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Abstract: Magmatic rocks of Western Sicily display spheroidal coarse-grained aggregates (enclaves) of leucocratic min
erals, identical in both composition and zoning to minerals in the surrounding rock. Liquid immiscibility phenomena are 
indicated by immiscible glass globules in each other and confirmed by exploratory melting experiments. Moreover, de
tailed mineralogy indicates that the Sicilian enclaves originated as immiscible felsic liquids that separated from a basic 
magma, and rule out the other possibility that they are formed by mixing of two liquids generated independently one from 
the other. This study provides a basis for interpreting the cooling history of the two-liquid Sicilian magma. Our results 
strongly support Lucido’s (1990) theory according to which, in time, as the temperature of a critical basic magma decreases, 
a liquid-liquid phase separation in an acidic sense occurs.
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Introduction

Most researchers hold that silicate liquid immiscibility is not a 
very significant phenomenon in the petrogenetic processes of 
eruptive rocks. This limited support for liquid immiscibility is 
due essentially to two reasons. The first reason is connected to 
some articles brought out by Greig (1927, 1928) and Bowen 
(1928). In fact, these authors agree in maintaining that there is 
not any well-grounded reason to suppose unmixing processes 
during the consolidation of melts having the composition of 
magmas. Generally, Greig (1927,1928) and Bowen (1928) tend 
to exclude that silicate liquid immiscibility can be the cause of 
the differentiation process. As a result, experimental inves
tigations were not encouraged in this direction, and the process 
of fractional crystallization became the fundamental theory of 
magmatic differentiation. The second motive for the poor credit 
given to liquid immiscibility is the scarcity of evidence found 
in natural systems during the last half century. The first indis
putable proof of the existence of liquid immiscibility in magmas 
was found in the Apollo 11 samples brought back from the 
Moon (Roedder & Weiblen 1970a). Subsequently, glasses con
taining immiscible globules in each other were discovered in 
various terrestrial rocks (e.g. De 1974; Philpotts 1978, 1979). 
These clear evidences o f liquid immiscibility are supported 
by several experimental studies (e.g. Ferguson & Currie 1971, 
1972; Massion & Koster van Groos 1973; Philpotts 1971,1976; 
Dixon & Rutherford 1979). During research carried out on ba
saltic rocks of the Sicanian Mts. (Western Sicily), the study of 
enclaves (see Didier & Barbarin 1991) and their relative host- 
rock appeared of considerable interest because it may provide 
valuable information on the role of liquid immiscibility in the 
differentiation of magmas (Lucido 1981). In this paper, detailed 
mineralogical and petrological data on the Sicilian rocks are 
presented and their genetic significance is discussed.

Petrographie features pertaining to feisic enclaves 
and their enclosing mafic rock

The Sicilian igneous outcrop in which the enclaves occur is 
one of a number of basaltic manifestations which originated 
from fissure activity in the Sicanian Basin (Lucido et al. 1978). 
In the Meso-Cenozoic period, this basin represented the south
west termination of the great Pindos seaway which cut through 
the southern continental margin of the Tethys (Scandone 1975). 
The outcrop was first reported on by Baldacci (1886) who con
sidered it a basaltic dike. More recently, Broquet (1968) con
sidered the outcrop to be a diabase. In agreement with Broquet 
(1968), the outcropping petrographic types are essentially al
kali diabases containing felsic enclaves. Diabases and their en
claves occur as a dike. The outcrop is poorly exposed, making 
it extremely difficult to determine the relationships between the 
magmatic rocks and the country rocks. The alkaline rocks form 
three small hillocks which crop out upon a probable erosion 
surface of Paleocene, Eocene and Oligocene sediments. Lack
ing geochronological data and because of the poor field-rela- 
tionships the actual age of the igneous rocks is uncertain. A geo
logical sketch map of the Sicilian igneous outcrop is given in 
Fig. 1.

Tab. 1 shows the major-oxide compositions (wt. %) of the 
Sicilian rocks. The contrast between the chemical compositions 
enables us to divide them into two groups. The first group con
sists of felsic enclaves (analyses 1-6), the second consists of 
enclosing mafic rocks (analyses 7-12). The Sicilian felsic en
claves are clearly richer in Si, Al, Na, K, and are poorer in 
calcium, magnesium, iron, manganese, titanium and phospho
rus than the mafic rocks. In this maimer, the elements normally 
forming framework structures are concentrated in the felsic por
tions, whereas the less polymerizing ones are partitioned into the 
mafic rocks.
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Although enclaves are found throughout the outcrop, their 
abundance and size increase towards the north-eastern part of 
the outcrop; most of them are clearly visible because of their 
much lighter colour. The Sicilian enclaves commonly range 
from a few centimetres to some decimetres in size; however, 
several enclaves measure less than 1 cm in diameter and are too 
small for simple separation. The largest enclave found is nearly 
25 cm long and appears flattened. As indicated by their cuspate 
borders the small enclaves coalesce between themselves to form 
larger enclaves. The enclosing rock of the fresh samples is black 
and fine-grained, whereas the rock of the weathered ones is of 
a greenish colour which is locally light, tending to be greyish. 
At times, mafic spherules are found at the cuspate margins of 
the felsic portions (Lucido 1981). Zoning is much developed 
in minerals common to both host-rock and enclave. Finally, 
lenses and veinlets a few millimetres wide are sometimes scat
tered in the host-rock.

Mineralogy and crystal-chemistry

Modal analyses in volume percent of two representative Si
cilian rock-specimens are presented in Tab. 2. The minerals 
occurring in the mafic host-rock are the same as those in the felsic 
enclave, but they occur in differing proportions, with leucocratic 
and hydrous phases concentrated in the felsic fraction. Electron 
microprobe analyses of the minerals were carried out at the 
University of Modena by an ARL-SEMQ instrumentation op
erating at 20 Kv and 20 nA. Microprobe analyses have been 
made of all the phases, except ilmenite and rarer accessory 
minerals, in over 10 representative rock-specimens. For each min
eral species taken into account, phases occurring in both felsic 
and mafic fractions were analysed. The analyses were corrected 
for matrix effects using the calculations of Bence & Albee (1968). 
The results were averaged as necessary and are presented in 
the appropriate tables. In a single-crystal, for descriptive pur
poses, we will distinguish a border zone, a middle zone, and a 
core zone.

Table 1: Chemical analyses of felsic enclaves (1-6) and mafic rocks (7-12) from Western Sicily (Lucido 1981).

Elements 

(wt. %)

1

core

2

border

3 4 5 6 7 8 9 10 11 12

SÍO2 51.08 54.42 51.86 52.41 52.00 53.15 43.38 43.49 43.61 43.04 43.88 42.42

АЬОз 15.66 17.16 15.68 15.70 16.84 17.19 11.29 11.46 11.31 11.30 11.92 11.10

FeOtot 8.78 6.47 8.47 7.67 7.73 7.03 14.11 13.30 13.90 13.57 13.95 14.51

MgO 4.00 3.17 3.90 4.59 3.10 2.58 8.99 8.65 8.85 8.90 8.68 9.45

CaO 4.60 1.78 4.64 3.20 3.10 2.40 6.35 6.70 6.55 6.18 6.58 7.06

NazO 5.14 4.83 5.06 4.43 5.59 6.02 2.78 2.96 2.82 2.84 2.39 2.04

K2O 3.78 5.87 3.82 4.70 4.29 5.10 2.03 2.05 2.13 2.13 2.05 1.79

T1O2 2.22 1.23 2.22 1.84 1.82 1.69 3.41 3.17 3.36 3.29 3.39 3.69

P2 O5 0.29 0.17 0.44 0.24 0.32 0.16 1.58 1.52 1.44 1.50 1.05 0.79

MnO 0.16 0.12 0.16 0.13 0.14 0.12 0.19 0.18 0.18 0.18 0.18 0.18

H2O 0.84 0.71 1.16 1.19 1.20 0.86 2.20 3.00 2.03 1.99 2.18 2.67
HzO" 4.20 3.58 3.22 4.01 4.56 4.39 4.30 4.15 4.0.1 5.06 4.24 4.87
Total 100.75 99.51 100.63 100.11 100.69 100.69 100.61 100.63 100.19 99.98 100.49 100.57
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Fig. 1. Geological sketch map. 1 - Grey bluish marls from the Middle 
to the Upper Miocene; 2 - Sandy marls of the Upper Oligocene; 3 - 
Calcareous clays and red marls, limestones and white marly lime
stones (Paleocene-Upper Eocene); 4 - Light siliceous limestones of 
the Upper Trias; 5 - Dolomitic limestones and dolomites of the Upper 
T rias; 6 - Alkaline mafic rocks enclosing felsic enclaves; 7 - Geologic 
boundaries; 8 - Anomalous contacts; 9 - Road (after Broquet 1968). 
The small square in the inset indicates the location of the outcropping 
magmatic rocks.
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Fig. 2. Felsic enclave from Western Sicily showing andesine crystal 
(A) enclosing a titanaugite crystal (T), which in turn contains a subhedral 
pseudomorph (P) after presumed olivine. Width of Fig. 2 is 800 J im  

(parallel nicols).

Main mineralogical phases

Clinopyroxene is an essential phase of all rock-samples. Both 
host-rock and enclaves contain some pyroxene phenocrystś whose 
core zone is constituted by subhedral to euhedral pseudomorphs 
after olivine (Fig. 2). Unaltered olivine was never observed, but 
its pseudomorphs were also found as isolated accessory phases. 
A consistent feature of all the clinopyroxenes examined is the 
variability in composition. Fig. 3 illustrates the range of com
position, expressed as atomic percentages of Ca, Mg and (Fetot 
+ Mn), of 15 pyroxene minerals. Under the microscope, several 
pyroxene crystals exhibit both sector and core-to-border com
positional zoning. In plane polarized light, the (100) and (010) 
sectors are pinkish, whereas the (111) sector is distinctly less 
pink Similar zoning in pyroxene has been described in detail 
by numerous researchers (e.g. Bence et al. 1970; Hollister &

Ca

Hargreaves 1970; Hollister & Gancarz 1971; Wass 1973; Le
ung 1974; Dowty 1976). These compositional differences be
tween the different sectors are in some cases evidenced by hour
glass zoning (see e.g. Wass 1973). The pleochroism is fairly 
marked with a  -  pink, ß -  dark pink, у * light pink The average 
of the measurements carried out on several crystals with the 
Fedoroff universal stage gave: cAy -  45° and 2Vy * 47°. From 
the optical characteristics it follows that they are titanaugite 
crystals. Titanaugite analyses are presented in Tab. 3. In agree
ment with the optical characteristics, various analyses carried 
out on single-crystals show a clear zoning. An important feature 
of the chemistry of this pyroxene is that the titanium and alu
minium values are depleted in the border zone, where they are 
reduced to nearly half. In fact, the analyses given in Tab. 4 
display progressive Si, Fe, Mn, Na enrichment and concomitant 
Ti and Al depletion with distance from the core zone to the 
border zone.

Amphibole occurs as phenocrysts up to 5 mm long, but it is 
more frequently 1-2 mm in length. It is decidedly prevalent in 
the felsic portions, whereas it is rarer or absent in the mafic 
ones. A concentric zoning from pleochroic dark brown centres 
to much paler brown rims is displayed by all examples. Fig. 5 
is a schematic representation o f the composition range of 
21 amphibole minerals in the system Ca2Mg5Si80 22(0 H)2- 
Ca2Fe5Si80 22(0H)2-Mg7Si80 22(0H)2-Fe7Si80 22(0H)2. In se
veral instances it is clearly evident that the amphibole has grown 
on a pre-existing titanaugite crystal (Fig. 4), locally having the 
cleavage planes in continuity (or parallel) with those of the 
pyroxene. In thin section its colour varies (a * pale brown, ß -  
brown, у -  dark reddish brown); the extinction angle cAy is 
found to be 9°. The optic axial angle directly measured by uni
versal stage is 2Va * 77°. From the above optical evidence it 
may be concluded that the amphibole is kaersutite. Kaersutite 
analyses are shown in Tab. 3. The kaersutite crystals display sig
nificant compositional variations; FeOtot increasing and MgO de
creasing from core to border (Tab. 4).

Feldspar crystals are restricted to the groundmass of both

Ca

Mg Atomic  p e r  c e n t . Fe t o t a l *
Mn

Fig. 3. The pyroxene quadrilateral showing 15 pyroxene analyses (crosses - the average of these analyses is represented in Tab. 3) plotted as atomic 
percentages. Shaded areas represent compositions not represented by natural minerals.
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Table 2: Modal data (vol. %) of two representative rock-specimens from Sicily.

Felsic enclave Mafic host-rock Felsic enclave Mafic host-rock
Titanaugite 4.00 12.05 Magnetite 2.46 18.23

Kaersutite 8.50 3.99 Albite 1.83 —

Andesine 16.60 32.42 Anorthoclase 0.92 —

K-Feldspar 4.34 0.97 Ti-aegirinaugite 0.30 0.12

Analcite 5.48 0.62 Baerkevikite 0.20 —

Natrolite 9.06 0.51 Titanic 0.19 0.24

Biotite 1.45 1.18 Apatite 0.08 0.08

Augite 1.51 1.62 Groundmass 38.86 13.91

Ľmenite 3.15 0.13 Alteration products
(makily chlorites andglauconite) 1.07 13.93

Table 3: Main minerals common to Sicilian felsic enclaves and their mafic host-rock. Asterisk indicates minerals which are absent in some mafic 
rock-samples. N indicates the number of spot analyses.

N 15 21 6 4 5 5

Elements
(wt%)

Titanaugite Kaersutite
•k

Andesine K-feldspar
*

Analcite Natrolite

SiOz 45.64 40.02 56.90 64.06 53.49 48.90

TiQz 3.33 6.25 0.15 0.05 0.05 0.03

AI2O3 6.70 1130 26.10 19.10 23.89 2935

СггОз 0.00 0.02 0.14 0.00 0.00 0.00

FeOtot 9.67 15.41 0.32 0.55 0.12 0.02
MnO 0.20 0.23 0.00 0.01 0.01 0.00

MgO 11.37 10.27 0.04 0.02 0.00 0.00

CaO 22.17 11.46 739 0.25 0.45 0.45
NazO 0.76 2.93 6.82 5.15 9.66 7.88
K2O 0.00 0.98 0.76 9.84 0.35 0.01
Total 99.84 99.07 98.82 99.03 88.02 86.84

margins. The plagioclase crystals normally contain inclusions 
of pyroxene, amphibole and opaque minerals. Along with other 
light phases, plagioclases have the tendency to form clusters. 
Andesine analyses are compiled in Tab. 3. Confirming previous 
optical characters, the andesine crystals are strongly zoned. In 
fact, analyses carried out on a single crystal (Tab. 4) evidenced 
that Si, Na, and К increase, while Ca and A1 decrease from the 
core to the rim. More exactly, the core zone has a composition 
at the border-line with labradorite (An50) and the rim zone a 
composition at the boundary with oligoclase (An30). The other 
major oxides do not show significant variations. Fig. 6 illus
trates the variations inside the andesinic compositional range. 
Although in the enclaves andesine contains proportionally more 
of the albite component than that in the basic host-rock, it shows 
the same compositional range (chemical overlap) as plagioclase in 
the enclosing rock (see e.g. Philpotts & Hodgson 1968; Me Sween 
et al. 1979). K-feldspar is prevalent in the felsic portions in the 
form of small laths, and as minute patches of fine-grained to crypto 
-crystalline material. Its chemical analysis is represented in Tab. 3.

Analcite is present in both the host-rock and enclaves. This 
mineral occurs as an interstitial phase in the feldspar-dominated 
lining of enclaves or in segregations, and in the groundmass 
areas. Under the microscope most crystals are isotropous, but 
in some cases they have a relatively low birefringence. In some

Fig. 4. Felsic enclave from Western Sicily showing kaersutite (K) 
growing on a previous crystal of titanaugite (T). Width of Fig. 4 is 2.2 
mm (parallel nicols).

felsic and mafic rocks. Microscopic analysis shows that the 
plagioclase often has a concentric zoning. The composition of 
the vast majority of the plagioclases is andesine, with the An- 
content highest (~An50) in cores and lowest (~An30) in grain
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Fig. 5. Distribution of 21 amphibole analyses (solid circles - the average 
of these analyses is represented in Tab. 3) with respect to Ca, Mg and 
Fetot atoms. Note the variation of the Feto/Mg ratio due to zoning.

instances analcite crystals fill vugs or pseudomorph feldspar. 
Howe ver, the possibility that some of the analcite represents a 
primary magmatic precipitate cannot be excluded on the evi
dence available.

Natrolite is fibrous, but locally exhibits relatively large crys
tals elongated parallel to the z axis. It is volumetrically major 
and shows anomalous interference colours. Natrolite is nor
mally associated with analcite. The presence of analcite and 
natrolite may also suggest that the felsic patches represent vugs 
in the mafic rocks lately filled up with minerals crystallized 
from some sodic fluid phases. As characterizing phases, anal
cite and natrolite are also included in Tab. 3.

Minor and accessory phases

Biotite occurs in small anhedral to euhedral grains in both 
host-rock and enclaves. However, this phyllosilicate is distinctly 
more concentrated in the fine-grained felsic portions. Micro
scopic observations clearly show that, in some cases, biotite 
grows on the margins of the pre-existing kaersutite crystals. 
Augite may be present as granules in both host-rock and en
claves. Augite crystals of middle-size in the fine-grained por
tions have the same chemical composition as the rims of the 
titanaugite grains (see Tabs. 4 and 5). In the basic host-rock the 
usual opaque phase is magnetite. This mineral is commonly
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Fig. 6. Compositions of plagioclases (triangles) from Sicilian rock- 
samples as determined by electron microprobe. The figure illustrates 
the Ca enrichment of plagioclases from the core zone to the border one.

present in euhedral to subhedral forms, but an amount of rod- 
like material is also present. Within the enclaves ilmenite is the 
dominant mineral forming very elongated rods, often having a 
pronounced parallel alignment. A small amount of ilmenite oc
curs as fine-grained exsolution lamellae in magnetite. The last 
stage of feldspar crystallization is shown by replacement of 
previously crystallized feldspars by К-feldspar and nearly pure 
albite. Some plagioclase crystals are mantled with relatively 
thin and often discontinuous overgrowths of anorthoclase. Ln 
some instances, the titanaugite phenocrysts appear corroded 
and may have pleochroic rim-areas of light-to-dark green 
pyroxene. According to its optics, it is aegirinaugite with 
a > ß > у  and cAa  -  13°; it is a Ti-rich term (see Tab. 5). In 
some rocks, this later crystallized titaniferous variety has a no
ticeably more calcic composition (CaO -  3.49 wt. %). At times, 
the kaersutite crystals show very notable compositional changes: 
in the border-zones a baerkevikite phase, having the chemical

Table 4: Zoning microprobe analyses of titanaugite, kaersutite and andesine crystals from enclaves.

Elements
(wt.%) Single crystal of titanaugite Single crystal of kaersutite Single crystal of andesine

core middle border core border core border

SiQz 45.79 48.85 49.26 39.65 40.49 55.00 6027

TiQz 3.67 2.08 1.45 6.41 6.16 0.12 0.10

АЬОз 6.85 4.19 2.65 11.64 11.09 28.08 24.70

СггОз 0.00 0.00 0.00 0.00 0.06 0.00 0.00

FeOtot 9.15 10.56 11.44 13.57 16.44 0.52 0.30

MnO 0.19 0.29 0.38 0.19 0.26 0.03 0.00

MgO 12.13 11.08 11.43 11.28 8.82 0.07 0.01

CaO 22.51 22.37 21.80 11.42 11.41 9.71 5.18

NązO 0.71 0.82 1.02 2.90 2.79 5.91 7.73

K2O 0.00 0.00 0.00 0.97 0.98 0.49 1.30

Total 101.00 100.24 99.43 98.03 98.50 99.93 9939
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Table 5: Minor and accessory minerals common to Sicilian felsic enclaves and their mafic host-rock. Asterisk indicates minerals occurring in 
the felsic enclaves only. N indicates the number of spot analyses. Ilmenite, titanite and apatite were not analysed.

......
N 4 4 3 3 г 2 3 4 4

Elements 
(wt. %)

Biotite Augite Titano
magnetite

Albite
★

Anorthoclase
★

Titaniferous
aegirinaugite

Baerkevikite
★

Chlorite 
Fe/Mg 
= 2.78

Chlorite 
Fe/Mg 
= 0.98

SiOz 36.18 48.78 5.90 66.63 64.95 51.92 43.46 29.43 29.65

TiQz 7.06 1.31 23.48 0.03 0.09 5.96 4.67 0.17 0.12

АЬОз 1327 2.68 2.63 19.57 19.78 0.75 7.30 14.73 22.93

СггОз 0.00 0.00 0.00 0.00 0.00 0.00 0.69 0.00 0.00

FeOtot 21.16 11.53 63.66 0.25 0.18 26.14 22.35 30.76 15.80

MnO 0.22 0.40 1.71 0.00 0.05 0.37 0.38 0.15 0.12

MgO 11.02 11.26 1.31 0.00 0.02 0.07 7.50 11.05 16.09

CaO 0.00 21.95 0.43 0.25 1.02 0.22 8.90 0.82 0.52

NązO 0.84 0.90 0.02 9.70 7.13 14.24 3.93 0.07 0.10

K2O 8.54 0.00 0.05 1.57 5.39 0.00 1.32 0.00 0.00

Total 98.29 98.81 99.19 98.00 98.61 99.67 100.50 87.18 85.33

composition represented in Tab. 5, is found. Apatite often oc
curs in elongated idiomorphic prisms, but the pseudo-hexago
nal habit is also found. Occasionally, small inclusions of apatite 
may occur in the kaersutite crystals. Among the alteration min
erals glauconite and especially chlorites are present. Two types 
of chlorites are evident: a phase having a Fe/Mg = 2.78 ratio 
and the other one having a Fe/Mg = 0.98 ratio (see Tab. 5). The 
accessory minerals are aegirinaugite, baerkevikite, titanite, apatite, 
albite arid anorthoclase. Biotite, augite, titanomagnetite, al- 
bite, anorthoclase, titaniferous aegirinaugite, baerkevikite and 
chlorites microprobe analyses of the Sicilian enclaves and their 
host-rock are presented in Tab. 5.

Glass

The presence of glass at grain boundaries in both mafic and 
felsic Sicilian fractions is evidenced by the occurrence of an 
isotropic base, and by the presence of included feathery quench 
dendrites. In many cases the glass contains crystals of apatite 
and an opaque phase, very probably magnetite. Often also in
terstitial phases between laths of plagioclase contain residual 
isotropic glass. In many instances the glass phase is character
ized by the presence of immiscible dark-coloured globules of 
glass (high-iron) enclosed in a base of lighter coloured or col
ourless glass (high-silica). The dark-coloured high-iron glob
ules are generally spherical, rarely elliptical, irregular blob or 
dumb-bell shaped. When these globules are attached to plagio
clase crystals they are flattened or hemispherical in form. Tex
tures of the Sicilian rocks are shown in Figs. 7 to 9. These figures 
exhibit characters which are closely comparable to those found in 
the immiscible lunar samples (see Roedder & Weiblen 1970a, 
1970b; Weiblen & Roedder 1973).

Eight electron microprobe analyses of glass were carried out 
(Tab. 6). Four analyses are of acidic glasses (Fe-poor/Si02- 
rich) and four analyses are of basic glasses (Fe-rich/Si02-poor). 
According to Fumes et al. (1981), the low analytical totals are, 
in general, due to the presence of water and the decrease in the 
totals can be used as a measure of progressive alteration. In our 
case, however, the low totals of the Sicilian glasses are essen

tially due to the high water content (Lucido 1981) and only the 
basic glasses having the lowest totals show significant altera
tion effects. Also considering the alteration effects, in agree
ment with the textural and geochemical data (Lucido 1981, 
1983; Lucido & Triolo 1983, 1984), acidic glasses are clearly 
richer in silica, alumina and alkalis than the basic glasses. Dif
ferently, these latter glasses are characterized by less polymer
izing elements, in particular high Fe- and Mg-contents. When 
the analyses of the Sicilian glasses are plotted on the Greig 
diagram [Si02- (N a^  + K20  + А12С>з) - (CaO + MgO + FeO 
+ Ti02 + P2Oj)], they fall near the field of liquid immiscibility 
(Fig. 10). In particular, the tielines between acidic and basic 
glasses are essentially parallel to those in the system K20-FeO- 
Al20 3-Si02 (Roedder 1951), but the extent of immiscibility 
differs. However, they fall approximately near some Monteregian 
ocelli pairs (Philpotts 1976) and near varioles and matrices of 
Archean variolites (Gélinas et al. 1976), both considered to 
represent immiscibility. The above difference probably results 
from the fact that the pseudo-ternary diagram is a grossly over
simplified representation of the multicomponent natural sys
tems (Roedder 1979).

Experiments

Experiments were carried out using the high-T and high-P 
equipment of the Department of Geology and Geophysics 
at the University of Connecticut (Storrs, U.S.A.). Thin wafers 
( 1 x 3 x 5  mm) across the contact between the felsic and mafic 
fractions of one of the samples were cut. These were then sup
ported on a platinum wire and sealed in a glass capsule along 
with an oxygen buffer. The charges were then heated till melting 
just began. It is very interesting to know that immiscible glob
ules do form in between the crystals on first melting. A clear 
glass forms at grain boundaries in the felsic part of the rock. A 
similar clear glass forms at grain boundaries in the mafic frac
tion, but here small globules of an iron rich melt are also formed 
(see Fig. 11). The immiscible liquids in this figure were formed 
by heating the uncrushed sample at 1030 °C for 240 hours under 
an oxygen fugacity controlled by the quartz-fayalite-magnetite
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Table 6: Analyses 1, 2, 3, 4 come from interstices in a mafic rock-sample, while analyses 5, 6, 7, 8 come from interstices in a felsic enclave.

Elements Acidic glasses Basic glasses

(wt%) 1 2 3 4 5 6 7 8

SiOz 62.69 62.08 61.47 60.58 40.00 35.64 38.60 36.67

TiOz 0.11 0.08 0.06 0.17 5.42 0.27 0.31 0.76

АЬОз 19.34 19.08 18.83 19.09 9.93 14.48 17.77 855

СггОз 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FeOtot 0.47 0-57 0.68 0.45 16.35 26.67 1155 22.71

MnO 0.00 0.00 0.00 0.00 0.29 0.19 0.22 0.32

MgO 0.00 0.12 0.24 0.02 8.84 10.25 12.95 11.45

CaO 0.37 0.28 0.20 0.16 10.69 0.62 055 0.63

NązO 5.38 4.98 4.59 4.60 2.75 0.91 156 1.09

K2O 8.05 8.76 9.48 8.59 127 1.32 2.94 2.46

Total 96.41 95.95 95.55 93.66 9554 90.35 86.45 84.64

Fig. 7. Emulsion-like texture in a felsic enclave from Western Sicily. 
Immiscible high-iron globules (dark) and high-silica ones (light) in 
each other. Mineral occurring as needles is apatite. Width of Fig. 7 is 
167 pm (parallel nicols).

Fig. 8. Felsic enclave from Western Sicily. This figure shows a large 
iron-rich globule in a plagioclase crystal (PI) and high-silica glass con
taining very small iron-rich globules, which in turn contain smaller 
droplets of the high-silica glass. Needle of apatite is evident in the 
central part of the figure. Width of Fig. 8 is 167 pm (parallel nicols).

buffer. These liquids result from the melting of phosphorus-rich 
patches of interstitial material. Apatite must have been involved. 
The question arises as to whether immiscibility would have devel
oped if these immiscible patches could have been thoroughly 
mixed throughout the rock. The fact that immiscibility can be 
produced in the uncrushed rock, and particularly in the mafic 
phase, shows that an immiscibility field exists near the bulk 
composition of the rock at phosphorus-rich compositions. The 
presence or absence of immiscibility is commonly dependent 
on subtle differences in pressure or composition. So, it is pos
sible that immiscibility could occur in the whole rocks under 
pressure, or under partial pressures of H20 , C 02, 0 2, or sulphur. 
It was noticed that a very strong smell of sulphur was given off 
every time the silica glass tubeswere broken open following an 
experiment. It is possible that if the sulphur fugacity could be 
controlled, this could have an effect on immiscibility. Further 
experimental work is in progress to find out what happens when 
other possible variables are investigated.

Fig. 9. Felsic enclave from Western Sicily. Typical odd ribbing in a 
glassy mesostasis as a result of liquid immiscibility. The elongated 
idiomorphic prisms are crystals of apatite. Width of Fig. 9 is 167 Jim 
(parallel nicols).
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Fig. 10. Pseudo-ternary diagram showing field of low-temperature im- 
miscibility in the system leucite-fayalite-silica, adapted from Weiblen 
& Roedder (1973) and tielines for some coexisting lunar glasses and 
rock pairs. Other lunar glasses are similar but have been omitted for 
clarity. All compositions recalculated on the basis of plotted oxides 
only. The phosphorus pentoxide of the Sicilian glasses was not de
tected by electron microprobe. Open circles: coexisting lunar 
glasses; data from Roedder & Weiblen (1970b, 1971,1972), Weiblen 
& Roedder (1973) and Switzer (1975). Solid circles: Sicilian glasses. 
Solid squares: Monteregian ocelli pairs (Philpotts 1976). Solid tri
angles: varioles and matrices of Archean'variolites (Gélinas et al. 
1976).

Results and discussion

From all the above-reported data the following results appear 
evident for the Sicilian rocks.

1 - Surface tension presumably made the enclaves round, and 
their tendency to flatten indicates that they were in a liquid state 
to be deformed.

2 -  Globules of glass of one composition occur in a glass 
of a different composition; according to Roedder (1978,1979) 
this feature is one of the best proofs of immiscibility. Moreover, 
the occurrence of globules in each other (Figs. 7 and 8) proves 
the existence of two liquid phases (see e.g. De 1974; Philpotts 
1978,1979).

3 -  Mineralogical phases occurring in the mafic rock are the 
same as those in the enclaves, but they occur in differing pro
portions (see Tab. 2), with leucocratic and hydrous minerals 
concentrated in the felsic fractions. This feature is clear evi
dence for a very similar stage of evolution, and suggests that 
the mafic and felsic fractions were two truly (thermodynami
cally, that is) immiscible liquids. Then, the fact that hydrous 
minerals are especially abundant in the felsic portions indicates 
that these portions crystallized in the presence of a considerable 
amount of water vapour. The presence of water causes changes 
in the melt structure. In particular, the presence of water changes 
the solubilities of the other components (Carstens 1979) and, there
fore, it may be an important factor in evoking immiscibility by 
lowering liquidus temperatures (see e.g. Philpotts & Hodgson 
1968; Philpotts 1971; Khitarov & Pugin 1978; Carstens 1979).

Fig. 11. Experimental liquid immiscibility in the Sicilian rocks pro
duced by heating the rock at 1030 °C for 240 hours under an oxygen 
fugacity controlled by the Qz-Mt-Fa buffer. Immiscible iron-rich glob
ules are scattered in a clear glass of the mafic fraction. Scale bar is 10 pm.

4 - Electron microprobe analyses of minerals occurring in 
both enclaves and host-rock indicate that these minerals had the 
same compositions in both liquids.

5 - Laboratory melting experiments show that an immisci
bility field exists near the rock bulk-composition.

Liquid immiscibility appears to be the process responsible 
for the origin of the Sicilian rocks. This process is also sup
ported by the following points: 

a - The volume ratio of the mafic and felsic phases is difficult 
to estimate but it is enormously in favour of the mafic fraction 
(very roughly 97 % against 3 %).

b - In some instances, mafic spots occur at the cuspate bor
ders of the felsic enclaves (Lucido 1981). This feature is very 
important: it is not only clear evidence for immiscibility, but 
also suggests that the mafic and felsic liquids had the same 
liquidus temperatures. This is possible because in our samples 
the separation into mafic and felsic portions occurred in a ’’criti
cal liquid phase” preceding the solidification (Lucido & Triolo 
1983, 1984). In fact, it is a well known and documented phe
nomenon (e.g. Cahn 1969; Simmons et al. 1970; Goldburg & 
Huang 1975; James 1975; Langer 1975) that a liquid phase 
undergoing critical fluctuations will eventually go into a phase 
separation region. The net effect will be the formation of two 
liquid phases having completely different compositions.

с - Unmixing is a thermal equilibrium process. Therefore, in 
some cases immiscibility from a common parent must be re
jected because the mafic magma is chilled against the felsic 
magma. In the Sicilian samples, chilled margins against the 
felsic rocks were never observed.

d - There is no evidence of intermediate mineralogy, glassy 
rims, interdigitated layers or wrapping of the included bodies 
at the contact between felsic and mafic rocks. One would expect 
to see some of these gradational contacts if the mixing model 
were applicable.

e - Diffusion between coexisting miscible liquids, should 
lead to intermediate compositions along the contact of the two 
liquids and simple reduction of chemical gradients. In this re
gard, analyses 1 and 2 (Tab. 1) represent respectively the core 
and the rim of a felsic enclave. The rim is clearly richer in silica, 
alumina and potassium and poorer in Ca, Mg, Fe, Mn, Ti and 
P than the core. This distribution is the reverse of that which
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one would expect to see if the two liquids were miscible. Sev
eral microprobe spot analyses, carried out with defocused 
beam, confirmed this distribution.

Conclusions

Field structures, microscopic textures, mineralogical data and 
laboratory experiments lead to the conclusion that the Sicilian 
rocks were formed by liquid immiscibility of a common parent 
liquid. Synthesizing the foregoing results, the following course 
of events may be reconstructed.

At a given time a basic magma rose up towards the Earth’s 
surface in the Sicanian Basin (Western Sicily). This magma was 
not effused, but arrived at very high crustal levels (near the 
Earth’s surface). It entered the liquid immiscibility field and 
thus started to separate into two immiscible liquids. Liquid-liq
uid phase separation should have started when die temperature of 
the magma was still high enough to allow diffusion and the 
cooling rate was not too fast. The felsic enclaves were certainly 
formed while the reaction of the titanaugite into kaersutite was 
taking place (Fig. 4). Although we are not able to tell exactly 
the Ptot^d Рн о  conditions, we think that this reaction occurred
at low Ptotand high PH2o> in the presence of alkaline fluxes (Na
and К-rich fluid phases).

in general, even if typical minerals of the undersaturated rocks 
are lacking in our rocks, the Sicilian parent magma evolved from 
slightly undersaturated conditions to saturated ones during liq
uid-liquid phase separation. This tendency is clearly evidenced 
by the zoning of the mineralogical phases. In particular, the 
titanium and aluminium depletion with distance from the core 
zone to the border zone in the titanaugite crystals (Tab. 4) char
acteristically indicates transition from undersaturated to satu
rated conditions (Carmichael et al. 1974). This transition is con
firmed by the augite crystals occurring in the fine-grained portions 
and having the same chemical compositions as the rims of the 
titanaugite grains. Finally, the presence of pseudomorphs after 
presumed olivine (Fig. 2) and the feldspar crystals restricted to 
the groundmass indicate the same evolutive path.

Acknowledgements: This work was supported by the Italian 
C.N.R. and M.U.R.S.T. The authors are grateful to S. Capedri 
for having performed microprobe analyses at the Institute of 
Mineralogy and Petrology of the University of Modena, Italy. 
A.R. Philpotts (University of Connecticut, U.S.A.) is acknowl
edged for his interest in the subject and for having carried out 
laboratory experiments. Very many thanks are also due to the 
two anonymous referees.

References

Baldacci L., 1886: Geologic description of the Sicily Island. Ital. Geol.
Map, scale 1:100,000, Rome (in Italian).

Bence A.E. & Albee A.L., 1968: Empirical correction factors for 
the electron microanalysis of silicates and oxides. J. Geol., 76, 
382-403.

Bence A.E., Cameron K. & Papike J.J., 1970: Sector zoning in calcic 
clinopyroxenes. Trans. Am. Geophys. Union, 51, 453.

Bowen N.L., 1928: The evolution of the igneous rocks. Princeton Uni
versity Press, Princeton, 1-332.

Broquet P., 1968: Geological study of the Madonie’s region (Sicily). 
Nat. Sei. Doc. de. thesis, I.R.E.S., Palermo, 3-333 (in French).

Cahn J.W., 1969: The metastable liquidus and its effect on the crystal
lization of glass. J. Amer. Ceram. Soc., 52, 118-121.

Carmichael I.S.E., Turner F.J. & Verhoogen J., 1974: Igneous Petrol
ogy. Me Graw-Hilly New York, 1-739.

Carstens H., 1979: Liquid immiscibility in basic alkaline magmas. Chem. 
Geol.у 21 у 297-307.

De A., 1974: Silicate liquid immiscibility in the Deccan traps. Geol. 
Soc. Amer. Bull.y 85, 471-474.

Didier J. & Barbarin B., 1991: Enclaves and granite petrology. Devel
opments in Petrology 13, Elsevier, Amsterdam, 1-625.

DixonS. & Rutherford M. J., 1979: Plagiogranites as late-stage immis
cible liquids in ophiolite and mid-ocean ridge suites: an experi
mental study. Earth. Planet. Sei. Lett, у 45, 45-60.

Dowty E., 1976: Crystal structure and crystal growth: II. Sector zoning 
in minerals. Amer. Mineralogisty 61, 460-469.

Ferguson J. & Currie K.L., 1971: Evidence of liquid immiscibility in 
alkaline ultrabasic dikes at Callender Bay, Ontario. J. Petrology, 
12, 561-585.

Ferguson J. & Currie K.L., 1972: Silicate immiscibility in the ancient 
’’basalts” of the Barberton Mountain Land, Transvaal. Nature, 
235, 86-89.

Fumes H., Malm O.A. & Robins B., 1981: Evidence for liquid immis
cibility in Middle Jurassic pyroclastics from the North Sea, and 
alteration trends of the glass phases. Neu. Jb. Mineral., Abh., 141, 
309-323.

Gélinas L., Brooks C. & Trzcienski W.E. Jr., 1976: Archean vari- 
olites-quenched immiscible liquids. Canad. J. Earth Sei., 13, 
210-230.

Goldburg W.I. & Huang J.S., 1975: Phase separation experiments near 
the critical point. In: Tormod Riste (Ed.): Fluctuations, instabili
ties and phase transitions. Plenum Press, New York, 87-106.

Greig J.W., 1927: Immiscibility in silicate melts. Amer. J. Sei., 13, 
133-154.

Greig J.W., 1928: On the evidence which has been presented for liquid 
silicate immiscibility in the laboratory and in the rocks of Agate 
Point, Ontario. Amer. J. Sei., 15, 375-402.

Hollister L.S. & Gancarz A.J., 1971: Compositional sector zoning in 
clinopyroxene from the Narce area, Italy. Amer. Mineralogist, 56, 
959-979.

Hollister L.S. & Hargreaves R.B., 1970:Compositional zoning and its 
significance in pyroxenes from two coarse grained Apollo 11 sam
ples. Geochim. Cosmochim. Acta, Suppl. 1, 1, 541-550.

James P. F., 1975: Liquid-phase separation in glass-forming systems. 
J. Mat. Sd., 10, 1802-1825.

Khitarov N.I. & Pugin V.A., 1978: Liquid immiscibility in natural sili
cate systems. Geokhimiya, 6, 803-820 (in Russian).

Langer J.S., 1975: Spinodal decomposition. In: Tormod Riste (Ed.): 
Fluctuations, instabilities and phase transitions. Plenum Press, 
New York, 19-42.

Leung I. S., 1974: Sector zoned titanaugites: morphology, crystal chem
istry and growth. Amer. Mineralogist, 59,127-138.

Lucido G., 1981: Silicate liquid immiscibility in alkaline rocks of west
ern Sicily. Chem. Geol., 31, 335-346.

Lucido G., 1983: A mechanism forming silicic segregations from ba
saltic magma discovered in igneous rocks of Western Sicily. Geol. 
Mag., 120, 321-329.

Lucido G., 1990: A new theory of magma: a natural critical fluid de
composing spinodally. Geol. Zbor. Geol. Carpath., 41,459-474.

Lucido G., Nuccio P. M., Valenza M. & Giunta G., 1978: Magmatism 
in the Sicano basin (Sicily) related to meso-cenozoic tectonics of 
the north-african paleomargin. Miner. Petrogr. Acta, 22, 55-69.

Lucido G. & Triolo R., 1983: Magma as a critical ionic-fluid system. 
Miner. Petrogr. Acta, 27, 117-127.

Lucido G. & Triolo R., 1984: Critical phenomena originating magmatic 
rocks in Western Sicily. Geochemical J., 18, 125-133.

Massion P.J. & Koster van Groos A.F., 1973: Liquid immiscibility in 
silicates. Nature, 245, 60-63.

Mc Sween H.S., Coish R.A. & Norman M.D., 1979: Coexisting acidic 
and basic melts: Geochemistry of a composite dike: a discussion. 
J. Geol., 87,210-214.



136 LUCIDO, LEONE and CATALDO

Philpotts A.R., 1971: Immiscibility between feldspathic and gabbroic 
magmas. Nature, 229, 107-109.

Philpotts A.R., 1976: Silicate liquid immiscibility: its probable extent 
and petrogenetic significance. Amer. J. Sei., 276, 1147-1177.

Philpotts A.R., 1978: Textural evidence for liquid immiscibility in tholei- 
ites. Mineral. Mag., 42, 417-425.

Philpotts A.R., 1979: Silicate liquid immiscibility in tholeiitic basalts. 
J. Petrology, 20, 99-118.

Philpotts A.R. & Hodgson C.J., 1968: Role of liquid immiscibility in 
alkaline rock genesis. Rep. 23rd Int. Geol. Congr:, 2, 175-188.

Roedder E., 1951: Low temperature liquid immiscibility in ihe system 
K2 0 -Fe0 -Al2 0 3 -Si0 2 . Amer. Mineralogist, 36, 282-286.

Roedder E., 1978: Silicate liquid immiscibility in magmas and in the 
system K20-Fe0-Al2C>3-Si02: an example of serendipity. Geo- 
chi m. Cosmochim. Acta, 42, 1597-1617.

Roedder E., 1979: Silicate liquid immiscibility in magmas. In: Yoder 
H.S. (Ed.): The evolution o f the igneous rocks. Princeton Univer
sity Press, Princeton, N.J., 15-57.

Roedder E. & Weiblen P.W., 1970a: Silicate liquid immiscibility in 
lunar magmas, evidenced by melt inclusions in Apollo 11 rocks. 
Science, 167, 641-644.

Roedder E. & Weiblen P.W., 1970b: Lunar petrology of silicate melt

inclusions, Apollo 11 rocks. Proc. Apollo 11 Lunar Sei. Conf., 
Geochim. Cosmochim. Acta, Suppl. 1, 801-837.

Roedder E. & Weiblen P.W., 1971: Petrology of silicate melt inclu
sions, Apollo 11 and Apollo 12 and terrestrial equivalents. Proc. 
2nd Lunar Sei. Conf, 507-528.

Roedder E. & Weiblen P. W., 1972: Petrographie features and petrologic 
significance of melt inclusions in Apollo 14 and 15 rocks. Proc. 
3rd Lunar Sci.Conf., 251-279.

Scandone P., 1975: Triassic seaways and the Jurassic Tethys Ocean in 
the central Mediterranean area Nature, 256,117-119.

Simmons J. H., Macedo P. B., Napolitano A. & Haller W. K., 1970: 
Investigation of liquid-liquid phase transitions in oxide 
melts by viscosity measurements. Discuss. Faraday Soc., 50, 
155-165.

Switzer G.S., 1975: Composition of three glass phases present in an 
Apollo 15 basalt fragment. Mineral. Sei. Invest., 1972-1973. Smith
sonian Contrib. Earth Sei., 14,25-30.

Wass S.Y., 1973: The origin and significance of hour glass zoning in 
titaniferous clinopyroxenes. Mineral. Mag., 39, 133-144.

Weiblen P.W & Roedder E., 1973: Petrology of melt inclusions in 
Apollo samples 15598 and 62295, and of clasts in 67915 and 
several lunar soils. Proc. 4th Lunar Sei. Conf, 681-703.


