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ABsrRAcr

By studying the low-pressure Pefla Negra migmatites, associated with the Avila batholith, in central Spain, we were able to
identi$ what mineral reactions produced the different textural varieties of cordierite (metamorphic-, magmatic- and retro-
metamorphic-looking) commonly occurring in these rocks, and what role cordierite played in the low-pressure anatexis.
CordieriG was not produceO by ihe incongnrent melting of biotite, but at subsolidus conditions by the continuous reaction:
0.96 biotite + 0.40 sillimanite + 0.33 quartz = 1.00 cordierite + 0.30 lhigher-Ti and higher-Fe/(Fe+Mg)] biotite + 0.36
K-feldspar + 0.01 ilmenite + 0.03 wat€r, When this reaction occurred in the presence of melt, normally zond magmatic-
lookiog subidiomorphic crystals were formed. Large, inversely zoned, more magpesian crystals grew A9m the rnelt either
on inherited crystals or fiom new nuclei. These processes happened sequentially as a result of advancing anatexis.
Rehogression oi ga-"t produced cordierite through the continuous reaction: 2.13 biotite + 1.38 garnet + 0.35 sillimanite +
0.09 quarrz + 0.09 albiae (from plagioclase) = 1.69 cordierite + 2.25 [ower-Ti and higher-Fe/(Fe+Mg)] biotite + 0.72
(higher-Mn and lower-Mg) garnet + 0.05 iknenite + 0.001 anorthite (to plagroclase). At low pressures, the P-T path has a grcat

influence on melt produ-tivity. Within the temperature range of 660-750'C, rocks that evolve along a pressrue path low
enough to intercepi the invariant biotite + sillimanite + quartz = cordierite + K-feldspar + water at subsolidus conditions are
morafertile than those evolving at higber pressure, although the chemical cornposition is the same. The presence of cordierite
in source rocks increases ttreir firtility in two ways: (l) directly, due to congruent melting at low temp€rature in the presence of
quartz and K-feldspar, and (2) indirectly, trecause cordierite-producing reactions release water and increase the petcentage
of the haplogranitic component in the anatectic system through the release of K-feldspar.

Keywords: Pefia Negra anatectic complex, migmatite, anatexis, cordierite-producing reactions, garnet breakdown, Spain.

Sol aens

Suite h notre 6tude du complexe nigmatitique de Pefia Negra, associ6 au batholite d'Avilq en Espagne centrale, nous
avons r6ussi i identifier les r6actions impliquant les diverses vari6t6s texturales de cordi6rite (m6tamorphique, magmatique, et
d'apparence r6trograde) dans ces roches, et i d6terminer le r6le qu'ajou6 la cordi6rite dans les r6actions anatectiques d faible
presiion. Nous pouvons 6liminer un modble pour sa formation par la fusion incongruente de biotite; par contre, elle semble
iaus6e par uneidaction continue i conditions subsolidus: 0.96 biotite + 0.40 sillimanite + 0.33 Quartz = 1.00 cordi6rite +
030 bi;tib [d teneur en Ti et b rapport Fe/(Fe+Mg) plus 61ev6es] + 0.36 feldspath potassique + 0.01 ilmdnite + 0.03 H2O.
Li of cette r6action a proc6d6 en prdsence d'un liquide silicat6, des cristaux sub-idiomorphes normalement zon6s, i apparence
magmatique, en ont r6sult6. Des cristaux plus grossiers, inversement zon6s et plus fortement magn6siens, ont cru i partir du
magma, ioit par la croissance continue de cristaux hdrit6s ou par la nucl6ation de nouveaux cristaux. Ces- processus de
formation sont apparus en sdquence, i mesure que progressait I'anatexie, La ddstabilisation du grenat a produit-la cordidrite
selon la r6action continue: 2.13 biotite + 1.38 grenat + 0.35 sillimanite + 0.09 quartz + 0.09 albite (provenant du plagroclase) =

1.00 cordi6rite + 2.25 biotte [] teneur en Ti plus faible et d rapport Fd(Fe+Mg) plus 6lev6l + 0.72 grenat (i teneurs plus

61ev6e en Mn et plus faible en Mg) + 0.05 ilrn6;i0s + 0.001 anorthite (conhibution au plagioclase). A faibles pressions, le trac6
en termes de P-T exerce une grande influence sur le taux de production de liquide. Da.ns un intervalle de temp6rature compris
entre 660 et 750'C, les rocheiayant 6volud le long d'un tracd l pressien sgffisamment faible pour favoriser une intersection de
la rdaction invmiante biotite + sillimanite + quartz = cordi6rite + felclspath potassique + H2O sous le solidus seront plus fertiles
que celles qui auront 6volu6 i pression plus 61ev6e, malg6 leur composition identique. La pr6sence de cordi6rite dans les
roches sujeites i une r6action anatectique augmente leur fertilit6 de deux fagons, une directe, par sa fusion congruente I
temp6rature relativement faible en pr6sence de quartz et de feldspath potassique, et I'autre indirecte, rdsultat du fait que les
r6actions qui produisent la cordi6rite d6gagent de I'eau et augmentent la proportion de la fraction haplogranitique dans le
systdme anatectique par la d6stabilisation du feldspath potassique.

(Iraduit par la R6daction)

Mots-c6s: complexe analectique de Pefla Negra migmatit€, anatexig formation de la cordidrite, d6stabilisation du grenat Espague.

@ of Geology, McMaster unive$ity, Hamilton, ontario L8s 4Ml.
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INrnooucrroN

Cordierite is a widespread mineral in anatectic
migmatites, where it may appear within the meso-
some, the melanosome, or the leucosome. Depending
on the pressure that prevailed during partial melting,
migmatites may show systematic differences both in
the frequency distribution of cordierite among their
componentso and in the nature and behavior of the
associated ferromagnesian silicatei.

In cordierite-bearing migmatites formed at pres-
sures greater than 445 kbar, cordierite is usually
restricted to leucosomes, where it always appears
associated with garnet (e.g., Ashworth & Chinner
1978,  Brown 1983,  Tracy & Robinson 1983,
Fitzsimons & Harley 1991). In this case, cordierite is
generally believed to be generated by the incongruent
melting ofbiotite through a reaction such as:

biotite + alnminosilicate + quartz =
garnet + cordierite + K-feldspar + melt tll

(e.9., Holdaway &L,ee 1977, Thompson L982, Ctrant
1985a). Additional support for this idea is provided by
the fact that the modal abundance of biotite in the
matrix of the mesosome commonly decreases toward
the leucosome veins.

On tle other hand, migmatites that originated at
pressures less than 4-4.5 kbar commonly have
cordieiite in both the mesosome and the neosome.
although of different textural varieties (e.g., Jamieson
1984, Perreault & Martignote 1988, Yemon et al.
1990, Pereira 1992).Ia mesosomes and melanosomes,
cordierite appears in granoblastic aggregates, and its
modal abundance decreases near the zones of segre-
gation of anatectic melt @ereira 1992). Leucosomes in
such rocks, as well as low-melt-fraction (in terms
of Wickham 1987) anatectic granitic rocks, usually
contain large, euhedral crystals of cordierite as the
dominant femic mineral, with subordinate biotite and
no gamet. Restites, however, are rich in biotite or silli-
manite (or both), but devoid of cordierite (e.g., Bea
1991). This situation contrasts with what happens at
higher pressures, and precludes an origin for cordierite
through the incongruent melting of biotite, at least by
the mechanism conveyed by equation [1]. The avail-
ability of cordierite at the beginning of anatexis,
together with the possible effect of cordierite in lower-
ing the solidus temperature in haplogranitic systems at
low pressure (Grant 1985a, b), led us to suspect that
given the appropriate conditions, cordierite could play
a more active role during low-pressure anatexis than
previously suspected.

Here we present the results of an extensive elec-
tron-microprobe survey of cordierite and associated
nrinerals from a fypical example of low-pressure ana-
texis, the Peia Negra Complex in Spain, where cor-
dierite is ubiquitous in both migmatites and anatectic
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Ftc. 1. Textural varieties of cordierite in Pefla Negra ana-
texites. A. Melanosome witl metamorphic cordierite
(Cordl) cut by leucosome with type-Il magmatic
cordierite. B. Magmatic, type-III cordierite crystals in a
subautochthonous granodiorite. C. retrograde cordierite
surrounding a large crystal of gamet.

granitic rocks, appearing as three distinct textural
varieties (Fig. 1) that were probably generated by
different reactions: 1) small granoblastic, anhedral
crystals with a "metamorphico' appearance, which
are specific to restites and migmatite melanosomes,
2) large euhedral or subhedral, locally poikilitic crys-
tals with a "magmatco' appearance; this variety is, by
far, the most abundant, and characteristically occurs
within migmatite leucosomes and granitic rocks of
anatectic origrn; 3) anhedral crystals ofapparentretro-
grade origin, that form a rim around the rare crystals
of garnet.

This study had a dual purpose: firstly, to identify
through mass-balance calculations the nature, modal
proportions, and compositional variations of minerals
involved in the reactions that produced each textural
variety of cordierite, ald secondly, to assess the role
of cordierite in low-pressure anatexis in peraluminous
systems.

B

C
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Arqalvncer, Mnrnoos

The chemical composition of minerals rpad obtained
by wavelengh-dispersion analysis with CAMECA
electron microprobes at the Universities of Oviedo
(Spain) and Padova (Italy) using synthetic standards.
In both cases, the accelerating voltage was 15 kV, and
the sample current, 10 nA. hecision is within *2Vo fot
major and x,SVo f.or minor elements, respectively.
Whole-rock major-element determinations were done
by Inductively Coupled Plasma - Optical Emission
Spectrometry (ICP-OES) after digesting 0.2 g of
sarnple powder with HNO3 + IIF under pressure in a
Teflon-lined vessel at controlled temperature.
tnstrumental measuremetrts were carried out in tripli-
cate with a Perkin-Elmer Plasma II spectrometer
using the Myers-Tracy signal-compensation system.
Typical precision was about *0.25Vo rcl., *O.75Vo rel.
ardt2.57o rel. for analyte concentrations of 10, 1, and
0.I vrt%o, respectivelY.

Geoloctcar BACKGRoUND

The Peffa Negra Anatectic Complex @ea &^Pereira
1990, Pereira 1993) crops out over 350 kmz in the
central part of the Gredos sector of the Hercynian
Avila Batholitl, central Iberian Variscan Belt. It is
composed of low-pressure migmatites and related ana-
tectic granitoid rocks, which have cordierite + biotite
as the prevalent ferromagnesian mineral assemblage
(Bea 1982).

The regional rocks at Peia Negra are diatexitic
migmatites, customarily called oomesocratic mig-

matiteso', with a granodioritic composition and no
recognizable mesosome. They form a thick series of
more than 1000 m of vertical exposure. Intimately
associated with the mesocratic migmatites are several
types of anatectic granitoid rocks, classifiable in two
groop.: subautochthonous granodiorite and cordierite-
bearing leucogranite (Fig. 2). The subautochthgnggs
granodiorite grouping @b/Sr age = 310 t 6 Ma initiat
875786g1 = 0.7096: Pereira et aL 1992) occurs as large,
subhorizontal, conc<irdant sheets and includes por-
phyritic, cordierite-bearing granodiorite and monzo-
granite that grades transitionally into mesocratic
migmatites, having almost the same chemical and
isoiopic composition as these. Cordierite-bearing
leucogranite (Rb/Sr age in the range 3O5-295 Ma,
initial 8751165r - 0.7711, unpubtshed data of authors)
occurs as small bodies whose geometry ranges from
narow veins of leucosome to lens-shaped dikes and
irregular autochthonous plutons (maximum diameter
40 m) with transitional contacts to the mesocratic
migmatites. Both kinds of granitic rocks were gener-
ated from the same source, the mesocratic migmatites,
but at different degrees of partial melting. The sub-
autochthonous granodiorites are high-melt-fraction
granitic rocks with little or no separation of restite,
whereas the cordierite-bearing leucogranites represent
a low-melt-fraction granite with a limited restitic com-
ponent (Bea 1991, Pereira L989,1992).

PnrnocnaPnY

Pereira (1989) classified the mesocratic migmatites
into three types according to their mesoscopic struc-
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Fra. 2. Schematic section of Peffa Negra Anatectic Complex, showing the main rock-types: I migmatite, 2 granodiorite'

3 leucogranite, and 4 Hercynian granites surrounding the Complex.



766 THE CANADIAN MINERALOGIST

ture$: (1) schlieren, (2) nebulitic, and (3) transitional
(to the subautochthonous granodiorites). The three
types have almost the same bulk mineraloeical and
chemical composition. The schlieren and 

-nebulitic

variants differ only in the geometrical relationships
between leucosome and melanosome. The transitional
rocks are invariably located between the sub_
autochthonous granodiorite and the nebulitic suite.
and are characterized by tle development of large
megacrysts of K-feldspar. The leucosome of the meso-
cratic migmatites has a hypidiomorphic texture and is
composed of quartz + plagioclase (core An.._,*, ourcr
rim Anr*1) + cordierite + biotite + K-feldipar, with
accessory sillimanite, apatite, ilmenite, zircon, pyrite,
graphite, monazite, xenotime ando occasionally, 

-tour-

maline. Cordierite invariably seems primary; the
subhedral untwinned crystals range from 2 to 15 mm
across. They usually contain inclusions of drop_like
gyqt , iry"qe, pytite, zircon and, less commonly,
biotite and sillimanite. The melanosome is composed
of layers alternately granoblastic (metamorphic-
looking cordierite r quartz t plagioclase t K-feldspar)
and schistose (sil l imanite + biotite + i lmenite t
cordierite)- In some aleas, the mesocratic migmatites,
mainly of schlieren type, feature large (maximum
diameter in the range 5-40 mm) euhedral or subhedral
crystals of almandine,rich garnet, which are invariablv
surrounded by a rim of low-Mg, retrograde cordierite
and biotite crystals @ereira 1992).Tlte modal compo-
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sition of leucosome and melanosome of mesocratic
migmatites is shown in Table l.

The samples of subautochthonous granodiorite have
a hypidiomorphic granular texture, with prominent
K-feldspar megacrysts (maximum diameter in the
range 10-15 cm) and large (maximum diameter in
the range 5-25 mm) euhedral crystals of cordierite,
variably pinnitized. They are composed (Table l) of
anhedral crystals of quartz, subhedral crystals of zoned
plagioclase (core An312e, outer rim An13_r), crystals
of aluminous biotite defining a microschlieren texture,
K-feldspar (mostly orthoclase megacrysts), and euhe-
dral or subhedral crystals of cordierite, which are tex-
turally identical to the largest primary crystals from
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the leucosome of mesocratic migmatites. They contain
abundant apatite, some sillimanite and zircon, and
scarcg monazite and xenotime, usually included in
biotite.

The samples of cordierite-bearing leucogranite have

tite, zircono monaziteo and tourmaline appear as acces-
sory minerals. The modal composition is provided in
Table 1.

Within anatectic granitic rocks, there are clots or
nodules (diameter in the range 3-40 cm), and even
metric bodies of restitic material containing biqtite,
sillimanite. and ilmenite as essential minerals, with
accidental quartz and cordierite, invariably defining a
metamorphic texture. Many of these bodies have the
same textures and mineralogical composition as
the melanosome of migmatiteso but others are almost
monomineralic, composed either of sillimanite or, less
commonly, of biotite.

Table 2 shows a selection of chemical compositions
ofrepresentative rocks from each lithotype.

TnE Cowosrnox op rnr
Rocr-Fonuwc MNeRAm

Cordierite

Early (pre-microprobe) compilations of composi-
tional data on natural cordierite (Leake 1960, Schreyer
1965) did not lead to meaningful correlations between
cordierite chemistry and paragenesis. From more
recent compilations of electron-microprobe data,
however. it seems that the nature and abundance of
channel cations (ChC), Na + K, can be related to para-
genesis. Speer (1981), for example, pointed out that
magmatic cordierite normally has high Na contents,
and Schreyer et al. (L990) have proved that high-K
cordierite is characteristic of partially molten rocks at
very low pressures. Using this approach, we have
determined the usefulness of the ZCbC versus
Mg/(Mg+Fe+Mn) diagram as a discriminant in a
classification scheme by plotting a large dataset of'
microprobe data of cordierite from very different para-
geneses and checking whether each paragenetic goup
defines a different field in the diagram. Figure 3 illus-
trates how it is possible to discriminate among meta-
morphic, anatectic, and magmatic cordierite crystals,
the value of LChC being the most sensitive parameter.

The cordierite from Pefla Negra has a moderate
Mg/(Mg+Fe+Mn) (in the range 0.40-{.60) and LChC
(in the range 0.01--0.15 atoms per fonnula unit, apfu)

0.5

o.4

Ftc. 3. Classification diagtam for cordierite, from data by
Lepezin et al. (1976), Goldman et al. (1977)' Speer
(1981), Ibarguchi & Martlnez (1982)' Gervilla (1990)'
Holtz (1989), Rottura et al. (1989), Schreyet et al.
(1990), Vry et at. (1990), Secchi et al. (1991),Bea &
Pereira (this work and unpublished data). The high-
Mg/(Mg+Fe+Mn) maximum is due to cordierite from the
Ronda ultramafic complex (Gervilla 1990). Contours
show ateas where the data are most concentrated in tle
sample, estimated with the Epanechnikov kernel (Systat
t992\.

(Table 3). The projection in the IChC versus
Mg(Mg+Fe+Mn) diagraq reveals that each textural
group has its own compositional identity @g. 3). Both
metamorphic and retrograde cordierites plot either
within anatectic or metamorphic fields, although they
differ sharply in Me/(Mg+Fe+Mn) values (0.44-{.50
versus 0.4L-0.44, respectively). On the other hand,
data points for magmatic cordierite define the widest
range of Mg/(Mg+Fe+Mn) values (0.44-0.58) and
plot within anatectic and magmatic fields (Fig. 4)'

If the composition of cordierite crystals (except the
very rare, gamet-associated variety) from each litho-
type is plotted separately in the I'ChC versus
Mg/(Mg+Fe+Mn) diagram, the density of data points
reveals the existence of four modes or compositional
types: Ia, Ib, tr, and m Gtg. 5): Cordierite of types Ia
and Ib has the same low Mg/(Mg+Fe+Mn) values
(<0.49), but different lCnC (= 0.035 and = 0.060
apfu, respectively); cordierite of type II has a
Mg/(Mg+Fe+Mn) in the range 0.51-0.53, and
cordierite of type III is the most magnesian, with
Mg/Qvlg+Fe+Mn) greater than 0.54. Most, but not all,
crystals belonging to types Ia and Ib have a habit sug-
gestive of a metamorphic origin, whereas practically

a medium-grained equigranular hypidiomorphic tex- q
ture in whiih euhedial, locally poit iliti. crystals of .E 0.3
magmatic cordierite (diameter in the range 7-25 mrr) E
are prominent. The essential minerals are quartz, :
K-feldspar, plagioclase (core Anrr-,3, outer rim E o.z
Anrz-s), cordierite and, less abundantly, biotite, which F
always appears associated with sillimanite in streaks €
or microschlieren, considered of restitic origin. Apa- aJ O.t

0.0 0.1 0, 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Mg1(Fe+Mn+Mg)
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TABLE3. RE;IJLTSOFEICIROI\T-MICROPROBEANALYSISAND STRTrcruRALrcRMIJI.AOFSEIICTEDCRYSTAISOF
CORDIERITE FROM PEili!{ NEGRA LXTHOTTPS

Rebograde Mebmorphic crystals il{agnalic cry$als
, ey$als _ typela typelb typetr 

- 
typem

, . r  z  z  q  s  e  t  ! . .  g . . ro  r t  r z  B  A  .$  i e  i  ! a - - r s - - ' -
lvlajor elonent corycition (wt %)

41.14 &.n {r.63 47.8 47.8 47.8 n.g 8.8 47.72 41.76 47.% 8.t7 &,8 4.y 41.3 {t.51 4r.s7 47.8 &4, 6.X
0.00 0.6 0.01 0.m 0.0t 0.08 0.00 0,00 0.04 0.04 o.o2 0.@ 0.@ 0.05 0.00 o.o1 0.00 0.04 0.00 0.o4

3L42 tLll 31.t1 31.&l 3Ln 32'f8 3Lc5 92-t5 rLVz 3t,n 3218 31,9 3r.% ?Ltx 3t.9 32"fi 3L7s 3L5t 3LW 31,74
13.76 lzfa lz.la lL63 ILf' ll.5? 11.96 ll.G 11.s6 12.6 10.50 11.49 lO@ lo.29 g.% g.g2 931 &65 9,83 938
432 470 4.92 530 6.t2 5.m 6.10 5.96 5.66 5.99 s.St 6.12 6.19 6j,2 6.?0 6.43 6.6 625 6,93 659
0.t0 0.18 0v 0.4t 0i9 0,43 o.a o2, o.a o.z9 0,8 o.B 0.28 0.34 031 0.24 A31 032 0.% O3l
0.05 0.@ 0.G 0.08 0.01 0.00 0,00 0,m a.w 0.06 0.04 0.@ 0.o2 0.ct 0.04 0.05 0.02 0.02 0.00 0.02
o.zlE 036 0.41 0.13 0.12 0.1? 0.18 0.22 on o.p a,a o.2s 0.?6 036 030 0.a 034 t.l8 o.a 037
0.o2 0.04 0.04 0.01 0.00 0.00 0.00 0.9, 0.@ 0.06 0.00 0.00 0.@ 0.@ .0.c, 0.00 0,00 0.00 0.03 0.02

Stucnual fornula bagod on 18 oxygens
4.9e 5.00 5.05 5.6 4.9 5.V2 5.m 5.05 5.92 5.01 5.06 5.06 4.lx 4.ry 5.8 5.01 5.01 5.v2 s.OL 4,g9
4.M 4.as 3.vl t.96 3.v7 3.q3 3.9t 3;9s 3.97 g,gs. 4.00 3.91 4.6 4.08 3,s 4,w 4.M 4.v 4.01 4.03
0.@ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.q) 0.m 0.m 0.00 0,@ 0.00 0.00 0.m 0.00 0.00 0,00
l.z2 t.l3 1.6 1.11 1,05 1.01 l.o5 1.01 1,04 1.06 0.93 1.01 0.91 0a9 0.88 0S' 0.81 0.76 0.8it 0.84
0.6E 0.75 0.4 0.83 0.95 0.93 0.95 0.92 0.89 0.94 o.8E 0.96 0.99 l.Ot 0.99 1.01 1.04 0.9E 1.08 1.06
0.01 0.o2 0.8 0.04 0.05 o.u 0,u2 0.@ 0.u o.Gt 0.09 0.o2 o.qt 0.@ 0.00 o.o2 0.@ 0.u! 0.o2 0.0g
0.01 0.00 0.@ 0.00 0.00 0.m 0.00 0.00 0.m 0.01 0.00 0.@ 0.00 0.00 0.00 0.01 0.00 0.00 0.m 0.00
0.10 0.07 0.09 0,08 0.02 0,q3 0.04 00t 0.06 0,o4 0.06 0.05 0.o5 0.g/ 0.06 0.o5 0.a 0.24 0.06 o.oE
0'00 0.01 0.ol 0.@ 0.m 0.00 0.00 0.00 0.@ 0.ol 0.00 0.(D 0,@ 0.00 0.@ o.m o.oo o.@ 0.@ 0.00
0.11 0.6 0.09 0.4 0.02 0.08 0.04 0.05 0.06 0.05 0,06 0.09 0.06 0.08 0.{r, 0.05 o.st o.vl 0.07 008

o.4t oA2 0.46 0.47 O.47 0.45 0.46 0.rA 0.48 OS2 052 012 o.53 055

0.20

0.15

0.4 0.48 0.52 056 0.60

all crystals from types tr and Itr seem magmatic. The
relafive importance of these compositional groups for
each lithotype changes systematically from the less
evolved migmatites to the most evolved anatectic
leucogranites as follows: 1) The composition of
cordierite in schlieren-type and nebulitic migmatites
defines a bimodal distribution. Most cordierite crvstals
belong to the type Iao and the rest to rype U. Zj fhe
composition of cordierite in transitional migmatites
also is bimodalo with one mode corresponding to type
Ib and the other to Ope tr. In contrast to the above
situation, type-Il crystals are the more abundant.
3) The composition of cordierite in the subautoch-
thonous granodiorite also is bimodal. One maximum
corresponds to type II as in migmatites, but a new
maximum appears. This is formed by type-III
cordieriteo which corresponds texturally to the largest
magmatic-looking crystals. 4) Lastly, cordierite-
bearing leucogranite also shows two maxima, but iur
this case with very different Mg(Mg+Fe+Mn) values.
Type-Itr cordierite crystals are widespread; followed
by those of type Ib.

Another important difference between type-Il and
rype-m crystals lies in the patrems of zoning (Frg. 6).
Type-II cordierite shows normal zoning, with
Mg(Mg+Fe+Mn) decreasing from the core to the rim.
ln contrast, type-I[ crystals are inversely zoned, with
Mg/(Mg+Fe+Mn) increasing from the core to the rim

a

E o.ro
6)

6

e 0.05
hl

0.(X) L
0.40

Mg(Fe+[,In+W)

Flo. 4. Projection of compositions from each textural varietv
of cordierite in the Lchannel cations yerszs
Mg/(Mg+Fe+Mn) diagram. Symbols: black dots repre-
sent retrograde crystals, crosses, metamorphic crystals,
and circles, magmatic crystals; I, tr, and III represent
fields of metamorphic, anatectic, and magmatic
cordierites, respectively.

lCbCandMarethe $m of chamel catisns and Mg(Mg+Mn+R) rupeccively.
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Ftc. 5. Sample-density contour plots in the )channel cations
versas Mg/(Mg+Fe+Mn) diagram for each Peia Negra
lithotype. Contours were estimated with the
Epanechnikov kemel (Sysat 1992)."

of crystals. This phenomenon of inverse zoning is very
common in cordierite crystals of magmatic para-
genesiso having been observed in experimental melts
(Holtz & Johannes 1991) as well as in volcanic envi-
ronments (e.g., Birch & Gleadow 1974).

Biotite

Biotite of the mesocratic migmatite is aluminous
and ferrous (Table 4). hevious results of analyses by
wet chemistry on concentrates (Bea 1980), together
with the fact that the biotite usuallv is associated with

FIc. 6. Revene Mg/(Mg+Fe+Mn) zoning in magmatic crys-
tals of cordierite. A. Type-tr crystal from a mesocratic
migmatite, B. Type-III crystal from a sample of sub-
autochthonous granodiorite.

the ilmenite + sulfide + graphite, indicate that the
amount of Fe3+ is very low (see Guidotti & Dyar
1991). The Ti contents range from moderate to high'
with TiO2 s6mmonly in excess of 3 wt.Vo, antd normal-
ly display a large variation among points analyzed in
the same section. Averaged values for each section do
not show any significant correlation with Fe/@e+Mg)

Ms/(Fe+Mn+Mg)

Mg/(Fe+M#[{s)

I o,rz
E o.t
o

E 0.06
o 0.6

hl
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TABLE4. RESI.'LTS OFELECTRON.MCROPROBEAI{ALYSIS ANDSTRUCTURALFORMTJIA OFSELECTED
CRYSTAIJ OF BIOIITE FROM PSIA NEGM LXTHOTYFES

, Mgmatit€g Granodiorites bucoganites

Si02
Tq
AIzQ
RO
t{p
i/rc
CaO
l,lazO
K2o
Sum

SEucnral formula based on ll oxygens
Si 2.8 2.6s 2.69 Lro 2.6 .2Jo z6 2.61 2.6s 2.69 z& 2.6
IvAl r32 135 l3t 130 134 1.30 r32 1.33 135 l.3l 136 r34
vIAl 034 038 0,51 0.s0 o.4t 039 0.41 0,46 o.3z 0.39 0.40 039
Ti a.fi o.2o 0.12 0.15 0.18 0.18 0.18 0.19 0,2o o,t? 0.18 o.t6
yg 0.90 0.81 0.94 0.88 0.&T o.s2 o.s2 o,% o.% 0.98 0.90 0.84
Fe l.zto t.& l.a tls ts4 l.3t t.2g r.zz t35 1.8 133 lu
ifn 0.o2 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01
Ca 0.00 0.00 o.m 0.01 0,00 0,00 0.m 0.(n o.00 0.00 0.01 o.00
Na 0,0a o.u 0.03 0.o3 o.gz, a.m 0.6 0,y2 0.00 0.02 0.01 o.sz
K 0.96 0.98 0.90 0.8s 0.% 0.s9 0.91 0.90 o.yt 0.91 0.9a 0,g2
Fd( +Me) 0.61 0.63 0.tt 0.59 0.61 - Q.59 0.S O,S7 A.Sg 0.57 0.60 0.63

t 2 9 l 0 l t L 2 17 lE
composition(wL 7d

u.6 33.95 35.6't 36.(ts 3.68 35.30 35.13 35.14 33.51 35.63 34.05 34.11 34.38 35.00 %.n 34.61 34.X 35,(f7
2.% 33J 2.W 2i4 3.06 3.20 3.17 335 332 297 3.11 2.69 2.57 1.95 3.95 2.X 2,6t 2,%

1830 18,&2 2A.?7 20.4 t937 tA.lt 19,41 20,34 l8.m 19.12 g,n 8,82 18,44 19.85 t&63 19.16 tg.4 rg.tg
21.65 2l8 19.61 n.n m.u n.42 m,42 t9.47 20.49 X.36 n,47 2LG 21.21 2t.A 21.8 2t.t6 m.g9 n.T
7i8 6'92 8.33 7.94 7,59 8.06 8.19 8.10 &02 a.6a 7:76 7.2t 6.X 725 6.6 7.g 7.Q a.v2
o24 0.2fi 0,2' 0.05 0.20 0.11 0.00 o.17 0.16 0.16 0.11 0.18 0.18 0.14 0.r/ o.t4 0.27 0.18
0.@ 0.04 0.o2 0.09 0.00 0.00 0.01 0.00 0.00 0.04 0.12 0.01 0.00 0,02 0.08 0.02 0.06 0.00
0,11 0.28 0.18 0,19 0.15 0.16 0.22 0.16 0.m 0.16 0.09 0.ll 0.06 0.13 0.08 0.10 0.20 0.19
9J9 932 9.35 8.88 9.% 9,16 9,& 9.8 9,il 9.4 9.& 9.26 g.t4 E.y3 9.n 8,n s.M g37

956 94.n 95.tr/ !)6.S 95.45 95,t2 96.41 96.E1 93,14 %.X 9439 94,8 %.3t %.55 qt,4r s4,| 95.31 gs,32

230 2,70 2.69 2.6 2.6E 268
130 130 131 t32 t32 t32
4.41 0.5r 038 0.44 0.43 0.41
o.l8 o.il 0.23 0.15 0.15 0.17
o.8l 0.8 0.76 0.88 0.r, o.9l
t39 t31 1.41 t37 135 130
0.01 0.0r 0,00 0.01 0.o2 0.01
o.00 0.00 0.00 0.00 0.00 0.m
0.01 0.o2 0.01 0.02 o.cl 0.03
0.92 0.88 0.90 0.86 0.89 0.9r
4.63 0.62 0.65 0.6r 0.6r o.5e

values @ig. 7). However, results of individual analy-
ses obtained on the same section reveal two types of
correlation (Fig. 7): samples without modal garnet
invariably show a positive correlation between Fe and
Ti, whereas gamet-bearing samples invariably show a
negative correlation.

The composition of biotite crystals in the cordierite-
bearing leucogranite is exactly tle same as in meso-
cratic migmatite, which could be due to their restitic
origin, as is clearly revealed by their textural relation-
ships. However, the composition of biotite in the grano-
diorite differs markedly from that in the migmatite:
1) The frequency distribution of Fe(Fe+Mg) values
for biotite from mesocratic migmatites is not the same
as for the subautochthonous granodiorite @ig. 8), in
spite of whole-rock Fe/(Fe+Mg) values being identical
for both lithotypes. The frequency distribution is
asymmetrical, ending sharply toward low values, and
the mode is between a Fe/(Fe+Mg) value of 0.59
and 0.60. The frequency distribution of Fe/(Fe+Mg.l
for biotite from the subautochthonous granodiorite,
however, is more symmetrical and-incipiently
bimodal, one mode at Fe/(Fe+Mg) in the range
0.57-0.58 and other, more intense, placed at a
Fe/@e+Mg) value in the range 0.60-0.61. 2) The cor-
relation between Ti and Fe/(Fe+Mg) is positive in

both the subautochthonous granodiorite and meso-
cratic migmatite. Nevertheless, NAI and Fe/@e+Mg)
are positively correlated in migmatite, but negatively
so in granodiorite (Fig. 9).

These differences in biotite and cordierite composi-
tion within each lithotype as well as from one litho-
type to another obviously reflect different reactions
involving biotite. These will be discussed below.

-

FIc, 7. Correlation between Ti (apfu) and Fe/(Fe+Mg)
in biotite in mesocratic migmatite. A. Averaged values
for each thin section. B. Sections with modal garnet.
C. Sections without modal garnet. Though the average
values show no correlation, note how data from indi-
vidual sections are well correlated, those with modal gamet
positively, and those without modal garnet negatively .
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Ftc. 8. Histogram of Fd(Fe+Mg) values for biotite from mesocratic migmatite (A) and subautochthonous granodiorite @).
Note the bimodality of the laner, with the appearance of a new mode toward the magnesian side.
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Gamet

The scarce crystals of garnet appear either in the
leucosome or melanosome of the mesocratic
migmatite, although the composition is exactly the
same in both cases. In general, they consist of strongly
zoned, spessartine-rich (up to 8 wt.% MnO) alman-
dine-rich garnet with a Fe-, Mn-rich rim and a Mg-rich
core (Iable 5).

Sillimanite

Sillimanite is slightly nonstoichiometric although,
conversely to what has been described in the literature
(Kerrick 1990), it has a moderate excess of Si and a
conesponding coupled deficit of A1 (pereira 1992).
Regdrding other elements, sillimanite contains consid-
erable amounts of.Fe, although some crystals from
restite also have high levels of Ti and Mn (Table 5).

Ilmpnite

Ilmenite crystals have an almost stoichiometric
composition, with some Mn substituting Fe. MnO is
normally close to 2 wt.Vo, but in some specimens may
rise to 5 wtVo (Table 5).

Ttm CoRDnR[E-PnopucNc Rnc,croNs rN TnE.
Cass on rHE ME"rAMoRpHrc CoRDIERTTE

The fact that biotite, sillimanite, and quartz never
were found in contact within the melanosome of the
mesocratic migmatite indicates that the neosome was
formed according to the reaction:

biotite + sillimanite * Quartz =
cordierile + K-feldspar + vapor t2l

(e.9., Holdaway &Lee 1977).
lnasmuch as the Ti contents and Fe/@e+Mg) values

are systematically higher in biotite than in coexisting
cordierite, it is obvious that the forrnal expression of
reaction [2] is a model that is too simple to correspond
to mass balance in the real rocks. To satisfy mass
balance, the reaction either has to be continuous with
biotite on both sides of the equation, or a Ti-Fe-rich
phase must appear as a reaction product together with
cordierite and K-feldspar, or both.

The formntion of ilmenite

The excess of Ti and Fe in biotite with respect to
cordierite can be accommodated through the formation
of ilmenite (e.9., Jamieson 1984; Bea 1989), such that
equation [2] could be rewritten as follows:

biotite + sillimanite * euartz =
cordierite + ilmenite + K-feldspar + water t3l

The abundance of ilmenite in the melanosome and
restite (Table 1) strongly supports this idea. However,
attempts to calculate tfie mass balance using the real
composition of minerals failed in all cases. As an
example, we shall consider sample 3 (Table 2), a
sample of typical mesocratic migmatite of schlieren
type, with mostly type-Ia cordierite crystals. Using the
numerical method developed by Bea (1989), the mass-
balance adjustment of reaction [3] gives the following
results:
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0.65 Bto"+ 0.42 Sil-+ 0.33 Qtz =
1 Crd",+ 0.36 Kfs + 0.04 nrrav + 0.01 water [4]

Howevero this calculation has to be rejected, because it
gives a high residual (S2 = 2.2J , wherc

s2 = Iil*o tc.dfd"u1ut"d - Cr4.*dl)
and the theoretical composition of the cordierite pro-
duced is not realistic, with negative TiO2 and an
Fe/(Fe+Mg) ratio much higher than that of average
cordierite Clable 6).

056 A57 0J8 0.59 0.60
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a
a

a

t a

0.60 0.6s
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Frc. 9. Conelation between concenfiations of Ti and NAI (a.f.u) with Fe/(Fe+Mg) in biotite from two representative sections,
one from mesocratic migmatite (A) and the other from subautochthonous granodioiite (B). Note how the correlation
between NAI and Fe/(Fe+Mg) shows opposite sign in both lithotypes, whereas the conelation between Ti and Fe/(Fe+Mg)
is positive in both cases. See text for explanation.

Continuous reaction
w ith formation of biotite
on both sides of the equation

Bltimel & Schreyer (1977) suggested that reaction
[2] could be rewritten as follows:

biotiter+ sillimanite * Quartz =
biotitq+ cordierite +
K-feldspar + water t5l

a
o'  .a
a

a
a
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TABLEs. RESIILIS OFELECIRON-MCROPROBEANALYSTS AND STRUCTI,JRALFORMUI-A OF SELrcTED
SAMPL$ OF GARNET, SILUMANIIE AND ILMEMTE FROM FNA NEC}RA UTHOTYPES

Garnet Si[imanits Ilnde

1 2 3 4l-l l-2 l-3 1,4 l-5 2-l 2-2 24 24 2-5

Si02
nq
AlzCb
l€O
lds
tffi
CaO
NaP
K2a
Sum

lv{ajor element composition (wt 7o)
36.67 36-3f, 36.85 36it2 36.50 3634 3e4t 36.49 36j4 3en 36.4 v.C3 tt.& 37.57 0.00 0.00 0,02 0.04
0.04 0.05 0.cr2 0.0a 0.(y2 0.02 0.02 0.&l 0.m 0.o? 0.05 0,00 0.01 0.08 53.45 53.x 9.& 5L55

20.8 20.n ?f,42 2n33 20J5 m.U 20.76 m.2s 20.51 20.06 61.72 &.4t s.52 6.14 0.m 0.m 0.04 0.01
35.X 36.62 35.y 36j6 36.X ?6m 36.@ 35.9 35.6-1 36.3s 033 0.2s o.n O.2s 4.n 4.ss 45.m 44.s7
2.U 2,29 2.t2 t37 1.10 1.06 r.% 23a 2s5 1.56 0.O2 0.01 0.00 0.01 0,6 0.G 0,o5 0.06
3.13 3.18 330 4.6 438 4.r7 3.fi 3.A 338 4.2t6 0.6 0,06 0.08 0,00 2.68 1.6 1,98 2.06
0.81 0.84 0.83 0.?4 0.81 0.79 0.80 0.78 0.82 0.83 0.O2 0.02 0.01 0.0s 0.6 0.m 0.04 0.00
0.00 0.01 0.00 0.00 0.@ 0.s 0.6 0.ul 0.07 0.m 0.m o.05 0.0o 0.08 0.00 0.w 0.o2 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.m 0.00 0.00 0.00 0.0 0.m 0.00 0.10

9.4 9.9 9.8 W.9 99.51 99.55 W.X 99,45 99.73 99.fi 9&62 9&83 9A32 9&r5 100.14 99.5E 99.61 9F.3s
Structural formula basod on 12 (eam€t), 5 Gilimnite) and 3 (ilnenite) oxygens

si 2.99 2.98 3.01 2.w 3.or 3.00 z.xr 2.gE !& Lgg l.m r.M t.B r.uf 0.00 0.00 0.00 0.0o
AI 1.99 1.96 Ln Lw L% t.yt 2,w 1.95 r.g7 1.95 1.99 1.95 1.96 1.95 0.@ 0.00 o.0o 0.q)
Tl 0.@ 0.00 0.00 0.@ 0,00 0.00 0.00 0.0s 0.oo 0.0o 0.m 0.00 0.m 0.00 1.01 1.01 t.m l.0o
ft L& 2.5r 2.6 z.s3 2.s2 2.ss 2Ai 2.43 2.43 z.sr o.0l 0.01 0.01 o.0l o.sz o.ss 0.9s 0.e5
MS 034 o.a 0.26 0.lz o.t4 0.13 0,u. o.B o3t o.l9 0.m 0.00 0.00 0.00 0.00 0.00 0.00 0.(n
nfin o.2z o22 o.z3 0.4 03r 029 0,2/r o.22 0.2? 0.3r 0.m 0.00 o.0o o,00 0.06 0.o2 0.04 0.04
ca 0.f/ o.tn 0.o7 0.0? 0.o7 o.cr, 0.o7 0.o7 o.{r/ o.ct 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.m 0.00 0.0r 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.0o
K 0.m o.oo o.m o.oo o.oo o.oo o.m o.oo o.oo o.m o.oo g.oo o.oo o.oo ,o.oo o.oo 0.oo o.oo

Anal.yse.obtained by wavelengh dispersive analyses with-a CAMECA electon rnicroprobo using synthefic $mdards. In both cass
accoleraring voltage was 15 kV md sample culent was l0 nA-
Analyses from l-l (center)_to-1.-5 (bor&:r) be_long.to a single gamet crystal. Analyses frm 2-l (bordr) to 2-5 are a profile acrus
aoothercry$al of gamet All silinanite aDd ilneiite data re fim meriocraticnifmadtes"

where biotite, represents a Ti-poor, low-Fe/@e+Mg)
biotite, and biotite, is a higher-Fe/(Fe+Mg) biotite
richer in Ti. This reaction has found support in the
experimental work carried out by Le Breton &
Thompson (1988) and Holtz & Johannes (1991), who
described how biotite resulting from melting experi-
ments are richer in Ti than biotite in the starting
material. Since the compositional spectrum of the
biotite from the mesocratic migmatite ranges, precise-
ly, from individuals with low Ti and Fe/@e+Mg) up to
others with hieh Ti and Fe/@e+Mg) (Fre. 7), equation
[5] could well represent the situation in the Pefia
Negra Complex. The mass-balance adjustment gives
the following results:

1.11 Btr + 0.39 Siluu + 0.32 Qtz =
I Crduu + A.46Bt2+ 0.35 Kfs + 0.01 water t6l

This equation has a better fit than before (S2 = A.22),
but the tleoretical composition of the cordierite is
unacceptably high in Ti (Table 6). In addition, the
equation does not explain the high content$ of ilnenite
in the Pefla Negra migmatite, especially in restite and
melanosome assemblages.

The combination of both rnechanisms

It therefore seems reasonable to combine equations

[3] and tal as follows:

biotitel+ sillimanite * euartz =
biotite, + cordierite + K-feldspar
+ ilnenite + watei t7l

Calculation of the stoichiometric coefficients of this
equation gives:

0.96 Btr + 0.40 Silu" + 0.33 Qtz =
1.00 Crdu, + 0.29 Bt"2 + 0.36 Kfs +
0.01 Ilm + 0.03 water t8l

with a very low residual (S2 = 0.03) and a theoretical
composition of cordierite C[able 6) tihat almost exactly

TABLE6. MATOR-EIIMEIIT@I'|POSTTIONOFMINERAIS FROMSAMPII3
usEDrNMAgeBArAl$CECATCUT.A,TIONS OFEQUATTONS t4l, I6IAND tEI

Bt1 B2 Bt* Sild nn- Crda Crgfal Crd1C e6l

35O U.67 35.t2 36.8
2.@ 4A 3.10 o.Ot

m37 ta.45 t93r 6LC2
19,63 2.69 21.4 037
833 6-55 727 0.6
o.a oJ4 0.14 0.ol
0.01 0.01 0.01 0.00
o,la 0.@ o.lt o.c2
935 9.5l 9.44 0.@

Si02
fra2
Aba
&o
tdeo
i{;o
c6
llaP
K2O

0.00 47.t9 4789 47.Ca 47.A9
y,fi o.ot -037 038 0.6
0.00 32t9 32-t9 32_19 32"19

43.04 11.69 lLn tL56' rr.6
0.00 6.05 4,73 6.n 6.06
2,m 033 0.(X) 0.20 0.15
0.00 0.01 0.01 o.ol o.0l
0.m 0.18 0.G o.l? 0.16
0.m 0.01 0.01 0.01 0-or

Crd{+ Cldlq, mdq4$-erlE thFdiel @Fsiri@ d@di6ire olrtailnd tnqrg! e$e
equfuim ll@podtid!'b glva ir n%



matches the average value of real cordierite and can
therefore be accepted as representing the real situation
responsible for type-Ia cordierite.

Type-Ib crystals, on the other hand, only differ
from those of type Ia in the higher fChC contents in
the former. Type-Ib crystals could originate either by
reaction of previous type-Ia crystals with the melt, or
directly by reaction [8] if it occurred after the begin-
ning of partial melting.

Trn ConDrrnrrs-Pnooucnrc REAcTIoNS rN Tm
CASE oF .I'ID MAGMATIC Connrm.rrr

Experimental work by Holtz & Johannes (1991) on
materials very similar to the Peffa Negra migmatites
has revealed that: (1) cordierite in contact with the
melt occurs as idiomorphic crystals, (2) these are
invariably inversely zoned,. and (3) the Mg content of
the rim increases with both temperature (at constant
pressure and melt fraction) and with the melt fraction
(at constant pressure and temperature). These findings
are in excellent agreement with the changes described
above in the composition of magmatic cordierite, from
low-Mg, normally zoned crystals (type II) in the
leucosome of migmatites, up to high-Mg, inversely
zoned crystals (type III) in the granitic rocks. Thq
latter, therefore, seem to be the result ofthe increase in
the degree of partial melting and the effectiveness of
the separation befween melt and restite. To determine
which mineral reactions may be involved in such a
process, the restite-rich, high-melt-fraction sub-
autochthonous granodiorite will be examined more
closely.

The modal abundance of cordierite decreases from
nigmatite to granodiorite but, at the same time, crys-
tals become larger and more idiomorphic. This may
indicate the existence of the Ostwald ripening effect,
in which small crystals are dissolved in the melt,
whereas larger ones grow. However, this effect alone
cannot explain why the growing crystals become
progressively more magnesian, and we must look for a
reaction with the other ferromagnesian mineral present
in the system, i.e., biotite. Note that the biotite from
granodiorite, as opposed to that from migmatite,
simultaneously displays a negative correlation of ryAl
versas Fe/(Fe+Mg) and a positive correlation of
Ti versus Fe/(Fe+Mg). This reveals that they were
involved in a continuous reaction that produced less
Ti-rich but more Mg- and Al-rich biotite, exactly what
one would expect from the destruction of a Ti-poor,
Mg-Al-rich phase such as cordierite. This reaction
could be summarizgd as follows:

Fe-rich cordierite + Fe-Ti-rich biotite + melt, =
smaller amount of Mg-enriched
cordierite + greater amount
of Mg-Al-rich, Ti-poor biotite
+ melt2 t9l

775

The net amount of biotite increases" but that of
cordierite decreases to the right. Unfortunately, lack
of accurate knowledge of tle composition of the melt
prevents any mass-balance calculations.

The origin of cordierite in leucogranite also can be
understood through a mechanism similar to that
described in [9]. These leucogranitic rocks have low
whole-rock Fei(Fe+Mg) values, in some cases even
lower than in the mesocratic migmatite @erera1992).
Considered together with the fact that biotite is less
abundant than cordierite, this finding strongly supports
the idea that cordierite dissolved easilv in the melt.
whereas biotite did not.

ConoreRrE-PRooucnIc
Rrlr.ocnaos REAcilolls

Cordierite grains that slnround garnet crystals have
high Mn contents and Fe/(Fe+Mg) ratios, in sharp
contrast to other cordierite crystals in the same thin
section. The crystals of biotite around garnet also are
less magnesian than average biotite within the same
thin section. but in this case differences are more
subtle than for cordierite (Frg. 9). On the other hand,
garnet crystals always show a pattem of inverse zon-
ing consistent with a long history of re-equilibration
and cooling, from T and P approximately 780-800"C
and 44.3 kbar down to 450'C and 1.5 kbar (Pereira
1992, L993). These facts are consistent with the retro-
gression of garnet through a reaction in which biotite
and cordierite grew from gamet. As a first approach,
fwo exfteme cases could be considered:

garnet + sillimaniie + quartz + vapor =
cordierite tl0l

K-feldspar + garnet + melt =
biotite + cordierite + quartz t1 1l

(e.9., Thompson 1982, Grant 1985a), with reaction
[10] being relatively insensitive to temperature, and
[1 1] relatively insensitive to pressure.

Equation 1l cannot be balanced without the compo-
sition of the melt (see Grant 1993). Besides, the fol-
lowing evidence militates against this reaction: there is
no quartz around the grains of garnet, the amount of
biotite is always subordinate to that of cordierile, and
the reaction continued at temperatures far below the
liquidus. Therefore, it can be disregarded.

The mass balance in equation [10] cannot be ad-
justed unless other minerals also participate. Both the
negative correlation between Ti and Fe/(Fe+Mg) in
biotite and the retrograde 2ening in gamet suggest that
the reaction was a continuous one" with biotite and
garnet on both sides of the equation. After computing
different possibilities using the composition of miner-
als given in Table 7, the best mass-balance equation
was found to be:

CORDIERITE-PRODUCING REACTIONS. PENA NEGRA COMPLEX
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TABLE 7. MAIOR€I,.EMENT COMPOSITION OF MINERAIJ FROM
SAMHA3 OABLE2) USED INMAS$BAI.ANCE CAICUTATIONFOR
EQUATION IT2I

Si02
TiA2
AI2OJ
&o
!/gO
l"ftO
CaO
tIazO
Kzo

34.49 34,27
3.27 1.84

19.16 20,m
20,72 A.X2
7.q 6.t9
o.t2 0,15
0.o1 020
o.2E O37
920 4.72

37.Xi 36.25 X.A
o.a 0.04 0.@

6236 205r n.n
033 33.99 34.29
0.6 2.80 0.61
o,o2 3s2 559
0.ol 036 0,69
0.01 0.@ 0.09
0.o2 0.01 0.02

o,@ 4739
v.a 0.01
0.00 32.19

42.14 r2.r2
o.00 5.D
4.t2 055
0.00 0.r0
0.@ a.6
o.@ o.00

Silsv Grtt Grtz nns Cde

o should be the same as the actual composition of
sample 3, and the composition of rock B can easily be
calculated from equation [8] (Table 8). Taking these
differences into account, the following arguments
clearly indicate that the rock evolving along the lower-
P path will yield a grealer proportion of melt.

Rock cr, equilibrated at lower pressure, has a higher
modal percentage of quartz + feldspars. It is thus more
fertile than rock p if anatexis takes place at tempera-
tures somewhere within the interval between the
water-saturated haplogranite solidus (* 650"C at
3.5 kbar, Johannes &Holtz 1990) and the incongruent
melting of biotite (- 760'C at 3.5 kbar under vapor-
absent conditions: Vielzeuf & Holloway 1988, Le
Breton & Thompson 1988, Patiflo Douce & Johnston
1991). Another factor that increases the relative
fertility of rock o is that at the intersection with the
H2O-saturated granite solidus, rock o has more water
available for melting, owing to the destruction of
biotite to give cordierite. A simple mass-balance
calculation, assuming that all water available in rock
p comes from the breakdown of muscovite to give
sillimanite plus K-feldspar, leads an estimate of about
0.8 and 0.4 wt.Vo of H2O for rocks cr and p.
Application of diagrams of melt productivity in fluid-
absent conditions (e.g., Clemens & Vielzeuf 1987,
Johannes & Holtz 1990) suggests melt fractions of
0.15 for rock cl and 0.05 for rock B, respectively.
Lastly, the above-mentioned congruent melting of
cordierite in the presence of K-feldspar, quartz, and
water at temperanfes below or the same as the haplo-
granite solidus must also contribute to the fact that,
other conditions being equal, the melt fraction in rocks
with modal cordierite is greater than in those with
sillimanite + biotite.

Tracy & Robinson (1983) and Tracy (1985) have
already interpreted the two styles of migmatization in
central Massachusetts as being the consequence of
different P-T paths. Low-melt-fraction stromatic
migmatites were produced along a higher-pressure
path, where only the vapor-absent melting curye of

TABIA 8. CAICULATD MODAL @MPC'$TION OF TWO RffiS,
d AND p, WUE THB SAME AjE{ICAL @MPOSTIION AS SAMPIA 3

CIABLB 2). AS A RESULT OF DIFFERB{T P-T PATITS
AND EQI'IUBRATED AT @-7SC

Cmpositim is gi@ in wt To

2.L38\ + 1.38 Grrl + 0.35 Sil +
0.09 Qtz + 0.09 Ab (from plagioclase) =
1 Crdu"+ 2.258t2+0.72Grtn+ 0.05 Tlm +
0.001 An (to plagioclase) Il2l

which gives a null residual (S2 = 0) and a theoretical
composition of biotite exactly equal to that targeted in
the model. This equation involves the creation of 1 g
of cordierite plus 0.12 g of biotite from 0.66 g of
garnet plus 0.35 g of sillimanlls, which is consistent
with textural observations.

TnB Rom on Conornp.nn DURDTcANATExS

Experimental work by Schairer (1954) and Seifert
(1976) has revealed tlat at low pressure, the assem-
blage quartz + K-feldspar + cordierite + vapor in the
KMASH system melts congruently at a temperature
several tens of degrees below the quartz + K-feldspar
+ vapor = L solidus. Grant & Hoffer (1977) and Grant
(1985a, b) also have shown that in the KFMASH
system, a low-temperature field of liquid extends at
least to intermediate Fe/@e+Mg) values owing to the
congruent melting of the assemblage quartz +
K-feldspar + cordierite + vapor. The mineralogy of the
almost pure-melt cordierite-bearing leucogranitic
rocks, rich in quartz and K-feldspar, with magmatic
cordierite as the dominant ferromagnesian phase,
strongly supports the hypothesis that melting could
have started in this way.

To evaluate the influence of small differences in the
P-T path on the amount and composition of the melt
generated anatectically, we once again focus on
sample 3 (Table 2). Let us suppose that two rocks,
c and B, having the chemical composition of sample
3, evolve following two different P-T paths (A and B,
respectively), one at lower pressure than the other
(Fig. 10). At 600-650"C, the mineral assemblage in
both rocks will be different because rock rx, following
the low-P path A, intersects the univariant reaction
modeled by equation [2), and tlus has cordierite +
K-feldspar stable, whereas rock p has biotite + silli-
manite + quartz stable. The modal composition of rock

Modal ffiicimls Am$mtsof Modal
mpositim of equatio min€fal cmpoaition

of rck q t8l oigim&d of mk p

atz
Kfs
Pl(Anz)
Crd
Bt
sil
Iln
Others

?ss
11.9
312
0.0

4.9
5a
o.2
0.4

4.1
45

-tL6
E3
5.0

42

24
t6.4
312
tL6
15.6
0.8
o.4
o.4

o37ja
4,%2,

-l.m
4.634
03989

-0.014{)
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10

T ('C)
Flc. 10. High-fertility (A) and low-fertility (B) trends in low-pressrre anatexis. See text for explanation. M curve, vapor-absent

melting of muscovite lchatt€rjee & Johannes (1974), as modified by Holdaway & Lee (1977)]. B curve: vapor-absent
melting of biotite (k Breton & Thompson 1988). Other univariant curves according to Holdaway & Lee (1977). Solidus
curves for the haplogranitic syst€m according to Johannes & Holtz (1990); numbers within circles are the percentage of
water.
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muscovite was crossed. Nebulitic migmatites, with a
higher melt-fraction, on the other hand, were inter-
preted to develop along a lower-pressure path that
crossed the vapor-absent meltitrg curve of both micas,
first muscovite and then biotite (see also Le Breton &
Thompson 1988). Our observations fully agree with
these ideas, but we also emphasize that it is not neces-
sary to intersect the melting curve of biotite, as it is
sufficient to intersect the univariant biotite + silliman-
ite + quartz = cordierite + K-feldspar + vapor below
the haplogranite solidus.

CoNCLUsroNs

During the prograde evolution of Pefia Negra
anatexites, cordierite first originated at subsolidus
conditions through the continuous reaction:

0.96 Btr + 0.40 Silav+ 0.33 Qtz =
1.00 Crduu+ 0.298t2+ 0.36 Kfs +
0.01 Tlm + 0.03 water

which involved low-Ti, low-Fe/(Fe+Mg) biotite as a
reactant, and high-Ti, high-Fe/(Fe+Mg) biotite and
ilnenite as reaction products. The cordierite crystals
thus formed are metamorphic and belong to the Ia
compositional type, which is characterized by
Mg/@4g+Fe+Mn) less than 0.49 and lChC approxi-
mately equal to 0.035.

Type-Ib crystals have the same metamorphic
appearance and Mg/(Mg+Fe+Mn) as those of type Ia,
and differ only in their high content of channel cations
(IChC = 0.60). They originated either from the
reaction of type-Ia crystals with the melto or directly
through ttre above reaction after the P-T path inter-
cepted the haplogranite solidus.

Type-II crystals, magmatic, Mg/(Mg+Fe+Mn) in
the range 0.51{).53, normally zoned, also were pro-
duced by the same reaction, but at a melt fraction high
enough so as not to constraint the geometry of grow-
ing crystals. The Mg/(Mg+Fe+Mn) values increase as
the melt fraction increases. either due to the increase
in temperature or water content or both.
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Type-III crystals, magmatic, Mg/(Mg+Fe+Mn)
geater than 0.51, invenely zond grew from the melt
either by nucleating over old fype-tr or type-I crystals
or from new nuclei. The fust case probably represents
the situation in the restite-rich, high-melt-fraction sub-
autochthonous granodiorite, whereas the second one
seeux more widespread in the restite-poor, low-melt-
fraction leucogranite. A continuous reaction between
the melt and restitic biotite (before or after melt segre-
gation) means that newly precipitated cordierite
becomes progressively less abundant and more mag-
nesian.

There is no discontinuity among these processes,
as they are the result of the advancing anatectic
evolution.

Retrograde cordierite was formed from garnet
crystals tbrough the continuous reaction:

2.L3B\+ 1.38 Grtr + 0.35 Sil+
0.09 Qtz + 0.09 Ab (from plagioclase) =
1.00 Crd +2.258t +0.72crt^ +
0.05 Ilm + 0.001 An 1to plagi;hsel

which involved high-Ti, low-Fe(Fe+Mg) biotite and
low-Mn garnet to give low-Ti, high-Fe/(Fe+Mg)
biotite and high-Mn garnet.

P-T paths have a great influence on melt pro-
ductivity. Within the temperature range 66O-750oC,
those rocks evolving along a lower-pressure path and
then intercepting the invariant biotite + sillimanite +
Quartz = cordierite + K-feldspar + water at subsolidus
conditions are more fertile than those evolving at high-
er pressure, although chemical composition could be
the same.

The presence of cordierite in source rocks increases
their fertility in two ways: (1) indirectly, because
cordierite-producing reactions release water
and K-feldspar, thus increasing the percentage of
haplogranitic component in the anatectic system,
and (2) directly, owing to congruent melting at
low temperature in the presence of quartz and
K-feldspar.
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