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A geochemical approach to the evolution of granitic plutons:
a case study, the acid intrusions of Punta Falcone
(northern Sardinia, Italy)

G. Poli and S. Tommasini
Department of Earth Sciences, Piazza Universita, 06100 Perugia, Italy

(Received February 15, 1990; revised and accepted September 15, 1990)

ABSTRACT

Poli, G. and Tommasini, S., 1991. A geochemical approach to the evolution of granitic plutons: a case study, the acid
intrusions of Punta Falcone (northern Sardinia, Italy). In: A. Peccerillo (Guest-Editor), Geochemistry of Granitoid
Rocks. Chem. Geol., 92: 87-105.

A group of small granitic stocks outcrop in an area of 4 km? at Punta Falcone (northern Sardinia, Italy). The stocks, /

which belong to the Sardinia Corsica Batholith, were emplaced during the late tectonic phase of the Hercynian orogeny.
Detailed field observations, and studies of the petrography, mineral- and whole-rock geochemistry were carried out on
these stocks: systematic differences in both whole-rock and mineral compositions were found between the stocks.

The granitic stocks which outcrop in the southwestern and northern sector of the Punta Falcone area were examined but
briefly since they have fairly homogeneous compositions. The granitic stock which outcrops in the central sector, on the
other hand, shows evidence of a complex evolutionary history. This intrusion shows compositional zoning from grano-
diorite to leucogranite. A two-stage model for the evolution of granitic magmas by an unmixing process between a solid
and a liquid phase within a single magmatic batch is proposed on the basis of the geochemical characteristics of this granitic
stock. In the first stage, the parental magma undergoes a 30-35% in-situ fractional crystallization, developing the solid and
liquid phases represented by early crystallized minerals and residual liquid, respectively. Then, in the second stage, the
relative proportions of the solid and liquid phases are modified by a filter pressing segregation mechanism which squeezes
the liquid phase inward to the centre of the intrusion. Therefore, each sample represents a mixture between the early
crystallized mineralogic assemblage (solid phase) and the residual liquid (liquid phase).

The bulk chemical composition of the liquid phase was determined using bivariate diagrams with Sr as differentiation
index. The bulk chemical composition of the solid phase was computed using a self-consistent “feedback system” which
handles variations in the modal composition of the solid phase accompanied by variations in trace-clement bulk distribu-
tion coefficients.

1. Introduction

Several processes have been proposed to ex-
plain the geochemical variations observed in
granitoid plutons. White and Chappell (1977)
suggested the restite unmixing model as the
main process responsible for such variations;
however, recently, Wall et al. (1987) critically
examined the restite model and found that cri-
teria for the recognition of restite components
are equivocal. McCarthy et al. (1976, 1978a,

b) proposed a fractional crystallization pro-

cess for the evolution of granitic magmas on
the basis of Ba, Rb, Sr distributions in gran-
ites. An in-situ fractional crystallization pro-
cess has been suggested by Tindle and Pearce
(1981) and Michael (1984) to explain the or-
igin of extremely evolved felsic magmas. Fur-
thermore, a model combining the effects of
convective circulation and Soret diffusion
(thermogravitational diffusion model) has
been suggested to explain the origin of chemi-
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cally zoned magma chambers (Shaw et al.,
1976; Hildreth, 1979, 1981).

In this paper, following the model proposed
by Sultan et al. (1986), a geochemical ap-
proach is suggested to understand the evolu-
tion of granitic plutons which display a partic-
ular evolutionary path. The model has been
developed studying a small, zoned, granitoid
intrusion (ca. 2.5 km?) outcropping in the
Punta Falcone area (northern Sardinia, Italy).
The petrographical, geochemical, and mineral
chemistry study of the differentiation history
of this stock is consistent with a model for the
evolution of granitic magmas by an unmixing
process between a solid and a liquid phase
within a single magmatic batch. The other
stocks outcropping in the Punta Falcone area
were examined but briefly, owing to their quite
homogeneous compositions.

2. Geological setting

The Sardinia—Corsica Batholith, located in
the Mediterranean Sea, west of Italy, was em-
placed during the tectono-metamorphic evo-
lution of the Hercynian orogeny. Several gran-
itoid intrusions were emplaced during both
syn-tectonic and post-tectonic phases, cover-
ing a span of time from 320 Ma to about 280
Ma. These plutons intruded the metamorphic
sequences of Sardinia~Corsica basement. In
Sardinia, the intrusive sequence ranges in
composition from gabbroic to leucogranitic
plutons, with a large predominance of monzo-
granitic and granodioritic plutons (see Ghezzo
and Orsini, 1982; Poli et al., 1989, for a re-
view ). The plutons of the Punta Falcone area
are a typical calc-alkaline, I-type suite (Ghezzo
and Orsini, 1982). In this area, of approxi-
mately 4 km?, four granitic intrusions have
been recognized, with sharp contacts between
them (Tommasini, 1987). These stocks in-
trude metamorphic rocks of amphibolite fa-
cies (Bralia et al., 1982) which outcrop in the
southeastern sector of the area (Fig. 1).

The Gr-I stock outcrops in the central sector
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of the Punta Falcone area (Fig. 1). On petro-
graphical and geochemical grounds, three main
facies have been distinguished in the Gr-I stock
(Fig. 1): facies A, B, and C, composed of gran-
odiorites, monzogranites, and leucocratic
syeno-monzogranites, respectively. These fa-
cies display a roughly concentric zoning and
exhibit transitional contacts. A zone rich in
aplite pegmatite is also developed along the
northern edge of the Gr-I outcrop area.

In contrast, the granitic stocks which out-
crop in the southwestern (Gr-II), and in the
northern (Gr-III) sectors of the Punta Falcone
area (Fig. 1), are quite homogeneous and do
not exhibit any significant zoning. The granitic
stock (Gr-IV) which outcrops in the northeast
of the Punta Falcone area (Fig. 1), is charac-
terized by the presence of magmatic flow line-
ations defined by K-feldspar megacrysts, and
by numerous rounded mafic enclaves. It is no-
teworthy that mafic enclaves are absent in the
other stocks, suggesting that Gr-IV underwent
a different evolutionary history. Structural
analyses of the contacts among the stocks in-
dicate that the sequence of emplacement be-
gan with the Gr-I intrusion, followed by the in-
trusion of the Gr-II and Gr-III. The absence of
contacts between the latter stocks (Fig. 1) does
not allow the relative timing of their emplace-
ment to be established. The Gr-IV stock
marked the end of the intrusive sequence.

In the Punta Falcone area, a stratified gab-
broic complex also outcrops (Fig. 1), its em-
placement being coeval with that of the Gr-I
stock. The physico-chemical processes of in-
teraction between the gabbroic complex and
the Gr-I stock have been extensively studied
(see Bralia et al., 1982; Poli et al., 1989; Poli
and Tommasini, 1989, for a review). A dyke
swarm, trending 20°-30° N, crosscuts all the
Punta Falcone intrusions. The dyke swarm
consists of both diabases and granitic porphy-
ries and may be linked to the last period of
magmatic activity of Hercynian orogenesis on
the islands of Sardinia and Corsica.
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Fig. 1. Geological sketch map of the Punta Falcone area (after Tommasini, 1987), and location of samples.

3. Petrography and mineral chemistry

According to the normative classification of
Streckeisen and Le Maitre (1979), the Gr-I
samples range from granodiorites (facies A) to
monzogranites (facies B), and leucocratic
syeno-monzogranites (facies C) (Fig. 2). Gr-
II samples are mainly monzogranites, whereas
Gr-III samples are granodiorites (Fig. 2).

Gr-I samples display both equigranular, me-
dium-grained texture (granodiorites and leu-
cogranites), and inequigranular medium- to
coarse-grained texture with pink poikilitic K-
feldspars (monzogranites). Graphic textures
are common in the most evolved Gr-I samples.
Gr-II samples show equigranular, sometimes
slightly inequigranular, medium- to coarse-

T T
O Gr-| fac.C
& Gr- fac. B
A Gr-l fac. A

+ Gr-ll
#* Gr-i
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Fig. 2. Normative classification diagram (Streckeisen and
Le Maitre, 1979) of the Punta Falcone granitic rocks.
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TABLE |

Representative plagioclase analyses from Gr-1, Gr-11, and Gr-111 stocks; structural formula recalculated on the basis of 32 oxygens

Gr-l fac. A Gr-I1fac. B Gr-I fac. C Gr-11 Gr-I11 Gr-II1

core* rim core rim core rim core rim core rim core rim

SiO, 59.00 62.90 58.69 61.11 58.46 62.46 60.12  64.41 54.26 58.76 59.90 6247

TiO, 0.05 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.03 0.00 0.01 0.00
ALO, 26.41 2390 25.63 24.27 26.72 24.12 25.77  21.99 28.64  25.73 25.80  24.14
FeO 0.12 0.11 0.11 0.09 0.06 0.10 0.02 0.17 0.13 0.13 0.11 0.12
CaO 7.58 4.33 7.20 5.85 7.71 5.03 7.15 3.23 10.60 7.29 7.13 4.99
Na,O 6.94 8.46 7.07 8.06 6.94 8.44 7.45 9.71 5.30 6.99 7.26 8.54
K,O 0.25 0.43 0.29 0.40 0.21 0.22 0.20 0.21 0.21 0.33 0.28 0.19
Total 100.35  100.63  99.00 99.78 100.11  100.37 100.71  99.72 99.17 99.23 100.49  100.45
Si 10.496 11.079 10.577 10.892 10.431 11.021 10.639 11.397 9.869 10.568 10.627 11.016
Al 5.538 4.955 5.445 5.099 5.619 5.016 5.375 4.586 6.140 5.455 5.395 5.018
Ti 0.007 0.000  0.001 0.000 0.001 0.000 0.000 0.000  0.004 0.000 0.001 0.000
Fe 0.000 0.006  0.000 0.010 0.000 0.000  0.000 0.017 0.000 0.000 0.000 0.000
Z 16.041 16.030 16.024 16.000 16.051 16.037 16.014 16.000 16.013 16.023 16.023  16.034
Fe 0.018 0.013  0.017 0.004 0.009 0.015 0.003  0.008 0.020 0.002 0.016 0.018
Ca 1.445 0.915 1.390 1117 1.474 0.951 1.356  0.612 2.065 1.405 1.355 0.943
Na 2.394 2.880 2470 2.785 2.401 2.887 2.556  3.331 1.869 2.437 2.497 2.920
K 0.057 0.090 0.067 0.091 0.048 0.050  0.045 0.047 0.049 0.076 0.063 0.043
X 3.913 3.919 3.944 3.997 3.931 3.902 3.960 3.999 4.003 3.938 3.932 3.923
Total 19.953  19.949 19.967 19.997 19.982  19.939 19.974 19.999 20.016 19.961 19.955 19.956

An (%) 37.09 23.39  35.40 27.97 37.57 24.46 3426  15.34 51.85 35.86 34.61 24.14
Ab (%) 61.45 74.13  62.90 69.75 61.21 74.27 64.60 83.46 46.92 62.21 63.77 74.76
Or (%) 1.46 2.48 1.70 2.28 1.22 1.27 1.14 1.19 1.22 1.93 1.62 1.09

The complete sets of microprobe analyses of Tables I, I1, III are available from the authors on request.
*Analysis used in the feedback system (see text).

grained textures. Gr-III samples are equigran- rims (An,s o) (Fig. 3). Plagioclase from Gr-
ular and medium-grained. II has mainly oligoclase compositions, with co-

The mafic minerals of Gr-I and Gr-11I com- res of Ans, 3, and rims of Anyy_, (Fig. 3). In
prise both biotite and hornblende, whereas Gr- contrast, plagioclase from Gr-11I shows a range
11 contains only biotite. The mafic minerals of in composition decreasing from Ans; to Anyg
Gr-1 sometimes occur in clots. Common acces- (cores), and from An;; to An,, (rims) (Fig.
sory phases are apatite, zircon, titanite and al- 3).
lanite. Accessory minerals show euhedral hab- Orthoclase exhibits an anhedral habit. In the
its and are enclosed in plagioclase and mafic monzogranites of Gr-I and Gr-II, it is poikili-
mineral phases. Secondary minerals are chlo- tic with respect to plagioclase and mafic min-
rite and magnetite derived from the alteration erals. It is always strongly perthitic and shows
of mafic phases, and sericite derived from the a restricted compositional range (Orgs_g7) in
alteration of feldspars. all the stocks.

Plagioclase shows euhedral and subhedral Hornblende occurs in euhedral crystals. Ac-
habits and it is normally zoned (Table 1). In cording to the classification of Leake (1978),
all the facies of Gr-I, plagioclase has quite con- the amphiboles of Gr-I are magnesio-horn-

stant compositions both in cores (Ans;_3;) and blendes, whereas those of Gr-I11 are magnesio-



A GEOCHEMICAL APPROACH TO THE EVOLUTION OF GRANITIC PLUTONS 91

An

core rim

ade oD

Ab Or

Fig. 3. Plagioclase compositions of the Punta Falcone
granitic rocks. Core-rim tie lines are also shown.
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Fig. 4. Diagram of the Mg-values [Mg/(Mg+Fe?™)
mol%] for hornblende-biotite pairs of the Punta Falcone
granitic rocks. -

ferro-hornblendes. The hornblendes in the Gr-
II1 stock are richer in Na,O and TiO, and
poorer in MgO than those of Gr-I (Table 2).
In both Gr-I and Gr-111, the hornblendes have
typical magmatic compositions in terms of
their Si0,, FeO, MgO, Na,O, and K,O con-
tents (Gilbert, 1982). A plot of the Mg-value
[Mg/(Mg+Fe®*) mol%] for hornblende-
biotite pairs from Gr-I and Gr-III (Fig. 4)
shows that these minerals plot close to the 1:1
line, indicating crystallization under equilib-
rium conditions. Application of the empirical
hornblende geobarometer of Hammarstrom
and Zen (1986) yields pressures of crystalli-
zation of about 3-4 kbar for both Gr-I and Gr-
I11.

TABLE 2

Representative hornblende analyses from Gr-1 and Gr-1I1
stocks; structural formula recalculated on the basis of 13 cat-
ions exclusive of Ca, Na, K (Robinson et al., 1982)

Gr-I fac. A Gr-I fac. B Gr-111

*)

Si0, 4412 4649 4512 4504 4294 4377
TiO, 1.21 0.98 1.02 0.80 1.59 1.47
AlL,O4 8.48 6.72 8.10 8.09 9.05 8.55
Cr,0, 0.00 0.02 0.04 0.02 0.02 0.00
FeO 20.26  18.89 1959 19.47 2045 21.19
MnO 0.82 0.92 0.89 0.91 0.76 1.05
MgO 9.41 10.62 9.62 9.56 8.66 8.22
CaO 11.35 11.48 11.23 11.36 11.22 11.00
Na,O 1.19 0.99 1.08 1.00 1.24 1.38
K,0 1.01 0.69 0.92 0.90 1.05 1.02
Total 97.85 97.80 97.61 97.15 9698 97.65

Si 6.616 6.902 6.747 6.769 6.531 6.631
Al 1.384 1.098 1.253 1.231 1469 1.369
z 8.000 8.000 8.000 8.000 8.000 8.000
Al 0.115 0.078 0.174 0.203 0.154 0.157
Fe?* 0.809 0.732 0.758 0.722 0.723 0.704
Ti 0.136 0.109 0.115 0.090 0.182 0.167
Cr 0.000 0.002 0.005 0.002 0.002 0.000
Mg 2.103 2350 2.144 2.141 1963 1.856
Fe?+ 1.732  1.614 1.692 1.726 1.879 1981
Mn 0.104 0.116 0.113 0.116 0.098 0.135
Y 5.000 5.000 5.000 5.000 5000 5.000
Ca 1.824 1.826 1.799 1.829 1.829 1.786
Na 0.176  0.174 0.201 0.171 0.171 0.214
X 2.000 2.000 2.000 2.000 2.000 2.000
Na 0.170 0.111  0.112  0.121  0.194 0.191
K 0.193 0.131 0.176 0.173 0.204 0.197
W 0.363 0.242 0.288 0.293 0.398 0.388

Total 15.363 15.242 15.288 15.293 15.398 15.388

Mg# 54.83 59.28 55.88 5537 51.09 4836
char. 45.191 45.268 45.242 45.278 45.277 45.296

Fe3* recalculated on the basis of charge balance.
(*): Analysis used in the feadback system (see text).

Biotite occurs as euhedral crystals and has a
restricted range of composition in all the facies
of Gr-I (Table 3). According to the classifica-
tion of Deer et al. (1971), it is composed of
about 25 mol% of each of the four biotite end
members (Table 3). Biotite occurring in the
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TABLE 3

Representative biotite analyses from Gr-1, Gr-1I and Gr-111
stocks; structural formula recalculated according to Dymek
(1983)

Gr-l Gr-11 Gr-I11

fac.A fac.B fac.C
*)

SiO, 35.64 36.64 36.27 34.46 36.04
TiO, 2.89 3.56 4.09 3.72 3.78
AL O, 14.97 14.16 14.41 16.40 14.42
Cr,0;4 0.00 0.00 0.00 0.02 0.02
FeO 21.92 22.29 20.61 23.62 22.05
MnO 0.52 0.59 0.78 0.88 0.45
MgO 10.41 10.26 10.37 7.04 9.60
CaO 0.02 0.04 0.06 0.02 0.07
K,O 9.83 9.73 9.64 9.52 9.48
Total 96.20 94.27 96.23 95.77 95.91
Si 2.714 2.754 2.737 2.669 2.746
Al 1.286 1.246 1.263 1.331 1.254
z 4.000 4.000 4.000 4.000 4.000
Al 0.058 0.009 0.019 0.166 0.041
Fe** 0.270 0.297 0.306 0.207 0.278
Ti 0.166 0.201 0.232 0.217 0.217
Cr 0.000 0.000 0.000 0.001 0.001
Mg 1.181 1.149 1.166 0.812 1.090
Fe?* 1.126 1.104 0.995 1.322 1.127
Mn 0.034 0.038 0.050 0.058 0.029
Y 2.834 2.799 2.768 2.783 2.783
Ca 0.002 0.003 0.005 0.002 0.006
K 0.955 0.933 0.928 0.941 0.922
W 0.957 0.936 0.933 Q.956 0.928
Total 7.791 7.735 7.701 7.739 7.711
Mg 5119 50.99 53.97 38.05 49.17

char. 21.730  21.703  21.694 21.793  21.722

Easton. 29.28 25.09 28.39 25.19 24.98
Sider. 27.92 24.11 24.21 41.01 25.82
Annite 20.89 24.90 21.82 20.94 25.01
Phlog. 21.91 25.90 25.58 12.86 24.19

Fe3* determined on the basis of charge balance.
(*): Analysis used in the feedback system (see text).

Gr-I11 stock has the same composition, whereas
biotite of the Gr-II stock is poorer in Mg and
richer in tetrahedral Al than that of Gr-1 (Ta-
ble 3). The Al,O;-FeO,,—~MgO diagram (Fig.
5A) shows that biotites of Gr-I and Gr-111 fall
in the field of biotites co-existing with amphi-

G. POLI AND S. TOMMASINI

FeO, 60 50 40 Al,0,
80
Ferr 80 60 40 20 Mg

Fig. 5. A. Al,O;-FeO,,~MgO diagram (De Albuquerque,
1973) of the biotites of the Punta Falcone granitic rocks.
Field I: biotites co-existing with ampbhiboles; field II: bio-
tites unaccompanied by other ferro-magnesian minerals;
field I1I: biotites co-existing with muscovite; field IV: bio-
tites co-existing with aluminosilicates.

B. Fe**-Fe?*-Mg diagram (Wones et al., 1965) of the
biotites of the Punta Falcone granitic rocks.

bole (field I), whereas those of Gr-II lie in the
field of biotites unaccompanied by other ferro-
magnesian minerals (field II), in agreement
with petrographical data. The euhedral shape
of the biotite crystals, and the correlation be-
tween the Mg-value of biotite~hornblende pairs
(Fig. 4) support a magmatic origin for the bio-
tites. On the Fe?*-Fe’*-Mg diagram (Fig.
5B), all biotites fall between the H-M and
NiO-Ni buffers, though biotites of Gr-II sug-
gest a slightly lower fo,.

4. Geochemistry

Major- and trace-element analyses were car-
ried out on 25 samples of the Punta Falcone
granitic intrusions (Table 4); only two sam-
ples of Gr-III were analyzed owing to its small
outcrop area (Fig. 1). The geochemical differ-
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Fig. 6. Discriminant Harker diagrams for the Punta Falcone granitic stocks. Symbols as in Fig. 2.

ences among the three stocks are shown in the
diagrams of Fig. 6. Samples from Gr-II and Gr-
IIT have higher Na,O contents and Na,O/K,0O
ratios, at the same CaO value, than Gr-1. The
cause of the overlap of the Gr-II and Gr-I fields
in the Na,O versus CaO diagram is probably
due to a slight alteration of sample SP 56. Gr-
II samples show lower La contents than the
other analyzed rocks. The (Tb/Yb), ratio is
near unity in the Gr-II and Gr-Il samples, and
slightly greater than unity in Gr-I samples, even
though a partial overlap does exist between Gr-
I samples belonging to facies C and Gr-II
samples. .

Some variation diagrams for Gr-I samples
are reported in Fig. 7 using Sr as the differen-
tiation index. SiO,, K,O, Rb, Th, and Ta are
negatively correlated with Sr, whereas other
major and trace elements show positive corre-
lations. In all the diagrams, major and trace
elements display straight-line trends with sig-
nificant correlation coefficients (see caption to
Fig. 7) at the 99% confidence level for most
elements. Ta and HREE exhibit anomalous
behaviour for some samples as discussed
below.

All chondrite-normalized REE patterns (Fig.
8) exhibit fractionation of LREE and, as stated
above, variable fractionation of HREE. More-
over, the Gr-I samples show a depletion in the
REE content from the least to the most evolved
sample, whereas the REE content of Gr-II is
quite homogeneous and the REE content of Gr-
IIT has increased significantly in sample SP 49
with respect to sample SP 83 (Table 4). Sam-
ples from Gr-I exhibit a marked increase in the
negative Eu anomaly with differentiation; Gr-
II samples display a moderate variation in the
negative Eu anomaly, and the two Gr-111 sam-
ples display both positive and negative Eu
anomalies. Therefore, geochemical as well as
petrographic features allow us to distinguish
between the three granitic intrusions which
outcrop in the Punta Falcone area.

In addition, geochemical variations also
provide a tool for further discrimination within
each stock: the Gr-I samples, which range from
granodiorites to leucogranites, have the widest
range of trace element variation (Figs. 6 and
7); Gr-1I samples have relatively homogene-
ous compositions (Fig. 6); the two Gr-III sam-
ples, despite the restricted outcrop area, ex-
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TABLE 1V

Major (wt.%) and trace elements (ppm ) whole-rock analyses of Gr-1, Gr-IT and Gr-I11

G. POLI AND S. TOMMASINI

Gr-I facies A Gr-I facies B

SP 60 SP 59 SP 41 SP 146 SP 42 SP 88 SP 55 SP 45 SP 85 SP 58 SP 66
SiO, 65.04 66.59 67.48 67.64 67.94 68.18 69.50 70.58 70.88 71.34 72.83
TiO, 0.72 0.62 0.58 0.63 0.56 0.56 0.47 0.42 0.28 0.40 0.26
AlLO, 16.32 15.98 15.52 15.35 15.46 15.60 15.23 14.91 15.96 14.55 14.23
Fe,0, 1.50 1.46 1.41 2.45 1.39 1.33 0.85 0.71 0.94 1.14 1.18
FeO 3.03 2.55 2.60 1.99 2.47 2.40 2.20 2.08 1.40 1.70 1.04
MnO 0.06 0.08 0.08 0.09 0.08 0.07 0.06 0.06 0.06 0.06 0.05
MgO 1.64 1.33 1.30 1.15 1.27 1.18 0.91 0.85 0.48 0.61 0.52
CaO 3.78 3.51 3.23 3.39 3.12 2.99 2.72 2.42 2.14 2.11 1.83
Na,O 3.37 3.19 3.37 3.44 3.15 3.20 3.18 3.10 3.11 3.11 3.01
K,O 3.26 3.70 3.49 3.25 3.59 3.70 391 3.98 4.25 4.14 4.42
P,Os 0.17 0.14 0.15 0.11 0.10 0.15 0.14 0.09 0.05 0.11 0.05
LOI 1.12 0.86 0.80 0.52 0.87 0.63 0.82 0.80 0.45 0.73 0.59
ASI 1.05 1.04 1.05 1.02 1.07 1.09 1.08 1.10 1.18 1.10 1.10
Sc - 14.0 - - 10.2 - 9.0 8.5 5.6 7.5 -
Cr - 20 - - 17 - 10 15 - - -
Co - 9.0 - - 7.2 - 6.7 6.4 4.8 4.5 -
Rb 124 115 131 123 138 133 136 136 141 163 118
Sr 259 258 227 194 216 219 204 184 155 161 136
Y 49 65 42 25 44 37 32 30 28 40 22
Zr 260 254 229 242 221 237 202 183 168 197 156
Nb 19 21 19 16 14 17 14 15 13 17 14
Ba 882 1322 828 634 834 1065 1010 855 789 760 689
Hf - 5.3 - - 4.6 - 4.8 4.5 3.9 4.7 -
Ta - 0.86 - - 1.05 - 0.94 0.91 0.87 1.10 -
Th - 7.7 - - 11.6 - 11.6 11.6 3.4 14.7 -
La - 43 - - 35 - 48 38 39 39 -
Ce - 84 - - 57 - 93 71 74 81 -
Nd - 27 - - 31 - 44 33 24 29 -
Sm - 6.3 - - 7.0 - 6.0 5.2 4.2 5.4 -
Eu - 1.50 - - 1.10 - 1.30 1.10 0.90 0.95 -
Tb - 0.77 - - 0.72 - 0.80 0.62 0.66 0.65 -
Yb - 2.70 - to 2.66 - 2.50 2.20 2.20 2.10 -
Lu - 0.40 - - 0.41 - 0.41 0.34 0.38 0.30 -
Eu/Eu* 0.92 0.67 0.79 0.83 0.73 0.68
Tb,/Yb, 1.16 1.10 1.31 1.15 1.22 1.26
2REE 188 154 219 170 164 178

ASI: (AL,O,/ (Na,0+K,0+Ca0)) mol%, correctéd for apatite content.
—: not determined. Major elements (exclusive of FeO, MgO, Na,0, P,0sand LOI determined by wet chemical analyses ) analyzed
by X-ray fluorescence spectrometry (XRF) with full matrix correction after Franzini et al., 1972; Rb, Sr, Y, Zr, Nb, Ba by XRF
after Kaye (1965); Sc, Cr, Co, Hf, Ta, Th, and REE by instrumental neutron activation analysis (INAA) (Poli et al., 1977).
Values of La and Ce in brackets were determined by XRF. '

hibit a significant chemical variation in major
and trace elements (Fig. 6; Table 4).
Petrographical and geochemical data also
suggest that all these intrusions can be classi-
fied as I-type granitoids, and support an origin
by partial melting of igneous lower crustal ma-
terial (Tommasini et al., in prep. ). In fact, even

though ASI (alumina saturation index) values
point to a slightly peraluminous character
(Table 4), the Na,O and K,O contents (Table
4) as well as the presence of hornblende (ex-
cluding the Gr-II samples) and titanite in all
samples support the I-type character (see
Chappell and White, 1974).
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Gr-l facies C Gr-Il Gr-II1
SP87 SP68 SP78 SPI105 SP106 SP8 SPI157 SP56 SP40 SP156 SP158 SP154 SP83 SP49
73.25 73.35 7396 74.29 75.18 7548 71.26 72.20 7230 72.33 72.49 72.81  63.19 68.77
0.25 0.27 0.22 0.21 0.13 0.16 0.30 0.24 0.27 0.25 0.28 0.24 0.73 0.56
14.19 14.15 14.29 13.56 13.33 13.47 15.03 1548 14.54 14.68 14.41 14.52 18.21 15.61
0.69 0.86 0.95 0.81 0.43 0.53 1.55 0.88 0.82 1.13 1.08 0.92 1.60 1.23
1.08 0.94 0.60 1.12 1.00 0.64 1.10 1.28 1.56 1.20 1.39 1.30 3.16 2.40
0.05 0.05 0.04 0.06 0.05 0.03 0.09 0.06 0.08 0.08 0.08 0.07 0.09 0.08
0.38 0.43 0.30 0.43 0.20 0.20 0.48 0.32 0.51 0.37 0.48 0.38 1.53 1.00
1.61 1.55 1.36 1.46 0.89 1.02 1.98 2.51 1.95 2.03 2.11 1.89 4.12 3.17
3.16 3.04 3.21 3.10 3.02 2.65 3.52 3.13 3.46 343 3.40 3.50 3.66 3.79
4.61 4.82 4.79 4.26 5.36 5.27 4.09 3.22 3.68 3.95 3.73 3.92 2.77 2.90
0.05 0.19 0.05 0.03 0.05 0.03 0.10 0.11 0.12 0.08 0.09 0.08 0.21 0.16
0.68 0.36 0.22 0.65 0.37 0.52 0.50 0.56 0.73 0.46 0.46 0.36 0.73 0.83
1.09 1.12 1.11 1.10 1.09 1.14 1.11 1.20 .12 1.09 1.09 1.09 1.14 1.06
5.6 - 4.6 3.4 4.10 3.4 - 4.5 5.00 - 5.1 - 14.5 12.2
11 - 3 - - 8 - 2 - - - - 19 -
4.1 - 2.6 2.5 2.7 2.9 - 2.6 2.5 - 2.8 - 9.5 6.5
164 159 181 153 173 152 171 129 138 147 149 153 100 118
115 117 103 108 43 86 159 185 164 155 168 139 298 232
26 29 34 23 33 27 24 30 35 22 25 26 37 70
132 140 134 142 109 120 135 120 136 119 129 128 291 246
15 16 16 11 18 11 12 15 20 12 11 10 17 20
560 569 498 544 466 4383 568 538 570 558 535 567 945 969
34 - 32 3.7 2.9 4.0 - 3.1 3.2 - 34 - 6.9 5.7
0.78 - 1.16 1.00 1.70 1.09 - 1.10 1.00 - 1.20 - 0.90 1.80
16.3 - 16.8 13.6 16.3 14.0 - 10.3 10.9 - 11.0 - 8.8 14.2
32 - 32 37 26 27 (23) 28 25 (20) 27 (25) 43 49
66 - 55 63 49 65 (43) 54 49 (43) 56 (56) 91 102
24 - 23 25 21 34 - 22 16.1 - 25 - 38 42
5.3 - 4.9 4.1 4.6 6.2 - 3.9 4.7 - 4.7 - 5.1 8.3
0.78 - 0.71 0.60 0.40 0.91 - 0.87 0.76 - 0.80 - 1.60 1.40
0.57 - 0.60 - 0.96 0.69 - 0.60 0.52 - 0.71 - 0.65 1.10
2.10 - 2.28 2.20 3.10 2.74 - 2.40 2.60 - 2.70 - 3.10 4.90
0.31 - 0.40 - 0.50 0.45 - - 0.40 - - - 0.46 0.71
0.61 0.56 0.52 0.25 0.60 0.78 0.68 0.60 1.22 0.64
1.11 1.07 1.11 1.26 1.03 1.02 0.82 1.07 0.86 0.92
148 137 150 128 157 128 114 136 204 241

5. Discussion

The strongly perthitic nature of the K-feld-
spar and the hornblende geobarometer (Ham-
marstrom and Zen, 1986) indicate that the
emplacement of these intrusions occurred at
medium crustal levels (10-12 km). Further-

more, the biotite chemistry (Fig. 5B) suggests
similar f,, conditions, between the H-M and
NiO-Ni buffers, during the crystallization of
each stock. Nevertheless, field observations,
and petrographic, geochemical, and mineral
chemistry data, indicate that the three granitic
stocks underwent different evolutionary
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Fig. 7. Gr-I whole-rock variation diagrams for major and trace elements, plotted versus Sr abundances. Liquid (open
circle) and solid (closed circle) end members are also shown (see text for explanation). Other symbols as in Fig. 2.
Correlation coefficients (R) of the regression lines are (including elements not shown in figure): SiO,= —0.97; TiO,=0.96;
Al;05=0.91; FeO,,,=0.94; MnO=0.74; Mg0=0.96; Ca0=0.97, Na,0=0.96; K,0=0.92; P,05=0.89; Sc=0.94;
Co=0.96:Rb=—-0.87;Y=0.67;Zr=0.97, Nb=0.49; Ba=0.86; Hf =0.91; Ta= —0.33; Th=—0.88; La=0.84; Ce=0.67;
Nd=0.72; Sm=0.55; Eu=0.93; Tb=0.84; Yb=0.80; Lu=0.74. Samples SP106 and SP86 have been excluded from the
regression line calculation of Tb, Yb, and Lu; sample SP 106 has also been excluded from the regression line calculation

of Ta (see text for explanation).

processes.

The Gr-II stock exhibits a fairly homogene-
ous composition in terms of both the whole-
rock chemical analyses and mineral chemistry
data, indicating that it may represent a single
magmatic batch which did not undergo signif-

icant differentiation during its cooling history.

In contrast, both mineral chemistry and geo-
chemical data (Table 4) suggest that the vari-
ations between the two Gr-III samples are
probably due to a fractional crystallization
process, with separation mainly of plagioclase
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Fig. 8. Chondrite-normalized (Haskin et al., 1966) REE
patterns of the Punta Falcone granitic rocks.

and subordinately of hornblende, biotite, and
accessory amounts of zircon.

A more detailed discussion of the differen-
tiation history of the Gr-II and Gr-III stocks is
beyond the aim of this paper, inasmuch as it
concerns the study of the more complex differ-
entiation history of the Gr-I stock.

5.1. Constraints on Gr-1 differentiation

Any model attempting to represent the pro-
cesses which operated during the differentia-
tion of the Gr-I stock must account for the fol-
lowing  geological,  petrographic, and
geochemical features: (i) the three Gr-I facies
exhibit transitional contacts; (ii) mineral
chemistry data indicate that hydromorphic
mineralogical phases (plagioclase cores, bio-

tite, hornblende) have constant compositions
in all three facies of Gr-I (Tables [-3), and
they show no evidence of resorption or reac-
tion rims; (iii) in bivariate diagrams, all ele-
ments display straight line trends with signifi-
cant correlation coefficients (Fig. 7).

Accordingly, the following processes were
considered in order to explain the differentia-
tion of Gr-I stock: (1) Rayleigh fractional
crystallization; (2) mixing between different
magmas; (3) restite unmixing; (4) unmixing
within a single magmatic batch.

The hypothesis of a simple fractional crys-
tallization process is plausible on the basis of
the transitional contacts among the Gr-I fa-
cies. However, the question arises how to get
straight-line trends in all bivariate diagrams, in
particular for the trace elements (Fig. 7). The-
oretically, Rayleigh fractional crystallization
can produce straight-line bivariate diagrams
only if two elements have the same value for
the bulk distribution coefficient, and provided
there is no change in the fractionating mineral
assemblage. In practice, it may be arguable to
distinguish between a straight-line and an ex-
ponential trend if the degree of crystallization
is not very large (e.g. 20-30%), and if the bulk
distribution coefficients of trace-element pairs
are similar. As regards the Gr-I stock, there are
several constraints which rule out fractional
crystallization as the dominant process re-
sponsible for its differentiation:

(A) The condition that the bulk distribu-
tion coefficients of trace-element pairs are
similar is not always satisfied, e.g. Rb and Sr
behave as incompatible, and compatible ele-
ments, respectively (Fig. 7); and hence they
have very different bulk distribution
coefficients.

(B) Calculations using XLFRAC (Stormer
and Nicholls, 1978) indicate that a large de-
gree of solid segregation (about 50%) is nec-
essary to pass from granodiorites to
leucogranites. :

(C) Itis unlikely that the fractionating min-
eral assemblage did not change during the frac-
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tional crystallization process, e.g. K-feldspar
started to crystallize during the sequence of
evolution from granodiorite to leucogranite.

(D) In a regime of a changing liquid com-
position (from granodiorite to monzogranite
and leucogranite ), the compositions of the co-
existing liquids and solids must change sym-
pathetically: how is it then possible for the pla-
gioclase cores, biotite, and hornblende to have
the same composition in all the three Gr-I fa-
cies (Tables 1-3)? The euhedral grain shape
of the above phases, with evidence of neither
resorption nor reaction rims, suggests that they
crystallized in equilibrium with the liquid, and
excludes the possibility of them representing
early-stage minerals entrained during segrega-
tion of the successive liquids from the parental
granodioritic magma.

On the other hand, the straight-line trends in
the bivariate diagrams (Fig. 7) may also be the
result of a mixing process.

The process of mixing of different magmas
(i.e. aleucogranite and a granodiorite) can ac-
count for the geochemical variations of Gr-I
samples. However, a mixing process between a
crystal-mush (i.e. granodiorite) and a crystal-
free magma (i.e. leucogranite) must be as-
sumed to explain the identical compositions of
the main mineralogical phases. Accordingly;
disequilibrium textures (e.g. Hibbard, 1981)
should occur in the Gr-I samples. The absence
of such textures rules out the operation of such
a mixing process. In addition, the high viscos-
ity of felsic magmas prevents large-scale mix-
ing processes such as would be needed to ac-
count for the differentiation of the Gr-I stock.

The restite unmixing model has recently
been the subject of some controversy (e.g.
Chappell et al., 1987; Wall et al., 1987). Ques-
tions arise especially concerning the mineral-
ogical, textural and chemical criteria for the
recognition of restite components, and the
possibility that restite is entrained during seg-
regation of the melt from the residual source
rock. As regards the evolution of the Gr-I stock,
restite unmixing does not seem to have played

G. POLI AND S. TOMMASINI

a dominant role: plagioclase cores, horn-
blendes, and biotites have euhedral shapes,
whereas restite phases should show anhedral
and resorbed grain shapes. In addition, horn-
blende and biotite exhibit magmatic composi-
tions, and have features indicating an almost
contemporary crystallization under equilib-
rium conditions (Fig. 4). Plagioclase zoning
with constant core compositions in the three
Gr-I facies may be taken as evidence for a res-
tite origin; however, their anorthite contents
(37-31%) are not as calcic as inferred by pro-
ponents of the restite model (ca. Angy, Chap-
pell et al., 1987). In conclusion, mineralogical
and textural evidence suggests that restite in-
corporation is not the major factor controlling
the chemical variation of the Gr-I stock.

Instead, an unmixing process within a single
magmatic batch can account for all the ob-
served chemical and petrographical variations
of Gr-I stock. The proposed evolutionary
model consists of two main stages: (1) the Gr-
I parental magma undergoes an in-situ frac-
tional crystallization process developing a solid
and a liquid phase, represented by early-crys-
tallized minerals and residual liquid, respec-
tively; (2) the relative proportions of the solid
and liquid phases in the magma, by then a
mush, are modified by a filter pressing process,
which squeezes the liquid inward to the core of
the intrusion (see below for a more detailed
discussion of this physical process). Accord-
ingly, the model accounts for the occurrence of
transitional contacts among Gr-I facies as well
as for the constant composition of plagioclase
cores, biotites, and hornblendes (solid phase)
in all the Gr-I facies, inasmuch as each sample
represents a cumulus—intercumulus mixture
between various proportions of solid and lig-
uid phases.

5.2. The Gr-I unmixing model
In every mixing model, it is crucial to iden-

tify the chemical composition of the end mem-
bers. Our strategy has been to determine the Sr
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Fig. 9. Diagrams of trace- element ratios versus trace- element content and companion plots of the Gr-1 rocks. Hyperbolic

and straight-line trends are also indicated. Symbols as in Fig. 2.

concentration in both the solid and liquid end
members, and to use bivariate diagrams with
Sr as differentiation index (Fig. 7), to deter-
mine the concentrations of other elements
(Table 6).

In agreement with a simple two end member
mixing model (Langmuir et al., 1978), plots
of trace element ratios versus trace element
contents, and their companion diagrams (Fig.
9), display hyperbolic, and straight-line trends,
respectively. Such diagrams also allow the con-
centration of an element in the end members
to be determined from the asymptotes to the
hyperbola, provided the radius of curvature of
the hyperbola is not very large. From plots of
incompatible/compatible element ratios ver-
sus Sr (e.g. Rb/Sr vs. Sr, Fig. 9), it was, thus,
determined that 40 ppm is a plausible value for
the Sr concentration in the liquid end member
(C57). In contrast, the Sr concentration in the

solid end member (C>") was determined us-
ing a feedback system, inasmuch as it cannot
be accurately defined from plots of compati-
ble/incompatible element ratios versus Sr (e.g.
Co/Thvs. Sr, Fig. 9), owing to the large radius
of curvature of the hyperbola.

The main steps of the “feedback system’ are
illustrated in the flow sheet of Fig. 10. Once a
provisional bulk chemical composition of the
solid end member has been determined (Steps
I and II), an iterative mixing program based
on major elements, is used to calculate its
modal composition (weight%, Step 1II). The
chemical composition of the solid end mem-
ber (Step II) and representative analyses of the
early-crystallized minerals (Tables 1-3), are
used as entry data (quartz is assumed to be
100% Si0,). In Step IV, the bulk distribution
coefficients (D) of a set of trace elements are
calculated using the modal composition of the
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concentration of Sr In the
solid end-member from
Fig. 10
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Calculation of the parental
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Fig. 10. Schematic flow sheet illustrating the “feedback system’ employed in the calculation of the bulk chemical com-
position of the solid end member (see text for explanation). Distribution coefficients used in Step IV are reported in the

Appendix (Table A-1).

solid end member (Step III) and by adding
provisional amounts of accessory phases (apa-
tite, zircon, titanite, and allanite). Accord-
ingly, using the provisionally calculated D val-
ues, the amount of residual liquid (F) is
determined for each trace element by solving
eq. A-3 in the Appendix. The range of F given
by all trace elements is then minimized by
changing the amounts of the accessory phases,
in accordance with estimates made on the ba-
sis of petrographic data. At this point, two con-
ditions must be satisfied in order to exit from
the iterative cycle: (i) the range of F given by
all trace elements must be as narrow as possi-
ble, say less than 10% (Step VI); (ii) the cal-
culated modal composition of the solid end
member must be in agreement with petro-
graphic data (Step VII). If just one, of these

two conditions is not satisfied, the iterative
cycle is repeated choosing another provisional
Sr concentration for the solid end member
(Step I). If, instead, both conditions are satis-
fied, the composition of the parental magma is
calculated using eq. A-4 in the Appendix, and
the plots of Fig. 7 (Step VIII).

In Table 5, the results of three provisional
values of C.° (300, 350, 400 ppm) are re-
ported as examples of the computed “feedback
system”. The value of C;5"=300 ppm was re-
jected because the range of F given by the trace
elements (Fig. 11A) is very large (20%-90%,
Step VI of Fig. 10), and because the modal
composition of the solid end member is not in
agreement with petrographic data (horn-
blende is absent from the calculated mode, Step
VII of Fig. 10). The value of C;5*'=400 ppm
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TABLE 5

Major element compositions of three provisional solid end
members

CS" (ppm) 300 350 400

A B A B A B

Si0, 63.98 64.15 61.49 61.49 58.99 58.99
TiO, 0.78 0.82° 092 0.81 1.06 0.80
Al O, 16.66 16.10 17.00 16.62 18.05 17.38
FeO, 488 501 568 580 649 6.31
MnO 0.09 0.13 0.10 0.16 0.10 0.20
MgO .72 227 205 2.64 238 288
CaO 424 403 495 492 566 5.63
Na,O 335 3.68 342 385 3.47 4.09
K,0 2,87 229 230 209 L75 197
Sum of squares

of residuals 1.1773 0.7525 0.9120
pl? 53.1 54.4 57.0
qz? 24.7 19.2 13.9
bt? 22.2 19.4 17.6
hb® 0.0 7.0 11.5

? Computed modal compositions (wt.%) of the three provi-
sional solid end members (pl=plagioclase; qz=quartz,
bt =biotite; hb=hornblende)

(A) inferred from the bivariate plots of Fig. 7 according to
the three values of C5; (B) calculated with the mixing pro-
gram using representative mineral analyses of Gr-I (labelled
with “*”1in Tables I, II, I1I)

was rejected because the range of F given by
trace elements (Fig. 11C) is again very large
(30%-90%). The best result was:obtained for
the value C.5"=350 ppm: the calculated modal
composition of the solid end member agrees
with the petrographic data, and the range of F'
given by the trace elements (Fig. 11B) is very
narrow (65%-70%). Accordingly, the compo-
sitional range of the Gr-I parental magma was
calculated (Table 6) on the basis of a 30-35%
in-situ fractional crystallization involving the
production of the solid and liquid phases (Step
VIII of Fig. 10). ~

It is noteworthy that calculations using pro-
visional Sr contents higher and lower than 350
ppm in the solid end member do not satisfy the
conditions of Step VI and/or Step VII; there-
fore, the “feedback system” employed repre-
sents a self-consistent tool to determine the

bulk composition of the solid end member.

Although the geochemical constraints are in
good agreement with the proposed model,
some samples scatter around the linear regres-
sion lines (Fig. 7). This scatter may be due to
small-scale heterogeneities, both physical and
mineralogical. Physical factors such as local
variations in the degree of filter pressing, and
mineralogical factors such as differences in
sizes, shapes, and densities of minerals can
complicate a perfect two end member mixing
process. However, local variabilities in the un-
mixing cannot be invoked for the significantly
higher contents in HREE and Ta of samples SP
86 and SP 106 (Fig. 7). High enrichment fac-
tors for HREE and high field strength elements
(HFSE) are very common in the final stages
of the crystallization of granitic melts (e.g. Mi-
neyev, 1963; Taylor et al., 1981; Mittlefehldt
and Miller, 1983; Poli et al., 1989). In the Gr-
I samples, a further crystal-liquid fractiona-
tion process, or the escape of a late fluid phase
from the Gr-I magma cannot explain these
“anomalous” enrichments of Ta and HREE
which are not accompanied by sympathetic
variations of other trace elements. A possible
explanation might be found in an increase in
volatile activity (B, Cl, F, OH), which inhibits
the crystallization of HREE and HFSE-con-
suming accessory phases (London et al., 1989)
and allows the enrichment of HREE and HFSE
in the residual melt.

Finally, we wish to emphasize the physical
process responsible for the differentiation of
the Gr-I stock. The main stages are illustrated
in the schematic cartoon of Fig. 12: (1) the Gr-
I parental magma undergoes a 30-35% in-situ
fractional crystallization process which pro-
ceeds inwards from the walls developing a solid
(early crystallized minerals ), and a liquid (re-
sidual liquid) phase; (i1) the proportions of the
two phases are then modified by filter pressing
due to volume shrinkage during magma cool-
ing, and/or to tectonic forces still acting on the
environs of magma emplacement. Accord-
ingly, the three Gr-I facies (Fig. 1) result from
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Fig. 11. Diagrams showing variations in the bulk distribution coefficient (D) for various trace elements as a function of
the amount of residual liquid (solid lines, calculated from eq. A-3 in the Appendix). (A) C,5'=300 ppm; (B) CS5 =350
ppm; (C) CS =400 ppm. Solid circles: calculated D; using the different modal compositions of the three solid end-
members (Table 6). The percentages (wt.%) of accessory phases are also reported in the figure.
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Fig. 12. Schematic cartoon illustrating the two-stage model proposed for the differentiation of the Gr-I stock (see text):
I =parental granitic magma; 2=residual liquid (liquid end member); 3=early crystallized minerals (solid end member);

4 =aplitic dikes; 5 =direction of movement of the residual liquid.
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TABLE 6

Whole-rock composiﬁion of the solid and liquid phases of the
Gr-lI stock, and compositional range of the Gr-I parental
magma for different amounts of residual liquid (F)

C, C F (%)

65 70
$i0, 61.49 76.99 71.59 72.34
TiO, 0.92 0.04 0.35 0.30
ALO, 17.00 13.15 14.60 14.40
FeO, 5.68 0.69 2.43 2.19
MnO 0.10 0.04 0.06 0.06
MgO 2.05 0.01 0.72 0.62
Ca0 4.95 0.54 2.08 1.86
Na,O 3.42 3.00 3.14 3.12
K,O 2.30 5.34 4.46 4.28
P,0; 0.21 0.01 0.08 0.07
Rb 98 177 149 153
Sr 350 40 148 133
Ba 1348 356 703 653
Zr 327 89 172 160
Th 5.9 17.7 13.5 14.0
Ta 0.85 1.04 0.98 1.0
Hf 6.3 2.9 4.1 3.9
La 53 26 36 34
Ce 97 54 69 66
Sm 6.9 4.4 5.2 5.1
Eu 1.83 0.47 0.94 0.88
Tb 0.91 0.49 0.64 0.62
Yb 3.00 1.83 2.24 2.18

an unmixing process within a single batch of
magma.

Filter pressing by means of volume shrink-
age can play an important role in the differen-
tiation of granitic magmas. Simple calcula-
tions, based on density differences (using
values at 1 atm) between an acid magma (ca.
2.2 g/cm?) and a granitic rock (ca. 2.7 g/cm?)
yield a decrease of about 20% in the magma
volume when it is completely solidified, thus
allowing the migration of the residual liquid
inward to the core of the intrusion.

6. Conclusions

In this paper, the complex differentiation
history of a granitic stock (Gr-I) which out-

crops in the Punta Falcone area has been stud-
ied, and a model for the evolution of granitic
magmas by an unmixing process within a sin-
gle magmatic batch has been proposed.

Fractional crystallization and restite unmix-
ing processes have been considered, but they
do not seem to be the dominant mechanisms
which produced the geochemical variations of
the Gr-I stock. Instead, whole-rock geochem-
istry and mineral chemistry data suggest that
Gr-I differentiation can be quantitatively ac-
counted for by a two-stage model. In the first
stage, a 30-35% in-situ fractional crystalliza-
tion occurred in the parental magma, produc-
ing a solid (early-crystallized minerals) and a
liquid (residual liquid) phase, while subse-
quently, in the second stage, the proportions of
these two phases were modified by a filter
pressing segregation mechanism; therefore,
each sample represents a cumulus-intercumu-
lus mixture between the liquid and solid phases
developed in stage I. The bulk chemical com-
positions of these phases have been deter-
mined using simple mixing diagrams, and a
self-consistent ““feedback system” of calcula-
tion, respectively. Filter pressing is the driving
mechanism which favours the migration of the
liquid towards the core of the intrusion, and
results in the formation of the roughly concen-
tric normal zoning of the Gr-I stock.
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Appendix

Equations employed in the geochemical calculations
(Allégre and Minster, 1978). Given:

C=CoP™" (A-1)
and:

C,(1=FP
Cs————’('l*‘:l‘;—')‘ (A-2)

it follow that:

_—log[1+C/C(F~'=1)]

D= logl (A-3)
and:
C,=C, F\—D (A-4)

where C,, C, and C; are the concentrations of a trace ele-
ment in the parental magma, in the residual magma, and
in the bulk separated solid fraction, respectively; F is the
liquid fraction remaining after the fractionation process,
and D is the bulk distribution coefficient of the fraction-
ated assemblage.

TABLE A-1

Crystal liquid partition coefficients employed in the com-
puted fractional crystallization exercise

pl bt hb ap zr tit al
Rb 0.04 3.0 0.01 0.0 0.0 0.0 0.0
Sr 7.6 0.13 0.02 0.0 .0 0.0 0.0
Ba 0.81 10.8 0.42 0.0 0.0 00 0 .0
Zr 026 0.65 0.0 0.64 2000 0.0 0.0
Hf 0.2 0.36 0.0 0.73 1400 29 28
Th 0.01 024 029 0.0 91.2 56 420
Ta 0.04 1.0 0.33 0.0 54.8 2200 4.4
La 046 030 0.90 25.0 3.11 19.2 2827
Ce 0.28 0.32 1.52 347 3.49 33.6 2494
Sm 0.16 0.26 7.77 62.8 4,72 352 756
Eu 3.6 0.24 5.14 304 423 189 100
Tb 0.13 0.28 11.5 78.0 35.1 218 235
Yb 0.07 0.30 8.38 27.6 516 105 24.5

(pl=plagioclase; bt=biotite; hb=hornblende; ap=apatite;
zr=zircon: tit=titanite; al=allanite). Kd for quartz are as-
sumed for all elements equal to zero.

Source of data: Arth and Hanson, 1975; Crecraft et al., 1981;
Fourcade and Allegre, 1981; Fujimaki, 1986; Hellman et al.,
1979; Mahood and Hildreth, 1983; Rose et al., 1979; Verner-
iesetal., 1977,
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