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18. METAMORPHISM OF CALC-SILICATE ROCKSFROM THE ALBORAN BASEMENT?

Vicente Lopez Sanchez-Vizcafand Juan |. Soto

ABSTRACT

Calc-silicate rocks are found in the high-grade metapelitic sequence of the Alboran Sea basement, drilled at Site 976 during
Ocean Drilling Program Leg 161. These rocks occur as reaction zones, millimeters to several centimeters thick, along the con-
tact between the marble and metapelite layers, and are interpreted as having been formed by diffusion processes between the
two lithologies. Two different groups of calc-silicate rocks are distinguished according to the presence of garnet or scapolite.
The garnet-bearing rocks display several reaction zones from the marble (Zone VII: calcite + quartz + plagioclase) to the
metapelite (Zone |: biotite + corundum + plagioclase + K-feldspar + spinel; and Zone I1: biotite + almandine-rich garnet + pla-
gioclase + K-feldspar + quartz). The calc-silicate reaction zones are characterized by the appearance or disappearance of key
mineral assemblages: appearance of pargasitic amphibole + biotitein Zone l11 , disappearance of biotite in Zone 1V, appearance
of clinopyroxene in Zone V, and appearance of grossular-rich garnet in Zone V1. Garnet and clinopyroxene break down to
anorthite and actinolitic amphibole, respectively, which defines a secondary assemblage. Phase-relationship analysis suggests
P-X o2 peak conditions of 7.4-8.2 kbar and X oo, = 0.11-0.16 for an assumed temperature of 650°C. The secondary growth of
amphibole and plagioclase probably occurred under decreasing pressure and incrggstumditions. Scapolite-bearing
assemblages in calc-silicate rocks indicate minimum temperatures of 550°-600°C.

INTRODUCTION 6°W 5°W 4°W 3°W
IBERIAN o8

The Alboran Sea, in the western Mediterranean, is one of several ZZWM@ . \§|
extensional basins of late Tertiary age that formed in close associa- oS Sea. \\\ S
tion with the compressional orogens comprising the Alpine system. Oce %}adao §
The Alboran Seais partly surrounded by an arcuate mountain chain 37°N \ \\§§ PN
formed by the Betic (southern Spain) and the Maghrebian Chains (Rif e S _
and Tell, in Morocco; Fig. 1). Within these mountain chains, contrac- \\tsr'“ 1|.§4“| .\\ §
tiona deformation continued during basin formation. The Alboran S ~ A~

Seainfact appears to have formed on the extended and thinned rem-
nants of a late Mesozoic—Paleogene orogen (known as the Albor
Domain) that forms the Internal Zones of the surrounding mountai
chains (Fig. 1). During the Neogene evolution of the basin, contra
tion continued in the External Betic and Rif belts to form the preser
arcuate structure (Platt and Vissers, 1989; Comas et al., 1992; Garc
Duefias et al., 1992).

One of the objectives of Ocean Drilling Program (ODP) Leg 16
was to investigate the basement of the Alboran Sea basin, as its nati
structural history, and thermal evolution contain evidence useful fc
constructing satisfactory rifting models for the region, and to test var
ous tectonic hypotheses (see Comas, Zahn, Klaus, et al., 1996).
allow substantial penetration of the acoustic basement, Site 976 was
cated on a basement high (Fig. 1), covered by a thin, discontinuous s' 3s°n
imentary sequence, middle Miocene through Pliocene—Pleistocene 6w sw W W
age (Shipboard Scientific Party, 1996). This basement high is ~50 k ‘IIII Malaguide Complex 2] South Iberian and
long and 15 km wide, and was partially drilled during Leg 13 at Dee W and Dorsal units & Maghrebian Cover
Sea Drilling Project (DSDP) Site 121 (Shipboard Scientific Party pA|PUJafF'(<jjet.?0mplexa I:l o FlyﬁChmt
1973). The orientation of this basement high changes southward frc ST peridotite (p) ough units
northeast—southwest at Site 976, to north-northwest—south-southes Figure 1. L ocation of Sites 976 and 121 in the western Alboran Sea basin and
simplified geologic map of the surrounding Betic and Rif mountain belts.

Interpretation of multichannel commercial seismic profiles indicate:
that this basement elevation corresponds to a horst limited by nortl Bathymetric contours are every 200 m: each latitude grade equals 111 km
(from Comaset al., 1993).

36°N

e _
Al-Hoseima

35°N

Alboran
Domain

south and northeast-southwest-trending normal faults, which bounc
major depocenter with up to 8 km of lower Miocene—Pleistocene sec.-

ments toward the west (Comas et al., 1992; Watts et al., 1993; de la
Linde et al., 1996; Soto et al., 1996).
1Zahn, R., Comas, M.C., and Klaus, A. (Eds.), 1999. Proc. ODP, Sci. Results, 161: During Leg 161, thdOIDES Resolution drilled into the acoustic
Col|%2S;attm;>io(2§eméeagll[ggmqgéﬂgzj-ad de Jaén. Escuela Universitaria POl,técn'basement at Site 976 (Holes 976B and 976E), penetrating and sam-
de LinaPesr, C/Alfonso X el Sagblio’ 28,“,23{7230 Linares, Sypain.uvlopezguj:en.les I 'Eﬁmg 258.97 m (H0|e 9768, 1108.0 m water depth, from 669.73 to
sInstituto Andaluz de Ciencias de la Tierra and Departamento de Geodinamicd28.70 mbsf) and 84.22 m (Hole 976E, 1107.6 m water depth, from

C.S.I.C.-Universidad de Granada, 18071 Granada, Spain. 652.08 to 736.30 mbsf) of metamorphic rocks. These rocks include
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high-grade pelitic schist, pdlitic gneiss, migmatite, and granite dikes, Site 976B Site 976E

together with minor amounts of marble and calc-silicate rocks (Ship- 650 —T TFiost % —T Fost

board Scientific Party, 1996; Fig. 2). Core [covery| lithology Core (covery] lithology
This paper reports the main results of post-cruise petrologic stud- L 12R SEFENEE

ies of calc-silicate rocks from basement samples recovered at Site i il 650
976 (Holes 976B and 976E). The characterization of the principal | [75r OA
stages of their metamorphic evolution in terms of changesin the in-
tensive variables pressure (P), temperature (T), and composition of i
the fluid (X oo, = CO/[CO, + H,0]) are based on (1) the detailed pet- 700 | |
rographic study of 22 selected samples; (2) the characterization of
minera chemistry by microprobe analyses; and (3) the calcul ation of I
a phase diagram that models phase and textural relationships. 675f

Calc-silicate rocks occur as bands a ong the contact between mar- :
bles and metapelites; thus, they can be interpreted as reaction zones
formed by diffusion metasomatic processes, such as those described

by Brady (1977) and Joesten (1977; 1991). These bands are charac- 750 |- [83R s
terized by the development of separate zones with different high- = | [
variance mineral assemblages. The application of the phase rule to é
these chemical open systems and the determination of the stability < | [90R 700
conditions of the mineral assemblages assume loca equilibrium 2t |
(Thompson, 1959). s [

In this paper, severa terms are used to refer to metacarbonate i
rocks and carbonate-bearing mineral assemblages. The term marble 800 - :
is used to designate a metacarbonate rock in which calcite and/or do- s [
lomite predominate over al other mineral classes (silicates, oxides, [ [95R
sulfides, etc.). Therefore, the term cal c-silicate rock refersto alithol- 725 ﬁ_—
ogy in which, independently of texture or formation process, Ca-rich - A
silicates are more abundant than carbonates (calcite, in this case). | 2 y i

850 |- _ _
MACROSCOPIC DESCRIPTION i [ High-grade schist
OF CALC-SILICATE ROCKS [ | 100 I Gneiss
Marble & calc-silicate rocks

The occurrence of marbles and calc-silicate rocks varies in Holes [ E% Leucoaranite
976B and 976E. In Hole 976B, they appear as scarce intercalations, - o | 9
usually only a few centimeters thick, within the high-grade schists 000 " Mid-Miocene sediments
that form the upper part of the basement section (Fig. 2; Shipboard
Scientific Party, 1996). In Hole 976E, the proportion of metacarbon- - [105 O Banded calc-silicate rock
aterocksis higher (Fig. 2), in part because the hole followed the dip [ |-R O Massive calc-silicate rock
of amarble layer (Shipboard Scientific Party, 1996; fig. 54). [ A Sample with chemical analyses

Dolomite marbles are pale green, gray, white, or yellow, com-

monly associated with zones of brecciation and faulting, especially in Figure 2. Lithologic columns of basement at Holes 976B and 976E with the

Hole 976B (interval 161-976B-102R-1 [Pieces 7 and 8, 58-70 cm])|ocation of the studied samples of calc-silicate rocks.

Calcite marbles occur as gray to greenish layers that alternate with

high-grade schists and calc-silicate rocks (Fig. 2). Their thicknesem]). Gradational contacts between calc-silicate rocks and marble

ranges from several centimeters to, exceptionally, one meter (intervand schists were also observed, and are especially abundant in strong-

976E-13R-3 [Pieces 10-14, 72—-150 cm]). The marble fabric is chaly deformed rocks (Sample 976E-17R-1 [Piece 5637m]), where

acterized by weak (e.g., interval 976B-81R-2 [Pieces 6—8, 58—8galc-silicate bands may have a very irregular shape and variable

cm)) to strong banding (e.g., Sample 976E-13R-3 [Pieces 8 and thickness (up to several centimeters; e.g., Sample 976E-21R-3 [Piece

50-63 cm]) that defines the foliation of the rocks, and is commonlyl, 0-47 cm]; Fig. 3A). These bands can include transposed fragments

folded by isoclinal folds (e.g., Sample 976B-83R-2 [Piece-130 of pelites (Sample 976E-20R-1 [Piece 11-%8 cm]). Alteration

cm)). The banding is characterized by the alternation of carbonatgrocesses have greatly modified the appearance of the calc-silicate

rich zones (several millimeters to several centimeters thick) withiocks, as illustrated in Figure 3B (Sample 976B-104R-1 [Pieces 8—

metapelite and/or calc-silicate layers (e.g., interval 976E-15R-14, 57125 cm]). Altered calc-silicate rocks are thick (up to 80 cm),

[Pieces 5-6]). massive, and mottled in aspect, comprising large aggregates (up to 7
Calc-silicate rocks appear most commonly as green reactiodm long) of pale plagioclase crystals surrounded by a dark green,

zones along the contact between the marble and metapelite layekéghly altered granular matrix (Fig. 3B).

The morphology and thickness of these bands varies extensively. Pale green calc-silicate rocks also occur intercalated with gneiss

They occur as bands, 1-6 mm thick (e.g., interval 161-976E-14R-ih the lower part of Hole 976B (Fig. 2), with no evident associated

[Pieces 2 and 3A, 110 cm]), with sharp contacts with the marble marble bands (Sample 161-976B-103R-1 [Piece 18545m)]).

and metapelite layers. The bands consist of elongated grains of cli-

nopyroxene (Sample 976E-15R-1 [Piece 5&%cm]) and amphib- Textural Relationships and Mineral Assemblages

ole (Sample 976E-15R-2 [Piece 6,53 cm]), massive (Sample

976E-13R-3 [Piece 8, 563 cm]) or scattered garnets (Sample 976E- We examined 22 thin sections of marble and calc-silicate rocks,

13R-3 [Piece 14, 13750 cm]), and pyrite crystals (Sample 976E- seven from Hole 976B and 15 from Hole 976E (see location in Fig.

13R-3 [Piece 1, €15 cm]). The reaction zones are parallel to the2).

main foliation ($; Shipboard Scientific Party, 1996) and in many  Detailed microscopic study shows that calc-silicate rocks normal-

cases are folded with it (interval 976E-15R-2 [Pieces 8-13.86 ly appear as 0.5- to 2.25-mm thick, mineralogically simple, reaction

252



METAMORPHISM OF CALC-SILICATE ROCKS

Figure 3. Core photographs of (A) banded (Sample 161-976E-15R-1 [Piece 6A, 89-105 cm]) and (B) massive (Sample 161-976B-104R-1 [Pieces 10 and 11,
77-105 cm]) calc-silicate rocks.
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zones along the contact between carbonate and quartz-feldspar rich A
metapelitelayers. They also occur within marble or metapelite layers,
related to the presence of quartz-feldspar aggregates or to carbonate,
respectively. These simple reaction zones consist essentially of pris-
matic, and less commonly, rounded, sightly green crystas of cli-
nopyroxene oriented parallel to the marble-metapelite contact (PI. 1,
fig. 1). Clinopyroxene grains vary in size from one sample to another
and also within the same sample (the largest grains may be up to 3
mm long).

In other samples, however, cdc-slicate rocks are characterized
by the formation of several reaction zones with differences in their
minera compositions. These calc-silicate rocks can be divided into
two groups according to the occurrence of grossular-rich garnet or
scapolite. Garnet and scapolite never appear together in the same
rock and the formation of one or another type of calc-silicate rock is
probably controlled by differencesin bulk-rock composition. < Alm, Prp

Zone |
metapelite

Zone Il

Garnet-Bearing Calc-Silicate Rocks

Garnet-bearing cal c-sili cate rocks appear as up to 0.5-cm-thick re-
action zones between metapelite and marble layers. The most com-
plete sequence of zones with a changing mineralogy was found in
Sample 161-976B-76R-1 (Piece 9A, 66-87 cm). In this type of calc- Figure 4. ACF diagram with the mineral assemblages from different reaction
sllicate rock, severd zones can be distinguished between the  qneg (jight gray fields) found in Sample 161-9768-76R-1 (Piece 9A, 66-87
metapeliteand _the ma(bl e These Zones reﬂ_JIt_from th_e interaction be- cm). Dark gray fields represent chemical analyses of minerals from reaction
tween an _alumlrjum-rlch metapelite, containing plagiocl ae, K-feld- zones; open circles are chemica analyses from secondary amphibole and rel-
spar, _b'_Ot'te’ spinel, and C_orundum (Zone 1), and a calcite marble, ics of garnet. Solid squares represent whole-rock analyses from metapelites
containing quartz and plagioclase (Zone VIl). o and marbles. A = Al,O; + Fe,05; C = Ca0; F = FeO + MgO; An = anorthite;

. The mlneraloglq assemblages_a_lnd the compos_ltlonal variation _Of Czo = clinozoisite; Grs = grossular; Cal = cdcite; Grt = garnet; Amph =
mineralsfrom the different calc-silicate zones define several fieldsin amphibole; Di = diopside; Hd = hedenbergite; Act = actinalite; Tr = tremo-
an ACF projection (Fig. 4), where A = Al,O; + F&,0;; C = Ca0; F = lite; Alm = almandine; Prp = pyrope; Bt = biotite; mineral abbreviations are
FeO + MgO. Zone |l is characterized by the disappearance of spinel after Kretz (1983).
and corundum (present in Zone 1) and the appearance of subidioblas-
tic porphyroblasts of aimandine-rich garnet. Zone Il is formed by
pargasitic amphibole in equilibrium with biotite and garnet. Zone IV bands of radial aggregates within layers rich in quartz + feldspar, par-
is defined by the disappearance of biotite and the ubiquitous occur- allel to the contact between metapelite and marble bands. In both tex-
rence of amphibol e as bands with a nematoblastic texture. In Zone V, tural occurrences clinozoisite is surrounded by a narrow rim or cloud
amphibole and garnet disappear, and small grains of clinopyroxene of fine-grained opaque minerals. Aggregates of fine-grained, highly
form a granoblastic aggregate. This zone is not always present, and birefringent epidote can also appear replacing, partially or complete-

O, 0
c Di, Hd Act, Tr E

ZonelV can also befound directly in contact with Zone V1. Thelatter ly, elongated grains of opaque minerals. Allanite also occurs in the
zone, directly in contact with the calcite marble (Zone VII), consists core of zoned clinozoisites and as small rounded grains associated
of coarse-grained clinopyroxene and occasionally grossular-rich gar- with large plagioclase crystals.

net (Pl. 1, fig. 3). Titanite (up to 0.9 mm) and pyrite commonly occur K-feldspar was recognized in most of the samples. In its most con-

in Zone VI. Quartz and plagioclase are always present in Zones lI-\&picuous form, K-feldspar appears as rounded or elongated grains of
The sequence of mineral assemblages from Zones lll to VIl camariable size, in contact with partially destabilized garnet and cli-

be found with minor differences in other samples. For example, grostopyroxene grains. In Sample 161-976B-104R-1 (Piece 8659

sular-rich garnet can occur as almost monomineral bands (up to 2.¢5), K-feldspar also occurs in veins that cut plagioclase porphyro-

mm thick; Sample 161-976E-21R-1 [Piece 3;2¥ cm]; PI. 1, fig.  blasts (PI. 2, fig. 4).

2). This garnet contains abundant inclusions of quartz, calcite, pla-

gioclase, clinopyroxene, epidote, and titanite, oriented parallel to the Scapolite-Bearing Calc-Silicate Rocks
external $foliation. Garnet also has perpendicular veins filled with
calcite, plagioclase, and opaque minerals (PI. 1, fig. 2). Scapolite-bearing calc-silicate rocks are less abundant than the

The primary calc-silicate assemblages may have been patrtially rgarnet-bearing ones. Clinopyroxene, with textures similar to those
placed by secondary minerals such as amphibole, plagioclase, aptkviously described, remains the most common phase in these reac-
epidote. Light green actinolitic amphibole occurs, together withtion zones. Scapolite usually occurs as poikiloblasts crowded with in-
quartz and calcite, as the replacement product of clinopyroxenelusions of clinopyroxene, quartz, titanite, and calcite (PI. 2, fig. 2).
which appears as relict inclusions within amphibole crystals (Pl. 2Scapolite poikiloblasts appear in two different textural positions: as
fig. 1). In some rocks, large plagioclase grains, calcite, and quartounded grains (up to 2.5 mm) on the metapelitic side of reaction
crystals surround small xenomorphic grains of grossular-rich garnetones, and as large poikiloblasts (up to¥ 55 mm) that form the
(PL. 1, fig. 4). This texture suggests a breakdown reaction of garnetmain part of the rock. In the latter case, clinopyroxene inclusions,

Epidote is also a minor constituent of garnet-bearing calc-silicateometimes overgrown by amphibole in the border, can be partially or
rocks. It may appear as secondary clinozoisite grains included icompletely altered to a very fine-grained mass of chlorite, other sheet
massive garnet bands and related to the previously described veisdlicates, and calcite (PI. 2, fig. 3). In both cases, scapolite and plagio-
or in contact with clinopyroxene, garnet, plagioclase, and titaniteclase abundance are inversely related. More rarely, small scapolite
Epidotealso occurs as isolated grains or, more commonly, formingyrains also appear in contact with clinopyroxene, plagioclase, and
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amphibole, in contact with K-feldspar grains or even cut by veins of
K-feldspar. Late, Na-rich plagioclase veins also appear in some sca-
polite-bearing rocks.

Mineral Chemistry

To characterize the mineral chemistry and its possible variation
with textural positions, we selected seven samples for microprobe
analyses. Their location in the lithologic column is presented in Fig-
ure 2.

These samples were analyzed using an electron microprobe
(Cameca SX50) at the Universidad de Granada. An accel eration volt-

METAMORPHISM OF CALC-SILICATE ROCKS

Garnet

The main garnet compositional trends are plotted in Figure 5,
where four groups of data can be distinguished that correspond to dif-
ferent textural positions. Garnets from Zone VI, either those in con-
tact with clinopyroxene or those forming massive bands, are rich in
grossular and almandine, with significant amounts of andradite and
spessartine (Giges AlMyg 34 Adrag 123 Privsss SPSe-es)- The re-
ported chemical variations correspond to grains from different sam-
ples, whereas the composition of single grains is remarkably homo-
geneous. Relict garnets destabilized to secondary plagioclase have a
granditic composition (Ggs;_73 Almy_gg Adr,, 3 Priys—04 SPS-25)-

age of 15 kV, a beam current of 20 nA, and a beam diameter of 8 u8mall xenoblastic religarnet preserved within the late retrogressive
were used. Standards were both natural and synthetic substancesss has a grossular-rich and almandine-poor compositioR (s
Data were reduced using the PAP procedure from Pouchou and Ritm,;_g5 Adrgg_10-Pri > SPS e-20)- Garnet from Zones I, Ill, and IV
choir (1985). Representative analyses and chemical formulas of thig richer in almandine, pyrope, and spessartine,{Grs s AlMszs-
minerals are shown in Table 1. Mineral and end-member abbreviggs Adre_,Prp.s-74 SPS-112) than any other garnet group.

tions are after Kretz (1983).

Clinopyroxene

Plagioclase

Plagioclase from garnet-bearing calc-silicate rocks has a homoge-

The chemical composition of clinopyroxene is essentially conneous chemical composition, near pure anorthite,{ In con-

tained within the diopside-hedenbergite solid solution Qg

trast, plagioclase from scapolite-bearing assemblages may have high-

Eny-43 FS-39). A significant X, variation is observed between dif- er Na contents (Ag_q). In these rocks, late plagioclase veins that cut
ferent samples and also within the same sample. This might be relgirevious assemblages have a labradorite compositiag_¢An
ed essentially to changes in the bulk-rock composition and in the

mineralogic composition. Significant zoning patterns in single

grains are rare, except for a slight Mg increase from core to rim.
Contents of other elements are always very low;. /At 0.08 ions

Amphibole

All the studied amphiboles can be classified as calcic amphiboles

per formula unit (pfu), Na < 0.02 pfu, e 0.05 pfu, and Mn < 0.03 (after Leake, 1978). The two most important exchange vectors ex-
pfu. plaining their chemical composition, choosing tremolite as the addi-

Table 1. Representative mineral analyses and for mulae.

Mineral:

Clinopyroxene Garnet Garnet Plagioclase Amphibole Scapolite Clinozoisite Titanite
Samole: 161-976B-76R-1, 976B-76R-1, 976B-104R-1, 976B-76R-2, 976B-76R-1, 976E-15R-1, 976E-21R-3, 976B-76R-2,
ple: 72-75 cm 72-75 cm 9-62 cm 116-119 cm 72-75 cm 126-128 cm 27-31cm 116-119 cm
1 Cpx6-5 Grt3-2 Grt4-1 PI1-4 Amph2-6 Scpl-5 Cz03-5 Ttn2-3
Sio, 50.21 38.74 38.42 43.43 46.35 45,51 38.65 30.25
TiO, 0.08 0.14 0.33 0.00 0.27 0.01 0.14 36.84
Cr,0q 0.03 0.02 0.06 0.01 0.05 0.00 0.00 0.01
Al,03 0.74 19.81 16.03 36.04 6.54 27.56 26.56 2.58
FeO 20.31 13.55 8.18 0.22 26.69 0.20 9.10t1 0.56t
MnO 0.77 2.96 0.98 0.03 0.74 0.01 0.13 0.02
MgO 5.12 0.23 0.08 0.00 4.92 0.00 0.02 0.01
CaO 22.82 24.58 35.58 20.22 11.06 19.05 23.97 29.22
Na,0 0.06 0.00 0.00 0.12 0.35 2.66 0.00 0.00
K,0 0.00 0.00 0.01 0.01 0.23 0.18 0.00 0.00
Cl n.a. n.a. n.a. n.a. n.a. 0.10 n.a. n.a.
Total 100.15 100.26 100.58 100.09 97.34 95.28 98.55 99.49
Oo=Cl 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00
Total 100.15 100.26 100.58 100.09 97.34 95.26 98.55 99.49
Wood and Banno 8 cat—12 0O 5cat-80 cat—-Na—-K=15 Si+Al=12 12 cat + OH 3cat-50
(1973)
Si 1.988 3.017 2.969 2.010 7.210 7.001 3.008 0.978
Ti 0.002 0.009 0.019 0.000 0.032 0.001 0.008 0.896
Al 0.012 0.000 0.031 0.000 0.790 0.000 0.000 0.000
AV 0.023 1.818 1.429 1.966 0.409 4.999 2.437 0.098
Cr 0.001 0.001 0.004 0.000 0.006 0.000 0.000 0.000
Fe** 0.000 0.131 0.528 0.008 0.159 0.000 0.533 0.014
Fe** 0.673 0.752 0.000 0.000 3.313 0.026 0.000 0.000
Mn 0.026 0.195 0.064 0.001 0.097 0.001 0.008 0.001
Mg 0.302 0.027 0.009 0.000 1.141 0.001 0.002 0.001
Ca 0.968 2.051 2.945 1.003 1.843 3.141 1.999 1.013
Na 0.005 0.000 0.000 0.011 0.1051+ 0.793 0.000 0.000
K 0.000 0.000 0.001 0.000 0.046 0.036 0.000 0.000
Cl n.a. n.a. n.a. n.a. n.a. 0.027 n.a. n.a.
Compositional parameters and end members
Wo = 0.479 Grs = 0.61 Grs= 070 An= 0.99 Tsch = 0.64 EqAn =66.62 Czo= 0.45 GaliBEl
En = 0.151 Alm= 0.25 Alm= 0.00 Fe- AV = 0.249
Fs= 0.336 Prp = 0.01 Prp = 0.00 Ed = 0.15
Sps = 0.07 Sps = 0.02 K —Na(A) = 0.30
Adr = 0.07 Adr= 0.26 Fé—Mg= 0.73

Note: n.a. = not analyzed, T = iron as®gt1 = all Na in site A, cat = catioMineral abbreviations are after Kretz (1983).
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tive component (Thompson, 1981), are the tschermak and edenite
vectors (Fig. 6). The value of both vectors increases from secondary
amphiboles replacing clinopyroxene, or those in contact with scapo-
lite, toward those growing in ZonesIll and V. Thevaueof exchange
vector FeMg_, is aways high (up to 0.73), but the extent of this sub-
stitution is very homogeneous within each sample, which could be
determined by local bulk composition. KNa_; exchange vector in site
A isimportant in both amphiboles from Zones |11 and IV (up to 0.57)
and secondary amphiboles (up to 0.40). In Zones |11 and IV, however,
the differences between one sample and another are great than in sec-
ondary amphiboles. Substitution of Fe** for Al in octahedral sites
shows a wide variation (0.132—0.364) in the amphiboles. Finally, the Many of the studied calc-silicate rocks, especially in the case of

MgCa,, vector in site M4 may be significant (up to 0.239), and thethe garnet-bearing type, appear as clearly defined reaction zones with
changes are once again important between one sample and anotharmineral composition that evolves from metapelite to marble layers,

Scapolite

The chemical composition of scapolite is represented in a conve
tional EgAN-X diagram (Fig. 7), where EgAn are equivalents of an-
orthite (Al — 3]/3) and X, = (CI/[CIl + CQy]). The values for the stud-
ied scapolites (EgAn = 61.3%9.2% and X, < 0.05) are very close
to those of mizzonite (67% EqAn and, X 0), one of the three end-
members that define the scapolite solid solution, &@l F contents
in scapolite are negligible (Table 1),® values are very low (0.12—
0.32 wt%). The sum of Ca + Na + K is, in most cases ~3.9 pfu, whic
indicates a slight deficit in the site occupied by these cations th
could in part result from Na evaporation during the analytical proce
dure.

No clear chemical differences can be observed in scapolites fro
different textural positions. Chemical variation within single crystals
may reach 4.3% EgAn. In some grains, a core-to-rim EqAn enrict
ment can be appreciated.

have high contents of Feand rare-earth elements, especially Ce
(around 10 wt%).

Titanite
Titanite has a homogeneous composition without differences be-
tween crystals of different grain size., @} (1.22-3.18 wt%) and

Fe,0; (0-0.81 wt%) contents are always low.

Origin of Reaction Zones
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Figure 6. Chemical composition of amphibole expressed by the Al vs. AlVi
variation. Solid squares represent the chemical composition of amphibole in
Zone |11, open squares represent the chemica composition of amphibole in
Zone IV, and solid circles represent the chemical composition of secondary
amphibole in garnet-bearing rocks and also the chemical composition of
amphibole in scapolite-bearing cac-slicate rocks. Circles with dots repre-
sent the chemical composition of tremoalite (Tr), edenite (Ed), hornblende

Clinozoisites are rich in Fe(0.2110.627 pfu), and individual
samples show significant chemical variations. Some allanites als
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Figure 5. Garnet compositions in calc-silicate rocks for amandine (Alm), 0O 10 20 30 40 50 60 70 80 90 100
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grains in equilibrium with clinopyroxene in Zone V1; open circles represent
garnet grains from Zones 11, 111 and 1V; triangles represent garnet grains par-
tiadly transformed to plagioclase, calcite, and quartz.
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Figure 7. Chemical variation of scapolite expressed as EqAn (%) vs. Cl/(Cl +
CO,), and the location of the end-members meionite, marialite, and mizzo-
nite.



as represented in the ACF diagram from Figure 4. This sequence of
zones is similar to those described in other calc-silicate reaction
zones (e.g., Thompson, 1975; Kerrick, 1977).

These reaction zones are characterized by sharp boundaries and a
low number of phases that are stable in each zone; their formation
could be controlled by diffusional processes determined by chemical
potential gradients (Joesten, 1977). Another possible origin for the
reaction zones, suggested for other calc-silicate rocks, is infiltration.
For the calc-slicate rocks examined here, however, severa argu-
ments suggest a limited influence of this factor. First, because meta-
morphic rocks have low porosity (Brady, 1977), fluid circulation
would be restricted, producing small-scale reaction bands. Second,
infiltration processes could not generate a symmetric distribution of
calc-silicate bands from metapelite to marble on both sides of the
metapelite intercalations (e.g., Sample 161-976E-21R-1 [Piece 3,
27-31 cm)). Finaly, if infiltration wereinvolved in the generation of
these calc-silicate rocks, it would produce a larger variation in the
chemical composition of the minerals (Thompson, 1975) compared
with the data presented here.

From the ACF diagram (Fig. 4) it can be deduced that the forma-
tion of the represented mineral assemblages occurred because of an
increase in the chemical potential (i) of CaO from pelite to marble,
balanced by diffusion of Al,O; in the opposite direction. The occur-
rence of quartz in all the reported zones indicates thgtrgmained
constant during this process. Furthermore, calculatiopgg#X o,
diagrams, a constant P and T deduced from Figure 8 (see next sec-
tion), support the hypothesis of CaO diffusion asthe main factor con-
trolling the formation of the reported reaction zones in the garnet-
bearing calc-silicate rocks. Preliminary results show, in fact, that the
assemblage amphibole + biotite + plagioclase (Zone Il in Fig. 4) is
stable at lower .o Values than the assemblage clinopyroxene + gar-
net (Zone VI).

METAMORPHISM OF CALC-SILICATE ROCKS

Phase Relationships and M etamor phic Conditions

The analysis of phase relati onships of the cal c-silicate assembl ag-
es and the estimation of P-T-Xu, conditions at which they were
formed are subject to the following initid congtraints: (1) the ambig-
uous textural relationships of amphibole and scapolite in scapolite-
bearing reaction zones; (2) the typical high thermodynamic variance
of most minera assemblages occurring in metasomatic reaction
zones (Joesten 1991); (3) the complexity of the chemical system of
the rocks (SiO,-Al,0;-Ca0-Na,0-K,0-FeO-MgO-Fe,05-TiO,-CO,-
H,0) and the complex composition of some mineras, such as garnet
and amphibole; and (4) the lack of reliable thermodynamic data for
some end-members that could be required for the total description of
the observed solid solutions (mizzonite in scapolite and many am-
phibole end-members).

With these uncertainties in mind, we first assumed that local equi-
librium exists in the contact between mineral assemblages from adja-
cent zones (Thompson, 1959; Joesten 1977). The principle of local
equilibrium was then applied to the calculation of the P-T-X o, Sta-
bility conditions from the low-variance assembl age clinopyroxene +
grossular-rich garnet + amphibole + anorthite + quartz + cacite,
which occurs in the observed contact between Zones IV and VI in
Sample 161-976B-76R-1 (Piece 9A, 66-87 cm). Metamorphic con-
ditionsfor the subsequent formation of secondary actinolitic amphib-
ole were al so estimated here.

To this end, we simplified the chemical composition of the min-
erals and the solid-solution models used in our caculation of phase
rel ationships and metamorphic conditions. We considered amphibole
as an idea solid solution between the tremalite, ferrotremolite, par-
gasite, and ferropargasite end-members (see Fig. 6). We also used the
garnet solid-solution model of Berman (1990) between the grossul ar,
pyrope, and almandine end-members, and the solid-solution model of

A
12000 ' T \ T - T - T - 10000
1 Cpx + Grt + Pl = Amph + Czo i
\ \ o 9000}~
10000 N\ —
%
7 « |
Sk 8000
8000 - B
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-} 7000
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6000 = i %\
\
6000~
4000 _|
5000}
2000 ! | ! | ! | ! | ! 4000
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Figure 8. P-Xo, projection at constant T = 650°C, in the systegOAFeO-MgO-NaO, after projection through SiGnd CaOA. Univariant reactions (thick

solid lines) and invariant points (solid circleB).Enlarged portion of diagram in A shows the phase relationships and stability conditions of the assemblage cli-

nopyroxene + grossular-rich garnet + amphibole + anorthite + quartz + calcite (shaded field) and of the breakdown relauipyraxene to produce

amphibole in the presence of anorthite-rich plagioclase (shaded arrow). Thick solid lines represent univariant reactiasBetbhiges contour the anorthite
content in plagioclase, thin solid lines contour the grossular content in garnet, and dotted lines represent the carliibpysogEne reacting to amphibole
for different anorthite contents in plagioclase. Minerals on the right side of the reactions are stable at high-presguns. ddimgtital abbreviations are after

Kretz (1983).
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anorthite-rich plagioclase of Newton et al. (1980). Finally, we con- work probably grew at temperatures of around 5600°C and an
sidered clinozoisite, titanite, rutile, wollastonite, cal cite, and quartz to undetermined pressure. These temperature conditions could explain
be pure phases. All the minera thermodynamic dataare from the data the observed growth of scapolite surrounding clinopyroxene grains.
base of Holland and Powell (1990, modified unpubl. data, 1994).

Additional constraints in our caculations are given by the P-T
conditions deduced for the metapelites intercalated with the calc-sil- CONCLUSIONS
icate rocks and marbles (Soto et a ., Chap. 19, this volume). Accord-
ing to these authors, the main assemblage in the metapelites (assem-
blage 2) devel oped during theformation of the main foliation (S,) and
isformed by biotite + sillimanite + K-feldspar + plagioclase + garnet
+ quartz. The metamorphic evolution these rocks underwent is char-
acterized by a drop in pressure at probably constant or slightly in-
creasing temperatures, which achieved, at the end of the growth of as-

Two main groups of mineral assemblages can be distinguished in
the calc-silicate rocks of the Alboran metamorphic basement (Holes
976B and 976E) on the basis of the presence of garnet or scapolite.
Garnet-bearing rocks display a sequence of up to seven textural and
compositional zones with different high-variance mineral assemblag-
es. These zones are interpreted to have formed because of diffusional
semblage 2, temperatures of 63050°C and pressures of 3-4 kbar. ,,cesses (mainly transfee of CaO) between adjacent impure calcite-
Taking this into account, we calculated t*}e phase _relatlonshl_ps gtearing marble and aluminum-rich metapelites. The most representa-
constant temperature conditions (T = 650°C) to estimate the IanUt'|ve assemblage, in the contact between two reaction zones, is formed

ence of other intensive variablt_es, in partiqula_r, pressure. by grossular-rich garnet + clinopyroxene + amphibole + plagioclase
We present a P, phase diagram projection in Figure 8, calcu- _© '\, - probably stable atT650°C, P = 7.48.2 kbar and %o, =

lated using the Vertex computing method of Connolly (1990) and thg 11-0.16. as su : : :
; ; .11-0.16, ggested by phase-relationship analysis. Secondary
chemical system ADs-FeO0-MgO-NgO-fluid (H,0-CO)). Inthe cal- 4 qtingjitic amphibole probably developed in decreasing P and in-

culated diagram (Figs. 8A, 8B) we represent phase relationships 'rcl'reasing %o conditions. The other type of calc-silicate rocks, scapo-

cluding garnet,_cllnopyroxene, amphibole, clinozoisite, and plag'Olite-bearing rocks, grew at similar or slightly lower temperature and
clase, after projecting through the saturated components and phasgs, ,,determined pressure

SiO.Z (quartz) and CaO (calcite). In Figure 8A, on_Iy the univariant_ e These metamorphic conditions compare well with those deduced
actions of interest were represented, together with the wollastonite- Soto et al. (Chap. 19, this volume) for the high-grade metapelites
and the titanite-out reactions, also calculated and superposed in e a1ated with the calc-silicate rocks and also with the P-T condi-
diagram. In this figure, the stability field of the observed assemblagﬁons deduced for metapelites in different units of the Alpujarride

is loosely constrained to the area where titanite and anorthite are S@bmplex from the Betic chain (see Monié et al., 1994; and Sanchez-

ble, and clinozoisite and wollastonite are not stableck-¥ondi-  Ggme; etal., Chap. 23, this volume, for a review). Therefore, this pa-

tions can be constrained more _premsgly in the (_enlarged windo er demonstrates that phase-relationship analysis of reaction zones

shown in Figure 88, where the high-variance reactions are also regs . along metapelite-marble contacts can be a powerful tool con-

resented. These curves are actually isopleths that contour the anorfig ting to understanding the metamorphic evolution of the Alboran

ite content in plagioclase (long, dashed curves) and the grossular CQB3sement

tent of garnet (thin, solid curves). The reaction of clinopyroxene to '

amphibole is also represented (short, dashed curves); its position de-

p(_ends on plagioclase composition. CoeX|st|r_19 plag_loglase, garnet, ACKNOWLEDGMENTS
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Plate 1. 1. Clinopyroxene (cpx) band in the contact between marble (upper part) and quartz + feldspar—rich metapelite layers (ISaerpart61-976E-

15R-3, 3536 cm. Scale bar is 214 pm2. Band of massive garnet (grt) in the contact between marble (upper part) and metapelite (lower part). Veins in garnet
are filled with plagioclase and opagque minerals. Sample 161-976E-21R&l, 2. Scale bar is 214 pm3. Coexisting garnet (grt), clinopyroxene (cpx),
plagioclase (pl), and pyrite (py) from Zone VI. Sample 161-976B-76R-18%66m. Scale bar is 214 pum4. Xenomorphic relics of garnet (grt) after break-

down reaction to plagioclase (pl), calcite (cal), and quartz (qtz). Sample 161-976E-22R2 ¢80 Scale bar is 85 um.
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Plate 2. 1. Breakdown reaction of clinopyroxene (cpx) to amphibole (amph) and calcite (ca). Sample 161-976B-76R-2, 115-118 cm. Scale bar is 85 pm2.
Poikiloblastic scapolite (scp) with inclusions of clinopyroxene. Sample 161-976E-15R-1.286m. Scale bar is 214 um 3. Detail of clinopyroxene (cpx)
inclusions in large scapolite (scp) poikiloblasts. Clinopyroxene grains are partially or completely replaced by late inetregestsminerals. Sample 161-
976E-15R-1, 9498 cm. Scale bar is 85 um4. Plagioclase (pl) grains cut by K-feldspar (kfs) veins. Sample 161-976B-104R&2 B&. Scale bar is 85 pm.
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