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Abstract In the Grt-Bt-Sil restitic xenoliths of El Joyazo
(Cerro de Hoyazo), hercynitic spinel is a minor phase
commonly associated with biotite. The possible reaction
relationships among biotite and spinel are studied in
reaction textures developed around biotites at their
contact with patches of ®brolitic sillimanite and rhyolitic
melt. In these textures, resorbed biotite crystals about
1 mm long are rimmed by a layer of glass <200 lm
thick containing spinel and ilmenite; the same glass also
®lls embayments in biotite. Spinel forms euhedral crys-
tals <100 lm in size, and ilmenite occurs as smaller
anhedral crystals or needles, often intergrown with spi-
nel. The homogeneous felt-like melt-sillimanite aggre-
gate (``mix'') is richest in glass close to the reaction
rim around biotite. Plagioclase and garnet are located
>5 mm away from the reaction texture. Biotite is
chemically zoned. Cores (Bt1) have XMg � 0.35 � 0.02
and Ti � 0.58 � 0.01 atoms; whereas the outer rims
(Bt2) have XMg � 0.45 � 0.01 and Ti up to 0.68 atoms.
The hercynite-rich spinel (Spl) has low ZnO content
(<0.80 wt%) and XMg � 0.26 � 0.04. The chemical
compositions of the mix aggregate represent linear
combinations between sillimanite and a silica-rich melt.
This melt (melt1) is di�erent from that of the layer
around biotite (melt2), which is also richer in Ca and

alkalis. Garnet rims (Grt) have low Ca and Mn, and
XMg � 0.14. Plagioclase is characterized by large ho-
mogeneous cores (Pl1, An31 � 2) and more calcic rims
(Pl2, An49 � 6). Matrix analysis in the 9-component (Al-
Ca-Fe-K-Mg-Mn-Na-Si-Ti), 9-phase (Bt1-Bt2-Grt-Spl-
Ilm-melt2-mix-Pl1-Pl2) system provides the mass balance
(in mole units):

0:78Bt1 � 1:95Pl1 � 2:82mix� 0:32Grt � 0:25Ilm� 5:00melt2

� 0:30Bt2 � 2:53Spl� 1:03Pl2

This relationship is in excellent agreement with the
observed textures and hence is considered a good model
for the incongruent melting of biotite in the xenoliths.
The mass-balance indicates that melt production is
dominated by the availability of K from biotite, and that
garnet and plagioclase must be involved as reactants, so
that the reaction volume is larger than the melt pro-
duction site. The melting of biotite, constrained at
T � 900±950°C and P ³ 5 kbar, is not a terminal reac-
tion, as its variance in the reduced 8-component multi-
system is ³3.

Introduction

The incongruent melting of biotite is considered the
most important cause of simultaneous generation of
granitic melts and granulite-facies restitic rocks at low to
intermediate pressures (e.g. Thompson 1982; Vielzeuf
and Holloway 1988), therefore, the characterization of
this reaction is crucial to the understanding of several
related phenomena taking place during high grade
metamorphism and crustal anatexis.

In the study of natural granulites and migmatites, an
uncertainty in the modelling of biotite melting reactions
is that compositions of minerals now in the rocks may be
a�ected by modi®cation on cooling; this is frequently
observed by incompatibility of geothermobarometric
estimates with phase assemblage indications (e.g. Fitz-
simons and Harley 1994), or by back reaction between
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restite and melt (Kriegsman and Hensen 1998). The
second major drawback is that the melt produced can
rarely be recognised and analysed, either because it has
been extracted from the observable residue, or because it
has been modi®ed by re-equilibration. Both problems
have been clearly pointed out by Grant (1985) who
noted that what is discussed as partial melting in pelitic
migmatites is often attributable to re-crystallization.

Apart from rare studies of natural examples (e.g.
Grapes 1986; Brearley 1987), partial melting of biotite-
bearing rocks has been extensively investigated by ex-
perimental modelling, which has concentrated on the
behaviour of pelitic compositions and on greywackes,
the latter being considered the more fertile sources. Most
of the experimental work (summarized by Carrington
and Harley 1995) has been performed in KFMASH Qtz-
saturated systems (mineral abbreviations after Kretz
1983; Gph � graphite), aimed at de®ning the P-T con-
ditions, the melt productivities, and the restite assem-
blages of the various Bt-melting equilibria at various
degrees of H2O saturation. Recently, increasing atten-
tion has been paid to more complex systems, accounting
for the presence of Na, Ca, and Ti in natural rocks. As
concerns Ti, it has been demonstrated that its presence
has a dramatic stabilizing e�ect on biotite (see Stevens
et al. 1997 for a listing of previous studies).

Depending on P±T conditions and bulk composition
(e.g. the degree of saturation in alumina or silica), the
granulite facies residue of biotite incongruent melting is
characterized by one or more of the ferromagnesian
phases cordierite, garnet, orthopyroxene and Fe-Mg-Al
spinel. The latter is a typical product of biotite melting in
Qtz-undersaturated systems (Harris 1981; Grant 1985).
Unless it is stabilized to lower T by the presence of Zn,
the coexistence of spinel + quartz requires temperatures
in excess of 800 °C (Vielzeuf 1983; Montel et al. 1986).

The relationships among biotite and hercynitic spinel
in Qtz-undersaturated, Sil-bearing assemblages have
been outlined by Montel et al. (1986), who described
and interpreted natural occurrences, discussed the sta-
bilizing e�ect of Zn, and proposed a schematic petro-
genetic grid in the KFASH(Zn) system. They concluded
that Zn-poor spinels formed by melting of biotite-silli-
manite assemblages are an indication for advanced Qtz-
depleted conditions of anatexis; they also noted that
garnet (or cordierite at lower pressure) should be a
reactant in the melting reactions. There have been few
additional experimental or theoretical studies on this
subject, so that modelling of natural biotite-spinel
melting reactions in granulites is far from adequately
and quantitatively constrained.

This work aims to help ®ll this gap, by studying a
natural example of biotite melting in the xenoliths of El
Joyazo (also called Cerro de Hoyazo, SE Spain). The
peculiar geological setting of these rocks, representing
restites of mid-crustal provenance enclosed in dacitic
lavas, allows detailed characterization of both textural
and chemical features of the melting reaction, and
monitoring of systematic chemical variations in minerals

and melt. These results are compared with data from
relevant experimental studies, and used for evaluating
reaction stoichiometry by a model mass balance in the
KFMASH-Ti-Ca-Na-Mn system.

Geological background and petrography

The Neogene dacitic dome of El Joyazo contains abundant alu-
minous xenoliths (Zeck 1968, 1970), the most representative
of which are characterized by the assemblage Grt-Bt-Sil-Pl-Gph-
Ap-melt (Fig. 1). Cesare et al. (1997) interpreted these rocks,
hereinafter referred to as (Grt-Bt-Sil) xenoliths, as the residue after
extraction of 30±60 wt% of rhyolitic melt from metapelitic proto-
liths similar to those exposed in the adjacent Betic Cordillera; they
observed that the melt is preserved in the xenoliths as both inter-
granular glass ®lms and glass inclusions within all mineral phases.
This melt (melt1) formed during the ®rst, main event of partial
melting that occurred under ¯uid-present conditions (Cesare and
Maineri 1999) at about 5±7 kbar and 850 � 50 °C, as a result of
the thermal anomaly that accompanied lithospheric thinning and
upwelling of the upper mantle during the opening of the Alboran
Sea (De Larouziere et al. 1988; Platt et al. 1996; Zeck 1996).

The xenoliths have been described in detail by Zeck (1970) and
Cesare et al. (1997); they are virtually Qtz-free (quartz is only ob-
served as inclusions in garnet or plagioclase) and biotite constitutes
up to 40% of the rocks. The persistence of biotite at temperatures
of about 850 °C can be explained by the absence of quartz and the
stabilizing e�ect of titanium. For the purpose of this study, the
behaviour of the additional phases ilmenite, hercynite, K-feldspar,
and cordierite needs careful consideration. Cordierite is present in
about one third of the xenoliths; it forms large, spongy poikilo-
blasts up to 10 cm in size, generally devoid of melt inclusions. In
most cases the cordierite post-dates the development of the main
assemblage Grt-Bt-Sil-Pl-melt. Textural relationships between
garnet and cordierite do not indicate replacement due to decom-
pression, an observation supported by the similar results of baro-
metric estimates in Crd-bearing and Crd-free Grt-Bt-Sil xenoliths
(Cesare et al. 1997).

Ilmenite occurs sporadically, and mostly in Spl-bearing xeno-
liths. Large, anhedral ilmenite grains in Spl-free xenoliths are
probably remnants of the metasedimentary protolith, as they do
not contain melt inclusions. K-feldspar is generally absent in the
xenoliths, and is only present as rare rims around plagioclase in
contact with interstitial melt.

Green or brown-green hercynitic spinel (spinel) is observed as
an accessory phase (<1 %vol) in about half of the xenoliths; it

Fig. 1 Photomicrograph showing the general appearance of the
Grt-Bt-Sil xenoliths of El Joyazo. Plane-polarized light, width of
view 22 mm
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forms euhedral crystals <2 mm, often associated with biotite or
garnet and/or glass. In some xenoliths spinel is more abundant (2±
3 %vol); one of these xenoliths (HO42) is the sample in which the
spinel-biotite relationships have been most extensively studied, and
is described in detail in the next section. The gahnite content of
spinel is generally very low (see also Table 2 in Cesare et al. 1997),
which indicates that, in this case, phase equilibria involving spinel
are not a�ected by the extra-component Zn.

Textures of biotite melting

Sample HO42 is a typical xenolith from El Joyazo: it has
a rounded shape and is about 10 cm in diameter; it has a
medium grain-size with garnet porphyroblasts about
0.5 cm in diameter in a well-foliated, biotite-rich matrix
spotted with white sillimanite aggregates.

The mineral assemblage contains, in order of de-
creasing abundance, plagioclase, biotite, ®brolitic silli-
manite, garnet, silicate melt, graphite, spinel, ilmenite
and K-feldspar; cordierite is absent.

Plagioclase is rich in minute inclusions of glass and/or
graphite (Cesare and Maineri 1999); in places it shows a
weak concentric zoning with An-richer rims. Rarely, at
the contact with interstitial glass, plagioclase may have a
thin rim of coalescent euhedral K-feldspar crystallites
(<100 lm in size) growing into the melt. This texture
may be an indication of late-stage, K-feldspar crystalli-
zation during cooling of the melt after emplacement of
the host dacite.

In all xenoliths, most sillimanite is needle-like
(®brolite) and occurs in the form of knots, subspherical
or elongated, along the main foliation. In these knots,
®brolite is intimately intergrown with rhyolitic melt1
(Fig. 1; see also Fig. 3 in Cesare et al. 1997). Although
textures resemble those described by Grapes (1986), no
evidence of mullite was obtained by powder X-ray dif-
fraction of the ®brolite-melt1 aggregate, hereinafter
called ``mix''. Less frequently, ®brolite occurs as inclu-
sions in garnet, biotite or plagioclase. Melt1 is also
present in melt inclusions within plagioclase and biotite,
and in ®lms or pockets at grain boundaries or junctions.

Garnet is generally euhedral, but in places it shows
resorbed grain boundaries at contacts with biotite or
melt. It may include biotite, glass and rare quartz, and is
often coated by a thin ®lm of glass, in which spinel may
be present (Fig. 2).

Biotite lamellae are <2 mm in size, and are concen-
trated in decussate layers that outline the foliation. In
this habit, biotite is generally fresh, with straight grain
boundaries and only minor evidence of reaction to glass
and spinel. Textures indicating replacement are more
apparent and occur wherever biotite crystals are in
contact with (or immersed in) the mix aggregate (Fig. 3).
Here, biotite shows resorbed grain boundaries charac-
terized by embayments, and is wrapped by a continuous,
<200-lm-thick reaction rim composed of glass, spinel
and ilmenite (Fig. 4). In the reaction rim, spinel forms
euhedral, slightly elongate crystals up to 100 lm in size,
often intergrown with (and possibly nucleating from)

needle-like or dendritic ilmenite (Fig. 5). Spinel and
ilmenite are immersed in the glassy matrix (melt2) that
coats biotite grains and grades towards the mix aggre-

Fig. 2 Garnet porphyroblast with a thin rim of melt and small
spinel crystals (arrows). Plane-polarized light, width of view 3.5 mm

Fig. 3 Photomicrograph of resorbed biotite immersed in the mix
aggregate. Embayments of biotite contain melt, spinel and ilmenite.
Plane-polarized light, width of view 1.5 mm

Fig. 4 Backscattered electron (BSE) image of the reaction site of
biotite melting. Stars indicate melt2 areas
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gate, so that the melt/®brolite ratio of mix is higher
adjacent to biotite. The glass is generally fresh with only
minor alteration to very ®ne-grained brown aggregates
containing jarosite (Zeck 1968). These weathered ag-
gregates are weak and erode during sample preparation
(see Fig. 5).

Spinel occurs throughout the xenoliths beyond the
reaction site, but is not observed as inclusions in garnet.
This suggests that spinel growth post-dates crystalliza-
tion of garnet. Textural analysis of the replacement rim
indicates that spinel formation is coeval with that of
ilmenite and melt2, and occurs by reaction of biotite with
the mix aggregate. Rims of spinel and melt around
garnet (Fig. 2) would suggest that garnet might also be
involved as a reactant in the production of spinel. The
role of plagioclase and K-feldspar is ambiguous, since
they do not appear in the reaction texture; the occur-
rence of K-feldspar away from the sites of biotite melt-
ing in association with interstitial melt layers, and its
very low abundance, suggests a late stage origin, unre-
lated to spinel growth.

Phase chemistry

All phases present in the sample were analysed using a
Cameca Camebax electron microprobe (EMP) of CNR
(Consiglio Nazionale delle Ricerche) at the Department
of Mineralogy and Petrology of the University of
Padova. Working conditions were 15-kV accelerating
voltage and 15-nA sample current; natural and synthetic
silicates and oxides were used as standards, and data
correction was performed using PAP methods as
adapted by Cameca. Table 1 reports sample point ana-
lyses of the phases, whereas the description below refers
to the full set of EMP analyses, available in the elec-
tronic supplementary material. Where relevant, data

from sample HO42 are compared with data from simi-
lar, Spl-free xenoliths from El Joyazo (Cesare et al.
1997; B. Cesare, unpublished data). The beam diameter
was generally focussed to ca. 1 lm; where possible, it
was defocussed to ca. 5 lm in the analysis of biotite and
glass, and to ca. 5 and ca. 10 lm to obtain an integrated
composition of the mix aggregate. In order to avoid loss
of Na in glasses, which resulted to be up to 30% relative
as a function of the time spent by the beam on the point
before and during analysis, Na was analysed as the ®rst
element, at 10-nA sample current and 6-s count time,
moving to the analysis point immediately before the
start of counting. Checked against a glass standard with
comparable Na content, this technique shows the con-
centration of Na to be within 5% relative.

Biotite

Biotite crystals (Bt1) are homogeneous except for a
thin (<20 lm) rim at the contact with melt2 (Bt2). Bt1
is aluminous (AlVI � 0.64 atoms/22 oxygens), Ti-rich
(0.58 atoms), with an average XMg [Mg/(Mg + Fe) �
0.35]. The composition of Bt1 is almost identical to
biotites from other xenoliths at El Joyazo. The rim of
Bt2 has lower AlVI (0.59), higher Ti (up to 0.68 atoms)
and XMg (0.45). Compositional changes from Bt1 to Bt2
are in agreement with the ®eld and experimental obser-
vations indicating Ti increase, AlVI decrease and a pos-
itive Ti/XMg correlation with increasing temperature
(Guidotti 1984; Brearley 1987; PatinÄ o Douce et al. 1993;
PatinÄ o Douce and Beard 1996; Stevens et al. 1997). The
high Na content of Bt2 (up to 0.18 atoms) is similar to
the values reported by Montel and Vielzeuf (1997).

Spinel

Hercynitic spinel is essentially a binary Fe-Mg mixture,
in which the gahnite end-member (Zn) never exceeds
0.016, and other cations such as Cr, Ni and V are present
in negligible amounts. Ferric iron contents, estimated by
charge balance, are <0.045 atoms, resulting in Fe3+/
Fetot ratios <6%. Spinel has XMg ranging from 0.22 to
0.34, with systematically lower values in the core of
crystals; Zn content decreases from core to rim.

Ilmenite

Fine-grained ilmenite shows constant composition,
and is characterized by low Fe3+/Fetot (<6%), low Mn
(<0.01 atoms) and XMg � 0.05.

Melt2

Compositions of melt2 in Table 1 have been normalized
to 100% for comparison with other sets of analyses.

Fig. 5 Detail BSE image of the textures of biotite melting.
Resorbed biotite is coated by a continuous rim of melt2 where
needle-like ilmenite and euhedral spinel occur. Black round holes
(stars) result from weathering of altered glass. Small dark spots in
biotite are melt inclusions
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Although it represents only a ®rst order, overestimated
approximation, the di�erence between 100% and the
sum of all analysed oxides is assumed to represent the
H2O content of the glass and is also reported. The melt
is rhyolitic, felsic (FeO + MgO + TiO2 < 1.65 wt%),
peraluminous (Al2O3/(CaO + Na2O + K2O) > 1.11)
and inferred to be hydrous. The restricted variations of
the three major components SiO2, Al2O3 and K2O in-
dicate that melt2 is homogenous, although notable
variations are observed for Na2O (from 2.5 to 3.8 wt%)
and XMg (from 0.12 to 0.22). Compared to glasses
analysed in other xenoliths (E. Salvioli Mariani, un-
published data), melt2 in sample HO42 has higher
Al2O3, CaO and Na2O + K2O, and lower SiO2, de®n-

ing an independent ®eld in the CIPW normative Qtz-Ab-
Or diagram of Fig. 6. These chemical variations are in
agreement with the trends of Al, Ca and alkali enrich-
ment observed with increasing T in experimental runs
(Ellis 1986; PatinÄ o Douce and Johnston 1991; in part
Holtz and Johannes 1991 and Stevens et al. 1997) and
con®rm that the orthoclase component of decomposing
biotite enters the melt (Vielzeuf and Montel 1994),
whereas Fe, Mg and Ti are bu�ered to very low values
by partitioning into spinel and ilmenite. However, the
above experiments do not reproduce the biotite melting
reaction considered in this paper, and hence extrapola-
tion of their results, which were obtained from di�erent
chemical systems, should be considered with caution.

Table 1 Sample EMP analyses of all phases from xenolith HO42

Phase
Id

Bt1
bt14

Bt2
btl1

Spl
sp2c
(core)

Spl
sp2r
(rim)

Spl
SP8c
(core)

Spl
sp8r
(rim)

Ilm
ilm3

Grt
gtln
(core)

Grt
gt1c
(rim)

Pl1
pl6c

Pl2
pl6a

Kfs
Kfs1

Melt2
ve4

Melt2
ve8

mix
mix1

mix
mix5

mix
mix9

Al2O3 18.94 18.26 60.06 61.01 58.77 60.01 0.56 21.01 21.15 25.23 27.11 19.61 15.29 15.44 42.85 47.03 51.96
CaO 0.00 0.05 0.00 0.00 0.00 0.00 0.09 3.19 0.92 6.56 8.96 0.41 1.03 1.18 0.44 0.32 0.28
Cr2O3 0.06 0.03 0.18 0.04 0.09 0.09 0.03 0.03 0.04 0.02
Fe2O3 1.41 0.96 1.98 2.18
FeO 21.76 19.09 30.68 28.77 32.73 31.74 45.60 34.07 36.31 0.01 0.10 0.09 1.25 1.24 0.68 0.59 0.44
K2O 8.44 8.79 0.00 0.02 0.03 0.01 0.03 0.00 0.01 0.92 0.81 11.60 6.00 6.08 2.31 1.75 1.36
MgO 6.42 8.70 6.97 8.51 5.34 6.62 1.47 2.51 3.09 0.00 0.00 0.00 0.16 0.12 0.11 0.05 0.04
MnO 0.00 0.02 0.10 0.00 0.06 0.02 0.34 2.52 1.46 0.05 0.00 0.01 0.00 0.03 0.02 0.00 0.04
Na2O 0.30 0.60 0.00 0.04 0.01 0.01 0.00 0.04 0.00 7.28 6.23 2.90 3.79 2.59 1.54 0.96 0.88
SiO2 34.41 34.98 0.03 0.04 0.11 0.05 0.08 37.38 37.67 60.72 57.60 65.03 72.20 73.10 51.87 48.54 44.85
TiO2 5.11 6.00 0.33 0.35 0.37 0.30 50.71 0.00 0.03 0.01 0.04 0.03 0.28 0.23 0.11 0.07 0.08
ZnO 0.00 0.00 0.47 0.14 0.78 0.31
H2O

a 3.33 4.37
Total 95.43 96.53 100.23 99.89 100.29 101.35 98.90 100.73 100.64 100.77 100.85 99.69 100.00 100.00 99.96 99.35 99.94

SiIV 5.276 5.253
AlIV 2.724 2.747
AlVI 0.698 0.485
Ti 0.589 0.678 0.007 0.007 0.008 0.006 0.960 0.000 0.002 0.000 0.001 0.001
Cr 0.007 0.003 0.004 0.001 0.002 0.002 0.001
Fe2+ 2.790 2.398 0.708 0.658 0.767 0.728 0.898
Mn 0.000 0.003 0.002 0.000 0.002 0.001 0.007 0.171 0.099 0.002 0.000 0.001
Mg 1.467 1.947 0.287 0.347 0.223 0.271 0.055 0.300 0.369 0.000 0.000 0.000
O site 5.551 5.513
Ca 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.274 0.079 0.311 0.428 0.020
Na 0.088 0.176 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.625 0.539 0.257
K 1.650 1.684 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.052 0.046 0.674
A site 1.739 1.868
Al 1.953 1.965 1.941 1.941 0.016 1.984 1.995 1.316 1.424 1.053
Fe 2.283 2.429 0.000 0.004 0.004
Fe3+b 0.029 0.020 0.042 0.045 0.062
Si 0.000 0.000 0.000 0.000 0.001 2.996 3.014 2.687 2.568 2.964
Zn 0.010 0.003 0.016 0.006
Alm 0.75 0.82
Sps 0.06 0.03
Pyp 0.10 0.12
Grs 0.09 0.03
Ab 0.63 0.53 0.27
An 0.32 0.42 0.02
Or 0.05 0.05 0.71
Crn-n 0.65 2.36
A/CNK 1.18 1.30
XMg 0.34 0.45 0.28 0.34 0.22 0.026 0.06 0.12 0.13 0.18 0.15 0.22 0.13 0.13
Oxygens 22 22 4 4 4 4 3 12 12 8 8 8

aReported H2O value corresponds to 100 ) EMP closure value
bFe3+ in spinel and ilmenite recalculated by charge balance
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Mix

Large chemical variations are intrinsic in the two-phase
nature of the mix aggregate. The relationships between
SiO2 and Al2O3 (Fig. 7) clearly demonstrate that mix
compositions are linear combinations of an Al2SiO5

component (®brolite, because mullite was not detected)
and a rhyolitic melt1 in proportions that vary from
ca. 25 wt%±ca. 40 wt% melt. The calculated average

mix in Table 2 corresponds to a ®brolite:melt1 ratio of ca.
2:1. It is also apparent that the melt1, intermixed with
sillimanite in themix aggregate, is di�erent from themelts
analysed both in the reaction rim (melt2) and in other
xenoliths because these plot away from the extrapolated
mixing line. Despite the compositional variability, values
of XMg in the mix are restricted to the range 0.13±0.22,
overlapping with those of the melt2 phase.

Garnet

Garnet is slightly zoned with a composition continu-
ously changing from a Ca- and Mn-richer core (Alm75-

Pyp10Sps06Grs09) to a rim closer to a Fe-Mg solution
(Alm82Pyp12Sps03Grs03). Values of XMg change from
0.12 in the core to 0.14 at the rim.

Plagioclase

Plagioclase shows a zoning pattern characterized by
large, homogeneous cores (Pl1) surrounded by a more
calcic rim (Pl2) about 50 lm thick. The increase of
anorthite from 31% in Pl1 to 49% in Pl2 is consistent
with experimental data on plagioclase evolution during
melting of biotite in Pl-bearing systems (e.g. PatinÄ o
Douce and Harris 1998; Stevens et al. 1997); on the
other hand, simultaneous enrichment in K is not ob-
served in the studied example, where the K-feldspar
content of plagioclase is slightly decreasing (5±4%). The
composition of Pl1 is the same as that measured in all
other xenoliths (Cesare et al. 1997).

K-feldspar

The rare K-feldspar occurring as intergrowths with
plagioclase or as thin rims at the contact plagioclase-
melt has composition Or71Ab27An02.

Fe-Mg partitioning

As concerns the Fe-Mg partitioning, the histograms of
Fig. 8 summarize XMg relationships among phases
analysed, consistently arranged in the sequence:
Bt2 > Bt1 > Spl > melt2 � mix ³ Grt > Ilm. Also
reported in Fig. 8 is the range of XMg of Grt-Bt-Sil
xenoliths of El Joyazo, which is 0.20±0.27 (G. Venturelli,
unpublished data). The lowest XMg values (ca. 0.15) of
melt2 andmix overlap those of garnet. These relationships
and their implications are discussed in the next section.

Modelling biotite melting

Mass balance relationships

The development of reaction rims between biotite and
mix suggests a melting reaction that involves Spl, Ilm

Fig. 6 CIPW normative Qtz-Ab-Or triangle showing melt2 com-
positions of sample HO42 (®lled circles) and other xenoliths of El
Joyazo (crosses). Melt2 produced by the breakdown of biotite is
clearly more alkaline and contains less silica

Fig. 7 SiO2 vs. Al2O3 diagram illustrating the relationships
between composition of stoichiometric sillimanite (square), and
EMP compositions of mix (open diamonds) and melt2 (®lled
diamonds). Also reported are other glass analyses from similar
Grt-Bt-Sil xenoliths (circles). Alignment between mix and sillima-
nite demonstrates the two-phase (melt1 + ®brolite) nature of the
mix that justi®es its large chemical variations. The departure of
melt compositions from the visually extrapolated mixing line shows
that the composition of melt1 in the mix aggregate di�ers from that
of intergranular ¯uid ®lm and melt inclusions
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and melt2 as products. As with many corona textures,
it is also possible that such a reaction ceased as a
consequence of a mantling of reactant(s) by stable
product phase(s), so that conditions of mosaic equili-
brium were attained. As the chemical composition of all
phases present in the rock has been characterized in
detail, it should be possible to calculate or infer a mass
balance that describes the melting reaction, or repre-
sents a close approximation to it. To do this, the most
appropriate and su�ciently constrained chemical sys-
tem, and the phases to be modelled with it, must be
de®ned.

Because the reaction texture contains biotite, spinel,
ilmenite, mix and melt2, the model system must include
SiO2, Al2O3, FeOtot, MgO, K2O, H2O, Na2O, CaO and
TiO2, all present in relevant amounts in at least one
phase. Modelling of Na2O and CaO requires consider-
ation of plagioclase and garnet, which may have been
involved in the melting of biotite even if they occur away
from the reaction site. In turn, garnet adds the compo-
nent MnO to the system, which ®nally becomes a natural
``pelitic'' KFMASH-Ti-Ca-Na-Mn.

The nine components de®ne the rows of an input
matrix (Table 2a) where the columns represent the
analysed phases. The mass balance calculations consider
nine phases ± Bt1, Bt2, Spl, Ilm, melt2, mix, Pl1, Pl2 and
Grtrim ± expressed as average values of n spot analyses,
using the approach described by Fisher (1989). Table 2b
is the error matrix, containing the estimated analytical
uncertainties (1r standard deviation of the average val-
ues) to be used in the evaluation of adequacy of model
matrices. K-feldspar was not included in the input ma-
trices because textural analysis suggests it did not par-
ticipate in the melting reaction.

By de®nition, a full rank nine-by-nine matrix cannot
de®ne mass balance relationships, unless the number
of independent compositional parameters, its rank, is

actually lower. This can be evaluated by reducing the
rank of the input matrix (Fisher 1989), and then as-
sessing the adequacy of the resulting model matrix by
means of the error matrix (see Hartel and Pattison 1996;
Cesare 1999). Reduction of matrix rank to eight gener-
ates an acceptable model in which only three error ratios
are >1 (1.6, 1.9 and 1.1) related to the Mn component
of Bt1, melt2 and Bt2. The reduced model matrix de®nes
one mass balance, expressed in mole units as:

0:78Bt1 � 1:95Pl1 � 2:82mix� 0:32Grt � 0:25Ilm� 5:00melt2

� 0:30Bt2 � 2:53Spl� 1:03Pl2 �1�

and in weight units as:

4:3Bt1 � 3:0Pl1 � 2:7mix� 0:9Grt � 0:2Ilm� 5:0melt2

� 1:6Bt2 � 2:4Spl� 1:6Pl2 �1a�

This mass balance represents an intersection of tie-
lines in the eight-component composition space, and can
be interpreted as an univariant reaction, or as evidence
of disequilibrium of one or more phases (Fisher 1989).
In the present case the agreement with the observed
textures, represented by the match of phases in their
inferred role of reactants or products, suggests that the
mass balance relationship is a suitable model for the
natural reaction of biotite melting. As the mass balance
relates phases (Bt, Pl, melt) with markedly di�erent
composition on either side, the melting reaction must be
interpreted as a disequilibrium reaction.

The matrix analysis has been performed also using
two garnet compositions (core and rim), but it failed to
reproduce the observed textures, because the resulting
mass balance of ten phases in the nine-component sys-
tem contained Grtrim as the reactant and Grtcore as the
product. In this case, rank reduction of the ten-by-nine
matrix was not possible owing to the very large errors
related to the Mn component.

Table 2 Input matrices of data
(average of n EMP analyses)
and errors (1r standard
deviation) used in the mass
balance calculation. Atoms in
melt and mix were calculated on
the basis of 10 oxygens

Phase Bt1 Pl1 mix Grt Ilm melt2 Bt2 Spl P12
No. of points 9 8 9 3 3 10 16 20 6

a) Data
Al 3.361 1.298 1.494 1.992 0.009 0.502 3.332 1.954 1.475
Ca 0.005 0.306 0.011 0.084 0.000 0.031 0.005 0.000 0.488
Fe 2.814 0.003 0.013 2.428 0.955 0.027 2.394 0.754 0.006
K 1.659 0.050 0.066 0.001 0.000 0.207 1.642 0.000 0.038
Mg 1.505 0.001 0.003 0.386 0.053 0.005 1.937 0.271 0.001
Mn 0.007 0.001 0.001 0.081 0.007 0.001 0.004 0.002 0.000
Na 0.102 0.633 0.068 0.005 0.000 0.195 0.143 0.000 0.472
Si 5.282 2.700 1.333 3.015 0.001 1.987 5.261 0.000 2.517
Ti 0.585 0.001 0.002 0.001 0.971 0.004 0.602 0.007 0.001

b) 1r errors
Al 0.039 0.018 0.108 0.013 0.007 0.007 0.052 0.014 0.060
Ca 0.005 0.017 0.003 0.004 0.001 0.003 0.006 0.001 0.061
Fe 0.100 0.003 0.002 0.026 0.009 0.002 0.051 0.041 0.003
K 0.030 0.004 0.013 0.004 0.001 0.008 0.034 0.001 0.007
Mg 0.083 0.001 0.001 0.015 0.002 0.002 0.057 0.040 0.001
Mn 0.005 0.001 0.001 0.016 0.002 0.001 0.004 0.001 0.001
Na 0.011 0.022 0.017 0.005 0.001 0.022 0.017 0.001 0.055
Si 0.022 0.017 0.073 0.004 0.001 0.008 0.035 0.001 0.060
Ti 0.010 0.001 0.001 0.001 0.014 0.001 0.029 0.002 0.001
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P-T conditions

The P-T conditions at which biotite melting occurred
can be constrained by use of conventional thermo-

barometers, but the results show a large scatter.
The garnet-biotite thermometer of Ferry and Spear
(1978) applied to Grtrim-Bt2 pairs yields T values gen-
erally <600 °C, whereas Grtrim-Bt1 pairs yield values in
the range 750±800 °C. The Grt-Ilm thermometer of
Pownceby et al. (1987) gives T � 740 °C. These results
are inconsistent with the phase assemblage, and with
independent indications on the high temperatures at-
tained in similar xenoliths during partial melting (Cesare
et al. 1997). As concerns the Grt-Bt thermometry, this
method has been successfully applied to very high tem-
peratures in natural and experimental assemblages
(Indares andMartignole 1985; Le Breton and Thompson
1988; Stevens et al. 1997). Furthermore, it can be also
observed that the Grt-Bt temperatures obtained in all
other xenoliths free of Bt-melting textures (Cesare et al.
1997), fall in the ``reasonable'' interval 800±900 °C. The
indicated Grt-Bt temperatures in sample HO42 are likely
caused by disequilibrium between garnet and Bt2.

GASP barometry (Newton and Haselton 1981), us-
ing Pl2 and Grtrim, yields maximum pressures (since
quartz is absent) from 2.8 kbar (at 800 °C) to 4.7 kbar
(at 950 °C). These values are strongly dependent on
calibration: the calibration of Hodges and Spear (1982),
using identical assemblage in the same T interval, pro-
vides a P range of between 1.1 and 2.2 kbar. The
Grtrim-Pl2-Bt2-Qtz barometer of Hoisch (1990) yields a
similar pressure interval of 3.4 kbar (at 800 °C) to
4.5 kbar (at 950 °C). These pressure values are lower
than those obtained by Cesare et al. (1997). However,
the possibility of garnet disequilibrium, and its bearing
on the (lack of) signi®cance of these estimates should be
taken into account, also considering the low grossular
content.

An alternative approach to P-T evaluation is com-
parison with experimentally calibrated equilibria in the
pelitic system. As concerns temperature, the Ti content
of Bt2 is as high as (or higher than) maximum values
measured in experiments of biotite melting (PatinÄ o
Douce and Johnston 1991; PatinÄ o Douce et al. 1993;
Gardien et al. 1995; PatinÄ o Douce and Beard 1996;
Stevens et al 1997, all coexisting with a Ti-saturating
phase) at temperatures in the range 900±950 °C. A
similar indication is provided by chemical relationships
between garnet and melt2: the partial overlap of XMg

values (average garnet being Fe-richer than average
melt2) indicates an approach to unity of KGrt-melt

D . These
conditions, i.e. the reversal of the garnet-liquid Fe-Mg
relationships, have been observed at �900 °C by Ellis
(1986) and �950 °C by Vielzeuf and Holloway (1988).
Based on this good agreement with most of the available
experimental data, it is suggested that temperatures
during biotite melting to spinel were in the range 900±
950 °C.

Independent constraints on pressure are poor. The
lack of cordierite or the textural indications of garnet
persistence would be in agreement with minimum pres-
sures of about 5 kbar (PatinÄ o Douce and Beard 1996),
but better precision is necessary.

Fig. 8 Combined XMg histogram of the Fe-Mg phases of sample
HO42. See text for details
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Role of H2O

Although present, the H2O component is not considered
in the model system and in mass-balance calculations
because it was not directly measured in the biotite, glass
and mix phases, and because the values inferred from
EMP closure values or determined by stoichiometry may
be a�ected by large uncertainties. Omission of the H2O
component is ``legal'' when an aqueous ¯uid is present in
the system; however, in the present case, petrographic
observation does not constrain the role of ¯uids during
biotite melting.

The role of this component can be evaluated if the
H2O content of reactants Bt1 and mix is su�cient to
balance that of products Bt2 and melt2 in the mass
balance, or if a free aqueous phase needs to be present.
Using melt2 average H2O contents (3.5 wt%) as inferred
from EMP totals, products would require about 25%
H2O in excess of that released by reactants. As the H2O
contents deduced by EMP closure values are probably
overestimated (e.g. Ellis 1986), the minimum value
(2.0 wt%) was also used instead of the average. In this
case a good balance was obtained. Because further un-
certainty can be introduced by non-stoichiometry in the
OH content of biotite (i.e. dehydroxylation mechanisms,
Bohlen et al. 1980), it can be concluded that the role of
H2O cannot be constrained by mass balance with the
available data, as con¯icting answers are available.

Note that the (overestimated) H2O content of melt2 is
much lower than the saturation range for rhyolitic melts
(Holtz et al. 1995) at the P-T values inferred above;
conversely, it is close to the values expected for melts
generated at low aH2O (e.g. Vielzeuf and Montel 1994).
This suggests that an aqueous ¯uid phase was not in
excess during melting, and that the process was ¯uid-
absent. Although more, de®nitive constraints are
needed, such a conclusion seems reasonable considering
that extensive anatexis, producing H2O-undersaturated
melts, had already occurred in the xenoliths, and that
there is no evidence for low-aH2O ¯uids trapped in ¯uid
inclusions.

Discussion

High-T exchange mechanisms in biotite

As AlIV and Si do not show appreciable variations from
Bt1 to Bt2, the relevant changes in the composition of
biotite during melting are restricted to the octahedral
site, involving AlVI, Ti, Fe and Mg. The chemical data
obtained in this study are projected in the binary plots of
Fig. 9 with other biotite compositions from similar xe-
noliths, allowing evaluation of the possible exchange
mechanisms that occurred in the octahedral position.

The diagram of Fig. 9a indicates that the vacancy-
forming TiFe-2 substitution proposed by PatinÄ o Douce
(1993) and PatinÄ o Douce et al. (1993) is not applicable
to the biotites of the present study. As the change

from Bt1 to Bt2 is characterized by an Fe + Mg sum
within �0.05 cations (Fig. 9b), the concentration of Ti
must be negatively correlated with that of AlVI: Fig. 9c
shows that this correlation exists, and has a trend similar
to that suggested by Stevens et al. (1997). However, this
correlation is mainly observed in biotites of sample
HO42, whereas most biotites from other Spl-free

Fig. 9a±c Binary plots illustrating crystal-chemical features of
biotite. a Fe2+ vs Ti diagram: variations from Bt1 (®lled circles) to
Bt2 (squares) are not consistent with the TiFe±2 substitution that
would follow a trend parallel to the dashed line; b Fe2+ vs Mg
diagram: Bt1 and Bt2 have a Fe + Mg sum of 4.35 (dashed line)
�0.05 atoms. Biotites from other xenoliths (empty diamonds)
generally have higher Fe + Mg; c AlIV vs Ti diagram: a general
negative correlation is apparent only from the data points of Bt1
and Bt2, whereas biotites from other xenoliths are more scattered
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xenoliths exhibit a di�erent behaviour, characterized by
relevant AlVI variations at rather constant Ti. This
probably suggests a substitution mechanisms interven-
ing only during melting of biotite in the presence of a
phase such as spinel. As both Bt1 and Bt2 contain con-
stant AlIV, it is apparent that the Tschermak exchange
cannot describe the variations of AlVI and that, as noted
by Indares and Martignole (1985) and Brearley (1987),
an alternative mechanism for AlVI exchange is needed.
Thus, the high-T change from Bt1 to Bt2 seems to be a
coupled mechanism of octahedral substitution, repre-
sented by the simultaneous Ti-Al exchange and MgFe-1
substitution. It is important to bear in mind that the
above discussion relies on the scheme of biotite nor-
malization to 44 negative charges. This implicitly and
arbitrarily excludes the occurrence of the Ti-oxy sub-
stitution (e.g. Cruciani and Zanazzi 1994, Dyar et al.
1993), which can be evaluated only by direct measure-
ment of Fe3+ and OH content.

Biotite melting reaction

The mass balance obtained in this study resembles the
biotite ¯uid-absent melting reaction proposed by Ste-
vens et al. (1997):

Bt + Qtz + Pl1 � Sil = Kfs � Grt � Crd � melt � Pl2 � Ilm

�2�
in which it is shown that plagioclase changes composi-
tion during melting. The main di�erence with this and
other biotite melting reactions proposed for metapelites
(see also Le Breton and Thompson 1988; Vielzeuf and
Holloway 1988; PatinÄ o Douce and Johnston 1991) is the
absence of quartz as a reactant (and of K-feldspar as a
product), which causes spinel formation and a reverse
role for garnet (or cordierite, depending on pressure),
which in the present case study is a reactant. Based
on Schreinemakers analysis in the simpli®ed system
KFASH, Montel et al. (1986) proposed the melting re-
action:

Bt + Sil + Grt + vapour = Spl + melt �3�
This Qtz-absent reaction predicts garnet as reactant

(e.g. Grant 1985) and does not contain K-feldspar, but is
¯uid-present.

Modelling of biotite melting in natural metapelites
generally requires consideration of the non-KFMASH
components Na, Ca, Ti and occasionally Mn. The ad-
dition of these components results in the presence of one
extra Ca-Na phase, plagioclase, and possibly one extra
Ti-phase (ilmenite or rutile as a function of pressure).
When ilmenite is not stable, Mn and Ti are strongly
partitioned into garnet and biotite, respectively. As a
result of the relationships between extra components
and extra phases it follows that, unless the bulk system
has an anomalous or degenerate composition, most
univariant melting equilibria proposed for the model
pelitic system (e.g. Grant, 1985) ± or even for the

CNKFMASH system (Spear et al. 1999) ± are indeed at
least divariant.

The mass balance obtained in this study can be re-
written as:

Bt1 � Pl1 � Sil + melt1 �Grt = Ilm+melt2 � Bt2 � Spl+Pl2

�1b�
Although this might indicate a univariant reaction in

a model system with eight compositional degrees of
freedom, it has been already pointed out how it actually
involves, as both reactants and products, three phases
with distinct composition (biotite, plagioclase and melt).
It follows that the mass balance represents a disequi-
librium reaction, although it relates P-T conditions that
are relatively close to each other: 850 � 50 °C and
5±7 kbar before biotite melting (Cesare et al. 1997),
900±950 °C and �5 kbar during biotite melting (this
study). It is suggested that this disequilibrium reaction
approximates the continuous reaction by which biotite
would melt under equilibrium conditions. In this per-
spective, because the real number of phases involved is
seven, the continuous reaction would be trivariant. Note
that the variance would be increased by one in the likely
case that the system was ¯uid-absent.

Support for biotite melting in high variance assem-
blages, i.e. over a large (isobaric) temperature interval, is
found in most experimental studies that use natural or
complex synthetic starting materials of bulk composi-
tions ranging from pelite to greywacke, at variable Al
saturation and contents of ``extra'' components Ca, Na,
and Ti. All this evidence indicates that di- or multi-
variant biotite melting is to be expected as the rule in
natural rocks, and not only in the presence of a TiO2

component. The major e�ects of minor components on
the stability of biotite indicate that the KFMASH pelitic
system is oversimpli®ed for modelling crustal melting
and unsuitable for thermobarometric purposes. The
system should be generally considered a starting point
for ®rst-order, qualitative analysis.

The involvement of garnet and plagioclase as reac-
tants in mass balance (Eq. 1) indicates that although
spinel presence is mainly con®ned to the narrow reaction
zone around biotite, the equilibration volume for the
melting reaction extends for at least 1 cm, the average
distance between garnet porphyroblasts and reaction
sites. It also suggests that textural development was
initially controlled by nucleation kinetics: nucleation of
products spinel and ilmenite occurred mainly at the
surface-melt2 interfaces of melting biotite, where Fe,
Mg, Al, and especially Ti were readily available. Reac-
tion progress then became di�usion controlled, and the
rate-limiting step was intracrystalline di�usion in zoned
plagioclase and biotite, rather than di�usion via the
intergranular ®lm of melt. The latter was in fact e�cient
in transferring mass (Fe, Mg, Ca, Na) from garnet and
plagioclase to the reaction site and vice-versa. The mass
balance relationship also suggests that melt production
was dominated by the availability of K from biotite,
whereas Ca and Na were able to move from other sites
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to the Bt-controlled reaction interface. This perspective
reinforces the interpretation that the rare K-feldspar,
absent in the vicinity of biotite, was not participating in
the melting reaction.

Melt productivity and composition

Mass balance (Eq. 1a) can be rewritten in weight units in
the equivalent form

4:3 Bt1 � 3:0 Pl1 � 0:9 melt1 � 1:8 Sil� 0:9 Grt

� 0:2 Ilm� 5:0 melt2 � 1:6 Bt2 � 2:4 Spl� 1:6 Pl2 �1c�

where mix has been expressed as 1/3 melt1 + 2/3 Sil.
The potential bulk (melt2±melt1) melt productivity of
this reaction is 37%, a fairly large proportion for a Qtz-
absent system.

The melt2 produced during biotite melting is leuco-
granitic: silica-rich, corundum normative, and leuco-
cratic; its composition is similar to that of natural
peraluminous leucogranitic suites (references cited in
Montel and Vielzeuf 1997) and also to melts obtained by
experimental ¯uid-absent melting of metapelitic sources
(e.g. Vielzeuf and Holloway 1988; Stevens et al. 1997;
PatinÄ o Douce and Harris 1998) and metagreywackes
(Montel and Vielzeuf 1997; PatinÄ o Douce and Beard
1996). Note, however, that all experiments on biotite
melting done so far have been in Qtz-saturated systems,
generally (much) more magnesian than the xenoliths
considered in this work, that have XMg � 0.20±0.27.

Thus, the present data extend the experimental con-
straints to include Qtz-absent, Fe-rich systems, and
con®rm that biotite melting can produce leucogranitic
(FeO < 2 wt%) melts bu�ered to a fairly constant
composition:

± over a wide temperature range: from �750 to
�950 °C

± in a wide range of bulk compositions and degrees of
saturation of silica and alumina, i.e.

± with a variable restitic assemblage, characterized in
turn by one or more of the phases Grt, Crd, Spl, Opx.

The data also con®rm the observations of Stevens
et al. (1997) on the stabilizing e�ect of Ti on biotite,
again extending them to iron-richer compositions.
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