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Abstract

During its storage or ascent, basaltic magma inevitably interacts with the surrounding rocks. In this study, schist xenoliths
incorporated within ascending basalt are examined. Heating of the xenoliths combined with decompression effect of rapid magma
uprise led to dehydration melting of hydrous minerals producing hercynitic spinel, melt, sillimanite and Fe-Ti oxides. The melt
is rhyolitic, strongly peraluminous (1.77 < A/CNK < 2.35) and corundum normative. It may contain up to 8 wt% FeOx. It occurs
between the foliation planes and in the intragranular environment. Dehydration melting of micas in the schist is probably related
to combined effects of heating by basaltic magma and decompression due to the rapid rise. Melting of xenoliths was a progressive
process at low pressure. To cite this article: H. Bayhan et al., C. R. Geoscience 338 (2006).
© 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Fusion de xénolithes crustaux dans un magma basaltique : exemple de Kula, Anatolie de I’Ouest, Turquie. Durant le
stockage ou la montée du magma basaltique, le liquide réagit inévitablement avec les roches encaissantes. A Kula (Ouest ana-
tolien), des xénolithes de schistes ont été modifiés (fusion partielle) par un basalte ascendant. L’élévation de la température et la
décompression liées a la montée rapide du magma provoquent un début de fusion des xénolithes, avec déshydratation des minéraux
hydratés et production de spinelle hercynitique, liquide rhyolitique et agrégats de sillimanite, verre et oxydes. Le liquide rhyolitique
est peralumineux (1,77 < A/CNK < 2,35), a corindon normatif. Il est localisé entre les plans de foliation et dans un environnement
intergranulaire. La fusion de xénolithes de schistes, avec déshydratation des micas, a été progressive lors de I’ascension du magma
basaltique vers la surface, et s’est développée a faible profondeur. Pour citer cet article : H. Bayhan et al., C. R. Geoscience 338
(2006).
© 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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Version francaise abrégée
1. Introduction

L’étude des magmas crustaux a été tres utilisée du-
rant ces dernieres années pour comprendre la genese
des magmas granitiques et/ou migmatitiques. Des tra-
vaux expérimentaux ont été réalisés sur la fusion de
roches pélitiques [3,7,12,14,16] et de métagrauwackes
[10,13,17]. Quelques travaux ont aussi été réalisés sur
des exemples naturels, notamment sur des enclaves de
basaltes alcalins [2,4,5,8]. Le point commun pour la
génération de liquides siliceux est la fusion et déshy-
dratation non congruente de minéraux hydratés, comme
la biotite. Les travaux expérimentaux montrent que la
fusion commence entre 780 et 830 °C [14], alors que
la température de décomposition de la biotite est de
850°C [16]. Par ailleurs, comme le magma monte par
un conduit vers la surface, la pression diminue, depuis
quelques kilobars jusqu’a la pression atmosphérique.
Cette chute de pression est a I’origine de 1’exsolution
des gaz dissous, issus de la fusion des minéraux hydra-
tés, de la nucléation et du grossissement des bulles au
sein des produits de fusion [9].

2. Géologie

La région volcanique quaternaire de Kula, en Anato-
lie de 1’Ouest (Turquie), est essentiellement constituée
de coulées de laves basaltiques d’origine fissurale et
d’appareils monogéniques, de types cones de scories et
maars. Le substratum est composé de roches métamor-
phiques (schistes, gneiss, marbres) [6]. Dans les pro-
duits de projection des cones de scories, on trouve des
enclaves magmatiques (hornblendite, gabbro, lherzo-
lite) et métamorphiques (schistes, gneiss). Il est a noter
que les rapports isotopiques de ces basaltes (37Sr/%0Sr
0,7030-0,7034) sont bas, ce qui impliquerait I’absence
d’une contamination crustale [15], méme s’ils contien-
nent localement des xénocristaux de quartz.

3. Minéralogie

Les xénolithes schisteux présentent des niveaux
sombres (liquide magmatique) entre les plans de folia-
tion (Fig. 1). L’assemblage minéralogique (Tableau 1)
montre que les schistes contiennent de la sillimanite
et du quartz, tandis que les niveaux sombres sont des
verres rhyolitiques, avec du spinelle et des produits
mélangés (Mix). Ces derniers correspondent a des agré-
gats de sillimanite, liquide rhyolitique [4], et minéraux
opaques qui contiennent un peu de SiOp (3—15%) et

Al,O3 (8-35%). Le verre localisé entre les plans de fo-
liation est aussi observé entre les grains de quartz. Les
spinelles sont des hercynites, produits classiques issus
de la fusion et déshydratation des biotites [4,10,14].

4. Caracteres du liquide

Le verre présente des vésicules de taille variant de
10 ym a 3 mm. Les variations de taille des vésicules
sont attribuées a un processus de coalescence des bulles,
tandis que la vésiculation est liée a la chute de pression.

Le verre est rhyolitique (ou granitique), peralumi-
neux (1,77 < A/CNK < 2,35) et a corindon normatif.
La corrélation SiO,-Fe,O3 est négative (Fig. 2A). Les
travaux expérimentaux montrent la croissance des te-
neurs en silice avec la baisse de température [14] et de
pression [10]. Par ailleurs, la comparaison avec les don-
nées expérimentales [4,10,12] montre que ce verre est
plus potassique et plus siliceux, dans le diagramme de
Q-Ab-Or (Fig. 2B).

5. Discussion et conclusion

La fusion de xénolithes crustaux incorporés dans un
magma basaltique produit des spinelles hercynitiques,
des agrégats minéraux et un liquide rhyolitique. Les
agrégats mélangés sont composés de fibrolites et de mi-
néraux opaques. Les travaux expérimentaux montrent
que la décomposition des biotites produit les spinelles
hercynitiques et cette décomposition nécessite des tem-
pératures supérieures a 800°C [11]. La fusion non
congruente des biotites est considérée comme un pro-
cessus majeur pour la genese des liquides granitiques
a pression basse ou intermédiaire [15,16]. La comparai-
son de la composition du verre avec ceux de la littérature
[4,10,12] laisse supposer une geneése sous basse pres-
sion (1-3 kbar) et température intermédiaire (850 °C).

En conclusion, la fusion due a la déshydratation des
minéraux hydratés des xénolithes de Kula est liée a
un processus combiné de réchauffement et de décom-
pression, associé a la montée rapide du magma, qui
emballe les xénolithes. La fusion de ces xénolithes est
progressive, comme 1’ attestent la croissance des teneurs
en Si0; et la concomitance de la vésiculation des verres
produits.

1. Introduction

During the last decades, the generation of crustal
magmas has become an attractive topic in understand-
ing how granites and/or migmatites form. Most work
has been carried out through experimental melting of
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pelitic rocks [3,7,10,14,16] and metagreywackes [10,
13,17]. Other investigations focused on natural exam-
ples, mainly volcanic xenoliths [2,4,5,8]. It is gener-
ally agreed that the incongruent dehydration melting of
hydrous minerals, especially micas, governs the melt-
ing history and generation of large volumes of silicic
melts. The literature debate focuses on melting condi-
tions and phase equilibriums. Experiments show that
melting begins between 780-830 °C through the incon-
gruent breakdown of biotite [14], or that total biotite
breakdown occurs at about 850 °C [16].

Moreover, dehydration melting of hydrous minerals
produces the gas phase contained in vesicles within the
melt. As magma ascends through a conduit, the pressure
drops from several kilobars to atmospheric pressure,
causing exsolution of dissolved gas, bubble nucleation
and subsequent growth [9]. The conduit is generally as-
sumed to be rigid, and neglected in mathematical calcu-
lations of bubble growth in comparison with the mixture
weight [9]. The present study also demonstrates that
vesiculation within the glass occurs during/after the de-
hydration melting of highly foliated metamorphic rock
incorporated in ascending basaltic magma (Fig. 1). We
report here the occurrence of partially melted schists
within alkali basalt and discuss the generation of vesic-
ulated glass and melting-related mineral phases within
the schist xenoliths.

2. Geological context of the target

The tectonically extensive Kula region of western
Turkey hosts numerous Quaternary fissural basaltic lava
flows and monogenetic vents as cinder cones and maars.
They overlie the metamorphic basement rocks, which
are composed of micaschists, quartz schists, quartz-
rich micaschists, gneiss, recrystallised limestones and
marbles [6]. Although some magmatic xenoliths (horn-
blendite, gabbro, lherzolithe, peridodite) and meta-
morphic xenoliths (schists, gneiss) are present within
basaltic cinder tephras, the isotopic ratios (37Sr/%0Sr:
0.7030-0.7034) of xenoquartz-bearing basalts indi-
cate no significant crustal contamination effects on the
basalts [1].

3. Mineral phases and glasses

The well-foliated schist xenoliths have sub-rounded
shapes and are occasionally about 10 cm in diam-
eter. Those light-coloured crustal rocks host dark-
coloured magmatic-melt-rich layers parallel to the fo-
liation planes (Fig. 1). The dark bands correspond to
the melting products including glass, Fe-Ti oxides,

while light-coloured bands correspond to the quartz-
rich, sillimanite-bearing schist host. The mineral as-
semblage of partially melted schist mainly consists of
quartz (modally: 43%), sillimanite (13%), Fe-Ti ox-
ides (modally: euhedral ones 6%; anhedral oxides: 3%)
(Table 1). The rest of the rocks is occupied by vesicle-
loaded glass (about 12% in volume). The vesicles within
the glass are modally about 22%, whereas the rest of
the volume is occupied by 0.5% plagioclase and 0.1
epidote. Some mineralogical analyses give problem-
atic results, for which we use here the term ‘mix’. This
name was also used [12] to describe the sillimanite—
rhyolitic melt aggregate. In this paper, the term ‘mix’
corresponds either to sillimanite—rhyolitic melt aggre-
gate, or to iron-rich opaque minerals that contain some
Si0; and Al,O3, as seen on Table 1.

Quartz is the main mineral phase of the melted xeno-
liths, in which it constitutes the light-coloured layers.
The quartz grains show resorbed, embayed outlines
(Fig. 1c and g).

Sillimanite mostly occurs as elongated prismatic
grains exhibiting preferred orientation parallel to the fo-
liation planes. These grains are at the contact with the
rhyolitic melt and show little or moderate resorption by
melting (Fig. 1c and h). Some fibrolites are also present
within the rhyolitic melt (Fig. le).

Spinels are mostly euhedral hercynites (Fig. 1d and f)
that fill the voids between the foliation planes. The her-
cynitic spinels are very common products of the incon-
gruent dehydration-melting of the biotite, as shown in
[4,10,14], although there is no biotite within our xeno-
liths (or totally consumed). Some euhedral opaque min-
erals, although they are optically similar to hercynites,
contain in fact SiO; (3—15%) and low Al,O3 contents
(8-35%). Those minerals are interpreted as mix prod-
ucts of the melting.

Glass or rhyolitic composition is abundant either in
form of an amorphous aggregate between the folia-
tion layers or as intergranular films between the quartz
grains. A deep brown colour characterizes the amor-
phous aggregates, while the intergranular glass is trans-
parent and isotropic.

4. Melt characteristics

The melt has bubbly character and the size of bubbles
is highly variable, ranging from 10 um to 3 mm, proving
that the bubbles grow and coalesce during the rise of
magma. The vesiculation of the melt also indicates that
during and/or after the melting event the pressure has
dropped.
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Fig. 1. Illustration of melted schist: (a) well-folded thin and thick layers. Dark layers correspond to the melt; (b) Zooming on the foliation plane
and bubbles; (¢) Intergranular liquid and bubbles (in crossed nicols, magnification factor: x125); (d) Bubbles and oxides between the foliation
plans (in plane polarized light magnification factor: x650); (e) SEM photo of the melt with fibrolites; (f) SEM photo of hercynite; (g) SEM photo
of quartz grains within the melt — note the embayed and resorbed crystal boundaries —; (h) SEM photo of melt-sillimanite relationship.

Fig. 1. Illustration de 1’évolution de la fusion des schistes : (a) alternance de lits épais et de lits plus minces foliés. Les lits sombres correspondent
au liquide magmatique ; (b) agrandissement de la zone de foliation, avec vésicules dans un lit sombre ; (¢) liquide et vésicules intergranulaires
(lumiere polarisée, agrandissement : x 125) ; (d) minéraux opaques et vésicules (lumiere naturelle, agrandissement : x650) ; (e) photo au MEB du
liquide et des fibrolites ; (f) photo au MEB de I’hercynite ; (g) photo au MEB de grains de quartz dans le liquide. Noter les limites corrodées et
résorbées du quartz ; (h) photo au MEB des relations liquide—sillimanite.



Table 1

Representative microprobe analysis of participant phases and CIPW norms for the melts (glasses)

Tableau 1
Analyses des phases minérales et des verres avec leurs normes CIPW

Q Q Sill Sill Sp Sp Sp Mix Mix Mix Mix  Melt Melt Melt Melt Melt Melt Melt Melt Melt Melt Melt
NayO 0.02 0.03 0.04 0.12 0.02 0.01 0.01 0.04 0.09 000 0.19 076 059 071 0.64 064 050 046 059 071 065 036
MgO 0.00  0.00 0.00 0.03 065 1.19 0.83 9.05 1.27 391 0.02 091 077 086 085 092 073 038 050 059 083 042
K,0 0.01  0.00 0.07 073 0.02 0.01 0.00 0.14 041 000 152 6.17 505 563 515 497 460 509 568 586 560 4.14
CaO 0.00 0.04 0.00 0.03 0.03 0.05 0.01 0.12 0.00 0.06 0.00 023 034 040 031 026 012 016 022 028 034 0.12
TiOy 0.01  0.01 0.00 0.07 1.05 0.83 0.50 0.65 1245 731 0.00 0.56 0.57 054 060 041 067 039 060 067 055 046
Fe O3, 0.12  0.08 072 122 50.52 47.84 4838 37.82 6432 5226 067 768 670 792 7.73 732 833 444 550 652 773 427
MnO 0.07  0.01 0.06 0.0l 0.15 0.13 0.11 0.21 0.08 0.06 0.00 0.02 0.06 0.03 0.00 0.01 001 001 001 001 008 0.02
Si0, 99.70 99.67 37.04 3930 0.05 0.08 0.14 4457 7.13  3.06 4298 69.16 7047 68.41 68.19 71.00 71.81 7556 73.61 70.17 67.63 75.65
Al,O3 0.05 0.04 6249 57.72 47.04 48.46 49.58 858 15.14 3392 51.32 13.38 13.34 1391 1396 1244 1241 11.02 13.01 13.76 1391 10.84
Total 99.97 99.88 100.42 99.21 99.52 98.59 99.55 101.18 100.89 100.58 96.70 98.87 97.89 98.41 97.43 97.96 99.17 97.50 99.72 98.56 97.33 96.28

CIPW

Qz 3698 43.84 38.09 4048 44.1 4758 51.32 4582 40.36 3795 55.76
Cor 505 629 591 677 555 64 447 549 575 6.5 556
Or 36.43 29.83 333 3045 29.36 27.16 30.09 33.57 34.61 33.11 24.44
Ab 642 503 602 54 538 421 389 496 597 552 3.05
An .13 167 198 153 127 061 078 111 139 171 059
En 226 192 213 211 229 181 093 125 147 208 1.05
Fs 512 436 543 518 499 528 258 3.09 396 542 24
Mt 391 344 398 387 378 432 241 293 335 385 231
Ilm 1.06 108 103 1.13 078 127 075 115 127 1.04 0.87

The analyses were performed by Cameca SX100 instrument at the Blaise-Pascal University, France. Operating conditions were

: 15-kV accelerating voltage, 10-12-nA current and 10-s counting
time for each element. Q: quartz; Sill: sillimanite; Sp: spinel; Mix: mixture of rhyolitic glass, sillimanite, and oxides; Melt: glass.

Les analyses ont été réalisées a la microsonde Cameca SX100 de I’université Blaise-Pascal, & Clermont-Ferrand, France. Les conditions d’analyse sont les suivantes : tension d’accélération 15 kV,
intensité du courant de 10 a 12 nA et temps de comptage de 10 s. Q : quartz ; Sill : sillimanite ; Sp : spinelle ; Mix : mélange verre rhyolitique, sillimanite et oxydes ; Melt : verre.

£PT-LET (9007) 8E€ 22u2125020) "y °D) / "IV 12 upylng "H

1C
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Fig. 2. (A) SiOp—Fe, 03" correlation of the melt. (B) CIPW normative Q—Ab—Or triangle showing melt compositions of our works (black triangles)

and other melts from the literature [4,10,12].

Fig. 2. (A) Corrélations SiO»—Fe, O3 pour les verres analysés. (B) Comparaison de nos verres (triangles noirs) avec ceux de la littérature [4,10,12]

dans le diagramme de Q—Ab-Or normatifs.

The melt is rhyolitic, strongly peraluminous (1.77 <
A/CNK < 2.35) and corundum normative. The nega-
tive Si0p—Fe; 03! correlation of the melt is shown in
Fig. 2A. The experimental works on melt production
of [14] prove that there is a negative correlation be-
tween SiO; content and temperature. Additionally, SiO;
contents of the partial melts decrease with increasing
pressure [10]. In this regard, the glasses, poorer in SiO»
(globally rich in iron) were generated from partial melt-
ing of the xenoliths, before higher SiO, and lower iron
glasses. On the other hand, the Q—Ab-Or triangle with
the projection of the glass compositions calculated from
the CIPW norm compared to experimental data [4,10,
12] (Fig. 2B) shows that natural glasses are more potas-
sic and more siliceous than experimental glasses derived
from the melting of the greywackes [10], but quite sim-
ilar to melt generated in pelitic system [12]. Assuming
that pressure values (1-10 kbar) are significant, we may
suppose that the melting of the xenoliths, incorporated
by the ascending basalt, occurred at a shallow depth
(less than 3 km), close to the surface.

5. Discussion and conclusion

The melting of crustal xenolith incorporated within
the basaltic magma produced hercynitic spinels, Fe-Ti
oxides and rhyolitic melt. The quenched melt (rhyolitic
melt) is iron-rich. Although, there is no biotite within
the xenoliths (or totally consumed), the Spl-Sil-Q as-
semblages are highly suggestive of biotite dehydration
melting. Besides, the coexistence of spinel 4+ quartz re-
quires temperatures above 800 °C [11]. The incongru-
ent melting of biotite is considered as the most impor-
tant cause of simultaneous generation of granitic melts
and granulite facies restitic rocks at low to intermediate
pressures [15,16]. The rhyolitic melt is peraluminous,
corundum normative and similar to S-type granitic com-
position, however, Na,O content of rhyolitic melt is
very low.

These glasses are potassic, similar to the glass com-
positions obtained by [1]. Melting may be roughly es-
timated to occur at low-pressure—intermediate tempera-
tures (Fig. 2B). This hypothesis is also supported by pet-
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rographical and textural features (abundance of glass,
presence of large vesicles, evidences of bubble growth).

The most interesting point of the xenoliths is the
abundant presence of the vesicles. The latter proba-
bly indicates that the melting of the xenoliths occurred
during the rise of host basaltic magma toward the sur-
face.

Dehydration melting of the hydrous minerals of the
xenoliths is probably related to combined effects of ei-
ther heating of the xenoliths by basalt and/or decom-
pression due to the rapid rise. Melting of xenolith is
a progressive process that is expressed by increasing
SiO, content in the melt, occurrence of intergranular
melt (transparent glass) between the quartz minerals in
addition to the melt between the foliation plans (dark-
coloured melt), chemical change of glass.
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