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ABSTRACT

By studying the low-pressure Pefia Negra migmatites, associated with the Avila batholith, in central Spain, we were able to
identify 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.
Cordierite was not produced by the incongruent 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 [higher-Ti and higher-Fe/(Fe+Mg)] biotite + 0.36
K-feldspar + 0.01 ilmenite + 0.03 water. When this reaction occurred in the presence of melt, normally zoned, magmatic-
looking subidiomorphic crystals were formed. Large, inversely zoned, more magnesian crystals grew from the melt either
on inherited crystals or from new nuclei. These processes happened sequentially as a result of advancing anatexis.
Retrogression of garnet produced cordierite through the continuous reaction: 2.13 biotite + 1.38 garnet + 0.35 sillimanite +
0.09 quartz + 0.09 albite (from plagioclase) = 1.00 cordierite + 2.25 [lower-Ti and higher-Fe/(Fe-+Mg)] biotite + 0.72
(higher-Mn and lower-Mg) garnet + 0.05 ilmenite + 0.001 anorthite (to plagioclase). At low pressures, the P-T path has a great
influence on melt productivity. Within the temperature range of 660-750°C, rocks that evolve along a pressure path low
enough to intercept the invariant biotite + sillimanite + quartz = cordierite + K-feldspar + water at subsolidus conditions are
more fertile than those evolving at higher pressure, although the chemical composition is the same. The presence of cordierite
in source rocks increases their fertility in two ways: (1) directly, due fo congruent melting at low temperature in the presence of
quartz and K-feldspar, and (2) indirectly, because cordierite-producing reactions release water and increase the percentage
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.

SOMMAIRE

Suite 2 notre étude du complexe migmatitique de Pefia Negra, associé au batholite d’Avila, en Espagne centrale, nous
avons réussi 2 identifier les réactions impliquant les diverses variétés texturales de cordiérite (métamorphique, magmatique, et
d’apparence rétrograde) dans ces roches, et & déterminer le role qu’a joué la cordiérite dans les réactions anatectiques 2 faible
pression. Nous pouvons &liminer un modile pour sa formation par la fusion incongruente de biotite; par contre, elle semble
causée par une réaction continue 2 conditions subsolidus: 0.96 biotite + 0.40 sillimanite + 0.33 quartz = 1.00 cordiérite +
0.30 biotite [3 teneur en Ti et A rapport Fe/(Fe+Mg) plus &levées] + 0.36 feldspath potassique + 0.01 ilménite + 0.03 H,O.
La odl cette réaction a procédé en présence d’un liquide silicaté, des cristaux sub-idiomorphes normalement zonés, & apparence
magmatique, en ont résulté, Des cristaux plus grossiers, inversement zonés et plus fortement magnésiens, ont cru & partir du
magma, soit par la croissance continue de cristaux hérités ou par la nucléation de nouveaux cristaux. Ces processus de
formation sont apparus en séquence, 2 mesure que progressait I’anatexie. La déstabilisation du grenat a produit la cordiérite
selon la réaction continue: 2.13 biotite + 1.38 grenat + 0.35 sillimanite + 0.09 quartz + 0.09 albite (provenant du plagioclase) =
1.00 cordiérite + 2.25 biotite [A teneur en Ti plus faible et A rapport Fe/(Fe+Mg) plus élevé] + 0.72 grenat (2 teneurs plus
élevée en Mn et plus faible en Mg) + 0.05 ilménite + 0.001 anorthite (contribution au plagioclase). A faibles pressions, le tracé
en termes de P-T exerce une grande influence sur le taux de production de liquide. Dans un intervalle de température compris
entre 660 et 750°C, les roches ayant évolué le long d’un tracé A pression suffisamment faible pour favoriser une intersection de
la réaction invariante biotite + sillimanite + quartz = cordiérite + feldspath potassique + H,O sous le solidus seront plus fertiles
que celles qui auront évolué & pression plus élevée, malgré leur composition identique. La présence de cordiérite dans les
roches sujetics A une réaction anatectique augmente leur fertilité de deux fagons, une directe, par sa fusion congruente 2
température relativement faible en présence de quartz et de feldspath potassique, et I’antre indirecte, résultat du fait que les
réactions qui produisent la cordiérite dégagent de 1’eau et augmentent la proportion de la fraction haplogranitique dans le
systdme anatectique par la déstabilisation du feldspath potassique.

(Traduit par la Rédaction)

Mots-clés: complexe anatectique de Pefia Negra, migmatite, anatexie, formation de la cordiérite, déstabilisation du grenat, Espagne.
* Present address: Department of Geology, McMaster University, Hamilton, Ontario L8S 4M1.




764
INTRODUCTION

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
components, and in the nature and behavior of the
associated ferromagnesian silicates.

In cordierite-bearing migmatites formed at pres-
sures greater than 4-4.5 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 of biotite through a reaction such as:

biotite + aluminosilicate + quartz =
garnet + cordierite + K-feldspar + melt [1]

(e.g., Holdaway & Lee 1977, Thompson 1982, Grant
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 the other hand, migmatites that originated at
pressures less than 4-4.5 kbar commonly have
cordierite in both the mesosome and the neosome,
although of different textural varieties (e.g., Jamieson
1984, Perreault & Martignole 1988, Vernon et al.
1990, Pereira 1992). In mesosomes and melanosomes,
cordierite appears in granoblastic aggregates, and its
modal abundance decreases near the zones of segre-
gation of anatectic melt (Pereira 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 garnet. Restites, however, are rich in biotite or silli-
manite (or both), but devoid of cordierite (e.g., Bea
1991). This sitnation 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
minerals from a typical example of low-pressure ana-
texis, the Pefia Negra Complex in Spain, where cor-
dierite is ubiquitous in both migmatites and anatectic
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FiG. 1. Textural varieties of cordierite in Pefia Negra ana-
texites. A. Melanosome with metamorphic cordierite
(Cordy) cut by leucosome with type-II magmatic
cordierite. B. Magmatic, type-III cordierite crystals in a
subautochthonous granodiorite. C. retrograde cordierite
surrounding a large crystal of garnet.

granitic rocks, appearing as three distinct textural
varieties (Fig. 1) that were probably generated by
different reactions: 1) small granoblastic, anhedral
crystals with a “metamorphic” appearance, which
are specific to restites and migmatite melanosomes,
2) large euhedral or subhedral, locally poikilitic crys-
tals with a “magmatic” appearance; this variety is, by
far, the most abundant, and characteristically occurs
within migmatite leucosomes and granitic rocks of
anatectic origin; 3) anhedral crystals of apparent retro-
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, and secondly, to assess the role
of cordierite in low-pressure anatexis in peraluminous
systems.
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ANALYTICAL METHODS

The chemical composition of minerals was 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. Precision is within £2% for
major and 5% for 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
sample powder with HNO; + HF under pressure in a
Teflon-lined vessel at controlled temperature.
Instrumental measurements were carried out in tripli-
cate with a Perkin—Elmer Plasma II spectrometer
using the Myers—Tracy signal-compensation system.
Typical precision was about +0.25% rel., £0.75% rel.
and +2.5% rel. for analyte concentrations of 10, 1, and
0.1 wt%, respectively.

GEOLOGICAL BACKGROUND

The Pefia Negra Anatectic Complex (Bea & Pereira
1990, Pereira 1993) crops out over 350 km? in the
central part of the Gredos sector of the Hercynian
Avila Batholith, 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 Pefia Negra are diatexitic
migmatites, customarily called “mesocratic mig-
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matites”, 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
groups; subautochthonous granodiorite and cordierite-
bearing leucogranite (Fig. 2). The subautochthonous
granodiorite grouping (Rb/Sr age ~ 310 + 6 Ma, initial
87S1/86Sr ~ 0.7096: Pereira ef al. 1992) occurs as large,
subhorizontal, concordant sheets and includes por-
phyritic, cordierite-bearing granodiorite and monzo-
granite that grades transitionally into mesocratic
migmatites, having almost the same chemical and
isotopic composition as these. Cordierite-bearing
leucogranite (Rb/Sr age in the range 305-295 Ma,
initial 37S/86Sr ~ 0.7111, unpublished data of authors)
occurs as small bodies whose geometry ranges from
narrow 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-meli-fraction granite with a limited restitic com-
ponent (Bea 1991, Pereira 1989, 1992).

PETROGRAPHY

Pereira (1989) classified the mesocratic migmatites
into three types according to their mesoscopic struc-
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Fic. 2. Schematic section of Pefia Negra Anatectic Complex, showing the main rock-types: 1 migmatite, 2 granodiorite,
3 leucogranite, and 4 Hercynian granites surrounding the Complex.
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tures: (1) schlieren, (2) nebulitic, and (3) transitional
(to the subautochthonous granodiorites). The three
types have almost the same bulk mineralogical 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 the 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 Ang; e, Outer
rim Anyg 1) + cordierite + biotite + K-feldspar, with
accessory sillimanite, apatite, ilmenite, zircon, pyrite,
graphite, monazite, xenotime and, 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
quartz, ilmenite, pyrite, zircon and, less commonly,
biotite and sillimanite. The melanosome is composed
of layers alternately granoblastic (metamorphic-
looking cordierite + quartz + plagioclase + K-feldspar)
and schistose (sillimanite + biotite + ilmenite +
cordierite). In some areas, 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 invariably
surrounded by a rim of low-Mg, retrograde cordierite
and biotite crystals (Pereira 1992). The modal compo-
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TABLE 1. MODAL COMPOSITION OF MAIN PENA NEGRA LITHOTYPES

- o —
Migmatites _ Anstectic Granitoids _
an 5 (14) [9)
mean rany mean mean
Qz 202 242310 3.5 12103 29.1 27.6302 317 308328
Kfs: 120 7.0-152 ey 107 9.1-160 3136 264351
Plg: - 293 283-302 37 3292 352 284375 276 243-30.0
By 139 1L.7-20.1 452 377628 1727 1022189 17 0.7.32
Crd: 148 94-196 197 115255 69 2398 68 4682
Sil: 03 008 228 193-30.0 traces. fraces
Tim: 04 03-0.6 1.9 0935 04 03-06 0.2 0203
Ap: 03 0.2-04 02 0103 06 0408 02 0103
Other®: 0.2 0103 1.0 033.1 0.2 0.1.04 02 0103

sition of leucosome ‘and melanosome of mesocratic
migmatites is shown in Table 1.

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 mum) euhedral crystals of cordierite,
variably pinnitized. They are composed (Table 1) of
anhedral crystals of quartz, subhedral crystals of zoned
plagioclase (core Ang; 5, outer rim Angq ,), 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

TABLE 2. MAJOR ELEMENT COMPOSITION, CIPW NORM AND PARAMETERS OF SELECTED
LITHOTYPES

SAMPLES FROM PENA NEGRA

Migmatites Granodiorites Leucogranites
1 2 3 4 5 6 7 8 9 10 11 12

Major element composition (wt. %)

Si0, 66.65 62.98 65.22 6432 68.01 6545 6548 64.63 72.14 7177 71.45 76.34
TiO 086 075 079 085 062 095 098 0.59 039 037 023 0.19
AlOs 15.60 17.30 17.22 1631 15.02 1569 16.15 17.75 13.97 14.67 14.83 13.11
FesOy 1.26 nd. 030 nd nd nd 09 nd. 039 028 nd. n.d.
FeO 439 484 4352 494 298 472 468 414 132 163 1.80 1.23
MgO 197 209 195 206 080 1.72 2.18 147 074 066 074 053
MnQO 006 008 0.1 006 003 006 006 006 007 004 0.04 0.03
Ca0 135 225 132 234 202 28 176 053 1.08 082 148 0.55
NaO 262 271 282 307 3.02 298 268 1.65 258 230 277 2713
K20 359 430 4.02 3.19 453 332 3.60 486 547 540 474 3.48
P05 022 023 0.1 028 034 035 025 021 025 023 0.12 0.20
HxO 164 189 145 212 163 1.17 106 3.56 135 139 137 123
Sum 10021 99.42 99.83 99.54 99.00 99.24 9978 99.45 99.75 99.56 99.57 99.61
CIPW norm and parameters .
Qz 303 204 252 240 272 250 273 319 333 3526 325 45.6
Crd 55 48 62 43 23 29 53 97 25 418 28 44
Or 215 260 241 194 275 200 21.5 299 328 3250 285 209
Ab 225 235 242 267 262 257 230 146 222 1982 239 234
An 53 99 59 101 80 120 72 13 3 8 261 6.7 1.4
Hy 108 133 120 132 67 117 119 108 3.5 394 49 34
Tim 17 15 15 1.7 12 1.8 1.9 12 07 072 04 04
Mag 1.8 - 04 -~ - ~ 13 - 06 041 - -
m 05 06 03 07 08 08 06 05 06 056 03 0.5
743 700 736 700 809 707 718 764 883 87.58 849 899
%An 192 29.6 196 274 234 319 238 84 146 11.65 218 5.6
FelFerMy 061 0.57. 0.58 0.58 068 061 0.59 0.62 057 062 058 057

TheFé*/FeZ‘fmﬁowasdetemﬁnedbywetchemistryandthenappliedtnthetomlirmdetenninedby
ICP-OES. When the Fe;Oz is shown as not determined (n.d.), total iron is expressed as FeO.
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the leucosome of mesocratic migmatites. They contain
abundant apatite, some sillimanite and zircon, and
scarce monazite and xenotime, usually included in
biotite.

The samples of cordierite-bearing leucogranite have
a medium-grained equigranular hypidiomorphic tex-
ture in which euhedral, locaily poikilitic crystals of
magmatic cordierite (diameter in the range 7-25 mm)
are prominent. The essential minerals are quartz,
K-feldspar, plagioclase (core An,s_js, outer rim
An,, ), cordierite and, less abundantly, biotite, which
always appears associated with sillimanite in streaks
or microschlieren, considered of restitic origin. Apa-
tite, zircon, monazite, 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 biotite,
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 migmatites, but others are almost
monomineralic, composed either of sillimanite or, less
commonly, of biotite.

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

THe COMPOSITION OF THE
Rock-FORMING MINERALS

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. (1990) 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 XChC 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 group
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 XChC being the most sensitive parameter.

The cordierite from Pefia Negra has a moderate
Mg/(Mg+Fe+Mn) (in the range 0.40-0.60) and YChC
(in the range 0.01-0.15 atoms per formula unit, apfu)
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FiG. 3. Classification diagram for cordierite, from data by
Lepezin et al. (1976), Goldman et al. (1977), Speer
(1981), Tbarguchi & Martinez (1982), Gervilla (1990),
Holiz (1989), Rottura ef al. (1989), Schreyer et al.
(1990), Vry et al. (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 areas where the data are most concentrated in the
sample, estimated with the Epanechnikov kernel (Systat
1992).

(Table 3). The projection in the XChC versus
Mg/(Mg+Fe+Mn) diagram reveals that each textural
group has its own compositional identity (Fig. 3). Both
metamorphic and retrograde cordierites plot either
within anatectic or metamorphic fields, although they
differ sharply in Mg/(Mg+Fe+Mn) values (0.44-0.50
versus 0.41-0.44, 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 3ChC versus
Mg/(Mg+Fe+Mn) diagram, the density of data points
reveals the existence of four modes or compositional
types: Ia, Ib, II, and III (Fig. 5): Cordierite of types Ia
and Ib has the same low Mg/(Mg+Fe+Mn) values
(<0.49), but different XChC (= 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/(Mg+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
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TABLE 3. RESULTS OF ELECTRON-MICROPROBE ANALYSIS AND STRUCTURAL FORMULA OF SELECTED CRYSTALS OF
CORDIERITE FROM PENA NEGRA LITHOTYPES

Retrograde Metamorphic crystals Magmatic crystals
crystals typeIa type Ib type II type Hi
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Major element composition (wt, %)

Si0y  47.14 4678 47.63 47.68 47.83 47.68 47.64 4848 412 4176 47.9 48.17 4628 4811 47.53 47.51 47.87 47.78 4842 4636
TiOy 000 003 001 000 001 003 000 000 004 004 002 000 000 005 000 001 000 004 000 0.04
AbOs 3242 3217 3181 3183 3227 3208 32.05 3215 32.02 3197 32.18 31.59 31.94 32.95 31.99 3250 32.79 3257 3279 3174
FeO 1376 1263 12.18 1263 12.07 1153 1196 11.63 11.86 1205 1050 1149 10.09 10.29 996 9092 931 865 983 938
MgO 432 470 492 530 612 592 610 596 566 599 557 612 619 652 630 643 6.66 625 693 659
MnO 010 018 034 041 059 043 023 022 028 029 028 023 028 034 031 024 033 032 026 031
CaO 005 000 003 003 001 000 000 002 002 006 004 000 002 003 004 005 002 002 000 0.02
Na0 048 036 041 013 012 017 018 022 027 0.19 028 0625 026 036 030 023 034 118 028 037
K20 002 004 004 001 000 000 000 002 000 006 000 000 000 003 003 000 000 000 003 0.02

Structural formula based on 18 oxygens

Si 499 500 505 503 499 502 500 505 502 501 506 506 498 499 503 501 501 502 501 4.99
Al 404 405 397 396 397 398 397 395 397 395 400 391 405 403 399 404 404 404 401 4.03
Ti 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00 000
Fe 122 113 108 111 105 101 105 101 104 106 093 101 091 089 08 087 081 076 085 084
Mg 068 075 078 08 095 093 095 092 089 034 088 096 099 101 099 101 104 098 108 1.06
Mn 001 002 003 004 005 004 002 002 002 003 003 002 003 003 003 002 003 003 002 003
Ca 001 000 000 000 000 000 000 000 000 00! 000 000 000 000 000 001 000 000 000 0.00
Na 0.10 007 009 003 002 003 004 004 006 004 006 005 005 007 006 005 007 024 006 008
K 000 001 001 000 000 000 000 000 000 001 000 000 000 000 000 000 000 0.00 0.00 000

ZChC 011 008 009 003 002 003 004 005 006 005 006 005 006 008 007 005 007 024 007 008
M 036 040 041 042 046 047 047 047 045 046 048 048 052 052 052 053 055 055 055 055

ZChC and M are the sum of channel cations and Mg/(Mg+Mn+Fe) respectively.

all crystals from types II and III seem magmatic. The
relative 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 crystals
belong to the type Ia, and the rest to type II. 2) The
composition of cordierite in transitional migmatites
also is bimodal, with one mode corresponding to type
Ib and the other to type II. In contrast to the above
situation, type-II 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
cordierite, which corresponds texturally to the largest
0.00 , , B , magmatic-looking crystals. 4) Lastly, cordierite-
7040 044 048 052 056  0.60 giaring leuiggranitglfaflso sh&vg (Itwwo glaml\ﬁa)l ]Zﬁlt in
this case with v ifferent Mg/(Mg+Fe+ values.
Mg/(Fe+Mn+Mg) Type-1IT cordieli‘t;:ye crystals are widespread, followed

by those of type Ib.
FiG. 4f Pfoj?ﬁoflt of 90m$;5iﬁglshfr0m €1=aCh textural variety Another important difference between type-II and
01 cordaicrite .in : ¢ channel cations versus e-I11 stals lieS ill the atterns Of ZOnill (Flg. 6).
Mg/(Mg+Fe+Mn) diagram. Symbols: black dots repre- :[‘ygpe-llcrgordierite shov]v?s normal zoni%xg, with

sent retrograde crystals, crosses, metamorphic crystals, . .
and circles, magmatic crystals; I, If, and III represent gg/ (Nirgazlt:e+Mn}I(Ihcrea;11ng fro¥n the clo Te to tge m:lh
fields of metamorphic, anatectic, and magmatic - con » type-Ill crystals are inversely zoned, wi

cordierites, respectively. Mg/(Mg+Fe+Mn) increasing from the core to the rim

0.20 T T T T

0.15

T
1

0.10

0.05

Y. channel cations




CORDIERITE-PRODUCING REACTIONS, PENA NEGRA COMPLEX

0.15 -

Cordierite-bearing Leucogranites

012 -
0.09 -
0.06 -

Y channel cations
f=3
8

o8 0%
Mg/(Fe+Mn+Mg)

°’°8.4o a4'4

015
o1z |  Subautochthonous Granodiorites
000 |
006 L

003

¥ channel cations

0.00

015
012 |
009 |
006 |

0.03 |

¥ channel cations

0.00 L
0.40 044

0 o

Mg/(Fe+Mn+Mg)
015 :
oz | Nebulitic and Schlieren Migmatites
009

006 |

¥ channel cations

003 |

0. L
w0.40 044

YY)
Mg/ (Fe+Mn+Mg)

0.56

FiG. 5. Sample-density contour plots in the Xchannel cations
versus Mg/(Mg+Fe+Mn) diagram for each Pefia Negra
lithotype. Contours were estimated with the
Epanechnikov kernel (Systat 1992).”

of crystals. This phenomenon of inverse zoning is very
common in cordierite crystals of magmatic para-
genesis, 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). Previous results of analyses by
wet chemistry on concentrates (Bea 1980), together
with the fact that the biotite usually is associated with

769

FiG. 6. Reverse Mg/(Mg+Fe+Mn) zoning in magmatic crys-
tals of cordierite. A. Type-II 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 TiO, commonly in excess of 3 wt.%, and 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/(Fe+Mg)
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TABLE 4. RESULTS OF ELECTRON-MICROPROBE ANALYSIS AND STRUCTURAL FORMULA OF SELECTED

CRYSTALS OF BIOTITE FROM PENA NEGRA LITHOTYPES

Migmatites Granodiorites Leucogranites
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Major element composition (wt. %)
Si 34.66 33.95 3567 3608 34.68 3530 3553 3574 33.51 3563 3405 34.11 3438 35.00 34.97 3461 3490 3507
Ti02 296 333 209 274 3.06 320 3.7 335 332 297 317 269 297 195 395 2.5 267 293
A1203 1830 1882 20.37 2044 1937 1871 1941 2034 18.00 19.12 1922 1882 1844 1985 1863 19.16 19.44 19.19
FeO 21.65 2143 19.63 20.17 20.84 2042 20.42 1947 2049 2036 2047 22.00 21.21 21.28 21.88 21.16 20.99 20.37
MgO 778 692 833 794 759 806 819 810 802 868 776 721 650 725 660 764 7.64 802
MnO 024 020 023 005 020 031 000 017 016 016 011 018 0.18 0.14 007 014 027 018
CaO 000 004 002 009 000 000 001 000 000 004 012 001 003 002 003 0.0 0.06 000
Nazo 011 028 018 019 015 016 022 016 000 016 009 011 006 013 008 010 020 019
K30 979 932 935 888 956 916 946 948 964 944 940 926 9.14 893 920 872 9.14 937
Sum 9549 94.29 9587 9658 9545 9512 9641 96.81 93.14 96.56 9439 9448 93.31 94.55 9541 94.11 9531 9532
Structural formula based on 11 oxygens
Si 268 265 269 270 266 270 268 267 265 269 264 266 270 270 269 268 2.68 268
val 132 135 131 130 134 130 132 133 135 131 136 134 130 130 131 132 132 132
VAL 034 038 051 050 041 039 041 046 032 039 040 039 041 051 038 044 043 04l
Ti 017 020 012 015 018 €18 018 019 020 017 0I8 016 0.18 0.11 023 015 015 017
Mg 090 081 094 088 087 092 092 09 094 098 090 084 081 08 076 088 087 091
Fe 140 140 124 126 134 131 129 122 135 128 133 144 139 137 141 137 135 130
Mn 002 001 001 000 001 001 000 001 001 001 001 001 001 001 000 001 002 001
Ca 000 000 000 001 000 000 000 000 000 000 001 000 060 000 000 a.00 000 0.00
Na 002 004 003 003 002 002 003 002 000 002 001 002 001 002 001 002 003 003
K 096 093 090 085 094 089 091 090 097 091 093 092 092 088 090 086 089 091
Fel(Fe-l-Mg) 061 063 0.57 059 061 059 058 057 059 057 060 0.63 063 062 065 061 061 059

values (Fig. 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 garnet-bearing samples invariably show a
negative correlation.

The composition of biotite crystals in the cordierite-
bearing leucogranite is exactly the 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 (Fig. 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)
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/(Fe+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, YAl and Fe/(Fe+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 garnet
positively, and those without modal garnet negatively .
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Fic. 8. Histogram of Fe/(Fe+Mg) values for biotite from mesocratic migmatite (A) and subautochthonous granodiorite (B).
Note the bimodality of the latter, with the appearance of a new mode toward the magnesian side.

Garnet

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 (Table 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
corresponding coupled deficit of Al (Pereira 1992).
Regarding other elements, sillimanite contains consid-
erable amounts of Fe, although some crystals from
restite also have high levels of Ti and Mn (Table 5).

limenite

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

THE CORDIERITE-PRODUCING REACTIONS IN THE:
CASE OF THE METAMORPHIC CORDIERITE

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 =
cordierite + K-feldspar + vapor [2]

(e.g., Holdaway & Lee 1977).

Inasmuch as the Ti contents and Fe/(Fe+Mg) values
are systematically higher in biotite than in coexisting
cordierite, it is obvious that the formal 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 formation of ilmenite

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

biotite + sillimanite + quartz =
cordierite + ilmenite + K-feldspar + water  [3]

The abundance of ilmenite in the melanosome and
restite (Table 1) strongly supports this idea. However,
attempts to calculate the 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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is positive in both cases. See text for explanation. -

0.65 Bt,, + 0.42 Sil,+ 0.33 Qtz =
1 Crd,, + 0.36 Kfs + 0.04 Ilm,, + 0.01 water [4]

However, this calculation has to be rejected, because it
gives a high residual (82 = 2.27, where

§% = X [Crdflcrieted - Crdipeasered])
and the theoretical composition of the cordierite pro-
duced is not realistic, with negative TiO, and an
Fe/(Fe+Mg) ratio much higher than that of average
cordierite (Table 6).

Continuous reaction
with formation of biotite
on both sides of the equation

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

biotite,+ sillimanite + quartz =
biotite, + cordierite +

K-feldspar + water 51
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TABLE 5. RESULTS OF ELECTRON-MICROFROBE ANALYSIS AND STRUCTURAL FORMULA OF SELECTED

SAMPLES OF GARNET, §| AND ILMENITE FROM PENA NEGRA LITHOTYPES
Garnet Sillimanite Tlmenite
-1 12 13 14 15 21 22 23 24 25 1 2 3 4 1 2 3 4
Major element composition (wt. %)
Si0 36.67 3633 3685 3632 3650 3634 3641 3649 3674 3627 3640 3793 3743 37.57 000 000 002 004
TiOy 004 005 002 003 002 002 002 08 000 007 005 000 001 003 5345 53.36 5246 52.55
AbO3 2068 2027 2042 2033 20.15 2024 2076 20.25 20.51 20.06 61.72 6047 60.52 60.14 000 000 004 001
FeO 3528 3662 3594 3676 3656 3692 36.09 35.54 3567 3635 033 029 027 029 43.90 44.99 4500 44.57
MgO 284 229 212 137 110 106 196 230 255 15 002 001 000 001 008 008 005 006
MnO 313 318 330 405 438 417 350 323 338 446 008 006 008 000 268 108 198 206
Ca0 081 084 08 074 081 079 080 078 082 08 002 002 001 003 003 000 004 000
NaxO 000 001 000 000 000 000 003 003 007 000 000 005 000 008 000 007 002 000
K20 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.10
Sum 99.44 99.59 9948 99.50 99.51 99.55 99.56 99.45 99.73 99.60 98.62 SB.83 9832 98.15100.14 99.58 99.61 9939
Structural formula based on 12 (garnet), 5 (sillimanite) and 3 (ilmenite) oxygens

Si 299 298 301 299 301 300 298 298 300 299 100 104 1.03 103 000 000 000 000
Al 199 196 197 197 196 197 200 195 197 195 199 195 19 195 000 000 000 000
Ti 000 000 000 000 000 000 000 005 000 000 000 000 000 000 1.01 101 100 1.00
Fe 240 251 246 253 252 255 247 243 243 251 001 001 001 001 092 095 095 095
Mg 034 028 026 017 014 013 024 028 031 019 000 000 000 000 000 000 000 000
Mn 022 022 023 028 031 029 024 022 023 031 000 000 000 000 006 002 004 004
Ca 007 007 007 007 007007 007 007 007 007 000 000 000 000 000 000 000 000
Na 000 000 000 000 000 000 000 000 001 000 000 000 000 000 000 000 000 0.00
K 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
Analyses obtained by wavel dispersive analyses with a CAMECA electron microprobe using synthetic standards, In both cases

accelerating voltage was 15 kV and sample current was 10 nA.

Analyses from 1-1 (center) to 1-5 (border) belong to a single gamet crystal. Analyses from 2-1 (border) to 2-5 are a profile across
-another crystal of gamnet. All sillimanite and ilmenite data are from mesocratic migmatites.

where biotite; represents a Ti-poor, low-Fe/(Fe+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/(Fe+Mg) up to
others with high Ti and Fe/(Fe+Mg) (Fig. 7), equation
[5] could well represent the situation in the Pefia
Negra Complex. The mass-balance adjustment gives
the following results: ‘

1.11 Bt; +0.39 Sil,, + 0.32 Qtz =
1 Crd,, + 0.46 Bt, + 0.35 Kfs + 0.01 water [6]

This equation has a better fit than before (S? = 0.22),
but the theoretical composition of the cordierite is
unacceptably high in Ti (Table 6). In addition, the
equation does not explain the high contents of ilmenite
in the Pefia Negra migmatite, especially in restite and
melanosome assemblages.

The combination of both mechanisms

‘It therefore seems reasonable to combine equations

[3] and [4] as follows:

biotite,+ sillimanite + quartz =
biotite, + cordierite + K-feldspar
+ ilmenite + water [71

Calculation of the stoichiometric coefficients of this
equation gives:

0.96 Bt; + 0.40 Sil,, + 0.33 Qtz =
1.00 Crd,, + 0.29 Bt, + 0.36 Kfs +
0.01 Ilm + 0.03 water [8]

with a very low residual (8% = 0.03) and a theoretical
composition of cordierite (Table 6) that almost exactly

TABLE 6. MAJOR-ELEMENT COMPOSITION OF MINERALS FROM SAMPLE 3
USED IN MASS-BALANCE CALCULATIONS OF EQUATIONS [4], [6] AND [8]
Bi Bty Bty Sy  lmy Crdyy Cwig Crig  Crig)
Si0, 3567 34.67 3512 3698 000 47.89 47.80 47.89 47.89
Ti0, 209 423 310 001 5430 001 -037 038 003
2037 1845 1951 62.02 000 3219 3219 3219 32.19
FeO 1963 2269 2148 037 43.04 1169 1220 11.56 1L68
MgeO 833 6355 727 003 000 605 473 627 606
MO 023 014 014 001 220 033 000 020 015
001 ~ 001 001 000 000 00l 001 001 001
NaO 08 009 011 002 000 018 008 017 0.6
935 ©57 944 000 000 001 001 00l 001
ition of cordierite obtained through these
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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 >ChC contents in
the former. Type-Ib crystals could originate either by
reaction of previous type-la crystals with the melt, or
directly by reaction [8] if it occurred after the begin-
ning of partial melting.

THE CORDIERITE-PRODUCING REACTIONS IN THE
CASE OF THE MAGMATIC CORDIERITE

Experimental work by Holtz & Johannes (1991) on
materials very similar to the Pefia 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, normalily zoned crystals (type II) in the
leucosome of migmatites, up to high-Mg, inversely
zoned crystals (type III) in the granitic rocks. The
latter, therefore, seem to be the result of the increase in
the degree of partial melting and the effectiveness of
the separation between 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
migmatite 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 ook 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 VAl
versus 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 summarized 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

+ melt, 9]
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The net amount of biotite increases, but that of
cordierite decreases to the right. Unfortunately, lack
of accurate knowledge of the 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 Fe/(Fe+Mg) values, in some cases even
lower than in the mesocratic migmatite (Pereira 1992).
Considered together with the fact that biotite is less
abundant than cordierite, this finding strongly supports
the idea that cordierite dissolved easily in the melt,
whereas biotite did not.

CORDIERITE-PRODUCING
RETROGRADE REACTIONS

Cordierite grains that surround 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 (Fig. 9). On the other hand,
garnet crystals always show a pattern of inverse zon-
ing consistent with a long history of re-equilibration
and cooling, from T and P approximately 780-800°C
and 4—4.3 kbar down to 450°C and 1.5 kbar (Pereira
1992, 1993). These facts are consistent with the retro-
gression of garnet through a reaction in which biotite
and cordierite grew from garnet. As a first approach,
two extreme cases could be considered:

garnet + sillimanite + quartz + vapor =

cordierite [101
K-feldspar + garnet + melt =
biotite + cordierite + quartz [11]

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

Equation 11 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 cordierite, 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 zoning in garnet suggest that
the reaction was a continnous 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:
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TABLE 7. MAJOR-ELEMENT COMPOSITION OF MINERALS FROM
SAMPLE 3 (TABLE 2) USED IN MASS-BALANCE CALCULATION FOR
EQUATION [12}

Bty Bty Silgy Gty Grty  llmg  Cxdpy

Si0y 3449 3427 3796 3625 3623 000 4739
TiOp 327 184 002 004 000 5428 001
AbO3 19.16 20,00 6236 2051 2077 0.00 3219
FeO 20,72 2322 033 33.99 . 42.14 1212
MgO 7.40 6.19 0.03 2.80 0.61 0.00 5.29
MnO 0.12 0.15 0.02 3.52 559 4,12 0.55
CaO 001 020 001 076 069 000 0.10
NaO 028 037 001 " 000 009 0060 046
K0 9.20 872 0.02 0.01 0.02 0.60 0.00
Composition is given in wt.%

2.13 Bt + 1.38 Grt, + 0.35 Sil +

0.09 Qtz + 0.09 Ab (from plagioclase) =

1 Crd,, + 2.25 Bt + 0.72 Grt, + 0.05 Ilm +
0.001 An (to plagioclase) [12]
which gives a null residual (S? = 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 sillimanite, which is consistent
with textural observations.

THE ROLE OF CORDIERITE DURING ANATEXIS

Experimental work by Schairer (1954) and Seifert
(1976) has revealed that 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/(Fe+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,
o, and B, baving 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 o, following
the low-P path A, intersects the univariant reaction
modeled by equation [2], and thus has cordierite +
K-feldspar stable, whereas rock B has biotite + silli-
manite -+ quartz stable. The modal composition of rock
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o should be the same as the actual composition of
sample 3, and the composition of rock 8 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 greater proportion of melt.

Rock o, equilibrated at lower pressure, has a higher
modal percentage of quartz + feldspars. It is thus more
fertile than rock [ 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, Patifio Douce & Johnston
1991). Another factor that increases the relative
fertility of rock a is that at the intersection with the
H,O-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
B comes from the breakdown of muscovite to give
sillimanite plus K-feldspar, leads an estimate of about
0.8 and 0.4 wt.% of H,O for rocks o and B.
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 o 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 temperatures 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 curve of

TABLE 8, CALCULATED MODAL COMPOSITION OF TWO ROCKS,
a AND B, WITH THE SAME CHEMICAL COMPOSITION AS SAMPLE 3
(TABLE 2), AS A RESULT OF DIFFERENT P-T PATHS

AND EQUILIBRATED AT 600-750°C
Modal  Coefficients Amounts of Modal
composition  of equati nineral position
of rock o 81 orginated  of rack B
Qtz 2.4 03263 4.1 265
Kfs 164 03622 45 11.9
Pl (Ang) 312 312
Ced 126 -1.0000 -126 0.0
Bt 156 0.6634 83 23.9
sil 08 0.3989 50 58
Ilm 04 00140 02 02
Others 0.4 04
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FiG. 10. High-fértility (A) and low-fertility (B} trends in low-pressure anatexis. See text for explanation. M curve, vapor-absent
melting of muscovite [Chatterjee & Johannes (1974), as modified by Holdaway & Lee (1977)]. B curve: vapor-absent
melting of biotite (e Breton & Thompson 1988). Other univariant curves according to Holdaway & Lee (1977). Solidus
curves for the haplogranitic system according to Johannes & Holtz (1990); numbers within circles are the percentage of
water.

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 melting 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.

CONCLUSIONS

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

0.96 Bt + 0.40 Sil,, + 0.33 Qtz =
1.00 Crd,, + 0.29 Bt, + 0.36 Kfs +
0.01 Ilm + 0.03 water

which involved low-Ti, low-Fe/(Fe+Mg) biotite as a
reactant, and high-Ti, high-Fe/(Fe+Mg) biotite and
ilmenite as reaction products. The cordierite crystals
thus formed are metamorphic and belong to the Ia
compositional type, which is characterized by
Mg/(Mg+Fe+Mn) less than 0.49 and XChC 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
(ZChC = 0.60). They originated either from the
reaction of type-Ia crystals with the melt, or directly
through the above reaction after the P-T path inter-
cepted the haplogranite solidus.

Type-II crystals, magmatic, Mg/(Mg+Fe+Mn) in
the range 0.51-0.53, 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)
greater than 0.51, inversely zoned, grew from the melt
either by nucleating over old type-1I or type-I crystals
or from new nuclei. The first case probably represents
the situation in the restite-rich, high-melt-fraction sub-
autochthonous granodiorite, whereas the second one
seems 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 through the continuous reaction:

2.13 Bt; + 1.38 Grt; + 0.35 Sil +

0.09 Qtz + 0.09 Ab (from plagioclase) =
1.00 Crd + 2.25 Bt, + 0.72 Grt, +

0.05 Im + 0.001 An (to plagioclase)

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 660-750°C,
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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