process. The transferred plagioclase records two
stages of evolution: crystallization of oscillatory plagioclase in
the host granodioritic magma and crystallization of high An
zones and low An rims in the hybrid enclave magma. High An
zones (up to Any,) are formed only in the hybrid enclaves after
plagioclase transfer. Plagioclase from a primitive enclave,
showing no or only minimal interaction with the host, is
Angzg 43. The implication is that high An zones crystallize only
from the hybrid magma and not from the primitive one, prob-
ably because of an increase in water content in the hybrid
magma. Complex interactions between the two magmas are
also recorded in Sr content in plagioclase, which indicates an
initial increase in Sr concentration in the melt upon transfer.
This is contrary to what is expected from the mixing of low Sr
enclave magma with a high Sr granodiorite one. Such Sr
distribution in the plagioclase implies that the transfer of the
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plagioclase took place before the onset of plagioclase crystal-
lization in the enclave magma. Therefore, the mixing between
high Sr granodiorite magma and low Sr enclave magma was
recorded only in plagioclase rims and not in the high An zones.

Introduction

Resorption surfaces in plagioclase are common in both vol-
canic and plutonic rocks and resorption is commonly followed
by crystallization of plagioclase with higher anorthite content.
Major resorption surfaces and the following increase in An
content are attributed to changes in conditions of crystalliza-
tion such as increase in temperature, increase of water con-
centration in the melt, decrease in pressure, or changes in
magma composition. Such changes are commonly induced
by injection of more mafic magma into the magma chamber in
which plagioclase crystallizes (Ginibre et al. 2002; Ginibre
and Worner 2007; Kocak et al. 2011; Shcherbakov et al. 2011;
Viccaro et al. 2010). If minerals crystallize in an open mag-
matic system, the response of the crystals to magma mixing is
complex and controlled by the coexistence of compositionally
distinct magma domains that can contribute material to grow-
ing crystals (Perugini et al. 2006; Staby et al. 2011).
Plagioclase structure and composition are commonly used
to reconstruct conditions of crystallization. In volcanic rocks,
the task is difficult owing to the physical mixing of grains
crystallized in different environments (e.g. Viccaro et al.
2010). In plutonic rocks, resorption structures in plagioclase
are commonly observed in mafic microgranular enclaves be-
cause plagioclase crystals are transferred from more silicic
host rocks to more mafic, and usually hotter, enclave magma
(e.g. Adamuszek et al. 2009; Kocak et al. 2011; Xiong et al.
2012). Contrary to the volcanic regime, mafic microgranular
enclaves provide a relatively simple environment for illustrat-
ing plagioclase response to changing magma conditions. The
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enclaves are chemically distinct from the host magma and
usually plagioclase is transferred only once from the host to
the enclave magma. In this study we examine late resorption
structures in plagioclase from mafic microgranular enclaves in
the Ko$min intrusion in the Niemcza Zone, Sudetes, SW Po-
land (Fig. 1). Our aim is to characterize in detail the chemical
response of plagioclase to the change of surrounding magma
composition from granodioritic host to monzodioritic magma
and then again to more silicic magma as the two magmas mix.
We hope to define the structural and chemical variability that
may occur in different grains and different enclaves during the
transfer from the host to the enclave. That, in turn, will illustrate
changes in plagioclase composition that might be induced by
relatively simple magma mixing processes.

Study area

In this study we analyzed samples from a granodiorite intru-
sion containing mafic microgranular enclaves located in
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Fig. 1 Simplified geologic map of the Niemcza Zone, Sudetes (or
Sudeten Mountains), southwestern Poland showing the location of the
Kosmin Intrusion. Map modified after Lorenc and Kennan 2007)

@ Springer

Koémin in the Niemcza Zone, Sudetes (or Sudeten Moun-
tains), SW Poland (Fig. 1). The intrusion crops out in an active
quarry 400 by 300 m wide and 50 m high. This quarry is the
largest outcrop of granodioritic rocks in the Niemcza Zone
and the type locality for this group of rocks.

Intrusive rocks occur in several places in the Niemcza Zone
(Fig. 1) and they belong to two groups: dioritic and granodi-
oritic (Dziedzicowa 1963). Both groups intruded contempo-
raneously during the Variscan orogeny (336-342 Ma, Oliver
et al. 1993; Pietranik et al. 2013).

The rocks belonging to the granodioritic group (Ko$min
type) are generally lineated and foliated and the fabric is
subparallel to the penetrative fabrics in the surrounding rocks
(Dziedzicowa 1963). They include granodiorites, quartz mon-
zonites, quartz monzodiorites, and rare granites. The largest
intrusions are at Kosmin and Kozmice (Fig. 1). The granodi-
orites are composed of different proportions of quartz, feld-
spars, biotite, and amphibole (Puziewicz 1992; Oberc-
Dziedzic and Puziewicz 1995). Fine-grained dioritic enclaves
are common in the granodioritic rocks. The temperature of
granodioritic magma crystallization for the KoZmice granodi-
orite is estimated to be 730-850 °C and the pressure of
emplacement 0.4 + 0.1 GPa (Puziewicz and Radkowska
1990; Puziewicz 1992). The initial ®’St/*°Srs55 was analyzed
for Kosmin granodiorite and was determined to be 0.7077—
0.7079 (Lorenc 1998; Lorenc and Kennan 2007).

The dioritic rocks (Przedborowa type) are undeformed and
form fine-grained veins as separate intrusions or occur as
enclaves in granodioritic rocks. They comprise monzodiorites,
quartz diorites, and quartz syenites and belong to a high-K to
ultrapotassic series (Dziedzicowa 1963; Pietranik et al. 2013).
The largest occurrences are in Przedborowa (Fig. 1) and
Klosnik Hill. They are composed predominately of plagio-
clase, amphibole, and biotite with minor clinopyroxene and
K-feldspar (Dziedzicowa 1963; Puziewicz 1987, 1988, 1990).
For diorites from Przedborowa, the initial 8’Sr/%®Srs5g is
0.70598 (Lorenc 1998; Lorenc and Kennan 2007).

Analytical procedures

Thirteen samples of microgranular enclaves and nine of
granodiorite host were collected for this study. Thin sections
from the samples were characterized by optical microscopy.

Whole rock geochemical analyses for five enclave samples
and three granodiorites were done in the ACME Analytical
Laboratory. Four of those enclave analyses were presented in
Pietranik et al. (2013); the remaining data are presented in this
study. The analytical procedures and uncertainties are also
described in Pietranik et al. (2013).

For this detailed study of plagioclase, five enclave samples
were selected. Four enclaves JG001, 002, 003, and 005
contained plagioclase phenocrysts and they are called
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porphyritic enclaves in the following text. In the fifth enclave,
JGO004, plagioclase phenocrysts are absent; it is hereafter
called the primitive enclave.

Mineral compositions were analyzed by electron micro-
probe (a CAMECA SX-100, CAMECA, Gennevilliers,
France) at the Institute for Mineralogy at Leibniz University
Hannover, Germany, following methods described by
Pietranik and Koepke (2009). Analytical conditions were
20 kV accelerating voltage, 40 nA sample current. The beam
was defocused to 2 um for Sr analyses, focused for other
elements. Counting time was 10 s for major elements (both
peak and background) and 180 s/90 s for peak and back-
ground for Sr. Detection limit for Sr was 200 ppm.

Three to six plagioclase phenocrysts and numerous smaller
plagioclase grains were analyzed from each enclave sample
(see Table S1 in Supplementary Material). Representative
examples of other minerals were also analyzed (Table S1).
Anorthite content in plagioclase grains were first assessed by
core to rim or rim to rim traverses. Based on these preliminary
analyses, the least altered grains were chosen for detailed
analyses of major elements and Sr. The points within plagio-
clase grains to be analyzed for Sr were carefully selected to

Fig. 2 a Field photo of
monzodioritic porphyritic enclave
and surrounding granodioritic
host; images b, ¢, and d are
stereoscopic microscope images
of b primitive enclave, ¢
granodiorite and d porphyritic
enclave; images e and f are
petrographic microscope images
(plane polarized light) of e
granodiorite and f porphyritic
enclave

target and define all compositional variations within plagio-
clase and to avoid inclusions and areas of sericitization.

Granodioritic host and enclaves: petrography
and geochemistry

The granodiorite is porphyritic with plagioclase forming most
of the larger crystals (up to 1.5 cm along the c-axis, Fig. 2a).
Rare K-feldspar forms larger grains up to 2.5 cm in length
(Fig. 2¢). The c-axes of plagioclase and K-feldspar crystals are
commonly parallel to each other and the grains are surrounded
by a fine- to medium-grained matrix composed of quartz, K-
feldspar, biotite, and amphibole (Fig. 2c, ¢). Amphibole is
mainly magnesio-hornblende (Fig. 3a). Accessories are pre-
dominately apatite and zircon. Light minerals (plagioclase, K-
feldspar, quartz) comprise around 70 vol.% of the rock and
dark minerals (amphibole and biotite) around 30 vol.%. The
three samples of granodiorite collected for this study show
similar concentrations of Si02, MgO, CaO and Sr (Table 1).
SiO2 content is around 58 wt.%, MgO ranges from 4.7 to
5.2 wt.% and CaO from 5.6 to 5.9 wt.%; Sr is between 460
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and 477 ppm (Fig. 4). All granodiorite samples are enriched in
incompatible elements and the light REE’s (Fig. 5). All sam-
ples have negative Eu, Nb, Ta, and Ti anomalies.

Enclaves are dark, fine-grained, and range from few centi-
meters to 1 meter in size (Fig. 2a). There are two types of
enclaves, porphyritic enclaves and enclaves without pheno-
crysts (the primitive enclaves).

The porphyritic enclaves (JG001, JG002, JG003, JGOOS)
contain plagioclase phenocrysts (Fig. 2a, d, f). The plagioclase
may be one cm in the longest dimension, similar to those
occurring in the host (Fig. 2c, ), but they are generally smaller
than the largest plagioclase grains present in the granodiorite.
The phenocrysts are surrounded by a fine-grained matrix
composed of plagioclase, amphibole, clinopyroxene, biotite,
K-feldspar, and quartz (Fig. 2d, f). Proportions of dark to light
minerals are similar in the four porphyritic enclaves studied.
Light minerals (plagioclase, K-feldspar, quartz) comprise
around 35-45 vol.% of the rock and dark minerals
(clinopyroxene, amphibole and biotite) around 55-65 vol.%.

The enclave without phenocrysts (JG004) is composed
predominately of clinopyroxene, biotite, amphibole, K-
feldspar, and plagioclase (Fig. 2b). Plagioclase is anhedral
and surrounds euhedral mafic minerals. The enclave is rich
in dark minerals (clinopyroxene, amphibole and biotite),
which comprise around 80 vol.% of the rock. Because of its
mineral and chemical composition (see below) and lack of

plagioclase phenocrysts, the enclave is referred to here as a
“primitive enclave.”

In both types of enclaves, the mafic minerals have compo-
sitions similar to the mafics in the host (Fig. 3a, ¢). Amphibole
in enclaves is Mg-hornblende to actinolite (Fig. 3a).
Clinopyroxene occurs only in enclaves and it is all diopside
(Fig. 3b). Plagioclase in the porphyritic enclaves has a higher
anorthite content than plagioclase in the granodiorite or the
primitive enclave (Fig. 3d).

The enclaves have different chemical compositions com-
pared to that of granodiorite. SiO, content in the porphyritic
enclaves is lower than in granodiorite and ranges from 50.9 to
55.3 wt.%, whereas MgO and CaO are higher than in grano-
diorite host and range from 5.9 to 7.1 wt.% and from 6.6 to
8.4 wt.%, respectively (Fig. 4). The JGO05 enclave has, for
many elements, a chemical composition closer to that of the
granodiorite than all of the other porphyritic enclaves, but the
other enclaves do not plot on what would be considered a
compositional mixing line between the granodiorite and the
primitive enclave (Fig. 4). Sr is slightly lower in the porphy-
ritic enclaves than in the granodiorite and ranges from 434 to
456 ppm (Fig. 4). The primitive enclave has SiO, = 50.3 wt.%
and MgO = 9.6 wt.%, CaO = 11.9 wt.%. The Sr content of this
rocks is the lowest of any of the rocks analyzed for this study
at 299 ppm (Fig. 4). All the enclaves are enriched in incom-
patible elements and light REE’s and are characterized by

1.0
a = b
. Wo
084 Act :\lﬂoigngfesr:ze Tschermakite 50, ~ W°50
/ Diopsided @] Hedenbergily
& 0640 60, 40
5 ® e
5 70, Augite 30
g 0.4
E Ferro Ferro % 20
0.2 { actinolite hornblende 2 g;e::r;;)\jjézme 90, Pigeonite 10
with phenocrysts
0.0 O _primitive enclave 100/ Clinoenstatite [ Clinoferrosyllite \ 0
8.0 7.5 7.0 6.5 6.0 55 Egn0 10 20 30 40 50 60 70 80 90 100
Siap.fu.
C o6 d 3.5
BIOTITE PLAGIOCLASE
3.0
[}
0.5 | L4 o o
2.5
o
. o
504 ] %
i g o WPl 20]
E °s 0 Po 5,
= 0.3 ] ce_@ -9
%0
1.04
0.2 | N,
0.5 o o8°
[ ] [} i
0.1 T . - . . 0.0 , - r T T
2.20 2.25 2.30 2.35 2.40 2.45 2.50 20 30 40 50 60 70 80
AllV a. pfu. An

Fig. 3 Comparison of the composition of major minerals from the granodiorite and the enclaves, a amphibole; classification after Leake et al. (1997), b
pyroxene; classification after Morimoto (1989), ¢ biotite, d plagioclase

@ Springer



Enclave plagioclase records magma mixing

685

Table 1 Major and trace element chemical composition of three grano-
diorite samples (GD1-GD3) and one enclave sample (JG005)

Sample GD1 GD2 GD3 JGO005
SiO, 58.58 57.96 57.83 55.35
ALO; 15.32 14.99 15.46 14.33
Fe,O5 6.33 7.01 6.83 727
MgO 4.67 5.16 5.03 6.6
CaO 5.72 5.64 5.89 6.68
Na,O 29 2.59 2.86 23
K,0 3.92 435 3.49 4.86
TiO, 0.75 0.69 0.82 0.82
P,0s 0.39 0.41 0.41 0.38
MnO 0.1 0.12 0.11 0.13
LOI 0.9 0.6 0.9 0.8
Sum 99.63 99.56 99.66 99.57
Be 3 5 4 3

Sc 20 34 21 26

\% 137 149 148 171
Co 384 35.8 40.9 53
Ni 47 40 42 62
Ga 19.5 18 19.2 17.3
Rb 173.9 163.1 178.7 188.9
Sr 4774 460.2 462.9 434
Y 283 60.3 243 30.3
Zr 162.3 184.3 184.5 194.2
Nb 12.8 12.4 14.6 13.1
Sn 4 5 4 4

Cs 7.7 7.6 11.5 5.8
Ba 1,205 1,621 966 1,520
La 352 44.9 30 30.1
Ce 73.8 100.9 63.8 66.2
Pr 9.09 13.58 8.12 8.9
Nd 35.6 58.4 31.7 354
Sm 7.49 14.14 6.57 7.78
Eu 1.48 1.89 1.42 1.42
Gd 5.98 12.92 5.6 6.36
Tb 0.97 2.09 0.87 1.06
Dy 493 11.25 439 5.76
Ho 0.94 2.1 0.84 1.03
Er 2.55 5.75 232 2.83
Tm 0.39 0.82 0.32 0.44
Yb 24 4.89 2.12 2.74
Lu 0.34 0.66 0.33 0.39
Hf 4.7 5.8 5.7 5.1
Ta 0.8 1 1 0.7
Th 14.9 14.4 11.9 12.6
18] 5.5 7 8.4 23

The whole rock geochemical analyses for the other enclave samples used
in this study and the analytical procedures used are reported in Pietranik
et al. (2013)

negative Eu, Nb, Ta, and Ti anomalies (Fig. 5). The primitive
enclave has the highest LREE concentrations (Fig. 5).

Plagioclase: zoning and composition

Granodiorite Plagioclase in granodiorite shows oscillatory
zoning and the anorthite component ranges from Ans, to
Any; (Fig. 6a, b). The plagioclase grains contain small inclu-
sions of biotite, amphibole and K-feldspar (Fig. 6a, b). Ortho-
clase content ranges from 0.7 to 2.4 mol% and Sr
concentrations are between about 550 ppm and
900 ppm (Fig. 7).

Primitive enclave Plagioclase in the primitive enclave is
subhedral to anhedral (Fig. 6f) and the grains are smaller than
those in the granodiorite and the plagioclase phenocrysts in
the porphyritic enclaves (Fig. 6). The An content ranges from
Anzqo to Any; and the variations within a single grain are less
pronounced than those in plagioclases from the granodiorite
or the porphyritic enclaves. Most of the grains have An
contents ranging from Ans4 to Any; and one grain has a
notably lower An content, Anz, to Anss. Orthoclase content
in these feldspars ranges from 0.6 to 2.4 mol% and Sr con-
centration are around 250 to 900 ppm (Fig. 7).

Porphyritic enclave Plagioclase grains in all the porphyritic
enclaves are similar petrographically in that they occur both as
larger phenocrysts (up to several mm in the longest dimen-
sion, Fig. 6c, d, e; Fig. 8) and as smaller grains in the sur-
rounding matrix (less than 0.5 mm, Fig. 9).

Based on observations of five to eight grains from each
enclave, the plagioclase phenocrysts have three zones:

1. A core with Ans,_5, which may contain numerous inclu-
sions of other minerals (mainly K-feldspar, biotite, apatite,
and amphibole — Fig. 6c, d, e).

The An content in the core varies in an oscillatory
manner from Ans; to Ang;. This arrangement of zones
of different An content and inclusions is similar to that
observed in the granodiorite plagioclase grains.

2. A high An zone characterized by an abrupt increase in An
content from that in the interior (up to An,, — Fig. 8).

This zone is invariably located approximately 100 pm
from the crystal rim and is usually 50-100 um wide. The
An content is irregular within the zone varying in an
oscillatory or patchy manner from Angs to An;,
(Fig. 8c). The high An zone usually follows the euhedral
shape of the core but the zone is not continuous and gaps
in it are filled with plagioclase of core or rim composition
(Fig. 8d). The high An zones are easily visible under the
microscope when the high An zone is sericitized and the
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gaps are filled with clear, unaltered plagioclase (Fig. 2f).
In some places inclusions of other minerals occur within
the high An zone (Fig. 8c). A high An zone was not
analyzed in the JG0O1 enclave because the zones in that
sample are strongly sericitized (Fig. 7). The zones in that
thin section are probably similar to those in the other
enclaves, however, as suggested by the shape of the
sericitized material (Fig. 2f).

3. A normally zoned rim that surrounds the high An zone
(Fig. 8).

The An content in the rim decreases from Ang; to Anszg
but individual rims may exhibit a less pronounced decrease
in An such as from Anys to Anss. The change in An content
between high An zone and rim is very abrupt (Fig. 8a, b, c).

Matrix plagioclase grains in the porphyritic enclaves may
include zones similar to those in the phenocryst plagioclases
(core, high An zone and rim, Fig. 9a), but more commonly they
have a high An zone as the core surrounded by a normally
zoned rim (Fig. 9b) or the whole grain is normally zoned similar
to the rims on the phenocryst plagioclase grains. These latter
matrix grains do not contain high An-plagioclase (Fig. 9¢, d).
Overall, however, the matrix plagioclases have An and Or
ranges similar to those exhibited by the phenocryst plagioclase
grains as well as similar Sr concentrations (Fig. 10).

Comparison of plagioclase analyses from the porphyritic
enclaves shows that An and Or ranges are similar in all the
enclaves for the high An zones, the cores, and the rims (Figs. 7

@ Springer

and 10). Sr content differs between different porphyritic en-
claves and it is higher in plagioclase rims in enclaves JG003
and JGOOS5 (up to 1,000 ppm) than in JGOO02 (up to 900 ppm)
and the lowest is in JGOO1 (up to 830 ppm, Fig. 7). These
modest differences do not correlate with the differences in
whole rock Sr content (Fig. 4).

Comparison of the plagioclase compositions among only the
five enclaves themselves (Fig. 7) shows that the range in An
content in plagioclase from the primitive enclave is more re-
stricted than the An content range in the plagioclases from the
porphyritic enclaves (Fig. 7a). Anorthite component below
Angy, is scarce in the plagioclase from the primitive enclave
(present only in a single grain), whereas such low values are
common in many of the grains in the porphyritic enclaves
(Fig. 3d). The Sr concentrations in the primitive enclave pla-
gioclase range more widely than it does in the plagioclase from
the porphyritic enclaves and also extends to lower values
(Fig. 7c). The proportion of Or in plagioclase is similar between
both enclave types but extends to higher values for the primitive
enclave than it does for the four porphyritic enclaves.

Discussion

Magma mixing processes recorded in plagioclase

The similarity of structure, chemical composition, and zona-
tion style of the cores of plagioclase phenocrysts from the
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a 10000
—O— granodiorite
—@— enclaves with plagioclase
phenocrysts
—QO— enclave without plagioclase
10004 phenocrysts
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Fig. 5 a Primitive mantle normalized incompatible trace element dia-
gram for granodiorite, primitive enclave and porphyritic enclaves. The
normalizing values are from Sun and McDonough 1989. b chondrite-
normalized REE patterns for the same samples shown in a). The normal-
izing values are from Anders and Grevesse 1989

porphyritic enclaves with plagioclases from the host granodi-
orite implies the transfer of plagioclase from the host grano-
dioritic magma into the monzodioritic magma via magma
mixing. Absence of plagioclase phenocrysts in the primitive
enclave suggests that interaction between this enclave and the
host magma was limited. Therefore, the whole rock composi-
tion of the porphyritic enclaves must have been modified by
interaction with the granodioritic magma, whereas the primi-
tive enclave composition is less hybridized and closer to the
original mafic magma that was injected into the host.

The mixing process probably proceeded by both crystal
and melt transfer and it is difficult to separate those two
processes by studying only the whole rock compositions.
However, plagioclase commonly shows marked zoning be-
cause of sluggish NaSi-CaAl interdiffusion and therefore a
transferred plagioclase crystal has the potential to record
changes in the melt composition from which it crystallized
and to provide more detailed information on the magma
mixing process.

In the Ko$min intrusion, magma mixing was recorded in
the plagioclase of each analyzed porphyritic enclave in a

similar way despite the differences in their whole rock com-
position. In each case, the transferred plagioclase was slightly
resorbed and an approximately 100 wm wide, high An zone
(up to Any,) was produced on its rim. This was followed by
crystallization of a low An rim (up to Any). The An variations
in the high An zone are expressed in an oscillatory or patchy
manner. Similar zonation has been observed in plagioclase
from other intrusions containing mafic enclaves (e.g. see
Elburg 1996 for an example from Australia, Janousek et al.
2004 for an example from the Czech Republic). These and
other occurrences suggest that a common process may be
responsible for plagioclase resorption when plagioclase is
transferred from more felsic to more mafic magma.

High An zones can be formed by a number of different
mechanisms including an increase in temperature, changes in
water fugacity, or changes in the melt composition. For ex-
ample, the plagioclase solidus and liquidus are strongly de-
pressed when water activity increases in the system (Housh
and Luhr 1991; Nekvasil 1992), whereas plagioclase compo-
sition is only slightly affected by pressure change with fixed
water content (Nekvasil 1992). In natural systems, resorption
of plagioclase and crystallization of high An zones has been
attributed to many different processes including changes in
magma composition due to recharge of more mafic magma
(e.g. Tepley et al. 1999; Ginibre et al. 2002; Browne et al.
2006; Nicotra and Viccaro 2012), transfer of crystals between
two different magmas (e.g. Waight et al. 2000), or transfer
within one magma with temperature or water content gradi-
ents (e.g. Loomis and Welber 1982). In the Ko$min intrusion,
the high An zone formed after the plagioclase was transferred
from the granodioritic magma with a relatively low Ca/Na
ratio (around 2.3, on a molar basis) into monzodioritic magma
with significant higher Ca/Na ratio (around 11). Such a pro-
cess should induce crystallization of higher An plagioclase
that would be in equilibrium with a higher Ca/Na melt. How-
ever, interestingly, plagioclase that presumably crystallized
originally in the higher Ca/Na melt (the primitive enclave)
has a lower An content (only up to Anyz) than that of high An
zones (up to Anyp, Fig. 9). Therefore, crystallization of pla-
gioclase with Ans,_ 7, cannot be solely attributed to crystalli-
zation from the primitive magma. We hypothesize that it is the
hybridization process that induces dissolution of plagioclase
and subsequent crystallization (reprecipitation) of the high An
zones. If the granodiorite contained more water than the mafic
melt (as suggested by the common occurrence of hornblende
and biotite in the host granodiorite) then hybridization
(mixing) could lead to an increase in water content in the
enclave magma. This hypothesis is supported by the decreas-
ing ratio of clinopyroxene to hornblende in the porphyritic
enclaves compared with the primitive enclave. The consump-
tion of clinopyroxene and production of hornblende would
also produce a higher Ca/Na melt which would be in equilib-
rium with the higher An plagioclase.

@ Springer



688

A. Pietranik, J. Koepke

Fig. 6 Photomicrographs of
representative plagioclase from
granodiorite, porphyritic
enclaves, and the primitive
enclave. Black lines indicate the
lines of traverse along which
preliminary microprobe analyses
were collected. Anorthite content
along the traverse of each
plagioclase is shown in the graph
below the photomicrograph, grey

lines mark gaps in the traverses
resulting from failed analyses
(e.g. low totals, analyses mixed
with secondary minerals or

inclusions)

Another potential record of the conditions of plagioclase
crystallization comes from the plagioclase Sr content. Com-
parison of Sr concentration in plagioclase within a single
porphyritic enclave may provide information on the evolution
of melt composition as the plagioclase crystallized. The com-
position of plagioclase in the JG003 and JG0O05 enclaves is
similar and these enclaves preserve the most complete record
of plagioclase crystallization. However, these two enclaves
differ in whole rock composition with JG005 being closer to
the granodiorite composition and being the only enclave plot-
ting on the theoretical mixing line between the granodiorite
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and the primitive enclave (Fig. 4). JG0OO1, 002 and 003 all
have lower MgO and CaO contents and higher Na,O and Sr
than would be generated by simple mixing of two magmas
having the compositions of the primitive enclave and the
granodiorite (Fig. 4). This indicates that some processes in
addition to magma mixing were responsible for the evolution
of the whole rock composition. Probable processes include
fractional crystallization of enclave magma or compositional
differences inherited from the magma source (e.g. Staby and
Martin 2008). However, despite differences in whole rock
composition between porphyritic enclaves JG005 and
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JG003, the An and Sr in their plagioclases are generally
similar suggesting that the evolution of melt during plagio-
clase dissolution/reprecipitation was also similar.

Strontium partitioning depends on An content in the melt
and it is higher for plagioclase richer in albite component
(Bindeman et al. 1998; Zajacz and Halter 2007; Severs et al.
2009). Therefore, the similar Sr concentrations in the cores,
high An zones, and the rims of the plagioclase from the
porphyritic enclaves would suggest an increase in Sr in the
melt after the plagioclase transfer into the enclave and then a
decrease in Sr as the low An rim crystallized. This is contrary
to what is expected from the whole rock composition. In
Ko$min, the mafic magma should have lower Sr concentra-
tions than the felsic host as suggested by whole rock Sr
content in the primitive enclave (around 300 ppm) and in the
granodiorite (460—480 ppm). The probable explanation for the
increase in Sr in the melt during the high An zone crystalliza-
tion is that plagioclase was a late phase in the primitive
enclave and it started crystallizing only after the onset of
hybridization and plagioclase transfer from the granodioritic
melt. Consequently, the partially crystallized enclave melt
could be enriched in Sr because Sr is incompatible in early
crystallizing mafic minerals. This is consistent with the high

Sr observed in some plagioclase grains from the primitive
enclave (Fig. 7). The plagioclase with the highest Sr content
probably crystallized shortly after plagioclase saturation in the
primitive enclave melt. The decrease in Sr in the melt after
high An zone crystallization is expected owing to extensive
plagioclase crystallization in the fine grained matrix. The
plagioclase crystallized from the primitive enclave shows a
decrease in Sr content down to values lower than those ob-
served in plagioclase rims from the porphyritic enclaves
(Fig. 7). This is consistent with the overall higher Sr content
during rim crystallization in porphyritic enclaves compared
with that in the primitive enclave. The higher Sr contents were
probably induced by mixing of the higher Sr concentration
granodiorite melt with the original primitive magma. It is
interesting to note that the mixing between a more primitive
melt lower in Sr and a felsic melt higher in Sr is recorded in
plagioclase rims but not in the high An zone crystallized
immediately after the plagioclase transfer.

The comparison of plagioclase compositions between dif-
ferent enclaves and the granodiorite host shows low concen-
trations of Sr in plagioclases from the granodiorites compared
with plagioclase cores from two porphyritic enclaves (JG005
and JGO003). This may reflect heterogeneities in Sr
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Fig. 8 Photomicrographs of
representative plagioclase
phenocrysts from the enclaves
with numbered dots showing the
locations of microprobe analyses.
An (solid) and Sr (dashed)
microprobe analyses from the
traverse lines are shown to the
right. The rectangular box labeled
“(¢)” in photomicrograph b is the
area shown in photomicrograph c.
See text for the description of how
the “core,” “high An” and “rim”
zones were defined

concentration in the granodioritic host or may be due to a lack
of analyses of the cores of the largest plagioclase grains in the
granodiorite. These large grains were probably the earliest
phases to crystallize in the granodiorite magma and should
have the highest Sr content. Another possibility is that the
whole rock composition does not reflect the composition of
the magma from which the plagioclase crystallized because of
later hybridization and/or accumulation effects. Thus, it is
difficult to use variations in Sr concentrations in plagioclase
between enclaves in Ko$min to provide information on
mixing process — there are too many variables affecting Sr
partitioning. Differences in Sr concentration in plagioclase
from porphyritic enclaves probably record differences in melt
composition, but these may arise either from inherited
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heterogeneities in the granodioritic magma or from the
mixing of different proportions of host/enclave magma
with initially different Sr contents. The two processes
cannot be resolved on the basis of Sr concentration
alone and without more exhaustive analyses of the
granodiorite plagioclases.

Comparisons between plutonic plagioclases

We compared plagioclase from the Kosmin intrusion to pla-
gioclase from enclaves in another Variscan granitoid rock in
Poland, the Ggsiniec Intrusion (Pietranik and Koepke 2009).
Plagioclases from enclaves in the two intrusions have different
anorthite versus orthoclase distributions (Fig. 11). These
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Fig. 9 Photomicrographs of
representative matrix plagioclases
from the enclaves with numbered
dots showing the locations of
microprobe analyses. Anorthite
and Sr microprobe analyses from
the traverse lines are shown to the
right. See text for the description
of how the “core,” “high An” and
“rim” zones were defined
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Fig. 10 Graphs of An component versus Or component and Sr for plagioclases from the enclaves. See text for descriptions of how “core,” “high An” and

“rim” zones were defined
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Fig. 11 Graphs of An versus Or for plagioclase from a the Ggsiniec Intrusion (modified after Pietranik and Koepke 2009) and from b this study

differences probably reflect different processes during host-
enclave interaction. Pietranik and Koepke (2009) suggested
that different An versus Or distribution, as well as different
minimum An content, in plagioclase from granodioritic host
and dioritic enclave in the Ggsiniec Intrusion (Fig. 9a) indicate
that the two magmas did not mix. Instead, a dioritic dike was
destroyed by the intruding granodiorite and a mostly solid
diorite was incorporated into the granodiorite. The diorite dike
rock was affected only by late magmatic processes. In the
Ko$min intrusion both host and enclave plagioclase are char-
acterized by similar distribution of An versus Or and similar
minimum An content (Fig. 9b), whereas the primitive enclave
generally has a higher minimum An content. We suggest that
this is the result of mixing between granodiorite and primitive
monzodiorite magmas and crystallization of plagioclase rims
in porphyritic enclaves from the hybrid melt rich in granodi-
orite component. On the other hand, the different An-Or
distribution for plagioclase in the primitive enclave is consis-
tent with only limited interaction of the enclave with the
granodioritic host.

The different An versus Or patterns (Fig. 11) for the
Koémin and Gegsiniec intrusions indicate that An and Or
composition of plagioclase is an easily applied, straightfor-
ward tool that may help to distinguish between magmatic and
late-magmatic scenarios of diorite-granodiorite interaction.
This is important because plagioclases commonly exhibit
similar zoning and the grains typically have of a zone with
high An content surrounded by a zone with much lower An.
We suggest that An-Or distribution in plagioclase in other
intrusions be investigated to determine if this observation
has any general applicability.

Conclusions
Two types of mafic microgranular enclaves occur in the

granodioritic host in the Ko§min Intrusion: primitive enclaves
that were not affected by magma mixing and porphyritic

@ Springer

enclaves that were hybridized with granodioritic magma.
The plagioclase from the porphyritic enclaves analyzed in this
study records magma mixing processes between granodioritic
host and monzodioritic magmas. The enclave plagioclases
have cores with similar An content and identical oscillatory
zoning as plagioclases in the granodiorite, implying that the
cores were resorbed, probably subsequent to the transfer of the
plagioclases from the granodioritic to the monzodioritic mag-
ma. The plagioclases have a thin high-An zone near the rim.
The high-An zone, crystallized after resorption of the trans-
ferred plagioclase, is consistent with a simple, one-way trans-
port of plagioclase from the granodioritic host to the enclaves.
High An plagioclase in the matrix crystallized from a hybrid-
ized magma which probably had a higher water content than
the melt of the primitive enclave was also more mafic and
hotter than the magma of the granodioritic host. Sr concentra-
tion in plagioclase indicates that transfer took place before the
onset of plagioclase crystallization in the enclave magma, and
extensive crystallization of plagioclase proceeded after the
plagioclase grains were incorporated into the enclave magma.
The Sr concentration in the hybrid melt was higher than in the
primitive magma, but the mixing with higher Sr magma was
recorded only in plagioclase rims and not in the high An zone.
Hybridization in the system is also recorded in the plagio-
clases by the An versus Or distribution. The An versus Or
distribution is similar for porphyritic enclaves that have
interacted with hybrid magmas but different for primitive
enclaves that were not affected by mixing. The implication
is that plagioclase populations as a whole may record the
general processes that lead to mafic-felsic magma interaction.
In the case of the Ko$min intrusion, the similarity between An
versus Or distribution in plagioclase from the granodioritic
host and the enclaves suggests interaction during the main
magmatic stage, i.e. magma mixing and transfer of granodio-
ritic melt into the enclave. In a case where the interaction took
place during the late magmatic stage, the distribution of An
versus Or in plagioclase crystallized in felsic and mafic
magmas would have been different.
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