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Abstract Dioritic and granodioritic rocks coexist in the

Gęsiniec Intrusion in SW Poland showing typical rela-

tionships in many mafic–felsic mingling zones worldwide,

such as dioritic syn-putonic dykes and microgranular

enclaves within granodioritic host. Plagioclase zonation

from granodioritic rocks suggests late stage mixing prob-

ably with dioritic magma, whereas no magma mixing is

recorded in plagioclase from dioritic rocks. The diorites

seem to show effects of interaction with evolved, leuco-

cratic melts derived from granodiorite, not with the

granodioritic melt itself. We conclude that the diorites’

compositions were modified after their emplacement

within the granodioritic host, when the diorites were

essentially solidified and injection of evolved melt from

granodiorite did not involve marked modification of pla-

gioclase composition. Compositional zoning patterns of

plagioclase in diorites can be modeled by closed system

fractional crystallization interrupted by resorption induced

probably by decompression. Granodioritic plagioclase

seems to be affected by the same resorption event. Pla-

gioclase that crystallized in dioritic magma before the

resorption does not record interaction between dioritic and

granodioritic magmas, suggesting that both magmas

evolved separately.

Keywords Magma mingling � Magma mixing �
Subsolidus interactions � Diorite � Granodiorite �
Plagioclase � Sr � Bohemian Massif

Introduction

Production of continental crust involves interaction

between mafic, mantle-derived and felsic, crustally derived

magmas that may occur at different crustal levels and lead

to production of a variety of hybrid magmas (Annen et al.

2006; Bonin 2004; Kemp et al. 2007).Understanding

mechanisms of mafic and felsic magma interaction is

therefore essential to understand the processes of conti-

nental crust formation. Direct evidence of the interaction

between mafic and felsic magmas can be seen in numerous

outcrops with spectacular magmatic structures that include

mafic synplutonic dykes, mafic–felsic layered intrusions

and mafic microgranular enclaves within the more felsic

host (e.g., Didier and Barbarin 1991). The field evidence,

such as chilled and crenulate margins of the enclaves,

hybrid zones at the mafic–felsic contacts, back-veining,

and similar xenocrysts in both magmas, suggests thermal

disequilibrium and mingling between mafic and felsic

magmas after injection of the hotter mafic magma into the

colder felsic one (Altherr et al. 1999; Dorais et al. 1990;

Elburg 1996; Kumar and Rino 2006; Tepper and Kuehner

2004; Waight et al. 2000; Waight et al. 2001). Most of the

chemical variation observed in the more mafic magmas is

explained by mixing or diffusional equilibration between

mafic and felsic magmas that occurred before mafic magma

was injected and distributed as mafic enclaves in the felsic
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host (Elburg 1996; Kumar and Rino 2006; Tepper and

Kuehner 2004). Usually, the dioritic, moznonitic to tona-

litic enclaves form by mingling and mixing during

contemporaneous ascent or emplacement of mafic and

felsic magmas (Barbarin 2005; Collins et al. 2000). In this

paper we seek to test this hypothesis by analyzing plagio-

clase grains from a typical mafic–felsic mingling zone.

Plagioclase appears to be the only mineral that does not

equilibrate during interactions between mafic and felsic

magmas (Tepper and Kuehner 2004) and may preserve

information about mixing–mingling processes that affected

mineral and whole-rock composition of co-mingled mafic

and felsic rocks. The data are for plagioclase (anorthite and

Sr contents) and whole rock compositions from variably

hybridized dioritic to granodioritic rocks from the Variscan

Gęsiniec Intrusion (NE Bohemian Massif, Poland).

Geological setting and field relationships

The samples analyzed in this study are from the Variscan

Gęsiniec Intrusion in the northern part of the Strzelin

Massif in SW Poland, the NE Bohemian Massif. The

Strzelin Massif (SM) outcrops as a N–S elongated block

35 km south of Wrocław between 50�380–50�460N and

17�000–17�100E. It is composed of metamorphic basement

of Precambrian to Devonian age intruded by Variscan

granodiorites, tonalites, quartz diorites, biotite granites, and

two-mica granites (Oberc-Dziedzic et al. 1996, 2003). The

Pb-evaporation zircon age of biotite granite is 301 ± 7 Ma

(Turniak et al. 2006), whereas a whole rock Rb–Sr

isochron yielded an age of 347 ± 12 Ma (Oberc-Dziedzic

et al. 1996). Quartz diorites from the Gęsiniec Intrusion

yielded Rb–Sr biotite ? whole rock ? plagioclase ages of

295 ± 0.6 Ma and 307 ± 4.8 Ma (Pietranik and Waight

2008) and zircon Pb-evaporation ages from 280.9 ± 9 to

302.8 ± 8.6 Ma (Turniak et al. 2006).

The tonalite-diorite rocks in SM occur as separate

intrusions, mostly dykes (Oberc-Dziedzic 2002), and as

fine-grained enclaves within biotite granite and granodio-

rite (Lorenc 1984). Dykes are several metres to several tens

of metres thick and were described mainly from borehole

material (Oberc-Dziedzic 2002). The exception is the

Gęsiniec Intrusion which is several-hundred-metre thick

and outcrops in an active quarry (Fig. 1).

The Gęsiniec Intrusion is dominated by tonalite and

quartz diorite and contains three main magma pulses:

tonalitic-dioritic, granodioritic-tonalitic and granitic

(Oberc-Dziedzic 1999, Pietranik and Waight 2008).

Dioritic to granodioritic rocks penetrated each other and are

crosscut by leucocratic veins. Granitic veins and bodies

are the youngest and they crosscut the diorites, tonalites,

diorites, and leucocratic veins. The inner parts of the

intrusion are composed of medium to coarse-grained diorite

to tonalite (Pietranik and Waight 2008), whereas the outer

parts of the intrusion are dominated by fine-grained diorite to

quartz diorite and granodiorite showing various structures

typical for mafic–felsic magma mingling (Figs. 1, 2).

Sampling and analytical methods

Ten samples were chosen for this study (Fig. 2) from the

mingling-mixing zone (Fig. 1). They include diorite and

quartz diorite (D10, D30, D27) from the massive dioritic

bodies, rocks from the complex mingling zone (two quartz

dioritic enclaves E48, E32 and one granodiorite GD31

surrounding the enclave E32), granodiorite (samples of

veins crosscutting quartz diorite and tonalite GD15, GD16,

and one from a larger body of granodiorite showing a

complex crenulated contact with diorite GD55), and one

sample of leucocratic vein (LV42).

Whole rock geochemical analyses for twelve samples

were done in the ACME Analytical Laboratory (Canada/

Vancouver). Major elements were analyzed by ICP-ES and

trace elements were analyzed by ICP-MS following fusion

of samples in LiBO2/Li2B4O7. The analytical reproduc-

ibility (2SD), as estimated from duplicate analysis of

sample E31, ranges from 2 (LREE) to 20% (U) at 95%

confidence limits. Analytical accuracy (2SD), as estimated

from measurements of standard SO18/CSC is from 3 (La)

to 22% (Rb) at 95% confidence limits.

Three samples (D15, D48, D27) were analyzed for

whole rock Sr and Nd isotopes following techniques

described in Pietranik and Waight (2008).

Fig. 1 Simplified plan of the Gęsiniec quarry showing distribution of

different lithologies
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The mineral compositions were analyzed on a CAME-

CA SX100 microprobe at the Institute of Mineralogy,

University of Hannover. Analytical conditions were 20 kV

acceleration voltage, 40nA sample current, beam defo-

cused to 2 lm, 10 s counting time for peak and background

for major elements and 180 s/90 s counting time for peak

and background for Sr. The detection limit of Sr was

*150 ppm.

Petrography

A summary of the petrography and the modal proportions

of the analyzed rocks are presented in Table 1. The

granodiorite is equigranular and consists of plagioclase,

biotite, K-feldspar and quartz with allanite, apatite, zircon,

and ilmenite as accessory minerals. Some granodiorite

samples are dominated by closely packed plagioclase

(GD31, GD55, Fig. 3a) whereas other granodiorite samples

are characterized by randomly distributed plagioclase

grains with abundant interstitial K-feldspar (GD15, GD16,

Fig. 3b). These granodiorites are termed cumulate (GD31,

GD55) and non-cumulate (GD15, GD16), respectively.

Diorites and quartz diorites contain hornblende, pla-

gioclase, biotite and quartz with accessory titanite,

ilmenite, apatite, and zircon. Their texture varies from

porphyritic (D10, D27) to serial (D30). Samples with

porphyritic texture include large (up to 8 mm) biotite

grains often enclosing numerous small plagioclase laths

(Fig. 3c). Thin (1–5 mm) leucocratic veins, composed

mainly of biotite, plagioclase, and quartz, crosscut some

diorite samples (e.g., D10).

Quartz dioritic enclaves have mineral compositions

similar to the massive diorites and quartz diorites (E48),

but some have rims where biotite is the only mafic phase

(E32). Thin (1–5 mm) leucocratic veins, composed mainly

of plagioclase and quartz, crosscut enclave samples.

No significant alteration products were observed in

diorites and enclaves; plagioclase is very rarely sericitized

and rare chlorite occurs along hornblende and biotite

cleavage.

The leucocratic vein (LV42) is composed of plagioclase,

K-feldspar, muscovite, biotite, and quartz (Fig. 3d). It is

sometimes strongly altered, porous and sheared in places.

Biotite and muscovite are often chloritized and subsolidus

sillimanite occurs rarely along shear zones in biotite.

Geochemistry

The major, trace element, and isotope composition of

diorites and granodiorites are presented in Tables 2 and 3.

The major and trace element composition for diorites D30

and D27 and isotope ratios for diorite D30 are presented in

Pietranik and Waight (2008; Table 2 D30 is FGD1 and

D27 is FGD2). Diorites (both massive diorites and

enclaves) have SiO2 and MgO contents that are often lin-

early correlated with other major and trace elements

(Fig. 4). For example MgO correlates negatively with SiO2

(R2 = 0.95) and Rb (R2 = 0.69) and positively with FeO

(R2 = 0.75), CaO (R2 = 0.92), V (R2 = 0.81), Sr (R2 =

0.76), Y (R2 = 0.71), MREE and HREE (R2 = 0.60–0.75).

All diorites have similar REE patterns with slight LREE

Fig. 2 Field relationships between granodiorite and diorite in the

Gęsiniec Intrusion with approximate places of sampling (rectangles).

a Contact between granodiorite and disrupted diorite dyke, note back-

veining of granodiorite into diorite, b complex mingling zone,

elongated quartz dioritic enclaves within granodioritic host, all rocks

are crosscut by a fine-grained leucocratic vein, c granodioritic vein

containing dioritic enclaves
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Table 1 Major and trace element concentrations in massive diorites (D), dioritic enclaves (E), granodiorites (GD) and leucocratic veins (LV)

from the Gęsiniec Intrusion

LV42 GD15a GD15 GD16 GD55 GD31 E32 E48 D27 D10 D10a

SiO2 72.8 64.2 65.2 64.5 59.5 59.8 59.6 56.00 57.8 51.40 54

TiO2 0.5 0.7 0.7 0.7 0.9 1 1.2 1.40 0.8 1.90 1.5

A2O3 15.4 17.5 17.2 17.1 19.5 19.3 16.3 17.10 17.9 17.40 17.4

Fe2O3 1.1 4.2 4.8 4.5 4.6 4.8 7.5 8.20 7.3 10.40 8.7

MnO 0 0.1 0.1 0.1 0.1 0.1 0.1 0.10 0.1 0.20 0.1

MgO 1 1.3 1.3 1.3 1.2 1.6 3 3.60 3.4 4.10 4

CaO 0.2 4.2 3.9 4 4.8 5.2 5 6.80 6.4 7.80 7

Na2O 3.9 4.1 3.9 3.9 4.3 4.8 3.1 3.20 3.3 3.50 3.2

K2O 4.2 2.8 2.8 2.8 2.3 1.8 2.4 1.80 1.8 1.90 2.1

P2O5 0.2 0.3 0.2 0.3 0.3 0.4 0.4 0.50 0.6 0.90 0.6

Total 99.3 99.3 100.1 98.9 97.4 98.8 98.6 98.7 99.3 99.3 98.7

Sc 7 8 7 4 14 19 21 17

V 44 49 47 77 125 152 165 151

Cr 7 30 23 23 100

Ni 5 4 23 8 37 35 26 28

Cu 5 61 67 46 69 25 34 66

Rb 112 97 93 83 102 72 66 71

Sr 282 274 410 390 283 337 368 397

Y 22 21 16 17 32 42 49 39

Zr 429 613 777 284 254 254 254

Nb 21 18 21 25 27 35 41 33

Cs 2 2 3 1 2 1 1 1

Ba 894 721 1,109 766 732 712 587 504

La 96.2 79.4 26.2 46.2 34.7 58.2 51.1 36.1

Ce 170.1 154.8 53.5 83.4 77.3 116.9 118.5 88.2

Pr 18.9 16.9 6.4 8.4 9.9 13.6 16.0 12.1

Nd 60.1 60.4 26.6 28.9 38.7 48.7 61.0 50.3

Sm 9.0 8.5 4.2 3.9 7.1 9.0 11.8 9.3

Eu 1.5 1.5 1.6 1.7 1.6 2.0 2.6 2.3

Gd 8.6 6.0 3.8 2.9 5.8 8.8 11.1 8.4

Tb 0.9 0.8 0.5 0.5 1.0 1.3 1.6 1.4

Dy 4.4 4.3 2.8 2.7 5.8 6.9 8.7 7.5

Ho 0.7 0.7 0.6 0.6 1.1 1.4 1.7 1.4

Er 2.0 2.0 1.6 1.9 3.2 3.7 3.5 3.8

Tm 0.3 0.3 0.3 0.3 0.5 0.5 0.6 0.6

Yb 1.6 2.0 1.6 2.1 3.1 3.3 3.8 3.7

Lu 0.2 0.3 0.3 0.4 0.5 0.5 0.6 0.5

Hf 10 10 15 19 7 7 7 7

Ta 1 1 1 2 2 2 2 2

Pb 11 3 1 2 1 7 7 1

Th 21 21 5 11 4 6 1 2

U 3 4 2 3 3 2 1 1

Eu anomaly 0.65 1.24 1.56 0.76 0.7 0.68 0.77

La/YbCHUR 27.8 11 15.2 7.9 12.3 9.3 6.8

Eu anomaly (Eu/HSm * Gd) and La/YbCHUR values were calculated using chondrite normalized values from Anders and Grevesse (1989)
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enrichment (La/LuN = 7–12) and negative Eu anomalies

(Eu/Eu* = 0.66–0.77, Fig. 5; Table 2).

The cumulate granodiorite is characterized by slight

LREE enrichment (La/LuN = 9–13) and positive Eu

anomalies (Eu/Eu* = 1.24–1.56) and it has the highest Sr

contents (Table 2; Fig. 5).

The non-cumulate granodiorite is characterized by

strong LREE enrichment (La/LuN = 26–41) and negative

Eu anomalies (Eu/Eu* = 0.52–0.65; Table 2; Fig. 5).

The granodiorites tend to have lower MgO, FeO, TiO2,

P2O5, Ni, Cr, Y, V, Sc, Nb, Ta and HREE and higher SiO2,

and Th contents than the diorites (Table 2). The dioritic

Fig. 3 BSE images of a closely

spaced plagioclase grains in

cumulate granodiorite,

b plagioclase in non-cumulate

granodiorite with larger

amounts of interstitial minerals,

c large poikilitic grain of biotite

in quartz dioritic sample and

d plagioclase in leucocratic vein

Table 2 Summary of petrography and mineral chemistry in diorites, dioritic enclaves and granodiorites from the Gęsiniec Intrusion

Structure Major minerals

(modal proportions)

Plag

(An %)

Hbl (#Fe, AlTOT),

Bt (#Fe, AlTOT)

Diorite D30 Euhedral Plag laths (0.25–2 mm long), euhedral

to subhedral Hbl (0.25–0.8 mm), anhedral Bt

(up to 0.8 mm) and interstitial Qzt (up to 0.6 mm)

Plag (50–52), Hbl (30–33),

Bt (10–12), Qzt (6–7)

34–56 #Fe Hbl: 0.43–0.51%,

AlTOT Hbl: 1.5–1.9 apfu

#Fe Bt: 0.53–0.61%

AlTOT Bt: 2.7–2.9 apfu

Diorite D10 Finer grained Plag and Hbl (from 0.1 to 0.5 mm)

crosscut by coarser grained veins (0.5–5 mm)

composed of poikilitic Bt, Qzt and Plag

Plag (47–49), Hbl (24–26),

Bt (18–20), Qzt (10–11)

15–65 #Fe Hbl: 0.31–0.51%,

AlTOT Hbl:1.5–2.0 apfu

#Fe Bt: 0.50–0.56% AlTOT

Bt: 2.6–2.7 apfu

Diorite D27 Medium grained (0.25–1.5 mm) with larger (up

to 3 mm) Bt phenocrysts scattered throughout

the rock

Pl (40–41), Hbl (20–22),

Bt (19–20), Qzt (18–19)

31–62 #Fe Hbl 0.47–0.51%

AlTOT Hbl: 1.5–1.9 apfu,

#Fe Bt: 0.50–0.58%

AlTOT Bt: 2.6–2.8 apfu,

Dioritic enclave E32 Rims impoverished in hornblende, domains

composed of Plag, Hbl, Bt and Qzt with grain

size of 0.25–1 mm crosscut by coarser grained

veins (up to 3 mm) composed of Qzt, Plag and

scarce Bt.

Pl (34–36), Hbl (24–26),

Bt (18–20), Qzt (10–11)

20–60 #Fe Bt: 0.53–0.58%

AlTOT Bt: 2.4–2.5 apfu

Cumulate granodiorite

D31, D55

Grainsize from 0.2–3 mm, dominates euhedral,

closely spaced plagioclase

Pl (65), Bt(12),

Kfds(10), Qzt (13)

20–53 #Fe Bt: 0.53–0.58%

AlTOT Bt: 2.7–2.9 apfu
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Table 3 Rb–Sr and Sm–Nd isotopic data diorites and granodiorite from the Gęsiniec Intrusion

Sample 87Sr/86Sr 2 SE % Rb

(ppm)

Sr

(ppm)

87Rb/86Sr 143Nd/144Nd Sm

(ppm)

Nd

(ppm)

147Sm/144Nd (87Sr/86Sr)295 eNd295

Diorite D33 0.71049 0.0011 73.4 327.4 0.6940 0.51232 9.0 49.1 0.111310 0.70778 -2.92

Enclave D48 0.70964 0.0010 64.0 328.1 0.5831 0.51231 9.0 49.3 0.110187 0.70720 -3.14

Granodiorite 0.71197 0.002 95.1 265.1 1.0382 0.51224 9.4 64.7 0.087713 0.70763 -3.73

Measured standard materials were 87Sr/86Sr = 0.710233 ± 28 (2r) for NBS987 (n = 11), 87Rb/85Rb = 0.3857 ± 3 (2r) for natural Rb solution

(n = 17). Rb, Sr, Sm and Nd concentrations were measured by isotope dilution. Details of measurements are given in Pietranik and Waight

(2008)

Fig. 4 Major and minor

element geochemistry. The

solid lines are regressions

through all the dioritic and

enclave samples with

corresponding R2 value
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compositions only rarely trend towards granodioritic

compositions and more often towards the composition of

the leucocratic vein LV42 that crosscuts diorites (Fig. 4).

The lowest initial 87Sr/86Sr295 of 0.7069 and the highest

initial eNd of -3.2 occur in massive diorite D30 (Pietranik

and Waight 2008). The initial isotopes of the other dioritic

and enclave samples yield higher 87Sr/86Sr295 of 0.7072–

0.7078 and lower initial eNd from -2.9 to -3.1 (Table 3).

The isotopic compositions of the granodiorite are
87Sr/86Sr295 = 0.7076 and eNd = -3.7 (Table 3).

Mineral chemistry

The chemical analyses of the minerals are presented in

Supplementary Material (Table SM1).

Plagioclase

The plagioclase zonation and compositions are different in

the granodiorites and diorites (Figs. 6, 7, 8).

Plagioclase from granodiorite

Plagioclase from the cumulate granodiorite (GD31, GD55)

has slightly embayed, normally zoned cores (An52–35)

surrounded by a zone (An50–35) characterized by multiple

resorption surfaces and rims of An35–23 (Fig. 6a). The

zonation patterns are similar in cumulate and non-cumulate

granodiorite samples. Detailed descriptions of plagioclase

from non-cumulate granodiorite (GD15, GD16) were pre-

sented in Pietranik et al. (2006), although at least part of

the embayed cores are now thought to have formed before

the zones characterized by multiple resorption, since the

multiple resorption surfaces mimic the shape of the emb-

ayed cores (Fig. 6b). The maximum An contents are

similar in GD15 and GD31 * An50–52 (Fig. 7a) while

occurring in the central parts of the plagioclase, but much

lower in GD55 (*An37–38), while occurring in the

resorption zones. The minimum An content (Anmin) is

defined as the lowest An content for which abundant

analyses of plagioclase were measured: in other words,

between the Anmin and any lower An content measured in

plagioclase in an individual sample, the number of analyses

decreases at least a factor of 3 (Fig. 7; Table 4). The Anmin

is An28–30 for GD15, An26–28 GD55, and An30–32 for GD31

(Table 4).

Plagioclase from diorite

Plagioclase from diorite and quartz diorite has strongly

embayed cores (An65–50) that are surrounded by An50–34

plagioclase. The embayments are filled by plagioclase with

similar An content to that in the surrounding plagioclase

and also by hornblende and biotite (Fig. 6c, d). The

zonation patterns as well as the range of An and Or com-

position are similar in plagioclase from different samples

of diorites, quartz diorites, and enclaves (Figs. 6c, d, 7b).

The Anmin are strikingly similar in all plagioclase grains

from an individual diorite or enclave sample and between

most dioritic and enclave samples (An34–36) (Fig. 7b;

Table 4); the only exception is massive diorite D27 with

higher Anmin of An38–40. The maximum anorthite contents

(An65–57) differ slightly from sample to sample (Table 1),

but that may be due to sampling strongly embayed cores

that do not record the full range of initial An composition.

Comparison of the plagioclase from the granodiorites

and diorites (dykes and enclaves) shows that the latter have

higher maximum and minimum An contents and they tend

to have lower Or contents for a given An content (Fig. 7c).

Sr concentration in plagioclase

We have used the Sr concentration in plagioclase to cal-

culate the concentration in the melt using the partition

coefficients of Bindeman et al. (1998). Such an approach

allows interpretation of the change in Sr concentration in

plagioclase in terms of contemporaneous changes in melt

composition. The results are shown in Fig. 8 and the limi-

tations of this approach are discussed in Appendix.

All the granodiorites yield similar maximum Sr values

in the melt for the plagioclase cores despite differences in

their An contents (Fig. 8a), whereas the minimum Sr val-

ues in the melt are higher for the cumulate granodiorites

(Fig. 8a). Plagioclase crystallizing after resorptions is

enriched with Sr (Fig. 8a) in both the cumulate and the

non-cumulate granodiorite (Pietranik et al. 2006).

All diorites and enclaves yield similar An versus Sr in the

melt arrays which can be subdivided into two, broadly

linear trends: a steeper one for An65–45 comprising analyses

Fig. 5 REE and trace element compositions, with the REE patterns

are normalized to chondrite (normalizing values from Anders and

Grevesse 1989)
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of embayed cores (trend 1), and a shallower one for An45–32

(trend 2) comprising outer parts of embayed cores, rims and

plagioclase from embayments (Fig. 8b). There is a slight

increase in Sr content from trend 1 to trend 2 at similar An.

Biotite

Biotites in all the diorite, dioritic enclave, and cumulate

granodiorite samples have overlapping AlTOT a pfu and Ti

a pfu contents (Fig. 9). Biotite in non-cumulate granodio-

rite has higher Fe/(Fe ? Mg) ratios than those in diorite

and cumulate granodiorite, and overlapping AlTOT, Ti a pfu

contents (Fig. 9). Biotite in the leucocratic vein has lower

Fe/(Fe ? Mg) ratios and Ti a pfu contents and higher

AlTOT a pfu compared to all other samples (Fig. 9).

Discussion

Origin of the geochemical and mineralogical variations

in the dioritic-granodioritic suite

The petrological and geochemical characteristics of min-

gled dioritic and granodioritic to granitic magmas often

include the same features, common to many outcrops

worldwide (e.g., Dorais et al. 1990; Didier and Barbarin

1991; Pitcher 1993; Elburg 1996; Wiebe et al. 1997;

Altherr et al. 1999; Waight et al. 2001; Janoušek et al.

2004; Tepper and Kuehner 2004; Kumar and Rino 2006).

The more mafic magmas are usually finer grained and

chilled against the more felsic host. They contain abundant

acicular apatite, and zoned plagioclase, often with bimodal

Fig. 6 Schematic zonation of

plagioclase from a cumulate

granodiorite, b non-cumulate

granodiorite, c diorite, and d a

dioritic enclave with an

exemplary BSE image and

corresponding An traverse. The

arrow in the BSE image of

plagioclase from the non-

cumulate granodiorite (b)

indicates where the outer

resorption surface mimics the

shape of an already embayed

core suggesting that embayment

happened before this resorption
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distributions of anorthite content (e.g., Elburg 1996;

Janoušek et al. 2004). Plagioclase and K-feldspar mega-

crysts typical of the more felsic magma are found within

mafic enclaves suggesting mechanical transfer of the

crystals between two magmas (Elburg 1996; Waight et al.

2000; Słaby et al. 2008; Vernon and Paterson 2008).

Enclaves often have mineralogy and compositions of

minerals similar to those in the host (Tepper and Kuehner

2004). The major and minor element contents of both

magmas commonly form linear trends when plotted against

differentiation indexes such as SiO2 or MgO, although

similar relationships are not always observed for trace

elements (e.g., Elburg 1996; Kumar and Rino 2006). Mafic

rocks and enclaves usually have lower 87Sr/86Sr ratios and

higher eNd than the felsic host, but the compositional fields

often overlap (e.g., Elburg 1996; Altherr et al. 1999;

Waight et al. 2007), which may be partly due to diffusional

re-equilibration (e.g., Pin et al. 1990).

Models constraining the compositional evolution of both

the mafic magmas and the felsic host have to take all these

features into account. The presently accepted models usu-

ally comprise two stages. The first stage is envisioned as a

stratified magma chamber with more mafic magma residing

at the bottom (e.g., Elburg 1996; Wiebe 1996; Janoušek

et al. 2004; Tepper and Kuehner 2004; Kumar and Rino

2006), and it includes (a) formation of hybrid magma at the

boundary between felsic and mafic magmas by mixing with

or without crystal transfer between the two magmas (e.g.,

Kumar and Rino 2006), and/or (b) melt–melt diffusion

driven chemical exchange leading to formation of hybrid

magma with trace element contents and isotopic ratios in

equilibrium with both melts (e.g., Tepper and Kuehner

2004). Alternatively, some of the compositional variability

in both magmas is attributed to mixing between the mag-

mas in composite dykes en route to magma chamber

(Collins et al. 2000) or to earlier fractionation-mixing-

Fig. 7 An versus Or content in

plagioclase (left-hand side) and

corresponding histograms of An

(bin width 2 mol%, right-hand
side) for a granodiorite,

b diorite and dioritic enclaves

and c all samples. Dashed lines
show Anmin values. Note that

Anmin is not defined for

cumulate granodiorite
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assimilation processes that took place before the magmas

came into contact (e.g., Pitcher 1993; Tepper and Kuehner

2004). The second stage commences after intrusion of

more mafic magma into the overlying host either as syn-

plutonic dykes or in response to convection; hybridized

mafic enclaves are hence dispersed within the host. This

stage includes equilibration either by residual melts or sub-

solidus fluids and it is often thought to be responsible for

the similar chemistry of minerals in the host and the

enclaves. It is typically assumed that processes of both

stages contributed to compositional trends observed in the

mafic magma; however, variations of major element

chemistry are often explained by just the first stage of

mafic–felsic magma mixing with subsequent formation of a

range of hybridized magmas.

In the mixing models presented in the literature the

amount of felsic magma required to produce a range of

whole rock compositions similar to that observed in the

massive diorites and enclaves in the Gęsniniec intrusion

(roughly from 50 to 60% of SiO2) is usually *10–70%

(e.g., Elburg 1996; Janoušek et al. 2004; Kumar and Rino

2006). If we assume that similar processes led to the

chemical diversity of the Gęsiniec enclaves and syn-plu-

tonic dykes and choose the non-cumulate granodiorite

GD15 (with a negative Eu anomaly) as the felsic member

and the most isotopically primitive diorite D30 as the mafic

end member, the rough proportion of granodioritic magma

required to produce the observed compositional range in the

diorites would be similar (*10–50%, Table 5). Even if the

non-cumulate granodiorite is not the perfect candidate for

the felsic end-member in the Gęsiniec Intrusion, it provides

a good approximation of the proportions of felsic melt

required to hybridize the dioritic magmas. However, if the

dioritic to quartz dioritic rocks are in fact hybrids containing

as much as 50% of granodioritic (or other felsic) melt, the

hybridization process between two such chemically differ-

ent magmas should have been recorded in the composition

of minerals that crystallized during hybridization.

Most of the rock-forming and accessory minerals are

thought to have equilibrated with late-stage melts or fluids,

Fig. 8 A plot of An versus Sr in

the melt in equilibrium with

plagioclase for a granodiorite

and b diorite samples. BSE

images and corresponding An

and Sr in the melt, traverses are

shown for representative

plagioclase grains. Note that the

plagioclase grain from the

cumulate granodiorite has a

cracked core and a complex rim

with multiple resorption

surfaces. Gray bands mark

increases in An content that

correspond to the plagioclase

that crystallized after

resorptions with accompanying

increases in Sr in the melt

contents. Trend 1 and Trend 2

are regressions through

plagioclase data before and after

resorptions, respectively
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after the mafic magma was entrained as enclaves into the

felsic host (Tepper and Kuehner 2004). Plagioclase is

thought to be the only mineral that may preserve its ori-

ginal composition, and very often plagioclase from

enclaves has higher An contents than plagioclase in the

host (e.g., Janoušek et al. 2004; Tepper and Kuehner 2004;

Kocak 2006). Therefore, we evaluate the plagioclase

morphological and compositional zonations to see if they

preserve a record of mixing between felsic and mafic

magmas.

Record in granodioritic plagioclase

Plagioclase from felsic rocks often shows numerous

resorption zones formed in response to injections of mafic

magma into the felsic magma chamber with subsequent

homogenization and hybridization (e.g., Hattori and Sato

1996; Tepley et al. 2000; Waight et al. 2000). A similar

conclusion was reached for the non-cumulate Gęsiniec

granodiorite on the basis of multiple resorption zones

surrounded by plagioclase with higher An and Sr contents

Table 4 Data for An

histograms

Cells with values representing

Anmin are in italic

Numbers in An column are An

values for the bin center in

histograms of An, each bin is

2 mol%
a Number of microprobe spots

analyzed in plagioclase
b Number of plagioclase grains

analyzed in each sample

An D10 D27 D30 E32 E48 All diorites GD15 GD31 GD55

19 1 0 0 0 0 1 1 0 0

21 0 0 0 1 0 1 1 0 1

23 0 0 0 0 0 0 0 0 3

25 0 0 0 1 0 1 8 3 1

27 1 0 0 1 0 2 21 3 6

29 3 0 0 0 1 4 83 2 2

31 2 1 0 0 1 6 73 9 5

33 5 3 1 2 1 11 42 23 7

35 20 7 7 16 4 53 62 32 14

37 28 4 7 22 6 67 58 60 11

39 36 16 13 18 9 86 30 42 2

41 21 14 6 8 8 60 66 24 0

43 12 13 5 9 11 52 37 16 0

45 5 6 5 1 5 21 10 5 0

47 11 3 3 2 4 27 4 2 0

49 7 7 5 7 4 30 3 3 0

51 5 15 5 3 2 29 0 2 0

53 9 3 3 4 1 18 2 1 0

55 7 3 6 2 1 15 0 0 0

57 3 4 0 2 1 12 0 0 0

59 6 3 0 2 2 13 0 0 0

61 4 1 0 0 2 8 0 0 0

63 1 0 0 0 0 1 0 0 0

65 2 0 0 0 0 2 0 0 0

67 0 0 0 0 0 0 0 0 0

Analyzesa 189 103 66 101 63 552 501 227 52

Grainsb 7 6 5 7 3 26 18 4 9

Fig. 9 Comparison of biotite

compositions in dioritic and

granodioritic rocks
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Table 5 Least square mass balance calculations

(a) GD15 D30 Model D10 Model E48 Model D33 Model E32

SiO2 64.5 52.7 54 54 55.8 56 57.5 57.9 59.3 59.6

TiO2 0.7 1.6 1.5 1.5 1.4 1.4 1.2 1.3 1.1 1.2

Al2O3 17.1 17.6 17.5 17.4 17.4 17.1 17.4 16.5 17.3 16.3

Fe2O3 4.5 9.3 8.8 8.7 8.1 8.2 7.3 7.7 6.6 7.5

MnO 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1

MgO 1.3 4.1 3.7 4 3.3 3.6 2.9 3.4 2.5 3

CaO 4 7.5 7.1 7 6.6 6.8 6.1 6.1 5.5 5

Na2O 3.9 3.2 3.3 3.2 3.4 3.2 3.5 2.9 3.6 3.1

K2O 2.8 1.7 1.8 2.1 2 1.8 2.1 1.9 2.3 2.4

P2O5 0.3 0.6 0.6 0.6 0.5 0.5 0.5 0.6 0.4 0.4

GD15% 11% 26% 41% 56%

D30% 89% 74% 59% 44%

Rr2 0.23 0.35 1.8 2.67

(b) GD31 LV42 Model GD15

SiO2 59.8 72.8 64.3 64.5

TiO2 1 0.5 0.8 0.7

Al2O3 19.3 15.4 18 17.1

Fe2O3 4.8 1.1 3.5 4.5

MnO 0.1 0 0 0.1

MgO 1.6 1 1.4 1.3

CaO 5.2 0.2 3.5 4

Na2O 4.8 3.9 4.5 3.9

K2O 1.8 4.2 2.7 2.8

P2O5 0.4 0.2 0.3 0.3

GD31% 65%

LV42% 35%

Rr2 2.5

(c) LV D30 Model D10 Model E48 Model D33 Model E32

SiO2 72.8 52.7 54.1 54 55.8 56 57.5 57.9 59.3 59.6

TiO2 0.5 1.6 1.5 1.5 1.4 1.4 1.3 1.3 1.2 1.2

Al2O3 15.4 17.6 17.4 17.4 17.2 17.1 17 16.5 16.9 16.3

Fe2O3 1.1 9.3 8.8 8.7 8.1 8.2 7.3 7.7 6.6 7.5

MnO 0 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1

MgO 1 4.1 3.9 4 3.6 3.6 3.3 3.4 3.1 3

CaO 0.2 7.5 7 7 6.4 6.8 5.8 6.1 5.1 5

Na2O 3.9 3.2 3.2 3.2 3.3 3.2 3.4 2.9 3.4 3.1

K2O 4.2 1.7 1.9 2.1 2.1 1.8 2.3 1.9 2.5 2.4

P2O5 0.2 0.6 0.6 0.6 0.6 0.5 0.5 0.6 0.5 0.4

LV% 7% 15% 24% 33%

D30% 93% 85% 76% 67%

Rr2 0.08 0.33 1.09 1.39

(a) Magma mixing between granodiorite and the least evolved diorite to produce range of dioritic compositions, (b) mixing between GD31

granodioritic cumulate and leucocratic vein to produce non-cumulatic granodioritic composition and (c) mixing between the leucocratic vein and

the least evolved diorite to produce range of dioritic compositions using the program PETMIX (Wright and Doherty 1977)
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(Pietranik et al. 2006). Similar records of multiple resorp-

tion are preserved in both the non-cumulate and cumulate

granodiorites (Fig. 6a, b) indicating that formation of pla-

gioclase cumulates took place late during granodiorite

crystallization, after mixing with presumably hotter and

more mafic magmas. Therefore, three processes of magma

differentiation can be deduced from the plagioclase com-

positions in the granodiorite: (1) crystallization of the inner

parts of plagioclase in variable P-T-XH2O conditions

consistent with the different An contents in plagioclase

cores in different samples (for example GD55 versus GD31

or GD15), but with similar Sr in the melt contents

(Fig. 8a); (2) mixing, probably with dioritic magma, cur-

rently represented by enclaves and massive diorites, and (3)

removal of late, evolved melts from some granodiorites to

produce cumulate granodiorites.

Record in dioritic plagioclase

The record in the granodioritic plagioclase seems to cor-

roborate the magma mixing model. However, is a similar

record also preserved in the plagioclase crystals in the

diorites? Plagioclase from dioritic to quartz dioritic rocks

tends to be characterized by complex zonation and a

bimodal An distribution. This is often cited as evidence for

hybridization of mafic magma by a more felsic one, with

the high An cores having originated in diorite magma and

then resorbed after injection into a felsic magma chamber

(e.g., Elburg 1996; Janoušek et al. 2004). However, we

believe that magma mixing may not be required to explain

the bimodal An distribution in the Gęsiniec diorites.

Instead, we argue that it is a direct consequence of the

plagioclase morphology developed in response to the

resorption of the cores. In the Gęsiniec Intrusion, resorption

occurred after at least 30% of the plagioclase had crystal-

lized (estimated from the average area of euhedral cores

before resorption as a percentage of the average area of the

whole plagioclase grain), and it predominately affected the

interiors of the cores, leaving in some cases, the outer

portions intact. If a probe traverse across a plagioclase

grain does not intersect any resorption surface, there will

be no compositional gap and the An content decreases

smoothly from core to rim (Fig. 10a). In contrast, if the

traverse intersects a resorbed core it will yield bimodal An

distribution, but only because plagioclase of intermediate

compositions has been removed during resporption

(Fig. 10b).

The central evidence against the resorption having been

caused by mixing between dioritic and granodioritic mag-

mas in the Gęsiniec Intrusion is the lack of change in

plagioclase Anmin, Or and Sr in the melt content between

the massive diorite and enclave samples (Figs. 7b, 8b) that

would reflect variable hybridization, even though there are

substantial differences in the Or and An contents between

the dioritic and granodioritic plagioclase (Fig. 7c). Even if

plagioclase crystallization in the dioritic magmas started

before mixing and from compositionally similar magmas,

some variation in plagioclase composition and the com-

positional trends of An versus Or and Sr would be expected

between the 90/10% and 50/50% mixtures of mafic and

Fig. 10 A plot of An against Or

content and An histograms in

two plagioclase grains from

dioritic samples with

corresponding BSE images and

microprobe traverses: a smooth

change in An content from core

to rim and b bimodal

distribution of An content

across a resorption zone

Contrib Mineral Petrol (2009) 158:17–36 29

123



felsic magmas (as estimated for the Gęsiniec Intrusion by

rough mass balance calculations; Table 5), and yet none is

observed.

The An content of dioritic plagioclase that crystallized

after resorption is similar to, or lower, than that of the

plagioclase that crystallized before resorption, which is not

consistent with the resorption being due to increase in

temperature or water content (e.g., Tsuchiyama 1985;

Singh and Johannes 1996; Nakamura and Shimakita 1998).

The geometry of the resorption surface, with its strongly

embayed cores, and the lack of compositional change could

be induced by decompression—similar resorption features

are seen in the granodioritic plagioclase (Pietranik et al.

2006) and other dioritic rocks from the Gęsiniec Intrusion

(Pietranik and Waight 2008). The latter are not in contact

with granodiorite rocks and decompression-induced

resorption is consistent with the constant Sr isotope ratios

across an embayed resorption boundary (Pietranik and

Waight 2008). If the ascending magma has high water

contents it may reach water saturation on the way to the

surface and decreasing water contents in the magma will

induce crystallization of more albitic plagioclase, thus

producing a rapid decrease in An content without a con-

tribution from more felsic magma. Decreasing temperature,

as during ascent and emplacement, will have a similar

effect. Thus, we argue that plagioclase from dioritic rocks

was resorbed most probably due to decompression and not

due to magma mixing.

Magma mixing is also not required to explain the two

trends in the An versus Sr in the melt diagram (Fig. 11).

Rather the change in slope could be due to the resorption of

the cores. Trend 1 in Fig. 11 can be modeled by 55%

fractional crystallization of predominately plagioclase

(*65%) and hornblende (*35%) followed by resorption

of *20% of the crystallized assemblage (i.e., *10% of the

whole rock) to produce the increase in Sr in the melt as

observed between Trends 1 and 2 (Fig. 11). Trend 2 rep-

resents renewed crystallization after resorption of the

plagioclase cores. As temperature and/or water contents

should be lower, more minerals join the crystallizing

assemblage and Trend 2 is attributed to 42% fractional

crystallization of *20–40% plagioclase and 60–80% of

other minerals such as hornblende, biotite, quartz, K-feld-

spar, and accessories (see caption to Fig. 11). The amount

of plagioclase that crystallized in the model is *44%,

consistent with its modal abundances in the diorites

(Table 2). The amount of plagioclase that crystallized

before resorption is *30%, also in agreement with the

volumes of unresorbed cores observed in thin sections.

Modelling Trend 1 in terms of fractional crystallization of

plagioclase and hornblende is also consistent with obser-

vations in thin sections where both plagioclase and

hornblende are euhedral and thus close to liquidus phases.

In summary, the chemical zoning in the dioritic pla-

gioclase does not require hybridization of the dioritic

magmas by felsic ones. Rather the observed An versus Or

and Sr trends can be explained by fractional crystallization

and resorption due to decompression during magma ascent.

Similar compositions of plagioclase in all the dioritic

samples indicate that probably no hybridization occurred

before resorption and that the diorites analyzed represent a

single batch of magma.

So, if all dioritic plagioclases record crystallization from

chemically similar parental magma, what is the cause of

the whole rock chemical variability in the diorites and

quartz diorites? It is argued that the observed range of

whole rock compositions was produced by close to the

solidus, or subsolidus, interactions between the diorites and

leucocratic melt squeezed from the granodiorite. This is

supported by two lines of evidence:

(1) Mass balance calculations involving massive diorite

(D30) and the leucocratic vein (LV42) produce a

Fig. 11 Modelling the evolution of Sr in the melt during crystalli-

zation of dioritic plagioclase. The model assumes 1% decrease in An

content with 3% of crystallization, and a similar dAn/dT was obtained

in experiments on natural rocks (Prouteau and Scaillet 2003, on

Mount Pinatubo dacite or Housh and Luhr 1991, on andesite

compositions). The partition coefficients are from Bindeman et al.

(1998) and they change with An content. Trend 1 is modeled by

Raleigh’s fractional crystallization of 65% of plagioclase and 35% of

hornblende (partition coefficient for hornblende is taken to be 0.1,

GERM database yields coefficients between 0.02 and 0.3, but using

any coefficient from this range does not affect the model). The

increase in Sr in the melt between Trends 1 and 2 is modeled by

resorption of *20% of the crystallized assemblage (65% Plag ?

35% Hbl). Trend 2 is modeled by crystallization of 40–20%

plagioclase (with decreasing proportion of plagioclase with each

5% of anorthite) to approximate for the appearance of other minerals

as the temperature approaches the solidus. Dots represent *3% of

crystallization, and the total amount of plagioclase crystallized at the

end of this trend is *44% with *90% of magma having crystallized
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range of dioritic compositions with lower residual

errors than the same calculations for diorite and

granodiorite (Table 5a, c). The residuals for the most

evolved diorites and enclaves (D33, E32) are still

large enough not to support a simple 2-component

mixing. However, this is to be expected as the

leucocratic melt squeezed from granodiorite would

vary in composition and the variations were not easy

to analyze in thin leucocratic veins.

(2) Increases in the biotite/hornblende ratio with increas-

ing SiO2 suggests close to solidus, or subsolidus,

reaction of Hbl ? K-rich melt/fluid to produce

Bt ? SiO2, similar to reactions observed in other

enclaves and dioritic rocks (e.g., Elburg 1996;

Roberts et al. 2000). Such subsolidus reactions would

also contribute to the variations in whole rocks

compositions, potentially increasing the residuals in

the mass balance calculations.

However, if the suggested interactions took place close

to the solidus, how could the leucocratic melt have been

distributed within the diorite without affecting the plagio-

clase compositions? A key point is that the amount of

leucocratic melt needed to hybridize the dioritic samples is

much lower than of the amount of granodioritic magma

required. It is in the range *7–33% (Table 5c), and the

infiltration of the leucocratic melt might also have been

localized as suggested by textures in dioritic samples

(Fig. 12). The melt could have intruded solidified, or

almost solidified, diorite and been distributed as thin veins.

The melt was rich in potassium and this could have trig-

gered the reaction Hbl ? Bt described above. For

example, large biotite poikilocrysts occur in Hbl-free,

quartz rich veins in the sample D10, where the amount of

the melt is small (Fig. 12), marking probable paths of the

leucocratic melt injection. The distribution, size, and

composition of plagioclase enclosed by the oikocrysts are

similar to those in the Hbl-rich surroundings (Fig. 12,

D10), suggesting that plagioclase was not affected by the

infiltrating melt. When the proportion of leucocratic melt

was larger, for example, *33% in enclave E32 (Fig. 12),

the melt was probably distributed interstitially through the

rock volume initiating the reaction Hbl ? Bt in the whole

sample. Nonetheless, remnants of initial veins of the

leucocratic material are still preserved (Fig. 12, indicated

by arrows).

Overall, the compositional variations in the diorite

samples may be explained by infiltration of the leucocratic

melt during the late stages of diorite crystallization or

shortly after its complete solidification.

In our preferred scenario of mafic–felsic magma inter-

action the dioritic magma in Gęsiniec was intruded into

partially solidified granodiorite, and in view of the tem-

perature contrast it formed dioritic sheets, disintegrated

synplutonic dykes, or chilled separate blobs of magma

(e.g., as proposed by Barbarin 2005). Injection of a dyke

and heating of the granodiorite would trigger resorption in

plagioclase in the granodiorite and facilitate separation of

late melts that in turn interacted with diorites. Remelting of

a mushy granitic body by injection of hot basaltic magma is

consistent with field and petrological evidence in other

intrusions (e.g., Wiebe et al. 2004). Therefore, the record in

plagioclase from both the diorites and the granodiorites

indicates interaction between partially (the granodiorite) or

perhaps completely (the diorite) crystallized rocks after the

magmas were emplaced.

Origin of granodioritic and dioritic magmas

Most hypotheses for the origins of magmas in mafic–felsic

mingling zones assume two different sources for the mafic

Fig. 12 Textures of dioritic samples showing different stages of hybridization. The bottom edge is approximately 1.5 cm
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and felsic magmas, either the mantle and the crust or two

different crustal sources. Another interpretation is that the

dioritic enclaves are less evolved magmas related to the

granodiorites by fractional crystallization (Donaire et al.

2005) or assimilation fractional crystallization. Derivation

from different sources is often supported by the trace ele-

ment contents, but not the isotope ratios. For example, the

Gęsiniec diorites and granodiorite have overlapping Sr and

Nd isotope compositions (87Sr/86Srinit = 0.7069–0.7078

and eNd = -2.9 to -3.1 in the diorites and 0.7076 and

-3.7 in the granodiorite). However, similar isotopic com-

positions between enclaves and host have been attributed to

isotopic equilibration (e.g., Elburg 1996), which is more

effective than geochemical equilibration (Lesher 1990).

Distinct sources of the Gęsiniec diorites and granodiorites

are supported by (a) different minor and trace element

contents with the granodiorite having negative Ti, Nb and

Ta anomalies that are not seen in the diorites (Białek and

Pietranik 2006) and (b) different An versus Or and An

versus Sr trends in plagioclase from granodiorites and

diorites (Fig. 7).

The infiltration of late-stage melts into the Gęsiniec

diorite was probably responsible for an increase in the Sr

isotope ratios from those in the least-evolved diorites (e.g.,

D30 = 0.7069) to those in the more contaminated samples

(e.g., D33 = 0.7078). The least-evolved sample (D30)

shows no textural features indicative of contamination by

late-stage melts (Fig. 12), and similar plagioclase zonation

and compositions in all the dioritic samples suggest a

similar crystallization history for all diorites before

emplacement. In addition, the granodioritic plagioclase in

the Gęsiniec Intrusion records magma mixing only at a late

stage, and the earlier part of its crystallization history

appears to be similar to that of plagioclase in the diorites

Fig. 13 Model showing

evolution of dioritic and

granodioritic magmas in the

Gęsiniec Intrusion
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which took place at lower crustal depths, but without

interaction with other magmas (Fig. 13). Such a picture is

consistent with magma evolution in small, separate magma

chambers that may coalesce and mix upon ascent and

emplacement leading to the formation of complex mafic–

felsic or felsic–felsic plutons with heterogeneous geo-

chemical and isotopic signatures on scales ranging from

individual grains to that of the pluton (e.g., Waight et al.

2000, 2007). Alternatively, magmas parental to the Gesi-

niec diorites and granodiorites could have undergone

hybridization before the onset of plagioclase crystallization

(Fig. 13).

The least-contaminated (D30) sample has higher
87Sr/86Srinit and lower eNdinit (0.7069 and -3.2, respec-

tively, Pietranik and Waight 2008) than those of the bulk

earth and depleted mantle at 295 Ma. Similar isotope

compositions are observed in other Variscan dioritic-

granodioritic associations and they are attributed to con-

tamination of mantle-derived magmas by crustal melts or

to derivation from enriched mantle (e.g., Wenzel et al.

1997; Gerdes et al. 2000; Janoušek et al. 2000; Roberts

et al. 2000; Janoušek and Holub 2007). Extensive frac-

tional crystallization of mafic, mantle-derived magmas

contemporaneous with assimilation of crustal material is

supported by the presence of gabbroic cumulates showing a

range in Sr ratios and eNd from those close to the depleted

mantle to those approaching the values typical of the

diorites that form dykes and enclaves in the felsic rocks

(e.g., Tribuzio et al. 1999; Sano et al. 2002). If the mafic

magmas were hybridized by the crust and vice versa, it

would suggest that plagioclase, despite being liquidus

phase, records only a limited span of the evolution of the

mafic and felsic magmas. In this scenario the evolution of

mafic magmas before emplacement would require pro-

longed fractionation and contamination with more

fractioned magmas being effectively separated from

cumulus material. An alternative scenario is derivation of

dioritic magmas by remelting of old, mafic lower crust

(e.g., Zhao et al. 2007; Pietranik and Waight 2008).

Application of plagioclase composition to constrain

magma interactions

Whole rock major, trace element, and isotope compositions

are routinely used to unravel processes responsible for the

interaction of mafic and felsic components in the conti-

nental crust. However, it is often difficult unambiguously

to constrain which of the many possible processes deter-

mined the initial composition of end members. One of the

processes that may complicate the geochemical and iso-

topic picture is the formation of cumulate and late-stage

melts that interact with dioritic rocks, as demonstrated

here. Major and trace element zonation in some mineral

phases can provide robust records of the processes

involved, and plagioclase has been shown to record magma

differentiation processes such as assimilation or magma

mixing at different stages of magma evolution (e.g.,

Blundy and Shimizu 1991; Singer et al. 1995; Brophy et al.

1996; Hattori and Sato 1996; Tepley et al. 2000; Waight

et al. 2000; Ginibre et al. 2002; Halama et al. 2002;

Pietranik et al. 2006; Davidson et al. 2007).

We have demonstrated that each plagioclase population

develops characteristic features such Anmin and An versus

Or trends that appear to depend on the initial and final

compositions of magmas, e.g., K/Na ratio and/or conditions

of crystallization (e.g., Hattori and Sato 1996). We argue

that Anmin and An versus Or trends change only when the

composition of the melt around the crystallizing plagioclase

is drastically changed, as by extensive mixing or convection

in the magma chamber and so they remain useful tools to

detect such drastic changes. The new results from the

Gęsiniec Intrusion presented here appear to support this

hypothesis. Cumulate granodiorite clearly represents a

system affected by both magma mixing and late stage melt

removal, and plagioclase from the granodiorite does not

yield common Anmin for all samples and has scattered An

versus Or trends. The conclusions obtained from Anmin and

An versus Or trends are supported by modelling of the An

versus Sr in the melt trends. We suggest that to check the

robustnes of the methods used here, they should be applied

to other mafic–felsic systems, for example, where more

extensive mixing is suggested by the transfer of phenocrysts

from felsic magma to the enclaves (e.g., Waight et al. 2000;

Słaby and Martin 2008), or where mafic injection caused

extensive remelting of granite and hybridization of both the

mafic and felsic magmas (e.g., Wiebe et al. 2004).The

number of grains analyzed from each rock type depends on

the complexity of the system being investigated. This study

highlights that a small number of grains (*5) from each

rock type provided important constraints on the Anmin and

the An versus Or trends.

Conclusions

The composition and zonation in plagioclase crystals from

diorite and granodiorite samples reveal that dioritic magma

was not variably hybridized by magma mixing at the level

of emplacement, and that the magma mixing process is

recorded only in granodioritic magma. In contrast, the

compositional variation in the diorites is best explained by

subsolidus, or close to solidus, interaction with residual

fluids squeezed from the granodioritic crystal mush. This

study shows that it is possible to produce a range of whole

rock compositions by late stage melt infiltration. The melt

can interact with and change composition of mafic phases

Contrib Mineral Petrol (2009) 158:17–36 33
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such as ambhibole and biotite, but not plagioclase that

preserves the composition from the earlier stage of magma

evolution.

Simple zonation patterns in plagioclase from both the

diorite and the granodiorite suggest that before this late-

stage interaction both magmas evolved by closed system

fractional crystallization. Any modification of the magmas

parental to the granodiorites and the diorites appears to

have happened before the onset of the analyzed plagioclase

crystallization record. In the case of the diorites this may

have involved open system evolution of mafic magmas by

assimilation—fractional crystallization with effective sepa-

ration of evolved melts and cumulus minerals.

Application of Anmin content in plagioclase and An

versus Or and An versus Sr trends for a relatively small

number of representative plagioclase grains may provide

new insight into mafic–felsic magma interactions. Future

work on geochemically and petrologically well defined

mingling zones should seek to test this approach.
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Appendix

Calculation of Sr content in melt from Sr plagioclase

composition allows for interpreting the change of Sr con-

centration in plagioclase in terms of contemporaneous

change of melt composition. However, despite the obvious

appeal of this approach, it requires certain assumptions to

be made. They are discussed below:

Recalculation of Sr content in plagioclase to Sr content

in the melt from which the plagioclase crystallized assumes

equilibrium partitioning between crystal and melt. The

equilibrium is not reached if the rate of crystallization is

controlled by diffusion of elements to the crystal surface.

However, such a kinetic control on crystallization should

lead to either oscillatory zoning (e.g., Sibley et al. 1976) or

skeletal morphology of plagioclase (Lofgren 1980), none

of which is observed in diorites and only some oscillatory

zoning occurs in outer parts of granodiorite plagioclase

(Pietranik et al. 2006). Also consistent trends in An versus

Sr in the melt plot observed for all rocks suggest that the

change of Sr concentration in plagioclase is probably

reflecting the actual change in melt composition. However,

if recalculated Sr content in the melt represents true melt

composition, then the value for the first plagioclase to

crystallize (probably that with the highest An content)

should be close to or higher than the whole rock Sr content

since the plagioclase is the only high-temperature phase

that concentrates Sr. For that statement to be true requires

that the whole rock represents magma composition; how-

ever, there is no structural or geochemical reason to expect

that the most mafic dioritic rocks are cumulates or hybrid

mixtures of minerals derived from different magmas, as

will be shown in this paper. The offsets between Sr whole

rock content and Sr content in the melt in equilibrium with

the cores of plagioclase are *130 ppm for granodiorite

GD15 and *50–70 ppm for diorite. The offsets are slightly

higher than propagated error on Bindeman et al. (1998)

equation RT ln DSr = aXAn ? b (1SD = *30 ppm),

where DSr = Cplag/Cmelt (Cx-concentration of Sr in phase x)

assuming individual errors on Cplag, T and XAn are 90 ppm,

100�C and 1 mol%, respectively. If errors on a and b

coefficients are taken into account the propagated error is

*180 ppm, therefore, almost completely overlapping

with the range of results for granodiorite and diorite.

However, only Cplag and XAn should contribute to the

scatter of the data, whereas changes in T, a and b would

increase or decrease calculated Cmelt of whole set of data.

Therefore, we accept that the calculated Cmelt is only

accurate within error *180 ppm; however precision of the

data and thus trends observed in An versus Sr diagram is

much better *30 ppm and can be interpreted as a change

of melt composition contemporaneous with plagioclase

crystallization.
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